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The liquid slosh-inducedloads which impact on the walls
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In particular, liquefied natural gas (LNG) carriers have experienced
recent problems. Numerous test programs have been conducted using
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NOMENCLATURE OF IMPORTANI’PARAMETERS
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g
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h
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Kp

K’p

KT

k

KE

Cross-sectional area

Width

Cryogenic temperature

Tank diameter; flexural rigidity of a plate

Dynamic load factor

Degree of freedom

Elastic modulus of a

Flexural rigidity of

Dynamic force

Frequency

material

a plate-stiffener combination

Shear modulus of a material

Acceleration of gravity

Shear rigidity of a material

Tank height

liquid filling in a tank; plate thickness

Second moment of area of stiffener and associated plate; beam
section moment of inertia

Axial spring constant of a stiffener

Nondimensional force coefficient

Dynamic load factor

Dynamic mass factor

Nondimensional dynamic

Nondimensional dynamic
tion amplitude effects

pressure coefficient

pressure coefficient corrected for oscilla-

Nondimensional time coefficient

Spring constant

Kinetic energy
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RT
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TR

tr

u

v

w

w

x

Y

Y

z

z

a

NOMENCLATURE (Cent.)

Tank length; plywood specimen length

Liquified Natural Gas (Liquid Methane)

.Liquid nitrogen

Liquified Petroleum Gas

Nass

Load applied over a surface

Dynamic pressure created by liquid sloshing

Resultant dynamic force created by liquid sloshing in a spherical
tank

Reduction factor

Room temperature

Sectional area of stiffener and associated plate

Time; period

Resonant period

Rise time

Internal strain energy

Spherical tank volume; shear reaction

Static weight of liquid in a tank; external work

Deflection of a beam under loading

Translational (horizontal or surge) excitation amplitude of a
prismatic or rectangular ship tank

Lateral dynamic force created by liquid sloshing in a spherical tank

Translational (vertical or heave) excitation amplitude of a prismatic
or rectangular ship tank

Vertical dynamic force created by liquid sloshing in a spherical tank

Distance from a ship tank bottom

Angle (relative to vertical) of the resultant dynamic force (E)
created by liquid sloshing in a ship tank
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Y Specific

4 Pitch or

NOMENCLATURE (Cmt. )

weight of a liquid

roll angle of a ship tank

P Mass dknsity

n Horizontal excitation amplitude of a spherical ship tank

@ See Equation V-9 , pge. 131.

u Stress

v Poisson’s ratio

u Circular frequency
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I. INTRODUCTION

This report presents all results of Project SR-1251, “Evaluation of
Liquid Dynamic Loads in Slack LNG ‘Cargo Tanks.” The study was conducted
under the direction of the Ship Research Committee of the National Academy
of Sciences.

The potential for significant loads resulting from sloshing liquids
in slack cargo tanks has been realized by the marine industry for years.
In the past decade, with the advent of the supertanker and large LNG ships,
sloshing loada have been of even greater concern. In the case of LNG
shipa, certain operational constraints call for the transport of liquid
in slack tanks and, in addition, the absence of tank internals results in
no damping of the liquid motions. Also, as ship tanks have grown in size,
the probability of resonant sloshing has increased since resonant sloshing
periods and ship motions more closely match. In view of this, a aignifi-
cant activity haa been undertaken by varioua agencies throughout the world
to establish sloshing loads in LNG cargo tanka. Experimental programs have
been conducted using instrumented scale model tanks. These test programs
have covered many different ship tank geometries, excitation amplitudes
and frequencies, and liquid fill depths. Experiments were necessary be-
cause large amplitude sloshing is not amenable to theoretical analysis.
TO develop usable liquid dynamic load criteria for sloshing requires the com-
bining of current experimental information with new experiments and analysis.

Four project tasks were undertaken to develop dynamic load criteria
for slack tanks. In Task 1, all test reports on LNG slosh loads were as-
sembled, and the data reviewed and presented on a uniform basis. The data
were summarized with regard to source, test conditions, and types of mea-
surements recorded. TO present the data on a uniform basis, nondimensional
coefficients were utilized where data from the various reports were pre-
sented in the same format. Concurrent with this effort, the structural
details of typical LNG tank designs were established, and methods and back-
ground information necessary to develop LNG slosh load design methodology
were identified.

In Task 2, scale model tanks were utilized to conduct additional
sloshing experiments whereby important loads and test conditions not cur-
rently covered in the literature were investigated. Scale model LNG ship
tanks were utilized whereby dynamic sloshing pressures were measured at
resonant sloshing conditions. Both single and combined degree of freedom
excitation experiments were conducted to evaluate the ability of single
degree of freedom tests to produce maximum impact loads. Significant em-
phasis was placed on establishing pressure-time histories for resonant
sloshing impact loads for use in dynamic tank wall response analysis.
Experimental studies were also conducted to reproduce full-scale impulsive
impact pressures on representative segments of membrane tank structures
and to measure the structural response.

In Task 3, analytical efforts were undertaken to develop methods for
predicting LNG tank wall and support structural response to typical slosh



loads. Analytical methods were used to examine the stresses and deforma-
tions in typical LNG tank structures and their supports when subjected to
dynamic aloahing loads. Deaign guidelines and design methods were formu-
lated utilizing the analytical studies conducted in this taak; the experi-
mental studies from Task 2; and information on paat research and analyses,
collected and analyzed in Task 1.

Finally, in Task 4, the composite of information generated in the
project was utilized to generate simplified design procedures to account
for dynamic loads in slack cargo tanka.

-.. —



II. BACKGROUND

11.1 History “ofSlosh Problem

Space Related Activities

The basic problem of determining the dynamic loads which result from
the motions (“sloshing”) of liquids in partially filled moving containers
was studied extensively in the 1950’s and 60’s in connection with the de-
velopment of large rocket vehicles for the space program. Liquid sloshing
in spherical and cylindrical containers has been studied for space appli-
cations, both analytically and experimentally. (1) The nature of slosh
loading in these types of tanks and.ita prediction are probably better
understood than for prismatic tanka, but analytical techniques for predict-
ing large amplitude sloshing are still ~ fully developed, and such loads
are extremely important in designing the support structure and internal
components of ship tanks. In addition, much of the sloshing technology
developed for space application ia not applicable because emphaais was
placed on frequencies and total forces as they related to control system
requirements, and, therefore, the effects of local peak impact pressure on
structural requirements were not studied to any extent. Further, the ex-
citation amplitudes considered in space application are too small for
ship motion simulation.

LNG Ship Related Slosh Problems

Current activity in the design of super tankers as well as ships for
liquified gas transport has resulted in rene”ed considerateion of the influ-

ence of the contained liquids on cargo tank design, (2-75) especially since
the probability of exciting a resonant slosh mode is increased in the lar-
ger tanks. In many casea, the tranaport of liquid cargos in partially
filled tanks is prohibited. However, several factors make partial filling
either unavoidable or highly attractive. For example, in the case of liq-
uid natural gas (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 tanka de-
signed 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 undesirable fill depths. For all liquid cargo ships, partial
filling in ballast tanks and fuel tanks occurs, and conditions (3) and (4)
above for LNG ships also apply. Therefore, the designer of all types of
liquid carriers must be aware of the consequences of liquid sloshing and
be able to predict the resulting loads.

As the various LNG ship designs have evolved (Figure II–1) , several
important types of unique ship loads have been considered by the designers.
The sloah-generated loads are one of these and have a considerable influ-
ence on the tank and support structure design. Several factors make slosh

loads more important with regard to LNG ship design. A tank failure in an
LNG ship merits special consideration because

3

of (1) the risk of brittle
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fracture of the primary structure (low-temperature shock), (2) the expensive
repair cost of
costs, and (4)
plexity of the
tanks are more
porting oil or

the complicated tank designs (3) the high out-of-service
the potential for large volume vapor release. Also , the com-
tank design in LNG ~arriers is such that at least some LNG
susceptible to dmage from slosh loading than tanks for trans-
other petroleum products.

LNG Ship Tank Designs

There are presently over ten designs of LNG tanks that are either
currently in use or under major consideration. These tanks generally fall
into two categories: namely, freestanding (independent) and non-freestand-
ing (membrane) tanks (Figure II-2) . Integral tanks used for LPG transport

are not acceptable for LNG since their use is restricted to temperatures
greater than -10”C. The freestanding or independent tank is usually of the

spherical or cylindrical design, and because of its geometry it is amenable
to stress analysis and other conventional analytical techniques. Because
the stresses can be calculated, a secondary barrier system is not required

as is the case of the non-freestanding tanks. k exception is the pris-
matic freestanding tank, which does require a secondary barrier. Free-
standing tanks are also easier to fabricate, and the insulation is easier
to install than on other systems. One drawback to the freestanding design
is the disadvantage of requiring a larger ship per given cargo volume.
Since freestanding tank walls can be designed to withstand large impact
pressures, the primary problem associated with LNG sloshing in freestand-
ing tanks results from the slosh loads on internal components and on the
tank support structure.

The second general tank type, the non-freestanding or membrane tank,
is essentially built into the ship’s hold, making use of the ship’s struc-
ture for support. The membrane tanks use a thin internal layer of metal
to act as a liquid barrier and are directly supported by insulation mater-
ial. The insulation is applied directly to the hull with no access space,
which makes this type of tank difficult to repair after material fracture
or other damage. Because of the complex structure, membrane tanks are not
amenable to analysis. In addition, because of this and the thinness of the
membrane, a complete secondary liquid barrier is required. The primary
problem associated with sloshing in membrane tanks is the potential damage
to the tank walls from impulsive slosh pressures. Severe impulsive slosh
loads in the membrane tank can occur at small fill depths as a result of
large-amplitude traveling wave impact, which is not amenable to analysis.
Also, severe slosh loads can occur on or near the tank top as a consequence
of standing slosh waves in partially filled tanks. Since this type of tank

cannot be analyzed to determine its failure strength, special load tests
must be performed on representative segments of the structure to determine
its load bearing strength. An estimate of the “equivalent” static slosh
loads that occur in these types of tanks is then utilized to determine if
the structure has the required strength.

5-.
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Recorded LNG Tank Damage from Sloshing

As of 1979, over 80 yeafs of operating experience have been gained
with numerofis ships of various tank designs. During these years, several
structural problems have been recorded which have resulted from slosh loads
on LNG cargo tanks. (6) Slosh related loads causing tank damage have oc-
curred on two ships with membrane tanks, the “Polar Alaska” and the “Arctic
Tokyo.” On the “Polar Alaska, ” supports of the electric cables supplying
the cargo pumps were broken by liquid sloshing loads. This occurred when
the tank was approximately 15-20% full. The broken cable supports resulted
in damage to the bottom of the membrane tank. On the “Arctic Tokyo ,“ a
leak in the number 1 tank was caused from liquid sloshing when the tank
was about 20% full. Inspection revealed that the leak was located , along
with four deformed points in the.membranes, in the aft corners of the
transverse and longitudinal bulkheads at shout the liquid surface level.
Subsequent model tests (15,43) performed on scale models of the damaged
“Arctic Tokyo” tank revealed that a .15-30% fill depth with respect to tank
length resulted in appreciable impact loads from sloshing. The model tests

were not successful, however, in establishing peak impact pressures(7) that
could have caused the damage. As a result, additional work(lo) was under-
taken to investigate more thoroughly all aspects of modeling LNG sloshing
and to provide a greater understanding of the slosh generated loads and
their implications to tank and ship design. As a result of these studies,
operations with partially filled tanks other than nearly full or nearly
empty have been prohibited.

In the spring of 1978, the first of the 125,000 m3 membrane tank LNG
ships was put into service. On one of the early cargo-laden voyages, the
ship experienced heavy seas and the crew heard loud sloshing impact noises
in the cargo tanks. After cargo discharge and subsequent inspection of the
tanks, damage to the tank structure was noted. Subsequent studies (74,75)
concluded that the damage was slosh induced, even though the tanks were

approximately 95% full during the voyage. Thus, the designer must also be
concerned with slosh loads at near full conditions.

11.2 Nature of Liquid Sloshing

General Conditions

In general, sloshing is affected by liquid fill depth, tank geometry,
and tank motion (amplitude and frequency) . The liquid motion inside a tank
has an infinite number of natural periods, but it is the lowest mode that
is most likely to be excited by the motions of a ship. Most studies have,
therefore, concentrated on investigating forced harmonic oscillations in the

. .
vicinity of the lowest natural period, which is defined as that predicted
by linear theory. Nonlinear effects result in the frequency of maximum re-
sponse being slightly different from the natural frequency and dependent on
amplitude. The most significant type of ship tank slosh loads occur with
large excitation amplitudes where nonlinear effects are present.

The sloshing phenomena in cargo tanks that are basically rectangular
in shape can usually be described by considering only two-dimensional fluid

7



flow. Sloshing in spherical or cylindrical tanks, however, must usually
consider three-dimensional flow effects.

Two-Dimensional Flow

Tanks with two-dimensional flow are divided into two classes: low
and high liquid fill depths. The low fill depth case is represented by
h/!Z< 0.2, where h is the still liquid depth and !7,is the tank length in
the direction of motion. The low fill depth case is characterized by the
formation of hydraulic jumps and traveling waves for excitation periods
around resonance. At higher fill depths, large standing waves are usually
formed in the resonant frequency range. When hydraulic jumps or traveling
waves are present, extremely high impact pressures can occur on the tank
walls. Figure II-3a shows typical pressure traces recorded under this
sloshing condition. Impact pressures typical of those shown in Figure
II-3a can also occur on the tank top when tanks are filled to the higher
fill depths. The pressure pulses are similar to those experienced in ship
slamming, and the pressure variation is neither harmonic nor periodic since
the magnitude and duration of the pressure peaks vary from cycle to cycle
even though the tank is experiencing a harmonic oscillation. Figure 11-3b
shows typical pressure traces that result when small amplitude sloshing is
occurring away from resonance at any fill depth.

Three-dimensional flow occurs in spherical tanks, usually in the
form of a swirl mode. (1) Similar three-dimensional effects can be present
in cylindrical or rectangular tanks under certain excitation conditions.
The prediction of sloshing forces in the neighborhood of resonance with
swirling is extremely clifficult, and experimental data obtained with scale
model tanks are usually needed to establish pressures and forces with this
type of sloshing.

Design Implications

The design of a liquid cargo tank to withstand the dynamic slosh-
induced loads requires that the designer be able to predict the resonant
slosh periods at different fill depths for the required tank geometry.
These periods can then be compared with the expected ship periods to deter-
mine the probability of resonant sloshing. An estimate of the maximum dy-
namic loads to be expected is then made to determine a proper design.’ Most
theoretical analyses are not able to predict slosh pressures and forces in
the neighborhood of resonance, especially for the large amplitude excita-
tions typical of a ship cargo tank. However, several theories are avail-
able to predict tank loadings at off-resonant, low ampltiude sloshing con-
ditions. Depending on the likelihood of resonance and the expected exci-
tation amplitudes, the designer can either use theory or turn to experimen-
tal model data to provide the required design information.

Available linear and nonlinear theories are discussed in detail in
References 2 and 6. A review of the theoretical efforts reveals that most
studies are limited to linear sloshing, which is valid only for small

-...
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amplitudes and frequencies and predicts an infinite response at resonance.
Some nonlinear theories are available for specific tank geometries, and
these theories allow a prediction of slosh-induced dynamic forces and
pressuris on tank structures at resonance. However, the nonlinear theories
are also limited to axnallexcitation amplitudes and cannot be used for a
general tank shape or when certain real sloshing effects are present such
as liquid impacting on the tank top. Therefore, emphasis has been placed
on utilizing model test data for predicting full scale tank loads for de-
sign purposes.

11.3 Previous Studies

A significant number of scale model studies have been conducted to
investigate sloshing in LNG cargo tanks. These efforts have been under-
taken primarily by three worldwide 1aborattiriea:

0 Southwest Research Institute (SWRI)

0 Det norske Veritas (WV)

0 Bureau Veritas (BV)

These studies are reviewed in detail in Task 1. Nearly all model tests to
date have considered the six degrees of ship motion individually and inves-
tigated sloshing by varying amplitude and frequency”harmonically, usually
in heave, surge, pitch, or roll. Also, water has been used almost exclu-
sively as the model liquid. In most studies, the scaling of impact load
data to full scale for use in tank design has considered only Froude scal-
ing and thus eliminated any possible effects of fluid properties such as
viscosity, compressibility, or vapor pressure (cavitation) . Under these
assumptions, pressures scale by

(A)p = (&t)m (II-1)

where the subscripts m and p are for the model and prototype, respectively.
The periods between prototype and model are given by

In scaling pressure data, a pressure coefficient is defined as

(II-2)

(II-3)

where $ is the pitch, roll, or yaw angle. For translation, !2,+is usually

replaced by the translational amplitude, x. (See Figures IV-1 and IV-4 for
definitions of $ and x, respect ively.)

-.. 10



Scaling Effects

The scaling criteria that should be used in predicting full-scale

slosh loads fr?m model data are dtscussed in References 2, 10, 44, and 74.
Most model studies have utilized Froude scaling to predict full-scale loads,
and no allowance for fluid effects was considered. Depend ing on the cargo
to be carried, some of these fluid properties would appear important. For

example, LNG is transported at a tank pressure slightly above its vapor

pressure, and, therefore, cavitation and thermodynamic (vapor condensation)
effects could be important. Also, LNG has an extremely low viscosity com-

pared to water, and therefore model tests using water could produce noncon-
servative predictions of full-scale loads if the model tests were over-
dsmped. Also, compressibility of the impacting liquid/vapor could be im-

portant in scaling the slosh loads.

SWRI and DnV experimental programs have been conducted to determine
the effects of these fluid properties on scaling sloshing loads. The test
results indicate that fluid properties will have a minor effect on scaling
impact pressures when large amplitude sloshing, typical of a ship cargo
tank, is present.~o determine the validity of Froude scaling for large

amplitude sloshing, full-scale pressure measurements were recorded in a
partially water-f illed OBO tank under rolling motion (Reference 2) . Subse-

quent model tests in l/30th scale were conducted with the full-scale TO1l
motions reproduced on the model. Model pressures converted to full-scale

using Froude scaling showed excellent agreement for both the magnitudes and
distributions of pressures. Since water was used in both model and full-scale
tests, the effecta of liquid viscosity and vapor condensation were not in-
cluded. However, an evaluation of these effects in References 10, 44, and 74
indicates they are of small importance to large amplitude slosh scaling.
Aa a result, Froude scaling is appropriate, and Equations II-2 and II-3 are
used for scaling periods and loada, respectively.

... . . 11
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III. TASK 1 - DATA REVIKW AND EVALUATION

The objective of Task 1 of the project was to review and present
currently available slosh test data on a uniform basis, to identify data
required to develop design methods, and to outline required experimental
and analytical studies. The majority of the research work in LNG S1Oshing
has been done by SWRI, Det norske Veritas, and Bureau Verit as. Numerous
model tests have been conducted by these groups and others to study slosh-
ing loads on LNG ship tanks and the effects of these loads on the tanks and
on the ship structures. A principal part of Task 1 has been to compile all
of this information and present it on a uniform basis.

The initial step in Task 1 was to conduct a thorough literature
search to find all information that is presently available on LNG sloshing
in ship tanks (including pressures, forces, and tank response) and to ob-

tain information on tank structural details. This search was broken down
into three segments: (1) a manual search of appropriate journals and peri-
odicals, (2) a computer search of the pertinent data bases, and (3) written
inquiries. Written inquiries were sent to

General Dynamics/Quincy Shipbuilding Division
Avondale Shipyards, Inc.
ABS/Research and Development Division

seeking principally tank structural details and the results of tank analy-
ses for sloshing loads. In search of sloshing data which might not yet

appear in the open literature, inquiries were sent to

Mitsui Shipbuilding and Engineering Co. , Ltd.
Bureau Veritas
Det norske Veritas

In addition to these written inquiries, personnel at
ing, El Paso Marine, and Kaverner-Moss (U.S. office)
formation.

Newport News Shipbuild-
were contacted for in-

The manual literature search consisted of a survey of all journals
and periodicals that might contain information on LNG sloshing in ship
tanks or on the structural analysis of ship tanks for slosh-induced loads.
The following list consists of all the sources that were reviewed in the
search. The majority of the information was listed in the Marine Research
Information Service.

Sources Reviewed by the Manual Literature Search

1. Marine Research Information Service
2. Marine Technology
3. Shipping World and Shipbuilder ‘
4. Royal Institute of Naval Architecture
5. The Society of Naval Architects and Marine Engineers

-.
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6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16”.

Tanker and Bulk Carrier
European Shipbuilding
Northeast Coast Institute bf Engineers and Shipbuilders
Ship Structure Committee
International Ship Structures Committee
United States Coast Guard Report
International Shipbuilding Progress
Norwegian Mar$ttie Research
Marine Engineering Log
Naval Engineers Journal
The Naval Architect

The computer literature search included searching several data bases
to locate articles that contained ‘!keywords” that were related to LNG.
sloshing in ship tanks and structural analysis of ship tanks. Most of the

articles that were located by the computer search were also located by the
manual search. This fact gives confidence that the search thoroughly in-
vestigated the literature that is currently available on this topic. The

following list consists of all data bases that were searched by computer.

Sources Reviewed by the Computer Literature Search

1. Computerized Engineering Index
2. Mechanical Engineering Information Service
3. National Technical Information Service
4. Oceanic Abstracts
5. Energy Line

A reference list of all the literature uncovered during this Task 1
activity is included in Section VIII.

111.1 Scale Model Sloshing Data

The reports identified by the literature search that contain infor-
mation on model tests of LNG sloshing in ship tanks are summarized in Table
III-1 . The table includes information on sources of the reports, tank ge-
ometries, test conditions, formats of presented results, and general com-
ments and observations. The data contained in these reports were reviewed
and analyzed. An attempt was made to reduce all pertinent information from
the various reports to a common form for presentation in this report.

A wide range of teat conditions is covered by the experimental stud-
ies performed to date. Various parameters such as impact pressures, forces,
and moments have been measured during these studies. A number of tank ge-

ometries, tank motions, and test liquids have also been investigated.

Due to the complexity of the liquid sloshing phenomena and differ-
ences in the,methods of data acquisition by the various investigators, the
data from the model studies contain a significant amount of scatter. For

instance, most of the early model experiments recorded data for relatively
few sloshing cycles. Later, it was determined (Reference 44) that the
small sample sizes of the early experiments (N < 200) were not sufficient

13



TARLE III-1. SUMMARY OF MODEL TANR LNG SLOSHING EXPERIMENTS

Tank Shape

Refe,.”.. Analyzed

u Prism.ti.tank.
(Task A)

4L Prismatic tank.
(Task B)

F-

SPherical tank.
(?:s: c)

24 Spherical tank.

‘l’histank is a
scale model of a

camk for an
87,600.a3LNG-
carrier by Moss
Rosenberg Verft
Als

Sloshing Conditions
Studied

Tank fill%”% levels of
0.4 and 0.12 are studied
sway excitation m“pl*-
tudes are 0,01 and 0.1
with respect to the tank
le.8th *. the directio.
of t?.k oscillation.

Tank filli”~ levels of
0.05, 0.10, 0.15, 0,20,
0.30, 0.40, 0.50 are
studied. Excitation am-
.Iitudes of 0.05. 0.10.,..
0.15, and 0.30 r=diam’
are tested,

‘Iankfillin~.levels of
0.20, 0.30, O,&O, 0,50,
0.60, 0.70, and 0.80.
sway .Xcit.tie” ampli-
tudes are 0.05, 0.01,
0.08 with re,Pect to
the tank diameter.

Tank filling le”els of
0.29, 0.50, and 0.65
ace used. Sway excim-
ti.n amplitudes of
0.028, 0.056, and
0.167 with resPect to
the tank diameter are
used

Dynamic pr.,s”m. and

focces are studied by
this Project *1Y
inertial form, caused
by the fluid in the

tank ace mea.”red

DY...ic P,-,,.....d
wall imoactvelocities
are recorded O“lY
inertial forces caused
b. the fluid in the
tank are measured

Res”lta”t hydmdy”mic
forces a“d impact ve-
locities are studied
only i“ert*al forces
caused by the [l”id
in the ta.k are mea-
sured

b..i. ..11 w..-
..,,. . resultant

force: , -“d impact ve-
locit1.s are studied.
O“lY the maximum mea-
sured values during
any o“e period fer a
s-minute t!?,,r“” ...
presented No ever-
a8ed values are giv-
en.

Form of Data Presented

Nondime”sio”al Pres-

sure. and forces are
presented Most values
are presented i“ ,<%ex-
ceeda”ce level.,,

Nondimensional Pres-
sures and velocities
‘me presented Most
values are presented in
,,%exceed.”,, level.‘,

Nondi”w”sio”al forces
and iqmct velocities
are et”died. Maxim”.
average ..1.,s are pre-
sented

Farces are presented 1“
mdel scale i“ units of

KP. Moments are F,ive”,
also , in model scale in
““it. of KPM. Veloci-
ties are show” i“ model
scale with “nits of ../

se.. Oyma.i. Pre=. re.
are shown in tabular
form. Presm,r. “nits

are KP/m2 , a“d both im-
pulsive pressures a“d

sinF,learqlitude reglI-
l?.rpressure, .re give”.

.
comments

This study i. used to detemi”e the
effects of viscosity, cavitation, a.d
compressibility cm the sloshing loads
i“ a prismatic ,mk Test liquids ln-
cl.de “.,,., glycerol, and resi”ol oil.
S.”.,.1 good photographic Presentations
help illustrate the ,Ioshi”g Phe”on!e”a
i“ the tank. A good description .36the
experimental setup is Lncl.ded i. the
report

TIIisstudy investigates the “at”re and
magnitude of i!nPactPressures i“ 8
prismatic tank under harmonic roll,
harmonic pitch, random pitch, and har-
monic CO1l i“ a vertical diagonal PI,”.
of the tznk. CcmP8riso”s between Pre-

dicted data and experimental data ...
mide

This study looks at the hydrodynamic
forces acting on a spherical tank. It

also looks at forces acti”s o“ and “e-
Io.*ties ..c.rring at .“ internal tower
S,,..,”,.

This rermrt i“sPects the hydmdy”amic
farces on the tank and the forces and
moments ,.”s..3by liquid sloshing on a
PiPe tower inside the tank. Wall Pres-
sure, ..d impact velocities ... also
studied Predictim methods for deter-
mining the forces are Presented Th.
effects of a boiling liquid are .1s”
discussed. lmpe.ta.e and water are
used a, ,.s, fluids. LO”S-term dis-
tributions of data rarest,,died.



TARLE III-1. SDMMARY OF MODEL TANX LNG SLOSHING EXPERIMENTS
(Cent’ d)

Sla.hi”g Co”ditlons
Studied Loads Measured Form of Data Presented comments

This study considers cavitation, fluid
viscosity, amd compressibility. Test
flmid. ,mclude meth”le”e chlorlde.

Recta”E”la, tank.

This rank is ap-
proximately 1/36
...1. of .“ ,.,..1
tank

Tank fi11in8 le”els of
0.1, 0.15, 0.20, 0.25,
0.30, and 0.40 are used.
Pithing excitation am-
nlitude of 8s is used.

Dynamic ..11 Pr.s..res ,
forces, and moments are
studied. ‘OnIyinertial
forces caused by the
f1“id in the tank are
measured.

Pr,ss.res, forces , a“d

....... are preeented
in a nondime”sional
f0.., The measured
.,1.,s ,.. maximum
average values

water;;lyce.i”,a.ihydraulic .ii

Tank fflli”g 1.”.1s of
0.059, 0.05, 0.15, 0.172,
and 0.20 are used.

Dy.alit “.11 pressures
are studied

The pressures are pr.-
se.ted in nomdimen-
S1O..1 form.

