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ABSTRACT

A study of LNG tank loading criteria is presented that includes

a survey and review of load criteria presently employed in the design of

cargo tanks for LNG carriers. Motion and acceleration values as deter-

mined from these criteria are compared to ship motion calculations anti

available full -s tale data. A comparison of LNG tank loads, as predicted,

by current classification society and regulatory agency criteria, is given

along with recommended updated criteria in each of seventeen load cate-
gories. Model tests and full- scale measurement programa to provide

adequate data for verification of load and acceleration criteria are also

outlined. The criteria examined were those that were available as of
June 1974.
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I. INTRODUCTION

With the development of large liquefied natural gas (LNG) carriers,

the problem of establishing tank load criteria for both design and regulatory
purposes has become a critical area of interest. In order to establish these

criteria, an estimate of tank accelerations must be made and the resulting

loads evaluated. Further analysis is required to determine if these calcu-

lated accelerations truly represent the actual response of the vessel and to

develop procedures for translating these accelerations into components of

static and transient loads for use in designing the cargo tanks and their
supporting structure. Therefore, the objectives of this program were to

prepare a review of existing LNG tank structural load determination cri-

teria, to evaluate their adequacy, and to plan programs to correct any de-

ficiencies. These objectives were broken down into the following five

phases: (1) a survey and review of load criteria presently employed in the

design of cargo tanks for LNG carriers; (2) a comparison of motion and
acceleration predictions re suiting from these criteria to available ship

motion calculations, model tests and full- scale data; (3) a survey of methods

available for predicting wave-induced loads on LNG carriers; (4) a predic-

tion and evaluation of maximum and cyclic loads on LNG tanks and support-

ing structures using existing criteria and recommending updated criteria

where appropriate; and (5) development of model test and full- scale mea-

surement programs to provide adequate data for verification of the load and

acceleration criteria.

This work, in part, was based on the rules and regulations of eight

classification societies or regulatory agencies. These agencies include the
American Bureau of Shipping, Bureau Veritas, Det norske Veritas,

German is che r Lloyd, Llo yds Register of shipping, Nippon Kaiji Kyokai,

the U. S. Coast Guard, and the International Association of Classification

Societies. The rules and regulations of these classification societies and

regulatory agencies are specific in stating what loads are to be considered

in designing an LNG tank but are generally non- specific in providing for-

mulas or methods for establishing the magnitude of these loads. This re-

sults primarily from the fact that LNG ship tank design represents a new

technology with unique structural and insulation designs evolving yearly.

As a result, the classification societies’ rules are somewhat general in

order to cover the significant number of current tank designs and for

accepting new tank designs. However, most of the societies have their
own specific computer programs, and methods for calculating LNG tank
loads. In most cases these computer programs are utilized by the ship

builder to aid in the design and classification of a particular LNG ship.

Since the objectives of this program were to evaluate the agencies’ load

criteria as they are written and since access to the agenciesf computer
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programs is limited, the results presented in this report represent only

an evaluation of the published rules and r emulations. Also, it was the

intent of this effort to provide a rational review of all the rules and regu- ‘-’

lations that were available to SwRI as of June 1974. Comparisons of the

tanks loads as predicted by the various classification societies were

utilized so an evaluation of these criteria could be made. It was not the

intent to rate one eociety!s rulee over the othere but only to conduct a

research program into LNG tank load criteria which would be beneficial

to all societiee in updating their rulee and regulations and to provide
improved methods for the LNG tank designer.



II. LOAD CRITERIA REVIEW

II. 1 Objective

The objective of the load criteria review phase ia to pro-

vide a survey and review of the load criteria presently employed in the

design of cargo tanks for LNG carriers. As part of this review the tank

design criteria of the various classification societies and regulatory

agencies were listed and summarized in each of 17 load categories. This
program phase provided a complete listing and review of all the rules and

regulations that were available to SWRJ as of June 1974.

II. 2 Agency Rules Reviewed

The agencies whose rules were reviewed and the dates of those

documents which were available as of June 1974, are listed below:

American Bureau of Shipp ing (ABS) - Rules for Building

and Classifying Steel Vessels, 1973.

Bureau Veritas (BV) - Rules and Regulations for the

Construction a= Classification of Steel Vessels, 1973.

Det norske Veritas (DnV) - Construction and Clas sifica-

tion of Ships for Transport of Liquid Cargos and

Liquified Gases, 1973.

Germanischer Lloyd (GL) - Rules for the Classification

and Construction of=eagoing Steel Ships, 1973,

Volume I.

Lloyds Register of Shipp ing (LR) - Rules and Regulations

for the Construction and Classification of Steel Ships,
1968, and Chapter D, 1973.

Nippon Kaiji Kyokai (NK) - Provisional Rules for LNG
Carriers, 1973. —

U. S. Coast Guard (USCG) - Tentative Guide for the

Review of Flammable Gas Carriers, April 1971.

International Associations of Classification Societies
(IACS) - Unified Rules for Gas Tankers (Cargo

Containment), March 1974.

3



Il. 3 Tank Load Categories

The tank loads and motions considered for the criteria review

are listed in Table II. 1. It is noted that the loads are broken down into

17 different categories. In each category, the criteria from the indivi-

dual classification societies, were listed and summarized. In many
cases, the classification societies had a separate section devoted to

each of these specific load categories. In other cases, a load category

was not considered as a separate item, and the regulations pertaining to

this particular load had to be extracted from another category which

combined two or more loads.

For each load category, the listed criteria are given essentially
in the words and with the nomenclature of the individual agencies in

Appendix A. Each society refers to the different LNG tank configura-

tions in their own nomenclature. However, all societies recognize three

basic tank designs: independent, membrane, and integral tanks. As

can be seen in Table II. 2, these three broad categories are further sub-

divided. General characteristics

( 1 ) Independent Tanks:

(a) Gravity Tanks:

(b) Pressure Tanks:

(2) Membrane Tanks:

(3) Integral Tanks:

of the co-on tank configurations are:

self- supporting tanks; generally do not
contribute to the structural strength

of the ship.

primarily prismatic in shape; loads

are carried by bending stress.

generally spherical or cylindrical in

shape; loads are carried by membrane

stress.

non- self- supporting gravity tanks; loads

are carried by the ship!s hull through

a thin membrane and insulation;

designed so that thermal expansion or

contraction is compensated for without

undue stressing of the membrane.

generally prismatic in shape; tanks
form an integral part of the ship’s hull

and are therefore subjected to the same
loads as the adjacent hull structure.

In addition, the agencies use different symbols for the various parameters
utilized in determining tank loads. Table II. 3 shows the nomenclature used
by the classification societies for the various important parameters.

4



TABLE II. 1. LOADS AND MOTIONS CONSIDERED

IN THE CRITERIA REVIEW

Vapor pressure

Liquid head

Static design external pres sure

Weight of’ tank and contents

Still-water hull deflections

Static inclination

Collision loads

Thermal gradients

Wave-induced loads

Dynamic hull deflections

Accelerations at tank center of gravity

Dynamic external hull pres sure

Dynamic internal pressure

Sloshing

Vibrations

Fatigue loads

Fracture loads

5



TABLE II. 2. NOMENCLATURE uSED B Y THE CLASSIFICATION SOCIET

Independent

Grn\.itk.,ype

Scantlingsbasedm standard
practice
5,..,1!, ss ba,edonextens(ve
stress analysis

P,.,,.,. 1,,,,.1

Hig!, pressore

SCantlings basedonstandard
pr.. ti<.

.
S.ant!inzsbasedonextensive
,tres. mlal).$i,

Lowpressure

SCantliIIgsbasedonstandard
pr=t>ce
S.antling,basedm extensive
stress .I1.tysi,

>.[ernbrane

SCM!1ing9basedm standardpractice
1wreasedsc, ntlings

Scamling, based on extensive stress
. ..l)s!.

1,:.3,.1

S.,:! ):,,S, based on standard practice

1:3.,reascd s.an:lings

FOR DIFFERENT TANK CONFIGURATIONS

ABS

St,Uctural

Tanks

PO*.10

P,.,,.,.
vessel,
P>1Oo

Non-
structural

Tanks

sP.. ~allY
Considered
V. .$p. cific

Regulations

BV

Gravity
Cargo Tank,

P<1O----O ----.+--,
;elf Supper tin{

Cargo Tank

P,,,..,.

Cargo Tanks
P >0.70

o—

Integrated

Cargo Tank

Not

Cu, rently
Allowed
for LNG

D.v w.. LL NKK

1
P2

P >42.8
. ...0... . . . . . .

J

Type B

I
St r.ct. ral

P >10 . . . . . . . . . . . . Tanks
o P >10

PIA o
10<P <42.8
. . . ...?.. . . . .

P19
10<P <42.8. M

TyF.ec
P>loo-------------
TYpeB
Po?lo

TYPec
P<10

. ...0... . . . . .
TyPeB
PC1Oo—

1 I

Not N d Specially N d
currently currently Considered currently
Allowed Allowed No Specific Allowed
for LNG for LNG Regulation. (., LNG
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TABLE II. 3. NOMENCLATURE USED B Y THE CLASSIFICATION
SOCIETIES FOR VARIOUS SHIP PARAMETERS

Parameters

Cargo Parameters

specific weight

vapor pressure

rank Parameters

tank height

liquid height

Ship Parameters

block coefficient

length

breadth

service speed

metacentric height

Response Parameters

longitudinal acceleration

transverse acceleration

vertical acceleration
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Reference to Tables II. 2 and II. 3 will allow the various symbols used in
Appendix A and the remainder of this report to be understood. Also the

paragraph identification numbers from each society’s rules are repeated

in Appendix A for cross-reference. Therefore, Appendix A represents

a compilation of eight classification agencies’ rules, just as stated by

the societies, for each load criteria. Statements and paragraphs repro-

duced exactly from the rules are indented from the remainder of the text

and appear in quotation marks. Our own co-ents and paraphrasing of
the rules retain the original margins. Since LNG transport is currently

limited to independent and membrane tank configurations, with the excep-

tion of the USCG, no regulations for integral tanks are presented for

agencies other than the ~. The USCG and IACS accept integral tanks— .
providing the temperature of the hull never falls below - 10“C.

The current differences and similarities among the agencies’ rules
are summarized at the end of each load category in Appendix A. The de-

tailed evaluation of the different tank load criteria are given in subsequent

sections of this report with separate chapters devoted to the acceleration
and wave-induced load criteria because of their importance.
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III. COMPARISON OF ACCELERATION CRITERIA TO
AVAILABLE ACCELERATION DATA AND

STATISTICAL CALCULATIONS

III. 1 Introduction

There are only very limited experimental acceleration data for model

or full- scale ships in the open literature. This may be due in part to the com-

petitive nature of the shipbuilding industry and the limited history of LNG

ship operation. Data from models of LNG ships are available, but these data
are for regular waves and primarily for the determination of the ship trans -

fer function. Long-term acceleration predictions from these model data can-

not be obtained. For this reason, comparisons of actual acceleration data

with the agencies’ formulas were made for ships with length/draft, draft/

breadth, and length/breadth ratios similar to those of LNG ships. Accelera-

tions obtained with computer programs such as SCORES>: 1 were compared

with the agencies i formulas for several LNG ships. In order to protect the

confidential nature of some reports, only limited identification can be pre-

sented here. The following reports on accelerations were used for com-

parison purposes:

Full-Scale Acceleration Data

l!Acquisiti~n and Analysis of Acceleration Data” [1].

,,wave LOads on the Fore-Ship of a Large Tanker” [2]

!Iship Re~p~nse Re suits from the First operational.
Season Aboard the Container Vessel S. S. Boston” [3]

Acceleration Calculations

. Calculations of Accelerations on Four LNG Ships by the

Computer Programs SCORES*

The agencies’ formulas predict the maximum acceleration that is

e~ected to be encountered during the service life of the ship. Usually 20

years or 108 wave encounters are used for the ship!s lifetime. Computer

programs in use by the agencies also contain statistical packages which

extrapolate the short-term predictions to long-term. Measured data, there -

fore, must be extrapolated out to 108 cycles before valid comparisons with

agency formulas can be made.

r

.

‘The original SCORES package bad no provision for acceleration output.

A modified version of SCORES, referred to in this report as SCORES>:,

includes a provision for calculating and printing short-term accelerations.

Extrapolation of accelerations from SCORES* to the long-term was

accomplished by means of the Webb statistical package.

9



III. 2 Predictions of Long- Term Accelerations from Measured Data

The full- scale measurements presented in this section were col-
lected on three ships during actual service voyages across the North

Atlantic. The instrumentation systems and the process of collecting the

data were quite similar. Basically, the data acquisition system consisted

of an accelerometer, a tape recorder, and a time reference. Recordings

of acceleration variations were typically made every eighth hour for a
duration of 30 minutes when the ship was in open water. In addition, a pro-

vision for continuous monitoring was available during severe weather. The

visually estimated weather conditions were recorded in the ship’s log.
From each of the 30-minute records, the peak-to-peak variations of vertical

accelerations were measured and classed according to amplitude and sea

condition. The details of the instrumentation system along with the per-

tinent ship dimensions are found in Table III. 1.

Bailey, et al., [I] found that the peak-to-peak acceleration varia-
tions obtained from each record could be described satisfactorily by a

Rayleigh distribution as given by

where

Xi .

ni .

N.

P(x) =

@=

P(x) . ~
()

- 2X2
exp

T
(I)

(2)

magnitude of a peak-to-peak variation in the parameter x

the number of observations in

total number of observations

the i-th range

probability of measuring the given variation in the

parameter x

the single Rayleigh parameter.

In addition, the& values (rms acceleration variation in each 3C)-finute
record) obtained at different times a,nd in different sea ~Ondition~ were aISo

found to be Rayleigh distributed.

Pederson[2] also assumed that the peak-to-peak acceleration varia-
tions followed a Rayleigh distribution as given by

(3)

10
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TABLE III. 1. CHARACTERISTICS OF THE THREE SHIPS ON

WHICH ACCELERATIONS WERE MEASURED

Parameter

Ship type

Length Lpp(m)

Breadth B(m)

Draft D(m)

Service Speed

V(kn)

Block Coefficient

CB

Length/draft

ratio

Length/breadth

ratio

Breadth/draft

ratio

t Acceleration
I measured
I

~Accelerometer

location

(x, z) (m)

S. S. Wolverine

State
S. S. Boston Large Tanker

21.8

10.0

21.8 39.

9.3 14.

17.0 I 17.0 I 15.5

6.9 7.0 I 6.5

2.2 I 2.3

I Vertical,
Vertical

transverse I Vertical

BOW IBow, midship, I Bow
stern

BOW (66.4, 4.1)
(68.8, 22.6) Midship(-8.5, -2.8) (115., 8.2)

Stern (-65, 2.1)



By definition, @ used by Pederscm is one-half the I-x-m value of the peak.
“to-peak acceleration as used by Bailey. Pederson obtained the F7ayleigh

parameter by plotting the cumulative probability distribution as given by

Equation (4) on Weibull probability paper.

(4)

By using P(x) . 0.63 in Equation (4), and solving ~. x/2, Pederson
found that this graphical estimation of @ gave, on the average, accept-

able values.

Fain, et al. ,[3] presented no analysis of the accelerations measured

on the S. S. Boston. Neither Bailey nor Pederson attempted to extrapolate

their acceleration data beyond the short-term. In order to make a valid

comparison of these data to the agencies f formulas, we need to calculate

the largest acceleration to be expected in 108 cycles. The extrapolation to

the extreme value will be made in three ways: the exponential method, the
Weibull method, and using the combined Rayleigh-Normal distribution which

is the method used by Webb Institute.

The input data for the exponential and Weibull methods are the same.

The maximum peak-to-peak acceleration variations are first classed accord-

ing to amplitude. The range of accelerations was broken into several con-

stant width bands and the probability of exceeding a given peak-to-peak varia-

tion in acceleration was calculated. Table III. 2 contains a summary of peak-

to-peak measurements of accelerations aboard the S. S. Wolverine State.

The cumulative probability or the probability of not exceeding a given accel-

eration was plotted against the midpoint of the acceleration range on log-log
paper for the exponential prediction and on Weibull paper for the Weibull

prediction. Figure III. 1 presents the exponential prediction obtained from

the S. S. Wolverine State data. Figures IIL2 through 111.7 present the Weibull
predictions for all three ships.

The long-term acceleration value for both the Weibull and exponen-

tial methods is obtained by fitting a straight line to the data and extending

the line to a probability level of IO-8. Figure III. 1 shows O. 88 g’s to be

exceeded two times out of every 100 variations on the S. S. Wolverine State. Un-
fortunately, the curve is not linear, and the deviation from a straight line

becomes more severe as the probability level approaches 10-8, so no furtlier

extrapolation is possible. Similar nonlinear results from the exponential
method were obtained for the S. S. Boston, so these plots are not presented
in this report.

In contrast, the Weibull prediction graphs, Figures III. 2-7 gen-

erally exhibit good linearity.
(Figure III. 2) to a probability

By extrapolating the S. S. Wolverine State data

level corresponding to 108 cycles, the extreme

12
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value is 3.25 g’s peak-to-peak. As this acceleration is unreasonably large,
we would conclude that the deviation f ram linearity for the S. S. Wolverine

State is too severe to as sure that the extrapolation will yield acceptable

results.

The number of data points used to compute the probability of ex-

ceedance are also shown on Figure III. 2 for each value calculated. It is

noted that at the higher probability levels, only one data point was available.

If data below approximately O. 6 g and above 1.3 g could be ignored, a good

prediction would be obtained from tbe Weibull plot. Although there is some

justification for discarding the larger value because of insufficient data, the

lower acceleration values are based on a large number of data points and

cannot be ignored.

Tbe Weibull predictions for the S. S. Boston yielded, in general, more

reasonable predictions of extreme accelerations. However, only about 200

points were used to prepare Figures III. 3-5 for the S. S. Boston, while 1500

points were used in the S. S. Wolverine State predictions. So, until more data

have been accumulated on the S. S. Boston, these results should be considered

preliminary. Vertical accelerations, measured on the S. S. Boston at a posi-

tion chosen to correspond with tbe measuring. point on the S. S. Wolverine

State, were used to prepare Figure III. 3. The long-term acceleration obtaine-

d from this plot is 1.45 g peak-to-peak, which is approximately half tbe

value obtained from tbe S. S. Wolverine State. Figure III. 8 is a comparison

of measured bow vertical accelerations onboard the S. S. Boston and the S. S.

Wolverine State. As was noted above, the location of tbe forward measuring

point on tbe S. S. Boston was chosen to coincide with the location of the accel-

erometer onboard the S. S. Wolverine State. Tbe figure sbowi that although

tbe relative amplitude of peak-to-peak accelerations are similar for tbe two

ships, the general trend is different. The acceleration response of the S. S.
Boston is nearly flat for sea states O -6, and rises sharply thereafter. The

measured accelerations on tbe S. S. Wolverine State gradually increase from

O. 15 g peak-to-peak in sea state 1, to a maximum of O. 7 g peak-to-peak in
sea state 8. Part of the difference between the two acceleration trends may

be due to the difference in weather distributions encountered by each ship.

As shown in Table III. 3, a bigber percentage of severe weather was en-

countered by tbe S. S. Wolverine State. Based on the gradual rise in acceler-

ation response, one would expect a higher long-term acceleration prediction

to result from tbe accelerations measured on the S. S. Wolverine State, as is

the case (Figure III. 3).

The Weibull predictions of &treme accelerations for the large

tanker are shown in Figures III. 6 and III. 7. Figure HI. 6 presents the data

obtaiued from records 41 and 181, which were both obtained in sea state 5

( ship velocity was approximately 14 knots). Long-term extrapolation of

these data re suited in considerably different accelerations even though both

recordings were made in the same sea condition and at the same ship loca-

tion. By extrapolating the straight lines in Figures III. 6 and III. 7 to a
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FIGURE III. 8. COMPARISON OF BOW VERTICAL

ACCELERATIONS ON THE S. S. BOSTON

AND THE S.S. WOLVERINE STATE

TABLE III. 3. COMPARISON OF WEAT HER ENCOUNTERED

BY THE THREE SHIPS

Weather Beaufort Percentage Of Accelerations Measured in Each Weather Group

Group No. S. S. Wolverine State S. S. Boston Large Tanker

I o-3 26. 45. 70.

11 4-5 43. 39. 26.

III 6-7 22. 7. 3.5

Iv 8-9 7. 8. 0.

v > 10 2. 1. 0.

Approx. No. of

Events Recorded
1550 200 230
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probability level corre spending to 108 wave encounters, the largest

acceleration to be expected in 108 wave encounters is obtained. These

predictions assume, of course, that the ship continues to operate in seas

identical to those for which the record was made over its entire lifetime.

The extreme value determined by this method will be different for each

record. k fact, a distribution of @ values can be drawn providing

sufficient numbers of records are obtained. Figure III. 7 is such a distri-

bution of @ values. By extending the distribution of @ values to a

probability level of 10-8, we obtain the largest expected acceleration in
108 wave encounters. The maximum @ acceleration obtained in this

manner from Figure III. 7 yielded only O. 3 g’s. As noted on Page 10 @in

Pederson’s report is one-half the rms value of the peak-to-peak varia-
tions. Therefore, we must multiply by two to get the rms value, and then

multiply again by some factor to convert the rms value to a peak-to-peak

variation. If the acceleration variations were purely sinusoidal, the con-

~,ersion between rms and peak-to-peak would be & Of tour se, the

accelerations are not sinusoidal, but a conversion factor of @ may pro-

\-ide a lower bound for the conversion. In order to estimate a reasonable

conversion factor, Table III. 4 was prepared. In this table the average

~eak-to-peak and rms accelerations obtained on the S. S. Wolverine State
are listed for each sea condition encountered. The ratio of the peak-to-

Peak acceleration to the rms acceleration was computed for each sea con-
dition, and the average was obtained. Thus, a conversion factor between

peak-to-peak and rms acceleration was found to be approximately 1.9

:s . 0. 338). Finally, the extreme acceleration predicted by the Weibull

method (and taking 2. 1, the average of the largest six accelerations,
rather than 1.9 for the conversion factor to ensure conservatism) is 1.24 g’ s

?-p (0.85g’s p-p if @ is used rather than 2. 1).

The final prediction of extreme values was made using the combined

Rayleigh-Normal distribution. The validity of this prediction, as noted by
= G. U. Band [4], hinges on four assumptions:-.

(1)

(2)

(3)

(4)

Each data record is Rayleigh distributed about a rms value E.c

Tbe weather conditions experienced by a ship can be repre-

sented by five weather groups which are a reclassification of

the Beaufort scale.

The value of ~E from each record are normally distributed

in each weather group, and a mean value, m, and a standard

deviation, a , can be as signed to the distribution.

The contribution of each weather group can be weighted by

taking into accouut the probability of encountering a particular

sea condition on a given route.
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TABLE HI,4, DETERMINATION OF A CONVERSION FACTOR
BE TWEENRMS AND P-P ACCELERATIONS USING

THE WOLVERINE STATE MEASUREMENTS >

Sea State

1

2

3

4

5

6

7

8

9

10

11

No. Measurements

53.

157.

335.

371.

295,

147.

95.

57.

23.

10.

10.

Average A

P-P

0.15

0.21

0.24

0.33

0.38

0.52

0.68

0.70

0.68

0.66

0.80

celebration— . . . .
rms

0.11

0.16

0.15

0,19

0,21

0.24

0.29

0.32

0.32

0, 32

0.37

i

Average Ratio

Standard .Deviation

Ratio (P- P/rms)

1.36

1.31

1.60

1,74

1,81

2.17

2.34

2.19

2. 13

2.06

2.16

1.897

0.338
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The method for computing the largest acceleration in 108 cycles,

outlined in the following paragraph, was obtained “from E. G. U. Bandfs
work. Unfortunately, this method requires as its input rms accelerations

as a function of weather conditions. For this reason, predictions using the

combined Rayleigh-Normal method can be obtained only for the S. S.

Wolverine State.

For each weather group, the mean and standard deviation of all

rms acceleration variations were calculated. Then, using Figure III. 9

(reprinted from Reference 5), the acceleration amplitude to be expected

in 10 N cycles in each weather group was found graphically. Table III. 5

presents the results of the above calculations. To find the maximum

acceleration expected in 108 cycles, each maximum expected accelera-

tion for a given weather group was multiplied by the probability of en-

countering the weather group. Suming over all weather groups yields
the desired extreme values. As is indicated in Table III. 5, the maximum

anticipated acceleration in 108 cycles is 1.94 g’s peak-to-peak for the S. S.
Wolverine State in the North Atlantic.

The procedure outlined above may be used to obtain the maximum

acceleration to be expected in 10N cycles. Figure III. 10 presents a plot of

the maximum expected peak-to-peak acceleration for the various proba-

bility levels from 10 to 1010, using the combined Rayleigh-Normal distri-

bution.

Comparisons of acceleration predictions from the three methods

described above were made to the accelerations obtained from the agency
formulas. The ship dimensions and the location of the point where the

acceleration formulas were evaluated are summarized in Table III. 1.

The coordinates used in the agency formulas coincide with the location of

the accelerometers on each ship, even though the agency formulas are de-
signed to predict accelerations at the center of gravity of the tanks. The
acceleration predictions from the agency formulas for all but the midship

measuring point on the S. S. Boston correspond to a measuring point that is

close to the exposed deck of the respective ships.

ABS, LR, and the USCG do not provide acceleration formulas as the

other agencies do. instead, ABS, L&, and USCG provide roll, heave and

pitch amplitudes and periods which, when superimposed, are to be used in

de signing the tank structure. From these amplitudes and periods the accel-

erations were derived assuming sinusoidal motions. For transverse accel-
eration, the required motion due to rolling is 600 in 10 seconds. Therefore,

the equation of motion is:
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TABLE III. 5. EXTREME ACCELERATION VALUES FOR ‘lS. S. WOLVERINE STATE”

AS PREDICTED BY THE RAYLEIGH-NORMAL METHOD

A8, Expected Accel-

eration in 108 Cycles

in Weather Group

1.65

P, Probability of

Encountering Each

Weather Group*

I
Weather

Group

I

3eauf0rt

Number
Mean I Standard

m Deviation, u
P.A8

O. 6930.1487
I

0.09351, 2, 3 0.42

II

III

4, 5

6,7 ‘

1.97 0.32 0.6304

2.36 0.185 0.4366

0.1573

I
I

O. 065IV 8, 9 2.42

0.347’4 I O. 0876v 10,11,12 2.26 0.0098 0.0221

I XPA8 . 1.939

* Probabilities from Bennet for the North Atlantic Route
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and the angular

The transverse

acceleration is

~~(~~sin~fit)

acceleration is the product of the amplitude of angular accel-

eration and the pivot arm “z:

3

aY
.$z .&z

The longitudinal acceleration is derived in a similar manner from

the centrifugal force produced by pitching. The pitch amplitude is 12°,

and the period is 7 seconds. The resulting longitudinal acceleration is

given by:

a .=ix .$x

The vert”cal acceleration is derived from the combined effects of

heave and pitch.
i The heave amplitude is L/40 and the period is 8 seconds;

The pitch amplitude and period are as above. The vertical acceleration

is then:

where

e=

$=

X,z =

nz
a.=; +2=&x+—

1280. L PP

instantaneous pitch orientation

instantaneous roll amplitude

position where accelerations are to be calculated.

The acceleration predictions obtained from the full- scale measure-

ments and the agency formulas are summarized in Table III. 6. Since the

ABS, LR, and USCG formulas, and the GL, NK, and L4CS formulas are

equivalent, the acceleration values obtained from these agencies are grouped

on one line in this and subsequent tables. The ABS, ~, and USCG predic-

tions consistently are smaller than the corresponding entries for the other
agencies. The agency formulas are’ otherwise generally conservative rela-

tive to the Weibull and combined Normal The
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compared to the agenciesf ~ 1. 26 g’s. The nonlinearity of the Weihull plot

in Figure III. 2 may perhaps explain the high Weibull prediction. Because

the combined Rayleigh-Normal method takes into account the probability of

encountering various weather conditions on different routes, we feel that
its prediction will naturally be more consistent and realistic than the

Weibull prediction which ignores weather variations. Indeed, the Rayleigh-

Normal procedure produced ~0. 97 g’s, which compared favorably with the

agency calculations. Since measurements were made on the S. S. Boston at

three points along the length of the ship, we can compare the trend of the

agency formulas with length to the full- scale extrapolations. The trend of

the agencies’ predictions is to have large vertical and horizontal accelera.

tions at the bow and stern measuring points relative to the midship acceler-
ations. The Weibull predictions for horizontal and vertical accelerations,

by contrast, reflect a relatively shallow variation in acceleration as a

function of measuring position. We assumed that the BV acceleration
formulas provided acceleration values corresponding to the 1o-8 proba-

bility level, although no specific probability level was given in the rules.

III. 3 Predictions of Long- Term Accelerations from Statistical Calculations

The calculations presented in this section were performed in the

course of classifying four LNG ships according to ~ regulations. The
details of the four ships are found in Table III. 7; however, only limited in-

formation is given in order to protect the confidential nature of the data.

The -version of SCORES’~ used to perform the calculations consisted

basically of the original SCORES transfer function, Lewis - form description

of the ship’s hull, real Atlantic wave spectra and the statistical package

developed by Webb Institute. A more complete description of the statistical

calculation is found in Chapter IV of this report. The output of the SCORES
program according to ABS is peak-to-mean, long-term accelerations.

For simplicity, comparisons for the first three ships will be pre-

sented separate from comparisons for Ship No. 4. For each ship the pro-
gram SCORES* was used to calculate the extreme acceleration for several

loading conditions and a variety of locations within the ship. For brevity,

the maximum acceleration predicted by SCORES>~ for each loading condition

is summarized in Table III. 8. For each ship, the 10 cation of maximum
acceleration as predicted by SCORES:X, regardless of loading condition,

was used to calculate extreme accelerations from the agency formulas.

Table III. 9 presents these comparisons. AS is noted in the table, ~,

~ and USCG regulations are not applicable to these three ships, as they

are all longer than 183 meters. DnV, GL, NK and IACS formulas all
predict vertical accelerations that are lower~an those predicted by the

SCORES* program. However, the same agencies predict lateral accelera-
tions that are greater than the SC ORE,% program. The reason for the lov.J

agency predictions relative to the SCORES* vertical accelerations may he
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TABLE III. 6. COMPARISON OF ACCELERATION PREDICTIONS OB

FROM FULL-SCALE MEASUREMENTS AND FROM AGENCY FORMU

Exponential >+0.44

Weibull hl.63

Combined
Rayleigh- * 0.97

Normal
K Agency

Formula

ABS,LR, USCG +0.71

BV +1.00

Dnv +1. 2.7

GL,NK, IACS +1.26

108 Accelerations in g ‘s, Single Amplitude

S. S. Boston

Vertical Accel. Lateral Accel

BOW I Md. SD. I Stern I BOW Md. ,5P. I Ste,

NA NA NA NA

EO.83 +0.40 +0.49 * 0.35

NP NP NP NP

t 0.68 +0. 19 %0.67 +0.09

NP \ NP INPINP

:1.24 + O. 48 +1.01 +0.81

t 1.22 +0.48 +1.00 *0.74

NAINAI

* 0.35 +

NP

+ O. 06 +

NP INPI

*0.50 I +

+0.57 +

I NA - This. procedure yielded inconsistent results for the S. S. Wolverine State and

not used to make predictions for the other ships.

NP - Insufficient data were available; no predictions can be made.

* - See text. Conversion to extreme value yields ● O. 43 g’s, or * 0.63 g’s, assu

acceleration variations.

t - ABS, ~, USCG formulas are not valid for this ship, as Lpp > 183 meters



TABLE 111.7. CHARACTERISTICS OF THE FOUR LNG SHIPS

ANALYZED BY THE ABS VERSION OF SCORES,:

Parameter
—

Tank configuration

Capacity (m3)

Length/draft ratio

Length/breadth ratio

Breadth/draft ratio

Service speed V (kn)

Block coefficient CB

Metacentric height GM(m)
(full-load condition)

Ship #1 I

Membrane

125, 000

24.9

6.7

3.7

15.

0.763

2.97

Ship #2

Spherical

126, 000

24, 2

6.1

4, 0

15.,19.

0.720

1.74

Ship #3

Membrane

125, 000

24.9

6.5

3.9

16.

0.738

3.28

Ship #4

Membrane

125, 000

25.2

6.7

3.8

20.

0.765

3.8

TABLE 111.8. LONG-TERM ACCELERATION PREDICTIONS FOR

THREE LNG SHIPS BY THE PROGRAM SCORES,%

Speed (kn) ~
1 2 3

Loading Condition X/Lpp Y/13 z/D Az (g)

1
&@-l

r 1

F1. Ld, Arvl.15, 0

15.0

15.0

15.0

15.0

15.0

19.25

19.25

16. o

16. o

F1. Ld. Arvl.

Balst. Depr.

Cargo Balst.

El@-?
F1. Ld. Depr.

Balst. Depr,

F1. Ld. Depr.

Balst. De Or.

S?s.I?2
F1. Ld, Depr.

F1. Ld. Depr.

0.20

0,20

0.20

0.20

0,18

0.18

0.18

0.18

0.23

0.31

0.21

041

0.21

0.0

0.0

0.0

0, 0

0, 30

0.25

2.64

2.37

2.64

1.81

1.81

1.81

1.81

2,34

0.23 0, 39 1.99

lRelative distance aft of forward perpendicular.

2Di~tance from center line relative to the breadth.

3Vertical d~tance from hose line relative to the draft.

. .

0.53

0.57

0. 56

0.64

0, 65

0.72

0.73

--

0.61

Ay (g)

0,24

-.

--

-.

0.24

0.24

0.20

0, 24

0.25

--
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TABLE 111.9. COMPARISON OF EXTREME ACCELERATION PREDICTIONS

BY AGENCY FORMULAS WITH PREDICTIONS FROM PROGRAM SCORES’~

Vertical Acceleration
Agency Formulas

Lateral Accele

Ship 1 Ship 2 Ship 3 Ship 1 “’”Ship 2“”

ABS, LR, USCG1 +0. 93 fo, 97 ~0.85 : to. 17 to. 19—

BV +0, 28 +0, 30 +0, 27 +0. 13 +0. 14— — — — —

DnV +0. 54 +0, 64 +0.50 i +0. 38 +0. 53— — — !— —

GL. NK. IACS +0. 53 +0.69 +0. 36— — — ~ ~0. 38 ~0. 52

Largest acceleration i
from each ship pre-

dicted by SCORES* +0.57 i +0.73 1 +0.61 +0. 24 ~ +0. 24— — ,—

.ation

Ship 3

+0. 22—

+0. 17—

+0. 46—

+0, 47—

+0. 25.

1
Not applicable since all ships are longer than 183 m, but the values are
given for completeness.

—

that the z- coordinate of the evaluated point is relatively far from the water
line (the formulas of DnV, GL, NK, and L4CS are to be evaluated at the

tank center of gravity, which usually is not far from the water line). In
addition, the considered point for Ships 1 and 3 is off the line of symetry

of the ship (y + O). Since the agency formulas for ay and az are indepen-

dent of y, one would expect discrepancies between the agency and SCORES’~

predictions. Long-term accelerations obtained from the BV formulas are,

for all cases considered, low relative to predictions by SCORES’:. As none

of the comments cited ahove for DnV, GL, NK, and IACS are appropriate

for the BV formulation, the cause of the low BV predictions is not kuovm.—

For ship number 4, extreme lateral and vertical accelerations were
calculated by the program SCORES>: at ten discrete points on the forward and
aft ends of Tanks 2 and 3 for two sea conditions. The orientation of the

various points is shown schematically in Figure III. 11. Since all agency

formulas except BV are independe~t of y, all comparisons are limited to

points 1 and 6 as~own. Table III. 10 presents the SCORES+ predictions

of accelerations for points 1 and 6 along with the locations and the sea con-

dition. Sea Condition 1 is essentially a head sea condition, while Sea Con-

dition 2 represents the ship sailing in beam seas. Finally, Table III. 11

presents the agency prediction along with the corresponding values obtained

from the SCORES program (Points 1 and 6 are averaged in the table to re-

duce the volume of data. Since the x- coordinate of the leading and trailing
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FIGURE III. 11. LOCATIONS OF POINTS WHERE

ACCELERATIONS WERE CALCULATED BY

SCORES* ON LNG SHIP4

edge and the z-coordinate of the center of gravity of the respective tanks
were used in the agency formulas, the averaging of points 1 and 6 is
identical to a linear interpolation to the tank c. g. ). Ship 4 is also longer

than 183 meters, so the formulas of ABS, ~, and USCG are not valid.

DnV, G L, N&, and L4CS consistently predict vertical accelerations that
are slfitly greater than the SCORES>: long-term predictions for head

seas. Lateral accelerations predicted by these same agencies are

approximately five times as great as the SCOREW extrapolated values
for beam seas. BV’S formulas, while conservative, yield values that are

much closer to the SCORES* long-term calculations.
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TABLE III. 10. SUMMARY OF EXTREME ACCELERATIONS FOR SHIP #4

OBTAINED FROM PROGRAM SCORES
.,

Vertical Accelerations

Location Tank

Forward edge 2

Forward edge 3

Trailing edge 2

Trailing edge 3

Lateral Accelerations

Forward edge 2

Forward edge 3

Trailing edge 2

Trailing edge 3

ZID

Sea Condition

Roll

Pitch

Yaw

1 Heading

I

Sea Condition 1

Point 1

+0. 54.

+0, 37—

.-

--

0,

0.

--

_-

1.62

Point 6

+0. 54—

+0. 37—

-.

_-

0.

0.

--

-.

-0.79

o“

6.22°

0°

180 °(head seas

Sea Condition 2
x

Point 1 Point 6 c

+0. 05 I ~0. 05 I 0.28—

+0, 06 I ~0.06 I 0.16—

+0. P6 I +0. 06 I Q.17— —

-a--::u::-i
!

I

+0, 02 +0, 19 0.28 ~—

+0. 05 +0. 16 0. 16 ~— —

+0. 05 I +0. 16 0. 17 ~—
:—

+0.08 ; +0, 13 0, 03 1—

\
I

1.62 -0.79 I

30.24°

0.91°

3.26”

60 °(quarter -

ing seas) I
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TABLE III. 11. COMPARISONS OF EXTREME ACCELERATIONS FOR SHIP 4
AS tiIVEN BY THE AGENCIES AND BY PROGRAM SCORES

Vertical Accelerations Lateral Accelerations

Agency Tank 2 Tank 3 Tank 2 Tank 3
Formula

Fore Aft Fore Aft Fore Aft Fore Aft

ABS, LR, USCG* ~0.89 ~0, 61 ~o. 59 ~0. 29 to. 10 ~o, 10 ~o. 09 +0. 09—

BV ~0. 28 10.20 ~o. 20 +0, 30 10.14 to. 14 ~o. 14 ~o, 14—

Dnv ~0. 58 LO.46 Lo. 45 +0. 37 ~o, 50 +0. 45 +0. 45 ~0. 42— — —

GL, NK, IACS ~0, 62 LO. 48 ~o .48 ~0, 38 Lo. 50 +0. 48 ~0 48 Lo. 47—

Sea Condition 1 0.54 -- 0.37 -- 0.0 -- 0.0 --

Sea Condition 2 0.05 0.06 0.06 0.07 0.11 0.11 0.11 0.11

*
Not applicable since this ship is longer than 183 meters; the values are given for
completeness.

III. 4 Snrnrnar y of Comparisons of Agency Formulas with Predictions
from Full- Scale Measurements and from Calculations by

Program SCORES*

The comparisons presented in this chapter have shown the agency

formulas to be generally conservative relative to predictions from full-

scale measurements. However, the experimental data were for non- LNG

ships which, although similar geometrically in many respects to LNG ships,

generally had lower length-to-draft and hreadth-to-draft ratios. Note also
that the comparisons with experimental data were made at the forward

perpendicular, not at the tank center of gravity for which the agencies’

equations were formulated. Comparisons with accelerations predicted hy
the SCORES* program gave mixed results, with lateral accelerations pre-
dicted by the formulas being generally conservative relative to SCORES

and vertical accelerations predicted by the formulas being unconservative

relative to SCORES*. It is speculated that the relatively high SCORES+

predictions for Ships 1, 2 and 3 are due to the point where the accelerations

were calculated (high z-value). The SCORES+ acceleration predictions for
Ship 4 (low z-values near tank c. g. ) are lower than the corresponding

agent y values, justifying this ape culation.
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IV. WAVE-INDUCED LOADS3

.

.,.1 Introduction

All of the classification societies require that wave-induced loads

be determined before classifying an LNG ship, and each society has its

own methods of establishing these loads. IU most cases these wave-

induced loads are calculated by hydrodynamic computer programs, such as

SCORES, but provisions in the rules are also made for determining these
loads through empirical formulas. Tank accelerations, determined by

both methods, were compared in Chapter III. This chapter will be devoted

to evaluating the procedures, embodied in the computer programs, for
calculating the wave -induced loads. Similarities and differences in the

computing routines used by the various Classification Societies and other

Regulatory Agencies, will be examined to the extent permitted by available

data and information.

Table IV. 1 summarizes the procedures of eight Classification

Societies for predicting long-term wave - induced loads. The evaluation of

these procedures is discussed in Appendix B, along with general compari-

sons and evaluations. More specific evaluations are covered in this chapter.

They include numerical examples designed to show the effects of variations

in input parameters such as wave data, ship geometry, etc. on the short-

term and long-term predictions of ship loads.

Wave Data

The major sources of wave data used by the eight principle Classi-

fication Societies, i. e. , ABS, BV, DnV, GL, LR, Nl& IUNa and the

Russian Registry of Shipping, are observed wave data. These include

Walden’s data from the North Atlantic, Hogben and Lumb [7], Atlas of the

world oceans, Roll’s data from the North Atlantic, and Yamanouchi data

from the Pacific. The data is arranged in tabular distribution of heights

and periods in most cases, with the exception of DnV who uses the Weibull

distribution. Cumulative distribution representing the actual data, are also

used. ABS uses spectra obtained from measured data at the ocean weather

stations represented by 80 spectra divided into 10 groups covering a wide

range of wave heights. In all cases where observed data is used, the mathe-

matical spectral formulation is some form of the 2 parameter spectra. h

some cases, the observed data is tlirectly substituted, in others it is modi-

fied to represent Hi/3 and a characteristic period. In each of the above

3
The original draft of this chapter was prepared by D, Hoffman, Webb

Institute of Naval Architecture.
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cases, a spreading function is used, usually of the type 2/TT COS2U.

Based on the above, it should be concluded that all Classification Societies

use practically the same wave data with minor changes in formatting and
sources. ABS, however, is gradually switching to actual spectra for

most ocean routes.

Two- Dimensional Hydrod~amic Coefficient

As indicated in Appendix B, the method used for calculating the

hydrodynamic coefficients is universal and the particular approach se-

lected is usually a matter of choice or preference. Most agencies Use the

,,~ewis II [9] form approximation whereby the two-dimensional sectiOn is

defined in terms of the sectional area coefficient and the beam/draft ratio.

The advantage of this simplified approach is primarily economical, as the

computer time required i: extremely short; yet for most ship sections the
,, Lewis !! form approach yields satisfactory results.

Several of the agencies have an alternative approach using Frank’s

close-fit method (DnV) or multi- coefficient mapping routine (ABS). Tech-

niques to handle special ship configurations are available for catamarans

and the USCG is capable of calculating the motions of a large variety of

buoys representing ship shape, axis ymetrical bodies and catamarans.

Ideally, the basic two- dimensional hydrodynamic coefficient program

should include all three approaches (“Lewis”, multi-mapping, and Frank’s

close-fit) and based on a preliminary analysis of the section shape, the
most appropriate routine should be selected automatically.

Several of the Classification Societies have the capabilitiess of

evaluating the pressure distribution on the two-dimensional section as an

input for calculating the three-dimensional pressure distribution on the

hull. For that purpose, a “Lewis ,, form technique is inadequate.

Equations of Motions

The general format of the equations of motions is identical for all
Classification Societies. The only differences exist in the exact definition

of the coefficients. Some of the coefficients which are considered to be zero

by some agencies, i. e. , no cross-coupling effects between certain motions,
may be estimated by another. There may be today as many as 6 slightly

different strip theories each of which could be used by one of the agencies.
The major programs are SCORES [8J (ABS, ~), Salvasen, Faltinsen and

Tuck [10] (DnV, U.S. Navy), Sodin [11] (G&), Fokuda [12] (~), Delft [13],

MIT [14], and University of California, Berkeley [15].

Comparing some of the specific coefficients on the lefthand side of

the equation and the excitation forces or moments on the right, reveals
rather large differences between the various methods (see Appendix B,
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Pp 8-10). It is difficult to evaluate which is the most appropriate technique

as model tests to determine such coefficients are scarce and the few which
were performed did not include the evaluation of the more controversial

coefficients. However, the values of concern are not the coefficients of

the equation of motion but the r e suiting transfer functions of motions and

consequently accelerations, forces, moments, etc. With regard to the

external moments, no consideration is given by any of the theories to
moments exerted on the ship as a result of liquid sloshing in slack tanks.

For a 125,000 m3 L~G ship, resonant sloshing in slack tanks can produce

moments of -5 X 10 kg-meters per tank. If these slosh-induced moments

are appreciable relative to the other external moments and if their pro-

bability of occurrence is high, then the possibility of coupling between

liquid motions and ship response exists. The potential for coupling will

iucrease as resonant sloshing occurs in large tanks at worst-case fill

levels. Since the magnitude and probability of the slosh-induced moments

can be estimated from previous slosh studies, these moments should be

included in the forcing function if they are significant and the effects of

coupling evaluated.

Response Amplitude Operators (RAO)

Due to the rather involved nature of the calculations and problems of

proprietary progress, no easy comparison between the resulting transfer

function is avail?ble for public use. It is unusual that a ship classed by one

Classification Society will be also classed by another. Several internal

studies were performed by ~, ABS and others to establish trends for
their own use, but results are not~nerally available.

The comparison between calculations and model test results are more

easily available and form the only criteria for evaluating a method on its own
merit. It should be remembered, however, that comparison of measure-
ments in different model wave tanks does not necessarily yield identical re-

sults due to model size, measuring techniques, analysis approach, etc.

Furthermore, it has been shown that while some calculation methods are

good for certain types of ships, others may be better for other types. Hence,

there is no general conclusion as to the merits of one procedure relative to

another.

Most agencies prefer the calculation method over model tests, since

the former is cheaper, faster and in most cases just as reliable as the

latter. Ideally, a combination of both approaches will yield the best results.

The calculations are usually performed for a minimum of five headings and

often a maximum of fourteen. The number of frequencies usually considered
for better definition of the RAO’s vary from 13 to 22 with capabilities of up

to 51.
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As discussed previously, for design purposes, no valid comparison

between procedures for calculating RAOfs can be made at this intermediate
stage of the calculations. One can easily show that for two methods, both

having identical RAO’S, the long-term prediction at 10-8 probability repre - “’
sents a 10070 deviation due to wave data and statistical methods [16]. Thus,

in order to evaluate the differences more systematically, the short and

long -terlm predictions should be first compared.

Short and Long-Term Predictions

The principle of linear superposition is the basis for all short-term

predictions and is applied by all the procedures reviewed in Table IV. 1.

The variations between one program and another is primarily in the number

of speeds and headings used and the assumptions with regard to the proba-
bility distribution of each heading over the ship’ s lifetime operation. These

differences usually represent restrictions imposed by the particular com-

puter used due to core size, etc.

The main differences between the various procedures are due to the

wave data formatting and the method of integration of the probabilities over

wave period, wave height and ship headings. Since most Classification

Societies use tabulated forms for the probabilities of wave height, period

and headings, the same data is used to integrate the resulting response

spectra to obtain cumulative distributions from which the long-term de sign

values can be read at any level of probability. In some cases, a specific

distribution such as Weibull (DnV) or Exponential is fitted to the data after

the integration over period an~eight and before the integration over ship
heading is performed. Since each wave height and period combination yield

one response spectrum, the philosophy of combining all these responses may

vary somewhat. If the integration is first performed for groups of constant

wave height over the entire period range, the scatter in the rms value due

to any possible period is first established.

