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1. General

1.1 Introduction

The present Recommended Practice (RP) gives guidance for
modelling and analysis of marine operations, in particular for
lifting operations including lifting through wave zone and low-
ering of objects in deep water to landing on seabed.

1.2 Objective

The objective of this RP is to provide simplified formulations
for establishing design loads to be used for planning and exe-
cution of marine operations.

1.3 Relationship to other codes

This Recommended Practice should be considered as guide-
lines describing how to apply the requirements of “Rules for
Planning and Execution of Marine Operations” issued by Det
Norske Veritas, 1996.

Section 4 “Lifting through wave zone — simplified method” in
the present RP substitutes the sub-section; Sec.2 Design Loads
in Pt.2 Ch.6 Sub Sea Operations in the “Rules for Planning
and Execution of Marine Operations”.

These Rules are presently being converted to following new
DNV Offshore Standards (to be issued 2009):

DNV-0S-H101
DNV-0S-H102
DNV-0S-H201
DNV-0S-H202
DNV-0S-H203

Marine Operations, General

Marine Operations, Loads and Design
Load Transfer Operations

Sea Transports

Transit and Positioning of Mobile Offshore
Units

Offshore Installation Operations
Lifting Operations
Subsea Operations

DNV-0S-H204
DNV-0S-H205
DNV-0S-H206

More general information on environmental conditions and
environmental loads is given in;

DNV-RP-C205 Environmental Conditions and Environmental
Loads (April 2007).

1.4 References

References are given at the end of each chapter. These are
referred to in the text.

1.5 Abbreviations

DAF  Dynamic Amplification Factor
HF  high frequency
J Jonswap

LF low frequency

LTF linear transfer function
PM  Pierson-Moskowitz
RAO Response Amplitude Operator

WF  wave frequency
1.6 Symbols
1.6.1 Latin symbols

a fluid particle acceleration

characteristic single amplitude vertical acceleration
of crane tip

a, relative acceleration

a,, characteristic wave particle acceleration

A cross-sectional area

A nominal area of towline

Aoy projected cross-sectional area of towed object

M
B33

area of available holes in bucket
added mass

infinite frequency vertical added mass
zero-frequency vertical added mass
bucket area

wave crest height

projected area

friction area per meter depth of penetration
skirt tip area

wave trough depth

water plane area

x-projected area of lifted object
normalizing factor in Jonswap spectrum
beam/breadth

wave generation damping

wave drift damping

linear heave damping coefficient
quadratic heave damping coefficient
linear damping coefficient

quadratic damping coefficient

wave phase speed

equivalent winch damping

linear damping of heave compensator
sound of speed

added mass coefficient

block coefficient

centre of buoyancy

drag coefficient

cable longitudinal friction coefficient
drag coefficient for normal flow

drag coefficient for horizontal flow
steady drag coefficient

drag coefficient for vertical flow
damping coefficient

water exit coefficient

force centre

fill factor

centre of gravity

lift coefficient

mass coefficient (=1+C))

moonpool damping coefficients
linearised moonpool damping coefficients
slamming coefficient

hydrostatic stiffness

water depth

depth of penetration

diameter of flow valve

diameter

diameter of propeller disk

cable diameter

wave spectrum directionality function
modulus of elasticity

bending stiffness

fluid kinetic energy

wave frequency (=o/2rx)

friction coefficient for valve sleeves

DET NORSKE VERITAS
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f2) skin friction at depth z Leeve  length of valve sleeves
Jarag sectional drag force M mass of lifted object
Iy sectional normal force m mass per unit length of cable
Ir sectional lift force m’ equivalent winch mass
Ir sectional tangential force my added mass per unit length
Fline force in hoisting line/cable me mass of heave compensator
Fp buoyancy force M; dynamic amplification factor
Fpo horizontal drag force on lifted object Mg moment of towing force
F, buoyancy force M; structural mass matrix
Fe steady force due to current M, spectral moments
Fy inertia force M mass of towed object
F () marginal distribution of “calm” period ¢ M mass of tug
Fa wave generation damping force N number of wave maxima
Fwp wave drift force N, number of “calm” periods
Fy drag force N, number of “storm” periods
Fy dynamic force in cable p perforation ratio
Fy, depth Froude number PFK undisturbed (Froude-Krylov) pressure
F, wave excitation force Pw hydrodynamic pressure inside bucket
Fy slamming force q.2) cone penetration resistance
F, water exit force Iflow flow of water out of bucket
g acceleration of gravity q{d) tip resistance at depth of penetration
GM[ longitudinal metacentric height Oskirt skirt penetration resistance
GMrt transverse metacentric height Osoil force transferred to the soil
h gap between soil and skirt tip Ose static soil resistance
H wave height (=4-+A47) Osd design bearing capacity
H(w,6) motion transfer function r structural displacement
Hy motion transfer function for lifted object 7 structural velocity
Hy breaking wave height P structural acceleration
H, significant wave height r," position of towline end on tow
H significant wave height r,¢ position of towline end on tug
1 area moment of inertia of free surface in tank R reflection coefficient
k wave number R distance from COG to end of bridle lines
k roughness height R, Reynolds number
k total towline stiffness R, most probable largest maximum load
k equivalent winch stiffness coefficient rij radii of gyration
Kfow pressure loss coefficient s submergence of cylinder
kg stiffness of soft sling S(w) wave energy spectrum
k, stiffness of cranemaster S;(w) response spectrum of lifted object
k. stiffness of heave compensator S projected area
ky skin friction correlation coefficient S area of circumscribed circle of towline cross-section
ke tip resistance correlation coefficient S wave steepness
ky vertical cable stiffness S water plane area
kg vertical elastic cable stiffness T wave period
kg elastic towline stiffness T draft
kg vertical geometric cable stiffness T, draft of towed object
kg geometric towline stiffness T. total duration of “calm” periods
kg horizontal stiffness for lifted object T total duration of “storm” periods
ky soil unloading stiffness 1(s) quasi-static tension at top of the cable as function of
K stiffness of hoisting system payout s
KC Keulegan-Carpenter number Te estimated contingency time
KC,,.  “Porous Keulegan-Carpenter number” Ty period of crane til? motior}
kij wave number Tj T, natural periods ‘(elgenperlods)
K mooring stiffness T5Typ; mean wave Pe.HOd ‘
L unstretched length of cable/towline T, Tno2 zero-up-crossing period
L, length of towed object T, spectrum peak period
L stretched length of cable Tpop  planned operation time

DET NORSKE VERITAS
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Vir

imp

Zmax

operation reference period
zero-up-crossing period

resonance period (eigenperiod)
towline tension

horizontal resonance period (eigenperiod)
towing speed

velocity in thruster jet

current velocity

flow velocity through propeller disk
fluid particle velocity

vertical water particle velocity
vertical water particle acceleration
fluid particle acceleration

mean (constant) lowering velocity

characteristic single amplitude vertical velocity of
crane tip

free fall velocity

velocity of water out of bucket

landing impact velocity

maximum wave velocity

relative velocity

slamming impact velocity

characteristic wave particle velocity
displaced volume

velocity parameter

reference volume

displaced volume of object in still water
submerged weight per unit length of cable/towline
submerged weight of lifted object
submerged weight of towline

weight of lifted object in air

velocity of lifted object in direction j
acceleration of lifted object in direction j
winch pay-out coordinate

horizontal towline coordinate
horizontal towline coordinate

motion of crane tip

vertical oscillation amplitude

maximum (positive) sag of towline
squat

1.6.2 Greek symbols

[

Uit

@ ®m PP
= Q

S%)

mob

&

soil

I

towline direction

interaction efficiency factor

beta parameter (=Re/KC)

wave direction

non-dimensional roughness

vertical geometric displacement

vertical elastic displacement

random phase

mass ratio

static deflection (sag) of beam

vertical soil displacement to mobilize O,
rate of change of soil displacement

peak shape parameter in Jonswap spectrum
rate effect factor

soil material coefficient

Gamma function

velocity potential

vertical motion of lifted object

wave induced motion of object

vertical velocity of lifted object

vertical single amplitude crane tip motion
motion of lifted object

moonpool correction factor

amplification factor

discharge coefficient

fluid kinematic viscosity

natural wave numbers of cable

wave number

wave length

wave direction

adjustment factor for mass of hoisting line
wave amplification factor

mass density of water

mass density of cable

mass density of water

spectral width parameter

linear damping coefficient for cable motion
standard deviation of vertical crane tip motion
standard deviation of water particle velocity
standard deviation of dynamic load

linear damping coefficient for motion of lifted
object

average duration of “calm” periods

average duration of “storm” periods

wave angular frequency

natural frequencies of cable

resonance wave angular frequency
non-dimensional frequency

angular frequency of vertical motion of lifted object
angular spectral peak frequency

rigid body motion

horizontal offset at end of cable

horizontal offset of lifted object

wave surface elevation

~
~

MAQQAADXPIVDIEDDIRSFI SR AAISINS S

@@gﬁ@@ Q‘e SIECICIRSIN PN

S, wave amplitude

S motion of body in moonpool

& heave motion of ship

S sea surface elevation outside moonpool

2. General Methods of Analysis

2.1 Introduction

This chapter is a selective extract of the description of wave
load analysis given in DNV-RP-C205, ref./1/. For more thor-
ough discussion of this topic and other metocean issues, see
refs /2/, /3/, /4/ and /5/.

2.2 Description of waves
2.2.1 General

2.2.1.1 Ocean waves are irregular and random in shape,
height, length and speed of propagation. A real sea state is best
described by a random wave model.

2.2.1.2 A linear random wave model is a sum of many small
linear wave components with different amplitude, frequency
and direction. The phases are random with respect to each other.

DET NORSKE VERITAS
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2.2.1.3 A non-linear random wave model allows for sum- and
difference frequency wave component caused by non-linear
interaction between the individual wave components.

2.2.1.4 Wave conditions which are to be considered for struc-
tural design purposes, may be described either by deterministic
design wave methods or by stochastic methods applying wave
spectra.

2.2.1.5 For quasi-static response of structures, it is sufficient
to use deterministic regular waves characterized by wave
length and corresponding wave period, wave height, crest
height and wave. The deterministic wave parameters may be
predicted by statistical methods.

2.2.1.6 Structures with significant dynamic response require
stochastic modelling of the sea surface and its kinematics by
time series. A sea state is specified by a wave frequency spec-
trum with a given significant wave height, a representative fre-
quency, a mean propagation direction and a spreading
function. A sea state is also described in terms of its duration
of stationarity, usually taken to be 3 hours.

2.2.1.7 The wave conditions in a sea state can be divided into
two classes: wind seas and swell. Wind seas are generated by
local wind, while swell have no relationship to the local wind.
Swells are waves that have travelled out of the arcas where
they were generated. Moderate and low sea states in open sea
areas are often composed of both wind sea and swell.

2.2.1.8 In certain areas internal solitary waves can occur at a
water depth where there is a rapid change in water density due
to changes in temperature or salinity. Such waves may have an
effect on deepwater lowering operations, ref. Section 5.

2.2.2 Regular waves

2.2.2.1 A regular travelling wave is propagating with perma-
nent form. It has a distinct wave length, wave period, wave
height.

2.2.2.2 A regular wave is described by the following main
characteristics;

— Wave length: The wave length A is the distance between
successive crests.

— Wave period: The wave period T is the time interval
between successive crests passing a particular point.

— Phase velocity: The propagation velocity of the wave form
is called phase velocity, wave speed or wave celerity and
isdenoted by c = A1/T = wv/k

— Wave frequency is the inverse of wave period: f= I/T

— Wave angular frequency: @ =2n/T

— Wave number: k=2m/A

— Surface elevation: The surface elevation z = 7(x,,?) is the
distance between the still water level and the wave surface.

— Wave crest height A is the distance from the still water
level to the crest.

— Wave trough depth Ay is the distance from the still water
level to the trough.

— Wave height. The wave height H is the vertical distance
from trough to crest. H = Ao+ Ap.

Wave speed,c 2
e
N H:7_T-\ X o
B e
1
Wave period, T=A/c d

Surface elevation
shown at t=0

Figure 2-1
Regular travelling wave properties

2.2.2.3 Nonlinear regular waves are asymmetric, A- >Arand
the phase velocity depends on wave height.

2.2.2.4 For a specified regular wave with period 7, wave
height A and water depth d, two-dimensional regular wave
kinematics can be calculated using a relevant wave theory
valid for the given wave parameters.

2.2.2.5 Table 3-1 in DNV-RP-C205, ref./1/, gives expressions
for horizontal fluid velocity u and vertical fluid velocity w in a
linear Airy wave and in a second-order Stokes wave.

2.2.3 Modelling of irregular waves

2.2.3.1 Trregular random waves, representing a real sea state,
can be modelled as a summation of sinusoidal wave compo-
nents. The simplest random wave model is the linear long-
crested wave model given by;

N
n ()= ZAk cos(a,t+¢&;)
=l

where ¢ are random phases uniformly distributed between 0
and 2 7z, mutually independent of each other and of the random
amplitudes which are taken to be Rayleigh distributed with
mean square value

E[A,f]z 28(w,)Aw, =0}

S(w) is the wave spectrum and Aw, = (@,,, — ®,_,)/2. Use of
deterministic amplitudes 4; = o} can give non-conservative
estimates.

2.2.3.2 The lowest frequency interval Aw is governed by the
total duration of the simulation ¢, A@w =27/¢. The number of fre-
quencies to simulate a typical short term sea state is governed
by the length of the simulation, but should be at least 1000 in
order to capture the properties of extreme waves. For simula-
tions of floater motions randomness is usually assured by using
on the order of 100 frequencies. The influence of the maximum
frequency ®,,,, should be investigated. This is particularly
important when simulating irregular fluid velocities.

2.2.4 Breaking wave limit

2.2.4.1 The wave height is limited by breaking. The maximum
wave height H}, is given by

A, = 0.142tanhﬁ
A A

where A is the wave length corresponding to water depth d.

2.2.4.2 In deep water the breaking wave limit corresponds to
a maximum steepness S,,,, = Hp/A = 1/7. In shallow water the
limit of the wave height can be taken as 0.78 times the local
water depth.
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2.2.5 Short term wave conditions

2.2.5.1 Short term stationary irregular sea states may be
described by a wave spectrum; that is, the power spectral den-
sity function of the vertical sea surface displacement.

2.2.5.2 It is common to assume that the sea surface is station-
ary for a duration of 20 minutes to 3-6 hours. A stationary sea
state can be characterised by a set of environmental parameters
such as the significant wave height H; and the spectral peak
period T, The wave spectrum is often defined in terms of H,
and T),.

2.2.5.3 The significant wave height H is approximately equal
to the average height (trough to crest) of the highest one-third
waves in the indicated time period.

2.2.5.4 The spectral peak period T), is the wave period deter-
mined by the inverse of the frequency at which a wave energy
spectrum has its maximum value.

2.2.5.5 The zero-up-crossing period 7, is the average time
interval between two successive up-crossings of the mean sea
level.

2.2.5.6 Wave spectra can be given in table form, as measured
spectra, or by a parameterized analytic formula. The most
appropriate wave spectrum depends on the geographical area
with local bathymetry and the severity of the sea state.

2.2.5.7 The Pierson-Moskowitz (PM) spectrum and JON-
SWAP spectrum are frequently applied for wind seas. The
PM-spectrum was originally proposed for fully-developed sea.
The JONSWAP spectrum extends PM to include fetch limited
seas. Both spectra describe wind sea conditions that often
occur for the most severe sea-states.

2.2.5.8 Moderate and low sea states in open sea areas are often
composed of both wind sea and swell. A two peak spectrum
may be used to account for both wind sea and swell. The Ochi-
Hubble spectrum and the Torsethaugen spectrum are two-peak
spectra (ref. /1/).

2.2.6 Pierson-Moskowitz and JONSWAP spectra

2.2.6.1 The Pierson-Moskowitz (PM) spectrum Spy@) is
given by;

where w,= 24T, » is the angular spectral peak frequency

2.2.6.2 The JONSWAP spectrum S w) is formulated as a
modification of the Pierson-Moskowitz spectrum for a devel-
oping sea state in a fetch limited situation:

2
a—w
exp| =0.5 L
cw,

S,(w)= A,Spy (@) y

where
Spifl ) Pierson-Moskowitz spectrum
14 = non-dimensional peak shape parameter
o = spectral width parameter
o=o,forw< w,
o= o) for > m,
4, = 1-0.287 In(y) is a normalizing factor

2.2.6.3 The corresponding spectral moment M, of the wave
spectra is;

M, :I 0" S(w)dw,
0

2.2.6.4 For the JONSWAP spectrum the spectral moments are
given approximately as;

1

2
M() ZEHS
i 6.8+
My =—H0,2 2L
16 S5+y
i 11
My=—Hlol L
16 P54y

2.2.6.5 The following sea state parameters can be defined in
terms of spectral moments:

The significant wave height H is defined by
HS = HmO =4 MO
The zero-up-crossing period T, can be estimated by:

M

2

Tm02:27r

The mean wave period 7; can be estimated by:

T 5 MO
= LT —

2.2.6.6 Average values for the JONSWAP experiment data
are y=3.3, 0,=0.07, 03,=0.09. For y=1 the JONSWAP spec-
trum reduces to the Pierson-Moskowitz spectrum.

2.2.6.7 The JONSWAP spectrum is expected to be a reasona-

ble model for
3.6<T,/\H <5

and should be used with caution outside this interval. The
effect of the peak shape parameter yis shown in Figure 2-2.

6.0

S(w) 5.0 1

4.0 4

3.0

2.0 |

1.0

0.0

0.0 0.5 1.0 1.5 2.0 25 3.0

Figure 2-2
JONSWAP spectrum for Hy=4.0 m, T, =8.0 s for y=1, y=2 and
y=S5.

2.2.6.8 The zero-up-crossing wave period 7, and the mean
wave period 7; may be related to the peak period by the fol-

DET NORSKE VERITAS



Recommended Practice DNV-RP-H103, April 2009
Page 12

lowing approximate relations (1 < y<7).

T
—Z _0.6673 + 0.050377 — 0.0062307° + 0.00033415°

= 0.7303 + 0.049367 — 0.0065567 > + 0.00036105°

o ‘~” <

For y=3.3;T,=12859T, and T} = 1.0734T,
For y= 1.0 (PM spectrum); 7, = 140497 and 7; = 1.0867T,

2.2.6.9 If no particular values are given for the peak shape
parameter y, the following value may be applied:

y=5 for T, /\|H <36
y=exp(5.75-1.15T,/\[H ) for 3.6<T,/\|H <5

y=1 for 5<T,/\H|

where T » is in seconds and Hs is in metres.

2.2.7 Directional distribution of wind sea and swell

2.2.7.1 Directional short-crested wave spectra S(@,8) may be
expressed in terms of the uni-directional wave spectra,

S(@,0) = S(0)D(8, ®) = S()D(0)

where the latter equality represents a simplification often used
in practice. Here D(6, @) and D(6) are directionality functions.
@1is the angle between the direction of elementary wave trains
and the main wave direction of the short crested wave system.

2.2.7.2 The directionality function fulfils the requirement;
[ DO, w)d6=1
2.2.7.3 For atwo-peak spectrum expressed as a sum of a swell

component and a wind-sea component, the total directional
frequency spectrum S(w,6) can be expressed as

S(CO, 0) = Swind sea (w)Dwind sea (9) + stell (w)Dswell (9)

2.2.7.4 A common directional function often used for wind
sea is;

(1+n/2)

D)= ——
@ aT(1/2 4 n/2)

n
cos (60— Hp)

where I is the Gamma function and | 4 - 6’p I< ﬁ.
2

2.2.7.5 The main direction 6, may be set equal to the prevail-
ing wind direction if directional wave data are not available.

2.2.7.6 Due consideration should be taken to reflect an accu-
rate correlation between the actual sea-state and the constant ».
Typical values for wind sea are n =2 to n = 4. If used for swell,
n > 6 is more appropriate.

2.2.8 Maximum wave height in a stationary sea state

2.2.8.1 For a stationary narrow banded sea state with N inde-
pendent local maximum wave heights, the extreme maxima in
the sea state can be taken as:

Quantity H,./H; (Nis large)
Most probable largest /% InN

Median value

1z
1/llnN -(1 +70' 367)
2 In N

}Z3
lln N1+ 0. 577)
2 InN

v
,/llnN[l—iln(_lnp)j
2 InN

For a narrow banded sea state, the number of maxima can be
taken as N = #/T, where ¢ is the sea state duration.

Expected extreme value

p-fractile extreme value

2.3 Wave loads on large volume structures
2.3.1 Introduction

2.3.1.1 Offshore structures are normally characterized as
either large volume structures or small volume structures. For
a large volume structure the structure’s ability to create waves
is important in the force calculations while for small volume
structures this is negligible.

2.3.1.2 Small volume structures may be divided into struc-
tures dominated by drag force and structures dominated by
inertia (mass) force. Figure 2-3 shows the different regimes
where area I, III, V and VI covers small volume structures.

2.3.1.3 The term large volume structure is used for structures
with dimensions D on the same order of magnitude as typical
wave lengths A of ocean waves exciting the structure, usually
D > A6. This corresponds to the diffraction wave force
regimes I and IV shown in Figure 2-3 below where this
boundary is equivalently defined as zD/A4 > 0.5.

2.3.2 Motion time scales

2.3.2.1 A floating, moored structure may respond to wind,
waves and current with motions on three different time scales,

— wave frequency (WF) motions
— low frequency (LF) motions.

2.3.2.2 The largest wave loads on offshore structures take
place at the same frequencies as the waves, causing wave fre-
quency (WF) motions of the structure. To avoid large resonant
effects, offshore structures and their mooring systems are often
designed in such a way that the resonant frequencies are shifted
well outside the wave frequency range.
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Different wave force regimes (Chakrabarti, 1987).
D = characteristic dimension, H = wave height, 1 = wave length.

2.3.2.3 A floating structure responds mainly in its six rigid
modes of motions including translational modes, surge, sway,
heave, and rotational modes, roll, pitch, yaw. In addition, wave
induced loads can cause high frequency elastic response, i.e.
springing and whipping of ships.

2.3.2.4 Due to non-linear load effects, some responses always
appear at the natural frequencies. Slowly varying wave and
wind loads give rise to low frequency (LF) resonant horizontal
motions, also named slow-drift motions.

2.3.2.5 The WF motions are mainly governed by in-viscid
fluid effects, while viscous fluid effects are relatively impor-
tant for LF motions. Different hydrodynamic effects are
important for each floater type, and must be taken into account
in the analysis and design.

2.3.3 Natural periods

2.3.3.1 Natural periods for a large moored offshore structure
in surge, sway and yaw are typically more than 100 seconds.
Natural periods in heave, roll and pitch of semi-submersibles
are usually above 20 seconds.

2.3.3.2 The natural periods T;, j = 1,2,...6 of a moored off-
shore structure are approx1mat]ely given by

1
M, +4,
T =27 L0
! [C +K, ]
where M;;, A;;, C; and Kj; are the diagonal elements of the
mass, adé’ed mass, hydrost/atlc and mooring stiffness matrices.

2.3.3.3 Natural periods depend on coupling between different
modes and the amount of damping.

2.3.3.4 The uncoupled natural period in heave for a freely
floating offshore vessel is

1
M+ A4,
T3=27r[ i 3’J
3 g8

where M is the mass, 433 the heave added mass and S is the
water plane area.

2.3.3.5 The natural period in pitch for a freely floating off-
shore vessel is;
1

T - Mr.” + A, 2
’ gV GM,
where r;55 is the pitch radius of gyration, 455 is the pitch added
moment and GM; is the longitudinal metacentric height. The
natural period in roll is
1

. 27{Mr4f +A44]2
=2 e T
pgV GM,

where r,4 is the roll radius of gyration, 44, is the roll added
moment and GM7 is the transversal metacentric height.

2.3.4 Frequency domain analysis

2.3.4.1 The wave induced loads in an irregular sea can be
obtained by linearly superposing loads due to regular wave
components. Analysing a large volume structure in regular
incident waves is called a frequency domain analysis.

2.3.4.2 Assuming steady state, with all transient effects
neglected, the loads and dynamic response of the structure is
oscillating harmonically with the same frequency as the inci-
dent waves, or with the frequency of encounter in the case of a
forward speed.

2.3.4.3 Within a linear analysis, the hydrodynamic problem is
usually divided into two sub-problems:

— Radiation problem where the structure is forced to oscil-
late with the wave frequency in a rigid body motion mode
with no incident waves. The resulting loads are usually
formulated in terms of added mass, damping and restoring
loads

e dg

ki d 2 ki dt

where 4;; and By, are added mass and damping, and Cy; are

the hydrostatlc restorlng coefficients, j,k = 1,6, for thé six

degrees of rigid body modes. 4;; and By; are functions of
wave frequency @.

— Diffraction problem where the structure is restrained from

motions and is excited by incident waves. The resulting
loads are wave excitation loads

F = f(@)e ™ k=16

F" =-4

Clg 5

2.3.4.4 The part of the wave excitation loads that is given by
the undisturbed pressure in the incoming wave is called the
Froude-Krylov forces/moments. The remaining part is called
diffraction forces/moments.

2.3.4.5 Large volume structures are inertia-dominated, which
means that the global loads due to wave diffraction are signif-
icantly larger than the drag induced global loads. To avoid an
excessive increase in the number of elements/panels on slender
members/braces of the structure in the numerical diffraction
analysis, a Morison load model with predefined added mass
coefficients can be added to the radiation/diffraction model,
ref. Section 2.4.
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2.3.4.6 A linear analysis will usually be sufficiently accurate
for prediction of global wave frequency loads. Hence, this sec-
tion focuses on first order wave loads. The term /inear means
that the fluid dynamic pressure and the resulting loads are pro-
portional to the wave amplitude. This means that the loads
from individual waves in an arbitrary sea state can be simply
superimposed.

2.3.4.7 Only the wetted area of the floater up to the mean
water line is considered. The analysis gives first order excita-
tion forces, hydrostatics, potential wave damping, added mass,
first order motions in rigid body degrees of freedom and the
mean drift forces/moments. The mean wave drift force and
moments are of second order, but depends on first order quan-
tities only.

2.3.4.8 The output from a frequency domain analysis will be
transfer functions of the variables in question, e.g. exciting
forces/moments and platform motions per unit wave ampli-
tude. The first order or linear force/ moment transfer function
(LTF) is usually denoted H)(w). The linear motion transfer
function, &(w) is also denoted the response transfer function.
These quantities are usually taken as complex numbers. The
linear motion transfer function gives the response per unit
amplitude of excitation, as a function of the wave frequency,

&V (w)=H" (o)L (@)

where L(w) is the linear structural operator characterizing the
equations of motion,

L() = -0’ [M + A()|+ioB(w) + C

M is the structure mass and inertia, 4 the added mass, B the
wave damping and C the stiffness, including both hydrostatic
and structural stiffness. The equations of rigid body motion
are, in general, six coupled equations for three translations
(surge, sway and heave) and three rotations (roll, pitch and
yaw). The module of the motion transfer function is denoted
the Response Amplitude Operator (RAO).

2.3.4.9 The concept of RAOs may also be used for global
forces and moments derived from rigid body motions and for
diffracted wave surface elevation, fluid pressure and fluid kin-
ematics.

2.3.4.10 The frequency domain method is well suited for sys-
tems exposed to random wave environments, since the random
response spectrum can be computed directly from the transfer
function and the wave spectrum in the following way:

Sp(@) =" () S(@)

where

10} = angular frequency (=27 /7T)

AD () = transfer function of the response
S(w) = wave spectrum

Sp(w) = response spectrum

2.3.4.11 Based on the response spectrum, the short-term
response statistics can be estimated. The method limitations
are that the equations of motion are linear and the excitation is
linear.

2.3.4.12 A linear assumption is also employed in the random
process theory used to interpret the solution. This is inconven-
ient for nonlinear effects like drag loads, damping and excita-
tion, time varying geometry, horizontal restoring forces and
variable surface elevation. However, in many cases these non-
linearities can be satisfactorily linearised, ref. /1/.

2.3.4.13 Frequency domain analysis is used extensively for
floating units, including analysis of both motions and forces. It
is usually applied in fatigue analyses, and analyses of more

moderate environmental conditions where linearization gives
satisfactory results. The main advantage of this method is that
the computations are relatively simple and efficient compared
to time domain analysis methods.

2.3.4.14 Low frequency motions of a moored floating struc-
ture are caused by slowly varying wave, wind and current
forces. The wave-induced drift force can be modelled as a sum
ofan inviscid force and a viscous force. The inviscid wave drift
force is a second-order wave force, proportional to the square
of the wave amplitude. In a random sea-state represented by a
sum of N wave components @;, i = I, N the wave drift force
oscillates at difference frequencies @; - @, and is given by the
expression

N .
F,(t)=ReY 4,4, H* (0, 0,)e"" "

i

where 4,, 4; are the individual wave amplitudes and H(>") is the
difference frequency quadratic transfer function (QTF). The
QTF is usually represented as a complex quantity to account
for the proper phase relative to the wave components. Re
denotes the real part. The mean drift force is obtained by keep-
ing only diagonal terms (@; = @) in the sum above

2.3.4.15 If the natural frequency of the horizontal floater
motion is much lower than the characteristic frequencies of the
sea state, the so called Newman's approximation can be used to
approximate the wave drift force. In this approximation the
QTF matrix can be approximated by the diagonal elements,

. 1 _ _
H (0.0) 2 [H @.0)+H (©,.0)]

More detailed information on drift forces and Newman’s
approximation is given in Ref. /1/.

2.3.5 Multi-body hydrodynamic interaction

2.3.5.1 Hydrodynamic interactions between multiple floaters
in close proximity and between a floater and a large fixed
structure in the vicinity of the floater, may be analysed using
radiation/diffraction software through the so-called multi-
body options. The N floaters are solved in an integrated system
with motions in 6-N degrees of freedom.

2.3.5.2 Anexample of a two-body system is a crane vessel and
a side-by-side positioned transport barge during lifting opera-
tions where there may be strong hydrodynamic interaction
between the two floaters. The interaction may be of concern
due to undesirable large relative motion response between the
two floaters.

2.3.5.3 An important interaction effect is a near resonance
trapped wave between the floaters that can excite sway and roll
motions. This trapped wave is undamped within potential the-
ory. Some radiation-diffraction codes have means to damp
such trapped waves. The discretisation of the wetted surfaces
in the area between the floaters must be fine enough to capture
the variations in the trapped wave. Additional resonance peaks
also appear in coupled heave, pitch and roll motions.

Guidance note:

In the case of a narrow gap between near wall sided structures in
the splash zone a near resonant piston mode motion may be
excited at a certain wave frequency. The eigenfrequency @ of
the piston mode is within a frequency range given by

2 G aD T G
I+——=< <l+=—
7 D g 2 D
where
D = draft of structure (barge) [m]
G = width of gap [m]
g = acceleration of gravity [m/s?]
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In addition transverse and longitudinal sloshing mode motions in
the gap may occur. Formulas for the eigenfrequencies of such
sloshing mode motions are given in ref /8/.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

2.3.5.4 When analyzing hydrodynamic interactions between
multiple floater using a radiation/diffraction panel method one
should take care to distinguish between the eigenfrequencies
of near resonant trapped modes and possible irregular frequen-
cies inherent in the numerical method (ref. 2.3.9).

2.3.5.5 Another interaction effect is the sheltering effect
which leads to smaller motions on the leeside than on the
weather side. Hydrodynamic interaction effects between mul-
tiple surface piercing structures should be included if the exci-
tation loads on each structure is considerable influenced by the
presence of the other structures.

2.3.5.6 When calculating individual drift forces on multiple
floaters, direct pressure integration of second-order fluid pres-
sure on each body is required. The momentum approach usu-
ally applied for one single floater gives only the total drift force
on the global system. Care should be taken when calculating
drift force in vicinity of the frequencies of the trapped modes
(2.3.5.3) since undamped free surface motion may lead to erro-
neous drift force predictions.

2.3.6 Time domain analysis

2.3.6.1 Some hydrodynamic load effects can be linearised and
included in a frequency domain approach, while others are
highly non-linear and can only be handled in time-domain.

2.3.6.2 The advantage of a time domain analysis is that it can
capture higher order load effects. In addition, a time domain
analysis gives the response statistics without making assump-
tions regarding the response distribution.

2.3.6.3 A time-domain analysis involves numerical integra-
tion of the equations of motion and should be used when non-
linear effects are important. Examples are

— transient slamming response
— simulation of low-frequency motions (slow drift)
— coupled floater, riser and mooring response.

2.3.6.4 Time-domain analysis methods are usually used for
prediction of extreme load effects. In cases where time-domain
analyses are time-consuming, critical events can be analysed
by a refined model for a time duration defined by a simplified
model.

2.3.6.5 Time-domain analyses of structural response due to
random load effects must be carried far enough to obtain sta-
tionary statistics.

2.3.7 Numerical methods

2.3.7.1 Wave-induced loads on large volume structures can be
predicted based on potential theory which means that the loads
are deduced from a velocity potential of the irrotational motion
of an incompressible and inviscid fluid.

2.3.7.2 The most common numerical method for solution of
the potential flow is the boundary element method (BEM)
where the velocity potential in the fluid domain is represented
by a distribution of sources over the mean wetted body surface.
The source function satisfies the free surface condition and is
called a free surface Green function. Satisfying the boundary
condition on the body surface gives an integral equation for the
source strength.

2.3.7.3 An alternative is to use elementary Rankine sources
(1/R) distributed over both the mean wetted surface and the
mean free surface. A Rankine source method is preferred for

forward speed problems.