‘I’M.report c“.w..s studies done by
Il.,norske Veritas and B“,..” Ve.ritP.e
A“ exP1a”atiO” of the “ari.”% “0”-
dimensional terms th.t areimportant
,.the analysis is included in thia
study

7 Prismatic tank. A
model of an _
Tokyo>stank is
used l%. B“.... Pitching excitation z3m-

P1it”de of 8° is stud~ed.Vcritas tank is
1/52 scale. The
&t ..reke V.ritas
tank i, 1/25
scale

This rePort determines the effects of
,Iansporci!>gbut.”,, propane, ethame,
or ethylene i“ LNG cargo tanks Pre-
dictions of ftlll-scaleforces (i” units
of pound,) and full-scale pressures (i”
Psi) on the tank wall caused by the
various liquids are made.

TW prismatic tanks
are used TIIe

Tank filli”E levels of
0.786 , 0.849, 0.897, and
1,0 with resPect to the
tank height are tested.
?i,ch and roll excitation
amplitudes of 4. and 8°
are used

w...{. ..11 w.,.. =,.
forces, and moments are
“wa,vred only i“er-
tial forces caused by
the fluid i“ the tank
ate measured

No”dimensio”al Pres-
sure , force, a“d mo-
.... ..1”.s ... pre-
sented The measured
“.1”,s are maxi...
average ..1”.s

tanks are 1/50
scale. These tanks
are models of two
tanks i“ the Meth-
anolTanker Service
CmnPanyrs 125,0011m3
LNG.arrier.

Resonant period. ace
determined.

No”dime.s ional fre-

q.,n.y and “i.e..ity
coefficients rarepre-
sented

‘thisstudy presents a Brocedure for
.al..laci”g “.,”..1 freq.e.ties of
viscous Iiq”ids i,,rigid rectangular
,.mks. ‘H7e.wetica]and exP,riIoe”tal
resultsare compared. Water and min-
.,,1 oil are the test fluids.

49 Rectm%”lar tank. Tank filling 1...1s of
0.05, 0.10, 0.20, 0.30,
O.&O, arid0.50 with re-
sPect t.=tank lemtl, are
studied. The tank is
oscillated in a tr’d”,la-
timal mode.

c.mPu,,r models are compared to exPeri-
.,”,.1 data. The.. models predict all

p.,.,..,. caused bY .I=hi.g.

11 mctanwlar tank.
one tank is 1/20
scale and the
other tsnk is
1/32 scale.

T?.”kfilling levels of
0.25, 0.50, 0.60, 0.70,
0.80, and 0.90 with re-
spect to the tank height
are studied Pitchi,w

W...i. -.11 w-----
,a,e measured.

The Press.,, .,1”,,
are give” i“ the model
scale i. “nits of me-
ters of WSter.

excitation amplitudes-of
5°, 7e, 10°, and 13- are
examined

I



TARLE III-1. SOMMARY OF MODEL TANK LNG SLOSHING EXPERIMENTS
(Cent’d)

Tank Shape
Reference Analyzed

50 Prismatic tanks.

Slcmhtmg Co”ditior,s
Studied _Laads Measured Form ofData !Jrese”ted

Tank filling 1..,,1sof
0.60, 0.70, 0.80, 0,90,
and 1.00 with I.SHC, ,.

m.a.i.we....- and
forces on end and
,.ash bulkheads are

measured Re8”1ar and
tr.”si..t pitching m-
ticm, with amplitudes
of 0.096, 0.193, and
0,292 are studied.

No”dine”,ional pres-
sures and force, are
presented Single am-
plitude and double am-
plitude Press.,. values
are both used.

This ,.>.,, reviews the work do”. by

Akita. Very little discussion of the
exPerimer,tal setup used to obtain the
data is ~,.ve.the tank height a:,

tested

37 Tanks with vertical
side. are studied.

Pitch, roll, and trans-
lational excitation modes
are discussed

Wm.ic wall Pressure.
are predicted

Pressures are prese.ted
i. ““its ofmeters of
“.,., .

This report develops procedures ,9 com-
PUCe the dynamic PI.,.”.. heads tb,h
for full tank, a“d for tanks with arbi-
trary filling.

42 Rectangular tank. Rolling amplitudes a..
considered i“ this study
Several filling heights
are ohserwed

Wall stresses and de-
fIections are measured.
The maxim,. dynamic
stress i, presented.
III,maximum mean de-
fIection is presented.

stress., are preser,ted

i“ units of KPlcm2 and
deflections are Presen,-
ed i“ relative “umber.

This report deals with the problem of

dy.a.ic loads due t. .I.shi.g i“ a
heavy fuel oil tank MI beard the T/T
,,Humboldt.,, II,,data were take” o“ am
actual te.t r“” of the ship Lomg-
term dist.ib.tio”s of stress,, o“ the
wall .,, predicted

20 Recta”8u1,artaok. Tank filling heie,htof
0.5 with resPect to tank
bresdtb 1s studied. The
excitation amplitudes are
0.1 and 0.2 radian.. A
rolling rmtio. is studied,

W.-i. mm.re. are
measured Also, w.”,
am@it”des .,. exam.

ined

WI-O*C Pressure, are
Presented in “o”dime”-
s1o”,1 form and the wave
heights are given in
meters

A “omlinear, i“viscid boundary value

P,.ble. of potential flow is formu-
lated a“d the steady state solution
i, found as a powec series in elA,
A comparison betweeo exPerinental
and theoretical result, is made.

43 Prismatic tank.
III,tank scale is
1/25.

Tank filling levels of
0.059 and 0.172 with re-
sPect to the tank height
are tried. Pitching ex-
citation amplitudes of Se
a“d 8° ... used. Surging
excitation a!r@itude, of
0.157 and 0.303 with re-
sPect to the tank length
... “,.d.

Liquid “.10.1,1,s and

dyna.i. pressures are
measured

Nondimensional veloci-

ties a“d press”,., are
presented. l%, maximum
average ..1”,s For these

q..ntities are given.

Liquid velocities sad dynamic pressures
are studied i“ this reF.ort Leog-tem
distributions of liquid velocities a“d
imF.”lsivePressure. are predicted.
Water i, need as the test fluid.

I
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~e

13

16

‘Lankshape
Analyzed

Recta”8u1ar tanks.

Prismatic tank.
III.tank is 1/50
scale

?ri.matictank.
‘l’hisis s nmdel
tank of a tank in
8 125,CQO.3 LNG-
ca.rier owned b,
El Paso Natural”
(AS company.The
scale is 1/40.

Priwutictank.
l’hetank tested is
a m+del of the
number 1 tank i“
the ‘,Acctic Tokyo .,,
IV. models are
used. 0“. is 1/52
and the other is
1/47 scale,

TASLE III-1. SUMMARY OF MODEL TANK LNG SLOSHING EXPERIMENTS

(Cent‘d)

Sloshing C.onditic.”s
Studied

Se”eIal tank filling
1.”.1s are examined.
Pitching .xc1c.,1o” nc-
tiems are studied.

Pitch, ,.11, and surF,e
excitatlom mode. are
studied

Tank filling 1.”s1s of

12.15and 0.80 with re-
spect to the tank height
are used Angular exci-
tation amplitudes of 5°,
1o., 15~, .Od zoo are
studied.

Tank Et]ling levels of
0.05, 0.10, 0.15, 0.20,
and 0.30 with resPect ,.
the tank height are ana-
lyzed. Pitching excita-
tion amplitudes are h-
and 8“. Surging excite-
,ion is also e.a.i”ed

had. 14cas”red

Dynamic ..11 pressures
are measuredAlso,
pressures cm the taP
wall are Si..”,

W.a.t. ..11 p.=.,,..,
and liquid velocities
are measured.

Form of Data Presented

Nondir,w”sional PIes-
s“re, are presented.

N.”dimen, io”al Pres-
sures are presented

Pressures are pre-
sented in mondimen-
si”nal form. ?!,.
maximum average and
the highest maximum
“.l”e. ... give”

No”dime”sio”al Pres-
sures and velocities
are pcesented F!axi-
.“. average ..1..s and
..1..s after 1.,..,

are given.

Comet s

Report k 1“ French - ‘icXlkW.

This .ermrt Presa”te Pressure n’eas”re-
....s due to liquid motion on COPS amd
walls of small scale models of ship
tank. The ze”ort 1s,i“ French.

This rq.rt studies the Possibtltties
of transporting LNG in tanks witj 1.ss
than full fill depths Only a Iimlted
dlscu,sion of the exr.erime”talsetuP
,,sedto obtain the data is given.

Thie rew. t Presents a theoretical
treatment of the liquid notion, re-
sults of experiment.1 meas”reme”ts ,
and estimates of the lia”id motion
in tank mumher 1 of the “Arctic Tokyo .,,



Reference

30

63

f

63

G

31

21

Tank ShaPe
Analyzed

Recta”g”l.artanks
.1. ...ly...3.

R.cta”g”lar, sLhr-
ical, and cylindri-
cal tank. are

ec”died.

Prismatic tanks
are di,cussed.

Prismatic tank.

Prismatic tank.

TABLE III-1 . SOMMARY OF MODEL TANK LNG SLOSHING EKFERIMENTS
(Cent‘d)

sIoshln~ Conditions
Studied

Filli.g 1,..1s “f O.d,
0.6, 0.75, and 0.8 are
tested. Ham”ic ~nd
random pitching excit-
ations are obsewed.

various F3U1ng 1,..1,

are studied. Sway and
roll excitation modes
are used.

several fillinglevel.
are discussed. Sway
excitation is studied,

Tank filling level
of 0.15 is studied,
Excttati.m amplitudes
of 0.1 and 0.2 radian,
are tested.

Tank filling level of
0.75 1s studied.
Rand.. ...itati..
amP1i,udes of up ,. ●

0.175 redlans are
tested.

Forces , ....”.s, and
imp.., Pcessure. ...
determined.

Forces , P,,,.,,,,,,
a“d wave amplitudes
are Presented.

nm.s, we. . ..-.
and “.”, amplitudes
caused by sloshing
... studied,

Fortes and ....”.s
are measured

For. of Data Presented

This report gives
mostly .qUali,acive
results. Some no”di-
..”s10..1 press...,
are presented.

Nondime”sio”al forces
and wave amplitudes
are presented.

s... .Ondilnmsional
.... amplitudes and
forces ace presented
Also, dynamic Pressures
for selected sloshing
co”dltions are given.

No”dimensiomal p,,,.
sure. are Presented
i,,‘,%exceedance
~evel,,

Nendimensi.anal result-
.“, forces and mm.”,,
are presented. Both
short and long-term
“.1”,s are determined,

cement s —

This study determines the character-
istics of leads en tank “.11s a“d
internal ,,,”.,”..s such ., SE.i.gers
and web f,.s.,s

Experimental and theoretical results
are compared for both shell.. and
“O.-shall.. fill levels

Short and 10”8 term predictions of
loads are discussed. Example. of sane
analy.is schemes are presented.

?his report studies the size of the
..,. over which a large, irwwlsive
pressure act,. The report analyzes
the area on the end bulkhead “ear the
still liquid free surface.

‘rhisstudy investigates the forces and
moments acti“g on a tank d“.i“g random
pitchims.

I
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TASLE III-1. SUMMARY OF MODEL TANK LNG SLOSHING EXPERIMENTS
(Concl’d)

Tank ShaPe
~cg Analyzed

35 Prismatic tank.

S10shin8 Conditions
Studied Loads Measured Form ofData Prese~t&d come., s —

~, data from
several other studies
are utilized i“ a“
effort to correlate
experimental ,...1,.
with the results
predicted by the
,,cmli.e.r sloshing
theortes S..? and
roll excitation mo-
tions are studied.

surface elevation

(..9”..I”Plitude),
integrated lateral
force and ..!,,..,
from slosh induced

.iYm.micpress....
are pres..ted.

Nondimensio”a] w.”,
heishts, forces, and
m.m”entsare Presented.

l’hisrep.,, studies the ,IS.F”l..SS of
,!s”n.=”linear slosh theories 0.,
theory is for shallow liquid depths
and the .,!,,,is for no”shallow liquid
deDths, The fluid ]e”el. where these
,heories are applicable are determined.

TIE forces and ,nmae,>tsactimK on the
deck transverses and bulkheads are
studied. l’hec-ffec,s of t.nk 1,.,.1,s

Fillinglevel “[ 0.75
is tested, Random

pitching is studied.

Nomdiniensicmalforces
and .0”,..,sare

c.resented.

63 Prismatic t.nks
are a“aly.ed.
III.madel tanks

g are 1/25 scale.

!!.....s and force,
actin8 o“ the deck
transverse, and
bulkheads are
.eas.red

areanalyzed. Short and 1“”s.1,:
value. for the forces are presented,

63 Spherical tank
1s tested,

Fillin~ levels of

between 0.2 and 0.8
... te.ted, Sway
excitation amplitudes
are used in the tests,

Q.,.%. m .,.1,
vertical. and

No”dime”sl.nal forces
and velocities are

Presented.

This report discusses test ..s111?sof
a study .“ . SI,heric.1tank. The
various forces acti.?,o“ the ta,>kandmulta.t forces

... nleasured.
Al,”, forces and
impact “,1”.1,3,s
occurring ..

o“ structures inside of the tank are
determined MO,, of the results uivem
i“ this ,,,?..,whece originally P;.
,e”ted in R,f,,e,Ice26.

i“,er.al S,,..,..,,

,,. studied.

63 Prismatic tank
Is studied.

Fillin@ levels of UP
,. 0,5 are tested.
Harmonic r.itching
and r.lli”g are
investigated.

W.-i. mess.. -
8,. studied.

Nondimensional pres-
sures are presented
L. terms of ,*X
exceed,”.. 1...1,,

This .E,tdydisc,,.... thelocationsof
the tank that experience relatively
large impact pressures. statistical
analyses of the data are discussed.
Also, the area o“,, which the imi!a<t

Prea.”r.s act are in.e.L&a@d.

I



for accurately predicting worst case sloshing pressures. Therefore, the
more recent studies (containing 200 or more cycles of sloshing data) pre-
dict worst case sloshing loads that are considerably higher than earlier
estimates. “

Because of the inappropriateness of some of the model test results,
only a select number of references were chosen for the data presented in
this report. The predicted worst case sloshing loads from the selected
studies provide a more realistic definition of loads than the early model
test data. The majority of the summarized data have been extracted from
References 9, 10, 44, 64, and 74.

Nondimensional Coefficients

Of principal importance in many tank analyses is the slosh-induced
dynamic impact pressure acting on the tank walls. Figure III-1 shows a

tYPical Pressure trace and distribution of pressures taken from laboratory
test data. There are several formats that can be used to present pressure
informat ion. First, there is the average pressure, PAVG. This value is
defined in Figure III-1 as the average pressure for a given number of
sloshing cycles. Next, there is the maximum (worst case) pressure, PM,
which is the highest pressure occurring during any one of a given number
of sloshing cycles. Finally, there is the “q% exceedance level” pressure,

Pq “ This is the pressure level which is exceeded by q% of the measured
pressures in a given sample size. For example, the median pressure would
be the 50% exceedance level. Much of the data presented by Det norske
Veritas is presented in this form.

For simplicity and uniformity, the pressure results presented in this
report are in nondimensional form. The nondimensional pressure is denoted

as KP. The pressure value used in KP is either the average pressure (AVG),

maximum pressure (MAX), or the “q% exceedance level” pressure (q) as indicated.
The pressure has been nondimensionalized using Froude and Euler scaling as
discussed in References 44 and 74. The resulting nondimensional pressure
is defined by the following relation:

where P =
Q=
g=

;=
x=

P P
KP = pgh$’ ‘r

P !3! (;)

dynamic wall impact pressure
liquid density
acceleration of gravity
tank length in the direction of the tank ~otion
angular excitation amplitude (in radians)
translational excitation amplitude (in units of length)

(III-1)

*Single amplitude value

Another important parameter to the design analysis of a tank is the
inertial force created by the sloshing of liquid in the tank. A nondimen-
sional force, KF, similar to the nondimensional pressure has been developed
for the presentation of experimental force data. Measured peak sloshing

20 —



(a) Typical 25-Cycle Dynamic Pressure Trace

I

Time

\

-L

10”/. EXCEEDANCE LEVEL
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,~
1.0 2.0 P/P,o

(b) Distribution of Impact Pressure Peaks (P)

P= Peak dynamic pressure during one cycle

;P
i=l.—

‘AVG n
where * = total number of cycles

tested

FIGURE III-1. PRESSURE DEFINITIONS

., ...”,
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forces do not exhibit the cyclic variations typical of localized impact
pressures. Aa a result, the average peak force (F) measured over a given
number of sloshing cycles is Representative of the peak force occurring on
any given tycle. For a prismatic or rectangular tank geometry, this non-
dimensional-force is defined aa

b = pg;hh$ 0’

where F = dvnamic force (onlv

F

pg!hb (~)
(III-2)

inertial forces caused by the liquid
are included)

h = liquid filling height
b = tank width transverse to the direction of the tank motion

For a sDherical tank. dvnamic imuact Dressures are not of critical

inertia of the sloshing-liquid are significant
mensional force coefficient used for spherical

importance to ~ank desiszn.(~4,~4) Howe~er. “the tank forces created by the
to tank design. The nondi-

F
‘F = pgV

tanks is defined as:

(III-3)

where F = dynamic force (see Figure III-9 for the definitions of the
various forces)

V = tank volume

From Froude scaling, the nondimensional time is defined as:

where T = time.

In addition to resonant sloshing periods, slosh-induced dynamic
pressure rise times are normalized by Equation (III-4).

Table III-2 provides equations for calculating the natural period,
TR, of liquid in rectangular, spherical, and cylindrical tanks as a func-
tion of fill depth. These equations are derived in Reference 1.

Statistical Analysis of Slosh-Induced Pressures

Because of the random nature of resonant sloshing in an LNG tank, a
sufficient sample size must be determined that will give a representative
distribution of peak sloshing pressures. References 44 and 64 have both
addressed this problem. These two references used somewhat different ap-
proaches to obtain similar results.

-.,
22



TAELE III-2. EQUATIONS FOR CALCULATING LIQUID NATURAL PERIODS

IN RECTANGULAR, SPHERICAL, AND CYLINDRICAL TANKS

Rectangular:

‘R=*
Spherical Tank:

~
‘R = Cl

=- for (0.05 .;.1.0)

with the values of Cl shown on the figure below.

1.5

1.0

u-

0.5

0
0 0.4 0.8 1.2 1.6 2.0

hlR

h = liquid filling height
R = tank radius
D = tank di’ameter

Cylindrical Tank: (.Verticalorientation)

T=
R

+7””4 (:) ‘nh r’”’” (31
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Reference 44 recorded 1000 cycles of resonant sloshing pressures.

Then, the largest number of consecutive peak pressures less than 85% of the
maximum (worst case) pressur~ was determined. This number varied from 140
to 160 cy~les. Based on this information, a sample size of 200 cycles was
considered representative. Histograms of the 200-cycle and 1000-cycle test
data are pictured in Figure III-2. The distributions are quite similar in
shape, indicating good repeatability between a 200-cycle sample and a 1000-
cycle sample.

In Reference 64, varioua sample sizes up to 400 cycles were evalu-
ated. It was determined that 200 cycles were required to give good repeat-
ability of the average pressure for a given sample size. The results of
References 44 and 64 show that: (1) 200 cycles are adequate to define the
average sloshing pressure (PAVG) and (2) that the worst case pressure

(PMAK) will be at least 85% (or greater) of PW for 1000 cycles of slosh-
ing.

Reference 44 developed a theoretical pressure distribution for pre-
dicting extreme pressure values. This distribution was based on a three–
parameter Weibull curve fit. The resulting equation is:

Q(P) = exp
- (-)”

(III-5)

where Q(P) =

P=
AO ,A,M =

the probability that the response variable will be
greater than P
dynamic pressure
experimentally determined parameters of the distribution

Utilizing this distribution, Reference 44 presents a procedure for estimat-
ing long-term distributions of slosh-induced dynamic impact pressures oc-
curring during the life of a ship. This procedure is based on the statisti-
cal analyses of the slosh pressures and the tank excitation motions.

111.1.1 Prismatic Tanks

Model scale data for slosh-induced dynamic wall pressures vary con-
siderably with test conditions. While the general nature of resonant

sloshing in prianwtic tanks of various geometries is similar, the impact
pressures for a given tank can vary significantly tith wall location, ex-
citation motion and amplitude, liquid density, and fill level. Since it
is impossible to measure all possible combinations of these parameters, the
composite of the sloshing pressure data from all sources is presented so
that the range of load coefficients can be established for deaign purposes.
Figure 111-3 shows the highest (for any measurement location) KpAVG vs fill

level (h/t) for a range of excitation motions and amplitudes, tank geome-
tries (all are prismatic or rectangular) , pressure transducer locations,
and test liquids. All points on the graph are for reaomnt sloshing con-
ditions. The KpAVG ranges between 1 and 25. No distinct relation between

‘PAVG
and the liquid filling level is noted.

I
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Ranges of Kpm values compiled from the model- scale data are plot-

ted in Figure III–4. These values are for nondimensional excitation ampli-

tude from 0.05 to 0.30. It shoald be noted that the data points on this
graph are wor~t case values for at least 200 cycles of resonant sloshing.
As the filling level increases, the location of the highest pressure moves
from the vertical walls to the tank top. Otherwise, no clearly defined

trend of KpW with hll.is noted. The location of highest pressures on the

vertical walls is usually near the static liquid filling level, while on
the tank top the highest pressure occurs near the corners.

Except for one data point, all KpW values on Figure III-4 range

between 10 and 125. The KP value of 325 is considered unusual since the
other data points represent a wide range of sloshing conditions covering
several sources.

The form of nondimensional pressure coefficient equation, Equation
111-1, reveals that the pressure P is assumed to be a linear function of
excitation amplitude, $ (i,e., P = Kppg.b$). In actuality, pressurea are
only a linear function of $ for amplitudes less than -0.1. Figure III-5
from Reference 44, exhibits pressure vs amplitude data showing this trend.
It is evident from Figure III-5 that as @ approaches 0.3, the slopes of the

KP1O’$vs @ curves approach horizontal. This means the influence of the ex-

citation amplitude on the impact pressure diminishes as the amplitude in-
creases. The relation between KP@ and @ exhibited by Figure III-5 ia typi-

cal for all areas of the tank that experience slosh-induced impact pres-
sures. Thus, if pressure coefficients obtained at experimental amplitudes
less than 0.1 are used to predict pressures at larger amplitudes, the re-
sults will be conservative.

Figure III-6 presents sloshing force coefficient data summarized
from References 9, 10, and 44 for a range of amplitudes. Figure III-7 show:
the same data for a given amplitude (i8°). The data indicate that the force
coefficients decrease as the filling level increases. However. the actual
force will not necessarily decrease with hl.tas a result of the definition

of KF (i.e., F = KpogL2 (h/L)$).

Table III-2 presents an equation that predicts the resonant period
of the liquid in a rectangular (or prismatic) tank. ?!ondimensionalizing the
equation from Table III-2, it becomes:

A comparison (Figure III-8) of the resonant periods calculated from this
equation to measured periods from the model tests for a variety of pris-
matic tanks indicates that the theoretical values correlate well with the
experimental results.

1’
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The information presented in this section covers the important con-
siderations in the design of a rectangular or prismatic tank. Topics such
as scaling criteris for model tests, random excitation motions,’ statistical
analysis of cargo sloshing, and several other problems related to cargo
sloshing in LNG tanks have also been addressed by various investigators.
Their works are listed in this report in the Reference List of currently

available literature.

111.1.2 Spherical Tanks

As previously stated, forces and not impact pressures are of primary
concern in the design of a spherical LNG ship tank. References 24 and 44
present a thorough set of data on sloshing forces acting on a spherical
tank. The data presented in this section are excerpted from these reports.

The pertinent forces acting on a spherical tank are defined in Fig-
ure III-9. Figures 111-10 through 111-17 show typical force magnitudes for
various tank filling levels and excitation amplitudes. All data compiled

were obtained using a horizontal tank excitation motion. Reaction forces
produced by pitch and roll motions about the taok centerline were not re-
ported. The authors stated that the reaction forces produced by pitch and
roll are small relative to those produced by horizontal motions.

The following general trends were discovered during the analysis of
the test data. The maximum lateral force usually occurs under the sake
conditions as the maximum resultant force. The direction angle, a, of the
resultant force is greatest for h/D less than 0.2. The angle decreases as
h/D increases from 0.4 to 0.6 and remains about constant for h/D values
above 0.6.

The lateral force attains its maximum value when h/D is greater than
0.8 for large amplitude excitation motion (large amplitude being T1/Dgreater
than 0.05). The maximum lateral force is about equivalent to the inertial
force of a full spfiere. For small amplitude excitations (n/D values near
0.01), the maximum lateral force occurs when h/D is about 0.5.

The maximum resultant force is nearly equal to the weight of liquid
contained in a full sphere. This maximum occurs during the same conditions
that create the maximum lateral f6rce. These maximum resulting and lateral
forces occur at relatively high excitation frequencies.

The maximum dynamic vertical force occurs when the filling level of
the tank is about 0.4. However, the maximum static plus dynamic vertical
force is created when the tank filling level is greater than 0.8. The maxi-
mum static plus dynamic force is about equal in magnitude to the maximum
resultant force.

The resonant slosh frequencies for the liquid in a spherical tank
vary substantially depending on the filling level. High filling levels



, I 1 1 1 1 I I 1

“.. .

.M=.

32



—A—A ‘q/y’
,, ‘t

0 I I I 1
, 4 5 T% e

FIGURE 111-11. RESULTANT FORCE ON
SPHERE VS EXCITATION PERIOD
(Reference 44)

w, ,- me,”. 07

~ CIclr.rl- *!*
,“

~~ #

/.. - -
___

/

— ,Wcac, ,s,.,,O,, s ,’
,-,“., ,.”. ( ,,..,.0,

/
0.s0 A W. .aoa

. ,,0 ..0s

0 ,!0 root
/ v-,,,

1)
---

/

-+-

/{
020 !O .,.!

/

—

/’

/ ....,
.!0 . /— ‘*

‘\
‘.

,
‘-_

0

Q* a. a. . . “to

FIGURE 111-12. LATERAL FORCE ON SPHERE
VS FILL OEPTH (Reference 44)

. L I 1 4
s.o ..0 s.. ,m ..0

k I I II
* b o A WA, “R.. MO* ., .!00$ ,mw ! , ! 1

FIGURE 111-13. LATERAL FORCE ON
SPHERE VS EXCITATION PERIOD
(Reference 44)

., .*, 33



I

-J.
000

. . . . . 34



&
W llm .0,05

Ah, D: O.30
a2a.

ON O: O.40

● MD :0.50

● h,o=0.70
0.24 .

022r_t7__i
w
WI

FIGURE 111-16. VERTICAL (DYNAMIC) FORCE
ON SPHERE VS EXCITATION PERIOD
(Reference 44)

I I I I
z MAXFORCE*,RRE*ROF Ah, D: O.30

F EXC 17A,(OM PER,CID
0 hlD:O.40

O#-H---HM
0.96 I

I ... .... I

FIGURE III-17. VERTICAL (DYNAMIC) FORCE ON
SPHERE VS EXCITATION AMPLITUDE
(Reference44)



have resonant frequencies high enough that the ship motion energy in this
frequency range is so low that resonant sloshing is unlikely to occur. For
lower fillfng levels, the liqgid response often corresponds with the ship’s
motion, causing resonant sloshing to occur in the tank.

The resonant sloshing periods predicted by the equation for spheri-
cal tanks fmm Table III-2 are shown in Figures 111-11, 111-13, and 111-16.