Tbe next step involves integration over the height using the proba-

bility of occurrence of each constant height group as a weighing factor.

Finally, the headings can be considered as equal probability of encounter,
or other more specific assumptions for certain routes based on the actual

relationship between height and heading, as given from the statistical wave

data, can be used. The above procedure does not involve any statistical

models and the cumulative curve is simply extrapolated to larger periods

of time. An improvement can therefore be achieved if a specific distribu-

tion such as Weibull or another is used to fit the data and a more reliable

extrapolation can be obtained. In either case, the extrapolation is per-
formed for the entire range of heights or periods and individual weather

groups are not considered.
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When measured spectra are used for the response calculations, the

data are subdivided into groups of equal wave height and the standard devia-

tion within the group is a measure of the scatter due to a variety of periods .,
and basic spectral shapes. For each such weather group, a long-term pre -

diction is performed assuming a normal distribution of the rms values

within the group. Subsequently, an integration over the wave height yields

the final long-term curves representing the total data. The integration

over the heading is performed following the integration over period after

the rms and standard deviation were established for each heading.

A limited comparison of long-term bending prediction obtained by

some of the available procedures, was summarized in the 1973 ISSC

Conference [6]. It is apparent that though the order of magnitude is identical

in all cases, differences of considerable magnitude may be exhibited due to

the various assumptions made in each case. In order to evaluate the sensi-

tivity of the long-term predictions at the 10-8 probability level, due to

various assumptions such as probability of wave height, probability of
heading, etc. , a short study was conducted [17] and a summary of the re -

suits is given in the following section.

N. 2 Sensitivity of Design Values

The long-term predicted response at a probability level of 10-8 is

often used by various Cias sification Societies as a design value at least for
comparative purposes. In order to evaluate the sensitivity of such values

to small variations in the ship design parameters or in the assumptions
made with regard to the short or long-term prediction, a ship configuration
was available and the calculations were repeated for several responses,

varying some of the input data as discussed in the following sections. The
basic ship available for analysis in all cases was a 600,000 dwt VLCC at

full load, traveling at a speed of approximately 20 knots.

Effect of Routing or Wave Height Distr ibut ion

The assumptions made with regard to specific routing such as the

North Atlantic or North Pacific usually boil down to different wave height

distributions. Several different routes covered by ocean zones given by

Hogben and Lumb [7] were studied and sumary of the expected wave height

distribution in a cumulative form is given in Table IV. 2. A key to the eight

routes is also given. Re suits obtained from the vertical acceleration at the

forward perpendicular and vertical acceleration at the deck edge are given

in Table IV. 3 for the eight routes studies. Differences on the order of less
than 1070 between one of the most severe routes and some of the mildest

routes were obtained. The results indicate the stability of the calculated
responses and their lack of sensitivity to small changes in the route

assumptions.
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TABLE IV. 2

CUMULATIVE WEATHER DISTRIBUTION - WORLD ROUTES

lfq(m)

.61

1.22

Z.44

3.05

4.57

5. 10

7.62

9.15

0.67

5.24

Route

1 2 3 4 5 6 7 8

.~
I

00.00

91.25
67.50

36.80

16.45

9.55

4.60

2.00

.30

.05

100.00
86.27

68.17

35.41

17.51

4.88

2.70

1.07
.35

.02

f Waves Exce d

T

00.00 100.00

88.79 77.62
71.14 35.12

36.01 13.07

17.18 2.83

4.55 1.41

2.56 .80

97 .43

.31 .17

.01 I .02

; the St;

00.00

82.26

56.62

19.03

6.46

1.07
.42

.12

.03

.01
T
:ed Valu

,00.00 100.00

82.72 74.56

57.6o 29.16

19.96 9.32

6.82 3.03

1.13 .51

.48 .18

.15 .09

.04 .04

.01 I .01

1

700.00

79.6

54.3 I

20.5

8.8 I

2.1

1.1
.4

.1

.0

1.

2.

3.

4.

5.

6.

7.

8.

Most severe North Atlantic

North Atlantic (Northern Europe)

North Atlantic (Southern Europe)

Europe -- Per sian Gulf to Northern Europe

North Pacific

Europe -- Persian Gulf to Bantry Bay

Per sian Gulf -- USA
Europe -- USA West Coast

—

TABLE IV. 3

EFFECTS OF DIFFERENT ROUTINGS ON VERTICAL ACCELERATION

( g, o-p )

Response
Route

1 2 3 4 5 6 7 8

Accel, at F. P.(C. L.) 0.40 0.38 0.36 0.36 0.38 0.36 0.36 0.36

Stbd Vert. Accel 0.52 0.49 0.48 0.46 0.49 0.46 0.46 0.47



Effect of Different Probabilities of Headings

Four assumed probability distributions of headings were evaluated.

The first was that of equal probabilities while the latter three emphasized

various degrees of head and following seas with minimum time spent at
beam seas. The distributions are given in Table IV. 4 and the resulting

accelerations at the bow and the deck edge are given in Table IV. 5. The
maximum variations in the acceleration levels were of the order of 10-1270,

indicating again the noncritical nature of the assumption made.

Simulated Swell Effects

The effect of pure swells or of combinations of a swell and a storm

approaching the ship from two different directions is typical of certain ocean
zones and in particular the lower east coast of Africa. Since no wave data

is available for such conditions and the mathematical formulations fail to

cover these conditions analytically, an estimate of the possible effects was

studied[l 7] by shifting the whole spectral family bodily to lower frequencies,

thus simulating longer average periods.

The spectra were shifted a total of O. IW in increments of O. 02. In

all cases, the shift was a bodily shift of the entire spectrum to lower fre-
quencies. Although the resulting spectra may not truly represent a sea in

which swells are superimposed upon the resulting sea state, it should give

some indication of the effect of the higher energy input at lower frequencies
associated with swells. The effects on the accelerations at the bow and the

deck at side is shown in Table IV. 6. Variations were again of the same

order as in the other cases, i. e. , roughly 10%. It should be emphasized

that in this case, as well as in the previously discussed cases, the results

are characteristics of the specific hull and its condition of operation. It

will be shown in the following section that large variations in acceleration
may occur due to change in loading conditions and forward speeds. How-
ever, the stability of the results seem to be a more general feature and the

probability of the long-term prediction doubling in value is very small.

Effects of Design Parameters

The effect of three design parameters, the metacentric height (GM),

the transverse radius of gyration (Kyy), and the viscous damping parameter
were also investigated [17] to determine effect of small variations in the

design values. While the three pre~ious cases dealt with effects of assump.

tions made when calculating the short and long-term predictions, the above

three are used in calculating the transfer function. Furthermore, these

three parameters affect primarily the roll response and related lateral re-

sponses, and have a minimal effect on other responses.
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TABLE IV. 4

DIFFERENT COMBINATIONS OF HEADING PROBABILITY Y

I Heading
1

14.29

14.29

14.29

14.29

14; 29

14.29

14.29

Run
2 3

40 30

4 8

4 8

4 8

4 8

4 8

40 30 1
4

22

22

4

4

4

22

22

TABLE IV. 5

EFFECT OF VARYING PROBABILITIES OF HEADING

ON VERTICAL ACCELERATIONS (g, O-p)

Heading
Run

1 2 3 4

Accel. atF. P.

(C. L.)
0.40 0.45 0.43 0.44

Accel. at C. G.

(Max. P/S)
O. 29 0.28 0.29 0.27
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The metacentric height (GM) can be controlled to a certain extent

during the design stages and operation of the ship. It is therefore impor-
tant to know how sensitive will the acceleration response be to small ./

changes. Table IV. 7 indicates an approximately linear relationship be-

tween the GM and the roll angle. An increase of 1.25 m (26%) in GM

causes a 5.24° (32~0) change in the maximum roll angle.

The transverse radius of gyration (Kyy) represents the transverse

weight distribution across the ship. Though it is not subjected to large

\,ariations, some changes are possible with loading condition. Table

IV. 7 illustrates tbe effect of such changes on the roll angle. J-n deter-
mining Kyy the liquid cargo or ballast is considered to act as a rigid

mass. In actual service, however, the liquid does not move as a rigid

mass with the tank motions. Normally, the liquid will move on a moment

arm of a length equal to the distance between the liquid center of gravity

(c. g. ) and tbe ship center of roll. There is little movement of the liquid

about its own center of gravity. If the mass moment of inertia of the
liquid about its c. g. is ignored (i. e. , the liquid is not assumed a rigid
mass) in the Kyy calculation, the resulting value of Kyy will be changed.

To estimate the effect of the rigid mass as surnption on Kyy, an example

calculation was performed for an existing 125, 000 m3 membrane tank LNG

ship. Ignoring the mass moment of inertia of the liquid about its c. g. ,

for the case of all tanks full of LNG, resulted in an -25Y0 reduction in the

calculated Kyy. For the ballast condition with the liquid mass as surned
non-rigid and located at the ship sides yields an F-25Y0 increase in ~y.

In actual practice the liquid cargo or ballast will react somewhere between

the rigid and non- rigid mass assumptions. The effects of the change in

K.YY’
as reflected by this condition, on either short or long- term pre-

dictions, remains to be established. However, it is generally accepted

that small changes (c 25Yo) in the Kyy will not have a significant affect on
long-term predictions of vertical acceleration.

Finally, the influence of an empirical roll damping factor to account

for viscous damping and roll damping characteristics, not accounted for

by potential flow theories, is considered. Changes in the roll damping

characteristics can be made through bilge keels, anti-rolling from passive

tanks, etc. Damping values which include the se effects can be approxi-

mated by analyzing roll decay curves generated in a model tank. In many

cases, however, such information is not available and an approximation
must be made. In such cases, the roll damping is based on empirical

data and is expressed as some fraction of the critical roll damping at the
roll natural frequency. The values chosen are normally about O. 08 to O. 10.

Table IV. 8 illustrates the effect of varying the roll damping factor

between O. 025 and O. 1. The maximum roll angle and the vertical acceler-
ation at the deck side are given. While the roll angle is quite sensitive to
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TABLE IV. 6
EFFECT OF SHIFTING SPECTRA ON

VERTICAL ACCELERATIONS
., .

( g, o-p )

Accel. Accel.

F. P.(C. L.) L. C. G. Max. P&S

1 Au!. o (W= .2,.25,. 30....) 0.40 0.29

2 /LW = -.02 (W= . 18,.23,. 28...) 0.43 0.31

3 /Jw = -.04 (IN= . 16,. 21,. 26...) 0.45 0.32

4 AuJ= ..o6 (W= . 14,. 19,. 24...) 0.46 0.32

5 tlw = -.08 (W= . 12,. 17,. 22...) O. 46 0.32

6 AuJ = -.10 (W= . 10,. 15,. 20...) 0.45 0.31

TABLE IV. 7

EFFECT OF GM AND Kyy ON ROLL ANGLE

Metacentric Height Roll Angle

(GM) meters (deg. )

4.86 16.40

6.11 21.64

Transverse Gyradius Roll Angle

(Kvv) meters (deg. )

21.9 23.76

23.7 21.64

26.5 16.59

TABLE IV. 8

EFFECT OF DAMPING ON ROLL

Gyradius . 23.66 meters GM . 6.42 meters I
Roll

Damping
Roll Angle Vertical Ace. at C. G. (P/S)

.025 30.50 0.31
.050 19.31 0.30
.075 14.73 0.30

.100 12.13 0.30

/, /.



these changes, the vertical acceleration is hardly affected. The effect

on lateral acceleration at the deck would he more pronounced, of course, .,.

and probably would vary in about the same proportions as the roll angle.

IV. 3 Summary

In all the above cases, the effects of slight variation in six different

parameters on response de sign values were illustrated. No attempt was

made to cover all possible controlling parameters and the cases shown
represent a sample only. It is, however, indicative of the nature of possible

variations in the long-term acceleration and roll angles and gives some sort
of a feel for the factors of safety involved in such calculations.

IV. 4 Typical Numerical Examples

Both vertical and lateral accelerations iu most ships are effected by

forward speed variations. The exact behavior cannot be generally predicted
and must be calculated using one of the procedures that have already been

discussed. This was done for the LNG ship identified as Ship #2 in Table
III. 7. Calculations were performed using the SCORES* program for two
loading conditions and two forward speeds. The results, which re resent

tthe long-term accelerations corresponding approximately to a 10- proba.

bility level, are given in Figures IV. 1 and IV. 2. As can be seen in the

figures, quite large variations in accelerations re suit from the changes in

loading conditions and smaller variations result from changes in the for-
ward speed.

Though, in general, the zero speed represents the smallest accelera-

tion response and the top speed represents the highest response, it is not

necessarily the case under all conditions. Due to the effects of forward

speed on the encounter frequency and hence on the resonance frequency, the
magnitude of the change will vary. Figures IV. 3 and IV. 4 represent the

variations in vertical and lateral acceleration with speed at a point whose

coordinates from the center of gravity are given. The vessel in question

is a 274 meter container ship. Figures IV. 5 and IV. 6 repre sent the same
response for the same forward speed but at half loaded condition. Though
little changes are noticeable for the vertical acceleration case (Figures

IV. 3 and IV. 5), the lateral acceleration exhibits some different character-

istics in the half load case. The maximum acceleration occurs at 20 knots
rather than 30 and at wave heights higher than 7.62 meters. Furthermore,
at 15.2 meters significant wave height, reduction in speed will lead to in-
crease in acceleration and at 10 knots the level of acceleration is identical

to that at 30 knots.

It is apparent that loading has a substantial effect on the behavior of

the ship in waves. In reality, loading can sometimes represent a different
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ship altogether. In the case shown, the GM was doubled from the full to half

load, and the roll frequency moved upward to a higher frequency.

The effect of forward speed adjustment due to heavy weather on the

long-term Precliction is usually taken into consideration by assuming a speed
rectuction as the significant wave height increases. Such reduction is often

necessary due to added resistance considerations and sometimes due to

voluntary reduction of speed to avoid damage through excessive motions.

Figure IV. 3 (dashed curve) illustrates the assumed short-term vertical
acceleration as accounted from speed reduction. The long-term calcula-

tions are based on the mean curves and its standard deviation and results

in a substantial reduction in the maximum expected value as compared to

the full epeed case.

Finally, the effect of heading angles on the acceleration at the bow

is illustrated in Figure IV. 7. The results shown are for a 152.4 meter

container ship in the loaded condition and the short-term trends for 7 head-

ings (180° . head seas) are illustrated. Also shown are the trends from

forward speed conditions at a heading angle of 120°. The purpose of the

latter is to enable a comparison in the magnitude of changes in the accelera-

tion due to the effects of heading and speed.

IV. 5 Transient Loadings

The results presented in the preceding sections are derived on the
assumption of wave-induced oscillating forces . The effects of transient

accelerations due to slaming, shipping of water, bow flare, etc. are not
considered. Very little theoretical work has been so far performed on

evaluation of such transient accelerations and the little available informa-
tion is based on some limited full-scale measurements. The probability of
occurrence of such loads is a function of the specific type of ship, its length,

bow shape, structural rigidity, draft forward, etc. It is therefore difficult
to apply the results obtained for one ship to another without a careful de-
tailed analysis.

In general, the acceleration due to transient loading can assume

values as high as the maximum expected from wave-induced loads over the

lifetime of the ship. However, the occurrence of peak transient loads,

simultaneously with the peak oscillatory wave loads is uncommon, and for

the few cases where it might occur, re suits indicate that the transient

load, i. e. , that which occurs at the instant of slam, is superimposed on

the wave at other than the maximum value. It is therefore pOssible
that the transient accelerations are not additive, and the highest

e~ected value obtained from the long-term statistics is adequate in cover-
ing the transient loads which might be encountered in the lifetime of the

ship, particularly if speed reduction in heavy seas is not considered.
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v. LOAD CRITERIA EVALUATION

v. 1 Introduction

Each of the 17 tank loads is evaluated in this chapter. This evalua-

tion included (1) comparing loads predicted by various agency formulas for
a specific LNG ship, (2) comparing the agency predicted loads to available

model or experimental data or to relevant theoretical methods, and (3) indi-

cating where updated requirements are needed in each load category. Cri-

teria for combining of the 17 loads for establishing final tank de sign require-

ments are also presented. In most cases insufficient data or analyses were

available to provide a thorough evaluation. However, based on current

knowledge, several improvements to present criteria are sugge steal.

Each of the evaluated tank loads are important to the design of an

LNG ship cargo tank. However, some of the tank loads are more important

than others, and this relative importance varies with the particular tank

type as well as with ship operating restrictions. For example, vapor pres -

sure loads are more important to the design of pressure vessel tanks than
for membrane tanks. Also, sloshing loads are of no concern if partial

filling is prohibited, but are extremely important when partial filling is

allowed. Table V. 1 shows a subjective rating of the different tank loads.

The highest rated loads are those having the greatest importance to tank

design, the poorest methods for prediction, and the requirement of addi-

tional research or experimentation before criteria can be developed and

validated. It is noted that the tank loads receiving the highest rating have

been given the greatest emphasis in this report.

V.2 Criteria Evaluations

V.2. 1 Vapor Pressure

The agencies require that LNG cargo tanks he designed for an effec-
tive vapor pressure at least equal to the setting pressure of the safety valves.

Some agencies also require consideration of the tank vapor pressure at the
maximum service temperature and the pressure of the inert gas for tanks

unloaded by means of inert gas. Table V. 2 presents a comparison of the
vapor pressure requirements for the various regulatory agencies and tank

configurations.

The procedure for designing’s pressure vessel is sufficiently estab-

lished to ensure that the design of an LNG tank to account for vapor pressure

is a straightforward procedure once an accurate value of the msximum ex-

pected vapor pressure is determined. The maximum design vapor pressure

should include all possible factors that affect the tank vapor pressure, For
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TABLE V. 1

SUBJECTIVE RATING OF TANK LOADS

Relative Importance to
Additional

Reliabilityy Research or
Load Category

Tank Design
of IMP. rimental Overall

Independent Prediction Verification Rating 1
Grav. Pres. Membrane Method Needed

Vapor Pressure Low High Low Goodz Yes 5

Liquid Head Mod Low Mod Good No 7

Static External Pressure Mod Mod Mod Good No 7

Weight of Tank & Contents Mod3 Mod3 Low Good No .7

Still-Water Hull Deflection Low Low Mod Good No 7

Static Inclination LOW3 LOW3 Low Good No 8

Collision Loads LOW4 LOW4 LOW4 Poor Yes 4

Thermal Gradients Mod Mod Mod Fair Yes 4

Wave-Induced Loads High High High Fair5 Yes 1

Acceleration of Tank CG High High High Fair Yes 1

Dynamic External Low Low Low Poor Yes 4
Hull Pressure

Dynamic Internal Pressure Mod Mod Mod Good6 Yes6 5

Sloshing’ High High High Poor Yes z

Vibrations Low Low Low E’air Yes 5

Fatigue Loads Low Low Low Poor Yes 4

Fracture Loads Low Low Low Poor Yes 4

Combination of All Loads High High High Poor Yes 1

1 ~i~he~t rating is 1 (i.e. , most important 10ad).

2 Exclusive of rollover.
3 PrirnarilY for tank support design
4 From the standpoint of acceleration only; not including penetration.
5 Prediction methods good if accurate representation of sea state is available

except for slamming and bow flare immersion impulsive type loads.
6 Good, providing long.ter~ accelerations are known and method of cOmbfi~g

accelerations is validated.
7 Load imPortant only when partial filling is allowed.
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TA13LE v. 2 COMPARISON OF
PRESSURE CRITERIA

,.. .

VAPOR

?.

Maximum Vapor Pres sure (kg/ cm2) for Each Tank Configuration

Agency Independent

Gravity
Membrane

Pressure
Integral

AB S 0.70 0.70 No regulations No regulations

BV 0.70 0.70 No regulations No regulations

Dnv PI PI PI PI

GL 0.70 2.0+0.3 yh 0.25, 0.70’: 0.25, 0.70*

LR No Regs. No Regs. No regulations No regulations

NK 0.70 2.0+0.3 yh 0.25, 0.70* No regulations

USCG 0.282,0.703’: No Regs. 0.282,0.703’: 0.282, 0.703’~

IACS 0.70 2.0 +Acy3f2
.,,

0.25, 0.70-” No regulations

*
With increased scantlings

P1 - The highest setting of 1) the pressure of the safety valves, 2) the

vapor pressure at reference temperature, 3) the vapor pressure at
45° C for tanks without cooling, and 4) the pressure of inert gas for /

inerting operations.
\
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example, the tank design vapor pressure should include the highest safety

valve setting, the vapor pressure at the maximum service temperature, and

the maximum pressure for inerting to off-load the tank.
., .

Since the LNG in a tank is continually boiling +off, increasing the

pressure inside the tank (this is especially important for ships not equipped

to burn boil-off vapors as fuel), the functioning and sizing of the safety re-

lief valves are very important. Also, in-port venting of boil-off vapors may

not be allowed by the cognizant regulatory agency, as direct vknting of boil-

off vapors to the atmosphere may constitute a fire danger to the surrounding

community. Generally, docking procedures require approximately five to

six hours, in which time only 1 /16 of 1% of the tank’s capacity will boil off. [18]
However, an accident may strand the ship long enough to allow the tank pres-

sure to build up to the relief valve setting. The rate of steady pressure in-

crease in the tanks with no yenting has been calculated to be 1.61 x 10-3 kg/

cmz-hr for the LNG carrier Descartes, which has relief valves set to cycle

at O. 224 kg/cm2 on each tank. [19] Assuming that the relief valves do not

cycle, either by failure or in the event of a grounding accident, approxi-

mately 96 hours would elapse before the pressure in the tank would reach

the setting pressure of the safety relief valves.

Narter and Swenson [20] have discussed the sizing of relief valves.

Generally, designs approved by the ABS for tanks with a design pressure
2 above atmospheric pressure have hadnot much more than O. 281 kg/cm

their relief valves sized by the following equation with adequately conserva-

tive results.

Q = 6.33 x105 ~0”82 ~ ( scfm) (5)

where

Q= Minimum required rate of discharge in terms of

cubic feet of air per minute at standard conditions.

F= Fire-exposure factor which ranges from 1.0 to O. 1

as determined by the performance of the thermal

insulation under fire conditions and the degree of
metal screening of the insulation from the fire.

A= The area of the tank exposed to fire and to be taken

as the total area of a prismatic tank minus the bottom-
surface area.

L= Latent heat of the product being vaporized in BTU

per pound.



c= Constant based on the relation of the specific heats

of the product.

, .

M= Molecular weight of the product.

T= Temperature in degrees Rankine,

z= Compressibility factor of the gas at relieving

conditions (if not known use Z = 1. 0 ).

This formula was adopted from the ASME Code for Unfired Pressure Ves se’1

which gives a method for sizing pressure relief valves derived from the

Compressed Gas Association. BV and USCG provide formulas that are——
essentially the same as the ABS formula. DnV and NK’s formulas are to be——
used to compute the heat input into the tank in case of a fire. The valves
are then to be capable of discharging the quantity of gas generated by this

heat input. No means are provided by these two agencies to compute the

kcal
‘~ = 12,200 A0”82 —

hr
(6)

discharge in their regulations.

LNG rollover may present an additional phenomenon that should be
considered in vapor pressure criteria. Sarsten[21] reported an incident

involving LNG stratification and rollover at the LNG Terminal in La Spezia,

Italy, in 1971. In this case relatively warm, high-density LNG was intro-
duced into a partially filled storage tank through a nozzle below the lighter

and cooler LNG already in the tank. The static pressure of the initial tank

heel kept the warmer-heavier LNG from vaporizing. Figure V. 1 shows the

storage tank pressure history following the introduction of the heavier LNG

from the Esso Breger. Approximately 24 hours after the completion of the

off-loading operation the vaporization rate in the storage tank increased
from a nominal 1 m-kg/hr to much greater than seven times the normal

release rate (the internal pressure in the tank reached a maximum of

710 mm H20, or 40% greater than the design pressure of 500 mm H20).

While stratification and subsequent rollover of LNG will not be a

problem as long as the cargo is agitated (as is the case whenever the ship
is in the seaway), rollover may be a problem when partially filled tanks

(or tank) are maintained on return voyages for cool-down purposes. During
the return voyage, lighter components of the LNG may vaporize so that

when the ship reaches the loading terminal, the cargo will be significantly

heavier than before. Then during filling operations, lighter and possibly
cooler LNG will be introduced on top of the “aged” LNG already in the tank.

If the ship is prevented from leaving port immediately after the filling
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operation is complete, agitation of the stratified layers will not occur, and

rollover may be a problem.

Studies of LNG rollover should be performed to determine whether

effects of the high vaporization rates should be included in the design of

LNG tanks and associated safety vapor relief systems.

Updated Vapor Pressure Criteria

Procedures for determining the actual in-service vapor pressure

are not given by the agencies. Therefore, a more complete vapor pressure

design criterion should include:

a definition of vapor pressure requirements for pressure

and non-pressure vessel tanks

a means of determining the maximum in-service vapor

pressure to include:

(a) the highest safety valve setting

(b) the vapor pressure at the maximum service
temperature

(c) the highest inerting pressure for off-loading

the design of the tanks to pressure or non-pressure vessel

regulations (such as the ASME codes) dependent on the

largest of a, b or c.

a method to determine the flow capacity of the relief valve

system, Perhaps the effect of the high vaporization rate
associated with LNG rollover should be included in the

sizing of pressure relief systems.

V. 2.2 Static Liquid Head

All agencies require static hydraulic te sting of completed tanks.

The test medium for the hydraulic tests is water for all agencies except the

USCG, which requires the test medium have the density of the actual cargo.

In addition to hydraulic tests, t’pe agencies require that static and dynamic

heads be combined in computing the final design internal pressure head.

Table V. 3 compares the various agency test requirements concerning static

liquid head as sumipg that the considered tank has tbe same general dimen-

sions as the number 6 tank of a 125,000 m3 membrane tank LNG ship,
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TABLE V. 3. COMPARISON OF STATIC LIQUID HEAD CRITERIA

FOR TANK 6 OF A 125,000 m3 MEMBRANE TANK LNG SHIP

Required Test Head (m of water) for Each Tank Configuration

Agency Independent

Gravity Pressure
Membrane Integral

A13 S 26.4 26.4 No requirements 26.4

BV 26.4 15.0 26.4 26.4

Dnv 29.1 29.1 29.1 No requirements

GL 25.0 No Reqs. No requirements 24.6

LR 26.4 26.4 26.4 26.4

NK 26.5 26.5(27.5)* 26.5 26.5

USCG** > 12.6 > 12.6 > 12.6 > 12.6

IACS**$C MARVS MA RVS MARVS MARVS

*
For Type C Pressure Vessel Only.

*<* Test head may be no less than the stated value; test liquid is to

have a density equal to the density of LNG.

*** MARVS . Maximum Allowable Relief Valve Setting.

,
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4
and a design vapor pressure of 0.7 kg/cm2 and a cargo density of 0.5 T/m3.

This tank is 24 m in depth and for a cargo density of O. 5 T/m3, the actual

static head would be 12 m H20. It is noted from Table V. 2 that the required
test heads for all agencies exceed the actual static head. Also, in most

. .

cases, a safety factor of approximately 2. 0 is appare@. This safety fac-

tor is not as large when considering that the static tests are also designed

to account fbr other static tank loadings such as vapor pressure. Since

the determination of actual static head is straightforward, once the tank
depth and cargo density are defined, the static head criteria should essen-

tially ensure that the tank design withstand a test pressure reasonably
greater than the actual static head. This is the case for all the agencies;

therefore, no updated criterion is needed.

V.Z.3 Static Design External Pressure

In order to prevent implosion of tanks, all agencies require con-

sideration be given to the differential pressure to which any portion of a

tank may be exposed, Table V. 4 shows the various agencies’ requirements

concerning static design external pressure. As can be seen from the table,
only DnV, GL and NK require that the tank be designed to withstand sp&-—— —
cific pressure loadings. These loadings are defined in terms of opening

pressures of relief valves, the liquid head which may result from shipping

of green seas on tanks which protrude through exposed decks, and com-
pression forces due to tank shell weight and contraction of insulation. All

agencies except DnV and GL require that tank securing arrangements be

adequate to prevent flotat~ of empty tanks which could occur in the event

the hold space was flooded to the design draft. The USCG requires that.

membrane tanks be evacuated to the negative pressure setting of the vac-

uum relief valves plus the pressure setting of the secondary barrier pres-
sure relief valve.

Depending on the tank design, different measures to limit the cliff&r -

ential pressure on a tank boundary should be required. Differential pres-

sure may be limited in independent and integral (where they are allowed)

tank designs by providing pressure relief valves on the hold spaces, and

vacuum relief valves on the tanks. In addition, compressive forces on
the tank wall due to the weight and contraction of the adjacent insulation

must be considered. An additional contribution to the differential pres-

sure on independent and integral tank configurations is due to the flotation
of empty tanks that may occur when the hold spaces are flooded up to the

design draft.

2 ~p~cmz, or kgflcm24
The agencies generally use the symbols kg/cm ,
to indicate that the units of vapor pressure are kg- force /cm2. Likewise,
the symbols T/m3 indicates that the units of density are metric tons/m3.
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TABLE V.4 . COMPARISON OF STATIC DESIGN

EXTERNAL PRESSURE CRITERIA

Load
Agency

ABS BV Dnv GL LR NK USCG IACf

Opening pres sure of vacuum I * I

relief valves, gene rally M M
~ O. 25 kg/cm2 It

Set pressure of relief valves I * I

for completely enclosed M M

spaces, otherwise zero It

External water head for tanks I I
protruding through exposed M M
decks, otherwise zero It

Compressive forces in shell I I
due to weight & contraction of M M
insulation & weight of tank shell It

Provide some means to pre- 1 1 1 1 1

vent flotation of empty tanks M M M
that may occur when the hold It It It

spaced are flooed up to the

design draft

Test actual tank by evacuating M

tank to negative pressure of

vacuum relief valve plus the
setting of the secondary

barrier relief valve

I- Consider loading for independent tank designs.

M- Consider loading for membrane tank designs.

It - Consider loading for integral tank designs when this design

is allowed.

*. Independent gravity tank only.
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For membrane designs, consideration must be given to the problem

of tank wall buckling caused by the collection of vapor between the mem-

brane and the insulation in the event a leak develops. Some pathway for ‘
the vapor to escape through the insulation must be provided for, and the

required size or the discharge capacity of the pathway should be determined

from the anticipated rate of vapor collection from a given crack size.

An additional contribution to the differential pressure must be con-

sidered for all tanks which protrude through exposed decks is the liquid
head which may appear above the top of the tank tops during shipping of

green seas. 0chi[22] measured pressures on the exposed deck of a 13-ft
Mariner model and found that although the probability of shipping green

seas (deck wetness) was relatively low, pressures on the order of 0.70

kg/cm2 were typical for full draft, sea state 7. Presently only DnV and

NK require consideration of shipping of green seas..

Updated Static External Pressure Criteria

Improved static external pressure criteria should include the follow-
ing points:

On all tanks, appropriate pressure and vacuum relief

valves are to be placed on the tanks and hold spaces.

Formulas for sizing the relief valves should be provided.

A pathway for vapor to escape from between the tank wall,

and insulation should be provided on membrane tanks.

For tanks protruding through the exposed deck, the tank

cover should be designed to withstand the pressure associ-
ated with shipping of water forward. Formulas for this
purpose should be provided.

v,2.4 Weight of the Tank and Its Contents

All the agencies except ABS and LR require that some considera-—.
tion be given to the weight of the tank and its contents. Although the struc-

tural details of the supporting arrangements are quite different for inde-

pendent and membrane configurations, the agency requirements concerning

this load are primarily independent of tank design. For instance, BV, GL,

NK and L4CS require that the static weight of independent and membrane
~ks and their contents augmented by the dynamic accelerations be used

to calculate the load on the ship’s ,hull, the tank walls, and the support and

securing arrangements. DnV requires that the static load due to 99% fLl -
ling by volume be used for designing independent and membrane tanks.

61



. .. —.-...——... —.

ABS and LR provide no regulations concerning tank weight or the weight——
of the cargo. BV requires that no deformations in the membrane wall

liable to induce~xcessive bending stress occur. >..

Updated Weight of Tank and Contents Criterion

A complete criterion for this load should include the following ele-

ments:

The cargo mass should be calculated assuming the tank

is full,

The weight of the cargo and the tank should be calculated

from the mass of the cargo and the tank multiplied by the

acceleration due to gravity and augmented by the maximum

vertical acceleration that is expected to be encountered by

the ship.

The weight calculated above should be used to design the

structural details of the supporting arrangements. For

Independent tanks the supports should transmit the entire

load to the ship’s hull while preventing excessive stress
concentrations in the tank wall, s hip hull and the supports

themselves. For membrane tanks the supporting insulation

should be designed to transmit the entire load to the hull

without introducing excessive stress concentrations on the

tank wall, insulation or the hull of the ship. Maximum

limits for stress concentrations should be explicitly given,
for each material commonly used in LNG ships.

v. 2.5 Still -Water Hull Deflections

The effect of still-water hull deflections on the tank supporting and

securing arrangements and on the tank itself should be considered. De -

flections of the tank wall and stress concentrations in the hull, tank wall

and the support structures should be avoided. The agencies provide al-

most no regulations concerning still-water hull deflections; instead, the

regulations are generally concerned with bending moments. However,

the agency requirements, whether concerned with hull deflections or bend-

ing moments are not specific. For instance, DnV requires that static

forces (due to hull deflections) imposed on the tank be considered. BV

and GL require that the desigh of tanks and their supports take into account
—

prop~combinations of various loads including ship hull deflections and

the weight of the, full tank. IV, in addition, requires that the tanks not
take part in bending of the ship and are not subject to abnormal stress due
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to ship hull deformations. ABS (horizontal pressure tanks) and LR (pres-

sure tanks), P. > 0.70 kg/cm2,
—

require that the tank supports provide

uniform support to the pressure vessel without introducing moments in ,

the tank due to hull deflections in the seaway. -S requires that cargo

tanks be restrained from bodily movement under static and dynamic loads,

while allowing expansion and contraction of the tank under temperature
variations and hull deflections without undue stressing of the tank and hull.

NK presents no requirements concerning hull deflections; however, re-

quirements for hull bending moment are given. Loads acting on the tanks

through tank supports due to bending and torsional moments are to be cal-

culated taking into account deflections of the double bottom and tank bottom

where the tank and hull bottoms are coupled by a supporting structure The

USCG requires that fatigue tests be conducted on model membrane tanks,

The model is to be prestressed in tension to the maximum amount caused

by cargo cooling, static head, cargo pressure, and the still-water hull de-

flection. The hull deflections in the seaway determine the cycling amplitude.

Updated Still-Water Hull Deflection Criteria

A complete still-water hull deflection criteria should include the

following requirements :

For all tank designs, deformations in the hull should not

lead to excessive stress concentrations in the tank shell

or in the supporting arrangements.

For membrane designs the deformations in the hull should

not lead to excessive strains in the membrane.

Maximum allowable stresses and strains should be explicitly
provided for materials commonly used in LNG ships,

v. 2.6 Static Inclination

The tank and associated securing arrangements should be designed

to withstand a specified static inclination without exceeding the design stress.
The secondary barrier, for those ships so equipped, should be designed to

contain the cargo at the specified static inclination. All the agencies except

ABS and BV have requirements concerning static inclination, DnV, g

~R , NK~nd IACS all require the tanks be designed to withstand a static
inclin~on of ~ DnV and IACS require that the supports and the tank be——
designed so hat the stress at 3@ static inclination be less than the design

;
stress, LR and IACS require that the secondary barrier be of sufficient——

5
Assuming one tank has failed
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extent to contain the cargo at the 30° inclination. The USCG allows a maxi-
mum heel angle of 15° during the final condition of flooding; this may be in-

creased to 17° if no part of the deck is immersed.

Updated Static Inclination Criteria

A more complete static inclination criteria should include the

following points:

The tank and supporting arrangements should be designed

to withstand independently a maximum list and a maximum
trim of specified magnitudes.

At the maximum list or trim the stress in the tanks and

supports should not exceed the design stress.

The maximum allowable stresses should be given for eacli

material commonly used in LNG ships.

At either maximum inclination, no part of the deck plating

should be immersed.

Assuming that one tank has failed, the secondary barrier

should be capable of preventing any LNG from coming into

contact with the hull structure (or any material not designed

to withstand sudden cooling to the temperature of LNG) when

the ship is at the maximum list or trim angle.

v. 2.7 Collision Loads

Because longitudinal accelerations produced by the wave-induced

loads are low, there is a need to specify a longitudinal acceleration which

would guarantee structural integrity of tank supports in the event of col-
lision. There is a remarkable consistency in the agency requirements as

summarized in Table V. 5. All agencies, except BV and USCG, require a

longitudinal acceleration of O. 5 g for collision. ~~ requires 0.3 g, and

the USCG sets requirements in terms of survivable damage. Where the
agencies specify only an O. 5 g longitudinal acceleration, it was assumed

that this acceleration could come from fore or aft. ~, ~ and IACS

give reduced acceleration from aft.

Although accident reports were not reviewed to substantiate the

acceleration levels specified by the agencies, a recent study of tanker

collisions for the U. S. Coast Guard [23] indicates that the acceleration

levels associated with ship-to-ship collisions are low

a survey of the literature, a study of accident reports
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TABLE V. 5. SUMMARY OF RULES REGARDING

COLLISION LOADS

Acceleration Acting on Full Tank (g)
Agency Independent Tanks Membrane Tanks Integral Tanks

F%d Aft Fwd Aft Fwd Aft

ABS 0.5(1) 0.5(2) SC(3) Sc

BV 0.3(4) o-3(2)

Dnv 0.5 0.5(2) 0.5 0.5(2)

GL 0.5 0.25 0.5 0.25

LR 0.5 0.5(2) Sc Sc

NK 0.5 0.25 0.5 0.25

USCG SD(5)

IAcs 0.5 0.25 0.5 0.25

(1) 2 No require-For tank with vapor pressure, P. >0.7 kg/cm .

ments for tanks with lower vapor pressure.

(2) Stated for longitudinal direction only. Both fore and aft

directions were assumed.

(3) SC indicates that these tanks (in general) are specially considered.

(4) Where pitching keys are provided they are to be determined from
a longitudinal fore e equal to O. 4 g while a longitudinal force equal

to O. 8 g is considered for the lower keys.

(5) USCG specifies guidelines in terms of survivable damage (SD). No
acceleration associated with collision are specified; however,

certain tanks are to be designed to ABS or equivalent standards

(see Section A. 2. 7). .



investigation of the penetration phenomena. It is reported that model tests

of ship-to-ship collisions by Spine Ui [24, 25] suggest acceleration levels

of about O. 1 g. Also, calculations in Reference 23 tend to support these , _,

results. Acceleration levels were not reported directly, but the total

energy of deformation and the depth of penetration were calculated for

several collision conditions. If a linear force-deformation relationship

is assumed, then the peak force during the collision can be estimated.

This force, acting on the mass of the lightest ship will give the peak

acceleration. Using this approach, accelerations for the seven collision

cases investigated in Reference 23 were found to range from about O. 05 g

to O. 22 g, well below the longitudinal acceleration specified by the agen-

cies. However, collisions with fixed objects could easily result in higher

accelerations.

As a minimum, the rules of each agency should state explicitly the

longitudinal acceleration for collision coming from both fore and aft direc-
tions. Also, a better approach would be tb establish an acceleration vector

which reflects the most probable direction in the event of collision. Hawkins,

et al., [26] show that damage from collisions with fllxed obstacles occurs most

often within 20 percent of midship and that damage from collisions with

vessels alongside occurs most often within 30 percent of the midship. Con-

tours of equal probability (based on an arbitrary scale from 1 to 10) are
given in Figure V. 2 for these two conditions. Because the agencies do not

require that the collision loads be combined with any other load, the tank

supports are checked for a longitudinal acceleration vector only. It appears

from accident studies, reflected in Figure V. 2, that collision vectors most
probably lie between ax and ay Thus, a more realistic collision criteria

would result from a simultaneous application of longitudinal and lateral
accelerations. The magnitude of these accelerations could be established

from model test, full- scale test, or perhaps from an extension review of

accident reports.

Updated Collision Criteria

The tank and supporting structures should be designed to withstand

a collision acceleration of specified magnitude and direction when the tank

is filled to its maximum capacity with the heaviest cargo. For convenience,

the acceleration vectors could be specified in the longitudinal and transverse

directions. Then the resultant acceleration would be:

6 This assumption will generally overestimate the peak force.
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II 2

aR =
a2+a

x Y

and the relative direction would be determined from

tan 8 = >
a

x

(7)

, –J

(8)

Although not part of the load criteria, the extent of damage which

the SKIP is designed to withstand, without rupture of the cargo tank, should
be specified. This requirement would have the same aim as the accelera-

tion criteria, that is, to prevent loss of cargo and thus reduce the hazard

associated with cargo spillage in the event of a collision.

v. 2.8 Thermal Loads

The temperature differences between the hull girder and the cargo
tanks nn LNG ships is quite high (up to 21 O” C). Because some means of

attachment between the hull and the tank are required for tank support,

the potential exists for high thermal gradients and high thermal stresses.

Furthermore, if the hull were to cool locally to temperatures helow the

allowable service temperatures for the hull material, brittle fractures

could result. Thus, thermal loads are particularly important for LNG

ships both from the standpoint of tank design and ship hull structural in-

tegrity. Temperature loads as discussed here will refer to stationary

and transient temperature gradients in the tanks or loads introduced in
the tanks due to temperature gradients in the s hip’s hull. These loads

are limited primarily to those produced by the cargo and not those caused

by environmental conditions, i. e. , solar heating of the deck.

Agency rules for thermal loads are not specific, as indicated by
tbe summary in Table V. 6. BV only requires that hull temperatures be
prevented from dropping belo=minimum values, whereas ABS and LR—.
require that the design of tank supports minimize load transfer between

the tank and the hull due to thermal contractions. The other agencies

aPecifY that thermal stresses due to both temperature transients and sta -
tionary temperature gradients be considered. DnV further requires ex-

pansion provisions for LNG piping. Only two a~cies specifically mention

temperatures for which the calculations are to be performed. GL sets a

minimum cargo temperature fbr full tanks and the USCG specif= a mini-

mum thermal gradient from the top to the bottom of empty tanks.
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TABLE V. 6. SUMMARY OF RULES REGARDING

THERMAL LOADS(l)

ABS

BV

Dnv

GL

LR

NK

USCG

IACS

0

o

0

0

0

0

o

0

0(3)

0(4)

o

o

[

I

-=t---- ,

I1

(1) Rules apply only to independent and membrane tanks.

(2) ~V specifies the minimum steel temperature for normal service

and with leakage.

(3) ~ specifically requires consideration of stationary gradients

through the thickness; thermal gradients and stationary gradients
for partially filled tanks.

(4) -G specifically requires consideration of thermal gradients for

only one independent tank (IIT of Table II. 2). Thermal stres ses

in full as well as empty tanks are to be considered with the thermal

gradient for the empty tank ipecified as 83.30 C. Membrane tanks

are to be tested including thermal shocks and thermal gradients.
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The agencies should provide guidelines on the extremes in tempera-

ture to be considered for computing thermal stresses due to stationary

thermal gradients. For example, this would consist of a minimum cargo
>.

temperature (perhaps considering some degree of super-cooling) and a
maximum ambient or hull temperature. As for thermal transients, they

depend almost entirely upon the methods by which the tanks are precooled

prior to filling, and it would be inappropriate to establish a restrictive

criterion which might penalize effective cooldown systems. This is not the

case for stationary thermal gradients, in that all tanks are subjected to

them.

Becker and Colao [27] addressed the problem of thermal stresses in

LNG tank structures. The authors indicate that a conservative estimate

of thermal shock stress is given by

o = uEAT (9)

where a is the coefficient of thermal expansion of the material, E is the

elastic modulus, and AT is the total temperature change. This is the stress

that would be introduced in a uniform member fully restrained against con-

traction. To investigate thermal stresses, the following coefficients of

thermal expansion for typical tank materials were used:

INVAR : a. 2.34 x 10-6 cm/cm/° C

5083 AL: a . 18.9 X 10-6 cm/cm/° C

9% NICKEL STL: a = 9.55 x 10-6 c~/cmf”~

Considering a total temperature change of 183° C (plus 21 °Cto -162° C) the

stresses computed by Eq. (10) are

INVAR : 0 w 645 kg f/cm2

5083 AL: u ~ 2,780 kgf/cm2

9% NICKEL STL: u ~ 3,680 kgf/cm2

It is apparent that these stress levels are unacceptable for the 9~o nickel

steel and 5083 aluminum, but that the stress is quite low in the INVAR.

However, contrary to conclusions ‘by Becker and Colao, [27] Eq. (9) does
not necessarily represent the upper limit of the stress in an INVAR mem-

brane. This can be demonstrated by considering, for example, a segment

of INVAR lining as shown in Figure V. 3. Depending upon the ratio of 11
to 12, the bending stresses introduced in the vertical tabs by contraction

in the horizontal segments can be quite large, The load P of Figure V. 4,

derived for a unit strip of the membrane, is given by the following equation:
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FIBURE V. 3. SECTION THROUGH AN INVAR MEMBRANE

OF A GAS-TRANSPORT M.EMBRANE TANK
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FIGITRE V. 4. SCHEMATIC OF MEMBRANE FOR

STRESS CALCULATION
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where

A.~

and h is the thickness of the membrane. If we choose the following pa-

rameters,

41 =
38.1 cm

~2 ‘
1.27 cm

AT = 183° C

h= O. 10I6 cm

P , computed from Eq. (IO), is 7.36 kgf. U sing the standard equation for

flexure, the bending stress is found to be approximately 221 kg/cm2, which

is quite high. However, the geometry used in this particular example may

not be representative of the dimensions used in the GAZ-Transport mem-
brane tank. The stress level introduced by flexure can be controlled by

varying the lengths of ,LI versus 12 Even so, the illustration does empha-

size that stresses significantly higher than those predicted by Eq. (9) can

be achieved in typical tank structures due to thermal contractions.

In summary, it appears that thermal stresses introduced by very

localized cooling can be quite high, particularly in aluminum and 9% nickel

steel, Thermal stresses in INVAR may be low or high depending upon the

structural configuration. Superimposed on other static stresses, such as

those due to liquid head, vapor pressure and ship hull static deflections

(there should be no dynamic loads associated with the initial filling opera-

tion), stresses above the yield of the material can be introduced. The

only way to limit the transient stresses to reasonable values for all tank

designs and materials is to specify a tank cooldown procedure whereby

thermal gradients are kept to a minimum. This is current practice in

the industry, and it should be reflected in the rules. As already indicated,

the temperature extremes should also be specified for computing stresses

associated with stationary thermal gradients.
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Updated Thermal Load Criteria

Thermal stresses in the tank must be considered for both stationary

and transient thermal gradients with due consideration of tank restraint.

Stationary thermal gradients are to be calculated for the worst case com-

bination of the minimum expected cargo temperature and the maximum
expected hull temperatures. The minimum cargo temperature and the

maximum hull temperature must be approved by the societiee. In the

absence of such approval, the cargo temperature shall be the boiling
temperature at atmospheric pressure and the hull temperature shall be

45°c,

V. 2.9 Wave. Ihduced Loads

A review and evaluation of the current methods used by the classifi-

cation societies to calculate the wave-induced loads are given in Chapter N

and in Appendix B. Table IV. 1, compiled by Lewis, [6] shows that, in prac-

tice, all agencies calculate the wave-induced loads and that the calculation
procedures are similar. However, current practice is not always reflected
in the rules of the societies. The sununar y of the rules given in Section
2. 9.9 of Appendix A reveals that two of the six classification societiee, ABS

and ~, plus the ~, do not call for calculation of the wave-induced loads.

Four of the societies, ~, DnV, GL and ~, plus LACS, require calculation——
of the wave-induced loads for meet types of tanks. A brief sumary of the

rules for the wave-induced loads is given in Table V. 7. Among the agencies

which do addrees these loads, there is considerable variation in the specificity

of the rules.

