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SECTION 1

INTRODUCTION

1.1 PURPOSE

The '"Deepwater Port Act of 1974" (Public Law 93-627, 1975) grants
to the Secretary of Transportation authority to issue licenses for the construc-
tion and operation of deepwater ports off the coast of the United States.
In the process of granting such licenses, the Secretary must determine '"that
the applicant has demonstrated that the deepwater port will be constructed
and operated using best available technology, so as to prevent or minimize
adverse impacts on the marine environment'.

To implement this act, the Secretary of Transportation designated the
U.S. Coast Guard as the agency to develop the rules and regulations under which
a deepwater port may be constructed and operated. Pursuant to this goal, the
Coast Guard has issued "Deepwater Port Regulations on Licensing Procedures
and Design Construction, Equipment and Operations Requirements'" (1975) and
"Recommended Procedure for Developing Deepwater Ports Design Criteria' (1975).

One key element in the total safe operation of a deepwater port
is the SPM (single point mooring). The Coast Guard Regulations require the
applicant for a deepwater port license to submit "A description and the results
of any design and evaluation studies performed by or for the applicant on
a floating component'". Further, the Coast Guard Recommended Design Criteria
states, '""The designer should submit data to support the operating mooring loads
based on physical dynamic model tests and supporting calculations for similar
SPMs and environments".

As the Deepwater Port Act requires that the best available tech-
nology be used to minimize risks, the Coast Guard is conducting research
in a number of technical areas relating to deepwater port design, construc-
tion, and operation. Determination of the mooring loads at a SPM and design
of a mooring system adequate for these mooring loads are among the most
important aspects of the design of the deepwater port. The U.S. Coast Guard,
in its role in granting permits for deepwater ports, will review the design
of SPMs. As a part of this review, they will assess the manner in which mooring
loads have been established, the compatability of the established mooring
loads with various limiting criteria, and the adequate design of the mooring
lines, structures and anchor chains for the established mooring loads.

1.2 SCOPE OF STUDY

The Coast Guard recognizes that the field of SPMs is an emerging
technology and that the best available technology in this field is not found
in standard text books and design manuals. In order to adequately prepare
to perform reviews, the Coast Guard solicited proposals for a research study
entitled "Deepwater Port Mooring Loads Determination Study'". The objectives
of this study were stated in the Coast Guard statement of work as follows
(Coast Guard, 1976):
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e Examine all parameters that affect the mooring loads to be experienced
in all conditions of possible deepwater port operation.

¢ Provide guidance and direction to allow the thorough, meaningful
review of the mooring segment of the deepwater port license application.

e Provide a basis for the continued Coast Guard review of the total
mooring system adequacy.

In its response to the statement of work, Exxon Research and
Engineering (ER&E) proposed to develop a set of guidelines which will enable
the Coast Guard to evaluate the mooring loads submitted as part of deepwater
port applcations and the manner in which they were determined, as well as the
adgquacy of the mooring system design and the operating and maintenance
procedures established for the mooring portion of the deepwater port. The
study was divided into eight tasks as follows:

Task 1 Background study.

Task 2 Develop guidelines for evaluating the influence of factors
affecting mooring loads.

Task 3 Develop guidelines for evaluating the conducting of model
tests and the analysis of model test data.

Task 4 Develop guidelines for evaluating factors influencing the
maximum permissible environments and mooring loads.

Task 5 Develop guidelines for evaluating mooring system designs.
Task 6 Develop guidelines for evaluating mooring-line test procedures.
Task 7 Evaluate areas for further investigation.
Task 8 Prepare interim and final reports of study.
The following report presents the data and guidelines developed as

a result of this study. Sections 2 through 7 of the report correspond to the
above mentioned Tasks 2 through 7.

1.3 SINGLE POINT MOORINGS

In its broadest definition, the SPM for tankers consists of an
integrated mooring and cargo transfer system which incorporates either a
cargo swivel concentric with the mooring system or a mooring swivel con-
centric with the cargo system so the tanker can freely swing around the
mooring in response to the environment while simultaneously transferring
cargo. A general schematic plan view of an SPM is shown in Figure 1-1l.
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As the tanker is free to align itself into the environment at
an SPM, mooring forces are minimized. Thus, the tanker can remain moored
and continue transferring cargo in environments more severe than could be
tolerated at moorings, such as piers and multiple buoy berths, where the
tanker is held in a fixed heading. One of the principle advantages of the
SPM is it can be located offshore in uncongested deepwater instead of in
protected, crowded harbors and bays. (Flory, 1975).

The first type of SPM, known as the Catenary Anchor Leg Mooring
(CALM), was developed simultaneously and independently by Shell 0il Company
and IMODCO, then a Swedish company but now a U.S. company based in Los Angles.
Shell installed a number of CALMs in the Far East in the early 1960°s through
contracts with IHC, a Netherlands shipbuilding company. IHC became a licensee
of the Shell CALM and through a subsidiary, SBM Inc. of Monaco, has supplied
over half of the CALMs in the world today. IMODCO developed CALMs for the
Swedish and German navies and then became a major supplier to oil companies;
the company also has furnished a number of CALMs for the U.S. Armed Forces
in the Far East and for handling fluidized iron ore and liquid propane.

A typical CALM system is shown in Figure 1-2. The CALM consists
of a large flat buoy, approximately 10 to 12 m (33 to 40 ft) in diameter and
3to5m(l0 to 16 ft) high, that is anchored by four or more chains extending
in catenaries to anchor points on the sea floor, sometimes as far as 400 m
(1,300 ft) from the buoy. The tanker is moored by bow hawsers to a turntable
on the deck of the buoy. Floating cargo hose connects through piping on this
turntable to a fluid swivel in the center of the buoy. Underbuoy cargo hose
connects this swivel with a manifold at the end of the submarine pipeline.

A new type of SPM, the Single Anchor Leg Mooring (SALM), was devel-
oped in the late 1960°s by ER&E. The first SALM was installed in Libya in
1969, and six more SALMs have been installed throughout the world to date.
The SALM has been licensed to SBM Inc., IMODCO, and a new firm, SOFEC of Houston,
Texas. As a result of extensive model testing, the SALM was selected by SEADOCK
and LOOP for their proposed deepwater ports.

The SALM design for deepwater ports is shown in Figure 1-3. The
SALM consists of a mooring buoy at the sea surface, which is attached to a
base on the sea floor by a single anchor leg. The buoy is drawn down against
it buoyancy by tension in the anchor leg. Tankers moor through lines to the
buoy, and a swivel in the anchor leg or on the buoy allows the tanker to swing
around the mooring point. A fluid swivel is mounted concentric about the
anchor leg, either on top of the base or on top of a riser pivoted from the
base and forming part of the anchor leg. Cargo hoses connect to an arm on
the fluid swivel and rise to the surface, where they float and extend to the
tanker manifold.

- v v p J
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Another type of SPM consists of a fixed mooring tower with a
mooring turntable on its deck. The first such mooring tower, which was
installed by an Exxon affiliate in Libya in 1963, is shown in Figure 1-4.
The tower features an underwater loading arm extending from the turntable
to a riser positioned beside the tanker’s midship manifold. Several mooring
towers that employ floating loading hoses have been installed in Italy and
Scotland.

A number of other SPM systems have been proposed, and examples
of several of these have been installed. However; to date, the CALM, SALM,
and tower-type SPM are the principal types of SPMs used as terminals in rela-
tively shallow water. Most of the material in the following report is general
enough to apply to any type of SPM, and some of the material will be of
use in the design and evaluation of other mooring systems. A few subsections
are particular only to the CALM and SALM.

The design of the cargo transfer components of SPMs is not covered
in this report. Only a few remarks are given applicable to the effect of
the environment on the design and operation of the cargo system. Separate
Coast Guard sponsored research is being conducted by others on cargo trans-
fer system design.




IdEONOD ONIYOOW INIOd FTONIS JHI 40 OILVWIHOS T1-1 FUNOIA

11NANO0D 0938V

% TIAIMS
a, 094V
YINNVL GIYO0OW ;///[ D
| x\\\\ \7 ¥0193A 312¥04
INDT
ONINOOW  TIAIMS
ONIHOOW

INVA ¥3HLIVIM Ol 3I3¥d4



-1 340914
ONIYOOW OHT YOHONV A¥VNALVD ¢

PlojtueN
SENTFET I

s9|ld
loyouy

plojiueiy
1 Aong buiiejoy

au1jadig

9SO0H
buipeo
Kongquapun

g

3SoH buipeory
butjeo) 4

fong
. butiooy
\
: 3|qejuan |
AIMS buneoy
[9A!
pinid

T avue) s
2100

r p

72

mog
N~ LU




ONTYOOW DdT YOHONV HTONIS €-1 T9NOId

3INIT3dId
S371d

BN ey a104INVIN
3sva h e
ATGNISSY TIAIMS QInT4

b= \‘.. e
k @ ,,N\Mw,\‘ B
WYY 3SOH > % \cw =
"R ) .
SINIOF TVSYIAINN \ 20 LS

JSOH Y3 LVYMYIANN
SINVL 3SOH

3SOH 3Svg

\\\ : TIAIMS HOHONY
-U/ Q

, NIVHD ¥OHONV
\l\u\lgn_—::;?)) §

3SOH 9NILVO0Td

AONg ONIYOOW

1HOIM
NOJILVIIAVYN

SYISMVH
Mod

4NV L
a704INVIN d3400N
dIINVL




ONTYOOW INIOd ATONIS HJAL-YAMOL -1 FENOIL

ONIY woliL08

ONIY ¥3ANI4

JgviNdnL >

LNIOr 171vE

WNJ041Vd
INIQVO"

INIT3dId —

\

¥ISMYH | |

L
YIINVL AIHO00N e
mog il




SECTION 2

FACTORS WHICH INFLUENCE MOORING LOADS AT SPMS

2.1 INTRODUCTION

In planning the design of an SPM, the designer must consider all
pertinent design factors including the site, the environment, the tanker,
mooring operation, and the physical design parameters of the mooring. Certain
factors are very important in establishing design loads, while other factors
have only minor effects on mooring loads. The designer must be aware of the sig-
nificance of the various factors and the possible effect which a change in
a parameter may have on mooring loads and mooring performance.

The Coast Guard, in evaluating the mooring system design aspects
of a deepwater port license application, must be able to ascertain that all
pertinent design factors have been considered by the designer. This section
describes the various parameters which are known to influence mooring loads
and mooring-system performance. The relative effects of parameters, and the
manner in which variations in parameters may effect mooring loads are discussed.
General quantitative assessments of the influences of variations in parameters
are given where possible.

2.2 INFLUENCE OF WAVES

Wave height is generally the most important single parameter in-
fluencing SPM mooring loads. Defining waves by wave height alone is not,
however, sufficient for design purposes. The distribution of wave energy
with period, known as the wave spectrum, also has a significant influence
on mooring loads.

2.2.1 Description Of Waves

Waves at typical deepwater port SPM sites, like ocean waves in
general, can be expected to be irregular. They cannot be adequately repre-
sented in terms of a regular sinusoidal wave function having a single ampli-
tude and a single frequency. It is difficult, if not impossible, to com-
pletely describe ocean waves. However, for most practical engineering
purposes the concepts of significant wave height, statistical wave height
distribution, and power or energy spectrum are used to define the important
characteristics of irregular waves in the ocean. These concepts are des-
cribed in some detail in Appendix A.

The significant wave height is the average of the highest one- i
third of the peak-to-trough waves in a wave record. Significant wave f
height is a convenient means of describing irregular waves. Throughout this
report the term wave height will mean significant wave height unless other-
wise stated. Significant wave height will be designated in the report by
Hs' Significant wave height is frequently designated in other sources

by Hl/} or similar notation.
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The term wave period applied to irregular waves is not as
commonly agreed upon as significant wave height. In this report wave period
will refer to the average of the periods of the highest one-third of the
waves in a wave record unless otherwise stated. Thics wave period will be
designated by TS and will sometimes be referred to as significant wave

period. Other definitions of period are also common in reference to irregular

waves. In stating period, as well as wave height, the definition must be
understood. In general this report deals with concepts and trends, and the
conclusions drawn here with regard to trends will apply as long as the
parameters being considered have consistent definitions.

2.2.2 Wave Height

Certain rules of thumb for the manner in which mooring loads vary
with parameters have been developed from the analysis of model test data.
These rules of thumb are not precise enough for design purposes, but they
can serve to assess the effect which a change in a parameter will have on
mooring load.

Mooring hawser load has been found to increase roughly in pro-
portion to the square cof wave height in the absence of wind and current.

2
Fak Hs (2-1)
where F = significant mooring force
Hs= significant wave height
k = constant of proportionality

This rule of thumb assumes that tanker size and condition remain
constant, the type of wave spectrum remains the same, and wave period
changes commensurate with the wave height. In moderate and high waves with
low to moderate wind and current acting nearly in line with the waves this
rule of thumb may still apply. Where winds and currents are high and/or at
large angles to waves, their influence will tend to overcome this rule, and
mooring forces will probably not increase in proportion to the square of
wave height. (Flory and Poranski, 1977).

2.2.3 Wave Period And Spectrum

Wave period and the type of wave spectrum can also influence
mooring loads, though in general their influence is not as great as wave
height. Recall that the wave period is not an independent parameter, but
1s related to wave height and the type of wave spectrum. Thus a change
of wave period with constant wave height generally implies a change in wave
spectrum, that is a change in the band of frequencies in which wave energy
is concentrated.
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For a constant significant wave height, mooring loads generally
increase with a decrease in wave period. Mooring loads increase roughly
in proportion to the inverse of the square root of the wave period. Thus
from the wave-height rule of thumb and the wave-period rule of thumb, the
following approximate relationship appears to apply:

Fak S (2-2)

where Ts = significant wave period
and F, HS, and k are defined as before

Several different spectra may have nearly the same mean wave period
for a given wave height. A narrow-band wave spectrum, where most of the
energy is concentrated in a narrow frequency band, may influence the response
of the SPM and the moored tanker differently than a wide-band wave spectrum.
If the natural frequency of the buoy or of some mode of response of the moored
tanker, for example roll, are very near the wave period, then response, and
thus mooring loads will be higher in a narrow band wave spectrum. Conversely,
if the natural frequencies of the buoy and tanker are near the wave period
but far enough from that period that they are hardly influenced by a narrow
band wave spectrum, those natural frequencies may be excited more by a wide-
band wave frequency. (Flory and Poranski, 1977).

