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ABSTRACT

In Part I theoretical aspects of hydrodynamic forces on immersed

solids are considered.

Part II contains a chronclogical review of research projects,
laboratory as well as ocean experiments, which have been carried out

since 1950.

In Part III the recommended procedures, which emerge from Part II,

are applied to calculate wave forces acting on the proposed Green Point .

outfall sewer which is to serve the central city area of Cape Town.

The results are discussed and compared.

Part IV outlines the conclusions of this study and offers

recommendations for future research in this field.
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BRIEF INTRODUCTION ’ N

An assessment of anticipated wave forces is required in crder to
produce a rational design for a pipe which is to be laid in the sea.
The primary object of a rational deéign is to provide an economic

solution to a problem.

Should the pipeline be incapable of withstanding.imposed hydrodynamic
loads it will be displaced and may even be ruptured. Such failures are
costly, and since pipelines often convey sew@ﬁ@ﬁf} oil or harﬁful '
chemicals the resulting pollution may be anything between inconvenient

and catastrophic.

On the other hand, if the pipe is overdesigned and constructed to
conservative standards, the excess expenditure may be large and quite

unjustified.

N

A popular method of protecting a pipe ffom wave effects in "shallow"
water is to bury it. But at what water depth does one cease this
practice ? Grace (1971) has reported the displacement of pipelines in
depths of as much as 70 m. Burying the pipe in a sandy sea bed is no
foolproof protection either - éccording to Alterman (1962), for instance,
2,5 m changes in sea bed leQel have been observed at the site of a

pipeline in the Mediterranean.

For almost three decades researchers have studied wave forces on
rigid bodies, notably cylinders. The problem is by no means solved yet.
A submarine pipeline is a special type of cylindrical structure,‘namely
a cyliﬁder near a solid boundary for which the results of general
iﬂvestigations are not necessarily valid. Consequently, even less

POSitivefinformation is available regarding wave forces on pipelines.
This particular subject has, however, been receiving more and more

attention in recent years.
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WAVE THECRY

1.1 SURVEY OF WAVE THECRIES

Numerous theories have been developed to describe wave phenoiena:
some are better than others in certain respects, but all the theories
have shortcomings in some regards; The main reason is the extreme
complexity of ocean waves - especially in the coastal zone - which is
difficult to describe'mathematically. Other reasons include the
three dimensional characteristics and apparént»random behaviour of

water waves.

The two classical wave theories are those devélopéd by Airy, in
1845, and Stokes, in 1880. Both theories:predict wave behaviour better
where water depth relative to wave length is not too small - that is,
in deep water. Cnoidal wave theory, originally developed by Korteweg
and De Vries in 1895 predicts fairly well the elongated trough - peaked
crest wave form and associated motions encountered in shallow water
regions. Certain features of wave behaviour in very shallow water

near the breaker zone, are predicted sétisfactorily by the so-called

- solitary wave theory. In 1802, Gerstner developed the trochoidal wave

theory which predicts wave profiles quite accurately, but not water
particle motions. A fairly new theory is the numerical stream function
theory, developed by Dean in 1965. (Ref: Dean (1965), (1974)).
Versions of Stokes' theory often encountered include Stokes' second

order theory, as well as third, fourth and fifth order theories.

It is.understood that D.H. Swart, et al, are currently developina
a new wave theory in South Africa, and are due to present a paper
titled "Vocoidal theory for all non-breaking waves" at the 16th
International Conference on Coastal Engineering, to be held in Hamburg,

West Germany, in September, 1978.

The Airy theory, which describes pure oscillatory waves, does not
allow for mass transport and ignores the long trough, short crest
configuration, has a few shortcomings, but has the advantage of being
relativély uncomplicated. Mathematically, it can be considered a
first approximation of a complete theoretical description of wave

behaviour.

-y



When concerned with submarine pipelines, one is usually interested
in the movement of water particles close to the sea bed. Of all the
theories, the Airy theory provides the best estimate of the true peak
velocities. This was found by Le Méhauté, Divoky ahd Lin (1968), and
also by Goda (1964), Grace (1971), Grace (1973) and Grace (1976).

This theory, unfortunately, underestimates the accelerations of the
water particles near the sea floor.. It is, however; possible to
'compensate for this shortcoming when calculating the forces, as we will
see later. Grace (1973) puts it as follows "The easiest wave theory

. to use is the linear, or Airy, wave theory. It turns out as well

that this theory gives accurate predictions of the real bottom
velccities beneath wave crests and is apparently as good or better

than other theories in predicting maximum water particle accelerations
near the-sea floor. For design-type waves, it appears to predict

such accelerations approximately one-third low". In another paper,
Grace (1975) says that, regardless of how nonsinusoidal the surface
feature of the wave appears, the Airy theory provides a "very creditable
prediction of near-bottom water velocity under the wave crest". The
velocity under the trough is predicted too high;'but since the pipe-

line is designed for peak, or crest, conditions, this is irrelevant.

Vongvisessomjai and Silvester (1976) also make some interesting
comments on the applicability of water wave theories: "Tests by Le
.Méhautélet al (1968) have indicated that no single theory predicts
~the (orbital) velocity distribution throughout depth as recorded in
flume tests". = Silvester (1974) found that, of eleven theories
consiaered, the Airy theory as modified by Goda (1964), was the most
accurate in predicting particle motions close to still water level as

-well as the bed.

Thus, to summarize, the Airy theory is accepted as the most
suitable for obtaining particle velocities and accelerations required

for calculating forces on pipelines close to the sea floor.

Unless indicated otherwise, we shall, in the remainder of this

thesis, restrict ourselves to the usé of the Airy theory.

PR - aad
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1.2 SOME DEFINITIONS AND CONCEPTS RELEVANT TO WAVE KINEMATICS

Periodic wave: 2 wave is periodic if its motion and surface profile

recur in equal intervals of time. (

Gravity waves: The principal restqring force of these waves is
gravity, i.e..the gravitational force attempts to bring
the fluid back to its equilibrium position. The
period is typically between about 0O;1 second and 5
minutes, although, when concerned with critical forces
on submarine pipelines, the 5 to 20 second period

waves are usually of importance.

1.2.1 Notation
T = wave period (seconds)
a = undisturbed or still-water depth (m)
B L = wvave length (m)
H = wave height (trough to crest) (m)
d/L = relative depth
H/L = wave steepness
£, = 1/T = wave frequency (waves/second or
cycles/second or hertz)
o] = 27T/T = radian frequency (radians/second)
c = L/T =

wave celerity (m/s)

Direction of vrop%a’don ,
S Ozlerity =C

YA | L ,

Crest

7

Treufah

I S N N T S N e S S S NS SNTUS YU _/W,Q\;WAW' NN SNSRI 7/

Figure 1-1 Definition sketch.



1.2.2 Classificaticn of wavesy

"~

1.2.2.1 Progressive versus stationary wavesg,

Progressive: A wave form which moves in some direction relative to
the fluid is a progressive wave. Ocean waves,

generated by wind, are examples.

Stationary: If the water surface merely moves up and down at a fixed
position it is said to be a stationary wave or a
clapotis. Waves, trapped between the vertical walls
of  a harbour, performing a see-saw motion known as

seiche or range action, serxrve as examples.

1.2.2.2 Oscillatory versus translatory waves.,

vOscillatory: If the water particle has essentially a regular forwards-
backwards motion about a fixed mean position, or
alternatively, if the particle;moves in a closed orbit,’
thé wave motion is said to be 6sciliatory. Most sea

waves outside the breaker zone are of this type.

Translatory: When the water particles advance with the wave, and do
not return to their'original positions, the wave is
translatory. A solitary wave is an example of this

type of wave.

1.2.2.3 Solitary wave versus wave trainy,

The difference lies in the number of wave forms present.

Solitary wave: If only a single crest (or trough) is present, the
wave is of the solitary type. Examﬁles include the
wave in a canal following the rapid opening of a sluice
gate, and a wave at sea resulting from a landslide into

coastal waters.

Wave train: If a series of repetitive wave forms is present, we

\

have a wave train. Ocean swell is an example.

!



1.3 KINEMATICS OF WAVE ORBITS, ACCORDING TO THE AIRY THEORY .

1.3.1 Wave formy,

Referring to Fig. (1-2), the equation describing the free surface
of a simple sinuscidal, progressive, oscillatory wave as a function of

time t and horizontal distance x, is

. v/ -
y = H cosom (XL (1-1)
s 2 L T .
where Yy = elevation of the water surface relative to still-water
level. b

Direction of Wave Propogation —————>

- Wave Length, L -
x=01 y
Crest
/—7‘ g y
!a X/ y0 ¥
Still Water Level, Surface Trough Water  Direction of Viave Height,
SWL ~ Woter Particle Particle Water Particle H
Orbit Motion
\
Water Depth, d MNole: Verticol scote ond
porticle orbits
d/L = relotive depth exaggeroted
y/d = proportional depth
1 Bottom

Figure 1-2 Graphical description of terms, (Wiegel (19€4), p.14)

The wave form is propagated through the fluid by water particles
performing orbital motions; ~the orbits generally being of elliptical

.shape, Fig. (1-3).



U = Hor. vc,!ocity component;

ar e Vst velociby componmt

Figure 1-3 Orbit of a water particle under wave action

1.3.2 Hyperbolic functions

The functions sinh, cosh and tanh are widely used in linear wave

theory, and are defined as

X -X
sinh x = e - & . (1—2)
2
F 4 e (1.-3)
cosh x = ————mwk
2 —
. X =X T
tanh x sinh x _ e -e _ (1~-4)
cosh x - X -X
e + e

. where e = Base of the Naperian logarithm = 2,718

1.3.3 Orbital Velocities

At any point (x, y) within the fluid, and at time t, the

horizontal component of velocity, u, is given by

TH cosh Lo (y + a)/L1 x _t _
= 7 sinh. (27 a/L) cos 2T 1T < 3 (1-5)

and the vertical component of velocity, v, is given by

Kl

TH sinh 2w (y + )/n] .. 'x t
T sinh (27 a/L) sin 2w [~-——] (1-6)




The maximum values of u and v occur when the cosine and sine

functions, respectively, are unity.

u o= TH cosh Rr (v + a)/1 ) (1-7)
max T ~ sinnh (27 d/L)

v__ = mH sinh 1 (v + a)/1] (1-8)
max T ~sinh (2T /L)

1.3.4 Orbital accelerations

The horizontal component of water particle local acceleration, u,

at any point (x, y) within the fluid, at time t, is given by

2 —
4 = 20H cosh Lr (y+a) /L) i, onx _ (1-9)
T sinh (27 d/L) L T

while the vertical component of local acceleration, ¥, is

. 2120 sinh [21 (y+d)/L] x t (1-10)
o= , os 2T|= — =
T sinh (2T 4/L) T

The maximum values of these accelerations, 1 and v
- max max

respectively are

27?8 cosh [7(y+d)/L ]

Ywax ©= "TZ “sinh (27 4/L) (-1l

o - . 2m’H sinh Pm(y+a)/1] | (1-12)

max T sinh (27 d/L) '
1.3.5 Phase relationship

The phase relationship between u, v, a, v and y. (the elevation
of the free surface relative to the still-water level) for any fixed
point in the fluid, through one complete wave period, can be found

through inspection and is shown-in Fig. (1-4).

It is important to note that, in any one direction, the velocity

_is always out of phase with the acceleration'by a quarter period.

1.3.6 : Displécement of water particles

The maximum horizontal displacement from the centre of the orbit.,

.

A, (see Fig. (1-3)), is given by

_ H cosh [2ﬂ(j¥d)/L] _
A = 5 ~Sinh (2r a/m) » (1-13)
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Figure 1-4 Phase relationship between surface elevation, velocities

and accelerations



The maximum vertical displacement from the centre of the orbit,

B, is
" H sinh  [2m (y+d)/L]
= 5 1-14
B 2 sinh (27T d/L) | ( )
S 1.3.7 Wave celerity

The celerity, c, with which the wave form is propagated through

a fluid is

~

—

c = \/g—% tanh (27d/L) (1-15)

1.3.8 Classification of water waves according to relative depth

The ratio d/L, the relative depth, is an important parameter in

linear wave theory.
The hyperbolic tangent function, defined as

tanh x = ——%— . (1-4)

tends to 1 when x becomes large, and

tends to x when x tends to zero.

Therefore, the celerity ¢, as given by Eq. (1-15), can be

expressed as

c = / %%- for large values of 2m 4/L (1—16)
. [, 2ma

¢ com ¥ L
= v/ gd for small values of 2m d/L (1-17)

If 4/L > %, the error when using Eq. (1-16) instead
of Eq. (1-15) is smaller than 0,2%

If 4/1. < 1/20, the error when using Eq. (1-17) instead
Eq. (1-15) is smaller than 1,7%

It is very convenient to classify waves as follows:
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Range of relative depth

a/L : Type of wave
' 0 to 1/20 long, shallow waves
1/2C to 1/2 | intérmediate depth waves
1/2 to OQ | shorﬁ, deep waves

(This is the classification recormmended by Eagleson and Dean (1966) and by
Kilner (1975). In the CERC (1975) classification, the limit "™ 1/20 " is
replaced by " 1/25 "),

Eq. (1-16) leads to a very useful relationship: the deep water

wave celerity, co, as a function of wave period:-

From Eq. (1-16) : c¢? = —Z-%L - (1-18)
and since L = cT, it follows thét c = 5%-T
OR c,B = 1,56 T _ (1-19) -
where cO = deep water wave celerity in m/s
and T = wave period in seconds.
1.3.9 Orbit characteristics of the three types of waves

Eagleson and Dean (1966), show, by considering Eqé. (1-13) and
(1-14), that the shape of the particle orbits under short, deep waves is
almost circular, and orbital motion virtuélly ceases at a distance of about
half the wave length below the still-water level. This leads to the
phenomenon that a wave in deep water does not "feel” the sea bed. Vice
versa, objects on the sea bed are not affected by deep water waves passing
overhead. . It is usually accepted that the process of refraction of
waves starts when the water depth becomes less than half the wave length.
For the long, shallow aﬁd the intermediate depth type waves, the orbits

are elliptical and occur right down to the sea bed.

For all three types of waves, the total vertical displacement of

particles at the surface is equal to the wave height, H.

These characteristics are schematically illustrated in Fig. (1-5).

Ay

Cim .
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Figure 1-5 Schematic representation or orbit characteristics, (Dean and

Harleman (1966), p.32)

As waves move from deep water, through intermediate depths, to shallow
water, various characteristics such as L, H, and c change, while T remains
constant. The shoaling process will not be described herein, but a very
useful alignment chart, developed by Prof. F.A. Kilner of Cape Town
University, relating water depth, wave length, wave height,'wave‘period,

celerity and group velocity is included, see Fig. (1-6).

1.3.10 Validity of the Airy theory

According to Wiegel (1964), this theory is valid if the wave
steepness,'H/L, is small (a requirement stated'by Stokes)} and the ratio
L2H/24° is small. Longuet-Higgins (1956) suggested that this ratio must
be much smaller than 16m2/3 = 52,6: o
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CHAPTER 2

PO

MECHANISMS WHEREBY FORCES ARE GENERATED CN SUBMERGED BODIES

2.1 BODY FORCES
2.1.1 Weight ,

The weight, W, of a body with mass, m, is
W = mg (2-1)

where W = weight of the body (say in N)
= masjof body (say in kg)
= gravitational acceleration (usually taken as

9,81 m/s?)

In the practical case of a pipeline, the total weight cf a unit
length of the line may consist of say the weight of the pipe tube, the
weight of a protective coatiﬂé around the tube, the weight of a concrete
jacket, the weight of any saddles or anchors weighing the pipe down,

and the weight of the contents of the pipe.

2.2 HYDROSTATIC FORCES

Under this category we shall consider those forces that are present
when there is no relative motion between the body and the surrounding

fluid.

2.2.1 Buoyancy force

The law of Archimedes states that if any body is wholly or partly
immersed in a liquid, it will be buoyed by a force equal to the weight

df'the liquid displacedvby the body.

This buoyancy force is obtained by integrating the pressures,
exerted by the liquid, over the ‘entire surface of the body. Consider

the situation illustrated in Fig. (2-1).

v et g ¢
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Figure 2-1 Pressures on a body submerged in a liquid

The pressure p, at a point at any depth z within the liquid‘'is
P = pgz . : (2-2)
and acts normal to the surface of the body.

Since the liquid is static, the sum of the horizontal components

of these pressures is zero; in other words, the net horizontal force

on the body is zero.

Because the pressures increase with depth, the sum of the vertical
components are not zero. A net vertical force results, its direction

being upWards. This is the buoyancy force, PB.

This means that a system of pipeline (i.e. tube with or without
coating, concrete jacket, saddles, contents etc) having a total weight

wo in air and a total displacement volume V, will, after immersion in

a liquid have a smaller effective weight, Weff:
weff = weight in air - weight of displaced liquid
= W - pvg : B (2-3)

o]
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Figure 2-2 Hydrostatic forces: Weight, Buoyancy Force, Submerged Weight

2.3 HYDRODYNAMIC FORCES

Whenever a body obstructs the flow of a real fluid, such as water,

it experiences some sort of force.

The dynamicé of fluid flow around a cylinder (the shape usually
applicable to pipelines) is guite complex, and therefore it is not easy
to predict the induced forces accurately. Yamamoto, et al (1974)
state that "... the subject has been difficult to understand thoroughly
because of the complicated flow regiﬁes which depend on the ambient
velocity distribution, turbulence, nearby boundary conditions, cylinder
shape, direction and time variation of the flow, presence of a free
surface, and the motion response of the cylinder itself. The somewhat

random phenomenon of vortex shedding adds further difficulty"”.

Bearing these complications in mind, we shall take a closer look

at the types of forces and the manner in which they are generated.

In order to calculate a force on a body, it is neceséary to
consider the distribution of pressures and shear stresses over the
surface of the body. Fig. (2-3) shows the direct pfessure, p, and
shéar stress, 1, on an elemental part of the surface, dAr , of a body.

S
s

T .
The pressure and shear stress act in directions normally to "

- s g
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and tangentially to the elemental surface area, respectively.

ELEMENTAL. SURFACE,

AREA dA_ -

Figure 2-3 Pressure and shear stress on an elemental surface area
By integrating these pressures and shear stresses, in other words,
summating all the elemental forces on the total surface of the body,

one arrives at the resultant water force on the body.

2.3.1 Bydrodynamic forces in steady flow

2.3.1.1 Drag forces

2.3.1.1.1 The concept of drag

3

If a hody is placed in the steady current of a’ perfect fluid (i.e.
a fluid without viscosity), the total force exerted by the £luid on
the body, without circulation of velocity, is =zero. This is known as

‘the paradox of D'Alembert.

In the case of a real fluid (i.e. a viscous luig),-a boundary
+layer develops along the body and this leads to a drég force. This
force is caused by shear séresses acting on the surface of the body.
An additiocnal effect of the boundary layer is a wake which is a .
phenomenon resulting from the separation of the boundary layer on the
downstream side of the body. '

.

Consider the flow around a blunt body such as a cylinder. The

pressure along the surface of the body, which is impressed on the
Spex ety

boundary from the external flow, is notﬁponstant,»refer to Fig. (2-4).
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S
SEPARATION POINT

LINE OF FLOW SEPARATION

Figure 2-4 Separation of the boundary layer (Le Méhauté (1976), p.172)

The fluid particles are accelerated from A to B and decelerated
from B to C.e Consequently, according;to the Bernoulli equation, the
pressure decreases from A to B and‘increases from B to C. As a result
of the viscosity of the fluid, which leads to friction within the
boundary layer, a certain amount of kinetic energy is converted into’
heat and is thus not available to overcome the increasing pressure
toward point C. The fluid particles, being influenced by the external
pressure, may move in the reverse direction and cause flow separation
behind the body at point S. The flow field behind the separation is
very irregular, is characterized by turbulent eddies, and is called the

turbulent wake.

Compared with frictionless flow, the flow field changes radically
because of the existence of the wake. The main flow which separates
from either side of the boundary does not meet immediately behind the
body, but leaves a "dead zone" in which the pressure remains close to
its valué at the separation point, which is always less than the
pressure at the forward stagnation point. Therefore, a large net force
will act on tﬁe body resulting from the integration of the pressure
differences across the body. This force is known as "form drag" or'
"pressure drag". N

Form drag is critically dependent upon the existence and position
of flow separation which, in turn, depends upon the shape of the body

and the boundary layer characteristics. In general, the larger the
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the width of the wake the larger the form drag and thus the total drag.

The form drag can be reduced considerably by streamlining the body°

Drag usually consists of'twobcomponents: that due to the skin
friction giving rise tc shear stresses which when integrated over the
body yield surface drag or friction drag, and that due to the existence

of ‘the turbulent wake which leads to the form drag or pressure drag.

The drag force experienced by a stationary body immersed in the
steady flow of a real fluid will depend on the Reynolds number
characterizing the motion and upon the geometrical form and orientation

of the body. Rouse (1938) gives the following equation-for the drag

force:
i uf , 2. 2
FB = function 5 form| £°pu (2-4)
where FB = resultant drag force acting on the body
u = stream velocity
£ = the significant dimension of the body
V = kinematic viscosity
p = mass density of the fluid

Eq. (2-4) is derived from a dimensional analysis of the several

variables involved, and is generally written in the more convenient

form
F!' = function (R form) A BEF = C_ A BEi (2-5)
D e’ r 2 D r 2
where Af- = projected area of the body on a plane normal to the
' direction of fluid motion
CD = a variable coefficient of drag
Re = Reynolds number = ufl/v

It follows from Eq. (2-5) that

C, =.function (R , form) = _D ' . (2-6)

©
o
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The drag: force per unit length, FD, on a cylinder with a diameter

D, placed with its axis at right angles to the flow, is expressed as:

F.o= % chpu2 (2-7)

2.3.1.1.2 Drag characteristics of a cylinder in steady flow

The variation of the drag coefficient CD with Reynolds number fox

a smooth circular cylinder in steady flow is shown in Fig. (2-5).

100’

0. - - - -
U . } 4 - 6 -
TS ,1& 10, .mz . 10’ 10 |§ 10

Figure 2-5 CD versus Re for a smooth circular cylinder in steady flow

(Le M&hauté (1976), p.175)

Explanations for some of the characteristics of_theicurve in
Fig. (2-5) are offered by Le Méhauté (1976) and Vennard and Street (1976).
As the‘Reynolds number, Re’ increases the flow separates from the
surface of the cylinder, beginning at the rear stagnation point, where

the adverse pressure gradient is greatest.

For Reynolds numbers upvto about 0,1 CD resulFs from shear»effeéts
only, refer Fig. (2-6a). As the Reynolds number increases to about
10, separation and weak eddies begin to form, enlarging intec a fully
developed wake near a Reynolds number of 1000; in this range the drag

coefficient results from a combination of friction drag and form drag.

When Re = 1000, friction drag constitutes only about 5% of the

e gy
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total drag. For higher Reynolds numbers the contribution of friction
drag becomes progressively smaller and form drag beccomes the dominant

component.

__\\< .
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Figure 2-6 Flow about a smooth circular cylinder at various

Reynolds numbers (Vennard and Street, p.668)

In the range of Reynolds numbers SO to 5000, a regular pattern
of vortices break loose from the leeside of the cylinder and get
carried away by the main stream, see Fig. (2-7}. These vortices are
known as the von Karman vortex stieet. Alternate vortices rotate
clockwise and counterclockwise, As the veloéity is increased, and
thus also the Reynolds number, the vortices are released more easily,
the separation points move further downstream, the size of the wake is
reduced and fhe form drag, now being the main component of the total

drag decreases.
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. . Figure 2-7 Von Karman vortex street

The value of CD is almost constant for Reynolds numbers of 5000
to 2,5 x 10°. When the Reynolds number exceeds about 2,5 x 10° the
drag coefficient suddenly reduces conéiderably. The reason apparently
.is that the béundary layer changes from the laminar state to turbulent.
This transition brings a violent mixing in the boundaxy layer resulting
in the fluid particles near the boundary gaining additional kinetic
energy, which enables them to withstand the adverse pressure gradient
better and to move the separation point'still further downstream as shown
in Fig. (2-6c). The size of the.wake is thus further reduced, leading

to a reduction in CD{

Fig. (2-8) illustrates how the pressure distribution on the
cylinder changes as result of the boundary layer transition. Since
the transition from laminar to turbulent boundary layer depends cn the
roughness of the cylinder, and to a lesser extent on the turbulence
level in the free stream, the drag coefficient near this critical

region is not a unique function of the Reynolds number.
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!

" Figure 2-8 Change in location of separation points and pressure
distribution due to the boundary-layer transition

(Le Méhauté (1976), p.174)

When the Reynolds. number exceeds about 5 x 10° the drag coefficient

starts increasing, probably due to excessive turbulence.

As mentioned earlier, the form drag of a body can be reduced by
streamlining the body. Consider two objects: the one having a
streamlined shape; Fig. (2-9a), the other being a flat plate held
normal tovthe flow direction, Fig. (2—9b)¢ Both have the same

projected area on a plane normal to the flow direction.

("f')_ : 5 g;undaf\i- layizr

!
e

¢ -

Figure 2-9 Flow about a streamlined body and about a blunt body
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It can be seen in Fig. (2-9a) that the boundary layer clings to
the body over most of its surface and the width of the wake is very
small; in other words, there is little separation. The total drag

consists mainly of frictional drag, and little form drag.

In the case of the flat plate, Fig. (2-9b), the boundary layer is
rapidly separated from the body, the wake is quite wide, resulting in
substantial separation and a iarge form drag. The total drag of the

flat plate is much greater than the total drag of the streamlined body.

A circular cylinder, which is also a blunt body, obwviously falls

in a category between the streamlined case and the flat plate.

2.3.1.2 The phenomenon cf vortex shedding

The formation of the von Karman vortex street has been mentioned.
Long blunt objects such as cylinders tend to shed large eddies
regularly and alternately from opposite sides when placed Qith their
axes perpendicular to the fluid flow. As a result of this unsymmetric
periodic circulation of velocities, a varying pressure field is induced,
in accordance with the Bernculli principle, resulting in a periodic
lateral force that reverses its direction continually. Therefore the
cylindér may tend to oscillate from one side to the other, pafticularly
if the frequency of vortex shedding approaches the frequency of natural

oscillation of the cylinder, resulting in resonance.

The Strouhal number,
fD
v

S = — - (2-8)
u

is a useful parameter for determining the frequency of the vortex

shedding, fv' in steady flow.

The Strouhal number depends uniquely on the Reynolds number (at
least for steady flow) and is given in Fig. (2-10); S5 = 0,20 to 0,21

-over a large part of the Re range.

© e g
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Figure 2-10 Strouhal number versus Reynolds number for circular

cylinders in steady flow. (Le Méhauté (1976), p.175)

2.3.1.3. Lift forces

*When the buoyancy force, PB' acting on a body immersed in a static
fluid, was considered, it was shown that PB resulted from the
integration of vertical components cf pressures acting on the surface

of the body.

When the body is placed in a moving fluid, the total vertical
force may once again be obtained by such an integration. Let this

vertical force be PB at any instant.
dyn-
In most cases PB will not be equal to PB' The reason is that
dyn
"the pressure field around the body is not hydrostatic.

It is however very convenient to subtract the assumed hydrostatic

part from the overall force, so that one is left with (PB - PB)
. dyn
which represents that part of the vertical force due only to

hydrodynamic effects.

In the remainder of this dissertation'the hydrostatic compbnent;
PB,:of the vertical force will be subtracted. In other words, when
referring to "1lift" or "transverse" forces it is implied that these

are merely the hydrodynamic force components.

If a circular cylinder is placed in the steady flow of an ideal
fluid, away from any boundaries or free surfaces, the pattern of

streamlines is perfectly symmetrical, as shown in Fig. (2-11), and
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therefore the dynamic force perpendicular to the direction of flow is

always zero.

h Fln.su tant forcz =0

___#,///“t‘
v

Figure 2-11 Circular cylinder in an ideal fluid, no boundary

effects, steady flow

If the ideal fluid is replaced by a real fluid, there may be

separation on the downstream side of the cylinder accompanied by vortex

shedding - which is asymmetrical - which, in turn, would lead to an

oscillating transverse force.

e rr————— e O T
et st

Assuming for a moment that there were no vortex shedding but that
the cylinder rotated about its axis, thereby creating an asymmetrical
pattern of streamlines, a transverse force would also act upon the

cylinder. \

- Purthermore, if the cylinder is placed in the steady flow of a
real fluid, in the vicinity of a boundary, such as the channel floor,

it will experience a transverse force. Refer Fig. (2-12).