111.2 Full-Scale Sloshing Data

Full-scale sloshing data are very scarce. The LNG carrier, the Ben
Franklin, has been instrumented for recording slosh-related information=
but the ship has yet to go into service. Two El Paso Narine Company car-
riers, the Sonatrach and the A~ have also been instrumented, but no
data are available at this time. Full _acale data on the sloshing of fuel
oil in a tank with no internal structures are presented in Reference 42;
however, this information is only of very limited value to the problem of
LNG sloshing in ship tanks. Full-scale impact pressures measured with wa-
ter sloshing in an OBO tank are compared to model scale pressures in Refer-
ence 2. The model data were obtained in a geometrically similar 1/30 scale
tank with the recorded full-scale roll motions reproduced on the model.
Pressures in model scale were converted to full scale using Froude scaling.
A comparison of predicted to actual pressures showed excellent agreement
for both the magnitudes xnd distributions of pressures.

ITI.3 Review of Tank Structural Detail

A general description of LNG tanks was given in Section II. The
importance of sloshing-induced forces in the design of the tank depends
largely upon the tank type. For this discussion of tank structural de-

tails, it is convenient to divide the tanks into two general categories:
pressure tanks and nonpressure tanks. Nonpressure tanks include membrane,

semi-membrane, and independent prismatic tanks. These tanka are con-

structed primarily of plane surfaces and are designed for low vapor pres-
sures. Design for low internal pressures, particularly near the tank top
where the liquid head is a minimum, makes these tanks susceptible to local-
ized sloshing pressure in this,region. Also, prismatic tanks with plane
surfaces are more likely to experience high liquid impact forces during
LNG slOshing than, for example, pressure tanks with. curved boundaries.

In contrast to nonpressure tanks, pressure tanks are designed for
higher internal pressures, approximately 3 to 10 times higher than for non-
pressure tanks. In addition, as reported by DnV, (24) impulsive sloshing
pressures are unlikely to occur in pressure tanks because of their curved
boundaries, and the limited measurements which have been made indicate that
the pressures are low. Another factor is that pressure tanks which are
spherical or cylindrical in genmetry will react to the sloshing pressures,
even localized ones, primarily with membrane action (as opposed to bending
action in tanks with plane surfaces) , and thus pressure tanks are less sus-
ceptible to damage from local sloshing pressure if they do occur.

36
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Pressure tanks’ structural arrangements are much simpler than tanks
constructed with plane surfaces. . The structure consists principally of a
smooth wall sphere or cylinder of relatively heavy gauge (1/2 in.). Attach-
ments to the tank are made only at its support points and at filling loca-
tions. A nonstructural insulation is bonded to the outer surface of the
tank wall. The most widely used LNG pressure tank is the Moss-Rosenburg
Systsm. This system uses an aluminum spherical tank which is attached to
the ship by a cylindrical skirt at the equatorial ring (see Figure 11-2b) .
A discussion of design loads for this tank by Glasf eld(23)indicates that
sloshing forces influence only the design of the tank support.

As indicated above, nonpressure tanks are more likely than pressure
tanks to experience high slOshing pressures and tO be damaged by them.
Since the structural details of pressure tanks are not unique, only the
more complex and unique aspects of LNG prismatic tank structures will be
reviawad. The structures of two types of membrane tanks and one independent
prismatic tank are described in the following paragraphs. These tanks are
representative of the range of designs of nonpressure type tanks which are
being built today.

111.3.1 Membrane Tanks

Gaz Transport Design. In the Gaz Tranaport membrane systam, invar
membranes are suuDorted from plvwood boxes which are filled with perlite. . . .
to provide thermal insulation. TWO layers of boxes are used, primary and

secondary. Primary boxes are on the inside of the tank adjscent to
and support the primary membrane. Primary boxes are separated from
ondary boxes by the secondary membrane. Both secondary and primary
are directly attached to the ship’s hull, but cOmp~essiOn fOrces On
mary boxes are transferred to the hull through the secondary boxes.

The geometry of a 12-cell box is given in Figure 111-18, and
arrangement of the insulation boxes in the tank is shown in Figure 111-19.
Attachments of the boxes to the hull are not shown. Primary boxes have
both a 9-cell and 12-cell construction. Twelve-cell boxes are used in
areas where maximum overpressurea are expected. All secondary boxes have

nine cells. Secondary boxes bear directly against the inner hull of the

ship on the bottom and sides of the tank, against transverse bulkheads
(cofferdams) at the tank ends, and against the bottom of the trunk deck at
the tank top. An example of this type of structure is shown in Figure
111-20. It is a section of the cofferdam near the top of the tanks. Local
structure between vertical webs is plating stiffened by bulb angles.

~he LNG
the sec-
boxes
the pri-

the

Sloshing pressures on the membrane apply loads directly to the covers
of the primary boxes. These forces are transferred principally through the
longitudinal (parallel to the box axis) stiffeners in the primary box to
the transverse stiffeners in the secondary boxes at the stiffener crossing
points. This can be seen from Figure 111-19. Transverse stiffeners in the

secondary boxes transfer the sloshing forces to the ship’s hull. As shown in

Figure 111-20, each stiffener in the cofferdam bulkhead reacts the loading
from approximately two box widths. Because the insulation boxes are very
stiff (loads are transferred through bending of the covers in the 12-cell
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box and through compression of the stiffeners) , the sloshing forces will
be attenuated very little at the bulkhead. Structures which must be ana-
lyzed for sloshing pressures include the primary box covers, stiffeners
in the boxes, apd local stiffened plates in the hull. Because sloshing
pressures are localfzed, occurring only near the static liquid level, over-
all bending of the ship fs bulkheada is not a problem.

Technigaz Membrane System. As in the Gaz Transport system, a thin
metal membrane fa attached to an insulation system, which in turn is at-
tached directly to the inner hull of the ship. In the Technigaz system
the secondary membrane is a centinuous plywood barrier.

A section through the membrane and insulation of the Technigaz Sys-
tem is shown in Figure 111-21. The insulation and membrane support in this
design consists of:

(1) An end grain balsa pad which is adjscent to the membrane,

(2) A thick sandwich panel built with plywood surfaces and balsa
core,

(3) Grounds which are attached to the ship’s hull and which
support compression from the balsa-pl~ood panels,

(4) Glass wool which fills the voids between the sandwich panel
and the ship’s hull and between the grounds.

Structure in the ship’s hull which supports the msmbrane system is similar
to that for the Gaz Transport design.

Sloshing pressures on the membrane bear directly on the balsa pad.
These forces are transferred into the balsa-plywood panels, producing bend-
ing in the panels between the grounds and shear reactions at the grounds.
The grounds transfer the shear reactions in the panels to the ship’s hull..
Compression in the balsa pad, bending and shear in the panels, and local
deformation of the ship ‘a hull must be checked for adequate strength ,to
react to the sloshing pressures.

III.3.2 CONCH Independent Tank

The CONCH LNG tank system is designed to contain the static and dy-
namic pressures produced by the LNG independent from the ship ts hull. It
is keyed to the hull to prevent translation and rotation relative to the
ship. Glass wool fills the void space between the tank and the ship inner
hull (between the supporting blocks) . Tanks are subdivided into approxi–

mstely four equal volusnes by centerline and swash bulkheads. Construction

of the tanks is similar to that of a ship. Bulkheads and tank walls are
constructed of flat plates which are reinforced by stringers and girders.
A typical horizontal girder (horizontal section through one of the tanks)
is shnwn in Figure 111-22. The weakest parts of the tank appear to be the
longitudinal and awash bulkheads, the sides of the tank near the top, and
the tank top. These parts of the tank have O.50-in .-wall thickness and the
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widest frame spacing. Figures III-23 and III-24 show typical vertical sec-

tions taken in the longitudinal and transverse directions, respectively.

Both the frames and stiffened panels between the frames of the tank
must be checked for damage to sloshing forces. This is true for the tank
walls, bulkheads, and tank top. In addition, tank supports must be analyzed
for the reactions produced by the resultant of the sloshing forces.

44
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FIGURE III-23. TYPICAL LONGITUDINAL GIRDER
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FIGURE III-24. TYPICAL TRANSVERSE FRAME
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IV. TASK 2 - EKPERIMRNTAL STUDIES

IV.1 ~perimental Study Objectives

As a result of the Task 1 review of previous experimental work, the
following experiments were performed.

0 Combined degree of freedom excitation (pitch and heave,
surge and heave)

0 Impulsive pressure-time history measurements

0 Dynamic loads test on full-scale LNG tank structural
segments

Previous studies provide loads data for a wide range of tank geome-
tries, fill depths, and excitation conditions. Previous studies were con-
ducted by exciting the model tank in only one degree of freedom (usually

pitch, roll, or surge) and recording loada at resonant aloahing conditions 1
To”determine if combined, simultaneous excitation in more than one degree
of freedom would increase the sloshing preaaurea, additional two degree of
freedom experiments were performed.

The impact pressure-time history is of importance to the prismatic
tank wall structural design. Previous studies determined peak preaaure
magnitudes and distributions, but little data were available on pressure-
time histories. Additional experiments were performed to establiah
P(T) vs T characteristics.

To substantiate the analytical procedures developed in this study
and to evaluate the response of LNG tank wall structures to dynamic slosh
pressures, typical full-scale dynamic pressures (predicted from the model
tests) were applied to a representative section of a full-scale LNG mem-
brane tank structure in a set of laboratory testa.

IV.2 Experimental Facilities

IV.2.1 Model Tank Sloshing Apparatua

The laboratory work on this project involved sloshing liquid in
scale model ship tanks and measuring slosh-induced dynamic pressures. The
laboratory facilities at SWRI include two slosh rigs designed for this pur-
pose. One machine is capable of producing an angular motion (to simulate
pitching or rolling) , and the other can provide independent and simultane-
ous horizontal and vertical motions (to simulate aurge or sway, and heave) .
Appendix A providea a detailed description of both these sloshing syatema.

IV.2.2 Sloshing Pressure Measurement System

Sloshing dynamic pressures were recorded with Columbia Rasearch
Labs’ Model 1OO-P piezoelectric pressure transducers in combination with
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Model 4101 amplifiers. These transducer/amplifier combinations have a range
of O.005 to 4000 pounds per square inch, with a frequency response from 0.1
to 10,000 Hz. Transducers were isolated from the walls of the tank by mount-
ing them \n a plug of silastfc material. The silastic eliminated the possi-
bility of the transducer casing being load@d by flexing of the walla of the
model tank.

The pressure signals were input to a light-beam galvanometer-type
oscillograph. The oscillograph produced a permanent record. of the pressure
signals on oscillograph paper. The oscillograph is a Honeywell Model 1858-
0790 G Visicorder oscillograph with a fr~quency response from O to 3000 HZ
with +0% to -5% error. A Hewlett-Packard Model 9864A digitizer in combi-
nation with a Hewlett-Packard Model “9830A computer was used to digitize the
pressure signals from the oscillograph traces. The digitized pressure val-
ues were stored on magnetic disk filea fot final data reduction.

IV.2.3 Model Ship Tank

The model tank used for all laboratory tests is a 1/50 scale replica

Of a Prismatic tank from a 125,000 m3 LNG carrier. The tank geometry is
typical of most prismatic tanks. The model tank walls are.pxadeof plexiglass
with sufficient rigidity such that tank wall response was not a factor in the
pressure measurements. Figure IV-1 shows the tank and all pressure trans-
ducer locations. Table IV-1 lists the model scale and corresponding full-
scale tank dimensions. The uitch axes for the 25% and 75% tank filling
levels

Iv.3

investigated are deno~ed in Figure IV-1’as zP~ and ZP2, respectively.

For all tests, the model test liquid was water.

Combined Degree of Freedom Model Tests

As part of Taak 2, the effects of combined tank motions on slosh
pressures were investigated. The purpose of this work waa to determine if
slosh-induced pressures were augmented by combined motions.

Experimental tank motions included pitching plus heaving and surging
plus heaving. The results for these motions were compared to the reaulta
for the individual motions of pitching, surging, and heaving. Low (25%)
and high (75%) tank filling levels were used for each case. All laboratory
test motions are summarized in Table IV-2. The detailed teat results are
given in Tables IV-3 through-IV-7, with the data summarized in Tables Iv-8
through IV-11. The excitation amplitude were chosen to represent typical
extreme values that a ship tank might experience while in service. Each

test was run for 200 cycles at resonant aloahing conditions, while the tank
wae undergoing a harmonic excitation motion at resonance.

IV.3.1 Pitching Plus Heaving Teat

The angular motion sloshing facility was used to provide the pitch-
ing plus heaving motion. The scale model ship tank was placed approximately
two tank lengths out from the pitch axis on a cantilevered beam. This lo-

cation represents the typical placement of the fore or aft tank in an LNG
carrier with its pitching axis at the midship. Figure IV-2 shows the loca-

tion of the model tank with respect to the sloshing rig axis.

i
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0 - Denotes pressure transducer location

FIGURE IV-1. SCALE MODEL TANK DIMENSIONS AND PRESSURE TRANSDUCER
LOCATIONS FOR 1/50 SCALE PRISMATIC TANK FROM A 125,000 m3 SHIP
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TASLE IV-1. TANK DINsNSIONS AND PRESSURS
TRANSDUCER LOCATIONS

Dimension Model (ft) Full Scale (ft)

t 2.23 111.55

b 2.44 122.04

H 1.57 78.51

‘1
0.219 10.94

‘2
1.22 60.94

‘3
2.22 110.94

‘4
0.333 16.67

‘5
0.885 44.27

Y1 0.104 5,21

‘1
0.146 7.29

‘2 0.417 20.83

‘3
0.792 39.58

‘4
1.23 61.46

‘5 1.44 71.88

‘PI
0.196 9.81

‘P2
0.589 29.44

Conversion Factor: 1 foot = 0.3048 meters.
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TAELE IV-2. TEST CONDITIONS FOR COMBINED
MOTION LABORATORY TESTS

Tank Nondimensional

Tank Motion Tank Amplitude Filling Resonant Slosh Period
Level (T ~)

Pitching ~ = ~4” 25% 5.170

Pitching 0 = y4” 75% 3.566

Surging
x
- = 0.019
1

25% 4.869

Surging
x
–= 0.019
!

75% 3.663

Surging
x
– = 0.038
9,

25% 4.869

Surging
x
– = 0.038
9.

75% 3.663

Pitching + Heaving @ =~4° and $=0.417 25% 4.748

Pitching + Heaving $ =~4” and ~=0.417 75% 7.235
(2nd Harmonic)

Surging + Heaving ~= 0.038 and #=0.053 25% 4.869

Surging + Heaving ~= 0.038 and ~= 0.053 75% 3.663

See Figures IV-1 and IV-4 for definitions of x, y, 1, H, and $.
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TABLE Iv-4 . TEST PRESSURE DATA FOR PITCHING
PLUS HSAVING TANK MOTION

FLUID: WFITER
!lfl. UF C’I’CLES fER TEST: 200 EXCIT(!TION: P1 TCH+HE13VE
,:,;,::ILLfi T] ON FIMPLITUIIE: +/-4. @ DEG. & Y/H=13.417

FILL
IIEFTH

<:<)

25

25

25

z?

25

25

25

75

75

75

75

75

75

75

75

FIVG.
KP

NOfIEL

3.6

3.s

3.4

~.~

2.7

2.9

0.3

2.8

2.3

2.1

1.1

0.6

1.0

1.6

7.2

tlflx .
KP

NUDEL

%1.4

X.2

5.5

21. ?

fi.7

S.4

:+.5

4.6

:{.1

?

:3.3

,.,
. . 1

2.5

5.2

26.9

MIN.
KP

NOIIEL

1.4

1.5

1.5

1.1

1.1

1.:3

Q.o

1.7

1.5

1.3

0.2

0.0

0.0

0.6

0.0

WC. KP
.. _---—
MIN. KP

Z. 645

2.468

2.212

3. ?32

2.432

2.246

0:000

1.655

1.469

i .644

3.172

Q.00*

w. 000

2.?98

0.!309

m%.
FIULL”
SCRLE
<Fsrj

37.4

13.7

?.2

:35.3

14.5

14.?!

5.8

7.7

5.1

4,9

2.!5

3.4

4.1

a.~

44.8

RVG .
FULL
SCRLE
(PSI)

6.@

.5.3

5.7

7.2

4.5

4.a

CI.5

4.7

:3.s

3.4

1.6

1.0

1.7

2.7

11.0

NOTE : See Equation III-1 for definition of KP,

Conversion Factor: 1 psi = 6.895 (10)-3 N/mmz.



TARLE IV-5. TEST PRRSSURR DATA FOR SURGING TANK MOTION

FLIIID: WRTER
:IC!. ,:!F C,fCLES pER TEST: Zge EXCITRTIOM: SIURGE
tlq,:r LLHTItjl.f fIMpLITUIIE: X/ L-(.l. t31$

FILL
IIEPTH

(2>

25

25

25

2s

25

25

25

25

75

75

7s

75

?5

75

75

75

75

FIVL.
KP
MODEL

8.0

10.6

9.?

6.6

6.2

10.2

2.0

2.1

4.7

3.3

3.6

7.4

4.8

8.0

16.8

13.1

2.9

tlflx .
KP

NODEL

14.2

16.0

28.3

17.0

36.5

32.7

7.5

11.3

2’!.0

15.5

11.3

29.6

14.2

27.7

?6.6

69.3

26.7

MIN.

ME;EL

5.0

&.9

4.7

3.6

3.!3

s. 1

0.0

B.11

1.2

1.4

Q.5

1.2

2.4

3.0

1.6

1.5

0.0

MFm. KP
-------
FwG. F:P

1.777

1.511

Z.8E7

2. 3s3

5. SS7

3.1,38

3.651

5.500

S.066

4. 7E;6

2.118

3.978

2.963

3.4Si

4.554

5. 27S

9. 2Q0

mm. KP
_______
MIN. kp

1.595

1.537

2. Et7$

1.8$36

2.101

1.989

0.000

O.w?ro

3.813

2.308

7.@05

5.949

2.821

2.643

10.34s

8.9g*

13.@@g

MRX.
MFW, KP FuLL

SCRLE
Mtti. KP (PSI)

2.)333 6.4

2.323 7.3

5.995 12.8

4.653 7,7

12.:367 16.5

6.363 14.8

O.ofill 3.4

~. 000 5.1

19.317 18.9

11. atil 7.9

21.842 5.1

23.667 13.4

5. 9s! 6.4

9.137 12.5

47,229 34.7

46. ?78 31.4

13.L30U 12.1

FWG FIUL.L.
FULL tlllllll 111 $ICRI.E
SCOLE Rw]f+fitrrRc.!;PER
(PSI) FE:FMIII ,:,;E,:.,!

:.+. 6 4..:::?

4.s ~,~;.’

4.4 <.*7

3.0 4.s!7

2.8 4.87

4.6 4.87

0.9 , 4.!37

Q.9 4.87

2.1 3.66

1.5 3.66

1.6 3.66

3.4 3.66

2.2 3.66

3.6 3.66

7.6 3.66

6.0 3.66

1.3 :3.66

NOTE : See Equation III-1 for definition of KP.

Conversion Factor: 1 psi = 6.895(10)-3 N/nun*.
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TABLE lV-4. “rmr P2wssum DATA FOR SURGING TANK MOTION

n
n

FLU ID: NFiTER
PIO. OF CYCLES PER TESTS 200 EXCITATION: SURGE
,:ISCILLRTION RMPLITUDE: x/L.0, 938

FILL
lRflNs. DEPTH

LC,C. (%)

25

25

25

25

25

25

75

75

75

75

75

75

75

7s

75

RVG.

H~;EL

6.8

7.6

8.4

6.5

5.0

9.5

2.7

4.4

3.6

5.4

5.3

6.7

6.6

14.2

8.1

tmx.
KP

MODEL

15.0

10.2

18,2

21.9

10.5

60.1

6.0

11.5

7.4

!Q.8

9.4

13.2

23.5

43.5

23.6

MIN.
KP

MODEL

4.4

!5.4

4.0

2,6

3.1

d.z

1.2

i.9

1.5

2.7

2.8

1.9

2.6

5.2

1.5

flflx.w
-------
FIVG. KP

2.191

1.343

2.153

3.39@

2.11.3

6.333

2.191

2.610

2.052

1.?95

1;79s

1.9W

3.5s0

3.Bh4

2.,9H6

R’VG. KP
-------
MIN. KP

1.564

1. 4@0

2.104

2,451

1.,586

48.582

2.2f16

2.346

2.354

2.W13

1.s54

3.441

2.586

2.751

17.354

NOTE : See Equation III-1 for definition of KP.

t’lw. KP
-------
MIN. KP

z. 427

1, s813

4.531

s. 308

3.352

256.996

4. S3:3

6.124

4.s31

3.998

3.32:3

6. 77s

~. 921

8.429

SW. 43s

NFIX.
FULL
SCIW_E
(PSI)

13.6

9.2

16.5

19. e

9.5

54.5

3.4

l@.4

C,7

9.s

S.6

1~.13

21,3

.35.4

21.4

WC.
FLILL
SCF!LE
(PSI)

6.2

S.9

7.6

5,9

4.5

8.6

2.5

.4.0

3.3

4.9

4.s

6.1

6.n

12.9

7.4

FI)LL
N13tlP[ M SCflLF

,?:30111,NT RES PER
PEl?li3P ,:SECj

d. :~~

4.s7

4.s7

4.s7

4.s7

4.:3’7

2.66

2.s6

3.66

3.66

2.66

3.66

3.66

5.66

3.66

Conversion Factor: 1 pSi = 6.895 (10)-3 N/unn2.
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TARLE IV–7 . TEST PRESSURE DATA FOR SURGING
PLUS HSAVING TANK MOTION

FLI.1] rj: 14FITER
1<0. OF lC’iCLE!3 PER TEST: 2!4Fi EXCITHTIOI1: SIURGE+HEHVE
,:13CILLI?TIO14 FIMPLITUDEI X,/L=@. D3S & Y/H=o. C15:3

FILL
UEFTH

t;%)

25

25

25

25

25

25

25

25

75

75

75

75

75

75

75

75

75

FWG.
KP

MODEL

6.6

8.o

8.7

6.1

4.7

10.7

1.2

1.2

3.9

4.4

4.0

4.s

4.9

5.s

5.8

9.8

%.3

tlax .
~p

MOOEL

11.7

24.2

,21.7

16.6

9.0

.43.1

12.2

:3.8

8.9

2:3. El

6.2

1*.2

14.9

10.6

13. Q

28.0

32.7

MIN.

M;;EL

4.2

5.8

5.0

2.6

2.s

3.3

0.0

0.0

2.3

2.1

2.3

2.5

2.4

3.2

2.6

2.9

~.,

MRX. k:P

RVG. KP

1.774

3.030

2.s10

2.731

1.903

4.61!i

lG. 362

.3.31,:+

S.2E,I

5.227

1,54s

2.147

:3.0139

1.*16

2.247

~. 856

3. 95s

RVG. KP
-------
!lItt. KP

1.579

1. 3s9

1.745

2.310

1.717

3.254

@:w313

B. EjnO

1.728

2.079

i .732

1’.9g~

2. Ew13

1.799

2.190

;~. ~~fi

:3. 93!3

NHX. Kr
-------
PiIt+. k:P

2. 8C!E

4.147

4.3s0

6.30s

3,267

15.wlfi

0.000.

0.E!om

3.9!3;

10.89!1

2.6<7

4,@Ei4

6. 232!

3.266

4.92:3

~, S2S

15,554

tmx.
FUkl_
SCRLE
(PSI)

10.6

21.’3

19.7

15.1

8.2

44.!5

11.1

3.3

H.1

2[!.’3

5.6

9.2

12.5

9.6

11.Q

25.4

29.7

WC.
FULL
SCRLE
(PSI)

6.0

7.2

7.3

5.5

4,3

9.7

1.1

1.1

:3.6

4.0

3.6

4.3

4.5

5.3

5.2

5.3

7.5

NOTE : See Equation III-1 for definition of KP.

Conversion Factor: 1 psi = 6.895 (10)-3 N/mm2.
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TASLE IV-8. AVERAGE Kp VALUSS* FOR A 1/50 SCALE
PRISMATIC TANK FROM A 125,000 m3 LNG CARRIER

,>X I 15
I

.0
I

.0 I 2.9
I

8.1
I 8.3

1

Av.,.w Kp

Fillimg Transducer
.2aCicationh Lmon

Level LOc.c%or, Picchti* Pitchingb E.avimg s.t,img sur%2ng Surgbg 6 U...*

+-~” 6=+- h ;. 0.U7 +. 0.019 + 0.038 +- O.om k;. 0.053

25Z 1 16.1 3.6 8.o 6..3 6.6

2SZ 2 6.6 3.8 10.6 7.6 8.0

252 3 6.3 3.k 9.8 8.4 8.7

252 4 13.5 4.3 6.6 6.5 6.1

25Z 3 6.5 2.7 6.2 5.0 4.7

2SZ 6 10.3 2.9 10.2 9.5 10.7

25Z 7 .0 .0 2.0 .0 1.2

25% 8 =0 =0 .0 =0 .0

25% 9 .0 0.3 2.1 .0 1.2

752 7 2.7 2.8 4.7 2.7 3.9

752 8 2.5 1.3 3.3 4.4 h.~

75Z 9 3.2 2,1 3.6 3.6 L.o

732 10 0.1 l.1 7.4 5.4 h.8

73Z 11 2.3 0.6 4.8 5.3 4.9

15% 12 4.1 1.0 8.0 6.7 5.8

752 13 5.6 1.6 16.S 6.6 5.8

7s2 M 13.7 7.2 13.1 lh.2 9.8
..-

.
For2M sloshcyclesa, resonantsloshimB cordicioms,
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TA8LE IV-11. MAKIMUM FULL SCALE
1/50 SCALE PRISMATIC TANK FROM A

PRESSURE VALUES* FOR A
125,000 m3 LNG CARRIER

naximlmFull-sc.hR.ss”re (psi)

Filling
ticit.tionNOCion

Transducer
Lcval L.ocaclm Picchi% Pitchingi UeaViIW surging S“CE* surgings Heaving

*-~. $‘+. S ;- 0.417 :. 0.019 +- 0.038 ~- 0.038& ;- 0.053

25% 1 62.3 37.4 6.k 13.6 10.6

23Z 2 26.1 13.7 7.3 9.2 21.9

23% 3 29.5 9.2 12.8 16.5 19.7

25% h 52.2 35.3 7.7 19.8 15.1

25% 5 27.1 14.5 16.5 9.5 8.2

2574 6 52.1 14.0 l&.8 54.5 44.5

252 7 .0 .0 3.6 =0 11.1

25% 8 .0 =0 =0 :0 =0

25% 9 =0 5.8 5.1 .0 3.3

75x 7 8.3 7.1 10.9 5.4 8.1

732 8 6.o 5.1 7.0 10.A 20.9

15% 9 8.1 4.9 5.1 6.7 5.6

75% 10 0.2 3.3 13.4 9.8 9.2

75: 11 6.2 3.4 6.4 8.6 13.5

75% 12 13.9 &.1 12.5 12.0 9.6

75Z 13 26.6 8.6 34.7 21.3 11.8

752 14 56.2 44.8 31.A 39.4 25.&

73% 15 .0 =0 12.1 21.L 29.7

●
F*.ml sloshcycles*C res.mar.cslashingc.mdttions.

Conversion Factor: 1 psi = 6,895 (10)-3 N/nun2.
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Due to the design of the test rig, the pitching and
were simultaneous. but not independent of each other. The

heaving motions
two motions were

at the same frequency and in phase for these tests. During testing, it was

noticed that the fundamentai excitation frequency for a 75% full tank under-
going pitching plus heaving did not produce substantial dynamic pressures,
so the frequency was increased to the first harmonic. At this frequency,
substantial sloshing pressures occurred and were recorded for inclusion in
the test results. The theoretical (Equation III-6) and experimental exci-
tation frequencies are shown in Figure IV-3.