2.2.4 Long-~Period Wave Phenomena

Long-period wave phenomena can have a major influence on the response
of the moored tanker, and thus on mooring loads. These long-period phenomena,
generally referred to as seiche or swell and wave grouping, are discussed
in Appendix A.

If the period of the sieche or wave jrouping phenomena corresponds
to a natural period of the mooring system then peak mooring forces may be
higher than would otherwise be experienced in waves of the same height.

Wave grouping and seiche have been found in some wave records but it is

not known how common they are in ocean waves. In planning an SPM terminal,

an analysis should be performed to determine if these long period phenomena
exist at the site. If they are expected at the site then they should be
accounted for as much as possible in model testing. (Remery and Hermans, 1971;
Remery and Kokkeel, 1976).

2.3 INFLUENCES OF WIND AND CURRENT

Unlike the loads imposed on the tanker by waves, the static loads
imposed by wind and current can be fairly accurately determined. However,
due to the nature of response of the tanker to these wind and current loads,
the influences of wind and current on SPM loads may be difficult to determine.
The term loads here is intended broadly to include both forces and moments.
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Because moments are imposed when the tanker hull is at an angle
to wind or current, the tanker may move to apparently unusual positions under
the combined effects of waves, wind, and current. The loads imposed on the
hull by wind or current alone and the possible response of the vessel to
.Fhese loads are covered in this subsection. The influences of waves, wind,
and current acting in combination are covered in subsection 2.4.

2.3.1 Wind Load On The Vessel

A number of model tests have been conducted in wind tunnels to
determine wind loads on typical tankers. The 0il Companies Intermational
Marine Forum (OCIMF) recently commissioned a series of wind and current
model tests on VLCCs. ER&E arranged for the model testing and analyzed the
test data. This new data on -wind and current loads on VLCCs has now been
published by OCIMF. (OCIMF, 1977; Benham, Fang, and Fetters, 1977).

The prototype wind induced loads on the vessel are determined
by model tests conducted in wind tunnels where vessel dimensions and wind
velocity are scaled by Reynolds’ law. The model is mounted near the floor
of the wind tunnel in order to imerse it in the boundary® layer. The velocity
gradient in the boundary layer may be adjusted, for example by roughening
the floor of the wind tunnel, to approximate the 1/7th power-law profile
of the natural wind profile over water.

In wind-tunnel model tests forces and moments on the vessel are
measured in the horizontal plane with the model set at various angles of
wind attack. Non-dimensional wind force and moment coefficients are calcu-
lated from the wind tunnel test results. The most common method of defining
these coefficients is as follows:

Cxw = Longitudinal wind force coefficient
CYw = Lateral wind force coefficient

c = Yaw wind moment coefficient

XYw

Typical plots of CXw’ C, , and CXYw as a function of angle

Yw

of attack for a typical loaded and ballasted tanker are shown in Figures
2-1, 2-2, and 2-3.
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The equations for calculating the longitudinal and lateral wind
force and the wind moment acting on the vessel are as follows:

k 2
= - p -
FXw CXw 2 ® V& AT (2-3)
k 2
= ol —
L N L R3=4)
. k 2
MXYw CXYw 2 pa Vw AL LBP (2-5)
where;
FXW = Longitudinal wind force
F = Lateral wind force
Yw
=W
MXYw Wind yaw moment

p = Density of air

a
Vw = Wind velocity

AL = Longitudinal (broad-side) wind area

AT = Transverse (head-on) wind area

LBP = Length between perpendiculars of the vessel
k = conversion factors for units

In using wind load coefficient data and formulas, caution must be
paid to the basis of the data, the form of equation it is to be used in,
and the units to be used. Areas are sometimes based on projected areas,
and sometimes based on total area, including that part of an aft house which
is blocked from direct view by a midship house or the forecastle.

The above coefficients and equations are given in terms of forces
acting along and transverse to the longitudinal centerline of the vessel
and moment about the center of the vessel. In subsection 3.5.3 the coefficients
are redefined in terms of lateral forces acting at the forward and aft perpen=-
dicular in lieu of a moment. Another method of representing wind loading
which is sometimes used is to give the moment arm, either forward or aft,
at which the lateral wind force must act to produce the wind-induced moment.
Yet another convention is to define coefficients in terms of the forces
acting parallel to and perpendicular to the direction of wind.
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2.3.2 Effect Of Wind Gusts

The velocity of wind over the ocean varies with time, almost in a
manner analogous to, though not as rapidly as, wave height. Wind velocity is
expressed in many ways. The terms one-minute average and one~hour average
do not need explanation. Fastest mile wind is the average velocity of a
one nautical-mile length of wind as it passes the point of reference. At
slow velocities a fastest mile wind may be close to the one-hour average
while at high velocities the fastest mile will be close to the one-minute
average. Gust velocities usually are averages over very short periods, such
as a ten-second gust. Figure 2-4 shows the relationship of average wind
velocities over various durations. (Vellozi, 1968).

The statistics of wind velocities are not nearly as develcped as
those for waves. General relationships between the various gust and average
wind velocities may be used to convert wind velocity measurements to dif-
ferent bases. However, only limited statistics on the recurrence or peri-
odicity of wind gusts over the ocean are available, and randomly varying
wind velocity corresponding to a wind spectrum have not been used in design
and analysis. Wind gust spectral density variation used for structural
design for winds over land is shown in Figure 2-5 (Vellozi, 1968). This wind
spectrum shows that for a 30 knot mean hourly wind the maximum response
will occur for a system with a natural period of about 40 seconds. However,
the wind spectra is much broader than wave sectra, that is, wind-energy
variation occurs over a very wide range of periods.

If wind spectra were available for use in the design of offshore
moorings then the question would be raised; How should wind statistics be
combined with wave statistics? It would be statistically extreme to assume
the peak wind gust occurs simultaneously with the peak wave height. It
would appear to be more valid to combine an irregular wind pattern with
an irregular wave. However, superimposing two sets of random statistics
in this manner may produce no different effect than that produced by only
one of the sets. Furthermore, the statistics for the wind are simply not
available in a useable form.

In one model test series ER&E used a varying wind. The wind
was controlled to alternate between two different velocities with a duration
at each veloctiy of 4 minutes and a transition time of 1 minute. The period
of this varying wind was chosen to correspond with what was expected to
be the natural period of the mooring. Results of this test series showed
the peak mooring loads to be essentially the same as the peak mooring loads
measured with a steady wind of the higher wind velocity. Choosing some
other pattern of wind velocity variation might show varying wind to be
a significant factor in determining vessel response and mooring loads.
However, ER&E now uses a steady wind velocity in model testing.

The response of the moored vessel should be analogous to a large
structure on land. The ANSI Building Code guidelines for wind gust response
factors on buildings (Vellozi, 1968) provides a means of determining the gust
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duration which may influence the moored vessel. The wind gust response factor
is a measure of the effective dynamic load produced by gusts and serves to
relate the dynamic response phenomena to a simpler static design criteria.

The ANSI design wind gust was calculated for a 190,000 dwt ballasted vessel
moored at a typical SPM in a 45 knot wind. The analysis showed that the
design wind gust duration was about one minute.

Based on that analysis, it appears a steady velocity corresponding
to the onee-minute gust velocity of the design wind is appropriate for use in
model testing and design analysis of SPM systems. Using a one-minute gust
velocity should produce essentially the same effect as a one-minute gust in
an irregular wind record occurring simultaneously with the peak wave induced
forces. The above analysis is not rigorous enough to firmly conclude this.
However, the use of the one-minute gust velocity is recommended as an interim
guideline until further investigations on this topic are performed. The one-
minute gust velocity is approximately 1.24 times the mean hourly wind.

2.3.3 1Influences On Wind Loads

From wind-load equations such as those given in subsection 2.3.1,
it is obvious that wind forces and moments imposed on the vessel are propor-
tional to the square of wind velocity. Also, the forces are proportional
to the projected hull and superstructure areas, and the moment is propor-
tional to the product of the longitudinal area and the length between per-
pendiculars. Although the areas would appear to be proportional to the
two-thirds power of tanker size, expressed in dwt, and the length between
perpendiculars would appear to be proportional to the one-third power,
the superstructure, freeboard, and length do not increase by quite these
proportions. As tankers grow in size, draft and beam are usually increased
out of proportion. In general, the forces and moments due to wind increase
roughly in proportion to the square root of tanker size.

The configurations of the vessel’s hull and superstructure may
influence the forces and moments. There are pronounced differences in the
coefficients for mid-ship-house and bridge-aft tankers. The presence or
absence of a forecastle, large differences in bow shapes, and large dif-
ferences in superstructure shapes can also affect wind forces and moments.
These influences are discussed further in subsection 2.5.3.

2.3.4 Current Loads On The Vessel

Current forces and moments on typical tanker hulls have been
determined by a number of model tests. The recently published OCIMF report
includes current load data for VLCCs, based on research conducted by ER&E for
OCIMF under contract. (OCIMF, 1977, Benham, Fang, and Fetters, 1977).
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Loads due to current flowing at a given velocity past the stationary
hull of a vessel at a low water~depth to draft ratio will be higher than
loads imposed on the hull as it moves at the same velocity though still
water over the bottom of the body of water. Therefore, coefficients of drag
measured on a moving vessel should not be used to represent current drag
in shallow water. The loads in either case will be influenced by the mag-
nitude of the water-depth to draft ratio. Only at water-depth to draft
ratios greater than about 1.5 are the forces and moments in the two cases
essentially the same. SPM terminal sites usually have water-depth to draft
ratios of less than 1.5 for large vessels in loaded condition. Therefore,
generally only data for the case of water flowing past the stationary vessel
should be considered in deepwater port SPM studies.

In shallow water the predominent effects of current on the vessel
are form drag and a difference in water level across the hull due to block-
age. These gravity effects are realistically modeled by Froude’s law. Vis-
cous drag contributes only about 57 to the total force on the vessel when
broadside to the current, but may contribute 70% of the force when the vessel
is bow-on to the current. Adjustments are sometimes made in interpreting
current-force model-test data to account for this inadequate modeling of
viscous drag.

In model testing for stationary current-induced forces and moments,
the hull dimensions and the velocity of current flow are modeled according
to Froude’s law. The vessel is constrained at various angles of current attack
and the drag and 1lift forces and the moment due to the current are measured
in the horizontal plane. Non-dimensional current force and moment coefficients
are calculated from the measured results for the various angles. The most
common method of defining these coefficients is as follows:

CXC = Longitudinal current-force coefficient
CYc = Lateral current-force coefficient
CYYc = Yaw current-moment coefficient

Typical plots of C C, , and C " as a function of angle and

Xc’® Yc XY
the water depth to draft ratio are given in Figures 2-6, 2-7, and 2-8.
The longitudinal current force, lateral current force, and current

yaw moment acting on the vessel at any heading to the current can be calculated
using the following equations:
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] :. v k 2
k| FXc = CxC 5 (3] Vc D LBP (2-6)
1; ¥ K >
1 FYc = CYc 5 PwW Vc D LBP (2-7)
|
| 3
1 M k 2 2
Mevo™ xve 2 ¥ VYo P lpp S
ffi where
{ FXc = Longitudinal current force
' FYc = Lateral current force
ik‘ MXYC = Current yaw moment
3 Py = Density of sea water
; Vc = Current velocity
£ D = Draft of vessel
LBP = Length between perpendiculars of vessel
k = Conversion factor for units

As expressed earlier in the discussion of the wind load coefficients
and equations (subsection 2.3.1), attention must be paid to the basis, form,
and units of current load coefficients and equations. Like the equations
for wind loads, those for current loads can take several different forms.

e S e e s i M

2.3.5 Influences On Current Loads

As with wind, current loads increase proportional to the square
of the velocity of flow. Current loads will decrease with a decrease in
draft. For a fixed draft, current loads will decrease with an increase
in water-depth to draft ratio. This effect is very important up to a depth
to draft ratio of about 1.5 and is less pronounced beyond that ratio.

As can be seen from the equations, current forces increase propor-
tional to the product of the draft and the length between perpendiculars,
and the moment increase by the product of the draft and the square of this
length. Very roughly these proportions increase by the two-thirds power
of vessel size expressed in dwt, however, because both the draft and the
beam are easily defined variables, the effect of a change in tanker size
on current loads is best worked out on the basis of the dimensions. The
form of the bow of the hull, especially the presence or absence of a bulbous
bow, can have significant effects on current moments. These effects are
discussed in subsection 2.5.3.




P T TS P e

- 2.10 -

2.4 RESPONSE TO WAVES, WIND, AND CURRENT

The motions of a vessel moored to an SPM in waves, wind, and
current can be very complex. Many dynamic factors influence the response
of the system. The mooring system is non-linear. The moored vessel is
free to respond in three degrees of horizontal freedom; surge, sway, and
yaw. Including the vertical modes of vessel response and all modes of
SPM buoy response, there are a total of twelve degrees of freedom in the
system.

In irregular waves the response of the tanker is caused by the
variation in the wave energy with time. The wave induced motions of the
tanker are easily understood. It is surprising to see large dynamic response
of a tanker moored in constant wind or current alone. However, these re-
sponses observed in steady wind or current can be explained by analyzing
the variations of moments and forces which occur as the tanker hull changes
its heading to the direction of the steady wind or current field.

2.4.1 Vessel Response In 'Wind or Current

Unt ' recently it had been assumed that wind or current acting on
a vessel moored at an SPM produced an essentially constant force on the
vessel, and that the wind or current flowing past the vessel would tend
to stablize the weather-vaning action of the moored vessel. Yaw and sway
of the vessel were believed to be caused primarily by wave action. When
during model tests, the moored vessel was observed to yaw due to wind or
current alone, this was attributed to vortex shedding which would not occur
on the prototype.

Now a more complete understanding of the effects of wind and current
has been reached through theoretical analysis, computer simulation, and model
testing. It has been discovered that sustained combined yaw and sway motions
can be caused by alternating wind or current induced 1lift forces acting
on the vessel hull in resonance with the natural periods of the mooring.

This phenomena can be explained, by referring to Figure 2-9, as follows.

The vessel may start in position 1, with a slack bow hawser and
a slight yaw to the direction of wind. In this position the vessel is
unsymetrical to the flow of air, and the hull acts like an airfoil or wing
in the wind field. The lift created as air flows around the hull causes
the hull to sway to starboard. The vessel will continue to sway until
the bow hawser becomes taut.