2.3.7.4 Another representation is to use a mixed distribution
of both sources and normal dipoles and solve directly for the
velocity potential on the boundary.

2.3.7.5 The mean wetted surface is discretised into flat or
curved panels, hence these methods are also called panel meth-
ods. A low-order panel method uses flat panels, while a higher
order panel method uses curved panels. A higher order method
obtains the same accuracy with less number of panels.
Requirements to discretisation are given in ref./1/.

2.3.7.6 The potential flow problem can also be solved by the
finite element method (FEM), discretising the volume of the
fluid domain by elements. For infinite domains, an analytic
representation must be used a distance away from the body to
reduce the number of elements. An alternative is to use so-
called infinite finite element.

2.3.7.7 For fixed or floating structures with simple geometries
like sphere, cylinder, spheroid, ellipsoid, torus, etc. semi-ana-
lytic expressions can be derived for the solution of the potential
flow problem. For certain offshore structures, such solutions
can be useful approximations.

2.3.7.8 Wave-induced loads on slender ship-like large volume
structures can be predicted by strip theory where the load is
approximated by the sum of loads on two-dimensional strips.
One should be aware that the numerical implementation of the
strip theory must include a proper treatment of head sea
(= 180°) wave excitation loads.

2.3.7.9 Motion damping of large volume structures is due to
wave radiation damping, hull skin friction damping, hull eddy
making damping, viscous damping from bilge keels and other
appendices, and viscous damping from risers and mooring.
Wave radiation damping is calculated from potential theory.
Viscous damping effects are usually estimated from simplified
hydrodynamic models or from experiments. For simple
geometries Computational Fluid Dynamics (CFD) can be used
to assess viscous damping.

2.3.8 Frequency and panel mesh requirements

2.3.8.1 Several wave periods and headings need to be selected
such that the motions and forces/moments can be described as
correctly as possible. Cancellation, amplification and reso-
nance effects must be properly captured.

2.3.8.2 Modelling principles related to the fineness of the
panel mesh must be adhered to. For a low-order panel method
(BEM) with constant value of the potential over the panel the
following principles apply:

— Diagonal length of panel mesh should be less than 1/6 of
smallest wave length analysed.

— Fine mesh should be applied in areas with abrupt changes
in geometry (edges, corners).

— When modelling thin walled structures with water on both
sides, the panel size should not exceed 3-4 times the mod-
elled wall thickness.

— Finer panel mesh should be used towards water-line when
calculating wave drift excitation forces.

— The water plane area and volume of the discretised model
should match closely to the real structure.

2.3.8.3 Convergence tests by increasing number of panels
should be carried out to ensure accuracy of computed loads.
Comparing drift forces calculated by the pressure integration
method and momentum method provides a useful check on
numerical convergence for a given discretisation.

2.3.8.4 Calculating wave surface elevation and fluid particle
velocities require an even finer mesh as compared to a global
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response analysis. The diagonal of a typical panel is recom-
mended to be less than 1/10 of the shortest wave length ana-
lysed. For low-order BEM, fluid kinematics and surface
elevation should be calculated at least one panel mesh length
away from the body boundary, preferably close to centre of
panels.

2.3.8.5 For a motion analysis of a floater in the frequency
domain, computations are normally performed for at least 30
frequencies. Special cases may require a higher number. This
applies in particular in cases where a narrow-band resonance
peak lies within the wave spectral frequency range. The fre-
quency spacing should be less than {wy to achieve less than
about 5% of variation in the standard deviation of response. ¢
. is the damping ratio and @, the frequency.

2.3.9 Irregular frequencies

2.3.9.1 For radiation/diffraction analyses, using free surface
Green function solvers, of large volume structures with large
water plane area like ships and barges, attention should be paid
to the existence of so-called irregular frequencies.

2.3.9.2 Irregular frequencies correspond to fictitious eigen-
modes of an internal problem (inside the numerical model of
the structure) and do not have any direct physical meaning. It
is a deficiency of the integral equation method used to solve for
the velocity potential.

2.3.9.3 Inthe vicinity of irregular frequencies a standard BEM
method may give unreliable values for added mass and damp-
ing and hence for predicted RAOs and drift forces. Methods
are available in some commercial software tools to remove the
unwanted effects of the irregular frequencies. The Rankine
source method avoids irregular frequencies.

2.3.9.4 Trregular wave numbers vof a rectangular barge with
length L, beam B and draft T are given by the relations

v =v,; =k; coth(k,T)

where
k, =7JG/LY +(j/B); i,j=012,..;i+j>1

2.3.9.5 Irregular wave numbers v of a vertical cylinder with
radius R and draft T are given by the relations

V = Vms = kmx COth(kaT)

where k,,, = j,,/R are given by the zeros of the m order Bessel
functionJ,,(j,,,) =0;m=0,1,2,...,s=1,2,..... The lowest zeros
arejOI = 2.405,]11 = 3.832,]21 = 5.136,]02 = 5.520. The cor-
responding irregular frequencies are then given by the disper-
sion relation

®’ = gvtanh(1d)

where
v = irregular wave number
g = acceleration of gravity

d = water depth.

2.4 Wave Loads on small volume structures

2.4.1 Small volume 3D objects

2.4.1.1 The term small volume structure is used for structures
with dimensions D that are smaller than the typical wave lengths
A of ocean waves exciting the structure, usually D < A5, see
Figure 2-3.

2.4.1.2 A Morison type formulation may be used to estimate
drag and inertia loads on three dimensional objects in waves

and current;

.
F(t):pV(1+CA)v+3pCDSV|v|

where

v = fluid particle (waves and/or current) velocity [m/s]
v = fluid particle acceleration [m/s2]

V' =displaced volume [m3]

S =projected area normal to the force direction [m?]

p  =mass density of fluid [kg/m3]
C, = added mass coefficient [-]
Cp = drag coefficient [-]

Added mass coefficients for some 3D objects are given in
Table A2 in Appendix A. Drag coefficients are given in Appen-
dix B.

2.4.1.3 For some typical subsea structures which are perfo-
rated with openings (holes), the added mass may depend on
motion amplitude or equivalently, the KC-number (ref. Section
3.3.3). A summary of force coefficients for various 3D and 2D
objects can be found in ref. /7/.

2.4.2 Sectional force on slender structures

2.4.2.1 The hydrodynamic force exerted on a slender structure
in a general fluid flow can be estimated by summing up sec-
tional forces acting on each strip of the structure. In general the
force vector acting on a strip can be decomposed in a normal
force fy, an axial force frand a lift force f; being normal to both
fy and f7, see Figure 2-4. In addition a torsion moment m will
act on non-circular cross-sections.

i

fr VN

Figure 2-4
Definition of normal force, axial force and lift force on slender
structure.

2.4.2.2 For slender structural members (cylinders) having
cross-sectional dimensions sufficiently small to allow the gra-
dients of fluid particle velocities and accelerations in the direc-
tion normal to the member to be neglected, wave loads may be
calculated using the Morison's load formula. The sectional
force f)y on a fixed slender structure in two-dimensional flow
normal to the member axis is then given by

1
Ju(@®) = p(l+ CA)AV+5pCDDV‘V‘

where

v = fluid particle (waves and/or current) velocity [m/s]

v = fluid particle acceleration [m/s2]

A = cross sectional area [m?]

D = diameter or typical cross-sectional dimension [m]

p = mass density of fluid [kg/m3]

C4 = added mass coefficient (with cross-sectional area as
reference area) [-]

Cp = drag coefficient [-]

DET NORSKE VERITAS



Recommended Practice DNV-RP-H103, April 2009
Page 17

2.4.2.3 Normally, Morison's load formula is applicable when
the following condition is satisfied:

A>5D

where A is the wave length and D is the diameter or other pro-
jected cross-sectional dimension of the member.

2.4.2.4 For combined wave and current flow conditions, wave
and current induced particle velocities should be added as vec-
tor quantities. If available, computations of the total particle
velocities and accelerations based on more exact theories of
wave/current interaction are preferred.

2.4.3 Definition of force coefficients

2.4.3.1 The drag coefficient Cp is the non-dimensional drag-
force;

e
! pDv?
where
Jirag = sectional drag force [N/m]
e = fluid density [kg/m3]
D = diameter (or typical dimension) [m]
v = velocity [m/s]

2.4.3.2 In general the fluid velocity vector will be in a direc-
tion « relative to the axis of the slender member (Figure 2-4).
The drag force f,q is decomposed in a normal force fy and an
axial force f7.

2.4.3.3 The added mass coefficient C is the non-dimensional
added mass

ma
C,= A
where
m,  =the added mass per unit length [kg/m]
A = cross-sectional area [m?]

2.4.3.4 The mass coefficient is defined as
CM: 1 + CA

2.4.3.5 The lift coefficient is defined as the non-dimensional
lift force

CL — 1 ﬁift
= pDv*
5 e
where
Jifi = sectional lift force [N/m]

2.4.4 Moving structure in still water

2.4.4.1 The sectional force f5, on a moving slender structure in
still water can be written as

Fult)==pC 47 = pC, Dil

where
7 =velocity of member normal to axis [m/s]
# = acceleration of member normal to axis [m/s?]

C,; =hydrodynamic damping coefficient [-]
2.4.5 Moving structure in waves and current

2.4.5.1 The sectional force f5, on a moving slender structure in
two-dimensional non-uniform (waves and current) flow nor-

mal to the member axis can be obtained by summing the force
contributions in 2.3.2.2 and 2.3.4.1.

Sfu(t) =—pC Ai + p(1+C ) AV + % pC,DV]Y| —% pC,Dili|

2.4.5.2 This form is known as the independent flow field
model. In a response analysis, solving for » = (f), the added
mass force pC,Ai = m# adds to the structural mass m, times
acceleration on the left hand side of the equation of motion.
When the drag force is expressed in terms of the relative veloc-
ity, a single drag coefficient is sufficient. Hence, the relative
velocity formulation (2.3.6) is most often applied.

2.4.6 Relative velocity formulation

2.4.6.1 The sectional force can be written in terms of relative
velocity;

fu(t) ==pC Ait + p(1+ C,) AV + % pCpDv,

or in an equivalent form when relative acceleration is also
introduced;

VF

RO = pAa pC da, + pCoDv,

v,
where
= V¥ is the fluid acceleration [m/s]
v, = v—r is the relative velocity [m/s]
a, = v-—i is the relative acceleration [m/s2]

2.4.6.2 When using the relative velocity formulation for the
drag forces, additional hydrodynamic damping should nor-
mally not be included.

2.4.7 Applicability of relative velocity formulation

2.4.7.1 The use of relative velocity formulation for the drag
force is valid if

/D> 1
where 7 is the member displacement amplitude and D is the
member diameter.

2.4.7.2 When r/D <1 the validity is depending on the value of
the parameter Vp = vT,/D as follows:

20< Vg Relative velocity recommended

10 < V5 <20 Relative velocity may lead to an over-estimation
of damping if the displacement is less than the
member diameter.

VR <10 It is recommended to discard the velocity of the

structure when the displacement is less than one
diameter, and use the drag formulation in
2.4.2.2.

2.4.7.3 For a vertical surface piercing member in combined
wave and current field, the parameter /', can be calculated
using

v = v.+ xH/T,approximation of particle velocity close to
wave surface [m/s]

v, = current velocity [m/s]

T, = period of structural oscillations [s]

H, = significant wave height [m]

T, = zero-up-crossing period [s]

2.4.8 Hydrodynamic coefficients for normal flow

2.4.8.1 When using Morison's load formula to calculate the
hydrodynamic loads on a structure, one should take into
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account the variation of Cp and C4 as function of Reynolds
number, the Keulegan-Carpenter number and the roughness.

CD = CD(Re, KC, A)
CA = CA(RQ, KC, A)
The parameters are defined as:
— Reynolds number: Re = vD/v

— Keulegan-Carpenter number: KC = v, T/D
— Non-dimensional roughness: A=k/D

where

D = Diameter [m]

T = wave period or period of oscillation [s]

k = roughness height [m]

v = total flow velocity [m/s]

v = fluid kinematic viscosity [m?/s]. See Appendix C.
v,, = maximum orbital particle velocity [m/s]

The effect of Re, KC and A on the force coefficients is
described in detail in refs. /4/ and /6/.

2.4.8.2 For wave loading in random waves the velocity used
in the definition of Reynolds number and Keulegan-Carpenter
number should be taken as 2o, where o, is the standard
deviation of the fluid velocity. The wave period should be
taken as the zero-up-crossing period 7.

2.4.8.3 For oscillatory fluid flow a viscous frequency param-
eter is often used instead of the Reynolds number. This param-
eter is defined as the ratio between the Reynolds number and
the Keulegan-Carpenter number,

B=RelKC = DYVI = wD/(27v)

where

D = diameter [m]

T = wave period or period of structural oscillation [s]
o = 27/T=angular frequency [rad/s]

v = fluid kinematic viscosity [m?/s]

Experimental data for Cp, and Cj, obtained in U-tube tests are
often given as function of KC and £ since the period of oscil-
lation T is constant and hence £ is a constant for each model.

2.4.8.4 For a circular cylinder, the ratio of maximum drag
force fp jnqx to the maximum inertia force f7 ., is given by
fD,max _ CD
from  7(1+C)

The formula can be used as an indicator on whether the force
is drag or inertia dominated. When f, >2.f,  the drag
force will not influence the maximum total force. ’

2.4.8.5 For combined wave and current conditions, the gov-
erning parameters are Reynolds number based on maximum
velocity, v = v, + v,,, Keulegan-Carpenter number based on
maximum orbital velocity v,, and the current flow velocity
ratio, defined as

aC = VC/(VC+Vm)
where v, is the current velocity.

2.4.8.6 For sinusoidal (harmonic) flow the Keulegan-Carpen-
ter number can also be written as
KC =271,/ D

where 7, is the oscillatory flow amplitude. Hence, the KC-
number is a measure of the distance traversed by a fluid particle

during half a period relative to the member diameter.

2.4.8.7 For fluid flow in the wave zone 7, in the formula
above can be taken as the wave amplitude so that the K.
number becomes

kc="
D

where H is the wave height.

2.4.8.8 For an oscillating structure in still water, which for
example is applicable for the lower part of the riser in deep
water, the Keulegan-Carpenter number is given by

_x,T
D

KC

where x is the maximum velocity of the structure, 7 is the
period of oscillation and D is the cylinder diameter.
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3. Lifting through Wave Zone — General
3.1 Introduction
3.1.1 Objective

3.1.1.1 Design loads need to be established when lowering
subsea structures through the wave zone. Accurate prediction
of these design loads may reduce the risk of expensive waiting
on weather, increase the number of suitable installation vessels
and also increase the safety level of the operation.

3.1.1.2 The objective of this section is to give guidance on
how to improve the modelling and analysis methods in order
to obtain more accurate prediction of the design loads.

3.1.2 Phases of a subsea lift

3.1.2.1 A typical subsea lift consists of the following main
phases:

— lift off from deck and manoeuvring object clear of trans-
portation vessel

— lowering through the wave zone

— further lowering down to sea bed

— positioning and landing.

3.1.3 Application

3.1.3.1 This section gives general guidance for modelling and
analysis of the lifting through the wave zone phase.
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3.1.3.2 Only typical subsea lifts are covered. Other installa-
tion methods as e.g. free fall pendulum installation are not cov-
ered.

3.1.3.3 A simplified method for estimating the hydrodynamic
forces is given in section 4. Topics related to the lowering
phase beneath the wave influenced zone are covered in section
5 while landing on seabed is dealt with in section 6.

3.2 Loads and load effects
3.2.1 General

3.2.1.1 An object lowered into or lifted out of water will be
exposed to a number of different forces acting on the structure.
In general the following forces should be taken into account
when assessing the response of the object;

Fj;,.= force in hoisting line/cable
W, = weight of object (in air)
Fp = buoyancy force

F,. = steady force due to current
F; = inertia force

F,,; = wave damping force

F,; = drag force

F,, = wave excitation force

F; = slamming force

F, = water exit force

3.2.1.2 The force Fy;,,(f) in the hoisting line is the sum of a
mean force Fy and a dynamic force Fy,,(¢) due to motion of
crane tip and wave excitation on object. The mean force is
actually a slowly varying force, partly due to the lowering
velocity and partly due to water ingress into the object after
submergence.

3.2.2 Weight of object
3.2.2.1 The weight of the object in air is taken as;
W,=Mg [N]

where

<
|

= mass of object including pre-filled water within object
(kg]
acceleration of gravity [m/s?]

0Q
Il

Guidance note:

The interpretation of the terms weight and structural mass is
sometimes misunderstood. Weight is a static force on an object
due to gravity. The resulting static force on a submerged object
is the sum of the weight of the object acting downwards and the
buoyancy force acting upwards. Structural mass is a dynamic
property of an object and is unchanged regardless of where the
object is situated. The inertia force is the product of mass (includ-
ing added mass) and acceleration required to accelerate the mass.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.2.2.2 Additional water flowing into the (partly or fully) sub-
merged object shall be taken into account as described in
4.6.3.4.

3.2.3 Buoyancy force

3.2.3.1 The buoyancy force for a submerged object is equal to
the weight of the displaced water,

Fy(t)=pgV () [N]
where
p = mass density of water [kg/m3]
g = acceleration of gravity [m/s?]
V(t) = displaced volume of water [m?3]

Guidance note:

The mass density of water varies with salinity and temperature as
shown in Table C1 in Appendix C.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.2.3.2 During water entry of an object lowered through the
free surface, the buoyancy force is given by the weight of the
instantaneous displaced water.

3.2.3.3 For a totally submerged object the buoyancy force
may vary with time in the case of continued water ingress into
the object.

3.2.3.4 The direction of the buoyancy force is opposite to
gravity. If the centre of buoyancy is not vertically above the
centre of gravity, the buoyancy force will exert a rotational
moment on the lifted object.

Guidance note:

The centre of buoyancy xp is defined as the geometrical centre of
the displaced volume of water.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.2.3.5 For a partly submerged object in long waves (com-
pared to characteristic horizontal dimension) the buoyancy
force varies with wave elevation according to 3.2.5.2. The time
varying part of the buoyancy force due to waves can then be
taken as a wave excitation force.

3.2.3.6 For a submerged object, the submerged weight W of
the object is defined as;

W(ty=W,-F,(t)=[M - pV(t)]-g [N]

3.2.4 Steady force due to current

3.2.4.1 The steady force due to ocean current can be taken as
a quadratic drag force

F.= %pCDSpriUc(Zo)z [N]

where

Cps; the steady state drag coefficient in the current direc-
tioni [-]

A4,; = projected area in direction i [m?]

Ulzp) = current velocity at depth z, of object [m/s]

3.2.4.2 The steady current force is opposed by the horizontal
component of the hoisting line force.

3.2.5 Inertia force due to moving object

3.2.5.1 The inertia force in direction i (i = 1,2,3) on an object
moving in pure translation can be calculated from

F=—Ms,+4, )k, [N]
where summation over j is assumed and
M = structural mass [kg]
o = Lifi=j
=0 ifi#j
4;; = added mass in direction 7 due to acceleration in direc-
tion; [kg]
X; = acceleration of object in direction j (x;=x, x,=y, and
x5=2) [m/s?]

The added mass is usually expressed in terms of an added mass
coefficient C’ defined by;

Ay =pCiV,  [ke]

DET NORSKE VERITAS



Recommended Practice DNV-RP-H103, April 2009
Page 20

where

p = mass density of water [kg/m3]

Vg = reference volume of the object [m3]
C” = added mass coefficient [-]

Guidance note:

In the absence of body symmetry, the cross-coupling added mass
coefficients Aj,, A3 and A,3 are non-zero, so that the hydrody-
namic inertia force may differ in direction from the acceleration.
Added-mass coefficients are symmetric, Aj; = Aj;. Hence, for a
three-dimensional object of arbitrary shape ther¢ are in general
21 different added mass coefficients for the 3 translational and 3
rotational modes. Added mass coefficients for general compact
non-perforated structures may be determined by potential flow
theory using a sink-source technique.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Figure 3-1
Submerged object lifted through wave zone

3.2.5.2 For objects crossing the water surface, the submerged
volume V" and the vertical added mass 433 shall be taken to the
still water level, z = 0.

3.2.5.3 For rotational motion (typically yaw motion) of a
lifted object the inertia effects are given by the mass moments
of inertia M;; and the added moments of inertia 4;; where i,/ =
4,5,6 as well as coupling coefficients with dimension mass
multiplied by length. Reference is made to /6/.

Guidance note:

For perforated structures viscous effects may be important and
the added mass will depend on the amplitude of motion defined
by the KC-number. The added mass will also be affected by a
large volume structure in its close proximity.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.2.5.4 A general object in pure translational motion may be
destabilized due to the Munk moment which can be expressed
in terms of the translational added mass coefficients, ref. /6/.

3.2.6 Wave damping force

3.2.6.1 In general when an object moves in vicinity of a free
surface, outgoing surface waves will be created. The energy of
these waves comes from the work done to dampen the motion
of the object. The resulting force on the object is the wave
damping force.

3.2.6.2 The wave damping force F,,; is proportional to the
velocity of the object;

Fwd = Bé‘/‘x/’

[N]
where

B;; = wave generation damping coefficient [kg/s]

X; = velocity of lifted object [m/s]

3.2.6.3 For oscillatory motion of the object, the wave damping
force vanishes for high frequencies and for low frequencies.
Wave damping can be neglected if;

T>>\22D/g [s]

where T'is the period of the oscillatory motion, D is a charac-
teristic dimension of the object normal to the direction of
motion and g is the acceleration of gravity. For transparent
structures composed of several slender elements, the charac-
teristic dimension is the cross-sectional dimension of the slen-
der elements.

3.2.7 Wave excitation force

3.2.7.1 The wave exciting forces and moments are the loads
on the structure when it is restrained from any motion response
and there are incident waves.

3.2.7.2 When the characteristic dimensions of the object is
considerably smaller than the wave length, the wave excitation
force in direction i on a fully submerged object is found from

E, :pV(5,.j+CZ)\'/j+FDI. [N]
where
p = mass density of water [kg/m3]
V' = submerged volume of object (taken to still water level
z=0) [m?]

g =1 ifi=j

=0 ifi#j
CY% = added mass coefficient [-]

V. = water particle acceleration in direction i [m/s?]

F p; = Viscous drag excitation force [N] (see 3.2.8)

3.2.7.3 For a partly submerged object the excitation force in
direction i is found from

Fyi = pgAus(1)8;3 + pV (85 + C )v; NI

where the first term is a hydrostatic force (see Guidance Note)
associated with the elevation of the incident wave at the loca-
tion of the object and where

g = acceleration of gravity [m/s?]
A,, = water plane area [m2]

4(t) = wave surface elevation [m]
63 = 1 if i=3 (vertically)

= 0 if i =1 ori =2 (horizontally)

Guidance note:

The hydrostatic contribution in the excitation force for a partly
submerged object can also be viewed as part of a time dependent
buoyancy force (acting upwards) since in long waves the
increase in submerged volume for the object can be approxi-
mated by 4,,4(t). Note that this is strictly valid for vertical wall
sided objects only.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
3.2.8 Viscous drag force

3.2.8.1 The viscous drag force in direction i can be expressed
by the equation

Fdi = %pCDAp Vr Vri [N]
where
p = mass density of water [kg/m3]
Cp = drag coefficient in oscillatory fluid [-]
4, = projected area normal to motion/flow direction [m?]
v, = total relative velocity [m/s]
v, = ViX, = relative velocity component in dir. i [m/s]

Guidance note:

Note that the viscous drag force can either be an excitation force
or a damping force depending on the relative magnitude and
direction of velocity of object and fluid particle velocity.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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3.2.8.2 If the damping of an oscillating object is calculated by
a quadratic drag formulation as given by 3.2.8.1, the drag coef-
ficient C, depends on the oscillation amplitude. The oscilla-
tion amplitude is usually expressed in terms of the non-
dimensional Keulegan-Carpenter (KC) number defined as

KC=272n [
D

where
z,, = oscillation amplitude [m]
D = characteristic length of object, normally the smallest

dimension transverse to the direction of oscillation [m]

Guidance note:

For sinusoidal motion the KC-number can also be defined as
KC=v,,T/D where v,, = 27z,,/T and T is the period of oscilla-
tion. The KC-number 1s a measure of the distance traversed by a
fluid particle during half a period relative to the dimension of the
object.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.2.8.3 The dependence of KC-number for force coefficients
(inertia and damping) also applies to objects exposed to oscil-
latory water particle motion in the wave zone. For regular
waves, the KC-number can be taken as

kc="L
D

where H is the regular wave height. For irregular wave condi-
tions the KC-number can be taken as

20,)T
ko= 0200
D
where
o, = standard deviation of water particle velocity [m/s]
T, = zero up-crossing period [s]

3.2.8.4 For small KC-numbers (typically less than 10) it may
be convenient to express the drag and damping force as a sum
of linear and quadratic damping;

Fdi :épCDAp Vi |Vr ‘ [N]

= Blvri + BZVri ‘ v, |

3.2.8.5 The upper graph in Figure 3-2 shows a typical varia-
tion of Cp with KC-number. The drag coefficient for steady
flow is denoted Cpg. This corresponds to the value of Cp for
large KC-number.

Guidance note:

Damping coefficients obtained from oscillatory flow tests of typi-
cal subsea modules for KC-number in the range 0 < KC < 10 can
be several times larger than the drag coefficient obtained from
steady flow data. Hence, using steady-flow drag coefficients Cpg
in place of KC-dependent drag coefficients Cp, may underestimate
the damping force and overestimate resonant motions of the object.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.2.8.6 When estimating damping coefficient and its depend-
ence on KC-number from oscillatory flow tests, the product
CpKC is plotted against KC-number. A straight line can then
often be drawn through a considerable part of the experimental
values in this representation. See lower graph in Figure 3-2.

Guidance note:

The effect of KC-number on damping coefficients can also be
determined by numerical simulation using Computational Fluid
Dynamics (CFD) of the fluid flow past objects in forced oscilla-

tion. Guidance on use of CFD is given in 3.4.4.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.2.8.7 The intersection with the vertical axis is given by b;/@’
where b; represents a linear damping term, and the quadratic
damping term, b, is equal to the slope of the straight line. The
parameter @’ is the non-dimensional frequency of oscillation;

o'=w.\D/2g [rad/s]

where D is the same characteristic length of the object as used
in the KC-number.

The damping coefficient can then be written as;
b

CpKC=—L+b,KC [-]
@

These constant parameters can replace the amplitude depend-
ent Cp, for a realistic range of amplitudes, which is necessary
for dynamic analysis of irregular motion.

Co

CpKC

I T
| Lo |
54 -\ - - R VC A [
br/o i\—"j’\ Cps .
0 L !

Figure 3-2
Estimation of damping coefficients from experimental values.
In this example CpKC =10.62 +1.67KC

3.2.8.8 When b; and b, are determined, the coefficients B;
and B, in the expression in 3.2.8.4 can be calculated from the

formulas;
2pA,\2gD
B, :pp—zg. b, [keg/s]
3r
1

By =2pd, b [kg/m]
where
4, = projected area normal to motion/flow direction [m?2]
g = acceleration of gravity [m/s?]
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Guidance note:

The linear damping can be associated physically with skin fric-
tion and the quadratic damping with form drag.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.2.9 Slamming force

3.2.9.1 The slamming force on an object lowered through the
free surface with a constant slamming velocity v, (assumed
positive) in still water can be expressed as the rate of change
of fluid momentum,;

()= dlagv,) NECHG
| di Cdr

[N]

where 4, (¢) is the instantaneous high-frequency limit heave
added mass, ref. /4/.

Guidance note:

Using the high-frequency limit of the added mass is based on the
assumption that the local fluid accelerations due to water entry of
the object are much larger than the acceleration of gravity g. This
corresponds to the high frequency limit for a body oscillating
with a free surface.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.2.9.2 The slamming force can be written in terms of a slam-
ming coefficient Cg as

1
F (1) =5pCSAvaZ [N]
where C; is defined by
o 2 ddf 2 ddj 0
Y opdyvg di pA, dh

and dA4;; / dh is the rate of change of added mass with submer-
gence.

p = mass density of water [kg/m3]
4,, = horizontal projected area of object [m?2]
h = submergence relative to surface elevation [m]

Guidance note:

The rate of change of added mass with submergence can be
derived from position dependent added mass data calculated by
a sink-source technique or estimated from model tests. The high
frequency limit heave added mass for a partly submerged object
is half of the added mass of the corresponding “double body” in
infinite fluid where the submerged part of the object is mirrored
above the free surface, ref. /6/.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
3.2.9.3 For water entry in waves the relative velocity between

lowered object and sea surface must be applied, so that the
slamming force can be taken as

1 .
F.()=5pC.A4, (¢-n)’ [N]
where
¢ = vertical velocity of sea surface [m/s]
17 = the vertical motion of the object [m/s]

3.2.9.4 1t should be noted that when measuring the vertical
force on an object during water entry, the buoyancy force and
a viscous drag force will be part of the measured force. How-
ever, during the initial water entry, the slamming force may
dominate.

3.2.10 Equation of vertical motion of lifted object when
lowered into wave zone.

3.2.10.1 Combining the expressions for buoyancy, inertia,
wave excitation, slamming and drag damping forces valid for
wave lengths much longer than the dimensions of the object,
the equation of vertical motion 7(¢) for the lowered object can
be taken as;

(M +4,)if = By (v =17)+ By (v =1)|(vy =17)|
Lo dAy

TPV + A )vs + = = (o =1)" + pgV (1) - Mg + B, (1)
where
Béé) = the linear damping coefficient [kg/s]
B = the quadratic damping coefficient [kg/m]
v3 = water particle velocity [m/s]
V3 = water particle acceleration [m/s?]
Fine(y=force in hoisting line [N]

3.2.10.2 The force in the hoisting line is given by
By (t) = Mg — pgV (t) + K(z,, —17)
where

K = hoisting line stiffness [N/m]
Zyt motion of crane tip [m]
1 = motion of object [m]

3.2.10.3 The velocity and acceleration of the lowered object
are

B=itve sl

=1 [m/s?]
where

77(t) = the wave-induced motion of the object [m/s]
v, = aconstant lowering velocity (v, is negative during low-
ering as positive direction is upwards) [m/s]

3.2.10.4 For an object with vertical sidewalls at the mean
water level, the instantaneous buoyancy force pgQ can be split
into a slowly varying (mean) component, a wave excitation
part, and a hydrostatic restoring part due to the wave induced
motion of the object;

peV ()= pelVy, + 4,60 - 4,75(0] NI

where

Vy = displaced volume of object in still water [m?]
A instantaneous water plane area [m?]

w

The instantaneous water plane area 4,, is a slowly varying func-
tion of time, depending on lowering velocity v.,..

3.2.10.5 Assuming a constant vertical velocity v, of the low-
ered object and neglecting the motion of the crane tip, the force
in the hoisting line can be taken as;

. dAy .
Fpye () = Mg — pgV (1) = (PV + Ay )V —7;;@—%)2

~B,(v;=v,) = B,(v; - v,) [N]

Slamming and wave excitation forces can cause slack (F = 0)
in the hoisting wire followed by high snatch loads.

(v —v,)
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3.2.10.6 Slamming on the top plate of a suction anchor will
lead to a change in velocity of the anchor. The change in veloc-
ity is given by

24

_ 33

Av, =
M+ A4,

(c— Veo )

where

mass of suction anchor [kg]

N
W
w
I

mass of water plug (added mass) inside suction anchor
. (ke]
¢ = vertical velocity of water surface inside suction anchor
before slamming event [m/s]
ve = vertical velocity of suction anchor before slamming

event [m/s]
Both ¢ and v,  are defined to be positive upwards.

3.2.10.7 The reduction in the force in the hoisting line due to
slamming can be taken as

Av
iy

(00

AF,

line

where

K
2]

3.2.11

stiffness of hoisting system [N/m]
natural frequency of anchor motion [rad/s]

Water exit force

3.2.11.1 The water exit force F,(¢) on a fully submerged object
lifted up beneath the free surface with constant lifting velocity
v, (positive upwards) in still water can be expressed by the rate
of change of fluid kinetic energy by the relation

dE
F (t)=——* Nm/s
v.F, (1) " [Nm/s]
where
1
E, :5A§)3vf [Nm]

A3, (t) = instantaneous low-frequency limit heave added mass,
ref./9/.

3.2.11.2 The water exit force can then be written as

dAy
Fe(t)=—i%[l/1° v2)=—l 2y

[N]
2P 2 dr ¢

e

Guidance note:

Using the low-frequency limit of the added mass is based on the
assumption that the local fluid accelerations during water exit are
much smaller than the acceleration of gravity g. This corresponds
to the low frequency limit for a body oscillating beneath a free
surface. The exit velocity can be expressed in terms of exit
Froude number F,, = v,/\(gD) where D is a characteristic hori-
zontal dimension of the object. Hence the formulation is valid for
low Froude number F,, <<1. See ref. /9/.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.2.11.3 The heave added mass increases as the fully sub-
merged object approaches the free surface. Hence, the water
exit force acts downwards, in the opposite direction to the exit
velocity.

Figure 3-3
Water exit of ROV (Courtesy of Svein Ivar Sagatun, Statoil-Hy-
dro)

3.2.11.4 The water exit force can usually be neglected on a
partly submerged object being lifted out of the water. How-
ever, large horizontal surfaces beneath the object may contrib-
ute to the water exit force.

