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Discussions

LNG Tank Sloshing Assessment Methodology—The New Gen-
eration, by J.F. Kuo, R.B. Campbell, Z. Ding, S.M. Hoie, A.J.
Rinehart, R.E. Sandström, T.W. Yung, M.N. Greer and M.A.
Danaczko (IJOPE, Vol 19, No 4, pp 241–253, 2009)

John Maguire (Lloyd’s Register EMEA, Marine Consultancy
Services, Technical Investigations & Analysis, UK).

This paper is an excellent update to a “new generation” slosh-
ing assessment methodology known as EMPACT, which was ear-
lier introduced at GasTech 2005 in Bilbao (Richardson et al.,
2005) and subsequently at LNG 15 in Barcelona (Sandström et al.,
2007).

At the time of writing this review (Jan 2010), EMPACT does not
exist in the form of a publicly available, quality-controlled, stand-
alone document. Notwithstanding, the principles have been made
clear and are summarized well in the paper. The EMPACT approach
is considered by many to be both “state of the art” and “leading
edge” in many respects. Some of the significant new developments
and findings that have emerged since 2005 and 2007 follow.

• Probabilistic assessment framework. This is seen as a major
improvement in the EMPACT methodology. The application of a
single value of pressure based on an extreme sea state is now
known as being too simplistic for the assessment of strength of
membrane containment systems. The application of a probabilistic
approach to derive a “failure probability” is a far more rigorous
method, but this then introduces the issue of what constitutes an
“acceptable probability of failure.” The authors’ thoughts on this
issue would be welcome.

• Structural capacity. Data are presented relating to cryogenic
material properties, showing wider variability compared to equiv-
alent ambient temperature properties. (See also Issa et al., 2009.)

• Statistical modeling. Within the paper, the derivation of the 1-
h maximum pressure distribution using the GEVD method appears
to be based on the analysis of one sea state. How do the authors
expect this approach to be extended to cover the issue of proba-
bility of sea state, ship speed, ship-to-wave relative heading, fill
level, loading condition, etc.?

• Scaling laws. Out of a proposed 5 relevant dimensionless
numbers for LNG sloshing (Euler, Froude, Interaction Index,
Reynolds and Weber), it is proposed (see also Yung at al., 2009)
that the first 3 of the 5 were dominant for LNG sloshing, whilst
the last 2 were of secondary importance. Hence the use of SF6
and N2 for scale modeling are favoured, instead of air and water,
since the liquid-to-gas density ratio is closer to that of LNG.

• Effect of membrane surface structures. The authors recom-
mend that 3D model tests with membrane surface structures be
included in sloshing tests. In application, however, detailed mod-
eling is laborious and reliable miniature sensors are not readily
available; in addition, such a test campaign can be time consuming
and expensive. As an alternative, the authors suggest developing
conservative design factors to bound such hydrodynamic effects.
This reviewer is not yet persuaded of the need to include mem-
brane surface features at model scale; local effects due to such
could be addressed by separate (e.g. localized CFD) studies.

In summary, this excellent paper gives much useful informa-
tion relating to the variability of sloshing pressures, coupled tank
sloshing and ship motion, scaling laws for LNG sloshing (espe-
cially the dimensionless Interaction Index proposed), effects of
membrane surfaces, and structural capacities. The authors are to
be congratulated on their most valuable and welcome contribution
to LNG ship safety.

Louis Diebold (Bureau Veritas, Research Department, France).
The present paper deals with the problem of sloshing inside

LNG tanks equipped with membrane tanks and more particularly
with the new generation methodology developed by ExxonMobil
for the assessment of the membrane LNG tanks. Sloshing assess-
ment is a very challenging problem, and it is fair to say that no
absolute approach exists up to now. This paper represents a good
synthesis of the sloshing state of the art with some specific devel-
opments initiated by ExxonMobil.

Below are more detailed comments:
• (p. 244) It is well reminded in the paper that Generalized

Extreme Value Distribution used for the samples fitting can rep-
resent the 3 possible limiting distributions for the maximum pres-
sures. However, it would be appreciated knowing which limit-
ing distribution is the best representative for maximum pressures
according to the authors’ experience.

• (p. 244) Fitting the Generalized Extreme Value Distribution
and Pareto distribution (GPD) with the pressure samples may be
sensitive according to the selected threshold value. It would be
appreciated having the authors’ experience for the choice of this
threshold value.

• Plots provided in Fig. 12 should be changed since they are
the same as those provided in Fig. 11. Moreover, these plots do
not correspond with the figure’s title: "Example of variability of
material properties."

• (p. 246) Eq. 5 as given in the paper is:
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where fP�C is the joint probability density of the applied loads,
P , and the defined structural capacities, C. It is not clear how the
capacity disappeared in this second formula.

• (p. 246) Significations of QA (Quality Assurance?) and N/A
(Not Applicable?) should be added.

• (p. 246) Authors do not recommend (Table 2) taking into
account sloshing effects in the RAO motion prediction for LNG
in transit delivering LNG or on a return voyage. However, for
some return voyages where tanks can be filled up to R= 10%H ,
taking into account sloshing effects may increase design sloshing
loads in comparison with the classical ballast condition.