The recorded pressure values for pitthing plus heaving and only
pitching are contained in Tables Iv-3 and IV-4. No values are found in
the tables for heaving only since the resonant frequency for a heaving mo-
tion is twice the natural frequency of the liquid in the tank. The heave
res,onantfrequency is outside the range of interest for ship motions.
‘Cherefore, no attempt was made to excite the tank into resonance in heave
and record pressures.

The pressures presented in Tables IV-3 and Iv-4 for pitching and
pitching plus heaving indicate there was no augmenting of the pressures
using the combined mot ion. In addition, many test pressures were somewhat
higher for pitching only motion.

IV.3.2 Surging Plus Heaving Test

The translational motion sloshing facility was utilized for the
surging plus heaving tests. As with the pitching plus heaving test, the
surging plus hssving test results are compared to the results of the indi-
vidual excitation motion (surging) . Figure IV-4 illustrates the surging
and heaving motions.

Two surging amplitudes were examined. These are typical extreme
values that a full-scale tank might experience during operation. To deter-
mine the worst case combined surging plus heaving condition, the tank was
oscillated with the surging frequency set at resonance, and the heaving
frequency swept through a range of values from O to 5 Hz (model scale) or
O to 0.707 Hz (full scale) . Next, the tank was oscillated with the heav-
ing motion set at its theoretical resonant frequency and the surging exci-
tation frequency awept through a range of values [0 to 5 Hz (model scale)
or O to 0.707 Hz (full scalej]. The worst case was chosen as the one that
created the moat violent sloshing (by visual observation) and the highest
recorded pressures.

The results of these tests indicate that the worst case sloshing
occurred when the surging and heaving excitation frequencies were equal to
the resonant frequency of the liquid for a surging only motion. The teet
results were recorded with both the surging and heaving motions at the same
frequency and in phase. The tank displacements in the surging and heaving
directions were also equal in magnitude (x = y = 1 in.= 2.54 cm), with
.(x/L)= 0.038 and (y/H) = 0.053.
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10

9

8

1

kTheoretical resonant slosh period calculated
from Eq. ITI-6

\

Pitching & Heaving
(2nd Harmonic) ~

Pi<ching only

● - denotes experimental value given in Table IV-2

o
0 10 20 30 40 50 60 70 80 90 100

Tank Filling Level
(Percent)

‘R = resonant sloshing period

g= acceleration of gravity

L= tank length in direction of motion

FIGURE IV-3.
SLOSH PERIOO

EXPERIMENTAL AND THEORETICAL
VERSUS TANK FILLING LEVEL

NONDIMENSIONAL RESONANT
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H Test Tank

I

-1
1
1
I
I
I
I

I
I

I

I

I

I

I
I
I

J

d

1Heave
Motion

x

Surge Motion

x= surge mot ion

Y = heave motion

L . tank length

H = tank height

displacement

displacement

FIGURE IV-4. MOTION DEFINITIONS FOR SURGE AND HEAVE.
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The test results for surging plus heaving and surging only are found

in Tables IV-5, IV-6, and IV-7. The reaulta do not indicate any signifi-
cant augmenting of the sloshing pressures cauaed by the combined tank mo-
tions of surging plus heaving. Visual observations also suggested that the
sloshing for the surging plus heaving waa comparable in magnitude to that
for only surging.

Based on the results of these laboratory tests, there does not ap-

pear to be an increase in the slosh-induced dynamic impact pressures caused
by multi-degree of freedom tank motions. However, it is realized that
these tests are limited in that simultaneous excitation of all six degrees
of freedom could not be investigated. In spite of this limitation, the
results do provide insight into the effects of combined degreea of freedom
excitation and indicate that worst caae loads can be obtained by resouant
sloshing in single degree of freedom t“esta. The excellent full -acale/model-

acale pressure agreement for the OBO tank (diacuased in Section III-2) where
model teats were included in roll only further support this conclusion.

IV.4 Dynamic Pressure-Time Histories

Pressure-time histories were measured in model scale to establish
information important to the analysis of the tank’a structural reaponae to
dynamic loading caused by cargo sloshing.

A typical pressure-time hisiory (nondimensional) is shown in Figure’
IV-5 . For analytical purposes, this preaaure trace will be approximated
by straight lines connecting points 1, 2, 3, 4, and 5. The most important
elements of the pressure trace are (1) the time required to reach the peak
pressure (point 2), (2) the magnitude of the peak pressure at point 2, (3)
the duration of the pressure spike (point 1 to point 3), (4) the magnitude
of the tailing pressure between points 3 and 4, (5) the duration of the
tailing pressure between points 3 and 4, and (6) the integrated pressure
value over the entire pressure cycle. By knowirig these characteristics of

the pressure-t ime history, one can evaluate the structural response of the
tank wall to an impact preaaure.

Wall impact pressure-time histories for both a 25% and a 75% full
tank were recorded. The tank excitation motion was harmonic pitching.
Two hundred resonant sloshing cycles were recorded for each teat. For the
25% full teat, pressures were meaaured at transducer locations 1 through 9
(Figure IV-1) . Pressures at locations 7 through 15 were recorded for the

75% full caae.

The test reaulta include two forms of the pressure-time history.
First, for each transducer location, there is a composite worst case pres-
sure-time history. This profile includes the shortest preaaure rise time
(T~), the longest time durations for T3, T4, and T5, and the highest pres-
sures for all points (P2, P3, P4, and p5) recOrded during any Of the 200
sloshing cycles. This trace represents the worst case values (with respect
to the loading on a tank wall structure) tbst the particular transducer
location experienced during the 200 cycles of resonant sloshing. In addi-
tion, a pressure-time history showing the average values (for 200 resonant



v@

%

(NondimensionalPressure )

@

T&n

(Nondimension 1 Time)

The Trapezoidal Rule using the five numbered points is used
to determine the area under the curve (which is the value of
the pressure integrated over the entire period) .

FIGURE IV-5. TYPICAL PRESSURE-TIME HISTORY FOR SLOSH-INDUCED IMPACT
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sloshing cycles) for the points on the curve are plotted. Also, the inte-
grated pressure values versus the pressure duration (T5) are presented.

An eftirt was made to determine if any discernible correlations
exist between the peak pressure (P2), the pressure rise time (T2), and the
pressure spike duration (T3). Plots showing peak pressure versus pressure
rise time, pexk pressure versus pressure spike duration, and pressure spike
duration versus pressure rise time are included in the results.

The nondimensional pressure-time history test results for represen-
tative transducer locations 1 and 14 are found in Tablea IV-12 and IV-13,
and Figures IV-6 through IV-15. Similar data for the other transducer lo-
cations are presented in Appendix B. Maximum, average, and minimum pressure
and time valuea are included in the tables. It should be noted that loca-
tions 7, 8, and 9 experienced virtually no pressures when the tank was 25%
full. Thus, there are no tables for these locations. The same is true of
location 15 for the 75% full txnk.

The pressure data obtained at transducer locations 1, 4, xnd 7 are
representative results for the test case with the tank 25% full. Dynamic
pressures were meaaured at locationa 1 through 6. The pressure-time his–
tories at transducer 1 were similar in magnitude and shape to those at
locationa 2 and 3. The pressure traces at transducer location 4 were simi-
lar to those at locations 5 and 6.

The preaaure-time history for location 1 for the 25% full tank ia
found in Figure IV-6. The integrated pressure value for this transducer
is shown in Figure IV-7. Plots exemplifying the relationships between the
pressure rise time (T2), pressure spike duration (T3), and the peak pres-
sure (P2) for this location are shown in Figures IV-8 through IV-10. It
should be noted that several of the plots have data points clustered in
small areas. This was caused by round-off limitationa in the computation
methodology that was used for data reduction.

A group of data similar to that just described for the test case
with a 25% full tank was alao compiled for the caae with the tank 75% full.
Data from pressure transducer locations 7, 11, 13, and 14 were chosen as
representative for the 75% full tank. The pressure-time histories at lo-
cation 7 are similar to those at locationa 8 and 9. Likewise, the preasure-

time hiatoriea at transducer 11 are comparable to those at 10 and 12 (with
the exception that the magnitudes at location 10 are somewhat smaller) .

Graphs showing pressure-time histories, integrated pressures, and
relationship between the pressure rise time, the pressure spike duration,
and the peak pressure for transducer 14 are found in Figures IV-11 through
IV–15 . Locations 7, 8, and 9 were below the static liquid level, and, as
a result, these locationa did not experience significant dynamic loadings.
The pressure rise times were relatively slow and the peak pressure small.
Preaaurea of a more dynxmic nature were meaaured at locations 10 through 14.
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TABLE IV-12. NONDIkOiNSIONAL PRESSURE-TINE HISTORY
VALUES AT TIUNSDUCER LOCATION 1 FOR A 25% FULL
TANK

THE TIW!.I FIFE tiClliI! I!lEllSIONfiL .

TABLE IV-13. NONDIMENSIONAL PRESSURE-TINE
HISTORY VALUES AT TRANSDUCER LOCATION 14
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FIGURE IV-6. NONDIMENSIONAL PRESSURE-TIME
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CYCLES AT TRANSDUCER LOCATION 1 FOR A 25%
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CYCLES AT TRANSDUCER LOCATION 1
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FIGURE IV-9. NONDIMENSIONAL PRESSURE
VS IMPULSE DURATION FOR 200
RESONANT SLOSHING CYCLES AT TRANS-
DUCER LOCATION 1 FOR A 25%.FULL
TANK
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FIGURE IV-11. NONDIMENSIONAL PRESSURE-
TIME HISTORY VALUES FOR 200 RESONANT
SLOSHING CYCLES AT TRANSDUCER LOCATION
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IV.5 Dynamic Load Simulator for Plywood Insulation Box Tests

A series of strength, teats were performed on representative plywood
insulation boxes (Figure 111-18) from a typical membrane tank insulation
systern. The purpose was to (1) provide structural response data for com-
parison to analytical predictions, (2) to evaluate the box response to var-
ious projetted full scale loading conditions, and (3) to determine pressure
levels a box could withstand without sustaining damage. The loading con-
ditions were designed to simulate what a structure might encounter in actual

operation. Tests included both static and dynamic loadings.

Because of the unusual test conditions, a special test fixture was
fabricated. It waa necessary to uniformly load the entire cover of the
test box. In addition, a typical full ~cale pressure-time history (Figure
IV-5) had to be produced on the test structure.

The test system consisted of a chamber of water located on top of
the box cover with a rubber diaphragm between the two. The box cover was
loaded by pressurizing the water chxmber. his created a relatively uni-
form load over the cover since the water deformed to the shape of the cover
as it deflected under loading. For the dynamic preesure testa, three fast-
opening valves located between the pressure source and the water chxmber
wsre used to shape the pressure-time history. A schematic of the teat

aPParatUS is presented in Figure IV-16.

The following paragraphs describe the function of each component
shown in Figure Iv–16. The pressure supply was a tank filled with nitrogen
gas. At the exit port to the pressure tank was a hydraulically-operated
cock valve. Between the cock valve and the water chamber was a fast-open-

ing, hydraulically operated plunger valve. When this valve and the cock
valve were both opened, the high pressure nitro8en gas pressurized the wa-
ter volume. A solenoid valve located between the cock valve xnd the plunger
valve waa used as a relief valve. The pressure-time history for a dynamic
pressure test was controlled by the timing of the opening and closing of

these three valves. The apparatus was capable of creating dynamic pressure
rise times as short as 20 milliseconds. Based on the pressure-time history
experiments, this is a typical rise time that a plywood insulation box might

experience while in service. Peak dynamic pressures of about 200 psi were
attainable. Static pressures on the order of 250 psi were achieved with
this particular test rig. These pressures represent worst case pressures
that could be encountered in full scale <esonant sloshing.

The supporting structure for the plywood test box (called the pri-

mary box) consisted of l/2-in .-thick, marine-grade fir plywood boxes (called
secondary boxes) . These boxes simulated the supporting structure of the
primary box in the ahip tank. Figure 111-19 shows the supporting configur-

ation as it is in the tank. The secondary boxes used in the loading testa
had stiffener locations similar to those shown in Figure 111-19. This al-
lowed the load transfer through the stiffeners of the primary test box to
closely approximate the actual full.scale conditions. The secondary boxes
in the test apparatus rested on a rigid surface.

., . . ..- 72..
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Instrumentation for the loading tests included pressure measuring

devices to monitor the pressure on the box cover and displacement trans-

ducers to measure the deflection of the cover during loading. For the dy-

namic loading testa, PCB piezoelectric pressure transducers (Model 102A15)
were used to measure the pressures in the water chamber. These transducers
have an operating range of 0.01 to 500 psi with a frequency range of 0.5 ta
50,000 Hz. Three transducers were used to monitor the uniformity of the
preaaure in the chamber. Transducers were located at the midpoint of both
end walls of the chamber and at the midpoint of one side wall. All three
transducers were located approximately 1-1/2 in. above the surface of the
test box cover. The general locationa of the three pressure transducers
and the pressure gage are pictured in Figure IV-16. Figure IV-17 showa
typical pressure traces for the three tranaducera for a dynamic pressure
test. The top photograph shows the pressure-time histories for a test that
did not experience a box failure. The bottom picture illustrates the pres–
sure wavef onn when a failure occurred. These uressure simale were re–
corded on a storage oscilloscope, aa were all of the dynamic pressure mea-
surements.

One important aapect of these plywood box tests was the detennina–
tion of the box cover response during loading. The stiffener configuration
divided the boxes into 12 cells. The cover deflections were measured at
the centers of the unsupported cell areas . Figure Iv-18 shows the cell
divisions for a typical 12-celled box and the locations of the displacement
measurements. For static loading tests, spring-loaded, linear displacement
transducers were utilized for the measurements. For dynamic loadinga, a
Kaman (Model KD2300-25) inductance-type displacement transducer was used.
The performance of the two types of transducers correlated well as evidenced
by the results presented in Figure IV-19. This figure shows that the
cover response was similar for static and dynamic loading conditions.

The cover deflection measurements are presented in Tables Iv-14
through IV-21. In addition to these results, Table IV-22 surmarizea the
teats and results for all boxes. Some boxes were modified to study the in-
fluence of various parameters on box strength.

Three types of failures were observed during the box loading tests.
First, some covers experienced ahear failures. Usually the shear failure
would occur at a stiffener support. Second, other covers experienced bend-
ing failures along the centerline of the unsupported area of an individual
cell. The third type of failure waa a buckling failure of a stiffener.
This was observed in only one test. Figurea IV-20, Iv-21, and Iv-22 show
typical shear, bending, and stiffener failures, respectively.

The test results indicated that the original 12-celled boxes could
withstand a pressure of about 120 psi without suffering catastrophic fail-
ure. The range of failure pressures was 120 to 158.6 psi for both static
and dynamic loading. Also, test results showed no appreciable difference
in failure pressures for static or dynamic pressures. A typical dynamic
loading is shown in Figure IV-17. The pressure rise time is about 20 ms, the
minimum rise time obtainable with the loading device. These observations are
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Pressure Scale: 50 psi/div
(0.345 N/mm21div)
(Typical pressure trace when
box failure does not occur. )

Time Scale : 50 msec/div

Pressure Scale: 100 psi/div
(0.690 N/mm2/div)
(Typical pressure trace
showing box failure. )

Time Scale: 50 msec/div

‘IGURE IV-17. TYPICAL PRESSURE-TIME HISTORIES FOR DYNAMIC LOADING TESTS ON
PLYWOOD INSULATION BOXES
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FIGURE IV-20. SHEAR FAILURE OF PLYWOOD INSULATION BOX COVER
(_iESTBox NO. I)
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TABLE IV-14.

FOR TEST BOX

[

P,..,,”,,
(Psi)

o

35

50

60

65

70

80

90

100

110

120

PLYWOOD COVER DEFLECTION

NUMBER 1 (Static Loading

—. ..—

~“. 1

0.00

0.00

0.02

0.04

0.014

0,04

0.05

0.07

0.08

0.10

0.20

MEASUREMENTS
Test)

CoverDeflection(incl,es)
——. .
2.11No. 3

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.05

0.08

O.I38

0.16

—

—
:,11!:0 ~Q_

0.00

0.01

0.04

0.05

0.05

0.06

0.06

0.07

0.09

0.13

0.17

——.
:,11No. 12

0.00

0.00

0.01

0.03

0.03

0,03

0.04

0.04

0.06

0.08

0.18

Cellnt!ntber11 failedin sbc.r at 130 psi (0.896N/UU.J2).

ConversionFactors:1 psi = 6.895(10)-3X\m,2

1 in. = 25,4m

TABLE IV-15. PLYWOOD COVER DEFLECTION MEAStJR~ENTS
FOR TEST BOX NUNBER 2 (Static Loading Test)

—-——

Press”r,
(Psi)

0

30

40

5U

60

70

80

90

100

110

—.
cell,

._y%>

0.00

0.00

0.02

0.04

0.06

0.06

0.07

0.08

0.10

0.11.

C<!ll
~

0.00

0.00

0.00

0.03

0.04

C.05

0.06

0,03

0.05

0.07

CoverDeflectim (incl,<>s)

fl.oo 0.00 0.00

0,00 0.01 0.01.

0.(10 0.01 0.01

0,03 0.02 0.01

0.05 0.03 0,01

0.06 0.03 0.01

0.07 0.03 0.02

0.08 0.03 0.03

0.09 0.03 0.03

cell
>&

0.00

0.03

0.03

0.07

0.0s

0.09

0.10

0.1.0

0.12

0.16

Cellnumber12 failedin she:%.at 120 psi (0.8271+/m2)

0411
@&~

O.flo

0.01

0.03

0.04

0.04

0.05

0.08

0.08

0.10

0.10

cell
p:,l~

0.00

0.03

0.05

0.06

0.!38

0.08

0.10

0.11

0.16

0.20

C.nver.Lon Factors: 1 psi = 6.895(1.0)-3N/mmz

1 i“, = 25.4m
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Pressure
(psi)

0

30

40

50

60

70

80

90

100

110

11O*

11O*

11O*

11O*

90

110

30

0

110

0

120

TA8LE IV-16. PLYWOOD COVER DEFLECTION MEASUREMENTS
FOR TEST BOX NUMBER 3 (Static Loading Test)

Cell
No. 1

0.00

0.01

0.02

0.03

0.04

0.05

0.07

0.08

0.10

0.11

0.12

0.13

0.13

0.13

0.10

0.15

0.05

0.03

0.18

0.03

0.18

Cover Deflection (inches)

Cell
No. 2

0.00

0.02

0.03

0.04

0.05

0.06

0.08

0.09

0.10

0.11

0.11

0.11

0.11

0.11

0.10

0.10

0.04

0.00

0.11

0.01

0.12

Cell
No. 3

0.00

0.02

0.03

0.08

0.09

0.11

0.11

0.13

0.17

0.20

0.22

0.23

0.23

0.23

0.20

0.23

0.10

0.02

0.28

0.03

0.30

Cell
NO . 6

0.00

0.00

0.00

0.01

0.02

0.03

0.03

0.04

0.05

0.05

0.08

0.07

0.08

0.08

0.06

0.08

0.03

0.00

0.07

0.01

0.07

Cell

No. 10

0.00

0.03

0.05

0.08

0.09

0.10

0.10

0.12

0.15

0.19

0.20

0.20

0.20

0.20

0.18

0.20

0.10

0.04

0.20

0.07

0.21

Cell number 3 failed in shear at 150 psi (1.03 N/nun2).

*

110 Psi (0.7,8 N,mmj)to‘0 psi (0.621 N/mmz) and

Pressure was reduce

Cell
No. 11

0.00

0.02

0.03

0.05

0.06

0.08

0.09

0.10

0.10

0.12

0.14

0.14

0.13

0.14

0.12

0.16

0.08

0.02

0.16

0.03

0.18

Cell
No. 12

0.00

0.02

0.05

0.07

0.08

0.09

0.10

0.10

0.11

0.11

0.16

0.18

0.17

0.17

0.12

0.17

0.08

0.03

0.17

0.04

0.19

then increased back to

Conversion Factors: 1 psi = 6.895 (10)-3 N/mm2

1 in. = 25.4 mm
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TABLE IV-17. PLYWOOD COVER DEFLECTION MEASUREMENTS
FOR TEST BOX NUMBER 6 (Static Loading Test)

?7’,ss”,,
(wi)

8

30

40

50

60

70

80

90

100

110

0

—.
cellNo. 1

0.00

0,02

0.03

0.03

0.04

0.05

0.06

0.06

0.09

0.10

0.05

Cov,!rlkflectim (incl,cm)
— .—
,11 NO. 3

0.00

0.02

0.03

0.03

0.03

0.05

0.05

0.06

0.08

0.09

0.00

—

:.11?<<,,10

0.00

0.01

0.02

0.03

0.04

0.04

0.05

0.06

0.07

0.14

0.05

ceil nun,ber1 failedin shearst 160 psi (1.10N/nunz)

:.11xc>,12

0.00

0.00

0.00

0.01

0.03

0.03

0.04

0.04

0.05

0.09

0.01.

C..v...i..F.cc.rs: 1 Pi. = 6.85’5(10)-3Nlrm2
1 in. = 25.4m.

TABLE IV-18. PLYWOOD COVER DEFLECT ION MEASUREMENTS
FOR TEST BOX NLMBER 7 (Static Loading Test)

rF’,ess”re
(Psi)

0

60

70

80

90

100

110

120

Cdl No. 1——.

0.00

0.C2

0.03

0.03

(1.06

0.05

0.06

0.08

CellN<>.3

0.00

0.02

0.03

0.03

0,04

0.05

0.07

0,08

:.11.No. 10

0.00

0.03

0.03

0.04

0.05

0.07

0.08

0.09

Cell n.mbcr1.failedin s6carat 240 psi (1.65Nlmz).

,11 x.. 12

0.00

0.02

0.02

0.03

0.03

0.04

0..05

0.06

—

c..v...i.,~~.ct...: 1 psi = 6.895(10)-3 Nltt.n2
1 in, = 25.4m
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TABLE IV-19 . PLYwOOD COVER DEFLECTION MEASUREMENTS
FOR TEST BOX NUMBER 8 (Dynamic Loading Test)

Press”,,
(Psi)

o

45.5

68.1

81.8

93.2

107.8

119.3

130.7

C....Deflection(inches)

Ccl~N<>.6

0.000

0.033

0.038

0,042

0.047

0.081

0.091.

0.095

Cell numb..5 failedi. bendingat 142.1psi (0.980!J/nUn2).

co,~v.rsi.nFacto..: 1 Psi = 6.895(10)-3Nlm,2

1 in. = 25.4mm

TABLE IV-20. PLYWOOD COVER DEFLECTI
MEASUREMENTS FOR TEST BOX NUMBER 1
(Static Loading Test)

0

30

Lo

50

60

70

80

90

Ioc

110

120

_— .—
~ .!4

0,00

0.00

0.!30

0.02

C!.07

0,03

O.ob

0.05

0.05

0,06

0,06

0.00 ‘ 0.00
0.00
0.00
0.00
0.01
0.32

0.02

0.03

[,.Q1

0,23

0.04

—

0.00

0.00

0,00

0.09

0.01

0.@l

0.02

0,03

0.03

0,05

TABLE IV–21. PLYWOOD COVER DEFLECTION
MEASUREMENTS FOR TEST BOX NUMBER 11

(Static Loading Test)

Pressure
(Psi)

o

5.0

7.5

10.0

12.5

15.0

17..5

COverCJef]cctim(inches) –1
Locacim
No. 1

0.0’3

0.10

0.14

0.22

0.28

0.30

0.37

Loc:,tion
N<>.2

0.00

0.15

0.23

0.32

0.42

..

..

Location
?!0.3

0.00

0.10

0.13

o.X3

0.23

0.28

0.33

The cover cracked(bendingfailure)at the 20 psi (0.138N/mm2)
P~.,su,.level.

Conversion Facr.rs: 1 psi = 6,895(10)-3 N\mz

1 in. = 25.4m,,
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TARLE IV-22. SUMMARY TARLE OF LOAOING TEST RESULTS
FOR THE PLYNOOD INSULATION BOXES (Cent‘d)

PeakPressure Peak Pressure
Box staticor At Failure RiseTime Type of locationof

BOXNumber DescriPtion DynamicTest (Dsi) (me.) Failure Failure Cmmxmt.

5 Standard12 ,,11 Dynamic
(0.8~00&mn2)

50
box

Bending kc the renter
of the .nsup-
PO~tedareai.
cell12.

, —
I

1
, 1

6 Modified12 cell static 240 Shear At the center
box.The 9 m (1.65N/mn2) “-

Cells2,5,8,
of the t!”s”p–

coverwas turned
and 11 w,.,not

90°so thattb,
Portedarea iII tested. Cell

Ua*n on theex-
.,111, 10 experie”md

teriorplyw..
a partialshear

orientedin the
transversedirec- E “’”’1”=’”
timl.

7 !fodifed12 cell static 240 — shear At the.stiffea- Tbe bottomside

box. Ihe 9 mm (1.65N/mmz) ,, supporti“ of the cover

coverwas re- ,.111.

placedwitha

showedsignsof
partialshear

3/4”thick, failureat .tb-

marinegradefir ,, stiffener

plywoodvfth the
graindirection ! .E$~ ;“’”’’’’”3’
of theouterply
beingtransverse.



TABLE IV-22 . SDNNARY TAELE OF LOADING TEST RESULTS
FOR TRE PLYWOOD INSULATION BOXES (Cent‘d)

PeakPressure PeakPressure
Box Staticor At Failure SiseTime Tyv..f L.Jcatlo”of

B.. Numiber Wscriotion DTII.micTest (Psi) (msec) Failure Failure come” t s

8 Standard12 cell Dmamic 142.1 20 Bending At the cencer
box.

The box expe+
(0.9S0Nimm2) of theunsup- ie”ced25 PEes-

PO;:; areain surecyclesbe-
forefailure.

E

9 Standard12 cell m~i. 144.3 20 Be”din* At the center A partialshear
b... (0.995N111Q2) of the urlsIJp- failureat cbe

portedareai“ stiffeners“p-
.2,112. portIn cell1

was al..ob-
served.

10 Modified12 cell Stati. 150-1S0 -- SucklinsThecenter Loud cracking
box.A 314”thick (1.03to of tbe stiffenerin begaaat about
marinegradefir 1.24N11MU21 center cells 4 a“d 7 150 PSi a“d CO”-

plywwd coverwas stiffener.and6 and 9 ti.ueduntil
nailed.verthe bucklednear the 180 p,i
topof theorl@- theendwalls levelwas
nal .0”,,. l%e of thebox. ,,ached.2%,
grainof the I%. grainof
outerply of the

testwan then
theexterior

314”coverran
terminatedat

pl~ of failed the 1S0 pSi

l.mgitudinally. stiffenerruns level.
lo”@tudinally.

-

I



b. Number

11

12

13

TABLE IV-22 .
FOR TRE

Box
Description

Kodified12-,,11
box Allin.
temalstiffe*-
?rswerer.em.med
md theorigiral
coverw+.r.-
TIacedwitha 1/2’
:hick,marine
:radefirplyv..d
tiththegrainof
:heouterply
mientedin the
longitudinal
Iirecti.n.

;ameas box 11.

lameas box11.

SUMMARY TABLE OF LOADING TEST RSSULTS
PLYNOOD INSULATION BOXES (Concl’d)

staticor

static

static

Dynamic

PeakPressur,
At Failure

(PSi)

[0, 1% NAmn2)

19.2
0.132 Nfmz)

15.2
0,105 N/nm2)

PeakPressur
RiseTime
(me.)

-.

50

‘@. .f
Failure
~

SendIn,

Sendin(

ZzG

Location of
Failure

k the renter
,f the umtwp-
,ortedarea

El

1,., the cen-
:,, of the’ un-

m

#u ortedarea

~

Iearthe cen-
:erof theun-
:.PP.rtedarea

m

Comments

‘3PI,crackwas
inthe10ngi-
t.dinaldirec-
tion.