T Velosity » ' foree #0

Lo Sradfeot

S

R R T R s B ey T RS R T T N ST A RN AR

Figure 2-12 Circular cylinder in a real fluid, in the vicinity of a
. boundary, steady flow '
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This transverse force is due to the streamlines around the cylinder
being asymmetrical. This asymmetry of streamlines would generally
have two causes: the first being the boundary alone, which would
~retard the particles close to the boundary more than those further
away (viscosity effects), and the second being the combined cylinder-

boundary system.

The side of the cylinder where the velocities are greatér would,
according to the Bernoulll principle, be subjected to smaller pressures,

resulting in a net transverse force.

This transverse force is commonly known as the 1ift force since
it is similar to the aerodynamic lift force exerted on an aerofoil.
In fact, it is reported in Hydraulics Research (1962, p.74, that "the
cylinder lying on the sea bed constitutes quite a good aerofoil,

particularly when it is smooth...".

Note that the direction of 1lift is essentially transverse for the
stream direction and is not necessarily vertically upwards. A
vertical pile, for example, in a stream, would experience a horizontal

transverse or "1lift" force due to vortex shedding.

"Thus, in general, the lift force may be caused both by the
modification to streamlines due to the presence of a solid boundary,

and by vortex shedding.

The lift force per unit length of the cylinder, PL' is conventionally
exprecssed as being proportional to the square of the velocity, uz, and

to the diameter, D, and is given by

_ : 2 ' -
P, = % C_Dou | \ (2-9)

- where CL is a coefficient of 1lift.

2.3.2 A classification of hydrodynamic fofces:— In-line forces and

.

transverse forceSL)

Before proceeding to more complex flow situations, it is necessary
to pause and consider the terminology we shall be using. The
following discussion will be restricted to two-dimensional flow

situations.

- - et e e s & oo ek e g
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In the literature dealing with wave forces on submerged bodies
reference is often macde to the "in-line" force as opposed to the
"transverse'" force. The former is the total force in the dominant
direction of movement of the water partiéles whereas the latter is the

total force acting at right angles to the dominant direction of movement.

A horizontal submarine pipe with its axis parallel to the wave
crests will, fherefore, experience a horizontal in-line force, ¥, and
~a vertical transverse force, P. (A vertical pile, on the other hand,
will have a horizontal in-line force and a horizontal transverse

force acting on it).

For a horizontal cylinder F is considered positive when it is
_in the same direction as that of wave propagation, whereas P is considered
positive when it is directed upwards - i.e. conforming with the

directions of the positive x and y axes.

It has been explained that the force exerted by a fluid on a body
results from integration of pressures and shear stresses that act upon

the elemental areas of the body surface.

~

In the hydrostatic case the situation is fairly simple: the shear

stresses are zero and the buoyancy force stems from the pressures only.

In the steady flow case, where there are no accelerations, the
hydrodynamic forces are due to both pressures and shear stresses but

these are linked to the main stream velocity only.

In the unsteady flow case, where temporal accelerations indeed
occur, the hydrodynamic forces are due to pressures and shear stresses

which are linked to accelerations as well as velocities.
The in-line force may be expressed in the following form

F = F + F + F + P (2-10)
vel Taccln paccln

' whilst the transverse force may similarly be expressed as

P = P + P + P + P ' ©(2-11)
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If temporal accelerations are zero the two above equations revert to
the traditional separation of form and skin friction drag in steady

flow.

It is noted that, whereas the two perpendicular forces, the in-
line and transverse forces, are "real" forces and can be physically
measured, it is not possible to separate the velocity and acceleration

.effects on the right-hand side of Egs. (2-10) and (2-11).

It is however convenient to group the velocity linked components

together and the acceleration linked compcnents together.
Eqg. (2410) is therefore written as

F = [F + F 1+ [F, + F J - (2-12)

T
vel vel. accln paccln

) Where the first two terms represent the velocity dependentvpart
of the in-line force and the last two terms the acceleration dependent

part.
The transverse force may be treated in an analogous way:-

P = [P + P ] + [pT + P ] (2-13)
vel pvel accln 'pacclp

Where the first two terms represent the velocity dependent part
of the transverse force and the last two terms the acceleration

dependent part.

2.3.3 ‘Hydrodynamic forces in oscillatory flow

2.3.3.1 Drag forces

. Drag in unsteady flow differs from drag in steady flow mainly‘on
account of the wake. Water particles flowing past the body have
a temporal acceleration often reversing the direction of flow as in
the case of oscillatory waves, and this results in a changing wake.
The dreg force will therefore not be constant: neither in magnitude

nor in direction.

In the steady flow case the drag ccoefficient, CD, was found to be
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dependent on the Reynolds number and form of the body. In unsteady,

and especially‘in oscillatory flow, however, ‘the paSt history of the

flow plays a very important role in the behaviour of CD. As explained

by Wiegel (1964), p.250, we are dealing with a flow that reverses
periodically, so that the eddies which are formed behind the body move
against the body when the direction of water particle moéion reverses -
* the wake is then at the "leading edge". As expressed by Beckmann and
Thibodeaux (1962) "an object travelling in its own wake in an
.oscillatory motion experiences fully developed turbulent flow. The
flow patterns and drag coefficients are comparable.to those at super-

critical Reynolds numbers".

Yamamoto, et al (1974) state that "no genéral.exact theory has
been developed to predict the velocity dependent drag forces, which

result from wake formation, in unsteady flow".

Various researchers who have studied the behaviour of CD in
oscillatory flow agree on one thing: CD is not constant but varies,
to some extent, throughout the wave cycle. Nevertheless, it remains
convenient to express fhe drag force in a way similar to that in steady

flow:

' = oot -
Fl C A _ (2-5)

This is an instantaneous value of the drag force because the

approach velocity, u, keeps changing.

It is important to note that, at any particular instant, the
direction of the drag force will always be the same as the direction
of u. To prevent the minus sign getting lost when squaring the

velocity, it is customary to write Eq. (2-5) in the form
Pt = . -
Fl % Cy A plullu (2-14)

The introducticn of mod.u (i.e. lul) ensures that the correct

sign is maintained.

The drag force pexr unit length, FD, on a cylinder with diameter

D, thus becomes

Fp = % ¢, D plufu - . (2-15) .

e
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If the body is placed close to a solid boundary, like the sea bed,
wvhen subjected to unsteady flow, it will experience a streamline
effect - a phenomenon similar to that in steady flow. The value of
CD decreases and CL increases. In this respect, Beckmann and
Thibodeaux (1962) repcort that from Wieghardt's (1943) experiments,
it appears that the mere presence of the boundary causes a reduction
of drag coefficient of about 33%. (The shapes'tested by Wieghafdt

included flat plates, circular cylinders and diamond shaped columns).

The behaviour of CD will be dealt with in more detail later.

2.3.3.2 Lift forces

As in the case of drag, lift in unsteady flow situations differs
from that in steady flow, mainly on account of different wake patterns.
Yamamoto, et al (1974) say "...lift forces will exist from a nearby
plane boundary and vortex shedding will occur and a rather confused

flow state'will exist as the wake is swept around, the cylinder".

In unsteady flow, 1lift is generated from asymmetrical flow around
the body, resulting from both vortex shedding and the proximity of a

boundary, such as the sea floor.

The steady state equation for 1lift is still used, namely

- 2 9-0)
pL— %CLDpu | | (29)v

but it must be borné in mind that CL’ for‘unsteady floW, is a variable
coefficient and PL has an instantaneous value because u is changing.
The more the body is streamlined and the closer it is to a solid
boundary, the larger CL will be. For a cylinder, the direction of
lift is always perpendicular to the axis of the cylinder and to the
direction of flow. If it is in contact with a boundary, the lift is
always directed away from the boundary. 1f, however, even a very '
small gap exists between the cylinder and the boundary, then»according
to Yamamoto, et al (1974), the instantaneous force will be directed Szz? FDS

towards the boundary. This implies that, in certain cases, the lift

coefficient CL may have negative values.

The importance of the lift force is: often neglected in comparison

A e e s ek wem s ege
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with other forces, viz. the drag and inertial forces. Laird, et al
(1%60) , Laird (1961), and Laird (1962) investigated lift forces on

rigid and flexibkle oscillating cylinders. They found that, in general,

these transverse forces were highly depepdent upon the dynamic response

of the structure. Particularly large lift forces are generated if the
frequency of natural wvibration of the structure is about twice the

| wave freguency. For a flexible cylinder, Laird (1962) found that 1lift

forces could occur which Qere, in magnitude, over four times the drag

force, based on uniform steady flow.at the same velocity.

At a later stage the behaviour of CL will be dealt with 'more

closely.

2.3.3.3 Inertial forces

When considering unsteady flow, as opposed to steady flow, we are

confronted with flows that are subjected to accelerations.

To cause the acceleration of a constant mass, m, or, more generally,
to change the state of an existing motion, it is necessary to apply to
this mass force, F, which causes an accelération du/dt, such that

du

F=m-£

(2-16)
This is known as Newton's second law.

The product m.du/dt is the so-called inertial force which
characterizes the natural resistance of matter to any change in its

state of motion.

Consider a body placed in the unsteady flow, of a frictionless

incompressible fluid, Fig. (2-13).

U STEADY
oscmLkTom§
Volume of body

FLOW v =V

Dansity of Pluid

Figure 2-13 Body in the unsteady flow of a frictionless,
incompressible fluid
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The ferce due to acceleration effects, acting on the body is

given by
B = + N ¥ -
FI (Mo Ma) a | (2-17)
where
Fi = inertial force acting on entire body
Mo = mass of fluid displaced by body = pV
Ma = so~called added mass
(Mo + Ma) = so-called virtual mass
a = du/dt = acceleration of the fluid which would occur

- at the position of the centre of the body

if the body were not there.

A physical interpretation of this forte is the following:
The term Moﬁ,represents the force - sometimes referred‘to as the
"Froude—Krylov force" - that would have acted on the mass of displaced
fluid had the body not beer there. 'But since the body is there, it is
an obstruction and the fluid must be accelerated to flow around the

body; this additional force is represented by the term Ma& .

Eq. {(2=17) can be rewritten as

M
a -
1 = = -
F} L+ 2 oM (2-18)
o]
oY
] - \ . -
Fi | c, Md (2-19)
where
M . .
c. = |1+ -2 y ©(2-20)
I MO

the inertial coefficient

il

The inertial force per unit length, FI’ on a circular cylinder
with diameter D, can be expressed as

F = C

I I D24 : (2-21)

NS

N, . .. . .
The inertial coefficient, CI, is not constant, but like CD and



CL, dependent on many factors. These will still be discussed in
detail. In classical non-viscous hydrodynamics, CI depends on the
shape of the body only. Lamb (1945) has shown theoretically that, in
this case, CI = 2,0 for the right circular cylindex, énd c. =1,5 for

I
a sphere.



34.

CHAPTER 3

THE - KEULEGAN-CARPENTER PERIOD PARAMETER

3.1 INTRODUCTION OF THE PERIOD PARAMETER

Keulegan and Carpenter (1958) did laboratory experiments to
determine drag and inertial coefficients of cylinders and plates in a
sinusoidially oscillating fluid. They could not find any relationship
between these coefficients and the Reynolds number, RP, but found that

the variation of the coefficients could be correlated with a parameter

u ) ‘
, max T
= r 3-1
K D A (3-1)
where umax = the amplitude of the harmonically changing velocity
T = period of oscillation ;
D = diameter of the cylinder v

Ever since the publication of Keulegan-and'Cérpenter's paper,
their work has been referred to and discussed by numerous researchers.
The parameter X, known as the "period parameter" of‘the Keulegan-
Carpénter number, is a very useful one. Yamamoto, et al (1976) aptly
call it a "wake parameter", because it is closely related to the

. phenomenon of wake formation.

From linear wave theory we know that

a _ TH cosh [2m (y+d)/L]
max T sinh (2md/L)

(1-7)

whereas the maximum horizontal displacement from the centre of the

orbit (i.e. semi-diameter), A, is

: H cosh [27 (y+d)/L] -
A = = . 1-13
2 sinh (27 &/L) ( )
Thus,
X = Ynax T _ 1 . mH cosh [27 (y+d) /L]
' D D sinh (2w 4/L)
27 )
= ﬁ.*B , (3-2)

I

T. total displacement of watér particles

£
diameter

— e vt e - e e e



2A/D is called the relative amplitude and K is therefore also a

measure of relative displacement of water particles.

3.2 SIGNIFICANCE OF THE PERIOD PARAMETER

In the course of their experiments, Keulegan and Carpenter (1958)
also examined flow patterns around cylinders and plates for varying
values of K. The flow pattern was visually examined by introducing

a jet of coloured ligquid on one side of the immersed object.

When K was small, of the order of 4, there was no separation of
flow - the liquid near the cylinder clung to the cylinder, and the
drag was "negligible". As K was increased to about 10, an eddy
formed, but remained close to the body. For K = 17, it was found that

there was complete separation of flow and eddy formation followed.

At K = 110 there were regular von Karman vortices forming
alternately from above and below the horizontal cylinder, and a large

drag force resulted.

A critical condition for cylinders occurred when K = 15. From

Eq. (3-2).
= 4,8

It was foﬁnd that, at this value, the distance travelled by a
water particle with respect to the cylinder diameter, was just

sufficient to form a single eddy.

Thus K = 15 appeared to be a cut-off point: for smaller values
of K the distance travelled was too small to achieve sufficient
separation to form a complete eddy, and thus the drag remained small.
For XK > 15,'\separation took place, eddies formed and the drag was

: considerably greater.

Whereas the Strouhal number plays an important role in vortex
‘shedding phenomena under steady flow conditions, it is the period

parameter that is important in oscillatory flow.



Provided that the frequency of vortex shedding, fv’ is

36.

exactly

equal to the freguency of oscillation, fo, (which does not always

happen) ; the Strouhal number is the reciprocal of the period parameter;

i.e. provided that fv = fo, then,

v £ D £D
o

S = = = =

D L
u K

o
M

u
max max max

. (3-3)

The exact numerical values of K at which the various eddy, or

vortex, phenomena occur are not undisputed. Subseguent studies by,

amongst others, Bidde (1971), Isaacson (1974), Isaacson and

Maull

(1976) and Chakrabarti, Wolbert and Tam (1976), have generally shpwn

the transitions to occur at period parameter values lower than

Keulegan and Carpenter (1958) suggested.

‘-Table (3-1}) outlines the K values at which the transitions are

thought to take place.

In the Keulegan-Carpenter experiments the flow was essentially

one-dimensional; in the other experiments it was two-dimensional.

Chakrabarti, et al (1976) state that eddies may be expected

to form

earlier in two~dimensional flow than in one-dimensional flow.

Another possible reason for discrepancies is that, in the case

of a vertical cylinder, the value of the period parameter is not

'

constant along the cylinder length, but decreases with increasing

depth, because the maximum horizontal component of orbital velocity,

u , decreases with depth. The period parameter for a vertical

max

cylinder is thersfore some weighted average value, whereas for a

horizontal cylinder, which is deeply submerged and has a relatively

small diameter, u and thus the period parameter may, rightly, be

considered fixed for the cylinder as a whole.

The exact K values at which transitions occur are not important

at this stage. What is important is the fact that when K becomes

large, the flow approaches steady flow - with regular vortex shedding.

It is thus not surprising if forces start resembling steady
forces, The total in-line force at high period parameters
oscillatory flow is, therefore, mainly drag and to a lesser

inertial.

Conversely, if the period parameter is small,.thé flow

flow
in

extent

reverses

ey
gt
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regimes of eddy shedding

’ REGIME
: No . Single ed§Y Eddy formation and .
Researchers Separation forms, remains Remarks
cleose to cylinder separation of £flow
\
>
Keulegan and about 4 about 10 = about . 15 Horizontal cylinder at node of
Carpenter (1958) stationary wave
One eddy Two eddies’
shed per shed per
half cycle half cycle
. < > > . ) ) :

Bidde (1971) - about 2 2 to 3 = about 3 = 3 to 4 Vertical cylinder in wave flume
Isaacson (1974), < Vertical cylinder in wave flume,
Isaacson and - about 2 about 4 about 6 to 15 about 16 and
Maull (1°76) . Vertical cylinder oscillated in

still water :
Chakrabarti, : | | . : .
> < } d T a £ =
et al (1976) § to 7 about 7 to 15 about 16 Vertical cylinder in wave flume
Table 3-1 Values of K = umax T/D associated with various

L€
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its direction before the wake structure can develop properly on the
downstream side of the body. The drag force (consisting of.a skin
friction component and a pressure drég component) does not have time
to be fully realised, with the result that the total in-line force is

dominated by the inertial force.

Consequently, it can generally be said that "the shorter the wave
period, the lower the wave height and the deeper the water and the
greatexr the diameter, the more important is the effect of the inertial
term with respect to the drag term". (Wiegel (1964), p.267). Note

that all these factors lead to small period.parameters.

- . . . . - . Cie e e raan e — e ——— v aAm A~ e s
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CHAPTER 4

FORCES "ON A HORIZONTAL PIPELINE NEAR THE SEA BED

A pipeline situated near the sea bed commonly experiences forces

generated by waves as well as currents.

A current may be caused by tides, winds, the longshore energy
component of waves, temperature gradients in the water etc., and may

have a constant velocity and direction, or be unsteady.

When one is concerned with the forces acting on a pipeline,
however, the velocity of a current may usually be treated as steady

ince it does not change at nearly the rate of wave-induced velocities.

In the general case, the direction of the current will differ
from the direction of wave approach and both these directions will

intersect the line of the pipe at some oblique angle.

Thus, the resultant forces acting on the pipeline will have
components in the longitudinal direction (i.e. parallel to the pipe
axis) as well as in the directions perpendicular to the axis of the
pipeline. The longitudinal components are usually of lesser interest

because of the strength of the pipeline in this direction.
The forces acting at right angles to the axis of the pipeline are:

l. Hydrostatic forces (vertical)
2. Hydrodynamic forces (horizontal and vextical)
2.1 Due to currxents - (steady flow)

2.2 Due to waves - {(unsteady, oscillatory flow)

One difficulty when having to calculate wave-induced hydrodynamic
forces on a submerged body, is that the values of the water particle
velocities and accelerations vary from point to point. Therefore, in
estimating forces on submerged bodies weighted average values should
be used in estimating these forces. In the case of by far most
pipelines, the diameter is so small compared to the wave length of the
stormwaves for which the pipeline is-designed, that the weighted
average values can conveniently be assumed to be the velocities and

accelerations, respectively, of a,watexr particle situated at the
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centroid of the pipe, if the pipe had not been there. (Brater and

Wallace (1972)).

‘

4.1 HYDRODYNAMIC FORCES DUE TO STEADY CURRENTS

The resultant direction in which the current flows at the site
of the pipeline may not necessarily be horizontal, due to thermal

- gradients, effects of wind, sea bed configuration or some other reason.

In most cases it will be very close to horizontal and can be

treated as such within the accuracy of engineering computation.

Assuming a horizontal current velocity, Uc, the forces created by

such a flow will be a drag force, FD ; in the direction of the current
c

and a vertical lift force PL .
c

VELOGFTY‘ o

OF CURRENT E;
- D¢ = c DYy ol
LJC D B 2./0 c

Roe
Vﬂ{ o 7
Figure 4-1 Hydrodynamic forces due to a steady current

Ay

4,2 7 HYDRODYNAMIC FORCES DUE TO WAVE ACTION

Wave-induced forces deserve special atfention. Versowski and
Herbich (1974) comment "Of primary concern to the designer working in
an ocean environment (where water depths range from intermediate to
shallow) are the forces due to gravity waves which are usually of

considerably greater magnitudes than the forces due to currents".

' Consider the basic case where the direction of wave attack is
perpendicular to the pipe axis, that is, the wave crests are parallel

to the pipe. Let the horizontal water particle velocity component,

i
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at any instant, be u, the vertical velocity v, the horizontal

acceleration U and the vertical acceleration ¥v. ™

It has been shown in Egs. (2-12) and (2-13) that the in-line
force, ¥, on a horizontal pipeline, and the transverse force, P, are

generally due to velocity effects and acceleration effects.

In turn, the velocity effects may be generated both by u and

by v.

Thus, the first term in Eq. (2-12) may be written as

[r.. + F ] =1[Fr + F ] +1IF + F ]
T
Tvel pvel vel 2

= F + F ' (4-1)

The acceleration effects may be attributed to both & and v:-

[F. +F ] = [F + F 1. +-[F .+ F 1.
T T. . ' T
accln Paccln accln paccln u accln paccln v
= . i R
Fr. + FI. (4-2)
u v

The in-~line force, F, may therefore, in very general terms, be

expressed .as

F = F +F +F_ +F - (4-3)

= F_ +F +F_ +F (b-k)

Where FD, FL, FI,

conform more closely to the notation commonly used in the literature.

and FW are merely different symbols but which

Following a similar reasoning, the transverse force, P, may in

quite general terms, be expressad as

‘P = P_ + P +_P- + P (4-5)

= P. +P_ +P 4+ P (4-6)




The eight poééible

are therefore:-

1.
2.
3.
4.

This system of forces - which

hydrodynamic forces
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resulting from wave action

Due to u : a horizontal drag and a vertical 1lift force.
Due to v : a horizontal 1lift and a vertical drag force.
Due to @ : a horitontal inertial and a vertical inertial force.
Due to v a horizontal inertial and a vertical inertial force.

may presently be conzidered as

conjectural - 1s summarized in Fig. (4-2).
{ P e
iR 1™ -
4, 8. 5 5 O >3
por
far
i = : 2 - =A : -
Vertical .PL = CL D %pu (4-7) PD CD D %plvlv (4-11)
£
orces (harmonic,periodicity. T/2) (non-harmonic,periodicity T)
V) - :
& 2. N2
TD". _ <,
L PW~CWp21 u (4-8) ,PI—CI‘va

v

/ (harmonic}periodicity T)

(harmonic,periodicity T)

%\

Horizontal

forces

/ (4-9)

F, = C, D %plglu

(non-harmonic,periocdicity T)

2
F_=2¢C pgp a

1 I (4-10)

(harmonic,periodicity T)

F, = C_D%p v? (4-13)

L
{(harmonic,periodicity T/2)
2
.
= v —
Fw CW QZ (4-14)
(harmonic,periodicity T)

¥

Figure 4-2

Forces due to horizontal

components of motion

Forces due to vertical

components of motion

Instantaneous hydrodynamic forces due to waves

From the outset, it must be stressed that, since the particle

velocity in any one direction is always a quarter period out of phase

with the particle acceleration, the maximum total force in any direction

is' not merely the linear sum of the maximum values of the various

hydrodynamic forces.

N
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Under certain conditions scme of the forces listed in Fig. {(4-~2)

are very small compared to others and can thus be omitted.

[

Close to the sea floor the vertical particle velocity, v, is very
small, sc that the vertical drag force PD’ and the horizontal lift

force FL, both of which are proportional to v? can be neglected.

This can be illustrated best by an example:-

T = 5 Seconds

[ -
-
il
=
W0
3

SwWL

4=10 wr

jm

g ? é_J
' 0S v fe=ut d\ |
T N TR A WK WA WS \*f\ [N N RN O N AN\ /7 7S

Figure 4-3 Hypothetical example of a pipeline subjected to a

design wave

The maximum particle velocities and accelerations at a point 0,5 m
above the sea floor, according to the Aixy theory are:

Wox = 2,812 m/s Vmax = 0,048 m/s

1,178 m/s? v = 0,020 m/s?

G

max max
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The maximum values of the various forces would be:

Forces due to horizontal Forces due to vertical
components of motion components of motion
Maximum N = €, .1.%.1000. (2,812) % = C,.1.%.1000. (0,048) 2
. max max
vertical
force = CL x 3954 N/m = CI x 1l N/m
t T
components = C .1000.—(1)2.(1,178) = C..1000.5¢1) 2. (0,020)
W W 4 i I 4
max max :
= C..x 925 N/m = C_x 16 N/m
W I
Maximum b = C,.1.%.1000. (2,812)% L = Cp.l.%.1000. (0,048) 2
horizontal max max
= 5 =
force CD x 3934 N/m CL x 1 N/Q
components _ Ty 2 - ™ 2
I CI.lOOO,4(ﬁ) .(1,178) W CW.lQOO.4(l) . (0,020)
max max
= C 2 N = X N
1 ¥ 925 /m Cw 16 /m
Notes:
1. Assumption p =. 1000 kg/m®

2. The coefficients CD, CI

numerical values.

' CI and CW have not been assigned any

3. The maximum total (or combined) force in any one direction is

not merely the linear sum of the maximum force components because

the components are not in phase.

The coefficients C.., CL ' CI and CW are of the same order of

magnitude, the values

'_ be dealt with in more

For this (rather

D

detail elsewhere).

being somewhere between 0,5 and 5,0 (this will

severe) case, it can be seen that the forces

resulting froh the vertical particle velocity, v, are, indeed, much

smaller than the forces generated by the horizontal velocity and

horizontal acceleration.
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A more general proof may be provided by considering the ratio

/u

v
max max

From Egs. (1-~7) and (1-8) it follows that

v .
max sinh [27 (y+3)/L]
= - = a + ’
u_ cosh |27 (y+d)/L] tanh [21 (y+d)/1]
max
and, since tanh x = x for a small x
" .
and (y+d) - distance above sea bed is small,

L wave length

it follows that

Vmax =~ 21 (y+d) , ‘ - . (4-16)
u
max
i.e. v << u near the sea floor.
, : max max

4

Also the vertical particle acceleration, V¥, and the corresponding
inertial forces are relatively small compared to 1lift, drag and inertial
forces resulting from the horizontal components of motion. The longer

the wave period, and the deeper the water, the smaller ¥ becomes.

The existence of FD, FI, PL and PI are commonly acknowledged in

the literature dealing with wave forces on submarine pipelines. it

has been shown that PD and FL are extremely small for a pipe close to

the sea bed - in fact, they may be neglected. What about PW and FW ?
Compared to the other horizontal forces Fw has almost no
_significance and can be omitted. Pw appears to be worth considering
as a vertical force (unless the coefficient Cw is very small}.
Grace and Nicinski (1976) state "very close to the bed under long
waves v is virtually zero". After studying wave forces on pipelines

2

in the ocean, they reported that the ratio v D/u , according to
max ' max

stream function wave theory for the test waves, was never greater than 0,03 .

Consequently, they preferred to disregard PI and introcduce what
they called a "horizontal-vertical inertial" force. This force

corresponds to Pw ; see Egq. (4-8), Table (4-2).

‘They commented that Cw "has no apparent theoretical justification".

Nevertheless, Grace seems to have faith in this strategy because it is no
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new idea of his; in earlier papexrs, Grace (1973) and Grace (1971), he

a%ready advocated this approach.

In a discussion on a paper by Yamamoto, Nath and Slotfa (1¢74),
Grace (1975) remarks that, although the vertical inertial force PI'
may be  significant in some laboratory experiments, it has only a second
order efﬁgct in real-life situations. Ee quotes two éxamples, the
Sand Island Outfall No.2, off Honolulu, Hawaii, and a pipeline at
Barber's Point near Honolulu. In the Sand Island case the ratio
{maximum vertical inertial force)/(maximum vertical lift force), (i.e.
PI/PL) is only 0,05; and in the second case the ratio is substantially
smaller: only 0O,0015. (In both these examples the ratio (y+d)/d is

approximately 0,02).

Grace then proceeds to say, that although it has been shown that,
even under the best of design situations, the vertical inertial force,

P is only of secondary importance compared to the vertical 1lift

T
force, PL’ "it does not appear complete generally to write the vertical
fdrce only as & lift term. A not entirely satisfactory attempt to
make use of a horizonﬁal acceleration in determining an inertial type
of vertical force has been attempted and appropriate coefficients

derived from experiments”.

Yamamoto, Nath and Slotta (1974), however, consider bothPL and PI
to be important. (It has been indicated above that their practical

work involved laboratory-scale forces and not prototype forces).

Also Garrison, Gehrman and Perkinson (1975) support the viewpoint
fhat PI is significant. It must, however, be remembered that their
research was/directed more towards wave forces on large cylihders, in
which case little or no separation takes place and inertial forces

generally remain dominant.

Garrison, et al (1975) measured forces on cylinders mounted on the
bed of a wave channel. They correlated the forces with two parameters,

2d/D and gTz/d, where the symbols have their usual meanings.

They found that at small values of gT?/d (i.e. short period waves
in deep water) the total vertical force was sinusoidal which indicated

dominance of the inertial effect. At larger values of gTZ/d the

e e o
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effect of PL becamq relatiyvely more important. The maximum total -
vertical force occurred when the wave trough passed over the éylinder
since, a£ this. instant, both PL and PI were di;ected upwards. At
very large values of gTz/d and smaller valuss of 2d/D (i.e. long period
waves in shallow water and large diameter cylinders) PL became the
controlling factor and the maximum total vertical force now occurred
at the passage of the wave crest. This is explained by the fact that
in shallow water the wave crests are>peaked and the orbital velocities
are greater at the crests than at the troughs, so that PL at a crest

is also larger. The total vertical force is thus also largest at

the crest notwithstanding PI being directed downwards, in cther words,

opposing PL.