As the tension in the bow hawser tightens, it retards the motion
of the bow to starboard. The vessel then begins to yaw to port about its bow
due to its inertia of movement as shown in the second position. The elastic
bow hawser is tensioned and then relaxed as the vessel continues to yaw.

D NP ——
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The rebound of the bow hawser pulls the vessel forward toward the
mooring buoy and the bow is again unrestrained. The angle of the vessel
hull to the wind field has now reversed, and the flow of air around the hull
now lifts the hull to port, as shown in position 3.

The vessel will sway through the center position to the port side
of the mooring until the bow hawser again becomes taut as shown in position
4. At this point, the bow is restrained and the inertia of sway is again
transferred to yaw, causing the vessel to yaw to starboard. Once the vessel
has yawed, reversing the angle of the wind 1lift on the hull, it will again
sway to starboard, thus completing the cycle.

Substaining the action depends on the vessel yawing far enough
while the bow hawser is taut to reverse the angle of the hull to the wind,
and then on the vessel swaying to the other side of the mooring before
the bow hawser becomes taut again. The action thus depends on proper phasing
of the periods of surge, sway, and yaw of the vessel on the mooring. Under
the proper combination of wind (or current) velocity, vessel size, mass
and freeboard, bow hawser length and mooring system elasticity, the action
will grow to a certain amplitude and continue indefinitely. (Wichers, 1976;
Flory and Poranski, 1977; Muga and Freeman 1977).

2.4.2 Vessel Response In Waves

The vessel moored in waves alone tends to align itself into the
waves and respond primarily in surge. In regular waves, the vessel will
surge back on the mooring until the force in the hawser equals the mean
wave-induced force on the vessel and will remain essentially in equilibrium
at this position unless the waves are in resonance with a natural frequency
or a harmonic of the mooring. The natural period in surge is normally far
removed from any regular wave period. The moored vessel responds an impre-
ceivable amount in surge to regular waves having periods less than about
30 seconds. Variations in mooring load records at the natural period of
short-period regular waves are due to vessel heave, pitch and roll, and
due to buoy motions.

In irregular waves, the mean wave force varies with time. Although
the moored vessel does not respond in surge to each individual wave, it
may respond to variations in the mean wave force. Long-period swell or
seiche can cause long-period excitation of the moored vessel. Variations
in mean wave force may also be caused by wave grouping. A group of low
waves followed by a group of high waves will produce a variation in mean
wave force. Wave grouping is discussed in Appendix A. The position in
surge of the vessel on the mooring, and thus the hawser load, will change
in response to the magnitudes of groups of waves. The response will be
especially pronounced if the period of wave grouping or of seiche or swell
corresponds to the natural period in surge of the mooring system.
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Considerable attention is now being directed to wave grouping and
its possible effects on mooring systems. (Remery and Hermans, 1971; Remery
and van Oortmerssen, 1973). It is not known how common periodic wave grouping
may be at typical mooring sites. As explained in subsection 2.2.4, if wave
grouping is thought to occur at the site then it should be included in model
testing and analysis of the mooring.

The moored vessel may experience a low-frequency subharmonic
response in waves at a non-linear mooring system. This low-frequency
subharmonic response is a property of the dynamics of a non-linear elastic
system. Even with a linear mooring system the vessel may experience low-
frequency response in waves due to non~linear coupling between the response
modes. These subharmonic response phenomena are independent of the effects
of wave grouping, seiche, and swell. Only limited analysis of these
subharmonic resonances at mooring systems have been conducted to date.
(Wilson and Awadalla, 1973).

2.4.3 Vessel Response In Waves, Wind, and Current

The response of a tanker moored to an SPM in an environment composed
of waves, wind, and current can be rather complex, especially if the three
environmental components are not colinear. Even if they are colinear, unex-
pected things can happen.

In some model tests with a constant wind or current acting colinear
with irregular waves, the wind or current have been observed to have a steading
effect on the response of the tanker. The peak mooring loads measured in some
such tests have actually been lower than the peak mooring loads measured in the
same wave environment without wind and current. In other tests with waves, wind
and current in line, peak mooring loads much higher than those measured in waves
alone have been measured. Sometimes these peak loads have been higher than would
be predicted by superimposing the static wind or current force on the peak wave
induced loads. One explanation for this is that the vessel is excited in yaw
and sway by the wind and current induced moments and forces as explained in sub-
section 2.4.1. Not only do the wind or current-induced sway and yaw motions
impose loads on the hawser, but also the yaw action increases wave induced loads.

When waves, wind, and current are not colinear, the response of the
vessel is even more difficult to describe and explain. Figure 2-9 shows a
mooring load record from a typical model test conducted with a ballasted
350,000 dwt tanker moored in 4.4 m (15 ft) waves with a 45 knot wind at 459
to the waves and a 1 knot current at 90° to the waves. Note the relative
magnitude of the high-frequency variation in amplitude to the low-frequency
variation in amplitude. The high-frequency load variation corresponds to
the wave-induced buoy motions and the pitch, roll, and heave of the moored
vessel. These high-frequency load variations are not negligible; they add
to the magnitude of the peak mooring loads. However, most of the magnitude
of the peak mooring loads are due to the slowly varying low-frequency motions
of the moored vessel.
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Figure 2~11 shows a continuation of the mooring load record in Figure
2-10. The 34 minute duration of the first record corresponds to the duration
of a typical model test. The test recorded in the second figure consisted of
a continuation of the first test in which the irregular waves were cycled over
and over for a total of six cycles. The high-frequency component has been
filtered from the record of the last five cycles.

The vessel motion observed in this test was very irregular. During
most of the test, the vessel swayed and yawed in response to the wind and
current and surged in response to waves. The vessel’s bow sometimes traced
a figure eight pattern, with peak loads being experienced at the top and bottom
of the figure eight. At other times, particularly during the last cycle of
the test the vessel motions appeared to damp out and the vessel responded
very little.

This example test record shows the complex nature of the vessel
response in waves, wind, and current, and shows the vessel motion will
not always be the same even in response to the same wave, wind, and current
environment. It is important that realistic wave, wind, and current environ-
ments be used in model testing and analysis. As explained in Appendix A,
it is not so important that any particular wave spectrum be used, but that
a realistic wave spectrum be used, and that long period phenomena such as
seich or wave grouping also be reflected in the wave record if they exist
in nature at the site. As explained in subsecton 2.3.2, it does not appear
to be important that wind velocity be varied unless wind is the predominent
forcing function. It is important, however, that the wind and current be
accurately represented as to direction, velocity, and their moment producing
effects on the vessel. Specific guidelines for producing wave, wind, and
current effects in model tests are given in Section 3.

2.5 INFLUENCE OF THE TANKER

Variations in tanker size or shape do not affect mooring loads at
SPMs as much as do variations in the environment. Nevertheless, where a
large range of tanker sizes are to moor at a SPM, consideration must be
given to the influence of tanker size on mooring loads. The larger tankers
do not always impose the higher mooring loads.

The state of tanker loading, that is whether the tanker is loaded
or light ballasted, can have a major influence on tanker response, and
thus on mooring loads at SPMs. Consideration must be given to the loading
condition in which tankers will most probably be exposed to severe environ-
ments .

ol . r—
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2.5.1 Tanker Size

Tanker size will be refered to throughout this report in terms of
dead weight tonnage (dwt). Dead weight tonnage represents not only the
weight of cargo which can be carried by a vessel, but also the weight of
all fuel, water, stores, and supplies which the vessel carries. For very
approximate reference dwt is about ten percent greater than the weight of
cargo, and about ten percent less than the total weight of water displaced
by the vessel when loaded. Exact cargo capacity, total displacement, and
dimensions for tankers can be found in Clarkson’s Register. The figures for
tanker size used in this report will be in dwt. However, as only trends with
tanker size are discussed, the principals generally apply to other means of
defining tanker size.

In conjunction with the rules of thumb relating mooring loads
to wave height and wave period given in subsections 2.2.2 and 2.2.3, another
rule of thumb has also been found through the analysis of model test data.
In general the mooring forces will increase proportional to the square
root of tanker size. The following general relationship then appears
to relate wave height, wave period, and tanker size to mooring loads:

2
Hy"VD (2-9)
VT

<

F =~k

0}

where D = tanker size (dwt) and Fs, Hs, TS and k are defined
as before. (Flory and Poranski, 1977).

Above a certain range of tanker sizes the above relationship has
generally been found to be overly conservative. Mooring loads measured
in model tests for tankers of 500,000 dwt and above have generally been no
higher than, and in some cases have been lower than, those measured on tankers
in the size range of 200,000 to 400,000 dwt. The 200,000 to 400,000 dwt
tankers moved around more in response to the environment than the largest
tankers. The situation is analogous to resonance response, although the
periods of response seem to be much longer than the periods of the excitation.
A mooring system which is optimum for a specific tanker size and environment
may not be optimum for some other tanker size. Based on the above obser-
vations, not only the largest sized tanker, but also one or several smaller
representative sized tankers should be considered in designing an SPM.

Another consideration is the probable strength of the mooring fittings
on-board various sized tankers as discussed in subsection 4.4. A small tanker
will probably not impose loads as high as those imposed by intermediate or
large tankers, but its mooring fittings may not be as strong and thus, be
inadequate for the mooring loads. Therefore, mooring loads on small tankers
cannot be disregarded.

2.5.2 Tanker Loading Condition

For a given tanker size, different mooring loads will probably
be experienced in the loaded condition than in the ballasted condition.
Therefore, both the loaded and the ballasted tanker must be considered.
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In most model tests in which both a loaded and a ballasted tanker
of the same size have been moored to a SPM, the loaded tanker has been ob-
served to respond less to the environment than the ballasted tanker. This
appears to be a situation of resonance with the forcing function similar to
that noted above in relation to tanker size. The significant forces measured
with the loaded tanker may be equal to or higher than those measured with
the ballasted tanker. However, because the ballasted tanker moves more at
the mooring, it imposes higher peak mooring forces. The ratio of maximum
to significant mooring forces to be used in design, as explained in subsection
3.11.2, are generally higher for the ballasted tanker than for the loaded tanker.
Therefore, for moderate to long mooring durations, high loads may be more
probable with a ballasted tanker than with a loaded tanker.

The more critical case of ballasted or loaded tanker cannot be
assumed, therefore, both cases must be considered. There may be cases in
which the loaded tanker exerts the higher loads on the mooring, depending
on the tanker size, the mooring system, and the environment. It is not
probable that an intermediate condition of tanker loading will exert
loads significantly higher than the loaded or ballasted condition.

In determining the more critical condition, loaded or ballasted,
the mode of operation of the terminal should be considered. Because of
limitations on the environment in which launches can operate, tankers would
generally not moor to an SPM in greater than about 2 m (6 ft) waves. Once
moored, tankers may remain moored in much higher waves, possibly as high as
4.5 m (15 ft). If a tanker is to discharge cargo at the terminal, it is
unlikely to experience high waves soon after mooring, when it is still nearly
loaded. However, it is apt to remain moored in high waves in the nearly
ballasted condition to complete discharge. Conversely, at a loading terminal
the tanker is more apt to experience high waves when it is nearly loaded.
Therefore, consideration of loaded tankers is more important at loading
terminals and consideration of ballasted. tankers is more important at dis-
charge terminals.

2.5.3 Other Tanker Parameters

Tanker design parameters such as hull form and superstructure
shape are generally not nearly as important as tanker size and loading
condition as they affect mooring forces at SPMs. Two hull parameters which
may have some influence are the length-to-beam ratio and the shape of the
bow.

Wide-beam tankers are designed with relatively shallow loaded drafts
in relation to their size, thus enabling them to enter shallower ports than
conventional tankers of the same size. The volume lost in draft is made up
primarily in beam. Such wide-beam tankers may typically have length-to-beam
ratios of about 5 as compared to length~to-beam ratios of about 6.5 for con-
ventional tankers. (In this ratio length refers to the length between per-
pendiculars).
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Wide-beam tankers will experience greater loads than conventional
tankers in near bow-on waves. This in turn will result in higher mooring
forces. The magnitude of this effect is not known, but is believed to be
small, or negligible, especially in conditions where conditions of cross
wind or cross current will cause the tanker to lay at an angle to the waves.

Most large tankers have special bulbous bows which are designed
to reduce wave-making resistance when the tanker is underway. There are
many different bulbous-bow shapes, but the effect on mooring loads is not
believed to be significantly influenced by bulbous-bow shape.

Some smaller tankers do not have bulbous bows, but have more con-
ventional ship-shaped bows. Some new very large tankers have a new bow
shape called a cylindrical bow, which has a rounded shape that varies
little with depth and lacks a bulb-shaped projection. Current and wave
loads on conventional-bow hulls and cylindrical-bow hulls are different
than on bulbous~bow hulls. The magnitude of the change in effect due to
waves is believed to be negligible. The magnitude of the change in effect
due to current is generally small, however, where current is an important
environmental factor, and especially where underkeel clearance is small
and loaded tankers are the more important consideration, the effect of
hull form should not be ignored.

Wind loads on the tanker hull are also influenced by hull form.
Bow-on wind forces on wide-beam tankers will be higher than those on con-
ventional tankers of the same displacement, but this influence would not
generally be significant. Wind moments on cylindrical~bow hulls in the
ballasted condition can be substantially higher than on conventional-bow
hulls and bulbous-bow hulls. In circumstances where wind is an important
environmental factor and ballasted tankers are the more important consider-
ation, the effect of wind on the cylindrical-bow hull tankers should be
considered if they are believed to constitute a significant portion of the
tanker fleet to be moored. (OCIMF, 1977).

The arrangment and shape of the superstructure will influence
wind loading as discussed in Section 2.3.1. Generally this is not an
important consideration. However, there can be a significant difference
in wind loading between tankers with midship houses and bridge-aft tankers.
Almost all large tankers have bridge-aft designs. However, smaller and
older tankers will have midship houses. Where a significant number of small
tankers are to be moored and the mooring loads with these tankers is of con-
cern, wind forces and moments due to the mid-ship house should be considered. *
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2.6 INFLUENCE OF THE MOORING SYSTEM

The design of the moo..ng system has a major influence on the
mooring loads. The most important mooring system parameters are those
which affect the elasticity of the mooring sytem. A very stiff mooring
system will severely constrain the response of the tanker to waves and
will result in very high mooring loads. Conversely, if the mooring
system is very soft, the tanker may respond too freely, building up
momentum as it moves under the influence of waves, wind, and current, and
exerting high loads on the mooring as it comes to the limits of mooring
system elasticity. The energy theory, which relates the energy stored in
the mooring to the mooring loads, provides a tool for understanding the
influence of mooring system elasticity. '

2.6.1 Mooring System. Elasticity

Analysis of results of model tests on various SPMs has shown that
the elasticity of the mooring system must be within certain limits to pro-
vide near optimum mooring performance and minimize mooring loads. The
mooring system must be elastic enough to allow the moored vessel to move
under the influence of waves and other forces, but must be stiff enough to
limit the extent of this motion.