3.2.11.5 The water exit force can be written in terms of a water
exit coefficient C, as;

1

Fo(t)==2 pC.Av; [N]

where C, is defined by;
c - ! dA;, _ 1 dAy,
© pd,y, dt pA, dh

and
dAj, /dh = rate of change of added mass with submergence

[kg/m]
P = mass density of water [kg/m3]
4, = horizontal projected area of object [m?]
h = submergence relative to surface elevation [m]

Note that the rate of change of added mass is negative.

3.2.11.6 Enclosed water within the object and drainage of
water during the exit phase must be taken into account. Drain-
age of water may alter the weight distribution during exit.

3.2.11.7 For water exit in waves the relative velocity between
lifted object and sea surface must be applied, so that the exit
force can be taken as;

I .
Fu(t)==5pCey(é=11)"  IN]

where
5
n

vertical velocity of sea surface [m/s]
vertical motion of the object (positive upwards) [m/s]
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3.2.12 Equation of vertical motion of lifted object when
hoisted out of wave zone.

Combining the expressions for buoyancy, inertia, wave excita-
tion and water exit forces the equation of vertical motion 7(¢)
for the lifted object can be taken as;

(M +A4,,)7 = Bs(;) (vy=m)+ 33(32) (v = 77)‘("3 - 77)‘
R N
+(pV + 4y3)v; — > ah (c—n)?+pgV()-Mg+F,, 1)

The velocity of the lifted object is
n=q+v. NI

The force in the hoisting line is given by 3.2.10.2.

3.2.13 Hydrodynamic loads on slender elements

3.2.13.1 The hydrodynamic force exerted on a slender object
can be estimated by summing up sectional forces acting on
each strip of the structure. For slender structural members hav-
ing cross-sectional dimensions considerably smaller than the
wave length, wave loads may be calculated using Morison's
load formula being a sum of an inertia force proportional to
acceleration and a drag force proportional to the square of the
velocity.

3.2.13.2 Normally, Morison's load formula is applicable when
the wave length is more than 5 times the characteristic cross-
sectional dimension.

fn

fr VN

Figure 3-4
Normal force fj,, tangential force f; and lift force f; on slender
structure.

3.2.13.3 The sectional normal force on a slender structure is
given by;

. . 1
SN ==pPCdiy +p(1+Cy)AVy +3PCD Dvy|ven| [N/m]

where

p = mass density of water [kg/m3]

A = cross-sectional area [m?]

C, = added mass coefficient [-]

Cp = drag coefficient in oscillatory flow [-]

D = diameter or characteristic cross-sectional dimension [m]
¥y = acceleration of element normal to element [m/s?]

v,y = relative velocity normal to element [m/s]

vy = water particle acceleration in normal dir. [m/s?]

Guidance note:

The relative velocity formulation for the drag force is valid when
the motion x of the element in the normal direction is larger than
the characteristic cross-sectional dimension D. The use of normal
velocity in the force formulation is valid if the angle of attack &
(Figure 3-4) is in the range 45-90 deg. The drag coefficient can
be taken as independent of angle of attack. Ref. DNV-RP-C205
sec.6.2.5.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.2.13.4 The sectional (2D) added mass for a slender element

is a;; = pCyAp, ij = 1,2 where Ay, is a reference area, usually
taken as the cross-sectional area.

3.2.13.5 For bare cylinders the tangential drag force f; is
mainly due to skin friction and is small compared to the normal
drag force. However for long slender elements with a predom-
inantly tangential velocity component, the tangential drag
force may be important. More information on tangential drag
is given in DNV-RP-C205.

3.2.13.6 The lift force f;, in the normal direction to the direc-
tion of the relative velocity vector may be due to unsymmetrical
cross-section, wake effects, close proximity to a large structure
(wall effects) and vortex shedding. For more information on lift
forces for slender cylindrical elements, see ref. /8/.

3.2.13.7 The sectional slamming force on a horizontal cylin-
der can be written in terms of a slamming coefficient C; as

1
C, is defined by;
= 2 dag [-]

pD dh
where
el = mass density of water [kg/m3]
D = diameter of cylinder [m]
h = submergence [m]
day,/dh = rate of change of sectional added mass with sub-

mergence [kg/m?]
Guidance note:

h is the distance from centre of cylinder to free surface so that
h = -r at the initial time instant when the cylinder impacts the
water surface.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

0.8
0.6 N,
044 DAL __ [ SO O

0.2 4

———

0.0

Figure 3-5

High frequency limit of vertical added mass coefficient and its de-
rivative close to a free surface as function of water depth. Solid
line: a33/pr2. Dotted line: (dasy/dh)/ prr

3.2.13.8 The high frequency vertical added mass coefficient as
function of submergence is shown in Figure 3-5. The added
mass coefficient is defined by;

CA:a33/p7zr2 [-]

3.2.13.9 The sectional water exit force on a horizontal cylin-
der can be written in terms of a water exit coefficient C,, as

F(6)=— % pC.Dv:  [N/m]
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where C, is defined by
1 day,
¢ pD dh

[-]

dal,/ dh = rate of change of sectional low frequency added
mass with submergence [kg/m?]

A discussion of water exit for circular cylinders is presented in
ref. /9/.

Guidance note:
Note that the exit coefficient may depend strongly on the exit
Froude number F, = v,/N(gD) and the formulation in terms of

rate of change of added mass is valid only for F, <<1 (See also
3.2.11.2)

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.2.13.10 The slamming coefficient for a circular cylinder can
be taken from experimental values by Campbell & Weinberg,
ref. /10/ for a smooth cylinder,

Cs(s):S.IS[ D +O'IO7S} -]

D+19s D

where

h + D/2 = submergence of cylinder [m]

diameter of cylinder [m]

distance from centre of cylinder to SWL [m] as shown
in Figure 3-5.

s
D
h

It should be noted that buoyancy effects are included in this
formula so that it should only be used for s/D < 0.5 or i/r <0.
Guidance note:

The initial value of this empirical slamming coefficient
C4(0) = 5.15 lies between the theoretical values obtained by two
classical water entry solutions, 7z (von Karman) and 27 (Wag-
ner).

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
3.3 Hydrodynamic coefficients
3.3.1 General

3.3.1.1 In general the hydrodynamic force coefficients (added
mass coefficient, drag and damping coefficient, lift coeffi-
cient) depend on the following,

— geometry

— Reynolds number (Re = v,,D/v) based on the maximum
velocity v,

— Keulegan-Carpenter number (KC = v,,,7/D).

where

D = diameter [m]

v = fluid kinematic viscosity [m/s?]

T = wave period or period of oscillation.

In addition, aspect ratio, angle of inclination to the flow, sur-
face roughness, perforation ratio, frequency of oscillation,
proximity to free surface and proximity to solid boundary may
have an influence.

Guidance note:

Close to the free surface the added mass and damping vary with
frequency and distance to the free surface. Close to the seabed the
coefficients depend upon the proximity, but not frequency.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.3.2 Added mass and drag coefficients for simple bodies
3.3.2.1 Added mass and drag coefficients for 2- and 3-dimen-

sional bodies with simple geometry are given in Appendix A & B.

3.3.2.2 Notice that the added mass coefficient given in Appen-
dix A & B are exclusive of water inside the body. Water inside
the body may either be included in the added mass or in the
body mass. In case it is included in the body mass, the buoy-
ancy should include the internal volume.

Guidance note:

A simple guideline is as follows; water that is contained within
the structure when object is lifted out of water should be taken as
a part of the body mass, otherwise the water should be included
in the added mass. For example; water inside tubular frames
flooded through small holes may typically be taken as part of the
body mass, while water inside suction anchors most often is
included in the added mass.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.3.3 Added mass and damping for typical subsea struc-
tures

3.3.3.1 Most subsea structures such as remotely operated
tools, templates and protection structures, have a complex
geometry. It is therefore difficult to determine the hydrody-
namic coefficients by analytical methods or by use of sink-
source programs.

3.3.3.2 The presently most accurate method to determine
hydrodynamic coefficient for complex 3-dimensional subsea
structures, is by model tests. Two test methods are used; either
free motion decay test or forced oscillation test (See 3.3.6).

3.3.3.3 The added mass and damping of an open subsea struc-
ture may be estimated as the sum of contributions from its indi-
vidual structural members. However, interaction effects
between members caused by flow restrictions can cause a sig-
nificant increase in the added mass and damping.

Guidance note:

Interaction effects can be neglected if the solid projected area
normal to the direction of motion (within a typical amplitude of
either body motion or wave particle motion) is less than 50%.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.3.4 Added mass and damping for ventilated structures

3.3.4.1 In the present context ventilated structures comprise
structures where a plane normal to the oscillation direction is
either arranged with holes or slots or consists of parallel slen-
der elements. Examples are the horizontal top plate of a suction
anchor with ventilation holes and the top area of a protection
structure (Figure 3-6). Also other parts of a 3-dimensional
structure with significant flow restriction are here defined as
ventilated structures.

R
=

Figure 3-6
Example of ventilated structure, a protection cover used to shel-
ter subsea modules on seabed. Courtesy of Marintek.
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3.3.4.2 For assessment of the effect of oscillation amplitude
on the force coefficients for a ventilated structures, a “porous
Keulegan-Carpenter number” may be defined as

z, (1-
ke, =2 =P
D 2up
where
z,, = oscillation amplitude [m]
D = characteristic horizontal dimension [m]
p = perforation ratio 0 <p <1
u# = discharge coefficient [-]

The perforation ratio p is defined as the open area divided by
the total area. The discharge coefficient g is usually between
0.5 and 1.0, see ref./2/ and /3/.

3.3.4.3 Figure 3-7 shows model test results for added mass of
5 ventilated structures representing typical protection struc-
tures, with perforation ratio varying from 0.15 to 0.47. The
added mass A33 is normalized with the added mass of a solid
structure, A33 9 (with same dimensions perpendicular to the
motion direction). The variation of added mass with amplitude
of oscillation is considerable (by a factor of 2-3) for all the
objects.

3.3.4.4 The asymptotic value for A3; in the limit of zero
amplitudes (KC = 0) can be found from potential theory and
calculated by a sink-source panel program. The following
approximated formula has been found by curve fitting through
results for plates with circular holes, and has been found appli-
cable for plates with ventilation openings;

Aal _ew

3.0 | ke=0
However, as seen in figure 3-7, this asymptotic value at

KC = 0 may give inaccurate values for structures in oscillatory
fluid flow.

0.6
05 - .o
04 e -

ﬁs_s__03 <" .- -- Hatch 20,p=0.15

Asso ---&--- Hatch 18,p=0.25
02 —a— Roof #1,p=0.267
0.1 —+— Roof #2, p=0.47
0.0 —a— Roof #3, p=0.375

0 05 1 15 2
IUKvar
Figure 3-7

Added mass of 5 perforated objects compared, ref. /7/.

3.3.5 Drag coefficients for circular cylinders

3.3.5.1 The drag coefficient for circular cylinders depends
strongly on the roughness & of the cylinder. For high Reynolds
number (R, > 10°) and large KC number, the steady drag-coef-
ficient Cpgmay be taken as

0.65 ; A <107*(smooth)
Cps(A) =3(29+4-1og,,(A))/20 ;107 <A <107
1.05 ;A >107*(rough)

where

A = k/D is the non-dimensional roughness. The above values
apply for both irregular and regular wave analysis.

3.3.5.2 The variation of the drag coefficient with Keulegan-
Carpenter number KC for circular cylinders can be approxi-
mated by;

Cp =Cps -w(KC) -]

where Cpyg is the drag coefficient for steady flow past a cylin-
der and;

w(KC) [
is an amplification factor. The shaded area in Figure 3-8 shows

the variation in i from various experimental results. Note that
surface roughness varies.

Wake amplification factor

25
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A Rodenbusch (1983), CDS=1.10, random directional O Rodenbusch (1983), CDS=0.66, sinusoidal

® Marin (1987), CDS=1.10 A Rodenbusch (1983), CDS=0.66, random directional
x Sarpkaya (1986), CDS=1.10 © Garrison (1990), CDS=1.10
X Bearman (1985), CDS=0.60 + Sarpkaya (1986), CDS=0.65

© Marin (1987), CDS=0.60 ® Rodenbusch (1983), CDS=1.10, sinusoidal

# Garrison (1990), CDS=0.65 - Iwaki (1991), CDS=1.10

Figure 3-8
Wake amplification factor, ref. /11/.

3.3.6 Estimating added mass and damping coefficients
from model tests or CFD analyses

3.3.6.1 In forced oscillation tests the structure is forced to
oscillate sinusoidally at a frequency w.

3.3.6.2 Time series for motion z(#) and force F(¢) are analyzed
and the total oscillating mass (M+433) and the linearised
damping B can be estimated by a least-squares method, using
the equation;
F=—(M+A4)z-Bz [N]

3.3.6.3 The added mass, 4, is found by subtracting the struc-
tural mass of the structure and the suspension elements from
the total oscillating mass. The added mass coefficient is
extracted from the added mass by;

A
CA = [-]
PVR
where
p = mass density of water [kg/m3]
Vp = reference volume of the object [m?3]
C, = added mass coefficient [-]

3.3.6.4 The derived linearised damping , B, may be plotted as
function of the oscillation amplitude, z. If a fairly straight line
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can be fitted, the damping may be split into a linear and quad-
ratic term by:

B;=B atz=0 [ke/s]
3T
B,=(B-B;)-— [kgm]

16z

where

T = oscillation period [s]

z = oscillation amplitude [m]

B; = linear damping, ref. 3.2.8.4 [kg/s]

B, = quadratic damping, ref. 3.2.8.4 [kg/m]

3.3.6.5 Alternatively, a better fit may be obtained by applying;
F=—(M+A4);-Biz NI

3.3.6.6 The drag coefficient is then extracted from the damp-
ing factor B by;

2B
Cp=—r [
prA,
where
4, = projected area of object normal to the direction of

oscillation [m?]

3.3.6.7 Having established drag coefficients for a number of
oscillation amplitudes, the linear and quadratic damping terms,
B; and B,, may be derived as described in 3.2.8.7 (if a straight
line is obtained).

3.3.6.8 These methods are more robust than estimating the
two damping coefficients in one single step. A similar
approach is applied for estimating added mass and damping
from CFD analyses.

3.3.6.9 In a free motion decay test the total mass is found from
the period of each oscillation cycle, and the damping is derived
from the decaying amplitudes of oscillation.

3.3.6.10 Test models used for estimating force coefficients are
scaled by use of Froude’s scaling law defined by the Froude
number. Scales are typically chosen between 1:30 and 1:100.
When viscous forces are significant, the Reynolds number is
also relevant due to vortex shedding, and corrections to the
Froude scaling may be needed. Such corrections are normally
referred to as “scaling effects”. One should be aware that scal-
ing effects may be important for perforated structures. General
recommendations for model testing are given in DNV-RP-
C205, ref. /1/.

3.4 Calculation methods for estimation of hydrody-
namic forces

3.4.1 The Simplified Method
3.4.1.1 The Simplified Method as described in Section 4 may

be used for estimating characteristic hydrodynamic forces on
objects lowered through the water surface and down to the sea
bottom.

3.4.1.2 The Simplified Method may also be applied on
retrieval of an object from sea bottom back to the installation
vessel.

3.4.1.3 The intention of the Simplified Method is to give sim-
ple conservative estimates of the forces acting on the object.

3.4.1.4 The Simplified Method assumes that the horizontal
extent of the lifted object is small compared to the wave length.
A regular design wave approach or a time domain analysis
should be performed if the object extension is found to be
important.

3.4.1.5 The Simplified Method assumes that the vertical
motion of the structure is equal to the vertical motion of the
crane tip. A time domain analysis is recommended if amplifi-
cation due to vertical resonance is present.

3.4.2 Regular design wave approach

3.4.2.1 Lifting and lowering operations may be analysed by
applying a regular design wave to the structure using a spread-
sheet, or a programming language, as described in this section.

3.4.2.2 Documentation based upon this method should be
thoroughly described in every detail to such extent that the cal-
culations are reproducible.

3.4.2.3 Shallow water effects are for simplicity not included in
this section.

Guidance note:
A finite water depth, d, may be taken into account by deriving the

water particle velocity v = grad ¢ and acceleration a = ov/ot from
the velocity potential for linear Airy waves;

_8%a coshk(z+d)

p i cos(a)t — kxcos B — ky sin ﬂ) [m%/s]

¢

Detailed expressions for water particle velocity and acceleration
are given in DNV-RP-C205.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.4.2.4 The global structure geometry should be divided into
individual main elements both horizontally and vertically,
each of which contributes to the hydrodynamic forces, see Fig-
ure 3-9.

3.4.2.5 Separate calculations are made for each defined wave
direction and for each defined load case where the still water
level is positioned either beneath a slamming area or just above
the top of a main item.

3.4.2.6 A regular wave is applied. Calculations are made to
obtain acceptance limits for both significant wave height and
Zero-up-crossing wave period.
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Front View
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C D
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Figure 3-9
Example of subsea module. Main elements, coordinate system
and wave direction

3.4.2.7 The regular wave height should not be less than the
most probable largest wave height. If the lowering through the
wave zone are to be performed within 30 minutes, the largest
characteristic wave height may be assumed equal to 1.80 times
the significant wave height, see 3.4.2.11.

3.4.2.8 The applied regular wave height should be 2.0 times
the significant wave height in cases where the planned opera-
tion time (including contingency time) exceeds 30 minutes.

3.4.2.9 The regular wave period should be assumed equal to
the zero-up-crossing period, 77, of the associated sea state.

3.4.2.10 Figure 3-9 shows the definition of the coordinate sys-
tem for the wave description given in 3.4.2.11. The waves
propagate in a direction £ relative to the x-axis. The origin of
the coordinate system is in the still water level.

Guidance note:

The structure may in this case roughly be divided into four suc-
tion anchors (A, B, C and D) and two manifold halves (Left Side
and Right Side).

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.4.2.11 The regular wave is given by:

¢ =¢, sin(ar —kxcos f—kysin ) [m]

where

¢, = waveamplitude, i.e. §, =0.9H for operations less than
30 minutes and ¢, = H, for operations exceeding 30
minutes [m]

@ = wave angular frequency, i.e. ®=27/T where the regu-
lar wave period, 7, should be assumed equal to the
applied zero-up-crossing period 7 = T, [rad/s]

t = time varying from 0 to 7'with typical increments of 0.1 [s]

k = wave number, i.e. k = @?/g for deep water, where g is
the acceleration of gravity [m-!]

x, ¥y = horizontal CoG coordinates for the individual main
items of the lifted object [m]

f = wave propagation direction measured from the x-axis

and positive counter-clockwise [rad]

Guidance note:

In shallow water the wave number is given by the general disper-
sion relation

” = gk tanh(kd)

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.4.2.12 The vertical wave particle velocity and acceleration
can be taken as:

v=w(, e~ cos(wt — kxcos f — kysin ) [m/s]

and

v=— w2, ek sin(wf — kxcos B —kysin g)  [m/s?]

where

= vertical water particle velocity [m/s]
= vertical water particle acceleration [m/s2]
z = vertical CoG coordinate for the individual main items
of the lifted object (negative downwards) [m]

3.4.2.13 The vertical motion of the lifted object is in this cal-
culation method assumed to follow the motion of the crane tip.
The vertical crane tip motion is assumed to oscillate harmoni-
cally with an amplitude, 7, , and a regular period 7, .
Guidance note:
A time domain analysis is recommended in cases where this
assumption is not valid.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.4.2.14 The most probable largest vertical single amplitude
crane tip motion, 7, , for the applied T, wave period can be
taken as:

n,=3.60, [m] for operation durations less than 30 min.
n,=400, [m] for operation durations above 30 min.

where o, is the standard deviation of the vertical crane tip
motion response spectrum.

3.4.2.15 The vertical motion, velocity and acceleration of the
lifted object is then given by:

n=n, sin(a)”t + 5) [m]
n=aw,mn, cos(a)qt + 5) [m/s]
and
ij=— a):na sin(a),]t + 5) [m/s?]

where

n = vertical motion of lifted object [m]

1 = vertical velocity of lifted object [m/s]

7i = vertical acceleration of lifted object [m/s2]

1, = vertical single amplitude motion of lifted object,
assumed equal the most probable largest crane tip sin-
gle amplitude, see 3.4.2.14 [m]

w, = circular frequency of the vertical motion of the lifted
object, i.e. @, =27/T,, where T, is the peak period of
the crane tip motion response spectrum for the applied
T, wave period [rad/s]

t = time varying from 0 to 7 with typical increments of 0.1 [s]

& = phase angle between wave and crane tip motion, see

3.4.2.16 [rad]

3.4.2.16 The phase angle that results in the largest dynamic
tension amplitudes in the lifting slings and hoisting line should
be applied.
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Guidance note:

This can be found by applying a set of phase angles in a range
from &= 0 to &£ = 27 with increments of e.g. 0.1z The phase
angles that result in the highest risk of slack sling or the largest
DAF,,,,, should be applied, ref. 4.4.3.3 and 4.4.4.3.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.4.2.17 The characteristic vertical hydrodynamic force act-
ing on each of the structure main items can be found by:

thd =Fp+Fm+FS+Fd [N]

where

F, = varying buoyancy force [N]
F’,Z = hydrodynamic mass force [N]
F, = slamming impact force [N]
F; = hydrodynamic drag force [N]

3.4.2.18 The varying buoyancy force for items intersecting
the water surface can be found by:

F,=pg Vin [N

where
oV({-n) = change in displacement due to relative vertical
motion, 7, (see 3.2.10.2 and Figure 3-10) [m3]
¢ = water surface elevation in the applied regular
wave as defined in 3.4.2.17 [m]
n = vertical motion of lifted object, see 3.4.2.15 [m]
yo, = density of sea water, normally = 1025 [kg/m?]
g = acceleration of gravity = 9.81 [m/s?]
Az A’
y
y
oV~
TFC Y
v 5 vl % 5
Ty
n=0 n>0
£=0 £>0
Figure 3-10

The displacement change 6V(¢-7)

3.4.2.19 The mass force is in this simplified regular design
wave approach estimated by:

F, = pVv+A4,—ij) —Mij  [N]
where
M = mass of object item in air [kg]
A3z = added mass of object item [kg]
p = density of sea water, normally = 1025 [kg/m?]
V= volume of displaced water of object item [m?]
Vv = vertical water particle acceleration as found in 3.4.2.12
o )
7l = vertical acceleration of lifted object, see 3.4.2.15 [m/s?]

The mass force as defined above is the sum of the inertia force
(3.2.5.1) and the wave excitation force (3.2.7.2).

Guidance note:

For items intersecting the water surface, the volume of displaced
water should be taken as the volume at still water level.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.4.2.20 The slamming impact force on object items that pen-
etrate the water surface may be taken as:

where

p = density of sea water [kg/m3]

C, = slamming coefficient which may be determined by
theoretical and/or experimental methods. For smooth
circular cylinders C should not be taken less than 3.0.
Otherwise, C should not be taken less than 5.0. See
also DNV-RP-C205.

A, = slamming area projected on a horizontal plane [m]

v = vertical water particle velocity at slamming area, z = 0
if slamming area is situated in the still water level, see

. 3.4.2.12 [m/s]

n = vertical velocity of lifted object [m/s]

3.4.2.21 The drag force may be taken as:
F,=05pC,A,(v-n)|v-n N

where

Cp = drag coefficient of object item [-]

Ap = areaof object item projected on a horizontal plane [m?]

and otherwise as defined in 3.4.2.20.

Guidance note:
Alternatively, the drag force can be estimated by:

F, =B, (V_ﬁ)"‘Bz (V_ﬁ)“’_’ﬂ [N]

where
B is the linear damping of the object [kg/s]
B, is the quadratic damping of the object [kg/m]

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.4.2.22 The performed analyses should cover the following
zero-up-crossing wave period range for a given significant
wave height H:

9. s <7,
g

3.4.2.23 A more limited 7, range may be applied if this is
reflected in the installation criteria in the operation procedures.

13 [s]

IN

3.4.2.24 The vertical crane tip motion is found according to
Section 4.3.3.

3.4.2.25 The motions, velocities and accelerations are calcu-
lated for each time step at each defined main item.

3.4.2.26 Some motion response analysis computer programs
are able to define off-body points on the wave surface and gen-
erate relative motion directly. In such case, these values may
be applied.

3.4.2.27 The varying buoyancy force, mass force, slamming
force and drag force are calculated for each time step at each
defined main item.

3.4.2.28 The forces are then summed up. The static weight is
applied as a minimum and maximum value according to Sec-
tion 4.2.2. Reaction forces in slings and crane hooks are found
applying the force and moment equilibrium. The slack sling
criterion as described in Section 4.4.3 should be fulfilled. The
structure and the lifting equipment should be checked accord-
ing to Section 4.4.4.

3.4.3 Time domain analyses

3.4.3.1 Computer programs applying non-linear time domain
simulations of multi-body systems may be used for more accu-
rate calculations.

3.4.3.2 If applicable, a full 3 hour simulation period for each
load case is recommended in the analyses.
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3.4.3.3 In sensitivity analyses a number of shorter simulations
may be performed, e.g. 30 minutes.

3.4.3.4 The largest and smallest observed loads in e.g. slings
and fall during simulation time should be stated.

3.4.3.5 Assuming that the dynamic loads can be Rayleigh dis-
tributed, the most probable largest maximum load, R, , may
be found applying the following relation:

t

R =0 [2In|] — N
max r (T—LJ [ ]

where

o, = standard deviation of the dynamic load [N]

t = duration of operation including contingency time, min-
imum 30 minutes [s]

T, = zero up-crossing period of the dynamic load [s]

The zero up-crossing period of the dynamic load is defined by

M
T =27 |—% [s]
M,

where M) and M, are the zero and second moments of the load
spectrum (2.2.6.4)

Guidance note:

In most dynamic non-linear cases the response does not ade-
quately fit the Rayleigh distribution. The estimated maximum
load should therefore always be compared with the largest
observed load in the simulation.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.4.3.6 If analyses are based upon selected wave trains of
short durations, the selections should preferably be based upon
maximum vertical relative motion between crane tip and water
surface. Both relative motion amplitude, velocity and acceler-
ation should be decision parameters in the selection of wave
trains.

3.4.3.7 If analyses are based upon a continuous lowering sim-
ulation of short duration a minimum of 10 simulations should
be performed for each sea state. The minimum and maximum
observed values for all 10 simulations should be included in
the documentation. In irregular sea, selection of wave trains
should be performed according to 3.4.3.6.

3.4.3.8 Damping and added mass values should be carefully
chosen in the analyses, ensuring that also the moment of inertia
values are correctly modelled.

3.4.4 CFD analyses

3.4.4.1 Wave load analyses based on Computational Fluid
Dynamics (CFD) may be performed on subsea lifts. The fluid
motion is then described by the Navier-Stokes equations.

3.4.4.2 Examples of numerical methods applicable for simu-
lation of wave-structure interaction including water entry

(slamming) and water exit are:

— Volume-of-Fluid (VOF) method

— Level Set (LS) method

— Constrained Interpolation Profile (CIP) method
— Smooth Particle Hydrodynamics (SPH) method.

3.4.4.3 The first three methods (VOF, LS, CIP) are grid meth-
ods while SPH is a particle method where a grid is not needed.

3.4.4.4 The applied boundary conditions and the size of the
computational domain should ensure that reflections from the
boundaries of the domain do not influence the hydrodynamic
forces on the object.

3.4.4.5 Convergence tests should be performed verifying ade-
quacy of applied number of cells or particles (for particle meth-
ods) in the model.

3.4.4.6 Stretching of cells may influence the incoming wave.
Hence, this should be thoroughly tested.

3.4.4.7 The distance from inflow boundary to the structure
may in some cases influence the wave action on the structure.

3.4.4.8 For simulations where generated waves start from rest,
a sufficient number of subsequent waves should be generated
in order to avoid transient effects.

3.4.4.9 Approximations of actual structure geometry due to
limitations in available computer capacities should be per-
formed applying correct total areas. Holes and penetrations
may be summarized in fewer and larger openings.

Guidance note:
Geometry approximations may give an inadequate representa-

tion of local forces and pressures. Convergence tests should
always be performed.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

3.4.4.10 Additional buoyancy due to model approximations
should be taken into account when evaluating computed total
vertical forces.

3.4.4.11 The computed slamming loads may be overestimated
when single phase modelling is applied. For wave impact
problems it is recommended to use two-phase modelling.

3.4.4.12 Computed forces, pressures and velocities should be
checked and compared with approximate hand-calculations.

3.4.4.13 If model test results are available, numerical simula-
tion results should be compared and validated with the model
test.

3.4.4.14 Figure 3-11 shows an example of prediction of added
mass and damping coefficients for model mud mat geometries
with 3 different perforation ratios (0%, 15% and 25%). Calcu-
lations are carried out using 2 different CFD models and are
validated with experimental results.
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Figure 3-11
Example of use of CFD for prediction of added mass and drag co-
efficients for model mud mat geometries. (Courtesy of Acergy)

3.5 Moonpool operations

3.5.1 General

For small subsea modules and tools, installation through the
moonpool of the vessel is often preferred. This may reduce the
dynamic forces, increase the limiting seastate and thus reduce
the costs of installation and intervention operations. A typical
application area is maintenance and repair operations of subsea
production plants.

3.5.2 Simplified analysis of lift through moonpool

3.5.2.1 The simplified analysis described in this subsection is
based on the following limiting assumptions,

— The moonpool dimensions are small compared to the
breadth of the ship

— Only motion of the water and object in vertical direction is
considered

— The blocking effect of the lifted object on the water in the
moonpool is moderate

— Cursors prevent impact into the moonpool walls. Only ver-
tical forces parallel to the moonpool axis are considered.

3.5.3 Equation of motion

3.5.3.1 A body object suspended inside a moonpool is consid-
ered, see Figure 3-12. The moonpool may have varying cross-
sectional area A(z). The draught of the ship is D. The vertical
motion of the lifted body may differ from the vertical ship
motion due to the winch operation and/or dynamic amplifica-
tion in the hoisting system.

3.5.3.2 The equation of motion for the water plug can be writ-
ten as

M+ 4,)E +C, (¢-¢)

(£-¢,)+ ke =Fa

{-¢,
é;_é;b

+C,

M = mass of water plug [kg]

= added mass of water plug (see 3.5.4.3) [kg]
motion of water plug [m]

¢, = heave motion of the ship [m]

o\
Il

¢, = motion of body in moonpool [m]

¢, = seasurface elevation outside moonpool [m]

C, = damping coefficient for relative motion between water
plug and ship [kg/m]

C, = damping coefficient for relative motion between water
plug and body [kg/m]

K = pgA water plane stiffness [kg/s?]
F(f) = wave excitation force on water plug [N]

The ship heave motion is related to the sea surface elevation by
a transfer function G, (amplitude and phase),

¢, =Gg, [l

The hydrodynamic pressure force acting on the water plug can
also be related to the sea surface elevation by a transfer func-
tion G, (amplitude and phase),

Ft)=G,g, N]

3.5.3.3 Both G, and G,, can be found by integrating the pres-
sure p obtained by a sink-source diffraction program over the
cross-section of the moonpool at z = -D. G, and G,, are func-
tions of wave frequency and wave direction.

i

Figure 3-12
Suspended body in a moonpool.
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3.5.4 Resonance period

3.5.4.1 The natural period of vertical oscillations of the water
plug and the damping conditions given by the moonpool
design are important for the dynamic forces on an object inside
the moonpool.

3.5.4.2 In general the cross-sectional area of the moonpool is
a function of the vertical position z. Assuming the moonpool
walls do not move, the requirement of continuity yields

A(2)-{(2) = A0)-£(0)  [ms]
3.5.4.3 The requirement of energy conservation gives,

(g, +E,)=0  [Nms]

dt
where
0

By =4p [a2)-¢2(2)ie 4 a33-¢(-D)
-D

0

~4pa0) 2o |

-D

A(0) dz +

A(0) Az [Nm]
A(z)

A(~D) pA(-D)

and
E,=1pgA0)-£*(0)

3.5.4.4 Aj; is the added mass for vertical oscillation of the
water plug, which can be expressed as

4y, = pic A(-D)J A(-D)

3.5.4.5 The parameter x has been found to be within 0.45 and
0.47 for rectangular moonpools with aspect ratios between 0.4
and 1.0. Thus k= 0.46 can be used for all realistic rectangular
moonpools. For a circular moonpool x = 0.48.

[Nm]

[kg]

3.5.4.6 The resonance period is found from the energy conser-
vation expression,

wg{} AQ) .., _AO) .Km}_g:o )

pA(z)  A(=D)

or

AO)  TACD) s

A(-D)

27 (¢ 400)
T,="% d
JgJLA@)Z+

3.5.4.7 The energy-equivalent mass (mass plus added mass)
moving with the surface velocity £ (0)is;

D
_ B A(0)
My = ég’z(()) = pA(0) ;[—A(Z) dz +

AO) D)l kel

A(-D)

3.5.4.8 1If the moonpool has a constant cross-sectional area
A(z) = A, the above expressions simplify to the following;

TO:Z—” D+K1/Z [s]

Ve

My :pA(D+K\/Z) [kg]

3.5.5 Damping of water motion in moonpool

3.5.5.1 The amplitude of the water motion in the moonpool, in
particular for wave excitation close to the resonance period 7,
depends on the level of damping. In addition to inviscid damp-
ing due to wave generation, damping is provided by viscous
drag damping caused by various structures like guidance struc-
tures, fittings, cofferdam or a bottom plate.