It is not possible to specify in the ru~es all details of the complicated

procedures required for computing the design values of the wave-induced

loads. However, the rules should certainly reflect current practice by the

societies and state that the calculations must be performed by the society

or by specially approved methods. Our review indicated that the methodology

for calculating the loads is constantly being refined and, therefore, specific

regulations are probably not warranted at this time. Areas in which changes
are occurring include: (1) the use of measured rather than visually observed

sea state data, (2) the methods of representing the sea spectra, i.e., the

use of actual measured spectra versus mathematically derived spectra, (3)

better definition of the hydrodynamic roll damping, (4) better treatment of
the ends of the ship in computing the RAO’S, and (5) calculation of the dy-

namic components of the wave -induced loads which include slamming, whip-

ping and springing. Differences in the calculation procedures used by the

societies do exist and will probably continue to exist in. spite of the efforts

by associations such as the ~. Although the differences in the resulting
design values (long term predictions) are thought to be small, this cannot

be determined for certain until trial calculations for identical ships are

performed by all societies.
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TABLE V.7. SUMMARY OF RULES PERTAINING TO THE

CALCULATION OF WAVE-INDUCED LOADS

Tank Types for which

Calculation of the

Wave-induced Loads

are Required

ABS

1, M(l) v~(z) DB C

Equal

Equal

(8)

BV

Dnv

Yes

Yes

Yes

Yes

I(Type A-II,

Type B)(5), M
N. A.

GL I, M (6)I1

ILR

NK
I (Type B Prismatic;

Type A,B &C Pres.
Vessel). M

(7)
DB C

N::.

(6)

USCG

IACS
Io-8

Nor -
rnally

I, M

(1) I - independent tank

M - membrane tank

(2) Ship Service Speed

(3) Piers on- Moskowitz

(4) DBC (determined by course); NA (North Atlantic

(5) Calculation sometimes required for Type B

(6) Most probable in ship’s llfetime

(7) Equation defined in rules

(8) Account may be taken of reduction in dvnamic loads due to

necessary variation of heading when this consideration has

also formed part of the hull strength assessment.

74



Updated Criteria for the Wave-Induced Loads

The rules of each society should reflect its current practices.

Even though it is not possible to specify all parameters which affect the

calculations, guidelines should be provided whenever possible. For

example, the following guidelines concerning the ocean environment

might be included:

. Whenever possible, measured sea spectra for the actual

route shall be used for the calculations; otherwise, the

modified ISSC or the Piers on-MOskOWitz sPectra can be

used.

. Sea state data shall be determined by route; otherwise,

the use of North Atlantic data is required.

. If possible, the heading probabilities shall be determined

by route. If not, they are assumed to be equal.

. The probability level for the maximum value pre diction

shall be established by the ship’s expected service history;

otherwise, a 10-8 value will be assumed.

In addition, the dynamic components of the wave-induced loads associated

with slamming, whipping and springing shall be determined with due regard

to the phasing of these loads with the slowly varying components of the

wave-induced loads. Speed reductions in heavy weather can be considered

in the calculation of the wave-induced and “dynamic” loads. If, however,

the dynamic loads produced by slamming are not treated separately, no

.peed reduction is allowed. (It is generally accepted by the societies that

the higher speed in severe seas will tend to cover the effect due to slam. )

V.2.1O Dynamic Hull Deflections

Deflections of the ship hull must be considered in the design of all

LNG tanks. Even for the TECHNIGAZ self-supporting auto-compensated
tanks, Alleaume and Alvarez de Toledo [28] report that approximately 30~o

of hull strains are transferred to the tanks. Of course, membrane tanks

are designed to work with the hull of the ship, and for practical purposes

strains in the membrane tanks produced by hull deflections are equal to
those of the hull itself. Jacks,on and Kotcharian [29] give the cyclic strain
history used in qualification fatigue testing of the Conch Ocean membrane

tank. They report that the strain history shown in Figure V. 5 represents

the most severe case in terms of ship size and was computed for a ship of

about 40, 000 cubic meters. Peak strain is 1. 1 mm/m at a probability

75



J&
(mm/m)

I 1 I 1 1 1 I 1
I

LOAD CURVE FOR CYCLIC
1.0- ELONGATION

CONSTANT SPEED Fr=O.20
0.8- MIDSHIPS TANK

0.6-

0.4-

0.2-

I 1 I 1 1 1 I

101 102 103 104 105 106 107 108
NUMBER OF CYCLES FOR WHICH AE IS EXCEEDED

FIGURE V.5. CYCLIC STRAIN HISTORY FOR FATIGUE

VERITICATI.ON OF CONCH OCEAN (now Technigaz)

MEMBRANE TANK

(Ref. 28)

76



level, of 10
-8

Even though the different tank designs will respond to hull

deflections in different ways, these deflections must always be considered

in the tank structural analysis.

Not all agencies address the problem of ship hull deflections on

LNG tanks. As is apparent from the summary of the rules presented in

Table V. 8, ~, for example, has no rules or guidelines for consideration

of such effects. Those agencies that do address the problem generally do

so in one of two ways, either by requiring that supports. be designed to

minimize tank hull interactions or by requiring that the loads and stresses

introduced hy the interaction be properly accounted for. IACS requires
both that tank hull interactions be minimized by proper support design and

that stresses resulting from the inevitable interaction be considered. How-

ever, IACS only addresses the problem for independent tanks. No consid-
eration is given to membrane or integral tanks. Also, only one agency

requires that the effects of localized hull deflections be considered; DnV
specifllcally mentions deflections of the ship!s double bottom.

While it does not seem advisable for the agencies to specify upper

limits of strain for which the tanks are designed, as was done by Jackson
and Kotcharian [29] for the Conch Ocean membrane tank, the rules should

state the importance of hull deflections for all types of tanks and define

more specifically the loads which should be considered when computing

tank hull deflections. Overall deflections of the hull should include con-

tributions of the wave-induced loads, thermal gradients, whipping and
springing. Whipping and springing are part of the wave-induced loads

but are not routinely included in the calculation procedures at this time.

However, methods for calculating these loads are being developed rapidly,

as discussed in Section V. 15 (Vibrations). Localized deformations would
be those attributable to normal hydrodynamic pressures associated with
buoyancy plus those associated with slamming. Peak localized deforma-

tions from slamming are most likely to occur in the region O. 1 L to O. 3 L

aft of the forward perpendicular, whereas the peak loads associated with

overall hull deformation are most likely to occur near midship. Even
though the maxima may not occur in the same region of the hull, contribu-

tions of overall hull bending deflections and local deflections will affect

all tanks.

Updated Dynamic Hull Deflection Criteria

Tank supports should be ,designed to minimize tank-hull interactions ;

however, because these interactions usually cannot be avoided entirely,

stresses in the tanks produced by the interactions must be considered for

all tank types.
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TABLE V.8. SUMMARY OF RULES REGARDING

DYNAMIC HULL DEFLECTIONS

Require Consideration of Require Design of

Hull Deflections on Tank Supports to Minimize
Agency Loads and for Stresses Tank-Hull Interactions

Ind Memb. Int. Ind. Memb. Int.

AB s o Se(l)

BV

Dnv
*(2) 0(2)

GL o 0 0

LR o Sc

NK o 0

US CG
0(3)

IACS o 0

(1) SC indicates that the tank type is specially considered

(in general) by the agency

(2) DnV specifically mentions deflections of the ship’s double

bottom in addition to overall hull longitudinal deflections.

(3) USCG requires testing of membrane tanks which is to include

cyclic loads caused by maximum at- sea hull deflections.



In addition to the interaction caused by thermal contractions which
are treated under thermal loads, interactions due to overall hull beam bend-

ing and local hull deformations, such as deflections in the double bottom,

must be considered.

Hull deflections produced by the following loads are to be computed:

Vertical and horizontal hull bending moments and shear as

well as torsion associated with the slowly varying wave-

induced loads.

Vertical bending moments associated with slamming,

whipping and springing.

Local hull deformations produced by normal hydrodynamic
pressures and slamming.

V. 2.11 Accelerations

The design of the ship structure, tank walls, and tank supports is

affected by the anticipated magnitudes of inertia forces due to longitudinal,

transverse and vertical accelerations to which the various structures may

be subjected. The basic approach used by all agencies is to determine the

maximum anticipated accelerations in 108 wave encounters, 20 years or

the life of the vessel. Because of the complexity of the problem, the agen-

cies have resorted to statistical models such as those described in Chapter

III (extrapolation of full-scale data or calculations of accelerations from

observed sea conditions and the transfer function for ship response) to ob-

tain the long term design acceleration. In addition, the agencies have de-

veloped formulas which they hope predict the behavior of the ship in a sea-
way in a reasonably realistic, but convenient, manner. The formulas or

guidelines as indicated in Section A.2.1 1.9, can be broken into two categories.

The first group consists of the agencies which provide formulas that may

be used to calculate the long-term accelerations. These formulas were

developed in building-block fashion by studying how the long-term acceler-

ation changes when variations in ship length, breadth, speed, block Co-

efficient or loading condition are introduced. In this manner, the formulas

of WV, ~, ~, and IACS were developed. [30,31] The second group, ABS,
LR and USCG require that the tanks be capable of withstanding simul -BJv! _ _

taneous rolling, pitching and heaving motions of specified amplitudes and
periods. This is as far as ABSe LR and USCG go; acceleration formulas

have to be derived before the guidelines can be used for design purposes.
(Expressions for ax , ay , and az are presented in Chapter III under the

assumption that the motions could be considered sinusoidal. ) BV provides—
a calculation procedure that is quite different from the other agencies ‘
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approach, BV’S formulas provide acceleration as a function of roll,
heave and p~motions. The amplitudes and periods are given in terms

of ship dimensions, so that acceleration can be calculated at any point in

the ship,

Comparisons of the agency formulas with extrapolations from full-
scale data and statistical calculations from program SC ORESS$ were made
in Chapter III, The results showed that the agency formulas for ay and

a= were generally conservative relative to other prediction procedures.

(No comparison of longitudinal accelerations has been made, as no data
were available. ) It was noted that BV formulas were generally less con-

servative than those of other agenc~s, and that the guidelines of ~

~, and USCG, when applicable, were the most conservative. In the

case of the three LNG ships, the ~V, ~, NK and IACS formulas for
lateral accelerations were about five times the SC ORES’~ predictions,

while at the same position the formulas predict vertical accelerations

that were smaller than the SCORES’: calculated values. However, as

noted in Chapter III, the points considered may have been outside the

,%alid region for these particular formulas.

Updated Acceleration Criteria

Since comparisons of agency formulas with full-scale

data were generally not possible for actual LNG ships,

the conclusions stated above should be considered tenta-

tive. Full-scale data should be obtained on LNG ships,

at a variety of measuring points, and over long periods

of time. These data should be extrapolated to the long

term using some method that is sensitive to the proba-

bility of encountering the various sea conditions on dif-
ferent routes and different headings, such as the combined

Rayleigh-Normal method. Using these data, it is further
recommended that the degree of conservatism of the agency

formulas be estimated. If the conservatism is substantial,
it may be desirable to revise the formulas in order to make

the accelerations more realistic Substantial economic

savings may be realized if this is the case.

For those agencies which limit the application to ships

shorter than 183 meters, new guidelines should be de-

veloped, as the new generation of LNG ships is on the

order of 300 meters long.

80



V. 2.12 Dynamic Internal Pressure

Dynamic internal pressure is defined as all dynamic pressures

acting on the interior of the tank with the single exception of sloshing

pressures, which are handled separately. Therefore, dynamic internal

pressures are determined for full or nearly full (h/H >9070 ) tanks. The
basic approach to establishing the dynamic internal pressure is to deter-

mine a ship acceleration at the tank CG, and, using this acceleration in

combination with the tank geometry and cargo specific gravity, to deter-

mine the dynamic pressure acting on the tank structure. All agencies

use this basic approach in their criteria for establishing dynamic internal
pressure. However, the specific formulas for dynamic internal pressure

(Pal) and the method of establishing Pdmax for tank design vary with each

classification society.

To evaluate the agencies’ Pd criteria, the maximum dynamic in-

ternal pressures as predicted from the various agency formulas for the

No. 6 tank of a 125,000 m3 membrane tank LNG ship were utilized as a basis
of comparison. The results are shown in Table V. 9 for the five clas sifi -

cation societies which provide specifllc formulas. The location of the re-

sulting maximum dynamic internal pressure for each of the societies is

also indicated. In some cases, the agencies include a static head or a

vapor pressure in the formulas for the dynamic internal pressure criteria.
In such cases, the nondynamic pres sure terms were eliminated such that

the comparisons in Table V. 9 are made on a uniform basis. Also, in
some cases, the formulas were not specifically for a membrane tank;

however, the dynamic pres sure values were generated for the tank and

ship dimensions of the 125,000 m3 membrane tank ship since the tank struc-

tural design will not alter the dynamic pressures.
.—

It is noted that the dynamic pressures range from about 6 to 11
meters of water. These differences in Pdmax result from (1) each agency

having different acceleration trite ria resulting in differing values of

accelerations used in the Pd formulas, (2) basic differences in the for-

mulas for determining Pd , and (3) differing methOds fOr establishing

‘dmu . The acceleration values utilized in the agency formulas are pre-

sented in Table V, 9(c). The accelerations are essentially the same for

~, ~, and IACS, with the only differences occurring in the value for

the longitudinal acceleration, ax BV uses only the vertical acceleration,

az, m their Pd formulas. In addit=n, no values of acceleration are re-

quired when using the graphical method of DnV. It is our mder standing that

these graphical results were generated by utilizing long-term ax, ay, and

az accelerations for the tank and ship dimensions which are inputs to the
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TABLE V. 9. DYNAMIC INTERNAL PRESSURES FOR TANK 6
OF A 125,000 m3 MEMBRANE TANK LNG SHIP

d Tank 6 Dimensions

Tank Length .t . 34m
Tank Breadth h . 37m

Tank Height H. 24m

Tank CG from I X = 56 m aft of midships

Cargo Specific Gravity y. .447

b) Maximum Dynamic Pressures per Agencies t Methods
Palm=

Method of Determination
Location of Tank

~gency (m ~zo) pdmw Application

BV 8.87 Formulas which include a=, ~orners of Aft Integral and
pitch and roll amplitudes and . Wall Independent
ship and tank geometry

Dnv 5. 92/ Graphical Method based on 5.92 on entire top,
6.97 elliptical combinations of 6.97 on entire

ax, ay, az, and g. Graphs bottom. Independent
include parameters repre - Linear variation
senting tank and ship geo- in between
metry but not accelerations

GL 8.22 Maximum value of: Entire longitud -
yax J. . 2.52 inal walls All Tank
yayb= @ Tfies

yaz H= 5.9o

NK 10.74 At the tank
Y (ax.l)2+(ayb)2+ (azH)2

All Tank
corners Tfles

IAcs 5.90 Acceleration ellipse which At the tank
combines ~, ay, az, and g corners (not

elliptically. ne.ceasarily the All Tank
Pd = Y(z a~)mu . “%rgest Pd)max Type s

a8 = g+ (ax+ ay+az)
only az was
considered.

z . largest liquid height in
the a~ direction.

:) Tank 6 Accelerations Used to Determine Pdmax

Agency ax -Y ~

GL &.166 ,& .497 ~.55
NKK ~ .240 ~ .497 ~.55
IAcs L .217 ~ .497 *.55

BV ---- ---- ~. 255
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graphical method. Also, the graphs were generated by combining the

accelerations ax, ay, az, and g elliptically, as is done in the IACS rules.

The DnV acceleration values are similar to those indicated in Table V.9(C)

for the other agencies. Therefore, the differences in the maximum dy-
namic pressures exhibited in Table V.9(b) re suit from the methods for

establishing the location and tbe magnitude of maximum dynamic pres-
sure rather than from differences in the agency acceleration values. For

example, BV’s formulas are quite different from the other agencies and—
include both pitch and roll amplitude which the other agencies exclude.

The maximum dynamic pressure from the BV formulas (8. 87m IfzO) re-—
suits from considering the accelerations and tank dimensions at the cor-

ners of the aft tank wall. The graphical DnV method provides two pressure

values for the maximum dynamic pressure: 5.92 and 6.97 m H20 on the

entire top and bottom, respectively. A linear variation between top and

bottom is assumed for the side and end walls. GL uses the maximum value—
of the individual coordinate dynamic accelerations times their appropriate

tank lengths as their criteria for Pd . For Tank 6 of the example ship,

this is 8.22 m H20 acting on the enti?%?ongitudinal walls. On the other
hand, ~’s maximum dynamic pres sure results from combining all three

cOOrdinate Pd’s. The resulting value of 10.74 m H20 is. the highest of any
of the agencies and represents the greatest degree of conservatism. IACS
combines ax, ay, az, and g elliptically. The details of this procedure are
presented in Appendix A. 2.12. The maximum (dynamic + static) L4CS

pressure is determined as follows:

Pd
max

= y (zaB)max (11)

where z is the largest liquid height above the point considered in the a~

direction. Therefore, for each tank design, a trial and error procedure

is required to determine the maximum value of the product (Z ap ). The

value of 5. 90 meters of water indicated in Table V. 9 for IACS is the largest
dynamic pressure when assuming that only az accelerations were present

on the tank. If the ay and ax accelerations were included, it is possible

that the re suiting Pdmax would be larger.

Since g is included in the definition of the acceleration ap , the pres-

sures calculated by IACS include both dynamic and static contributions to the

internal tank loading. For the points under consideration, the hydrostatic

pressure has to he subtracted from the IACS Pdma to determine the dy -

namic c ontrihutions. GL and NK treat the three coordinate accelerations— —
as acting independently of the gravitational acceleration and, therefore , the
dynamic internal pressures given by GL and NK are determined without—
using g If the gravitational acceler~on is eliminated from the definition

of a~ in the IACS rules, the resulting dynamic pressure for any point in
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the tank would be different than that obtained by including g and then sub-
tracting out the hydrostatic head. Since the ship coordinate accele rations

occur simultaneously with g , the IACS method is realistic. Also, the corn- =

hining of ax , ay, az and g elliptically, is more realistic since the probability

of the maximum values of the long-term accelerations ~ , ay, and a= occur-
ing simultaneously, as is assumed in the ~ rules, is unlikely. It should

be noted that dynamic pres sures determined by the IAC S method exhibit only
small differences when compared to those obtained from ~ or GL. The

variations shown on Table V. 9(b) result from the methods of dete~lning
Palm= The major difficulty associated with using the IACS criteria is
that it requires a trial and error procedure to determine the maximum in-

ternal dynamic pressure, whereas the other formulas are much simpler and
straightforward.

The determination of a reasonable design dynamic internal pressure
requires an accurate knowledge of the appropriate tank accelerations and a

realistic procedure for applying these accelerations to determine Pdmn .

Therefore, the validity of the dynamic internal pressure criteria can only

be established after the validity of the long-term acceleration values, used
in calculating the dynamic internal pressure, has been substantiated. How-
ever, since the results in Chapter IH indicate that the societiesl accelera-

tion formulas are usually conservative, the current dynamic pressures

shOuld also be conservative. The results on Table V. 9 also reveal that
regardless of the technique utilized to determine the maximum dynamic

pressure, the same order of magnitude for these pressure results.

Updated Dynamic Internal Pressure Criteria

New Pd criteria should include substantiated acceleration values in
formulas which give the resulting internal dynamic pressure distribution on
the tank walls. The validity of these criteria and the degree of conservatism
associated with their use will require comparisons with both full-scale dy-
namic pressure and acceleration measurements on LNG ship tanks. The
following steps should be included for internal dynamic pressure criteria.

Establish accurate long-term acceleration values ~ ,

‘Y ‘
and az

Combine these acceleration values elliptically and combine
with the gravitational acceleration to determine the re suit-

ing (dynamic + static) pressures on tbe tank walls using

some rational approach such as the IACS method.

Utilize the maximum value of dynamic pressure for estab-

lishing tank structural requirements.
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Since the utilization of the IACS method requires a trial and error

technique which must be programmed for a specific tank or ship. It is likely
that this procedure could be simplified by developing mathematical expres -

sions, tables , or graphs which would result in equivalent values of dynamic

pressure. As part of an update of dynamic internal pressure criteria, the

IACS method should be utilized for a wide range of typical accelerations and

ship tank geometries. These data should then be summarized in chart or
simple equation form to provide a more easily used method for determining

dynamic internal pressures. This can be accomplished only after the acceler.

ations ax, ay, and az are substantiated.

V. 2.13 Dynamic External Pressures on Hull

Dynamic external pressures on a ship’s hull result from several

sources. These include: (1) time-varying hydrostatic pressure due to ship

motion, (2) slamming pressures due to bow emergence, (3) wave slap near

the ship flare, and (4) deck pressures due to shipping of green water, The
prediction of variations in hydrostatic pressures created by ship motions

is straightforward, and their magnitudes are low when compared to the
impulsive pressures which result from slamming and wave slap.

The external hull pressures do not act directly on the tank, so the
effect of these pressures on tank design is difficult to establish. This diffi-

culty is compounded for LNG ships because of the wide range of tank designs

and tank orientations relative to the ship’s hull. The design of an LNG tank

to withstand the loads created by external hull dynamic pressures requires

a knowledge of (1) the distribution and magnitude of the time-varying pres-
sures on the hull, and (2) how these loads are transferred through the hull

structure to the external tank walls and support systems.

The accurate prediction of slamming pressures on any type of ship

is difficult, and sufficient full- scale data are not available to substantiate

existing analytical techniques. [32] Since no full-scale slamming measure-

ments on LNG ships exist, establishing specific criteria for designing tanks

for this type of loading is not presently possible. The classification socie -

ties, for the most part, do not provide specific formulas to account for dy-
namic external pressures on the hull in the design of LNG tanks. -V,

~, and GL provide formulas which predict a pres sure distribution on the
hull but p~vide no specific methods for utilizing these pressures for tank

design.

AH of the classification societies ‘ rules reflect the need for cons id-

ering dynamic external pressures as part of the tank design. Both BV and

ABS give no specific formulas but do indicate that ship slamming loss are

to be included in designing LNG cargo tanks. In addition, DnV indicates—
that heading angles should be changed and speed reduced in heavy weather
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to reduce the effects of slamming. Also, DnV states that tanks be given

special design considerations if supported in such a way that the deflection

of the hull transfers significant stresses to the tank. GL specifies that ex-

ternal loads for the ship bottom and the side shall be determined by their
computer codes. ~V, GL and NKK all require that the loads due to ex-—
ternal hull pressures be calculated from long-term distribution of ship

motions in a seaway. ABS, ~, USCG, and IACS have no specific require-

ments concerning dynamic external hull pressures.

Comparison of Agencies’ Formulas

In order to evaluate the dynamic external pressures as predicted by

the formulas given by ~, ~, and DnV, a current 12.5,000 m3 membrane

tank ship was used. The agency formulas (as given in Appendix A) provide

a longitudinal pres sure variation as a function of ship dimensions, ship

speed, block coefficient, and ship draught. Pressure distributions can be

determined at any longitudinal position from ship bottom to ship deck. Fig-

ure V. 6 shows the results of utilizing the three agencies’ formulas for the

125,000m3 LNG ship. The re suiting dynamic external hull pres sures are

plotted versus longitudinal position on the ship. Also shown are the loca-

tions of the fore point of the No. 1 tank and the aft point of the No, 6 tank.

The results reveal a significant variation in pressures when comparing the

three agencies’ results. In all cases, the highest pressures occur at the

fore perpendicular. Predicted pres sures at this point range between 8 and

40 meters of water. It is interesting to note that both DnV and NK predict

the highest pressures at the water line and the lowest pressures on the ship
—.

deck, while the GL formuIas predict the highest pressures on the ship bot-

tom. In gene ral~he NK values are the highest. The values presented in

Figure V. 6 are of relatively low magnitude when compared with slamming

pressures.

The static design values shown on Figure V. 6 may be sufficient to
provide a hull de sign that will not transfer impulsive slamming and other

types of external hull pressures to the tank support structure in sufficient

magnitude to cause damage. An evaluation of this would require an accu-

rate knowledge of the external hull pres sure -time and spatial histories and

a method of determining the tank wall/support/hull system responses to

these loads. It should be noted that peak slamming pres sures can reach

as high as 175. Om H20 on the ship’s bow, [22,32] and the ship’s flare can

experience pressures of -15.0 m H20 from wave slapping. Deck pres-
sures that result from shipping green water are on the order of 7.0 m H20.

,

Many factors affect the magnitude, duration and the probability of
slamming pres s’ures on an LNG ship. Even though an accurate prediction

of these values is difficult, previous ship slamming studies provide valuable
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information that can be utilized to establish guidelines for designing LNG
cargo tanks. [22,32] These include:

The probability of occurrence of slamming increases

significantly with increasing severity of the sea.

The probability of occurrence of slamming decreases

significantly with increasing ship draught and course
angle.

The probability of occurrence of impact at the ship’s

forward Dortion is much higher than at aft locations,

with the greatest impacts

forward perpendicular.

The probability of impact

increasing ship speed.

occurring O. 2 L aft of the

at all locations increases with

Slamming is always accompanied’by an impact pressure
on the ship’s bottom. The impact pressure is of an im-

pulsive type, and its duration is extremely short, on the

order of O. 1 second.

Intermediate wave lengths relative to the ship’s length

and large wave heights are the most conducive to ship

slamming.

Since slamming and shipping of green water pressures occur at the
fore point of the ship, the likelihood of tank damage is greater for the No. 1

and No. 2 tanks. While the magnitude of slamming pressures is high, their

duration is relatively short. Therefore, an equivalent static de sign pres -

sure will be much lower.

Updated External Hull Pressure Criteria

Updated slamming pressure criteria will require:

(1) A determination of time and spatial variations of dynamic

external hull pressures and their probability of occurrence

for each LNG ship design, considering ship geometry,

speed, course and loading conditions.

(2) Utilizing the predicted maximum external hull pressures

to determine the hull/tank support response and establish

scantlings to ensure acceptable stress levels in the tank

walls and support elements.
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Since both requirements 1 and 2 will necessitate a unique set of cal-

culations for each LNG ship and tank de sign, specific formulas are diffllc ult

to establish for this tank load. However, calculations of external hull pres - ‘
sures for typical ranges of LNG ship geometries, speeds, courses and load.

ing conditions would establish the range of magnitudes and prohahilities of

these pressures. Full-scale or model external hull pressure data could

then be used to substantiate the calculations. De sign graphs or formulas

could be produced to provide equivalent external hull pressures for various
LNG ships and operating conditions. The design of the tanks and support

structures would utilize the equivalent external hull pressures from these

design graphs or formulas. In the event that future tank/support/hull struc-

tures reduce to a few basic designs, then additional design graphs and formu-

las for determining the tank loads that result from the equivalent external

hull pressures could be produced. At present, the complexity of establish-
ing reasonable tank de sign’loads, in this category, for the large number of

LNG tank designs, implies that each ship/tank design should be considered

on an individual basis with requirements 1 and 2 stipulated. Most of the

classification societies generally follow this approach. Future experience

with LNG ships in combination with analysis and model and full-scale test

results would then allow the appropriate design graphs, formulas and charts

to be produced.

V. 2.14 Sloshing Pressures

In general, criteria for slosh-induced tank loads are not speci~lc,

and only NK and DnV provide formulas for determining these loads. The

other clas~fllcation societies usually state that partial filling is to be avoided

In the event partial filling must be utilized, the rules indicate that special
measures are to be taken to avoid the risk of resonance and to ensure that
the tank withstands the slosh-induced dynamic pressures. With the excep.

tion of ~ and DnV, no specific methods are given.

Sloshing Phenomena

The determination of dynamic loads which result from sloshing of

liquids in partially filled tanks has been studied extensively in recent years

for the space program. [33] The results of these studies are not directly

applicable tO slOshing prOblems associated with ship cargo tanks since
emphasis was placed on-frequencies and total forces as they related to con-

trol system requirements for space applications. In addition, the slosh-

induced loads in rocket fuel tanks r~ult from low+mplitude excitations

which are small when compared to typical ship motions. The sloshing
phenomena in ship cargo tanks result from large amplitude, nonlinear

sloshing behavior which has not heretofore been studied extensively and
which is not amenable to theoretical analysis.
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With the advent of super tankers, the concerns about the consequences

of liquid sloshing have increased because the probability of resonant slosh-z

ing is higher with the larger ships. As a result, the transport of liquid c<r -

gos in partially filled tanks is prohibited for many of these ships. However,

in the case of LNG ships, partially filled conditions are needed because (1)

chilled-down liquid is required to maintain cold tanks on return trips, (2)

higher specific gravity liquids ,than LNG are transported in tanks designed

for LNG, (3) partial unloading is desirable when multi-port stops are made,

and (4) loading or unloading at sea creates significant time periods at unde-

sirable fill depths. Conditions (3) and (4) apply to all types of liquid cargo

ships. Therefore, the ship tank designer must be able to accurately predict

the resulting slosh loads to ensure an adequate structural design, In the

case of LNG carriers with membrane tanks,

be given to sloshing loads,
sPeclal considerations must

as these tanks are more susceptible to local

damage from such loadings than are conventional tank structures.

In general, sloshing is affected by liquid fill depth, tank geometry,

and tank motion (amplitude and frequency). The liquid motion inside a ship

tank has an infinite number of natural periods, but the lowest mode is the

most likely to be excited by the motions of the ship. The sloshing phenomena

in cargo tanks that are basically rectangular in shape can usually be described

by considering only two-dimensional fluid flow, while in spherical or cylindri-

cal tanks, three-dimensional flow effects are present. The sloshing phe-
nomena in basically rectangular tanks are divided into two classes: low and

high liquid fill depths. The low fill depth case is represented by h/l z O. 2,

and is characterized by the formation of hydraulic jumps and traveling waves

for excitation periods around resonance. At higher fill depths, large stand-
ing waves are usually formed in the resonant frequency range. When hy-

draulic jumps or traveling waves are present, extremely high impact pres-

sures (typical of those present in SKIP slamming) can occur on the tank walls.

Figure V. 7(a) shows typical pressure traces from model tests [34]recorded

under this sloshing condition. It is noted that the pressure pulses are

neither harmonic nor periodic since the magnitude and duration of the

pressure peaks vary from cycle to cycle even though these traces were

obtained with harmonic oscillation. Figure V. 7(b) is representative of

typical pressure traces that result when standing waves are present at

higher fill depths or when non-resonant, small-amplitude sloshing occurs
at any fill depth. Impact pressures typical of those shown in Figure V. 7(a)

can also occur on the tank top when the tanks are filled at the higher fill

depths. These types of pressures can cause local structural damage and

should be considered the most important.

Three -dimensional flow occurs in spherical or cylindrical tanks,

and the types of pressures exhibited in Fig. V.7 can also occur on these tanks

structures. The most important loads on these tanks are the total forces
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or moments on the tank walls which determine tank support structure re.

quirements. Spherical or cylindrical tank walls are usually thick enough
that local impact pressures are not a problem. This is not the case for .

membrane tanks. For either two- or three-dimensional resonant sloshing,

the prediction of forces or pressures with large excitation amplitudes is

extremely difficult, and experimental data obtained with scale model tanks

are usually used to establish these loads.

Model Test Data

A large number of model tests have been conducted for investigating

sloshing in liquid cargo tanks .[34-40] Nearly all model tests have consid-

ered the six degrees of ship motion individually and investigated sloshing

by varying tank amplitude and frequency harmonically, usually in heave,

surge, pitch, or roll. A considerable number of tests have been conducted

on scale models of LNG cargo tanks to obta in design information as well
as to ascertain the factors responsible for recorded tank damages. In

most studies, the scaling of impact load data to full-scale has considered

only Froude scaling and thus eliminated any possible scaling effects of fluid

properties such as viscosity, compressibility, or vapor pressure (cavita-

tion). Under these assumptions, pressures scale by:

(fi) =(.%) (12)

P m

where the subscripts m and p are for the model and prototype , respectively,

The frequencies (w) between prototype and model are given by

(4) =6$)
P m

In scaling pressure data, a pressure coefficient is defined as follows:

P
Kp=—

pglo

(13)

(14)

where ~ is the pitch, roll or yaw angle. For translation, ,@ is usually re-
placed by the translational amplitude. Typical values for this pressure co-
efficient at resonance are shown in Figure V. 8 versus fill level for a 1 /52-

scale model of a prismatic LNG cargo tank. [41] The results indicate that

the pressure coefficient at resonance reaches a maximum at a low fill depth

of 0.2ch/Hc O.3. In this fill depth range, the slosh phenomenon changes
from a hydraulic jump to a longitudinal traveling wave, and the recorded

pressures are typical of,the impulsive type impact pressures shown in
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Figure V. 7(a). Subsequent model tests [34]have shown that KP can approach

20 in this region. Similar pressure levels are also recorded when liquid

impacts on the tank top at higher fill depths. It should be noted that these

pressure coefficients are based on a statistical evaluation of many cycles

of test data. On certain individual cycles the pressures can be two to five

times larger than those indicated in Figure V. 8. Additional efforts have

been undertaken to establish worst-case pressure magnitudes over long
periods of operation. [35]

The slosh studies performed with model tanks of LNG ships [34-40]

include both prismatic and spherical tanks, and the results indicate that

the measured forces and loads on the tank structure are greatly affected

by tank fill depths, geometry, and excitation amplitude and frequency, In

the case of the spherical tank studies, [36]the loads on the internal components,
such as towers, were also investigated,

Some preliminary studies have been conducted to determine the ef-

fects of fluid properties on scaling model slosh loads data to full scale .[34,35,41]
The results in Reference 41 indicate that liquid viscosity, compressibility,

and cavitation, in combination with Froude scaling, may be important in

scaling slosh forces and pressures. Including these fluid properties with

the additional stipulation of geometric similitude between model and proto-

type yields

P

1

.Fm 1P.&Ll?z
pg.to P ‘E

L
‘pgl,

(15)

where the first, second and third dimensionless groups in the bracket include

viscous, compressibility and cavitation effects combined with Froude scaling,

respectively. All previous model studies have taken the function F to be a

constant (i. e. , KP), and no allowance for fluid effects was considered.
Depending on the liquid cargo, some of these fluid properties could be im-

portant. For example, LNG is transported with a tank pressure slightly

above its vapor pressure, implying that cavitation effects could be impor-

tant. Also, LNG has an extremely low viscosity, and less damping would
be present in an LNG tank than in other types of liquid cargo carriers.

Experimental programs are currently under way[34,35]t0 establish the ef-

fects of these fluid properties on the scaling of model data, At present,

these studies are not complete, and,, therefore, the appropriate scaling

considerations are not established. However, the test results to date indi-
cate that fluid properties will probably have a minor effect on scaling im-

pact pressures when large amplitude sloshing, typical of a ship cargo tank,
is present. The variations in peak impact pressure magnitudes on each

successive slosh cycle are much larger than the magnification of pressures
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that would result when including scaling effects for liquid properties. There-

fore, the present use of only Froude scaling (Eq. (12)) should provide rea-

sonable estimates of full-scale loads. The results, of the current scaling

effects programs will provide even more accurate scaling expressions

Full-Scale Data

There are no full-scale slosh data available for LNG cargo ships.

However, slosh pressure measurements on an OBO carrier tank were pre-

sented in Reference 35. In this program, a number of press ureg ages were

installed at different locations in an OBO tank carrying water ballast, and

simultaneous recordings of pressures and ship roll motions were taken with
different filling heights during a voyage from Japan to the Persian Gulf, As

part of a subsequent model, test program, recorded roll motions of the ship

~<,ere imposed on a model tank, scale 1/30, and the pressures at correspond-

ing locations measured. Extremely high impact pressures were recorded

at the underside of the top wing tank. Examples of model and test data are

given in Table V. IO, which shows that the magnitudes and pressure pea”ks

are quite similarly distributed. Tabulation is the percentage of all peaks

in a sample that lie within different pressure intervals. The pressures

obtained in the model were scaled to full scale using Froude scaling,

P
—=KP
pg~o

TABLE v.10. COMPARISON OF MODEL TO PROTOTYPE

OBO IMPACT PRESSURES
(Ref. 35)

Percent of Peaks in

PRESSURE Pressure Range TEST CONDITION

kgf / cmz
MODEL PROTOTYPE

o-6 83.3 96.0 h/b = 0.215

6-12 13.6 10.0 Random rolling

12 - 18 3.1 2.5 (Max. roll angle
,

7.4 deg. )

18 - 25 1.5 RMS of roll angle

2.9 deg. )

TR/To~ 1.0

(16)



It should be noted that both the model and the prototype liquids were water.
and, therefore, the question of modeling full-scale liquids, such as LNG

with water, and then accounting for the effects of fluid properties on scalin;

criteria, has not been established.

Slosh Loads Using Agencies’ Formulas

In order to evaluate the sloshing criteria as given by DnV and ~,

sloshing loads in Tank 6 of a 125,000 m3 membrane tank ship were deter-
mined for comparison. In addition, worst case impact pressure resulting

from resonant sloshing were predicted for this tank utilizing model test

re suits taken from previous studies with a similar tank de sign. [41] The

results are shown in Figure V. 9. It is noted that the design pressures as

determined from NK and DnV cover only a certain range of fill depths.

DnV specifically ~tes that their rules apply only for fill depths between

20 and 90 percent. They have no specific rules below the 20 percent fill

depth, and above 90 percent the criteria for internal dynamic pressures

apply. In addition, DnV calculates the slosh-induced loads at 70 percent
fill depth and assumes that these loads will not be exceeded between 20 and

70 percent fill depth. Iu addition, DnV calculations are to be used only

when TPITX z 1.24 and Tr/TyL 1.4, where T p and Tr are resonant
ship pitch and roll periods, respectively, and Tx and Ty are resonant

slosh periods in the longitudinal and transverse directions, respectively,

and determined at h/H = O. 7. The DnV formulas give different slosh pres-

sures at the top and bottom of the tank which act at the mid-wall location

(hix, hiy). The sloshing pressure at the corners (hi) is the vectorial sum

of the mid-wall pressures, and linear variations are assumed elsewhere.

The highest DnV predicted slosh-induced pressures occur at the top corners
of the tank. Model test studies have shown that the highest slosh-induced

loads occur near the static liquid fill level.

~ stipulates that their sloshing formulas are valid only below a

fill depth of 70 percent. Their formulas combine the side and end-wall tank
loads to determine a tank corner load identical to the procedure of DnV.

Their formulas also provide for a calculation of the longitudinal and~ans -

verse resonant slosh periods as a function of fill depth. The resulting dy-

namic slosh pressures are therefore a function of fill depth and act at the

static liquid level. NK stipulates that if the longitudinal resonant sloshing

period equals the sh~roll period, then the formulas are no longer valid.

For the No. 6 tank of the example ship, this occurs at a fill depth of 23

percent as shown in Figure V. 9.

The magnitude of the dynamic slosh pres sures as determined from

NKand DnV are in good agreement, as both range between 5 and 13 m H20.

~e stipulation by both agencies that the formulas are not to be utilized at
or near resonant sloshing is the primary reason why the magnitudes of the
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pressures are much lower than the 25 meters of water predicted from scale
model tests with resonant sloshing in pitch at h/H = O. 25. This value was

obtained assuming KP = 10. As previously indicated, On sOme individual

cycles the pressure coefficient can be much larger than 10. At resonance,
the agencies’ formulas appear non-conservative with respect to predicting

peak dynamic slosh pressures. The peak slosh pressures are of animpul -
sive nature with the pressure peak occurring over a short duration when

compared to the slosh period. Therefore, the static design values as pre-

dicted by either NK or DnV maybe adequate to withstand the peak impul-

sive pressures. ~n eval~lon of this, of course, will depend on a complete

knowledge of the tank structural specifications and the expected pressure-

time histories of the impulsive slosh pressures.

Based on test results to date, no substantiated criteria to handle

slosh loads can be established, Substantiated criteria await full-scale slosh

load data. However, knowledge of the basic sloshing phenomena and the fac-

tors which affect liquid sloshing, as well as the results of model tests, does
provide information on which to develop new tank design criteria to account

for slosh-induced loads.

Recommended Sloshing Pressure Criteria

In general, the designer must consider the effects of tank accelera-

tion, liquid fill depth, and tank geometry when determining the expected

sloshing loads.

Tank Acceleration and Fill .Depth

Resonant sloshing creates the largest impact loads in liquid cargo

tanks. Studies to date have indicated that model test results as well as cal-

culations can be successfully used to estimate the lowest frequency resonant

condition, where resonant sloshing is likely to occur. The question arises,

can this mode be excited by the shipfs motion? The tank designer must
evaluate the probability of the ship’s motion exciting the tank to resonance

at some time in the ship’s life. This consideration should take into account

that the resonant frequencies of sloshing will vary with fill depth and tank

geometry, In view of the possibility of a tank being excited into resonant

sloshing, the designer must consider that the mode of ship motion is a

time-dependent function of the sea state as well as the ship’s loading con-
ditions, speed, and course. Considering that each of the modes of ship

motion is a random variable represented by a spectrum composed of con-

tributions over a wide range of the possibility exists for ex-



The designer has to accept that the tank will be subjected to the

ship’s motions and accelerations, and the design problem cannot be limited

to a determination of tank geometry and fill depths where resonance will not

occur. Therefore, the determination of loads should follow a probabilistic

procedure involving the response at different conditions and their probability

of occurrence. However, a good estimate of the possibility of resonant

sloshing can be achieved through consideration of the natural slosh frequency
and the pertinent motion spectra. The designer must understand the types

of sloshing phenomena and loads that can exist at different fill depths for the
basic tank geometries utilized in ships. In estimating the most severe loads

which result from resonant sloshing, the designer will probably have to turn

to model test data for setting prototype structural requirements. Therefore,
the designer must also understand the scaling implications when using model

test data. The designer will need to know local impact pressures on tank
walls when considering the design of local scantlings while the total sloshing
forces will be needed to design the tank supporting structures.

Tank Geometry

The overall geometry of a tank will be selected primarily on criteria

other than the prevention of liquid slosh. However, it may be advantageous

to adjust tank shape and dimensions to improve tank characteristics with

respect to slosh prevention, at least in some range of fill depths. This will

normally mean deciding what fill depths are to be carried in the tanks and

then adjusting tank width-to-length ratios such that the tanks are compatible

with ship geometry while reducing the probability of resonant sloshing,

Structural Response to Impact

The fact that extremely high impulsive type impact pressures can

occur during resonant sloshing will, in gene ral, require the designer to

investigate the structural response to such loads. This will require taking

into account the duration of the impact pressures and the correlation be-

tween magnitude and duration of these pressures. The natural frequencies

of the structure subjected to impact will be of great importance in these

calculations as well as any significant damping parameters. Since the
general trend is that natural frequencies of many parts of ship structures

will decrease with increasing ship sizes, this aspect should require in-

creased consideration in future tank designs.

Updated Slosh Load Criteria -

In general, an updated sloshing load criteria should include the
following requirements:
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For the basic tank geometry, establish resonant slosh

periods versus fill depth using either theoretical analysis

or model test results.

Determine ship motions (amplitudes and frequenciess ) and

compare to resonant slosh periods.

Adjust tank dimensions to reduce probability of resonant

slosh at desired fill levels.

For worst-case sloshing conditions, establish pressures

and forces exerted on the tank wall utilizing either model
tests with appropriate scaling criteria or available theo -

retical analysis.

For the anticipated pressures and forces, investigate

structural response to dynamic impulsive pressures and

set final tank wall requirements. Determine tank support

requirements based on total forcesl and establish the
magnitude and phase of the slosh loads relative to the

other dynamic tank loads.

Based on above, set final tank design requirements.

A flow chart showing how these steps interrelate is given as Figure V. 10.

V. 2.15 Vibrations

The following statement in the report of Committee 7 of the 5th Inter-

national Ship Structures C ongres s[6] poihts out the significance of vibration

in ship design.

“In recent years some ships have shown damages which

are difficult to explain from a structural point of view. The
damages have occurred in transverse frames and horizontal

girders in cargo tanks of large tankers and swash plate in aft

peak tanks, in the form of cracks from cut- outs for longitudi-
nal in web-plates, from the end of snipe d-stiffners, near the

toe of tripping brackets, etc. In several cases calculations
have shown that natural frequencies of the damaged structural

components have coincided,, or have been very close to, main
excitation frequenciess from the engine or propeller. This
results in large vibration amplitudes, which are likely to

cause cracks of the type mentioned. Measurements aboard
several ships have verified this. 1’
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This is true of all ship structures, including portions of LNG tanks. The

committee also notes ...

‘! Model tests of submerged, clamped uniform Plates

have s hewn that the damping is only 5- 10% of the critical

value in the range of 5-15 Hz. Resonance amplification

factors greater than 10 are often found for submerged panel

structures in practice. “

In addition to local resonances, fundamental vibrations of the total tank
structure can occur. Vinje [42] has shown that the fundamental mode of vi-

bration for a completely filled Moss-Rosenberg aluminum spherical tank

is in the excitation range of a four -bladed propeller rotating at 1. 6 Hz, i. e. ,

in the range of excitation of the propulsion equipment. Hence, for LNG

tanks, whose primary objective is to maintain a liquid tight seal for con-

tainment of the LNG cargo, vibrations which give rise to fatigue cracking

might cause serious problems.

The agencies’ rules for tank vibrations are summarized in Table V. 11.

The regulations apply primarily to membrane-type tanks, implying that hull

resonances are the main concern. Only DnV and ~ require consideration

of independent tanks, and only NK specifically mentions local vibrations of

the tank structure. Neither Q7LR or lACS have any guidelines or regula-

tions regarding tank vibrations. ~so, there is no mention in the rules of

any agency of the particular problems of hull springing and whipping which

are associated with the fundamental resonance of hull vibration. While the
frequency of this vibration (approximately O. 5 to 2 Hz) may be too low to

excite local tank resonances, it can have a signi~lcant effect on membrane

type tanks or other tanks rigidly attached to the hull in that cyclic strains

will be introduced.

Whipping is the transient two node vibration of the hull which follows

slamming, bow flare immersion and sometimes the shipping of green seas.

Hoffman and Van Hooff, [43] Kumai, [44] and Van Gunsteren [45] have shown

that springing is introduced by waves or wave harmonics that give resonance

with this vibration period. Committee #2 of the Fifth International Ship

Structures Congress [6] summarized the differences between springing and

whipping as follows:

!!s ringing is continuous, while whipping is transient. “
P

“Springing is mainly evidenced in relatively calm seas
when the energy of the wave spectrum is contained in

short waves and the resulting ship motions are almost

zero. Whipping is observed in rough seas when the
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DnV

GL

LR
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USCG
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TABLE V. 11. SUMMARY OF AGENCY RULES

FOR TANK VIBRATIONS

~(l)

M

I

1) M = Membrane tank

I = Independent tank

IT = Integral tank

I, M

I, M, IT

M

M

M(2) M

1(2)
, M(2)

-JL--.J

,

2) May be required.
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ship motions include large relative bow motions and
the momentum due to added mass has large variations. “

Thus, stresses in the ship hull induced by springing most often occur in

fairly calm seas, and the magnitudes of these stresses are generally re-

garded as being small relative to the wave - induced loads. Whipping, on

the other hand, occurs in rough seas and measurement s[46] have shown

whipping stres ses equal in magnitude to the wave- induced stresses for
bow flare slamming on an aircraft carrier. Although we are aware Of nO

reported measurements of whipping or springing stresses on LNG tankers,

Lewis [47] shows that by geometrically increasing ship size, hull flexi -. .
bility and hull stres ses due to springing and whipping are likely to increase.
Also, aside from geometric considerations, the energy in the sea spectra

which excites the ship in its fundamental resonance mode increase with in-

creasing ship length. The se factors indicate that springing and whipping

will probably be important considerations for LNG tankers.

Analytical techniques for treating springing and whipping in ships

are rapidly developing. Goodman [48] has applied strip theory to springing

in short waves and has shown good agreement with measured values on one

ocean going ship. However, a major drawback to the application of strip

theory is an inadequate description of the hydrodynamic damping. Hoffman

and Van Hooff [43] have observed an unexplained increase in damping with

increasing speed in still water. Once the hydrodynamic damping is properly

defined, springing can perhaps be calculated routinely as for the slowing

varying wave - induced loads. Kaplan and Sargent [49] have studied the whip-

ping of ships by computer simulation. Because of nonlinearities associated

with slamming and bow flare immersion, a time domain resolution was re-

quired. Excitation forces due to slamming were computed using linear rela-

tive motion characteristics determined from SCORES::. Calculations per -
formed for the USS ESSEX aircraft carrier (whipping due to bow flare immer -——
sion) showed whipping stresses of greater magnitude than the slowly varying

wave-induced stress in rough seas.