In buoy-type SPMs, elasticity is generally composed of the hawser
elasticity and the buoy-anchoring-system elasticity acting in series. 1In a
tower-type SPM, the hawser is usually the only contributor to mooring system
elasticity. The elasticity characteristics of synthetic rope hawsers are

discussed in subsection 5.6. It is important that the proper hawser elasticity

be represented in mooring system analyses. Hawsers which are broken-in or
used, that is those which have experienced a number of cycles of loading,
are significantly stiffer than new hawsers. The elasticity characteristics
of a used synthetic hawser of the proper size, length, and material should
be used in analysis.

Two common types of buoy-type SPMs now used at offshore terminals
are the SALM (single anchor leg mooring) and the CALM (catenary anchor leg
mooring). The SALM, shown schematically in Figure 2-12, consists of a buoy
anchored to a base on the sea floor by a taut anchor leg. The SALM acts as
an inverted pendelum to provide elasticity. The anchor leg is pretensioned,
confining the buoy to move in an arc about the foundation. As the buoy is
pulled to the side, the restoring moment exerted by its buoyancy increases.

Ignoring hawser elasticity and angle, and assuming the buoyancy
is concentrated at a point, an approximate expression for the horizontal
force~deflection relation for the simplified SALM shown in Figure 2-12 is

Fa DB (2-10)
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where F = the horizontal load on the mooring 7
D = the horizontal displacement of the buoy ;
B = the net buoyancy of the buoy
Il

= the length of the anchor leg

In an actual SALM, the mooring line exerts an upward force on the :
buoy, and elongation of the mooring line under load changes the geometry of the
mooring as the load increases. Furthermore, the buoy is not a point and the
mass and buoyancy of the buoy are not concentrated. Exact solution of the
load-deflection characteristic of an acutal SALM is complex and requires
computer analysis. The above equation is adequate, however, for understanding
the parameters which influence mooring elasticity.

The SALM can be made stiffer by increasing the net buoyancy, B, of

the buoy. Net buoyancy is defined as the difference between the gross dis-

l placement of the submerged buoy and the weight of the buoy and the anchor
chain suspended beneath the buoy. Decreasing the length of the anchor leg,
L, makes the mooring stiffer. Obviously, L cannot exceed the water depth,

} but can be made less than the water depth by submerging the buoy or by eleva-

' ting the anchor point on the mooring base. (Flory, 1971; Flory, Mascenik,
and Pedersen, 1972).

A schematic of the CALM system is shown in Figure 2~13. The elas-
ticity of the CALM is the vector summation of the elasticities of the multiple
catenary anchor chains. As the buoy deflects to the right, tension in the
left anchor chain increases and more anchor chain is lifted from the sea floor.
The tension in the anchor chain to the right decreases. For a given deflection
of the buoy, the horizontal tension in all anchor chains must be added vector-
ially to determine the resultant force on the buoy. For a given horizontal
hawser force, the buoy will displace until the resultant anchor chain forces
are in equilibrium with this horizontal force.

Parameters which affect the elasticity of the CALM buoy anchoring
system are the unit weight of the anchor chains, the number of anchor chains,
the water depth, and the pretension in the anchor chains. Increasing the
unit weight of the anchor chain, that is employing a heavier anchor chain,
will increase the mooring system stiffness. Increasing the number of anchor
chains has the same affect. Increasing the pretension in the anchor chain
will increase the stiffness and will also decrease the amount of deflection
which can be applied before the slope of the elasticity curve approaches a
vertical asymptote. An increase in water depth will result in a softer elas-
ticity curve. Buoy size has almost no influence on the elasticity of the CALM
] provided the buoy has sufficient buoyancy so it does not submerge under high
mooring loads. (Flory, 1971; Maari, 1975).
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2.6.2 The Energy Theory

From the analysis of data from many model tests, ER&E has developed
a theory relating the significant mooring load to the energy stored in the
mooring system. The principals of this theory are discussed in Appendix B.
The theory is presented in this report not as a required or recommended method
of predicting mooring loads, but as a tool to understanding certain inter-
relationships of the parameters which affect mooring loads at SPMs.

In brief, the energy theory relates the significant mooring load
to the significant energy, that is the energy which is stored in the mooring
system up to the significant mooring load. The significant mooring load is
the average of the highest one-third peak mooring loads. By the theory, the
significant energies determined at SPMs having different mooring elasticities
will be the same for the same tanker and wave height. However, the energy-
storing capabilities of different mooring systems are functions of the shape
of the load-deflection curves for those mooring systems. If two mooring
systems have different load~deflection curves, the significant mooring loads
may be different at the two systems for the same tanker moored in the same
environment.

Comparing the load-deflection characteristics of two SPM systems,
SPM A and SPM B shown in Figure 2-14, the same amount of energy is stored in
each system as represented by the areas under the curve. SPM A, which is
stiffer than SPM B, requires a higher load to store the energy, and will,
therefore, experience higher significant mooring loads. (Maddox, 1972;
Flory and Poranski, 1977).

The energy theory provides some insight into the manner in which
mooring forces vary with mooring system elasticity, wave height, and tanker
size. The energy stored in the mooring system up to the significant mooring
load will increase with an increase in tanker size or wave height. At dif-
ferent but generally similar mooring systems the increase in significant
energy will be essentially the same for the same increase in tanker size or
wave height. Thus, mooring loads will increase more in a mooring system
having a steep load-deflection curve at the point of significant mooring
load than at a mooring system having a more gradual slope. Also, the increase
in significant mooring load in a mooring having a very non-linear load-de-
flection curve will not be proportional to the increase in a mooring system
having a more linear load-deflection curve.

The characteristics of the load-deflection curve should be con-
sidered in determining mooring loads, especially in interpolating or extra-
polating mooring loads for one mooring system based on those for another
mooring system. The energy theory provides a tool for relating the effects
of changes in tanker size and wave height to the characteristics of the
mooring-system elasticity.
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2.6.3 Other Mooring System Effects

The mooring system elasticity can have other effects on mooring
loads than those demonstrated by the energy theory. A very soft mooring
system, that is one which has a very gradual slope, can produce high mooring
loads, especially if the system becomes stiff at relatively high loads.

On a very soft mooring system the tanker may move about freely with little
constraint under the influence of waves, wind, and current. Unrestrained
movement of the tanker can result in large buildups of inertia, and high
loads out of proportion to the environmental forces can result when the
momentum of the tanker is converted to energy stored in the mooring system.
Very non-linear mooring-system elasticity curves which permit large deflec-
tions before moderate loads are exerted and then rapidly become stiffer so
that high loads are exerted by additional deflection may produce much higher
loads than more linear mooring-system elasticity curves.

The length of the hawser can have a similar influence on mooring
loads. A very long hawser can permit the moored tanker to move freely about
the mooring with very little constraint. If the tanker moves forward on the
mooring and then moves back under the influence of the environment, it can
acquire considerable momentum before being constrained by a long hawser.
However, a very short hawser will produce a very stiff mooring system. A
rough rule of thumb is the hawser length should be approximately equal to
the beam of the moored tanker.

The hawser elasticity can also affect the mooring loads imposed
by the motion of the mooring buoy in response to waves. Buoy size and
mass will also have an effect on these loads. As shown in Figure 2-7 and
explained in subsection 2.4.3, the loads induced by buoy motions are
generally lower in magnitude than those induced by tanker motions. However,
these buoy induced loads do contribute to the peak mooring loads. Buoy-
induced mooring loads will be higher for a large or heavy mooring buoy,
either on the SALM or the CALM. Buoy induced mooring loads will be higher
for a stiff hawser than for a soft hawser.

The degree of non-linearity of the mooring system will influence
the subharmonic response of the moored vessel as explained briefly in sub-
section 2.4.2. A change in the elasticity characteristics of the SPM may
change both the frequency and amplitude of this subharmonic response and
thus influence mooring loads.

2.7 SUMMARY

There are many factors which influence mooring loads at SPMs.
Wave height is generally the most important single parameter. As a rough
rule of thumb, mooring loads vary in proportion to the square of wave height
and to the inverse of the square root of wave period.
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Wind and current effects can cause the vessel to move about on
the mooring and can thus result in dynamic loads much higher than the
static wind and current forces. Mooring analyses should account for this
dynamic effect as well as the relative directions of waves, wind, and

current.

Mooring loads vary approximately in proportion to the square root of
tanker size. However, higher mooring loads may be experienced with inter-
mediate-size tankers than with very-large tankers. The condition of loading
of the tanker is important; generally higher peak loads will be experienced
with light vessels than with loaded vessels.

The elasticity of the mooring system and the length of the hawser will

Mooring systems which are very stiff may restrain the

inf luence mooring loads.
On very soft mooring

tanker such that wave forces will impose very high loads.
systems or systems with very long hawsers, the vessel may respond too freely,

acquiring momentum which exerts high loads on the system. A change in mooring

system design which affects elasticity may change the mooring loads.
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Figure 2-9 - MOTION OF VESSEL DUE TO WIND OR CURRENT AT SPM
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SECTION 3

DETERMINATION OF SPM MOORING LOADS BY MODEL TESTING

3.1 INTRODUCTION

Model tests have been used for many years as a means of studying
the behavior of vessels underway in a seaway. Procedures for designing
and performing such tests and for analyzing and interpreting the data from
such tests are highly developed. A high degree of reliabiity can be placed
on the results of such tests. Although advanced computer programs are
now available to analyze many of the moving vessel phenomena, the results
of such computer analyses are still usually verified through model testing.

Analyzing the response of a moored vessel is similar to, but in
some ways is more complex than, analyzing the responce of a moving vessel.
The stationary vessel is more responsive to waves, wind, and current. Together
with the mooring system, the ship constitutes a many-degree-of-freedom system.
The nonlinear characteristics of the mooring system further complicate the

problem.

It is not surprising, therefore, that researchers and designers
have relied on testing with scaled models to study and design SPM systems.
Although less documented and publicized than the model testing of moving
tankers, SPM model testing dates back almost 20 years. Shell conducted model
tests during the design of their first SPM which was installed at Miri in
1959. Exxon conducted its first model tests of a tanker moored to an SPM

in 1959.

This section is intended to serve as a guide for the evaluation
of the manner in which SPM model tests are conducted and the manner in which
the results are analyzed and interpreted. In general, the model testing
and analysis methods presented are believed to be those now recognized
as the best obtainable in the present state-of-the-art. Some of the methods
presented are new, but are believed to be improvements upon past methods.

3.2 SCOPE OF MODEL TEST PROGRAM

The principal questions to be answered through SPM model tests
are:

e Is the system properly designed to minimize mooring loads?
e What is the frequency of occurrence of loads of various magnitudes?

e What are the maximum loads for which the system should be designed?

The model test program must be broad enough in scope to test
those combinations of environment and tanker size and condition which are
apt to produce the highest loads, and to acquire sufficient data to permit
statistical prediction of maximum loads. It may also be used to gather
data on other aspects of the SPM design and performance, such as vessel

motion and cargo hose loads.
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The manners in which maximum mooring loads may be expected to vary
with the conditions of the tanker and the environment are described in '
Section 2. The maximum loads on the mooring system will usually be induced :
by the largest vessel under study moored in the maximum operational environ- g
ment. However, in some circumstances higher loads will be experienced with i
a smaller vessel or in a different environment. Maximum loads in anchor
chains and the anchoring system may sometimes occur under survival conditions
without a tanker at the mooring. Also, loads in the hose system will usually
be highest in survival conditions.

3.2.1 Vessel Size and Condition

The model test program should be planned with the tanker size and
state of loading in mind. If the terminal is to serve a wide range of tanker
sizes, then not only the largest tanker, but also an intermediate-size tanker
should be model tested. If the port is a discharge terminal, then testing
should concentrate on tankers in ballast conditions. If it is a loading
port then testing should concentrate on tankers in loaded conditions.

The maximum-size vessel will not necessarily induce the highest
loads, as other intermediate-size vessels may move more in response to the
environment and impose higher loads. In a single short test, peak mooring
loads may be higher with a loaded vessel than with a ballasted vessel. How-
ever, statistical analysis of ‘the maximum mooring loads measured in a series
of model tests will probably show greater deviation in peak loads for the
ballasted vessel. As a result the predicted maximum mooring load over a
long duration of exposure may be higher for the ballasted vessel.

Consideration must be given to the state of loading which the vessel
is more apt to be in when exposed to the maximum operational environment.
The wave height in which the vessel will moor will typically be only moderate,
probably no higher than about 2 m (6 ft), and the vessel will probably not
moor if very high wind or waves are expected. The vessel is thus not apt
to be exposed to severe environments in the condition of loading in which j
it will be moored. The vessel is much more apt to be exposed to severe en-
vironments many hours after being moored, as it nears completion of loading
or discharging and is not yet ready to depart. At a loading port the vessel
will more probably be exposed to the maximum operational environment in the
nearly loaded condition. At a discharge port the vessel will more probably
be exposed to the maximum operational environment in the nearly ballasted
condition.

3.2.2 Waves, Wind, and Current

There is little reason to expect that maximum loads will be exper=-
ienced in waves, wind, and current less than the maximum operational values
provided the relative directions remain the same. However, some variability
of loads will be experienced with variations in the relative directions of
these factors. Loads will probably be higher when wind and current are not
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colinear with waves, but wind or current at obtuse angles to waves may produce
lower loads. In some cases, wind or current in combination with waves have
been found to stabilize motions of the vessel and higher mooring loads were
measured in waves without wind or current. However, maximum waves will more
generally occur in combination with higher wind and current.

It may be necessary to test several different combinations of wind

and current angles to waves. These combinations should be limited to those
which are realistic at the site.