3.5.5.2 In model tests of several offshore diving support ves-
sels and work vessels with different damping devices, the
water motion inside a moonpool has been investigated. In
these tests the relative motion between the water plug and the
ship at the moonpool centre axis has been measured. An ampli-
tude RAO for the relative motion is defined as;

RAO = |2 =55 [m/m]
w
where
g = motion of water plug [m]
Sy = heave motion of the ship [m]
¢,  =seasurface elevation outside moonpool [m]

3.5.5.3 Figure 3-13 shows the measured RAO for different
structures causing damping of water motion in moonpool.

Relative water elevation in moonpool
3 -
2.5 A
2 .
Q
g 15
1
0.5 1 /
>e2§ ? -
0
0.4 0.6 0.8 1 1.4
T/TO
—&— Naked moonpool — B — Minor fittings
—/— Guidance structure — X— Cofferdam
- -©- - Guid.+ 50% bottom plate

Figure 3-13
Measured relative water elevation in a moonpool per unit incom-
ing wave amplitude. (Courtesy of Marintek)

3.5.5.4 The water plug is excited both by the incoming waves
and by the vertical ship motion. Hence it is not straightforward
to derive damping data directly from such curves. An approx-
imated approach has been used in order to estimate the damp-
ing given by the various damping arrangements. An
approximate linearised complex equation of motion of the
water plug in an empty moonpool (without a lifted object) is;

ME+Cy(¢=¢,)+ K¢ = Fao)
U
~’M ¢ +ioCy(¢ -G, )+ K =G, ¢, NI

[N]
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where

M = pA(D+ kA ) = total mass of water plug, including
added mass [kg]

K = pgA = water plane stiffness [kg/s?]

Cy = 2n~KM = linearised damping [kg/s]

n = damping ratio (relative to critical damping) [-]

G, = transfer function for vertical moonpool motion [m/m]

G,, = transfer function from wave elevation to excitation

force [N/m]

3.5.5.5 The ratio between the motion of the water plug and the
sea surface elevation outside the moonpool is;

Sw ooy
i iwCs)Gs + Gy, _ PgA _ [_]

2

w w
222
2 2

Cw —a)2M+ia)CS1+K ][

3.5.5.6 To obtain arelationship between transfer functions G,
and Gy, some simplifying assumptions are made,

— The moonpool dimensions are small compared to the ship
breadth

— Excitation force due to incoming waves, F';, and due to
ship motion, F,, can be assessed as for a ship without
moonpool

— The fluid pressure expressions valid for long waves can be
used

— Deep water is assumed.

The following approximate expressions for the excitation force
can then be used;

F(t)=F (1) + Fy(1)

=P A+ 43365

=pAglye™ vk p a4l

=pA§W(ge_"D = sz\/ZGs) [N]
where

Prg = the undisturbed (Froude-Krylov) dynamic fluid pres-
sure [N/m?]

A3z = the added mass of the water plug as given in 3.5.4.4
(ke]
Hence,
G, = Fe) =pA (ge_kD - wZKﬁGS) [N/m]
Sw
where k= ? / g.

3.5.5.7 The amplitude ratio of relative water plug elevation to
incoming wave elevation is then given by

é/_é,s é/ G

RAO = -
S

N

Cw

3.5.5.8 In Figure 3-14 an example case of the relative water
elevation inside the moonpool is plotted. The motion transfer
functions of a typical 80 m long diving support vessel have
been used. G, for vertical moonpool motion has been inserted
in the above expressions, and the RAO curves have been com-
puted for varying relative damping, 7.

3.5.5.9 The results are uncertain for the shortest wave periods
(7T < 0.8), where the curve shapes differ from the model test
results.

3.5.5.10 The maximum RAO values, found at resonance, are
shown as a function of the relative damping, for the cases with-
out bottom plate, in Figures 3-14 and 3-15.

Relative water elevation inside moonpool
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Figure 3-14
Calculated relative water elevation, no bottom plate (5= 1).
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Figure 3-15
Calculated relative water elevation at resonance.

3.5.5.11 Approximate relative damping values for the cases
without bottom plate have been found by a comparison
between Figure 3-13 and Figure 3-14. The following approxi-
mate relative damping values have been assessed,

Naked moonpool: n= 8- 9%
Minor fittings: n=13-14%
Guidance structure: n=18-19%
Guidance structure + 50% bottom plate: 7=40 - 45%
Cofferdam: n=45%

3.5.5.12 The quadratic damping coefficient C can be esti-
mated from the relative damping and the motion. The follow-
ing approximation may be used,

C - %-wé’o KM

where ¢ is the amplitude of relative motion.
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3.5.6 Force coefficients in moonpool

3.5.6.1 Restricted flow around the object inside a moonpool
leads to increased hydrodynamic forces. Increased drag coeffi-
cient Cp and added mass coefficient C4 to be used in the cal-
culation can be taken as

C, 1-054,/4

Db __ T for A;/4<0.8
Coo (I-A, /A

’
Ci_1iq19f ) for Ay/A<0.8
C. A

where
Cpo = drag coefficient for unrestricted flow [-]

Cy49 = added mass coefficient for unrestricted flow [-]
A, = solid projected area of the object [m?2]
A = cross-sectional area of the moonpool (at the vertical

level of the object) [m?]

For 4;/4 > 0.8 a more comprehensive calculation method
should be used.

3.5.6.2 The dynamic behaviour of the lifted object when leav-
ing the lower moonpool end during lowering or prior to entry
at lifting, should be analysed by a time domain calculation
method, in irregular waves.

3.5.6.3 For an object close to the lower end of the moonpool,
a conservative approach is to analyse the dynamics, using
hydrodynamic forces based on the wave kinematics of undis-
turbed waves and hydrodynamic coefficients for unrestricted
flow condition.

3.5.6.4 Realistic impact forces between lifted body and moon-
pool walls require accurate stiffness data for the cursor system.

3.5.7 Comprehensive calculation method

A more comprehensive calculation method should be used,
either if the solid projected area covers more than 80% of the
moonpool section area, or if the vertical motion of the lifted
object differs from the vertical motion of the vessel at moon-
pool, i.e.:

— if a motion control system is applied when the lifted object
is inside the moonpool, or

— if the object is suspended in soft spring, such as a pneu-
matic cylinder.

3.5.7.1 The following calculation steps are defined,

1) Calculate the first order wave pressure transfer functions
at the moonpool mouth, using a diffraction theory program
with a panel model of the ship with moonpool. Emphasis
should be put on obtaining numerical stability for the
moonpool oscillation mode.

2) Carry out a non-linear time domain analysis of the system,
with a model as described below. The analysis should be
made for relevant irregular wave sea states. Calculate
motion of the lifted object and forces in lifting gear.

3.5.7.2 The following analysis model is proposed,
a) The lifted object is modelled, with mass and hydrody-
namic mass and damping.

b) The lifting system is modelled, with motion compensator
or soft spring, if applicable.

¢) The water plug inside the moonpool is modelled as a fluid
body moving only in vertical direction, with mass equal to
the energy-equivalent mass given in 3.5.4.7.

d) The water body should be excited by the water pressure
multiplied by the section area of the moonpool opening.

) The interaction between the water plug and the moonpool
walls should be modelled a quadratic damping coupling in
vertical direction.

(¢]

f) The interaction force between the water plug and the lifted
object is found as:

F=5pC,A4,v, +(PV+A33)§:W_A33§';; [N]

Vr

where

relative velocity between lifted object and water plug
[m/s]

A, = solid projected area of the lifted object [m?2]

volume of lifted body [m3]

A3z = added mass of lifted body [kg]
G, = vertical acceleration of the water plug [m/s?]
S, = vertical acceleration of lifted object [m/s?]

3.5.7.3 The use of Computational Fluid Dynamics (CFD) may
not be recommended for moonpool dynamics. Even though
CFD can analyse the fluid dynamic interaction between the
lifted object and the water plug inside the moonpool, it is dif-
ficult to couple with the dynamic characteristics of ship in
waves and the response of the lifting system. Force predictions
may hence be uncertain.

3.6 Stability of lifting operations

3.6.1 Introduction

Situations where stability during lifting operations is particu-
larly relevant include,

— Tilting of partly air-filled objects during lowering
— Effects of free water surface inside the object.

3.6.2 Partly air-filled objects

3.6.2.1 This case is also relevant for lifting of objects where
the buoyancy is distributed differently from the mass. Figure
3-16 shows a submerged body where the centre of gravity C
and the centre of buoyancy Cg do not coincide.

pgVv

CF CB
CG I

Mg - pgV
Mg

Figure 3-16
Definition of C¢;, Cg and Cg

3.6.2.2 The force centre is found from moment equilibrium;

Mg-C,—pgV-Cy, Co—a-Cy

C. [m]
Mg — pgV -
where
a=L"
Mg

3.6.2.3 1f no other forces are acting on the object, it will rotate
until Cp is vertically above Cg. If the object is suspended, the lift
wire must be attached vertically above Crin order to avoid tilting.
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3.6.2.4 The adjustments of sling lengths required for a hori-
zontal landing on seabed may thus give a tilt angle when the
object is in air (due to the horizontal distance Cr- Cg;).

3.6.3 Effects of free water surface inside the object

3.6.3.1 In case of a free water surface inside the body, the ver-
tical distance GB between C; and Cg must be large enough to
give an up-righting moment larger than the overturning
moment provided by the free water surface. Figure 3-17 illus-
trates this.

Mg-GB> pgl [Nm]

where

M = object mass [kg]

1 area moment of inertia of the free surface [m?]

The area moment of inertia / varies with filling, geometry and
tilt angle.

Figure 3-17
Lifting with free surface inside the object
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4. Lifting through Wave Zone — Simplified
Method

4.1 Introduction
4.1.1 Objective

4.1.1.1 This section describes the Simplified Method for esti-
mating characteristic hydrodynamic forces on objects lowered
through the water surface and down to the sea bottom.

4.1.1.2 The intention of the Simplified Method is to give sim-
ple conservative estimates of the forces acting on the object.

4.1.2 Application

4.1.2.1 Calculation results based upon the Simplified Method
may be used as input in DNV-OS-H205, Lifting, ref./3/.

4.1.2.2 The Simplified Method supersedes the recommenda-
tions for determination of environmental load effects given in
DNV Rules for Marine Operations, 1996, Pt.2 Ch.6, ref./5/.

4.1.2.3 The sign of the motion, velocity, acceleration and
force terms in the Simplified Method should always be applied
as positive unless denoted otherwise.

4.1.2.4 In general, the Simplified Method describes forces act-
ing during lowering from air down through the wave zone. The
method is however also applicable for the retrieval case.

4.1.3 Main assumptions

4.1.3.1 The Simplified Method is based upon the following
main assumptions;

— the horizontal extent of the lifted object (in the wave prop-
agation direction) is relatively small compared to the wave
length.

— the vertical motion of the object follows the crane tip
motion.

— the load case is dominated by the vertical relative motion
between object and water — other modes of motions can be
disregarded.

4.1.3.2 More accurate estimations are recommended if the
main assumptions are not fulfilled, see, Section 3.

4.1.3.3 Increased heave motion of the lifted object due to res-
onance effects is not covered by the Simplified Method, see
4.3.3.3.

4.2 Static weight

4.2.1 General

4.2.1.1 The static weight of the submerged object is given by:
Fyaiic = Mg - pVg [N]

where

M = mass of object in air [kg]

g = acceleration due to gravity = 9.81 [m/s?]

p = density of sea water, normally = 1025 [kg/m?]

V= volume of displaced water during different stages

when passing through the water surface [m3]

4.2.1.2 The static weight is to be calculated with respect to the
still water surface.

4.2.1.3 A weight inaccuracy factor should be applied on the
mass of the object in air according to DNV-OS-H102 Section 3,
C200.
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4.2.2 Minimum and Maximum Static weight

4.2.2.1 Flooding of subsea structures after submergence may
take some time. In such cases, the static weight should be cal-
culated applying both a minimum value and a maximum value.

4.2.2.2 The minimum and maximum static weight for objects
being flooded after submergence should be taken as:

Fstat[c-min = Mming - ,OVg [N]

Fstatic—max = Mmaxg -pP Vg [N]
where
M,,;,, = the minimum mass is equal the mass of object in air

(i.e. the structure is submerged but the flooding has not
yet started) [kg]

M, . =the maximum mass is equal the mass of object in air
including the full weight of the water that floods the
structure (i.e. the structure is fully flooded after sub-
mergence) [kg]

Guidance note:
The volume of displaced water, V, is the same for both cases.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.2.2.3 The weight inaccuracy factor should be applied as a
reduction of the minimum mass and as an increase in the max-
Imum mass.

4.2.2.4 Water that is pre-filled before lifting should be taken
as part of the mass of object in air.

4.2.2.5 Water that is retained within the lifted object during
recovery should be taken as part of the mass of object in air.

4.2.2.6 The possibility of entrapped air should be evaluated
and included in calculations when relevant. Both loss of stabil-
ity, risk of implosion and risk of slack slings should be inves-
tigated.

4.3 Hydrodynamic forces
4.3.1 General

4.3.1.1 This section describes the Simplified Method for esti-
mation of the environmental loads and load effects.

4.3.1.2 Only characteristic values are included. Implementa-
tion of safety factors in the capacity check of structure and lift-
ing equipment should be performed as described in DNV-OS-
HI102, ref./2/ and DNV-OS-H205, ref./3/.

4.3.1.3 For further explanation of the term “characteristic”,
see DNV-OS-H102 Section 1, C100.

4.3.2 Wave periods

4.3.2.1 The influence of the wave period may be taken into
account. The performed analyses should then cover the follow-
ing zero-up-crossing wave period range for a given significant
wave height Hg:

89. [ <,

g

<13 [s]

where

= acceleration of gravity = 9.81 [m/s2]
= significant wave height of design sea state [m]
zero-up-crossing wave periods [s]

ST

Guidance note:
T, values with increments of 1.0 s are in most cases sufficient.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

A lower limit of H,,,,= 1.8-H,; = 2/7 with wavelength
A =g T.2/2ris here used.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

The relation between the zero-up-crossing wave period, 7, and
the peak wave period, 7,, may be taken according to DNV-RP-
C205, ref./6/, Section 3.5 5, applying a JONSWAP spectrum. For
a PM spectrum the relation can be taken as 7, = 1.4-T..

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.3.2.2 Applied T,-ranges or concluded allowable 7 _-ranges
deviating from 4.3.2.1 should be reflected in the weather crite-
ria in the operation procedures.

4.3.2.3 Alternatively, one may apply the wave kinematic
equations that are independent of the wave period. The opera-
tion procedures should then reflect that the calculations are
only valid for waves longer than the following acceptance

limit, i.e. :
H.
T. > 10.6-‘/—S [s]
z g

Guidance note:

As zero-up-crossing wave periods less than the above acceptance
limit very rarely occur, this operation restriction will for most
cases not imply any practical reduction of the operability.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

A lower limit of H,,,, = 1.8-H; = A/10 with wavelength
A =g T.2/2rxis here used.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.3.3 Crane tip motions

4.3.3.1 In order to establish the relative motion between the
waves and the lifted structure, it is necessary to find the
motions of the vessel’s crane tip.

4.3.3.2 The Simplified Method assumes that the vertical
motion of the structure is equal to the vertical motion of the
crane tip. More accurate calculations should be made if ampli-
fication due to vertical resonance is present.

4.3.3.3 Resonance amplification may be present if the crane
tip oscillation period or the wave period is close to the reso-
nance period, T}, of the hoisting system:

M+ A, +60-mL
T, = 27r\/ = [s]
K

where
m = mass of hoisting line per unit length [kg/m]
L = length of hoisting line [m]
M = mass of object in air [kg]
As3 = heave added mass of object [kg]
K = stiffness of hoisting system, see 4.7.6.1/ [N/m]
¢ = adjustment factor taking into account the effect of

mass of hoisting line and possible soft springs (e.g.
crane master), see 5.3.5.2.

Guidance note:

In most cases, T} is less than the relevant wave periods. Wave
induced resonance amplification of an object located in the wave
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zone may in such cases be disregarded if the peak wave period,
T, is significantly larger than the resonance period of the hoist-
ing system, typically:

T,>1.6-T
---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

Resonance amplification due to the crane tip motion may be dis-
regarded if the peak period of the response spectrum for the ver-
tical motion of the crane tip, T}, ., is larger than the resonance
period of the hoisting system, typically:

T, o>13T,

where T}, ., is calculated for a 7, range as described in 4.3.2.1.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

The resonance period of the hoisting system, 7}, increases with
the length of the hoist line. Resonance amplification due to crane
tip motion may therefore occur during deployment of objects
down to very deep water. This should be given special attention,
see Section 4.7.7 and Section 5.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.3.3.4 Active or passive heave compensation systems should
normally not be taken into account in the Simplified Method
when calculating hydrodynamic loads, see, Section 3 for more
accurate time-domain simulations.

Guidance note:

The effect of passive heave compensation systems may be imple-
mented as soft springs in the stiffness of the hoisting system
when performing snap load calculations and when checking risk
of resonance amplification.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.3.3.5 The characteristic vertical crane tip motions on the
installation vessel should be calculated for the environmental
design conditions, either by a refined analysis, or by acceptable
documented simplified calculations.

4.3.3.6 For subsea lift operations dependent on a fixed vessel
heading, vessel responses for all wave directions should be
analysed.

4.3.3.7 For subsea lift operations that may be performed inde-
pendent of vessel headings, vessel response should be analysed
for wave directions at least £15° off the vessel heading stated
in the procedure.

4.3.3.8 Long-crested sea may be applied in the analysis. See
however the guidance note below.

Guidance note:

In some cases it may be appropriate to apply short crested sea in
order to find the most critical condition. Vertical crane tip motion
may e.g. be dominated by the roll motion in head sea +15°. Roll
motion may then be larger for short crested sea than for long
crested sea. It is hence recommended to investigate the effect of
short crested sea in such cases, see also DNV-OS-H101 Section 3,
C800.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

If long-crested sea is applied for simplicity, a heading angle of
1+20° is recommended in order to account for the additional effect
from short-crested sea. A heading angle of £15° combined with
long-crested sea should only be applied if the vertical crane tip
motion is not dominated by the roll motion, or if the vessel can
document that it is able to keep within £10° in the design sea
state.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.3.3.9 The computed heave, pitch and roll RAOs for the ves-
sel should be combined with crane tip position in the vessel’s
global coordinate system in order to find the vertical motion of
the crane tip.

4.3.3.10 The applied values for the crane tip velocity and
acceleration should represent the most probable largest charac-
teristic single amplitude responses.

4.3.3.11 If the lowering through the wave zone (including
contingency time) is expected to be performed within 30 min-
utes, the most probable largest characteristic responses may be
taken as 1.80 times the significant responses.

4.3.3.12 The performed motion response analyses should
cover a zero-up-crossing wave period range as described in
section 4.3.2.

4.3.4 Wave kinematics

4.3.4.1 The lowering through the wave zone (including con-
tingency time) is in this subsection assumed to be performed
within 30 minutes.

4.3.4.2 1If the duration of the lifting operation is expected to
exceed the 30 minutes limit, the significant wave height, H, in
the below equations for wave amplitude, wave particle veloc-
ity and wave particle accelerations should be multiplied with a
factor of 1.10.

4.3.4.3 The characteristic wave amplitude can be taken as:
$,=09-H, [m]

4.3.4.4 In this Simplified Method the following characteristic
wave particle velocity and acceleration can be applied:

B 4rld
2 T’
VW:é’a. _ﬂ- e g [IH/S]

TZ

and
4r2d
2w ) T
ay=C, . =8 [m/s2]

T;
where
v,, = characteristic vertical water particle velocity [m/s]
a,, = characteristic vertical water particle acceleration [m/s?]
¢, = characteristic wave amplitude according to 4.3.4.3 [m]
g = acceleration of gravity = 9.81 [m/s?]
d = distance from water plane to centre of gravity of sub-

merged part of object [m]
H, = Significant wave height of design sea state [m]

> = Zero-up-crossing wave periods, see 4.3.2.1 [s]

4.3.4.5 Alternatively, one may apply the following wave kin-
ematic equations that are independent of the wave period;

0.35d
v, =0.30 [xgHs e s [m/s]
0.35d
Hs [m/s?]

a,=010rg-e
with definition of parameters as given in 4.3.4.4 and a T, appli-
cation limit as described in 4.3.2.3.

Guidance note:

A lower limit of H,,, = 1.8-H; = A/10 with wavelength
A= g T.22ris here used.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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4.3.4.6 1t should be clearly stated in the analyses documenta-
tion whether or not the influence of the wave period is
included. The two alternatives for the Simplified Method
should not be interchanged within the analyses.

4.3.5 Slamming impact force

4.3.5.1 The characteristic slamming impact force on the parts
of the object that penetrate the water surface may be taken as:

Fyjgm= 0.5 p Cs Ay Vs2 [N]
where

Yo density of sea water [kg/m3]
C

s slamming coefficient which may be determined by
theoretical and/or experimental methods. For smooth
circular cylinders C; should not be taken less than 3.0.
Otherwise, C, should not be taken less than 5.0. See
also DNV-RP-C205.

Ag = slamming area, i.e. part of structure projected on a hor-

izontal plane that will be subject to slamming loads

during crossing of water surface [m?]

slamming impact velocity [m/s]

4.3.5.2 The slamming impact velocity may be calculated by:

_ [ 2 2
Ve —VC+ V. +VW

[m/s]

v, = hook lowering velocity, typically 0.50 [m/s]

v,; = characteristic single amplitude vertical velocity of the
crane tip [m/s]

v, = characteristic vertical water particle velocity as found
in 4.3.4.4 or 4.3.4.5 applying a distance, d, equal zero
[m/s]

4.3.5.3 Increased slamming impact velocity due to excitation
of the water column inside suction anchors can be specially
considered.

Guidance note:

A simplified estimation of the local slamming impact velocity
inside a suction anchor may be to apply:

_ [ 2 2 2
V=V, H4v, + Vv, K

[m/s]
where

V. = hook lowering velocity, typically 0.50 [m/s]

Ve = characteristic single amplitude vertical velocity of the
crane tip [m/s]

v,, = characteristic vertical water particle velocity [m/s]

k= amplification factor, typically 1.0 < k< 2.0 [-]

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:
Compression and collapse of air cushions are disregarded in this
simplified estimation. The air cushion effect due to limited evac-
uation of air through ventilation holes may contribute to reduced
slamming force.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Figure 4-1
Top-plate of suction anchor crossing the water surface. Water
spray from ventilation hole.

Figure 4-2

Internal slamming on top-plate of foundation bucket. From CFD
analysis. Bucket dim. 3.5x04.0 m. Ventilation holes 0.8 m. Reg-
ular wave H=3.5m, T =5.5 5. Lowering speed 0.25 m/s. One sec-
ond between snapshots.

DET NORSKE VERITAS



Recommended Practice DNV-RP-H103, April 2009
Page 39

4.3.6 Varying buoyancy force

4.3.6.1 The static weight of the object is related to the still
water surface. The change in buoyancy due to the wave surface
elevation may be taken as:

F,=p-oV-g [N]
where

p = density of sea water, normally = 1025 [kg/m?3]

oV = change in volume of displaced water from still water
surface to wave crest or wave trough [m3]
g = acceleration of gravity [m/s?]
4.3.6.2 The change in volume of displaced water may be esti-
mated by:
W:Zw'\} élaz +770t2 [m?]
where
ZW = mean water line area in the wave surface zone [m?]
¢, = characteristic wave amplitude, see 4.3.4.3 [m]

characteristic single amplitude vertical motion of the
crane tip [m]

et

4.3.6.3 The change in volume of displaced water may be
asymmetric about the still water surface.

Guidance note:

If the change in displacement is highly nonlinear, a direct calcu-
lation of the volume from still water surface to wave crest or to
wave trough may be performed applying a water surface range

of:
54,: i V é’az +77L‘t2

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

(m]

4.3.7 Mass force

4.3.7.1 The characteristic mass force on an object item due to
combined acceleration of object and water particles may be
taken as:

Fy :\/[(Mi+A33[)'ac/]2 +[(PVf +A33;)~aw]2 [N]

where

M; = mass of object item in air [kg]

Ajzs3; = heave added mass of object item [kg]

a., = characteristic single amplitude vertical acceleration of
crane tip [m/s?]

p = density of sea water, normally = 1025 [kg/m?]

V; = volume of displaced water of object item relative to the
still water level [m3]

a,, = characteristic vertical water particle acceleration as

found in 4.3.4.4 or 4.3.4.5 [m/s?]

Guidance note:

The structure may be divided into main items. The mass, added
mass, displaced volume and projected area for each individual
main item are then applied in 4.3.7.7 and 4.3.8. 1. Mass forces and
drag forces are thereafter summarized as described in 4.3.9.6.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

The term “mass force” is here to be understood as a combination
of the inertia force and the hydrodynamic force contributions
from Froude Kriloff forces and diffraction forces (related to rel-
ative acceleration). The crane tip acceleration and the water par-

ticle accelerations are assumed statistically independent.
---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.3.7.2 Estimation of added mass may be performed accord-
ing to 4.6.3 — 4.6.5.

4.3.8 Drag force

4.3.8.1 The characteristic drag force on an object item may be
taken as:

Fp; = 0.5 pCp Ap; v [N]
where

p = density of sea water, normally = 1025 [kg/m?3]

Cp = drag coefficient in oscillatory flow of submerged part
of object [-]
A,; = area of submerged part of object item projected on a

horizontal plane [m?]
v, = characteristic vertical relative velocity between object
and water particles, see 4.3.8.3 [m/s]

4.3.8.2 Estimation of drag coefficients may be performed
according to 4.6.2.

4.3.8.3 The characteristic vertical relative velocity between
object and water particles may be taken as:

4y’ [m/s]

r c ct w

v. = hook hoisting/lowering velocity, typically 0.50 [m/s]

v, = characteristic single amplitude vertical velocity of the
crane tip [m/s]
v, = characteristic vertical water particle velocity as found

in4.3.4.4 or 4.3.4.5 [m/s]
4.3.9 Hydrodynamic force

4.3.9.1 The characteristic hydrodynamic force on an object
when lowered through water surface is a time dependent func-
tion of slamming impact force, varying buoyancy, hydrody-
namic mass forces and drag forces.

4.3.9.2 The following combination of the various load compo-
nents is acceptable in this Simplified Method:

Epya = \/(FD + Fyam )°+ (Fyy = Fp)? IN]

where
Fp = characteristic hydrodynamic drag force [N]
Fgum = characteristic slamming impact force [N]

w = characteristic hydrodynamic mass force [N]
F, = characteristic varying buoyancy force [N]

Guidance note:

During lowering through the water surface, the structure may
have both fully submerged parts and items in the splash zone.
The slamming force acting on the surface crossing item is then in
phase with the drag force acting on the fully submerged part.
Likewise, the mass and varying buoyancy forces are 180° out of
phase.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.3.9.3 The slamming impact force on a structure part that is
hit by the wave surface may be taken as the only load compo-
nent acting on that structure part, see 4.5.2.

4.3.9.4 This method assumes that the horizontal extent of the
lifted object is small compared to the wave length. A more
accurate estimation should be performed if the object exten-
sion is found to be important, see Section 3.
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4.3.9.5 The structure may be divided into main items and sur-
faces contributing to the hydrodynamic force.

4.3.9.6 The water particle velocity and acceleration should be
related to the vertical centre of gravity for each main item
when calculating mass and drag forces. These force contribu-
tions should then be found by:

FM=ZFMZ» and FD:ZFDi [N]
i i

where

F)yy and Fp; are the individual force contributions from each
main item, see 4.5.2.

4.4 Accept criteria
4.4.1 General

4.4.1.1 This section describes the accept criteria for the calcu-
lated hydrodynamic forces.

4.4.2 Characteristic total force

4.4.2.1 The characteristic total force on an object lowered
through water surface should be taken as:

Ftotal = Fstatic + thd [N]

where
Fouic = static weight of object, ref. 4.2.2 [N]
Fyyq = characteristic hydrodynamic force, ref. 4.3.9 [N]

4.4.2.2 In cases where snap loads occur the characteristic total
force on object should be taken as:

Ftotal = Fstatic + anap [N]

where
Fyic = static weight of object, ref. 4.2.2 [N]
snap — characteristic snap force, ref. 4.7.2 [N]

4.4.3 The slack sling criterion

4.4.3.1 Snap forces shall as far as possible be avoided.
Weather criteria should be adjusted to ensure this.

4.4.3.2 Snap forces in slings or hoist line may occur if the
hydrodynamic force exceeds the static weight of the object.

4.4.3.3 The following criterion should be fulfilled in order to
ensure that snap loads are avoided in slings and hoist line:

thd < 0.9 Fatic—min [N]

Guidance note:

A 10% margin to the start of slack slings is here assumed to be
an adequate safety level with respect to the load factors and load
combinations stated in the ULS criteria.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:
Hydrodynamic forces acting upwards are to be applied in 4.4.3.3.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

In cases involving objects with large horizontal extent, e.g. long
slender structures like spool pieces, more refined analyses are
needed in order to establish loads in individual slings. In general,
time domain analyses are recommended for this purpose. A sim-
pler and more conservative approach may be to apply the Regular
Design Wave Approach as described in Section 3.4.2. In this

method the wave induced motion response of the lifted object is
assumed negligible.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.4.3.4 The minimum static weight of the object should be
applied as described in 4.2.2.

4.4.4 Capacity checks

4.4.4.1 In addition to the slack sling criterion, the capacity of
lifted structure and lifting equipment should be checked
according to DNV-OS-H205, Lifting, ref./3/.

4.4.4.2 The characteristic total force on the object should be
calculated applying the maximum static weight.

4.4.4.3 The capacity checks described in DNV-OS-H205, Lift-
ing relates to the weight of the object in air. Hence, a converted
dynamic amplification factor (DAF) should be applied equiva-
lent to a factor valid in air. The following relation should be
applied in the equations given in DNV-OS-H205:

F,
DAF — total _
conv Mg [ ]
where
DAF,,,, = 1isthe converted dynamic amplification factor

M = mass of object in air [kg]

g = acceleration of gravity = 9.81 [m/s?]
Ftotal = is the 1argeSt of: Ftotal = Fstatic—max + thd or
Ftotal = Fstatic-max snap

4.4.4.4 The maximum static weight of the object should be
applied as described in 4.2.2.

4.5 Typical load cases during lowering through
water surface

4.5.1 General

4.5.1.1 There will be different hydrodynamic loads acting on
different parts of the structure during lowering through water
surface. The operation should therefore be analysed covering a
number of different load cases.

4.5.1.2 When establishing load cases one should identify main
items on the object contributing to hydrodynamic forces. The
still water levels may be positioned according to the following
general guidance:

— the still water level is located just beneath the slamming
area of the main item

— the still water level is located just above the top of the sub-
merged main item.

4.5.1.3 Examples of typical load cases are given in 4.5.2.
These are merely given as general guidance. Typical load
cases and load combinations should be established for all
structures individually.

4.5.1.4 The total hydrodynamic force on the structure should
be calculated as specified in 4.3.9.2.

4.5.2 Load cases for a protection structure
4.5.2.1 The lowering through water surface of a typical pro-
tection structure with roof, legs and ventilated buckets may be

divided into four load cases as shown in figures 4-3 to 4-6.

4.5.2.2 The first load case is slamming on the mud mats,
figure 4-3:
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/ <1.0m
- v
Figure 4-3

Load Case 1 — Still water level beneath top of ventilated bucket

where

— Slamming impact force, F§;,,,, acts upwards on top-plate
inside the buckets. Only the mud mat area of buckets
simultaneously affected need to be applied. Typically, if
the object has four buckets, it may be sufficient to apply
two.

— Varying buoyancy force F',, mass force /', and drag force
Fp are negligible assuming the horizontal projected area
of the skirt walls is small.

4.5.2.3 The second load case is when buckets are fully sub-
merged, figure 4-4:

+ CoG G$d

Figure 4-4
Load Case 2 — Still water level above top of tuckets

where

— Slamming impact force, Fy,,,, is zero.

— Varying buoyancy force F ,, mass force F,and drag force
Fp are calculated. The ‘characteristic vertical relative
velocity and acceleration are related to CoG of submerged
part of structure.

4.5.2.4 The third load case is when the roof cover is just above
the still water level, figure 4-5:

<1.0m
v /;
4

COGLegs G 1

dLegs

COGBucket

dBuckels

Figure 4-5
Load Case 3 — Still water level beneath roof cover

where

— Slamming impact force, Fy,,,, is calculated on the roof
cover.

— Varying buoyancy force, F,, in the wave surface zone is
calculated.

— Mass forces, F;, are calculated separately for buckets and

legs, applying the characteristic vertical water particle
acceleration for CoG of buckets and legs individually. The
total mass force is the sum of the two load components, see
4.3.9.6.

— Drag forces, F'py,, are also calculated separately for buckets

and legs applying correct CoGs. The total drag force is the
sum of the two load components.

4.5.2.5 The fourth load case is when the whole structure is
fully submerged, figure 4-6:

COGRoof ¢ dROsz 1.0m V

dLe g8

d
v Buckets

Figure 4-6
Load Case 4 — Still water level above roof cover

where

— Slamming impact force, F,,,, is zero.

— Varying buoyancy force F', is zero.

— Mass forces, F;y;, are calculated separately for buckets,
legs and roof, applying the characteristic vertical water
particle acceleration for CoG of buckets, legs and roof
individually. The total mass force is the sum of the three
load components.

— Drag forces, Fp;, are also calculated separately for buck-
ets, legs and roof, applying correct CoGs. The total drag
force is the sum of the three load components, see 4.3.9.6.