From the preceding arguments the following conclusions are made:

1. The vertical drag force, P as well as the horizontal 1lift

DI
force, FL' on a pipeline near the sea bed can he ignored

since the vertical velocities are very small.

1

2. The vertical lift forcé, PL' resulting from the horizontal

orbital velocity, is definitely significant.

3. The vertical inertial force, PI' due to the vertical orbital
acceleration may or may not be important.. This very much
depends on the parameters 2d/D, gT?/d and probably H/D. In
prototype situations, i.e. real pipes on the sea bed, Grace's
arguments seem valid: the ineftial force in the vertical

direction is considerably smaller than the lift force.

The conclusions of Garrison, et al (1975) also confirm this.
4. As an alternative to PI, consideration may be given to PW.
The significant wave-induced forces acting on a pipeline near the

sea bed will thus be those shown in Fig. (4-4).
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Figure 4-4 The significant forces due to wave action

\
4.3 NOTES ON COMBINING CURRENT-INDUCED FORCES AND WAVE-INDUCED
FORCES«y:
—_—

N

In this dissertation is is assumed that the calculated force due

to the current is added to the force calculated for the wave action.

Wiegel (1964), p.255, is not sure about this - "it is difficult
to know the proper way to determine the forces when both currents and
waves are present”.

- Reid (1956) suggested that the combined horizontal
drag force be taken as: i

F, = C, D% p!UC + ql (U_ + u) (4-17)

Presumably, the combined horizontal drag when the wave motion
opposes the current would be
F, = C,D%p IUC_ - ul (U, - (4-18)

The next uncertainty, according to Wiegel, is whether the drag

coefficient obtained for oscillatory flow is satisfactory for the
steady component, Uc’ as well

Hogben (1974) briefly mentions that there are at least three ways
in which currents interact with waves to influence wave forces:
1. When a wave train enters a current field its properties are

- g
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substantially modified. For example. if'a current, of even
low velocity, opposes the propagation direction of the waves,
their steepness can be considerably incréased. (This
phenomenon is treated in papers by Taylor (1955), Longuet-~

Higgins and Stewart (1961) and Betts (1970)).

2. The modification of the flow velocity past the body, as
indicated in Eqgs. (4-17) and (4-18), may have a marked effect
on wave forces. Since the drag force is proportional to the
sguare of the velocity, such a modification in velocity can

influence the drag force to a large extent.

3. The presence of a current can substantially modify the wake
and eddy structure and lead to effects on the forces which
do not even approximately correspond to those ¢f the linear

.superposition of velocities (i.e. Egs. (4-17) and (4-~18)).

4.4 STARBILITY OF A PIPELINE SUBJECTED TO WAVE- AND CURRENT-INDUCED

FORCES

For a body to remain in equilibrium, the requirements are that the
sum of forces in three perpendicular directions are zero, and the

moments about three perpendicular axes are also zero.

Consider a pipeline resting on a horizontal rocky sea bed and
subjected to current and wave action. Assume the direction of: the
current and the wave orthogonals are at right angles to the axis of

‘the pipe. Refer Fig. (4-5).

(or ALTERNATWELY, EL)

~
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Figure 4-5 : Balance of forces
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In this ideal reference case the stability problem is reduced to
a two-dimensional one. The pipeline will be stable if it is not
lifted off the sea bed and does not slide along the sea bed or roll

about its axis.

To prevent it being lifted off the sea bed, the submerged weight,
Weff must be larger than the total upward hydrodynamic force. (If
it is hot, lifting can still be prevented by, for instance, tying the
pipe down to the sea floor. In other woxds, the reactive force, Y,

.is kept positive).

To prevent the pipe from sliding horizontally, the frictional
resistance force,
F_. . .. = friction coefficient x ¥ (4-19)
friction
- must always be capable of balancing the total horizontal hydrodynamic

force.

It is important to note that F is proportional to Y, and

friction _
Y is reduced by any upward acting hydrodynamic forces.

The most. likely mode of failure is a horizontal displacement of
the' pipe, resulting from the friction force being reduced by the
vertical hydrodynamic forces to such a level that it is exceeded by

the horizontal hydrodynamic forces.
’ \

Rolling can normally be prevented by a combination of the torsional
rigidity of the pipe and sufficiently wide base blocks spaced at

intervals along the length of the pipe.

This .ideal situation is, of course, seldom encountered in practice.
The pipe is often unsupported over stretches along an uneven bottom
and then bending moments are induced in the pipe. Hydrodynamic forces
will farely be uniform over the length of the pipe since orbital
velocities and accelerations may be higher in some regions due to
changes in water depth, profile of the sea floor, localized peaks in
the wave crests, etc. Furthermore, apart from being laid on the sea
bed, the pipe can, according to a classification by Gréce {1973), be

laid:
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1. in a trench which is not backfilled;
2. - on the sea bad and be stabilized laterally and on top by
layers of stone;

3. in & trench and backfilled, in other words, completely

buried.

These alternatives are only mentioned here. In all three cases
the pipe is more protected and will be more stable than in the

reference case dealt with above.
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CHAPTER 5

METHODS OF CALCULATING IN-LINiZ FORCES

Wiegel, et al (1957) and Wiegel (1964) mention two methods :-
the method developed by Moriscn, O'Brien, Johnson and Schaaf (1950)
which involves the formula, now commonly known as the Morison equat%on,
~and the method of Crooke (1955) which is-based upon the study by

Iversen and Balent (1951).

A third method, the so-called "diffraction theory method™, has
been developed by Macgamy and Fuchs (1954) for large—diaméter vertical
piles, and been modified by Garrison and Rao (1971) for a submerged
hemisphere, and by Garrison and Chow (1972) for a submerged body of -

arbitrary shape;

Bdd

There is also a fourth method, which this writer calls the "method

of dimensionless wave parameters”.

The first method is by far more popular and widely used than the
second. The third method only becomes applicable if the object is-

large compared to the léngth of waves impinging on it, and only in

exceptional cases would it be relevant to submarine pipelines. The

. fourth method has the disadvantage that it reguires much experimental

data to make it of general use; vyet, it has its applications.

5.1 MORISON EQUATION METHOD

It is assumed that the total in-line force on a submerged body
in unsteady flow may be obtained by linear addition of the instantaneous

values of inertial force and drag force, i.e.

| - " + [ - . 1 ) -
F FI FD CIqu + > CDArplu'u (5-1)
where

F' = the total in-line force acting on the entire body.

More specifically, for a circular cylinder with diameter D and placed

at right angles to the flow, the Morison eqguation becomes

= ¢ omp2y + ! : -
F = CIDZD a + %CDDpIqu _ o (5-2)

A

R
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where

F = the total in-line force per unit length of cylinder.

This method, originally developed for vertical piles, is well
entrenched in ocean engineering practice. Since its formulation in
1950 ideas may have changed as to how the equation should be interpreted,
but the basic conéept that the in-line force generally consists of a
velocity dependent dfag component and an acceleration depen@ent inertial

component remains unchanged.

It is worthwhile to note some of the assumptions on which the

equation is based, as well as some of its limitations.

Wiegel (1964) points out that the equations for thé inertial

force and drag force are based on two assumptions:

1. The object is at a sufficient depth below the free surface
so that it may be considered to ke in a fluid of infinite

extent.

2. The flow is treated as though it were uni-directional.

The Morison eguation usually violates both these assumptions.
The drag force in particulaf, is opén to question as the wave-induced
flow periodically reverses. direction causing the wake formed on the
leeside to become the fluid at the leading edge of the bodf at the

beginning of the next phase in the flow cvcle.

Provided that the calculated results are useful and within the
range of engineering accuracy, there is no objection to the assumptions

being violated.

It is important to realise from the start that the user of the

‘Morison equation generally needs to know, apart from the cylinder and

fluid properties, four quantities : CD, C., u and 1. The latter two

I
are calculated with the aid of some wave theory whilst the former two
are obtained empirically. It is, however, essential that the

coefficients are compatible with thé wave theory. used.to predict the
kinematics; the reason being that different wave theories may yield

different values for the particle kinematics.
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The ‘linear, or Airy, wave theory is commonliy used for calculating
the kinematics, and in most cases the coefficients have been derived

for use in conjunction with this theory.

5.1.1 = Some basic shortcomings of the Morison equation approach

Almost all problems related to wave force computations can be
blamedlon the complex behaviour of the coefficients, because if it
were possible to know the appropriate coefficient values at any instant,
under any condition, the forxce could be calculated without difficulty}
Unfortunately, evaluations of the coefficients, over the years, have

displayed a great deal of scatter.

1. An apparent reason for the scatter in coefficient values is
the degree of dimensionality of the flow. In most -
laboratory studies tﬁe flow has been two-dimensional or
virtually one-dimensional. Coefficient values obtained
under such circumstances have proved to be somewhat
inaccurate for three-dimensional flow a§ encountered in

the sea.

2. It has been established beyond doubt that CD and CI vary
during the wave cycle, but their instantaneous values
cannot be determined without making some assumptions (such
as that they have "symmetrical' values about certain phases
of the cycle). Thus it is customary to assign average-
over-the-wave-cycle values to the coefficieﬁts. But since

- the designer is primarily interestedvin the maximum force

and not the average force, this is not entirely satisfactory.

3. Hogben (1974) draws attention to the fact that unless the
body is quite secluded, there may be interference between
neighbouring bodies. (A number of pipelines bunched
together and a group of piles serve as exanples). The
result is that the coefficients as well as the kinematics
‘change\and the Morison equation will yield an inaccurate

estimate of the in-line force.

4, He also states that the equation is not adequate for

predicting forces in the "splash zone" of, say, lattice



structures where, for instance, certain horizontal members

may be subjected to severe impact loads.

He iésues a warning on a furth?r point: whereas fhe Morison
equation may be used to design structural members in areas
having relatively moderate sea conditions with the occasional
severe storm, (e.g. the Gulf of Mexico, whexre the Morison
equation was developed), it may prove inadequate to design
similar members situated in areas with a heavy incidence of
rough weather - (such as the North Sea), because fatigue

failure may be the more important criterion.

A very important objection to the Morison equdtion, made by

Hogben (1974), is the.difficulty associated with the non-

linearity of the drag term containing the factor lulu.

In a spectrum the velocity, u, at any instant, is the sum of
a number of contributions from component waves cf different
frequencies, and the corresponding drag is proportional to
the square of this sum which cannct be determined by linear

addition of components.

In steady flow CD for a cylinder is dependent on the Reynolds
number, Re' - Indications are that CD in gnsteady flow is
dependent on at least Ré and the period parameter, K. A;
prototype experiments in the ocean are expensive and

difficult to control, most investigations to determine the
coefficients have been performed in laboratories. But in

laboratories it is difficult to achieve the high Reynolds

‘numbers that are often experienced in the ocean. As a

result, the designer usually has to employ coefficient

- values derived at rather low Re'

Nath and Yamamoto (1974) argued that drag forces were
actually due to the convective acceleration of the flow; in
fact, all hydrodynamic forces on submerged objects were
considered to be due to acceleration effects. They felt
that the Morison equation could give "a misconception that

drag forces are not due to acceleration effects".

It must be ensured that the object is small enough not to

influence the incident wave (by, for instance, diffracting
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or reflecting it). Garrison and Chow (1972) agree that the
Morison equation gives a valid approximation of the in-line

force if the lineal dimension of the object is small

compared to the wave length, Hougben (1974) and Vongvisessomjai.

and Silvesteér (1976) quantify this limit :

If /L > 0,2 the Morison equation is no longer applicable.

The maximum value of the total in-line force predicted by

the Morison equation-

According to the Airy wave theory the water particle velocity in any

direction is always a quarter cycle out of phase with the acceleration.

Conseduently, the drag force is also a guarter cycle out of phase with

the inertial force, and the maximum value of their sum generally occurs

at some intermediate stage - between the stages of maximum drag and

maximum inexrtial force, see Fig. (5-1).

§

ToTAL 88 -LINE 3

Figure 5-1 Variation of FI,.FD and F throughout the wave cycle

Grace (1973) gives the follcwing equations for the maximum value

of the combined in-line force, Fmax’ in the horizontal direction :-

F , if B > 1
max

max

y Fo (1+B%) , if B &£ 1 (5-3)
max ’

P N a” o



where
FI = the maximum inertial force during the wave cycle
max
: T _ 2. . .
= C_B-D for a cylinderxr
IB4 umax . Y
FD = the maximum drag force during the wave cycle
max
= % Dplu . for a cylinder
’ CD pl max'umax Y
. C i .
m I 1 : L
T o—m = e 5-4
B 2 C 2/D _ ( )
- D
—_ Ir.z S_I— . .!'_. (5_5)
2 C K
D

A the horizontal semi-diameter of the particle orbit.

Hi

These equations are based on the Morison equation and the Airy

theory.

As can be seen in Fig. (5-1), Fmav(positive) (i.e. in the
direction of wave propagation) occurs between the rising "still-water"
stage and the wave crest stage, whilst Fmax(negative) occurs between

the falling "still-water" stage and the wave trough stage.

An alternative equation for Fmax' in dimensionless form, is

provided by Rance (1969) :

- - 2
Fmax - SE_(_JZ + _E_EE (5-6)
ngoz_ .2 D 32 CD
where c = 21/T

Also this eguation is derived from the Mérison equation and the

Airy theory.

5.2 CROOKE'S METHOD

The method, described by Crooke (1955), is based on a study by
Iversen and Balent (1951) who found that, when the velocity was
linearly dependent upon the acceleration, the total force exerted on

a flat disk, being accelerated in one direction through still water,

g



could be expressed as

F = lgCArplulu ’ : (5-7)
where Ar is the projected area normal to the flow and C is a
coefficient which depends not only upon the shape of the body, Froude
modulus, Reynolds number, friction, and Mach number, but also upon a
modulus, GD/u?, where D is the diameter of the disk. (Wiegel (19¢4),

Keulegan and Carpenter (1958)).

This modulus, now known as Iversen's modulus, is related to the
period parameter, K, in the case of sinusoidal oscillatory flow.

‘

Using linear wave theory, it is easy to show that

max 2m ' 1 . » (5-8)

This method has not gained nearly as much support as the Morison

equation and will not be considered further in this dissertation.

5.3 DIFFRACTION THEORY METHOD.

The present writer suspects that the reason for calling this
method the "diffraction theory method" may be that it was originally
developed, by MacCamy and Fuchs (1954), for large diameter cylinders
standing vertically and piercing the water surface - a situation where

the phenomenon of diffraction would be noticeable.

This method may be used to calculate the in-line force in cases
where the object size is so large that the waves are diffracted and/or
reflected., This is deemed to occur when the lineal dimension of the
object exceeds one fifth of the wave length, or, for a cylinder, when

D/L > 0,2.

4

: Vongvisessomjai and Silvester (1976) also specify a second pre-
requisite : the period parameter must be smaller than T; in other
words the relative amplitude, A/D = K/2m, must be less than %, i.e.

the overall horizontal displacement of the water particles, 2A, must

be smaller than the cylinder diameter. If K <7, flow separation
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;

takes place to such an extent that viscous effects - which are not

allowed for in the diffraction theory analysis - cannot be neglected.

Typical diffraction theory calculations are performed by computer .
as vast volumes of numerical operations are invclved.
The three basic steps in the process are :

1. A total velocity potehtial is defined in the vicinity of

the object.

2.  From this, the dynamic pressure distribution around the

object is calculated.

3. The forces are found by integrating the pressures over

the surface of the object.

The procedure will be dealt with more closely in the review of

the work by Garrison and Chow (1972).

5.4 METHOD OF DIMENSIONLESS WAVE PARAMETERS

Some investigators, such as Garrison, Gehrman and Perkinson (1975),
/
have determined relationships between maximum forces and certain

dimensionless parameters describing the wave.

Garrison, et al (1975), plotted dimensionless values of the
maximum force, measured in wave flume experiments, versus the parameters
2d/D,gT2/d and H/D and found that the plotted points followed consistent

curves.

‘Vongvisessomijai and Silvester (1976), recommend this method for
calculating forces on vertical members (where .the maximum particle
velocities change.considerably along the length of the member) in
fairly shallow water, i.ef when 4/L < 0,3. Silvester (1974) adopts
this approach in his sugogested procedure for computing forces on
verticai piles. (See his Tables 8 -~ 1V, 8 -V, and 8 - VI). Paape
and Breusers (1966) used a similar approach in their study of forces

on square piles. o

One important disadvantagé of this method is the overwhelming
amount of data that is required. (Garxison, Gehrmén and Perkinson

(1975)).
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CHAPTER 6

-PUBLICATICNS PRIOR TO 1260

The more significant studies of hydrodynamic forces on cylinders
" and the behaviour of the associated force coefficients performed
before about 1960 are dealt with by Wilson and Reid (1963), Wiegel
(1964) and Dean and Harleman (1966) and are mentioned briefly below.

6.1 . MORISON, et al (University of California, at Berkeley)

The popular“ﬁethod for calculating wave-induced forces on rigid
bodies, and more specifically, cylindrical piles, now known as the
Morison eqguation, was described in a paper by Morison, et al (1950).
" FPurther laboratory investigations followed and the results published

in papers by Morison_(l951) and Morison, Johnson and O'Brien (1954).

6.2 MacCAMY AND FUCHS, 1554 (Beach Erosion Board, U.S. Army

Corps of Engineers)

MacCamy and Fuchs (1954) did not use the same approach as Morison,
et al (1950) because they were interested in wave forces acting on
large diameter vertical piles, where the wave did not pass the object

without being affected.

They therefore formulated a diffraction theory, to describe the
‘interaction between waves and large piles. In the limiting case of
small diameter pile to wave length ratios, the results of this theoryb
become equivalent to those produced by the Morison egquation.

(Garrison and Rao (1971)).

6.3 HARLEMAN AND SHAPIRO (Massachusetts Institute of Technology)

Thelr approach was to calculate wave forces on piles, assuming
CI ®2,0 sas given by the so6-called diffraction theory (MacCamy and
Fuchs (1954)) or potential flow considerations, and assuming a CD
value as given by the steady-state results versus Reynolds number

relationship. Stokes' third-order wave theory was used to predict
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water particle velocities and accelerations. To calculate the
Reynolds numbex, the root-mean-square velocity along the piling was

used.

" The next step was to compare these calculated forces with forces
measured in a laboratory. Accoxrding to Dean and Harleman (1966), the

agreement was, "in general, good".

The relevant publications are Harleman and Shapiro (1955) and

Harleman, Shapiro and Marlow (1957).

6.4 WILSON AND REID (Texas A. and M. University)

- Reid (1957) .and Wilson (1957) reported on field measurements they
had done in the Gulf of Mexico. They measured total forces and
fluctuations of the water surface, calculated the kinematics of the

water particles, and then the values of C_ and C_ using a best least-

D I
squares fit technique. (Dean and Harleman (1966)}.

6.5 WIEGEL, et al {University of California, at Berkeley)

Wiegel, Beebe and Moon (1957) studied ocean wave forces on vertical
piles. Typical wave periods were in the 10 tc 20 second range, water
depth approximately 15 m and the wave height as high as 6 m. Pile
test sections were 0,3 m high, mounted on supporting piles, and varied
~from 0,17 m to 1,5 m in diameter. With the aid of the linear wave
(theory, water particle kinematics were predicted from measured waves,
the relevant characteristics being wave height and period and water

depth.

CD was computed from the total in—iine force measured on the pile
at the instant of maximum horizontal velocity and zero horizontal
.acceleration, in other words, the crest and trough phases. Similarly,
CI was obtained at the "still-water" phases - when the horizontal

- acceleration was maximum and the horizontal velocity zero.

The Reynolds number, calculated from the peak velocity value, was
between 3 x 10" and 9 x 10°. They could find no well-defined
relationship between CD and Re' Fig. (6~1) shows a plot of CD
values obtained by Wiegel, et al (1957) as well as Reid (1956),
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Wilson and Reid. (1963) and Mcrison, et al (l950),‘versus Re’

They also found no relationship between CI and Ré, or the water
particle acceleration. CI showed a very slight tendency to increase

with increasing wave period.

They found CI to be a normal Gaussian distribution with mean
value 2,5 and standard deviation 1,2. The mean of 2,5 is somewhat
greater than the theoretical value of 2,0 for ideal flow as derived

by Lamb (1945) and MacCamy and Fuchs (1954).

Although they were not interested in transverse forces, they
noticed large lateral vibrations due to vortex shedding under certain
conditions of testing. In fact, one of the test piles actually broke

after several days; this turned out to be a fatigue failure,.

6.6 KEULEGAN AND CARPENTER, 1958

The paper by Keulegan and Carpenter (1958) lHas become a milestone

in its field.

.

They investigated the drag and inertial coefficients of horizontal
cylinders and plates, fixed normal to the flow direction, at the node
of stationary waves cscillating in a rectangular tank. The motion
" was horizontal (not elliptical.orbits) and varied sinusoidally. The
flow was thus essentially one-dimensional. Transverse forces were

not analyzed, but the mechanism of vortex formation was studied.

Keulegan and Carpenter found that the average values of CD and

CI over a wave cycle changed when the maximum (calculated) velocity

of water flowing past the cylinder, Uoay! Was altered and when the

diameter, D, of the cylinder was varied. Neither CD nor CI appeared
to be dependent on the Reynolds number, U ok D/v , but both were found
to be a function of the period parameter, X = u T/D. " '

max

Fig. (6-2) shows the variation of CD-and CI with respect to the

period parameter.
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Bearing in mind that the period parameter, K = T.2A/D, is also
a measure of the relative displacement of water particles, the
explanation given by Keulegan and Carpenter for the behaviour of CD

and CI is worth noting:-

For wvery small values of K, Qhen there is no separation, CD is
fairly small (about 0,9) while CI is approximately equal to the
theoretical value of 2,0.' As K increases towards 15, where, éccording
to the authors, a complete single eddy forms, CD attains its maximunm
value (about 2,5) and CI its minimum {(abcut 1,0). For still larger
values of K, when numerous eddies form, CD gradually decreases to the

‘value that would ke applicable to steady flow, and CI gradually

increases to a value of '2,5 at K = 120.

The values of CD and C shown in Fig. (6-2) are mean values for

II
the entire wave cycle. Keulegan and Carpenter also studied the

instantaneous values of the coefficients.

They achieved this by assuming that the coefficient values at an
instant t_1 seconds before a particular still-water phase was equal to
the valﬁes at an instant tl.seconds after that particular phase, on
the grounds that the accelerations at these two instants wefe equal
and the velocities, although of opposite sign, were equal in absolute
magnitude. Similar assumptions were made regarding the crest phase

and trough phase. (Incidentally, Sarpkaya (1975) observed that this



assumption was not quite correct because the distribution of skin
friction at the times considered was not identical, and that there was
no simple way to accurately determine the instantaneous values of

CI and CD?.

Keulegan and Carpenter concluded that the coefficients could

vary during a wave cycle, (K being kept constant) .

CD was found to remain at its mean value except for a small
interval about the zero velocity phases, i.e. maximum acceleration
phases, when CD would become several times greater than the mean value.
On the other hand, CI was found to remain virtually constant throughogt
thé wave cycle provided that K was either very small or iarge. 1f,
however, K was in the vicinity of 15, CI displayed considerable ]

- variation: between about -2 and 2. (Neither Keulegan and Carpenter
(1958) nor Wiegel (1964) could explain the existence of negative
values for CI' McNown and Learned (1978) recently suggested an
explanation for negative added mass coefficients, Cm, in other woxrds,
for CI <1,0 . This is dealt with in the review of Garrison, et al
(1977)).

The variation of CD and CI during a wave cycle, for three

different K values, is shown in Fig. (6-3).
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Figure 6-3  Variation of CD and CI during a wave cycle, at various

values of X .
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6.7 . SUMMARY OF PRE-1960 INVESTIGATIONS

Wilson and Reid (1963) summarized the results of significant

research programmes carried out before 1980, see Table (6-1).

Table 6-1 Cp and CI‘values for Circular Cylinders

in Accelerating Flows

Cylinder Coefficient Value Type of flow;
Authority Nature of diameter
3 C s . Remarks
and date Experiments in - mm CD CI )
Crooke, 1955 Model 50, 25, 13 1,60 2,30 Oscillatory
Keulegan and Model 75, 63, 50 1,34 1,46 Oscillatory
Carpenter, 1958 (av. of 29
tabulated values)
38, 30 1,52 1,51 (av. of 57
tabulated values)
Keim, 1956 Model 25, 13 1,00 0,93 Accelerated,
_ ' " lnon-oscillatory
Dean, 1956 Model 175 1,10 1,46 Accelerated,
‘ non-oscillatory
Wiegel et al, Prototype 610 1,00 0,95 Ocean Waves,
1957 Californian Coasy
- (Based on their
Fig.1l5).

[Reid, 1957 Prototype - 170 0,53 1,47 Ocean Waves,

' Gulf of Mexico
Bretséhneider, Prototype 400 0,40 i,lo Ocean Waves,
1957 . _ , Gulf of Mexico
Wilson, 1957 Prototype 760 1,00 1,45 Ocean Waves,

Gulf of Mexico

Note that Wilson and Reid disregarded the effect of period para-
meter and merely computed average values when they drafted Table (6-1).
Dean and Harleman (1966), in reviewing this table, égain computed
averages and found:

\ c_ 1,05
1,40

O
il

2
1

The roughness of the cylinder would also influence the drag
coefficient and is another reason for the wide scatter of values in

Table (6-1).

g
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CHAPTER 7

PUBLICATIONS BETWEEN 1960 AND 1969

7.1 : BRATER, McNOWN AND STAIR, 1961 (University of Michigan,
Ann Arbor)

With the aid of models, they studied the'magnitude and

characteristics of wave forces on submerged barge-like structures. They‘

concluded that since there was no flow separation from the large objects,
the inertial force was all-important compared to the drag force - in
fact, only the coefficient of inertia was required to predict the

maximum force.

RESEARCH AT WALLINGFORD, 1961:

~J
.
N

The Hydraulics Research Station at Wallingford, -England, has been
involved for apparently almost two decades in investigations on wave
forces. The reports, usually produced annually, are rather brief on

account of results being kept confidential.

Nevertheless, some useful information can be extracted from these

reports and will be summarized in this dissertation.

Hydraulics Research (1961) states that wave (and current-)
induced forces on all/l6 model of a submarine pipe lving on the sea
floor were studied during that year. Orbital velocities were measured
throughout the wave cycle with a miniature current meter and orbital

diameters by direct observation of a float.

Values were obtained for CD and CI for horizontal forces as well
as vertical forces. It was found that the coefficients varied both

with wave characteristics and throughout the wave cycle. Another

approach was then adopted:-

After defining two coefficients, namely:

Maximum horizontal force and . force at instant of maximum velocity

DL. % pu? pDL. 5 pu?

B



68.

these coefficients were plotted as a family of curves of equal Dz/Tv

against 2A/D, where all the symbols have their usual meanings.

It was thought that these dimensionless parameters would be
sufficient to determine the nature of the motion. 2A/D (which is the
period parameter divided by T) describes the geometry of motion, while

D?/TV actually is a Reynolds number, D.2A/Tv, divided by 2A/D.

Some results were given, refer Fig. (7-1).

3-‘.0—
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Figure 7-1 Horizontal force coefficient versus relative displacement

amplitude for cylinder lying on floor

The investigators came to the conclusion that Dz/Tv was an
important parameter in determining the coefficient, but since its wvalue

in the prototype was large it could not be reproduced in the model.

Subsequently’, Grace {1971) re-analyzed the raw data obtainéd in
this study, and calculated drag, inertial and lift coefficients. It

appeared that CD roughly decreased with increasing Reynolds number.
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Also, CD values for the unsteady flow case were considerably larger

than in the steady flow case.

The point to be made is that the steady-state drag and lift
coefficients should, in general, not be applied to the unsteady flow

case. The same conclusion was made by Font (1967).

Fig. (7-2), by Grace (1971) shows CD values for unsteady flow
(from the Wallingford data) for a pipe lying on a floor plotted versus

Reynolds number, together with the steady-state CD curve and some

other experimental results.
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. i . . .
p- b4 . . . -3
o PR o
R
20 x X . R L o _
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ST 0{\3!- X . 3
N PO . S A AP g gﬁ.&u? 3
... LEGEND: S , P *
R —— i SMooTH CNUINDER KEMOTE FROM .
X 2 S - . A BOUNDARY
- ) eoe ‘- FO‘\\‘\' ( 9@7} (&C“‘b g?’ﬁ()’- )
— e 2t WILSoN AND RED (1963)
R D L V\IAL.\_\NC_,FOR> (\-le) 4
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5x10 9 - 2410 . . 5&10 10 2:30 sxi07 . i0
Re’.‘ o
Figure 7-2 CD versus Re for a cylinder near and remote from a
" boundary, (data from various sources), Grace (1971)
0
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!