3.3 MODEL TEST SCALE FACTOR

The choice of a scale factor to be used in the SPM model test is
a compromise between the technical requirements for accurate similitude on
the one hand and economics and model test facility limitations on the other
hand. Model scaling rules are covered in detail in most texts on fluid
mechanics and hydrodynamics, and thus they will not be discussed here (Langhaar,
1951; Streeter, 1966). A brief discussion of Froude’s law scaling is given
because this is the scaling law commonly used in SPM model testing.

In this report the term scale factor refers to the relationship of
the dimension of the prototype compared to the dimension of the model. For
example, if the prototype dimension is 60 times the dimension of the model,
the scale factor, designated by A, is 60. The term scale refers to the frac-
tional ratio of the dimension of the model divided by the dimension of the
prototype, that is, 1/A, the reciprocal of scale factor. A scale of 1/60
is the equivalent to a scale factor of 60. A large-scale model is closer
to the size of the prototype than a small scale model. For example, 1/48
is a larger scale than 1/60. Unless otherwise indicated, the terms scale
factor and scale will refer to the length dimension.

3.3.1 Froude’s Law Scaling of Model Tests

Normally the principal effects to be modeled in SPM model testing are
forces due to gravity waves. Therefore, Froude’s law scaling is used for these
model tests. Reasons for this choice are given in some of the following sub-
sections.

By Froude’s law scaling for dynamic similitude the following con-
dition must be satisfied:

L2 -z (3-1)
gL | p gl o, i
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where V = velocity
g = acceleration of gravity
L = characteristic length
p represents prototype
m represents model

Since the acceleration of gravity is the same on the model as it is on the pro-
totype it follows that

wy¥ _ m _,
vp) — Lp (3-2)
where A\ is the geometric on length scale factor. Thus, the ratio of the scale
s : 1/2 1/2
velocities is A . The ratio for time scale is also A since
Tm _ Lm/Vm _ (Lm\(Vp\ _ z = 5 12
Tp  Lp/Vp (Lp)(Vm) 3 (A1/2) 3 (3-3)

Other scale factors between prototype and the model are summarized in Table 3-1
together with their values at a length scale factor of 50.

3.3.2 Scale and Accuracy

Testing at as large a scale as practical is desirable because the
accuracy of the results will be better. The accuracies of the modeled
environments and the dimensions of the model will be proportionately better
at a larger scale. The ability to scale forces will also be better at
a larger scale because, as discussed in subsections 3.5 and 3.6, certain
phenomena scale better by one scaling rule than by another, and the devi-
ations are greater at smaller scales.

The effect of scale is more important in modeling small objects,
such as cargo hoses, than it is in modeling very large objects, such as
tanker hulls. For example, above a critical Reynolds number viscous-drag
coefficients are essentially independent of velocity, but small objects are
more apt to have Reynolds numbers below the critical range, and thus not
scale properly. Also, vortex shedding, a function of Reynolds number,
Kuelega-Carpenter number, system stiffness, and surface roughness, may
be produced by models of small objects at conditions in which it would
not occur on the prototype. Furthermore, the frequency of vortex shedding,
a function of Strouhal number, may be different on the model than on the
prototype (Batchelor, 1967).

It is very difficult to construct accurate models of some key
components, such as swivels and cargo hoses, at small model scales. Such
components must be modeled not only with respect to size and weight, but
also with respect to friction, as in the case of fluid swivels, or to bending
rigidity, as in the case of hoses. Certain small components become very frag-
ile when modeled at too small a scale, and distortion can cause inaccuracies.
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Force and moment measurements are much more accurate at larger
model scales. There is a practical limit to how small and how accurate
force transducers can be fabricated and calibrated. A one-Newton error in
a transducer produces a much larger error when scaled up from a small model.
Furthermore, at small scales the presence of a relatively large or heavy
transducer can influence forces on the model or the response of the model,
and in turn produce errors in the results.

3.3.3 Scale and Cost

The cost of an SPM model test program increases roughly in propor-
tion to the scale. There are several reasons for this. The volume of
the model test facility which is required to run tests; and also the volume
and weight of the models which must be prepared, imcrease approximately
in proportion to the cube of the scale. 4lso, the duration for which a
model test must be run to represent a gi. prototype duration increases,
though only by the square root of scale. This rough rule of thumb for
the cost of a model test does not apply for very small scales because very
fragile and accurately constructed models may be required, and precise
miniature instrumentation may be necessary.

3.3.4 Scale and Test Facility Limitations

Limitations of available model test facilities and equipment will
govern more than cost. The length, width, and depth of the model basin, the
capacity of the wave generators, and the pumps and fans used to produce cur-
rent and wind will limit the size of the model which can be tested. There
may also be a limiting relationship between the depth of water in the basin
and the height of wave or velocity of current which can be produced.

Basin width may limit model motions and produce edge effects.
Limited basin length may produce reflected waves. The distance between the
test site and reflecting boundaries in combination with the scale factor dic-
tates the prototype time during which tests can be conducted without contam=-
ination of the incident waves by reflected or refracted waves.

Limitations may also be imposed by the size of model which can
be manufactured in the shop or transferred into the basin. Availability
of existing models may also influence the choice of scale, as a large
tanker model may cost as much as $10,000 to construct, while another model
simulating the tanker on a smaller scale may already be available.

Primarily because of the above limitations, most SPM model tests
with very large crude carriers (VLCCs) have been run at scales of from
1/50 to 1/60. At a scale of 1/50 a model of a 550,000 dwt tanker will
be approximately 8.3 m (27 ft) long and will weigh approximately 50 kN
(11,000 1b) at loaded draft. Some SPM model tests on relatively small
VLCCs have been run at a scale of 1/38, but no noticeable improvement in
results was noted. However, the results of model tests run at a scale of
1/100 or smaller have not always been satisfactory.




-306-

3.4 MODELING OF WAVES

The characteristics of the waves are commonly defined in terms
of the following:

e Significant wave height
e Significant wave period
e Wave spectrum

For model testing of an SPM, several operational waves may be defined,
associated with the operational limits of several sizes of vessels. A maximum
or survival wave may also be defined for testing the survival of the SPM
system in severe storms when no tanker is moored. Peak or maximum wave heights
might also be defined. However, since peak values are statistical extreme
phenomena, they would not normally be duplicated in a model test of limited
duration. As discussed in subsection 2.2.1, waves are preferably defined
in terms of significant wave height and amplitude spectrum.

3.4.1 Limitat: :s Of Wave Generators

Several types of mechanisms are used to generate waves in the various
model basins. The principal types of wave generators are mechanical flaps
or paddles, mechanical plungers, and pneumatic generators. Although the
characteristics of these types of generators are different, there appears
to be no reason to favor any type for generating waves for SPM model testing.
Limitations of stroke amplitude and speed may, however, determine that the
wave generator at a particular basin is inadequate for the purpose. Although
pneumatic generators are claimed to have faster response time, the depth
of the baffle between the pneumatic chamber and the wave basin, the mass
of water between the free surfaces inside and outside of the chamber, and
the compressibility of the air all impede effective transfer of the higher
frequency components to the free waves.

Wave generators generally are limited in their ability to pro-
duce short period (high frequency) waves. For example, if a wave generator
cannot cycle faster than 1.5 hertz, it will not be able to produce waves
with periods shorter than about 5 seconds at a length scale factor of 60.
(In Froude’s law scaling, time scales by the square root of the length
scale). This inability to produce the shorter period components of wave
spectra is common to all wave basins, as far as we are aware.
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3.4.2 Problems Of Matching Wave Spectrum

The significant wave height corresponds to the area under the wave
spectrum curve as explained in Appendix A. When a model basin is asked to
model a given significant wave height, and to match a defined wave spectrun,
it must produce a model wave spectrum which envelopes an area equivalent
to that corresponding to significant wave height. The defined wave spectrum
may have some of its energy (area) at frequencies higher than those which
can be produced in the model basin. To compensate for this lack of high
frequency energy, extra energy will be produced at medium or low frequencies,
thus distorting the shape of the spectrum in order to produce the desired
significant wave height.

This problem is most evident at low significant wave heights,
which have more high frequency energy. Figures 3-1, 3-2, and 3-3 show
typical comparisons of theoretical wave spectra and model basin produced
spectra. These spectra were produced by a modern flap generator having
variable speed and variable stroke.

For the 2 m (6.5 ft) significant-wave-height spectrum, Figure 3-1
the model spectrum falls below the theoretical spectrum at frequencies
above 0.16 hertz, and there is almost no actual energy above 0.2 hertz.
This lack of energy, or area under the curve, must be made up by adding
more energy at medium frequencies, resulting in a high peak at 13.5 hertz
to make up the significant wave height. Figure 3-2 shows a 3 m (10 ft) signif-
icant-wave-height spectrum. The model spectrum falls far below the theor-
etical spectrum at frequencies above 0.15 hertz. However, a much larger
proportion of the energy in the 3 m theoretical spectrum lies below 0.15
hertz, and thus it is easier to match than the 2 m spectrum. Still it was
necessary to add more energy at the mid frequencies to produce the signifi-
cant wave height.

The match for the 4 m (13.5 ft) significant-wave-height spectrum,
Figure 3-3, is better. Although the model spectrum falls below the theortical
spectrum beyond about 0.l14 hertz, enough energy has been produced to fill
in most of this portion of the spectrum. Note the 4 m theoretical spectrum
extends down to 0.06 hertz and peaks about 0.085 hertz, while the 2 m theo-
retical spectrum extends down to about 0.08 hertz and peaks at about 13.5
hertz. Approximately 40% of the energy in the 2 m energy in the theoretical
spectrum lies above 0.18 hertz while only about 107 of the 4 m theoretical
spectrum lies above 0.18 hertz.

3.4.3 Proposed Redefinition Of Model Wave Spectrum

In modeling a wave spectrum for SPM model tests, it would be
preferable to attempt to more accurately model the medium and low-fre-
quency portions of the spectrum, than to distort these portions of the
spectrum to make up for the deficiency in high-frequency energy. A frequency
cut-off point should be defined commensurate with the requirements of the
test program and the capabilities of the wave generators.
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Typically the fundamental period of response of a SPM is greater
than 10 seconds, although it may have secondary frequencies of 5 seconds
or less. The natural periods of roll, pitch, and heave of large tankers
are typically 10 seconds or more, and, when moored at a SPM, the periods
of tanker surge, sway, and yaw are measured in minutes. Thus, wave periods
less than about 5 seconds normally have little effect on the mooring system
and moored tanker.

As an example, consider that 0.18 hertz (prototype time) is defined
as the spectrum analysis cut-off point for a proposed SPM model test program.
This corresponds to a minimum period -~f 5.5 seconds, much below the periods of
response of interest. By this frequency cut-off method the modeled spectral
curve would be required to match the theoretical spectrum curve for frequencies
below 0.18 hertz. That is, the area under the spectrum curve below the cut-off
period of 0.18 hertz should be equal. The significant wave height would
be defined as that corresponding to the total area under the theoretical
spectrum.

When testing in survival conditions with cargo hoses, high-frequency
response characteristics may be of major concern. In such cases it will be
necessary to match the high-frequency portion of the spectrum more precisely.
This may necessitate modeling the buoy and cargo hose system (without a tanker
moored) at a larger scale.

3.4.4 Criteria For Model Wave Spectra

A point-by-point matching of the wave spectrum cannot be expected,
nor would it be completely realistic. A wave spectrum as defined by a for-
mula or smooth curve is only a general description of typical wave frequency
distributions at the site. DNefinitions of such wave spectra are discussed in
Appendix A. Spectra differing from a spectrum measured during a specific
storm at the site will probably be measured during other storms.

Some tolerance in matching the spectrum must be allowed, but a
practical limit must be placed on this tolerance. The tolerance may be
stated in terms of the percent of deviation of the ordinate of the model
spectrum from the specified spectrum. From discussions with model basins
and a review of wave spectra modeled in past tests by these basins, ER&E
believes it is generally realistic to expect the ordinate of the model
spectrum to deviate from that of the specified spectrum at any frequency
by not more than +30%. The application of this criteria to several typical
spectrum are shown in Figures 3-4 and 3-5.

Through successive trials skillful model-basin technicians can
usually improve the model spectrum to meet this criteria in a moderate
amount of time. Meeting this criteria may prove troublesome in the case
of a peculiar complex spectrum, such as one having several peaks or one very
sharp peak. Also, meeting this criteria may be difficult at low wave heights.




- 3.9 -

The principal difficulty in matching a spectrum is that of attempting
to match the total energy (area under the curve) corresponding to the signifi-
cant wave height in the absence of high-frequency components in the model
spectrum. As discussed in subsection 3.4.3, the energy or area missing from
the high frequency portion of the spectrum must be made up in the intermediate
frequencies, thus creating undesired peaks of energy. Redefining the signifi-
cant wave height of the model spectrum as proposed in subsection 3.4.3 will
eliminate this difficulty. It may then be possible to match the ordinate
of the spectrum within a closer tolerance than the +30% proposed above.

This cannot be determined until attempts are made to apply these criteria.

3.5 MODELING OF WIND

Modeling wind in SPM model tests requires special methods of scaling.
The effect of wind on the moored vessel is a viscous drag phenomena. Viscous
drag effects are accurately modeled by Reynolds’ law scaling. However, modeling
wave effects requires Froude’s law scaling, and viscous drag effects are dis-~
torted using Froude’s law scaling.

Modeling wind velocity by Reynolds® law scaling is impractical in SPM
model testing because a wind-velocity scale factor inversely proportional
to the length scale factor would have to be produced. Furthermore, by true
Reynolds’ law scaling, the force produced would be independent of the scale
factor and thus the force on the model would be the same as that on the
prototype. In order to overcome these problems, the forces and<moments |

produced by the wind may be scaled instead of scaling the velocity of the
wind.

Because Froude’s law scaling is used to model wave effects, the
forces on the model are proportional to the cube root of prototype forces.
For compatability, it is desirable that wind forces produced on the model
also scale by Froude’s law. If wind velocity is scaled by Froude’s law,
then the wind velocity produced should be proportional to the square root
of the scale factor and the resulting wind forces proportional to the cube
root of the scale factor, provided the Reynold”’s number produced is above
the critical range. However, experience has shown that scaled forces are
not necessarily produced by this means. Discrepancies may be caused by the
variation of Reynolds’ number, and by such factors as the variations of model
wind velocity with elevation and spacial variation of the wind field in the
model tests.

3.5.1 Prototype Wind Forces

Instead of attempting to accurately model the velocity of the
wind by scaling laws, it is better to generate a wind velocity which produces
properly scaled forces and moments on the model by Froude’s law scaling.