Updated Vibration Criteria

Rules for vibrations should address two main problem areas:

The possibility of exciting overall and local resonances

of the tank structure by all likely sources of excitation,

. The effects of ~yclic strains which are induced in tanks
due to local or overall hull vibrations.

The survey of the literature indicated that both overall tank resonances, as

well as resonances of local substructure, are possible and that these vibra -
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tions can cause cracking which would not be predicted by normal stress analy-

sis procedures. Also, as ship size and power continue to increase, as will

apparently be the case fOr LNG ships, sOurces of excitation become greater
and the problems may magnify. Also, it appears that springing and whipping

may be significant in large LNG ships and should be considered from the

standpoint of the cyclic strains which will be introduced, particularly in

membrane, semimembrane and integral tanks.

v.2. 16 Fatigue Loads

Because a liquid-tight barrier is essential for LNG tanks, some know-

ledge of the propensity of the primary and secondary barriers to develop fa-

tigue cracks is essential. Whether the analysis approach is a classical fatigue

life calculation, which includes the time for crack initiation and propagation,
or is based only on the time for subcritical crack growth (fracture mechanics),

an accurate definition of the time history of the loading is required. The ap-
proach now followed by many of the agencies is to require that the tank be

designed for no through-cracking (safe life) but with consideration also given

to c rack propagation (fail safe). Loads, reflecting the operating history of
the ship over its lifetime, must be defined for the fatigue life calculation.

The agencies’ rules concerning fatigue loads are summarized in

Table V. 12. Two agencies, -and ~, have no regulations, and IV stipu-

lates only that fatigue life calculations may be required if reduction of the
USCG rules are limited to membranesecondary barrier is considered. _

tanks and provide no guidance for loads other than to require te sting of

tank models which includes cyclic loading. The other agencies, DnV, GL—.
and ~, are more specific. Their rules suggest the use of a semi-log-

linear spectrum for the load history. The linear distribution extends from

one cycle of load at the maximum value (generally computed at a probability

level of 10-8) to zero load at 108 cycles. GL does not give a probability

level for which the maximum loads are to ~computed. Rather, they state

that the cycles of load and, thus, the probability level should be based on

expected service. IACS rules are similar to those of DnV and NK except

that the cumulative load distribution is to be based on the calcul~ons for

the wave-induced loads rather than the semi-log-linear assumption. D~V,

E,__ NK and IACS also consider loading and unloading cycles (which we

interpret as changes in the still-water loads) but provide PO rules or guide -

lines for the combination of these loads with the wave -induced loads. In

addition, no mention is made of the potential contribution to fatigue of the

high frequency loads associated with springing, whipping or local vibrations.
.

Proper combination of the many types of random loading which occur

during the ship’s lifetime is a difficult problem and has not been solved satis-

factorily. For the slowly varying wave-induced loads, the still-water loads
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TABLE V. 12 SUMMARY OF AGENCY RULES REGARDING

m
.-
02

LBS

3V

10
-8

0(3)

o

0

3nV o 0

I, M,IT o 0

~(4), M(4)

IT

M

10
-8

10
-8

00 0

JSCG o

0(5)1(4), ~
10

-8
AC S o 0

(1) I - Independent tank

M - Membrane tank

IT - Jntegral tank

(2) Required for Type AZ and Type B. Not required for Type Al.

(3) Probability level determined by ship service.

(4) Type B tanks only.

(5) Model testing may be required.
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represent-a shift in the mean and this superposition is straightforward. HOw -
ever, for the higher frequency dynamic loads associated with springing or

whipping, the still-water plus the wave-induced loads comprise the mean.
Even higher frequency loads, such as those associated with tank vibrations,

are super-imposed upon a mean which is the sum of the dynamic, wave-

induced and still-water loads.

Considering first only the still-water and wave-induced loads, super-

position is easily accomplished. Nominal in-bound and out-bound loading

conditions are probably sufficient for defining the mean loads. The cumu-

lative distribution of the wave-induced loads is then subdivided in discrete
loads using the procedures specified by the agencies (see ~ Figure 1 in
Appendix A, Page A- i 05). For each of these discrete loads, one-half of the

cycles should be applied to the in-bound loading condition and one-half to the

out-bound loading condition. Using this approach, the effects of loading and

unloading only represent shifts in the means and not independent load cycles

as no-w considered by the agencies. Loading and unloading should be treated
as separate load cycles only if there are stresses associated with transients

such as might be produced by chilldown. Stationary the rmal gradients should

be treated as a componant of the mean loads.

High frequency loads such as those produced by whipping and spring-

ing are more difficult to treat. The most straightforward approach would

be to use experimental strain data from similar ships to adjust (increase)

the magnitude of the wave-induced loads to account for dynamic and vibra-
tory load effects. Although straightforward, this procedure requires the

accumulation of data from similar ships over a substantial time period.

The strain data for both in-bound and out-bound voyages would be keyed to

sea states or weather groups. Proper combinations of the records would

then depend upon the estimated service history of the ship in question. To
make the adjustment, the measured strains from operating ships would be

filtered to eliminate all components except those produced by the slowly
varying wave loads. Fatigue damage corresponding to the original com-

posite records and to the filtered records would then be evaluated using

fatigue gages [50] or analytical procedures such as the method of exceed-

antes. [5 1] From these calculations, a scaling factor could be established

which would result in equivalent fatigue damage for the wave-induced and

composite loads. A single conservative factor could be established for a

range of similar ships and routes or a separate factor could be established

for each s~p depending upon the expected service and, therefore, the rec-

ord “mii’ used. Because other factors such as slight changes in hull form,
.

7 combination of records to reflect service time in each sea state Or

weather group.
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ship size, etc. , would probably be of equal or greater importance than the

routing, a single factor, based on several LNG ships and routes, seems to

be the most practical approach.

An analytical approach for combining the loads would be attractive

and one can perhaps be developed based on a statistical combination of the

still-water, wave -induced dynamic loads. A basis for the combination is

the Central Limit Theorem [52 ] in probability, which states that “Sums of

independent random variables tend to Gaussian distribution. “ SWRI has in-

vestigated this approach for application to fatigue te sting of helicopter com -
ponents. Multiple sine waves, whose frequencies were non-commensurate

and whose phases bore no particular relationship, have been replaced by a

single component of suitable amplitude and frequency. The amplitude of

the single component was set equal to the rms value of the composite signal.

Its frequency was determined from the condition that the variances of the
signals were independent so that the sum of the variances was equal to the

variances of the sum. Results thus computed were compared with fatigue

damage computed by the method of exceedances, and good correlation was

obtained. The approach was also demonstrated for the superposition of

narrow band random signals. Because the wave-induced loads and the dy-

namic loads can probably be represented by superposition of a series of

sine waves, such a procedure is perhaps viable. However, this process

has not been verified experimentally and would require considerable de:

velopment. Nevertheless, it poses an attractive alternative to an experi-
mental approach if the loads associated with whipping and springing can

be defined with the accuracy of the wave-induced loads.

Francis, et al. , [53] suggest a procedure, closely allied to those dis-
cussed above, for determining a constant amplitude sinusoidal fatigue load-

ing which is equivalent (in terms of cumulative fatigue damage) to a given
random loading environment. The procedure was proposed for application
to experimental data but could be used equally well with analytically derived

loads if an effective frequency and rms value of the random comPosite8 sig-

nal can be established.

The procedure rests on the following assumptions:

(1) The stress response of primary and secondary ship

structure is approximately a narrow-band, stationary

Gaussian process.

(2) The “S-N” curv~i” log-log linear and described by

the equation N -c.

8
Super -imposed wave -induced loads and dynamic loads.
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A stepwisci description of the procedure is repeated from Reference 53.

STEP 1

STEP 2

STEP 3

STEP 4

STEP 5

STEP 6

Determine the mean or constant component of the

random load signal, and use this value as the mean

level of the equivalent sinusoidal signal.

Determine the effective frequency, W. , of the equiva-

lent sinusoidal signal by using the average number of

zero crossings with positive slope per second.

Determine the RMS stress level, arms, of the random
signal.

Determine the slope parameter b of the S-N curve

from constant amplitude sinusoidal fatigue test data

on the material system of interest. That is, plot log

u on the vertical axis (where o is the peak stress

per cycle) versus log N (cycles to failure); the slope

of this line is -l/b. Note that the slope may be con-

sidered to be independent of the value of the stress ratio.

H the required data are not available, use
b . 3.5 for welded structure.

Calculate the stress equivalence factor k by the

formula k = fi[r(l + b/2]1 /b, where r is the

gamma function. This equation is plotted for con-

venience in Figure V. 11,

Calculate the peak amplitude of the equivalent

sinusoidal signal by the relation u = karm~
max

Though consideration of the mean and varying loads is necessary to

represent truly the shipts load history, Gurney and Maddox [54] and Francis,

et al. , [43] have concluded that for typical welded ship structures the shift in
the mean can be neglected. The reason is that the current knowledge of re -

sidual stresses in as-welded structures is inadequate and that these stresses

locally can equal or exceed the stresses associated with the static or mean

loads. Thus, while the mean loads must be accounted for to accurately repre-

sent the load history, their significance in fatigue calculation in a welded

structure is uncertain. This uncertainty must be weighed by the agencies

in drafting their rules. Only further testing, better understanding of re-

sidual stresses and perhaps long-term operating results with LNG ships

can finally resolve this issue.
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Three of the agencies, QV, GL and NK allow a semi-log-linear

representation of the cumulative distribution of the fatigue loads. A fair

question is, llDoe S a ~emi_l Og-linear appr Oxidation accurately represent

the cumulative distribution? “ Figure V, 12 shows the cumulative distribution

of the midship moments computed hy Lewis, et al. ,[55] for the SS Wolverine

State. It is obvious that a straight line fairly represents the curve shape but

underestimates the loads in the mid range and at the low end of the spectrum.

Note, however, that the “actual predicted load “ is overestimated for all proba-

bility levels except for the very lowest if a straight line of approximation is

drawn from the calculated value at 10-8 probability level. Similar results

are obtained from the cumulative probability distribution of accelerations.

Figure V. 13 (borrowed from Section III of the report) shows the extreme

value prediction of acceleration for the SS Wolverine State based on 14 voy-

ages. Starting with the extrapolated value at 10-8 and drawing a straight

line approximation to zero acceleration at a probability level of one, it is

apparent that the line underestimates the loads in the mid-range where maxi-
mum fatigue damage occurs. If, however, a straight line approximation is
used based on the maximum acceleration predicted by the agency formulas,

then a conservative estimate is obtained except for the very lowest probability

levels, The conclusion to be reached is that a straight line approximation

for calculated loads represents a conservative approximation to the actual

loads (at least this has shown to be true for the SS Wolverine State); how-
ever, if we assume that the calculated value at 10-8 probability level is

correct, then a straight line approximation underestimates the loads in

the mid-range. Thus, we feel that the straight line approximation should

be used only for values which are computed based on agency formulas and

that, if wave-induced loads are computed using the agency’s hydrodynamic

computer programs , then the distribution determined from these calculations
should be used. The use of the computed distribution is the approach taken

by=

Updated Fatigue Load C riteria

The rules should reflect the potential contribution of the still-water,

wave-induced, dynamic and vibratory loads to fatigue damage of the tanks,

and should also address the proper combination of the loads. To be repre-
sentative of the ship operating conditions, superposition of the wave-induced

loads on the still-water loads associated with the in-bound and out-bound voy-

ages is required. For this approach, the wave-induced loads should be in-

creased by a factor (to be determined experimentally) so that fatigue damage,

equivalent to that produced by the total loads, would be obtained. Alternately,
a new method can perhaps be developed based on a statistical combination of

all loads in a manner which would yield equivalent fatigue damage. Finally, a

straight line approximation to tbe wave-induced loads is appropriate only if

the extreme values of the load are conservative estimates based on agency
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formulas. Where calculations are available based on the agencies’ computer

programs, then the distribution determined from these calculations should

be used.

V.2. 17 Fracture Loads

A fracture mechanics analysis provides the basis upon which the clas-

sification societies allow a reduction in the secondary barrier. The analysis

is performed to predict the maximum extent of crack growth ov’er a period

of time generally defined as two weeks or 15 days. This time period approxi-

mates the anticipated vessel running time between cargo loading and discharge

points. The initial crack size is usually fixed by the sensitivity of ‘the LNG
gas leak detection system. Based upon the initial crack size and the calcu-

lated crack growth over the two-week period, estimates are obtained for the

final crack size relative to the critical crack size and for the size of the

secondary barrier required to contain leakage from the primary barrier.

Favorable results from the fracture mechanics analysis gives the societies
confidence to reduce the extent of the secondary barrier.

Loads for the fracture analysis, as specified’by the agency rules,

are summarized in Table V. 13. Two agencies, ABS and ~, have no rules

regarding a fracture mechanics analysis. _BV specifies only that a fracture

mechanics analysis must be conducted if reduction of the secondary barrier

is to be considered. A fracture mechanics analysis is required for two

types of tanks by the USCG, but no guidelines are provided to define the

loads. NK and IACS, require that suchThe other agencies, DnV, GL, _ _

an analysis be performed and also provide guidelines regarding the load
spectrum. Generally, these agencies define a semi-log-linear load spec-

trum which extends from zero load to the maximum load in 2 x 105 cycles
(approximately two weeks). DnV and IAGS further specify that these loads

(the dynamic or varying loads) are to be super-imposed upon the static

(mean) loads.

The comments which were made regarding the Fatigue Loads (Section

V. 2. 16) apply to the Fracture Loads as well. Most important is the proper

consideration of all “dynamic” loads, used here to represent the slowly

varying wave-induced loads, springing, whipping and vibration9 loads. Only

IACS suggests that all “dynamic” and static loads are to be considered and

none of the agencies provide guidelines for combining the various “dynamic”

loads or for combining the dynamic with the static loads. Whipping may be

particularly important for the fract:re analysis because the load spectrum

9 “Vibration loads “ is intended to represent tank stresses due to local tank

vibrations as well as tank loading associated with hull vibrations.
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TABLE V. 13. SUMMARY OF AGENCY RULES REGARDING LOADS

FOR FRACTURE MECHANICS ANALYSIS
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BV 1(1),(2)
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15 0

0(3)
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WK I, M, IT
0(3)

o 10
-8 15(4)

USCG
1(5) 14(6)

AC S 1, M(7)
0(8)

o 15 0

1) I - Independent tank

M - Membrane tank

IT - Integral tank

~) BV specifies that a fracture mechanics analysis is required if re-

duction in the secondary barrier is to be considered.

3) Implied but not specifically stated.
!) 2 x 105 total cycles (not less than 15 days)

;) 1ST and SPT tanks only (refer to Table II. 2).

;) The greatest of (a) 14 days, (b) the time to off-load the cargo in an

emergency, (c) the anticipated average vessel running time between

cargo loading and discharge points.
7) Semi-membrane.

1) Normally to be carried out.
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represents very severe sea states, Ways of combining the various loads
were discussed in Section V. 2. 16. As for the Fati’gue Loads, the merit of

including the mean or static loads in the analysis is unknown because of the

lack of knowledge about residual stresses in all-welded structures.

The validity of representing the load spectrum by a semi-log-linear

distribution over a two-week interval should be questioned for the Fracture

Loads just as it was for the Fatigue Loads. We were unable to examine full-

scale data of individual voyages to test the accuracy of the straight-line

representation. However, data are available and several voyages during

which extreme weather was encountered should be examined to determine

the cumulative load distribution. Until this is done, the semi-log-linear

spectrum is a suitable approximation that may, in fact, be conservative

for the two-week period.

Updated Fracture Load Criteria

The rules should state more explicitly the importance of springing,

whipping and tank vibrations, as well as the slowly varying wave-induced
loads, to the fracture mechanics analysis. This will require that guidelines

also be provided for the proper combination of the wave-induced loads with

the other varying loads and static loads. In addition, full- scale data from

individual voyages in which extreme weather was encountered should be

examined to either verify the semi-log-linear spectrum now used or deter-

mine the proper representation of the load spectrum over a two-week period

in which extreme ship loads are experienced.

V.2. 18 Combination of Loads

The proper combination of all loads acting on a ship and on the sub-

structure within the ship is a difficult problem. Much of the problem arises

because phasing of the dynamic loads is lost by extrapolation to the extreme
values. Thus, while the maximum loads can be estimated by statistics, the

means of properly combining them is often lost. As a result, common prac-

tice has been to combine the various dynamic loads by the square root method.

This method is based upon the principle that for statistically independent vari-

ables, the sum of the variances is equal to the variance of the sum. Thus,

the method works well for loads which are completely independent but will

produce errors if there is any correlation.

Another problem related to phasing is the position of the SKIP when

certain maximum loads occur. For example, it is necessary to know the

pitch and roll angles of the ship when the maximum normal or transverse

accelerations occur. This relationship ‘is necessary in order to combine

the static (gravitational) acceleration with the dynamic accele rations which
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are determined with respect to axes fixed to the ship. The problem of phas-
ing and position related to the extreme loads has not been solved satisfactorily..

Proper combination of the static and dynamic loads also presents

some difficultiess. If the so-called “static loads” were truly static, they

would never change and could always be added directly to the dynamic loads.

However, the static loads also vary but at a much slower rate then the dy-

namic loads. Static hull deflections, for example, are produced by the

ship!s ballast and loading condition, which varies from out-bound to in-

bound voyage. Generally, two sets of static loads are considered, those

associated with the out-bound voyage and those associated with the in-bound

voyage. In Chapter IV it was shown that much higher accelerations are

likely to occur in the in-bound (light load) condition than in the out-bound,

heavily loaded condition; however, the reverse may be true for bending

moments, torsion and vertical shear. Thus, the problem becomes one of

selecting the proper static load for the proper dynamic load.

It is also apparent that different loads are used to design different

parts of the tank. The static external pressure may govern the design of

the top of a spherical tank because of local buckling. This is a condition of

minimum vapor pressure. However, the design of the bottom of the same

tank will almost certainly be governed by the maximum internal pressure

which is associated with the maximum vapor pressure as well as the maxi-

mum liquid head. Thus, the maximum load will be different for different

parts of the tank. It is apparent, therefore, that several different load

conditions, both static and dynamic and in combination, must be investi-

gated to find the “critical” combination for each part of the tank.

Figure V. 14 has been prepared to illustrate graphically the combi-
nation of loads which must be considered in the design of LNG tanks. Al-

though this section addresses the proper combination of the loads, it is gen-

erally the stresses which are combined. This is the approach followed in

the figure. While Figure V. 14 does give general relationships between the

static and dynamic loads, it does not address the problem of the phasing of

the various dynamic loads. This problem has already been discussed to

some extent in Chapter IV. Ideally, the ship should be in dynamic equilib-
rium in the sea under the action of the design loads, Unfortunately, the
ship response occurs in irregular seas, and the exact sea which produces

the maximum values may not be known. Also, each maximum load would

most likely occur in a different sea condition so that several conditions

would have to be examined. Even’ then, the peak stress in the tank might

not occur at the conditions which produce the individual maximum loads.

Perhaps the only exact approach for solving the problem is to com-
pute the time history of the ship’s response in irregular seas. This ap-

proach would yield a continuous record of all loads acting on the ship at
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each instant of time. The disadvantage is the rather long time history

that would be required to establish the extreme values for all loads.
...

In the absence of the time history of the ship response, the most

suitable approach appears to be the square root method if the loads can be

shown to be completely independent. Otherwise, a correlation factor for

the loads must be established from full-scale data in order to properly

combine those loads which are not completely independent. A similar

approach has been taken by some of the classification societies in develop.
ing the ellipse for the combination of the accelerations.
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VI. RECOMMENDED DATA
PROGRAMS

VI. 1 Int reduction

ACQUISITION

Iu the previous chapters comparisons of agency formulas with full.

scale data, re suits of model tests, and analytical predictions were made

whenever possible. For the most part, the comparisons for LNG ships

were limited to model tests and analytical predictions based on the SCORES*

computer program. Because full-scale data are not available for LNG

ships, comparisons of the agencies’ formulas with full- scale data were

based on data taken from other types of liquid and dry cargo ships which

possess geometry similar to that of LNG tankers. Thus, the greatest need

now is for full- scale experimental data from LNG ships in service to
allow verification and/or improvement of the tank loads. Since a better

under standing of the 17 tank loads may result in substantial economic
savings due to reduced design values, an outline for a comprehensive” data

acquisition program is presented here. For those load categories which

require verification or further development, a general discussion of the

recommended programs (full-scale, model, long or shcirt-term, analytical),

parameters which should be measured and instrumentation required is given.

Finally, recommendations regarding the selection of a test bed for acqui-

sition of full- scale data on an LNG ship are presented.

VI. 2 Recommended Programs for Each Load Category

VI. 2. 1 Vapor Pressure

Most agencies already require that pressure gages be provided for

monitoring the tank vapor pressure. These gages could be used to period-

ically monitor the vapor pres sure during in- service voyages. This infor -
mation would then be available for determining the contribution of the vapor

pres sure to the total load and the cyclic load history on the tank structure.

As indicated in Chapter V, the phenomena of LNG rollover may

be a problem for some LNG carriers. This phenomena can readily and

economically be investigated in laboratory bench tests. An analytical
program should be conducted prior to the experiments to determine ( 1)

whether rollover is likely to occur in LNG ships, (2) at what densities,

temperatures, and vapor pressures yollover is most like to occur, (3) the

minimum amount of LNG needed before rollover ~ccur~, (4) the maxim-

pressure expected to be generated in the event rollover occurs. The re-

sults of the analytical program will fix the level of effort for the experi-

mental program, so the experimental details cannot be completely outlined
at this time. However, it is clear that, as a minimum, LNG temperature,
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tank internal pres sure, LNG density, tank fill level, and LNG vaporization

rate will have to be accurately measured. Thermocouples or other temp-

erature- sensitive devices should be placed at several locations within the

tank and on the interior tank walls. A wide-range pressure gage will be

needed to measure the transient pressure during rollover, while a narrow-

range pres sure gage would be convenient for recording internal pressure

prior to rollover. Compatibility of the pres sure and temperature trans-

ducers with cryogenic temperatures will probably be the most severe in-

strumentation problem.

Sizing of pressure relief valves is extremely important for LNG

tankers. An analytical study is recommended to determine whether the

current method of sizing relief valves is consistent with the pressures
generated in typical operating conditions. This may be especially impor -

tant if the probability of LNG rollover is found to be high.

VI. 2.2 Static Liquid Head

~owledge of the static liquid head is important in determining the

magnitude of the load on the tank structure. Since liquid level can be cal-

culated if the boil-off rate is known, no additional programs are recom-

mended beyond those for vapor pressure.

VI. 2.3 Still- Water and Dynamic Hull Deflections

In the past, still-water and wave-induced hull bending moments have

received considerable attention via full-scale measurements, [56,57] model

tests, [58,59,60] and analytical studies. In some cases, short-term hull

bending moments have been extrapolated to the long-term in order to pro-

vide hull design values. [4,6 1,62] Unfortunately, very few studies were on

LNG ships (reference 63 was an analytical study of deflections on an LNG

ship) and only some were concerned with hull deflections. An analytical

study is needed to ( 1) determine which loads, i. e. , bending moments,
shears, and torsion, are important to the relative motions between the hull

and the tank, (2) determine, by finite element procedures, the effect of

hull deformations on all tank types, i. e. , what stresses are introduced into

the tanks, and (3) evaluate procedures for extrapolating the short-term

bending moment or stress to the long-term for design purposes 10. The
results of this study should be compared with the proposed stress survey

outlined in the next paragraph.

10 AS Seen in Figure vI. I which is reprinted from Reference 57, large

differences in the long-term values re suit from different extrapolation
procedures.
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Hull girder deflections are determined from the same types of mea-

surement systems used to record the ship’s bending moments, torsion, and

shear. What is needed, however, is enough information to determine the .,

total ship deformation between two points on the ship; that is, between two
points of attachment of the LNG tank to the hull. Once these deformations

are known, the stresses introduced into the tank by these deflections can

be determined. With strain gages, this will require a strain survey along

the length of the hull over one or two tank bays in order to properly calcu-

late the deflections. Alternately, deflection gages can be employed to mea-

sure the total deflection between two points, i. e. , perhaps lasers can be

used to optically measure the total deflection.

The instrumentation needed for long-term, full- scale measure-

ments have already been developed. Strain gages have been used for some

time to measure hull bending moments, and lasers have been recently used

to measure deflections. [64] Automatic digital equipment is now available

to reduce the data in real time and simultaneously update the long-term pre -

dictions. It is important that sea conditions, accelerations, and inclinations

be recorded simultaneously with the hull bending moments or deflections.

For this reason, an instrumentation system capable of recording as many as

thirty channels, is necessary. Further comments on the test program will

be found in the discussion on the test bed.

VI. 2.4 Collision Loads

Enough data for full- scale collisions and model experiments probably

exist to adequately define the direction and magnitude of peak accelerations

to be expected in ship-to- ship collisions, grounding, etc. Thus, a compre-

hensive analytical program is recommended to review and analyze existing
accident reports and pertinent material from the literature for the purpose

of establishing de sign values for accelerations resulting from collisions.
This survey should be complemented by a program to study the collision

process from the viewpoint of analyzing in detail the dynamics of the colli-

sion. The major obstacle is the structural response of the ship, but

reasonable force deformation characteristics can be established approxi-

mately. Such a study would have as its aim, the determination of total

penetration, ship motions, accelerations, etc. , as well as sufficient

structural details to show the effects of structural design on the results of
the collision. The limits of tolerable damage and the severity of a sur-

vivable collision could be established for such a model for inclusion in the
rules.

,

VI. 2.5 Thermal Gradients

The chill -dovm procedure for many types of LNG tank configurations

involves spraying LNG onto the interior walls of each tank for as long as
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36 hours prior to loading the cargo. As indicated by Poth, [65] the current

guidelines do not allow sprayed LNG droplets to come into contact with tank

walls, which may cause over-stressing. The spray systems currently in

use have the spray nozzles mounted on a central columu in each tank.

During chill-down the tower cools faster than the rest of the tank. This

may result in large thermal stresses. A joint analytical and experi-

mental program is needed to optimize the spray systems or spray pro-

cedure to effect a faster more uniform chill -dowm This could obviously

result in substantial economic savings.

Tests should be conducted on models so that the chill- down time

and the required volume of LNG would be drastically reduced. In addi-

tion, the optimized spray system resulting from the program could be

installed on the model. Tests could then be conducted to determine the

feasibility of the modified chill-down procedure.

Tests required should be conducted on models so that the chill-

down time and the required volume of LNG would be drastically reduced.

In addition, the optimized spray system re suiting from the program could

be installed on the model. Tests could then be conducted to determine the

feasibility of the modified chill-down procedure.

Stresses induced by the chill- down are, of tour se, important and,

in fact, the purpose of an elaborate chill-down system is to minimize these

stresses. However, the stresses are so dependent on tank design and
material that each design must be considered separately; however, for the

test tank, the stresses should be monitored at selected tank locations in
order

(i. e. ,

tional

to “judge the effectivenesss of the chill. down system.

VI. 2.6 Accelerations

Since accelerations influence the magnitude of several other loads

dynamic internal pres sure and sloshing), it is important that addi -

full- scale data be generated for LNG shiDs. Accelerometers should.
be positioned at several points along the ship at convenient places around

the tanks. Three accelerometers, oriented so that they are sensitive to

transverse, longitudinal, and vertical motions, should be placed at each

measurement position. Simultaneous recording of weather conditions, as

a minimum, should also be made. Real time digital analysis equipment is

currently available so extrapolation of short-term acceleration data to the

long-term should be handled automatically. Further comments on this ex-

perimental program will be found in the section on the LNG test bed.

In addition to the full-scale measurements of acceleration, an ana-
lytical program should be conducted to determine the best method for ex-

trapolation of short-term data to the long-term. Further comments on

this analytical program will be presented in the section on wave-induced

loads.



VI. 2.7 Dynamic External Hull Pres sure

In the past, several studies have been made to determine the pro.

bability of ship slamming or shipping green seas in severe seather. [32, “

49,66] However, few measurements of external hull pressures have been

made during slamming or shipping of green seas. For this reaeon full-

scale measurements of dynamic external hull pressures should be made

on a full-scale LNG ship. Pressure gages should be located at varioue

positions on the ship bottom, on the ship bow, and on top of the forward

deck. Strain gages located in the same positions should be used to monitor

local stresses introduced by slaming or shipping of green seas. This
information should be recorded simultaneously with the acceleration data

and hull deflections as previously discus seal. In addition, simultaneous

recordings of stresses in the tank support structure or in the tank walls

in the case of membrane tanks would be helpful in determining the effect

of slaming or shipping of green seas on the tank structure. However,

since the incidence of slamming or shipping of green seas is likely only

during severe sea conditions, this full- scale measurement program may
be relatively expensive. For this reason, scale model tests of LNG ships
in severe sea conditions may be preferred.

VI. 2.8 Dynamic Lnternal Pres sure

Since dynamic internal. pres sure is influenced mainly by accelera-

tions, measurements of dynamic internal pres sure should be accompanied

by simultaneous measurements of accelerations. Pressure gages should

be located at various positions on the interior of the tank walls to monitor

pressures in full LNG tanks. These gages can also be used for the determ-

ination of sloshing pressures. The effect of dynamic internal pressure

on the tank structure can be determined by strain-gaging the tank at critical

locations.

VI. 2.9 Sloshing

In addition to obtaining full- scale sloshing load data, several other

types of programs would be extremely beneficial for establishing LNG

sloshing loads. As stated in Chapter V, numerous test programs have

been conducted using scale models of LNG tanks to investigate slosh load-

ings. None of these studies covered the complete range of LNG ship

excitation amplitudes, frequencies, fill depths, and tank geometries while

obtaining both pressures and forces. However, a composite of all pre-

vious model studies cover quite a ~road range of parameters which affect

LNG slosh loads.

This model data has been presented in numerous reports from

various agencies throughout the world. The data is presented in different

forms, and therefore no consistent method of presenting impact pres-

sures and total tank forces exist among the various experimental studies.
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Therefore,, one important task that needs to be accomplished is a compi-

lation of all currently available model data on a uniform basis. This

review and presentation of currently- available model data would indicate “’

where additional data needs to be obtained to provide a complete picture

of tank pressures and forces for various excitation amplitudes, fill depths,
and tank geometries.

After the model data review has been completed, additional experi-

mental tests need to be performed to fill in conditions where current data

are unavailable. These tests should be aimed at supplementing previous

studies to provide a complete picture of slosh loads (pressures and forces)
versus fill depths for various excitation amplitudes and frequenciess, for

both prismatic and spherical tanks. This data should then be presented in

simplified graphical form so the designer can estimate slosh loads in

typical LNG tanks. As part of this update, the scaling considerations for
predicting full- scale loads with model data should be included and methods

for predicting long-term, worst case pressure levels established. In
addition to peak impact pres sure magnitudes, the scaled pres sure time

historics between model and full- scale should be indicated since the design

of the tank structure will be based on analyzing structural response to an

impulsive loading rather than designing the tank to withstand a peak pres-

sure level. Therefore, the design curves should indicate riot only long-

term, worst case peak pressure magnitudes, but also the time over which

they act.

With the completed summary of all model scale loads, data obtained

in full-s tale slosh measurements could be utilized to update the design

loads. It is anticipated that the full- scale re suits will indicate that model

tests provide a conservative estimate of LNG tank sloshing loads since
typical ship motions will not provide as severe a condition as resonant

sloshing with harmonic excitation.

In addition to utilizing full- scale data to compare with model test

results, sloshing data obtained with scale models of LNG ships tested in

ship model basins could also be used. For example, 1 /70 and 1 /36 scale

models of 125, 000 m3 membrane tank LNG ships have previously been

tested at the Netherlands Ship Model Basin. These scale models could be

fitted with scale replicas of the LNG tanks utilized in these ships. Slosh-
ing pressures could then be measured with the ship models for both regular

and irregular waves. Model motions and accelerations would be moni-

tored as well as the wall impact pressures. Corresponding tests dupli-
cating the motions of the tanks in pitch or roll or surge could be conducted

in laboratoriess that have previously performed scale model slosh studies.

Correlations would show the validity of conducting laboratory tests with
harmonic pitching motions only and perhaps indicate adjustments or corre-

lations that must be made in order to achieve better agreement with sloshing
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introduced by actual ship motions. This type of testing would represent

a comparison without scale effects since the tank size and geometry with
the harmonic studies would be identical to the tank fitted in the LNG ship

models. Subsequent pres sure measurements made on full- scale ships for “

which the models were scaled would indicate if the prediction methods

developed under slosh study programs are valid. The results Of bOth the

model basin and full- scale measurements would be used to provide final

design charts.

VI. 2.10 Fatigue and Fracture Loads

To properly evaluate the fatigue loads on an LNG tank requires an

extensive analytical and experimental program which involves the history

of all loads acting on the tank. The essential ingredients of such a pro-

gram should include:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

A study to establish the proper combination of loads for

fatigue life prediction (refer to Section V. 16).

Analytical prediction of the time history of the tank loads

for independent and membrane type tanks.

A thorough finite element stress analysis to predict loca-

tions of maximum stress in the tank.

Analytical prediction of the tank fatigue life.

A full- scale experimental program to measure all perti-

nent tank loads as recommended in this data acquisition

program.

Strain measurement at critical locations as determined

in (4).

Extrapolate short-term strain measurements to ship life-

time predictions snd predict tank fatigue life using methods

of exceedance or actual records played through fatigue gages.

Compare extrapolated experimental results to predicted

analytical values.

Evaluate contributions of wave-induced loads, dynamic loads

and vibrations to the tank fatigue life.
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This program would basically bring together all of the other load

measurements and develop a rationale for the proper superposition of the

loads. It involves comparisons of the time history of all measured and
predicted loads and stresses. Thus, it will be quite extensive and must

be performed on a fully-instrumented ship in conjunction with all other
experiments.

Results of this program would also apply to the fracture analysis

required for the LNG tank.

VI. 2. 11 Wave- Induced Loads

As indicated in Chapter IV of this report, much emphasis has been

placed on the calculation of wave-induced loads in previous programs.

Since Korvin-Kroukovsky introduced the strip-theory approach to calcu-

late ship motions, much work has been done in refining the original theory.

However, the se refinements have resulted in only a slight improvement of

the original theory. For this reason, the emphasis should now be placed

on improving the input to the strip-theory calculations and the proper ex-

trapolation and combination of the results, rather than on improvtig the

calculation of the transfer function. The most important input to the strip-

theory calculation is the description of the sea. Special emphasis should
be placed on finding new ways to describe sea conditions, especially non-

fully developed seas. For instance, there is no current theory available

to describe non-directional seas.

III addition, analytical studies should be conducted to determine the

best method for extrapolating short-term data to the long-term. As indi-
cated in Chapter III and in Chapter V of this report, significant differences

in long-term values re suit from different extrapolation procedures. At

this time, the Weibull extrapolation procedure used by DnV and the com-

bined Rayleigh-Normal procedure used by the Webb Institute of Naval
Architecture, seem particularly attractive.

VI. 3 The LNG Ship Test Bed

It is obvious that the above set of measurements would require the

monitoring of a great many parameters and a large data acquisition system.

However, it should be noted that much of the information required in the

various load areas overlap and therefore, reducing the number of measure-

ments to a more reasonable number would still provide extremely bene-

ficial information. Since ther,e are numerous LNG ship designs, the ships

chosen for a test bed should provide measurements which will be applicable

to the greatest number”of LNG ships. Ideally, at lea at two “types of LNG
ships would be appropriate: a ship with membrane tanks, and another one

with independent tanks. These ships should represent the new generation
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of LNG carriers which have a total load capacity on the order of 125, 000m3.

The required measurements fall into the following six categories:

Pressure

Strain

Temperature

Motion

. Fatigue

Environment

With the exception of thermal measurements, these types of parameters

have all been measured on full- scale ships in the past, and prior exper-

ience can be utilized in setting up instrumentation systems on LNG ships.
Strain gages, pressure transducers, and thermocouples mounted on the

tank walls will have to be compatible with cryogenic temperatures.

Special calibration procedures may have to be devised for these particular

transducers. Pres sure instrumentation for both dynamic external hull
pressure and for sloshing pressure measurements should be able to record

accurately the impulsive type pressures that will occur. Model studies

with sloshing can be utilized to establish the magnitude and duration of the

pressure pulses that are expected. Similarly, previous slamming mea-

surements will help establish requirements of the external hull pres sure

measuring system. The gages used for sloshing pressures can also be

utilized to determine the dynamic internal pres sures in full tanks.

The most important part of the data acquisition will be the data

processor. The data processor should be capable of handling inputs of

all parameters described above. For convenience, the system should be

capable of continually updating the long-term prediction of the design

variables. Similar data acquisition systems have heen recording strain,
acceleration, and other motion data automatically during adverse operating

conditions. For example, measurements currently being made on a

Japanese bulk carrier [64] are being recorded on digital type tape recorders
with magnetic tape capable of recording 60 channels at frequencies from

126 to 8,000 Hz, Past experience with developing data acquisition systems

for obtaining full- scale measurements can be utilized to set up this data

acquisition system. ,
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VII. CONCLUSIONS

Conclusions which can be drawn from this study are given below in

each of the subject areas covered in Chapters II through VI. Recommenda-

tions were covered adequately in Chapters V and VI, and are not repeated
here.

Criteria Review

There are many similarities and differences among the rules of the

various agencies. Ln terms of their similarities, the rules can be grouped

by agency as follows:

. ABS, LR, USCG

. Dnv, GL, NK

BV

. IACS

The IACS rules are most like those of DnV, ~, and ~, yet they are a

composite of the rules of the various agencies and thus incorporate some
of each. IACS recommendations are the most complete in their scope of

coverage, but they are Iess specific than the rules of some of the other
agencies. BV rules are different in format from those of the other agencies

so that any~milarities which may exist are not apparent. The rules of DnV,

GL and NK are the most current and appear to reflect current practice of

the socie~s; whereas, the rules of ABS, LR and USCG are outdated in that

they do not require calculation of the wave ~duced loads. These calculations
are performed routinely by all of the agencies.

In general, the rules are not very specific. Where guidelines for the

loads are provided, additional development plus verification by comparison

with full-scale measurements from in- service LNG tankers is needed.

Acceleration Comparisons

Very few full-scale measurements have been reported for LNG ships.

Comparisons of accelerations predicted by agency formulas with full-scale

data from other ships of similar,geometry showed the agency formulas to

generally give conservative estimates. However, comparisons of the formula
accelerations with results for LNG ships predicted by the program SCORES*,

revealed both areas of conservatism and unconservatism. Further compari-
sons with accelerations measured on full-scale LNG ships are needed.

129



,...

Wave-Induced Loads

Direct comparisons of the results of the Classification Societies’

computer program for determining the wave-induced loads could not be

made. Comparisons of the calculation procedures revealed that the

methodology is very similar but that small differences exist throughout.
For example, methods for computing the RA~’s should yield almost

identical results, although minor differences exist among the agencies.

The greatest differences are in the method in which the wave data is used

and in the long-term prediction from short-term results. Dynamic

effects, such as slamming, whipping and springing are not accounted for.

Additional analytical development is required for improved descrip-

tions of roll damping, surge motions, and the sea environment. Further

development is also needed in the method of extrapolating short-term re-

sults to long-term predictions. Comparisons with short and long-term

full- scale data from LNG ships is necessary to substantiate the extrapolation
procedures.

Criteria Evaluation

Very little full-scale data from LNG ships was available for use in

evaluating the criteria. Thus, most of the evaluation was by agency-to-

agency comparison of the formulas plus comparisons with model tests and
limited full- scale data from other types of cargo ships. Detail evaluation

and comparison of the formulas revealed similarities and differences, just
as were found from the criteria review. These comparisons indicated the

need for further development of some of the formulas, such as those for

sloshing pressures and external hull pressures, and for full- scale data

from LNG ships with which to improve andl or verify all of the formulas.

The evaluations also revealed the need for a comprehensive procedure for

combining all of the different loads to produce design values as well as
load-time histories for calculating fatigue and fracture. For the numerous

loads where no formulas are given, the specific requirements and method-

ology for establishing the loads need to be more thoroughly listed.

Recommended Programs

Because of the lack of full- scale in- service data on LNG ships with
which the current criteria can be compared and improved or verified, com-
prehensive analytical and experimental programs are recommended to pro-

vide the required data. The programs consist of analytical studies, model

tests and full- scale measurements which will enhance the state of knowledge

and generate the data required to improve and verify the load criteria. Be-
cause many of the programs are inter-related (a complete definition of the
fatigue loads require knowledge of all of the loads), two fully instrumented
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test ships are sugge steal, one ship with membrane tanks and one with

independent tanks. Proper data correlation is essential and therefore

data gathering and reduction should be automated to the greatest extent

possible.
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APPENDIX A

SUMMARY OF AGENCY REQUIREMENTS FOR EACH LOAD CATEGORY

A. 1 Introduction

This appendix presents load criteria from the eight classification

societies or regulatory agencies as stated by their rules in each of the

seventeen load categories utilized in this report. At the end of each load

category a sumary indicating similarities and differences among the

societies’ rules is given.

A. 2 Tank Loading Criteria

A.2.1 VAPOR PRESSURE

A. 2. 1.1 American Bureau of Shipping

Suitable means are to be provided to relieve the vapor pressure in

the hold spaces should leakage of cargo occur. Tanks with a maximum
allowable working pressure given by MAWP > 0.703 kgl cm2 are designed

to pressure vessel regulations; no regulations or guidelines for MAWP z
O. 703 kg/cm2.

A. 2. I. 2 Bureau Veritas

Generally, cargo tanks are to be designed for an effective vapor
pres sure equal to the setting pres sure of the safety valves. The safety

valves on all tank configurations are subject to the following requirements.

Other requirements for tank design on specific tank configurations are pre-

sented separately.

1122.51.11

1,22-51-12

Every cargo tank is to be fitted with at least two

pressure safety valves. When the cargo tank

volume is less than 20 m3, however, only one valve

may be provided. ”

The safety valves of every cargo tank are to be so

designed as to be capable of discharging, without

the effective pressure in the tank raising by more
than 20% above the maximum service pressure, the

total flow Q given by the following formula:

where:

Q: is expressed in cubic metres/hour of air at

atmospheric pres sure and at a temperature

of O“c.
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f: is a coefficient having the value given in the

table below

f

Pressure cargo tanks above weather deck:

(a) non-insulated or having an insulation

not in accordance with the conditions

stated in (b) . . . . . . . . . . . . 1

(b) covered with an insulation having fire

resistance characteristics approved by

the Administration and a total heat
exchange coefficient not exceeding

O. 5 kcal/hm Z “C. . . . . . . . . 0.5

F’ressure cargo tanks below weather deck:

(a) where the setting pressure of safety

valves exceeds O. 7 kgf/cm2. . . . . 0.5

(b) where the setting pressure of safet
?valves does not exceed O. 7 kgflcm :

1 ) tanks located in constantly inerted

space s....... . . . . . 0.1

2) tanks located in non-inerted spaces 0.2

:ravity cargo tanks . . . . . . . . . . 0.1

. . . . . . .. .. . .. ,7. , , ,,, , . . . .uoze: w mere me rankcs are Iocatea DarrlV a~ove the.,
weather deck and partly below, the flow will be the sum

of the flows calculated separately for both parts pro-

viding for the corre spending values of coefficient f.

s: is the total external area, in m2, of the tank,

excluding any appendix such as domes. For

flat-bottomed tanks, however, the bottom area

may be deduced.

T: is the absolute temperature, in K degrees, on the

pres sure side of safety valves at accumulation

conditions.
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c: is a constant given by the following formula in
c

function of the ratio y . $ of specific heats
v

[() 1

(y+l) /(Y-1) %

c=y~
Y+l

L: is the latent heat of vaporization of the liquid, in

kcalfkg, at accumulation conditions

M: is the molecular weight of the discharged gas. ”

1122_51_13 The safety valves of each cargo tank are to be capable,
without the pressure rising by more than 20q0 above the

maximum service pres sure, of discharging the vapors

generated by the heat flow through the walls, assuming
an ambient temperature of 45° C, and those displaced

during loading at maximum rate. ‘~

,,22_51 -14 The safety valves are to be set to commence discharg-

ing at a pressure not exceeding by more than 5% the

maximum service pressure. “

Independent Tanks

Pressure cargo tanks are to be designed for a pressure at least

equal to the maximum service pres sure at the maximum service or load-

ing temperature, subject to a minimum of O. 7 kg/cm2. No specific regu-

lations for self- supporting gravity tanks are given.

Membrane Tanks

No specific regulations for integrated tanks are given as they are

specially considered.
,
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A.2. I.3 Det norske Veritas

Regarding the sizing of safety relief valves, the rules state:

“B508. The total capacity of the pressure relief valves is to be

sufficient to ensure that the pres sure in the tank will not
rise more than 20% above the design pressvre in either

Of the conditions mentioned below. The pres sure relief
valves are to discharge that volume of gas which is dis-

placed when the amount of liquid admitted to the tank per

uuit of time is 1.5 times the maximum capacity of the

delivery pipes. The pressure relief valves are to dis-

charge that volume of gas which is produced by the evapo-
ration of cargo when heat at a flow rate of Q kcal/h is

conveyed to the tank, and this heat is used exclusively to

evaporate the cargo.

Q s F S0”8 kcal/h

F . coefficient given in the table.

S . the surface area of the tank in mz.

The maximum back pres sure which may occur in the pipe

systems for escape gas immediately &utside the pressure

valves, is to be taken into account when determining the

capacity of the pressure relief valves. ‘1

Table for coefficient F.

Item Tank arrangement F

1 Tanks without insulation, on deck 5.0 x 104

2 Tanks with insulation, on deck 2.5 X 104

3 Tanks in completely closed holds,

not covered by item 4 below 2.5 X 104

4 Tanks, with insulation, in closed

holds, or tanks in closed, insulated

holds where the insulation will not
be damaged by fire on deck or on

the sea near the ship 1.2 x 104

‘!B509. For tanks designed ~or a gauge pressure of O. 5 kp/cm2 or
less, which are placed in closed spaces always filled with

inert gas, the parts of the tanks situated below the ship!s

water line in light ship condition are not to be included
when determining S. In order that a tank may be considered
as insulated, the insulation is to be non-de structible by fire.
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The heat transfer coefficient is not to exceed 0.5 kcal/
~zh OC

. Tanks in holes to which, in case of fire, an

inflow of fresh air cannot effectively be prevented, are

to be regarded as tanks on deck. If moke than 50~o of

the tank surface lies above deck level, the tank is to be

taken as situated on deck. If 50% or less of the tank

surface lies above deck level, the F-value may be

determined by linear interpolation based on the fank
surf ace.”

“B5 10. Tanks which cannot, with a reasonable factor of safety,

withstand an internal vacuum equal to O. 25 kp/cm2, are

to be equipped with vacuum relief valves.

Tanks equipped with refrigerating systems are in all

cases to be equipped with vacuum relief valves or some

other devices in order to prevent development of un-

acceptable vacuum in the tanks. “

All tanks must be designed to the following requirements concern-

ing design vapor pressure:

“B201. The maximum allowable vapor pres sure, po, at the

top of the tank is not to be taken Iess than:

* the highest set pressure of the safety valves

,x the vapor pressure at the reference temperature

>* the vapor pressure at a temperature of 45° C for

tanks without cooling or insulation

>k the pressure of the inert gas for tanks unloaded

by means of inert gas. “

Independent Tanks

Type A independent tanks may be subjected to pressure tests on a

case-by-case basis. Type B tanks are normally hydraulically tested to

1.5 times the design pressure.