7.3 BECKMANN AND THIBODEAUX, 1962 (Rice University, Houstcn,

Texag)

Up to this stage most research had been done on coefficients for
cylinders away from a solid boundary, such as the sea fldor,
Beckmann and Thibodeaux (1962) investigated the case where the cylinder
 was in contact with a solid boundary. They were among the first to
point ouﬁ that hydrodynamic lift forces could be of critical importance
to a submarine pipeline, and since its publication, their paper has

been quoted and discussed by. numerous authors.

They considered drag and lift forces on two shapes: a horizontal
circular cylinder resting on a floor and a trapezoidally profiled
block resting on a floor. Their conclusions were based upon basic
principles and aerodynamic studies, performed mainly on steady flow
situations, by various researchers. ~ Alterman (1962), in discussion,
stated that Beckmann and Thibodeaux "had to make simplifications, the

validity of which have yet to be justified”.

They estimated that CD for a smooth circuliar cylinder would be
in the range 0,35 to 0,40 regardless of whether it was ih contact
with the solid boundary or not. Their recommended CD value for a
rough pipe was about O,5.

Regarding the lift coefficient, CL' their estimate for & smooth
pipe in cdntact with the boundary was in the range 0,35 to 0,65;
their recommended value for a rough pipe was about O,5. It is
important to note that they took into account only one mechanism
whereby lift can be generated: non-symmetrical flow around the body
caused by the presence of the boundary; in other words, the role
played by vortex shedding was ignored. - Therefore, CL was taken as
zero for the case where the c¢ylinder was unaffected by the proximity
.of the floor. They suggested that a pipe could be considered to be
so positioned if the clearance between ground and pipe was at least

o,1 pipe’diameter.

Beckmann and Thibodeaux also considered the inertial coefficient,

CI' They stated that the CI values obtained by Wiegel, et al (1957)

for free-standing piles showed a wide épread, and no experimental data
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 for CI for the case of a cylinder attached to a boundary were available
by 1962, and therefore an estimate of the CI value would be crude.
They expected CT to fall between 1,0 and the theoretical potential

flcw value of 2,0 , and suggested a value of 1,5.

In a discussion of this paper, Wilson and Reid (1963) express

the opinion that the recommended values for C_, CL and CI are ali on

D
the low side, and produce their table (Table 6-1). They admit that ? GQ>
factual experimental information is very scarce, but suggest that CD
should be taken as at least 1,0 for pipelines in contact with the sea

bed.

For a cylindei, in contact with a solid boundary, they derive an
upper limit of CL forispecial case of potential flow, namely 4,48.
They also derive a lower limit for the real flow case, namely 0,74.
They conclude that, for design purposes, CL > 1,0 for a pipe in

contact with the sea bed.

Similarly, thef show that for potential flow.a theoretical upper-
boundary for CI’ for a cylinder in contact with therbed, is 3,30.
They reason that, since the average value of CI in their table for
the case of a circular cylinder away from the influence of & boundary
is approximately 1,5 , and since the theoretical value of CI for such
.a case is 2,0 , CI for a cylinder in contact with the bed could be

3,30 x 1,5 =2,5.
2,0 .

7.4 REéEARCH AT WALLINGFORD, 1962

_ The oscillatory flow tests done during 1961 were confined to
Reynolds numbers not exceeding 1,7 x 103, which were lower than those
applying in the pfototype. In order to ach;eve higher Reynolds
numbers ranging between 3 x 10° ahd 9,5 x 105,'1/3—‘scale models of
pipe sections together with a plate representing the sea bed were

towed through still water.

The experiments performed during 1962 were, therefore, carried

out under uni-directional flow conditions.
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Lift and drag forces were measured separately. Six different
shapes of pipe sections were investigated including a rough and a

smooth circular cylinder.

The CD and CL'versus Re plots, as determined from these tests,

are shown in Fig. (7-3). . o ) - }

10} i ... Iy ' 10 - .
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Figure 7-3 CD and CL versus Re for a circular cylinder in contact
with a boundary, uni-directional unsteady flow,

Wallingford (1962)

It appears that typical CD values for a smooth pipe in contact
with the bed, are about 0,6 to 0,9 and for a rough pipe 0,8 to 1,1 ,
while CL is mostly around 0,5 to O, for a smooth pipe, and about

0,2 for a rough pipe.

Roughening of the surface increased the drag only marginally but
reduced the 1lift substantially (about 67%). As stated in Hydraulics
Research (1962), "the cylinder lying on the sea bed constitutes quite

a good aerofoil, particularly when it is smooth...'.

The fact that the tests were performed ih uni-directional flow
must make one hesitant to apply these results to oécillatory wave
motion. Fuxther errors, although small, were introduced by the
presence of a free surface close to the pipe model in the channel,
and‘fhe existence of a wave érest in front of the obstacle and a

' trough shortl& behind.

7.5 RESEARCH AT WALLINGFORD, 1965, 1966

According to Hydraulics Research (1965), the research done on
submarine pipelines in that year was confined to aspects of sediment

movement and scour around the pipe.
|

R
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During approximately 1966 a pulsating water tunnel was constructed
at Wallingford whereby forces acting under oscillatory flow at high
Reynolds numbers, could be measured. Full size circular pipe sections

up to 760 mm diameter could be installed in this water tunnel.

. Tests showed that lift forces were higher than previous work
(e.g. 1961 - 1962 results) had indicated, and were in fact of the same
order as the drag forces. "However, the variation of forces during
the wave-cycle showed a pattern other than that giveﬁ by a consideration
of the summation of drag and inertia terms", that is, as given by the
Morison equation. "It was. found that the 1ift force was at no time

zero and that secondary peaks or maxima occurred".

It was alsc reported that "an analytical study demonstrated that
all the characteristics could be accounted for by including wake
effects. The new'theory evolved closely predicts the forces

measured",

The "new theory", involving wake effects, is preéumably that
covered by P.J. Rance in Hydraulics Research (1969) and will be

discussed in the review of the Wallingford, 1969, research programme.

7.6 BROWN, 1967 (Bechtel Corporation, San Franciscc)

Brown (1967) produced a paper describing experiments performed
auring the early 1960's in which the effects of transverse'horizontal
currents on a horizontal pipeline, in contact with the sea bed, were
studied. In actual pipe environmental conditions, velocities to

3,6 m/s had been observed in rivers and areas of large tidal variations.

"He thought that the hydrodynamic forces caused by such currents
could be of the utmost importance to the lifespan and stability of a
pipeline, but were usually the least recognized. Numerous failures
of pipelines indicated underdesign of the stability aspect, whereas
many pipelines were excessively over-designed with resultant excess

.expenditure.

The work of Brown (1967), althqugh not specifically on wave-
induced forces, but on current-induced forces, ‘is déscribed heresin

because it does improve one's understanding of hydrodynamic forces
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acting on a pipe in contact with a solid boundary.
The experiments were carried out in this manner:

A length of pipe was fixed to the floor of a test flume,
perpendicular to the flume axis. While a steady current flowed past
the pipe, the pressure distribution around the periphery of the pipe

was measured. A typical pressure distribution is shown in Fig. (7-4).

 Flow
direction
Positive
pressures

Figure 7-4 Typical pressure distribution on a pipe in contact with

the floor, steady flow

From these pressures, forces were obtained which were. then
resolved into horizontal and vertical components. By summation of
all the horizontal components the total Hbrizontal'drag force, FD'
Qas obtained. The tbtal vertical lift fofce, PL,‘was found by

summation of all the vertical components.

Coefficients of drag, CD' and 1lift, CL’ and the Reynolds number,

R,, were calculated:~

’

C = m—
D
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Pipe diameters used in the experiments were 150 mm and 250 mm,
water depth 460 mm and the maximum current yelocity 1,8 m/s; The
Reynolds number varied between 0,6 x 10° and 3,0 x 10°. The pipes
had smooth surfaces, although an attempt was made to simulate the
effect of discontinuities of smoothness by attaching a "spoiler" to

‘the pipe.

Brown, although giving no graphs of CD and CL versus Re’ draws

the following conclusions from this study:-

1. A pipe resting on the sea bed experiences lift and drag

forces like the wing of an airplane.

2. In the range of Reynolds numbers 0,6 x 10° to 3,0 x 10°,
CD varied from 0,90 to 0,55 and CL from 1,3 to O,8.

3. CL, therefore, exceeded CD by about 50% in the range of
Co R tested.
e

4; The drag coefficient, CD, was smaller when the pipe was in '
contact with the bed than when there was a clearance between
pipe and bed.

(Beckmann and Thibodeaux (1962) had come to the same

conclusion) .

5. Spoilers on  the pipe altered the hydrodynamic forces and

their coefficients to a considerable extent.

Larock (1967) criticized Brown by saying that, although the
experiment involved the direct application of basic principles, the
scope of the project was too limited and the results thus obtained
correspondingly limited. He, as well aelFont (1967) and Sutco
(1967) , felt that the proximity of the free surface could have
influenced the hydrodynamic forces considerably because the water '
depth was only about two or three pipe diameters. He pointed out’ that
the Froude number was an appropriate index to use in describing shallow
submergence flow situations whereas the Reynolds number became

important with deep eubmergénce.

Font (1967) reported that his organization (Universidad Central
de Venezuela) had performed similar experiments (apparently also

involving the measurement of pressure distributions), but obtained
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different values for CD and CL’ refer Table (7-1). {It appears that

the submergence was 5,5 diameters as opposed to 2 or 3, in Brown's

case).

{ Reynolds Numbers | Froude Numbers Drag Coefficient Lift Coefficient
= D . 0 =
Re ub/v Fr u/vgd CD CL
0,97 x 10° 0,29 0,85 1,48
0,79 x 10° 0,24 = 0,83 1,35
0,68 x 10° - 0,20 . 0,90 1,13
0,53 x 10° 0,16 - 0,93 1,11
e
3s 1 094

Table (7-1) CD and CL in steady flow, Font (1967)

Possible sources for these discrepancies are:-

1. Brown could have overestimated the reference velocity,

and therefore, the Reynolds number.
‘ 2. The influence of the free surface, mentioned above.

3. Differences in separation patterns on the leeside of the
pipe would have a marked effect on the hydrodynamic forces

generated.

/

' Font then warned against using drag and lift coefficients obtained
from steady flow experiments, for calculétiné forces caused by
oscillatory waves. He quoted the Wallingford Report No. Ex. 158
(1961), on wave forces, wherein CL was found to be as large as 4,5 ,
if the Morison equation were assumed to be valid. This value was
very close to the theoretical value of 4,48 derived from potential
flow considerations and quoted by Wilson and Reid (1963). Font
thought that this agreement was not too strange because since it took
time for a wholly separated zone to develop on the downstream side of
a body, the.peak lift forces (in the case of the Wallingford oscillatory
flow experiments, anyway) probably occurred when potential-like flow

was still present.
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7.7 JOHANSSON, 1968 (Royal Institute of Technology, Stockholm)

As reported by Grace (1971), Johansson (1968) performed wave

force experiments in a flume. Regular waves were generated and the

particle kinematics predicted fxom the Airy theory. Reynclds numbers

ranged from approximately 3 x 10% to 2 x 10%.

CI was found to lie between 2,8 and 4,0 and CL between 1,8 and

6,0 for a constant clearance between the pipe and the bottom.

The effect of clearance on the coefficients was studied to a

limited extent and the results are reflected in.Table (7-2).

Relative Horizontal Horizontal Lift- Vertical
clearance drag inertial coefficient inertial
coefficient coefficient coefficient
D
h/ cD cI cL cI
0,0 2,0 3,3 4,0 3,0
0,25 1,1 2,4 0,0 1,9 Wooe .
1,0 1,1 2,0 0,0 1,7
Table 7-2 Effect of bottom clearance on coefficients,
Johansson (1968)_
7.8 LEBRETON AND CORMAULT, 1969

According to Garrison and Chow (1972), Lebreton and Cormault (1969)
derived a diffraction theory and applied it to large diameter vertical
cylinders. Their results agreed with those of MacCamy and Fuchs
(1954) and with their own experimental results for small amplitude
waves. Viscous effects appeared to bécome»significant at larger wave
heights but they couid not establish a clear definition of non-linear

effects.
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7.9 RESEARCH AT WALLINGFORD, 1969

Rance (1969) reported on research into wave forces on cylinders
at Wallingford with the aid of a pulsating water tunnel. . The tests

were done on cylinders placed fairly remote from boundaries.

Using linear wave theory, the Morison eguation can be written

. as

T 2

F = cb.%p.D.A? 02 .sin? ot + CL.ppD .Ago?

.COSs Ot (7-1)

(NOTE:

1. In Eg. (7-1) it is implied that ot = O , 2m , etc.
coincides with the "rising still-water" phase. The
convention generally followed in this thesis is that

Ot= 0, 27 , etc. coincides with the crest phase.

2. Strictly speaking "mod" signs should have been included in
the first term of the right hand side of Eq. (7-1) (instead

of writing sin?") in order to allow for the reversﬁbility

of the drag force.)

The instant at which the maximum total force occurs is given by:

(P

m I D
cos Ot = —_— —— -
4 CD A

= cos ¢ . o (7-2)

where ¢ is the phase angle of the maximum force, with respect to the

phase of "rising still-water".

The maximum in-line force, F p is@-’-«en b'd:
max 18

(5-6) .

N

OI 0

3 2 D

Fmax - EQ_ [A]z +
pD3 o 2 32

D

Since the phase angle, ¢ , could be determined from the records

it was possible to calculate the values of CD and CI as follows:

_
max :
c. = (7-3) .
D oD 02 (a/D)? (l+cos?¢)
and v )
= 4 2 ‘ -
CI = o p cos d. CD ‘ ' (7-4).

PSR

[P
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Rance and his co-investigators found that if the A/D ratio was
less than 10 and the total force measured was of reasonable magnitude,

C; was reasonably constant with a value of 2,0.

For A/D values greater than 10, the second term in Eq. (5-6),
contributes very lititle to the total force. Above this limit, it was

also not possible to determine ¢ with sufficient accuracy to yield

a reasonable estimate of CI.

For a very small value of A/D, the forces heasured were very |
small, giving rise to a large scatter in CD values, and consequently

also in CT.

"In view of the apparent constancy of CI’ namely 2,0 in the range
mentioned, Rance, et al re-analyzed their data using CI = 2,0 rather

than relving on the estimate of ¢.

In this way a reduction in scatter was achieved, and they prcceeded

to seek a relationship between CD and the Reynoclds number.

The Reynolds number at the instant of maximum force was found to

be:
D D .
R = 3 ic 1 (7-5)

They produced Fig. (7-5), which shows CD as a function of Re

for various A/D ratios.

.
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remote from a boundaryy

Rance points out that the A/D ratio has a marked 'effect,
particularly for values less than 10 at Re <5 x 10". The critical
point which occurs at about Re = 5 x 10° in uni-directional flow

becomes less pronounced and occurs earlier in oscillatory flow.

Transverse forces generated by vortex shedding, were studied at

the same time as in-line forces.

The 1lift coefficient, CL . was calculated from
max

B 2PI_‘
c ¢ = e ax ' (7-6)
max pDO2 A% ’
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Fig. (7-6) iliustrates the dependence of CL upon Reynolds

number and A/D ratio.
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(fairly remote from a boundary)

The variable nature of the lift force is reflected by the
considerable scatter in results. Rance draws the attention to the
fact that the transverse forces can be as large or larger than the

in-line forces, particularly at low Reynclds numbers.

The frequency‘of the 1ift force, fL ; appeared to be much higher
than the frequency imposed by wave action. A Strouhal number, deifined

by Rance, as

s = L= , : (7-7)

was found to be remarkably consistent, being 0,2 T 6%, and did not

vary with either the A/D ratio or the Reynolds number.

This seems to imply that fL can be calculated from the equation

_ ' 27 . A
£,0= 0,2 x =& (7-8)
or - f /£ = 0,2 K . ' (7-9)

‘where - fo is the wave frequency

. gt



The high frequency of the lift force may be even more significant
than its magnitude. Fatigue failure cf a member could result if the
exciting frequency of the force should coincide with the natural

frequency of the member.

'Because of the comparable size of the transverse force, Rance
concludes that it is not enough to look at the in-line foxces alone.
One should consider the resultant force which is the vectorial sum of

the transverse and in-linz forces.

Hogben (1974) pointed out that although the Wallingford experiments
yielded important results at relatively high Reynolds numbers the need
for prototype tests at high Reynolds numbers remained urgent. The
reason was that the pulsatihg water tunnel had some értificial_
characteristics: the rectilinear motion, for instance, led to trapping
of the eddy structure behind the cylinder. It was also possible that

wall ratio and aspect ratio effects existed.

7.10 GRACE AND CASCIANO, 1969 (University of Hawaii, Honolulu)

This research project, which dealt with spheres, but not cylinders,
is mentioned here as it was carfied out in the sea and led to further
useful field experiments specifically aimed at analyzing wave forces

on pipelines near the sea floor.

Grace and Casciano (1969) appraised the benaviour oif CD and CI

under oscillatory wave action, qualitatively:-

1. Neither CD nor CI was ‘constant over a wave cycle, and they

were not independent.

(Note: 1In the remaining items, reference is presumably made to mean

values of CD and CI’ obtained by averaging over the entire wave cycle).

2. Consider the situation of a body positioned away from any
boundaries, in oscillatory flow at time t = O , when u= 0O
and du/dt is a maximum. A short time later, the flow

' begins to move past the body, but remains, essentially,
potential flow, and one would expect CI to have its
theoreﬁical, potential flow, value - in the case of a
cylinder it would be 2,0 . The drag force remains quite'
ihsignificant even at a small velocity, implying that CD is

extremely small.
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If the flow velocity returns very guickly to zero before
moving in the opposite direction, tien a true wake structure
never really develops and CI stays at its theoretical,
rotential flow, value. The inertial force is large and the

drag force small.

If, however, the particle travel distance becomes large in
relation to the kody size (D, in the case of a cylinder), in
other words, if the ratio A/D, or the period parameter,

K = Uy T/D = T.2A/D, becomes large, scparation of flow

occurs, and a wake develcops. The drag force pecomes

significant and the inertial force reduces.

Thus with larger wake formation and larger period parameter,

CD increases and CI decreases.

This phenomenon has been examined by, amongst others, McNown
and Keulegan (1959), and demonstrated experimentally by

Sarpkaya and Garrison (1963) for circular cylinders.

CD could possibly be dependent upon the Reynolds number
unless, perhaps, the eddy size in the flow was relatively

large.

CD could be influenced by the relative turbulence intensity

of the approach flow.

CD was dependent on the relative roughness of the body.

If the body was not completely rigid, vibrations could exert
a very large influence on the coefficients. (Note that

vibrations may be caused by transvexrse forces).

It was unreasonable to expect to obtain single values of
CD and CI from experiments. A distribution of values was
more likely. '

In fact, they found that different waves with approximately
jdentical wave heights and periods in the same water depth
produced a spread in maximum forces and in coefficients.

(Wiegel, et al (1957) also experieﬁced this).

Pogssible reasons for this may be inevitable experimental
errors and also subtle differences in the ambient turbulence

of the flow.

- - . . , e e e e e i, s oy e b

e



- 84.

CHAPTER 8

PUBLICATIONS BETWEEN 1970 AND 1978

8.1 JOENSON, 1970 (Oregon State University, Corvallis)

Johnson (1970), using a dimensional analysis, derived an expression

for the dimensionless total force on a bottom-mounted pipe:

[

.. ¢(dE a) (8-1)
pg_D3 \Dr D, A

Where o is the angle, in radians, between the axis of the pipe

"and the approaching wave orthogonal.

After obtaining data from flume tests for which the angle, «,
was -always T/2 , and using only one test cylinder, he established

equatiOné for predicting'F/pgD3: in terms of d/D and H/D.

He accomplished this with the aid of regression analysis. The
emphasis of his work, as he himself admitted in the final discussion

of his pap=r, was on the application of this statistical technique.

As a result, and also because he confined his study to the
shallow water wave case {d/L < 1/20), and neglected the effect of wave
length and consequently wave period, on the total force, as pointed
out by Petrauskas (1971), his contribution is considered of limited

value.

A further serious shortcoming in Johnson's work, whiqh‘has, to
this writer's knowledge, not. yet been pointed out by another critic,
is that the effect of pipe length has been neglected in the dimensional
analysis. The force, F, used by Joﬁnson, is‘not'a force per unit
length of pipeline, but the force for the entire iengtb. This is
borne out by the fact that he writes the dimensionless force as
'F/pgDa and not F/pgDz. In the final discussion of his paper, he said
that the test cylinder used was precisely one foot long. Thus, in
his experiments the force per unit length and the force over the entire

length happened to be numerically equal.
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8.2 - ' E;dde, 1971, (University of Califernia, at Berkeley)

Bidde (1971) investigated the magnitude and frequencies of trans-

verse forces acting on vertical circular cylinders placed in a wave
flume. The cylinders were cantilevered into the water from above and
reached only halfway down towards the floor of the flume. End effects
were thoﬁght to be insignificant on the grounds that measured forces
compared favourably with those of Jen (1967), in whose experiments the

gap between cylinder and flume floor had been very small.

Bidde pointed out that the lift force was not necessarily zero
at the instant of zero velocity. This fact was. incompatible with
the popular lift force equation

= L2 v . -
FL CL.D, ‘pg (2-9)

This probiem could be sidestepped by defining a relationship

for the maximum value of the force only,

F = C .D.%pu - (8-2)
max max

However, he chose to study the ratio of lift force to in-line

force, rather than'CL.

Lift forces of appreciable magnitude were measured -~ as high as
60% of the in-line force. There were indications that the maximum
ratio of forces might occur at a period parameter value of 15.

Dattatri (1972) sugyested an explanation to this: When K > 15,

the flowvbecame so highly turbulent, with so many eddies, that the 1lift

force, which depended on alternate eddy formation, actually decreased.

By spreading a very fine powder on the water surface, detailed
visual observations were made of eddy shedding patterns at the surface.
The study confirmed that 1lift forces were associated with eddy

shedding.

The period parameter, K, was found to bz the all-important para-
meter in studying vortex phenomena and lift forces in waves, while the

Reynolds number could be ignored.
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(Unlike a horizontal pipe with a small diameter relative to water
‘depth and wave length, for which K may safely be assumed to have one
value only, a vertical pile extends through a whole spectrum of
maximun water particle velocities, with the result that there is also
a whole spectrum of K values. It is not clear from Bidde (1971)
exactly at which depth the period parametexr was calculated in the
experiments, but it apparently represénts some average valuve of K over

the pile length (Dattatri (1972), Isaacson and Maull (1976)).)

Bidde observed the following eddy shedding regimes associated

with the period parameter:-

K < 2 ' : No flow separation.
K= 2 to 3 : 8Small separation, no eddies.
K =3 : First éddies formed and shed; 1lift fcrce

begins to be non-zero.

More than 2 eddies shed within a half cycle;

~
R
w
o+
(¢}
0N

beginning of a von Karman vortex street.
K =~5 to 7 : Turbulent wake.

K > 7 : Extremely turbulent wake.

Keulegan and Carpenter (1958) found that vortex shedding started

. when K = 15, while Bidde found K = 3. He commented that the difference
could be due to a variety of factors: they tested horizontal cylinders
in virtually one-dimensional flow at the node of a staticnary wave,
whereas he tested vertical cylinders in the two-dimensional flow of .

oscillatory waves.

Bidde found the 1lift force frequency to be random at high values
‘bf K. Hé could not agree with Chang (1964) who had established the
frequency of 1lift force to be twice the wave fregquency. Wiegel (1953)
had noted that the périod of lateral vibrations in a prototype
installation was 2,5 seconds whilst the wave period was 13 seconds.

This showed that Chang's conclusion was not necessarily correct.
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8.3 HERRICH AND SHANK, 1971 (Texas A. and M. University)

Like Brater, et al (1961), Herbich and Shank (1971) found that
‘the forces on models of large sﬁbmerged structures were almost entirely
ihertial. They calculated inertial coéfficients for the models;
the values varied between 1,4 and‘2,2 for all the tests. For the
various models, they plotted dimensionless forces as families of
cur?es in terms of the wave height to wave length ratio, H/L, versus
the wave length to water depth ratio, L/D. These éurves were

intended to help designers of large rectangular and cylindrical tanks.

8.4 GRACE, 1971. (University of Hawaii, Honolulu)

Grace (1971) pointed out that, up to 1971, all'coefficients
available to the pipeline designexr had been derived from low Reynolds
numbers and were guestionable for profotype applications that often
involved Reynolds numbers in excessiof 108. It was also uncertain
whether these coefficients would be valid for the real sea bed as

they had been obtained from pipes resting on flat, hard flume floors.

The fact that the roughness of a pipe increased in the sea due
to the inevitable growth of marine fauna and flora also clouded the

issue.

He came to the conclusion that the design coefficients had to be

obhtained from experiments in the sea.

In the meantime, he investigated, in a laboratory, the effects

upon the horizontal and vertical wave-induced forces, of,

1. clearance between the bottom of the pipe and the flume

floor,

and 2. orientation of the pipe with respect to the incident wave

fronts.

Because of his further investigations and since some of his
earlier findings have been updated, only an outline of his 1971-

conclusions is now given:-

Be found that the horizontal force decreased substantially as the

pipe orientation approached the direction of the wave orthogonals (i.e.



88.

small o). The horizontal force appeared to be rather insensitive to

the effect of bottom-clearance.

Regarding the vertical force, it was found te decrease at small

o values and it also decreased with increasing bottom-ciearance.

The most severe direction of wave approach to a submarine pipe
is perpendicular to'the axis of the pipeline, i.e. O = 900. This has
been established by tests performed at Wallingfora (Crisp, Stewart
and Fletcher (1970)), and according to Grace (1973), by Xrieg (1966).
Such an angle is, however, rather unlikeiy to coccur in nearshore
waters because waves tend to be refracted so that the wave crests
turn parallel to the coastline. A more likely approach angle, o

would be -at 45o or less.

8.5 GARRISON AND RAO, 1971 (Na&al Postgraduate School, Monterey,

California)

Garrison and Rao (1971) pointed out that the Morison equation was
only valid as long as the presence of the body did not affect the
incident wave. If the body was large enough to have a scattexing

effect on the wave, another approach was necessary.

Such an approach would have to account for the effect of relative
size as well as the free water surface. "In such an znalysis, generally
referred to as diffraction theory, viscous =ffects are neglected and

the problem is set up in terms of a velocity potential. Once the

velocity potential is found, the pressure distribution on the surface of

the object can be determinred and, therxrefore, the forces on the object

can be computed".

Using thislapproach, they developed an analysis for wave interaction
with submerged objects, and applied the results to calculate wave
forces on a submeréed hemisghere. They showed that fcr small values
of the wave height to sphere diameter ratio, H/D, the wave force
coefficients could be well represented by the diffraction theory and
correlated as functions of two parameters, namely 7D/L and 24/D, where

L is the wave length and d the water depth. (Garrison and Chow (1972)).



They concluded that diffraction effects were of primary importance
in shallow watexr (small 2d4/D ratios), especially for large TD/L.
However, if the H/D ratio became too large, the linear relationship

between wave force and wave height weuld eventually break down.

8.6 GARRISON AND CHOW, 1972 (Naval Postgraduate School, Monterey,

California)

The authors derived a diffraction theory for submerged objects of
arbitrary shape. Theoretically predicted forces wexe then compared
with experimental results obtained from wave channel testinglof oil

storage tank models.

Over the range of the experimental results, the wave force was
found to vary linearly with the wave height so that the dimensionless
force coefficients were independent of the parameter H/D. The
results could therefore be représented as functions of TD/L and 24/D

(i.e. similar to Garrison and Rao (1971)).

The basic principles involved in performing diffraction theory

computations have been summarised by Hogben (1974) :-

First, the total velocity potential, @T, which satisfies the
boundary conditions is sought. It is assumed to be the linear sum

of two components,

§T = 3, * ¢, (8-3)

where @i is the known velocity potential function of the incident
wave and @S is an unknown velocity potential function due to the

scattered wave.

@S is in fact generated by the disturbance pressures of the body
surface and may thus be thought of as compounded from a set of component
potentials @r originating from an array of pulsating pressure points,
or sources, of strength qr distributed over the surface so that

R

& = 2. @ ‘ (8-:4)

3]

P



90.