——

S —
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From force and moment coefficient curves generated from wind
tunnel tests, the longitudinal wind force, lateral wind force, and wind
yaw moment acting on a vessel at any heading to the wind can be calculated
using equations 2-3, 2-4, and 2-5 given in subsection 2.3.1.

3.5.2 Modeling Wind Forces By Wind

The most generally accepted method of modeling wind during SPM
model testing is to produce the forces and moments on the vessel by means
of a generated wind field. A bank of fans is arranged perpendicular to
the desired wind direction at some distance from the model such that a uniform
wind field is developed over the area occupied by the vessel at the SPM.
Figure 3-6 shows a typical fan-~generated wind-field test set-up.

At the beginning of a test series in which wind will be modeled,
a series of constrained-vessel wind-force tests should be conducted to verify
that Froude’s-law-scaled forces and moments are produced. The longitudinal
wind force, lateral wind force, and wind yaw moment are measured on a re-
strained vessel for a number of different wind directions. A complete rotation
of the wind field around the vessel, with associated wind-force and -moment
measurements, is noc necessary because during an actual model test under
the influence of wind, wave, and current the vessel does not present itself
to the wind at all angles. Because of this and symetry of the vessel, normally
it is sufficient to conduct the constrained wind test at wind angles from
0 to 90 degrees off the bow of the vessel.

During the constrained tanker wind-force tests, the forces and
moments that are measured are compared to those forces and moments that have
been determined in wind-tunnel model tests. The velocity of the wind field
generated by the bank of fans is adjusted until a reasonable match is obtained.

It is difficult to match the data obtained from the wind tunnel
tests exactly. One reason for the difficulty is the wind field in the
model basin is not as uniform as that generated in the wind tunnel. Another
factor is the vessel modeled in the SPM tests may not be identical to the
vessel modeled in the wind tunnel tests.

A typical good wind-field distributed from an actual SPM model
test is shown for reference in Figure 3-7. In general, a good correlation
should be assumed to exist between the wind tunnel test data and the con-
strained vessel test data if the lateral and longitudinal forces compare
within +10 percent and the yaw moment compares within +20 percent.

By using a real wind field modeled by Froude’s law scaling of forces,
the vessel response at an SPM will be accurately simulated. This method has
been used satisfactorily by ER&E in a number of model test programs.
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3.5.3 Indirect Means Of Modeling Wind Forces

An early method of modeling the effect of wind during SPM model
tests was to pull on the model with a string run to a weight over a pulley.
The weight simulates a counstant wind load and the string transmits this
load horizontally to the model tanker at a point which corresponds to the
center of pressure of the vessel. A typical set-up of this modeling techni-
que is shown in Figure 3-8. The forces thus generated on the vessel are con-
stant in magnitude but change in direction of application depending on the
angle of the vessel. The magnitude of the force applied is scaled to
repre3dent the wind force expected on the vessel and depends on the size
and ballast condition of the vessel, and on the velocity of the wind.

Modeling wind by weights over pulleys is unrealistic, and the
results from model tests that model wind in this manner are thought to
be non-conservative. The constant force that is applied to the vessel
restrains the vessel from normal motion. Increases in forces and moments
due to yaw of the vessel are not modeled. Maximum wind-produced forces
and moments due to lift on the hull are not developed. This method of
modeling wind bears little relationship to the prototype wind environment
or to the effects it produces. The importance of modeling the changing
wind forces and moments as the vessel moves in relation to the wind field
has been demonstrated in subsection 2.4.1.

A newly proposed method of modeling wind for SPM model tests is
to place fans on the model vessel to simulate the forces and moments on
the vessel due to a uniform wind field. This method could use CXw’ Cﬁa’

and CXYw coefficient curves generated from wind tunnel model tests, such

as those given in subsection 2.3.1. However, these curves can be reduced
into equivalent forces and a force couple which act at the forward and

aft perpendiculars of the vessel. The following equations illustrate this
relationship:

M
Lateral Force at the Foo, = L/2F, - XYw
Aft Perpendicular o8 Yw o Lgp (3-4)
Lateral Force at the - 1/2 MXYW
Forward Perpendicular FYFw il FYW 3 LBP (3-5)
where F and M are the force and moment at the point of intersection of

XYw

the transverse and longitudinal centerlines.
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From the force coefficient curves the longitudinal wind force,
lateral wind force at the aft perpendicular, and the lateral wind force at
the forward perpendicular may be calculated using the following equations:

Longitudinal Wind Force § =¢c X pa vy 2 A (3-6)
Xw Xw 2 w T
. k 2
Lateral Wind Force at F = C = paVv“ A
Aft Perpendicular YAw YAw 2 w L (3-7)
Lateral Wind Force at F = C k pa V 2 A
Forward Perpendicular YFw YFw 2 w L (3-8)
where
(& = Aft lateral wind force coefficient
YAw
CYFw = Forward lateral wind force coefficient

The aft perpendicular of a vessel is the axis of the rudder post.

The forward perpendicular is a vertical line passing thorough the point
of the bow at the loaded water line. Other terms in these equations were
defined in subsection 2.3.1.

Fans may be positioned at the forward and aft perpendiculars
and on the longitudinal centerline of the vessel as shown in Figure 3-9.
Their velocity may then be regulated by a yaw sensor coupled to a computer
such that they produce the desired forces on the vessel according to Froude’s
law scaling. An alternative method which has been proposed is to use only
a single fan whose position along the longitudinal centerline, direction,
and speed would be controlled by the yaw sensor.

In theory, this method for modéling wind should produce excellent
results if the simulated wind forces can be controlled to produce the
desired wind effect on the vessel as it moves about on the SPM in response
to the total environment. However, this wind modeling technique has not,
as of yet, been used for SPM model tests. (Chislett, 1977).

3.6 MODELING OF CURRENT

In SPM model tests, current may be modeled according to Froude’s
law scaling. The predominent effects of current on the vessel are form
drag and, in shallow water, a difference in water level across the vessel
due to blockage. The latter phenomenon is a gravity effect and is therefore
accurately modeled by Froude’s law scaling. Viscous drag effects are minimal
except at angles near bow-on to the current. The form or pressure drag
is of viscous origin, but appears in general to be independent of Reynolds
number in the range of interest in SPM tests with ship-shaped bodies.

e e i
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It has been estimated that viscous drag contributes only about
5% to the total force on a vessel broadside to the current, but that
about 707% of the force is viscous drag when a vessel is bow-on to the
current. However, the total force due to current is much less in a bow-on
current than in a broad-side current. For example, the force produced on
a 250 kdwt tanker with 10% underkeel clearance bow-on to a 1 knot current
is 70 kN (15,000 1b), but the force produced when the same tanker is broadside
to the current is 1400 kN (300,000 1b). The influence of current on the
moored vessel is discussed further in subsection 2.3.4 and 2.3.5.

3.6.1 Modeling Current Forces By Current

The most realistic method of modeling current in SPM model tests
is to generate a flow of water in the model basin with a velocity proportional
to the prototype current using Froude’s law scaling. Such a current flow
is usually produced by pumping water through a bank of inlet ducts along
the side of the basin, and returning water to the pumps through ducts on
the opposite side of the basin. The current velocity generated by this
method of modeling is relatively uniform with depth, decaying rapidly near
the floor of the basin. Artificial spoilers on the basin floor can be
used to make the velocity decay more gradually with depth. However, precise
modeling of the velocity profile is not essential in SPM model testing.

The current produced in the basin should be calibrated to produce a good
match with the prototype velocity at a depth equivalent to about one-half
the tanker draft.

Current may be simulated by towing the model of the mooring and
the mocred tanker in cases where water depth is at least 2 times the
tanker draft and the current is nearly in-line with waves. The towing
velocity is scaled by Froude’s law, and should be determined by the current
velocity at a depth equivalent to about one-half the tanker draft. Variations
in towing velocity should be avoided.

In the case of low underkeel clearance towing should not be employed
because the effect of current flowing under and around the hull cannot
be simulated. This effect of underkeel clearance is covered in Section 2.
Attempts to simulate the effect of the sea bottom by towing a false bottom
with the model will probably not be successful in waves. The false bottom
must be very large to avoid edge effects. Unless the false bottom is very
rigid, it will deform in the waves, thus modifying both the waves and the
current.

3.6.2 Indirect Means of Modeling Current Forces

The several means of indirectly modeling the effect of wind dis-
cussed in subsection 3.5.3 might also be considered for modeling cur-
rent. The use of weights on strings over pulleys is not recommended for
modeling current for the same reasons given against its use for modeling
wind.
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Fans mounted on the vessel could be controlled to produce scaled
forces and moments as functions of angle to current. The fans could be
programmed to produce the composite forces and moments produced by both
wind and current acting simultaneously. However, a number of problems
are invisioned in this method of modeling current.

The simulation of current effects by the use of fans is not rec-
ommended. The thrust produced by the fans mounted on deck will act far above |
the vessel’s center of gravity, while the real force of current acts below
the center of gravity. The thrust of the fans will produce roll in the
direction opposite to that produced by current. This effect is especially
important in shallow water where roll due to current can be pronounced. In
addition the effect of squat, the tendency of the hull of the vessel to be
drawn closer to the bottom by water flowing between the hull and the bottom,
is not properly modeled by fans. The use of fans to simulate current would
be especially unacceptable in model tests intended to measure underkeel
clearance requirements.

Current forces on the vessel depend on the absolute velocity of
the water with respect to the hull and the velocity of the moving model
must be accounted for. On a moving hull the longitudinal current force,
given equation 2-6, must be expressed as follows;

" k )2
Fte ™ Cge 7 P¥ Hp G = X) (3-9)
where
X = Longitudinal velocity of vessel

and other terms are as defined in subsection 2.3.4

Similar equations can be written for the transverse force and the moment on
the vessel.

The vessel velocity term is negligible in the case of wind, but
for current it must be accounted for. Accounting for the velocity of the
vessel hull will complicate indirect modeling of current forces.

Another reason that current should not be simulated by indirect
means is there is an interaction between the waves and the current. The
presence of a current alters the relation between wave length and wave period
as experienced by the vessel.

3.7 MODELING OF SPM AND TANKER

Many different types of SPMs have been proposed and designed.
The two most common types now in use are the SALM (Single Anchor Leg Mooring)
and the CALM (Catenary Anchor Leg !Mooring). The modeling of thes= two systems
will be discussed in detail. Other types will not be discussed because of
their very limited use to date. However, much of the following discussion
on modeling of the SALM and CALM systems will apply to the modeling of other
SPM systems.
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3.7.1 The SPM System

The SALM system, shown in Figure 3-10 , consists of a cylindrical
buoy which is attached to a mooring base on the sea floor by means of a
single pretensioned anchor leg. The principal system parameters that must
be modeled are as follows:

e Geometric dimensions of the buoy

e Center of gravity of the buoy

e Center of buoyancy of the buoy

e Anchor-leg length and submerged weight
® Buoy freeboard

e Buoy weight in air

® Buoy gross displacement

The geometric dimensions of the buoy should as a minimum model
the length and diameter of the buoy. Fenders and other protuberances which
may effect drag and added mass should be included on the model. The center
of gravity and center of buoyancy should be located as close as possible
to their positions on the prototype design in order to model the dynamic
characteristics of the prototype design. The anchor leg length is defined
as the distance between the upper and lower universal joints of the system.
The net submerged buoyancy of the buoy is of major importance in modeling
the elasticity characteristics of the SALM. Net submerged buoyancy is
defined as the difference between the weight of the buoy in air and the
gross displacement of the submerged buoy.

The CALM system, shown in Figure 3-11 , consists of a cylindrical
buoy attached to the ocean floor by a number of anchor legs, usually four,
six, or eight. The principal system parameters which should be scaled
to accurately model the CALM system are as follows:

e Geometric characteristics of the buoy
® Center of gravity of the buoy

e Center of buoyancy of the buoy

e Anchor chain characteristics

® Buoy freeboard

® Buoy weight in air

e Buoy gross displacement
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The depth and diameter of the buoy hull, the diameter and position
of the fender ring, and the positions of anchor-chain and bow-hawser attachment
points should be modeled accurately. The center of gravity and center of
buoyancy should be modeled as closely as possible to the prototype design
in order to accurately model the dynamic characteristics of the buoy.

The weight of the CALM buoy in air, the gross displacement of the
buoy, and the freeboard of the buoy determine its installed net buoyancy.
This net buoyancy along with the anchor chain characteristics determine the 1
elasticity characteristics of the CALM.
The anchor-chain characteristics of the CALM system are very impor-
tant in determining the elasticity characteristics of the system. The following
parameters should be accurately modeled:
e Number of anchor legs
e Length of each anchor leg

e Submerged weight of the anchor chain (and of anchor-chain clumps if used)

® Anchor-leg elongation characteristics (except when chain is very large
or short and thus very stiff)

e Anchor-leg pretension
e Position of anchor points on the sea floor
e Depth of water at each anchor point
For any type of SPM, the type of hawser system to be used must be
modeled accurately in order to realisticly model the elasticity characteristics
of the mooring system. Important hawser modeling parameters are:
e Hawser elongation characteristics
e Hawser-system length
The load-elongation data for used ropes should be used in modeling.
This data usually can be obtained from the rope manufacturer. Compared with
the load-elongation characteristics of new rope, the used rope load-elongation
curves are much less elastic. New and used synthetic rope load-elongation

characteristics are discussed in subsection 5.6.3. The actual length of the
hawser system to be modeled must be determined by the SPM designer.

As discussed in subsection 2.5.4, the hawser length and elasticity
can play very important roles in determining the SPM design loads. Synthetic
rope elasticity characteristics are discussed in subsection 5.6.




3.7.2 The Tanker

Generally, a variety of tanker sizes and designs will moor to an
SPM. However, only several typical tanker sizes and designs need be selected
for model testing. The effect of tanker size and design on mooring loads
is discussed in subsection 2.5.

In order to accurately model the selected tankers the principal
dimensions and hull lines should be accurately modeled. The distribution
of mass must be modeled so that vessel dynamics and stability are properly
modeled for each draft condition.