4.6 Estimation of hydrodynamic parameters
4.6.1 General

4.6.1.1 The hydrodynamic parameters may be determined by
theoretical and/or experimental methods.

4.6.1.2 The hydrodynamic parameters may be dependent on a
number of factors, as e.g.:

— structure geometry

— perforation

— sharp edges

— proximity to water surface or sea bottom
— wave height and wave period

— oscillation frequency

— oscillation amplitude

4.6.1.3 The drag coefficients and added mass values given in
this simplified method do not fully take into account all the
above listed parameters.

4.6.1.4 Model tests have shown that the added mass may be
highly dependent on the oscillation amplitude of typical subsea
structures, see e.g. Ref./11/.

4.6.2 Drag coefficients

4.6.2.1 Hydrodynamic drag coefficients in oscillatory flow
should be used.

4.6.2.2 The drag coefficient in oscillatory flow, Cp, vary with
the Keulegan-Carpenter number and can be typically two to
three times larger than the steady flow drag coefficient, Cpg,
see e.g. Ref./6/ and /7/.
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4.6.2.3 Waves, current or vertical fluid flow due to lowering
speed may partly wash away some of the wake. This may
reduce the oscillatory drag coefficient compared to model test
data obtained without this influence.

Guidance note:

Beneath the wave zone, the drag coefficient decreases with
increasing lowering speed. The reason for this is that the lowered
structure will tend to enter more undisturbed fluid. If the lower-
ing speed exceeds the maximum oscillation velocity, the drag
coefficient will tend to approach the value of the steady flow drag
coefficient.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.6.2.4 Unless specific CFD studies or model tests have been
performed, the following guideline for drag coefficients on
typical subsea structures in oscillatory flow is given:

Cp=25 [

4.6.2.5 For long slender elements a drag coefficient equal to
twice the steady state Cppgmay be applied provided that hydro-
dynamic interaction effects are not present, see App.B.

4.6.2.6 Sensitivity studies of added mass and damping are in
general recommended in order to assess whether or not more
accurate methods as CFD studies or model tests should be per-
formed.

Guidance note:

The drag coefficient may be considerable higher than the recom-
mended value given in 4.6.2.4. In model tests and CFD analyses
of complex subsea structures at relevant KC numbers, oscillatory
flow drag coefficients in the range Cp =~ 4 to 8 may be obtained
when wake wash-out due to waves, current or lowering speed is
disregarded.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

It should be noted that for extremely low KC numbers the drag
coefficient as applied in 4.3.8.1 goes to infinity as the fluid veloc-
ity goes to zero.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.6.3 Added mass for non-perforated structures

4.6.3.1 Hydrodynamic added mass values for different bodies
and cross-sectional shapes may be found in Appendix A-1 and
A-2.

4.6.3.2 The heave added mass of a surface piercing structure
may be taken as half the heave added mass (in an infinite fluid
domain) of an object formed by the submerged part of the
structure plus its mirror about the free surface.

Guidance note:

This approximation is based upon the high frequency limit and is
hence only applicable in cases where the radiated surface waves
are negligible.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.6.3.3 The following simplified approximation of the added
mass in heave for a three-dimensional body with vertical sides

may be applied:
A33 % A3, [ke]
and
4
P
=
h+, |4 p

where
A33,= added mass for a flat plate with a shape equal to the

horizontal projected area of the object [kg]

h = height of the object [m]

Ap area of submerged part of object projected on a hori-
zontal plane [m?]

4.6.3.4 A structure that contains a partly enclosed volume of
water moving together with the structure may be taken as a
three-dimensional body where the mass of the partly enclosed
water volume is included in the added mass.

Guidance note:

For example, a bucket shaped suction anchor with a diameter
equal the height will according to 4.6.3.3 have an added mass
equal 1.57 times the added mass of a circular disc plus the mass
of the water volume inside the bucket.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

In this Simplified Method flooded items as e.g. tubular frames or
spool pieces should be applied in the static weight calculations
according to 4.2.2. The mass of this water volume should not be
included in the added mass as it is already included in the body
mass.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.6.3.5 Added mass calculations based upon panel methods
like the sink-source technique should be used with care (when
subject to viscous fluid flow). It may give underestimated val-
ues due to oscillation amplitude dependency.

4.6.3.6 Added mass calculations based upon summation of
contributions from each element is not recommended if the
structure is densely compounded. The calculated values may
be underestimated due to interaction effects and the oscillation
amplitude dependency.

Guidance note:

Interaction effects can be neglected if the solid projected area
normal to the direction of motion (within a typical amplitude of
either body motion or wave particle motion) is less than 50%.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
4.6.4 Effect of perforation

4.6.4.1 The effect of perforation on the added mass may
roughly be estimated by the following guidance:

Ay =4, if p<S

Ay = A, -(0.7 + 0.3-cos[”'(i_5)D if 5<p<34

and
10-p
Ay =4y, e ¥ if 34<p<50
where

Ajs3¢= solid added mass (added mass in heave for a non-per-
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forated structure) [kg]
p = perforation rate (percentage) [-]

Guidance note:

For example, a bucket shaped suction anchor with a ventilation
hole corresponding to 5% perforation will have an added mass
equal the solid added mass, i.e. the added mass is in this case
unaffected by the ventilation hole.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

This guidance is based upon a limited number of model test data
and includes hence a safety margin. It is not considered applica-
ble for perforation rates above 50%.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

The recommended DNV-curve is shown as the upper curve in
figure 4-7. The shadowed area represents model test data for dif-
ferent subsea structures at varying KC-numbers. The exp(-P/28)
curve is derived from numerical simulations (based on potential
flow theory) of perforated plates and included in the figure for
reference. As shown, the exp(-P/28) curve may give non-con-
servative values.

Effect of perforation on added mass
1 N‘Hﬁ E=a
0.9 1 \“ Ee il
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Figure 4-7

Added mass reduction factor A;3/A;;¢ as function of the per-
foration rate (percentage).

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.6.4.2 The intention of this guidance is to ensure a conserva-
tive estimate of the perforation rate influence on the added
mass. As seen in figure 4-7 (shaded area) the actual reduction
factor may vary a lot depending on geometry and oscillation
amplitude. The recommended guidance in 4.6.4. will in most
cases significantly overestimate the added mass. CFD studies
or model tests are recommended if more accurate estimations
are needed.

4.7 Snap forces in slings or hoisting line
4.7.1 General

4.7.1.1 Snap forces shall as far as possible be avoided.
Weather criteria should be adjusted to ensure this.

4.7.1.2 Snap forces may occur if the slack sling criterion is not
fulfilled, see 4.4.3.3.

4.7.2 Snap force
4.7.2.1 Characteristic snap load may be taken as:

anap = Vsnap VK (M + A33)

[N]

where
Vsnap characteristic snap velocity [m/s]
= stiffness of hoisting system, see 4.7.6 [N/m]
M = mass of object in air [kg]
Az; = heave added mass of object [kg]

4.7.2.2 The characteristic snap load should be applied as
described in 4.4.2.2 and 4.4.4.3.

4.7.3 Snap velocity

4.7.3.1 The snap velocity may be taken as:
Vonap = VT C v, [m/s]
where

vy = free fall velocity, see 4.7.3.5 [m/s]

v, = characteristic vertical relative velocity between object
and water particles, see 4.7.3.2, [m/s]
C = Correction factor, see 4.7.3.4 [-]

4.7.3.2 The vertical relative velocity between object and water
particles may be taken as:

v, =v, + vu2 + vw2 [m/s]
where
v. = hook hoisting/lowering velocity, see 4.7.3.3 [m/s]
v,; = characteristic single amplitude vertical velocity of the
crane tip [m/s]
v,, = characteristic vertical water particle velocity as found

in4.3.4.4o0r4.3.4.5 [m/s]

4.7.3.3 Two values for hook lowering velocity should be
applied; v, = 0 m/s and v, = typical lowering velocity. In addi-
tion, a retrieval case should be covered applying a v, equal to
a typical hoisting velocity. The highest snap velocity for the
three options should be applied in the snap force calculation.

Guidance note:
If the typical hoisting/lowering velocity is unknown, a value of
v.=%0.50 m/s may be applied.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
4.7.3.4 The correction factor should be taken as:

C=1 for v, <02y,

fo
C= cos{ ( - O.ZH Jor 02v, <v,<0.7v,
v

r

and

C=0 for

vy >0.7v,

4.7.3.5 The free fall velocity of the object may be taken as:

vy = | PLstatic )

where

Fyuic = the minimum and maximum static weight as
defined in 4.2.2.2 [N]

Yol = density of sea water, normally = 1025 [kg/m?3]

Ap = areaof submerged part of object projected on a hor-
izontal plane [m?2]

Cp = drag coefficient of submerged part of object

4.7.3.6 If the snap load is caused by a slamming impact force
while the object is still in air, the snap velocity may be assumed
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equal the slamming impact velocity given in 4.3.5.2.

Guidance note:

It is here assumed that the maximum free fall velocity after
impact will not exceed the maximum relative velocity between
object and water surface.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.7.4 Snap force due to start or stop

4.7.4.1 Snap force due to start or stop may be calculated
according to 4.7.2.1, applying a characteristic snap velocity
equal to:

Vsngp - Maximum lowering velocity, typically v,,,= 1.0 [m/s]
4.7.5 Snap force due to lift-off

4.7.5.1 Snap forces due to lift off from e.g. a barge should be
taken into due considerations. The calculated DAF',,,, as spec-
ified in 4.4.4.3 should be applied in the equations given in
DNV-OS-H205, ref./3/, Section 2, D200.

4.7.5.2 Snap loads during lift off may be calculated according
to 4.7.2.1, applying a characteristic snap velocity equal to:

Vsnap = VC + vrct [m/s]

where
v. = hook hoisting velocity, typically 0.50 [m/s]
v,; = characteristic vertical relative velocity between object

and crane tip [m/s]

4.7.5.3 The characteristic vertical relative velocity between
object and crane tip should be calculated applying design sea
states according to 4.3.2./ and using the same guidelines as
given in 4.3.3.

4.7.6 Stiffness of hoisting system

4.7.6.1 The stiffness of the hoisting system may be calculated
by:

I 1 . 1 1 1 R 1 N 1
K krigging kline ksofl kblock kboom kother
where
K = total stiffness of hoisting system [N/m]
Kyigaing = stiffness of rigging, spreader bar, etc.
ine = stiffness of hoist line(s)

keopp = stiffness of soft strop or passive heave compensa-
’ tion system if used, see 4.7.7

kpjoer = stiffness of multiple lines in a block if used
boom = stiffness of crane boom
e = other stiffness contributions, if any

4.7.6.2 The line stiffness may be calculated by:

EA
Kiine = E [N/m]
where
E = modulus of rope elasticity [N/m?]
A = effective cross section area of line(s), see 4.7.6.3. The
areas are summarized if there are multiple parallel
lines. [m?]
L = length of line(s). If multiple lines the distance from

block to crane tip is normally applied [m]

4.7.6.3 The effective cross section area of one wire line is
found by:

.D?
Awire = — CF [mz]
4
where
cp = fill-factor of wire rope [-]
D = the rope diameter [m]

Guidance note:

The value of the fill factor ¢z needs to be defined in consistence
with 4,,,.., D, and E. Typical values for e.g. a 6x37 IWRC steel
core wire rope could be C= 0.58 and E = 85 -10% N/m?2.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.7.7 Application of passive heave compensation systems
with limited stroke length

4.7.7.1 Passive heave compensation systems may have a cer-
tain available stroke length. This stroke length must not be
exceeded during the lift.

4.7.7.2 Dynamic motions of lifted object exceeding available
stroke length may cause huge peak loads and failure of the
hoisting system.

Guidance note:

A more accurate calculation of the lifting operation is recom-

mended if the Simplified Method indicates risk for snap loads.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.7.7.3 Estimation of available stroke length should take into
account the change in static weight as lifted object is trans-
ferred from air to submerged. The smallest available single
amplitude stroke length at each load case should be applied.

Guidance note:

The equilibrium position (and thereby the available stroke
length) will change during the lifting operation as the static
weight of the object change when lowered through the water sur-
face.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
Guidance note:
Also the recovery load cases should be verified.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

4.7.7.4 Entrapped water causing increased weight in air dur-
ing recovery should be taken into account.

4.7.7.5 Changes in equilibrium position of pressurized pistons
due to increased water pressure may be taken into account if
relevant.

4.7.7.6 A simplified check of the available single amplitude
stroke length, dx, may be to apply the following criterion:

Sx > (M + A33 ) Vsztroke [m]
ksoi

where

M = mass of object in air [kg]

Asz; = heave added mass of object [kg]

Varoke = Stroke velocity, to be assumed equal the relative
velocity, v,. (see 4.7.3.2) unless snap forces occur at
which the snap velocity, v,,,,, should be applied,
see e.g. 4.7.3.1 or 4.7.5.2. [m/s]

kgopp = stiffness of the passive heave compensation system

[N/m]
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Guidance note:

A more accurate estimation of available stroke length is recom-
mended if the system characteristics are known, e.g. in pressu-
rized pistons the energy loss due to flow resistance is not
included in 4.7.7.6.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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5. Deepwater Lowering Operations
5.1 Introduction
5.1.1 General

5.1.1.1 For lifting operations in deep water the following
effects should be considered,

— stretched length of cable due to cable own weight and
weight of lifted object

— horizontal offset due to current where the current velocity
may be time-dependent and its magnitude and direction
may vary with water depth

— dynamics of lifted object due to wave induced motion of
crane tip on vessel

— methods for controlling vertical motion of lifted object.

5.1.1.2 The term “cable” is in the following used to denote the
lifting line from crane to lifted object. Cable can consist of
steel wire, fibre rope, chain, or a combination of these.

5.1.2 Application

5.1.2.1 Calculation results based upon the method and formu-
las given in this section may be used as input in DNV-OS-
H205, Lifting, ref/1/.

5.1.2.2 The sign of the motion, velocity, acceleration and

force terms in this section should always be applied as positive
unless denoted otherwise.

5.1.2.3 In general, this section describes forces acting on the
vertical cable and the lowered object from beneath the wave
zone down to the sea bed. The method and formulas are also
applicable for the retrieval case. Forces on lifted objects in the
wave zone is covered in Sections 3 and 4.

5.1.2.4 Static and dynamic response of lowered or lifted
objects in deep water can be predicted by established commer-
cial computer programs. The analytic formulas presented in
this section may be used to check or verify predictions from
such numerical analyses.

5.2 Static forces on cable and lifted object
5.2.1 Stretched length of a cable

A vertical cable will stretch due to its own weight and the
weight of the lifted object at the end of the cable. The stretched
length L of a cable of length L is;

W+iwL
Ly=1L|1+ [m]
EA

where

L, = stretched length of cable [m]

L = original length of cable [m]

W = Mg— pgV = fully submerged weight of lifted object [N]

w = mg— pgA = fully submerged weight per unit length of
cable [N/m]

M = mass of lifted object [kg]

m = mass per unit length of cable [kg/m]

g = acceleration of gravity = 9.81 m/s2

p = density of water [kg/m3]

E = modulus of elasticity of cable [N/m?]

A = nominal cross sectional area of cable [m2].

See Guidance Note in 5.2.4
V= displaced volume of lifted object [m3]

5.2.2 Horizontal offset due to current

5.2.2.1 For an axially stiff cable with negligible bending stiff-
ness the offset of a vertical cable with a heavy weight W at the
end of the cable in an arbitrary current with unidirectional (in
x-direction) velocity profile U.(z) is given by;

. Fp+U/2p|C,D, [U.(z)] dz,

s(2) :£ [ Wanz, +1) Jaz,

[m]

where

1

FDO = 5 pCDx Ax [Uc (_L)]2 [N]

is the hydrodynamic drag force on the lifted object. The param-
eters are defined as;

&(z) = horizontal offset at vertical position z [m]

& = horizontal offset at end of cable z=- L [m]

L = un-stretched length of cable [m]

Cp, = drag coefficient for normal flow past cable [-]

Cp, = drag coefficient for horizontal flow past lifted object [-]
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D = cable diameter [m]

A, = x-projected area of lifted object [m?]
U (z) = current velocity at depth z [m/s]

z; z; = integration variables [m]

c

Guidance note:

It is assumed that the sum of the weight wL of the cable and the
submerged weight W of the lifted object are so large that the
angle between cable and a vertical line is small. See Figure 5-1.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

The cable diameter D.(z) and drag coefficient for normal flow
Cp,(z) may vary with depth. This variation must be taken into
account when calculating the offset.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Figure 5-1
Horizontal offset £(z) due to uniform current. Parameters are de-
fined in 5.2.2. Curvature of cable determined by Fpo/W < g/w.

5.2.2.2 For a uniform current U, and cable properties D, Cp,
the horizontal offset can be derived by;

z
K+ —+1

(f(z)zL[iK—ljln — L | 4,
w w

K+ 1

[m] (1)

where the top of the cable is at z = 0 and the lifted object is at
the end of the cable at z = —L. See Figure 5-1. The horizontal
offset of the lifted object is obtained by setting z = —L in the
expression for &(z);

L

£, = L(qx—/‘ajln["}rq

w Kk+1] w

where « is the ratio between the weight of the lifted object, /7,
and the weight of the cable;

(m] (2)

-] G

K=—
wL

and A is the ratio between the drag on the lifted object, ), and

the weight of the cable;

=t @

wL

The hydrodynamic drag force per unit length of cable, ¢, is
given by;

q=5PCo,DUE NI ()

Guidance note:

A correction to account for the vertical component of drag is to
replace w by (w— ¢&;/L) in formula (1) for the horizontal offset,
where & is the uncorrected offset at the end of the cable as cal-
culated by formula (2).

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.2.2.3 When the current velocity direction and cable proper-
ties vary with water depth a static analysis using a Finite Ele-
ment methodology with full numerical integration is
recommended to find the offset.

5.2.3 Vertical displacement

5.2.3.1 For installation of modules on seabed it is important to
control the distance from the seabed to the lower part of the
lifted object at the end of the cable. The difference Az of verti-
cal position of the lower end of the cable between the real con-
dition and a wvertical un-stretched condition has two
contributions

AZ:AZG+AZE

where

Az = vertical geometric displacement due to curvature of the
cable

vertical elastic displacement due to stretching of cable

Azg

The geometric effect increase the clearance to seabed while the
stretching decrease the clearance to seabed.

5.2.3.2 For constant unidirectional current and constant cable
properties along the length of the cable, the vertical displace-
ment due to curvature of the cable my be taken as;

J Aw

- 2

AZGzi Ay R ks X9 +il [-]
L wi\w Kk+1 2| 1+x 2\w

where the parameters ¢, w, x and A are defined in 5.2.2.1 and
52.2.2.

5.2.3.3 The vertical displacement due to stretching of the
cable may be taken as;

A 1 1
LZE z—a{Wﬁ-E(wL—qg‘L)} [-]

5.2.3.4 When the current velocity direction and cable proper-
ties varies with water depth a three-dimensional static analysis
using a Finite Element methodology is recommended to find
the offset.

5.2.4 Vertical cable stiffness

5.2.4.1 The vertical cable stiffness ky is the vertical force that
has to be applied to the lifted object at the lower end of the
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cable per unit vertical displacement;
_ dFy,

zZ

ky [N/m]

5.2.4.2 The vertical stiffness is the sum of two contributions,
the elastic stiffness kg and the geometric stiffness k. The ver-
tical stiffness k- is given by;

1 1 1
= —4 —
ky kg kg

[m/N]

5.2.4.3 The elastic stiffness kg is given by;

EA
k,=— [N/m]
L
where
E  =modulus of elasticity [N/m?]
A = cross-sectional area of cable [m?]
L = length of cable [m]

Guidance note:

A is the nominal cross-sectional area of the cable defined as
A = S'cp where S is the cross-sectional area (of circumscribed
circle) and c is the fill factor. See also Sections 4 and 7.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.2.4.4 The non-linear geometric stiffness & is given by

2
A _%Azg) g |, [ K,
kG ow W3 Kk+1
g A1, i(irﬂ
w? K (k+1)° wl\k) 2(xc+1)°
Guidance note:

The vertical cable stiffness defined above is valid for static loads,
and gives the change in position of the lower end of the cable for
a unit force applied at the end.

i K+3
2 (k+1)°

[mN]

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

The geometric stiffness decreases with increasing current speed
at a rate of U, ™. Hence, the geometric stiffness becomes rapidly
more important at higher current speeds.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
5.2.5 Horizontal stiffness

5.2.5.1 The horizontal stiffness &y of lifted object is the hori-
zontal force that has to be applied to the lower end of the cable
per unit horizontal displacement.

_dfy

dx

- N/m]

5.2.5.2 The horizontal stiffness kg is given by

A _ 05 _1,|Kk+] [m/N]

Note that the horizontal stiffness is not influenced by the cur-
rent drag on the cable and the lifted object. It should also be
noted that this expression for horizontal stiffness is valid for
static loads only.

5.2.5.3 When the lifted object is much heavier than the weight
of the cable the horizontal cable stiffness reduces to the stiff-
ness of the mathematical pendulum,

o= ol o [N/m]

k —WK—W
wL H L

5.2.6 Cable payout — quasi-static loads

The quasi-static tension 7{(s) at the top end of the cable during
payout for a deepwater lowering operation is given by

1 1
T(s)=W +ws +3pCDf7chsvc|vc| +3PCDzAch|Vc| [N]

where

length of cable payout [m]
water density [kg/m3]
Cpr = cable longitudinal friction coefficient [-]

Cp, = drag coefficient for vertical flow past lifted object [-]
D, = cable diameter [m]
4, = horizontal projected area of lifted object [m?2]

v, = constant cable payout velocity, hauling being positive
and lowering negative [m/s]

submerged weight per unit length of cable [N/m]
submerged weight of lifted object [N]

w =
w =

For a cable payout length s, the necessary payout velocity to
produce a slack condition is found by setting 7= 0 in the equa-
tion above. Note that the formula above neglects the effect of
current and water particle velocity due to waves and is there-
fore only valid for still water.

Guidance note:

Data describing friction coefficients for flow tangentially to a
cable may be found in e.g. DNV-RP-C205, ref./6/.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.3 Dynamic forces on cable and lifted object
5.3.1 General

5.3.1.1 For a typical lifting operation from a floating vessel it
is normally acceptable to assume that the motion of the vessel
is not affected by the motion of the object. This simplification
is based on the following assumptions:

— mass and added mass of lifted object is much smaller than
the displacement of the vessel

— the objects contribution to moment of inertia around CoG
/ centre plane of vessel is much smaller than the vessels
moment of inertia

— the motion of the crane tip is vertical

— the effect of current can be neglected.

Guidance note:

Typically, applying uncoupled vessel RAOs will give conserva-
tive results as the object in most cases tend to reduce the vertical
crane tip motion.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.3.2 Dynamic drag forces

5.3.2.1 Due to the motion of crane tip and lifted object,
dynamic drag forces will act on the cable. The drag forces
restrict the change of shape of the cable. As the velocity/accel-
erations of the crane tip increases, the elastic stiffness becomes
increasingly important.
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5.3.3 Application

5.3.3.1 For lifting and lowering operations in deep water the
dynamic response of the object depends on its vertical position
(depth). In order to perform a controlled lowering of the object
in a given sea state, an assessment of the dynamic response of
the lifted object at all depths should be carried out in the plan-
ning of the operation.

5.3.4 Natural frequencies, straight vertical cable

5.3.4.1 The natural frequencies of a straight vertical cable
(Figure 5-4) is given by

EA

m

[rad/s] ; j=0,1,2,..

5.3.4.2 The exact solution for wave numbers v; are given by
the equation (assuming un-damped oscillations);

mL

v.Ltan(v. L)=e=—-"—  [-]
/ ;L) M + A,
where
@; =27/T; = angular natural frequencies [rad/s]
T; = eigenperiods [s]
v; = corresponding wave numbers [1/m]
L =length of cable [m]
E  =modulus of elasticity [N/m?2]
A =nominal cross-sectional area of cable [m?]
m  =mass per unit length of cable [kg/m]

M = mass of lifted object in air [kg]
A3z = added mass for motion in vertical direction [kg]
& =mL/(M+A33) = mass ratio [-]

Guidance note:

The vertical added mass for three-dimensional bodies in infinite
fluid is defined as 433 = pC V' where C; is the added mass coef-
ficient and V} is a reference volume, usually the displaced vol-
ume. The added mass of the lifted object is affected by proximity
to free surface and proximity to sea floor. It should be noted that
for complex subsea modules that are partly perforated, the added
mass also depends on the oscillation amplitude, which again
affects the eigenperiod of the lifted object. Reference is made to
sections 3 and 4. Added mass coefficients for certain three-
dimensional bodies are given in Appendix A, Table A2.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.3.4.3 For small mass ratios, & the fundamental wave
number is given by the approximation

P 1/2
1+¢/3

The difference between the exact solution and the approximate
solution is shown in Figure 5-2. The figure shows that the above
approximation is close to the exact solution even for mass ratios,
& up to 3.0. Hence, the eigenperiod stated in 5.3.5.1 (derived
from 5.3.4.3) should be valid for most practical cases.

Guidance note:

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
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mL/(M+A 33)

Figure 5-2

Exact solution and approximated solution of the fundamental
wave number 1L as function of mass ratio (corresponding to the
first natural frequency of vertical oscillations). Solid line is exact
solution while the dotted line is the approximation for small mass
ratio &

5.3.4.4 The higher natural frequencies can for small mass
ratios, ¢, be estimated by the corresponding wave numbers, Vi
given by;

mL

- [-]1;J/=12,.
Jr(M + 435)

VL~ jm+

Guidance note:

The fundamental frequency is normally related to the oscillation
of the lifted object (with modifications due to the mass of the
cable), while the higher modes are related to longitudinal pres-
sure waves in the cable (Ref. 5.3.6).

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.3.5 Eigenperiods

5.3.5.1 The first (fundamental) eigenperiod for un-damped
oscillations of the lifted object in the presence of crane master
and/or soft slings (Figure 5-3) may be taken as

T zzﬂzzﬁ\/M+A33+9-mL s
W, K

where

1 11 L
_ = —4—4—
K [kp k EAJ

s

K = stiffness of total hoisting system [kg/s?]

k, = stiffness of crane master at top of cable [kg/s?]

kg = stiffness of soft sling or crane master at lifted object
[kg/s?]

¢ = adjustment factor to account for the cable mass

5.3.5.2 The adjustment factor to account for the cable mass is
given by the general formula

B l+c+c*/3
(I+c+c/s)’

where
k L

S

kL
£ and s=
EA EA

Cc =

5.3.5.3 The following limiting values for the adjustment fac-
tor may be applied:

— @~ 1/3 if the line stiffness EA/L is the dominant soft stiff-
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ness (c and s are both large numbers)

— @~ 0 if the dominant soft spring is located just above the
lifted object (s << 1 and ¢ > 1)

— 6~ 1 if the dominant soft spring is located at the crane tip
(c<<1lands>1)

In the case of soft springs at both ends of the cable (s << 1 and
¢ << 1), the adjustment factor can be approximated by

2
;(sj
s+c

For deep water operations where hosting system consists mainly
of one long cable (rope, wire), K may be assumed equal the elas-
tic stiffness of the cable kg (See 5.2.4). For a given lifted object
and hoisting system, the eigenperiod increases then with the
square root of the length of the cable.

Guidance note:

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

The effect of damping on the eigenperiod can normally be disre-
garded.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.3.5.4 For straight vertical cables, the higher eigenperiods are
given by

T,=2% 8]l
o,
where w; is defined in 5.3 .4.

Z

ke
=
\V4
m, EA

L

ks

Figure 5-3
Forced oscillation of lifted object in cable with crane master at top
of cable and soft sling at top of lifted object.

5.3.6 Longitudinal pressure waves

5.3.6.1 The speed of longitudinal pressure waves in the cable
(or the speed of sound) is given by

cr :\/E—iAz\/z [m/s]
m\ py

where

c¢;  =speed of sound [m/s]
ps  =m/A=mass density of cable [kg/m?]

5.3.6.2 Dynamic effects due to longitudinal pressure waves
must be accounted for when the cable is excited with a charac-
teristic period 7 which is comparable to or less than;

T<rt=— [s]
‘r

where 7is the time it takes for a pressure signal to travel from
the top of the cable, down to the end and back.

Guidance note:

For a steel wire with modulus of elasticity £ = 0.85-10!!1 N/m?
and p, = 7800 kg/m3, c; = 3300 m/s. For a polyester rope c; may
be in the order of 1000 m/s which means that for a depth of 3000
m a pressure signal will take 6 sec. to travel from top of the cable,
down to the lifted object and back.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.3.7 Response of lifted object in a straight vertical cable
exposed to forced vertical oscillations

5.3.7.1 When a deeply submerged object is lifted from a ves-
sel in waves, the vertical motion of the object is governed by
the motion of the top of the cable, fixed to the oscillating ves-
sel.

Guidance note:

The motion of top of the cable, or motion of crane tip in a given
sea state is derived from the motion characteristics of the crane
vessel by linear combination of vessel RAOs determined by the
location of the crane tip relative to centre of rotation of the vessel.
The resulting motion RAOs in x-, y- and z-directions for crane tip
may be combined with a wave spectrum to obtain time history of
motion of crane tip. For deep water lowering operations only the
vertical motion is of interest. See also 5.3.3.1.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.3.7.2 The vertical motion of a straight vertical cable with the
lifted object at vertical position z = -L caused by a forced oscil-
lation of top of the cable with frequency @ and amplitude 7, is
given by;

n(z)| _|kEAcoslk(z + L)]+ (-0’ M +iwZ)sinlk(z + L) [m/m]
7, B ‘ kEAcos(kL) + (—o*M '+i@wX)sin(kL) ‘

where | | means the absolute value (or modulus) of a complex
number and the mass M’ =M +A43;3 (ref. 5.3.4.2).

5.3.7.3 The complex wave number £ is given by

k=k, +ik, = | wz—iw[aj [m™]
EA m

where the positive square root is understood. ;j = +/—1is the
imaginary unit and m is the mass per unit length of cable. The
functions cos(«) and sin(u) are the complex cosine and sine
functions of complex numbers u = u, + iu; as defined in
Abramowitz and Stegun (1965).

o and X are linear damping coefficients for cable motion and
motion of lifted object respectively defined by equivalent lin-
earization.

DET NORSKE VERITAS



Recommended Practice DNV-RP-H103, April 2009
Page 50

Figure 5-4
Forced oscillation of lifted object in cable.

5.3.7.4 The linear damping coefficient for cable motion is
defined by;
o= \/ﬁpCDcha)na [kg/ms]

and the longitudinal cable friction force per unit length is given
by;
1 s
/o= EPCD/‘”D‘”‘U [N/m]
where the vertical motion along the cable is given by;

n=0onl/ot [m/s]

5.3.7.5 The linear damping coefficient for motion of lifted
object is defined by;

2
E = 7pchApa)77a
T

and the vertical drag force for lifted object is given by

[kg/s]

1 .
FVZEpCDzAp‘nL‘nL [N]

and where

M = structural mass of lifted object [kg]

Ajz; = added mass of lifted object [kg]

M’ = M+A;3; = the total mass [kg]

m = mass per unit length of cable [kg/m]

L = length of cable [m]

E = modulus of elasticity [N/m?]

A = nominal cross-sectional area of cable [m?]
Cpr = cable longitudinal friction coefficient [-]
Cp, = vertical drag coefficient for lifted object [-]
P = mass density of water [kg/m3]

D,  =cable diameter [m]

4, = z-projected area of lifted object [m?]

1 = n(-L) = motion of lifted object [m]

Guidance note:

Since the linearised damping coefficients depend on the ampli-
tude of motion 7,, an iteration is needed to find the actual
response.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.3.7.6 The amplitude of the vertical motion of the lifted
object caused by a forced oscillation of top of the cable with
frequency @ and amplitude 7, is given by 77, where 7(z) is
defined in 5.3.6.2,

] kEA |

. |kEAcos(KL)+(~w*M'+iwS)sin(kL)|

5.3.7.7 The ratio between the motion of the lifted object and
the motion at the top of the cable, is the motion transfer func-
tion
H, (o) = ¢
n

a

[m/m]

Guidance note:

An example response curve of a lifted object in deep water is
shown in Figure 5-5, plotted with respect to oscillation period
T=2m/w. The following parameters were used in the calcula-

tions:

M’ = M+A33=48000 kg
m =7.26 kg/m
L =3000 m

EA =1.00E+08 N
el = 1025 kg/m3
D, =0.04 m

Cpr  =0.02

Cp, =10-2.0

4, =25 m?

g  =1m

Large response is observed close to eigenperiod 7j, = 8.1 s (as
given by the formula in 5.3.5.1 for un-damped oscillations).
Enhanced response at eigenperiod 7; = 1.6 s can also be
observed.

For long oscillation periods, the combined system of cable and
lifted object is oscillating like a rigid body where the lifted object
follows the motion of the top of the cable, |7;/7, |~ 1.

Period T (s)

Figure 5-5
Example response amplitude of a lifted object in deep water
due to a forced motion
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77, = 1 m at top end of cable for two different drag coefficients
Cp,=1.0 and Cp, =2.0.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.3.7.8 The amplitude of the dynamic force F(z) in the cable
at position z is given by;
F,(2) \— (kL) k , sin[k(z + L) ]+ (kL) (@) cos|k(z + L)]\
nky | (kL)k , cos(kL) + h(w) sin(kL) |

where
hw)=-0"M'+ioY
k,=FA/L

5.3.7.9 The dynamic force varies along the length of the cable.
If the amplitude of the dynamic force exceeds the static tension
in the cable, a slack wire condition will occur.