/ .
Garrison and Chow {(1972) express the functions @r as Green's

functions which are suitable for analysis involving arbitrary three-
dimensional bodies in shallow water. The boundary condition, with
respect to the body, is zero relative velocity normal tc the surface.
The input information required for formulating this condition includes
coordinates defining body geometry by a mesh of surface elements, and
the area and direction cosines of the normal for each element. If, in
addition, the body is moving, infofmation to define the motion uniquely

is also required.

Secondly, having found the total velocity potential, the dynamic
pressure distribution around the body is determined from the linearized

Bernoulli equation.

Thirdly, the forces are obtained by integrating the pressure

distribution over the surface of the body.

The Complexity of the body shape which can be handled by diffraction
analysis is limited only by the size of computer storage available and

the run time that can be afforded.

8.7 BRATER AND WALLACE, 1972 (University of Michigan, Ann Arbor)

Brater and Wallace (1972) produced a report on a laboratory
investigation of horizontal in-line forces produced by oséillatory

waves impinging at right angles on submerged pipelines.

In this study, a continuous record was obtained of wave height
and horizontal force. Four pipe diameters, three wave heights and
three wave lengths were used. Forces were measured with the pipe at
four locations below the water surface, that is, at various clearances
above the bed. Further tests were conducted with the pipes in various

positions within trenches.

A large set of C_ valves, and to a lesser extent, CD values were
. i ’

derived.

Brater and Wallace, unlike Grace, believe that the inertial forcs
is usually the predominant fcorce and that the drag force only makes a

significant contribution under special circumstances, such as when the
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pipe diameter is very small, and the wave length and height are very
large. Consequently, more attention was devoted to the inertial

coefficient.

- It is noted that Brater and Wallace confined their experiments to
ituations where the wave period was relativehshort (6 tc 12 seconds
in the prototype) and the pipe‘diameters relatively large (2,4 to 4,5 m
in the prototype). Short periods and large diameters tend to make
the inertial force large compared to the drag force since flow

separation from the body is limited.

The phase angle, ¢, at which the total force measured was a
maximum, was plotted against the dimensionless parameter D2/HL, and
© they decided that notwithstanding the scatter, the contribution of the
drag force only became important when DZ/HL was very small, say smaller
than 0,02 or 0,025. They did notvmention the Keulegan-Carpenter
period parameter, but this will be considered in due course.

CI was obtained from the equation

F_ = C_.psb2.4d | (8-5)

The force FI, which was assumed to be the same as the total
horizontal force, was assessed in three ways. As a result, three
"types" of inertial coefficients were obtained; called CM/ CMM and

CMMM by the authors, and defined below.

Forces écting in the same direction as the wave propagation were
regarded as positive. This can be seen in. Fig. (8-1), the inertial
force would theoretically reach its peak positive value when the
horizontal forward acceleration was maximum, or acceording to the Airy
theory, at the stage when the rising water surface passed through the

"still-water" position, i.e. phase angle = 31/2.

e



92,

-~ o+
3 R g 2|'D S
4 Z|E ] Z1'a S
Nm — - s e—,
SWL,
e “h - T 3Tfy. 2 Phase
T Tangle
2y AQY. Max. 4
vHor‘. yaloc. &L l}?:; o 7\!\35 o Po;
Hor. acchn. U Hero hﬁé; 2o I\gz o
Hor. oir Max. . Max. Max.
"Fonuzaa Fb fos . o - Neg. e _ Pos
Hor. inertial , Mar.. Max. ] E
force Fpp 2 Neg. - 7)@‘0 P‘oo‘ jfm i

Figure 8-1 Phase relationship between water surface elevation,

CM:

CMM:

F_ and F
ul I'J'l D ‘ I

The forces taken were the average forces at phase angles
i ™

i 3
7 and 3y

, and CM calculated from Eg. (8-5).
Brater and Wallace suggest that CM might be considered
the true value of C_.

I

The forces taken were the average of the maximum positive and

. negative forces, and CMM calculated from Eg. (8-5).

CMMM:

The authors suggest that "CMM cculd be used to estimate the

average total force, assuming the drag force to be negligible".

The forces taken were the maximum forces (regardless of sign)

obtained from each test.

The authors suggest that CMMM "might be used for conservative
estimates of the maximum forces, assuming the drag force to

be negligible".



It was found that CM, CMM and CMMM were relatively independent. of

the diametexr, D, and the wave height, H, but varied in a very orderly
_ linea; manner -with the ratjio z/L, where z is the depth of submergence,
measured downwards (positive) from the still-water level to the centre

of the pipe.
Statistical techniques were employed and eguations of the form

C = b+ 3 (z/L) (8-6)

were derived for'CM, CMM and CMMM.

Values cf b and j are given in Table (8-1).

CM CMM : CMMM

b A/d b 3 b j b j

(mm)
1. 60 | 1,37 | 6,56 1,59 5,82 1,79 | 5,33
2. 48 0,25 | 1,41 | 6,36 1,69 5,41 1,91 4,96
3. 43 1,26 5,87 1,56 5,50 1,75 5,22
4. 32 1,49 6,65 2,04 5,32 2,33 - 4,84
5. ALL 0,75 | 1,38 6,36 1,73 5,37 1,97 4,87
6. |ALL except 1,34 6,41 1,61 5,64 | 1,81 5,22

32 ,
7 ALL 0,9 2,59 4,83 3,07 | 4,13 3,20 4,16
8. ALL 1,0 0,83 3,11 1,00 | 2,85 1,14 2,78

Table 8-1 Values for the constants b and j in Eq. (8-6)

Lines 1 to 4 in Table (8-1) provide the b and j values for the

. four pipe diameters tested at various clearances above the bottom,
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line 5 the average values for all four diameters and line 6 the
average values for the first three diameters. (It was felt that in
the case of the smallest diameter, D = 32 mm, the drag force could

not be neglected).

Line 7 contains the coefficients for the case where the pipe isg
-

" approximately in contact with the bed, and line 3 represents a half

buried pipe.

Brater and Wallace suggest that, whenever D2/HL * 0,02 , the

equations indicated in line 6, namely:

cM = 1,34 + 6,41 (z/L) (8-7)
cM4 = 1,61 + 5,64 (z/L) (8-8)
CMMM = 1,81 % 5,22 (z/L) ' (8~2)

be used for coefficients of inertia (for a pipe away from the bottom;.

For DZ/HL < 0,02 , they suggested the use of thevequations of
line 4. They pointed out that such refinements in the coefficient of
inertia were perhaps not justified in the light of other uncertainties.
The equations of line 5 could, therefore, be accepted regardless cf

what the pipe diameter was.

It was suggested that design values for the inertial coefficient

for a pipe on the béttom could be obtained from the equations of line 7.

From the tests done on pipes located within a trench the following

equation emerged:'
cM4 = 1,0 + 1,4 (z/L) | (8-10)

It also appeared that when the width of the trench was about 7
times the pipe diameter, the conditions were approaching those

without a trench.

To summarise, Brater and Wallace plotted various equations for

CMM versus (z/L). See Fig. (8-2).
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CMiivs 71L

0.25< z/d<0.75

0 0.1 0.2 0.3 0.4
zlt

Figure 8-2 Equations cf CMM versus z/L for various clearances

In cases where Dz/HL < C,02 , it could be "desirable or necessary
to include the drag force". They investigated the behaviour of the
. versus Reynolds number.

D
The scatter of data was, however, very wide and the Reynolds number

drag coefficient and produced two graphs of C

quite small (less than 2 x lO“); and therefore their results are not

reproduced herein.

They concluded that the inertial force was the principal term in
the in~-line horizontal foxce and, unless D2/HL was very small, this
total force could, for design purposes, be calculated with the aid of

Eq. (8~5) and either CMM or CMMM.

In an attempt to explain the conflicting statements made by
Brater and Wallace on the one hand, and Grace on the other, regarding
the dominance or non-dominance of the inertial force, this writer

referred to the period parameter of Keulegan and Carpenter.

From the availakle data in Brater and Wallace's paper it appears

that the largest pericd parameter, K, was about 8. (This is the X
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obtained when combining the largest wave height, the iargest wave
length and the smallest pipe diameter used in the test series).

The smallest K in the series was about 0,3 .

It will be recalled that inertial force effects are much greatex
than drag force effects at low period parameters because proper flow

separation from the body does not occur. ,

Thus it seems that Brater and Wallace's woxrk may be criticised
on two points: drag effects were neglected on account of the small
period parameteis at which the experiments were executed, and the
usefulness of the derived coefficients is limited by the fact that the
Reynolds numbers were much smaller than would be encountered in

typical prototype situations.

8.8 GRACE, 1973 {University of Hawaii, Henolulu)

Grace (1973) reviewed the data available for the assessment of
wave. forces on pipelines, and suggested numerous values for the drag,
inertial and lift coefficients. Also the effects of pipe orientation
relative to wave direction and those of pipe clearance from the sea

bed were taken into account.

Grace points out that when using the Mcrisdh-equation, it is
ﬁecessary to select values for CD and CI that are compatible with the
values of the particle velocities énd accelerations. In other words,
a drag coefficient derived from a true measured force and a true
measured velccity may be considered the true drag coefficient, but if
it is used to calculate a drag force by combining it with a velocity
which is cbtained through some wave theory, it will give an incorrect
drag force unless the estimated velocity happens to bé precisely

correct.

The analyst must therefore ensure that the coefficients he
intends to use, match the wave theory he employs to calculate the wave
kinematics. Theoretical ccefficients are, almost always, to be used
in conjunction with the Airy theory since they arxe, in most cases

suited to this theory alone.



It has bheen shown earliex that CGrace expressed the maximum total

force occurring during a wave cycle as follows:-

”FI , for B>1
max
max. = (ﬂ .
' <
F (1 + g%, B -1 (5-3)
" max
C
: - T I, 1 »
where B = 7z 'é—]; K/—E (5-4)

‘

In the first case, the drag force is very small due .to the small
A/D ratio, whereas in the second case, where the relative displacement
of the water particles becomes large, the drag force is quite

significant.

For the sake of convenience, Grace labelled these two wave force
situations Class 1 and Class 2 respectively, and further subdivided

the latter into Classes 22, 2B and 2C, as explained in Table (8-2).



Appropriate values for coefficients

Class Range of 8 Remarks
CD CI
Maximum force all inertial, .
1 g >1,0 small relative displacement of Not required Jdeal flow value
water particles; no separation '
axi h inerti . . )
on 0.3 < B < 1,0 M:g Eichorce both ine t‘al Twice or more steady Approximately 2/3 te
0 kb ang drag, s state value % of ideal flow value
usual wave force situation .
. Maximum force both inertial Between values for Approximately 2/3 to
2B 0,07 < 8<0,3 and drag, classes 2A and 2C % of ideal flow value!
very long waves, and/or tiny objects ’ = e €y
Maximum force all drag,
2C 0,0 < B <0,07 infinite wave period - Steady state value Not applicable

~i.e. steady flow

Table 8-2

Classification of wave force situations

“86
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Grace introduced severzl equations of similar form to that of the

Morison equation in order te cover the "non-standard® cases:-—

1. Horizontal force cn a pipe at orientation o to wave direction

The horizontal force on length £ of the pipe, QG, not in-line
with the water motion, but normal to the pipe of which the

axis is oriented at an angle 0 to the wave direction, is

2 = Sy T 4G (8-11)
where G = K P (DY) a? (8-12)
27U U 2 max._ .
max . Alry
2. 2]
QGA B KAp [ I } max._ , (8-13)
max Al :

Note that the length, %, and hence the area taken are not

those normal to the direction of water motion.

When o = 90" , we get the "standard" Morison equation

and G = F_x 2 ) K = C

It has been mentioned before that Grace prefers to include
PW (rather than PI) in the vertical force equation; refer
to Fig. (4-2) for the notation. PI.is, however, the

principal term in the equation.

p = c. £ ) u? sin ot|sin ot
2 L 2 max. |,
Airy
2
¥ ocp |®™egla  cos Ot (8-14)
W 4. max._ .,
Airy

(Note that Egs. (8-14) and (8-15) imply that ot = 0 ; 27 ,

etc. coincides with the "rising still-water" phase).
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3. Vertical force on a pipe at orientation o to wave direction

2 = My g-(DR) u;a_ sin ot{sin ot
’ Airy
L .
+ MA 0 _7;—Q'umax cos ot (8-15)
Airy ' :

Again the length and area are not perpendicular to the
. . (o)
wave direction, and when o = 90 ,
= P; M = C and M = C .
98 L'y L A W
The effects of orientation, o, and relative clearance, h/D, where

h is the vertical distance bztween the sea bed and the bottom of the

pipe, upon the various coefficients were dealt with as follows:

a) Reference force coefficients, written as *CD; *CI; *KU;

*KA; *CL; *Cw; *MU and *MA were defined for the case
o= 900, h/D = 0 , i.e. for the pipe resting on the sea

bed with its axis perpendicular to the wave direction.

b) Coefficient values were given in terms of these reference

force coefficients.

In order to make allowance for orientaticn and/or clearance
effects such a reference force qoefficient would be multiplied
by a factor 2 or X . Where horizontal forces are involved,
Q is defined as the ratio of a particular force coefficient £for
a specific o and h/D to the corresponding reference force '

coefficient.

Similarly, for vertical forces, A is the ratio (force coefficient

. at certain o, h/D) / {reference force coefficient).

Examples:

C M

: : X = A

D C A M
* A

v}

-



Having defined four classes of flow situations, eight reference

force coefficients and the {), A ratios, Grace conszidered and compared

the results of numercus researchers - much in the same way as Wilson

and Reid (1962) had done - and suggested the reference coefficient

values given in Table (8-3), and the  and A curves, this can be seen

in Figs. (8-3), {8-4) and (8-5).
Reference force Coefficients for Kinematics
Class|Range of B Predicted by Airy Wave Theory Applicable
“figures for
«<p +Cy el «Cy Q, A
Xy 3 My My
Not Not
> . .
1 B>1,0 required 5,0 reguired 6,0 Fig. (8-3)
2 A 0,3€B<1,0 2,0 3,5 2,0 5,0 Fig;.(8~3);(8—4)
2 B {0,07<B<0,3| 4,37B+0,69 3,5 4,378+0,69 5,0 Figs.(8-3); (8~4)
: Not : Not .
<Rg . (8-
2C 0,0<B<£0,07 1.0 applicable 1.0 applicable Fig. (8-3)
Table 8-3 Suggested reference force coefficients

e

coefficients, refer to Table

2 and A curves could not be provided for the behaviour of K

A

M. as no related studies were to be found.

and
A

Regarding the practical application of these coefficients, Grace

xplains: ..

Given a value of B, the analyst obtains the reference design

(8-3).

He then modifies the coefficienté

for any orientation or relative clearance effects with the aid of I,

A

curves.

But since B is in itself a function of the same coefficients

which it is used to obtain,; an iterative procedure must be employed in

the assignment of design force coefficients.

and the coefficients then selected;

A value of B is assumed

B is then computed using the

coefficients obtained and the design wave characteristics required;

if the value of B so-obtained results in the same.coefficiept values

found earlier, then these are the proper design values.

~z
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8.9 YAMAMOTC, NATH AMD SLOTTA, 19874 {Oregon State University,
)

Yamamoto, et al (1874) did a theoretical analyéis of the influencé
of a nearby plane boundary on the vertical and horizontal wave- induced
forces on a horizental cylinder. In addition, they perfo;;za
laboratory experiments and compared these, as well as data obtained by

Schiller (1871), with their theoretical results.

Only horizontal cylinders oriented perpendicularly to the wave
direction, and being sufficiently far £frem the free water surface *to

avoid surface effects, were considered in this study.

Regarding the coefficient of inertia, C and the added mass

II
coefficient, Cn’ where
i

they found from the theoretical analysis that Cm‘depended on ‘the

distance of the cylinder from the boundary. On the grounds of both

for

theoretical and experimental evidence, they concluded that the
horizontal and vertical added macss coefficients were equal for a
cylinder close to the boundary and increased to 2,3 when in contact
with the boundary. In other words, for zero clearance, CT was 2,3.

(The same value had been quoted by Wilson and Reid (1963)). The

* behaviour of CI versus the relative clearance h/D can be seen in Fig. (8-6).
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Nath and Yamamoto (1974) argued that all hydrodynamic forces on
submerged objects were actually Jdue to acceleration effects of the

fluid flow. Thus, the drag force was a convective acceleration force.
g

Yamamotc, Nath and Slotta (1974) showed that the frictional drag
force fexcluding form drag) on an oscillating cylinder, under laminar
conditions without flow separation was 45° out of phase with the
cylinder velocity. Although flow separation and the consequent form
drag would alter this phase angle, they suspected that the maximum
drag force acting on a cylinder would be out of phase with the maximum
velocity. They therefore suggested that some of the past evaluations

of C where the drag force was assumed to be zero when the water

II
particle velocities were zero, could be in error. (Should the drag

force, in fact, be significantly out of phase with the velocity, the

credibility of the Morison eguation would be further reduced).

Although they admitted that the drag force could, under certailn
conditions, contribute significantly to the total horizontal force,
they found it was negligible in their test program, and drag coefficients
‘were omitted from the study. Grace (1975) pdinted out that the
Keulegan-Carpenter period parameter, in the course of these experiments,
was confined to the range 0,1 to 2. If the parameter were larger,

as it usually is in real-life situations, the picture would bhe

completely different: dJdrag forces would be of primary importance.

Lift forces, which were also considered to be due to effects of
convective acceleration, and the behayioup of CL with varying relative
clearance were closely investigated. Although it was recognized that
the tctal transverse lift force on a cylinder near a boundary consisted
of two parts, one due to the Bernoulli lift resulting from asymmetrical
flow and the other due to vortex shedding, attention was devoted only

to the former.-

Calcuiations based on potential flow theory yielded that CL = 4,49
if the cylinder was in contact with the boundary (Nath and Yamamoto
(1974)). (Wilson and Reid (1963) stated 4,48). For the cylinder

far away from a boundary (i.e. symmetrical flcw pattern), CI = Q,0.
: =
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Although the 1lift force would be directed away from the boundary
when the cylinder was in contact, it would be directed towards the
boundary if even a very small gap existed between cylinder and boundary.
This meant fhat CL_was negative and increased in size as the relative
clearance approached zero; this can be seen in Fig. (8-7). Some

experinentally cbtained points are alsc plotted therein.

-

¥ 4 43 (Porental Flow)

" Npotentiol Flow Theory

o vomomoto, Rath and S10116{i3T3)
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Figure 8-7' CL versus h/D for a cylinder near a plane boundary

"It is interesting to note that Knoblock and Troller conducted

experiments to find the transverse forces acting on a cylinder

_situated near a solid boundary and subject to an air stream. Their

results are to be seen in Dean and Harleman (1966). The general

tendency was that CL varied from a maximum at no clearance to zero at
large clearance. At a particular Reynolds number and in a certain
range of relative clearance, CL was negative. An explanation put
forward by Dean and Harleman is that the boundary layer remains laminar
on the surface of the cyiindexr facing.the boundary for higher Reynolds
numbers than on the surface away from *“he boundary. This unsymmetrical
wake pattern at the downstream side of the cylinder could give rise to

a force directed towards the boundary.

 Also Garrison, et al (1975) noticed that the slightest gap ketween
boundary and cylinder had a sizable effect on the lift force, and thus '

o .
n CL
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~ The reader is reminded that the lift coefficient derived by
Yamamoto, et al, does not allow for vortex shedding effects which are

guite significant, especially at large values of the period paraneter.

Grace (1275) commented that negative lift coefficients were hardly
of interest to a designer because downward forces implied greater
stability of the pipeline. The authors' reply to this was that the
real significance lay in the reversibility of the lift force.

Subsequent éxperiments performed at Oregon State University at larger
period parémeters where vortex shedding also became important,

indicated that the lift force could be directed downwards when wake
formation was small and then be directed upwards at large wake formation.
All this heppened within half a wave cycle. The cylinder could

therefore experience an oscillating vertical 1lift force with twice the

¥

wave frequency. The actual load on the pipe as well as the vibration

frequency could be of importance in the design of pipelines.

Yamamoto, et al (1974) expressed the total vertical forcé on the
cylinder as
P=2C pE-D2 \Y cos Ot + C 2 D.u? cos? ot (8-16)
4 max I. 2

Grace (1975) felt that the contribution of the first term would
be substantially smaller than that of the second term, in any design
pipe situation. He illustrated his argument with two exemples:

the Sand Jsland Cutfall no.2 near Honolulu, and an oil pipeline at
Barber's Point also near Honolulu. In the first example, where the
Keulegan-Carpenter period parameter generally was small and inertial
forces outweighed drag forces, the ratio of the first term to the
second term was only 0,05. In the case of Barber Point where the
period parameter is much larger and drag forces are completely

dominant, this ratio is only 00,0015 .

Notwithstanding the secondary importance of the vexrtical inertial
force compared to the vertical lift force, it did not appear complete
to Grace to write the total vertical force as a lift term only. That
had been the reason for his introducing the less common "horizontal-

vertical inertial force", PW’ and writing

P = P _+ P : ' _ .
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8.10 AL-KAZILY, 1974 ({apparently) Bechtel Corporation,
Gan Francisco) .

Fadhil Al-Kazily (1974} studied the behaviour of the coefficients
CD and CI'and in-line wave forces on cylinders located away from the

floor in a laboratory flume.

The average-over-the-wave-cycle coefficient values were obtained

by two methods:-

1. CI was calculated from the force measured at the instant
that the particle velocity was zero, and CD from the forxce

when the particle acceleration was zero.

2. CI and CD were calculated from the maximum measured force
together with its phese lag with respect to the maximum
velocity phase. (In other words, in much the same way

as Rance (1969) had done).

Observations regarding C_ were:-
4

1. CI decreases as the wave height increases, for constant
wave period. {(The same observation was apparently made

by Evans (1970)).

2. CI increases as the depth of the cylinder beneath the still-
water level increases for fixed wave characteristics.

(Evans (1970) apparently observed the opposite).

3. CI increases as the wave period increases, for constant

wave height.
4, CI varies with the diameter of the cylinder.

5. CI computed from vertical forces appeared slightly smaller

than CI computed from horizontal forces.

6. A relationship seemed to exist between CI and the ratios
2A/D and 2B/D (both of which are relative displacements).

This can be seen in Fig. (8-8).
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It is noted that the above-mentioned ratic for the horizontal
diameter, 23/D, is in fact equal to XK/ , where X is the period

parameter. .

Keulegan and Carpenter also found CT to vary with the pericd
parameter - they found CI to have a minimum Valué of about 0,75 at
K =15 , and C_ over 2,0 in the range of K values at which Al-Kazily

performed his experiments.

7. CI varies within the wave cycle, for fixed wave
characteristics. The variation is of sinusoidai shape
with fregquency twice that of the wave. CI was found
to be positive at all times. A sample plot of CI

versus t/T can be seen in Fig. (8-9).
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Figure 8-9 Variation of CI within a wave cycle



The instantaneous values of Cf and C_ were determined by
P >

Al-Kazily in this manner:-

The time history of the total in-line force was measured. The

Morison eguation was assumed to be valid and was written in the form

ii

. [3 - "‘l
a .CI + 33 CD ' (8-18)

1 “2

whereal'represented the total in-line force, and a,, a2 and a3 were
£

constants and could be computed from the time history of the wave

characteristics and cylinder diameter.

Eqg. (8-18) was evaluated at time instants t t

17 t2, 37 e
and any two consecutive equations were solved simultaneously to yield

: . t. + t . -
- values of CI and CD at time t = 1 t2 etc. . It is recalled that

Keulegan and Carpenter (1958) also i%vestigéted the instantaneous

.values and concluded that when the period parameter was either small
or large (i.e. not close to 15), CI was reasonably constant. If the
period parameter was about 15, however, CI showed much variation and
even had large negative values at t/T = 0, 0,5 and 1,0. They could

not explain this.

A closer look at the range of wave characteristics and cylinder
diameters used in Al-Kazily's experiments revealed that the period
parameter must have been smaller than about 4,5 throughout the test

programme,

8. Values cf CI obtained by method 1. above, were larger than

those obtained by method 2.

Since the maximum total horizontal force (consisting of inertial
and drag forces) occurs shortly béfore the crest and the trough pass
" over the cylihder, and since method 2. involves calculating CI’ for
horizontal movement, at still-water level phases, one would not expect
the two methods to yield the same results because CI does vary within
the wave cycle. The scatter of data can be seen in Fig. (8-9),
however, makes it difficult to predict just which method would give:

the higher CI values.
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Regarding CD, Al-Kazily made the foliowing observaticns:-—

lf CD varies witﬁ wave height.
2, C_ varies with cvlinder depth below the still-water level.
3. C_ varies with the wave pericd.

4, C_ varies with the diameter of the cylinder.

5. C_. varies within the wave cycle as can be seen in Fig. (8-10).
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Figure 8-10 Variation of CD within a wave cycle.

(It is suspected that this is derived from vertical motion)

Comparing thié with Keulegan and Carpenter's results, a serious
discrepancy is found here: the maximum CD values occur at phases
£/T = 0O; ¢C,5 and 1,0 ,'that is at the instant when a acrest cr trough
passes over the cylinder, Keulegan and Carpenter (1958) found CD
to remain fairly constant over most of the cycle and increase when
the water surface passes through the still-water level, in other words
‘at /T = 0,25 and 0,75 . Their explanation was that it could be

expected as the velocities became zero at these stages.

t is possible that Fig. (8-10) shows the CD (apparently ten
times too large) that would be applicable to vertical dragyg forces.
Many cf Al»Kazily's tests were done on cylinders quite close to the

‘'water surface where vertical drag forces, would, indeed, be significant.

Careful reading of Al-Kazily's paper does, unfortunately, not
clear up the doubt as to whether Fig. (8-10) is applicable to vertical

or horizontal drag.

Another possibility is that Fig. (8-10) deviates from A1~Kazily's'
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cusual convention that o/T = O coincides with a wave crest; i.e. a

phase shift of a quarter period is implied.

Al-Kazily did not plot CD versus either of the two (orbit
diameter) : (cylindex diameter) ratios. Keulegan and Carpenter did,

however, plot C_ against the period parameter and found that C

D
" achieved a peak value at K = 15 , this.can be seen in Fig. (6-2).

8.11 SARPKAYA, 1974, 1975 (Naval Postgraduate 3chocl, Monterey,
California)

Sarpkaya (1975) descr{bed a weil-controlled labératory research
project that was eimed at gaining a beltter understending of the
hydrodynamic forces on a cylinder fixed in the oscillatory flow of a.
viscous fluid, and assessing the applicability of the Morison egquation

in the range of subcritical Reynclds numbers.

Test cylinders werec placed horizontally in a U-shaped, streamlined,
vertical tunnel with a cross-secition of approximately 460 mm by 510 mm.
A perfectly harmonic motion of the water was produced and sustained by
& simple pneumatic system. Dispiacement of the free water surface,
the incstantaneous velocity and acceleration as well as the in~line

and transverse forces were simultaneously recorded.

Sarpkaya pointed out that experience had shown that of ail things
that may be relevant in wave-structure interaction problems, including
diffraction and free surface effects, separation and viscous effects
‘were the most important and the least understood. There were many
possible reasons why the coefficients CD and CI' as determined by
numerous researchers, displayed such a wide scatter. The investigation
~ by Keulegan and Carpenter (1958) appeared to Sarpkaya to be the most
systematic and therefore he prepared his results in a‘similar way in

order to make meaningful comparisons.

A. In-line forces

From the time-history of the measured force, values for C_ and CI

D
were determined as average values over the entire wave cycle, and

were then plotted against the perioecd parsmeter, K = umaxT/D .

i
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\

The results, together with those of Keulegan and Carpenter

can be seen in Figs. (8~11) and (8-12).
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The agreement between the CD values of the two studies is vexy
good, paxrticularly in view of the fact that the two experiments were

carried out in completely different type test rigs.

The agreement between CI values for K > 10 is not so gcod.
Sarpkaya suggests that the relatively few data points obtained by
Keulegan and Carpenter at large K values could have been in error, or
the stationary waves could have deviated from the required

characteristics.

The experiments were carried out in the Reynolds number range of
2,5 x 10° to 5 % 1o%, Sarpkaya concluded that there was "absolutely

no correlation" between the Reynolds number and'CD and CI.

Bt i
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Sarpkaya and Garrison (1963) had already found that a unique

relationship existed between C_ and cIf Fig. (8~13), taken from

D
Sarpkaya (1974), shows the variation of CD and CI for various values

of K.
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- With regard to the instantaneous values of CD and CI’ Sarpkaya
commented that these could differ_considerably from their average-over-
the-cycle values. He did not determine the instantaneous values
because he disagreed with the assumption of Keulegan and Carpenter
‘fhat CD and'CI, respectively, had equal values at tl secqnds before a
particular'still—water phase and tl seconds after that phase. He
thought that different distributions of skin friction at the two
instants invalidated the assumption, and there was no simple way to
determine the instantaneous values of the coefficients accurately,

"save an exact analytical solution of the problem".