Membrane Tanks ,

Membrane tanks are subjected to the same requirements as

independent tanks.
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A. 2. 1.4 Germanischer Lloyd

The vapor pressure for all tank configurations is not to be less than .:

the highest setting pressure of the safety valves on the cargo tanks. For
pressure tanks in which the pressure of the cargo is only dictated by the

ambient temperature, the design vapor pressure is not to be less than the

vapor pressure at the maximum expected temperature during most un-
favorable transport conditions. Generally, for pressure tanks the refer-

ence temperature is 45 ‘C, but this may be altered depending on the ser-

vice area of the ship.

Independent Tanks

For independent gravity tanks G3A, G3B, the design pressure

P. s O. 7 kg/cmZ. No other guidelines are given.

Pressure tanks, Pl, have a design vapor pres sure given

0.7[kg/cm2] SPoz 2+0.1 WY [kg/cmz]

but PO<3 [kg/cmz]

where

by,

ht is the tank height in meters not including the dome, if any

Y is the maximum specific weight of cargo [t/m3]

Pressure tanks, type P2, have a design pressure given by

P.

but P.

Membrane Tanks

~2 =0.1 hty [kg/cm2]

23 [kg/cm2]

The design vapor pressure for membrane tanks is the same as

for integral tanks.

A. 2. 1.5 Lloyd’s Register of Shipping

.
No regulations are given.
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A.2. 1.6 Nippon Kaiji Kyokai

Safety valves for all tank designs are subject to the following re-

quirements. Design requirements for specific tank configurations are

presented separately.

“5. 5.4-I. Two or more safety valves against overpressure are to

to be provided on each tank at the uppermost point of gas

part. In case of pilot-type safety valves, a separate

pressure detecting terminal is to be provide d.”

“5. 5.4-2. The total capacity of safety valves against overpressure

is to be such that it is capable of discharging the amount

specified in the following ( 1) or (2), whichever is the
greater, at a pressure not exceeding 1.2 times the MARVS

of the safety valve:

(1)

(2)

The total amount of gas at ambient temperature of 450 C

by adding the amoturt of gas generated due to heat input

into the tank to the gas quantity discharged during load-

ing at a full capacitv.

The quantity of gas to be generated by heat input into

the tank in case of fire, represented by the amount of

gas generated from the heat quantity obtained from

the following formula. However, where specially

approved by the Society in consideration of the hull
structures and tank structures, the coefficient of

12, 200 in the following formula may be reduced to the

value not less than 6, 100. In case where application

of the formula is not practicable due to shape, struc-

ture and arrangement of the tanks, the calculation

formula will he given in each case.

Qh = 12, 200 A0”82

where:

Qh . Heat input, (kcal/h).
A . Total surface area of the tank, excluding

the surface area below the minimum de-

. sign draught in the service condition of the
ship, (m2). “

“ 5.5.4-3. Overpressure safety valve< attached to pressure tanks for

temperature below ambient are to comply with the require-

ments in 5.5.5. “
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,,5. 5. 5_ 1. Two or more ~afetY valves are to be provided in each tank,

and are to be set at a discharge pressure not exceeding

1.05 times the design vapor pressure of the tank. ” .

115. 5. 5.2. The total capacity of discharge of safety valves in each

tank is to be sufficient enough to relieve the volume ob-

tained from the following formula at a pres sure not ex-
ceeding 1.2 times the MARVS. However, for tanks lagged
with insulating materials, the required capacity of dis -

charge of safety valves may he reduced to the value not

less than 1/2 Wr depending on degree of heat insulation

effectivenesss, where approved by the Society.

*0.82
Wr=l.56 X105X—

Lh

where:

w ~ . Required discharge quantity, (kg/h).

A= The following value depending on shape and

dimensions of each tank:

D+ X (U+ 0.3 D+)... for tanks of cylindrical form. . .

Dtx U . . . . . . . . . .

Dt2 . . . . . . . . . . . . .

having dished or semi-

elliptical heads

for tanks of cylindrical form

having hemispherical heads

for spherical tanks

Dt . Outside diameter of tanks, (m).

u = Overall external length of tanks, (m).
Lh . Latent heat for vaporization of cargo at 1.2 times

the approved working pressure of tanks, (kcal/kg).”

“5. 5.5-3. Safety valves are to be attached to tanks near the highest

“5.5.5-4.

part of vapour space so as to be able to discharge vapor

gas during operation. No shut- off valves is to he fitted

between tanks and safety valves, except a set of inter-

locking-type shut- off valves which are so arranged that

when some of them are closed the others are to be auto-

matically opened. In this case, total capacity of two or

more safety valves opened are at all times to satisfy the
,

requirements in preceding 2. “

One or more safetv valves are to be fitted on each pres -

sure container for’liquid. Capacity and attachmen~ of

safety valves are generally to comply with preceding 1,

2, and 3, respectitiely. “
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Independent Tanks

The design vapor pressure shall not exceed 0.7 kg/cm2 on Type A

independent prismatic tanks, except where specially approved by the

society. The scantlings of the strength members of Type B independent

prismatic tanks are not to be less than those of Type A independent pris-

matic tanks, unless specially approved by the Society.

’14. 7. Type B independent pressure vessel configuration tank is

to be designed for P. > 0.7 kg/cm2. Where specially ap-

proved, Type A independent pressure vessel tank maybe

designed for Pos 0.7 kg/cn2, in which case scantlings may

be reduced at the Society’s discretion.’i

“4. 8. Type C independent pressure vessel configuration tank is

designed and constructed in accordance with pressure vessel
standards, taking the design vapor pressure Po, so as to

make the ratio of stress corresponding to P. to the total

de sign stress in the tank sufficiently large. “

The design vapor pressure P. is not to be less than the value in

either of the following paragraphs:

“ (1) Where an exact stress analysis of the tank is carried out

the design vapor pressure is to be determined so that a

stress component induced by the design vapor pressure is

sufficiently larger than the maximum dynamic stress com-

ponent induced by the dynamic loads. ”

“ (2) The design vapor pressure is obtained from the following

formula:

Po>2.0+0.3yh [kg/cm2]

where

h= height of tank, excluding dome [m]

‘t= design specific gravity of cargo [t/m3] !!

Membrane Tank

“4. 9. 1. A membrane tgnk is to be designed for a vapor pre,, sure

P. < 0.25 kg/cm2. If tbe scantlings are increased ac.

cordingly, and approved by the Society, P. may be in.

creased to a higher value, but less than O. 7 kg/cm2. “
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A. 2. 1.7 United States Coast Guard

Regarding the sizing of safety relief valves, the rules state:

“VIII. A. 2. a

Q=

G.

F=

F.

F=

F=

F=

F=

F=

F=

A.

The rate of discharge to be provided for tanks and

piping systems in consideration of heat input due to

fire shall not be less than that determined from the

following formula:

Q = FGAO” 82

Minimum required rate of discharge in cubic feet per
minute of air at standard conditions (60° F and 14.7 psia).

Gas factor

Fire exposure factor - may be interpolated when tank

falls under two or more F categories

1.0 for pressure vessel type tanks above deck

O. 5 for pressure vessel type tanks above deck insulated

in a manner satisfactory to the Commandant as discussed

in Section X.

O. 5 for pressure vessel type tanks installed in a com-

pletely enclosed space below deck.

.25 for pressure vessel type tanks installed in inerted

holds

O. 2 for non-pressure vessel type tanks in holds

O. 1 for non-pressure vessel type tanks in inerted holds

O. 1 for membrane type tanks

area in square feet as follows:

A . TTD (U+ . 3D) for cylindrical tanks with spherically

dished or semi-ellipsoidal heads.

A . TTDU for cylindrical tanks with hemispherical heads

A . TTD2 for spherical tanks

A = external area less the bottom surface area for non-
pfessure vessel type tanks

M . molecular weight of the cargo

T . temperature in degrees R (460 + degrees F) at the relieving

conditions ( 120 percent pres sure at which the safety relief

valve is set).

A-10



D . outside diameter of the tank in feet

U . external overall length of the tank in feet

C . constant based on relation between specific heats of

gas; if not known, use C . 315

L . latent heat of vaporization for the material, in BTIJ

per pound

Z . compressibility factor of the gas at relieving, conditions;

if not known, use Z=l .0”

Independent Tanks

No specific guidelines for the IPT and SPT pressure vessel tanks,

which are designed in accordance with Marine Engineering Regulations.

Tbe design pressure, Po, for an I I T gravit tank conforming to
JABS scantlings is to be not greater than O. 282 kg/cm . If the scantlings

are appropriately increased, P. ~ O. 703 kg/cm2.

The design pressures for 1ST gravity tanks are determined ac-

cording to pressure vessel standards.

Membrane Tanks

The design pressure for the IMT membrane tank shall be no greater
than O. 282 kg /cm2 when the hull structure conforms to ABS scantlings or

equivalent. If the ~ scantlings are appropriately inc~sed and specifi.

tally approved by the ~, the design pressure may be increased to
O. 703 kg/cm2.

Integral Tanks

The design pressure P. for an IG T tank conforming to ABS

scantlings is to be not greater than O. 282 kg/cm2. If the scantlings are

appropriately increased, P. S O. 703 kg/cm2.

A. 2. 1.8 International Association of Classification
Societies

Unless the entire cargo system is designed to withstand the full

vapor pressure of the cargo, maintenance of cargo tank pressure below

the maximum allowable relief valve setting should be provided. Usually
the reference temperature is 45” C.
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Independent Tanks

Design vapor pressure for Type A, B tanks is to be less than

O. 7 kg/cm2.

“1.4. C. Type C tanks meeting pressure vessel criteria will have

a vaPOr Pres Sur’e P. given by

PO>2+ACY 3/2 [kg/cm2]

where

A is a material constant having the following values:

O. 3 for carbon manganese steels and 9% Ni-Steel

O. 16 for aluminum alloy (for other materials, the

value of A will be determined by the Classifi-

cation Society).

c is a characteristic tank dimension, taken to be the

greatest of:

h, 0.75B, 0.61

where

h . height of tank in meters (ship’s vertical dimension)

b . width of tank in meters (ship’ s transverse dimension)

1 . length of tank in meters (ship’s longitudinal dimen-

sion)

and Y is the relative density of cargo (y . 1 for water). “

However, the Classification Society may allocate a tank complying with the

above criterion to Type A or Type B dependent on the configuration of this

tank and the arrangement of its supports and attachments.

Membrane Tanks

The design vapor pressure,’ Po, should not normally exceed O. 25

kg/ cm2; however, if the hull scantlings are increased accordingly, P. may

be increased to a higher value but less than O. 7 kg/cm2.
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A. Z,. 1.9 Summary of Vapor Pressure Criteria

While all agencies probably have standard procedures for the sizing -:

of safety valves, only BV, DrIV, NK and the USCG provide specific formulas—.
in the agency rules cit~in Chapter II. The B V and USCG formulas are to

be used to calculate total amount of heat inpu~nto the tank caused by fire

‘m3/hr). The safety valve is to be capable of safely discharging this amount

of gas. The DnV and NK rules require that the pressure relief valves dis -——
charge the volume of gas produced by the evaporation of cargo when a heat

input to the tank is introduced. A formula is provided to calculate the flow
rate in Kcal/hr. In addition, BV, DnV, and NK require that the safety

>-alves are to capable of discharging tbe boil-~ flow generated by heat

transfer through the tank walls, when the ambient temperature is 45 ‘C,
without exceeding an internal pres sure of 1. 2 times the maximum service

pressure.

Independent Tanks

The agencies divide independent tanks into two categories. Tanks
with a MAWP 11 c O. 7 kg/cm2 fall into the broad category of gravity type

tanks. Those tanks with a MAWP > 0.7 kg/cm2 are generally referred to
as pressure vessel tanks. Usually pressure vessel designs are required
to he subject to more detailed stress analysis than gravity type tanks.

~, ~, and IACS define pressure vessel tanks as those with a vapor

pressure greater than O. 7 kg/cm2 but less than a pressure which is to be

calculated from the specific gravity of the cargo and a characteristic

dimension of a tank.

Concerning vapor pres sure design requirements, the following regu-
lations apply. ABS tanks with a MAWP > 0.7 kg/cm2, and USCG IPT and

SPT configurations are to be designed according to pressure vessel regula-

tions. BV, DnV, GL, and -require that the design vapor pressure be

greater than or equal to the highest setting of the safety valves, but not

Iess than the pressure at a temperature equal to the maximum service

temperature. For tanks with no cooling or insulation, DnV requires the
tanks be designed for a pressure not less than the vapor pressure at a

temperature of 45” C. For tanks to be unloaded by an inert gas, DnV re.

quired that the tanks be designed for a pres sure not less than the~s sure

of the inert gas. DnV may also require that Type A independent tanks be
subjected to a pressure test. Type B tanks will normally be hydraulically
tested at 1.5 times the design prqssure. LR has no requirements con-—
cerning vapor pressure.

11
Maximum Allowable Working Pres sure
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Membrane Tanks

The requirements for DnV membrane tanks are the same as for .

independent tanks. g, ~, USCG, and IACS all require the design pres -

sure be less than or equal “to O. 25 kg/cm~owever, if the scantlings

are appropriately increased, the design pressure can be increased to a

maximum of O. 70 kg/cm2. ABS and BV specially consider membrane—.
tanks; no requirements are given.

Integral Tanks

USCG requirements for integral tanks are the same as for mem-

brane tanks.

A. 2.2 STATIC LIQUID HEAD

A. 2. 2.1 American Bureau of Shipping

Independent Tanks

In addition to the following rules, also see Section I. 2.11, regard-

int the combination of the static and dynamic loads.

“24.37. 1. Structural primary containers and supporting arrange-

ments are to be designed to withstand:

a. Static Head Effect: A test head of 2.44 meters of

water above the top of the tank, or .610 m above the

top of the hatch, whichever may be the greater.

b. Combined Static and Dynamic Effects: Provision

is to be made for the combined effect of static pres-

sure, internal vapor pres sure (if any), and simul-

taneous rolling, pitching, and heaving. “

Membrane Tanks

No specific regulations.

A. 2. 2.2 Bureau Veritas

Independent Tanks ,

No specific regulations concerning pressure cargo tanks; however;

the rules state that after their completion, the tanks are to be te steal ac-

cording to pressure vessel regulations.
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,!Boiler~ and ~reSSure vessels are to be submitted On comple-

tion to a hydraulic test uuder a pressure Pe as defined here-
after as a function of de sign pressure P:

Pe . 1.5P where P s 40 kg/cm2

Pe . 1.4P+4 where P > 40 kg/ cm2 “

1129.91.21. After completion, self- supporting gravity cargo tanks
are to undergo a test under hydraulic pressure corre-

sponding to a water head of 2.4 meters above the tank

top (or O. 60 meters above the dome top if this value is

greater). Particular test conditions are to be adopted,

with the adminst ration’s agreement, when the s ettir,g

pressure of safety valves exceeds O. 25 kg/cm2, also

for gravity cargo tanks intended to carry high density

products. “

\lembrane Tanks

Integrated Cargo Tanks are to be tested according to the require-

ments of the Administrations Materials and Fabrication regulations, and
also be subjected to suitable leak detection test.

,13. 32 - All the compartments adjoining a cargo tank are to be

water tested under the load height relating to the higher

of the following levels:

- 2.40 m above the tank top,

O. 60 m above the dome. ‘1

“3. 33 - Where a water test is required for a cargo tank, it is to

be carried out before the insulation is laid, by water

filling to a height above the tank top, in meters, equal to:

complemented by a compressed air filling at the setting

pressure of the safety valves, without exceeding O. 24

kgf/cm2.

.

H is, in meters, the depth of the tank,

60 is the cargo specific gravity, determined in taking

account of the variety of possible supply areas;

more specially, for natural hydrocarbons, the
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value adopted is never to be less than the specific

gravity of the pure product increased by 20’70.

If the results of the tests are not satisfactory for the tank

concerned, the remainder of the cargo tanks maybe re -

quiredto be tested. 11

A. 2.2.3 Det norske Veritas

Static loads are considered to be due to 99% filling by volume of

the tank with a cargo of design density.

Independent Tanks

“c. 102 -

tlc . 103 -

For tanks designed with a maximum vapor pressure of
0.25 kp/cm2 gauge and a cargo density y ~ 1.0, the

pressure head h is to be corrected as follows:

h’ = (h-2.5)~ +2.5

h . corrected pressure head in meters.

For tanks carrying liquids with Y > 1.0, the pressure

head h is given by:

h’= (h-2.5) Y+2.5°

For tanks where the maximum vauor uressure is. .
greater than O. 25 kp/cm2, the pressure head as deter-

mined from 102 is to be increased by

h = 10 (p. - 0.25) meters.

PO = maximum setting of pressure relief valves in
kp/cm2. “

Membrane Tanks

Membrane tanks are to be designed as being subject to the require-

ments for Type Al Independent tanks.

A. 2. 2.4 Gerrhanischer Lloyd

Independent Tanks

,! 26. G. 2. 1 - Internal static load (internal overpre SSUre) for gravitY

tanks is given by
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Pis=n”h+po [t/mz]

where h . distance in [m] from the surface of the liquid to the

structural member under conside~ation (lower edge

of plate, midpoint of unsupported span) for a

filling-up ratio of 99 percent.

~
n.

2’
where Y S 1, 0 [t/m3]

n. ‘i, where y > 1,0 [t/m3]

Y . specific gravity of the heaviest cargo

p. . design vapor pressure according to E. 3. con-

verted into [m WS] (i. e. , head of water in meters)!!

In addition, Type G3 gravity tanks are normally to be subjected to

a hydraulic or hydropneumatic test.

Membrane Tanks

Membrane tanks Type G2 are normally to be subjected to a hydraulic

or hydropneumatic test. These tests may be waived providing the same

degree of safety can be achieved through ( 1 ) documentation of material pro-

perties relating to crack propagation and fatigue damage, (2) extensive
stress calculation, (3) complete nondestructive testing, or (4) strict

fabrication tolerance.

A. 2. 2.5 Lloyds Register of Shipping

‘13.7116 The tanks shall be designed to withstand:

A test head of 2.44 m of water above the top of the tank

or O. 61 m above the top of the hatch, whichever may be
greater. “

No other requirements with respect to particular tank

types are given.

A. 2. 2.6 Nippon Kaiji Kyokai

Static liquid head is combined with dynamic liquid head in the NK

rules; therefore, see Section 2. 13 of this report. In addition, tanks ~ to
be subjected to the following pressure tests described below:
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Independent Tanks

“14.2 .3-2 Type A and B independent tanks are to be subjected to

pressure test and leak test of the following:

(1) Where atankis hydrostatically tested, the tank is

to be tested to the water head pressure up to the top

plate of the tank (excluding the dome, which will be ex-

cluded hereinafter) in addition to either the pneumatic

or hydrostatic pressure corresponding to a water head

pressure of 2.45 m above the tank top plate or O. 6 m

above the top of hatch opening from the tank top plate,

or a pres sure equal to the design vapo? pressure of

the tank, whichever is the greatest. Confirmation is

to be made that there is no leakage and/or no harmful
deformation under such pres sure.

(2) Where a tank is not hydrostatically tested accord-

ing to the requirements of preceding 1, the tank is to

be hydrostatically -pneumatically tested and confirma-

tion is to be made that there is no leakage and for no
harmful deformation under such pressure. This

hydrostatic-pneumatic test is to be carried out to the

water head pressure corresponding to the design in-

ternal pressure specified in 4. 3.3 (2) at the tank

bottom in addition to the pneumatic pressure specified

in preceding (l). ”

“14.2 .3-3 Type C independent pres sure vessel configuration type

tanks are to be tested to the pressure of 1.5 times the
tank de sign vapour pres sure in addition to water head

up to the tank top plate. Confirmation is to be made

that there is no leakage and/or no harmful deformation

under such pressure. 1’

Membrane Tanks

‘! 14.2.3-4 Tests for a membrane type tank are to be as follows:

(1) Tank hold boundaries containing a membrane type

tank, are to be tested in accordance with the require-

ments of Sub- Para. 1, Art. 5, Chap. 2, Part 1 of the

NK Rules. And where deemed necessary by the

~ciety, the tank hold boundaries are to be also sub-

jected to a leak tightness test such as pneumatic pres-

sure test, etc.
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(2) Membrane type tanks are to be subjected to the

test which has been developed at the design stage spe-

cified in 4. 9 and accepted hy the Society. Ii

‘114. 2.3-5 Tests for a semi-membrane type tank are to be gen-

erally in accordance with the requirements of pre-

ceding 2 or 4, according to the type of structure of

the cargo containment. “

A. 2. 2.7 United States Coast Guard

~dependent Tanks

Pressure vessel tanks IPT, SPT are to be designed according to

Marine Engineering Regulations or equivalent.

IIT and 1ST gravity tanks are to be designed to ABS scantlings or

equivalent. The tanks must be static te steal with a head of cargo at least

equal to the highest level the liquid may attain plus the maximum venting

?ressure. In no case shall the head of cargo be taken to be less than

1.22 meters above the cargo hatch or expansion tank.

Membrane Tanks

The IMT tank is subject to the same load as the 1ST gravity tank.

Integral Tanks

The IGT tank is subject to the same load as the 1ST gravity tank.

A. 2. 2.8 International Association of Classification

Societies

All tank designs are to be hydrodynamically or hydropneumatically

tested according to the rules of the appropriate classification agency. Tbe

tests in general are to be designed to approximate, as far as possible, the

?esign stress, and so that the pressure at the top of the tank is at least

equal to the MARVS (Maximum Allowable Relief Valve Setting).

A. 2. 2.9 Sumary of Static Liquid Head Criteria

All classification societies and the USCG require static hydraulic

ABS, ~, and LR specify a minimumte sting of the completed tanks. _

static head of water which is the greater of 2. 4~above the tank top plate

or O. 6 m above the cargo hatch. Requirements in the NK rules are the—
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same except that a head of water up to the tank top plate plus the maximum

vapor pressure is used if it produces greater maximum pressures. The

USCG defines the static test head in terms of the actual liquid cargo
cargo (rather than water) and sets the minimum as 1.22 m above the cargo

hatch. Static head tests are specially considered by DnV. IACS states

that the static head tests should be according to the Classification Society
——

rules but, in general, should be performed so that the stresses approxi-

mate, so far as possible, the design stresses.

In addition to the static head testing, most societies specifically

require that a static liquid head be combined with the dynamic head in

ABS stipulates thatcomputing the tank internal design pressure head. _

the static test head be combined directly with the dynamic loads.

Special equations are given by DnV and GL for the static pressure head——
which is to be combined with an ‘(additional internal pressure head” due

to ship accelerations. These equations account for the head due to vapor

pressure and, for cargo less dense than water, the head is based on a

density which is an average between that of the cargo and water. NK

and IACS account for the static head by combining the gravitationa~nd

dynamic accelerations and using the actual cargo head when computing

the tank dynamic internal pressures (see Section II. 2. 13).

Membrane Tanks

IACS, DnV, and USCG regulations for membrane tanks are the

same as for independent gravity tanks. BV requires a leak detection test

for the compartments adjoining the tanks~ In this test, the compartments

are filled to 2.4 m above the tank top. In addition, the tanks are also sub-

jected to a static water head test corresponding to a liquid level ha, above

this tank top given in terms of the height of the tank and cargo density.

NK requires that the tank boundaries be subjected to a leak tight-

ness test. In addition, semi-membrane tanks are to be hydro-pneumatically

tested with an equivalent static head corresponding to a fill level of 2.45 m

above the tank top. Confirmation is to be made that no harmful leakage or

deformation occurs under this pressure.

Integral Tanks

USCG requirements for integral tanks are the same as for inde-

pendent tanks.
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, A. 2.3 STATIC DESIGN EXTERNAL PRESSURE

A. 2.3.1 American Bureau of Sh.iP?ing

Suitable means

:he hold spaces should

hdependent Tanks

are to be provided to relie~-e :H.e vapor pressure in
leakage of cargo occur.

‘124.31. 1 Independent, all-welded cargo tanks, suitably supported

and securely anchored in position, are to be constructed

in accordance with the requirements of 24. 37. The

arrangements for supporting and anchoring the tanks are

to be adequate for the static and dynamic loads and are

to include means to prevent flotation of empty tanks if

the hold spaces be flooded. Independent tanks are to be

designed to withstand, when empty, the external flooding

which could occur with the ship at its designed load draft. ‘1

Membrane Tanks

No requirements.

A. 2. 3.2 Bureau Veritas

AH tank types are to meet the following regulation. Additional

regulations are specific to the various tanks.

1122.23_31 - Safety valves or equivalent devices are tO be prO~ded

in order to avoid an overpres sure in the space between

cargo tank and secondary barrier in case of leakage o:

the tank. “

Independent Tanks

For pressure cargo tanks, thickness is to be increased or stiffness

is to be provided, if necessary, when the tanks are likely to be subjected

to vacuum.

For self- supporting gravity tanks, in which there is no double hull

nor double bottom, the attachments of tanks are to be such as to avoid the

lifting of tanks assumed empty in case of flooding of the hold containing

the tanks.
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Membrane Tanks

“ 22-36-13 - Fastening of the integrated cargo tanks to the hull

structure is to permit a sufficient resistance to a

possible vacuum in the cargo tanks or to a possible

overpres sure in the insulation space taking into ac-
count the safety devices provided to limit the value

of the vacuum or of the overpres sure.
,,

,( 22-37-16 _ Where there is no double hull nor double bottom. the

insulation is to be designed and built so as to keep its

properties in case of flooding of the compartments

containing the tanks. ‘1

A. 2. 3.3 Det norske Veritas

Independent Tanks

!! 6. B. 203 - Tbe design external pressure,
Peal? is to be based on

the difference between the minimum internal pressure
(maximum vacuum) and the maximum external pres-

sure to which the tank may be subjected simultaneously.

The design external pressure is to be based on the

following formula:

Ped=Pl+P2+P3+P4

opening pres sure of the vacuum relief valves.

For tanks not fitted with vacuum relief valves,

PI is to be specially considered, but is in gen-
eral not to be taken less than O, 25 kp/cm2.

for tanks or part of tanks in completely closed

spaced: the set pressure of the pressure relief

valves for these spaces. Elsewhere p2 . 0.

external head of water for tanks or part of tanks

on exposed decks. Elsewhere p3 . 0.

p3 = a (bc - y) metres for tanks, type A.

p3 = 1.0 (bc - y) for tanks, type B.
a, b, c and y are given in Chapter II, Sec. 15

c 100.’

compressive forces in the shell due to weight

and contraction of insulation and weight of the

shell, including corrosion allowance. ‘]

A-22



~-’
. .

Membrane Tanks

Membrane tanks are subject to the same loads as independent tanks.

A. 2. 3.4 Germaniscber Lloyds

Independent Tanks

No requirement given for pressure vessel tanks. For gravity tanks,

the rules state:

t12(j.G.2.2 External static load (external overpres sure) for gravity

tanks

Pas = PI + Pz [t/mz]

pl . setting value of the vacuum relief valves [m WS].

For tanks not fitted with vacuum relief valyes,

P1 is tO be specially considered but is, in gen-
eral, not to be taken less than 2.5 [m WS].

pz . for tanks or parts of tanks in completely closed

spaces: the set pressure of the pressure relief

valves for these spaces [m WS]. Elsewhere,

pz = o. r!

.Membrane Tanks

No requirements.

A. 2. 3.5 Lloyds Register of Shipping

Independent and Membrane Tanks

‘l D. 7111 Arrangements are to be provided to prevent excessive

pressure coming on to the containment spaces either

during service or in the event of leakage from the

cargo tanks. “

A. 2. 3.6 Nippon Kaiji Kyokai

.

Independent and Membrane Tanks

,,3. 3.3 The suitable devices to prevent tanks from floating in the

hold spaces are to be filled or the hull structures are to

be adequately strengthened, for the purpose of preventing
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“4. 3. 3(3)

the hull structures from a catastrophic failure by
floating the tank when the tank hold is flooded.

Design external pressure P. due to the difference be-

tween minimum internal pre~sure and maximum external

pressure of the tank is generally given by the following
formula;

Pe . PI +P2+P3+P4+P5 (kg/cm2)

where:

PI .

P2 .

P3 =

P4 =

P5 .

Set pressure of vacuum relief valve. For tanks not
fitted with vacuum relief valve, it is to be at the

discretion of the Society.

Opening pressure of the devices for preventing over-
pressure in the spaces surrounding cargo tank, for

tanks or part of tanks in completely closed spaces.

External pressure due to head of water for tanks or
part of tanks on exposed decks. Elsewhere P3 . 0.

Compressive forces in the shell due to weight of in-

sulation and shell including its attachments.

Compressive forces in the shell due to contraction

of insulation, where deemed necessary according

to insulation types. “

A. 2. 3.7 United States Coast Guard

Independent Tanks

No specific regulations. IPT, SPT, IIT, and 1ST tanks are de-

signed according to ABS scantlings or equivalent.

Membrane Tanks

The IMT tanks are to be designed to ~ scantlings or equivalent.

In addition, prototype tank tests are required in which conditions repre-

senting the actual service life are’thoroughly tested. These tests are to

include internal and external pres sure loadings. The tank shall he evacuated

to the negative pressure setting of the service tank vacuum relief valve

plus the pressure setting of the secondary barrier pressure relief valve.

A-24



r

ktegral Tanks

No specific requirements. IGT tanks are designed according to
ABS scantlings or equivalent.

A. 2.3.8 International Association of Classification

Societies

External design pressure loads are to be based on the difference be-

tween the minimum internal pres sure (maximum vacuum) and tbe maximum

external pressure to which any portion of the tank may be subjected simul-

taneously.

Independent Tanks

!15. 7 Antiflotation chocks are to be provided for independent

tanks. The antiflotation chocks are to be suitable to

withstand an upward force caused by an empty tank in a

hold space flooded to the load draught of the ship, without

plastic deformation likely to endanger the hull structure. “

Membrane Tanks

No additional requirements.

A. 2. 3.9 Summar y of Static Design External Pres sure
Criteria

Independent Tanks

All agencies, except ABS and L>, provide guidelines for computing

the external design pressure. These guidelines are based on the differen-

tial pres sure to which any part of the tank may be exposed. For gravity

tanks, GL bases the computation of design external overpres sure (differ-—
ential pressure) on the setting pressure of the pressure relief valves in
the containment space and the setting pressure of the vacuum relief valves

DnV and NK require the consideration of additional loadson the tanks. _

due to ( 1) external pres s~e caused by a head of water for tanks or tank

portions on exposed decks, and (2) compression forces in the “shell due to

the weight of insulation and she 11 including its attachments.

In some cases, NK ‘also requires consideration of compression

forces in the shell due to~ontraction of insulation. IACS. althOugh nOt

sDecific. requires the p“res sure differential be calcu= from the differ-

ence between minimum internal pres sure and the maximum external

sure to which any part of the tank may be subjected simultaneously.
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ABS and ~, while providing no specific guidelines for calculation

of the net external pressure, do require that some means be provided to

prevent excessive pres sure from coming on to the containment space
during service or in event of leakage of cargo from the tanks. And ~

specifically requires that independent tanks be designed tO withstand the
external pressure due to hold flooding at the design draft. USCG requires
only that independent tanks be designed according to ABS scantlings, or

equivalent.

Membrane Tanks

DnV, ~, ~, and IACS requirements for membrane tanks are
the same as presented above for independent tanks. _BV requires that the

insulation be designed and built so as to keep its properties in case of

flooding of the compartments containing the tanks. In addition, fastening

of membrane tanks to the hull structure is to prevent a sufficient resis-

tance to possible vacuum in the cargo tanks or a possible overpressure

in the insulation space taking into consideration the safety devices used

to limit the value of the vacuum or the overpres sure. The USCG requires

prototype tests of IMT membrane tanks which adequately model the anti-

cipated service conditions a full- scale ship will encounter. These tests
shall include internal and external pres sure loadings. The tank will also

be evacuated to the pressure corresponding to the tank vacuum relief

setting plus the secondary barrier pressure relief setting. The ABS
and GL rules give no requirements relating to static external pres sure.

Integral Tanks

No specific requirements for integral tanks concerning static

external pressure are given by the agencies.

A. 2.4 WEIGHT OF TANK AND CONTENTS

A. 2. 4.1 American Bureau of Shipping

No requirements are given.

A. 2. 4.2 Bureau Veritas

Independent Tanks

,
,122.32-31 Pressure cargo tanks are to be supported by seatings,

the details of which are to be submitted to the Admin-

istration. Supports are mainly to be designed to

transmit to the hull the loads corresponding to the
weight of the full tanks supplemented by the dynamic
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effects due to the motions of the ship, while avoiding

that the tanks take part in bending of the ship and are

subject to abnormal stresses due to deformation of

the ship. “

Self - supporting gravity tank supports and similar devices are to

be designed and built to transmit the loads corre spending to the weight of

the full tanks supplemented by the dynamic effects due to the motions of

the ship to the hull structure (while limiting stress concentrations in the
hull and tank structure).

In addition, rolling keys for self- supporting gravity tanks are to

be designed with consideration of the transverse force F~ , calculated

from the maximum tank weight and simultaneous rolling, pitching, heav-
ing accelerations.

Membrane Tanks

,,22_37-14 For integrated tanks, the insulation is to be capable

of transmitting to the structure of the ship the loads
due to the cargo without deformations liable to induce,

in the membrane, bending stresses for which it has

not been designed. “

A. 2. 4.3 Det norske Veritas

“B200 The static load due to 99% filling by volume of the tank

with a cargo of design density is to he considered. ”

A. 2. 4.4 Germanischer Lloyd

Tanks together with their supports and other fixtures are to be

designed taking into account proper combinations of the various loads in-
cluding tank and cargo weight with corresponding reactions in way of

supports.

A. 2. 4.5 Lloyds Register of Shipping

No requirements are given.

A. 2. 4.6 Nippon Kaiji Kyokai

Loads acting on tanks through tank supports (interaction forces

between hull and tank) are to be obtained from internal pres sure in con-

sideration of the accelerations and the components of static weight due
to ship motion. See also Section 2. 13 for related information.
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A. 2. 4.7 United States Coast Guard

Rolling, pitching and heaving loads are to be calculated as de-

scribed in Section 2. 11 from the weight of the tank and its contents.

Tanks and supports are to be capable of withstanding these loads.

A. 2. 4.7 International Association of Classification

Societizs

“2. 11 Tanks together with their supports and other fixtures are

to be designed taking into account proper combinations of

various loads including tank and cargo weight with the
corresponding reactions in way of supports. “

A, 2. 4.9 Sumar y of Weight of Tank and Contents

Criteria

hdependent Tanks

BV requires that supports be de signed to transmit to the hull the

loads corresponding to the weight of the full tanks supplemented by the

dynamic effects due to motions of the ship while limiting stress concen-

trations in the hull and tank structures. In addition, the transverse

force, FL , on gravity tanks is to be calculated from the maximum tank
weight and simultaneous rolling, pitching, and heaving accelerations.

NK requires that the calculation of internal pressure include consider a-

~n of the components of accelerations and static weight of a fully loaded

tank due to ship motions and inclinations. GL and IACS require that tanks——
and supports be de signed to withstand the proper combination of static

loads, loads due to elastic ship deflections, dynamic loads due to ship

motions, sloshing loads, thermal loads, and loads due to weight of tank

and contents. The USCG requires that the dynamic roll, pitch, and heave

forces be calculated from the weight of the tank and its contents and the

roll, pitch, and heave motions. DnV, although not specific, requires
consideration of the static load due to 99~o filling (by tank volume) with a

cargo of design density. ABS and LR present no requirements.—.

Membrane Tanks

In addition to the requirements for independent tanks, BV requires

that the insulation on membrane tanks be capable of transmitti~to the ship

hull the loads due to the cargo without deformations liable to induce ex-

cessive bending stress in the membrane. ~, NK, USCG, and IACS re-

quirements for membrane tanks are the same as for independent tanks.
ABS and LR give no requirements concerning weight of tank and contents.——
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Integral Tanks

No specific requirements concerning weight of tank and contents
for integral tanks are given by the agencies.

A. 2.5 STILL -WATER HULL DEFLECTIONS

A. 2.5. 1 American Bureau of Shipping

~f2’4. 7 Still-water bending-moment calculations for the governing

loaded and ballasted conditions are to be submitted. 11

Independent Tanks

It24. 49$4 _ FO~dations for horizontal tanks (P. > 0.703 kg/cm2)

are to be fitted at only two points in order to minimize

throwing any local loads into the tank from the working

of the vessel, or the supports are to be designed to

ab sorb safely the normal deflections of the hull and

tank. In addition to the foundation, chocks are to be

provided to prevent shifting, but these chocks need not

be in contact with the tank shell. “

Membrane Tanks

No regulations.

A. 2. 5.2 Bureau Veritas

Generally the arrangement of ballast tanks is to he such that the

still-water bending moment of the loaded or ballasted ship is as small as

possible.

Independent Tanks

1122. 32_31 _ pressure cargo tanks are to be supported by seatings,

the details of which are to be submitted to the Admin-
istration. Supports are mainly to be designed to trans-

mit to the hull the loads corresponding to the weight of

the full tanks supplemented by the dynamic effects due
to the moti?ms of the ship, while avoiding that tanks

take part in bending of the ship and are subject to ab-

normal stres ses due to deformation of the ship. “
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Membrane Tanks

,,22.37-14 - For integrated tanks, the insulation is to be capable of

transmitting to the structure of the ship the loads due to

the cargo without deformations liable to induce in the
membrane bending stress for which it has not been

designed. “

A. 2. 5.3 Det norske Veritas

Independent Tanks

“B-204 Static forces imposed on the tank from deflection of the

hull have to be considered. “

Membrane Tanks

Membrane tanks are subject to the same requirements as hde -

pendent Tanks.

A. 2. 5.4 Germanischer Lloyd

‘lG. 11 Tanks together with their supports and other fixtures are

to be designed taking into account proper combinations of

various loads including loads corre spending to the elastic

ship deflections. “

A. 2. 5.5 Lloyds Register of Shipping

Independent Tanks

“7205 Pressure vessel tanks in which the vapor pressure,

P. >0.70 kg/cm2, will have seatings designed to en-

sure uniform support to the pressure vessel having due

regard to the deflections of the hull structure in a seaway. “

Membrane Tanks

No specific requirements.

A. 2. 5.6 Nippo~ Kaiji Kyokai

With regard to hull deflections for all tank configurations, the

rules state:
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!14. 3. 3.(4) Loads acting on tanks through tank supports (inter-

action forces between hull and tank) are to be ob-

tained from the following.

(a) Hull deformations due to vertical bending moment,

horizontal bending moment and torsional moment

in waves, and vertical still-water bending moment.

(b) Internal pressure in consideration of accelera-
tions and the components of static weight due to

ship motions.

(c) Water pres sure distribution on the hull where

deemed necessary. “

Independent Tanks

Concerning Type A independent prismatic tanks, the rules state:

,,4. 5. Z_ 3(1 ) Structural analysis of horizontal, longitudinal and

transverse girders is to be carried out by a frame
work analysis, a finite element method or equivalent

methods accepted by the Society, at least taking into

account the effects of hending moment, shearing force,

axial force and torsional moment. The equivalent

stress of the combined primary stress as a result of

such an analysis is not to exceed the value specified
in 4.4. 2(2).

(2) For preceding (l), the interaction force between the

hull and tank specified in 4.3. 3(4) is to be calculated

taking into account the reaction due to the deflection

of the double bottom and tank bottom, where the tank

bottom and the double bottom is coupled by the sup-

porting structure. The loads specified in 4.3. 3(4) (a)

to (c) may be obtained from:

(a) For vertical wave bending moment, the approxi-

mate formula given in 4.3.2-4.

(b) For local vertical hending moment of a tank hold

due to the dynamic external water pressure dis -

tributions around, the hull, the approximate

formula given in 4.3.2-3.
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(c) For internal pres sure distribution of the tank, the
formula for internal pressure given in 4.3. 3(2) (a)

in which the approximate acceleration specified in
4. 3.2-2 is used. ‘8

With respect to Type B independent prismatic tanks, the rules

state:

1!4. 6.2-1. For the type B independent prismatic type tank speci-

fied in this Section, it is pre-supposed that the scant-

lings of the tank’s strength members are based on an

exact stress and deformation analysis of the tank. ”

~14. 6.2-2. For the evaluation of the overall structural response of

the tank, a three-dimensional analysis is to be carried

out by a frame work analysis and for a finite element

analysis or equivalent methods, taking into account the

effect of the hull deformations due to vertical and hori-

zontal bending moments and torsional moment and the

local deformation. The model for the analysis is to
include the tank with its supporting structures as well

as a reasonable part of the hull. “

Concerning Type B independent pressure vessel configuration tanks,
the rules state:

“4.7.2-1. Type B independent pres sure vessel configuration tank

specified in this Section are to be based on the exact
analysis of the stresses and deflections at any place

in the tanks as well as its supporting structure. ”

114.7.2-2. For the evaluation of the overall structural response

of the tank, the tank including its supporting structure

is to be analyzed by a finite element analysis and/or a

shell theory or equivalent method, takhg into account

the effect of the hull deformation due to vertical and

horizontal bending moments and torsional moment. ‘1

Membrane Tanks

I

1’4. 9.2-1. A membrane tank is to be so designed as to withstand

sufficiently all the static, dynamic and thermal stresses
through the total life of a ship, and not to result in ex.

ces sive plastic deformation and fatigue failure. “
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A. 2. 5.7 United States Coast Guard

Independent Tanks

The IPT and SPT tanks are to be de signed in accordance with

Marine Engineering Regulations.

,,4. ~. (3) The IIT and 1ST tanks on board vessels of U. S. regi5trY

must be designed to the minimum appropriate standards

of A33S or equivalent. ‘“

’14. a. (4) For foreign vessels, the IIT and 1ST tanks must be de-

signed @ accordance with the requirements of a cogni-

zant classification society and must have the specific

aPPrOval of tbe Coast Guard. !!

Membrane Tanks

Moderate scale fatigue testing is required per SectiOn 3. c. (2)(a)
of the USCG rules. Among other restraints, it is required that the struc-

ture be statically pre stre ssed in tension to the maximum amount caused

by cargo cooling, static head, pres sure of cargo and still-water hull
deflections. in addition, the structure is to be cycled above and below the

static level an amount equivalent to that caused by maximum at- sea hull

deflection plus the maximum caused by the dynamic loading criteria.

Integral Tanks

The IGT tanks are to be designed to the same requirements as the

IIT and 1ST independent tank designs.

A. 2. 5.8 International Association of Classification
Societies

With respect to tank supports for all tank designs, the rules state:

1’5. 1 Cargo tanks are to be supported by the, hull in a manner

which will prevent bodily movement of the tank under

static and dynamic load while allowing contraction and

expansion of t,he tank under temperature variations and
hull deflections without undue stress ing of the tank and

of the hull. ‘!
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Independent Tanks

“5. 7 Antiflotation chocks are to be provided for independent

tanks. The anti flotation chocks are to be suitable to
withstand an upward force caused by an empty tank in a
hold space flooded to the load draught of the ship, without

plastic deformatiori likely to endanger the hull structure. “

A. 2. 5.9 Summary of Still- Water HuH Deflection

Criteria

Independent Tanks

DnV requires that static forces (due to hull deflections) imposed

on the tank be considered. B V and GL require that the design of tanks—.
and their supports take into account proper combinations of various loads

including ship hull deflections and the weight of the full tank. ~, in

addition, requires that the tanks do not take part in bending of the ship and

are not subject to abnormal stress due to ship hull deformations. AB S

(horizontal pressure tanks) and LR (pressure tanks), P. > 0.70 kg/cm2,
require that the tank supports pr~ide uniform support to the pres sure

vessel without introducing moments in the tank due to hull deflections in

the seaway. Tbe USCG requires that independent tanks be designed ac-

cording to the Marine Engineering Regulations or equivalent. IACS re-
quires that cargo tanks be restrained from bodily movement under static

and dynamic loads, while allowing expansion and contraction of the tank

under temperature variations and hull deflections without undue stres sing

of the tank and hull. NK presents no requirements concerning hull de-

flections; however, re~rements for hull bending moment are given.
Loads acting on the tanks through tank supports due to bending and tor -

sional moments are to be calculated taking into account deflections of the

double bottom and tank bottom where the tank and hull bottoms are

coupled by a supporting structure.

Membrane Tanks

BV requires that the insulation transmit to the ship structure the

loads du~to the cargo without introducing deformations in the membrane

which would cause excessive bending stress. NK requires that the

membrane he designed to withstand sufficiently~l static, dynamic and

thermal stresses for the entire ship lifetime without re suiting in plastic

deformation or fatigue failure. The USCG requires that fatigue tests be

performed on model LNG tanks prestressed in tension to the maximum
amourt caused by cargo cooling, static head, cargo pressure and the
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still-water hull deflection, with the hull deflections in the sea-way deter -
IACS and DnV requirements for membranemining the cycling amplitude. _ _

tanks are the same as for independent tanks. ABS, ~, and ~ present

no requirements for membrane tanks.

Integral Tanks

USCG requires that the IGT tank configuration be designed accord-

ing to the same requirements as the IIT and 1ST independent tank configu-

rations. No requirements concerning still-water bending moments are

given by the other agencies.

A.2.6 STATIC INCLINATION

A. 2. 6.1 American Bureau of Shipping

No regulations specifically for LNG tanks or supports.

A. 2. 6.2 Bureau Veritas

No specific regulations

A. 2. 6.3 Det norske Veritas

Independent Tanks

IIB40 1 The tank with supports is to be designed for a static

inclination of 30° without exceeding design stresses for

for static plus dynamic loads. The tank with supports
is to withstand a force corresponding to a longitudinal

acceleration of ax . 0.5 g without failure. These
loads need not be combined with wave induced loads. “

Membrane Tanks

Membrane tanks are to be designed for the same load as inde-

pendent tanks.

A. 2. 6.4 Germanischer Lloyd

With respect to static inclination, all tank designs are subject to

the same load criteria:

,126-G. 4. I Tanks with supports are to be designed for loads

corresponding to a static inclination of 30°. ‘!
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Static inclination and collision acceleration loads need not be
combined with the wave-induced loads or with each other.

A. 2. 6.5 Lloyds Register of Shipping

“D-7106 The extent of the secondary barrier is to be such that

the liquefied gas will not come into contact with the
hull structure in the event of failure of one cargo tank

with the ship heeled to an angle of 30°. “

A. 2. 6.6 Nippon Kaiji Kyokai

“4.3.3(5) Loads acting on tank supports specified in 4. 2.6 are
to be obtained from the following:

(a) Interacting forces between hull and tank, speci-

fied in preceding (4).

(b) Loads acting on tank supports for heel of 30°.

(c) Collision loads acting on the tank corresponding

to O. 5 g from forward and O. 25 g from aft, where

g is acceleration of gravity. ‘!

Membrane Tanks

Membrane tanks are subject to the same static inclination load as

independent tanks.

A. 2. 6.7 United States Coast Guard

With regard to static inclination, all tank designs are subject to

the same load criteria:

,,IV F. 2. C. ( 1) The stability in the final condition Of floOding maY

be regarded as sufficient if the righting lever curve

has a minimum range of 20 °beyond the position of

equilibrium in association with a residual righting
lever ~f at least 100 mm (4 inches). “

!IIv F. 2. c. (2) The angle of heel in the final conditiOn Of f100ding

should not exceed 150, except that if no part of the

deck is immersed, an angle of heel up to 17° may

be accepted. “
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!!5. 2 The tanks with supports are to be designed for a static

inclination of 30° without exceeding allowable stresses

given in 4. The static inclination need not be combined

with wave-induced loads or with collision loads. ”

“6. 15 The functions of the secondary barrier are to be ensured

assuming a static angle of heel equal to 30°. “
,

A. 2.6.9 Summary of Static Inclination Criteria

Independent and Membrane Tanks

IACS, ~V, GL, LR, and ~ all require independent tanks to be

designed to withstand a static inclination of 300. LR and IACS further
require that the secondary barrier be of sufficient~tient to contain the

cargo at 30° heel. The USCG allows a maximum heel angle of 150 during

final condition of flooding; if no part of the deck is imer seal, a heel

angle of 170 may be acceptable. ABS and BV present no requirements——
concerning static inclination for independent or membrane tanks.

Integral Tanks

No specific requirements concerning static inclination are given

by the agencies.