• (p. 246) It would be appreciated having the authors’ point
of view on the possible limitations of the linear potential theory
when taking into account the sloshing effects on seakeeping for
low fillings (R= 10%H ) and high fillings.
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• (p. 248) The authors wrote, “Yung proposes 5 relevant dimen-
sionless numbers for LNG sloshing: The Euler and Froude num-
bers, Interaction Index, and Reynolds and Weber numbers.” The
Interaction Index is equal to:
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)(
�− 1
�

)

where � denotes the ambient vapor’s polytropic index.
• The validation of the Interaction Index � as a governing

dimensionless number for LNG sloshing is provided in Yung
(2009) through one graph relating experiments with different liq-
uid/gas combinations. However, in the same paper (Yung, 2009)
the mathematical demonstration of the Interaction Index relevance
refers to Yung (2010), which is not yet published unless I am
mistaken.

• The authors wrote, "As the simultaneous scaling of the first
3 dimensionless numbers is possible for a wide range of liquids
and gases, sloshing experiments can be conducted with a sub-
stantially scaled-down model at convenient thermal condition."
However, other dimensionless numbers are proposed in Braeunig
(“Phenomenological Study of Liquid Impacts Through 2D Com-
pressible Two-fluid Numerical Simulations,” 2009) for a perfect
similarity such as density ratio, and the necessity to Froude scale
liquid and gas speed of sound (not physically possible) for the
sloshing model tests. It would be appreciated having the authors’
point of view on these different conclusions.

• It would be appreciated having the authors’ experience on the
relative importance of sloshing impacts with formed gas pockets.
Could this removal of gas pockets impacts introduce a bias on the
statistical post-processing?

• (p. 249) In Fig. 22, it seems that the x- and y-axis titles should
be exchanged. Indeed, based on the provided values, normalized
pressures should be on the y-axis and rise time on the x-axis.

• (p. 252) Fig. 34 depicts one example of the predicted contours
of Pf. It would be appreciated if the authors could specify if the
mentioned sea states take into account their duration according to
Eqs. 6 and 7.

• Moreover, once operating conditions are specified, Pf should
take into account this operating scenario in order to derive the
corresponding Pf . This means that the calculation of Pf should
cumulate for one identical critical zone (low parts of the side
wall and the cofferdam for low fillings and low partial fillings)
all related sea states and their corresponding filling (in this case
between R= 10%H and R= 30%H	, heading, and speed (if any)
distributions.
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AS, Norway).

It is well known in the industry that ExxonMobil over many
years have carried out comprehensive research and development
on sloshing in membrane LNG tanks. It is therefore of great inter-
est and value for the industry that the authors share the main ele-
ments of the EMPACT sloshing assessment methodology.

DNV would like to focus this discussion on practical issues.
Although we recognise that the comparative assessment has

certain limitations, we believe that this can be used within a prob-
abilistic framework that also considers issues listed in the paper
as challenges for a comparative-based method. The main purpose
is to determine a scaling factor between model and prototype.
The comparative basis (reference vessel) can be assessed using
the same probabilistic methods as proposed in the paper to ensure
that the result is consistent with operational experience.

This paper proposes to work with fits of n-hour extreme value
distributions as basis for the reliability assessment of cargo con-
tainment systems. DNV and others (Rognebakke et al., 2009; Ger-
vaise et al., 2009) work with estimates of the parent distributions
(distribution of maxima). In principle this should be equivalent,
but the paper correctly points out that one needs to assume the
type of parent distribution. This paper argues that the extreme
value distribution can be of a more general form, which captures
several possible parent distributions.

The reliability of the structure is determined by rare events
described by the tail of the impact load probability distribution.
The fundamental problem, irrespective of the choice of method,
is that we lack test information to describe this tail. What level of
convergence of the n-hour extreme value distributions is required
to ensure accurate prediction of the tail? An example given in
this paper shows that 80 h of full scale (approximately 14 h of
lab-time) provide a sufficient basis for a converged GEVD fit for
1-hour maxima. Is this a general finding?

When using the parent distribution, we rely on some general
findings regarding the shape in order to increase reliability and
efficiency of the procedure (Rognebakke et al., 2009). This means
that we are not entirely relying on strict mathematical fits to test
data. Does the experience gained during this reported extensive
work indicate a trend in the GEVD distributions based on e.g. tank
filling ratio and the ratio between the sloshing resonance period
and the tank excitation period? Is such general knowledge used
in the EMPACT procedure?

There will always be a level of uncertainty in the fitted parame-
ters. When the different fitted distributions are combined to reflect
the operation of the vessel, one should somehow be able to quan-
tify the total uncertainty. The paper shows a figure of confidence
bounds of one of the fitted parameters. Even if the uncertainty
is quantified for each GEVD fit, how is it reflected in the total
uncertainty of the failure probability prediction?

The authors discuss the importance of the Interaction Index.
Testing with water and air does not give Interaction Index simili-
tude with LNG/NG. We would appreciate if the authors can elab-
orate a little on the implications of this. Does it simply imply
a difference in scale factor on pressures, or will it also affect
e.g. statistical distribution and rise time? The authors also sug-
gest that impact events that cause trapped gas pockets should
be disregarded in the statistical analysis of the test data, as this
phenomenon is inconsistent with the thermodynamic behaviour
of LNG/NG. Is it possible to describe how this will affect the
extremes, and hence the conclusions of a sloshing assessment?
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Interesting hydrodynamic effects of membrane surface struc-
tures are discussed. It is suggested to derive conservative design
factors to bound the impact pressures due to associated hydrody-
namic effects. Would it be possible to elaborate on these effects,
more than briefly stating that it may be non-conservative to dis-
regard it?

We conclude that the paper discusses the fundamental chal-
lenges in reliability-based sloshing assessments, and proposes a
consistent and thorough design verification methodology.
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