The amplitude of the dynamic force F'y at the top of the cable
is obtained by setting z = 0 in the expression above.

Likewise, the amplitude of the dynamic force F;; at the lifted
object is obtained by setting z = L in the expression given in
5.3.7.8.

5.3.7.10 The motion of the lifted object due to a general irreg-
ular wave induced motion of top of the cable is obtained by
combining transfer functions for motion of lifted object and
motion of top of cable at crane tip position. The response spec-
trum of the lifted object is given by
S, (@) =[H,(@)H, (@) S(w)  [m%]

where H () is the transfer function for crane tip motion, S(®)
is the wave spectrum and H;(w) is defined in 5.3.7.7.

5.3.8 Horizontal motion response of lifted object in a
straight vertical cable

5.3.8.1 The first (fundamental) eigenperiod for un-damped
oscillations of the lifted object may be taken as:

(M+A,,+W;L)-L

W +0.45wL

where

L =length of cable [m]

W = Mg — pgV = submerged weight of lifted object [N]

w  =mg— pgd = submerged weight per unit length of cable [N/m]
M = mass of lifted object [kg]

m = mass per unit length of cable [kg/m]

A;; = surge added mass of lifted object [kg]

5.3.8.2 Applying added mass in sway, 4,5, in equation 5.3.8./
will give the eigenperiod for sway motion of lifted object.

5.3.8.3 If the ocean current energy spectrum is non-zero in a
range of frequencies close to f = 1/T, horizontal oscillations
of the lifted object can be excited. Likewise, the oscillations
may be excited by horizontal motion of crane tip. Such oscil-
lations may be highly damped due to viscous drag on cable and
lifted object.

5.4 Heave compensation
5.4.1 General

5.4.1.1 Various motion control devices may be used to com-
pensate for the vertical motion of the vessel. The most com-
monly used device is a heave compensator.

5.4.1.2 A heave compensator may be used to control the
motion of the lifted object and tension in cable during a lifting
operation.

5.4.1.3 Heave compensators may be divided into three main
groups:

— passive heave compensators
— active heave compensators
— combined passive/active systems.

5.4.1.4 A passive heave compensator is in principle a pure
spring damper system which does not require input of energy
during operation. An active heave compensator may use
actively controlled winches and hydraulic pistons. The active
system is controlled by a reference signal. In a combined sys-
tem the active system is working in parallel with the passive.

5.4.1.5 Examples of input reference signals to an active heave
compensator are:

wire tension

crane top motion

winch or hydraulic piston motion
position of lifted object

vessel motion

wave height/current velocity.

5.4.2 Dynamic model for heave compensation, example
case

5.4.2.1 Asan example case, a simplified dynamic model for a
passive heave compensator situated at crane tip is shown in
Figure 5-6. The equations of motion at top of wire, 773p, and at
lifted object, 77; can be taken as;

mA3p +Cnzp +kezp +ky(n3p —13) = F3p(t)

(M + A33 )13 +cnz + k(3 —m3p ) = F3p (1)
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Figure 5-6
Simplified dynamic model of a passive heave compensator

where

m, = Mass of heave compensator [kg]

k, = Stiffness of heave compensator [N/m]

c. = Linear damping of heave compensator [kg/s]

M = Mass of lifted object [kg]

Ass = Added mass of lifted object [kg]

k,, = Wire stiffness = EA/L [N/m]

c = Linear damping of lifted object [kg/s]

n3p = Vertical motion at top of wire (i.e. below compen-
sator) [m]

73 = Vertical motion of lifted object [m]

n3r = Vertical motion at crane tip (i.e. at top of compen-
sator) [m]

F,;(t) = Vertical force at crane tip (i.e. at top of compensa-
tor) [N]

F;,, (1) = Vertical force at lifted object [N]

Guidance note:

Note that the damping of compensator and lifted object is in gen-
eral due to quadratic viscous damping and the compensator stiff-
ness is in general nonlinear. Linear damping estimates can be
obtained by equivalent linearization. Compensator stiffness may
be due to compression of gas volume in pneumatic cylinders.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

5.4.2.2 For forced motion of top of heave compensator due to
vessel motion, the force on compensator is given by

Fy (0) =5k, + 15, [N]

5.4.2.3 The vertical force F'3;,(2) on the lifted object is related
to the motion of top of wire 773p = 77, by the transfer function
as given in 5.3.7.2.

5.4.2.4 In a lowering operation the length of the wire changes
with time hence the wire stiffness k,, will be a function of time.

5.4.2.5 For given time series of F37(¢) and F3,(t) the equa-
tions of motion in 5.4.2.1 can be integrated in time by replacing
the two equations by four first order differential equations and
using a standard integration scheme, i.e. 4th order Runge-Kutta
technique.

5.4.2.6 For harmonic excitation of the top of heave compensa-
tor, we have that;

Fyp () = 113, cos(at) [N]

5.4.2.7 The ratio between the response of the lifted object and
the excited motion can be expressed through a complex trans-
fer function

LGy [m/m]

Msr

where the efficiency of the heave compensator is defined as

e=1-|G(w) [

5.4.2.8 Active heave compensation systems generally use
information from vessel motion reference unit (MRU) to con-
trol payout of winch line. The heave motion at crane tip is cal-
culated from the vessel motions in six degrees of freedom and
signal sent to compensator unit.

5.4.2.9 Motion measurements and control system inevitably
introduces errors and time delays. Hence, a theoretical model
of active heave compensation will have to take into account
physical imperfections in order to produce realistic results.
Such imperfections must be based on operating data for the
actual system.

5.4.2.10 Deviations due to imperfect motion measurements
and tracking control may result in residual motion of the lifting
cable at suspension point on ship. This residual motion may
cause low amplitude oscillations of the lifted object at the res-
onance frequency.

5.4.2.11 An active heave compensator is generally not equally
effective in reducing motions at all frequencies. At some fre-
quencies it will be more effective than at others.

5.5 References

/1/ DNV Offshore Standard DNV-0OS-H205, “Marine Opera-
tions, Lifting Operations” (planned issued 2009 see ref./4/
until release).
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Mathematical Functions”. Dover Publications.

/3/ Nielsen, F.G. (2007) “Lecture notes in marine opera-
tions”. Dept. of Marine Hydrodynamics, NTNU.

/4/ DNV Rules for Planning and Execution of Marine Opera-
tions (1996). Pt.2 Ch.5 Lifting — Pt.2 Ch.6 Sub Sea Oper-
ations.

/5/ Sandvik, P.C. (1987) “Methods for specification of heave
compensator performance”. NTNF Research Programme
“Marine Operations”. Marintek Report No. 511003.80.01.

/6/ DNV Recommended Practice DNV-RP-C205 “Environ-
mental Conditions and Environmental Loads”, April 2007.
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6. Landing on Seabed and Retrieval
6.1 Introduction
6.1.1 Types of structures and foundation designs

6.1.1.1 This chapter gives recommendations for evaluating
seabed landing and retrieval of any subsea structure with per-
manent or temporary foundation consisting of plate founda-
tions that may or may not be equipped with skirts. This
includes the foundation solution of suction anchors, also called
bucket foundations. Installation or retrieval of driven piles or
drilled and grouted piles is not treated. Structures with piles as
permanent pile foundations, however, go through a temporary
phase supported on plate foundations or “mud mats”.

6.1.2 Geotechnical data

6.1.2.1 Geotechnical data required for these evaluations will
normally be covered by the data gathered and established for
the foundation design. Reference to requirements for soil
investigations are the DNV Classification Note 30.4 “Founda-
tions” and NORSOK G-001 “Soil investigation”.

6.2 Landing on seabed
6.2.1 Introduction

6.2.1.1 The aim of evaluating the landing on seabed shall be
to assure that

— foundation failure does not take place during the landing
— damage does not occur to acceleration sensitive equip-
ment.

Acceptance criteria should thus be available to compare with
the analysed/evaluated responses related to allowable dis-
placements or allowable accelerations (retardations).

6.2.1.2 Whether or not the foundation solution (i.e. size of
plate foundations) is equipped with skirts, strongly depends on
the type and characteristics of the subsea structure and the soil
characteristics. This again has influence on the challenges for
the landing and how this shall be considered.

6.2.1.3 Some foundations on hard soils have ample capacity to
carry the submerged weights without skirts, whereby the land-
ing evaluation should focus on the dynamic impact force and
maximum retardations. Other foundations on soft soil may
require a significant penetration of skirts before the soil can
resist even the static submerged weight of the structure. In that
case the main design issue is to assure sufficient area of holes
for evacuation of entrapped water within the skirt as they pen-
etrate in order for the water pressure not to exceed the bearing
capacity of the soil.

6.2.1.4 In the following sections a problem definition of the
landing impact is given including a description of the physical
effects and the parameters involved. Then an ‘optimal’ solu-
tion taking account for the relevant effects is described.
Finally, simplified methods are suggested to check out landing
impact of a foundation without skirts on hard soil and required
water evacuation for skirted foundations on very soft soil.

6.2.2 Landing impact problem definition

6.2.2.1 The following describes a methodology for simulating
the landing of a bucket on the seabed. The method considers
one degree of freedom only, i.e. vertical motion.

6.2.2.2 This methodology can also be used to solve the verti-
cal impact of structures with several foundations, as long as
centre of gravity and centre of reaction for other forces coin-
cides with the geometrical centre of the foundations. In that
case masses and forces can be divided equally onto each of the

foundations and the impact can be analysed for one founda-
tion.

6.2.2.3 A mud mat foundation without skirts can be consid-
ered a special case of the method described for a bucket foun-
dation. The model to be analysed is illustrated on Figure 6-1.

ware

Hatch for water
evacuation, area A 5.

PR

€ < -

Figure 6-1
Model for impact analysis

6.2.2.4 The anchor is lowered down to seabed in a sling from
an installation vessel being exposed to wave action.

6.2.2.5 During lowering the vertical motion of the anchor is
given by a constant downwards velocity plus an oscillatory
heave motion caused by the wave induced motion of the instal-
lation vessel.

6.2.2.6 The geometry of the bucket is simplified to a vertical
cylindrical surface of diameter D and height L. A hatch for
water evacuation is located on the top of the anchor.

6.2.2.7 The impact is to be solved by time integration of the
general equation of motion, which may be performed as time
integration assuring energy preservation.

All relevant forces acting upon the foundation shall be consid-
ered in the time integration with their instant time dependent
values. Such forces are gravity, buoyancy, sling forces,
dynamic water pressure from within the bucket and soil resist-
ance acting upon the skirts as they penetrate.

6.2.3 Physical parameters and effects to be considered

6.2.3.1 The following physical parameters are involved in the
simulation model

Assuming bucket consists of only steel volume we get a sub-
merged weight ¥ given by,

W=M.g-2"F
Ps

[N]
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where

M = structural mass [kg]

p, = mass density of steel [kg/m3l
p = mass density of water [kg/m-~]
g = acceleration of gravity [m/s?]

6.2.3.2 The structural mass, M, shall include mass of struc-
tural elements and equipment on top of the anchor.

6.2.3.3 The added mass including mass of water entrapped
within the skirts may for a typical foundation bucket be taken as;

Ay =p-A, L[1+2DJ [ke]
3L

where

A3y = added mass for vertical motion [kg]

D = diameter of bucket [m]
L = len§th of bucket [m]
A, = mD?/4 =bucket area [m?]

Additional added mass may have to be added to represent
added mass caused by structural elements and equipment on
top of the anchor.

Guidance note:

Bucket height and size of ventilation hole may affect the heave
added mass. See section 4.6.3 for more accurate estimation.

——e-N-d---0f-—-G-Ui-i-d-a-n-c-e---n-0-t-e—
6.2.3.4 The total dynamic mass is:
M'=M+4,, kel
and the initial kinetic energy is:
E,, = % M2, [Nm]

where v, is the initial velocity at start of the calculations.

6.2.3.5 For vertical motion of an object very close to the sea-
bed the added mass will vary with distance to seabed. The
effect is an upward force of;

0.5(dAy, /dhyn; [N
where
7, = velocity of the object [m/s]
h = distance to the seabed [m]
dAzz / dh = rate of change of added mass vs. 2 [kg/m]

Guidance note:

This estimation of hydrodynamic force uses the same approach
for added mass as for water exit, ref. 3.2.11.2.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

6.2.3.6 The hydrodynamic water pressure increases as the
bucket approaches the seabed, and the area for water evacua-
tion decreases. The development of the water pressure also
depends on the interaction with the soil (mobilisation of soil
bearing capacity). The increase in bearing capacity with skirt
penetration must be accounted for, and penetration resistance
as skirt starts to penetrate must be included in the calculations.

6.2.3.7 The sum of the penetration resistance and the force
from water pressure inside the bucket, shall be limited by the
bearing capacity.

6.2.3.8 The hydrodynamic force from the water pressure
beneath and within the bucket is calculated using Bernoulli’s
equation:

1

p,= E kﬂow P vj270w [N/m2]
where
P,y = hydrodynamic pressure within the bucket [N/m?2]
vﬂOW: velocity of water out of the bucket [m/s]

p = mass density of water [kg/m?3]
kfow=pressure loss coefficient [-]

6.2.3.9 In the case of valve sleeves with high length to diame-
ter ratio, the pressure loss coefficient can be determined as;

ko =1+1/2[1=(d, /DY [ + fon-Ly, 1d,  []
where
d; = diameter of flow valves [m]
= friction coefficient for valve sleeves [-]
n = number of flow valves
Lgjeeve = length of the valve sleeves [m]

6.2.3.10 Alternatively, kg, for different outlet geometries are
given by Blevins (1984), ref./3/.

6.2.3.11 The velocity of water out of the bucket can be
expressed as

q ow
V iy = [m/s]
flow

where
qtow = flow of water out of the bucket [m¥/s]
Afoy = Ap+ 72Dh [m?]
A, = area of available holes in the bucket [m?]
h = gap between the soil and the skirt tip, which reduces

as the bucket approaches the seabed [m]

6.2.3.12 Assuming incompressible water, the water flow that
escapes at any time from within and beneath the bucket is
taken as;

9 o = 4y '(VC - 5‘3017) [m3/s]

v, is the vertical velocity of the bucket and;

S, =ds,, | dt [m/s]

soil soil

where do,,;; is the change in soil displacement due to the
change in bearing pressure taking place during time step dt.

6.2.3.13 The total force Oy, transferred to the soil at any time
can be written as;

Qsoil = Qw + stirt

which is the sum of the force Q,, = p, 4, resulting from the
hydrodynamic water pressure and the force Q;,, transferred
from the penetrating skirts to the soil.

[N]

6.2.3.14 The relation between Q,,;; and J,,; is illustrated in
Figure 6-2. As a simplified solution it is suggested that mobi-
lisation of soil resistance follows a parabolic function. The fol-

lowing relation between Q,,,;; and J;,;; can thus be applied,

quil = Qsd : 5suil /5)71011 for 5soil < 5mob
Qsoil = Qsd for é‘.\'u[/ 2 é‘mul’7
AQ =k, -AS, for unloading
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where
O,s = the design bearing capacity for loading within area m
A, at seabed or at skirt tip level [N] E
Omop = the vertical soil displacement to mobilise Q,, [m]
k, = the unloading stiffness [N/m]
- hstart
Qsoil
L’ hmln
J Ky Seabed
1 [
Figure 6-3

6soil

8mcob
Figure 6-2
Mobilisation of soil bearing capacity

6.2.3.15 The characteristic static soil resistance, Q,,. is in the
calculations transferred to a ‘design soil resistance’ by the fol-
lowing relation

0,=0.7/r., [N]

where

rate effect factor to account for increased shear
strength due to rapid loading [-]
soil material coefficient [-]

7r

Vm

6.2.3.16 The soil bearing capacity can be determined based on
bearing capacity formulae, or computer programs using limit
equilibrium or finite element methods, as described in DNV
Class Note 30.4 Foundations. The skirt penetration resistance
can be calculated as described in 6.2.8.

6.2.3.17 The bucket impact problem can be solved by a time
integration with an iterative solution at each time step. The cal-
culations should start at a distance above the seabed where the
build-up of hydrodynamic pressure is moderate, with corre-
spondingly moderate soil displacements.

6.2.3.18 The interaction with the string is taken as a pre-
scribed lowering velocity combined with a sinusoidal heave
motion given by its amplitude and period. The phase angle for
start of calculations is an input. The clearance with the seabed
at start of calculations is related to a given minimum clearance
and to the heave amplitude and a phase angle of start as illus-
trated in Figure 6-3.

hStlll‘f = hmm + 77L : (1 + Sin ¢) [m]
where
hgu+ = -clearance at start of calculations, = 0 [m]
min = required minimum clearance for start of calculation [m]
nr, = heave amplitude of the foundation (at the end of the
crane wire, of length L) [m]
1) = phase angle at =0 [-]

Situation for start of analysis

6.2.3.19 Conservatively the heave motions can be taken into
account by analysing the impact for a constant lowering veloc-
ity, taken as the sum of the crane lowering velocity and the
maximum heave velocity of the foundation. This will represent
the worst phasing of the heave motions, which is also relevant
to consider, since a beneficial phasing is not likely possible to
control.

6.2.3.20 When the impact lasts long, as when skirts penetrate
deeply before the peak impact is reached, it may be beneficial
and relevant to account explicitly for the combined crane low-
ering and heave motions. In that case several phase angles of
the heave motions should be considered.

6.2.3.21 For the analysis method described it is assumed that
the heave motions relates to the motion 7; of the foundation
close to seabed, which is to be observed and controlled during
installation. In order to include the interaction with the crane
wire the motion at the vessel end of the wire 77, can be set con-
sidering an un-damped oscillation of the modelled total
dynamic mass in the wire.

where

M; = dynamic amplification factor [-]

0] = angular frequency of the heave motions [rad/s]
®y = angular eigenfrequency [rad/s]

Dynamic response of a lowered object due to wave actions is
described in Section 5.

6.2.4 Iterative analysis procedure

6.2.4.1 For each time step in the suggested time domain anal-
ysis the following iteration procedure is suggested in order to
account for the non-linear behaviour of the soil resistance.

1) Assume an incremental soil displacement Ad,,; [m]

2) Calculate the clearance /; between the skirt tip and the sea-
bed as;

h=h_ —Az, +AS

soil [m] Where AZI' = vc,i ’ At [m]
Note that /; has negative values when skirt penetrates
3) Calculate area for escape of water;

A4 = A, +max(z-D-h,,0) [m?]

flow,i

4) Calculate corresponding water pressure reaction on the
soil and bucket
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2
v Slow,i * P

-4
> b

Qw,i = Sign(vc,i) : kﬂow :

2
. AS
4P [ ] N
2 At Aoy

5) Calculate total reaction on soil;
Qsoil,i = Qw,i + stirt,i [N]
6) Calculate soil displacements ;7 ; and Ad,;; 5

a) For Qso[l,i < Qsd ;

= Sign(vc,i ) : kﬂow :

5mil,i = é‘mob ' (Ql /Qv )2 [m]
A550il,i = 5501’/,1’ - 5301'1,1’—1 [m]
b) For Qsoil 2 Qsd or (Qsoil de) / de —0.0001;

- When /; > 0 (i.e. skirts are not yet penetrated);

Aé‘soil,i = _hi—l + AZi + hi [m]
hi _ Aﬂow,i - Ah [m]
7-D

Aé‘sail,i J Ab . kﬂow ) Ab P [m2]

A/lowi = vci_
N Y 2-0,

Note that iteration on Ady,;; ; is required to solve for
the unknown 4y, ; ;

O0,ui =0

soil i soil ji—1

+ Adso[l,[ [m]

- When #; < 0 (i.e. skirts are penetrating);

A5 _ [V _ Aﬂow,i . 2 : Qsd - stirt,i
soili c,i

Ab kﬂow ) Ab ' 10

]~At [m]

¢) For unloading:

Aé‘xm’l,i = (anil‘i - anil‘i—l )/ ku [m]

7) Repeat steps 1. — 6. until convergence

8) Calculate total change in crane wire length;

Orires = 2 Az, —{v ‘t+d, M— (sin(at + @) — sm(p)}[ ]

S
where v, is the crane lowering velocity

9) Calculate new wire force;
Qwire,i = Qwire,O + kwire : é‘wire,i Z O [N]

where k,,,;,., 1

10) Calculate loss in kinetic energy;

is the crane wire stiffness as defined in Sec.5.

Ay — 4,
AE; =|Q, ; —2—
1 [ w, Ab

It is assumed that the retardation from dynamic water pres-

sure within the bucket does not act on the evacuation holes

in the top plate, 4,
E  =E

ki k-1

+ stirt,i + Qsling,i - Wj ’ Azi [Nm]

—-AE

ki

[Nm]

11) Calculate new velocity;

Vet = \/2 Ek:/md

6.2.4.2 As the skirts penetrate, the penetration resistance and
the global soil resistance should be updated to account for the
increased resistance with increased penetration.

[m/s]

6.2.4.3 It should be noticed that a requirement for using the
above method is that the crane lowering velocity is kept con-
stant until the foundation comes to rest and is not increased
when skirts start to penetrate.

6.2.5 Simplified method for foundations without skirts

6.2.5.1 In a simplified approach to check the foundation
capacity for the seabed landing situation for a foundation with-
out skirts one may neglect the beneficial effects of water cush-
ion underneath the mud mat and the beneficial effect of the
work performed by the crane wire.

6.2.5.2 Applied boundary conditions for the problem are then
a structure with a given dynamic mass and submerged weight,
a velocity at the impact with the seabed and a non-linear mobi-
lisation of the bearing capacity. A simplified equation to solve
landing impact problem then becomes;

Ol

1
5 A4Lvimp2 .S()ll - J‘lel (5)d5 [Nm]

6.2.5.3 Assuming the non-linear soil resistance being
described as in Figure 6-2, the right side of equation 6.2.5.2
becomes;

EQA y & [Nm] for ¢ ,<0¢,, [m]
3 St
and
0., -(é‘m”—%) [Nm] for §,,>0,, [m]

6.2.5.4 Load coefficients should be included in the design
dynamic mass and submerged weight, and material coeffi-
cients in the soil resistance as relevant. Normally the accept-
ance criteria would be;

5 oil < 5mob

N

(m]

in which case the requirements to the landing impact velocity

becomes;
QX 2W mo
Vimp = \/(/ i > [m/ S]

6.2.5.5 Other criteria may however be used based on an eval-
uation of consequences.

6.2.6 Simplified method for foundations with skirts on
soft soil

6.2.6.1 For skirted foundations on soft soil where it is required
that the skirts penetrate before the soil can resist the dynamic
landing impact (or even the submerged weight of the installed
subsea structure with foundation), it is necessary that sufficient
areas for escape of water are provided so that the hydrody-
namic pressure never exceeds the bearing capacity.

6.2.6.2 A conservative design can be performed by neglecting
the beneficial effects on the impact from flexibility of crane
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wire and soil. The boundary conditions for the problem then
becomes the impact velocity as the skirts start to penetrate, the
gross foundation area, the area for escape of water, and the soil
bearing capacity for a surface loading on the gross foundation
area. The relation between impact velocity and required area
for escape of water is then given by the following equation;

Qsd 1 2 2
sz pw =5kﬂaw 'p'vimp (Ab /Ah)

[N/m?]

6.2.6.3 The requirements to area for escape of water for a
desired landing velocity becomes;

3
A > \/kﬂow 'p.v;np .Ab
n =
Z.Qsd

or if the area for escape of water is set, requirements to landing
velocities becomes;

[m?]

[m/s]

6.2.7 Application of safety factors

6.2.7.1 Application of safety factors should be evaluated in
relation to the consequences of exceeding selected limits. Load
coefficients may be applied to masses and corresponding sub-
merged weights, and material coefficients should be applied to
the soil resistance. When consequences are considered serious
a load coefficient = 1.3 and a material coefficient y,, = 1.25
should be applied.

6.2.8 Calculation of skirt penetration resistance

6.2.8.1 Calculation of skirt penetration resistance is required
as input to seabed landing analyses, but is also required in
order to evaluate the need for suction aided penetration and in
order to determine the suction required.

6.2.8.2 The skirt penetration resistance shall be calculated as
the sum of the vertical shear resistance, often noted as skin fric-
tion, along both sides of the skirts and the resistance against the
skirt tip;

Ou =4, - [ f(2)dz + 4, -q,(d) IN]

where

Okirt skirt penetration resistance [N]

d = depth of penetration [m]

A, = friction area per meter depth [m%/m]

A, = skirt tip area [m?]

flz) = skin friction at depth z [N/m2]

q/(d) = tip resistance at the depth of penetration [N/m?2]

6.2.8.3 In sand and over-consolidated clays the skin friction
and tip resistances may most reliably be predicted by correla-
tions to cone penetration resistance as;

f(z)= kf q.(z) [N]

q,(2)=k -q.(z) [N]

cone penetration resistance as measured in a cone pen-
etration test (CPT) [N]

= skin friction correlation coefficient [-]

tip resistance correlation coefficients [-]

6.2.8.4 The most probable and highest expected values for the
skin friction correlation coefficient krand tip resistance corre-
lation coefficient k, for clay and sand (North Sea condition) are
given in Table 6-1.

6.2.8.5 Alternatively in less over consolidated clays the skin
friction may be taken equal to the remoulded shear strength.
The uncertainties should be accounted for by defining a range
for the remoulded shear strength. The tip resistance may in
clays be taken as 7.5 times the intact un-drained shear strength
of the clay.

Table 6-1 Correlation coefficients for skin friction and tip

resistance in sand and over-consolidated clay

Correlation Clay Sand

coefficient Most Highest Most Highest
probable | expected | probable | expected

Skin friction, k, 0.03 0.05 0.001 0.003

Tip resistance, &, 0.4 0.6 0.3 0.6

6.3 Installation by suction and levelling
6.3.1 Installation by suction

6.3.1.1 When suction is required to install skirted foundations
it is important that the range for expected necessary suction is
calculated in order to provide adequate equipment and to
design the skirted foundation to resist the suction.

6.3.1.2 The skirt penetration resistance may be calculated as
prescribed in 6.2.8 and may be applied in the estimation of
required suction in order to provide the necessary penetrating
force (in excess of the submerged weight).

6.3.1.3 The skirts as well as the mud mat shall be designed
with respect to buckling for the upper estimate of the required
suction.

6.3.1.4 As part of the foundation design it shall be checked that
when applying suction, a soil plug failure is not achieved. Such
failure will take place when the total skin friction on the outside
of the skirts exceeds the reversed bearing capacity at the skirt tip
level. This may be the case for suction anchors with high length
to diameter ratio, also often called ‘suction piles’.

6.3.1.5 The actual suction applied during installation should
be continuously monitored and logged as a documentation of
the installation performance.

6.3.2 Levelling by application of suction or overpressure

6.3.2.1 A subsea structure supported by three or more (typi-
cally four) individual skirted foundations may be levelled by
applying pressure into the void between the mud mat and the
soil at low corners, or by applying suction at high corners.

6.3.2.2 The procedures should be well planned, and the neces-
sary suction and or overpressure to accomplish the levelling
should be calculated.

6.3.2.3 When levelling a subsea structure with four founda-
tions application of suction or overpressure should be per-
formed at two neighbouring foundations at a time to avoid
restraining of the structure.

6.3.2.4 The righting moment to achieve the levelling comes
from differential pressures within the skirt foundation. The
resistance to overcome is;

— The vertical soil skin friction and tip resistance due to pen-
etration or rising of skirts.

— The resistance to rotate the skirts within the soil.

— The structural weight that contributes to increased over-
pressure or reduction in suction.
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6.3.2.5 The vertical soil skin friction and tip resistance can be
calculated, as described in 6.2.8. Skin friction may be taken
equal in both directions. In clay a suction contribution below
the tip should be considered when the skirts are moved
upwards.

6.3.2.6 The resistance to rotate a skirt foundation within the
soil will be the least of a ‘Jocal’ mode where soil resistance is
mobilised on each side of the skirt walls and a ‘global’ mode
where the skirt foundation is rotated as a pile with the soil plug
following the motions of the pile. Both modes can be studied
using a simple pile model where at any level above skirt tip the
maximum horizontal resistance equals the integrated resist-
ance around the skirt periphery of passive and active pressures
and horizontal shear resistance.

6.3.2.7 For the local mode resistance to both sides of the skirt
wall should be included, whereas for the global mode resist-
ance only to the outside should be included. For the global
mode a horizontal resistance at the skirt tip reflecting shear off
of the soil plug at skirt tip level should be included. The resist-
ance can be implemented as p/y-curves. The boundary condi-
tion for the analysis should be applied moment with no
horizontal force at the ‘pile top’.

6.3.2.8 Alternatively the resistance to rotate the skirts within
the soil could be analysed with finite element analyses.

6.3.2.9 The skirt foundation including the mud mat should be
checked structurally for the maximum foreseen suction or
overpressure. Likewise the possible soil plug failure mode of a
reversed bearing failure for high suction or a downward bear-
ing failure for high overpressure should be checked.

6.3.2.10 For foundations with long skirts requiring suction to
penetrate, levelling should normally be performed following
the stage of self penetration, with a subsequent frequent adjust-
ment of the level during the further penetration.

6.3.2.11 The levelling process should be carefully monitored
and logged as a documentation of the installation performance.

6.4 Retrieval of foundations
6.4.1 Retrieval of skirted foundations

6.4.1.1 Retrieval of skirted foundation may be achieved by a
combination of lifting and application of pressure underneath
the mud mat. The total force to be overcome is the sum of sub-
merged weights and soil resistance.

6.4.1.2 Skirted foundations intended to be removed should be
equipped with a filter mat attached to the underside of the mud
mat in order to prevent adhesion to the soil and to assure a dis-
tribution of applied pressure on the total area between the mud
mat and the soil. The soil resistance will then only be vertical
resistance towards the skirts.

6.4.1.3 The initial outside and inside skin friction may be cal-
culated using methods developed for calculation of axial
capacity of driven piles. In clay also a downwards tip resist-
ance should be included. After the motion is initiated, the soil
resistance may drop towards that used for calculation of skirt
penetration.

6.4.2 Retrieval of non-skirted foundations

6.4.2.1 When retrieving non-skirted foundations the suction
from the soil will have to be considered. Even on sandy soils
suction will occur for a rapid lifting. Depending on the size of
the area and the permeability of the sand, some seconds or min-
utes may be required to release the suction. This should be con-
sidered when establishing lifting procedures.

6.4.2.2 When lifting non-skirted foundations off clayey sea-
bed, the suction will last so long that it will normally be unre-

alistic to rely on suction release. In addition to lifting the
submerged weight of the structure, one will then have to over-
come a reversed bearing failure in the soil. The magnitude of
this additional soil resistance will be at least equal to the sub-
merged weight of the structure.

6.4.2.3 If the structure has been installed with a high set down
velocity, the resistance to overcome may be close to the
dynamic impact load onto the soil during installation. This
impact load may e.g. be evaluated by the method suggested in
6.2.5. If e.g. the impact load is twice the submerged weight of
the structure, the required lifting load to free the structure will
be three times the submerged weight. This should be taken into
account when choosing and designing lifting equipment. The
required lifting force may be reduced by lifting at one end of
the structure or by use jetting in combination with the lifting.

6.5 References

/1/ DNV Classification Note CN-30.4 (1992) “Foundations”

/2/ NORSOK G-001 (2004) “Marine soil investigation”

/3/ Blevins, R.D. (1984) “Applied Fluid Dynamics Hand-
book”. Krieger publishing Company.

7. Towing Operations
7.1 Introduction
7.1.1 General

7.1.1.1 Towing is one of the most common marine operations.
Most offshore development projects involve towing in one or
several of its phases. Examples of tows are:

— rig move

— transport to site and positioning of large floating structure
— transport of objects on barge

— wet tow of subsea modules

— wet tow of long slender elements.

7.1.1.2 Classical surface tow of large volume structures is
covered in section 7.2. Subsurface (or wet) tow of small vol-
ume structures or long slender structures is covered in section
7.3.

7.1.2 Environmental restrictions

7.1.2.1 A tow operation may take several days due to the low
transit speed, and the operation may either be classified as
weather restricted or as unrestricted. Reference is given to
DNV-OS§-H101, ref-/1/. A short description is however given in
the following paragraphs.

7.1.2.2 For operation reference period, T, less than 72 hours
a weather window can be established (weather restricted oper-
ation). Start of the operation is conditional to an acceptable
weather forecast.

Guidance note:

The operation reference period should include both the planned
operation period and an estimated contingency time;

Tr=Tpopt+ Tc

where
Tg = Operation reference period
Tppop = Planned operation period

C = Estimated contingency time

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.1.2.3 For Tp > 72 hours the operation can be defined as
weather restricted provided that:

— Continuous surveillance of actual and forecasted weather
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is specified in the operation procedures 7.2.2.2 Towline data:
— Safe conditions for the towed object is established along o )
the route (e.g. set down at seabed) D =hydrodynamic diameter of towline [m]
— The system satisfies ALS requirements for unrestricted Cp = hydrodynamic drag coefficient [-]
weather conditions Cy = hydrodynamic inertia coefficient [-]

— . . 2
7.1.2.4 For operations with T > 72 hours, the operation nor- A nominal .area of t(.)whne. (area of s;eel) [T ]
mally needs to be defined as an unrestricted operation. Envi- S = area of circumscribed circle = zD~/4 [m?]
ronmental criteria for these operations shall be based on ¢ = A/S = Fill factor [-]
extreme value statistics (see DNV-OS-H101 ref./1/). E = modulus of elasticity of towline [N/m?]