The following are the principal vessel parameters which should be
modeled:

e Vessel displacement

o Length between perpendiculars

e Beam

e Molded depth

e Draft and trim

e TForecastle height (bow hawser attachment point)

o Center of buoyancy

e Center of gravity

e Metacentric height

e Natural period of roll

e Natural period of pitch

e Longitudinal distribution of mass

Because the distirbution of mass in prototype tankers is not

homogeneous, it is not always possible to model exactly the center of
buoyancy, center of gravity, metacentric height, natural period of roll,
and natural period of pitch. The natural periods of roll and pitch are
usually determined by swinging the model in air while mounted on a special
pivoted table. This avoids the influence of damping in water. Weight may
be shifted around slightly to obtain the correct periods, and thus the

center of gravity may move slightly. This slight variation in center of
gravity is preferable to variations in the natural periods.
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1f wind is to be modeled, vessel freeboard, the deck house, and
other major deck structures should be modeled. In tankers of any given
size range a variety of deck house designs may be found. The deck house
modeled should be typical in design and model typical longitudinal (broad-side)
and transverse (head-on) wind areas. Modeling of details such as ladders,
stanchions, piping, etc, is not necesary as these have almost no influence
on wind loads.

A typical rudder and screw (propeller) should be modeled, especially

if current is being modeled. These appendages contribute to the total
drag force, especially for small tankers.

3.8 MODEL TEST FACILITY CAPABILITIES

The model test facility which conducts SPM model tests must have
the ability to accurately model the important environmental effects iden-
tified in Section 2. It must have the capability to model the SPM system
and tanker at a large enough scale factor to minimize scale effects and to
accurately measure important data. Descriptions of several model test basins
which were visited as part of this study are given in Attachment C.

SPM model tests should be conducted in model basins that have
the capability of producing irregular waves. Model tests conducted in
regular waves are of little value in establishing design mooring loads
- for SPMs. For most SPM sites waves, wind, and current will come from dif-
ferent directions, and the maximum design mooring loads will probably not
be obtained if wind, wave, and current are modeled parallel in direction.
Therefore, it may be necessary that the model test facility be able to create
the effects of wind and current at various angles to the direction of the
waves

There are many model basins which are capable of producing irregular
waves, and a number of these are large enough to permit testing models of
VLCCs moored to SPMs at a scale of 1/75 or larger. However, there are only
a few which are capable of conducting SPM model tests under the combined
influence of wave, wind, and current from varying directions. At the present
time the Netherlands Ship Model Basin (NSMB) is the only basin known to have
successfully modeled current at a large scale by means of water flowing at
angles other than parallel to the direction of wave propagation. Other basins
can produce current in line with the wave propagation either by towing the
model or by installing false bottoms and circulating pumps. Only a few model
basins, including NSMB and Offshore Technology Corporation, have experience
in modeling wind by means of a generated uniform wind field. Davidson Labs,
and the Danish Ship Research Laboratory have proposed model testing SPM-vessel
systems with fans on the vessel to produce active forces which simulate the
effect of wind.
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The competence and experience of the researchers and technicians
conducting the model tests are important considerations. Skill must be
exercised in constructing the models and in setting up the model tests.

Care must be taken in conducting each model test as careless procedures

will seriously jeopardize the results. Instrumentation must be properly
calibrated at the start of the test program and must be periodically recal-
ibrated during the test program. Data analysis and reduction are especially
critical. Electronic interference can distort measurements, as can improper
processing of data. The assistance of skilled and experienced model-test
researchers can also be of much value to the SPM designer in determining

the scope of the model test program and in interpreting and analyzing model
test results.

The model tank that will be used should be large enough to permit
the use of large scale models in order to reduce problems associated with
scale effects. Model tests in waves should be conducted using Froude’s
law scaling in order to properly model gravity effects. Viscous drag effects
are accurately modeled using Reynolds’ law scaling but are distorted using
Froude’s law scaling. These scaling distortions are minimized by modeling
at as large a scale as possible. Conducting model tests at several different
scale ratios in order to determine the effect of scale on the results will
probably not be meaningful because statistical variations will probably
mask any scale effect.

3.9 INSTRUMENTATION AND DATA RECORDING

The quality of the instrumentation and data recording system is
very important in a model test program. The care taken in accurately
modeling the environment and the system in order to produce scaled forces
and motions is lost if the forces and motions are distorted by the instru-
mentation system.

The instrumentation system must be carefully planned, fabricated,
and calibrated to produce accurate measurements. Bulky instrumentation
can impose extraneous forces or restraints on the model and thus influence
its response. Preprocessing of data before recording should not alter
or distort the data.

3.9.1 Wave Height Measurement

Water surface elevation is usually measured by monitoring the
change in electrical resistance or capacitance between two vertical closely
spaced wires partially emersed in the water. Such instruments are easily
calibrated in place by raising or lowering the system with a micrometer-type
device. It is reasonable to expect the surface elevation can be measured
to an absolute accuracy of +0.75 mm (+0.03 in.), limited primarily by capillary
effects, or to a relative accuracy +37% of maximum range, whichever is less.
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Waves should be measured and analyzed to demonstrate matching
of the specified wave spectrum. The length of the wave recording to be
analyzed should correspond to a minimum of 30 minutes equivalent prototype
time. Wave spectra should be checked at the beginning of the test program
and, depending on the elapsed length of the program, at the end of the
program and several times throughout the program. The generated wave train
may vary during the program for reasons such as drift of electronics or
wear of mechanical components. It is distressing to discover at the end
of a long model test program that the wave spectrum is not the same as
it was at the start.

It may be desirable to record waves during each test. The
waves recorded with a model vessel in the basin may be different than
without a model due to reflection and defraction, and the varying position
of the model may also effect the waves. However, a wave record of each
test is useful in relating vessel response and mooring loads to the wave
height at any given time. For this purpose the wave probe is preferably
placed in line with the bow of the vessel and parallel with the waves.
Furthermore, such a wave record is very valuable in determining at what
point during a test program the wave spectrum changed if it is later dis-
covered the wave spectrum no longer matches the specified spectrum. If
the spectrum has changed, without such a record it will probably be necessary
to repeat all tests conducted since the last calibration of wave spectrum.

3.9.2 Load Measurement

Axial forces in bow hawsers and anchor legs are usually measured
by a strain-gaged proof ring or load cell. The load cell is accurately
calibrated in the shop, but it should also be calibrated in place on the
model, or at least in the basin near the model, with the instrumentation
leads in place.

The accuracy of typical load cells by themselves is usually within
4+0.1 percent of full scale. When they are installed on the model and output
is fed through electrical leads, amplified, and then recorded, the measured
signal usually has an accuracy of about +1.0 percent of full scale. Full
scale in this context means the maximum load which the device is designed
to measure. *

Axial forces, shear forces, and moments in model structures may be |
measured by strain gages mounted directly on the structure or by special
inserts comprised of small high strength members which can be more accurately
strain gaged. Sometimes these forces and moments are measured directly or
indirectly by load cells which are coupled to the structure by some means.

S
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The accuracy te which structural loads can be measured will depend
largely on the cleverness, resourcefulness, and accuracy of the model builder.
The instrumentation for structural loads should be calibrated in-place on
the model in the basin if at all possible.

3.9.3 Motion Measurement

A variety of motion measurement devices are used at model basins
ranging from strings over sheaves to light and laser tracking systems. Any
mechanical connection to the model may apply forces to the model or disturb
the free motion of the model through friction or inertia. Light and laser
tracking systems apply no such forces or restrictions on the model. Some
motion measurement systems are very limited in their field of measurement
while others may track model motions over the entire basin.

i

i B Several basins use pantograph systems to track the motions of the
vessel. The pantograph system consists of an articulated parallelogram
structure which is pivotally attached at one corner to a fixed point or
movable carriage over the basin, and attached at the opposite corner to

the model. The angle of the pantograph axis relative to the fixed point

; and the extension of the pantograph are translated into surge and sway

F 3 of the model. The angles of the pantograph relative to the fixed point

and to the model are translated into yaw. The pantograph may be connected
» to the model by a vertical rod which is free to rise and fall relative

to the end of the pantograph. The elevation of this rod is translated

i into heave of the model. Angular transducers between this rod and the model
measure pitch and roll of the model.

If the pantograph is attached to a fixed point above the basin,
the area over which horizontal motions can be measured is limited by the
extensibility of the pantograph. At least one model test facility mounts
the pantograph on a two-degree-of-freedom motor-driven carriage. ~ The posi-
tion of the carriage in the horizontal plane is controlled by servo feed-
back from the position of the pantograph. As the pantograph approaches
the limits of its motion the carriage moves to adjust the position of the
pantograph. The position of the carriage is combined with the pantograph
surge and sway data to give the total surge and sway motion of the model.
By this means the position of the model can be tracked over a large
horizontal plane area.

Light and laser tracking systems can be set up to measure trans=-
lational motions over a large area. A set of two tracking systems can be
used to measure translational motions at two points on the model to deter-
mine yaw of the model. Gyros can be used in conjunction with such a system
to measure yaw, roll, and pitch.
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F Light and laser tracking systems can measure high frequency

i motions better than pantograph tracking systems. The pantograph system

must overcome friction and mass in tracking motions. A small high~intensity
light or a reflector is the only apparatus which must be placed on the

model to measure translational motions, and no physical contact is required
with the model.

I—

X The accuracy of static horizontal motions which can be measured
with a good quality pantograph or light tracking system is +1 mm (0.04 in.)
model scale. Angular displacements measured by a rheostat have an accuracy
b of +1 degree. Gyro compasses can typically measure angular displacements
' with an accuracy of +0.5 degree.

Care must be taken that pantographs or other motion-tracking
devices attached to the model and instrumentation leads going to the
model do not impede the motion of the model or impose extraneous forces
on the model. This is especially true in tests conducted in wind. It
is generally not practical to measure the motions of very small models,
such as the mooring buoy, except by the use of a light-tracking system.

3.9.4 Data Recording

The data measured in the basin must be transmitted to a recording
system and amplified and preprocessed prior to recording. Instrumentation
leads should not be excessively long to avoid decay of the signal. The
amplification should preferably be linear throughout the range of the
signal. Amplification factors as well as instrument calibration factors
must be carefully noted for future reference during data processing.

Data may be recorded in the basin in either analog or digitized
form. The data is usually also recorded on a strip-chart using an oscillograph
recorder. This strip-chart data is useful as an immediate check of the per-
formance of the instrumentation system as well as of the model. Peak values
can be readily obtained, and a check can be made to assure that amplification
factors applied are adequate. Occasionally, a test must be rerun because an
instrument has failed or a peak value has exceeded the range of the recording
system.

The data recording rate must be fast enough to assure that high
frequency signals are adequately recorded. In digitizing wave data, and data
: which has a moderate to high wave-induced component, the minimum discretization
interval should be in the neighborhood of 0.2 second prototype time. This
generally requires that the recording be done on magnetic tape. The recorded
data may be sampled at a slower rate later during the data analysis process.

p———
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3.10 DATA ANALYSIS

The raw data from the model tests is of little use until analyzed.
Peaks can be measured from the raw data, and a skilled researcher can scan
the data to see trends and to estimates averages, but these cannot be used
to predict design loads. The type of analysis performed on the data will
depend on the characteristics of the data, the available computational
capabilities, and the uses to which the analyzed data will be put. Normally,
statistical properties are of more value than simple maximums and minimums,
because through statistics the extreme events and their probabilities can
be predicted.

3.10.1 Types Of Data

Generally time records of data from SPM model tests will fall
into three categories as shown in Figure 3-12.

e Type I The Type I record consists of a fast oscillating motion with
the frequency corresponding with the frequency of the waves. This
type of record is characteristic of all buoy motions when the buoy is
unoccupied by a vessel. It is alsc characteristic of the heave and,
to some extent, the pitch and roll of the buoy when a vessel is moored
to the buoy, as well as the roll, pitch, and heave of the vessel.

e Type II The Type II record consists of a fast oscillating motion, with
the frequency corresponding in general with the frequency of the waves,
superimposed on a slowly varying motion. The amplitudes of the fast
oscillations are large relative to the magnitude of the slowly varying
motion. This type of record is characteristic of hawser and anchor-
chain forces when the buoy is relatively large or the hawser is very
stiff.

e Type IITI The Type III record consists of a slowly varying motion with
a superimposed fast oscillating motion where the amplitudes of the fast
oscillations are small compared to the slowly oscillating motion. This
type of record is characteristic of the yaw, sway, and surge of the
vessel and of hawser and anchor-chain forces in most systems. Figure 2-10
is an example of actual model test data which corresponds to Type III.

3.10.2 Spectral Analysis Of The Data

The statistical properties may be calculated directly from the
recorded data, or a spectrum analysis may be performed on the data and
certain statistical properties then derived from the generated spectrum.
The following describes how this is generally done with recorded wave data
to determine significant wave height and mean wave period.




———

- 3.24 -

The records of irregular long crested waves that are generated by
the model basin are of Type I. The disturbance of the water level at a
time T is assumed to be composed of an infinite number of components with
arbitrary and random phase angles € such that

B
nes g

H(t) = 1 gncos (wnt + en) (3-10)

where
E: amplitude of nth component of H(t) with a circular
frequency of<vn

The amount of energy contributed by waves with a frequency wp

and an amplitude En follows from the spectral density, SH’ which is
defined by
Ts=i2
— 4L -11
Sy (w) dw=73 En (3-11)
The moments of the spectrum Mp can be determined as follows:
_fP (3-12)
Mp = .!w SHdw
If P = 0, then
o
M =.!: Sy dw = Area of spectrum (3-13)
If P =1, then
@
M1 = jZASH dw = First moment of spectrum (3-14)
o

With the aid of the moments of the spectrum the following quantities
can be calculated:
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For narrow spectra the value mJﬁ: corresponds to the average

of the one-third highest waves (double amplitude).

Mean Wave Period

T=2n (3-16)

|2

For narrow spectra this value corresponds to the mean value of
instantaneous period.

3.10.3 Statistical Analysis Of The Data

Type II and Type III data should generally not be analyzed through
the spectrum process unless the record is very long and contains many cycles
of the long period component of motion. Analysis of such data should be
done directly from the digitized record. The statistical properties which
are commonly obtained and the manner in which these prdperties are usually
calculated are discussed below.

Data analysis should be preformed on the displacement and force
records in order to obtain the following statistical quantities, which
are illustrated in Figure 3-13.

Mean value;i

= 1 n=M
n=1 M = Number of Samples
- S re value; o
s (3-18)
1 i
0= M p> (xn - X)
n=1

significant peal -to-trough (double amplitude) value: 2 x
S
This is the mean value of the one-third largest double-~amplitude values.
gnificant peak value: X_ +
- s

This is the mean value of the one-third highest peak to zero values.