2he crackwas
inthe trans-
versedirection.

be crack was
h the trans-
versedirection.



consistent with analytical calculations of dynamic response presented in
Section V, which show that rise times must be about 1-2 ms to produce dynamic
amplification of the loading.

By modifying the test boxes, loading pressures up to 240 psi could be
obtained before bux failure occurred. It was observed that the box covers
could withstand approximately O.2-in. deflections at the centers of the un-
supported cell areaa before failure of the cover was observed. Permanent

deformations of the cover (not total failure) were witnessed when pressure
levels reached 80-90 psi. These deformations could be described as

“scalloping” of the unsupported cell areas with”the”magnitudes of these
deformations in the range of 0.05- to O .10-in. maximum.

IV.6 Material Properties Tests

A series of tests on plywood specimens taken from the Gaz Tranaport
boxes were conducted. The purpose of these tests was to provide material
property data for the analysia of the plywood box and to aid in the inter-
pretation of teats to meaaure box strengtha. These tests were necessary
because data from tests by Mitsui( 76) and by Gaz Transport (77,78) gave
wide ly varying results for plywood strength and stiffness.

All plywood teats were conducted with simple beams in 3-point bend-
ing. As shomm in Figure IV-23, the specimens were approximately 50mm wide,
and support spacing waa either 121mm, 88mm, or 50mm. Spacings of 121mm and
88mm match the widths of the cells in the 9-cell and 12-cell boxes, respec-
tively. The spacing of 50nm was used to check the effect of very short
spans. All specimens were cut transverse (perpendicular) to the grain. *
This is the weakeat direction and also the direction acrosa the narrow di-
mension of the cells in the plywnod boxes. Principal bending in the actual
boxes will occur in the cross-grain direction.

Specimens were cut from the covers of boxes which had been in ser-
vice (“old” boxes) and from new boxes which had never been exposed to cryo-
genic temperatures. Testa on the specimens from the old boxes were per-
formed at two loading rates. A slow rate of 2.54 mm/min represents a static
test, and the fast loading rate of 508 nnn/min is the limit of the test ma-
chine. Teats with specimens from the new boxes were conducted at both room
temperature (RT) and at cryogenic temperature (CT). All tests were per-
formed at the slow loading rate.

Results for the old plywood are presented in Table IV-23. Consider-
able’variation in the stiffness and stress values are evident. Stress values

range from a low of 20.9 ii/wm2to a high of 65.5 Nlmm2, a factor greater
than 3. Average values of u and E for the two different loading rates and
overall are:

0, N/mm2 (psi) E, N/mm2 (psi)

Fast Loading 40.1 (5,816) 2144 (310,987)
Slow Loading 49.4 (7,165) 3797 (550,755)
Gverall 44.2 (6,411) 2941 (426,592)

! *Grain direct ion of the exterior ply.
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TABLE IV-23 . RESULTS OF TESTS ON SPECIMENS FROM OLD BOXES

a
0 l-r

Specimen Te~c Loadinp,●
NO. ‘k’em. Rate (2)

1 RT s 88

2 s 88

3 s 88

4 F 88

5 F 88

6 F 88

1 F 121

8 F 121

9 s 121

*F = Fast= 508nmI/min.

s = S1OW- 2.54Unnlmin

&-
50.5

50.4

49.5

49.9

50.1

50.0

50.4

50.1

50.5nh p. I’e
NL_ ..—@-

9.1 1890.0 889.6

9.1 878.6 667.2

9.1 13311.4 889,6

9.0 2001.6 --

9.0 845.1 667.2

9.1 1579.0 889.6

9.1 480.4 4h4.8

9.1 822.9 667.2

9.2 1490.0 889.2

_(&_
1.08

1.08

1.32

--

2.03

2.49

1..63

3.57

1.93

P= = Failure Load E = PJ.e3j4YObh3..-
P, = Load at Yielding 0 = 3 Pet/2hh3

(N/;2)

3753

2819

3131

-—

1559

1643

3182

2192

5246

(N1~m2)

60.0

31.1

43.2

65.5

27.6

50.6

20.9

36.0

63.3

Ye = De[lectic,”at Yielding

cOnVe~SiODFactors: 1 PSi = 6.89s(Io)-3N{W2

1 in.= 25.4mm



[ Grain Direction of Exterior Plies

FIGURE IV-23. PLYWOOD TEST SPECIMEN GEOMETRY

Although o and E for the fast loading rate are lower than for the slow rate,
this difference was disregarded for three reasons. First, the maximum and
minimum values for stress occurred at the fast loading rate, which indicates
that there is no consistent trend. Second, even the fast loading rate used
in the tests* is slow by several orders of magnitude compared to the ex-
pected response rate of the plywood covers in the insulation boxes. Third,
drop. tests conducted by Mitsui, (76) which give faster loading rates, showed
no difference in results from static tests. For these reasons, the average
values from all tests were taken as representative of plywood properties
from the old boxes. The spread in the results for different specimens im-
plies that there is considerable variation in the plywood even for a single
box cover.**

Results for the new plywood boxes are given in Table IV-24. Tests
were performed at both cryogenic and room temperatures. Plywood strength
at cryogenic temperatures is consistently higher than at room temperature.
Also, scatter is somewhat less in the strength results for the new boxes.
In the room temperature tests, for example, the values differ by a factor
of 2.45 as opposed to 3.13 for the old boxes, and this is based cm about
twice as many tests for the new plywood.

Plywood data for all tests, conducted by Mitsui, Gaz Transport and
SWRI, are summarized in Table IV-25. These data include one test on the
new box material which is compressive parallel to the grain of the exterior
plies. This test was to give some indication of the basic strength of the
vertical stiffeners in the boxes.

*Fast loading rate used in these tests was the highest rate obtainable with
the test device.

**fl~ ~Pecimen~ f~om the old boxes were cut frOm a Single bOx cOver -
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Spec jmen
No.

1-3*
2-1
2-2
2-3
3-1
3-2
3-3

1-4
1-5
1-6
1-7
2-4
2-5
2-6
2-7
3-4
3-5
3-6
3-7

1-8
1-9
2-8
2-9
3-8
3-9

TABLE IV-24 . RESULTS OF TESTS ON SPECINRNS FRON NEW BOXES

—

—
CT**

1.

—

t
._&

50

I

—L

—

h
,_ @.)__

53.9
50.4
50.0
51.8
50.7
50.1
59.2

50.7
50.7
50.5
50.7
54.6
56.6
53.9
53.9
50.4
50.8
51.3
50.2

50.3
49.3
50.5
50.5
50.5
50.4

1,

_(M_

9.1
9.0
9.1
9.1
9.0
9.0
8.9

—._

9.0
9.0
9.0
9.0
9.0
9.1

9.1
9.2
9.0
8.8
9.0
9.1

9.0
9.1
9,1
9.0
9.0
9.1

?,
dl~!...

3158
2913
3025
2558
3158
2958
2002

1535
1757
1557
1535
1245
1334
845
1334
1268
1490
1223
1336

1334
2068
2224
2180
2331
1979

p.
.-.01)..
2?2b
2224
2224
2226
2224
2224
1.334

896
896
896
896
896
896
445
896
896
896
896
896

1334
2068
2224
2180
2331
1979

_(:)...
1.134
1.14
1.1.4
1.4>
1.21
1.27
0.81

3.49
3.43
3.68
1,73
2.21
2.60
1.58
2.60
2.60
2.32
2.64
2.4fl

4.45
4.70
5.53
5.46
5.25
4.70

-~

(IJII”J
I(!62
1673
1591
1.256
1573
1503
12J3

3053
314!l
2887
6161
,,qg~

3590
3114
3655
4196
4873
h035
4664

3601
5266
4700
4818
5364
4958

!,

(N/:,nl)

53.5
58.4
54.3
44.8
58.0
54.8
31.7

67.5
77.8
68.4
67.6
50.9
51.7
34.6
53.2
56.7
68.2
53.5
57.7

59.2
92.2
96.7
96.9
103.7
86.6

*SW+cimensare Identifiedby Box **Submergedin LiquidNitr08,n@ -321‘F

COIIVerSiOllFactors: 1 Psi - 6.895(10)-3N,m2

1 in.= 25.4nm

—
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As noted, considerable scatter was found in tests on the specimens
from the old box cover. This cover had sustained localized visible damage,
but specimens were cut from areas which appeared to be undamaged. However,
the large scatter may indicate that some unnoticed damage was present in
some.of the specimens tested. Thus, plywood properties for in-service
boxes were established from tests on both the old and new boxes. Tests on
the new boxes were used to establish the minimum, average, and maximum
values for both cryogenic temperature (CT) and room temperature (RT).
These values, taken from Table IV-24, are listed in Table IV-26.

TABLE Iv-26 . RANGE OF PLYWOOD PROPERTIES

E
BirchPlywood,New

PropertiesPerpendicular
t. Exterior PI ood

o, Nfm2 (PsI)

B, Nlumuz(P.i)

Minimum

T

1213 3601
(175,946)(522,325)

A reduction factor, RF,
the ratio of average RT values
IV-23 and IV-24, these average

Old plywood : UAVG

EAVG

New Plywood: ‘AVG

EAVG

A“,

RT

55.96
(8,117)

3070
(445,304)

3=
,, Max

CT RT

89.05 77.80
(12,916) (11,285)

4785 6161
(693,992) (893,653)

, 3
mm

CT

103.70
(15,042)

5364
(778,048)

for in-service conditions was established bv
for the old and new plywood. From Tables “
RT values are:

. 44.20 N/nnn2 (4,411 pSi)

2941 N/nun2 (426,592 psi)

55.96 N/nun2 (8,117 pSi)

. 3070 Nlnm2’2 (.445,304 psi)

For “in-service” conditions, the reduction factors become:

For u:
44.20

RF=—
55.96

= 0.79

For E: RF=
2941
— = 0.96
3070

94



v. TASK 3 - ANALYTICAL STUDIES

V.1 Response P~ediction Method

Analytical studies were performed to develop wall-response prediction
methods for prismatic tanks. The methods were developed for and applied to
the two specific tank designs (membrane and prismatic) fOr which structural
details were available. Example calculations for these two tank types are
given in Appendix D. Also in this appendix, predicted wall response was
compared to the experimental response data presented in Section IV.5, to
evaluate the validity of the analytical methodology. Pressure type tanks

were not analyzed since impulsive sloshing pressures on the walls of spheri-
cal and cylindrical tanks are low and are not significant in the wall design.
Sloshing forces are created on cylindrical and spherical tanks, but only the
resultant forces are of interest. Methods of predicting these forces are
presented in Section III.2, and design for these forces is discussed in Sec-
tion VI.

The response of structures to dynamic loads can be quite complicated;
however, simplifying assumptions can be made which make the response calcu-
lation tractable and suitable for design purposes. One approach is to as-
sume or prescribe a deformation pattern for the structure. When the defor-
mation pattern is prescribed, then the displacements at all points in the
structure are known when the displacement at only one point in the structure
has been determined. This is also true of velocity and acceleration; thus,

the transient response of the structure can be described by one degree of
freedom (dof). To apply this approach, an equivalent one-dof system must
be developed. Properties of the equivalent one-dof system are computed from
energy principles as explained in Appendix C. This explanation is centered
around the work by Biggs, (79) but the basic principles are the same for all
similar approaches.

This method of calculating the response of structures to dynamic load-
ing ia used widely for design purposea (ace References 80 through 83) be-
cause of its simplicity and ease of use. Comparisons between calculated
and measured behavior have been made by Westine and Baker, (84) Westine and
Cox, (85) and Westine, Cox and Eaparza; (86) and the one degree of freedom

approximation has been shown to give good results. Although much work of
this nature has been for elastic-plastic behavior, for the design of ship
tanks only elastic behavior is required. Our approach in this work is to
assume that the structure will be designed for elastic behavior, even for
the worst case loadings. This is certainly a necessity for structures made
of plywood which exhibit brittle behavior at cryogenic temperature. In
other materials some plaatic behavior could perhaps be tolerated, but it is
not treated here.

As explained in Appendix C, methods for computing equivalent one-dof
systems usually prescribe the static deformed ahape as the deformation pat-
tern; however, it waa also shown that for symmetrical structures with uni-
form loading, the fundamental mode shape gives almost identical results.
Three other important points are made in Appendix C.
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I (1) Solutions for elastic behavior can be based upon a dynamic
load factor (DLF) which is a function of the load-time history

1
and of the fundamental period of the structure.

(2) The dynamic load factor, when multiplied by the peak force
which occurs in F(t) , gives an equivalent static force for
design purposes.

(3) For elastic behavior of structures which are subjected to
loads of long duration, relative to the structure’s funda-
mental period, the equivalent static force gives good esti-
mates of maximum shear reactions in the structures.

Locally, sloshing pressures are uniform, so that the assumption of the fun-
damental mode of vibration as the deformation pattern is valid for struc-
tural components in tbe tank. llus, the approach used for the analysis of
ship tanks till be to compute a dynamic load factor (DLF) for structural
elements, which ie based upon the fundamental period of the structure and
the worst case pressure-time history. A static analysis of the structure
is then performed using the peak load multiplied by DLF.

To apply this approach ,one must be able to compute the fundamental
frequency of the component being analyzed, establish the maximum DLF to be
expected from the sloshing pressures (using the fundamental period) , deter-
mine the peak value of the sloshing pressure or load, and perform a static
analysis of the structural component for the design loading, i.e., (Peak
slashing pressure) x DLF. Procedures for computing structural frequencies
and establishing the DLF are given in the next section. Guidelines are also
given for the analysis of the structure.

V.2 Design Procedures

V.2.1 Dynamic Load Factors

Measurements of rise and decay times for sloshing pressure, as re-
ported in Section IV.4, showed no consistent relationship between the rise
time, decay time, aridpeak pressure. Thus, it was not possible to estab-
lish correlations which might she” that maximum sloshing pressures are
associated with the minimum rise times or that the opposite is true. Like-
wise, no relationship could be established between peak pressure and decay
time or between rise time and decay time. Thus , a complete range of values

must be considered if tbe worst case loading for any particular structure
is to be obtained,

The wave form for typical sloshing pressures is shown in Figure IV-5,
Section IV.4, and the ranges of values for pressure and time are given in
Tables IV-12 and IV-13 and in Appendix B. These values are in nondimen-
sional form. To better understand the range of pressures and times, maxi-
mum, minimum, and average values were extracted from Tables IV-12 and IV-13
and B-13 through B-24. These values are given in Table V–1, both in non-
dimensional form and for an LNG tank which is 36 m (118 ft) long. This
length is typical of prismatic tanks in today’s LNG ships.
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TABLE V-1 . RANGE OF PARAMETERS WHICH DESCRTBE
SLOSHING PRESSURES IN LNG TANRS

Slosh Wave
Parameters

(See Fig. IV-5)

‘3

‘3

‘4

‘4

‘5

‘5

Nondimensional

Min-

0.0005

0.0297

0.0350

0.0000

0.0548

0.0000

0.1642

0.0000

--&a!__

0.1677

7.0008

0.3139

0.5989

0.8491

0.2719

1.3582

0.0006

Max .

0.7583

3.7277

0.9489

2.2346

1.4716

1.5348

2.0900

0.3310

36 m (118-ft) Ship Tank

Min.

0.0010

0.0700

0.0670

0

0.1050

0

0.3145

0

Avg.

0.3213

16.4660

0.6012

1.4090

1.6262

0.6400

2.6012

0.0010

Max .

1.4523

9.3280

1.8173

5.2560

2.8184

3.6100

4.0028

0.7790

k
Nondimensional times are T ~ ; dimensional times are in seconds.

**
Nondimensional pressures are P/pgl,+. For the 36 m (118-ft) tank, pres-
sures are in pai per O.1 radian of excitation amplitude $. Multiply by
0.006895 to obtain pressure in MPa (N/mm2).

In the discussions which follow, scaled times for the “typical” 36 m (118-ft)
LNG tank will be used. For different tank sizes, the times will scale by
the square root of the tank length ratio, increasing for larger tanks and
decreasing for smaller tanks. These discussions lead to a method for deter-
mining the dynamic load factors which is applicable to tanks of any size.

Note from Table V-1 that the rise times, T2, vary from a minimum of
0.001 sec to a maximum of 1.4523 sec and that the decay times, T3, for the
pressure spike vary from 0.601 to 1.817 sec. Also, the “trailing pressure”
(P3 and P4) is usually much lower than the pressure spike and lasts for sev-
eral seconds. Typical structures in LNG tanks have fundamental periods of
less than 50 IUS;thus, they will be excited by the pressure apike. The
trailing pressure will act as a static load and, having a much lower magni-
tude than the pressure spike, will be a much less severe load. Thus, the
trailing pressure is neglected in the analysis.

.

Generally, the worst case sloshing load for a structural component is
one which has the following properties:
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(1) highest pressure

(2) shortest rise time

(3) longest duration

For example, if the rise time is zero and the duration is long relative to
the fundamental period of the structure, then the loading will closely ap-
proximate a step function which gives a dynamic load factor of 2.0. This
is seen in Figure C-2 (Appendix C) for the constant load with finite rise
time (when the rise time goes to zero) and for the square and triangular
force pulsee (with zero rise time) when their duration is long.

A good approximation. for the worst case loading is then to combine
the shortest rise time with the longest decay time. Figure V-1 shows such
an approximating for the preseure spike at resonant sloshing. The rise
time of 1.0 ms is based on the shortest nondimensional value from labora-
tory tests, and the time to decay of 1000 ms ia a reasonable worst case
value. Longer durations were recorded but most were shorter, and, for
structural components with fundamental periods of 50 m.sand less, the dif-
ferences in structural responsea for decay times of 250, 500, or 1000 ms
are insignificant. This will be demonstrated.

‘2

1 ms

FIGURE V-1. SLOSHING PRESSURE
FOR .36 m (118-ft) LONG TANK

1000 ms

i.

WITH MINIMUM RISE TIME AND LONG DURATION
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For the pressure-time history of Figure V-1, the DLF computed for a
one-dof system is given in Figure V-2. l%is dynamic load factor was found
by computing the maximum transient response of a one-dof system to a force
produced by the P(T) in Figure V-1. The maximum transient defonnation,

divided by the deformation produced by the same force applied statically,
gives the DLF. Stiffness of the spring-mass system was varied to vary the
periods. It covers fundamental periods of vibration from O.5 ms to 28 ma.
Note that the DLF has a maximum value of about 2.0 (1.97) and drops to 1.0
(no dynamic effect) at 1.0 ma and 0.50 ms. These periods are whole multi-
ples of the rise time, and the structure responds as though the load were
applied statically.

Because the rise times vary in every sloshing cycle, multiple rise
times must be considered to obtain the worst case for each frequency (each
structural component ); that is, a structure with a fundamental perind of
1.0 ms would not be designed for a DLF of 1.0 because a slightly longer or
shorter rise time would produce greater response. If the DLF is computed
for several different rise times, the envelope of Figure V-3 is obtained.
Curves for two different rise times are shown for illustration. The
straight lines connecting the tops of the curves for all different rise
times greater than 1.0 ms form the top of the envelope. These intersect

the DLF curve for tr = 1.0 ms because it was the minimum rise time con-
sidered.

The effect of shorter decay times is shown in Figure V-4. All curves
were calculated for a rise time of 1 ma. The curve for a decay time of
1000 ms is repeated from Figure V-2 and compared with decay times of 250 ms
and 500 ms. Maximum amplification occurs for the longest rise times as ex-
pected, but differences are small. Thus, by using the envelope of Figure
v–3 for fundamental periods of less than or equal to 1.2 IUSand the curves
of Figure V-2 for periods greater than 1.2 IUS, the DLF is found for the
worst case combination of rice and decay times. Of course, the peak pres-
sure is obtained from data presented in Section III.

The above results are strictly correct only for a tank which is 36 m
(118 ft) long. For longer tanks, the values of DLF will be slightly con-
servative because the rise tireswill not be as short and decay times greater
than 1000 ms will have very little effect on the DLF for structural periods
of 50 ITISand below. For smaller tanks, the results could be unconservative
because the rise times will be shorter.

The envelope of the DLF, corresponding to Figures V-2 and V-3, can be
reproduced for any tank size using the data in Appendix C if the approxima-
tion is made that the decay time of the sloshing pressures is infinite.
Because the maximum decay times are long relative to the structural period
of interest in LNG tankers, this assumption is very reasonable and gives a
slightly conservative result.

To establish the envelope of DLF for a tank of a particular size,
Figure C-3(b) ,”Appendix C, is used. This graph gives (DLF)~x as a function

of the rise time, tr, and the structural period, T. A three-step procedure
is required:
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FIGURE V-2. DYNAMIC LOAD FACTOR FOR P(T) OF
FIGURE V-1
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(1) Determine the minimum rise time, 1+, u~ng the minimum
value of the nondimensional time T~ fift in Table V–1
and the tank length.

(2) Establish a range of values of T depending upon the range

of structural periods of interest, e.g. , 0.5 ms L T s 30 ms
as in Figure v-2.

(3) Determine the value of (DLF)mx for each value of T by enter-
ing Figure C-2 (b) for the corresponding values of tr/T and
tsking the maximum value of (DLF)mm for all tr/T greater
than or equal to the value used to enter the figure.

Table V-2 illustrate this procedure for the 36-m (118-ft) tank. Note that
closely spaced periods, T, are used in some regions to better define the
curve. The values of DLF in Table V-2 are very nearly the same as those
given by Figures V-2 and V-3.

It is not necessary to establish the envelope of DLF for each tank

type. For each structural component analyzed, the appropriate value of DLF
can be read directly from Figure C-2 (b) for the value of tr calculated for
the tank size and T calculated for the structural component. As for Step 3
in the determination of the envelope, the maximum value of DLF is selected
for all tr/T ~ the calculated value. The maximum DLF is selected for all
tr/T ~ (the value used to enter the figure) to account for the fact that
rise times can be greater, but not smaller, than the minimum value used to
enter the figure.

V.2.2 Frequency Calculations

From the review of LNG tank structural detaila in Section 111.3, it
is clear that several different types of structural elements are subjected
to sloshing pressures. These include:

0 bearns

plates

isotropic

orthotropic

0 stiffened panels

uniaxial stiffening

biaxial stiffening

0 compress ion members

In addition, the elements are often submerged in liquid on one side, and
added mass effects of the liquid will alter natural frequencies. Also, non-
structural material, such as insulation, is often attached to the wall of a
tank, and this mass must be included in frequency calculations.
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TABLE v-2 . CALCULATION OF ENVELOPE OF DLF

tr/T*

0.0625

0.1250

0.2500

0.5000

0.7500

0.8100

1.0000

1.2500

1.4000

1.5000

1.7500

2.0000

2.2500

2.4500

2.6500

2.7000

3.0000

3.2500

3.5000

USING FIGURE C-2 (b)

T (ins) DLF from Figure C-2(b)

16.00 1.990

8.00 1.970

4.00 1.900

2.00 1.640

1.33 1.300

1.23 1.215

1.00 1.215

0.800 1.215

0.710 1.215

0.670 1.210

0.570 1.130

0.500 1.130

0.440 1.130

0.410 1.130

0.380 1.100

0.370 1.090

0.330 1.090

0.310 1.090

0.290 1.090

*
Minimum T2 (tr) for 36 m (118-ft) tank is

T2 = t, = o.0005 +% = 0.000958 z 0.001 s..
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Frequency formulas for uniform bexms in bending and for axial members
are common in textbooks on structural vibrations and will not be included
here. Formulas Eor orthotropic plates and stiffened panels are less readily
available, and methods for computing frequencies of these elements are given
in the following paragraph. The equation for orthotropic platea reduces to

that for isotropic platea when isotropic material properties are used. In
addition to the plate-panel formulas, a formula for beams in which shear is
significant is included. Plates with stiffeners can often be analyzed as a
beam which includes one of the stiffeners and part of the stiffened plate.

The formulas presented for stiffened panels are for uniform spacing
of uniform stiffenera. For non-uniform panels xnd girdera, more general
numerical procedures are needed. Finite-element methods are very well
adapted to the analysia of complicated geometries. Many other methods have

also been developed specifically for stiffened panels xnd grillagea. See,

for example, the work of Smith, (87) Madsen, (88) Chang, (89) Cbang and Michel-

son,(90) xnd Chang and Pilkey. (91)

V.2.2.1 Orthotropic Plates (Reference 92)

Frequency equation:

f

where P=

~=

b=

where

_L-dL ~+~+~ ,Ez

2V
(

ph ~4
b’

~2b2
)

plate material density

long dimension of the plate (x-direction)

short dimension of the plate (y-direction)

Exh3
D=
x 12(1 - Vxvy)

3

D= _-J!Yl_
Y 12(1 - V’xvy)

D
.D ”+&

XY ~Y 6

(v-1)

(V-2a)

(V-2b)

(V-2C)
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h=

“.

EX,E =
Y

G=

plate thickness

Poisson’s ratio

elastic moduli parallel to x and y axes, respectively

shear modulus

The constants A, B, and C are given in Table V-3 for different
conditions.

V.2.2.2 Panels Stiffened in One Direction (Reference 93)

Frequency

f

equation:

boundary

_ A’_+(
L~h2

-)L: f “$+c’nsp ‘z
(v-3)

Panel geometry and definition of terms:

STIFFENl?IW (TYPICAL)

LP-I-P

E= material elastic modulus

P= material density

i h = plate thickness

I
I= second moment of area of stiffener and associated plate

1’ s= sectional
A~+ph

I As = sectional

n= number of
s

area of stiffener and associated plate =

area of stiffener

stiffeners
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TABLE V-3 . FREQUENCY COEFFICIENTS FOR TRE FUNDAMENTAL
MODE (EQUATION v-l)

*
CASE NO. BOUNDARY CONDITIONS A B c

m

/

1 4.730 4.730 151.300
, ●

n

/

2 4.730 3.927 141.379

3
D

4.730 T 121.396

4
la

3.927 3.927 132.llB

5
DI

3.927 T 113.444

6 Inl 1! T 97.409

*
/Z/Z/ZZ/ FIXED BOUNDARY

SIMPLY SUPPORTED BOUNDARY
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The constants A’, B-, C’ are defined in Table v-4.
!I

;ASE NO.

TABLE v-4 . VALUES OF CONSTANTS A’, B’, C-

BOUNDARY CONDITIONS ‘A- B> c’

Imnl
.

1 1.5764 1.00 0.0833

mu2 1.5764 2.25 0.0833

IIIIz3

4

1.5764 1.00 0.1875

0.08331.5764 4.85

m5 1.5764 1.00 0.4042

0.0833

,m,6 3.4642 1.00
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The effeet of submergence is described in Section V.2.2.5. To account for
uniformly distributed added mass, such as insulation bonded to the panel,
adjust the density P as follows.