= i 3
7.2 Surface tows of large floating structures Ps density of St_eel [ke/m?] )

m = mass per unit length of towline [kg/m]
7.2.1 System definition m, = added mass per unit length of towline [kg/m]

7.2.1.1 Dynamic analysis of a tow requires information on
geometry and mass properties of towed object and tug, towline
data (weight, diameter, stiffness, bridle etc) and operational
data including information on environmental conditions
(wave, wind and current).

7.2.1.2 Figure 7-1 shows local and global co-ordinate systems
and definition of angles for orientation of tug, towed object and
towline to be used for static and dynamic analysis of towline in
waves propagating in direction f.

7.2.1.3 The wave induced response of tug and towed object
(and hence the dynamic tension in the towline) is a function of
wave direction relative to the objects.

YTU
XIU L
"%
Y
Tow
Figure 7-1

Definition of angles for orientation of tug, towed object and tow-
line relative to global axes (X¢,Y ).

7.2.2 Data for modelling and analysis of tows

7.2.2.1 Input data for analysis of surface tows are classified as
tug and tow data, towline data and operational data as given
below.

Tug and towed object data:

g = motion transfer function in six degrees of
Hi"(@,0) freedom (j = 1,6) for tug [-] ¢

tow = motion transfer function in six degrees of
H-/ (@,0) freedom (j = 1,6) for towed objecg [-]
romg = local position of towline end on tug [m]
réow = local position of towline end on tow [m]
B = breadth of towed object [m]
L, = length of towed object [m]
Ty = draft of towed object [m]

w = submerged weight per unit length of towline [N/m]
W = total submerged weight of towline [N]

A [
<« >

Figure 7-2
Example cross-section of steel wire towline with fill factor
L‘F=0.58.

Guidance note:

Note that modulus of elasticity of a steel wire towline is typically
on the order of 40% of the modulus of elasticity of solid steel.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---
7.2.2.3 The submerged weight per unit length of the towline is
given by

w=(m-c.Sp,)g [N/m]

where m is the structural mass per unit length in air, p,, is the
water density and g is the acceleration of gravity. The total sub-
merged weight of the towline is denoted W = wL.

7.2.2.4 Operational input data for tow analysis are:

U = towing speed [m/s]

Ty = towline tension [N]

L = length of towline [m]

a = towline direction [deg]

H = significant wave height [m]
T, = spectrum peak period [s]
S(®,6) = wave spectrum

£ = mean wave direction [deg]
Vv, = current velocity [m/s]

V. = wind velocity [m/s]

7.2.3 Static towline configuration

7.2.3.1 For a towing cable where the towline tension is much
larger than the weight of the cable, T}/ W > >1, the horizontal
x(s) and vertical z(x) coordinates along the towline can be
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approximated by the following parametric equations

2
x(s)= [1 + ijs 1 (XJ s’ [m]
EA 6\ T,
2
z(s)=-z, + Lws? (1 + TOJ [m]
27, ' EA

where s is the coordinate along the towline (-L/2 < s < L/2) and
z,, is the sag of the towline,

- =££W—LJ (1+5j [m]
8 7, EA

7.2.3.2 The approximate formulas in 7.2.3.1 give good esti-
mates even when T} is comparable to the weight 7 of the tow-
line. Usually T << EA so that the term 7,/EA4 can be neglected
in the expressions above. A typical static geometry of a towline
is shown in Figure 7-3.

Figure 7-3
Geometry of towline

7.2.3.3 For towing in shallow water the towline length and
towline tension should be controlled so that there is sufficient
clearance between towline and sea bed;

z, <d [m]

where d is the water depth. Sliding contact between towline
and sea bed may cause severe deterioration of towline strength.

7.2.4 Towline stiffness

7.2.4.1 The towline stiffness can be split into two compo-
nents, one due to elastic elongation of the line and one due to
the change of geometry of the towline catenary.

7.2.4.2 The stiffness due to elastic elongation of the towline is
given by;

[N/m]

where

A =nominal cross-sectional area of towline [m?]
E  =modulus of elasticity of towline [N/m?]

L =length of towline [m]

7.2.4.3 The stiffness due to change of geometry is given by;
127

=——0 [N/m]
¢ (wL)’L
where
Ty = towline tension [N]
w = submerged weight per unit length of towline [N/m]
L = length of towline [m]

7.2.4.4 The total stiffness k is given by the formula;

1
= +

= E [m/N]

L
kG

x|~

or
kgk

— _ kE
kg + kg 1+k%
G

For very high towline tension, kg >> kg, and the total stiffness
can be approximated by the elastic stiffness k& = k.

[N/m]

7.2.4.5 1t should be noted that the force — displacement ratio
given by the combined stiffness above is only valid for slow
motion of the end points of the towline. For typical towlines
this means motions with periods above 30 sec. For wave fre-
quency motions, dynamic effects due to inertia and damping
will be important.

7.2.5 Drag locking

7.2.5.1 When towing in waves the resulting oscillatory verti-
cal motion of the towline may be partly restricted due to drag
forces on the line, as if the towline was restricted to move
within a narrow bent pipe. Hence, the geometric elasticity is
“locked”. This phenomenon is called “drag-locking”. Drag-
locking causes the apparent stiffness of the line to increase and
the dynamic force is approximately the force which is obtained
considering the elastic stiffness only.

7.2.6 Mean towing force

7.2.6.1 Atzero velocity and in the absence of wind, waves and
current, the tug will have maximum towing force equal to the
continuous bollard pull. When the tug has a forward velocity
some of the thrust is used to overcome the still water resistance
of the tug. This resistance is partly due to viscous skin friction
drag, pressure form drag and wave making drag. The available
towing force decreases with forward velocity. Also, if the tug
is heading into waves, wind or current, the net available towing
force is reduced due to increased forces on the tug itself.

7.2.6.2 The towed object is in addition to wind forces and
calm water resistance subject to wave drift forces Fypp, which
may give an important contribution to the towing resistance.
Wave drift force on a floating structure can be calculated by a
wave diffraction program using a panel discretisation of the
wetted surface.

7.2.6.3 The effect of waves can be taken into account by mul-
tiplying the continuous bollard pull by an efficiency factor (see
DNV-0OS-H202, ref./2/) depending on length of tug and signif-
icant wave height.

7.2.6.4 The wave drift force at zero towing speed can be
approximated by the following simplified expression;

1
Fwd =§pngzBH92 [N]

where typical reflection coefficients, R, are;

Table 7-1 Typical reflection coefficients.

Square face R=1.00
Condeep base R=0.97
Vertical cylinder R=0.88
Barge with raked bow R=0.67
Barge with spoon bow R=0.55
Ship bow R=0.45
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and

P = density of sea water, typically 1025 [kg/m?]
g = acceleration of gravity, 9.81 [m/s?]

H = the significant wave height [m]

B = breadth of towed object [m]

Guidance note:

This simplified expression for wave drift force will in most cases
give conservative results. Calculation by a wave diffraction pro-
gram is recommended if more accurate results are needed.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.2.6.5 The wave drift force increases linearly with the towing
speed according to the formula

FWD(U)zFWD(0)+U'B1] [N]

where By is the wave drift damping. For more information on
wave drift damping reference is made to DNV-RP-C205. ref./4/.

7.2.7 Low frequency motions

7.2.7.1 The tug and the towed object may experience low fre-
quency (slow drift) motions due to slowly varying wave and
wind forces. For the low frequency motions the towline will
behave as a spring.

7.2.7.2 The eigenperiod of the slow drift motion is given by

M" + AF

T [s]
M ‘U + U,
kj1+— 1
M;DW + AIITW

T,=2n

where

k = towline stiffness defined in 7.2.4.4 [kg s2]

M jow = structural mass of towed object [kg]

A" = added mass of towed object in towline direction
[ke]

M "¢ = structural mass of tug [kg]

Ajt¥ = added mass of tug in direction of towline [kg]

7.2.7.3 In most cases, for surface tows, the mass and added
mass of the towed object is much larger than the mass and
added mass of the tug so that the eigenperiod can be approxi-

mated by
Mtug +Atug
T, =2 [*TU [s]

Guidance note:

The formulas for the eigenperiod of slow drift motion assume
that the mass of the towline is much smaller than the mass of the
tug and towed object.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:

Guidelines for estimation of the actual slow-drift motion may be
found in e.g. DNV-RP-C205, ref./4/ and DNV-RP-F205, ref./5/.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.2.8 Short towlines / propeller race

7.2.8.1 When short towlines are applied the tug propeller may

induce flow velocities at the towed structure which increases
the towing resistance significantly.

7.2.8.2 When the towed structure is small compared to the
propeller race the force on each structural member of the towed
structure can be estimated from the local flow velocity taking
into account the increased velocity in the propeller race and
drag force coefficients for normal flow.

7.2.8.3 For deeply submerged thrusters the propeller race can
be approximated by an axi-symmetric turbulent jet with a
radial velocity distribution

U(r;x)=U,, (x) [1 +0.4142(r /1, s (%)) ]’2 [m/s]
where
U, (x)=U,[0.89+0.149x/D]"  [ms]

and

7,5(x)=0.39D +0.0875x  [m]
r is the radial distance from the centre of the jet at x = -4.46D
where D is the diameter of the propeller disk and U,y is the flow
velocity through the propeller disk, considered to be uniform.
See Figure 7-4. Reference is made to /11/ and /15/ for details.

P\ U2

Un

Propeller plane

Figure 7-4
Propeller race modelled as an axi-symmetric jet

7.2.8.4 For towlines longer than 30 m, the effect of the propel-
ler race is taken into account by reducing the available bollard
pull by an interaction efficiency factor (ref. DNV-OS-H202);,

@ =[1+00154, /L] [
where

a;,; = interaction efficiency factor
Aeyp = projected cross sectional area of towed object [m?2]
length of towline in metres [m]

L
n 2.1 for typical barge shapes

7.2.8.5 When the towed object is large compared to the
dimensions of the propeller on the tug, a large part of the pro-
peller race may be reversed by the towed object, hence reduc-
ing the net forward thrust on the system. Actually, the net
forward thrust can become negative by this effect, so that the
system of tug and tow move backward. Detailed calculation of
this effect can be done by use of CFD.

7.2.9 Force distribution in a towing bridle

7.2.9.1 When the towed structure is rotated an angle «, the
forces in each of the bridle lines will be different. See Figure
7-4. Assuming each bridle line forms an angle f with the tow-
ing line, and the towing force is 7)), the distribution of forces in
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each bridle line for small rotation angles, is given by;

ﬂzsm(ﬂ+a+7) [N/N]

T, sin2f3

T, _ sin(ﬁ —a-y) IN/N]

T, sin2f

where

T, = towing force [N]

T; = force in port bridle [N] (for rotation of towed object
towards port. See figure 7-5)

T, = force in starboard bridle [N] (for rotation of towed
object towards port. See figure 7-5)

L = length of towline, measured from bridle [m]

R = distance from centre of gravity of towed structure to
end of bridle lines [m]

a = angle of rotation of towed structure [rad]

f = angle between each of the bridle lines and the vessel
centreline [rad]
R

=—a [rad
4 7o lrad]

To

Figure 7-5
Layout of towline and bridle lines

7.2.9.2 The force in starboard bridle line becomes zero when

a=P
L+R

7.2.9.3 For rotation angles greater than this value, one bridle
line goes slack and only the other bridle line will take load.

7.2.9.4 The moment of the towing force around the rotation
centre of the towed structure is given as;

M, =T,R(+ %)a [Nim]

and the rotational stiffness due to the towing force is given by;
R
Ce =T, R+ Z) [Nm/rad]

Hence, the bridle contributes with a substantial increase in the
rotational stiffness, improving the directional stability of the
tow.

7.2.10 Shallow water effects

7.2.10.1 The towed object will be subject to a set down effect
(sinkage) because of the increased velocity past the object
causing the pressure on the wetted surface to be decreased.
This effect may be greatly increased in shallow, restricted
water, such as a canal- or trench-type channel. The trim of the
object will also be modified. This combined effect of sinkage
and trim in shallow water is called the squat-effect. A semi-

empirical relation for squat of a ship-like towed object is

z C F?

max _ 24 b h [m/m]

T L/B J1— F}?
where
Zax = Squat (combined sinkage and trim) at bow or stern [m]
L = length of object [m]
B = beam of object at the maximum area [m]
T = draught of object [m]
C, = V/LBT [-], where V is the displaced water volume.
Fj, = the depth Froude number: F, =’/ @ [-]
V- = U-U,is the relative speed [m/s;
g = gravitational acceleration [m/s*]
h = water depth [m]
U = towing speed [m/s]
U. = current velocity (in e.g. a river) being positive in the

direction of the tow route [m/s]
7.2.11 Dynamics of towlines

7.2.11.1 Analysis of towline dynamics involves independent
motion analysis of tug and towed object in a given sea state and
the resulting towline response. A winch can be used on the tug
to reduce tension in the towline. The response of the winch and
the towline is strongly non-linear and coupled (ref. 7.2.13).

7.2.11.2 Analysis of towline dynamics can be done in the fre-
quency domain or time domain. A frequency domain method
is computational efficient, but requires a linearised model of
the system. A time-domain method can account for nonlinear-
ities in the system, nonlinear wave induced response as well as
nonlinear towline dynamics.

7.2.11.3 Wave induced response of towed object and tug is
well described by linear equations. Neither tug nor towed
object is significantly influenced by the towline with respect to
first order wave induced response. A frequency domain analy-
sis can be used to obtain relative motion between tug and tow.

7.2.11.4 The following frequency domain solution method
can be applied:

— First the static towline configuration is calculated. Static
configuration is the basis for calculation of dynamic tow-
line dynamics. Maximum sag depth is obtained from static
analysis.

— The motion transfer functions for the line attachment
points are calculated on tug and towed object respectively
and the transfer function for the relative motion of the tow-
line attachment points can be established. If the towed
object is much larger than the tug, the relative motion will
be dominated by the tug response, and the towed object
transfer functions may be omitted.

7.2.11.5 The transfer function for relative motion 7 between
tug and towed object in the towline secant direction is obtained
by a linear transformation. See Figure 7-1.

[m/m]

H,(0,f)=Hy (0,") - HZ (@0, 7)

sec sec

7.2.11.6 The relative towline motion transfer function is com-
bined with the wave spectrum characterizing the actual sea
state. The response spectrum for relative motion in the secant
direction of the towline is obtained from;

S, (@) =|H, (@) S(@) [ms]

where S(w) is the wave spectrum.

Guidance note:

Assuming small wave induced rotations (roll, pitch and yaw) of
tug and towed object, the motion transfer function for end point
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of towline is given by a linear combination of the rigid body
motion transfer functions. The transfer function for motion in the
secant (towline) direction is the component of the motion vector
in this direction.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.2.11.7 From the response spectrum an extreme representa-
tion of the relative motion can be generated. The most probable
extreme value for the relative motion in a time interval 7, usu-
ally taken as 3 hours, is;

[m]

oy = JM,= standard deviation of the relative motion [m]

M . .
y 27 |—2 = zero up-crossing period [s]
®© 2
M, = J’ @"S(w)dw = spectral moments [m?/s"]

7.2.11.8An estimate of the extreme towline tension when
towing in waves can be obtained by assuming drag locking
(7.2.5) so that the effective stiffness is the elastic stiffness,

Tmax = TO + nmaxk [N]

where 7)) is the mean towing force and £ is the towline stiffness
as given in 7.2.4.4. Hence, the extreme towline tension
decreases with increasing towline length.

7.2.12 Nonlinear time domain analysis

7.2.12.1 An alternative approach to the frequency domain
method described above is to model the towline in a non-linear
FEM analysis program and prescribe forced motions of the
towline end points on tug and towed object respectively.

7.2.12.2 Time histories for the motions of the towline end
points x,,(7), y,(), z,(1) are obtained by proper transformation
of the rigid body motion transfer function for each of the tug
and towed object and combining with a wave spectrum. For
example, the time history of the motion in the x-direction of
end point p is given by;

x, ()= 4, ‘Hf (o, )‘ cos(w,t +¢,) [m]
k

where

A4, =28(w,)Aw, [m]

and H,P(w) is the transfer function for motion in x-direction of
end point p. Examples of simulated motions of towline end
points at tug and towed object for head waves and no current
are shown in Figures 7-6 and 7-7. Resulting towline tension at
tug and towed object are shown in Figure 7-8. Minor differ-
ences between the two curves at peaks are due to dynamic
effects in towline.

A

X-disp [m]

200 210 220 230 240 250 260 270 280 290 300
Time [s]
Figure 7-6

Example of simulated horizontal motion of towed object (upper
curve) and tug (lower curve) in a given sea state.

Z-disp [m]

-20
200 210 220 230 240 250 260 270 280 290 300
Time [s]

Figure 7-7
Example of simulated vertical motion of towed object (lower
curve) and tug (upper curve) in a given sea state.
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Figure 7-8
Example of simulated axial towline tension at endpoints.
Mean tension is 7) = 1.0 MN (i.e. =100 tonnes bollard pull).

7.2.13 Rendering winch

7.2.13.1 An automatic rendering winch (Figure 7-9) can be
designed to reduce extreme towline tension. The winch is
designed to start rendering when the towline tension exceeds a
specified limit. A detailed analysis of a coupled towline-winch
system during forced excitation was presented in Ref. /13/.
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Figure 7-9
Coupled towline — winch model (from Ref. /13/).

7.2.13.2 A simplified towline model is based on the assump-
tion that the shape of the dynamic motion is equal to the change
in the static towline geometry. Mass forces are neglected. This
leads to the following equation for the line motion;

c*Ll|Ll|+k*u=kEx [N]

where
u = displacement of the towline [m]
c¢* = generalised line damping [kg/m]

k* =kg + kg = generalised towline stiffness [N/m]

kg = elastic stiffness [N/m] (7.2.4.2)

kg = geometric stiffness [N/m] (7.2.4.3)

X = tangential motion excitation at end of towline [m]

7.2.13.3 The rendering winch is modelled by an equivalent
mass, damping and stiffness with the equation of motion;

mx, +c'x, +k'x, =T, +7T,(t) [N]

when the winch is rendering, and where

T, = static tension [N]

T,4(¢) = dynamic tension [N]

x,, = winch pay-out coordinate [m]

m’ = equivalent winch mass (= /2 where [ is the winch

mass moment of inertia and 7 is the radius of the
winch) [kg]

c = equivalent velocity dependent winch damping coeffi-
cient (= ¢,,/r? where c,, is the winch damping coeffi-
cient) [kg/s]

k’ = equivalent position dependent winch stiffness coeffi-

cient (= k,,/r2 where k,, is the winch stiffness coeffi-
cient) [N/m]

When the winch is stopped

x,=0 [m/s]

7.2.13.4 The winch starts rendering when the total tension
Ty + T(f) exceeds the winch rendering limit F.

7.2.13.5 Assuming the towline leaves the winch horizontally,
the tangential motion of the towline end is given by;

(m]

where 7 is the relative motion between tug and tow. The tow-
line dynamic tension can be expressed as;

T, =ky(x—u) [N]

X=1n-Xx,

7.2.13.6 Combining the equations in 7.2./3.2 and 7.2.13.3
yields the equations of motion for the coupled towline-winch

model
m'x+c'x+(k'+k)x=f() [N]
where
SO =ku@®)+m'i@)+c'n@t)+k'n(t)-T, [N]

This equation is coupled with the towline response model
(FEM) giving the towline response u as a function of the end
point displacement x.

7.3 Submerged tow of 3D objects and long slender
elements

7.3.1 General

7.3.1.1 Three different tow configurations will be covered in
this chapter;

1) Submerged tow of objects attached to Vessel
2) Submerged tow of objects attached to Towed Buoy

3) Surface or sub-surface tow of long slender elements, e.g.
pipe bundles.

7.3.1.2 Submerged tow of objects is an alternative to offshore
lift installation. Reasons for selecting such installation method
may be;

— to utilise installation vessels with limited deck space or
insufficient crane capacity

— to increase operational up-time by avoiding offshore oper-
ations with low limiting criteria such as lifting off barges
and/or lowering through the splash zone

7.3.1.3 Surface or sub-surface tow of long slender elements
are established methods for transportation to field. Acceptably
low risk for damage during the transportation phase must be
ensured.

7.3.1.4 The following steps are involved in the tow operation:

— Inshore transfer to towing configuration
— Tow to offshore installation site
— Offshore transfer to installation configuration.

This chapter covers the tow to offshore installation site.
7.3.2 Critical parameters

7.3.2.1 Examples of critical parameters to be considered in
modelling and analysis of a submerged tow could be:

— vessel motion characteristics

— wire properties

— towing speed

— routing of tow operation (limited space for manoeuvring,
varying current condition)

— directional stability of towed object as function of heading

— forces in hang-off wire, slings and towing bridle

— clearance between object and tow vessel

— clearance between rigging and vessel

— VIV of pipe bundles and slender structures (e.g. spools,
structure/piping)

— Lift effects on sub-surface towed structures

— Wave loads on surface towed bundles (extreme and
fatigue loading).

In order to calculate/simulate these effects a time domain anal-
ysis is necessary.

7.3.3 Objects attached to Vessel

7.3.3.1 Objects attached to vessel in e.g. a hang-off frame
(Figure 7-10) are mainly influenced by forward speed and the
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vertical wave frequency motion (heave, roll and pitch) of the
installation vessel.

7.3.3.2 Initially one should determine whether long crested or
short crested sea is conservative for the analysis in question.
For head sea short crested sea will give increased roll motion
compared to long crested sea, while long crested sea will give
increased pitch motion compared to short crested sea (ref.
DNV-0OS-H102).

7.3.3.3 From simulations it is seen that coupling effects may
be important even for small objects. The object tends to
dampen the vessel motions with reduced force in hoist wire as
a result. An uncoupled analysis will therefore be conservative.

7.3.3.4 With increased size of object (mass, added mass etc.)
the discrepancies can be large and a coupled analysis will thus
describe the vessel behaviour more correctly.

7.3.3.5 1f the object is located in e.g. a hang-off frame on the
side of the vessel the weight of the object will make the vessel
heel. This heeling can be counteracted by including a righting
moment in the analyses. In effect this models the ballasting
that will be performed to keep the vessel on even keel.

7.3.3.6 If the object is hanging in a rigging arrangement
through the moon pool of the vessel, particular attention
should be given to check clearance between rigging and moon
pool edges.

_—

Figure 7-10
Submerged object attached to vessel

Figure 7-11
Submerged object attached to towed buoy (not to scale)

7.3.4 Objects attached to Towed Buoy
7.3.4.1 For objects attached to Towed Buoy (Figure 7-11) the

dynamic forces on object and rigging is not affected by wave
induced vertical vessel motions.

7.3.4.2 The buoy itself can be designed with a small water
plane area relative to its displacement reducing the vertical
wave induced motion of the buoy.

7.3.4.3 Since vessel roll motions do not influence the behav-
iour of the buoy, long crested sea will be conservative for this
analysis.

7.3.4.4 Changes in the buoyancy of the towed object due to
hydrostatic pressure and/or water density should be investi-
gated.

7.3.5 Tow of long slender elements

7.3.5.1 Examples of slender objects that may be towed to field
are;

— Pipelines, bundles, spools
— TLP tethers
— Riser towers / hybrid risers.

Several slender objects may be towed together as a bundle
(strapped together or within a protective casing).

7.3.5.2 Tow of long slender elements are normally performed
by one of the following methods:

1) Off-bottom tow uses a combination of buoyancy and bal-
last chains so that the towed object is elevated above the
seabed. Ballast chains are used to keep the tow near the
seabed and provide sufficient submerged weight and sta-
bility.

2) Deeply submerged, or Controlled Depth Tow (CDT)
method is a further development of the off-bottom tow
method. By careful design of towline length, holdback ten-
sion, buoyancy, ballast and drag chains with their specific
hydrodynamic properties, the towed object will be lifted
off the seabed at a critical tow speed to be towed at a ‘con-
trolled depth’ above obstructions on sea bed, but below the
area with strong wave influence.

3) Surface or near-surface towing methods for transport of
long slender elements over short or long distances. For
surface tows the towed object will be influenced by wave
loads. Buoyancy elements are often used. See Figure 7-12.

T T

Surface Tow

Near Surface Tow

Figure 7-12
Different methods for tow of long slender objects

7.3.5.3 The tow configuration is dependent on:

— Submerged weight in water

— Use of temporary buoyancy/weight
— Tow speed and towline length

— Back tension provided by trailing tug
— Drag loading due to current.

7.3.5.4 Lift effects and stability may impede the control of a
sub-surface towed bundle. Particular attention should be given
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to non axi-symmetrical cross section, tow-heads or other struc-
tures attached to the bundle

7.3.5.5 It is important to minimize fatigue loading on the pipe
due to tug motions and direct wave action. In order to minimize
direct wave action the tow depth of the towed object should be
deeper when towing in sea-states with high peak periods since
long waves have an effect further down in the water column.

Guidance note:

The wave induced velocity is reduced with a factor ek down-
wards in the water column, where k = 27/ is the wave number
and A is the wave length. Hence, at tow depth equal to A/2 the
energy is only 4% of the value at the surface.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.3.6 System data

7.3.6.1 The following system data is necessary in order to per-
form a time domain analysis for a submerged tow concept:

— Vessel data: Mass properties (mass, buoyancy, COG,
radius of inertia, draught, trim) and hull geometry. These
data will be input to 3D diffraction analysis.

— Buoy data: Mass properties (mass, buoyancy, COG, radius
of inertia, draught) and hull geometry.

— Towed object data: Mass properties (mass, buoyancy,
COQG, radius of inertia) and General Arrangement (GA)
drawing (incl. size of structural members) for establish-
ment of analysis model, stiffness properties, drag and lift
effects.

— Rigging data: Mass properties (mass, buoyancy) of any
lumped masses such as crane hook. Geometry and stift-
ness.

— Tow line/bridle data: Mass properties (mass, buoyancy),
any lumped masses, geometry and stiffness.

— Operational data: Towing speed, vessel heading, current
speed/heading, wave heading and sea states.

7.3.7 System modelling

7.3.7.1 Vessel force transfer functions and hydrodynamic
coefficients for all 6 degrees of freedom should be calculated
by 3D wave diffraction analysis.

7.3.7.2 For the buoy, in the towed-buoy concept, it is impor-
tant to apply a model that describes the combined surge/pitch
motion correctly. Further, the effect of trim on the heave
motion should also be included. In order to capture these
effects a Morison model may be suitable. This is valid for long
and slender buoys. Possible forward speed effects should be
included.

7.3.7.3 For towed objects attached to vessel or towed buoy, a
Finite Element (FE) model of the rigging (slings and hoist
wire) and/or the tow line and bridle is normally not necessary.
In such cases it may be sufficient to model the lines using
springs.

7.3.7.4 In most cases it is recommended that the towed object
is modelled by Morison elements with added mass and drag
properties for the different basic elements such as cylinders,
plates etc. It is important to assure that correct mass and buoy-
ancy distribution is obtained. The towed object should be mod-
elled as a 6DOF body with the Morison elements distributed
over the structure to capture the correct dynamic load distribu-
tion between the slings.

7.3.7.5 For tow of long slender objects like bundles, the struc-
ture should be modelled in a finite element (FE) program. In
this case, fatigue loading can be decisive, and the global behav-
iour of the structure under dynamic loading has to be assessed.

7.3.8 Vortex induced vibrations

7.3.8.1 For slender structures such as bundles, spools, piping
etc. special consideration should be given to identify whether
vortex induced vibrations (VIV) will be a problem.

7.3.8.2 Eigenmodes for the slender structures can be calcu-
lated in a FE program. The eigenmodes are the “wet” eigen-
modes including the effect of added mass from surrounding
water. If one of the eigenfrequencies f; of the structure is close
to the vortex shedding frequency, vortex induced vibrations
may occur and possible fatigue due to VIV during the tow-out
operation should be further evaluated.

Guidance note:

For long slender structures submerged in water, vortex induced
vibrations may occur if the 3 < V' < 16, where

Vi = Ul(f,D) is the reduced velocity

U = Relative velocity between tow speed and current [m/s]
fn = natural frequency [Hz]
D = Slender element diameter [m]

Further guidance on calculating VIV response is given in DNV-
RP-C205.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

Guidance note:
The first natural frequency of a simply supported beam may be

taken as;
2
El - 1+0.8(5J [s]
m"L D

where EI is the bending stiffness, m’ is the total mass per unit
length (including added mass), L is the span length, Jis the static
deflection (sag) and D is a characteristic cross-sectional dimen-
sion (diameter). The static deflection O due to a uniform current
can be estimated as

£ =157

_ 5 gl
384 EI
where ¢ is the sectional current drag force.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.3.8.3 If it is found that the towed object is susceptible to
VIV, one should either document that the resulting damage is
acceptable, or alter the configuration in such a way that the
eigenperiods are reduced to avoid VIV. This can be done by
supporting the structure or part of it which is susceptible to
VIV to make it stiffer.

Guidance note:

Unless otherwise documented, it is recommended that no more
than 10% of the allowable fatigue damage is used in the installa-
tion phase, irrespective of safety class. This is according to indus-
try practice.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.3.9 Recommendations on analysis

7.3.9.1 1t is recommended to use a time domain analysis in
order to capture the important physical effects (ref. 7.3.2.17).
Frequency domain analysis may be used in planning phase for
parameter studies and to obtain quick estimates of the response
for various towing configurations. Frequency domain analysis
may also be used for fatigue analysis of long duration tows
encountering different sea states during the tow.

7.3.9.2 The duration of the time simulation should be suffi-
cient to provide adequate statistics. It is recommended to per-
form 3 hour simulations in irregular sea states.
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7.3.9.3 Some analysis programs may require very long simu-
lation time for a full 3 hour simulation, and full time simula-
tions for a wide range of sea states and wave headings may
therefore not be practical. For these programs a method with
selection of characteristic wave trains can be applied.

7.3.9.4 A consistent selection is to compute time series of the
vertical motion at the suspension point (e.g. the hang off
frame) and then select wave trains that coincide with the occur-
rence of maximum vertical velocity and maximum vertical
acceleration.

7.3.9.5 Special considerations should also be given to the
selection of wave trains for calculation of minimum clearance
to vessel side and moon pool edges.

7.3.9.6 Itis recommended to perform one 3 hour check for the
worst limiting cases in order to verify that the selection method
give results with approximately correct magnitude.

7.3.9.7 1t is important to establish the operational limitations
for each weather direction.

7.3.9.8 A heading controlled vessel will not be able to keep
the exact same direction continuously. It is therefore important
that the analyses are performed for the intended direction 15
degrees.

Guidance note:

If long crested sea is applied, a heading angle of £20° is recom-
mended in order to account for the additional effect from short
crested sea.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

7.3.9.9 1t is important to check the results versus established
acceptance criteria, such as:

— Minimum and maximum sling forces

— Clearance between object and vessel

— Stability during tow

— VIV of slender structures. For bundles VIV may cause sig-
nificant fatigue damage.

7.3.9.10 For long slender elements an important result from
the analyses will be to determine the optimal tow configuration
(tow depth, use of temporary buoyancy/weight, tension in the
bundle etc.).

7.3.9.11 Visualisation of results is beneficial. In this way
unphysical behaviour, such as large deflections from initial
position and large rotations, can be detected.

7.3.10 Wet anchoring

7.3.10.1 Off-bottom tows of long slender objects over long
distances may be aborted due to adverse weather conditions
and the bundle left in anchored position close to sea bed. See
Figure 7-13. Anchors are usually attached to the end of the
bundle. In anchored position the bundle will be exposed to cur-
rent forces. The bundle is stabilized by the friction forces
between ballast chains and the sea bed. Typical friction coeffi-
cients for anchor chain is given in Table 7-2.

Table 7-2 Friction coefficients between chain and sea bed
. Friction coefficient

Sea bed condition Static Sliding
Sand 0.98 0.74
Mud with sand 0.92 0.69
Firm mud 1.01 0.62
Soft mud 0.90 0.56
Clay 1.25 0.81

C (s
€3 3

Buoyancy of the

)

=

Submerged
weight of chain
Friction force

Figure 7-13
chains during tow (upper) and in off-bottom mode (lower)
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8. Weather Criteria and Availability
Analysis

8.1 Introduction
8.1.1 Weather conditions

8.1.1.1 Information about weather conditions required for car-
rying out marine operations depends on the type of operation,
e.g. drilling, pipeline installation, offshore offloading, installa-
tion of a platform, crane operations or subsea installation.

8.1.1.2 Relevant environmental parameters for carrying out
marine operations as well as recommendations and require-
ments for description of environmental conditions are given in
DNV-OS-H101.

8.1.2 Planning and execution
8.1.2.1 Marine operations consist of two phases:

— design and planning
— execution of the operations.

8.1.2.2 The design and planning phase shall select seasons
when the marine operations can be carried out and provide
weather criteria for starting and interrupting the operations (the
availability analysis). The analysis shall be based on historical
data covering a time period of at least 5-10 years.

8.1.2.3 Execution of marine operations shall be based on the
weather forecast, the Near Real Time (NRT) data (data with a
time history 1-5 hours) and, if justified, on Real Time (RT)
data (data with a time history 0-1 hours).

8.2 Environmental parameters
8.2.1 General

8.2.1.1 For marine operations the time history of weather con-
ditions and duration of weather events are the key parameters.
Weather criteria and availability analysis shall include identi-
fied environmental parameters critical for an operation and
provide duration of the events for exceeding and not exceeding
the threshold limits of these parameters.

8.2.1.2 Threshold limits of environmental parameters critical
for carrying out an operation and its sub-operations, time for
preparing the operation as well as the duration of each sub-
operation need to be specified prior to the start of an operation.
These values will depend upon the type of operation and on
critical responses.

