Technische Hogeschool Delft

Afdeling der Civiele Techniek

Hydrodynamic Aspects of
Fixed Offshore Structures

Coastal Engineering Group
Workgroup Offshore Technology
Department of Civil Engineering
Delft University of Technology
Delft, The Netherlands



W.W. Massie

OFFSHORE TECHNOLOGY

HYDRODYNAMIC ASPECTS OF OFFSHORE STRUCTURES

Registered Professional Engineer
Senior Member of the Scientific Staff

Coastal Engineering Group

Department of Civil Engineering

first edition
revised

Delft University of Technology

Work Group Offshore Technology

Delft

The Netherlands.

April 1978
April 1979

April 1979

603040

£ 1,25




Scientists study the world as it is;
Engineers create the world that has never been.

Theodore von Kérman.



TABLE OF CONTENTS

page
1. Introduction 1
2, Ocean laves 3
2.1 Introduction 3
2.2 Wave Characteristics 3
2.3 Physical Phenomona 4
2.4 Other 'lave Relationships 5
2.5 Wave Statistics 7
3. Other Ocean Flow Phenomona 10
3.1 Tides 10
3.2 Ocean Currents 10
3.3 Internal laves 10
3.4 Tsunamis 10

4, Hydrodynamic Forces on Circular Cylinders 13

4.1 Introduction 13
4.2 Hydrodynamic Force Components 13
4.3 Sloping Cylinders 16
4.4 Parameters and Coefficients 16
4.5 llaves plus Currents 1
4.6 Simplifications 20
4.7 Additional Remarks 21
4.8 Example 21
. Design Wave Choice 25
5.1 Introduction 25
5.2 Design Wave Method 25 -
5.3 Example 28
5.4 llave Period Choice 28
5.5 Spectrum Transformation Method 30
5.6 Comparison of the Methods 30

References _ 33



1.  INTROBUCTION

These brief notes are intended to provide the student of general
offshore engineering some insight in the hydraulic and oceanographical
engineering aspects of offshore engineering problems. Because of the
1imited nature of this class and the varied background of the students
involved, the coverage, here, will be summary; only the most important
topics will be highlighted. Where available, Titerature references
will be given where those interested can find more extensive informa-
tion.

The topics to be treated in the following chapters include:
Ocean waves and their most important properties.

Other ocean water movements

- Wave forces on slender cylindrical bodies.

- Choice of design wave conditions.

These items are discussed in more detail in the following chapters.



2.  OCEAN WAVES

2.1 Introduction

Some knowledge of the properties and mechanics of ocean waves is
essential to succesful offshore work. Waves and currents can cause
very significant Toads on offshore structures of all types and are
usually experienced as a nuisance by most everyone working offshore.

Only results of theoretical derivations are given in the follow-
ing sections and these results are even limited to offshore condi-
tions. A broader overview of such results is available in notes avail-
able in coastal engineering - Massie, editor (1976). Kinsman (1965)
presents an excelent and readable discussion of the theoretical
background.

2.2 Wave Characteristics

If we attempt a quantatative description of ocean surface waves
we can do that most conveniently by noting the height and period of
the waves. While these two quantities may seem simple to determine,
oceanographers argue continually about the proper definitions for
wave height and period in an actual wave record. Rather than join in
that discussion, here, we shall define these terms according to com-
mon, but not universal practice, using the sketch of water surface
elevation versus time shown in figure 2.1.

The wave height is defined as the vertical elevation difference
between a wave through (Tow point) and the following wave crest (high
point). This height is usually denoted by H. Often an additional
restriction must be placed on the above definition: The crest must be
above the mean water level and the through must be below this level;
see figure 2.la.

The wave amplitude is derived from the wave height and is the
height of a wave crest relative to the mean water level. Schematiza-
tion of an individual wave by a simple sine wave yields a conclusion
that the wave amplitude is half the wave height.

The wave period is usually defined as the time interval between
two successive upward crossings of the mean water level. This is of-
ten more easily determined than, say, a trough to trough period.

Wave heights in excess of 30 meters can exist at sea; wave pe-
riod usually range between about 3 and 30 seconds.
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Figure 2.1 RECORDS OF WATER LEVEL

VERSUS TIME WITH VARIOUS
DEFINITIONS FOR H AND T.

2.3 Physical Phenomona

If we examine a record of water surface elevation versus time
for a pattern of regular sinusoidal waves, we see that the elevation
pattern repeats itself with a period, T, equal to the wave period.
The pattern repeats with a circular frequency of

w = =n rad./sec. (2.01)
T

Similarly, if we examine the wave pattern at some instant, we
see that the pattern repeats itself at regular intervals as well.
This interval is called the wave length, . In a way parallel to
that for the frequency, w, we can define a wave number, k, as:

k = &L rad./m. (2.02)



Continuing our assumption of a sinusoidal wave, we can now
write out an equation for the water surface elevation as a function
of the wave height, length, and period as well as time, t, and loca-
tion, x.

n = 3 sin(ut-kx) (2.03)

where: n is the elevation of the water surface at point x and time t.

The speed at which a wave crest passes along the ocean surface is
given by:

C=%‘-=7§T (2.04)

when the wave occurs in relatively deep water (depth, h, > 1/2). (Re-
lationships for other conditions will not be given here.)

It should be obvious from (2.04) that a direct relationship exist
between wave period and wave length in deep water. Indeed:

A= é% T2 = 1.56 T2 (metric units) (2.05)

It can be handy to remember that a sort of ordinary Noth Sea wave has
a period of about 8 seconds with a wave length of about 100 m in deep
water.

A relationship between wave height and wave period (or wave
length) is Tess easily defined even though some relation must exist.
(The shortest waves at sea are not the highest and often the longest
waves are not the highest either. This latter comment is especially
true if the Tong waves are a swell radiated from a distant storm as
opposed to locally generated storm waves.)

Iﬁ deep water, waves will break when their height exceeds about
1/7 of their wave length. This, then, set a 1imit on the wave height
that is a function of the wave length and hence its period.

2.4 Other Wave Reationships

How does the water move in a wave? If we watch a float in the
deep ocean we see it move up and down as wave crests pass. Also, it
moves forward (in the direction of propagation of the wave) when on
the crest and back when in the trough; its net horizontal movement
is zero during a wave period.

Indeed the horizontal velocity of our float at the water surface
is:

H .
u= 22’— sin (wt-kx) (2.06)
and its vertical velocity component is:

W = %ﬂ cos (wt-kx) (2.07)

This is the parametric representation of a particle moving around a
circle of radius § with period, T.
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Deeper in the water, this circular motion continues, but the
radii of the circles decrease exponentially with depth. More com-
plete versions of equations 2.06 and 2.07 are:

wH _kz

u=--e sin (wt-kx) (2.08)
w= 31 ek cos (ut-kx) (2.09)

where z is a vertical coordinate measured upward (positive) from the
water surface. Figure 2.2 sketches the orbital motion under a deep
water wave. '

Figure 2.2

ORBITAL MOTION UNDER
A DEEP WATER WAVE

This decrease in wave influence below the ocean surface explains
somewhat the relative stability of structures such as submarines and
semi-submersibles in wave action.

Wave also posess energy. This energy includes both kinetic and
potential energy. It is most convenient to express energy in units of
energy per unit wave crest length and unit wave length (in other
words, per unit ocean surface area). In such units:

E=gpgH (2.10)

where g is the acceleration of gravity and

p is the mass density of water.
This energy is dependent only upon the wave height; it is independent
of the wave period.

As a storm progresses, the energy of its waves must also be propa-
gated forward. Close examination of the "front" of such a wave field
will reveal that the individual waves more forward with a celerity, or
speed, c, which is twice as fast as the wave field (group) -moves for-
ward as a whole. This Tatter, slower velocity with which the energy is
propagated is referred to as the wave group velocity; in deep water
its value is:



cg = ¢/f2 (2.11)

In the next section we return to the problem of the "real" ocean
by combining a number of waves.