. Chakrabarti and Wolbert,(1975) commented that the accuracy of the
-data was the result of the controlled environment in which the
"~ experiments had taken place. Both Keulegan and Carpenter's and
Sarpkaya's studies had been conducted in essentially one-dimensional
flow with no’changing free surface. Chakrabarti and Wolbert, who had
performedbtests 6n'wave forces acting on vertical tubes and also
found the coefficients to be dependent on the periocd parameter, thought

that CD and CI changed drastically in two-dimensional flow under a



changing free surface caused by

S

of Saxpkaya'
to be limited. .

Miller (1975) also discussed Sarpkaya'

suspected that the Reynolds number had an influerice on C

d

progressive wave.

ot

p=1

work.

D

1i4.

The applicability

results to prototype situations was, therefore, considered

He strongly

and CI'

Using the data of Keulegan and Carpenter and Sarpkaya, he plotted

contours of these coefficients on a Reynolds number - period parameter-

plane, this can be seen in Figs.

$

He commented that the disagreément of C
Keulegan-Carpenter and Sarpkaya,

different Reynolds number ranges in the two studies.

(see Fig.

(8-14) and (8-15)}.

I

values as determined by

(8-12)), was due to

Miller

recommended that research on Reynolds number influence be continued,

also in the range of higher numbers.

Apart from investigating the relationship
and the period parameter, Sarpkaya (1975) also

and the errors involved when using the Morison

between the coefficients

analysed phase angles

equation: -

The phase angle between the maximum in-line force and the maximum

velocity was plotted against period parameter.

in Fig. (8-16).

The result

is shown
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The important observation to make here is that at small K values,

where inertial forces predominate, the maximum in-line force occurs
close to the still-water phases, while at large values of the period

paraneter, where drag becomes all-important, the maximum force occurs
very shortly before the passage of a crest or a trough.

The relative imagnitude of error, Y, where
F (measured), - F (calculated)
Y = max max

- Q-
F__ (calculated) (8-19)
max

was plotted versus period parameter.

It was found that the measured
in-line force was almost always larger than the force calculated by the
Moriscn equation (and, presumably, using the CD and CI values given in'
Figs. (8-11l) and (8-12)). The relative error, P, could be as large
as 15%, as may be seen from Fig. (8-17).
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Sarpkaya concluded that the in-line fecrce on a cylinder could be

calculated with the aid of the Morison equation and the appropriate

averaged coefficient values, and then be corrected by the factor .

B. Transverse forces

The maximum 1ift coefficient, CL , within a wave cycle, defined

max
as
c . maximum amplitude of the transverse force in a ¢ycle
L .
max L pu® DX
max

was determined as a funciion of the period parameter; refer Fig. (8-18).
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It is noted that this lift coefficient is probably due entirely

te the shedding of vortices and not to the presence of a solid boundary

as the cylinder models were installed relatively far away from the

tunnel walls.

Fig. (8~18) displays several interesting features:

1. CL ax may reach a value as high as 3,0 and exhibits several
mn
maxima.
2. In the period parameter range 4 to 10, the lift force can

be substantial. In this range the in-line force is
essentially of inertial nature, and one may be inclined to
ignore the drag and transverse forces. Such a step would
lead to a severe underestimate of the resultant force
acﬁing on the cylinder. Sucﬁ a procedure would only be

acceptable for K < 4 where there is no 1ift force.

In order to compare the transverse force with the in-line force,
the ratio (maximum measured transverse force) : {(maximum measured in-
line forcej was plotted against the period parameter, this can be seen

in Fig. (8-19).
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Figure 8-19 Ratio versus K for a cylinder
Since the transverse force can be significantly larger than the
in-line force, it is essential, for design purposes, to consider the

vectorial sum of these two forces.



As in the case of the other coefficients, Sarpkaya found no

correlation between C. and the Reyhiclds number.
J
max

He also made interesting observations regarding the frequency
of the lift force. Fig. (8-20) shows a plot of the ratio of vortex
shedding freguenay, fv, to lift force freguency, fL, versue the perxriod
parameter.
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Figure 8-20 Frequency ratio, fv/fL, versus K for a cylindex

The predominant tendency in Fig. (8-20) is for the lift force

frequency to be one half of the vortex shedding frequency.

.Sarpkaya (1974) stated that the frequency of the 1lift force
depended on the period perameter, K, and that it varied from the wave
frequency,'fo, to SfO. »Iﬁ certain ranges of K, several 1lift force
frequencies, such as fo' 2fo, 3fo, 4f0 and 5fo. could exist

simultaneously.

8.12 - U.S. ARMY, COASTAL ENGINEERING RESEARCH CENTRE, 1975

The 1975 edition of the CERC Shore Protection Manual discusses
the use of the Moriscn eguation for in-line forces on piles, the

" transverse forces on piles, and the associated force coefficients.

Being a design manual, the theory is not refined and rather

rough-and-ready rules are given as guidelines.

&



A. In-line forces

A laboratory study of Thirriot, et al (1971) is mentiocned, wherein

it has apparently been found that for

> 10, CD o CD (steady flow)

ol ol

< 10, CD > CD (steady flow) (8-20)

horizontal semi-axis of varticle orbit
pile diameter

where A/D is the ratio

(Seeing that K = 2mA/D, the-value of the period parameter corresponding

to A/D = 10 is X = 62,8).

(The comments of Rance (1969) ccme to mind. Referring to
Fig. (7-5), he noted that thé A/D ratio had a marked effect on CD,
particularly if the ratio was smaller than 10 and the Reynolds number
less than 5 x 1lO". Under these conditions the qnsteady state CI

was considerably larger than the steady state CD)-

Thirriot; et al (1971) also found that at Reynolds numbers
greater than 4 x lO“, CD for unsteady flow was equal to CD for steady

flow, regardless cf the value of A/D.

VConsequently, the CERC Manual recomnends that CD values be obtained
from Fig. (8~21), which has been drawn up by Thirriot, et al.
Fig. (8-21) primarily shows the variation of CD versus Reynolds number
for steady flow conditions, although some experimental points from
unsteady flow experiments are superimposed,thefeupon. The solid line

is regarded by the Manual as "generally cocnservative".

The CERC Manual recommands the following valuves for CI:<

fn 2,0 when Re < 2,5 =% 10°
_ R, |
C,_=< 2,5 - —=—— when 2,5x 10° <R_<5 x 10°
5 % 105 S
1,5 when R > 5 x 10° (8-21)
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These values are based on the results of Keulegan and Carpenter
(1958) and six subseguent investigators.
B. Transverse forces

Regarding transverse forces, the laboratory study of Chang

(1964) is mentioned. He was to have found that eddies were shed at.
a frequency twice the wave frequency (i.e. fv/fo = 2); two eddies

were shed after the passage of the wave crest and two on the return
flow after the passage of the trough. (It must be realised that this
is a special case. If the period parameter were greater, more

eddies could form at a time - Keulegan and Carpenter found that von
Karman vortex streets developed at large K values, of the order of

say K = 100).

In Chang's study CL was found to be dependent on X, averaged
.over the length of the pile. For rigid piles, CL.increased with
. increasing K until it approximately equalled CD. ¥or K < 3, CL was
virtually zero.
(Unfortunately, this report on Chang's work conflicts with the
reports by Bidde (1971) and Isaacson and Maull (1976) :~
Bidde (1971) states that Chang concluded that fL/fo = 2. Isaacson
and Maull (1976) state that Chang found fL/fO to be 2 or 3 depending
on the value of the period parameter at the water surface.
Although one would have to read Chang's thesis to get the full story,

it is clear that the CERC Manual refers to the ratio fv/fo whereas

Bidde and Isaacson and Maﬁll refer to fL/fé)'

The CERC Manual also quotes the work of Bidde (1970, 1971).
It is stated that he "investigated the ratio of maximum 1lift force

to the maximum drayg force", FL /F . This appears to be incorrect,
. _ .- . max. max
- since Bidde (1971) explains that he plotted ratios of "average maximum

lift forces to average maximum longitudinal forces versus Keulegan-

Carpenter number and Reynolds number", in other words FL /Fmax
14

where Fmax is the (average)} maximum total in-line force, including
both drag and inertial forces. As the Keulegan-Carpenter period
parameter was fairly small in many cases, the inertial force was not

insignificant.

- gy



Be that as it may, the Manual reasons that FL /FD o CL/CD,
0 max max

if there is no phase difference between the lift and drag forces.

The dependence’of CL/CD upon K is then given, Fig. (8-22).

To obtain a value for C the recommendation of the Manual is to:
1. select a CD value,

2. calculate the parameters K and H/gT?,

3. obtain the CL/CD ratio from Fig. (8-22), and

4. calcu}a;e CL = CD X CL/CD.

In the event of X being beyond the range of Fig. (8-22), the 1lift

coefficient is taken as CL = oo

The reader is reminded that all these recommendations are intended,
more specifically, for piles unaffected by nearby boundaries. v
Furthermore,\these coefficient vélues are not to be used with Airy wave
theory, but in conjunction with design charts, in the CERC Manual,"
which have been based on lean's stream. function theorxy. .

8.13 GARRISON, GEHRMAN AND PERKINSON, 1975 {(Naval Postgraduatg School,
Monterey, California).

Garrison, et al (1975) made two contributions whereby the
horizcontal and vertical force components, acting on a large-diameter !

horizontal cylinder in contact with a sclid boundary, may be predicted:

1. Using experimental data, they plotted maximum horizontal
forces in terms of dimensionless parameters containing only
the basic wave variables, namely wavé height and period, in
a specified water depth. {The plotted points appeared to
follow consistent curvés). In other words, they avoided
the Morison approach which reguires a knowledge of coefficients
oh the one hand, and water kinematics on the other hand, and
resorted to what this writer calls, the "method of

dimensicnless wave parameters™.

2. By assuming that the displabement of water particles is so
small compared to the diameter of the cylinder, that
separation does not occur, they formulated approximate
equations for the maximum horizontal and vertical forces.

This is referred to as their "unseparated flow mcdel”.
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Method of dimensionless wave parameters

From dimensional analysis they found the maximum force, per unit
length, on a bottom-mounted cylinder to be dependent on four dimensionless

groups: 24/D, gT?/d, H/D and D?/VT.

The fourth group is a kind of Reynolds number. On the assumption
that when this number is large it hardly affects the force, the authors
disregarded it. bData acgquired from wave flume tests were plotted as
points of maximum horizontal and vertical forces (expressed in
dimensionless form) versus the remaining threé parameters, 23/b, gT%/d

and H/D ~ see Fig. (8-23).

The ranges covered in the experiments were approximately

24/D - 4,0 to 9,0
gr?/a - 10 to 300
H/D - 0,0 to 2,0 -

The unseparated flow model

ot t i e e s e o e e 2t ot S e S iy e e e

Since this theory is intended for rather large amplitude waves
in the shallow water range, Garriscn, et al (1975) recommend fthe use
of Stokes' fifth-order wave theory (as presented by Skijelbreia and

Hendrickson t196l)) to predict particle velocities and acceleraticns.

R. Horizontal force

Assuming that separation does not occur - i.e. no wake formation
and negligible viscous effects - the maximum horizontal force, per -
unit length, on a bottom-mounted cylinder is considered to consist of

an inertial term only:

F =;pl4-'~D2

(L+Cc) u ’ (8~22)
max m m

ax

where Cm is the added mass coefficient (discussed extensively in the

review of Garrison, Field and May (1977)).

Cm is assigned to value of 2,29. (Wilson and Reid (1963)
calculated CI (=1 + Cm) for a bottom-mounted cylinder from potential
flow theory and found it tc be 3,30 ; Yamamotb, et al (1974) found
Cm = 2,30},

o e
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Eq. (8-22) is valid only under the following circumstances:

1. Large 24d/D, because Cm # 2,29 if the water depth, 4 ,

becomes so small that the free surface affects the flow.

2. Large L/D,.to ensure that diffraction effects remain

negligikle.

3. Small H/D, because if the wave height is too large, fiow

separation will occur.

In order to compare their unseparated flow theory with the
experimental results, the authors used Stokes' fifth-order wave theory
and Eg. (8-22) to compute values of the maximum horizontal force (in
dimensionless form, i.e. Fméx/pg D2/4 ) and plot:ed these as solid

lines in Fig. (8-23).

As can be seen, the agreement between theoretical and experimental

results, within the test range is good.

The maximum herizontal. force varies rather linearly with wave
héight, i.e. the parameter H/D, - the only significant non-linear

variation occurs at large gTz/d values and small 2&4/D values.

B. Vertical force

The authors assumed that the vertical force consisted of two
components: the hydrodynamic lift force due to the asymmetrical
streamline pattern caused by the presence of the boundary, and the

vertical inertial force.

~ As an approximation, the second component which is much smallex
than the first at large gTz/d values, was omitted. Thus, the simplified
equation for the maximum vertical force, per unit length, on a bottom-

mounted cylinder became:

' = L 2 ' -
_Pmax 2P cL D umax (8-23)

where the coefficient of lift, CL, vas assigned the value of 4,48 , as
_ determined by Dalton and Helfinstein (1971). (Wilson and Reid (1963)
derived the same wvalue, whereas‘4,49 is ‘quoted by Nath and Yamamoto

(1974) and Yamamoto, et al (1974)).

¢ e o v [

s
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Since 4,48 is the result of an unseparated flow analysis, Eg. (8-23)
with CL = 4,48 cannot be expected to be valid under cocnditicns where
the relative particle displacement is so large, that gross flow

gseparation ccocurs.,

Fig. (8-23) shows that the vertical force varies rather non-

linearly with the wave height, or the parameter H/D.

As with the horizontal force, the authors compared Eq. {8-23)
with the experimental results, by using Stokes' fifth-order wave .theory
and calculating values of the dimensionless force (Pmax/pg D?/4 ) and

plotting them as s7lid lines in Fig. (8~23).

The agreement between theoretical and experimental results is
fairly good for small H/D values - i.e. for H/D < akout 1,0 , depending

on the values of 24/D and gTz/d.

A possible reason forxr the disagreement of thecretical values with
experimental values at larger H/D, is that gross separation of flow

sets in when H/D (and conseguently the relative amplitude of oscillation

of water particles) exceeds cerxtain limits. When such separation
takes place, the actual CL decreases. Therefore the unseparated flow -
model, involving Eq. (8-23) with CL = 4,48 , "will always tend to give

conservative results”,

Vongvisessbmjai (1976), in discussing Garrison, et al's work,
thought that the Morison equation was still most suitable if the relative
size of the cylinder, D/L < 0,2 . If the relative size exceeded 0,2
and the period parameter, K < 1 (or say 3), the aiffraction theory

method should be favoured.

8.14 GRACE AND NICINSKIL, 1976 (University of Hawaii, Honolulu)

As far as can be ascertained, the research programme described

by Grace and Nicinski (1976), was the first prototype study of wave

- forces acting on a circular pipe near the sea floor. Prior to this,

several wave force experiments had been carried out in the ocean, but
these were mainly concerned with vertical piles, and, to a lesser extent;

with spheres.

e



8.14.1 General descrivtion of the apparztus and experiments

The test rig consisted of a 400 mm cutside diameter steel pipe
having a wall thickness of about 6 mm, which was mounted on, and 75 mm
b

above, a flat base. The base was made of steel angles and T~bheams

which could ke stabilized by sliding concrete blocks. into them after

the rig had been placed on the sea bed. The base together with the

concrete inserts had a mass of almost five tons.

The overall length of the pipe rig was about 5,3 m, but the test
section was only 1 m long and located in the middle between two
flanking wing sections, which were fixed tc the base.- To increase the
stability after placement, lengths of chain were loaded inside the wing
sectiong. The test section, designed to be neutrally-buoyant in sea
water, was suppnorted from the two flanking wing sections, which also
helped to eliminate "end effects". Horizontal and vertical forces
on the test saction could be measured by a strain gauge arrangement
which could be linked to electronic recording devices housed on board

a bhoat on the surface.

+

Other instrumcnts which were also linked to the bcat, included a
wave staff for measuring wave heights, and a propeller-type current
meter for measuring velocities. This meter was placed about one meter
off the one end of the pipe rig, on its centreline, ana 375 mm above
the sea bed. This location was chosen, as a compromise, to represent
the water motion incident upcn the test pipe, and yet to be far enough

away not to be influenced by flow around the end of the pipe.

Unfortunately, the wave staff did not perform satisfactorily, with
the result that most of ths processed data are of the form of force
coefficients associated with measured water mction, rather than being

related to water kinematics predicted by some wave theory.

The expériments were carried out in a water depth of 11 to 11,5 m,
some 43C m offshore of the Hawaiian island of Oahu. The sea flcor

was relatively flat and consisted of coral rock.

The test waves were genevated in the distant southexn hemisphere,
and arrived at the site as a very consistent swell. After refraction

the wave direction was reduced to quite a narrow band, and since it had



been decided to devote one and a half years of the project to the
situation where the wave attack was perpendicular to the pipe axis,
(i.e. O = 900); the test rig could be installed without ah adjustable
orientation feature. During this first stage the relative clearance,

h/D, was also kept constant at 75/400 = 0,2 .

The wave period hardly varied over the short term so that the
swell could be considered as virtually uniperiod. In the long term;
the periods involved ranged from 12 to 20 seconds. The wave heights
during the tests were up to 2,1 m. The Reyneolds number varied between
10° and 4 x 105,‘and the relative roughness of the pipe was estimated

-3
to be 2,5 x 10 .

Notwithstanding the poor performance cf the wave measuring staff,
the values of drag, lift, vertical and horizontal inertial coefficients

were investigated for two types of sitvations:

1. where the coefficients are to be used in conjunction with

measured kinematics, and

2. where they are to be used with kinematics predicted by the

Airy wave theory.

The authors refer to the first type as "true" coefficients and
the second type as “"theoretical" coefficients. Whereas the first
type may be of interest to researchers, it is the second type that is

of real interest to designers.

8.14.2 Results of the experiments

~

8.14.2.1 True coefficient CI in predominantly inertial force

situations

The case where the flow did not separate from the pipe received
special attention. Grace and Nicinski (197€) associated this with the
design situation where the relative displacement of water particles,

A/D, was less than %, cr equivalently, if K < 7 .

This condition could arise, even for high, long period design

waves, 1f the pipe diameter, D, was large.



131.

Dalton and Helfinstein (1971) used potential flow theory to
derive CI for a cylinder at varying relative cliearance, h/D.
Yamamoto, Nath and Slotta (1974), incidentally derived a similar curve).
Grace, et al felt that the Dalton-Helfinstein curve could be of
practical use in cases where the flow remained virtually unseparated,
and attempted to verify this curve by an experiment that was

independent of wave action.
Their procedure, which appears rather unique, was the following:-

A steel plate, mounted on plywood shims around its edges, was
placed under the test section of pipe. The test section was struck
several times in the horizontal direction and then in the vertical
direction to cbtain its period cf natural vibraticn, in eitbher diréction,

at that particular clearance.

The natural (horizontal) period, Tn’ of a spring-mounted body

immersed in a liquid is given by the eguation

T = 2N, —— - : (8-24)

where m is the mass c¢f the neutrally-buoyant pipe, and

k is the effective spring constant of the mounting arrangement.

Since both m and k were known, and Tn was measured, CI could be

calculated.

Their calculated CI values, superimposed wvpon the Dalton-Helfinstein

curve can be seen in Fig. (8-24).

8.14.2.2 Various coefficients in situvations where inertial effects

are not predominant

Whereas the investigation described above did not involve wave
forces in any way, the experiments that are about to be described

included the measurement of forces, wave properties and flow velocities
at the pipe. From these data both true and theoretical coefficients

could be calculated.
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8.14.2.2.1 Horizontal forces

The Moriscn equation was accepted as the formula whereby the
total horizontal force per unit length of a c¢ylinder could ke

calculated:

T ° "
F = % CDDp'u!u + CI p %‘Dz u (5-2)

8.14.2.2.1.1 True instantaneous value of CI

From a sample of 48 readings, inertial coefficients were obtained
at the instant at which the velocity was (apparently) zero. (The

acceleration was not necessarily at its maximum) .

The mean value was CI = 1,93 , with & coefficient of variation

of 22,8%.

A plot of individual CI values versus Reynolds number,

Re = uwa"D/v , displayed no discernible trends.

Since thie peak acceleration did not necessarily ccincide with

the zero velocity phase, the ratio ﬁ_k/ﬁmax was considered, where
ﬁ* = the acceleration at the instant of zero velocity
u = the peak acceleration.

This ratio had a mean value of -about 0,92 , and provided a crude
estimate of what proportiocn of peak inertial foxce occurred at the

time of zero velocity.

The inertial force at the point of zero velocity was compared
to the maximum total in-line force measured on the pipe. On the

average, this inertial force was about 45% of the maximum total force.

From this argument, Grace. et al concluded that the overall
maximum forces on the pipe -~ in the course of these experiments - were

drag force dominated.

An interesting observation was made: The peak horizontal force
always preceded the develocpment of the peak velocity by 1 to 2

seconds.

Rt S



Since they had reasoned that inertial forces constituted only a

small proportion of the total force, they searched for other explanations.

A further observation was that while the velocity peaked at a
value that often persisted for a second cr more, the total horizontal

force dropped rapidly.

Two possible explanations were cifered:

1. The true drag coefficient dropped rapidly as time
progressed, or equivalently, as the water particles

travelled a longer distance, s.

2. The velocity that was measured at a point one meter off the
end of the pipe was nct representative of the real flow
incident on the pipe. This could occur because as the
direction of flow reversed, the pipe would be bathed in its

own highly turbulent wake.

Unfortunately, Grace and his team could not prove cr disprove the
second alternative. with their measuring techniques and they largely

ignored it and preferred the first explanation.

8.14.2.2.1.2 True, instantaneous value of CD

The trough and creét data of 66 separate waves were utilized to
obtain values for CD. Each wave yielded between 1 and 4 values
depending on the length of time interval over which the velocity
peaked. CD was. plotted against's/D, the relative travel distance of
the water particles. The results can be seen in Fig. (8-25). The

‘mean value in Fig. (8-25) is'Eb = 1,125.
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Figure 2-25 True, instantaneous CD versus s/D, relative travel

distance

In Fig. (8-25), the points have been coded in terms of the Reynoids
number and an acceleration parameter, ﬁmax/g; Grace, et al (1976)
comment that both these parameters play minor roles compared to s/D,
in the behaviour of CD. Some correlation was found between the

Reynolds number and s/D.

Much of the sgcatter in Fig. (8-25) could be attributed to

incorrect estimates of the real s, due to wake effects.

8.14.,2.2.1.3 True, average values of CD and CI Overs Lru

Using force and velocity histories and a best least-squares fit
statistical technique, two samples of wave data were analyzed to obtain

average~over-the-wave~cycle values of CD and CI' The approximate



results were CD = 1,12 and C_ = 2,20 .  Eoth are close to the
L
instantaneous mean values, 1,125 and 1,93 , respectively, quoted

. above.

8.14.2.2.1.4 Theoretical, instantaneous values oif CD and CT’

derived from maximum total horizontal force

o——— 2 SRb———

When measured forces, theoretical velocities calculated from Airy
theory equations, and a regression line technique were used togdgether,

the data from 65 waves yielded CD = 1,50 and CI = 2,57 .

As mentioned earlier in this thesis, the Airy theory gives very
geod predictions of the true peak velocities near the sea ked under
ocean waves, bul underestimates the truevaccelerations near the sea
bed (by as much as 33%). This has been noted by e.g. Wiegel (1964},
Le Méhauté, et al (1968) and recently confirmed by Grace (1976) who

studied water particle kinematics that occurred in the ocean.

This explains why the theoretical CI (= 2,57) is about one third

more than the true CI (= 1,93).

The discrepancy between the theoretical CD (= 1,50) and the true

4

CD (= 1,125) is rather surprising. Grace and Nicinski {197¢) suggest

this could be due to subtle errors in the regression line technique.

8.14.2.2.2 Vertical forces

The equation for the total vertical force on a pipeline near the

-sea bed, as preferred by Grace, is

P = P + P

= .D.5pu? + T p2. |4 §-25
C,.D.%pu Cq-P7 D [a| ( )

It is noted that Grace and Nicinski (1976) imply that both PL and
PW are positive at all times (i.e. acting upwards). (Earlier papers,
such as Grace (1973) and Grace (1971) 4&id not include a "mod" sign for

G, while u® was written as |ul.u).
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8.14.2.2.2.1 True instantaneous value of C

L
Fig. (8.26), showing the variation of CL versus relative travel
distance, s/D, was derived from a sample cof 33 waves. (It is

suspected that Fig. (8-26) was obtained in a similar way as Fig. (8-25),
80 that some of the scatter can be attributed to poor estimates of

the actual s).
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~at different period parameter values, where K = 27 A/D. Fig.

’—J
w
co

There appears to be a tendency for CI to decrease with increasing
4

s/D, then increase somewhat and decrease again.

The authors compare Fig. (8-26) to Fig. (8-18) of Sarpkaya
(1975). Attention is drawn to the fact that Sarpkaya's experiments,
apart from beiny performed on cylinders avay from a boundary,
determined CL' as the maximum lift coefficient within the wave cycle,
(8-18)
is thus, effectively, a plot of CL versus A/D, whereas Fig. (8-26)
is a plot of CL versus 3/D, where™™® s can vary from zero to a

particular value of A. Nevertheless, the ccmparison is interesting.

8.14.2.2.2.2 True, average values of CL and CW

More than cne peak value of the vertical force occurred during
a wave cycle. There were, generally, peak (upward) forces shortly
before the trough or the crest passed over the pipe. The force
associated with crest passage was by far the larger - perhaps twice

the force associated with the trough. Refer Fig. (8-27).
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versus time



" -and the Dalton-Helfinstein curve, the authors concluded that C
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"This "double bounce" behaviour <f the vertical force led to very
poor results when the coefficients w ., 2 determined with a best least-

squares fit technique.

8.14.2.2.2.3 True, instantaneous value of CWU

From the data of 28 waves, at the instants of zero horizontal
velocity, instantaneous values of Cw were calculated. The mean

value was Eﬁ = 0,32 , with a ccefficient of variation of 100%.

No correlation was found between CW and the Reynolds number.

8.14.2.2.2.4  Thecre&tical, instantaneous values of C_ and CW' derived
L

v

from maximum total vertical force

When measured forces, theoretical kinematics calculated from Airy
theory equations, and a regression line technique were used together,

the data of 65 waves yielded CL = 0,56 and Cw = 2,18 .

8.14.3 Conclusions and recommendations by Grace and Nicinski

8.14.3.1 Situations where inertial forces are predominant

After finding a favourable fit between the experimental results

-

T’ for
both the horizontal and vertical directions, could be obtained from
Fig. (8-24), for those design situations where pipe sizes and wave.

conditions were such that inertial effects were predominant.

8.14.3.2 Situations where inertial forces are not predominant

8.14.3.2.1 Horizontal forces

~ 8.14.3.2.1.1 Theoretical drag coefficient,C -

Since the Airy theory predicté peak near-~bottom velocities under
ocean waves véry well, it is accepted that the theoretical CD would be
equal to the true CD. In other words, the true CD values {which were
determined more accurately in the experiments) are also taken toc be

the theoretical CD values.
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Guven; et al (1975), found that even if the relative roughness cof
a circular cylinder in steady flow was increased considerably above

2,5 x 10 °

, it caused an increase in supercritical drag coefficient of
only 4%. ° (It is also recalled that it was found at Wallingford, in

1962, that roughening of the pipe increased drag only marginally).

- Beattie, et al (1971), found that the drag coefficient of both
rough and smcoth pipes in steady flow,vclose to the floor, hardly
changed in the Reynolds number range 5 x 10% to 2 x 10°5. For a
rough pipe, CD was about 0,7 .

From these findings, the authors concluded that their CD results
could be applied also to cases where the relative roughness of the

pipe and the Reynolds number were larger than in the experiments.

The drag coefficient in Fig. (8-25) is asymptotic to 0,7 -
the same value as found by Beattie, et al. | (Incidentally, according
to the CERC Shore Protection Manual (1975}, Thirrxiot, et al (1971)
also found CD for unsteady flow to be approximately equal to CD for

éteady flow if the Reynolds number was greater than 4 x lO“).

In consideraticn of this, and seeing that Jones (1971) found that
CD for a cylinder close to a boundary in steady flow, with the Reynolds
number £ 5 x 105, was rather insensitive to changes in_relative '
clearance, h/D (within the range zero to 0,16), and in boundary
roughness, Grace and Nicinski (1976) concluded that Fig. (5-25) could

be used as a design curve for CD for pipes at any relative clearance.