WA •!-Wp

Q’=P” — (V-4)
‘P

where Wp = total mass or weight of the panel

‘A =
total msss or weight, in excess of the panel structure,
but which moves with the panel during vibration

V.2.2.3 Panels Stiffened in Both Directions (Reference 93)

Frequency equation:

f = ‘“57’4+;(k+k)‘Hz
Geometry and definition of terms:

(v-5)

Y

t

GIRDERS

EDGEs - SIIQLY

SUPPORTED

T
(TYPICAL)

2

, ~x

I / I I

l==-’ ‘s=
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n=
s

In=
s

h=

1~,1 =
g

A~,A =
g

s~

s
g

Corrections for

number of stiffeners (parallel to the x-direction)

number of girders (parallel to the y-direction)

plate thickness

second moment of area of stiffeners and girders,
respectively, plus the associated plating

cross-sectional area of stiffeners and girders,
respectively

px.h
= A~+pxh+~

s

P.&
=Ag+pyh+ n

s

(V-6a)

(V-6b)

added mass effects associated with submersion in a fluid
are given in Section v.2.2.5 . Account for a uniformly distributed mass,
such as insulation which is attached to the panel , by adjusting the panel
thickness e in the equation for Ss and Sg.

v.2.2.4 Beam Formula for Plate Stiffener (Reference 87)

Frequency
the stiffener) :

f

where EI =

GA =

L=

In=
a

formula for the fundamental mode (aasumes simple support of

(v-7)

L’GA/

of the plate-stiffener combination

the plate-stiffener combination

flexural rigidity

shear rigidity of

beam length

mass per unit length of the stiffener and associated
plating

V.2.2.5 Effect of Submergence (Reference 93)

To obtain the frequency, fl, of a plate with one side exposed ‘toair

and the other side exposed to a liquid, modify the frequency calculated in
air, fa, by the following formula:
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b

‘1 = fa” $ (V-8)

K=

Pi =

‘P =
a=

b=

h=

With both sides of the plate submerged, $ becomes

density of the liquid

density of the plate

plate length

plate breadth

ulate thickness

(v-9)

(v-lo)

v.2.3 Response Calculations

In Section V.2.2, methods are presented for calculating the fundamen-
tal frequencies of typical structural components in the walls of LNG tanks.
These components include beams, plates, and stiffened panels. Based upon
the fundamental frequency and the minimum rise time of the sloshing forces,
a method ia given in Section V.2.1 for determining the maximum dynamic load
factor (DLF) of the structural components. The DLF plus the maximum value
of the sloshing forces (sloshing pressure multiplied by the appropriate
area over which it acts) gives an equivalent static load for which the
structural component must be designed to withstand the worst case sloshing
forces. These analyses will be performed for structural elements such as
beams, plates, and stiffened panels.

No particular guidance is necessary for the analysis of these compo-
nents; however, coupling between structural components can and does occur
in complex structures such as the wall of an LNG tank. For these cases,the
analyst must decide whether or not the various components of the tank wall
can be analyzed individually or should be analyzed as a multi-degree of
freedom system. If each component in the tank structure is to be analyzed
individually, then it is usually conservative to assume rigid support for
each element (neglecting flexibility in the supporting structure) and that
the sloshing forces are transferred. undistorted. from one member to the
next. Often the
creased as well.

response is attenuated by coupling, but it can be in-
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I
To resolve such questions which arise when applying simple analytical

procedures, a multi-degree of freedom solution is required. These can be
obtained by finite-element method or by similar procedures. If a transient
response calculation is made, then the actual F(t) produced by the slosh-
ing pressure is applied to the structure. To be certain that the maximum
response is obtained, the calculation must be performed with the minimum
rise time and with several rise times of longer duration. Such an analysis
procedure can be quite costly to perform, if many dynamic dof ’s are in-
cluded in the calculation.

An alternate approac~ which avoida a dynamic transient solution is to
perform an approximate modal analysis using the dynamic load factor deter-
mined for a one-dof system (as already described) . ‘Thismethod ia possible
because in a modal superposition analysis, each normal mode responds to the

,~,, loading independent ly as a single degree of freedom systern. The general
! procedure is as follows:

(1) Calculate the mode shapes and frequencies of the multi-
degree of freedom model of the structure.

(2) Calculate the modal displacement and stresses for the
peak sloshing force (statically applied) .

(3) Find the dynamic load factors for each mode (each modal
frequency) for the minimum rise time. Figure C–2 (b) is
used and the valuea of DLF are read at the corresponding
values of tr/Ti fnr i = 1 through N modes. Note thaE these
are not the envelope values described in Section V.2.1.

(4) Multiply the modal displacement and stresses by their
respective DLF’s.

(5) To find the absolute mxximum displacement, sum the modal
contributions . To find the most probable reaponae, take
the square root of the aum of the squarea of the modal
contributions.

This procedure should be repeated for several longer rise times to be
certain that the worst case loading is used. Alternately, a conservative
value can be obtained if in Step (3) values of DLF for each mode are read
from an envelope of DLF established for the tank.

This approximate procedure for calculating the response of a struc-
ture to dynamic loading without performing a transient solution is commonly
used in the nuclear industry for earthquake excitation. A more detailed

explanation of the method ia given by Bigga. (79)
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VI. TASK 4 - PRESENTATION OF RESULTS -
DESIGN METHODOLOGY

This chapter presents the methodology for designing LNG ship tanks to
withstand slosh loads. The procedures are based on the experimental and
analytical studies described in Chapters III - V.

VI.1 Current IMCO Requirements and Proposed Changes

VI.1.1 General

Unified Rules for Gas Tankers: Cargo Containment, as published by
IMCO, uses the following classification for LNG tanks :

. Integral

. Membrane (see Figure II-2 (a))

Semi-membrane

. Independent

Type A

Type B

Type C (pressure

Appendix E includes definitions
ifications. With the exception

tanks) (see Figure II-2(b))

for all of the above mentioned task class-
of TYDe C independent tanks. all tafiksmust be

analyzed for local sloshing pressures- as defined in Section”VI.2.2.2. For in-
tegral, membrane and semi-mambrane tanks, the local sloshing forces must be ac-
counted for in the design of the insulation, and the ship supporting struc-
ture must be checked for adequate strength. Local aloahing pressures are
produced on the longitudinal bulkheads, transverse bulkheads, and on the

tank top. Areas of the tank which must be checked for sloshing pressures will
depend upon permissible filling deptha. In addition to the localized slosh-
ing pressures, the support attachments for all independent tanks must be
checked for the resultant of the sloshing forces. Dynamic effects of these
forces must be accounted for.

Where tanka or the ship’s hull has been designed in accordance with
the rules and formulas of the classification societies, then the resulting
scantlinga must be checked for the slosh-induced forces and increased as
necessary. This is true for integral, membrane, semi-membrane, and Type A
independent tanks. In Type B independent tanks, which are analyzed by re-
fined analytical methods, the slosh-induced forces must be included in these
analyses, as described in Section V.

Inadequate information is available to determine the phaaing of the
slosh-induced force with other dynamic forces. Thus, stresses produced by
sloshing are assumed to be independent of other dynamic loads and so are
combined with them, taking the square root of the sum of the squares. It
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should be noted that stresses produced by sloshing forces add directly to
stresses produced by vapor pressure, stationary thermal loads, and other
static loads which affect the tank, but they are not combined with them .

VI.1.2 Specific Requirements

Specific requirements for the design of LNG tanks to resist sloshing
forces are offered which fit within the framework of the IMCO rules. The
following revisions and/or additions to the rules are suggested.

IMCO Para. 4.3.5 Sloshing Loads: Revise Paragraph (a) to read:
The risk of significant loads due to sloshing induced by any of the ship
motions mentioned in 2.4.6 must be considered for all filling levels less
than 100% full.

IMCO Para. 4.4.1 Integral Tanks: Add Paragraph (b): If significant
sloshing induced forces are found to occur in the tanks according to 4.3.5,
then ship hull scantlings in the transverse and longitudinal bulkheads and
in the tank top must be checked for the slosh-induced forces and the scant-
lings increased as necessary. Dynamic effects of the sloshing forces are
to be considered.

IMCO Para. 4 .4.2 Membrane Tanks : Revise (d) to read; Special atten-
tion is to be paid to the possible collapse of the I@~brane and the insula.

tion due to an over-pressure in the interbarrier apace, to a possible vacuum
in the cargo tank, to the sloshing effects, and to hull vibration effects.

Add Paragraph (f): Special consideration must be given to the effect
of sloshing forces on the ship hull as in 4.4.1.

IMCO Para. 4.4.4 Independent Tanks Type A: Add Paragraph (c): If
significant slosh-induced forces are found to occur in the tank according
to 4.3.5, then ship hull scantlings in the tank walls, roof, and inter-
mediate bulkheads must be checked for the slosh-induced forces and the
scantlings increased as necessary. Dynamic effects of the sloshing forces
are to be considered.

IMCO Para. 4.6 Supports: Add Paragraph 4.6.8: Supports for indepen-
dent tanks must be analyzed for the resultant forces produced by sloshing
motions in the tank. Stresses produced by the dynamic sloshing forces should
be combined with the wave-induced loads of 4.6.3 according to 4.5.1 for inde-
pendent dynamic stresses.

The IMCO paragraphs referenced above are from the TMCO rules dated
1976.

. e..
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VI.2 Design Methodology

A design methodology is presented in flow-chart format in Table VI.1.
The design procedure is shown to vary with tank type, i.e. , independent
pressure tanks (IMCO type C), independent gravity tanks (IMCO types A & B),
and membranes and semi-membrane tanks. For all tanks, the design sequence
proceeds from (1) comparing ship periods to predicted resonant slosh periods
to (2) establishing loads based on sloshing pressure and force coefficients
to (3) designing structures by specific delineated methods which vary with
tank type.

Each important block in the design sequence is coded on Table VI.1.
A description of the procedures for each coded block is given below.

VI.2.1 Loads Prediction Methodology

Resonant Slosh Periods - TR

Rasonant sloshing periods,which are a function of tank geometry and
fill depth,are determined by the appropriate equation given in Table III-2.
If partial filling is allowed, then T= should be determined for fill depths
between 10% and 9877. Slosh periods considering both the tank length (9,)
and breadth (b) must be determined for this range of fill depths. If par-
tial filling is prohibited, resonant periods should be determined for fill
depths from 90 to 98%. It is important that these
eked even when partial filling is prohibited since

typically being carried in this filling range.

fill depths be consid-
boil-off results in LNG

Ship Periods - TS

Using standard practices, ship periods in roll, pitch, and surge should
be determined for comparison with the resonant sloshing periods. In the
event of overlap between ship periods and resonant sloshing periods, either
partial filling (less than about 98% full) must be prohibited or the tank
must be designed to withstand slosh loads.

Design Pressure Coefficients - KP

Several methods exist for establishing design pressure coefficients.
Based on the results given in this report, the maximum pressure coefficient
is Kti = 125. The average pressure coefficient is KpAvG = 25. A conser-

vative approach would be to assume Kpm and base all subsequent design

analysis on this worst case pressure. An alternate approach would be to
adopt the techniques presented in Reference 44. In this reference, a proba-
bilistic procedure, involving the response of the liquid in the tank at dif-
ferent conditions and the probability of these operating conditions occur-
ring, is undertaken. Although there is insufficient detail in Reference 44
to include a complete example of how peak sloshing pressures are computed
using the probabilistic procedure, the major steps can be identified.

The procedure utilizes a statistical distribution of pressures ob-
tained from scale model experiments and couples this statistical definition
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of pressure distributions with information on ship motion spectral density
in the frequency ranges around the resonant slosh frequencies. Using statis-
tical techniques, this procedure then determines the worst case sloshing
loads that are likely to occur in a 20-year operational period. Pressure
coefficients greater or less than Kp = 125 may be predicted statistically
depending on the actual conditions encountered. Based on the results re-
ported herein, it is recommended that tank designers use a KP equal to 125
or the statistical approach of Reference 44. A Kpm = 125 is believed to

be a highly conservative number, and its use would preclude the use of a more
complicated procedure which is based on probabilistic conditions.

Ship Motion Amplitude - Al

To determine pressure magnitudes, the amplitudes in each of the impor-
tant degrees of freedom must be established. Maximum amplitudes will result
in setting maximum anticipated pressures for design purposes. Maximum amp-
litudes should be considered for roll, pitch, and surge.

Sloshing Pressures - PT

Sloshing pressures are determined from the pressure coefficient and
amplitude information established above. Pressures should be predicted for
each of the appropriate tank walls, whereby the appropriate length dimen-
sion, L or b, is utilized. The following values of the pressure coeffic-
ients should be used depending on the amplitude.

q=% x/!L or $ < 0.1 (VI-1)

(VI-2)

At low amplitude sloshing, the pressures are shown to be linear with
amplitude, while at amplitudes greater than 0.1 the pressures do not in-
crease linearly. (See Figure 1,11-5.) Equation VI-2 uses currently avail-
able data which give the effect of amplitude on pressure coefficients and
provide a more realistic definition of Kp at high amplitudes.

To determine a characteristic range of rise and decay times of the
dvnamic sloshing Dressures . the following coefficients should be utilized.
‘Iiese

Thus ,
tural

values ar~ ~aken from Table V-1. -

Minimum pressure rise time: KT2 = 0.0005

llaxi.mumpressure spike duration: KT3 = 0.9489

both maximum and minimum times are established for subsequent struc–
response calculations. Both length and breadth dimensions of the tank

must be u~ilized for the characteristic length dimension in these equations.
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Tank Wall Pressure Distribution - PD

The pressure distributions over the tank walls are important in deter-
mining the walls 1 responses to slosh-induced loads. The following idealized
pressure distributions are for (1) vertical tank walls and (2) the tank top.
The following pressure distributions have been compiled using the currently
available data. Because the distributions are affected by a great many

variables, these idealized distributions should be considered IS conserva-
tive estimates.

For the vertical tank walls, the pressure may be considert,d constant
in the horizontal direction. In the vertical direction, the pressure vari-
ation is described by the following cosine function. The maximum pressure
occurs at the static liquid filling level and decays to zero at levels 20%
above and below the static liquid level.

Kpz

where Kpz =

KpW =

z .

h=

H=
I

and with limits:

. + Kpw [I+cos(yp)] (VI-3)

pressure coefficient at level z

maximum pressure coefficient

distance from the tank bottom

liquid filling height

tank height

For localized areas of 4 ~2 (2 ~ x z m) or less, the pressure can be as-

sumed to act uniformly over the area.

For the tank top, the pressure may be assumed to be constant (the
maximum value) on the corner areas. These areas should extend in from the
port and starboard walls one-third of the width of the tank and from the
fore and aft walls one-third of the length of the tank.

areas should be designed to withstand sloshing pressure

Total Sloshing Forces - FR

The remaining top
based on KpAvG.

The total forces exerted on the tank bulkheads by the sloshing liquid
can be determined from Figure III-6 for prismatic tanks and from Figures
111-10 - 111-17 for spherical tanks. It ia noted that for prismatic tanks
these forces represent the inertia forces that occur on the tank wall due
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to resonant liquid sloshing. They do not include the forces exerted on the

structure by the inertia of tank structural components. For spherical
tanks, both the resultant forces (Figures 111-10 and ITI-11) and the slosh-
ing components (Figures 111-12 through 111-17) are given. The resultant
forces represent the combination of static wsight and inertial sloshing
loads.

VI.2.2 Tank Design Methodology

Tank Support Stress - C2

The sloshing reaction force is the integral of the sloshing pressures
over the tank wall area. It is produced by the motion of the liquid in the
tanks and doea not include the inertia of the tank structure or the weight
of the liquid. As noted in block FR, some results are given for spherical
tanks which include the weight of the liquid. Rise times and durations are
not given, but it ia safe to asaume that the reaction ia quaai-static for
the response of the tank on its supports, and ao the supports should be ana-
lyzed for the peak sloshing reaction force, statically applied. This reac-
tion produces stress both in the tank and in the supporting structure. The
structural arrangements for tank support can be very complicated, and com-
plex multi-dof analysis procedures are often required to accurately compute
the resulting stresses.

Dynamic Tank Structure Response - B1

Independent tanka, Type B, are analyzed using refined analytical tech-
nqiues such as the finite-element method. One approach (Option 1) for cal-
culating the atresses in the tank produced by sloshing pressures is to per-
form a dynamic transient solution for the actual pressure-time or force-time

history. This calculation procedure is discussed in Section V.2.3. An
analysis of this type should provide the most accurate solution to the be-
havior of the tank for sloshing pressures, but it can be very expensive in
terms of computation time. Multiple analyses, with different loading con-

ditions (different rise times for the sloshing pressure) are usually re-
quired to determine the worst case loading, making this approach even more
costly. Thus, a more practical approach is the approximate modal analyais
suggested as Option 2. (see Section V.2.3) . --

Dynamic Load Factora - L1

Once the minimum rise time and maximum decay time
pressurea have been determined, the dynamic load factors
auencies of the tank structure can be established. The

of the sloshing
for .arange Of-fre-
dvnami c load fac-

tors depend only upon the rise and decay times of the loading and the struc-
tural vibration periods. They are independent of the pressure magnitude.
This procedure is described in detail in Section V.2.1.

Equivalent Static Design Loads - L2

From the dynamic load factors (DLF’s) and the peak value of the slosh-
ing pressures, equivalent static design loads can be determined for the tank
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structure. Design static pressures are simply the peak preesure multiplied
by DLF. Design forces are the design static pressures integrated over the

appropriate wall area of the tak.

Modal Stress Computation - B2

An alternate approach to a dynamic tranaient eolution for the computa,
tion of streeses in the Type B independent tank is to perform an approximat~

modal solution. This approach, Option 2, ie based upon a multi-dof solutiol
for modal frequencies and modal stresses produced by the peak value of the

sloshing pressure, applied statically (see Section V.2.3). Frequencies,
mode shapes, and static stress are less costly to obtain than a dynamic
transient solution described as Option 1 and, once obtained, the solutions
for stresses under different loading conditions (different rise times) are
easy to obtain.

Combined Modal Stresses - B3

Once modal frequencies have been calculated, the dynamic load factors 4
DLFta, for each mode can be determined. Static modal stresses multiplied
by the modal DLF givea the modal stress for the dynamic loading. The most ~
probable maximum stress in the atructure is then obtained by combining modal
stresses by the “square root” method. This method of combining stresses !
assumes that modal stresses are independent. An upper limit on stress is
obtained by simply adding modal values.

Set Tank Scantlinga (Type A) - Al

Scantlinga for Type A independent tanks are sized according to formu-
las of the classification society. Once the equivalent static sloshing
pressures have been determined for the tank, these same formulas can be
used to size or resize the scantling for the sloshing forces. Alternate
methods, such as those suggested for Type B independent tanks or for ,the
membrane insulation, are also applicable to ‘TypeA tanks. Approval to use
alternate methods must be granted by the classification society.

Internal Insulation Strength - Ml

Strength of the insulation which supporb the membrane must be adequate
for the alosh,ing pressures. Ax demonstrated in Appendix D, strength of in-
sulation system can be well approximated by fairly simple classical methods
and/or laboratory teats at the equivalent static design pressure. A combi-
nation of testing and analysis ia recommended because of uncertainties in
the material properties of some insulation systems. Of course, more refined
analytical methods can be used, but these are recommended only if material
properties of construction materials are well defined.

Set Tank Scantlings (Membranes) - M2

Aa for Type A independent tanks, the acantlings of the ship’a inner
hull are determined using formulas of the ship classification society. Once
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the equivalent static sloshing pressures have been determined for the tanks,
these same formulas can be used to size or resize scantlings for the slosh-
ing forces. Alternate methods, such as those suggested for Type B indepen- ‘
dent tanks or for the membrane insulation are also applicable for Type A

tanks. Approval fiustbe granted by the society to use these alternate meth-
ods .

Combined Stresses from Sloshing and Other Dynamic Loads - S1

Insufficient infomnation exists to determine the phasing of the slosh
loads with other dynamic loads which act on the tank; thus, the resulting
stresses are treated as independent with respect to stresses produced by
other dynamic loads. Combination of these independent stresses to produce
the most probable maximum dynamic stress is by the square-root method, which
is the square root of the sum of the square of the independent values. When

combining stress produced by localized sloshing pressure with other dynamic
stresses, stress produced by the dynamic liquid head is omitted. Measured
sloshing pressures include the dynamic liquid head. Also, because sloshing
pressures occur very near the static liquid level, or above as in the case
of sloshing pressure on the tank top, the liquid head is very small where
sloshing pressures are highest.

Combined Static and Dynamic Stress - S2

The resulting dynamic stress is added directly to stresses produced
by static loads such as thermal loads, still-water loads, vapor pressure
loads, etc. , to find the maximum stress for the condition being investigated.

VI.3 Example Problem Utilizing Tank Design Methodology

The following example problem illustrates the use of the tank design
methodology presented in Table VI-1. The example analyzes a prismatic mem-

brane tank with the Gaz Transport membrane system (plywood insulation boxes) .
Tank dimensions are arbitrarily set at

1= 36 m (118 ft)

b = 36 m (118 ft)

H = 24.4 m (80 ft)

and tank motion amplitudes (Al) are assumed to be:

$pit~hw = +5° ( 0.087 rad.)

$ROIIW = tlOO ( 0.175 rad.)

x— . *0.1
~ Surge~
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Tank filling levels during operation are placed at 90 to 98%. Current
regulations limit most LNG tanks to maximum operational filling levels of
97-98%, with partial filling prohibited. From Table VI-1, the initial de-
sign steps are to calculate (TR) the resonant periods of the liquid in the
tank, to establish (TS) ship motion periods, and to determine if the tank
resunant periods coincide with ship motion periods. For purposes of this
example, the ship motion periods are assumed to be in the range of 6 to 12
seconds.

The resonant periods of the liquid in the tank are calculated using
Equation III-6 for prismatic tanks. For filling levels between 90 and 98%,
the resonant pitch and roll sloshing periods are:

Thus, the
liquid so

6.89 sec ~TR~ 6.94 sec

0.9 < h/H~O.98—

tank excitation periods overlap the resonant periods of the tank
there is the potential for resonant sloshing.

At this point, the designer can decide to modify the tank size or
geometry to change the resonant perioda of the liquid in the tank. In this
example, the tank will remain unchanged, so it must be designed to withstand
resonant sloshing conditions.

For design purposes, the maximum nondimensional pressure coeffic.ient
(RF) iS 125. Equations VI-1 and vI-2 are then used to correct this coeffi-
cient for tank excitation amplitude effects. As previously mentioned, the
amplitudes for this example are assumed values. The corrected coefficients
for pitching, rolling, and surging motions (PT) are:

for pitching (O = f5” or 0.087 rad.): K~w = 125.0

for rolling ($ = +10” or 0.175 rad.): K;w = 75.4

for surging ( ~ = iO.1) : K~W = 125.0

At this point, it is necessary to choose the pressure rise and dura-
tion time values (KT2 and KT3) associated with the pressure-time history of

the dynamic impact pressure. Using Table V-1, the minimum nondimensional
rise time (KT2) is 0.00C)5. The maximum spike duration (KT3) is 0.9489.

Now that the nondimensional design pressures and timas have been es-
tablished, full scale pressurea and times can be calculated. Pressurea can .
be determined using Equation III.4. For this example, the liquid density is

493.19 kg/m3 (30.79 lbm/ft3) . The design pressures are found to be:

for pitching:
‘MAX

= 1.892 N/(mxn)2 (274.4 pai)

for rolling:
‘NAx

= 2.295 N/(mm)2 (332.9 PSi)
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for surging:
‘MAX

= 2.175 N/(mm)2 (315.4 psi)

Full-scale times are determined using Equation II-2. The minimum pressure

rise time is 1.0 millisecond, and the maximum pressure spike duration is
1.82 seconds.

To compute design loads for structural components of the tank (block
L1 of Table VI-1) , the dynamic load factors, corresponding to the rise and
decay times of the sloshing pressures, are determined for a range of struc-
tural frequencies. This was done for a tank which is 36 m (118 ft) long
(or wide) in Section V.2, and the results, expressed as the envelope of the
dynamic load factors (DLF), are plotted in Figures v-2 and v-3.

To determine the equivalent static design load for structural compo-
nents of the tank (block L2) , the fundamental vibration period of the com-
ponent must be calculated. With the fundamental period known, the DLF is
read directly from Figures V-2 or v-3. These steps were performed for the
Gaz Transport insulation boxes and are described in detail in Appendix D,
part D.1. Two components of the box were analyzed in the example: the box
cover and the longitudinal stiffener of a primary box. Results for these
steps are:

Fundamental Period,
T DLF

Box Cover (12-cell box) : 0.93 ms 1.22

Longitudinal Stiffeners: 1.96 ms 1.63

Equivalent static design pressures for the cover and stiffener are obtained
by multiplying the peak sloshing pressures from block PT by the DLF. Using
the maximum pressure, PM, which occurs in roll for this example, the de-

sign static pressures are:

Cover:
‘ales

= 1.22 (2.295) = 2.80 N/mm2 (406 psi)

Stiffener:
‘ales

= 1.63 (2.295) = 3.74 N/mm2 (543 psi)

Strength of the insulation boxes (block lil)was established in Appen-
dix D and expressed in terms of the peak allowable sloshing pressure, Pa.

This allowable pressure is the static pressure which the box component will
withstand divided by DLF. The allowable pressure, Pa, would be compared
with the maximum sloshing pressure, Pw, rather than the design pressure,

‘ales- To obtain a pressure for comparison with Pde~, Pa from Appendix D is

simply multiplied by DLF. From Appendix D we have

Cover: Pa = 0.853 N/mm2 (124 psi)

s
‘ales

= 1.22 (0.853) = 1.04 N/mm2 (151 psi)
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Stiffener: Pa = 0.778 - 0.937 N/nun2 (113 - 136 psi)

F’
des

= 1.63 (0.770 – 0.937) = 1.268 - 1.527 NIuuu2
(184 - 222 psi)

where P~e~ denotes the design static strength of the component. Comparing
these values to Pde~ computed in block L2, we find

Cover: P
des

= 1.04 N/mm2 (151 psi) < Pde~ = 2.80 N/mm2 (407 psi)

Stiffener: P
des

= 1.268 - 1.527 N/nun2 (184 - 222 psi) < Pales=

3.74 N/mm2 (543 psi)

Thus, for this example, the design strength of the insulation is inadequate.
In this example, only the primary insulation box was analyzed for the slosh-
ing pressures. Of course, in practice the designer would need to check the
strength of the secondary box as well.

The final step (block M2) in evaluating membrane tanks for sloshing
pressures is to check the strength of the ship’s inner hull which supports the !
membrane system. Scantlings of the hull are checked using formulas of the
classification societies and the equivalent static design load. In this

example we did not apply classification society formulas to check hull
strength; however, alternate methods of analysis are applicable, but appro-
val of the classification society must be obtained before alternate proced-
ures can be applied. As an example of alternate methods, see the analysis
of the CONCH independent tank in part D.3 of Appendix D. !

VI.4 Summary

The design methodology presented in this chapter is based on a thor-
ough review of the literature supplemented by additional experiments and
analytical studies. Since information required for many of the steps in
this procedure is limited, the procedures developed herein have been based
on utilizing conservative approaches. For example, pressure coefficients
are based on the worst case pressure coefficients determined from a “ide
range of data available from the literature. Likewise, analytical methods
which are based on simplified one degree of freedom analysis have been de-
veloped with conservatism imposed. Thus, utilizing these techniques, a
conservative design could occur. It is believed that the major steps in
the proposed design methodology are appropriate, and it is left to the in-
dividual designer to substitute more realiatic loada when he believes it is

appropriate. Aa an example, sloshing loads could be more realistically es-
tablished from scale model tests on replica models of interest. Scaled
ship motions could be imposed on the models at fill depths of interest and
the resulting loads and load distributions determined. This would provide
more accurate data relative to a specific design. However, if resonant
sloshing for all filling levels were investigated, it ia likely that a

KPW > nearing the 125 value established herein, would be approached.
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VII CONCLUSIONS ANO RECOMMENDATIONS

As a result of the study reported herein the following conclusions
and reconunendations are presented.

VII. 1 Summary and Conclusions

0

0

0

0

0

0

0

0

A significant amount of scale model sloshing data for both
prismatic and spherical tanks and covering a wide range of
fill depths, excitation frequencies and amplitudes, tank wall
pressure measurement locations and totsl force measurements is
available in the literature.

A compilation of this data and presentation in a common format
haa been accomplished to provide design pressure and force
coefficfents.

Because the complexity of resonant large amplitude sloshing
causes a wide variation in the impact pressure magnitude on
each successive sloshing cycle, both worst case and average
pressure coefficients have been defined for design purposes.

These pressures are assumed to potentially occur at any loca-
tion on the tank wall if partial filling is allowed.

Pressure-time histories have been established for sloshing dy-
namic impact pressures. No correlation was found to exist
between impact pressure magnitude and duration. A representa-
tive range of impact pressure rise times and durations were
established.