2.5 Wave Statistics

How can we use the results of the previous section (derived for a
simple sinusoidal wave) to describe a real sea? We can do this most
easily by expressing this real sea as a sum (theoretically infinite)
of sine waves, each with its own amplitude, a; and phase, ¢i:

n(t) =izl a; sin(w;t - 8;) (2.12)
The coordinate x does not appear in (2.12) since we are restricting
ourselves to one location. Equation 2.12 can be compared to (2.03) -

remember that the wave height, H, is twice the amplitude, a.
The total energy of such a set of components is:

7 1 4 (2.13)

which differs from equation 2.10 only in that pg does not appear.

Noting that each component in (2.12) has its own (different)
frequency, we can define a function S(w) called an energy density
function such that:

= S(mi)dw (2.14)

as shown in figure 2.3.

S(w) 4

Figure 2.3

CONCEPT OF WAVE SPECTRUM
(no absolute scale)

1
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Such a spectrum is nice, but it is not all that convenient.
Imagine having to keep a whole series of graphs in order to record
the storm wave history of the North Sea!

Realizing that the total area under the spectrum curve repre-
sents an energy, we can characterize this spectrum by some single
wave height having an energy which is related to the spectrum energy
in some way. For convenience, we can define a significant wave

height, Hsig’ as:

Hiq = & Or S(w)dw - | (2.15)

Lord Rayleigh examined the statistics of the sea surface and found
that if the water surface elevation at any time was described by a nor-
mal distribution, then the distance between extremes (wave heights)
were described by a Rayleigh Distribution. For this Rayleigh Distribu-
tion, the chance that a wave height, H, is exceeded in a storm
characterized by Hsig is:

2
P(H) = o2 (2.16)
sig s

which again involves the significant wave height. Table 2.1 Tists some
values from equation 2.16. We see from the table that the significant
wave height, Hsig’ is exceeded by 13.5% of the waves. Also, it can be
shown that Hsig is also equal to the average of all waves for which
P(H) is Tess than 1/3. Additionally, and of significant emperical im-
portance, the significant wave height corresponds well to the wave
height determined by experienced visual observation.

What does all this mean? It means that we can characterize the
spectrum of each storm by a single value, the significant wave
height*. Further, we can determine the chance that any given wave
height occurs using the Rayleigh Distribution and the given sig-
nificant wave height.

We can also carry out some statistical work on the series
of significant wave height values, each characterizing a single
storm. For example, for the southern part of the North Sea, a
linear graph of Hsig
A few values are given in table 2.2.

versus log frequency of occurrence results.

In chapter 5, we shall use these statistical relationships
in order to determine wave forces on structures and the chance
that a given force will be exceeded.

In the remainder of this chapter we briefly examine the
other causes of water movement in the oceans which must be con-
sidered in the offshore industry.

% e have neglected the frequency (period) data.



Table 2.1 Properties of Rayleigh Distribution

. H
Beadanee BTA) Msig
107° 2.40

2x107° 2.33
5x107° 2.22

1074 2.15

2x1074 2.06
5x107% 1.95

1073 1.86

2x1073 1.77
5x1073 1.63

0.01 1.51

0.02 1.40

0.05 1.22

0.10 1.07

0.125 1.02
0.135 1.000
0.20 0.898
0.50 0.587
1.00 0.000

L4

Table 2.2 Significant Wave Heights in Southern North Sea

frequency of Significant Wave
exceedance Height, Hsig
(storms/year) (m)
10 4.2
5 4.6
2 5.2
1 5.1
0.5 6.1
0.2 6.7
0.1 7.1
0.05 7.6
0.02 8.2
0.01 8.7
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3. OTHER OCEAN FLOW PHENOMONA

3.1 Tides

Another source of currents in the oceans the tides.
Their influence is most pronounced in areas such as the North Sea
and other rather restricted (from an oceanographic view point)
waters. Tidal currents well away from the coasts - such as in the
mid-Atlantic are generally negligible.

3.2 Ocean Currents

Wind forces and a Coriolis acceleration resulting from the
rotation of the earth on its axis cause circulation currents in
the ocean. These currents are usually found outside the con-
tinental shelves in deep water. Extreme velocities in the order
of 1.5 to 2 m/s can be found, for example, near Florida, U.S.A.
in the Florida Current - part of the Gulf Stream. The flow in-
volved in such currents is enormous - 60x106 m3/s for the Gulf
Stream. Svedrup, Johnson and Fleming (1942) give an excellent
summary of the ocean currents then known. (A few equatorial
currents have been discovered since then).

3.3 Internal Waves

In certain parts of the world the oceans are stratifed;
layers of different density can be found. Internal waves can
then develop and propagate along the interface between layers,
much Tike those on the surface between water and air.

Because of the small density difference between layers,
the gravitational influence is relatively small on such waves.
To compensate for this, they can be very high - in the order
of 50 meters is rather common. They move slowly, however (2
m/s for example) and have somewhat longer periods than surface
waves. (Periods in the order of 20 minutes are common) .
Osborne, et al (1977) describe experiences with such waves while
drilling in the Andaman Sea (between Burma and Sumatra). Max-
imum currents observed there were a bit more than 0.5 m/s at a
depth of about 110 m.

3.4 Tsunamis

Tsunamis, sometimes incorrectly called tidal waves, are
ocean waves generated by geologic action of the sea bed. Actions
such as earthquakes or the explosion of submarine volcanoes have
been known to cause them. Tsunamis, thus, have nothing to do with
tides. The word tsunami comes from Japan where such waves are
all too common.
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Tsunami waves can range up to tens of meters high (at
least near the shore where they are usually observed) and have
periods ranging from a few minutes up to, say, one half hour.
Usually only one (or at most a few) such wave is generated by a
given seismic activity.
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4.  HYDRODYNAMIC FORCES ON CIRCULAR CYLINDERS

4.1 Introduction

Since the early 1950's an enormous amount of research has been
invested in the determination of the hydrodynamic forces on slender
circular cylinders. Progress seems, at times, to be slow and no sin-
gle method to predict the wave and current forces on structural elements
of, say, a jacket structure is universally accepted. In this chapter,
an attempt will be made to explain the more popular theories. In the
following section, we start by discussing the force components ac-
ting on a unit length of cylinder placed perpendicular to a two-di-
mensional flow. Slender, in this discussion implies that the flow
characteristics around the cylinder can be characterized by the flow
conditions at a single point corresponding to the Tocation of the
cylinder axis in an undisturbed flow pattern. As such, this implies
that the cylinder diameter is much smaller than the wave length, A.

4.2 Hydrodynamic Force Components

Consider a cylinder of diameter, D, and unit Tength placed
with its axis perpendicular to an infinite constant uniform velocity
field. This unit Tength of cylinder will experience a drag force,
FD, of:

Fp = (3 olVIV)(D 1)(Cp) (4.01)

where: D is the diameter of the cylinder,
V  is the undisturbed velocity,

o s the mass density of water, and
-C is an experimental coefficient.

This drag force is, thus, proportional to the kinetic energy of the
undisturbed flow, times the projected area obstructing the flow,
times a dimensioniess coefficient. Usual values of CD range from
about 0.5 to about 1.5. The drag force acts in the same direction

as the velocity, and is caused, primarily by the pressure difference
existing between the "front" and "back" of the cylinder.

A second force component, the 1ift force, acts along a line
perpendicular to the flow direction. It can be described by:

o= i % o V%) (D 1)(C,)(sin 2nft) (4.02)

where: f s the frequency with which eddies are shed in the
vortex street behind the cylinder, and

C, 1is an experimental 1ift coefficient.