8.14.3.2.1.2 Theoretical inertial coefficient, CI

The theoretical curve in Fig.'(8—24) is used as a base reference.

Because the theoretical coefficient of inertia was found to be
2,57 , for a relative clearance of about 0,18 to 0,2 , the authors
suggest a C_ = 4,0 for zero pipe clearance. (This is obtained through

I -
proportioning from Fig. (8-24):- 2,57 x ;’Zi
. 4

= 3,20 , or say 4,0).

They also suggest that, for any other relative clearance, the

theoretical CI be derived, in a similar manner, from Fig. (8-24).
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8.14.3.2.2 Vertical forces

8.14.3.2.2.1 Theoretical lift coefficient, C

L

The wide range covered by the true C_ for varying s/D, made it
L
difficult for the authors to produce a Gesign curve. They suggested
that a design curvé could be plotted through the upper bound of the

data in Fig. (8-26) = thig has been done by the present writer.

The values of the true CL may be assumed valid-also for the
theoretical CL’ for the same reason as mentioned in the case of the
drag ccefficient,

Since the lift coefficient is strongly influenced by the relative
clearance, no suggestions have been made regarding CL for other relative

clearances.

8.14.3.2.2.2 Theoretical horizontal-vertical inertial coefficient, CW

Grace and Nicinski admit that they "do not have great confidence”
in the CW values, but suggest a design value of 3,0 for the theoretical

C for h/D = 0,2 . To the present writer, the reason for this value

W’ _
seems to be the following: Because the Airy theory underpredicts the
actual near-bottom acceleration under ccean waves by as much as one-

third, the theoretical Cw is assumed to be:

Wi

X the true CW = %-x 2,18 = 2,91 , or say, 3,0 .

8.14.3.2.3 Adjustment of coefficients for orientation angle, O + 90°

To make allowance for the case where the wave attack is not at
right angles to the pipe axis, the authors suggest the use of the
curves produced by Grace (1971) and Grace (1973); refer Figs. (8-3},
(8-4) and (8-5).

8.14.4 Final remarks by Grace and Nicinski

They point out that considerable research still remains to be done
on the interaction between waves and pipes despite the apparent
saturation of published material on wave-cylinder (whether horizontal

or vertical) interaction.
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Their research programme for 1976 included experiments with the
pipe clearance reduced to 13 mm, that is, a relative clearance,
h/D = 0,03 , while the orientation angle ¢ remained at 900. From
correspondence it is understood that Prof. Grace is currently (1978)

writing a report on the last two years' reseaxch.

8.15 ISAACSON AND MAULL, 1976  (apparently at University of Cambridge)

According to the authors, their work "may be considered an extension
of Bidde's investigation, with emphasis being placed on the generation
of shed vortices during the wave period and the relation between thecse
vortices and the 1lift force". Tests were done on vertical circular
cylinders placed in a Wave flume, as well as by oscillating a vertical

cylinder in still water.

Apart from their observations regarding the various vortex shedding
regimes at different values of the period parameter ( which has been
referred to eariier), they made interesting comments on the lift force

frequency.

They thought that the question of whether 1lift would or would not
be developed, and at what frequency compared to the wave frequency,
could be answered best by considering the shedding of vortices from
the cylinder during half a period of the oscillatcory motion. They

formulated the following model:-

As a vortex develops and detaches from the cylinder, the 1lift
force attains a maximum, then reduces and changes sign as the next
» vortex develops. Wheh the relative velocity between fluid and cylinder
changes direction the next vortex formed has the same sign as the
previous ohe. If N vortices are shed in each half cycle, the ratio

of lift force frequency, fL, to oscillation frequency;fo, is (N + 1).
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This may be illustrated by an example (based partly on Isaacson
and Maull's (1876) Figs. (8-28) and (8-29), and partly on the present

writer's own interpretation, refer Fig. (8-30):-

Consider the casé where two vortices are shed per half cycle,
i.e. N= 2 ., Since N = 2 , the lift force frequency is 3 times the
oscillatory frequency. Mercier (1973) apparently found fL/fO = 2 if,
K <18, and 3 if K > 18. This implies that, according to the Isaacson-
Maull model, two vortices were shed per half cycle once the period

parameter exceeded 18.

Sarpkaya (1975) found that CL peaked at period parameter values
. max
of about 10 and 18 (refer Fig. (8-18}). If, in fact, one vortex were

just shed per half cycle when X = 10 , and two vortices were just shed
when K = 18 , the results of Sarpkaya (1975) woﬁld reihforce the

credibility of Isaacson and Maull's theory.

Safpkaya subsequently extended his research on cylinder forces in

oscillatory flow to a Reynolds number range up to 5 x 105, that is,
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higher than in the research programme described in Sarpkaya (1975).
(The later publication is Sarpkaya (1976a), and an extract of his

results appears in Sarpkaya (1976c¢).

Sarpkaya (1976c¢c) contains a graph of the lift frequency to
oscillation frequency ratio, fL/fo’ as a function of the Reynolds
number and the surface Keulegan-Carpenter number, KC, - see Fig. (8-31).
(KC is not the local period parameter value, K, at a specific depth,
as one would normally use in the case of say a pipeline, but the value

at the water surface, i.e. it characterizes the wave motion).

Fig. (8-31) shows that fL/fo increases with increasing KC.
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Figure 8-31 Variation of the fL/fo ratio with the Reynolds number,

Re' and the surface period parameter, KC

8.16 - CHAKRABARTI, WOLBERT AND TAM, 1976 (Chicago Bridge and_Iron »
: Company, Plainfield, Illinois)

The study of Chakrabarti, et al (1976) included the calculation

of CD' CI and CL from wave force data obtained from tests on a circular
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cylinder placed vertically in a wave tank. They also investigated the
relationship between lift force frequency and wave frequency.
Because the vertical cylinders were remote from a solid boundary,
e

the results are not to be applied blindly to submarine pipelines near

the sea floor.

A. In-line forces

The coefficients CD and Ci, for use in the Morison equation, were
determined from the record of in-line force, by a best least-squares
fit methoa. The water particle kinematics, substituted into the
Morison equation were obtained from the Airy wave theory, whilst the
coefficients were assumed to remain constant over the whole wave
cycle. C_  and CI' plotted against the period parameter, K, are shown

D
in Fig. (8-32). : -

o |

030\%0‘0. . cl

i

Figure 8-32 CI and CD versus K for vertical cylinders remote

from a boundary

The coefficient values were actually derived as weighted average
.values, corresponding to the total horizontal force, over the entire
length of the cylinder. (This restricts the general usefulness of

the curves). Using these curves and the Moriscn equation, the authors



~calculated in-line forces which they then correlated with measured

forces. . They found a very good correlation.

They also attempted to plot C_ and CI versus the Reynolds number,

D
but this proved unsuccessful.
\
Chakrabarti, et al (1976) attribute the scatter in drag coefficient,
in Fig. (8-32), to the relatively small drag force compared to the
inertial force, at small K values. The fact that the drag force .

becomes important at larger period parameters, has been pointed out cn

numerous occasions in this dissertation.

The reason given by the authors for the différence between their

results and those of Keulegan and Carpenter (1958) and Sarpkaya (1974,

1975), was that their own experiments had been conducted in two- ‘Ayo, -
dimensional flow under a changing free surface, whereas the other \ﬁyvbu?
experiments had taken place in virtually one-dimensional oscillatory : &

flow. : WVErs o

B. Transverse forces

The measured profile of the lift force was generally found to be

irregular : typically of the form shown in Fig. (8-33).

T = 2'5 Sec.,

:
: b sl
";2 0 K odbk$ﬂ4ﬂ$&%f .
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4 3
o 2 s 10 15
Tirme  (Seconds) . Time (3econds)

Figure 8-33 Typical pfofiles of the lift force
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The frequency of the peak lift forces was found (almost) always
to be a multiple of the wave frequency, in other words, 1, 2, 3,...
times the'wave'frequency. (In a few instances peaks occurred at
frequencies 1,5 and 2,5 times the wave frequency but these peaks were

generally very weak).

\

Chakrabarti, et al, like Isaacson and Maull (1976) and Isaacson
(1974), associated lift forces with vortex shedding and agreed that if
the ratio of lift force frequency to wave frequency fL/fo, was (N + 1),

the number of vortices formed and shed per half cycle would be N.

Considering only the principal (i.e. most predominant) peaks of
the lift force, they plotted the frequency ratio fT/fo versus the

period parameter; as can be seen in Fig. (8-34).
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Figure 8-34 Ratio of predominant lift fregquency to wave frequency
versus period parameter. (Possible transition zones
are shown by dotted vertical lines)

Although Fig. (8-34) seems, at a glénce, similar to Fig. (8-20)
of Sarpkaya (1975), there is a difference: Sarpkaya (1975) plotted
the ratio fv/fL versus the period parameter. (Chakrabarti, et al
(1976), incidentally, incorrectly state that Sarpkaya (1975) found the
dominant vortex shedding frequency to be twice the "wave frequency".
What he did, in fact, find was that the dominant vortex shedding -

frequency was twice the lift force frequency).
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Chakrabarti, et al (1976) concluded that the number df eddies shed
per half cycle and the 1lift force frequency were directly related to
the period parameter. "The higher the parameter the higher is the
number of eddies shed by the cylindex". They suggested, on the
strength of Fig. (8-34), that no eddies were shed for K < 6 to 7, one
eddy was shed for K between about 7 and 15, and two eddies were shed
for X > 15. (Unfeortunately they used the word "formed" instead of
"snhed"; this led to confusion as well as criticism by Maull and
Isaacson (1977)). They stated that similar observations had been made
by others such as Isaacson (1974), Sarpkaya (1975) and Tuter (1974).
The transition points were, however, different in the latter two cases,
mainly for the following two reasons: Firstly, Sarpkaya and Tuter
had measured the particle velocities whereas the authors had calculated
the velocities from linear wave theory. Secondly, Sarpkaya and Tuter
performed their tests‘in one-dimensional flow without a changing free
surface. (It is not clear how Chakrabarti, et al (1976) can state
that ‘Sarpkaya (1975) made such observations because nowhere does theu
latter meake any such comments. Perhaps Chakrabarti, et al (1976)
inferred this, incorrectly, from Fig. (8-20). The present writer
suspects that this is the case because Chakrabarti and Wolbert (1975)
casually compare Fig. (8-26) with their own results as though ;here

were no difference between fv/fL and fL/fo).

Maull and Isaacson (1977), in discussion of the paper, said that
if_a lift force is generated, its frequency will normally be at least
twice the wave frequency. Thus the number of vortices shed per half
cycle, N, would be at least one. They questioned the existence of a
lift force at the wave frequency at values of K less than about 5,

where N = O.

The first reason they suggested for this phenomenon was that
sufficient flow asymmetry to create lift may occur during only one
half of the wave cycle, thus resulting in a lift force frequency equal
to the wave frequency. The second and third possible reasohs, which
they considered more likely than the first, were misalignment of the
balance system with respect to the experimental waves or an undue
cross—coupliné of the balance whereby a lift reading would contain a
significant amount of drag force (which has the same frequency as that

of the wave).
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‘Chakrabarti, et al (1277), replied that neither the second nor the

third were valid reasons.

The first was more likely and could have

been caused by small nonuniformities or out-of-roundness of the cylinder.

They also stated that the ratio fI/fo =

1l was uncommon, but not

unprecedented because also Tuter (1974), who had experimented in a

more controlled environment, found the same at small K values.

With regard to the coefficient of iift, CL,

Chakrabarti, et al

(1976) pointed out that the popular equation for the lift force

k5

Cc. D pu’ (2-9)

L

was, in fact, unsuitable because the lift force was quite irregular

and had multiple frequencies.

a similar observation).

(It is recalled that Bidde (1971) made

\

They proposed to express the 1lift force per unit length-in a

series form:-

F_(t)

t
where FL( )

max
C
L(n)

.NH

Y (n)

I

Al

Ny |
% D pu;axg ¢ (n) cos [2mEft+ y(n)] (8-26)

the time-dependent lift force.

the maximum horizontal velocity component,

obtained by linear wave theory.

the lift coefficient of the nth harﬁonic.

(CL(n) assumed to be a function of K).
number of harmonics.

the phase angle of the nth harmonic force

and the other symbols have their usual meanings.

The values of CL(n)

integrations:-

CL(n) cos Y(n)

CL(n) sin Y(n)

and Y(n) are calculated by numerical

T

(8-27)

2 2f_(t)
BD_T——COS (2m n £ t) dt

o
T
2fL(t)

=.?.'6—D-—Z——Sln (21Tnft) dt
ax

0

(8-28)
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Y(n) was not calculated in the analysis, but the 1lift coefficient
for the first five harmonics was evaluated from the experimental data,

and is shown in Fig. (8-35).
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Figure 8-35 First five coefficients of 1lift obtained by harmcnic

analysis

Chakrabarti, et al (1976) pointed out that these curves should be
considered as provisional and should be verified with further tests as
they were based on & number of widely scattered points. Al further

limitation appears to be that no values were obtained for K > 16.

Over most of the investigafed range of K the second component of
lift predominates. This is associated with a lift force having a
frequency twice that of the incident wave, and the shedding of one

vortex per half cycle.

For K smaller than about 6, the first ccmponent of lift associated
with a 1lift force with a frequency equal to the wave frequency, is the

- largest.

Chakrabarti, Wolbert and Tam (1976) also considered the resultant
force stemming from both the in-line and transverse forces. The
contribution of the transverse (or lift) force was negligible at K
values below about 5, but if K approached about 15, the resultant force

could be as much as 60% higher than the in-line force alone.



8.17 VONGVISESSOMJAI AND SILVESTER, 1976 (Asian Institute of

Technology, Bangkok, Thailand, and

University of Western Australia)

The paper by Vengvisessomiai and Silvester (1976) contains useful
information ;egarding the calculation of water particle velocities and
accelerations on the one hand, and in-line forces on a variety'of
object shapes, on the other hand. The writer will'briefly mention some
of the points that are of particular interest to this thesis; the

reader is referred to the originai paper for more detail.

Because water particle kinematics are of basic importance for
calculating wave forces on submerged objects, the authors produced
valuable graphs and tables whereby the most likely maximum velocity
{and acceleration) values at any depth, and for any wave steepness,

may readily be found.

These graphs and tables are based on linear wave theory (deep
water), cnoidal theory and hyperbolic theory (shallow water), and have,

where necessary, been modified to suit experimental data.

Having determined the maximum horizontal velocity, the period

parameter, K, which is recognized as most important, can be calculated.

The other paiameter that may be important for some objects -
but rarely for submarine pipelines, since their diameters are usually
small compared to wave length and water depth - is the relative size,

D/L.

From dimensional analysis the authors derived the maximum in-line

force and expressed it in dimensionless form as :

F : . : u T u
max L D - max . maxT umax (8-29)
oA aZ function I’ ) Y ’ -

pArumax _ Mg (d—h)

or:
Fmax D umaxT umaxD Ymax
EVE——" = functicn I D ’ > R (8-30)

max Jg‘(d—h)
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where F is the maximum value of the total force per unit length,

~

~and all the other symbols have their usual meanings.

Eq. (8-29) represents a drag formulation

whereas Eg. (8-30) represents an inertial formulation.

The four dimensionless groups are relative size, period parameter,

Reynolds number and Froude number respectively.

As stated in Vongvisessomjai (1976) and Vongvisessomjai and
Silvester (1976), the Reynolds number was thought to be of minor
importance and could be disregarded (with some reservation, however)-.
Also the Froude number codla be disregarded provided the body was Aot

too close to a solid bcundary or to the water surface.

The behaviour of the total force within the ranges of the two
remaining parameters, viz. relative size, D/L, and period parameter,

K, was then considered as well as the methods to calculate it.

Vongvisessesomjai (1976) found the Morison equationto be the most
suitable method for calculating in-line forces on small objects, i.e.
for D/L. < 0,2.

Fig. (8-36.) shows the ratios CI/CI (potential £low)

C .
and D/CD_(steady flow, at similar Re) versus K

It appears that

L] < = .
1 For K < 3, C; | CI(potential £low) - (= 2,0 for a cylinder

“away from a boundary).

C_. is very small.

D
. > 2 = 1,5 for a cylinder
2. For K > 25, CI 0,75 CI(potential flow) ( ! Y
. : away from a_boundary).
CD = 1.5 CD(steady flow).

3. For K~ 12 (i.e. A/D = 12/ =~ 2), the coefficients display

2m
the greatest deviations from the values they are

compared with.
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Figure 8-36 Correlation of forces and coefficients with the period

-parameter

If D/L > 0,2 the presence of the object has a "scattering" effect
on the incident wave, i.e. the flow field in the vicinity of the
object is affected and the Morison equation can give unreliable results.
If, in addition, K < 3, the force can be calculated via the so;called
diffraction theory because for such small K values the force is
predominantly inertial. If K > 3, viscous and drag effects may lead

to inaccurate results by the diffraction theory.
This reasoning is borne out by Fig. (8-36a), from which it can
be seen that:
1. For K < 3 , the inertial force completely dominates the drag force.

2. For 5 < K < 12, both inertial and drag components make up éhe

total in-line force. . -
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3. For 12 < X < 25 , the drag force becomes more and more important.

4, For K > 25 , the drag force is completely predominating and the

dimensionless force remains essentially constant.

Using experimental data of previous investigators, Vongvisessomjai
and Silvester (1976) plotted the dimensionless force with K and fcund

good correlations.

For a cylinder they found the following relationship to be valid
if X < 7 (or about 3), and D/L generally < 0,32 :-

.2

2 F me C
max- I(potential flow)

P Du’ = K (8-31)
max

where

CI(potential £low) =42,0 . for a cylinder ?emote from a boundary
3,3 , for a cylinder in contact with

a boundary.

They were of the opinion that if the relative clearance, h/D,
exceeded 0,5 , CI did not differ much from its potential flow value

away from a boundary, i.e. CI ~ 2,0 .

Incidentally, Eg. (8-31l) is merely a different way of writing

Grace's Eg. (5-3) for the inertial case, and then assuming

C_.=2¢C .
I I (potential flow)
F Eq. (5-3 F = 1 '
rom &q. Ve max . max , iIf B >1
= C L 2 2_Tr
I 74 T max
A , ey
= %p Du? e Cp
m
K S
P
thus 2 max = 1T2 CI
p Du? K
max

There is slight disagreement as to exactly when this equation

becomes valid:
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The derivation of Eg. (5-3) indicates wvalidity

) T
when B >1,  or K< —

OIHO
’

D
whilst it is stated that Eg. (8-31) holds for K < m , in other words,
for A/D < 1. ‘

This is considered to be of academic interest only.

8.18 GARRISCN, FIELD AND MAY, 1977 (Naval Postgraduate School,
Monterey, California)

Garrison, et al (1977) studied the behaviour of the in-line force
coefficients applicable to cylinders, remote from a solid boundary,

in oscillating flow.

Since dimensional analysis suggésts that wave forces on a body
in unsteady flow are dependent on more than one dimensionless group,
they expressed the coefficients as functions of two parameters: the

Reynolds number and the period parameter.

Although their approach was not completely new (similar strategies
had been adopted in the Wallingford (1961) study,'and by Rance (1969)
and Miller (1975)), their paper as well as the discussions it has
aroused, contains stimulating ideas and will be reviewed closely. It
is unfortunate that the reply by the authors was not yet available at

the time of publication of this dissertation.

Garrison, Field and May'(l977) recognizéd the difficulties
involved in determining drag and inertial coefficients for use in
calculating wave loads, be it with the aid of laboratory tests or full

scale tests in the ocean.

One problem in the laboratory is to achieve large Reynolds numbers
that are comparable to thoée often encountered in prototype situations,
namely 10° and higher. (This difficulty has also been mentioned in
numerous Wallingford reports, e.g. in 1961, 1962, 1966 and appears to
bg a prime reason for acquiring the pulsating water tunnel from which,
inter alia, Rance (1969) obtained his test data). A second problem
with laboratory experiments is that Froude scaling is necessary and

that one generally does not have independent control over the Reynolds
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number'With the result that it is practically impossible to achieve
both Reynolds and Froude similarity. The authors comment "it is
doubtful that much can be learned about prototype wave forces from
small-scale wave channel testing" of “piling or structures composed of
small diameter tubular members although there seems to be no scarcity

of such tests reported in the literature".

Experiments performed in the ocean suffer from the disadvantage
that no control can be exercised over the incident waves. The
irregular and complex wave motion "does not lend itself to description

through a simple dimensionless parameter or two".

The present result is that neither laboratory nor ocean tests
have yielded very much systematic information regarding drag and

inertial coefficients.

Keulegan and Carpenter (1958) were the first to investigate a
- special, more basic, aspect of the wave force problem, namely the
in-line fogce acting on a circular cylinder in essentially one-
dimensional flow oscillating with a simple sinugoidal motion.
Although they had recognized, from dimensional analysis, the possibility
of Reynolds number dependence of the drag and inertiallcoefficients,
they concluded that no such correlation with Reynolds number, in fact,

‘

existed.

Garrison, et al (1977) replotted the Keulegan-Carpenter data
which spanned a range of Reynolds numbers between 7 x 10° and 3 x 10"
and found that both coefficients were dependent on fhevReynolds number.
They suspected that the apparatus used by Keulegan and Carpenter was
not well-suited to the study in so far as the Reynolds number changed
whenever "the period parameter was changed. In other words, a seriés
6f tests could not be performed at constant period par;meter and |
varying Reynolds number unless the test cylinder diameter was changed
every time. A further handicap was that the Reynolds number range
covered in the experiments was rather limited, and it so happened that

the coefficients underwent some rather unexpected variations in this

.range; Keulegan and Carpenter then interpreted this as’scatter.

Garrison, Field and May also noted that Sarpkaya (1975) failed to

find a correlation between the coefficients and Reynolds number.
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They devised a test apparatus capable of holding the period
parameter constant throughout a series of experiments wherein only

the Reynolds number was varied.

The apparatus consisted of a carriage supported on rails set over
a water channel. A pair of thin vertical struts, connected to the
carriage, held a horizontal cylinder at about mid-depth in the channel.
The carriage was driven backwards~forwards in a virtually sinusoidal
motion by a linkage connected eccentrically to a flywheel. By varying
the rotation speed of the flywheel without varying the eccentricity,
the Reynolds number could be altered without changing the amplitude of
motion of the carriage and thus the period parameter. (It will be

recalled that the pefiod parameter K = u yT/D = m.23/D). The authors

ma
actually preferred to use the relative amplitude parameter, 2A/D ,

rather than X , although they are, of course, closely related.

The flywheel was capable of attaining a high rotational speed, so
that fairly large Reynolds numbers, apparently up to about 6 x 105,

could be achieved.

The period parameter, or relative amplitude, could be changed to

a new fixed value by adjusting the eccentricity.

Sarpkaya and Collins (1978) severely criticized the authors on two
vpoints. Firstly, they objecfed beéause the authors had neglected to
refer to qertain references (i.e. Collins (1976), Onur (1975),

Sarpkaya (1976a, and 1976b)) which dealt with experiments performed

at Reynolds numbers higher than those in Sarpkaya (1975).  Subsequent
publications that have become available are Sarpkaya (1977a) and
Sarpkaya (1977b). Secondly, the test apparatus was criticized.
Severe vibrations were to have occurred which reduced the reliability

of the test data.

I

In the experiments of Garrison, et al (1977) the relative flow
was caused by the oscillation of the cylinder in still water, and not
by the oscillation of water with respect to a fixed cylinder. They
explained that the only difference between these two situations lies
in the appearance of a buoyancy-like force (often called the Froude -~

Krylov focrce, e.g. by Hogben (1974), Garrison, Gehrman and Perkinson



(1975)) in the second case.

This force is exactly equal to the 

product of the mass of water displaced by the cylinder and the

acceleration. -

In other woxds,

it is the force that would have

accelerated the mass of water if the cylinder had not been there.

An additional force is

the cylinder.

It has been

to acceleration effects is:

i.e.

and the coefficient of

we can_write Eq. (2-20)

where Cm is the so-called added mass coefficient.

Fh
1

Froude-~
Krylov
force

= |1 +

.

= |1 +

required to accelerate the water around

shown earlier thaﬁ the combined force due

M
2

M
o]

M
2

M
O

C

m

M v
a

force to .
accelerate

water around

cylinder

M v
(o)

)

inertia, CI' was defined as

oy

—d

(2-17)

(2-18)

(8-32)

Since the test cylinder was made to oscillate in still water, the

Froude-Krylov force was absent and Gérrison, et ai (1977) actually

derivgd and plotted Cm, and not CI, versus. the relevant parameters.

The simplifying assumption was made that Cm and CD did not vary

within the oscillatory cycle.

Firstly, constant coefficients
and, secondly, "experience has

represents the force variation

McNown and Learned (1978)

point.

This was done for two reasons.

fairly well in most cases".

are more conveniént for application

constant values for the entire cycle was convenient, but could be

misleading.

indicated that the constant coefficient

criticized the authors on the latter

The practice of expressing the coefficients as average and

The designer was more interested in maximum forces than
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in average trends during a cycle. They realised that instantaneous
values of the coefficients could not be determined‘directly, but
predicted forces based on the average values could be compared with
measured forces. '

Having made this simplifying assumption, Garrison, et al applied
a best least-squares fit technigue of the Morison equation to the

measured forces to find the constant values of the two coefficients.

Values of Cm and CD were determined at ten different integer
values of the amplitude parameter, 22/D, and at various Reynolds

numbers, Re' where

Figs. (8-37a) and (8-37b) show the consistency of the data
obtained for one cylinder. Data were obtained from tests on three
cylinders. (Fig. (8-38) indicates the mean lines drawn through all

the data points.

It is interesting to note that Cm becomes negative for large 2A/D
values at small Re (i.e. CI becomes less than 1,0). Aithough the
authors do not comment on this phenomenon at all, McNown and Learned

(1978) do.

They point oﬁt that forces on cylinders in oscillating flow Vary
‘considerably with the degree of unsteadiness, which is closely linked
to the time required for the shedding of the first vortex. For shorter
periods (and thus small period parameters and small 2A/D values) the
motion is quasi-potential and inertial forces are dominant. For
longer peiiods (and thus large period parameters and large 2A/D values)
the motion is quasi-steady, drag forces are larger, and inertial forces
can only be determined empiriéally. For intermediate,periods "the
motion is strongly affected by the growth of the initial vortex and

the dramatic consequences of its shedding".

Their explanation for the existence of negative values for the
added mass coefficient, Cm, (which implies negative masses and thus

does not represent physical reality) is the folléwing:—
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The mass of water accelerated together with the cylinder varies
with time - especially if the period of motion is approximately equal
to that of the formation of the first vortex. As this mass increases,
Cm also increases (and becomes considerably larger than the value that
would correspond to the net mass of water actually displaced by the
¢ylinder). When the vortex sheds from the cylinder, the mass is

reduced abruptly, and so is the value of Cm - even to negative values..

An algebraic explanation, based upon McNown and Keulegan (1259),
is also offered. The inertial force component per unit length, FI'
is written in the form

| d i) ‘ﬂ du dCm
- 2 - 2 et — -
FI = 3K [4 D“p Cmu:] 2 D pl:Cm at + u 3t . (8-33)

A rapid reduction in accelerated mass is reflected by a large
negative value for de/dt. The term u de/dt dominates the inertial
component values for 2A/D between 3,5 and 6,0 in Fig. (8-38b), causing

Cm to become negative.

Therefore, "negative masses" and negative values of Cm are "a
consequence of the definitions and procedures used by the authors and

do not actually contradict reality".

Figs. (8-39) and (8-40) show the Keulegan-Carpenter data,

obtained at fairly low Reynolds numbers, plotted together with Garrison,

et al's results (shown as broken lines). Contours of equal 2A/D'
values were drawn (solid lines) through the Keulegan-Carpenter -data
points. The authors comment that although the overlap is small,

"the results appear to agree well in the overlap region”.
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.
From Figs. (8-38), (8-39) and (8-40), Garrison, et al (1977) made

several observations, then drew four formal conclusions which, in turn,

were discussed and modified by McNecwn and Learned (1978).

Observations concerning CD

1. From Fig. (8-38a) and within the Re range of the data, it

appears that CD decreases with increasing Re. '

2. The change in CD is fairly gradual except in thevrange
10* < Re < 2,5 x 10" where some very drastic variations

take place, this can be seen in Fig. (8—39);
3. CD seems to approach a constant value at high Re'

4. The variation of CD with Re’ as shown in Fig. (8-39),
aprears to represent a transition from subcritical to
supercritical flow in a somewhat similar mannef as in the

'case of steady flow. (Refer Fig. (2-5)). The trénsition
process, however, begins at smaller values of Re than in
steady flow and extends over a greater Re range. (This
was also noted by Rance (1969), see Fig. (7-5)). Garrison,
ét al suspected'that the earlier start of the transition is
due to the cylinder moving through its own highly turbulent
wake, whilst the extended Re range over which the transition
takes place may be attributed to the fact that the
instantaneous Re during a cycle of osc;llation rénges from

zero to u D/v.
max

[1)
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Although data are not available for high R, at small 2A/D

values, it appears from Fig. (8-38a) that CD increases with

increasing 2A/D. The authors comment that this is consistent

with the notion that if 23/D is quite small, separation does

not occur, and the drag coefficient is reduced.