Dynamic loads test, where predicted full-scale pressure/time
histories were reproduced on representative segments of a LNG
membrane tank strutture, established structural response and
failure characteristics. It is noted that failure occurred
at simulated loads that could occur during “worst case”
resonant sloshing.

Combined %egree-f -freedom resonant sloshing test (pitch and
heave, surge and heave) produced impact pressures no greater
than the corresponding pressures measured in singl=degree-of -
freedouiresonant sloshing (at the same amplitudes).

Materials properties measured on plywood used in some LNG
membrane structures showed considerable variation. This data
is valuable in the design of tank wall structures using such
materials.

Analytical methods were developed to predict structural response
to dynamic slosh loads. Localized areas of the tank structure

are treated as equivalent one degree-of- freedom systems and a
dynamic load factor (DLF) is established based on the fundamental
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period of the structure and a worst case pressure-time history.
Examples for typical structural elements are given and show
that some typical structures are not designed to withstand
worst case impact loads.

0 Design methods are presented for independent pressure and
gravity tanks and membrane and semi-membrane tanks. The design
sequence proceeds from 1) comparing ship periods to predicted
resonant slosh periods to 2) establishing loads based on loads
coefficients to 3) designing structures by specific delineated
methods which vary with tank type.

VII. 2 Reconunendations

0 Additional literature review and experiments are required to
evaluate loads on liquid bulk carriers with significant tank
internal structures (i.e., tYPical crude and chsmical carriers) .
Emphasis should be placed on localized loada on web frames,
pump columns and swash bulkheads. Total forces should also
be established.

o Full scale LNG sloshing data currently being obtained should
be analyzed in light of the results reported herein. Simulated
full scale ship motion conditions on scale models should be
undertaken with model sloshing loads compared to full scale.

0 Additional model experiments should be conducted to further
establish effects of excitation amplitude on measured preaaure
coefficients. Also end wall pressure distributions for a
complete range of prismatic tank fill levels should be estab-
lished.

0 Analytical methods and design procedures presented herein
should be further refined after the above recommended work is
accomplished and feedback from industry is obtained.
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APPENDIX A

SLOSHING FACILITIES FOR ANGULAR MOTION AND SIMULTANEOUS HORIZONTAL AND VERTICAL MOTION

A.1 Angular Mot ion Slosh Ri&

The angular mot ion slosh test facility (see Figure A.1) consists of a
trunnion-mounted “picture frame” weldment made from 8-inch square steel
tubing. The trunnions are pivoted in pillow blocks mounted on top of struc-
tural steel pedestala attached to a base frame, which ia anchored to a
concrete floor. An adjustable crank attachment ia fastened to one of the
vertical legs of the “picture frame”. A hydraulic actuator piston rod
is connected to this crank, while the cylinder ia anchored to the pedestal,
to provide the excitation.

Dynamometer attached to the upper and lower horizontal members of the
“picture frame” carry a vertical support near each aide. The model support
frame is attached to these vertical supports at a height determined by
the desired model vertical location relative to the pitch (roll) axis.
Thus, all loads are transmit ted into the “picture frame” through the dyna-
mometer.

An overall view of the facility is shown in the photograph of
Figure A-1 and clearance dimensions within the support system and picture
frame are shown on Figure A.2. The maximum possible angular travel is

abOut *15”, prOvided the actuator force capacity is not exceeded.

The maximum model tank width and height are fixed by the clearances
shown in Figure A.2. Models which do not span the width of the support
frame must be mounted on raila attached to either the top or bottom of the
support frame. The actual size of the model tank, however, must be such
that the dymmometera and actuators are not overloaded. The determining
factora in selection of model size are: (1) The total mass of the tank
plus liquid; (2) The combination of excitation frequency, excitation ampli-
tude, vertical offset of the model (tank plus liquid) , center of gravity
from the pitch (roll) axis, and the horizontal offset of model from the
pitch axia which results in the greatest inertia moment about the pitch axis.
These var iations determine the greatest force reactions on the dynamometers.
(3) The combination of the above parameters which result in the highest
reaction force on the actuator. This combination may not be the same as
that which reaulta in the greateat dynamometer reactiona.

A maximum model size cannot, therefore, be determined until the
entire range of test parameter’ has been defined. Reactions on the dyna-
mometers and actuator must be investigated for every combination of teat
parameters.

Excitation of the system is provided by a linear hydraulic actuator
connected to a crank on the “picture frame”. The actuator has a maximum
force output of about 10,000 pounds at its higheat velocity, and up to
14,000 pounds at very low velocities (low frequency and low amplitude).
A self-contained servo-valve and feedback transducer within the actuator are
used in conjunction with an external controller to control the actuator.