Guidance note:
If a maximum response limit (X,,,,) is defined for an operation,

the corresponding significant wave height limits (threshold val-
ues) must be found, for varying wave period and wave direction.
Assuming the Pierson-Moskowitz spectrum, a linear response
and a constant zero-up-crossing wave period, 7., and wave direc-
tion, the response will be proportional to the significant wave
height H,. Then the response can be calculated for H,= 1 m for
all zero-up-crossing wave periods observed in the statistical data.

The maximum H. for each T, is then scaled according to:

X
— B H(T, )ys=; [m]

Hy T,)=
samax(Tz) X(Tz)HS:I

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

8.2.2 Primary characteristics

8.2.2.1 Often the significant wave height exceeding a given
threshold level, as shown in Figure 8-1, will be the primary
parameter. Threshold limits for other environmental parameters
(e.g. corresponding wave periods) relevant for carrying out a
marine operation may be established based on joint probabilities.

Hs (m)

" /

t t ts ta ts te t7

Time (hours)
Figure 8-1
Example of significant wave height variation in time.

8.2.2.2 The duration of a weather event is defined as the time
between a crossing of a level for that parameter and the next
crossing of the same level. See Figure 8-1. The event can be
defined as above the level (from ¢, to t,, Hg > Hg’) or below
the level (from ¢, to £3, Hg < Hy’). The events below the thresh-
old level are often called “calm” periods and above the thresh-
old level “storm” periods. Events going to the end of the data
series shall not be included in the statistics.

Guidance note:

The duration of the first “calm” period isz,. =3 —¢, and the
corresponding first ‘storm” period 7, =t¢, —1{,. The total period
considered is 7, = ) (r, +7,). Prior to starting marine opera-

tions a number of days necessary for operations without interrup-
tion shall be approximated.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

8.2.2.3 General weather related requirements for marine oper-
ations are given in DNV-OS-H101, ref/7/.

8.2.3 Weather routing for unrestricted operations

8.2.3.1 For marine operations involving transportation, e.g.
towing, an optimal route is recommended to be decided. Envi-
ronmental conditions necessary for evaluating critical
responses along different alternative routes shall be provided
and used in the analysis. Usually they will represent scatter
diagrams of significant wave height and zero-up-crossing
wave (or spectral peak) period.

8.2.3.2 In the design and planning phase an optimal route is
recommended to be selected based on evaluation of responses
and fatigue damage along different alternative routes, /2/. Glo-
bal environmental databases may be utilized for this purpose.

8.2.3.3 Weather routing may also be performed during the
execution of the transportation itself on the basis of weather
forecasting. Bad weather areas or critical weather directions
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may then be avoided by altering speed and direction of the ves-
sel. Due to the implicit possibilities of human errors or forecast
errors, there is however a certain risk of making wrong deci-
sions, /22/. On-route weather routing should therefore be used
with care.

8.3 Data accuracy
8.3.1 General requirements

8.3.1.1 The weather criteria and availability analysis shall be
based on reliable data and accuracy of the data shall be indi-
cated. The data applied shall be given for a location or an ocean
area where an operation takes place. It is recommended to use
reliable instrumental data, if available, or data generated by
recognized weather prediction models. Further, it is recom-
mended that the data are sampled at least each 3™ hour and
interpolated between the sampling intervals.

8.3.2 Instrumental data

8.3.2.1 Accuracy of environmental data may vary widely and
is very much related to the observation mode.

8.3.2.2 The common wind observations include mean wind
speed, mean wind direction and maximum wind speed within
the observation interval. The standard wind data represent
measured or calibrated 10-minute average speed at 10 m above
ground or mean sea level. Wind instruments on buoys are usu-
ally mounted approximately 4 m above sea level. The system-
atic instrumental error in estimating mean wind speed and
direction can be regarded as negligible, /1/. Satellite scatter-
meters data may be utilized.

8.3.2.3 The instrumental accuracy of wave observations
depends on the type of instrument used. Wave buoys are
regarded as being highly accurate instruments, and error in the
estimated significant wave height and zero-up-crossing wave
period may be considered as negligible for most sea states, /1/.
During severe sea conditions, the presence of strong surface
current or external forces on the buoy (e.g., breaking waves,
mooring) may cause the buoy measurements to be biased.

8.3.2.4 Several investigations carried out in the last years indi-
cate very promising results that support use of the satellite
data. Ref./6/ demonstrate that over the range of significant
wave heights 1 m - 8 m satellite altimeter derived significant
wave heights were nearly as accurate as the ones obtained from
surface buoy measurements, /79/.

8.3.2.5 In steep waves, the differences between sea surface
oscillations recorded by a fixed (Eulerian) probe or laser, and
those obtained by a free-floating (Lagrangian) buoy can be
very marked, see e.g. /10/ and /18/. The wave buoy data shall
not be used for estimation of wave profiles in steep waves. For
monitoring a wave profile a laser is recommended to be used.

8.3.2.6 Platform mounted wave gauges and other wave sens-
ing devices have the advantage that they measure directly sea
surface displacement rather than the acceleration as the buoys
do. A position of a wave gauge may affect accuracy of data, /5/.

8.3.2.7 Ship Borne Wave Recorder (SBWR) makes direct
wave height measurements but provides no directional infor-
mation. The main uncertainty is the response of a ship to the
waves. Comparison with the wave buoy data suggests wave
height accuracy on average of about 8-10%. The SBWR sig-
nificant wave height are on average higher than the buoy wave
heights, with a greater percentage difference at low wave
heights and less at high wave heights, /9/. The zero-up-cross-
ing periods from the two instruments are approximately the
same.

8.3.2.8 Marine radars (e.g. WAVEX, WAMOS) provide
directional wave spectra but infer wave height indirectly. Ini-

tial analysis of WAVEX data shows that the WAVEX may sig-
nificantly over-estimate wave heights for swell-dominated
conditions, /21/. Technology use by marine radars for record-
ing the sea surface is under continuous development and accu-
racy is continuously improved. Accuracy of a marine radar
shall be indicated prior to using it in a marine operation.

8.3.2.9 For instrumentally recorded wave data sampling vari-
ability due to a limited registration, time constitutes a signifi-
cant part of the random errors. For the JONSWAP and Pierson-
Moskowitz spectrum the sampling variability coefficient of
variation of the significant wave height and zero-up-crossing
wave period are approximately 4-6% and 1.5-2.5% respec-
tively for a 20-minute measurement interval, /1/.

8.3.2.10 A current instrumental data set may be erroneous due
to instrument failure, such as loss of rotor or marine growth.
Before application of a data set in planning and execution of
marine operations, it is important to make sure that a data qual-
ity check has been carried out. Current data uncertainty is spec-
ified e.g. in ref./1/.

8.3.2.11 Water level data are collected either by using
mechanical instruments or by using pressure gauges, wave
buoys, wave radars, and lasers. The accuracy of these record-
ings is 2-3 cm. For use of the computed water level data it is
necessary to know the assumptions and limitations of the mod-
els. The data are usually given as residual sea water levels, i.e.,
the total sea water level reduced by the tide.

8.3.3 Numerically generated data

8.3.3.1 Numerically generated wave data are produced on
routine basis by major national meteorological services and are
filed by the data centres. The accuracy of these data may vary
and depends on the accuracy of a wave prediction model
applied as well as the adopted wind field. The hind-cast data
can be used, when the underlying hind-cast is calibrated with
measured data and accuracy of the data is documented.

8.3.3.2 The Global Wave Statistics (GWS) visual observations
(BMT (1986)) collected from ships in normal service all over
the world since 1949 are often applied. The data represent
average wind and wave climate for 104 ocean wave areas.
They have a sufficiently long observation history to give relia-
ble global wind and wave climatic statistics. Accuracy of these
data is, however, still questioned, especially concerning wave
period, confer e.g. /15/or /2/. It is recommended to use the data
with care, and if possible to compare with other data sources.

8.3.3.3 Recently several global environmental databases have
been developed. They include numerical wind and wave data
(some provide also current and/or sea water level) calibrated
by measurements (in-situ data, satellite data), a mixture of
numerical and instrumental data or pure instrumental (satellite)
data. Accuracy of a data basis shall be documented before
applying the data.

8.3.4 Climatic uncertainty

8.3.4.1 Historical data used for specification of operational
weather criteria may be affected by climatic uncertainty. Cli-
matic uncertainty appears when the data are obtained from a
time interval that is not fully representative for the long-term
variations of the environmental conditions. This may result in
overestimation or underestimation of the operational weather
criteria. The database needs to cover at least 20 years of prefer-
ably 30 years or more in order to account for climatic variability.

8.3.4.2 If data from 20 to 30 years are available, it is recom-
mended to establish environmental description, e.g. a distribu-
tion of significant wave height, for return periods of 1, 3, 5, 10
and 25 years.
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8.3.5 Sources of data

8.3.5.1 Because of data inaccuracy it is recommended to use
several data sources in analysis (if available), specifying
weather criteria for comparison. Particular attention shall be
given to ocean areas where data coverage is poor.

8.4 Weather forecasting
8.4.1 Weather restricted operations

8.4.1.1 Marine operations with a reference period less than 72
hours may be defined as weather restricted. These operations
may be planned with weather conditions selected independent
of statistical data, i.c. set by an owner, an operator, etc. Starts
of weather restricted operations are conditional on a reliable
weather forecast as given in DNV-OS-HI101, ref./7/.

8.4.2 Uncertainty of weather forecasts

8.4.2.1 For weather restricted operations uncertainties in
weather forecasts shall be considered. Operational limits of
environmental parameters (e.g. significant wave height, wind
speed) shall be lower than the design values. This is accounted
for by the alpha factors as specified in /7/. The DNV-OS-H101
requirements are location specific and shall be used with care
for other ocean locations. It is recommended to apply location
and, if justified, model specific corrections when used outside
the areas provided in /7/.

Guidance note:

At present, the given alpha-factors in DNV-OS-HI101 are derived
from North Sea and Norwegian Sea data only.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

8.5 Persistence statistics
8.5.1 Weather unrestricted operations

8.5.1.1 Marine operations with a reference period exceeding
72 hours are normally defined as unrestricted operations, see
ref./7/. These operations shall be planned based on extreme
value statistics established from historical data or time domain
simulations.

8.5.1.2 Persistence statistics shall be established according to
specified a priori operational design criteria.

8.5.1.3 A non-stationary stochastic modelling, suitable for the
analysis and simulation of multivariate time series of environ-
mental data may be used as a supporting tool for generating the
long—term data, /17/.

8.5.1.4 For limited time periods like months the statistics shall
follow the DNV-OS-HI101 requirements and be based on
events that start within the period and are followed to the next
crossing. The average duration of events will depend on the
averaging period and sampling interval of the data.

Guidance note:

Note that certain operations require a start criterion although

designed for unrestricted conditions.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

8.5.2 Statistics from historical data

8.5.2.1 Tt is recommended that duration statistics includes the
following parameters (ref./16/):

T, , = total time period of an environmental time series under
tot
consideration
N, = number of “calm” periods
N, = number of “storm” periods
S
7. = average duration of “calm” periods

T, = average duration of “storm” periods
T, = total duration of all “calm” periods
T, = total duration of all “storm” periods
Hence;
N(,‘
T.=>7, [hours]
i=1
NL‘
T,=>1t, [hours]
i=1
T,=T.+T, [hours]

8.5.2.2 Unless data indicate otherwise, a 2-parameter Weibull
distribution can be assumed for the marginal distribution of
“calm” period ¢ (ref./9/ and /14/),

y;
F.()=1- exp[— (tij ] [-]

where ¢, is the scale parameter and £ is the shape parameter.
The distribution parameters are determined from site specific
data by some fitting technique.

8.5.2.3 The average duration is expressed as
T, = It -dF_(t)  [hours]
0

For the 2-parameter Weibull distribution it reads;
_ 1
T, =1, -F(E+l) [hours]

where T( ) is the Gamma function.

8.5.2.4 1f the cumulative distribution of H is known then the
average duration of periods with significant wave height lower
than / can be approximated by

T
T.=F, (h ﬁ [hours]

C

alternatively, ref/9/;

[hours]

7 = Al-inF, ()]

where 4 and £ are established based on location specific data,
and Fpyy(h) is a cumulative distribution of significant wave
height. For the North Sea, 4 = 20 hours and = 1.3 maybe
adopted, /9/.

8.5.2.5 The distribution for # < H and duration ¢ < ¢ is;
Fuéxr(h<H;|t>tv):F11‘\(h<H;)’(1_i) [-]

where
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8.5.2.6 The number of periods when # < H,’and ¢ < ¢’ can be
expressed as;

N (h<H |t<t)=F (t<t')-N. [

The average duration for & < H,’ and ¢ < ¢’ is;

T.(h<H, |t<t’)z%]tﬂ(1) [hours]

Guidance note:

As an example, assume that the operability shall be studied for a
moonpool vessel. Three motion-sensitive operations are consid-
ered, with the maximum significant vertical amplitude in the
moonpool area equal to 0.5 m, 0.75 m and 1.0 m. Calculated sig-
nificant amplitudes of vertical motion for the vessel have given
the limiting H for these three operations, as shown in Figure 8-2.

These sea state limitations have been combined with the scatter
diagram in Table 8-1 to show operable and non-operable sea
states. The operability for each of the different work tasks is
shown in Table 8-2.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

‘\ ——Zs=0.50m
—|—Zs=0.75m
—4—2Zs=1.00m

Limiting Hs (m)
(FEN

0 ; ; ; ;
5 6 7 8 9 10 1" 12 13 14

Tz (s)

Figure 8-2
Limiting H for operations with Z;= 0.5 m, 0.75 m and 1.0 m.

Table 8-1 Joint probability of sea states, with operation
limitations

Hs Tz (s) Sum
(m) 5 e [7 18 Jo9 JioJur[12]13 14 | Tz
Calm 6.8
05 49 J16 [ 13 [ 11 [02]16]09[16] 1.6 L1 | 161
1.0 104 [ 48 [22 [ 11 [09 ] 15]05][20] 1.6]26] 277
L5 46 |24 [ 18 [20 [04]07[07]02]13 07]148
2.0 33 |31 |18 |20 Jo4]07 07 05]- 1.8 | 145
25 22 |24 [ 15 |22 o409 |- 02 [ 02 [ 04 ] 103
3.0 05 102 Jr1 f18 Jo5]02]02]- - 02 | 48
3.5 04 | - - 13 | - 02 | - - - - 1.8
4.0 05 o2 Jo4 [o02 |- 05|02 ] - = = 2.0
4.5 04 | - 02 [04 |02 02]- - - - 13
Sum
Hs 273 | 147 [ 103 | 121 [ 29| 66 | 33 | 46 | 48 | 68 | 100
Table 8-2 Calculated operability
Criterion Down-time: Operability:
P(Zs > Zsy) % P(Zs < Zsy) %
Zsy=0.5m 35.0 65.0
Zsy=0.75m 19.4 80.6
Zsg=1.0m 6.6 93.4

8.5.3 Time domain simulations

8.5.3.1 Alternatively to the statistics described in 8.5.2 the
weather criteria and availability analysis can be studied by use

of time domain simulations of operation performance. Recog-
nized marine operation performance software shall be used for
this purpose. Weather conditions in a form of measured or
numerically generated time series are an input to the analysis.
Any given number of environmental parameters can usually be
handled in the time series.

8.5.3.2 The marine operation performance simulation pro-
grams should include specification of durations, weather limits
and sequence of activities. They may be used for operation
planning in advance and during execution of operations.

8.5.3.3 Given an activity network and the weather time series,
the operation performance software scans the weather time
series and finds the performance of the given network, assum-
ing the given start date of the year.

8.5.3.4 Advantages of using the time series and not statistical
data are:

— It is simpler to deduce the statistical variability than from
the statistics.

— The operational limits are more easily checked on the time
series than from statistics.

— The activity networks are easy to check against the time
series.

— It is easy to combine limits of several weather parameters.

— It allows establishing of statistics for weather parameters
of interest. A sufficiently long historical time series shall
be analysed to obtain reliable results.

— Duration of operations is taken directly into account.

8.5.3.5 It is recommended to split each operation into a
sequence of small and, to the extent possible, independent sub-
operations.

8.5.3.6 To avoid a critical sub-operation to be started up but
not finalised until unacceptable weather conditions occur an
extra duration of the forecasted weather window may be
required. The maximum limits for a longer time will depend
upon the accuracy of the duration estimates. Alternatively,
uncertainty in forecast simulations can be accounted for by
introducing a random error (and/or bias) in a real environmen-
tal record, e.g. a wave record, /11/.

8.5.4 Seasonality

8.5.4.1 Tt is recommended that the persistence statistics
includes information about seasonal variations of the weather
climate. Design and planning of marine operations shall be
based on the established average weather conditions for one
year, three months and a shorter period of time according to the
requirements given in DNV-OS-H101. Several return periods
are recommended to be considered.

8.6 Monitoring of weather conditions and responses
8.6.1 Monitoring of environmental phenomena

8.6.1.1 For marine operations particularly sensitive for certain
environmental conditions such as waves, swell, current, tide,
etc., systematic monitoring of these conditions prior to and
during the operation shall be arranged.

8.6.1.2 Monitoring shall be systematic and follow the require-
ments given in DNV-OS-H101. Responsibilities, monitoring
methods and intervals shall be described in a procedure. Essen-
tial monitoring systems shall have back up systems. Any
unforeseen monitoring results shall be reported without delay.

8.6.1.3 Carrying out marine operations can be helped by a
Decision Support System installed on board of marine struc-
tures if reliability of the system is described and approved by
an authority or by a Classification Society. The Decision Sup-
port System may be based on the Near Real Time (NRT) and/
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or Real Time (RT) data which can be provided by met-offices,
private company or research institutes. The NRT and RT data
may represent numerically generated data, a mixture of numer-
ical and instrumental data (in-situ measurements, marine radar
and satellite data) or pure instrumental data if sampling fre-
quency of the latter is sufficient for an operation under consid-
eration. Vessel motions may be utilized by a Decision Support
System and environmental conditions can be evaluated from
measured vessel motions, //6/. Attention shall be given to
accuracy of prediction of combined seas (wind sea and swell).

8.6.1.4 A required sampling interval for time monitoring will
depend upon the type of operation and its duration, and is rec-
ommended to be considered carefully.

8.6.2 Tidal variations

8.6.2.1 Tidal variations shall additionally be monitored a
period with the same lunar phase as for the planned operation.

Guidance note:

Tidal variations shall be plotted against established astronomical
tide curves. Any discrepancies shall be evaluated, duly consider-
ing barometric pressure and other weather effects.

---e-n-d---of---G-u-i-d-a-n-c-e---n-o-t-e---

8.6.3 Monitoring of responses

8.6.3.1 Monitoring of responses shall be carried out by
approved reliable instruments.

8.6.4 Alpha factor related monitoring

8.6.4.1 Uncertainties related to monitoring of weather condi-
tions shall be taken into considerations according to the
requirements given in DNV-OS-H101.
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ADDED MASS COEFFICIENTS

APPENDIX A

Table A-1 Analytical added mass coefficient for two-dimensional bodies, i.e. long cylinders in infinite fluid (far from boundaries).
Added mass (per unit length) is A; = pCAg [kg/m] where Ap [m2] is the reference area

Section through body Direction of Cy Ap Added mass moment of inertia
motion [(kg/m)*m?]
: O 1.0 ra 0
l 2a |
T Vertical 1.0 Tal
2b 7T 22 232
4 Pg(b -a’)
_IQ_OL Horizontal 1.0 b’
t
I__2_C‘I_-I Vertical 1.0 ra p%f
Ib Vertical Lo . pa’(cscta f(a)-7*)/2x
ertica ’ ra where
f() =2a* —asinda
Circular cylinder 2 4 +0.5sin2¢ and
—] with two fins 1- (ﬁj + (ﬁj
2a Horizontal b b 7 b? sina = 2ab/(a® + b%)
rl2<a<rm
Horizontal or ) 2,
t— Vertical 1.0 Ta P
2a
. o Bopra’ ot fpmb’
a/b=o .
a/b=10 1.14 arb b P2
2b a/b=35 1.21 0.1 - 0.147
a/b=2 Vertical 1.36 ) 0.2 - 0.15
a/b=1 erhica 1.51 ™ a 0.5 - 0.15
a/b=0.5 1.70 1.0 0.234 0.234
}_ﬂ__‘ a/b=02 1.98 2.0 0.15 -
a/b=0.1 2.23 5.0 0.15 -
00 0.125 -
NI o
d/a=0.05 1.61
2a d/a=0.10 Vertical 1.72 ma d/a P
d/a=0.25 2.19 0.05 0.31
2a 0.10 0.40
0.10 0.69
2 a/b=2 0.85
Z;g — (1) 5 Vertical 822 7 a>  |0.059 pma® for a = b only
2a a/b=02 0.61
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Table A-1 Analytical added mass coefficient for two-dimensional bodies, i.e. long cylinders in infinite fluid (far from boundaries).

Added mass (per unit length) is 4;; = pC4A4p [kg/m] where Ap [m2] is the reference area (Continued)

Section through body Direction of Cy Ap Added mass moment of inertia
motion [(kg/m)*m?]
FLUID
2 T aZ
Horizontal | Z_ 4
3
WALL
h ho 2aY
- —- Horizontal | ] 4+ ( - aj 7 a*
< 2a  h
y b/a
b ““ o1 o02]04]10
05 |47 (26|13 -
—f . 1.0 | 5232|1706
c Vertical - 57158 37 [ 20 [ 07| 2%
i Ib 20 |64 |40]23]09
30 |72 146 (25| 1.1
— a —
4.0 - |48 - -
A B
d/a= o 1.000
A moving da=12 1.024
. d/a=0.8 1.044
4‘_1» B fixed Horizontal | 7/ _ o'y 1,096 ra
dia=0.2 1.160
-~ d/a=0.1 1.224
2a 2a
Cylinder within b’ +ad .
pipe JEpE
mi =m; sin’ @+ m, cos’ 0
Cross section is
symmetric aboutr |m® =m? cos’ @ + m’. sin” @
and s axes N
1 .
my, = E(mf’ —m)sin260
Shall t
allow water b 2 > b b2,
———Ih4s+———+e—+—¢
+——2 —> ce 7« T c 3z
dI c 2 pcz

A

izl—g where ¢ <<1
c
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Table A-2 Analytical added mass coefficient for three-dimensional bodies in infinite fluid (far from boundaries). Added mass is

A,-J=pC "4Vr [kg] where Vp [m3] is reference volume

Direction of

Body shape motion Cy Vi
Circular disc
: Vertical 2/ 4 ra
-y ;
Elliptical disc ba Ca ba Ca
© 1.000 5.0 0.952
1 . 14.3 0.991 4.0 0.933 T,
@ _7a Vertical 12.8 0.989 3.0 0900 |=a’b
'{ b 10.0 0.984 2.0 0.826 6
7.0 0.972 1.5 0.758
6.0 0.964 1.0 0.637
Flat plates b/a Cy b/a Cy
Rectangular plates 1.00 0.579 3.17 0.840
1.25 0.642 4.00 0.872 T
t Vertical 1.50 0.690 5.00 0897 | Z b
M 159 0.704 6.25 0917 | 4
S o 2.00 0.757 8.00 0.934
2.50 0.801 10.00 0.947
3.00 0.830 o0 1.000
Triangular plates
3
3 Vertical 1 (tan 0)2 4
30 Y\ T 3
—
Spheres
t Oi Any direction Y “ra
2a
a/b CA
Bodies of . Axial Lateral
revolution Spheroids 1.0 0.500 0.500
T 1.5 0.304 0.622
. 2.0 0.210 0.704 4
2b Lateral or axial 25 0.156 0.762 —xb?a
4.0 0.082 0.860 3
P -~ 5.0 0.059 0.894
< 2a > 6.0 0.045 0917
7.0 0.036 0.933
8.0 0.029 0.945
2b CA — aO
2-a,
Ellipsoid Axial where 4
- — 1 abc
¢ 5 , a, =85J.(1+u)’3/2(82 +u) (S +u) " du 3
a 0
Axisa> b > c c=bla 6=cla
b/a CA
1.0 0.68
b 2.0 0.36
3.0 0.24
Square prisms Vertical 4.0 0.19 a’b
& 5.0 0.15
va 6.0 0.13
#74 7.0 0.11
10.0 0.08
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Table A-2 Analytical added mass coefficient for three-dimensional bodies in infinite fluid (far from boundaries). Added mass is
A,-]=pC "4Vr kgl where Vp [m3] is reference volume (Continued)

Direction of

Body shape motion Cy Vr
bl2a Cy
Risht cireul 1.2 0.62
ight circular : 2.5 0.78 2
cylinder Vertical 5.0 0.90 b
9.0 0.96
o 1.00
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APPENDIX B
DRAG COEFFICIENTS
Table B-1
Drag coefficient on non-circular cross-sections for steady flow Cpy.
Drag force per unit length of slender element is = Y4pCpgDu?.
D = characteristic width [m].
R, = uD/v=Reynolds number.
Adopted from Blevins, R.D. (1984) Applied Fluid Dynamics Handbook. Krieger Publishing Co.
Geometry Drag coefficient, Cpg
1. Wire and chains Type (R, = 104 - 107) Cps
Wire, six strand 1.5-1.8
Wire, spiral no sheathing 14-1.6
Wire, spiral with sheathing 1.0-1.2
Chain, stud (relative chain diameter) 22-2.6
Chain stud less (relative chain diameter) 2.0-2.4
L/D 0 0.33 0.67 1.0 1.5 2.0 2.5
D
Cps 1.25 1.2 1.15 1.1 1.07 1.02 1.0
R, ~ 105
3. Rectangle with thin splitter plate T/D
L/D
0 5 10
H<D/10 0.1 1.9 1.4 1.38
0.2 2.1 1.4 1.43
0.4 2.35 1.39 1.46
0.6 1.8 1.38 1.48
0.8 2.3 1.36 1.47
1.0 2.0 1.33 1.45
1.5 1.8 1.30 1.40
2.0 1.6 - 1.33
R, ~5x 104
4. Rectangle in a channel
Cps=(1-DIH)"Cp| =% for 0< D/H < 0.25
Z L/D 0.1 0.25 0.50 1.0 2.0
% n 2.3 2.2 2.1 1.2 0.4
- @b “!
7 R,> 103
== |
5. Rectangle with rounded corners L/'D R/D Cps L/D R/D Cps
0.5 0 2.5 2.0 0 1.6
0.021 22 0.042 1.4
0.083 1.9 0.167 0.7
— D 0.250 1.6 0.50 0.4
1.0 0 22 6.0 0 0.89
0.021 2.0 0.5 0.29
—= L =~ 0.167 1.2
0.333 1.0
R, ~10°
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Table B-1 (Continued)
Drag coefficient on non-circular cross-sections for steady flow Cpg.
Drag force per unit length of slender element is f= Y,0CpgDu?.

D = characteristic width [m].
R, = uD/v=Reynolds number.

Adopted from Blevins, R.D. (1984) Applied Fluid Dynamics Handbook. Krieger Publishing Co.

Geometry Drag coefficient, Cpg
6. Inclined square 0 0 s |10 ] 1520 | 25|30 | 35 | 40 | 45
Cps | 22 | 21 |18 |13 [ 19| 21| 2223|2424
R, ~4.7x 10*
Ly/Dy R/D, Cps
0.5 88%; }g Fore and aft corners not
: 0' 167 1 '7 rounded
0.015 1.5
1.0 0.118 1.5
0.235 1.5
0.040 1.1
2.0 0.167 1.1 Lateral corners not rounded
0.335 1.1
R, ~10°
8. Rounded nose section L/D Cps
0.5 1.16
1.0 0.90
2.0 0.70
4.0 0.68
6.0 0.64
Cps = 1.9, R, > 10*
2rtand, 0 < 8°
Cy = 1 ,90°>6>12°
0.222+0.283/sin&
Cp=Cycos 8
CDS = CN sin @
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Table B-1 (Continued)

Drag coefficient on non-circular cross-sections for steady flow Cpg.
Drag force per unit length of slender element is f'= Y0CpgDu?.

D = characteristic width [m].
R, = uD/v=Reynolds number.

Adopted from Blevins, R.D. (1984) Applied Fluid Dynamics Handbook. Krieger Publishing Co.

Geometry

Drag coefficient, Cpg

11. Thin lifting foil

Cpg ~0.01
Cp=27zsin

Cy = (7/4) sin 20 (moment about leading edge)

Cym = 0 about point D/4 behind leading edge

E/D Cps
0.5 1.42 0or2.20
1.0 1.520r2.13
2.0 1.9 0r2.10 multiple values due to jet switch
28 12§06 Drag on each plate.
10.0 1.9
15.0 1.9
R, ~4x 103
E/D Cpsi Cps2
2 1.80 0.10
3 1.70 0.67
4 1.65 0.76
6 1.65 0.95
10 1.9 1.00
20 1.9 1.15
30 1.9 1.33
0 1.9 1.90
R.~4x 103
1.4
Cps = 2.85
(1-D/H)?>
for 0 <D/H <0.25
R.>103
/,; €
15. Ellipse D/L Cps (R, ~10%)
0.125 0.22
0.25 0.3
0.50 0.6
1.00 1.0
2.0 1.6
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Table B-1 (Continued)

Drag coefficient on non-circular cross-sections for steady flow Cpg.

Drag force per unit length of slender element is f= Y,0CpgDu?.

D = characteristic width [m].
R, = uD/v=Reynolds number.

Adopted from Blevins, R.D. (1984) Applied Fluid Dynamics Handbook. Krieger Publishing Co.

Geometry Drag coefficient, Cpg
16. Isosceles triangle 0 Cps (Re~10%
T 30 1.1
60 1.4
D 90 1.6
_*_ 120 1.75
17. Isosceles triangle 0 Cps (R, =10%
; 30 1.9
— , 60 2.1
D 90 2.15
120 2.05
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Table B-2

Drag force is defined as Fpy = %5pCpgSu.

Drag coefficient on three-dimensional objects for steady flow Cpg.

S = projected area normal to flow direction [m?2].
R, = uD/v=Reynolds number where D = characteristic dimension.
Geometry Dimensions Cps
Rectangular plate normal to flow direction B/H
1 1.16
5 1.20
10 1.50
u H o 1.90
\ l R¢> 103
B \
Circular cylinder. Axis parallel to flow. L/D
0 1.12
]T) 1 091
u 2 0.85
e { 4 0.87
7 0.99
>
«——L R.> 103
Square rod parallel to flow L/D
1.0 1.15
D ! 15 0.97
u 2.0 0.87
D 2.5 0.90
_— l 3.0 0.93
4.0 0.95
5.0 0.95
< L 4 R.=1.7-103
Circular cylinder normal to flow. L/D Sub critical flow Superecritical flow
R, <103 R, > 5103
K K
D 2 0.58 0.80
5 0.62 0.80
10 0.68 0.82
20 0.74 0.90
40 0.82 0.98
" I 50 0.87 0.99
— L 100 0.98 1.00
N
Cps =&Cps
o v x is the reduction factor due to finite length. C ;s is the 2D steady drag coefficient.
+—D—
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Table B-3 Drag-lift force on two-dimensional profiles for steady flow

Force components are defined as Py; = Y4pCyz;pU 2 and P, =

Y2pC;,bU = (note that the same characteristic dimension b 1s used for

both components) where U is the incident velocity at angle . If the

lift force 1s positive, as shown, the total drag and lift coefficients on Lift force

the profile are given by
Drag force
C,=C,cosa+C,,sina

C,=-C,sina+C,, cosa

/v Incident velocity

Profile a (deg) Cy Cyp Profile a (deg) Cai Caz
P P
e 0 1.9 1.0 e 0 21 0
f Py 45 1.8 0.8 o 45 1.9 0.6
{Z b == 90 2.0 1.7 b iR 90 0 0.6
a I 135 18 0.1 a 135 1.6 0.4
180 20 0.1 180 -1.8 0
0.5b “Oéll‘
Pa2
> Ho, 0 1.8 1.8 t
, 45 2.1 1.8 Py, 0 2.1 0
a& 90 19 1.0 & b iy 45 2.0 0.6
135 2.0 03 o 90 0 0.9
b W 180 14 1.4 —
—
breo 0 1.7 0 ra:
1 - 45 0.8 0.8 Py, 0 1.6 0
bl L 90 0 1.7 & b == 45 1.5 1.5
a& L b 135 08 0.8 a 90 0 1.9
: 180 1.7 0 -
Lﬁ b;.l I‘i—bl
fPez
LS e T2 09
b = .
O&Z 90 16 22 &b il 190 e 0
) a -1.
< Mb 135 -1.1 2.4 \‘/
180 17 0
ooy
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APPENDIX C
PHYSICAL CONSTANTS
Table C-1 Density and viscosity of fresh water, sea water and dry air
Temperature Density, p, [ke/m3] Kinematic viscosity, v, [m/s?]
deg [C] Fresh water Salt water Dry air Fresh water Salt water Dry air
0 999.8 1028.0 1.293 1.79 - 106 1.83-10°° 1.32-10°%
5 1000.0 1027.6 1.270 1.52 1.56 1.36
10 999.7 1026.9 1.247 1.31 1.35 1.41
15 999.1 1025.9 1.226 1.14 1.19 1.45
20 998.2 1024.7 1.205 1.00 1.05 1.50
25 997.0 1023.2 1.184 0.89 0.94 1.55
30 995.6 1021.7 1.165 0.80 0.85 1.60
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