L

The 1ift force is proportional to the same sorts of quantities as
the drag force, but fluctuates in a sinusoidal way with a frequency
equal to the frequency with which eddies are shed. The 1ift force
is apparently caused by the alternate eddy formation in the wake of
the cylinder. The 1ift force is only important, thus, when such
eddy formation is present.
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The above two force components are the only ones present in a
uniform steady flow.

If, we now allow the undisturbed flow to oscillate as a func-
tion of time a third force component, the inertia force, appears.
This force component is described by:

Fr= (57 0%1)( 3 )(c,) (4.03)

The inertia force is proportional to the acceleration of the water
times the mass of water displaced by the cylinder, times an experi-
mental coefficient, CM. The force is directed in the same way as
the instantaneous acceleration.

Morison, et al (1952) seems to be the first to have suggested
a formula for the wave force acting on a vertical circular cylinder.
The formula which bears his name is:

F=F+F

2 3u

(] 3t C

dF = 5 p ulu| Cp DL + 3 7 D dL (4.04)

M
where: dF  acts on an element of length dL,and

u is the horizontal component of the velocity in the wave
(equation 2.06). Morison assumed, probably unconsiously, that
velocity and acceleration components parallel to the axis of the
cylinder did not contribute to the hydrodynamic force in the direc-
tion perpendicular to the cylinder axis.

Why did Morison neglect the 1ift force? There are probably two
reasons: First, with a vertical cylinder in waves, the line of ac-
tion of the 1ift force is perpendicular to the line of action of
the other two force components. Secondly, the Tift force is directly
coupled on the eddy formation in the wake of the cylinder. Unless a
single eddy extends over the entire length of the cylinder - very un-
likely in view of the varying flow conditions under a wave - the re-
sulting 1ift force - integrated over the cylinder length - will be
much Tess than that predicted by an equation like 4.02. For these
reasons 1ift forces are often neglected in the determination of
design loads on an offshore structure as a whole, used, for example,
to design the foundation. Lift forces may not be neglected, however,
when considering, for example, vibration of an individual structural
element.

Figure 4.1 shows the inertia and drag force components on an element
of a vertical cylinder of 1 m length located at a depth of 10 m in
infinitely deep water. The cylinder diameter is 0.5 m and the wave
height and period are 5 m and 10 seconds, respectively. Values of
CM and CD are chosen (quite arbitrairily for now), to be 1.2 and

0.7 respectively.
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Note that the drag force has a decidedly different character
from the velocity. This comes from the fact that it is proportional
to the square of the velocity. This non-linearity, a quadratic
dependence upon velocity, will lead to many practical problems when
wave forces are to be computed in real random seas. This will be
discussed in more detail Tlater in this chapter and in chapter 5.

0f course, the velocity and acceleration components are 90°
out of phase. This implies that the maximum drag force occurs when
the inertia force is zero and visa versa. Note, also, that the
maximum force does not, in general, occur at either of these times.

4.3 Sloping Cylinders

With the advent of the Targe steel offshore jacket structures,
it has become increasingly important to pkedict hydrodynamic forces
on cylinders having an arbitrary orientation relative to the waves.
The most common procedure for calculating such 1ift and drag for-
ces at present is to attribute the transverse force components to
their respective perpendicular components of velocity and accelera-
tion. Recent evidence from studies carried out here in Delft indi-
cates that the above approach may not be correct. Unfortunately,
testing has not yet progressed far enough to define a better pre-
diction technique.

A more conservative but no more correct approach is to deter-
mine the force per unit length for the sloping cylinder in the
same way as for a vertical cylinder using horizontal velocity and
acceleration components. This resulting force per unit length is
then applied undimished along the entire length of the sloping
element. Such a procedure is recommended in the Shore Protection
Manuals; it is most Tikely conservative.

4.4 Parameters and Coefficients

The traditional parameter to which drag force coefficients in
constant currents have been related for decades is the Reynolds
Number, Re. It is defined as a ratio of viscous forces to inertia
forces and is usually expressed as:

Re = — (4.05)

where: Vv is the kinematic viscosity of water (usually about

10'6 m2/s). Indeed, a reasonably consistent experimental relationship
exists between drag coefficient and Reynolds Number for constant
currents.
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Such a relationship is less successful in waves, however. Keule-
gan and Carpenter (1956) found that for an oscillatory flow, both
the drag and inertia coefficients could be related to the Keulegan-

Carpenter Number or Period Parameter:
_ar
KC = R (4.06)

where: @ is the maximum velocity component, and

T is the wave period.

If we assume, further, that the velocity component varies sinusoi-
dally as a function of time, then KC can be expressed as:

KC = nl CM Drag force amplitude

N CE Inertia force ampTitude

(4.07)

Thus, the Keulegan Carpenter Number can be seen as a ratio of drag
force to inertia force in waves. Further, since CM is often a bit
larger than CD, the two force components contribute about equally
when KC A 12.

Another physical interpretation of KC is the ratio of water
displacement to cylinder diameter.

KC = pq Water displacement amplitude
cylinder diameter

(4.08)

When waves are combined with currents, the Keulegan-Carpenter
Number Toses significance. Also, as the Keulegan-Carpenter number
increases, drag coefficient values approach those for a correspon-
ding Reynolds Number in steady flow. This seems logical in light
of equation 4.07, above. Since the inertia force becomes less im-
portant as KC increases, one still often finds graphs relating
CD to Re. - see, for example, volume II of the Shore Protection
Manual.

The current tendency is to relate the coefficient values
to both Reynolds and Keulegan - Carpenter Numbers. Figures 4.2
and 4.3 summarize the data of design interest.

It is well to note that many organizations include data such
as presented in figures 4.2 and 4.3 in their own guides of recom-
mended practice.

4.5 Waves Plus Currents

When currents are superimposed on the waves (a tide superim-
posed on waves, for example) one must be sure to add the necessary
velocity components vectorially before computing drag forces. The

resulting drag force will be directed perpendicular to the cylinder
axis and be in the plane defined by the resulting velocity vector

at that instant and the cylinder axis.



1.0

w
©

Co

2.0

18

SUGGESTED VALUES OF Cy AND Cp AT SUBCRITICAL R, FROM KEULEGAN

- //
:
\//
- [R, < 5x10° JL
1 ! 1 ) 1 1 1 1 11 1 1 -
25 50 75 100
KC
A
7
- {R, <5 m:‘} -
0 25 50 75 © 100
KC
Figure 4.3

AND CARPENTER, FOR THE WAVE FORCE NORMAL TO THE AXIS OF A SMOOTH

CYLINDER.
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Nete that the non-iinear character of the drag force makes it
ineorrect to determine the drag forces from the wave and constant
current separately and then to add these two force components. In
the more corvect method outiined above, the velocity components
are first added as vectors before the resuiting drag force is com-
outed.

4.6 Simplifications

Under certain conditions, the Morison equation (4.04) can be
simplified. Since the non-linear drag term is the most troublesome,
it is helpful to investigate the conditions under which this can
be simplified.

If the drag force component is smail relative to the inertia
force, then rthe drag force term in (4.04) can be either neglected
or approximated by a Tinear relationship. Remembering, that the
ratio of drag force to inertia force is represented by the
Keulegan-Carpenter Number, we can see that KC must be small if
the drag force is to play an unimportant role in our problem. From
equations 4.C7 and 4.06 we see that the drag force component is
fess important when velocity or wave period is small or when the
cylirnder diameter is large. In general, tne drag force term can
be neglected without significant error whenever the Keuiegan-Car-
penter Numbey is less than about 3. Such Tow KC values cccur often
with large Floating bodies or when more siender bodies are subjec-
ted to very short period movement relative to the water. This last
case can be experienced when an offshore structure is subjected
to an earthguake , for example.