A. 2.7 COLLISION LOADS

A. 2. 7.1 American Bureau of Shipping

Independent Tanks

No regulations for a pressure vessel tank with a design vapor

pressure P. s O. 703 kg/cm2. With respect to pressure vessel tanks

with a design vapor pressure given by P. > 0.703 kg/cm2, the rules

state:

!!24. 49. 2 In addition to the pressure requirements as basis for

design as given in Section 32, the cargo pressure-

container foundations and securing arrangements are

to be designed to withstand the dynamic loadings
given in 24.37. lb (accelerations at tank C.G. ) and

are also to be capable of withstanding the forces re-

sulting when a cargo hold is flooded with the cargo

,4—
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tanks empty. The supports and securing arrange-

ments are also to be capable of withstanding a longi-

tudinal acceleration of 0.5g with the tank filled with

liquified gas. “

Membrane Tanks

No requirements.

A. 2.7.2 Bureau Veritas

bdependent Tanks

With regard to collision loads on self-supporting gravity tanks, the

rules state:

“22. 34-41

‘122. 34-42

Pitching keys are to be designed to prevent movement
of the tanks due to pitching, also to an acceIeratiOn
corresponding to a collision. Normally, their design

is to take into account a longitudinal force G equal to
O. 3 times the maximum weight of the full tank. “

Where upper pitching keys are provided, they are to be

determined from a longitudinal force equal to O. 4 G

while a longitudinal force equal to O. 8 G is considered

for the lower keys. “

Membrane Tanks

With respect to insulation for membrane tanks, the rules require

protection of insulation against moisture penetration and against shocks

by a suitable means.

A. 2. 7.3 Det norske Veritas

Independent Tanks

‘1B401 The tank with supports is to be designed for a static in-

clination of 30° without exceeding design stresses for

static plus dynamic loads. The tank with supports is to
withstand a force corresponding to a longitudinal accel-

eration of ax ~ O. 5 g without failure. These loads need
not be combined with wave-induced loads. ‘r

Membrane Tanks

Membrane tanks are subject to the same collision load regulations
as independent tanks.
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A. 2. 7.4 Germanischer Lloyd

With respect to collision loads, all tank designs are subject to the

following regulation:

“G.4.2 The tank supports are to be designed for a collision force
corresponding to a longitudinal acceleration of O. 5 g from

forwar; and ~. 25 g from aft. “

A. 2. 7.5 Lloyds Register of Shipping

Independent Tanks

No guidelines given for tanks with a de sign vapor pressure of

PO S O. 70 kg/cm2. -For tanks with a design vapor pres sure given by
PO > 0+ 70 kg/ cm2, the following regulation applies:

‘! Chapter D-7206 The supports and securing arrangement should

also be capable of withstanding a longitudinal

acceleration of O. 5 g. ‘1

Membrane Tanks

Membrane tanks are specially considered.

Integral Tanks

No specific guidelines for carriage of LNG.

A. 2.7.6

Independent Tanks

“4.3.3(5) Loads

to be

(a)

(b)

(c)

c

1
i

1
c

(

t
T

Nippon Kaiji Kyokai

acting on tank supports specified in 4. 2.6 are
)btained from the following.

hteraction forces between hull and tank, speci-

!ied in preceding (4).

Loads acting on tank supports for a static heel

)f 30°.

~ollision loafts acting on the tank corresponding

:0 0.5 g from forward and O. 25 g from aft,

vhere g is acceleration of gravity. ‘!
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Membrane Tanks

Membrane tanks are subject to the same requirements as inde-

pendent tanks.

Integral Tanks

No requirements for carriage of LNG.

A. 2. 7.7 United States Coast Guard

Guidelines for collision protection are in terms of survivable
damage. No accelerations associated with collision are specified. How-

ever, the following tanks are to be designed to ABS scantlings:

Independent tanks: IIT (perhaps 1ST)
Membrane tanks: IMT

Integral tanks: IGT

A. 2. 7.8 International Association of Classification

Societies

Suitable supports are to he provided to withstand a collision force

corre spending to O. 5 g from fOrward and 0.25 g frOm aft withOut deforma-

tion likely to endanger the structure.

A. 2. 7.9 Collision Load Summary

Independent Tanks

ABS (pressure vessel tanks P. >0.702 kg/cm2), ~ and g re

quire that the tanks and supports be designed to withstand a force corre-
sponding to a longitudinal acceleration of O. 5 g. ~, ~, and LACS

require that the tanks and supports be capable of withstanding a longi-

tudinal acceleration of O. 5 g forward and O. 25 g aft. BV requires

that pitching keys be designed to prevent movement of tanks during a

collision force corresponding to a longitudinal acceleration equal to

O. 3 times the maximum weight of the full tank. In addition, BV requires

that the design of upper pitching keys include consideration o= longi-
tudinal force of O. 4 g while sizing of lower keys is controlled by a longi-

tudinal force of O. 8 g. USCG requirements are in terms of survivable

damage; no accelerations are given.

Membrane Tanks

BV requires only that the insulation on membrane tanks be pro-

tected f~m shocks by a suitable means. DnV, ~, ~, UJ, and
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IACS requirements for collision loads on membrane tanks are the same

as for independent tanks. ABS and LR have no specific requirements—.
concerning collision loads on membrane tanks.

Integral Tanks

No specific regulations concerning collision loads for integral tanks
are given by the agencies.

A. 2.8 THERMAL LOADS

A. 2. 8.1 American Bureau of Shipping

“24. 13.5 All cargo carriers are to be supported and held in

position in such a manner that neither the tanks nor

the hull structure are subjected to excessive stresses
as a re suit of thermal expansion, or the normal mo-

tion of the vessel, or both. “

ti addition, all tank designs are to be tested according to the

following regulations:

“24. 1.2 All primary containers for low-temperature cargos,

the insulation and the cargo-handling equipment are

to be tested under service conditions prior to final
action in regard to classification. The primary con-

tainers are to be filled to the normal capacity level

with cargo at the minimum service temperature. “

A. 2. 8.2 Bureau Veritas

In general, the design of supports and attachments are to be so
as to avoid the temperature of the ship structure in way of the supports,

adjacent hull, and similar devices being lowered below the values

allowed for the steel used. With respect to steels, the rules state:

“22-24-21 Steels defined in Chapter 25 for ship construction may
be used for the construction of secondary barriers or

of other parts liable to reach a low temperature pro-

vided tha$ this temperature, determined while as sum-

ing an external conventional temperature of +50 C,

does not fall below the following values:
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Normal Service Tank Leakage

Grade A O“c -10” C

Grade D -10” C -30” C

Grade E .20°c -500C 1,

“22-24-22 In the case of steels for low temperature defined in

Chapter 25, the minimum service temperature is to

be at least 5°C above the temperature required for

the impact test of the corresponding grade of steel. ‘1

A. 2. 8.3 Det norske Veritas

Regarding thermal gradients, the regulations state:

“B501 Transient thermal loads during cooling-down periods

are to be considered for tanks intended for cargos with

a boiling point below -50° C. Transient thermal loads

are also to be considered when the cargo temperature

exceeds 100 °C. ”

‘I B502 Stationary thermal loads are to be considered for tanks

where design, supporting arrangement and operating

temperature may give rise to significant thermal stresses. “

In addition, piping systems for liquefied gas tankers are subject to

the following regulation:

“C-302 All pipes are to be mounted in such a way as to minimize

the risk of fatigue failure due to temperature variations

of the hull girder in a seaway. E necessary, they are to

be equipped with expansion bends. Use of expansion

bellows will be specially considered. Slide type expan-

sion joints will not be accepted. ‘r

A. 2. 8.4 Germanischer Lloyd

All tank configurations are subject to the following requirements:

1126. G.5. I

‘126. G.5.2

Transient thermal loads during cooling down periods are

to be considered for ta%ks intended for cargos with
boiling points below -50” C. “

Stationary thermal loads are to be considered for tanks

where de sign, supporting arrangement and operating

temperature may give rise to significant thermal stresses. ‘i
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Regarding the secondary barrier, the rules state:

IIz6. K.3. z The full secondary barrier is to be designed in such a waY

that it will prevent the hull steel temperatures in the
event of leakage from falling below the temperature for

which the hull steel is suitable under emergency condi-

tions. ‘!

The design and reference temperatures are given in the following

requirements:

1126CF.1.1 Design temperature is the minimum temperature at which

cargo may be loaded and/or transported in the cargo tanks.

Moreover, the design temperature is not to be taken
higher than:

to.tw- 0.25 (tw - tb) [°C]

where:

tw . boiling temperature of the cargo at the normal

working pressure of the cargo tank, but not to

be taken higher than O°C.

tb = boiling temperature of the cargo at atmospheric

pressure [“C] “

1126.F.1C2 to need not be taken less than *W if reliable arrange_

ments are provided so that the temperature cannot be
lowered below ~. II

,126 -F-2.1 Reference temperature is the maximum temperature at

which cargo may be transported under the most un-

favorable conditions. “

!!26. F.2.2 For pressure tanks, the reference temperature is the

temperature which shall not be exceeded during opera-

tion. Generally, the reference temperature is 45” C.

However, lower reference temperatures may be ac-

cepted for ships operated on restricted areas or on

voyages of lim+ted duration and account may be taken

in such cases of a pos sible insulation of the tanks. On

the other hand, higher values of the reference temper-

ature may be required for ships permanently operated
in areas of high ambient temperature. Respective re-
marks will be entered into the Certificate. “
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A. 2.8.5 Lloyds Register of Shipping

“D 7118 The tanks are to be supported on substantial founda-
tions arranged to avoid excessive concentration Of

load on the ship’s structure or on the tank. Pro-
vision is to be made for the thermal contraction of

the tanks on cooling from ambient to service tem-
perature and arrangements are to be made to con-
trol movement of the tanks when the vessel is rolling
and pitching. ‘l

A, 2. 8.6 Nippon Kaiji Kyokai

All tank configurations are subject to the following criteria:

“4. 3. 3(6) For tanks intended for cargos with a boiling point

below -50° C specified in the Rules, thermal loads

due to temperature differences and/or irregular tem-

perature distributions in tank’ structures including

tank supports are to be considered at the following
conditions, where deemed necessary.

(a)

(b)

(c)

A. 2.8.7

Independent Tanks

A transitional condition where temperature dis -

tribution in tanks abruptly changes at pre-

cooking, loading, etc.

A stationary condition where temperature dis -

tribution in tanks abruptly changes in the direc.

tion of tank depth at partly loaded or ballast

conditions, etc.

A stationary condition where temperature dis -

tribution abruptly changes in the direction of

thickness of tank plates at full loaded condition,

etc. At a connecting part of two kinds of ma-

terials having different thermal expansion co-

efficients, the thermal loads due to the differ -

ence of thermal expansion are to be considered. “

United States Coast Guard
.

“4. a (6) Design stress for the IIT tank must be computed based

on the sum of the following:
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(a) Static cargo head to 4 feet above the tank dome top.

(b) Maximum pres sure relief valve setting.

(c) Full dynamic loads as discussdd in A. i. of this

section.

(d) Full tank thermal stresses.

(7) In addition to (6), the sum of stresses due to:

(a)

(b)

(c)

may

Membrane Tanks

Relief valve set pres sure.

Slack tank dynamic loads.

Empty tank thermal stress, especially accounting

for the vertical gradient in the tank filled with cold

cargo vapor (a 150° F thermal gradient is a rea-

sonably conservative figure in absence of any other

data)

not exceed design stress. “

No specific guidelines for thermal gradients are given. However,
prototype tanks are to be built and tested. Features of the test should in-
clude thermal shock and gradients:

“3.C.(4) (C)((19)) Cold shock it through a sufficient number of cycles

(but in no case fewer than three) in order to obtain
consistent and reliable thermal gradient data and

overstress indications. ‘J

In addition, see A. 2. 5.7 regarding thermal gradient requirements of

still-water hull deflections.

Irtegral Tanks

No specific requirements.

A. 2. 8.8 brternationa~ Association of Classification

Societies

Tanks together with their supports and other fixtures are to be de-
signed taking into account:
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112.61 Transient thermal loads during cooling, down periods are

to be considered for tanks intended for cargos with a

boiling point below -550 C.

!12. 6-2 Stationary thermal loads are to be considered for tanks

where design, supporting arrangement and operating tem-

perature may give rise to significant thermal stresses. “

A. 2. 8.9 Thermal Gradients Summary

hdependent Tanks

~V, C@, ~’, and L4CS require that tank designs take into account

transient thermal loading during cool-down periods (for tanks carrying cargos

with a boiling point below -50° C; ~ allows -55° C). In additiOn, stationary
thermal loads are to be considered where tank design, supporting arrange-

ment and operating temperature may give rise to significant thermal grad-

ients (i. e. , normal temperature distribution in tanks changes because ship

is operating in ballasted or partially filled condition). ~V and ~ require that

the secondary barrier be designed to prevent the hull steel temperatures from

falling below the values for which the hull steel is suitable under emergency
conditions. The USCG requires that the design stress for IIT tanks be com-

puted from the sum of pressures, dynamic loads and full tank thermal stress.

In addition, the sum of stresses due to pressures, slack tank dynamic loads,

empty tank thermal stresses, is to be computed. For thermal stresses, a

vertical gradient in the tank filled with cold vapor (an 83°C gradient is a
reasonably conservative value if no other data is available) must be con-

sidered. LR requires only that provision be made for thermal contraction
of tanks du~ng cool-down. ABS requires that tanks be supported in such a
manner as to prevent excessive stress in the tanks or hull as a result of
thermaI expansion, and that alI tanks be tested under service conditions
with cargo at minimum service temperature.

Membrane Tanks

For all regulating agencies, except USCG, requirements for thermal
gradients on membrane tanks are tbe same as for independent tanks. USCG

requires that prototype membrane tanks be built and tested. Tests should
include enough thermal shock cycles to obtain consistent thermaI gradient
data and overstress indications.

Integral Tanks ,

No requirements for carriage of LNG in integral tanks.
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A. 2.9 WAVE-INDUCED LOADS

A. 2. 9.1 American Bureau of Shipping

No specific regulations are given, but related regulations are in-
cluded in 2. 11 - Accelerations at Tank Center of Gravity.

A. 2. 9.2 Bureau Veritas

Independent and Membrane Tanks

The direct determination of a ship’s motion at sea, where applicable,

is to be made in consideration of ship’s speed, a sea representation, and the
navig sting conditions.

“5-36- 11 - The applicable ship’ s speed in calculations is the contract
service speed. ”

!,5_36 .12 . where a ship receives the sea ahead, with angles of inci-

dence ranging between -45° and +45° inclusive, it is gen-

erally admitted that the speed is reduced by 40$fo when the
significant heights are greater than 5 meters. No reduc-
tion is applicable for other angles of incidence. “

!!5_36_zl _ A sea condition is represented by a .tfOskOWit ~-piersOn

spectrum defined by

the significant height, in meters,

- the mean apparent period, in seconds.

For the purpose of studying the long term behavior of a

ship, a discrete family of unidirectional spectra is con-

sidered, defined in terms of the course followed by the ship.

When no course is specified, a family of spectra is consi-
dered derived from the Roll Tables for the North Atlantic

together with the Hogben and Lumb compilation. “

“5-36-22 - The existence probability of each sea condition is deter-

mined in terms of the tour se followed by the ship. “

I!5_36_31 _ .4 discrete distribution of angles of encounter of the ship

for each sea cohdition is considered. “

,!5 -36_ 32 - The probability of encounter along a given direction is

determined in terms of the tour se followed by the ship. “
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A. 2.9.3 Det norske Veritas

Calculation Of the wave-induced 10ads is nOt required fOr Type A-1

tanks.

Type A- II independent tanks (and in some cases Type B tanks) are

subject to the following wave-induced load criteria:

!!6. B.902 The loads for design against plastic deformations and

buckling are to be taken as the most probable largest loads

in 108 wave encounters (probability level Q = 10-8) for a

ship oper sting on the North-Atlantic. The wave loads are

to be determined according to accepted theories, model

tests or full- scale measurements. All heading angles are

to be given the same probability of occurrence, and speed
reduction in heavy weather may be taken into account.

All types of wave-induced loads and motions exerted by

hull and cargo on the tank structure are to be considered.

Generally, these types of loads are:

Vertical, transverse and Longitudinal acceleration forces.

Internal liquid pressure in the tank (full and partially

full).

External water pressure on the hull.

Vertical and horizontal bending of the hull girder.

- Torsion of the hull girder. “

Concerning Type B tanks, the rules state:

“6. E.103 In the design of the tank, the dynamical loads due to the ship’s

motions in a seaway are to be taken into account. For tanks

supported in such a way that the deflection of the hull transfer
significant stresses to the tank, the wave-induced loads may

be required to be calculated as given in B 902. For saddle-

supported tanks and other tanks, where a calculation of loads

according to B 902 is not required, design accelerations

given in B 301 are to be used. For saddle- supported tanks,

the supports are also to be calculated for the most severe re-
sulting acceleration. The most probable resulting accelera-

tion in a given direction @ may be found as shown in Fig. 6.

The half axes in the ‘ acceleration ellipse’ may be found from

the formulae given in B 301. “

Membrane Tanks

Membrane tanks are subject to the same requirements as Type A-II

independent tanks.
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A. 2. 9.4 Germanischer Lloyd

Independent and Membrane Tanks

C126.G. 1.2. The calculations of internal and external dynamic loads

due to ship’s motion in the seaway will usually be carried

out by this Society. The total load is the sum of static
and dynamic loads. “

1126-G-3.1 The determination of dynamic loads is to take account of

the long term distribution of ship motions including the

effects of surge, sway, heave, roll, pitch, and yaw on
irregular seas.1’

1126. G. 3.2 On ships operating in unrestricted service, for the design

of tanks and their supports against plastic deformation and
buckling, the statistically expected most probable largest

sea load in the ship’s lifetime shall be taken. All kinds of

wave loads are to be taken into account, such as:

a) inertia forces due to vertical, transverse and longitud-

inal accelerations (see also 3. 6).

b) internal dynamic heads in tanks when partly or com-

pletely filled with liquids.

c) external dynamic loads on the hull.

d) loads due to vertical and horizontal bending as well as

due to torsion. ”

1126-G-3.3 Ships for restricted service will be given special con-

sideration. “

A. 2. 9.5 Lloyds Register of Shipping

No specific regulations are given, but related regulations are included

in 2. 11 - Accelerations at Tank Center of Gravity.

A. 2. 9.6 Nippon Kaiji Kyokai

Independent Tanks

Direct wave-induced load calculations for Type A independent pris -

matic tanks are not required. The use of approximate formulas is allowed.

For Type B independent prismatic tanks, the following guidelines apply:

T~4.3.2-l. Dynamic loads (wave induced loads) are to be taken from a
long-term distribution under short-crested irregular waves

in an assumed service area for a ship. And from such

distribution the maximum expected value is obtained as the

most probable largest load which the ship will experience
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and the load spectrum against fatigue is obtained as the

most probable largest load spectrum. The long-term dis-

tribution is to be determined according to a direct calcu-

lation hy computer progra-es including accepted theories

and statistical estimations or results of model tests or

full- scale measurements statistically examined.

(I) Conditions of the direct calculations are as follows:

(a) The total life of ship is about 20 years.

(b) Indication of waves in the service area is to be
determined according to long-term observation

data for about 10 years. If the data are not avail-

able, the long-term observation data on the North

Atlantic may be used.

(c) Energy spectrum of wave is to be generally as

given in the following formula.

[f(w) ]2=0. 11 H2W1-1 (w/wl)-5exp [-0.44 w/w1j4]

where

WI = 2n/T.

H . Significant wave height, (m).

T . Mean period of wave, (see).

The wave spectrum is to be assumed as COS2 x

distribution within the range from +n/2 to -n/2

against the mean progressing wave direction.
(d) All heading angles are to be given with the same

probability of occurrence.

(e) Speed reduction, etc. in heavy weather may be

taken into account at the discretion of the Society.

(2) A load spectrum may be taken as a straight line

approximately shown in the Fig. 4.3. Z- I (2), pro.
vialed that the maximum expected value (S max) at a

probability level Q . 1 o-N is estimated by suitable

method subject to the satisfaction of the Society: k

this case, ,the total number of wave encounters is 10N

for a ship operating. I!

The requirements for Type A, B, and C pressure vessel configura-

tion tanks are the same as for Type B independent prismatic tanks.
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Membrane Tanks

The requirements for membrane and semi-membrane tanks are tbe

same as for Type B independent prismatic tanks.

A. 2. 9.7 United States Coast Guard

No specific regulations are given, but related regulations may be

found in A. 2.11 - Accelerations at Tank Center of Gravity.

A. 2. 9.8 International Association of Classification

Societies

Independent and Membrane Tanks

112.41 The determination of dynamic loads is to take account of the

long term distribution of ship motions including the effects

of surge, sway, heave, roll, pitch and yaw on irregular seas

the ship will experience during her operating life (normally

taken to correspond to 108 wave encounters). Account may

be taken of reduction in dynamic loads due to necessary spee~
reduction and variation of heading when this consideration has

also formed part of the hull strength assessment.
,1

‘t2.42 For de sign against plastic deformation and buckling, the dy-

namic loads are to be taken as the most probable largest

loads the ship will encounter during her operating Iif e

(normally taken to correspond to a probability level of 10 -8). ~
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!!2.43 When design against fatigue is to be considered, the dy-

namic spectrum is determined by long term distribution

calculation based on the operating life of the ship (nor-
mally taken to correspond to 108 wave encounters). If

simplified dynamic loading spectra are used for the esti-

mation of the fatigue life, these are to be specially con-

sidered by the Classification Society. “

A. 2. 9.9 Wave-Induced Loads Summary

Independent and Membrane Tanks

BV, DnV, GL, NK, and L4CS specify that wave - induced dynamic
load~ 12~e to be ~alculafed from the long-term distribution of ship mOtiOns

on irregular seas ex erienced by the ship in its operational lifetime (nor -
freally taken to be 10 wave encounters). Except for ~, these agencies

may allow a reduction in speed or a variation in heading during heavy

weather which will reduce the calculated dynamic loads to some extent.
BV is most specific here; speed reductions of 45% are allowed in head seas

~en the angle of incidence is between &45°, providing the significant wave

height is greater than 5 meters. BV and NK allow the calculation of wave-

induced loads be based on the anti~ated ~ean service region, or if the

service region is uncle signated or unlimited, BV and ~, like DnV, require

that the calculations be based on the propertie~of the North Atlantic. GL—
and IACS do not specify the ocean area the calculations are to be based on.

~ specifies that the load spectrum can be approximately represented by

a straight line providing the maximum expected value Smax at a probability

level 10-N is estimated by a suitable method (N is the number of wave

encounters). The other agencies do not specify the method to obtain the

load spectra. ABS, ~, and USCG give no information directly concerning

wave-induced loads, but related information can be found in Section 2. 11.

Integral Tanks

DnV, ~, and IACS requirements for wave-induced loads on inde-

pendent tanks also apply for integral tanks. The other agencies present no
specific requirements for integral tanks.

.

l’2Generally, wave- induced loads refer to vertical, longitudinal. and trans -

verse ship motions and accelerations, external hull pres sure, vertical

and horizontal bending of the hull girder and torsion.
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A. 2.10 DYNAMIC HULL DEFLECTIONS

A.2. 10.1 American Bureau of Shipping

Independent Tanks

No specific

the rules state:

“24.49.4

Membrane Tanks

No specific

regulations are given, but with respect to supports,

Foundations for horizontal tanks are to be fitted at only

two points in order to minimize throwing any local loads

into the tank from the working of the vessel, or the

supports are to be designed to absorb safely the normal

de~l_ections of hull and tank. In addition to
chocks are to be fitted to prevent shifting,

chocks need not be in contact with the tank

regulations for membrane tanks are given.

the f oundat ion,

but thes e

shell. “

A.2.1O.2 Bureau Veritas

No specific requirements for the consideration of dynamic hull deflec-
tions on LNG tanks are given.

A.2.1O.3 Det norske Veritas

Independent Tanks

Type A-1 independent tank bulkhead plating and stiffeners are to be
given scantlings according to Chapter II, Section 14. III addition, the fOllOw-

ing requirements apply:

“6. C.201 For webs, girders and stringers, a structural analysis
is to be carried out to ensure that the stresses are

acceptable. Calculation methods applied are to take

into account the effects of bending, shear, axial and

torsional deformations as well as the hull/cargo tank

interaction forces, due to the deflection of the double

bottom and cargo tank bottom. “

“6. C.202 The following loads and stresses are to be taken into

consideration:
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Static loads according to B 200.

Dynamic additional loads due to the ship’s move-

ment in a seaway. See B 300 and C203-208.

Thermal stresses. ‘(

Type A-II independent tanks are subject to the following regulation:

“6. B 801 The calculations are to be based on the most severe
realistic loading conditions with the ship fully or partly

loaded. ”

“6. B 901 The loads given in 902, 903 and 904 are to he used for

tanks, Type A-II, and in special cases for tanks, Type B. “

‘16. B 902 The loads for design against plastic deformations and
buckling are to be taken as the most probable Iar est loads

%in 108 wave encounters (probability level Q = 10- ) for a

ship operating on the North-Atlantic. The wave loads are

to be determined according to accepted theories, model

tests or full-scale measurements. All heading angles

are to be given the same probability of occurrence, and

speed reduction in heavy weather may be taken into account.
All types of wave-induced loads and motions exerted by

hull and cargo on the tank structure are to he considered.

Generally, these types of loads are:

Vertical, transverse and longitudinal acceleration

forces.

Internal liquid pres sure in the tank (full and par-

tially full).

External water pres sure on the hull.

Vertical and horizontal bending of the hull girder.

Torsion of the hull girder.’1

Pressure vessel tanks, Type B, are subject to the following re-

quirements:

“3. E 103 h the design of the tank, the dynamical loads due to the

ship’s motions in a seaway are to be taken into account.

For tanks supported in such a way that the deflection of

the hull transfer significant stresses to the tank, the
wave-induced loads may be required to be calculated as

given in B 902. For saddle- supported tanks and other

tanks, where a calculation of loads according to B 902
is not required, design accelerations given in B 301 are

to be used. ”
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Membrane Tanks

Membrane tanks are subject to the same requirements as Type A-II

independent tanks.

A.2.1O.4 Germanischer Lloyds

All tank designs are subject to the following guidelines:

,,26. G0 1. I Tanks together with their supports and other fixtures are

to be designed taking into account proper combinations of

the various loads listed hereafter:

Internal static load.
External static load.

Load due to insulation
Loads corresponding to the elastic ship deflection.

Internal and external dynamic loads due to motion of

the ship.

Sloshing loads.

Thermal loads.

Tank and cargo weight with the corresponding re-

actions in way of supports.

Loads in way of towers and other attachments. VT

A.2. 10.5 Lloyds Register of Shipping

Independent Tanks

No guidelines are given for tanks with a de sign vapor pres sure,

P. s O. 70 kg/cm2. With regard to tank supports, the rules state:

‘! D7118 The tanks are to be supported on substantial foundations

arranged to avoid excessive concentration of load on the

ship’s structure or on the tank. Provision is to be made

for the thermal contraction of the tanks on cooling from

ambient to service temperature and arrangements are to

be made to control the movement of the tanks when the

vessel is rolling and pitching. !!

For tanks with a design vapor pressure P. >0.7 kg/cm2, no specific
guidelines are given. Regarding tank supports, the following rules are

given:
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,17205 Cargo tank seatings and securing arrangements are to be

suitable for dynamic loading to the extent given in D71 16

(see tank accelerations) and should also be suitable for the

forces arising when a cargo hold is flooded with the cargo

tanks empty. Seatings are to be designed to ensure uni-

form support to the pres sure vessel having due regard to

deflections of the hull structure in a seaway. When the

cargo is to be carried at temperatures below ambient,
provision is to be made for expansion and contraction. “

Membrane Tanks

Membrane tanks are specially considered.

A. 2

!14.3.3 (4)

10.6 Nippon Kaiji Kyokai

Loads acting on tanks “through tank supports (inter-

action forces between hull and tank) are to be obtained

from the following.

(a) Hull deformations due to vertical bending moment,

horizontal bending moment and torsional moment

in waves, and vertical still water bending moment.

(b) Internal pressure in consideration of the accelera-

tions and components of static weight due to ship
motion.

(c) Water pressure distribution on the hull, where

deemed necessary. “

Membrane Tanks

Membrane tanks are subject to the same requirements as independent

tanks.

A.2.1O.7 United States Coast Guard

Independent Tanks

No specific guidelines.

Membrane Tanks
,

Some moderate scale fatigue testing is required, with the number of

cycles based on anticipated conditions of primary hull bending for the life of
the vessel (108 cycles for an anticipated 20 year life). Cyclic loads shall

include that caused by maximum at- sea hull deflection.
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Integral Tanks

No specific guidelines.

A. 2. 10.8 International Association of Classification

Societies

Independent and Membrane Tanks

!15. 1 Cargo tanks are to be supported by the hull in a manner
which will prevent bodily movement of the tank un,de r static

and dynamic load, while allowing contraction and expansion

of the tank under temperature variations and hull deflec-

tions without undue stres sing of the tank and hull. ‘!

A. 2. 10.9 Summary of Dynamic Hull Deflections Criteria

Independent Tanks

ABS requires only that the foundations on horizontal tanks safely ab-

sorb the normal deflections of the hull and tank. LR and IACS require that

the tank supports be de signed so as to avoid exces~ve load concentrations

on the “hull and tank structures, and so that no bodily movement of the tanks

occurs during dynamic loading (for IACS static loading is to be considered

in addition to dynamic). Provision is to be made for thermal contraction of

the tanks during filling operations.

Calculations of deflections on DnV Type A-1 tanks, are to include

effects due to bending, shear, axial and torsional deformations and hull/

cargo tank interaction forces. For ~ (Type A-II tanks), ~ IACS and

~, the loads for design against plastic deformations and buckling are to

he taken as the most probable largest loads experienced by the ship in its

lifetime (usually 108 wave encounters or 20 year s). These loads, will in-

clude vertical and horizontal bending and torsion of the hull girder.

B V gives no requirements concerning hull deflections hut outlines

a procedure for calculating hull bending moments. USCG gives no re-

quirements for hull deflections on independent tanks.

Membrane Tanks

USCG requires some moderate scale fatigue testing of the IMT tank

with the number of cycles based on the anticipated conditions of primary
hull bending for the life of the vessel (108 cycles). Cyclic loads shall in-

clude those caused by maximum hull deflection experienced at sea.
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E&L G&, NJ, _and IACS requirements for membrane tanks are the

same as for independent tanks. DnV requirements for membrane tanks are

the same as for the A-II independent tanks. LR and shave nO specific—
requirements for membrane tanks.

Integral Tanks

No specific requirements concerning dynamic hull deflections are

given for integral tanks by the agencies.

A. 2.11 ACCELERATIONS AT TANK CENTER OF GRAVITY

A. 2.11.1 American Bureau of shipping

Independent Tanks

1124. 37. 1 -.b (Combined Static and Dynamic Effects). Provision iS

to be made for tbe combined effect of the static pressure,
internal vapor pressure (if any), and simultaneous rolling,

pitching and heaving where each is defined as follows:

(I ) A complete 30° roll, port and starboard (i. e. , through

1200), in a period of 10 seconds

(2) A pitch of 6° half amplitude in a pitch period of seven

seconds (i. e. , 24° in 7 seconds)

(3) A heave of L/80 amplitude in a period of eight seconds

(i. e. , through L/20 in 8 seconds) where L is the
length of the ship.

With the loading determined in accordance with the above,

the stress in any item, unless otherwise specially approved,
is not to exceed either three-quarters of the minimum yield
strength or three- eights of the minimum ultimate strength

of the base material or weld deposit in the final post weld

condition, whichever is the least. For vessels over 183

meters (6OO feet) in length, the combined static and dynamic

effects may be specially considered, upon submission of a

detailed analysis, ”
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Membrane Tanks

!124. 37. 3 The ~~antling Of nonstructural primary containers are

subject to special consideration. In each case the pri-
mary containers, supporting arrangements, secondary
barrier and insulation will be reviewed as a complete unit

subject to the satisfactory completion of the tests described
in 24. 31.2 prior to final approval. “

,124 s 1 2 PrimarY containers which are not self-supporting maY be. .
given consideration, provided all details, arrangements
and materials of the primary container, insulation and the

supporting structure are suitable for the service conditions.
Preliminary tests are to be made to ascertain that the de-

sign arrangements will function satisfactorily in all respects.

The tests are to simulate the most severe operating condi-

tions, including minimum service temperature, static and

dynamic loads, hull vibration and slamming. ‘!

A. 2. 11.2 Bureau Veritas

The following requirements apply to all tank designs; however, the
rule values may be replaced by other values if replaced by results of model

tests or by a calculation considered to be suitably representative. In the

latter case, the method used and the assumed conditions are subject to

approval. A calculation guideline is found in 2.9 - Wave-Induced Loads.

Motions as well as accelerations are presented here.

The motions are assumed to be periodic, of apparent frequency, f,

measured in Hz, and of amplitude, A, measured in meters or in radians.

The value of the amplitude of peak to peak rimtions is 2A. Motions con-

sidered in this section include heaving, pitching, longitudinal motion and

transverse motion.

Heaving is the oscillation of normal translation. Concerning heave

motions, the rules state:

.
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‘15.32-21

115.32_22

“5-32-23

——

The maximum value of the apparent frequency is:

f = O. 08 (WM + %n)

with:

12.4

‘M= fi+7”8:

w~ = 0.41 +0.0086V “

The apparent frequency corresponding to the maximum
amplitude is:

f = 0.0525 WM + 0.105 Wm

with

12.4_—

‘M- C+4”7:

Wm = 0.31 + 0.00294 V “

The maximum heaving amplitude, in meters, is:

A= 3.8 -0. 01 (L-250)

without being taken greater than 3.8. ‘r

Concerning pitching, oscillation of rotation ahout a transverse axis,

the rules state:

115. 32. 31 The maximum value of the apparent frequency is identical

with that for heaving. ‘1

“5. 32.32 The apparent frequency corresponding to maximum ampli-

tude is identical with that for heaving. “

~f5. 32. 33 The maximum frequency of pitch, in radians, is:

without being taken greater than O. 17. “

,!5. 32. 34 The axis of rotation is to be located on the midship per-

pendicular. !!
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Concerning rolling, oscillation of rotation about a longitudinal axis,

rules state:

‘!5. 32.41

’15.32.42

115032.43

115. 32.44

The roll frequency is:

where:

~M: distance from ship’s center of gravity to trans-

verse metacenter, in meters,

height of ship’s center of gravity above the keel,

in meters. ‘)

The maximum roll amplitude, in radians, is:

cargo ships, oil tankers and bulk carriers:

AR = 0.01 (63. O- O.9B)

with 0.21 gARs 0.52

- for passenger ships, container ships and gas carriers:

AR = 0.01 (72. 5- O.9B)

with 0.30 sARs 0.52 “

Where the ship is provided with an anti- rolling system, the
values derived from 42 above are reduced by 50Yo. “

The axis of rotation is to be located O. 8 T meters above the

keel.’1

Roll and pitch motions are to be superimposed. With respect to

simultaneous rolling and pitching, the rules state:

at maximum pitch, the roll amplitude is 5 O~o of its maximum
.

value,

at maximum roll, the pitch amplitude is 60% of its maximum

value.
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Accelerations are treated first as independent accelerations in the

longitudinal and transverse directions and then the accelerations are com-

bined. Regarding longitudinal accelerations, the rules state:

“5. 34.11 Tbe applicable values of normal

at the fore perpendicular:

acceleration are:

1450
yAV=L +60 with YAV ~ 12

at the midship perpendicular:

with YM G 12

at the aft perpendicular:

1270
yAR’L +60 with ~A R G

- forward of the midship perpendicular:

~ 3/2

()
y. ‘f M+2.83(YAV-~M) ~

aft of the midship perpendicular:

()x
3/’2

Y= YM +2.83 (YAR-YM ~

12

1)

II5 34. IZ The applicable values of longitudinal acceleration are:.

Y.~-

where y. is the greater of the two values:

‘0= (+%)2(:) <4(:)
Y. . 9.81 AT

v

,

Regarding transverse accelerations, the rules state:

’15.34.21 The applicable value of normal acceleration is the greater

of the two values:
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y=60f; ARy

Y=60f~A; (z- O.8T)

II5 340 22 The ~PPlicable ~alUe of the transverse acceleration is:.

Y=q- 0.

With Y. = [9.81+60 f; (z-O.8 T)] AR “

The maximum normal acceleration is to be calculated from the

normal components of acceleration during transverse and longitudinal

motions.

“5. 35.2 I The maximum value of normal acceleration at a given

point is the greater of the following values:

YY= yt +0.36YJ

1/
Y=~Y; + 0.25 Y;

Independent Tanks

1122.32. 12 Scantlings of pressure cargo tanks are to be increased

to provi~e for- hydrodynamic pressure and dynamic load-

ing due to motions of the ship where justified by dimen-

sions of the tanks or by the relative importance of the
hydrostatic pres sure in relation to the maximum service

pressure. “

In addition, supports and attachments are to be designed per

,122. 32. 31- to transmit to the hull and loads corresponding tO the

‘!22. 32.32

weight of the full tanks supplemented by the dynamic

effects due to motions of the ship, while avoiding that

the tanks take part in bending of the ship and are sub -

ject to abnormal stresses due to deformation of the ship;

to permit free expansion or contraction of the tanks from

pres sure and temperature variations;

to avoid any movement of the tanks due to motions of

the ship. “ ‘

Supports or other attachments are to be provided to avoid

movement of the tanks under a longitudinal acceleration

of 0.3 g. “
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1,22.34. 11

.

Membrane Tanks

Integrated

Supports and other similar devices on self- supporting

gravity cargo tanks are to be designed and built so as:

to transmit to the hull structure the loads corresponding

to the weight supplemented by the dynamic effects due to

the motions of the ship while limiting stress concentra-

tions in the hull structure and in the tank structure;

to permit free contraction of the tanks;

to avoid that the temperature of the ship structure in way

of the supports and similar devicee is lowered below the

value allowed for the steel used. “

tank designs are to be subjected to model scale tests to
determine the behavior of cyclic pres sure variations due to ship motions
and cyclic deformations of the ship.

A. 2.11.3 Det norske Veritas

Independent Tanks

Type AI (Sec. 3-C) tanks are given scantlings according to Chapter II,

sec. 14. Girder systems are designed to the following accelerations:

For tanks, type AI, and in general for tanks, type B,

the following design accelerations are to be used, un-

less other values are justified by independent calculation.

Vertical acceleration:

a ~.~ao
~’+25 F+””’)z (%)2

Transverse acceleration:

.Y=i a~o.25+6(~+o.05)2+x(l+0.6 X$2
Longitudinal acceleration:

V( )()2062
ax=*ao 0.25+ 0. 7-* +5: ~

CB

ax, ay and az are the maximum dimensionless (i. e. ,

relative to the acceleration of gravity) accelerations

in the respective directions and may be aesumed to

act independently.
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az does not include the static weight.

ay includes the component of the static weight in

the transverse direction due to rolling.

x.

z.

ao =

longitudinal distance in meters from amidship

to the centre of gravity of the tank with content.

x is positive forward of amidships, negative

aft of amidships.

vertical distance in meters from the ship’s actual
waterline to the centre of gravity of the tank with

content. z is positive above and negative below

the waterline.

o, 2
v 30

,,~ + ~

Generally x . 1. 0 is to be used. For particular load-

ing conditions and hull forms, determination of x ac-

cording to the formula

13GM~=—
B’

~ > 1,0

may be required. “

For Type AII (Sec. 3-D) tanks, tbe rules state:

“901. The loads given in 902, 903 and 904 are to be used for tanks

type AIL and in special cases for tanks, type B.

I1902. The loads for design against plastic deformations and buck-

lin are to be taken as the most probable largest loads in
810 wave encounters (probability level Q . 1o-8) for a ship

operating on the North-Atlantic. The wave loads are to be

determined according to accepted theories, model tests or

full- scale measurements. All heading angles are to be

given the same probability of occurrence, and speed reduc-

tion in heavy weather may be taken into account.

AH types of wave-induced loads and motions exerted by hull

and cargo on the tank structure are to be considered. Gen-

erally, these types of loads are:

Vertical, transverse and longitudinal acceleration forces;

Internal liquid pressure in the tank (full and partially full)

External water pres sure on the hull;

Vertical and horizontal bending of the hull girder;

Torsion of the hull girder.
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For Type B (Sec. 3-E) regulations are the same as for Type Al

except as noted for Type AII above.

Membrane Tanks

Same as for independent tank Type AII.

A. 2.11.4 Germanischer Lloyds

Independent and Membrane Tanks

,,GC 3. 3. I The determination of dynamic loads is to take account of

the long term distribution of ship motions including the

effects of surge, sway, heave, roll, pitch and yaw on
irregular seas. “

!tG. 3. 3. 2 On ships operating in unrestricted service, for the de -

sign of tanks and their supports against plastic deforma-

tion and buckling, the statistically expected most pro-
bable largest sea load in the ship’s lifetime shall be

taken. All kinds of wave loads are to be taken into

account, such as:

a) inertia forces due to vertical, transverse and longi-

tudinal accelerations (see also 3. 6).

b) internal dynamic heads in tanks when partly or com-

pletely filled with liquids.

c) external dynamic loads on the hull.

d) loads due to vertical and horizontal bending as well

as due to torsion. ‘1

“G.3 .3.3 Ships for restricted service will be given special con-

sideration. “

‘IG. 3. 3.6 The accelerations acting on tanks are estimated at their
center of gravity, and include the following components:

Vertical acceleration (vertical to the base line, i. e. , in

z-direction) due to heave, pitch, and if applicable, roll;

however, static weight components not included.
,

Transverse acceleration (vertical to the ship’s side,

i. e. , in y- direction) due to roll, pitch, yaw and sway

including gravity component of roll.
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Longitudinal acceleration (in longitudinal direction,
i. e. , in x-direction) due to surge and pitch including

gravity component of pitch.

For the purpose of approximation, the accelerations

may be calculated approximately according to the
following formulae:

Vertical acceleration:

az=+aof+(’.,-+z(~+o.o,)z(~)’n
Transverse acceleration:

ay=+aQ~0.6+2.5(~ +0.05)2+x[+o.6.x~)2

Longitudinal acceleration:

( “)()’06’
0.15+ 0.4-L/2000+3; ~ <0.4

x.

z.

v.

distance in longitudinal direction from imidship

(L/2) to the center of gravity of the tanks, with
liquid, in (m); positive sign forward of L/2, nega-

tive sign aft of L/2.

vertical distance from the waterline of the ship to

the centre of gravity of the tanks, with liquid, in
(m); positive sign above th water line, negative

sign below the waterline.

34-600/L

a“=o”’e+ L

maximum speed in calm water in (kn)

Generally, x = 1.0. For particular loading conditions

and hull forms, determination of x according to the

formulae below may be necessary.

MBG . met<centric height in (m)

ax, ay and az are the maximum dimensiOnless (i. e. J
relative to the acceleration of gravity) accelerations.

They are considered as acting separately for calcula-

tion purposes. ‘t
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A.2. 11.5 Lloyds Register of ,%ippin~

Independent Tanks

‘ID 7116 The tanks for P. <0.70 kg/cm2 shall be designed to

withstand:

(i) A test head of 2.44 m of water above the top of

of the tank or O. 61 m above the top of the hatch,

whichever may be the greater.

(ii) The combined effect of internal vapor pres sure (if

any) and rolling, pitching and heaving as follows:

(1) A complete 30° roll port and starboard (i. e. ,

through 120°) in a period of ten seconds.

(2) A pitch of 60 half amplitude in a pitch period of

seven seconds (i. e. , through 24° in seven

seconds).

(3) A heave of O. 0125L half amplitude in a period of

eight seconds (i. e. , through O. 05L in eight

seconds).

With the loading determined in accordance with the shove,

the stress in any item shall not exceed three-quarters of

the yield stress or three-eights of the ultimate stress.’1

“D 7205 Cargo tank seatings and securing arrangements are to be

suitable for dynamic loading to the extent given in D 7116

and should also be suitable for the forces arising when a

cargo hold is flooded with the cargo tanks empty. Seatings
are to be designed to ensure uniform support to the pres-

sure vessel having due regard to deflections of the hull

structure in a seaway. When the cargo is to be carried at

temperatures below ambient, provision is to be made for

expansion and contraction. 11

Membrane Tanks

Specially considered - no specific guidelines.

A. Z. 11.6 Nippon Kaiji Kyokai

Independent Tanks and Membrane ‘Tanks

“4. 3.2.2. For de sign accelerations of each direction specified in

this paragraph, vertical acceleration (azg) is not gen-

erally including the static weight, and transverse accel-

eration (ayg) and longitudinal acceleration (axg) are

A-68



.—

generally including the component of the static weight in

each direction due to the inclination of the ship. Except

in case of predicting the long -term distributions speci-

fied in preceding 1 (see wave -indticed loads)$ the accel-

eration in each direction acting at the centre of gravity
of tank with content may be obtained from the following

approximate formulae:

Vertical acceleration: (l+az) g

az=k .oJ+(5.3-~)2(++o.o,)2(~)3°
Transverse acceleration: ay g

ay=i.o~o.6+2.5(~+0.05)2+x (1.0+0.6x ~)’
Longitudinal acceleration: ax g

( L

)()

z’,*62
ax. kao

0“25+ 0“7 -1200 + 5 I ~

where: /ma

aO .

x.

z.

g=

v~ .

x=

GM

34-y

‘“2*+ L

Longitudinal distance from amidship to the center of

gravity of tank with content, (m). X is positive for-

ward of amidship, negative aft of amidship.

Vertical distance from the ship’s actual water line

to the center of gravity of tank with content, (m). Z

is positive above and negative below the water line.

Acceleration of gravity, (m/sec2).

service speed of the ship, (knots).

1.0 in general. For particular loading conditions and
hull forms, x is to be obtained from the following
formula:

13 m~=—
B

, Metacentric height, (m). ‘t

* (Page 38)
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A.2. 11.7 United States Coast Guard

Independent Tanks, Membrane Tanks and Integral Tanks

“VI. A. 1.

2.

A.

All tanks and supporting structures in vessels in ocean;

Great Lakes; lakes, bays, and sounds; or coastwise

service must be designed to withstand at least the

following dynamic loads (except as noted in 2. below):

a. Rolling 30° on each side of upright with a period

of 10 seconds. The dynamic roll force on the tank

and supports then becomes O. 00642 Wr (tons);

where W is the filled tank weight (tons) and r is

the vertical arm (feet) between the ves sel’s “roll

axis and the full tank center of gravity. The tank

walls must be designed to withstand the resulting

dynamic hydraulic loadings.

b. Pitching 6° half amplitude with a period of 7 seconds.

The dynamic pitch force then becomes O. 002624 WI

(tons); where W is the filled tank weight (tons) and
1 is the longitudinal arm (feet) between the vessel’s

pitch axis and the full tank center of gravity. Tank

bottoms must be designed to withstand the re suiting
dynamic hydraulic loads.

c. Heaving L/80 feet half amplitude with a period of 8

seconds. The dynamic heave force then becomes
O. 0002395 WL (tons); where W is the filled tank

weight (tons) and L is the vessel’s length (feet).

Tank bottoms must be designed to withstand the re-

sulting hydraulic loads.

Not withstanding the comments of 1. above, when it can

be shown to the satisfaction of the Comandant that the
imposed acceleration forces are unrealistic for the size

of ship involved (generally over 600 feet in length), the

requirements may be relaxed somewhat upon submission

of substantiating data on a per case basis. “

2. 11.8 International Association of Classification

Societies

Independent and Membrane Tanks -

“2,46 The accelerations acting on tanks are estimated at their

center of gravity and include the following components:
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Vertical acceleration: motion accelerations of heave, pitch

and possibly roll (normal to the ship base).

Transverse acceleration: motion accelerations of sway,
yaw and roll - gravity component of roll.

Longitudinal acceleration: motion accelerations of surge

and pitch - gravity component of pitch.

The following formulas are given as guidance for the com-

ponents of acceleration due to ship motions in the case of

ships with L ~ 50 m. These formulas correspond to a
probability level of 1o-8 in the North Atlantic.