~

JAtuficans troush value: X -

s .s the mean value of the one-third largest trough to zero values.

T b e
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Maximum peak-to-trough (double amplitude) value: 2 x

max

This is the largest double amplituded value.

Maximum value: x +
max

This is the highest peak value.

Minimum value: x - I
max -

This is the lowest trough value.

3.11 DETERMINATION OF DESIGN LOADS

In interpreting the results of SPM model tests for comparison or
design purposes, the data must be examined statistically in order to obtain
meaningful maximum values. The duration of an individual SPM model tost
depends on the limitations of the model basin and the type of test b:ing
conducted. Typically, it is on the order of 5 minutes model-scale time.

In Froude’s law scaling, time scales as the square root of the scale¢ factor.
Thus, at a model scale of 1:60, the model test duration corresponds to a
prototype time of a little more than 30 minutes.

3.11.1 Statistical And Maximum Values

For typical SPM model tests, the statistically derived mean and
significant values of the forces in the anchor chains and bow hawsers measured
during one test generally vary less than 10 percent from those measured in
other tests of the same system in the same environment. Therefore, it may
be assumed that each model test has been conducted for a duration of time
long enough to justify the assumption that the phenomena modeled in the model
test is stationary ergodic. This means that the statistical properties of
the phenomena, that is the mean and significant values and the standard
deviation, will not change significantly if the test would have been conducted
for a longer period of time or if the test had been carried out at another
time with the same environment.

The maximum measured values, unlike the statistical properties,
can and do vary from test to test. Due to the random nature of the test,
the maximum measured values may vary considerably from one test to another
carried out under the same conditions. Furthermore, if the test duration
is increased, the maximum measured value may also change.
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3.11.2 Probability Analysis

Because maximum values will vary from test to test, test data should
not be considered individually but should be grouped and analyzed statistically
to determine probable maximum values based on storm duration and chance of
exceedence. This is commonly done by developing a distribution function of
the ratios of the maximum value recorded during each test with its corres-
ponding statistically derived significant value (Haring, Adams, Beazley,
and Kripp, 1969 and 1970; Flory and Poranski, 1977).

The value of Fmax/F is called the force ratio, R.

S

R =122 (3-19)
where F = maximum force
max

FS = significant force
Force ratios from a number of tests are ranked in ascending order
of magnitude. The assumption is made that the values of successive force
ratios are statistically independent. Therefore, these occurrences may be
treated as Bernoulli trials and each force ratio may be assigned a probability
that its value will not be exceeded according to the following faqrmula:

- n
TM+1 (3-20)

P

where M = Total number of occurrences
n = Rank of occurence being considered

P = Cummulative probability that an event is equal to or less than
a particular value

The force ratios and their associated probabilities P are plotted
on probability paper. The type of probability theory to be used depends
on the data. A typical force ratio probability distribution function using
normal Gaussian theory is shown plotted in Figure 3-14. A total of 19 separate
force ratios were used to generate the plot. The data is from a typical set
of statistically homogeneous tests obtained from an actual SPM model test
series in which the duration of each test represented approximately 30 minutes
prototype time. The plotted force ratios are for bow-hawser forces.

It is recommended that at least 10 data points and preferably 20
data points should be used in developing the probability distribution. The
more data points that are used, the more statistically reliable the results
derived from the plot will be.
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The data which is plotted must be homogeneous, that is, it must
be from tests with similar statistical properties. Figure 3-15 presents a
hypothetical probability distribution in which two sets of data have been
plotted in one distribution. The data as plotted fits a straight line and,
therefore, it might be assumed that the distribution is valid. However,
the data is not homogeneous, and in reality the data should be plotted as
two distinct distributions as also shown in the figure. Data from tests
with ballasted tankers usually exhibits different statistical properties
than data from tests with loaded tankers.

Since the duration of each test for which the data has been plotted
is 30 minutes, from the distribution of values shown in Figure 3-14, the pro-
bability P that the force ratio R will not be exceeded during a period of
30 minutes can be determined. Consequently, the probability that the force
ratio will be less than R is equal to (1 - P). The probability Pt that

the force ratio will be larger than R during a period of t times 30 minutes
the equation:

P=1--P" (3-21)
where P = Probability of exceedence for test
Pc = Probability of exceedence for design duration
t = Ratio of design duration to test duration

3.11.3 Probability Plotting

When data is plotted on probability paper, the degree to which the
plotted points lie on a straight line is an indication of the closeness of
fit of the data to the probability theory being used. In Figure 3-14, the
data has been plotted on probability paper that assumes a normal or Gaussian
distribution. However, the line that has been faired through the data is
not a straight line but forms a gentle curve. Since the line is not straight,
the data does not exactly fit a normal Gaussian distribution.

Other probability functions may be tried to determine a more applicable
probability theory for fitting SPM mooring load data. Gumbel’s distribution
of extreme event has been found to fit most SPM model test data extremely well.
Figure 3-~16 presents the same data that was used in developing Figure 3-14
plotted on Gumbel paper. It can be seen that the straight line drawn through
the plotted points fits very well.

Gumbel’s distribution was developed for the statistical treatment of
floods and other climatological extremes. Gumbels distribution provides a
method for calculating the line of best fit through the data. This method
was used to develop the straight line drawn through the data points plotted
in Figure 3-16. Gumbel’s distribution for extreme events appears to fit SPM
model test data extremely well and it is recommended as an improvement over
Gaussian theory for developing the extreme events associated with the SPM
mooring loads (Gumbel, 1954; Myers, Holm, and McAllister, 1969).

e A A s i




T 4o

- 3.29 ~

For convenience, the model test data shown, typically for a 30
minute storm duration, may also be plotted for longer storm durations. Figure
3-17 presents the data of Figure 3-16 plotted on Gumbel paper along with
the predicted force ratios for storm durations of 2, 6, and 12 hours. These
curves have been developed from the probability theory given in equation
3-21. From these curves the force ratios for various storm durations and
probability of exceedences can be obtained without further calculation.
Significant hawser forces from the model test data are multiplied by the
appropriate force ratios. The following examples demonstrate the procedures
that are used.

3.11.4 Example Probability Calculations

Example 1

What will be the chance that the maximum hawser force will be twice
the significant force in the hawser during exposure to a constant environment
of two hours duration?

From Figure 3~16

P = Chance that the force ratio, R, is equal to or larger than
2.0 during a period of 30 minutes = 0.03
il il 2 X 60 minutes _

30 minutes
From equation 3.21 it can be calculated that Pt = 0.12. Alternatively,

this probability of 12 percent can be read directly from Figure 3-17.

So there is about a 12 percent chance that the maximum force will be larger
than twice the significant force during a period of two hours, or four
times the duration of the model test results.

Example 2

What will be the force ratio, R, for which the chance of exceedence
will have a probability of 50 percent during exposure to a sustained environment
of six hours duration?

6 x 60 minutes
30 minutes

= 12

and, Pt = 0.50

From equation 3-21 it can be calculated that P = 0.056. From Figure 2-16 it can
be seen that this probability corresponds to a force ratio, R, of about 1.9
Alternatively, this value can be determined directly from Figure 3-17.




- 3.30 -

Example 3

Assume that from model test data it has been determined that for
the maximum operational conditions the significant hawser force is 1.7
kN (380,000 1b). What is the maximum hawser force that can be expected
in a storm duration of 6 hours with a probability of 70 percent that it
{ will not be exceeded?

A 70 percent probability of non-exceedence corresponds to a 30
percent probability of exceedence. From Figure 3-17 the force ratio for
; a 6 hour storm duration and a 60 percent chance of the value not being
E exceeded is 2.2.

F
. max
max (Fq ) 6 hr x FS

]
|

therefore

r
|

= 2.21 x 1.7 kN = 3.75 kN
max

3.12 THE BASIS FOR MOORING LOAD CALCULATIONS

Maximum mooring-load calculations must be based on realistic com-
binations of tanker size and condition and environments. The duration and
chance of exceedence used in the probability calculations must also be real-
istically selected. If the mooring-load calculations are based on sound
data and realistic maximum conditions, then undue conservatism need not
be included in factors of safety during the design of the mooring.

3.12.1 Basis For Tanker and Environment

r Several combinations of tanker size and loading condition and environ-

‘ ment may have to be considered in determining the maximum mooring load. As
explained in subsection 2.5.2, the maximum loads may be experienced with either
a loaded or a ballasted tanker, and higher loads in some circumstances may be
experienced with a tanker smaller than the largest for which the mooring is
designed.

Although the highest combination of waves, wind, and current from a
given combination of directions will probably produce the highest load, limiting
mooring environments may be such that the highest waves, wind and current are
colinear, but that waves, wind, and current of lesser magnitude will occur at
non-colinear directions. The non~colinear combination of lesser waves, wind,
and current may produce the highest mooring loads. :
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Complete model testing will probably not be necessary for more than
two or three cases. However, the possibility of high mooring loads under
various conditions should be considered in choosing the cases to be throrougly
investigated.

Consider as an example the design of a mooring for a deepwater
port off-loading terminal. Mooring loads have been determined for a ballasted
500,000 dwt tanker moored in 5 m (15 ft) significant height waves with 50
knot winds at 45 to the waves and a 2 knot current at 90 to the waves.
This is the most severe environment combination for which the mooring is
designed. The mooring is to be operated such that no tankers will remain
moored in more severe environments. Tankers larger than 500,000 dwt will
not be moored. Design studies based on model tests have been conducted which
show that higher mooring loads will not be experienced with other smaller
tankers moored, or when the 500,000 dwt tanker has a draft greater than the
ballasted condition. Then, for this example case, the peak mooring load
would be that predicted for the ballasted 500,000 dwt tanker in the cited
limiting environment.

3.12.2 Basis For Duration and Chance of Exceedence

The maximum mooring load should be calculated by statistical tech-
niques such as those described in subsection 3.1l. The statistics may be
developed from model test data. However, to use these data and apply the
statistical techniques a realistic duration of exposure to the most severe
environment and a reasonable chance of exceedence must be selected.

The duration is usually chosen as that associated with one mooring
and cargo transfer operation instead of the cumulative duration of many such
operations. Continuing the above example, the 500,000 dwt tanker would be near
the ballasted condition only during the last hours of a discharge mooring.
Prior to that time, it was more fully loaded, and thus less apt to exert very
high mooring loads. Also, because it probably came to the mooring when the
environment was mild, the most severe environment will probably only occur
during the last hours of a discharge operation. If the total time at the
mooring is typically 30 hours, then the duration of the combination of most
severe tanker condition and environment may typically be 10 hours or less.

The selection of an appropriate chance of exceedence may take account
of the degree of confidence which can be placed in the design data and the
consequences of a breakout. Keep in mind that safety factors are applied to
the maximum design load in the design of all components of the SPM. If assur-
ances are made that cargo discharge is discontinued and cargo hoses are lowered
before the maximum environment is reached and if chances of damage or pollution
due to a tanker breakout are small, then conservatism is not necessary and a
large chance of exceedence, say 20% or even 507%, may be appropriate. If the
consequences of a mooring line failure are severe or if there are unknowns
or doubts in the design basis, then a low chance of exceedence, say 5%, may
be appropriate.
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3.12.3 Probabilities and Factors of Safety

Appropriate factors of safety for the design of various components
of the mooring system are recommended in Section 5. Factors of safety are used
in engineered designs to account for variations in material properties and
construction techniques. Factors of safety are also used to cover over-
loading due to unforeseen circumstances. If the design-basis setting and
mooring-load determination steps described above are followed, then there
will be very little probability of overloading.

Consider the probability of the most critical tanker being moored
in its most severe condition in the most severe combination of waves, wind,
and current. In general, this will be a rare event at a mooring terminal.

To this probability must be added the duration of the event and the chosen
probability of exceedence under the combination of circumstances. The chance
of a mooring load momentarily equaling or exceeding the design mooring load
determined in this manner will be very small.

3.13 SUMMARY

An SPM model test program conducted for the purpose of designing
a deepwater port must include those combinations of environment, tanker size,
and tanker condition which are apt to produce the highest loads, and to
acquire sufficient data to permit statistical prediction of maximum loads.
It may be necessary to test several tanker sizes and several combinations
of waves, wind, and current. The models should be built to as large a
scale factor as practical to minimize scale effects and modeling and instru-
mentation inaccuracies.

The proper wave spectrum as well as wave h.ight and wave period
should be modeled. However, reasonable criteria shculd be placed on the
accuracy of the spectrum, and because of wave~frequency-generation limita-
tions, it may be necessary to ignore high-frequency components in defining
the spectrum.

Froude’s law scaling must be used in model testing to properly
scale the effects of gravity waves. Thus, it is preferable to adjust
wind veloctiy to induce wind forces which scale by Froude’s law. The form-
drag and gravity-force effects of current predominate over resistance
drag effects and, thus, it is proper to model current by Froude’s law.
Wind induced forces may be modeled by the reaction forces of fans mounted
on the vessel. However, such indirect means of modeling current-induced
forces appear to be potentially troublesome.

The important parameters of the mooring system and the tanker
must be properly modeled. Of particular importance are parameters which
effect the elasticity of the mooring system and the dynamics of the buoy
and the tanker.
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The model test facility which conducts SPM model tests must have
the ability to accurately model the important environmental effects and to
model the SPM system and tanker at a sufficiently large scale. Of par-
ticular importance may be the ability to model wind and current at angles
relative to the waves.

Instrumentation must be carefully prepared and data must be
properly recorded and analyzed to assure the accuracy of the measurements.
The peak values recorded in a single test are not sufficient to predict
maximum values. Generally, statistical functions based on the results of
a number of tests must be used to predict maximum values.
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IABLE 3-1

SCALE FACTORS FOR FROUDE'S LAW SCALING
Characteristic Scale Factor For Length Scale Factor
of 50
Length A 50
Area A2 2,500
Volume A3 125,000
Time A/2 7.07
Veloctiy a\/2 7.07
Force* SA3 128,125
Mass* Sx3 128,125
Acceleration A0 1
Pressure A 50
Moment * SAU 6,406,250
Angular Displacement A0 1
Angular Velocity A'1/2 0.14
Angular Acceleration A'1 0.02
Energy* % 6,406,250
Spring Constant A2 2,500
Bending Stiffness#¥ SAS 320,312,500
Spectral Density \>/2 17,678

*# 5 = Specific gravity of salt water 1.025
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