For somawhat larger but still small KC values, the drag force
term can be approximated by expressing V|V| as a Fourier Series
and then retaining only the first harmonic. If the velocity can be
written as:

Y =a sin ot (4.09)

then V|V| yields a Fourier Series without a constant term and with
exclusively odd harmonics of sin wt. The first term has ampiitude:

2
8a - = 2 1
= = 0.2488 a (4.10)
This means that V|V| can be approximated by:
8
=V (4.11)

Note that the peak value of the drag force will be somewhat reduced
in the linearized approximation. The importance of this remark will
become apparent in chapter 5.

If, on the other hand, the Keulegan-Carpenter Number is very
large, the inertia force component becomes relatively unimportant.
Such 1is the case, for example, for a cylinder in a tidal current
for which the period is relatively very long. Steady current data
can be used with success.
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4.7 Additional Remarks

As we have seen in chapter 2, velocity components under a
wave decrease as we move deeper into the ocean. The most straight-
forward practice is to use the computed values of velocity, etc.
at each depth to determine the necessary parameters such as Re
and KC which in turn determine the values of CD and CM to use
at that depth. This is the most popular but not universal practice.

An alternative but apparently less correct approach is to
evaluate the flow parameters and coefficients at the ocean sur-
face and use these coefficients as constants valid over the entire
depth.

Figure 4.2 also gives some indication of the uncertainty
involved in the computation of wave forces. Note that the uncer-
tainties are greatest for individual structural elements and when
the drag force component is relatively more important.

A11 of this discussion until now has been concerned with a
smooth cylinder. In reality, marine growth soon makes the members
of offshore structures rough and even larger. Examples of offshore
structural elements whose diameter have been doubled by marine
growth are not hard to find. Often, larger diameters are substi-
tuted into the Morison Equation (4.04) when computing forces.
Additionally, the roughness tends to increase the drag coefficient,
CD’ somewhat. Minimum CD values of about 0.8 to 1.0 can now be
expected. Even slight roughness can often double CD values.

4.8 Example

Since it can be instructive to illustrate a wave force compu-
tation, let us compute the hydrodynamic force on a 10 m long ele-
ment of a structure. The diameter of the element is 2.5 m and it
is placed in a vertical position and extends from 95 m below the
still water level to 105 m below this Tevel.

The design wave has a height of 20 meters and a period of 15
seconds. A current of 0.5 m/s flows in the same direction as the
waves are propagated. Determine the maximum force acting on this
portion of the structure.

We first determine the relevant flow parameters at the
location of the element. Using equation 2.08:

. _ wH  kz
Uu=- e (4.12)
2m
A
: 5 €

(2)(x)(-100)
2)(r) 20 _ (1.56)(15)“
—2' e

=§ne- = 0.70 /s (4.12)
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where (2.05) has been used in the third line, and we'have
assumed conditions at z = -100 m to be typical.

Since the constant current acts in the same line as G, we
can add it directly. The maximum water velocity will then be:

0.70 + 0.50 = 1.20 m/s ' (4.13)

The Keulegan-Carpenter Number is, now:

k=g = LLEU) -7 (4.14)

This implies that both drag and inertia will be important with
the latter term dominating slightly.

Checking the Reynolds Number:
uD 1.20)(2.5 6 ¢
Re = W2 - (1.20){2:5) 3, 9 (4.15)
v 10

we see that this is in the postcritical area.
This allows us to determine CD and CM from figure 4.2:
C, = 0.6

(4.16)
c

m=1.5

The total velocity at the location of our element now
varies about the constant current velocity. The maximum velocity
- equation 4.13 - is 1.20 m/s; the minimum velocity is:

0.5 - 0.70 = -0.20 m/s (4.17)
or expressing the total velocity, V, as a function of time:

V = 0.50 + 0.70 sin(Zgt) (4.18)

The acceleration follows from differentiation:

N - (0.70)(Z) cos(ZEt)
(4.19)
= 0.29 cos(%%t)
Now, using (4.01) for a 10 m length of cylinder:
Fy = (3)(1025)(0.6)(2.5)(10) [0.5+0.7 sin(ut)] *
[10.5+0.7 sin(mt)ﬂ (4.20)

= 7688 [o.5+o.7 sin(wt)__] [l 0.5+0.7 sin(mt)ﬂ (4.21)
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Also, using (4.03)

-
]

i (2.5)2(10)(1025)(1.5)(0.29) cos(wt) (4.22)

21887 cos(wt) (4.23)

where w = 2m/15,

Our suspicion about the dominance of the inertia force seems con-
firmed. .
One can see by inspection that the maximum sum of FD and FI '
will occur in the interval during which both terms have the same
sign. Choosing the positive interval (which will yield the maxi-

mum force in this case), then:

F = FD + FI

n

7688 0.540.7 sin(ut) 2 + 21887 cos(ut) (4.24)

This is maximum when %%5?7 =0

Thus, at the maximum:

(2)(7688) 0.5+0.7 sin(wt) 0.7 cos(wt) - 21887 sin(wt)=
or:

7688 + 7534 sin(wt) cos(wt) - 21887 sin(wt) = 0 (4.26)

s%n(mt) _ 7688 + 75%§8§;n(wt) cos(wt) (4.27)

a trial and error solution yields:
ot = 30° (4.28)
Thus using (4.24):

F = 5558 + 18950 = 24508 N. (4.29)

which is our desired answer.

One might 1ike to attack the same problem, but now with
the cylinder placed horizontally parallel to thw wave crests at
a depth of 100 m. What will be the maximum horizontal force acting
on this cylinder segment?

The answer is: 24528. N (4.30)

which by chance is not much different than the answer to the
first problem.
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5. DESIGN WAVE CHOICE

5.1 Introduction

In the previous chapter, we have seen how to predict the hydro-
dynamic forces on an element of an offshore structure once the wave
conditions are known. The wave conditions which we need are really a
wave height, H, and a wave period, T. If we are not working in deep
water, the we will need to know the water depth as well; we shall
restrict ourselves to deep water, however.

A quick review of chapter 2 reminds us that the actual sea can
be described best as a random sort of combination of a Targe number of
small wave components - a spectrum. If the relationship between wave
height (for example) and hydrodynamic force were linear (it is not,
because of the quadratic drag force), we could transfer the know
wave spectrum to a loading spectrum. One method to determine loadings
is, thus, to transform a wave spectrum using a linearized transfer
function.

Another approach which avoids the approximations involved in the
linearization, above, is to choose a single - or at most a small
number of - design wave and to compute design Toadings based upon
this design wave. Now, the wave information can be transformed to
the wave force via the classical Morison Equation.

In the following sections, we examine each of the two above
methods before comparing them.

5.2 Design Wave Method

We may remember that the wave heights within a storm can be
characterized by the significant wave height and described by the
Rayleigh Distribution - see section 2.5. Further, the storm his-
tory of a given area can be described by a semi-Togarithmic plot
of significant wave height versus frequency of exceedance.

The Rayleigh Distribution was given in chapter 2 as:

p(H) = e 2lF ) (2.16) (5.01)
where P(H) is the chance that an individual wave of height H is
exceeded in a storm characterized by Hsig' The data represented by
table 2.2 giving the storm statistics of the southern North Sea can
be plotted on semi-logarithmic paper or the following equation can
be fitted:

3.786-0.669 Hsi

£(H =10 g (5.02)

sig)
where f(Hsig) is a frequency in storms per year. It would be safest,
of course, to design our structure to with stand the maximum wave
load that s possible. This would imply that P(H) in (5.01) would
be zero; This, in turn, implies that H would be infinite; thus, the
maximum wave force is infinite. It is, of course, impossible to
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design a structure to withstand an infinite load. We must be con-
tent, then, to accept some finite chance that a design load (wave)
will be exceeded during the Tifetime of the structure.