Vertical acceleration:

az. +.ao
~+ F3-32(++0.0’)2(%)3n

Transverse acceleration:

Longitudinal acceleration:

ax. +,ao ~0.06 + AZ - 0,25A

where

( )( )A= 0.7-~ 5Z 0“6
1200 + z ~

and I.. .

c~ .

B.

x.

z.

v.

length of ship between perpendiculars in meters.

block coefficient

greatest moulded breadth in meters

longitudinal distance in meters from amidship

to center of gravity of the tank with content.

X is measured forward of amidship, negative

aft of amidship.

vertical distanc~ in meters from ship’s actual

waterline to the center of gravity of tank with

“content. z is positive above and negative

below the waterline.

service speed in knots.
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and
~4_~

L
a

0’0”2f+ L

Generally, x = 1.0. For particular loading conditions,
determination of X according to the formula below may

necessary
be

13 GM~=_
B

~ >1.0.

ax, Zy, az are the maximum dimensionless (i. e. , relative

to acceleration of gravity) accelerations in the respective

direction and they are considered as acting separately for

calculation purposes.

az dOes not include static weight.

ay includes the component of static weight in the transverse

direction due to rolling. “

A. 2. 11.9 Accelerations Summary

Independent Tanks

All agencies provide some guidelines for the calculation of accelera-

tions. Basically, the guidelines can be broken into two categories: 1) the

superposition of motions of the vessel, from which accelerations can be

calculated 13, and 2) formulas describing the acceleration at any point in

the ship ax, ay and az 140 ~, uSCG and LR require that the tanks be

capable of withstanding simultaneous rolling~itching and heaving motions

of specified amplitudes and periods without re suiting in loads for which the

structure has not been designed. ~, ~, and USCG require that the ef-

fects of the liquid pres sure head be superimposed on the rolling, pitching,

and heaving motions. From the ABS and LR guidelines, it is possible to——
calculate accelerations in the transverse and vertical directions; however,

there is not enough information to calculate the longitudinal accelerations

completely (the contribution due to surge is not specified). The USCG guide-

lines provide formulas which are consistent with the accelerations calcu-

lated from the ABS and LR rules. For vessels over 183 meters long, the

loads given above may b~specially considered.

13 see Chapter III for the derivation of the calculation.

14 az . “ertical acceleration due to heave, pitch and, if ~Pplicable, r.ll;
static weight components not included.
ay . transverse acceleration due to roll, pitch, yaw and sway including
gravity components of roll.

ax . longitudinal accelerations due to surge and pitch including gravity

components of pitch.

A-72



~, ~, GL, NK, and IACS present approximate formulas for cal-

culation of accelerations ax, ay, az acting on the tanks as a f~ctiOn Of the
length of the ship, the contract service speed, the block coefficient, and

the point at which the acceleration is to be calculated. Generally, the

acceleration loads (DnV, GL, NK, and IACS) for design purposes are to be

taken as the most pr~ble largest load=he anticipated service life of

the vessel (usuallY 108 wave encounters).

BV provides a calculation procedure that is quite different from the

other ag~cies’ approach. The accelerations are calculated from roll,

heave and pitch motions, but the motions are more explicit than for ~,

~, and USCG. The acceleration formulas allow the calculation of normal

(az) and longitudinal accelerations in longitudinal motion (pitch, surge) and

normal and transverse accelerations in transverse motions (roll, sway).

In addition, the agency provides a method for combining normal accelera.

tions to obtain the maximum value of the normal acceleration at any point

in the ship.

IACS provides a method for properly combining the accelerations

(static and dynamic) using an ellipse. NK specifies the use of the ellipse
for determining the reactions on saddle~upported cylindrical tanks pro-

duced by the tank accelerations.

Membrane Tanks

ABS and LR specially consider membrane tank designs so no regu-

lations are given~ABS does require preliminary tests simulating the most
severe operating conditions including minimum service temperature, static

and dynamic loads, hull vibration and slamming. In addition to the require-

ments for independent tanks, BV requires model scale tests to determine

the behavior of cyclic pres sur~variations due to ship motions and cyclic

deformation of the ship’s hull. DnV, ~, ~, USCG, and JAGS require-
ments for independent tanks are also to be applied to membrane designs.

ihtegral Tanks

USCG requirements for integral tanks are the same as for inde-

pendent tanks.

A. 2.12 DYNAMIC EXTERNAL PRESSURES ON HULL
.

A. 2.12.1 American Bureau of shipping

Independent Tanks
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No regulations or guidelines given for tank design. HuH scantlings

are to be determined in accordance with Sections 22 and 23, which give no

specific formulas for dynamic external pressures.

Membrane Tanks

“24. 31.2 Primary containers which are not self- supporting may be

given consideration, provided all details, arrangements

and materials of the primary container, insulation and

the supporting structure are suitable for the service con-
ditions. Preliminary tests are to be made to ascertain

that the design arrangements will function satisfactorily in

all respects. The tests are to simulate the most severe

operating conditions, including minimum service temper-

ature, static and dynamic loads, hull vibration and

slaming. “

A. 2.12.2 Bureau Veritas

Independent and Membrane Tanks

,,22.21024 The form Of the hull is to be chosen so as tO reduce the

loads due to sea motions, in particular slaming. “

A. 2.12.3 Det norske Veritas

Independent Tanks

Regarding Type A-I, A- II, B (Section 6 -B) independent tanks, the

rules state:

“B801 The calculations are to be based on the most severe realis-

tic loading conditions with the ship fully or partly loaded. “

“B901 The loads given in 902, 903, and 904 are to be used for tanks,
,..

,., t~e AII, and in special cases for tanks, type B. “

I’B902 The loads for design against plastic deformations and buck-

Iin are to be taken as the most probable largest loads in
#10 wave encounters (probability level Q . 10-8, for a ship

operating on the North-Atlantic.

The wave loads are to be determined according to accepted

theories, model tests or full-scale measurements. All

heading angles are to be given the same probability of

occurrence, and speed reduction in heavy weather may be

taken into account.
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All types of wave-induced load: and motions exerted by hull

and cargo on the tank structure are to be considered. Gen-

erally, these types of loads are:

- Vertical, transverse and longitudinal acceleration forces,

- Internal liquid pres sure in the tank (full and partially

full).

- External water pres sure on the hull.

- Vertical and horizontal bending of the hull girder.

Torsion of the hull girder. “

Regarding Type A- I (Section 6 -C) independent tanks, the rules

state:

“C201

“C202

“C204

For webs, girders and stringers, a structural analysis is

to be carried out to ensure that the stresses are acceptable.

Calculation methods applied are to take into account the

effects of bending, shear, axial and torsional deformations

as well as tbe hull/cargo tank interaction forces due to the

deflection of the double bottom and cargo tank bottom. “

The following loads and stresses are to be taken into con-

sideration:

- Static loads according to B200.

- Dynamic additional loads due to the ship’s movement in

a seaway. See B300 and C203-208.

Thermal stresses. “

The dynamic additional external water pressure head at

the ship’s bottom amidship is given by:

( v )( )L -3%5

“b = 1“025 0“3 + 6.1~ mc
if L~300m

( v

‘eb’ 11”3 0“3+ 6.l@ )
if L > 300 m.

In the fore and afterbody, heh has to be multiplied by

a factor ~: ,

Forebody:

()
x 2

T
- 0.1

x> 0.1L:6=I +12 —
CB
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Afterbody:

~<.o.2L:,=,+20(:+o.2)2
heb . pressure head in meters of water.

II

x . distance from amidships in meters.

,,c205 The dynamic additional external water pressure head at
the actual water line amidships is given by:

L

(
hed = 1.025 0.8 + ~.lv’

)( )

L -300

m=
if L< 300 m.

(hed = 11.3 0.8+ L
6.I@ )

if L > 300 m.

In the fore and afterbody hed has to be multiplied by a

factor ~:

Forebody:

()
x 2

2500 c
-0.1

x>o. lL: @.1+= — CB

Afterbody:

()
2 II

:+ 0.2

x<-0.2L:@= l+- —
CB

I’CZ06 The dynamic additional external water pres sure head at
the deck is given by

he d

heD = hed - 1.025 (D- d) if (D-d) S-5

heD = O ,

D = moulded depth in meters.

he d
if(D-d)>~5

d . actual draught in meters.
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If (D-d)>~5 the dynamic additional external pres sure
. hed

is zero at a distance — above the water line. The
1.025

pressure over a cross section may be considered to vary

linearly between deck (or the point of zero pressure),
actual water line and bottom and being constant over deck

and bottom. !!

Regarding Type B (Section 6 -E) tanks, the rules state:

,IE103 In the design of the tank, the dynamical loads due to the

ship’s motions in a seaway are to be taken into account.

For tanks supported in such a way that the deflection of the

hull transfers significant stresses to the tank, the wave-

induced loads may be required to be calculated as given in

B902. For saddle - supported tanks and other tanks, where

a calculation of loads according to B902 is not required,

design accelerations given in B301 are to be used. “

Membrane Tanks

‘JFIOI Membrane tanks are to be designed as being subject to the

same loads as for independent tanks, type AIL “

A.2. 12.4 Germaniscber Lloyd

kdependent, Membrane, and Iutegral Tanks

!t26_G 3.9 E~ernal loads in accordance with 3.2 (See Acceleration

tion at Tank C. G. ), for bottom and side shell will be

determined by means of computer programs of this

Society. For the purpose of approximation, the loads
stipulated in Section 4, C. 1. --2. , may be taken. !!

The external dynamic loads for tanks situated above the weather deck,
are given according to Section 16. C. 2., which are not listed here since such
tanks are a rare exception for LNG transport.

t,sec. 4, C. I The external 10ad hs for determining the s cantlings

of the ship!s sides is to be calculated according to
the following ‘formulae:

( )h~. z2+c l-~+b [t/m2]

where the lower edge of plating or the centre of the

span 4 is below the TWL,
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(h~=c I+b
)

* [t/m2]

where the lower edge of plating or the centre of the
span I, is above the TWL

c

c

zl~ 22 =

b=

b=

0.023 L [t/m2] for L < 100 m

3.7- 140/L [t/m2] for L2 100 m

(Lmax .300 m)

vertical distance between TWL and lower

edge of plating or center of span 1, in [m]

(TWL . deepest load water line, z 1 above

TWL, 22 below TWL)

0.7- 3.5 xIL for OS x/L s 0.2

0 for 0.6 L amidships

kx ,----=5
b = 1.5 - 7.5 xl/L for O~xl/L ~0.2

x? XI = distance of the position considered from

the aft or from the forward perpendicular
in [m] (see sketch). “

,tsec. 4 C, 2 The external load for determining the sc~tl~gs Of

the bottom structure is to be calculated according

to the following formula:

hB . T + .(0.5 + b) [t/m2]

b and c see under 1., b need not be taken greater

than derived for x = 0.1 L or xl = 0.05 L.r’

A.2. 12.5 Lloyds Register of Shipping-

No requirements are given.
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A. 2.12.6 Nippon Kaiji Kyokai

I.ndeperident Tanks and Membrane Tanks

,,4. 3. 2+ 3 Except in CaSe of predicting the long-term distribution

specified in preceding 1 (see wave-induced hull deflections)

dynamic additional external water pres sure head may be

obtained from the following approximate formulae.

(1) Dynamic additional external water pressure head at

the actual water line;

{

23 ~ (m) : Lz 230 (m)

hEL =

0.1 L13 (m) : L <230 (m)

where:

()

X2
~=1+2.4~

P . Correction factor for the forebody. As for the

afterbody, it is taken as 1.

X . Distance from the midship, (m).

(2) Dyuamic additional external water pressure head at
the bottom of the ship;

{

8.02 B (m) : L> 230 (m)

hEB =

0.035 LP (m) : L <230 (m)

where:

()X2
~ = 1+7.2~

@ . Correction factor for the forehody. As for the
afterhody, it is taken as 1.

X = Distance from the midship, (m).

(3) Dynamical additional external water pressure head at
the deck’ sicle;

{

hEL - 1.025 (D- d)
‘EL

, (D-d)S~

hED = h“EL
o ,( D-d)>m
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hEL hEL
If (D-d) >fi, hED is to be taken as zero at =5

. .

above the water line. ‘i

A. 2. 12.7 United States Coast Guard

Independent Tanks

No specific requirements for dynamic external hull pressures.

Membrane Tanks

IMT (Chapt. IV C. 3): Designed to ABS scantlings or equivalent.

Also requires prototype testing to prove the adequacy of the entire inte-

grated system. Loads shall include internal and external pressure loadings.

(Note: this external pressure can perhaps be interpreted as pressure be-
tween primary and secondary barrier, in which case it would not apply to

this loading condition).

Integral Tanks

The IGT tanks are to be designed to Ax standards or equivalent.

A. 2. 12.8 International Society of Classification

Societies

No requirements for independent or membrane tank designs.

A.2. 12.9 Summary of External Hull Pressure Criteria

Independent Tanks

BV requires that the form of the hull be designed to reduce the loads

due to s~motions especially slamming. DnV, GL and NK provide similar—— —
approximate formulas for the calculation of the dynamic additional water
pres sure (in meters of water) due to the movement of the ship in a seaway.

These formulas give the equivalent head of water as a function of the ship
length, the ship’s service speed, the block coefficient, and the point at which

the pressure is to be calculated. Jn addition, DnV requires that the calcula-

tion take into account the hulll cargo interaction forces due to the deflections

of the double bottom and the carg~ tank bottom ( see A.2. 10). GL specifies

that external loads for bottom and side shell will be determin~by their com-
puter codes in accordance with their Section 26-G.3.2. (see A.2.11). All

three agencies, DnV, GL and NK require that the loads due to external hull

pressures be calculate~rom ~ long-term distribution of ship motions in
the seaway. ABS, ~, USCG and IACS have no requirements concerning— —
dynamic externaI hull pressures.
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Membrane Tanks

ABS and USCG require tests of prototype tanks to insure that the de-——
sign of the entire system will perform satisfactorily under service conditions.

ABS requires that the tests simulate the most severe operating conditions

including among other loads, all static and dynamic loads and slamming.

USCG requires that the tests simulate internal and external pres sure load-
ings (see A.2.12.7). ~, DnV, GL and ~ require that membrane tanks be——
subject to the same regulations as independent tanks. ~ and IACS present
no regulations for membrane tanks concerning dynamic external hull pres -

sure.

Integral Tanks

The agencies provide no specific guidelines for integral tanks.

A. 2.13 DYNAMIC INTERNAL PRESSURE

A.2.13. I American Bureau of Shipping

No specific requirements are given.

A.2. 13.2 Bureau Veritas

Independent Tanks

“22-32-12

,,22.34-14

“22-33-31

Scantlings of pressure cargo tanks are to be increased

to provide for hydrodynamic pres sure and dynamic load-

ing due to the motions of the ship where justified by the

dimensions of the tanks or by the relative importance of the

hydrostatic pres sure in relation to the maximum service

pressure.

Stiffeners of pressure cargo tanks are to be provided,

where necessary, in way of the supports of the tanks.
The scantlings of such stiffeners are to take into account

the dynamic loading due to the motions of the ship. 11

For the calculation of scantlings of stiffeners and plates

in self- supporting gravity tanks, the following pressures

are to be considered:

Pl(t/m2): hydrostatic pressure corresponding to a

height of 2.40 meters above the top of the

tank (or O. 60 meters above the top of the

dome if greater). For plates, the height is

to be taken from the lower edge of the plate.
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If the setting pressure exceeds O. 25 kgf/cm2

and for the carriage of high density liquefied
gases, the value of Pl will be specially con-

sidered.

P2(t/m2): pres sure equal to the dynamic head hd

determined as per 10-22.22, the height z

being measured from the top of the tank and,

for plates, down to the lower edge of the plate. ”

“lo. 22.22 The applicable dynamic load height for sizing tank plating
is:

hd . ho + b(y sin AR+Z cOs AR)

with

ho . p. + b(o.6 Q AT+ Yp sin AR-ZP cos AR)

where index p relates to the point on the tank top

furthest removed from the ship’s centerline.

The apparent specific gravity 6 of the cargo is equal
to the greatest of the following values:

where 60 is the specific gravity of the cargo, which is

to be determined having regard to the various possible

sources of supply; specially, for natural hydrocarbons,

the applicable value is not to be less than the specific

gravity of the pure produce plus 20’?’0.

where

Y~ . maximum value of normal acceleration, in
m/s2, derived from 5-34.11. For a given
tank, y~ is determined for the tank end

furthest’ ‘removed from amids hips, without

the distance of such tank end to amidships

being less than 4.
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Yt = maximum value of normal acceleration, in

m/s2, derived from 5-34. 21,15 calculated
athwart the considered tank. “

Membrane Tanks

~122-36-21 As a rule, each design proposed for integrated tanks is

to be submitted to model tests permitting namely to check

its behavior under the effect of

cyclic pressure variations due to ship motions.

cyclic deformations of the ship.

vibrations of the ship. 1’

A. 2.13.3 Det norske Veritas

Independent Tanks

Regarding Type AI tanks, and Type AII and

rules state:

B when applicable, the

!rC. 203 The dynamic additional internal pressure head in a full

tank may be found from Fig. 3. For tanks carrying

liquids with y & 1,0, the pressure head, hi, is to be
multiplied by Y. “

For Type B Independent Tanks, the rules also state:

“E. 102 The internal pres sure, p, used to determine the thick-

ness of any specific part of the tank is given by the

following formula:

P = pO+(l+az)hs

Po is defined in B201.

az is defined in B 301.

hs = static liquid pressure, defined in B 202. J!

Membrane Tanks
,

No specific guidelines are given.

15 See A. 201 I+ 2 on acceleration loads in the longitudinal and transverse

directions.
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DnV Fig. 3 C,

LONGITUDINAL DISTRIBUTION OF INTERNAL, DYNAMIC PRESSURE IN
PRESSURE AMIDSHIPS. THE DIAGRAM GIVES THE DYNAMIC PRESSURE

THROUGH THE CENTRE OF GRAVITY OF THE

FULf_ TANKS RELATIVE TO THE
AT THE TRANSVERSE SECTION

TANK.

1.8

1.6

1.4

1.2

1.0

Example:

Find the internaldynamic liquid pressurein a full tank
with centreof gravityL/3 forward of amidships.

L = 250 m
bt/B =0,4
/t/L =0,15

From Fig. 3A: h! = 10,2 mat bottom amidships.

From Fig, 3B: Factor for pressureat top a = 0,83, i.e.
pressureat top amidships,
a x hi = 10,2 x 0,83 = 8,5 m.

From Fig. 3C: Dymnic pressure at bottom at L/3 is
10,2 x J,35 = 13,9 m,

Dynamic pressureat top of tank ot L/3
is 8,5 x 1,13 = 9,6m,
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A.2. 13.4 Germanischer Lloyds

All tank designs are suhjectto the following regulation concerning

internal dynamic loads in filled tanks:

rt26. 3.7 The internal dynamic loads. are to be determined under con-

sideration of the accelerations as per 3.2 and 3.6. The

largest individual load resulting from the three accelera-

tions is decisive. The individual loads pd [t/mz ] are:

a) in longitudinal direction ~~=~”x’”ax

b) in transverse direction pdY = ~. y’ . aY

c) in vertical direction pdz = y-z’. a=

x!, y!, Z! . maximum lengths of the heads of liquid in [m] ti

x- or y- or z-direction above the point under consideration.

For the forward and aft tank boundary

pdx.y-~”ax
(to be compared with%) and c))

For the tank sides:

Pdy ‘ Y“ bt “ ay
(to be compared with a) and c))

For the lower and upper tank boundaries:

Pdz. y-ht”az
(to be compared with a) and b))

It = length of tank-in [m]

bt = width of tank in [m]

~ . height of tank in [m]

Y= specific gravity of the heaviest liquified gas in

[t/m3] ‘1

,

A. 2.13.5 ~

No specific guidelines are given.
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A.2. 13.6 Nippon Kaiji Kyokai

All tank designs are subject to the following regulation:

114 3 3(2) kternal pressure is to be taken into accdunt for each direc-. .
tional acceleration and the static weight due to inclination
of the ship at the full. loaded condition. Internal pressure

loads may be given as internal pressure distributions shown

in the following.

(a) Prismatic tanks (see Fig. 4.3. 3(2)(a)).

Water pres sure head in meters at any point (j) on the

tank wall is given as follows:

hj = hj. st + hj. dyn

hj. st = IO P. + yZj

(b)

hj. dyn .

where:

P. .

Y=

Y~(Xj@2 + (Yjay)2 + (Zjaz)2

Design vapor pressure, (kg/cm2).

Assumed specified gravity_of :cargo in-

tended to be carried, (t/m3).

xj, yj and zj = As shown in Fig. 4.3. 3(2)(a), (m).

ax, ay and az = As specified in 4.3.2-2.

Spherical tanks

Internal pressure P (@, e), (kg/cm2) at any point on the
wall of spherical tank is to be considered referring to

both of the following loads:

(i) P(O> e) = P(O, e)st + P(@,9)dw

P(o, e)st = P. + 0.1 YR(l-COS 0)

P(c4, O)dw = ~P~2 + P~ + P;

PI .0.1 YR (~~- ax sinfj cos O - 1)

P2 . 0.1 yR (~1 + ayz - aysinrj sin 6 - 1)

P3 = o.l,YRaz (l-co. o)

where:

Po, y, ax, ay and az . As specified in preceding (a).

R . Inner radius of sphere, (m).

@ and 9. As shown in Fig. 4.3. 3(2)(b).
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(ii) P (6, e)min = PO+O.l YR (l.+az) (1 - cos 0)

where:

PO, y, R and az = As specified in preceding (i).

NK Fig.4.3.3 [2) (a) ~ri~lll~ticTmIL—

NK Fig.4.3.3 (2) (b) SphcrimlT3n~—

A-88



(c) Horizontal cylindrical tanks

Internal pressure P (Xi, 0), (kg/cmz) at -Y pOint On I

wall of the cylindrical tank installed horizontal along
longitudinal direction of the ship is to be

referring to both of the following loads:

(i} P(Xi. ‘d) = P(Xi, @)st + P(Xi. @)dyn

P(Xi, @)st = PO+O. I YR(l-COS 0)

P (Xi. @)dv = P12+P~+P32

PI . 0.1 YXiax

P2=0.1YR( I+ayz -aysin O-l)

considered

P3 . 0.1 yRaz (1-COS 0)

where:

@ and Xi = As shown in Fig.

R . Inner radius of cylinder,

4.3. 3(2)(c).

(m).

Po, Y, ax, ay and a= . As specified in preceding (b).

C.P.

NK Fig.4.3.3 (2) (c).cylindri~l TJnk—

(ii) P(Xi, @)min = PO+O.l yR(l+az) (1 - cos 0)

where:

PO. y, R and az . As specified in preceding (i).

(d) Internal pressure distribution of tanks with other shal

may be obtained according to the consideration based

the preceding (a) to (c). “
.

A. 2. 13.7 United States Coast Guard.

No specific guidelines are given, but see A. 2.11 - Acceleration at

Tank Center of Gravity.
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A.2. 13.8 International Association of Classification

Societies

All tanks are subject to the following regulations concerning dynamic

internal pres sure:

‘12.21 The following formula gives the value of internal pres sure
head (or design liquid pressure), in meters of fresh water,

resulting from the design vapor pressure P. and the

liquid pres sure defined in 2.,22 but not including effects of

liquid sloshing

h - 10 P. + (hgd)maxeq -

Equivalent procedures may be applied.

’32. 22 The internal liquid pressures are those created by. the re-

sulting acceleration of the center of gravity of the cargo

due to the motions of the ship (see A. 2. 4). The following

formula’ gives the value of internal pres sure head, in
metres of fresh water, resulting from combined effects

of gravity and dynamical accelerations:

hgd . a~ Z@ y

where

is the dimensionless (i. e. , relative to the accelera-

tion of gravity) acceleration resulting from gravita-

tional and dynamical loads in an arbitrary direction @

(see Fig. 1).

is the largest liquid height in meters above the point

where the pressure is to be determined, in the @

direction (see Fig. 2).

is the maximum specific weight of the cargo, in t/m3,

at the de sign temperature.

The direction (3 which gives the maximum value (hgd)mG

of hgd is to be considered.
.

Where acceleration in three directions needs to he considered

an ellipsoid is to be used instead of the ellipse in Fig. 1.

The above formula applies to full tanks. ‘1
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A.2. 13.9 Summary of Dyn amic Internal Pressure Criteria

Independent Tanks

Dynamic internal pressure is defined for the purpose of this

report as all dynamic pressures acting on the interior of the tank

with the single exception of sloshing which is described in Section

A.2. 14. _~v, Dnv, -Q, NJ, and I-ACS all have similar requirements

concerning the calculation of dynamic internal pre ssure. All agencies

provide formulas that give the dynamic internal pres sure in terms of

an effective liquid head (meters of water). Each agency requires the

calculation of dynamic internal pres sure include consideration of the

cargo specific gravity, the location of the point where the pressure is

to be calculated, the vapor pressure (except G&), and an acceleration

as described below.

GL NK’6—~ — and ~ require that the effects of accelerations in the

x, y and z directions be considered. (GA also gives a formula for deter-

mination of pressures at the tank boundaries, the results of which are to be

compared with the results of the generalized pressure calculation. For de-

sign purposes, the larger of the two loads is to be considered. ) BV by con-

trast, requires that the calculation of dynamic internal pres sure~nclude

effects of acceleration in the z direction along with the roll and

pitch amplitudes. For ~V type B independent tanks, the dynamic internal

pressures are to be calculated from the acceleration in the z-direction.

For all other ~ independent tanks, the loads due to dynamic internal

pressure are to be determined graphically.

Membrane Tanks

B_V requires that each tank design be subjected to model tests to

determine the behavior of the tank during cyclic pressure variations due to

ship motions. Q, ~, and ~ requirements for membrane tanks are

the same as for independent tanks. &S, WV,
specific guidelines concerning dynamic internal

tank designs.

~R and ~G provide no

pressure on membrane

16 NK provides ~eparate guideline’s for determination of dynamic internal

p~s sure loadings on prismatic, spherical and horizontal cylindrical

tank configurations. These different formulas essentially are the same,

the differences for the most part reflect differences in the geometry of

the tanks, and the choice of different coordinate systems (carte sian,

spherical or cylindrical).
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Integral Tanks

No requirements are given by the agencies concerning transport of

LNG in integral tanks.

A. 2.14 SLOSHING

A. 2. 14.1 American Bureau of Shipping

No specific guidelines are given.

A. 2. 14.2 Eiureau Veritas

“ 5-43-13 Where holds are expected to be 40~o to 90qo filled, measures

approved by the Administration are to be taken to prevent
the risk of resonance.
The applicable values for dynamic pressures will be deter-

mined for each specific case. ”

II5_43- 14 Bulkheads may be required to be strengthened if the expected

fill conditions are such that:

0.lsd/150.3°

A.2. 14.3 Det norske Veritas

Independent Tanks

The Type AI independent tanks are subject to the following sloshing

loads:

“C207 If a tank may be partly filled, sloshing forces are to be taken
into consideration. The internal loads for tank filling be -
tween 20% and 90% of the tank depth are as follows:

Static pres sure head for filling height 707” of the tank depth.

Additional pressure corresponding to pressure relief valve

setting. See B 201.

Dynamic additional pres sure.

The dynamic additional pres sure head at the tank corners

is given by:
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hi v. Y hlx + hly meters of water head ,

h.lx . al
(?)($)W

Table for al and a2:

al a2

Tank top 165 45

Tank bottom 100 30

T ~. resonant period of liquid in longitudinal direction

in sec.

TY =
resonant period of liquid in transverse cirection

in sec.

‘P
. period of pitch in sec.

Tr = period of roll in sec.

T ~, Ty, Tp and Tr may be found from Figs. 4 and 5.

~ . free distance between tight or wash bulkheads in
meters.

bt = free distance between longitudinal tight or wash

bulkheads in meters.

% . distance from amidship to the centre of the tank

in meters.

The dynamic additional pres sure may be considered to de-

crease linearly to hix in the middle of transverse bulkheads

(between longitudinal tight or wash bulkheads) and hiY in

the middle of longitudinal bulkheads (between transverse
tight or wash bulkheads). The pressure variation from tank
top to tank bottom may be taken as linear.

Conditions for the use of the formulae for hix

,

Tp/Tx 2 1, 25 at 70~o filling.

Tr/Ty 2 1, 40 at 70% filling.

I

and hiy:
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The filling height h is to be taken equal to 70 Yo of the

tank depth.

For determination of Tx use ,@

For determination of Ty use bt

Blml
20 Lo 60

,
100 200 300

L[m)

Dnv Fig. 4.

PERIODS OF SHIP MOTIONS.

“
“

2 12

*: 10

*X

E

6

L

2

0
0 10 20 30 40 50 60

Eit, lt [m]i

~ Fig.5.

RESONANT PERIODS OF LIQUID IN TANKS.

‘lD1O1 The scantlings of the Type AII tank’s strength members are

to be based on a complete structural analysis of the tank and

are generally not to be Iess than those for independent tank,
AI. “

(We assume that the same sloshing loads defined for AI apply. ) For
Type B, no guidelines are given. Perhaps it is intended that it be the same
as for Type AI.

,

Membrane Tanks

No specific guidelines.
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A. 2. 14.4 Germanischer Lloyds

For all tank de signs, the following regulations concerning sloshing

loads are given:

tt26.~.3.8 When use of partial filling of the tanks is contemplated,

investigations are to be carried out in order to avoid

resonance of the liquid for pitching and rolling. ‘1

A.2. 14.5 Lloyds Register of Shipping

No guidelines are given.

A.2. 14.6 Nippon Kaiji Kyokai

Independent and Membrane Tanks

!

!!4. 1.4. Where it is intended to partly fill cargo in tanks, the tanks
are to be arranged and of suitable size to avoid, as far as

possible, synchronization of natural period of oscillation

of liquid in the tank with the natural periods of rolling and

pitching of the ship, “

1,4.3.3(~~) where ~ tank may be partly filled below 70’% of the depth,

sloshing forces are to be taken into consideration acting

on the tank upwards near from the liquid level on such
loaded condition. The sloshing effects are to be generally

studied by model test, etc. Where accepted by the Society,

sloshing forces for a prismatic tank may be estimated as

the static water head shown in the following formulae.

hb-t ‘ v

h Sx . y.tt [Q+ q (h/Dt) (1 - h/Dt) (TL/Tp)2]

provided TL ~ Tp

h
SY = ybt {e+ n (h/Dt) (1 -h/Dt) (TT/TR)2]

provided TT ~ TR

where:

r
Standard value of ~ may be taken as 2.4, where provided

with no extrusion such as girder, etc. on the inner surface

of the tank. where provided with extrusions such as

girder, etc. on the inner surface of the tank, the value
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may, however, be increased or decreased according to

h/Dt, tank forms, size and arrangexnent of girders, etc.
at the discretion of the Society.

h~t =

h ~x .

h SY =

Water head at the cross line of transverse and

longitudinal tank boundary (at the tank corner),

(m).

Water head at the middle of transverse tank
boundary, (m).

Water head at the middle of longitudinal tank

boundary, (m). The water head between the

corner and the middle may be considered to de-

crease linearly from h~t to h~x (Or h Sy) ~
the middle of transverse tank boundary (or

longitudinal boundary).

TL and

TT . Resonant period of liquid in longitudinal and
transverse directions respectively, (see). And

are given as follows;

TP and

TR . Periods of pitching and rolling, (see), which are

are generally given by the following formulae

respectively.

~p = 0.6&

Q and

e . Amplitudes of pitching and rolling, (rad. ), which

are generalIy given by the following formulae,
respectively, but @ need not exceed O. 611.

‘ O. 025
T= O.175-~L

e = 1.667 n/&+ O. 175
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It and

bt = Tank length and tank breadth respectively, (m).

Where provided with swash bulkheads, near the
middle of tank, they may be replaced by the

following respectively.

It
(1 + 1.2a) ~

(1 + 1.2a) ~

a= Opening ratio of swa sh bulkhead.

h= Liquid level, (m).

g= Acceleration of gravity, (m/sec2).

‘t= Design specific gravity of cargo, (t/m3).

w. Displacement of the ship at the partly loaded

condition, (t).

m. Distance from the center of gravity of the ship

to the transverse metacenter, (m).”

t---’’ ------+
A

--

v

h,,

/

h,,

NK Fig. 4.3.3 (10) Distributionof SloshingForces—

A.2. 14.7 United States Coast Guard

I

,
No specific guidelines are given. Test requirements for membrane

tanks make no specific reference to partially filled tanks or fluid resonance.
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A. 2. 14.8 International Association of Classification

Societies

’12. 51 When partial filling is contemplated, the risk of significant

loads due to sloshing induced by any of $he ship motions

mentioned in A. 2. 4.6 (vertical, transverse and longitudinal

accelerations) is to be considered.
s

“2.52 When risk of significant slos~lng induced loads is found to

be present,

A. 2.14.9

Independent Tanks’

special tests and calculations will be required. ‘I

Summary of Sloshing Pres sure Criteria

BV requires for tanks between 40% and 90~0 full-tank, some means

be prov~ed to prevent resonance of the liquid cargo. The dynamic pres -

sures are to also be determined for each specific case. For tanks between

10% and 30y0 full, bulkhead stiffeners may be required. For tanks that may
be partially filled, GL requires that the resonant frequency of the tank be

determined. This f~quency should not be near the pitch and roll frequen-

cies in order to avoid liquid resonance. If the risk of significant sloshing-

induced loads is found to be significant, IACS requires that speciaI tests and

calculations be “made. DnV and NK provide similar guidelines” for deter-—.
mining the dynamic liquid pressure (slosh ~es sures) in partially-filled tanks.

Both agencies give the dynamic additional pres sure as a function of ship and

tank dimensions, specific gravity of the cargo, natural period of oscillation

of the cargo in the x and y directions, and natural period of oscillation for

roll and pitch motions.

DnV provides the resonant periods of liquid motion and periods of

ship motions for a 70’% tank filling. From this information, the S1Oshing
pressure (in meters of water) at the corners of the tank can be determined.

To determine the dynamic pressure due to sloshing for any other point on

the tank, DnV specifies a linear interpolation. In addition to the dynamic

additional pressure, DnV requires consideration of internal loads due to

static head for 70% fi~g and an additional pres sure corresponding to the
pressure relief valve setting. The value of the sloshing pressure based on
a 70% filling is assumed to be valid at fill depths between 20 and 9070. Below

20’% no values are given and above 90% the tank is assumed full.

~ provides formulas for calculating the resonant periods of the

cargo and the roll and pitch periods as a function of the ship dimensions,

and the tank fill depth. From this information, the slosh pressures can be

calculated at the tank corners and the middle of the transverse and longi-

tudinal sides. For any other point in the tank, dynamic pres sures can be

obtained by a linear interpolation.
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ABS, LR, and USCG have no specific regulations for slosh loads on

independent tanks.

Membrane Tanks

~, GL, NK, and IAcS provide the same requirements for mem-

brane tanks as for independent tanks. The other agencies provide no guide-
lines concerning slosh loads on membrane or integral tanks.

Integral Tanks

No requirements for sloshing loads on integral tanks are given by

the agencies.

A. 2.15 VIBRATIONS

A.2.15. I American Bureau of Shipping

Independent Tanks

No specific requirements are given.

Membrane Tanks

“24.31.2 Primary containers which are not self- supporting may be

given consideration, provided all details, arrangements

and materials of the primary container, insulation and the

supporting structure are suitable for the service condi-

tions. Preliminary tests are to be made to ascertain

that the design arrangements will function satisfactorily

in all respects. The tests are to simulate the most severe

operating conditions including minimum service temper-

ature, static and dynamic loads, hull vibration and

slamming. ‘i

A. 2. 15.2 Bureau Veritas

Independent Tanks

No specific

Membrane Tanks

“22-36-21

requirements are given.
.

As a rule, each design proposed for integrated tanks is

to be submitted to model tests designed to check its
behavior under the effect of: “
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cyclic pres sure variations due to ship motions

. cyclic deformations of the ship

vibrations of the ship. “

A. 2.15.3 Det norske Veritas

Independent Tanks

“B 601 Design of hull and cargo tanks, choice of machinery and

propellers are to be aimed at keeping vibration exciting

forces and vibratory stresses low.

Calculations or other appropriate information pertaining

to the excitation forces from machinery and propellers,

are to be submitted for tanks, type AII, and may be re-

quired, in special cases, for tanks, type AI and B. Full-

scale measurements of vibratory stresses and/or fre-

quencies may be required. “

Membrane Tanks

Membrane tanks are subject to the same loads as independent tanks.

A. 2. 15.4 Germanischer Lloyd

No specific regulations are given.

A.2. 15.5 Lloyds Register of Shipp ing

No specific regulations are given.

A. 2.15.6 Nippon Kaiji Kyokai

The vibration exciting force due to propeller and machinery on tank

structures is to be considered.

Independent Tanks

Regarding vibration loads on Type B independent prismatic tanks,

the rules state:

“4.6.2-11 The scantlings of, stiffened plates and girders are to be de-

signed so that a resonance between the frequencies of those

structures and an exciting source causing vibrations does

not give any bad effect to the tank. In this case, the

natural frequenciess of the stiffened plates and the girders

may be taken as a minimum value at the irnrner sed condition. ”
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Type B independent pres sure vessel configuration tanks are to be

subject to the same requirements as Type B independent prismatic tanks.

Membrane Tanks

No specific requirements.

A. 2. 15.7 United States Coast Guard

Independent Tanks

No specific requirements.

Membrane Tanks

Membrane tank de signs are to be designed so that the mechanical

integrity of the system is maintained for the life of the vessel. Moderate
scale fatigue testing, a resonance search, and a prototype test are re-

quired per Section IV-C. 3. c.(4).

Integral Tanks

I
No specific requirements. I

A. 2.15.8 international Association of Classification

Societies

Vibration loads are considered only in the insulation material. Tests
are to he conducted to ensure that the insulation materials have a sufficient

resistance to vibrations.

A. 2.15.9 Vibration Summary

Independent Tanks

Only DnV and NK present requirements specific to vibrations on

independent tanks. h~requires that stresses due to vibrations from

machinery and the propellers be kept low. Calculations or other pertinent

information (such as test data) are to be submitted to the agency for review.

Full-scale measurements of vibratory stresses may be required. NK—
requires consideration of vibration effects from machinery or propellers

on the tank structure. The design of stiffeners or plating is to be such that

resonances of these structures have no deleterious effect on the tank.

IACS requires that insulation materials have a sufficient resistance to

vibrations.
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Membrane Tanks

ABS, ~V, and USCG require preliminary testing to ensure that the

design is sound with respect to vibratory loading. In addition, the USCG

requires that a resonance search be made by either model test or mathe-

matical modeling to verify that the resonant frequencies for the tanks are

far removed from those generated by the vessel (machinery, propeller,
etc. ). DnV and IACS rules for membrane tanks are the same as for inde -——
pendent tanks. ~, LR, and NK present no specific guidelines for mem-

brane tanks concerni~vibrati~.

Integral Tanks

No specific requirements concerning vibration loads on integral

tanks are provided by the various agencies.

A. 2.16 FATIGUE LOADS

A.2. 16.1 American Bureau of Shipping

No specific requirements are given.

A. 2. 16.2 Bureau Veritas

Independent Tanks

,,22.23041 For self-supporting gravity cargo tanks, as well as fOr Pressure

cargo tanks requiring a secondarv barrier, the Administration

may consider a reduction of this secondary barrier provided
all necessary justifications are supplied and, in particular:

a complete analysis of the stres ses due to the actual

static and dynamic loads

a fatigue analysis

a fracture mechanics analysis

a buckling analysis. “

Membrane Tanks
,

No specific requirements are given.
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A. 2. 16.3 Det norske Veritas

Independent Tanks

Type Al, A2 andin some cases type B independent tanks are subject

to the following tentative rules for fatigue loads and fatigue analysis:

,!6. BC 903 The load spectrum for design against fatigue is to be taken

as the most probable largest load spectrum the ship will

experience during 108 wave encounters on the North.
Atlantic.

Generally, the load spectrum shown in Fig. 1 may be used.

This load spectrum may be replaced by a number of 8

fatigue loads, each of which is represented by a certain
number of cycles, ni, and an alternating load ~Pi.
Corresponding values of Pi and ni are given by:

ni = 0.9” loi

i = 1, 2, 3, 4, 5, 6, 7, 8.

P. . load on probability level Q . 10-8.

Q———&——

lLTB ,.-1 ,@s ,..5 ,O-c ,.-3 ,~.2 , ~.l

P 1

h pl
‘p] P’

P5

0+
I 10 102 ,03 ,OL ,05 lo~ 107 II

Dnv

N=

Q=

P.

,8

N—
Fig. 1.

LONG TERM WAVE-INDUCED L,OAD SPECTRUM.

,

number of wave encounters

probability of load exceedance

most probable largest wave-induced load. “
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01 An analysis according to 1102 and 1103 is to be carried out

for tanks, type A II, and may, in special cases, be required
for tanks, Type B. “

02 A fatigue analysis is to be carried out ‘for parent material

and welded connections at areas where high dynamic stresses

or large-stress concentrations may be expected.

The fatigue properties are to be well documented for the

parent material and weld metal being used in the design.

For less investigated and documented materials, the data on
fatigue properties are to be determined experimentally.

Due attention is to be paid to the effect of:

- Specimen size and orientation.

- Stress concentration and notch sensitivity.
- Type of stress.

- Mean stress.

- Type of weld.

- Welding condition.

- Working temperature.

The number of specimens to be tested at each stress level

is not to be less than 6.

The fatigue strength of the structure considered is to be

illustrated by W5hler curves. 1’

11B1103 The fatigue analysis is to he based on the fatigue loading

given in 903. The number of complete stress cycles due to
loading and unloading is in general to be 1000. The cumu-

lative effect of the various fatigue loads is to satisfy the

following requirement:

0“9::: (++)+$< 0.5
Ni . number of cycles to fracture for wave-induced

fatigue load number i, according to W6hler curves.

Na = number of cycles to fracture for the fatime load due, .
to loading /unloading.

The effect of stresses produced by static

given in 200 fs to be taken into account. “

Membrane Tanks

Membrane tanks are subject to the same fatigue loads as

tanks.

load as

independent
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A. 2. 16.4 Germanischer Lloyd

With respect to fatigue loads, the rules state:

1126. G. 3.4 where fatigue is to be considered when ascertaining the

tank structure scantlings, the fatigue life is to be deter-
mined by long term distribution calculation on a range of

wave encounters to be expected during the ship’s lifetime. ~

For all tank designs, the following material is to bd used as a guide-

line for calculating fatigue loads:

1126. H. 5.1

‘!26. H. 5.2

“26. H.5.3

A fatigue analysis is to be carried out for parent material

and welded connection s.”

If necessary the data on fatigue properties of parent ma-

terial and welding metal being used are to be determined

experimentally. The fatigue strength of the structure is

to be illustrated by W6hler curves for the “as built”

condition. 1’

The fatigue analysis is to be based on the fatigue loading
according to G. 3.4.

The cumulative effect of the various fatigue loads ui of

m steps of the stepped cumulative frequency distribution

according to G. 3.4 for the part of structure considered

is to satisfy the following condition:

The sum of the relative number of cycles ~ corre-
1

spending to the fatigue loads ui of the steps and the rela -

‘BE
tive number of cycles — must be less than O. 5, i. e. ,

‘j

m number of steps of the cumulative frequency distri.

bution of loads above the fatigue life of the W5hler

curve representing the structure considered

ni = number of the cycles of step i of the cumulative

frequency distribution according to G. 3.4
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Ni .

ui

‘BE =

‘j ‘

‘BE =

A. 2.16.5

number of cycles to fracture according to load

~i in Wbhler experiment

load of step i of the cumulative frequency dis

but ion

number of cycles due to loading and unloading

operations the considered structure is exposed

If not known, nBE . If)3.

number of cycles to fracture according to load

UB ~ in W6hler experiment

load due to loading and unloading operations. “

Lloyds Register of Shipping

No specific requirements are given.

A. 2. 16.6 Nippon Kaiji Kyokai

All tank designs are subject to the following

loads:

regulations on fatigue

114.3.3. (8) Fatigue loads having significant effects on the tank are

be generally obtained as the load spectrum specified in

4.3. 2-l(2), which follows. In this case, the total numb,

cycles are generally to be taken as 108. This load spe,

trum used for the fatigue analysis specified in 4. 2.4 m
be replaced by a number of 8 fatigue loads, each of whi

is represented by a certain number of cycles, Ni, and

alternating load Si. Corresponding values of Si and 1
are given as follows (see Fig. 4. 3. 2-l(2)).

17-2i s
%=7 max

ni = 0.9 X 10i

where:

i=. 1,2 ,. ..., 8.

smax = Maximum :,xpected value OR probability
Q = 10-8.
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“4. 3.2- I(2) A load spectrum may be taken as a straight line approxi-
mately shown in Fig. 4.3.2- 1(2), provided that the maxi-
mum expected value (~ax) at a probability level

Q = 10-N is estimated by a suitable method subject to the
satisfaction of the Society. In this case, the total number
of fatigue cYcles is ION for an operating ship. “

,14. 2. 4 Analysis of fatigue strength may be required, where

deemed necessary by the Society. In this case, it is

assumed that the total life of ship may be 20 years, and

the standard cumulative effect of the fatigue loads is as

obtained from the following formula:

nl n2 ~03

~ +=+
. . . . . . . +:+ — <0.5

1 ‘j

where:

nl, n2j. ..ni =

N1, N2, . ..iVi =

Nj .
,

Independent Tanks

Number of stress cycles at the stress
level suitably selected during the total

life of the ship.

Number of cycles to fatigue fracture for the

respective stress levels according to S-N

curves.

Number of cycles to fracture for fatigue loa

due to loading and unloading. ”

For the type B independent prismatic tank and type B independent
pressure vessel tank:
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‘84. 6.2-8 A fatigue analysis is to be carried out for parent materials

and welded joints at areas where high dynamic stresses

or large stress concentrations may be expected. In this
case, S-N curves are to obtained from tests, etc. taking

into account the following:

(1)

(2)

(3)

(4)

(5)

(6)

Specimen size and orientation.

Stress concentration and notch sensitivity.

Type of stress.

Mean stress.

Welding condition.

Working temperature.

In addition, the number of specimens to be tested at each

stress level is not to be less than 6. In this case, the S-N

curves at the suitable confidence level accepted by the

Society are to be obtained. The fatigue load is to be ac-

cording to the requirements of 4. 3. 3(8), and the cumula-

tive effect of the various fatigue loads is to satisfy the

requirements specified in 4.2.4. ‘1

Membrane Tanks

Fatigue strength analysis of the Type B semi-membrane tank is to

be generaLly in accordance with the requirements of 4. 6.2.8 (same as for

Type B independent prismatic tanks).

A. 2.16.7 United States Coast Guard

Independent Tanks

No requirements are given.

Membrane Tanks

Moderate scale fatigue testing of the IMT de sign is required with

the following restraints:

1!((1)) Number of cycles based on anticipated conditions of pri-

mary hull bending for the life of the vessel. 108 cycles

for an anticipated 20 year life is a reasonable figure. ”
,

,,((2)) Structure statically prestres sed in tension to the maximum
amount caused by cargo cooling, static head pressure of

cargo, and still water hull deflection. This means that

under most circumstances, permission will be granted to

run the tests at ambient temperature and pressure. “
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“((3)) Structure cycled above and below. the static level an amount

equivalent to that caused by maximum at- sea hull deflection

plus the maximum caused by the earlier discussed dynamic
loading criteria. A . 04% strain is a reasonable figure for

estimating purpose s.”

Integral Tanks

No requirements are given.

A. 2. 16.8 International Association of Classification

Societies

ff2. 43 When design against fatigue is to be considered, the dynamic

spectrum is determined by long-term distribution calcula-
tion based on the operating” life of the ship (normally taken to

correspond to 108 wave encounters). ~ simplified dynamic

loading spectra are used for the estimation of the fatigue

life, these are to be specially “considered by the Classifica-
tion Society. ”

Independent Tanks

‘!3. 51 For independent type B tanks, the effects of all dynamic and

static loads are to be used to determine the suitability of
the structure with respect to:

plastic deformation

buckling

fatigue failure

crack propagation.