The controller haa provisions
within its stroke (at the center of

~~~.-

for centering the actuator at any point
the stroke for normal testing) , and
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for setting the excitation amplitude. Excitation waveform and frequency
are determined externally to the controller input. A function generator
connected to the input can excite sinusoidal, square, triangular, or sawtooth
motions of the actuator at any discrete frequency.

A tape input can be used to excite random motions with various spectral

contents, or any other specified motion (such as typical ship motions)

within the limitation of the actuator.

The actuator is limited to total useful stroke of about 2.2 inches
peak-to-peak and a maximum linear velocity (restricted by the servo-valve’)
of about 8 inches per second. The limits of the actuator are determined
by the maximum stroke for an excitation frequency up to 1.2 Hz, then by the
maximum velocity up to the frequency where the reaction force on the
actuator rod exceeds the msximum actuator force. A block diagram of the
drive system is shown on Figure A.3.

A.2 Translational Motion Slosh Ri~

The translational motion slosh rig operates on a system very similar
to the angular motion rig. The translational machine consists of a 5 foot
by 5 foot mounting table that can be excited with simultaneous vertical
and horizontal motion that is independent along each axis. Maximum table
payload capacity is 6000 pounds dead weight. As with the angular notion
unit, the translational table drive mechanism are servo-controlled elec-
trohydraulic actuators, and have the following capabilities:

tape

Horizontal Vertical

Frequency Range 0-200 Hz 0-100 Hz
Force Capacity 10,000 lb 20,000 lb
Maximum Stroke 8.0 in. 6.6 in.
Maximum Velocity 45 in./see 22 in./see
Maximum Acceleration* 16 g 10 g

* (At zero payload)

The excitation signals are provided by function generators or analog
signals. Table displacement is accurately controlled bv automatic

fe>dbac~ to respond to an arbitrary voltage signal.

...*
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APPENDIX B

PRESSURE-kINE HISTORY DATA FOR TRANSDUCER LOCATIONS 2 - 13

TABLE B-1. NONDIMENSIONAL PRESSURE-TINE HISTORY VALUES
AT TRANSDUCER LOCATION 2 FOR A 25% FULL TANK

NOTE : See Figure IV-5 for definitions.
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TABLE B-2 . NONDIMENSIONAL PRESSURE-TIME HISTORY
VALUES AT TRANSDUCER LOCATION 3 FOR A 25% FULL

NmF,: See Figure IV-5 for def initions.

TABLE B-3 . NONDIMENSIONAL PRESSURE-TIME HISTORY
VALUES AT TRANSDUCER LOCATION 4 FOR A 25% FULL
TANR
TRFINZUIULEF: LOCHT1[II! 4

NOTE: See FigureIV-5 for definitions.



TABLE B-4 . NONDIMENSIONAL PRESSURE-TINE HISTORY
VALUES AT TIUNSDUCER LOCATION 5 FOR A 25% FULL
TANK

TRFIN:SIIIUC.ER LuCH1 I UN 5
FLIUIII:I.I17TER
EXICITfiTION: F’ITI::Ht HFIF. =+..- 4. ~fiti IIEL. :’
NIUHE:EF: 10F C’/CLE:2 FEE: TE;;T: Ziifi
PERCENT FILLING: 25

Fw. KP
y
U. FIFtx. K.P

rlIN. KP

FWL. TIPIE

HHX.TI1l E

NIN. TINE

PT. i IS FILNRY5 ZERO.

FILL VFILUES WltiTEIl I N THE THBLE FIRE NONII illEk31WRL.

NOTE: See FigureIV-5 for definitions.

TABLE B-5 . NONDIMENSIONAL PRESSURE-TIME HISTORY
VALUES AT TRANSDUCER LOCATION 6 FOR A 25% FULL

PERICENT FILL IIK: 25

RVG. KP

NFIX.Kp

I’l IN. KP

m’G. TI14E

NFIX. TIME

MI N. TIME

PT. 1 IS FILI.IFI’Y5ZERO.

FILL VFILUE5 FEINTED IN THE TW3LE WE t{lIlt/IIIPIEti!;;IOti RL.

NUTE : See FigureIV-5 for definitions.
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TABLE B-6 . NONDINRNSIONAL PRESSURR-TINR HISTORY
VALUES AT TRANSDUCER LOCATION 7 FOR A 75% FULL
TANR

TE:FItl:SIllUi;Ei LOCRTIl:(li 7
FL IJI[l:Ijfil-EF

FILL VFiLUES PRIMTEII IIJ THE THHLE HF?E t41:ltlDI!lEtl:<I13FlRL,

NOTE: See FigureIV-5for definitions,

TABLE B-7 . NON DIMENSIONAL PRRSSORR-TIME HISTORY
VALUES AT TRANSDUCER LOCATION 8 FOR A 75% FULL
TANK

RLL {VHLUES FRINTED I H THE Tt3ELE FIRE tll:lliIIIhlEt4:::Il:lb!HL.

NOTE: See Figure IV-5 for definitions.
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TABLE B-8 .

VALUES AT
TANK

NONDIMENSIONAL PRESSUR8-TIME HISTORY
TWiNSDUCER LOCATION 9 FOR A 75% FULL

HvG. tKP

ti~~.~:p

MIN.t(P

FM.TINE

MH;<. TINE

NIN. TINE

PT. 1 15 FiL1.~IWS ZEEO.

FILL VFILUES FRINTED IN THE TFIELE FiftE t4LltiDI PtEN51CltJRL

NOTE: See FigureIV-5 for definitions.

TABLE B-9 . NONDIMENSIONAL PRESSURE-TIME HISTORY
VALUES AT TRANSDUCER LOCATION 10 FOR A 75%’FULL
TANR

Fi,vlz.KF

NFIX. KP

MIN.KP

HVG. TINE

NfW.TINE

NIN. TINE

F’T. 1 IS HLMFiYS ZERO.

!7LL VFILUES FEINTED IN THE TFIBLE FiFE tl[ltlDIh lEtl:21utifiL.

NOTE: See FigureIV-5 for definitions.
I



TABLE B-1O. NONDIMENSIONAL PRESSURE-TINE HISTORY

VALUES AT TRANSDUCER LOCATION 11 FOR A 75% FULL

PERCENT FI1. LII{L: 75

Fi‘v1;.F.:.F
y
@ MFI::{,KF

tlIt{. KF

HIV;. TINE

MFiX. T I BE

tlIH. TIt’iE

PT. 1 IS FILllR’?zERO.

FILL ‘.VfiLUES: WIHTED Ill THE TFIELE FiEE llCI1/I!IPlEt1510t+RL.

NOTE: See FigureIV-5 for definitions.

TABLE B-11 . NONDIMENSIONAL PREsSURE-TINE HISTORY
VALUES AT TRANSDUCER LOCATION 12 FOR A 75% FULL
TANK

TRFINSIllJlj:EE LCI;HTIl:lll -,.,,

FLIJi[l:liF!TEE

PEF:C:EIIT FILL It:ll; : 75

WIZ.KF’

HFM . }KF

NIH. KP

Fi’VL.TIt’lE

NIW.TINE

NIN. TIME

13LL VFiLLIE!S PRItiTED It{ THE Ti+ELE FIF:E tlCltJDIllEt{:SICltifiL.

NOTE: See FigureIV-5 for definitions.
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TABLE B-12 . NONDIMENSIONAL PRESSURE-TINE HISTORY
VALUES AT TRANSDUCER LOCATION 13 FOR A 75% FULL TANK

HI-L ‘VFiLllE5 PRIIJTED 1 Ii THE TFIE!LE FIF:E MIIIIJ IHEIIS ICI IIHL.

NOTE: see FisureIV-5 for definitions.
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FIGURE B-1. NONDIMENSIONAL PRESSURE-
TIME HISTORY VALUES FOR 200
RESONANT SLOSHING CYCLES AT TRANS-
DUCER LOCATION 4 FOR A 25% FULL
TANK

B-7,,.<’-).

FIGURE B-2. INTEGRATED NONDIMENSIONAL
PRESSURE VALUES FOR 200 RESONANT
SLOSHING CYCLES AT TRANSDUCER
LOCATION 4 FOR A 25% FULL
TANK
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FIGURE B-3. NONDIMENSIONAL FIGURE B-4. NONDIMENSIONAL
PRESSURE VS IMPULSE RISE TIME PRESSURE VS IMPULSE DURATION
FOR 200 RESONANT SLOSHING FOR 200 RESONANT SLOSHING
CYCLES AT TRANSDUCER LOCATION 4
FOR A“25%.EIJLL:..TANK
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FIGURE B-5. NONDIMENSIONAL ‘ FIGURE B-6. NONDIMENSIONAL
IMPULSE DURATION VS IMPULSE PRESSURE-TIME HISTORY VALUES
RISE TIME FOR 200 RESONANT
SLOSHING CYCLES AT TRANS-

FOR 200 RESONANT SLOSHING
CYCLES AT TRANSDUCER LOCATION

DUCER LOCATION 4 FOR A 25% 7 FOR A 75% FULL TANK
FULL TANK
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FIGURE B-7. INTEGRATED NON-
DIMENSIONAL PRESSURE VALUES
FOR 200 RESONANT SLOSHING
CYCLES AT TRANSDUCER LOCATION
7 FOR A 75% FULL TANK
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FIGURE B-B. NONDIMENSIONAL
PRESSURE VS IMPULSE RISE TIME
FOR 200 RESONANT SLOSHING
CYCLES AT TRANSDUCER LOCATION
7 FOR A 75% FULL TANK
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FIGURE B-9. NONDIMENSIONAL
PRESSURE VS IMPULSE OURATION
FOR 200 RESONANT SLOSHING
CYCLES AT TRANSDUCER LOCATION
7 FOR A 75% FULL TANK



FIGURE B-II . NONDIMENSIONAL
PRESSURE-TIME HISTORY VALUES
FOR 200 RESONANT SLOSHING
CYCLES AT TRANSDUCER
LOCATION 11 FOR A 75% FULL
TANK
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FIGURE B-13. NONDIMENSIONAL
PRESSURE VS IMPULSE RISE
TIME FOR 200 RESONANT
SLOSHING CYCLES AT TRANS-
DUCER LOCATION 11 FOR A
75% FULL TANK
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FIGURE B-12. INTEGRATED NON-
DIMENSIONAL PRESSURE VALUES
FOR 200 RESONANT SLOSHING
CYCLES AT “TRANSDUCER LOCATION
11 FOR A 75% FULL TANK
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FIGURE B-14. NONDIMENSIONAL
PRESSURE VS IMPULSE DURATION
FOR 200 RESONANT SLOSHING
CYCLES AT
LOCATION 1
TANK
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FIGURE B-15. NONDIMENSIONAL
IMPULSE DURATION VS IMPULSE
RISE TIME FOR 200 RESONANT
SLOSHING CYCLES AT TRANS-
DUCER LOCATION 11 FOR A 75%
FULL TANK
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FIGURE B-17. INTEGRATED NON-
DIMENSIONAL PRESSURE VALUES
FOR 200 RESONANT SLOSHING
CYCLES AT TRANSDUCER LOCATION
13 FOR A 75% FULL TANK

FIGURE B-16. NONDIMENSIONAL
PRESSURE-TIME HISTORY VALUES
FOR 200 RESONANT SLOSHING
CYCLES AT TRANSDUCER LOCATION
13 FOR A 75% FULL TANK
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FIGURE B-18. NONOIMENSIONAL
PRESSURE VS IMPULSE RISE TIME
FOR 200 RESONANT SLOSHING
CYCLES AT TRANSDUCER LOCATION
13 FOR A 75% FULL TANK
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FIGURE B-19. NONDIMENSIONAL
PRESSURE VS .IMPULSE
DURATION FOR 200 RESONANT
SLOSHING CYCLES AT TRANS-
DUCER LOCATION 13 FOR A
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FIGURE B-20. NONDIMENSIONAL
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APPENDIX C

ONE-DEGREE- OF-FREEDOM EQUIVALENT SYSTEMS

To derive one-degree-of-freedom (one dof) “equivalent” systems for
what are normally regarded as nmlti-dof structural elements requires that
some assumptions be mnde about the behavior of the structure. The basic
assumption is a deformation pattern which defines displacements of the
total element in terms of a single displacement at some point in the
structure.

As an example, consider the simply supported beam of Figure C-1.
If the displacement along the beam can be described in terms of a single
variable, for exxmple, the center displacement, W., then the motions are
reduced to a single dof. This is accomplished by assuming a deformation
pattern for the beam which is some function of Wo. Various choices can be
mxde, e.g. , the fundamental mode shape, the static deformed shape for the
load distribution of the dynamic loading , or simply some approximate shape
which resembles the fundamental mode or static deformed shape and matches
the appropriate boundary conditions. For elastic behavior, Biggs(79)
chooses the static deformed shape of the structure. For the simply
supported beam, uniformly loaded by the distributed load N-g(t), [g(t)] is

the time function for the load ; the static deformed shape for elastic
behavior is given in Figure C-1.

16 W

,J. = (X4-2 LX3+L3X)

5 L4

FIGURE C-1. tlEFORht4T10NPATTERN FOR SIMPLE BEAM

Reducing displacements to a single dof does not guarantee similarity

between the computed response of a one-dof system and the structural
element. One way that similarity can be obtained is to equate the energies
of the distributed and single-dof systems. At any time ,&he internal strain
energy and the systam kinetic energy must equal the external work as shown
by Equation C-1.

W= U+RE

,,:>
c-l

(c-1)



W = external work

U = internal strain energy

KE = kinetic energy

I
If kinematic similarity (equal displacements and velocities in this case)
is maintained between the distributed and single-dof systems, then equating
energies of the two systems will assure similarity of the computed behavior.
This is true for elastic or elastic-plastic behavior, but in ship tanks
only elastic behavior will be considered.

As a first example, we chose the fundamental mode of the simply

supported beam as the deformed shape. This choice will permit a check on
frequency with the exact solution to demonstrate kinematic equivalence of
the distributed and equivalent systems. The deformed shape for the funda-
mental mode is

w(x) = W. sin ~ (c-2)

Evaluating W, U, and KE for this deformation pattern gives

where

E=

I=

A=

7w=, N.g(t) W(X) dx = + N.g(t) WOL

0

JO

material modulus

beam section moment of inertia

beam cross-sectional area

(C-3a)

(C-3b)

(C-3C)

c-2



I
I

P = material density

w = the beam center displacement and is some function of time.
0

These same energies, evaluated for the single-dof system of Figure c-2,are

W= Fe.g(t) w
0 (C-4a)

KE=~mfi
2

2e0

Fe.g(t)

t

me

k
e

T
WO , W.

FIGURE C-2 . EQUIVALENT ONE-DOF SYSTEM

Equating equations C-3 and C-4 and recognizing that

PAL = m, total beaq mass

NL = F, total beam static load

the following relationships are obtained

(C-4b)

(C-4C)

b..
c-3



~ =+=0.6366 (C-5a)

4
ke. q = 0.634 k

2L
I(C-5b) ,

m
Km = -s = 13.500

m (C-5C)

I

where

k = spring constant for the simply supported beam

(N-L divided by static center deflection)
I

~ = load factor
I

Km = mass factor I
Notice that the equivalent spring constant is very nearly equal to the
static spring constant multiplied by the load factor.

Because these relationships were developed on the basis of kinematic
equivalence of the displacement W., it is instructive to compare the fre-
quency given by the equivalent mass and spring constants with the exact
solution for a simply supported beam. The exact solution for the funda-
mental mode is given by Den Hartog (95) as

where

m = total beam mass = p AL

For the equivalent system,

T
-—...-....--—_...

k
~=s =1 ,

IT4EI
m
e ~ 2L3(0.5m)

I
(C-6)

(c-7)

L c-4
,-.



As expected, the assumption of the fundamental mode for the deformed
shape gives a frequency which is exactly equal to the beam’s fundamental
frequency.

‘ow’ ‘k’ %

, and ke will be determined for the static deformed shape

of the beam or comparison with the results of Biggs(79) . The static
deformed shape is given in Figure C-1, and for this case the energies of
the distributed system are:

Equat

16WL
W = “g(t) ~

3072 EI W
2

u=
0

125L3

KE = ~ PAL tio2

ng to equations (C-4), as before, we obtain

(C-8a)

(C-8b)

(C-8C)

ke = *4?= 0.64 k
125L

Km = >= 0.5026 = 0.50

These values of stiffness and mass of the equivalent system give a

of

1-””u = 9.889, ~
mL

which is within O.2% of the fundamental mode of the beam [Equation
Because the static deformed shape is made up of many normal modes,
tion to the first, some difference in frequency is to be expected.
beam truly deforms dynamically with the static deformed shape, then it would
respond with the equivalent system frequency.

(C-9a)

(C-9b)

(C-9C)

frequency

(c-lo)

(c-6)].
in addi-
If the

, ,’
c-5



Several observations can be made as a result of these calculations
for elastic behavior:

1. A rational method is available for deriving an equivalent
bne-dof system for a distributed structure.

2. Kinematic equivalency is maintained if the assumed deformation
pattern exactly matches the behavior of the distributed systam.

3. The values of ~, ~, and ke match those given by Biggs (79)

and others for the static deformed shape. Table C-1 gives
these values for simply supported beams.

4. For the static-deformed shape, the equivalent stiffness, ke,
can be cmnputed from the static stiffness of the distributed
system and the load factor.

5. The fundamental mode shape and the static deformed shape give
very similar results for a uniform loading. Using the static
deformed shape should give the best results for other than
uniform loading or uniform structures because the deflected
ahape will not match the fundamental mode so closely.

Transformation factors as in Table C-1 have been developed by Bigga (79)
and others
conditions

0

0

0

0

0

for many different structural elements and different loading
for each element. For example, Bigga gives values for

simply-supported beams

clamped beams

propped cantilevers

one- and two-way slabs with edge supports

twe-way slabs with interior supports

C.1 Displacements of the Equivalent Systems

Displacements of these equivalent one-degree-of-freedom systems can
be computed using simple numerical methods or closed form solutions. A
convenient way to present the solution for elastic behavior is in terms of
a dynamic load factor (DLF). The dynamic load factor is simply the maximum
displacement produced by the dynamic load, divided by the displacement
produced by the peak load applied statically. Thus, the DLF can be either
smaller or greater than one depending upon the nature of the loading and
vibration period of the responding structure.

Plots of dynamic load factors

are given in Figure C-3. Note from
2.0, whereas the minimum approached
very short duration.

for different types of
these figures that the
zero for certain types

loading functions
maximum DLF is
of loads of
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C.2

These

Shear in the Equivalent System

As Biggs(79) states,

“It is important to recognize that the dynamic reactions of
the real structural element have no direct counterpart in the
equivalent one-degree system, i.e., the spring force, is not the
same as the real reaction. This is true because the simplified
system was deliberately selected so as to have the same dynamic
deflection as the real element , rather than the same force or
stress character istics. ”

comments are particularly true for elastic-plastic behavior. where
the maximum resistance is limited by permitting plastic deformation to

occur in the structure. For this case the maximum resistance is not a
good indication of the maximum shear which has occurred in the structural
element. When only elastic behavior occurs, the maximum resistance of the
member, the applied load multiplied by DLF, gives a good indication of
the peak shear in the member. Here, only elastic behavior will be treated
in keeping with the philosophy that only elastic behavior will be tolerated
in ship tanks.

To determine the dynamic react ion, V, of Table C-1, a free-body
diagram of the element, including inertia effects, must be used. For the
uniformly-loaded, simply-supported beam of Figure C-1, such a free-body
diagram is given in Figure C-4. Inertia forces are distributed according
to the assumed deformation pattern and are opposed to the motion. Only
the period of time up to the maximum response, ~, is considered.

From the free-body diagram of one-half of the beam, an expression for
V(t) is obtained by taking moments at x = a, the line of action of the
resulting inertia forces.

V(a) - MX=L,2 -F(t) a-~=0 (C-n)

For elastic behavior, locations of
the mid-span moment are determined

the resultant of the inertia forces and
from the static deformed shape. They are

a.

M _ 48EI
~=~lz - — w

~L2 0
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(a)

L
F(t)

r7

.—
L

‘=N.g(t) .+

w MX=L[2

I

~.

‘r -

i

a4L/2

J
oA; (x)dx

(b) 0

FIGURE C-4. SIMPLY SUPPORTED BEAM IN EQUILIBRIUM UNDER DYNAMIC ,
LOADING

Substituting into Equation (C-n) ,
for elastic behavior is

“ = 30.216EI

L3

the dynamic reaction at the beam end

W. + 0.1066 F(t) (C-12)

where F(t) is the total dynamic load on the beam [N.g(t) .L] and w,. is

understood to be a function of time. Thus , the shea~ reaction is”a function
of the loading as well as the elastic resistance in the member. Notice
in Equation c-12 that the maximum react ion may occur when WO is a IM><tium,
when F(t) is a maximum or somewhere in between.

For elastic behavior only, it is worthwhile to compare the shear
reactions predicted by Equation C-12 or the equation in Table C-1 with that
obtained from the equivalent static loading. This can be easily done for
a simply supported beam, uniformly loaded by a triangular force with zero
rise time. This loading most closely approximates the worst case sloshing
load because the rise time is only about 1.0 ms and is very short relative
to the decay time.

The shear equation from Table C-1 is

V = .39R + .llF(t) (C-13)

c-lo



For elastic behavior the resistance at the time of maximum response, ~,
will equal the dynamic load factor, DLF, multiplied by the peak applied
load F1. This gives

V = .39.DLF.F1 + .11 F(t) (C-14)

Also, for a triangular pulse of duration td, F(t) can be expressed in terms
of the peak load F1 as

(td - t)

F(t) = F1 —foro~t~td
‘d

Now
td-t

V = .39.DLF.F1 + .11 F —
1 td

s F1 [.39DLF + .ll(td-t)/tdl

(C-15)

(C-16)

At t = Olthe second term in brackets is maximum but the first is zero (the
system has not displaced). The first term in the brackets corresponds to

the maximum resistance and occurs at t = t . Because sloshing pressures

are of long duration, the shear will most ~ikely peak at t = tm. Thus ,

This expression is

v
—= .39.DLF + .ll(td - tm)/td (C-17)

‘1

compared to

v’ = 0.5(F1.DLF) (C-18)

which is the maximum shear in a simply supported beam acted on by a uniform
static load FIoDLF. In non-dimensional form

v’
q

= 0.5.DLF (C-19)

Equating equation (C-19) to equation (C-17) and setting the second term in
equation (C-17) to its maximum value of 0.11 we find

.5DLF = .39.DLF + .11

The sides are only equal when DLF is 1.0 (static loading).
larger than 1.0, the left side is greater becauae the term

plied by DLF. For DLF < 1.0 the right side can be greater

(C-20)

When DLF is
0.11 is not multi-
depending upon

c-l]



the contribution of the second term for which 0.11 is the maximum value.
Because sloshing pressures have short rise times and long duration (rela-

tive to the structural periods of interest), the DLF will always be greater
than 1..0for LNG sloshing forces in ship tanks.

C-12



APPENDIx D

RXAMFLE CALCULATIONS FOR MR.fBRANE AND PRISNATIC TANRS

Calculations were performed for typical LNG tank structures to illus-
trate the methods of computing structural frequencies and the dynamic
load factors. In addition, calculations of structural strength have been
made and are expressed in terms of allowable sloshing pressures which the
structural components can withstand. Allowable sloshing pressures for the
Gaz Transport insulation boxes are compared with results from laboratory
tests conducted on the boxes. Results of the laboratory tests, in which
both static and dynamic pressure loads were applied to the cover of the
boxes, are summarized in Section IV.5. It should be noted that the structural
strength calculations are only examples of how such analyses may be
performed. Certainly, more rigorous methods are available, as discussed
in Section V.2.3, and might be-preferred; however,
one dof analysis is a good approximation to actual
should give conservative results.

for the;e cases the
structural behavior and

D.1 Plywood Insulation Boxes

In this example, the strength of the cover and longitudinal stiffeneF
in the 12-cell box will be determined. These are the primary load-carrying
members in the primary boxes and failures were produced in these members
during laboratory testing. Dynamic load factors for the boxes are based on
a tank which is 36m (118 ft) long. Tank length sets the time constants
for the sloshing pressures and determines the dynamic amplification as
shown in Section V.2.1.

Material Properties

The insulation boxes are constructed of 7-ply birch plywood. Flexural
strength and stiffness were measured in 3-point bending tests both at room
and at LN2 temperatures. Exterior plies were oriented perpendicular (cross-grain)
to the direction of the bending stress; this orientation corresponds to the
principal loading direction of the box covers. Results from these tests
are summarized in Section IV.4.

Material properties used in the analysis are given in Table D-1.
Values for the elastic modulus and rupture stress in the perpendicular (1)
direction are taken from Section IV.6. The elastic modulus parallel ( II)

to the grain was calculated using properties for white birch from the
Wood Handbook and procedures outlined in the Plywood Design Guide(98) .
Plywood density was meaaured on box material and Poisson’s ratios parallel
and perpendicular to the grain of the exterior ply
values for birch from Reference 97.

Cover Strength

The corner cells are the weakest part of the
uniform pressure loadings, the boundaries over the
as clamDed and the edges alorw the side and end of

were estimated using

box covers because, for
stiffeners are treated
the box are treated as

simply supported. Al; other ~ells have three clamped edges. Dimensions
and boundary conditions of the corner cell are:

D-1



ar Nfmm2 (psi)

Eb ~fmm2 (pSi)

v

2
p kg/mm3 (-)

in.

Ea N/mm2 (pSi)

TARLE D-1. PLYWUOD MATERIAL PROPERTIES

New Plywood - Average Properties - RT

Direction With Respect to Grain of Exterior Ply

Perpendicular (y) Parallel (x)

55.96 (8,117) 108.4 (15,727)

3070 (445,304) 7149 (1,037,000)

.206 .268

55.36 X 10‘8 (5.18 x 10-5)

464 (67,260) 618 (89,680)
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I SINPLY SUPPORTED EDGE

r-

305 mm
(12 in.)

THICKNESS :

a Y h = 9 mm (0.354 in.)

1
88 mm

b (3.46 in.)
\

///////
t

~x

FIXED EDGES GRAIN DIRECTION
OF EXTERIOR PLY

FIGURE D-1

Static Pressure

Timoshenko and Woinowsky-Kr ieger ( 99 ) give a
stresses in a plate with these boundary conditions.
occurs near the center of side b and is given by

My = 0.1180 Pb2 for a/b = 2

For the corner cell

alb = 3.47,

but the magnitude of the moment changes very little
value given is close to the true value. The stress
is

6M
~=1

h3

solution for bending
The maximum moment

(D-1)

for bla > 2 so the
produced by this moment

(D-2)

Substituting Equation (D-1) for My and the rupture stress Ur for IS,an
expression for the allowable static pressure pa, can be obtained.

arh2
Pa=—

.708b2

For IJr= 55.96 N/nm12(8117 psi)
h = 9 mm (.354 in.)
b = 88 mm (3.46 in.)

(D-3)

Equation (D-3) gives

D-3
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I

Pa = 0.827 N/mm2 (120 psi)

Thus, 0.827 N/mm2 (120 psi) is the allowable static pressure of new boxes at
room temperature based upon average values. This gives a 50% probability of
failure if the properties have a normal distribution.

Test results on three new 12-cell boxes produced failures at static
pressures of 120 psi, 130 psi and 150 psi. Table IV-22 in Section IV.5
shows the damsge and describes the failure. In three tests failures
occurred in the corner cells. In one test,the outer cell in the center
of the long cell also failed. Thie is the second weakeat cell in the box
cover. The damage ia cited as shear failure becauae the cover was completely
severed at the stiffener. Shear properties were not measured for the covers
and these failurea were not predicted. Rough estimates indicate that the
cover has about equal shear and bending strength, and the resulting failure

is some combination of ahear, bending, and local compression. Compression
tends
These

decay

to cut through the inner ply; tension tends to crack the outer ply.
together weaken the plywood in shear.

Qynamic Pressure

To determine the permissible dynamic or sloshing pressure, rise and
times of the loading must be known. These times are a function of

tank-length and were determined in Section V.2.1 for a tank 36 m (118 ft)
long. From these times ,the envelope of the dynamic load factor (DLF) was
also determined and is given in Figures V-2 and V-3. Thus, these calculation
will be for a tank which is 36m long so that the DLF already calculated
can be used.

To read the value of DLF from Figure V-2 and V-3, the fundamental
frequency of the structural component must be computed. Equations (V-1)
and (V-2) of Section V.2.2.1 will be used. Substituting plywood properties
from Table D-1 and the plywood thickness from Figure D-l,we have

.
Exh=

‘x = 12(l-VXVY)
= 458,426 N-mm (4058 lb in.)

E h3
~=JL_.___
Y 12 (l-VXVY)

= 196,837 N-mm (1742 lb in.)

D
~h3

=DxVy+~z Dx/4.8* = 95,505 N-nun (845 lb in.)
XY

The frequency equation is

1H A4DX B4D
..—

2CD

‘== ph ~4
)

+~ +x Hz

b4
~2b2

From Table V.1 A = B = 3.927
C = 132.118

* Measured by He~,n +(100) on five-ply maple plywood.
. . . .



Substituting the known parameters. the fundamental frequency and DeriOd of
the corner cell in the cover are found to be

f = 2058 Hz; T = ~= 0.485 ms

These values are for the box cover vibrating

. . .

in air. whereas in the tank it
is exposed to LNG on one side (even though ~eparated by the membrane) . The
effect of the membrane on the added mass of the liquid is uncertain;
however, including the effect of the liquid on the frequency will increase
the period and produce a higher DLF (see Figure v-3) , a conservative
effect. ‘fhua,the added mass will be included. Section V.2.2.5 gives

:PPrOx~te formulas which account for submergence. The frequency in air,
is multiplied by a parameter ~ to find the frequency, f!, in the liquid.

$a~s given by

where

1-”””--”’”-’
K=nhl~+L

a2 b’

For LNG

-5 lb-aec’-6~ (4.63 ~ 10 —~1 = .48pH20 = .48 X 10
mm3 \, 4

in. )

Substituting for p! and the panel dimensions from Figure D-1 we have:

K = .3346 fe = $fa = 1076 HZ

I) = .523 T = l/f = 0.928 IIIS
e

From Figure V-3 the dynamic load factor is found to be

DLF = 1.22

To predict the allowable sloshing pressure for the box cover, the allowable
static pressure is divided by this factor; however, to be representative
of in-service conditions, the allowable static pressure of .827 N/nnn2
(120 psi), previously calculated, should be adjusted to account for LNG

D-5



temperatures and in-service effects. The average strength of the plywood
at LNG temperatures is increased as shown in Table IV-26 from 55.96 N/mm2
(8117 psi) to 89.05 N/mm2 (12,916 psi). Section IV-4 also gives the
degradation of strength for in-service conditions as 79%. Accounting
for the three effects of dynamic loading, LNG temperatures and in-service
conditions, the allowable $loshing pressure for the cover is

‘a= *%(-)(007’) “ ’853 “m2(124 ‘Si)

Average rather than minimum properties have been used in these calculations,
so there is a 50% probability of a bending failure at this pressure for a
normal distribution of plywood properties.

Strength of Longitudinal Stiffener

From the analysis of the corner cell in the box cover,it is apparent
that the majority of the pressure loading on the cover is transferred to
the long edges of the cell. These edges are supported by the sides of the
box or by the longitudinal stiffeners. The longitudinal stiffener picks up
load from two adjacent cells and so is more highly loaded than the box sides.
Figure III- 19 shows the arrangement of the stiffeners in the box and their

support points on the transverse stiffeners of the secondary boxes.

Figure D-2 shows the longitudinal stiffener at one end of the Drimary
box . A ~niform loading N is a~plied to the top of the stiffener fro~ the

- 305 m
(12 in.) N EDGES SIMPLY SUPPORTED

i b

AT TOP,END AND BOTTOM

i

Q
SUPPORT FROM

TRANSVERSE TRANSVERSE STIFFENER

STIFFENER) IN SECONDANY BOX

FIGURE D-2

cover and the bottom is assumed to be supported only at the transverse
stiffener in the secondary box. Simple solutions do not exist for this

D-6



combination of geometry, suppert conditions and loading. A rather complex
multidegree-of-f reedom analysis, such as with finite elements, would be
required for a good representation of these conditions; however, some

approximatio~ can be made to bound the buckling strength of the stiffener
and this approach will be followed here.

Static Pressure

Two aunroximations to the actual conditions were checked. Thev are
shown

.1

schematically in Figure D-3.

N

(a) UPPER BOUND

FIGURE D-3

N-b

N.b

(b) LOWER BOUND

Solutions for these cases are given by Roark and Young (101). Noting
that the load N is equal to the pressure applied to the box cover
multiplied by the width of a cell (N = 88mmoP) we can express the allowable
buckling load directly in terms of the pressure on the box cover. Material
properties for the load perpendicular to the grain of the exterior ply
(the weakest direction) have been used.

Case (a) N = (88nnn)Pa=4.27 ~
h20h

()~-v2 <
(D-4)

For the load perpendicular to grain of exterior ply

Pa. 9.*
()

(3070) & 2 = 1.22 Nfwm2 (177 psi)
1-(.206)2 305

3
Case (b) N-b = (88mm) Pa.b = ~ ~ (D-5)

(1-v2)b

Again for loading perpendicular to the grain of the exterior ply the
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allowable pressure is

Pa = .30 N/mm= (43 psi)

These two cases should give reasonable bounds for the buckling
strength of the longitudinal stiffeners, expressed in terms of a uniform
static pressure applied to tbe box cover. Of course, average properties
have been used and the grain of the stiffener is assumed to be parallel
to the box axis and perpendicular to the load direction.

In laboratory tests on the boxes (refer to Table IV- 22),buckling
of the longitudinal stiffener in the end cell was observed at a static
pressure of 1.03-1.24 N/mm2 (150:180 psi). The exterior grain of the stif-
fener was parallel to the box axis, corresponding to the direction in the
predictions above. Thus, the upper bound estimate, Case (a) appears to
offer a reasonable approximation to the behavior of the stiffener. It is
interesting to note in Table IV- 22 that on Test No. 7 the static “pressure
reached 1.65 N/mm=) (240 psi) without stiffener failure. Stiffeners for
the box used in this test were oriented with the exterior grain perpendicular
to the box axis (the strong direction) . The predicted buckling pressure
for this orientation would increase by the ratio of the elastic modulus
in the two directions or would be approximately doubled.

Dynamic Pressure

Under dynamic conditions ,the response of the cover was increased by a
factor of 1.22. Depending upon the frequency of the stiffener in compression,
similar amplification may occur. To estimate the frequency of the stiffener
for compressive loads ,use a spring mass model as in the sketch below. Den
Hartog ( 95 ) gives the frequency equation for this case as

M= M=+M
e

Mc =

Me =

m=

mass of cover

added mass of the liquid

mass of stiffener

K= axial spring

For a unit width of the stiffener

constant of the stiffener

and cover the values are:

Mc = (88nmI)(1)(9mm)(55.36 X

(2.498 x 10-’ -)

D-8
I
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1 n(88)2._ .— .
24

(1)(49.48 X 10-8) = 1.51 X 10-3kg

(8.572 X 10-6 -)

(1)(182)(9)(55.36 X 10-8) = 9.068 X 10-4kg

-6 lb-secz
(5.17 x 10 ~)

AS/L = (9)(1)(464)/182 = 22.94 N/mm (131 lb/in. )

Substituting into the frequency equation gives

f = 509 Hz; T= l/f = 1.96 ms

This period is approximately twice that of the cover. Generally, for this
condition (a large spread in the stiffnesses of a coupled system) the load
transferred to the supporting system will be attenuated; however, for this

aPPrOxlmstion it was assumed that the load is unaltered. From Figure V-2
the dynxmic load factor for this frequency is

DLF = 1.63

As for the cover, to predict the allowable buckling load produced
by sloshing pressures, the increase in stiffness which occurs at reduced
temperatures and the reduct Ion in strength for in-service conditions should
also be accounted for. From Section IV.6, Table IV-26, we find

and the in-service reduction is 79% as before. Combining these factors, the
allowable sloshing pressure for dynamic buckling (using measured buckling
load from Test 10 in Table IV-22) is

~ = (1.03 -1.24 N/mmz) (~)(0.79)
a 1.63

= .778 - .937 N/nnn2(113- 136 pSi)

*ML is taken as the mass per unit length of a liquid
within a half cylinder which lies above one cell of

which is contained
the box cover.
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This allowable sloshing pressure for buckling of the longitudinal stiffener
is based upon one measured value of the static buckling load; however, the
experiment did correlate well with the upper bound on buckling strength com-
puted for the stiffener using average material properties. As for the cover,
the material’ is assumed to be oriented in its weakest direction, and this
condition does exist in the boxes tested.

D.2 Technigaz Membrane Supper t System

The Technigaz membrane system is described in Section III.3.1 and
shown in Figure 111.3.4. Structural support for the msmbrane la prdvided
by a composite panel formed from plywood sheets with a balsa core. The
panel is separated from the membrane by an “end grain” balsa pad and
supported from the inner hull by grounds. Sloshing pressures on the membrane
produce bending and shear stresses in the composite panel between the
grounds . The allowable sloshing pressures will be based upon these stresses.

A section of the composite panel between the secondary grounds is
shown in Figure D-4.

SUGAR MAPLE PLYWOOD

1

3.4 mm (0.134”)

r ,[
– BALSA

;f7

h 155 mm (6.10”)

L

— (GRAIN PARALLEL TO FACES) ~

— A

BIRCH PLYWOOD
~ ,T 12 mm (0.472”)

SECONDARY GROUND ~ INNER HULL
(TYPICAL) Z,

I

FIGU2E D-4

Material properties for balsa, sweet birch and sweet sugar maple were taken
from Reference 97. Pertinent properties are given in Table D-2. Details
of tbe plywood construe tion were unknown so the following assumptions were
made:

(1) Birch plywood is 7 ply with grain of exterior plies parallel
to the grounds (weakest orientation).

(2) Maple plywood is 5 ply with grain of exterior plies parallel
to the grounds.

,, D-10



TABLE D-2 . MATERLAL PROPERTIES FOR BALSA,
SWEET BIRCH , AND SUGAR MAPLE

Sweet Sugar
Balsa Birch l@@.S

Specific gravity

Elastic modulus,
longitudinal dir, EL

Modulus of rupture

Compression parallel
to grain

Elastic modulus, transverse
(ET/EL)

Shear parallel to grain

Shear modulus, (GLR/E)
Longitudinal-radial plane

.17 .65 .63

3792 N/nnn2 14,962 N/nnn2 12,618 N/mm2
(.55xI.06psi) (2.17xIo6 psi) (1.83 x 106 psi)

117 N/mmz
(16,900 PSi)

54 N/mm2
(7,830 pSi)

.015 .050 .050 (est.)

2.07 N/mm2
(300 psi)

.054
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Based upon the above assumptions and material properties in Table D-2, the
bending stiffness of the composite panel can be calculated. For a 25.4 mm
wide strip between the grounds the axial stiffnesses of the plywood faces. .
were found to be:

birch: (EA)b = (14962 N/mm2) (12 mm)(25.4 mm) (3/7 +’ .050.4 /7)

= 2.085 X 106 N (.469 X 106 lb)

maple: (EA)m = 12,618 (3.4)(25.4)(2/5 + .050.3/5)

= .4686 X 106 N (.105 X 106 lb)

Neglecting the contribution of the balsa core to the panel stiffness,
Iocationa of the neutral axis (N.A.) and the bending stiffness (EI) of
panel are:

yNA = ~= 35.8 ~

(1.41 in.)

=

the
the

EI = ZEA(Y-YNA) 2

= 1.008x 1010 Nnun2 (3.513 x 106 lb-in.2) =1

Mass per unit length of the 25.4 mm (1 in.) strip of panel between the
grounds must include the maas of the “end grain” balaa pad and the membrane.
Measured specific gravity of birch plywood is Y = 0.72 and this value waa
used in place of the valuea given in Table D-2 for birch and maple. For
a stainless steel mambrane with a thickness of 1.3 mm (.050 in.),the mass
per unit length is:

.6~)(~2m+3.4~~+
Panel: = 25.4 mm [(.72 X 10

‘P mm3

-4 k&(l.379 ~ lo-41b-aec2/in.2)-6 k3(155 mm)] . 9.509 x 10 ~.17 x 10
m

Pad: ~D = 25.4 mm(55 mm)(.17 X 10-6 =3)
m

= 2,375 X 10‘4 @ 3.445 x 10-5 lb-sec2/in. 2,
mrll(

Membrane: mm = 25.4 mm(l.3 mm)(7.84 X 10
-6~,

-4~ 3755.10
-y:b_~ec2,in z,

= 2.589 X 10
mm(”
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Total: ~ = (9.509 + 2.375 + 2.589) x 10-4

‘3 Q (2.099 X 10= 1.447 x 10 ~
-4

lb sec2/in.2)

Frequency of the panel can be estimated using the formula for a
clamped ends. Den Hartog (95 ) gives

f

By substituting the known parameters,

f = 1228 Hz; T = 0.814 @lS

beam with

the frequency and period are

Because the beam is deep, shear effects may be important. Exact equations

are not available for clamped beams with shear; however, the effect of
shear deformation can be approximated by

where

“4=1+=
L2GA

G = modulus of rigidity of the balsa core

= (.054)(3792 N/mm2) = 205 N/uun2(29,700p,i)

A = shear area of balsa core

= (25.4)(155) 3937 mm2 (6.10 in.2)

Now

$ = 2.16; T = j—.814+ 16 = 1.20 UM

To account for the effect of submersion in LNG Equations (v-8) through
(V-1O) are used with a = O. Compute the panel density, pp, from the mass
per unit length ~.
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I

Density of the LNG is

5
Pp = = .335x 10-8:3

(25.4)(170)ouu2

(3.136 X 10-7- )

Pe = .48 x 10-8 ‘3 (4.49 x 10-7 -)
in.

Substituting

= 1.096

$=J7PJPP= .658

T = 1.20/.658 = 1.82 IUS

For a tank which is 36 m (118 ft) long,the dynamic load factor is read
directly from Figure V-2 for the fundamental period of 1.82 ms.

DLF ~ 1.57

The maximum stress produced by bending will occur in the maple plywood
and is

Mc
‘= fi”%

where

c = I-l-YNA
am

Em
= ‘mtA = (25.4)(3.4)

= 5426 Nlmm2 (78,696 pSi)

M = maximum moment for a clamped beam

_ i’JL2=
(b’.P=.DLF)L2

12 12
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b’ = beam width = 25.4 nun (1 in.)

Solving for the allowable sloshing pressure, Pa,we have

Pa =
12 EI u

b’.DLF.L2(h-YNA)(~)
(D-6)

For a permissible compressive stress of 54 N/mm2 in the maple plywood, the
allowable sloshing pressure is

Pa = 0.957 N/mm2 (137 psi)

An allowable sloshing pressure for shear strength of the panel
will be based upon a constant shear stress through the core. The shea~

reaction at each end of the 25.4 mm (1 in.) wide beam is

V = l/2.(487.5)(25.4)(Pa)-l.57

Using the allowable stress for shear parallel to the grain (a conservative
value), the allowable sloshing pressure can be found.

l/2(487.5)(25.4)Pa(l.57)
‘6 = 2.07 N/uaa2= ;=

155(25.4)

Pa = 0.84 N/mm2(122 psi)

Note that the shear and bending strength of the panel are in good balance.
The numbers should be somewhat conservative because the shear strength
of the face plywood was neglected, the bending strength of the balsa core
was neglected and the width between the centerline of the grounds was
used for the panel width.

D.3 CONCH Independent Tank

The structural arrangement of the CONCH independent tank is described

in”Section IIT..3. One of the weakest parts of the tank is the swash

bulkhead. In this analysis,we will predict the allowable sloshing pressure
for a section of the bulkhead between Frames 6 and 7 (refer to Figures
III -23 and III -24 ).

A sch.ematic of the section between Frame 6 and 7 is given in Figure
D-5 . Primary dimensions are in inches as given in the engineering drawings.
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FsAME 7
2’4-7/8”
(733 mm)

974 J ‘~y

m

‘-IA ~~
i

11’-4” L 0.406”

0.50” 9’7-1/2” (lo m)

(13 m) (2934 mm)

sTL. PLT.
SECTION A-A

T

-

‘N

7 ,!

(2;9 mm)

J
J===

2.50”
(64 mm)

FIGURE D-5

Stiffened Panel

The fundamental frequency of the section of the bulkhead between the
frames and between the brackets will be estimated using Equation (V-3).
Input parameter for the equation are

h = 13 mm (0.50 in.)

E = 71,000 N/mm* (10.3 x 106 psi)
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‘6 @q (2.49 x 10-41b sec21in.4)P = 2.65 X 10
m-

1 = 61.086 X 106rmn4(146.76

S =’10587 mmz (16.41 in.z)

n~ =3

P = 733 mm (28.875 in.)

L. = 3454 mm (136 in.)

Boundary conditions for the panel
at the frame and simply supported
are attached. For these boundary

in.4,

can be approximated
along the stiffener

by clamped boundaries
to which the brackets

conditions the constants from Table v-2
are

A’ =

B-=

c’ =

Now substituting

1.5764

4.85

.0833

into Equation (V-3 ) we find

T=~=8.25ms

The dynamic load factor for the bulkhead will be determined using Figure
C-2 (b) and the minimum nondimensional rise time T2 [tr in Figure c-2 (b)]
from Table V-1. For a nondimensional time of 0.0005 and a tank length.
L, of 15.608 m (51.208 ft) to the

T2V:g/L = 0.0005

t = T2 = 0.63 ms
r

The ratio of che rise time to the

t,T=~ . 076
r 8.25 “

swash bulkhead, the rise time t= IS

fundamental frequency,

is used to enter Figure C-2 (a). The dynamic load factor is
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DLF = 2.0

Strength of the panel can be approximated by considering the bending of
one stiffener and the associated plating between the two frames for a
uniform .preaaure loading acting over the width p (ace Section V.2.2.2) .
The loading per unit length, N, is

N = P.DLF.Pa

where P is the allowable aloahing pressure.
for a u~iformly loaded beam with clamped ends
yield stress, u , for 5083 aluminum at -196°c

ithe allowable s oshing pressure is

121 u.. .

Using the standard equation
and ~aking the allowable
as 158.6 N/mmz (23,000 psi),

Pa = += .034 N/mm’(5 pai)
PDLF L~ C

where c, the distance from the neutral axis to the extreme fiber, is
193 mm (7.585 in.). This allowable sloshing pressure is quite low and
simply indicates that the tops of LNG tanks are designed for relatively
low static vapor pressure and small liquid loads and not for dynamic
sloshing pressures.
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APPENDIX E

IMCO TANK TYPE DEFINITIONS

CHAITER IV - CARGO CONTAINMENT

4.1 General

Administrations should take appropriate steps to ensure uniformity in
the implementation and application of the provisions of this chapter. *

4.2 Definitions

In addition to those in 1.4, the following definitions applv through-
out the Code.

4.2.1 Integral tanks

(a)

(b)

(c)

Integral tanks
are influenced

form a structural part
in the same manner and

of the ship’s hull and
by the same loads which

stress the adjacent hull structure.

The “design vapour pressure” P. as defined in 4.2.5 should not
normally exceed O.25 kp/cm2. If, however, the hull scantlings
are increased accordingly, P. may be increased to a higher
value but less than 0.7 kplcm2.

Integral tanks may be used for the products provided that the
lowest temperature in any part of the hull structure under no
circumstances will fall below -10”C. A lower temperature may
be accepted by the Administration subject to special consider-
ation.

4.2.2 Membrane tanks

(a) Membrane tanks are non-self-supporting tanks which consist of a
thin layer (membrane) support ed through insulation by the adja-
scenthull structure. The membrane is designed in such a way
that thermal and other expansion or contraction is compensated
for without undue stressing of the membrane.

(b) The design vapour pressure P. should not normally exceed 0.25
kp/cm2 . If, however, the hull scantlings are increased accord-
ingly~ and consideration is given, where a,ppropri’atie,tO the
strength of the supporting insulation, p. qay b> $ncreased tO
a higher value buC less than 0.7 kp/cm2.

(.c) The definition of membrane tanks does not exclude designs such
as those in which non-metallic membranes are used or in which

membranes are included or incorporateed in insulation. Such
designs require, however, special considerateion by the Adminis-
tration.

* Reference is made to the published Rules of members and associate members of
the International Association of Classification Societies and in particular
to IACS Unified Requirements Nos. 92 and 93.
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4.2.3 Semi-membrane tanks

(a)

(b)

Semi-membrane tanks are non-self-supporting tanks in the loaded
condition and consist of a layer, parts of which are supported
through insulation by the adjacent hull structure, whereas the
rounded parts of this layer connecting the above-meritioned sup-
ported parts are designed also to accommodate the thermal and
other expansion or contraction.

The d~sign vapour pressure P. should not normally exceed 0.25
kplcmz . If, however, the hull scantlings are increased accord-
ingly, and consideration is given, where appropriate, to the
strength of the supporting insulation, P. may
a higher value but less than 0.7 kp/cm2.

4.2.4 Independent tanks

Independent tanks are self-supporting; they do not
ship’s hull and are not essential to the hull strength. The
of independent tanks are:

(a)

(b)

(c)

be increased to

form part of the
three categories

Independent tanks type A which are designed primarily using
Recognized Standards of classical ship-structural analysis
procedures. Where such tanks are primsrily constructed of
plane surfaces (gravity tanks , the design vapour pressure P.

ishould be less than O.7 kp/cm .

Independent tanks type B which are designed using model tests,
refined analytical tools and analysis methods to determine stres~
levels, fatigue life and crack propagation characteristics.
Where such tanks are primarily constructed of plane surfaces
(gravity tanks) the design vapour pressure P. should be less
than 0.7 kp/cm2.

Independent tanks type C (also referred to as pressure vessels)
are tanks meeting pressure vessel criteria and having a design
vapour pressure not less than:

where

%
P. = 2 + AC(P) [kp/cm2]

2

()

A = 0.0185 A
AaA

With

am = design primary membrane stress

k, = allowable dynamic membrane stress
at probability
5.5 kp/mm2 for
2.5 kp/mm2 for

level O = 10-8)

(double amplitude

ferriticfmarteisitic steel
aluminum allow (5083-0)
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c . a characteristic tank dimension to be taken as the
greatest of the following:

h; o.75b; or 0.451

with

h = height of tank (dimension in ship’s vertical
direction) (“m)

b = width of tank (dimension in ship’s transverse
direction) (m)

1. = length of tank (dimension in ship’s longitudinal
direct ion) (m)

P= the relative density of the cargo (p = 1 for fresh water)

at the design temperature.

However, the Administration may allocate a tank camplying with
the criterion of this sub-paragraph to type A or type B, depen-
dent on the configuration of the tank and the arrangement of
its supports and attachments.

.“.. . Wvmmm ,,,”,1,, OFFICE , ,980 r3.j,G571/@~,
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