Ideally, we would choose a chance of exceedance and, from that,
compute a design wave height, Hd. Unfortunately, this problem cannot
be solved; we must be content to determine the chance that a given
design wave height, Hd’ is exceeded one or more times in the design
life of our structure. The procedure for this problem is described
in more detail by Bijker and Paape in Massie (ed) (1976).

Storms at sea do not last forever®. The total number of waves
encountered in the storm is, thus,‘finite. This number of waves, N,
will depend upon the time period over which the storm is assumed to
rage - usually about 6 hours for the North Sea - and upon the aver-
age wave period in the storm. Usually, either N or the average wave
period is included in wave statistics.

Let us consider first a single storm characterized by some
value of Hsi . This storm will contain N waves. Further, we wish
to determine the chance that a chosen design wave height, Hd’ is
exceeded at least once.

Using (5.01), the chance that Hd 18 exceeded by an single wave
is:

H, 2
- o2
q) =€ “Heso (5.03)

P(H o

The chance that this wave Zs not exceeded is, then:

1 - P(Hy) (5.04)

The chance that this wave is not exceeded in a series of N
waves is, then:

N
[1-P(Hy) ] (5.05)

and finally, the chance that the design wave height, Hd, is exceeded
at least once in the single storm containing N waves is:

N
Ey =1 - [1- P(Hy)] (5.06)

Since the wave of height Hd can occur in many different storms.
We must now couple El’ found above, to the storm statistics data. If
we knew the chance that Hsig used to compute E1 occurred, we could
compute the chance that botn the storm characterized by Hsig occurs
and Hd occurs in that storm. Unfortunately, equation 5.02 gives the
chance that Hsig is exceeded rather than occurs.

* 1t may well seem so, however, if yau happen to be seasick on
board a ship in the storm!
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However, the chance that Hsig falls in an interval between

Hsw'gl and HsigZ:

p(Hsig) = P(Hgiq1 < Hsig < HsigZ) (5.07}
is equal to:

P(Hgiq) = FlHgiq1) = FlH;00) (5.08)

Hsig on the left of the two above relations is a value of Hsig
used to characterize the wave height interval between Hsigl and
HsigZ‘ Assuming that all of the storms in the interval can be ap-
proximately characterized by Hsig’ the change that botx the given
storm occurs and the design wave zs exceeded in that storm iS,

somply:
E2 = p(HS'ig)'El (5.09)

We are not yet done, however, since the design wave can also
occur in another storm outside the interval characterized by our
chosen Hsig' Therefore, we must carry out a computation outlined
above for a whole series of values of Hsig’ each characterizing a
different interval of the total storm record. Hd will, of course,
remain constant, but values of N and p(H_;_ ) will vary. If we use
N' values of Hsig
tions then the N' resulting values of E2 must be combined.

sig
to characterize the total range of storm condi-

Since each value of EZi for i = 1 to N' represents the chance
that the design wave Zs exceeded in a given storm and the storms are
mutually exclusive (only one storm is raging at any one time), then
the chance, Ej, that H, is not exceeded at any time (in any storm)
during the one year is:

+ E22 ¥ sis ¥ Egu ¥ "‘EZN') (5.10)

2i

E (5.11)

1 - (Ey
gl‘

} = .
=1

N'
where J  is the sum of the N' terms.
i<1

If the structure has a lifetime of % years, then the chance that
the design wave, Hd, will be exceeded at Teast once during the life-
time of the structure is:

P(H>H,)=1-E (5.12)

d 3 :

This resulting chance is our objective! By repeating this whole

computation for various values of Hd’ we can determine the relation-
ship between Hd and the chance that this wave will be exceeded.
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5.3 Example

Compute the chance that a design wave height of 20 meters occurs
at least once in a period of 25 years in the southern North Sea.
Table 5.1 shows the data and computations involved. The charac-

terizing values of H (col. 4) are first chosen. The values in

column 1 representinz1%he limits of the intervals are then chosen.
Values of f(Hsig) follow from equation 5.02 which has been fitted
to data for the southern North Sea. p(Hsi ) follows by subtracting
adjacent values in column 2 of table 5.1.
P(Hd) comes from substitution of values of Hsig (col. 4) and
Hy = 20 m into (5.03). Values of E1 then follow using equation 5.06.
Values of E2 are found by multiplying values found in columns
3 and 7 of the table - equation 5.09. E3 is found using (5.11) for
the N' = 11 intervals. Notice that the values of EZi are maximum
near the middle of the table. At the top of the table, E2 values
are small because the chance that the storm occurs, p(Hsig) is
small. On the other hand, at the bottom of the table, the chance
that a 20 m wave occurs in a given (mild) storm is extremely small.
The final result of the computation is that a wave 20 m high
has a chance of about 3.75% of being encountered in a period of 25

years on the southern North Sea.

5.4 Wave Period Choice

In order to calculate velocities and accelerations in a wave
we need to know the wave period (frequency) as well as the wave
height. What wave period should we combine with the design wave
height in order to determine velocities and accelerations near our
structure?

Sometimes the wave statistical data available includes sepa-
rate wave period data. This can be helpful in determining the de-
sign wave period; a significant bit of "engineering judgement"
will be needed, however.

Another, but extremely conservative, alternative will be to
assume that the design wave is nearly breaking. In section 2.3
the Timiting condition for breaking was indicated as:

H
d _1
XE =3 (5.13)
In our example problem, this means that M is at least:
Ag 3 (20)(7) = 140 m (5.14)

and, using (2.05)

Ty > 9.47 s (5.15)

say, Td = 10 s.
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Table 5.1 Design Wave Height Probability Computaticns Hd =20 m.
Hoig f(Hsig) p(Hsig) ﬁhar. N P(Hy) Ey Eps
z S1
(m (M) (S0 (m) (Haves, - . -
% 0.00
5.7x10°® 14 400  0.0169  0.9989 5.69 x 10
13.5  5.7x107°
208x10°° 13 500  0.0088  0.9879  205x107°
12.5 265x107°
a72x10°> 12 600  0.0039  0.9021 8.77 x 10°
11.5  124x107"
458x10°% 11 700 0.0013 . 0.6101 277x107%
10.5 577x10”"
2121072 10 800 3.35x10°%  0.2354 499x107%
9.5 269x107°
0.0099 9 900 5.14x107°  0.0452 447x107%
8.5 0.0126
0.0461 8 1000 3.73x107% 3.72x107% 171x107%
7.5  0.0587
0.2151 7 1000 8.12x107% 8.12x107° 175x107°
6.5 0.273¢
1.004 6 2000 2.23x16°0 4.0x1077  ap2x107’
5.5 1.28
4.68 5 2500 1.27x10%% o 0
4.5 5.9
21.87 4 3000 A0 0 0
3.5+ 27.83
E; = 0.9985

P(H > Hqy) = 0.0375 = 3.75%

Our chosen wave, therefore, has the following properties:

Height 20 m
Chance of Occurrance 3.75%
. Period 10 s

(chosen)
(computed)
(semi-computed)

This wave would then be used in the Morison Equation to determine

the design Toads.

&

5
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5.5 Spectrum Transformation Method

A second (and independent) approach to the problem of deter-
mining the loads on a structure is to transform the spectrum of
waves (such as shown in figure 2.3) to a spectrum of wave forces.
This can be done only if the Morison Equation is expressed in
linearized form. Only then are two necessary conditions satisfied:
a. The wave force is directly proportional to the wave height,

and
b. The frequency of the wave force is the same as the frequency
of the wave. ' .
The transfer function used to determine the spectrum of wave
forces from the wave spectrum can be determined as a function of
frequency simply by determining the wave force exerted on the
desired element as a function of frequency using a linearized Mo-
rison Equation for a constant wave height of 1 meter.

The wave spectrum is then transformed to a force spectrum
simply by multiplying the wave height spectrum value for a given
frequency by the transfer function value. The resulting force
spectrum can then be used in further design analysis.