Statistical wave load analysis in accordance with 2.4 (dynamic
loads due to ship motions, finite element analyses or similar

methods and fracture mechanics analyses or equivalent ap-

proach), are normally to be carried out. ”

!,3+ 55 Where deemed necessary by the Classification Society, model

tests may be required to determine stress concentration

factors and fatigue life of structural elements. “

,13.56 The cumulative effect of the fatigue load is to comply with the
following formula:
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where

Ili .

Ni .

‘j ‘

c~ =

./
!,4. 19b Stress

number of stress cycles at each stress level during

the life of the ship

number of cycles to fracture for the respective stress

level according to the W6hler curve

number of cycles to fracture for the fatigue loads due

to loading and unloading
is a coefficient to be determined hy the Classification

Society dependent on the test procedures and data used
to establish the W6hler curve (CW ~ l).l’

in type C independent tanks may be limited bv fatigue
analysis, crack propagation analysis and buckling criteria. ‘!

Membrane Tanks

“3.21 For membrane tanks, the effects of all static and dynamic
loads are to be considered to determine the suitability of.

the membrane and of the associated insulation with respect to
plastic deformation and fatigue. ”

(,3.22 Before approval is granted, a model of both the primary and
secondary barrier, including corners and joints, is normally

to be tested to verify that it will withstand the expected com-

bined strains due to static, dynamic, and thermal loads.
Test conditions are to represent the most extreme service

conditions the tank will see in its life. Material tests are

to insure that aging is not liable to prevent the materials

from carrying out their intended function. ”

,,3. 3 For semi-membrane tanks, structural analysis is to be per-
formed in accordance with the requirements for membrane

tanks taking into account the internal pressure given in 2. 2“

(A. 2. 13.8 of this report). “

A. 2.16.9 Fatigue Load Summary

Independent Tanks

BV regulations specify only,that a reduction in the secondary barrier—
may be allowed if a fatigue analysis is made. DnV, GL, NK, and IACS by

contrast are very specific as to the type and magnitude of fatigue analysis

required. All of these agencies require that the load spectrum for fatigue
is to be the most probable largest load spectrum the ship will experience

in 108 wave encounters. All the se agencies will allow a straight line load

spectra to be used (except GL which does not specify), provided that the—
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maximum expected value is estimated by some means approved by the
agency. A fatigue load analysis is required on the following tank designs:

DnV: A-II and in some cases B; GL: All tank configurations; NK: B;

‘~ B. In addition, IACS may r~uire that model tests be co~ucted for

some tank designs to determine stress concentration factors and fatigue

life of structural elements. ABS, ~R and USCG provide no regulations

for the calculation of fatigue loads on independent tanks.

Membrane Tanke

The USCG requires moderate-scale fatigue testing of the IMT design.

The number of fatigue cycles is to be 108, and the structure is to be pre -

stressed to the maximum deflection caused by cargo cooling, static liquid

head, and still-water hull deflection. The structure is to be cycled above

and below the static level by an amount equivalent to that caused by the
maximum at- sea hull deflection plus the maximum wave-induced loads.

The IACS requires that a model of the primary and secondary barrier be

te steal to verify that it will withstand the maximum anticipated at rains due

to static, dynamic and thermal loads. Material tests are also to be con-

ducted to ensure that aging of materials will not affect the integrity of the

tank design. IACS semi-membrane tanks are to be subjected to the struc-

tural analysis that membrane tanks undergo, while taking into account the
dynamic internal pres sure loading. DnV, GL and NK have the same re-—.
quirements for membrane tanks as for independent~nks. ABS, ~, and

LR provide no guidelines for membrane tanks.—

Integral Tanks

No specific guidelines concerning fatigue loads are given by the

various agencies.

A. 2.17 FRACTURE LOADS

A.2. 17.1 American Bureau of Shipping

No specific requirements are given.

,
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A. 2.17.2 Bureau Veritas

Independent Tanks

,,22.23.41 For self-supporting gravity cargo tanks, as well as for

pressure cargo tanks requiring a secondary barrier, the

Administration may consider a reduction of this secondary

barrier provided all necessary justifications are supplied
and, in particular:

a complete analysis of the stresses due to the actual

static and dynamic loads

a fatigue analysis

a fracture mechanics analysis
a buckling analysis. “

Membrane Tanks

No specific requirements are given.

A. 2.17.3 Det norske Veritas

Independent Tanks

Independent tanks are subject to the following rules for fracture loads

and fracture analysis:

“6. B. 904 The load spectrum for design against crack propagation is

to be taken as the load epectrum representing tbe worst

period of 15 days in the most probable largest load spec-

trum the ship will experience during 108 wave encounters

on the North-Atlantic. Generally, the load spectrum shown

in Fig. 2 may be used. Tliis load spectrum may be replaced
by a number of 5 fatigue loads, each of which is represented

by a certain number of cycles, ni, and an alternating load

~Pi. Corresponding values of Pi and ni are given by

p=5.5-ip
i 5.3 0

i = 1, 2, 3, 4, 5.

P. . load on probability level Q . 10-8.
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0F15DAYS IN THE LOFJGl”Efit4INDUCED LO;.D

N.

Q=

P.

SPECTRUM.

,a

number of wave encounters.

probability of load exceedance.

most probable largest wave-induced load. ”

,,~lf)ol An analysis according to 1002 is to be carried out for tanks,

type A II, and may be required, in special cases, for tanks,

type B.”

,!B1(302 A fatigue crack propagation analysis is to be carried out for

areas with high dynamic stresses. The analysis is to con-

sider propagation rates in parent material, weld metal and
heat - affected zone.

The fracture mechanical properties are to be well documented
for the material, comprising parent material and weld metal,

and thicknesses used in the design. For less investigated and

documented materials, the data on fracture mechanical pro-

perties are to be determined experimentally according to ASTM

E399-70T.

Depending on material, fracture mechanical properties deter-

mined under dynamic loading may be required. The method

used for this deter fiination has to be approved by the Society.

Assuming that a through thickness crack of length a, exists,

the length af, which this crack will grow to under dynamic

loading, is to be determined.

af is tO be based on a stress spectrum corresponding to the
w-orst period of 15 days in the long term load spectrum as

given in 904. The effect of stresses produced by static loads
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as given in 200 is to be taken into account. The permissible
length of af is to be considered by the Society in each separate

case. af is to be taken equal to the minimum flaw size that

can be detected by means of monitoring systems, for instance

gas detectors, but is not to be taken less than the plate thick-

ness.

In particular cases, a special evaluation of crack growth, for

instance by means of experiments, may be required. ‘r

Membrane Tanks

Membrane tanks are subject to the same fracture loads as independent

tanks.

A. 2.17.4 Germanischer Lloyd

With respect to fracture loads, the rules state:

1126. G. 3.5 Where crack propagation is to be considered when ascer-

taining the tank structure scantlings, the largest load

spectrum expected to occur during the most severe 14
days’ weather period is to be taken. ”

For all tank designs, the following material is to be used as a guide-

line for calculating fracture loads.

‘126. H.6. 1 Fracture mechanics analysis shall consider propagation
rates in parent rmaterial, weld metal and heat-affected zone. “

1!26. H.6.2 The fracture mechanical properties are to be documented

for the various thicknesses of parent material and weld

metal alike, possibly by experiment according to ASTM

E399-70T. ”

!126. H.6.3 It is to be determined to which length an assumed through

thickness crack will grow to under dynamic loading.
The calculation is to be based on a stress spectrum as

stipulated under G. 3.5. The initial length of the existing
crack is to be taken equal to the minimum flaw size that

can be detected by means of a monitoring system (e. g. ,

gas detectors), however, not less than the plate thickness. “
.

A.2. 17.5 Lloyds Register of Shipping

No specific requirements are given.
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A.2. 17.6 Nippon Kaiji Kyokai

Independent Tanks

All independent tank configurations are subject to the following regu-

lation concerning fracture loads. Fracture loads specific to particular con-
figurations are found after the general statement.

,14. 3. 3(9) Fatigue loads used for the calculations of the fatigue crack prO -

pagation specified in 4. 2.5 (see below) are to be generally ob-

tained as the load spectrum representing the fixed period of

time specified in 4.11.117 m the most probable largest load

spectrum the ship will experience during 108 wave encounters.

In this case the total number of cycles is generally to be taken
~~ 2 ~ 105. Where accepted by the Society, this 10ad sPectrum

may be replaced by a number of 5 fatigue loads, each of which

is represented by a certain number of cycles, Ni, and an al-

ternating load Si. Corresponding values of Si and Ni are

given as follows (see Fig. 4.3. 2-1(2)).

s, =5.5-is
1 5.3 max

ni= 1.8 X10i

where

i=l,2 ,. . . . . . 5

s - As specified in preceding (8). (See fatiguemax –
loads) “

For Type B independent tanks, the rules state:

‘14. 6.2-9

“4.2 .5-1

Concerning the design of secondary barriers onboard Type B
independent prismatic tanks, the fracture mechanics analysis

is to be carried out in accordance with the requirements spe-

cified in 4. 2.5 using the fatigue loads specified in 4.3. 3(9),
and it is to be confirmed that a crack does not propagate up

to the permissible crack length in an assumed period. ”

For type B tanks, the fracture mechanical properties,. . --
namely the fatigue crack propagation and fracture tough-

ness of the parent materials and welded joints (including

heat affected zone) are to be made clear at the lowest

working temperature. In special case, where deemed

17 Not to be less than 15 days.
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necessary by the Society, for tanks other than type B it

may be required to examine the fracture mechanics

analysis.!’

114. 2. 5.2 The method Of the fracture mechanics analysis fOr type B tanks

is to be as given in the following Sub- Paragraphs:

(1) Calculate maximum dynamical stress induced in the

tank according to the requirements specified in 4.3
(design loads) as exactly as possible, and obtain the

stress spectrum specified in 4.3. 3(9).

(2) Assume a size of crack which can be detected by means

of monitoring systems taking into account of the kind of

stress, ‘the structural details of the tank, the tank

materials, the detecting means of leakage, etc.

(3) Calculate a crack length to which the through thickness

crack specified in preceding (2) propagates under the

dynamical stress specified in 4; 3. 3(9).

(4) Calculate a critical crack length in consideration of the

fracture toughness of the materials and the maximum

dynamical stress specified in preceding (1).

(5) Confirm that the crack length obtained in preceding (3)

is considerably smaller compared with the critical

crack length in preceding (4). “

Membrane Tanks—-

No specific requirements are given for fracture loads on membrane

tanks: however, see related regulations on fatigue loads. Fracture mechan-

ics analysis for semi-membrane designs is generally to be in accordance
with the requirements of 4. 6.2-9 (Type B independent tanks).

A. 2.17.7 United States Coast Guard

“IV. C.2. a.(2) Check the design18 using analytical tools such as three-

dimensional finite element or finite difference analysis

and photoelastic analysis in order to determine the maxi-
mum stresses in the material and the stress field

patterns, paying particular attention to support attach-

ments and folerance limits.
II

18 For 1ST and SPT Tanks
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‘IIV. C.2.a.(3)

‘IIV. C.2. a.(4)

‘IIV. C.2. a.(5)

“IV. C.2. a.(6)

Membrane Tanks

Subject the material to a fracture mechanics analysis
in order to determine the critical crack size and the

crack propagation rate with a given maximum stress

(either at an assumed level or as computed in (2)

above). Also determine the fracture mechanical pro-

perties (either from tables for well documented

materials oi- determined experimentally for lesser

research materials) for the material being used in

the design. ”

Determine the minimum flaw size that will allow the

passage of sufficient gas to be sensed by the gas de-

tectors. ”

Using the minimum flaw size of (4) above, determine

the length this crack will grow to during the greatest

of the following:

(a)

(b)

(c)

Two weeks
The time required to offload tbe cargo in an emer-

gency, including the time to remove the cargo con-
tained between the primary and secondary barriers.

The anticipated average vessel running time between

cargo loading and discharge points. 1’

Compare the crack length after growth with the critical
crack length. If the critical crack length is larger than

the crack length after growth (designs approved to date
have had ratios of approximately 10:1 ) then the design

is acceptable. ‘r

No requirements are given.

Integral Tanks

No requirements are given.

A. 2.17.8 International Association of Classification

Societies

“2. 44 b order to practically apply crack propagation estimates,

simplified load distributions over a period of 15 days may

be used. Such distributions may be obtained as indicated

in Fig. 3. “
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IACS FIGURE 3. SIMPLIFIED LOAD DISTRIBUTION FOR

ESTIMATING cRAcK PROPAGATION

A-119



Independent Tanks

1!3. 51 The effects of all dynamic and static loads are to be used

to determine the suitability of the structure with respect to:

plastic deformation

buckling

fatigue failure

crack propagation

Statistical wave load analysis in accordance with 2.4 (dy-

namic loads due to ship motions), finite element analyses

or similar methods and fracture mechanics analyses or

equivalent approach, are normally to be carried out. “

Membrane Tanks

Structural analysis of semi-membrane tanks in accordance with the

requirements for independent tanks, may be required. There are no re-

quirements for a fracture analysis of membrane tanks.

A. 2.17.9 Fracture Loads Su-ary

Independent Tanks

~ specifies only that a reduction of the secondary barrier may be
DnV, ~, NK and IACS re -allowed if a fracture analysis is carried Out. _

quire that a load spectra for fracture be calculated for th~worst 14 day

period over the lifetime of the ship. In order to simplify the crack propa-

gation estimates, DnV, NK and IACS will allow a straight line approxima-—— —
tion to the load spectra. DnV will also allow the straight line approxima-

tion to be replaced by 5 fatigue loads (5 points on the load spectra curve).

GL does not specify the shape of the load spectra curve.—

The methodology of the fracture mechanics analysis for DnV, GL,

NK and USCG is essentially the same:——

1) Using a finite element analysis or other suitable technique,

determine the maximum stress for the tank under considers.

tion, with special emphasis on supports and attachments.

2) Assume a minimum c{ack size which will allow detection of a

gas leak by a monitoring system.

3) Calculate the maximum size to which this crack will grow

during exposure to the worst two weeks of the ship’s lifetime.
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4) Calculate a critical crack size using the properties of the
material of the tank and the maximum stress specified in ( 1 )

above.

5) Confirm that the critical crack size (4) is much greater than

the maximum crack length (3) obtained during exposure to

14 days of severe weather.

The ~ is most specific here; a design is acceptable if the ratio

of critical crack size (4) to the maximum crack length (3) is better than 10.
This k~d of fracture analysis is required on DnV type AII tanks, and in

some cases, type B tanks, all GL independent tanks, NK type B tanks, and

USCG 1ST and SPT tanks. ABS~nd LR present no gui~ines for the calcu-—.
Iation of fracture loads on independent tanks.

Membrane Tanks

The DnV, GL and NK (semi-membrane, Type B) requirements for—— —
membrane tanks are the same as for independent tanks. All the other

agencies provide no guidelines for fracture loads on membrane tanks.

Integral Tanks

No specific guidelines concerning fracture loads are presented by

the various agencies.

,
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APPENDIX B

A GENERAL DISCUSSION AND EVALUATION OF THE

METHODS FOR PREDICTING WAVE-INDUCED LOADS 11

B. I INTRODUCTION

General

The problem of wave-induced loads on a ship at sea is that of deter-

mining successive conditions of dynamic equilibrium of forces and moments

acting in and on an elastic body moving in the irregularly disturbed interface
of two different media. This problem can be simplified by considering ex-

ternal loads only, on the underwater part of the ship, which is considered to
be a rigid body in an ideal fluid. Motions and other ship responses in waves

are regarded as linear functions of wave height, and both the irregular waves

and the irregular responses can be considered as the sum of many sinusoidal
functions. Hence, the analysis begins with the study of harmonic oscillations

of a rigid body, moving at forward speed on the surface of an ideal fluid under
the action of regular gravity waves.

Though in principle, the ship motion problem has been solved for

three-dimensional cases [67, 68], the analytical solution is limited to forms

such as a sphere or an ellipsoid, In view of this, a less rigorous strip theory

solution has been developed which is suitable for long, slender bodies, where

each cross-section of the ship is considered to be part of an infinitely long

cylinder. Hence, a series of individual two-dimensional problems can be
solved separately and then combined to give a solution for the ship as a whole.

The idea was originally introduced by Korvin-Kroukovs ky[69] and has since
been endorsed, criticized and improved by many author s[l O, 13, 70].

The main drawback of the strip theory is that it neglects the mutual

interactions between the various cross- sections, which are of particular im-
portance for certain frequency ranges, depending on the size of the body.

Hence, in waves that are either very long or very short, relative to a ship,

the theoretical justification of strip theory is somewhat questionable. This

statement is particularly applicable to lateral motions, since the hydro-

static restoring force is small or non-existent under these circumstances.

In spite of the above reservations, the basic strip theory has been
found to be satisfactory for motions, forces and moment s[71], and it is the

only suitable method for numerical’ computation. A major recent contribu-
tion to the theory has been the inclusion of all the forward speed terms in the

equations of motion in order to satisfy the symmetry relationship proved by

Timman and Newman [72]. All the modified strip theories developed in the

past five years [11, 73] have practically identical forward speed terms.

1 lThe ~rigfial draft of this chapter was prepared by D. llof frnan, Webb
Institute of Naval Architecture.
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Since we are concerned with successive conditions of dynamic equili-

brium, it should be noted that a complete solution ‘of the problem of wave

loads and bending moments canuot he obtained without first determining the

motions.

State-of-the-Art Development

In order to evaluate the state of development of ship motion and load

calculation in waves, a short analysis of the basic approach to the problem
will first be given. The mathematical formulation of the problem, i. e. , a

ship advancing at constant mean speed with arbitrary heading into regular
sinusoidal waves, can be presented in most general form by defining the

velocity potential so as to satisfy the Laplace equation, as well as several
boundary conditions, within the assumptions of the ideal fluid, linearized

theory. At this initial stage, no strip theory as surnption is required. The

time-dependent part of the potential can be decomposed into three components
representing the potentials due to incident wave, detraction and the mode of

motion considered, as in the original theory by Korvin-Kroukovsky [69].

However, an additional time-dependent term due to steady forward motion

of the ship has been added in more recent theories [10].

Once the formulation of the component potentials is completed, the

hydrodynamic forces and moments acting on the hull can be determined.

Using the Bernoulli equation, the pressures in the fluid are defined and ex-

panded in a Taylor series about the undisturbed still-water position of the

hull. Ignoring steady pres sure terms, the linearized time- dependent pres -

sure on the hull can be formulated and integrated over the hull surface. The

hydrod~amic forces and moments can be obtained in two superimposable

parts: those associated with a wave passing a restrained ship (excitation)

and those acting on a body forced to oscillate in calm water.

In order to obtain a numerical solution, the application of strip theory

approximations are necessary for the integration of the sectional exciting
and motion- related forces over the length of the ship. These section forces
involve two-dimensional added mass, damping and displacement terms. The

speed-dependent coefficients are expressed in terms of a speed-independent

variable, which is evaluated by means of a strip theory, and of a speed-

dependent term which is obtained from a line integral along the waterline as
given by Stoke’s theorem. Hence, the main difference between Korvin -

Kroukovsky’s original strip theory and the more recent “new’r methods is

in the formulation of the problem. , Previously, strip theory as sumptions

were applied in the initial formulation, and the forward speed effect was only

introduced in certain terms. In the “new” theories the assumptions with re-
gard to strip theory were made after the general terms for the coefficients

in the equations of motion were determined, including the forward speed

terms.
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In addition to the above, Salve sen, et al. [10], include a term in the

coefficients associated with the aftermost sections, which are not usually
included in the strip theory and are claimed to be important for bluff

bodies. These terms are independent of the strip theory assumptions. A

comparison of results obtained for a container ship using the principles of
the original strip theory and the modification for bluff bodies was presented

by Floksta [71].

Using either the old or the new approach, the formulation of hydro-

dynamic forces and moments permits the equations of motion to be solved

and the amplitudes and phase angles of motion determined. Then the longi-

tudinal distribution of all forces--including those that are dependent on the
motions and forward speed--can be evaluated and shearing forces and bend-

ing moments calculated, usually at midship, for any instant in the motion

cycle. In general the solutions for two instants of time suffice to deter-

mine the amplitudes and phase angles of these quantities.

The extension of regular wave results to short-crested irregular

seas, by means of the superposition principle, was accomplished by

St. Denis and Pierson [74], on the assumption that both the irregular

waves and the ship short-term processes are stationary stochastic pro-

cesses.

Though the method of extending the calculations to irregular waves is

universal, the techniques vary considerably depending on the wave input data

used and the statistical model applied to the data for long -term predictions.

In most cases, spectral representation of the wave is used though it can vary
between mathematical formulation or actually measured data, single spec-

trum or a family of spectra, etc. Once the wave spectra is linearly super-

imposed on the specific response transfer function, at a constant speed and
heading, that response is expressed statistically in terms of the root-mean-

square of the process and its multiples representing the I /nth highest ex-

pected values. However, the extrapolation of the rms to extreme values as
expressed by the 1 /nth highest is usually limited to return periods charac-

terized as steady state conditions of the sea. Such periods are limited in

time and cannot be extended beyond four hours or approximately 5000 re-
versals. A more reliable extrapolation to longer periods of time is there-

fore required and the use of order statics, or combined cumulative distri-
bution is therefore called for. Such extrapolation csn be applied to periods
representing a storm, a year of operation or the lifetime of the vessel. A
more detailed des cription of the statistical models is given in the following

section.

Due to the undeterministic nature of the above conditions, the selec-

tion of a single design value to represent a specific response under operational

conditions is not always easy. A typical way of presenting motion and load
analysis is by referring to the level of response expected to be exceeded once
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in the lifetime of the ship or 108 reversals. Such a definition requires the

use of assumptions with regard to the loading of the ship relative to the
waves, the speed expected at each sea state, the specific route selected,

etc. The response is also Iargely dependent on the basic design of the ship

and the particular loading condition as expressed in terms of the meta-

centric height ~M, and the longitudinal and transverse weight distribution.

All these variables have been discussed in Chapter IV with emphasis on the

response in general and acceleration in particular.

Simplified Ap proximation of Ship Responses

Due to the lengthy and costly procedure usually associated with the

determination of ship responses, several attempts to short-cut the procedure

were formulated to enable the designer to estimate a design value during the

preliminary design phase. Det norske Veritas (DnV) developed approxima-

tion formulas for maximum acceleration [30, 31] an probability level of
10-8. These were based on the results of strip theory calculations assum-

ing rigid body dynamics and on full- scale measurements. Linear accelera-

tions in longitudinal, transverse and vertical directions at any point on the

ship are given in a non- dimensional form as a function of the ship’s length,
breadth, block coefficients and metacentric height. The results are given

in terms of the acceleration due to pure heave motion which is determined

as functions of the forward speed and the ship length. Other approximations

similar in nature have since been proposed by other Classification Societies

and Regulating Bodies. It will be shown in the following sections (also refer

to Section IV in the body of the report) that accelerations are a function of

much larger number of variables than those used in the approximate formula
and therefore the results obtained by such simplified calculations can be

close in some cases and out by an order of magnitude in other cases.

Other responses, such as bending moments due to waves have tra-

ditionally been approximated by static methods such as by the superposi-

tion of a stationary wave of specific height and period on the ship. The
ship is balanced on the wave to give the correct trim and heel, and the shear

force and bending moment distribution along the hull is obtained from con-

sideration of weight and buoyancy. This particular approach proceeded the

dynamic method described previously and is known to yield rather conserva-

tive answers.

A more generalized method for approximating many of the responses
is by means of interpolating experimental or theoretical data which is,
classified and stored in the computer to obtain results for a similar ship

configuration under similar operating conditions. Such results can be used
as first approximatiori and are usually of the same order of reliability as

the acceleration formula discus sed above.
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Other approximation techniques often used in preliminary stages in-

clude the extrapolation of regular wave tank response data to long-term
statistical predictions. Several approaches, all representing gross approxi-

mation~can be used. These are usually based on the response value at

resonance. The recommended approach to determine responses excited due

to waves is by means of computers. Data required for such calculations

will be discussed in the following section.

Input- Output of Ship Response Calculations

Two basic input requirements are called for in determining the re-

sponse of a vessel to irregular waves. One is the wave data, which in-

cludes the information necessary to define the sea spectra, covering all

possible operational conditions and the description of the expected route or

routes for which the responses are to be evaluated, and the other is the

ship de sign information, which includes the geometry of the outer hull con-

tour, the longitudinal, transverse and vertical weight distributions and the

initial stability data. Specific de sign parameters, such as the displacement,

center of gravity, etc. , can be evaluated from the above input data. Addi-

tional input includes the specification of the response required and the speeds
and headings at which it is to be calculated; a viscous damping correction

factor, to account for effects not counted for by potential theory; and the

specific frequencies at which the response transfer function is to be evalu-

ated. While the wave data is required for the indeterministic portion of the

calculation, i. e. , the statistical response, the ship design data represent

that required for generating the transfer function.

The input format may vary somewhat from one program to another.

The ship geometry may be represented in terms of the ship offsets, mapping

coefficients or the beam-to-draft ratio and the sectional area coefficients.
The wave data may be given in a form of groups of wave height and period

combination and their frequency of occurrence or the spectral ordinate of

actually measured wave data representing a wide array of conditions can be

used. Figure B. I illustrates the system configuration of ship motion calcu-

lation procedure indicating the input and the output alternative. Further
breakdovm of some of these components will be given in the following sec-

tions along with the discus sion of the specific techniques which can be used

to advance from one block to the next.
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B. II SHIP MOTION SYSTEM EVALUATION

General

The basic functional blocks of the ship motion calculation system were
given in Figure B -I. Each of these components will now be discussed in de-

tail emphasizing alternative techniques presently available and their relative
merits. Though the folloting discussion deals in the general subject of ship

motions evaluation, the latter are the cause of many other responses such as

acceleration stresses, shear forces, etc. Due to the linear assumptions

made with regard to the ship motions, each of these responses can also be

treated under the same assumptions and if the basic transfer functions of the

response are given per unit wave height, and the nature of the excitation is

known, the response to the excitation can also be defined. Hence, the mathe-

matical tools such as the lineai- superposition principle or the statistical

models are applicable to any of the linear ship responses.

The purpose of this note is to investigate the methods used to calcv-

late the magnitudes of the maximum acceleration expected over the lifetime

of the ship in the longitudinal, transverse and vertical directions and hence,

determine the maximum acceleration in any arbitrary direction. The accel-
eration in a specific direction can be defined if the motion components in this

direction and their phase angles are given. Hence, the vertical acceleration

is a function of pure heave and the appropriate pitch and roll components, the

horizontal acceleration is a function of pure sway and the yaw and roll compo-

nents and the longitudinal acceleration is a function of pure surge and the

pitch and yaw components. In addition to these, the force of gravity will al-

ways be acting and the “static ,, ~cceleration component should be added in all

three cases, i. e. , g in the case of vertical, g sin o in the caee of hori-
zontal where @ is the roll angle and g sin 8 in the case of the longitud-
inal acceleration where 6 is the pitch angle.

The maximum acceleration in an arbitrary direction can be obtained

based on the assumption that az , ay and ax, the vertical, horizontal and

longitudinal accelerations are statistically independent variables. Hence,

the maximum acceleration at each plane can be easily determined as

- Or ~a$ + a~ , etc. ~ where a. includes the static cOmponent
corrected for the instantaneous pitch and roll angles. It should be remembered
that the acceleration in the longitudinal direction, due to pure surge cannot

be directly obtained from the solution of the equations of motion due to the

strip theory concept which requires the integration of the hydrod~amic co-

efficients along the longitudinal axe {. The components due to pitch and yaw

are available and usually an approximation of the acceleration due to surge

in terms of a percentage of the pure heave acceleration is made.
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Ship De sign Parameters Inputs

The ship design parameters, which include primarily the buoyancy

and weight distribution data along the hull comprise the major input for de.

termining the motion transfer functions. Basic flotation principles require

the longitudinal centers of gravity and buoyancy to lie along the same verti-
cal line which in turn must be at 90” to the waterline for the ship to be in

equilibrium. In order to balance the ship, the buoyancy curve, as defined

by the immersed volume and the weight curve as defined for the specific

loading condition must be first defined.

The most basic way of describing the hull is in terms of its offsets

at convenient transverse locations. The integration of the individual areas

will yield the sectional characteristics of each transverse location such as

area, center of area, etc. , and hence the volume, its center and other

geometric characteristics of the ship, can be easily defined. The weight

curve is usually defined in terms of blocks of weight described by the for -

ward and aft ordinates and the distance between them. Balancing the ship

yields the waterline coordinates fore and aft and hence the draft at each

transverse section which is the required input for the calculation of the two-

dimensional hydrodynamic characteristics of each oscillating section.

Most of the input data can be generated from the buoyancy and weight curves.

Ideally, the vertical and lateral weight distribution are also required, how-

ever, in reality these are represented by center of gravity and the trans-

verse radius of gyration at each transverse section.

Most programs yield the motion at the center of gravity of the ship

and very often acceleration at the bow and stern will automatically be given.

If however, accelerations are required at other locations the space coordi-

nates relative to the center of gravity must be given. Other inputs include
various options of the program, such as tbe specific speeds at which the

motions are to be evaluated, the relative heading angles, the specific fre-

quencies at which the transfer function is to be defined, etc. The ability

of the specific ship to resist roll due to viscous damping is also considered

as an input parameter, very often empirically applied.

The above constitute the total input required to determine the response

transfer function. The first phase of the calculation, described under tbe

following heading, required only the geometrical definition of each section

up to the design waterline.

Two- Dimensional Hydrodynamic Calculations

As indicated previously, due to the complexity of the three- dimen-

sional shape of the ship, the calculations of the hydrodynamic characteristics

due to vertical, lateral and angular oscillation about the free surface is not
feasible and the characteristics of infinitely long cylinders having a cross -
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section identical to that of the ship’s transverse section is calculated instead.
Each cylinder is de~lned in terms of its cross-sectional area by means of

offsets between the keel and the waterline inter section. In order to deter-

mine the added mass and damping due to oscillation on the free surface, two

techniques are available: conformal mapping and source sink distribution.

The one-to-one correspondence between the points on two distinct complex

planes expressed by a single analytical function is the basis for conformal

mapping. The method involves the mathematical manipulation of the boun-

dary geometry from the plane in which the potential solution is de sired to

one where it is Imown, such as a semi-circle. The potential is constructed

of a source potential and a sum of multiple potentials both placed in the

origin and each satisfying the Laplace equation, the free surface conditions,

the finite depth and the radiation boundary condition. The added mass and

damping can hence be evaluated as well as the pres sure on the hull contour

which can be obtained from the linearized form of the Bernoulli equation.

An alternative to mapping is the distribution of source singularities, and the

method by Frank[75] was found suitable for most sectional shapes. Pul-

sating source singularities of constant strength are placed on each straight

line segment connecting two offset points on the contour. In both cases,

the results are identical if the section geometry was properly defined. In
the latter case, this depends on the number of offset points used to define

the section while in the case of mapping, the number of coefficients is

often a factor in setting the accuracy of the procedure. A specific case of

conformal mapping, involving two coefficients only, is commonly referred
to as the !!Lewistl form[76], and it usually represents a fair description

of most transverse ship sections. However, the description of more com-

plex bow or stern sections requires the addition of more coefficients and

is usually referred to as close-fit [77].

Both multi-mapping coefficients and the Frank source sink methods

fail to perform for certain types of sections such as a bulb in the former case

or a shallow draft flat bottom section in the latter case. Ideally, it is there-

fore handy to have all three options, i. e. , the’ simplified two-parameter

mapping, the multi - parameter mapping and the sour ce sink distribution
available, to be applied to the appropriate sections in accordance with their

complexity. The simplified “Lewis ,, form ~olution is much faster than the

other two alternatives and should be used whenever applicable.

Comparative studies to evaluate the three methods have indicated that

for a “Lewis” form all three methods yield practically identical results.
yet for non_ llLewi~,] form sections, substantial differences in the added ~ss

and damping coefficients can sometimes be demonstrated. It will be noted in
the following sections that the overall effect on the ship motion responses is

negligible in most cases.

The hydrodynamic coefficients are all expressed in terms of the fre-

quency of oscillation and are stored in an array to avoid repetition of these
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lengthy calculations. A total of eight coefficients is usually generated in.

eluding the added mass or mass moment of inertia in pure heave, sway and

roll respectively, the damping for the above three cases, and the cross-

coupling terms of added mass and damping between sway and roll and roll

and sway which are usually considered identical.

Hence, for each station an array of approximately 25 X 8 depending

on the number of frequencies is generated and stored for the specific load-

ing conditions. As indicated before, the two-dimensional pressure distri-
bution and hence, the forces acting on the oscillating cylinder can also be

defined in terms of their amplitude and phases.

The Equations of Motion

As most ships have lateral symmetry, separation of the generalized
six linear coupled differential equations of motions as shown below is

justified:

j=l, ...,6

Mjk . generalized mass

Ajk and Bjk . hydrodynamic added mass and damping coefficients

Cjk . hydrostatic coefficients

‘j . amplitude of exciting forces and moments where

j= l,... ,6 refer to surge, sway, heave, roll,

pitch, yaw respectively.

w . frequency of encounter

~kt ik, tik = displacement, velocity and acceleration.

Integration of the sectional hydrod~amic coefficients along the hull yields

the coefficients Ajk and Bjk and the exciting forces. This is done ~der

the assumption of strip theory assfiming long slender hull forms, ignoring

interaction between the sections and ignoring surge motion.

(17)

Due to symetry considerations, the remaining five equations can
usually be divided into two groups: longitudinal motions, i. e. , heave and
pitch; and lateral motions, i. e. , roll, yaw and sway. This ~ub~tantiallY
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reduces the number of cross-coupling terms in these equations and simpli-

fies the calculations.

Once the hydrod~amic coefficients are inserted in the equations for

the specific frequency of encounter, as reflected through the encountered

wave length, ship speed and heading, the frequency independent hydrostatic

coefficients are calculated and substituted in the equations of motion. The

procedure is repeated for several frequencies; in each case the equations

are solved to give the rmtions.

Slight variations in the definition of the coefficients of the equations

of motion, as well as in the excitation forces and moments, exists among

the several available programs. Though the actual values of each coeffi-

cient may vary substantially in some cases, the resulting motion is gener-

ally the same.

Transfer Functions

The resulting distribution of the specific response as a function of

frequency for a unit wave height excitation is usually referred to as the
transfer function. Alternatively, it is often given a non-dimensional form

divided by the wave height or slope as the case may be, before squaring the
values. These squared non-dimensional responses on the basis of frequency

are referred to as Response Amplitude Operators (RAO). The plot of the
transfer function is of limited value as it does not reflect magnitude for de-

sign purposes; however, the resonance frequency is of great interest and

the value of the RAO at that frequency can be used for a very rough approxi -

mation of possible magnitudes of motions, assuming a regular wave of a

certain height having a frequency identical to or close to the resonant con-
ditions. A sample transfer function for bow vertical accelerations, ob-

tained for a model of a 125, 000 m3 LNG ship, [78]is shown in Figure B-2. .+

stated above, the transfer function cannot predict the maximum accelera-

tion for design purposes, but can predict the resonant frequency. For this

particular ship encounters with waves of frequency W . 0.425 ( period .

14.8 see) may in all probability result in severe accelerations. This leads

to another useful feature of the RAO curve which is in determining the pro

bability of encountering resonance at specific sea zones characterized by a

certain mean period. It is evident that if the heave resonance of a system

occurs at a period of 19 seconds, the probability of such an occurrence in

most world oceans is very small because the wave required to excite the

resonance would be unusually,long (550 meters). Likewise, a roll resonant

at a period of 8.5 seconds may mean some rather large and frequently

occurring rOII angles in most open water oceans. The transfer function

definition is therefore important in general terms of resonant frequency

definition and order of magnitude of the responses; the question arises,

however, as to what degree of accuracy should be pursued.
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For the past fifteen years, large emphasis was placed on improving

the accuracy of the transfer function through better definition of the hydro-
dynamic coefficients, through more rational mathematical approach to

solution of the problem, and through refined forward speed effects, blunt

ends and bulb effects, close -fit techniques, etc. The main reason for the

pursuit of perfection was primarily the fact that the original theory as pre-

sented by Korvin-Kroukovsky was not always mathematically rational.

However, the various modifications haven’t necessarily changed the re-

sults significantly and furthermore, the search for design values have

shifted the emphasis to the statistical solution for determining the motions

under more realistic sea environment. Hoffman [79] recently showed

that in many cases, the type of wave input data has a more significant effect

on the rms response distribution and on the long-term responses than the

variations in the transfer function due to various theories and slight varia-

tions in the assumptions. It is also evident that the statistical distributions

used for the long-term predictions are much less sensitive to small varia-
tions in the transfer function shape and magnitude. In order to illustrate

the above, some discussion of wave data inputs and statistical methods of.

extrapolation to longer return periods will be covered in the next section.

Wave Input Information

Two basic issues are in question when discussing wave data applicable

to ship motion calculations: (1) availability of data, and (2) data formatting

for practical use. The availability of wave data, suitable for direct or in-

direct application to ship response calculation, was discussed by Hoffman[80].
This work covered the three major sources, i. e. , observation, measurements,

and forecasting -hindcasting techniques. The following discussion will
address itself primarily to the type of wave data ideally required for load

analysis under realistic sea conditions and the alternatives which are avail-

able due to limited availability and lack of a generalized description of all seas,

The method formulated by St. Denis-Pierson [74] to obtain the re-

sponse of a ship to waves utilizes the wave spectrum, which can be expressed

mathematically if the basic statistics of the sea are available, or even better,

which can be based on measured data reduced to spectral form. The mathe-
matical spectral formulation which has been widely accepted for ship motion

analysis is of the Bretschneider[81] type, but unfortunate y it only ade -

quately simulates fully developed sea conditions. Though it may represent

a more severe sea condition, it does not necessarily excite the most severe

response of the system. For a complete analysis, the response of the

system to all possible sea condition’s is of prime importance and hence ex-
tensive measured data in spectral form, or a generalized mathematical
spectral formulation, must be available. The influence of various types of

wave data formatting on the predicted loads is currently being studied[82]

and preliminary results indicate that such effects will vary from one ship to

another and most likely will be a function of the type of response in question
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such as acceleration, bending moment, etc. Though alternatives to spectral

formulation are sometimes used, such as an equivalent wave height or a

simplified wave system consisting of 3-4 components, it is generally agreed

that for ship calculations, regardless of the type and size, the wave formatting
required must be in a spectral form. Hence, the major differences between

the various techniques can be reduced to different input data used to generate
the mathematical spectra or the source of measured data used. Other dif-

ferences are associated with the steps taken in the process of linear super-

position and will be discussed in the following section.

The most general definition of the sea is in terms of the “Sea State”.

From tables such as given by Hoffman and Marks [83], it is replaced by a

mean wind speed which in turn is expressed in terms of a mean significant

wave height (HI /3). The latter is the single input parameter in a Pierson-

Moskowitz type sea spectrum which defines the prescribed sea state. A

modification over the above is often used by input of the mean zero cros sing
period Tz as well as Hi/3. The two values are substituted in a more

generalized spectral formulation, sometimes referred to as the modified

Pierson- Moskowitz spectra. This however, does not substantially change

the result due to the fact that most Sea State Charts display a constant re-
lationship between the mean height and period of the following type:

$
T2 ❑ 1.96 Hi/3 (18)

By substituting the above relationship in the two parameter Pier son-

Moskowsitz modified spectrum, the one parameter spectrum results. It is

therefore the least practical to use unless a more realistic relationship be-

tween the height and period exists. This can be achieved by substituting ob-

served height and period in pairs which are generally available for certain sea

areas in a tabulated form. By substituting several pairs of HI/3 and T2

values, several spectra are generated each representing a possible condition.

By weighing each spectrum by its frequency of expected occurrence, a mean

spectrum can be obtained. If measured values of HI/3 and T2 for the

area in question are available, the degree of reliability of the spectra is

substantially increased.

Ideally measured spectra, representing a wide range of heights and
periods and represented by the spectral ordinate, should be used due to the

absence of a satisfactory mathematical formulation capable of representing

conditions of ~ross seas or non-fully developed seas. Files of wave data
representing typical ocean areas such as Station ITi-idia!! in the northeast

Atlantic, south of Iceland or Station ,,Papa II in the northwest Pacific at the

entrance to the Gulf of Alaska can be used to represent realistic sea condi-

tions as an interim solution. Such full-scale data are usually arranged in
groups of wave height or groups of period covering the entire range. Each
group consists of several spectra in an adequate number to represent the
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possible scatter about tbe mean. A typical example is given by Hoffman[79 ]

for Station ‘tIndia”.

Wave files of the above -described nature are necessary in order to

obtain long-term predictions covering a period of a storm of 20-30 hours

duration or covering the lifetime of the ship. For shorter periods charac-

terized by 4-8 hours representing conditions within one weather group, such
as defined by a range of wave height or period, a more limited wave file

can be used. However, it should always consist of at least eight spectra

within a group in order to obtain a realistic mean and standard deviation.

The unique definition of the mathematical spectra can be overcome by

generating several spectra representing conditions close to the specific
case, hence allowing for possible scatter about the mean. This approach,

however, is only a partial remedy due to the fact that the mathematical

spectrum, when plotted on a non- dimensional basis, collapses into a single
line, whereas measured spectra varies substantially about the mean line.

Hence, the introduction of scatter about the mean may somewhat improve

the response calculation but would still be limited by the nature of the

mathematical formulation.

Statistical Extrapolation

The superposition of each spectrum on the trangfer fuuction yields

a response spectrum usually characterized by its root-mean-square (rms)

value. When several spectra, each representing the same basic environ-

mental condition, are superimposed on the transfer function, the response

can be described in terms of the mean and the standard deviation about it.

If the procedure is repeated to represent a wide range of environmental con-

ditions, such as a range of wave heights from 0-15 meters, the trend of the
particular response, as a function of wave height, is obtained. The distri-
bution of the rms and its standard deviation as a function of the sea state is

a useful intermediate step in the design procedure. Such trends can be
generated as a function of the forward speed indicating the effect of the

latter on the responses, or they can be generated as a function of heading,
load distribution, etc. It constitutes a very useful operational envelope for
the man on the bridge and helps set operational criteria.

Short-term trends, as described above, are all limited to the mean
rms or the mean plus or minus the standard deviation. Hence, it does not
yield extreme values nor does it indicate the level of response expected over

a long period of operation. The e~trapolation into long-term requires an
additional statistical model. Two basic approaches are usually considered
in predicting extreme ship responses to ocean waves. The firsti,s to use a
mathematical model covering the ship response to all sea conditions and hence

to obtain a cumulative distribution of all responses. The value to be ex-

ceeded once in the lifetime of the ship or a fleet of ships can thus be deter-
mined. The other approach is to deal only with the extreme values of response

which are presumably associated with the most severe wave conditions.
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The first approach has the advantage of ta*ing into consideration

voluntary slow-down by the Captain under heavy weather conditions and

hence can be used to predict the commutative highest expected response

over all possible operational conditions. It requires, however, large

amounts of data over the entire weather range.

The second method does not require the low value data; however,

the definition of the extreme response is not always so easily detectable,

as the most extreme wave does not necessarily produce the worst response.

Furthermore , the extrapolation to longer periods of time, using order

statistics to describe the distribution of the extreme, may be ideal for a

storm duration but may not be ideal over the lifetime of the ship.

The first method can also vary in the specific statistical distribu-

tion chosen for extrapolation. The Normal, Weibull, Log Normal and

Exponential distribution have been used by various investigators. It has

recently been shown [57] that the first two distributions, as can be seen in

Figure VI-1, seem to give the best approximations for full-scale measure.
ments while the latter two overestimate and underestimate, respectively.

The Normal distribution method[57] is usually applied to individual weather

groups, and the data are then integrated to take account of the expected

weighing of each group. The Weibull distribution method[84] is usually

applied tO the tOtal data regardless of the weather distribution.

In all the above cases, the final product is a cumulative distribution

showing the expected increase in response level as a function of the return

period or the number of reversals. The long-term curve is usually given

for combined effects of all speeds and average heading distribution into the

waves. The result is single design value representing the specific response

under a certain loading condition. The meaning of these design values will

now be discussed.

Design Values

The long-term cumulative distribution is usually reduced to a single

design value by reading the expected response level at a probability of IO-8.

This probability level is equivalent to 108 reversals, which represents a

typical lifetime of the ship. Hence, if the maximum expected vertical

bending moment over the lifetime of the ship is required, the value can

be read directly from a curve whi~h was derived on the basis of certain

assumptions with regard to the relative heading between the ship and the

wave, ship speed, specific route chosen, etc.

Bending moment response is known to be practically independent of

forward speed. Acceleration, however, could vary substantially with for-
ward speed, and if a single design value is required to represent the highest

expected over the lifetime of the vessel, some consideration must be given
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to the fact that, under adverse weather conditions, the ship usually slows

down either due to added resistance or to a voluntary reduction in speed by
the Captain of the ship. Hence, the short-term trends must consist of high

speed curves at the low sea states and reduced speed at the higher sea

states. The long-term prediction will therefore repre sent a more realistic

extreme value.

One of the problems facing the designer is how to combine two or

more long-term responses such as vertical and horizontal bending moments

which can occur simultaneously or vertical and lateral accelerations which

can also occur together. It is evident that the maximum vertical accelera-

tion and the maximum horizontal acceleration would not occur under the same
conditions, yet an increase in the maximum vertical acceleration due to a

horizontal component is likely to occur, even though the horizontal compo-
nent is Ie ss than the maximum value.

Based on the statistical law that the variance of a sum of independent

variables is equal to the sum of the variances, the square root law can be

applied as shown in Section IV. For variables which are not completely in-

dependent, such as vertical and lateral acceleration in oblique seas, the

coefficient of correlation p, > between the accelerations must be deter-
.,-

mined and the combined acceleration can be written as follows:

1

az+y . (az2+aj + 2P1,2 azay)z

Correlation coefficients are best obtained from full-scale measurements

az+y, az and ay using the above equation to determine p~,2.

(19)

of

A different problem occurs when the gravitational acceleration com-
ponent must be added to the vertical wave-induced acceleration so that the

instantaneous trim and heel of the ship at the instant of maximum accelera-

tion must he known. Since no direct phase relationship between the various

long-term responses is available, the method of equivalent regular waves

is sometimes used.

Equivalent Wave Height .
Max. Long-Term Ace.

Max. Ace. due to unit wave height
(20)

While the long.term acceleration is a single value at each location on the

ship, the maximum acceleration due to uuit wave height may have several

close values depending on the specific heading. While the actual maximum
amplitude may be close for several h’eadings, the phase angles may not

necessarily be so close. To determine the instant at which the acceleration

is maximum, the following steps are taken:
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~ . a. sin (Wet + Ca)

when

*

(21)

ao = acceleration amplitude

‘a ‘ acceleration phase angle at maximum acceleration

‘e ‘ encounter frequency at maximum acceleration.

For a = =o~

sin (Wet + 6=) = 1

i. e. , wet + c = 90 or 270.

Hence, wet . 270 - Ca or 90 - ea

Lf Wet is known, both the pitch and roll amplitudes can he determined pro-

vided the phase at that we value is available, i. e. ,

0 = 00 sin (wet + co)
6 = 60 sin (Wet + Fg )

(22)

where 00 and e. represent the roll and pitch amplitudes at that We value

and co and <8 are the phase angles respectively.

This method of approximating the instantaneous roll and pitch at the

time of maximum acceleration is obviously very vague and has not been sub-

stantiated. However, if for each case the procedure is repeated for the maxi-

mum acceleration at several different headings, a good feeling for the sensi-

tivity of the roll and pitch angles can be obtained and the order of magnitude
can be determined. Hence, the g component can be adjusted for the roll

and pitch angles as follows:

a% . a= + g Cos@ Cose

(23)

‘Y = aY~gsk@’

A more exact solution to the above problems can only be obtained from a time

domain model; however, a very large record will be required to predict long-

term trends.
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