5.6 Comparison of The Methods

The two methods of determining the design loads on an off-
shore structure just presented in the previous sections are not,
in general, equivalent. Only when the drag force plays an in-
significant role in the total force on a structural element will
there be agreement between the methods. It might be better to
say that the results from the two methods would not, then, be in
conflict; after all, the two methods do yield rather different
information. Even so, however, some comparison is possible.

Consider, for example, that we have a record of waves mea-
sured during some period at sea. We could determine the spec-
trum from this record and determine a transfer function for wave
height to wave force as mentioned in the previous section.

An alternate procedure is to determine the wave height and
associated wave period data from the wave record needed to use
the Morison Equation directly. Such a procedure would yield a
sort of record of wave force versus time which could be caused
by the given wave record. Of course, we can then easily deter-

mine the spectrum of the force - time record. The important
question is: "How do the two resulting force spectra compare?" The

steps outlined above are shown schematically in figure 5.1.

Linnekamp (1976) carried out such a comparison. (It involves
a lot of work.) He found that the spectrum transformation method
agreed well with the more complicated Morison Equation approach
for forces smaller than about the "Significant Wave Force" - the
value exceeded by about 13.5% of the force peaks in the record.

For the more extreme peak loadings, however, he found that
the spectrum transformation method yielded force values which
were too low when compared to the design wave method.
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Iwave Record n(i}]

~ N

Associated values
Spectrum Sw of Hand T

[Transfer Function| [Morison Equation |

]Eorce Record F(t)l

Force Spectrum

Comparison

[Figure 5.1 Representation of Alternate Methods

Therefore, we might make the following conclusions:
When the drag force plays no significant role in the force de-
termination (Keulegan-Carpenter Number < 3) both methods are
identical. The spectrum transformation method is then the bet-
ter one because of its simplicity.
When the drag us important and we are interested in maximum
forces which seldom occur (These could lead, for example, to

a total failure of the structure.) we must use a design wave
approach in crder to get an accurate force prediction.

If, on the other hand, we are interested in loads which occur
many times, (needed for material fatique studies for example)
then a spectrum method appears to yield adequate results.



33

REFERENCES

The following list includes more complete bibliographic
data on most (and hopefully all) of the references listed in
the text.

Anonymous (1973): Shore Protection Manual: U.S.
Army Coastal Engineering Research Center: U.S.
Government Printing Office, Washington D.C.

(1976): A Critical Evaluation of the Data on Wave Force
Coefficients: The British Ship Research Association Con-
tract Report No. W 278: Department of Energy Report No.
0T/R/7611: August.

Keulegan, G.H.; Carpenter, L.H. (1958): Forces on Cylinders and
Plates in an Oscillating Fluid: Journal of Research of the
National Bureau of Standards: volume 60, number 5, May.

Kinsman, Blair (1965): Wind Waves, Their Generation and Propaga-
tion on the Ocean Surface: Prentice-Hall Inc., Englewood
Cliffs, N.d, U.S.A.

Linnekamp, J. (1977): Hydrodynamic Forces on a Vertical Cylinder
resulting from Irregular Waves: Student Thesis, Coastal Engi-
neering Group, Department of Civil Engineering, Delft Universi-
ty of Technology, Delft, The Netherlands.

In Dutch, original title: Hydrodynamische krachten tengevolge

van Onregelmatige Golven op een Verticala Paal.

Massie, W.W. (ed) (1976): Coastal Engineering — volume I, Intro-
duction: Coastal Engineering Group, Department of Civil Engi-
neering, Delft University of Technology, Delft, The Netherlands.

Morison, J.R. (1950): Design of Piling: Proceedings of the First
Conference on Coastal Engineering: Long Beach, California,
U.S.A.: Chapter 28, pp 254-258: October.

Osborne, Alfred R.; Brown, J.R. (1977): The Influence of Interna-
tional Waves on Deepwater Drilling Operations: Proceedings

Ninth Offshore Technology Conference: Volume I, paper 2797:
May.

Saunders, W.R. (1956): Hydrodynamics in Ship Design: The Society
of Naval Architects and Marine Engineers, New York, N.Y.,
U.S.A.

Svedrup, H.U.; Johnson; Fleming, R.H. (1942): The Oceans, Their
Physics, Chemistry, and Genmeral Biology: Prentice-Hall Inc.,
Englewood Cliffs, N.J., U.S.A.






CORRYCTIONS AND ADDITIONS TO

HYDRODYNAMIC ASPECTS OF FIXED
OFFSHORE STRUCTURES

compiled by W.W. 'lassie

Coastal Engineering Grouo
Department of Civil Engineering
Work Group Nffshore Technology
Delft University of Technolog§
Delft

The :Jetherlands

December 1979



Corrections and additions to liydrodynamic Asnects of Fixed Jffshore

Structures - revised edition April 1979 hy .. ‘fassie

Page

i

1

2

3=7

3-9

13
22

23

24
25
26

27

Correction or renark

This table of contents is no lonier compnlete.
Replace chanter | with the revised text included here

Replace with chapter A,

here .’

This information will be nresented in a different sequence

in class

‘Sediment Transport at Sea’, included

Add extra note near the bottom of nage 8 and replace table 2.2.

See page included here

Add iten (included) on Lift Forces at bottom of the page

Correct equation 4.14:

2 uf

Correct equation 4.24:

wes = 7688 [D2.5 + 0.7sin(mt)]2 -

correct equation 4.25:

... (7638)

Delete equation 5.02
Line 9 of text, add:

0.5

Replace with text on

+ 0.7sin(wt)J Vel s os
Wind Loads (included)

as corrected in 'fay 1979

. . "i fi'ﬁ- "
and the sentence including equation

second line above footnote, change ‘equation 5,02 to: table 2.2

Correct equation 5.07:

oo = p(i

i .
siygl

correct equation 5.08:

i - P
sen = PUHgopd = Pl 000
correct the 6th line after equation 5.09:

ees ¥ and p(it )

:
sig

replace the two lines above equation 5.19 and equations 5.10 and

5.11 hy.

the chance, E3, that Hy 18 exceeded at least once in the storm

period is:

E, = E, +E

e, = Byt
RE
=
1

- E
=1

2+

21

+ I

21

(5.19)

(5.11)
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renlace the last 7 lines (including eq. 5.12) with:
The chance that this wave height is not exceeded in the single
storn period is, of course,

I—E3 I (5.11a)
and the chance that Hd is not exceeded in a structure lifetine
of % years containing ' storms is:

(1-i,) (5.11h)
Finally, the chance the hd is exceeded at least once during the
lifetime is:

P = 1 - (1R (5.12)
change 6th line of section 5.3 text to read:

Values of P(Hsig) followlfrom table 2.2 representing

Dron first word in the following line.

In the 13th line: ... 4' =13 ...

Replace entire page with new tabhle and text (included).

Add the following reference:

Yamamoto, T., Koning, H.L.® Sellmeijer, H.; Hijum, E. (1978):
On the Resnonse of a Poro-Llastic Bed to Vater Vaves:

Journal of Fluid lechanics: vol. 87, op. 193-296.



1 Introduction

Thase brief notes are intended to provide the student of general offshore
engineering some insight in the civil hydraulic engineering aspects of
offshor= engineering nroblems. Recause of the limited nature of this class
and the varied student background, coveraze here will be summary with
erphasis on problem understanding rather than theoretical datails. “fore

extensive data on many of the tooics can be found in the references listed.

The subject material in this portion does not stand alone. Use will be made
here of information presented in the classes on Physical Dceanograohy and in
the review of Fluid “fechanics. Further a certain coupnling with the Soil
ifechanics aspects is also presented. The treatment of waves reviews the
Physical Oceanography of surface waves and works toward hoth Civil Ingincering

and Naval Architecture (seakeeningz) applications.

The form of these notes nay seem a bit cumbersome. This results from the
constantly changing list of tonics to he treated and rapnid davelopments in

this specific branch.

These notes should be read using these pages as a guide. The order of
presentation will be effectively that that results from making the correc-

tions and additions listed here in the original hook.

Because of its special significance for the offshore industry, the statistics
of design conditions - here applied to occan waves - will be handled somewhat

more deeply than other topics, see chapter 5.



A. Sedinent Transnort at Sea

A.1. Introduction

Sea botton material - sand or finer soil particles - is often transpor-
ted along with ocean currents driven, for example, by tides or waves.
Consideration of the equilibrium of a single bed material particle resting
on the sea hed shows that friction between the particle and the rest of the
bed holds it in position until the JIriving force (from the water flowing
above it) exceeds a certain critical value. Since this driving force (fric-
tion between the woving water and the bed) is proportional to the square of
the current velocity, it appears that the current velocity rmust exceed a
certain critical velocity before bed material will be brought into suspension
and movenent will be initiated. Waves, causing in nrinciple only an
oscillatory water otion near the saa bed, can also bring material into
suspension, but the lack of a resultant water movement onrevents transpoft.
The various possible coribinations of waves and currents can be evaluated
as to sediment transport via the followinz two questions: o

Is the maximum velocity ever greater than the critical value? and Is
there a resultant water movement? Only if both answers are yes will there be

an actual bed material transnort.

The presence of bed material transvort is not necessarily detrimental
to the sea bed or to a structure. Indeed, as long as just as much bed material
is transported into a given region as is transported out of that region the
bed remains in a state of dynanic equilibrium; no net deposition or erosion
takes place. [Lrosion results only if the sedinent transport capacity increases

from one place to another: denosition results from a dercase.

A.2. Influence of Structures

Given a stable sea bed which is in equilibrium, what is now the effect of
placing an obstacle such as a pipeline or offshore structure on the sea bed?
These will be discussed! individually beginning with a large circular offshore
gravity structure places on a sandy bottomn.

Figure A.l1 shows a plan view of the sea near the gravity structure.
Some streamlines are sketched qualitatively. Rememhering from fluid.mechanics

that continuity requires that all of the water flowing in section A (between
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two streamlines) also passes through B and C and since the stream

nath is narrower at ., the v:lecity there will be e i3

hi_her than at A. Since the velocity is hi her, so, also, will he the

sediment transnmort canmacity at s as commared to at A »nc € - provided, of

course, that the velocity at » is sreater than the critical value.
Anplication of taat wvhich we know about erosion - fron abcve - to this

problem leads to only one conclusion: If selinient woves at all, there will

he erosion of material between A and 3 and deposition of that same material

1

between 3 acn C. In nractice, the bed chanjes will e uore or less concentrated
near 8 where a2 hole will develon, the denosition will he spread over a wider
area more Jownstream. The <deenest nart of the hole will be near the structure.

The effects of this scour hole on the founuation will be discussed uore
fully in the classes on Foundation £nsineering.

The discussion above can be repeated for the la; of a jacket structure.
Because such a leg is of wmwuch snaller dianeter than a gravity structure the
scour hole will also be sualler hut provahbly of larser ralativa size.

What can b2 done to nrevent suca scour? Jne solution is to cover the sea
bed near the structurz with a nprotective layer of less erodable material
-- coarse jravel or stone, for examnle. ’roblems can still arrise, but now at
the eiueé of the protective layer. This will becon2 more Obnous a hit later

in this chanter.

A.3. Ixnosed Pinelines

Consider, now, a pineline lavin- on the hottorn. \ny realistic person will
not even dare to hone that this nipe will %“e in contact with the hottoa over
its entire length. some parts will have settled in to the hottoir, other
sections will forn a free snan just ahove the bhottori.

The presence of the Fottow will have a marked influance on the flow
pattern near the nive. The exact nature of the influnz2ce will depend unon many
factors: the nipe and bottou roughness, the pipe diaueter, and the ori.inal
clearance between the pine and the bottoi:. In ceneral, the ifollowin; can be
expected. '

The nipe obstruction will cause a local increase in the avera,e velocity
between the pipa and the hotton; this, in turn, eroles the hottor: imaterial
so that a trench forus under the pine., If the nine elevation is fixel, this
trench deepens until the sediiient transnport canacity reaains constant along
the entire strean nath extending from trell unstrean of the nipe to well

downstrean of it, hat happens to the eroded material?
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Just as with the offshore structure, .this material .is deposited Aownstream
frou the nipeline.

One’s initial reaction to the fact that the erosion under a pipeline
section reacaes an equilibriun state umight well be one of indifference.
‘A section of nipeline _jets a hole under it. So what?" Lxaniination of a
lengthwise profile - fijure A2 - reveals two Jifficulties.
1. Erosion will continue near the end-noints of the span uaking the span
perpetually longer, and
2, The pipeline will inevitablly sag between the sunnorts, decreasing the

bottoir clearance and stiiwulating additional erosion.

Ohbviously, neither nrocessx can 70 on forevar., If the span becomes long
enouzh, the pinme will break of its own weight while additional erosion
deenening under a pipeline often halts after the nine itself has larzely
sagged into its erosion trench.

One solution to this whold nroblen could be to bury the entire nipeline;

this soluti¢n.is exanined in the following section.

A.4. Pineline 3Burial-

One obvious-looking solution to erosion nrohlems near ninelines is to
bury the nineline comnletely fron the start. Three individual sub=-prohleus
arrise with this approach, however, these are liscusse? senarately in the

remainder of this section.

Pineline Trenching
The first sten in :otting a nineline underround on the sea bed is to

make a trench in which to lay it. In shallou water (less than, say 30 =)
rather neat ‘trenches can be dreiga? using rather conventional equinaent.
In deener water ra.dging becomes first inaccurate - resulting in a wide
(expensive!) trench - and later iwmmossible,

In water too Jdeen for lredzing it has heen nronosel to first lay the
nipe on the sea hel an? then to liquify the soil unler the nine usinz a
jetting machine towe!l along the nineline. 3uch a machine also has its

nractical problens. The nineline cannot be hent too sharnly during the
nrocess of sinkin: it in the bel and sone soild (stiff clays for example)
R

% Alditional, equally troublesnue, nrocesses will he consicered after

hydrodynamic forces have bheen treate.l.



are unsuited to such jetting onerations. A rore recent Dutch develonment
has been a snecially lesigned nlow which, guided by a nine laying ‘on the
bottonm, is towe! by a tugboat. The nroblem with »ine henlinz is still
present but the nlow can be used in udre varie?l soild, A disalvantare of
the nlow is that it leaves the nine layins in an onen vee-shaned trench.
Also, the denth of the tranch (size of the nlow) is somewhat linited by the
available tugboat »nulling force. Inlee?, such nlows have onlv been Jesiznel

since the introduction of the suner tugs such as the Snit Rotterlan ..

Pineline covering

Once a nineline is laying in a trench the next nrobler is to cover it.
(Unler certain conditions, we may wish to cover a nipeline laying on the
sea hed surface,) Generally new soil material will have to be brought into
accomnlish this covering. 'hat are the nrohlens associated with the placement
of this coverin;?

First, we nust be sure that the material actually lanls an! comes to rest
where it is wantel, This tiay sound silly, Hut sormetines carefully Jumned
waterial seems to disannear without a trace! One way to le more sure of the
placenent is to convey the cover material to a point just ahove the pnineline
by dumping it throuzh a vertical nine,

Secondly, v rust he sure that the nine renains in nlace., A\ nixture of
soil narticles and water in which the soil narticles are loose from one
another behaves as a liquil! with the snecific weisht of the mixture., If this
snecific weight is yreater than the net snecific wei ht of the (armnty!l)
nineline, the latter will float on the nixture. The result is a neatly filled

trench with the nineline restinz nn ton of the “ackfill naterial!

Stability of Covering

ra

The third problen’ is to be sure that the coverin» naterial an< the
surroundings renain in nlace. This relates back to our knowledze of sediment
transnort. Stability iumlies that no erosion or denosition is to take nlace
anywhere in the vicinity. This, in turn, requires that the selinent transnort
renain constant alonz a streanline nassing over the Jisturbed hed area.

The nipeline c¢overing material nust, therafore, have effectively the same
characteristics as the surrounling undisturbe! bed. Int only must the fill
waterial remain in place, it nust also not cause a flow “isturbance which

could lead to erosion :lownstrean fror: the nine covering material.



A.5. Influence of ‘laves

It has been assune! for simnlicity that the erosion and denosition
nhenoiaona described so far in this chanter Mhave been caused by steady
unilirectional currents. Jhat hannens if win? generated water surface waves
are also nresent? (The discussion here will be kept qualitative since
exact data on wave action is nresente!l only later.).

If the water is not extremely Jdeen (greater than, say 100 to 290 w)
the surface waves will cause water nressure variations and water moveuent
near the sea bed. Both of these nhenonona are cyclic with neriod equal to the

" wave neriod. ) o T e o

The oscillatory water velocity near the sea bed caused by the wavésmééﬁ
be-addédwvagéofially to the constant current. Bottom naterial will be brought
into susnension whenever this resulting tine-denendent current velocity is
areater than the critical velocity as exnlained earlier in this chanter.
It'iS'eveh'nosgihle that a current which alone woull cause no hottom material
movemeﬁt-éombined with an equally weak wave action will cause, topgether, a

resulting bed material transport.

The influence of the water nressure fluctuations is nore subtié_and has
only come to attention quite recently - Yanamoto et al (1978). The nressure
fluctuations in the sea near the sea hed are nronazate’ down into the
pore water in the sea hed. These nore water pressure fluctuations can cause
loss of stability of the soii mass for short neriols of tine (less than one
surface wava neriod). Thus, a buriel nineline, for exammle, can find itself
surrounded hy ‘high “density liquid for reneatel short intervals sc that
nine movements within the sea hel hecome nossible.

Iore of the s»il mechanics background of this nhenomona is given in

‘the classes of Prof., vaa ‘Jeele.
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Corrections on »najges 38 and 9

Add the following text at the end of 7th line above the footnote:

In that tahle, two frequencies ar2 riven. The first is an absolute
frequency, P(Jsif) - the chance that a storn at least as severe as is indi-
cated by the adj;cent hsiﬁ value is occurring at any arbitrary instant.
This frequency, just as aﬁy true nrobability, is always less than 1.

The second frequency listed, F(usi‘) is no longer a true statistical
frequency but inlicates anproximately how nany storus will exceed the siven

intensity per year.

Renlace the data in table 2.2 with:

Significant Wave ‘lunher of waves Frequency of Ixceedance
Height, Hsig ner storm i¥ P(qsig) F(ﬁsig)
(n) (=) () (storms/year)
13.5 400 2.933x10 0 1/100000
12.5 500 2.233x10 1/30000
11.5 550 1.070x17"7 1/6400
19.5 600 4.556x19 " 1/1500

9.5 600 1.957x10"° 1/350

8.5 800 8.252x10 1/83

7.5 1700 3.805x10 1/18

6.5 1709 1.802x10 " 1/3.8

5.5 2009 8.600x10 " 1.27

4.5 2009 3.808x10 > 5.56

3.5 2599 1.803x10 2 26.32

2.5 3000 8.082x10 "> 118

3500 1 1450

[t
2



Aldendum Page 13 - lift forces

Vibrations nlay a si nificant role in the develonment of imnortant lift
forces. A rizid cylinder will exnerience vortex shedding which is uore or
less randomly distributed along the cylinder length: the resulting integrated
1lift force will be snall.

If, on the other hand, the cylinder is not rigiily fixed, but is moving
nerhans even slightly back and forth nernendicular to the flow direction,
then this oscillatory :otion will stimulate the development of a wake vortex
in the uost sheltered location. Since relatively long nortions of the cylinder
will be oscillatingy in the same nhase, the zeneration of long vortices extending
over a considerahble cylinder lencth is nov stimulated: this increases the
magnitude of the lift force integratel over the cylinder length. If the fre-
quency of vortex sheddinz, £, is nuch different from the natural frequency
of the transverse vibration/then nothin; very snectacular hannens. (Be sure
to check for a fatique failure, though.) Uhen, on the other hand, f and the
natural frequency of the transverse oscillation are nearly alike, a
“locking-in' takes nlace - the vortex frequency shifts to agree with the

natural frequencvy - and a forcel resonant vibration results,
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Addendun, Chanter 4 VWind Loads

Winl loads can be treated in mueh the same way as stealy current forces.
The imnortant force commonents will be drag and 1lift with the former being
the most imnortant. Inertia forces - conceivahble as a result of wind custs -
are universally neglected.

Drag forces can be nredicte! with a formula analogous to (4.01):

Ry = (4 v)A)(Cy) (42)
where A is the projected area of the obstruction. ilote that , above, is now
the density of air - vossibly containing water droplets (spray); common values
range upward from about 1-2 kg/m3.

A significant complicating factor in the computation of wind loads is the
choice of the proper velocity for substitution in (4a). Friction along the
earth's (ocean) surface will cause a velocity profile to develop. wind velo-
cities become a function of elevation so that a design wind speed (for use in
ba, above) will be higher for the top of a crane structure than for the exvosed
truss work of the main jacket structure. This wind velocity pnrofile can extend
up to a height of, say, 150 meters. Wind speeds renorted by meteorologists are
usually ueasured at a standard elevation of 10 m above the earth's surface.

Values of the drag coefficient are also usually different from those

listed in these notes. Values are too numerous to give details here, however.



H .
sig

(m)

13.5

12.5

1005
9’5
8.5

7.5
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New table data and text page 29.

6.849x10
2.283x10
1.070x10
4.556x10"
1.957x10"
8.252x10
3.805x10
1.802x10°
8.699x10
3.808x10
1.803x10"

3.082x10

p(“sig) char. Hsig i P(ﬁd) El E2 :
(=) (r) (waves/storm) (-) =) ()
g 6.849x107 14 400 1.688x1072 9.989x10”" 6.841x107°
g 1.598x10°° 13 500 8.794x107> 9.879x107' 1.579x10°°
S B.417x107°0 12 550 3.866x107°> 8.812x10" 7.417x1078
, 3.486x1977 11 600 1.345x107>  5.540x107" 1.931x1077
6 1.501x10°% 19 600 3.355x10°% 1.823x107" 2.738x1077
g 6.295x10°% 9 700 5.137x107° 3.532x107%  2.223x1077
5 2.930x107° 3 900 3.137x107%  3.348x107> 9.978x1078
4 14221070 7 1000 8.119x1075 8,120x10™  1.154x10™°
4 6.897x10°% 6 2000 2.234x10"'° 4.000x1077  2.750x107 10
; 2.938x107° 5 2000 <101 =y = 9
) 1.422x107% 4 2500 < 10720 = 0 = 9
, 6.279x107% 3 3900 <1030 =y = 0
9.192x1971 2 3000 < 10780 = 0 = 0
J = 1.200 J = 8.976x10"7

P'(H > Hd) = 0.0323

Our chosen wave, then, has the following nroperties:

Height 20 m (chosen) .
Chance of Exceedance 3.23% (computed)
Period 19 s (semi-computed)

This wave would be used in the ‘lorison Lquation to determine design

loads. The structure designed for these loads would have 3.23% chance that

it would fail during its lifetine.