This writer draws attention to the fact that Fig. (8-38a) is in

I

conflict with Fig. (7-5) of Rance (1969) who found that CD decreases

with increasing 28/D. In deriving Fig. (7-5), Rance, et al assumed

th C
at I

in Fig.

= 2 and remained constant at all values of R,. Since the R

(7-5) is not the maximum Reynolds number in the cycle, but

"the Reynolds number occurring at the time of maximum in-line force,

one cannot compare the two figures directly.

6.

At large 2A/D values and high Re, CD seems to approach a

constant value of about C,6 . Research at higher Re'is,

however, necessary to confirm this trend.

The authors quote the following investigations to substantiate

their own findings regarding CD :--

7.1

7.3

Kim and Hibbard (1975) and, apparently, Blumberg and
Rigg (1961) report that towing-tank tests indicated

that CD increased.from 0,57 to 0,60 for smooth cylinders
over the Re range 3 X 10° to 6 x 10°. (It seems that

these tests were carried out in steady-state flow).

Garrison, et al (1977) observed in their osciilatory

flow tests that CD reached its minimum value of about

0,57 , for large 2A/D , near Re = 2 x 10° and increased

" again to about 0,61 at higher wvalues of Re; refer

Fig. (8-38a). ,

Dean and Bagaard (1970) determined C for piles and.
found that C decreased from about 1, 3 to 0,6 over the
Re range 2 X lO to 6 x 10°.

Wheeler (1963)found Cy = 0,6 to correspond with the peak

force.
=

Kim and Hibbard {1975) also measured both wave kinematics
and the force on a test pile in the ocean and found CD = 0,061
within the Re range 2 x 10° to 7 x 10°. This is in agreement

with their steady flow results as well as Fig. (8-38a).



Observations coricerning Cn
1

1. From Fig. ({8-38b) and within the Re>range of the data, it
appears that Cm increases with increasing Re' The -
explanation offered for this phenomenon is that the width
of the wake reduces and the separation point moves downstream
as the Re increases and changes from subcritical to super-
critical. Supercritical flow past the cylinder resembles
inviscid flow more closely than subcritical flow, so that
it is not unexpected that Cm approaches the value of 1,0

as predicted by potential flow theory, (i.e. CI approaches 2,0) .

2. In the range'lOI+ < Re < 3 x 10" considerable changes in Cm

occur, see Fig. (8-40).

3. Cm seems to approach a constant value at high Re. The
explanation offered for observation 1, above, may also be
valid here: The more stable wake configuration characteristic

of supercritical Re-would reduce the variability of Cm'

4, It appears frcm Fig. (8-40) that Cm tends to become independent
of Re, at low Re'values, but highly dependent on 2A/D.

5. As 2A/D tends to zero, Cm approaches the value of 1,0 as would
be expected since this is the theoretical value for

unseparated inviscid flow.

6. At large 2A/D values and high Re, Cm seems to approach a
constant value of about 0,7 . Research at higher Re would
be necessary to confirm whether Cm becomes completely Re

independent at high Re'

Since both CD and Cm were found to be highly dependent on Re,
unless the Re was very large, the authors stated that results based on
tests performed at low Re (as usually is the case in laboratory work)
could be misleading. This implies that the validity of small-scale

model tests to predict prototype forces must be questioned.

Cbnélusions by Garrison, Field and May. (1977)

1. Both CD and Cm (and thus CI) are strongly Re dependent,

unless Re > about 2 x 10°.
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2. CD and Cm_generally depend on both parameters, Re and 2A/D.
When 2A/D gets large, both coefficients become independent
of this parameter, and when the Ré becomes large, the

coefficients become' independent cf this, too.

3. When both parameters are large, C_ approaches about 0,61 ,

D

=~ 1,70).

and C  about 0,70 (i.e. C
m | I

4. As 2A/D decreases; "Cm and CD tend to their potential flow

values of 1.0 and zero, respectively".

In discussion/ McNown and Learned (1978) commented on these

conclusions, as follows:-

Conclusion 1.

This conclusion needs modification because thé Keulegan-Carpenter
values of Cm are, in fact, independent of Re over the greater part of
the range. (McNown and Learned (1978), who apparently replotted the
data, found that the curve for 2A/D = 7,0 in Fig. (8-40) had been drawn
incorrectly: it had been "placed much too high"; the most probable
limiting value of Cm was about 0,2 and not 0,65). The curves are
actually all horizontal lines for Re <1,5 x lO“, and Cm shows no

variation for 2aA/D < 3. (The data are, however, too sparse for
Re < 10" ﬁo makg a definite conclusion). Cm does vary somewhat for

2A/D > 3 and for R, > 10%. /

Conclusion 2.

Thisbconclusion is "equivalent to saying that a quasi-~steady flow
approaches steady flow as 2A/D becomes large". . If several vortices
are shed during one cycle, the pattern of flow much resembles that for
steady flow. That is why the curves for Cm and CD’ respectively, in
Fig. (8-38), have almost the same trends for 2A/D » 4, and only the

curves for 2A/D = 2 and 3 are significantly different.

Conclusion 3. ) .

'3

The values given as convergence values for CD and Cm are

considered unreascnable on two grounds: both sets of curves have a



definite slope at the highest Re tested, and the spread of points as
indicated in Figs. (8-37a) and (8-37b), is more than would justify

two~-digit accuracy.

Conclusion 4.

It is agreed that Cm tends to its theoretical value of 1,0 (as
2A/D decreases), although the Keulegan-Carpenter daté clearly exceed
that value.

The conclusion that CD tends to zero is not supported by the data;
it appears to the present writer that this conclusion must have
originated in Sarpkaya and Garrison (1963). (McNown and Learned
(1978) then discuss the behaviour of CD with varying Re, and not
varying 2A/D. The present writer suspects that they confused the two
parameters). Be that as it may, they state that most of the CD
curves rise as Re decreases and though the magnitude of drag force
may become small, it is more likely that the drag coefficient will be
large at small Re values. This growth of CD is a consequence of the
conventional use of a coefficient based on the square of the velocity
in a range where the resistance varies with a lesser powér, tending

toward unity for truly laminar flow.

Finally, McNown and Learned (1978) expressed the hope that
Garrison, et al would contribute towards the understanding of phenomena
such as why negative values of Cm can exist, the associated formation
and shedding of vortices, changes that occur as the boundary layer
goes from laminar to turbulent, How well average-over-the-cycle
coefficient values describe the conditions of maximum and zero force.
(It is anticipated that they will describe these forces better if
2a/D 2 4 than when 2A/D < 4. In prototype situations in the ocean
both Re and 2A/D are likely to be large=- except ip cases of large
cylinder diameters with small values for the latter parameter, where

inertial forces become more and more important.
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8.19 WALLINGFORD INVESTIGATIONS ON PROTOTYPE PIPE INSTALLATIONS,
1970 - 1978

8.19.1 Scour

'The Hydraulics Research Institute, Wallingford, undertook an
experimental study to provide information on scour around pipes buried
in sand and subjected to tidal flow. Part of this programme was

devoted to the study of the movement of a flexible pipeline.

The experiments took place in the Taw-Torridge estuary on the
north coast of Devon. Concrete coated steel pipes with outside
aiameters of 270 mm, 500 mm and 740 mm as well as a 160 mm outside
diameter high density polyethylene flexible pipeline, encased in a

steel wire wound armoured sheath, were used.

The flexible pipeline proved to have certain advantages dver the
rigid pipelines. - It could be laid with less prgpafation on an
undulating sand bed. It then conformed very well to the bed form.
Being close to the bed, drag forces were reduced (and although not
stated, lift forces were probably increased), and the local high
scour—-producing currents that occur where gaps are present between
pipe and bed, were greatly eliminated. The flexible pipe remained
stable throughout the test period and progressively buried itself

‘under the sand.

~ It was concluded that the flexible pipe was a most useful type of
pipe where severe bed movements were anticipated, and could lead to
~considerable ecoﬁomies where it was acceptable to lay a surfaqe pipe,
which would gradually bury itself, in areas where obstructions to

navigation were no problem.

“ As this study was primarily concerned with scour and not with
wave forces, it will be discussed no further; for more information,

the reader is referred to the well-illustrated report by Littlejohns (1977).

8.19.2 Wave-induced forces

. Experiments are presently (1978) being conducted in the Atlantic

Ocean at Perranporth, Cornwall, to study wave forces on pipelines near

. the sea bed and the associated coefficients.
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P.S.G. Littlejohns informed the writer that effects of orientation
of the pipe with respect to wave direction, were also being examined,
and that research had also been done on large diameter cylinders
resting on the bed in the Wailingford pulsating water tunnel.
Unfortunately, the results of the latter as well as the Perranporth

experiments still remain confidential at this stage.

The installation used at Perranporth reminds one of that described
by Grace and Nicinski (1976}, bﬁt the data logging system seems toc be

more sophisticated.

The 760 mm diameter steel pipe, 15 m in length, consists of two
flanking wing sections and two 1 m long test sections. The test
seétions are cantilevered from the wing sections, which in turn, are
mounted on a steel platform measuring i5 m x 12 m x 0,3 m. See

Fig. (8-41).

This rig rests on the sea bed in 20 or 25 m of water.

' ELECTRO-
" TEST MAGNETIC
SECTIONS * CURRENT

s )
,, ’ |
h . ‘ — :

Figure 8-41 Diagrammatic sketch of the Perranporth installation

When subjected to forces, the test sections, cantilevered by sets of
stiff springs, can move slightly, both horizontally and vertically;
such movements are then measured by very sensitive displacement

transducers, and can be interpreted as force measurements.

‘Electro-magnetic velocity meters, set at three different heights

above the platform measure the horizontal velocity components normal
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and parallel to the pipe. Also pressures at sea bed level are

measured.

Electronic signals from all these instruments are fed into a
magnetic tape data logging system contained in a pressure capsule.
All data are recorded on a common time base and can therefore be
correlated. The capsule} which also contains the power supply for
the instrumentation, is recovered periodically for data retrieval and

servicing.

The recording system has been modified so that conditions are
monitored continuously only when moderate to high surface waves impinge

on the pipe.

In addition, a wave rider buoy, on the water surface, records the

wave heights and periods for statistical analysis.

Each record is analyzed in the following manner:

1. The pressure and velocity component are correlated to determine
the mean direction, and angular spread about the mean, of the

wave energy at the site for each frequency band.

2, A wave by wave analysis of the vertical and horizontal forces, P
and F reSpectively, (actually called "1lift" and "drag" forces inthe
'Wallingford information pamphlet, but "vertical" aqdv"horizontal“
appear to be the more correct terms), and the velocity component

‘normal to the pipe, u, is carried out to determine their

maximum ‘values for each wave. Coefficients
F ' P
max and max
%0 D ul 5 p Dyl
max max

are calculated and.correlated with therelative displacement

parameter; A/D, and the Reynolds number, Re = umaxD/v.

(Thus is seems to be an extension of the work by Rance (1969),

and is similar to that of Garrison, Field and May (1977)).
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3. Instantaneous values of u and U are obtained from the velocity
record. '
The coefficients of drag and inertia, CD and CT' are then deter-
mined by finding the best fit of the theoretical force, predicted

by the Morison equation, to the measured horizontal force.

It is anticipated that when the results of this Wallingford -
HRS reseatch project are released, a wealth of useful design information

will become available.

8.19.3 Current-induced forces

A 13 m length of pipe, mounted on two suspension bars in 7 m
of water in a tidal estuary, was used to study the response to
currents of a pipe, not supported along its length, but spanning freely

between points on an uneven sea bed.

It was found that the pipe could vibrate under certain conditions.
(Although not stated in the information pamphlet,bthese vibrations {
would depend highly on the degree of resonance achieved. The naturai\
frequency of the pipe depends on, among other things, the spanning

distance, its diameter and wall thickness, its fixity at the support
| points and its modulus 6f elasticity; The fregquency of the wvariable
force is related to the frequency of vortex shedding, which in steady

flow, may be calculated with the aid of the Strouhal number).

Maximum allowable spans were determined for a range of heights

above the sea bed.

8.20 SUMMARY OF THE INVESTIGATIONS REVIEWED IN PART II

Table (8-4) outlines and compares the various research programmes

that have been considered.

Although all are somehow concerned with hydrodynamic forces only
about half deal with hydrodynamic forces due to oscillatory flow
around horizontal cylinders in contact with or in the vicinity of a‘

solid plane boundary. -
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Of these, few have produced (or published) enough information to
enable the designer of a submarine pipeline to actually calculate

wave forces.

The coefficient values suggested by Beckmann and Thibodeaux (1962)
have been found to be too small. The results of Brater and Wallace
(1972), Yamamoto, Nath and Slotta (1974) and Garrison, Géhrman and
Perkinsop (1875) are usefui, but only when the period parameter is
sufficiently small to ensure unseparated flow and ‘thus negligible
drag and lift forces. This situation is seldom encountered in -
practice unless the pipe diameter is very large, the wave périod fairly

short, the water depth quite large and the wave height rather small.

The apparent result is that two papers are of use to the pipeline
designer: Grace (1973) and Grace and Nicinski (1976). Whereas the
first is primarily based upon numerous laboratory experiments the
second stems from force measurements done on a real pipe in the sea;
Vertical forces can be calculated with the aid.of the latter paper

for relative clearances of ﬁ/D = 0,2 only.
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CHAPTER 9

WAVE FORCES ON THE PROPOSED GREEN POINT OUTFALL SEWER

The proposed Green Point outfall sewer is of local (Cape Town)

interest and is here used to illustrate how wave forces on submarine

pipelines may be calculated.

Present indications are that this pipeline will have an outside
diameter of about 1 m and will extend to a point where the water depth
is approximately 28 m . The sea bed is essentially hard and sclid

with occasional small outcrops of rock.

The pipeline is to be lald into the sea off Green Point which is
not far from Granger Bay - the site of a proposed small boat harbour,
for which wave climate data has been collected and analysed. Storm
waves can impinge on Granger Bay as well as on Green Point from both
the north-west and the south-west. The NW waves experience little
refraction and arrive at both sites with wave heights of up to about
7 or 8 m and wave periods of about 12 to 14 seconds. The SW waves,
with typical pericds of 12 to 18 seconds, are refracted more and may
have wave heights of approximately 6 m when they arrive. These waves
are however more critical to the stability of the Green Point outfall
than the NW waves because they act almost at right angles to the pipe

axis ~ i.e. O = 900; see Fig. (9-1).

For about the first 250 or 300 m of its length the sewer pipe is
to be laid on the north-eastern side of an existing groin which
accommodates a stormwater outfall. The groin will effectively act as
a breakwater and prevent the nearshore length of the pipeline from
experiencing the full fury of the SW waves. Consequently, it is
estimated that the shallowest depth in which the pipeline will be
subjected to the full effects of a design wave is about 12 m; ' see

Fig. (9-2).
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of the. proposed outfall

Processes of shoaling and refraction alter the wave height as the

wave moves shorewards. These minox variations have hcwever been

disregarded; for the purpose of demonstrating how wave forces may be

" calculated it has been assumed that 6 m high waves with periods

between 12 and 18 seconds and with crests parallel to the pipe axis,

- produce critical loadings.

Three water depths have beenchosen for analysis: 12 m, 20 m and
28 m , and allowance has been made for a nominal clearance of 200 mm

between the ocean bed and the underside of the pipe.

Wave forces have been calculated for the case a = 90° and relative
pipe clearance, h/D = 0,2 , according to the suggestions in Grace (1973)
and Grace and Nicinski (1976). Examples of the calculations are to
be seen in Appendices A and B; vector envelopes of the resultant

forces - consisting of total in-line forces and total transverse forces -

~are shown in Figs. (9-3) and {9-4). A line joining the origin with

any point on the envelope:represehts the instantaneous magnitude and

direction of the resultant force vector.

Whereas the force coefficients in Grace (1973) are assumed to be
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cqnstént thfoughout the wave cycle, CD and CL vary over a wide range
in Grace and Nicinski (1976); see Figs. (8-25) and (8-26). Both
these coefficients are thought to achieve their maximum values when
the rélative travel distance of water particles, s/D = O . Figs.
{8~25) and (8-26), however, do not show the values of the coefficients

for s/D values below about 1,0 and 1,5 , respeétively.

Since the deéigner is primarily interested in the maximum
horizontal and vertical forces, both of which occur at the instant
that the wave crest passes over the pipe (i.e. when s/D = 0), this
writer has assumed that the tentative design curves in the said Figs.
can be extended’linearly, yielding CD ~ 3,25 and CL x 3,05 at
s/D = 0 .

To indicate the range of s/D (taken as]s/leetween O and 1,5 )
where the curves have been extended, the force envelopes in Figs.

(9-4 (a) to (f)) have been drawn in broken lines.

A second, .but more conservative, assumption is' that Figs. (8-25)
and (8-20) are actually plots of CD and CL , respectively, versus
Is/DI and not just s/D; in other words, that the coefficients display

symmetrical behaviour before and after crest (and trough) phases.

The dissimilarity between the results obtained by Grace (1973)
and Grace and Nicinski (1976) is rather startling. The first method
" produces oval-shaped envelopes, half above and half below the
horizontal axis and the second method produces upturned muétache—

shaped envelopes which are entirely above the horizontal axis.

The two most important reasons for the different envelope shapes
are’ :- : . ) : .
1. Grace (1973) assumes that the Vertical_force acts upwards
during one half of the wave cycle and downwards the other
" half. Grace and Nicinski (1976), on the other hand,

‘assume that the vertical force always acts upwards.

2. - The 1973-paper implies constant-over-the-wave-cycle
coefficient values whereas the 1976-paper allows CD and
CL.to achieve large peak values as s/D approaches zero,

~which in turn lead to steeply peaked horizontal and vertical

forces.



The question is: which set of envelopes is likely to be more

correct ?

The writer believes that Grace and Nicinski (1976) probably

provides a more reliable prediction of the real forces. ‘The grounds

for this conclusion are the following :-

1.

The direction in which the instantaneous vertical force will

-presumably act, was considered.

' /
Of all the papers considered in Part II, only two show
curves of measured vertical force versus time for é

horizontal cylinder in the vicinity of a solid plane

\

A

boundary.

Yamamoto, Nath and Slotta (1974) contains a sample record

- of the instantaneous vertical (and horizontal) force;

SURFACE EL |*

refer Fig. (9-5).

' | L sgc.
TIME h _ 1
/\T AN AN AN /p=0or ' d=254 wam

AT CYLINDER [

VERTICAL “I,A rJ\ r\/\ r\/\

VAV VAV ~
he3 2} ,

7 ‘\\y// IS A7 e 3

FORCE
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WAVE CHARACTERISTICS | SCALED

F GURE H= S0 wwm
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/\ FROM  AiRY T‘Hecp_\/ : L=133 w

FORCE

Figure 9-5

Umax=0,lIl wifs
(ot Centre. of c:,\ivdzr)

R K:u:‘:\‘T = ,73 ]

Sample record of instantaneous vertical and horizontal
forces on a horizontal cylinder close to a plane boundary,
Yamamoto, et al (1974)

"By scaling the wave height and period from Fig. (9-5) and

using the Airy theory it appears that the period parameter,
in this case, is only about 0,73 . Also Grace (1975) pointed
out that K had been in the range 0,1 to 2 throughout these

experiments.
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It is alsc noted that D is rather large compared to the
water depth and even to the wave length so that it does not
nearly resemble a typical pipe-in-the-sea situation. In
fact, the diameter is so large that one can hardly refer

to one K value for the cylinder - K varies from 0,88 at the

top of the cylinder to 0,68 at the bottom.

Clearly, there is virtually no separation of flow from the
cylinder. It has generally been agreed that vortex
shedding only starts when K > 3 to 5, or more; also refer

to Table (3-1).

Thus it appears that the vertical forces measured by
Yamamoto, et al (1974) did not include vortex shedding
effects. As they have rightly expiained, the Vertical
force consisted of a Bernoulli 1lift component and an

inertial force component.

Grace and Nicinski (1976) produced Fig. (8-27) showing peak
upward forces shortly before the crest and before the trough.
Ih this case K was somewhere between 25 and 30 and voftex
shedding effects were definitely significant, together with

Bernoulli 1lift effects and inertial forces.

Although reference could be made to only these two vertical
force tradces, it seems that if the period parameter is so
large that the flow separates from the cylinder, i.e. vortex
shedding takes place, then peak, upward, vertical forces may
be expected to occur shortly before (or perhaps simultaneously
with) the passage of a crest as well as the passage of a
trough. = This helps to partially justify the fact that

Grace and Nicinski (1976) predict upward vertical forces

" throughout the wave cycle.

The fact that the recommendations by Grace and Nicinski (1976)
are based on prototype experiments performed in the ocean

whilst Grace (1973) is based on the results of various
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laboratory investigations, acts in favour of the 1876 -
paper. It is important to note that the prototype tésts
were done in K and Re ranges that are comparable to
real-life design situations. Also the relative roughness

of the pipe, namely about 2,5 x 10_3, was fairly reélistic.

3. It can be inferred that the 1976-paper contains more up to
date ideas of GraQe and his co-investigators than the

earlier paper.

" Two worthwhile observations can be made from Figs. (9-3) and (9-4) :-

The first is that the shallower the water the larger are the‘
forces on the pipe. This is to be expected - almost intuitively.
The reason is that (provided the force coefficients remain constant)
the drag and lift forces are proportional to the square of the
horizontal water particle velocity and the two inertial forces are
proportional to the horizontal acceleration. Both the velocity and

acceleration decay quite rapidly with increasing depth.

The second, less obvious,. observation is that, according to the
Grace (1973) model, the greatest forces do not necessarily occur under
the long period waves that have the large Uoox values. There seem to

be two reasons for this :-

1. CD and CL are functions of B and thus of K, refer Table

(8-3). Long period waves have large K values which tend

to reduce B and thus reduce Cy and‘CL.
2. Since 4 = 2T u/T , it follows that the larger the period
the smaller the acceleration,because u increases at a
slower rate than T increases. The result is that the

inertial forces become smaller as the wave period gets

longer.
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CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS

FORCE COEFFICIENTS

Notes on the various force coefficients

It is very important to be aware of the following:~

1.

Coefficient values derived from steady flow, or even
unsteady but uni-directional flow, should not be used in

wave force calculations.

Coefficients that have been derived for vertical cylinders
{such as piles remote from a wall), and also for horizontal
cylinders away from a solid boundary, are not to be

applied to a horizontal cylinder close to a boundary because
the situations are'quite different. vPotential flow
calculations (e.g. by Wilson and Reid (1963)) indicate that
for a cylinder in conﬁact with a boundary,'CL = 4,48 ,

C_=3,30 and C_ = 0 , and for a cylinder remote from a

I
boundary C

D

L= o, CI = 2,0 and'CD = Q_. (This

observation has also been made by Grace (1971) and Grace

(1971a)). ’

Another difference between the vertical cylinder and the

horizontal cylinder is tpat the maximum particle velocities
and accelerations vary along the length of a wvertical
cylinder whilst for a horizontal cylinder they may be
assumed to be constant. The result is that coefficients

derived for vertical cylinders often represent some

" weighted average values.

‘It must be ensured that the correct wave theory is used

together with a certain set of coefficient values because

such values have been derived for a specific wave theory

only.
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10.1.2 Some reasons fcr the scatter in coefficient values

The considerable scatter in values derived for the various
coefficients is due to more than just experimental error. Other:

reasons include :-

1. The extent to which the flow relative to the cylinder was
one-, two- or three-dimensional would affect the formation
and shedding of vortices, which, in turn, would affect the

various hydiodynamic forces and thus their coefficients.

2. _Not all researchers used the Airy wave theory to calculate
particle kinematics for deriving the coefficients; some
used other theories whilst some measured the actual particle

velocities and accelerations.

3. Different researchers assumed the coefficients to be
dependent on different parameters. On the whole, the period
parameter, introduced by Keulegan and Carpenter (1958), has
become recognized as of basic importance when concerned

with oscillatory flow.

4. Yamamoto, et al (1974) pointed out that the drag force could
perhaps be out of phase with the particle velocity, leading
to incorrect estimates of CI if the assumption is made that

the drag force is zero when the velocity is zero.

10.2 ‘ IMPORTANT PARAMETERS REGARDING WAVE. FORCES ON CYLINDERS

. Two parameters appear to be of importance : the Reynolds number,

Re, and especially the Keulegan-Carpenter period parameter, K.

"K has also been called a "wake parameter" because it is a measure
of the extent to which the wave-induced flow resembles either steady

flow or potential flow.

When K is large, the wake pattern approaches that of steady flow;
i.e. vortices are regularly shed on the downstream side of the cylinder,
alternately from above and below. Consequently one may expect the

coefficients of drag and 1lift to somehow approach those values that
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would be applicable to steady flow conditions. In fact, Vongvisessomjai
and Silvester (1976) found CD to become about 1.5 times its steady -
Lt but found CI
t6 become about 0,75 times its value as derived from potential flow

state value when K > 25 ., (They did not consider C

theory).

Conversely, when K is small, the water particles do not travel
far enough to detach from the cylinder - the flow remains unseparated
and resembles potential flow, -so that one would expect the coefficients
of inertia and lift to approach the values derived from potential flow
considerations. The finding of Vongvisessomijai and Silvester (1976)
was that CI became equal to the potential flow value when K < 3 , of m,°
thét means, when the total travel distance of the particles, 2A, did

not exceed the cylinder diameter.

For steady flow, CD is dependent on Re, and numercus investigators
have suspected that the coefficients in unsteady flow are also Re
dependent but most have failed to find meaningful correlations between

the coefficients and Re’

Recent work by, amongst others, Garrison, Field and'May (1977)
has shown that the coefficients are, in fact, functions of both K and

R .
e

With regard to wave fcrces on submarine pipelines - as opposed
to cylinders in géneral - the present writer suggests that the behaviour
of force coefficients be examined in terms of K and R, as well as the
relative cleagance parameter h/D. There are two reasons for this

recommendation :-~

Firstly,’sihce the coefficient values for a cylinder close to a
boundary undoubtedly differ from the values for a cvlinder remote from
a boundary, the results of studies belonging to the lattexr category
(e.g. the numerous inveStigations-into wave forces dn piles, etc.) are

not directly applicable to pipelines near the sea bed.

Secondly, it may be possible to reduce the apparent scatter in
coefficient values presently available, by expressing the coefficients
as functions of not just one parameter (such as either K or Re) but of

both K and Re for a specific h/D.
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It would be particularly useful if prototype test data, sﬁch as
those of Grace and Nicinski (1976) and the recent Wallingford experiments
could be analysed in this way because these tests allow for high Reynolds
numbers, real-life pipe roughnesses (with marine flora and fauna), and

the proximity of a fairly uneven, natural sea bed.

10.3 RANGES OF APPLICABILITY OF VARIOUS METHODS TO CALCULATE IN-LINE FORCES

Fig. (1l0~1) suggests the ranges in which various methods appear to

be valid.

DIFFRACTIONE DIFFRACTION THEORY MAY BE USED BUT DRAG

THECORY EFFECTS (WHICH ARE NOT ACCOUNTED FOR IN THIS
E METHOD ) MAY LEAD TO INACCURACIES .
T MORISO EQUATION T MAY T RECOME T UNAEL!AEA.E‘ | ..I
0’2 Ty Ao uz-a]n' TR

INERTIAL FORCE INERTIAL. -+ DRAG or DRAC FORCE.

DOMINATION FORCE DOMINATION

L

. MORISON EQUATION

(MosT suBHARWE  PiPELNES FALL IN THIS REGICM )

P = B P = o [+ A7

i

]

1

] 1T Cr

3 IT% K

Figure 10-1 Applicability ranges of various methods to calculate
in-line forces

Vohgvisessomjai and Silvester (1976) have also drawn attention to
the fact that, if 4/L < 0,3 , better results are obtained for vertical
cylinders (where the maximum particle velocities vary considerably
along the length of the cylinder) by employing a method of dimensionless
wave parameters, e.g. Tables 8-IV , 8-V and 8-VI in Silvester (1974).
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10.4 COMMENTS ON TRANSVERSE FORCES

In comparison, less attention was initially paid to transverse
forces due to wave action than to in-line forces. it has, however,
been realised that the transverse force may contribute significantly
to the resultant force on the body, and since it may attain frequencies
high enough to match the natural freguency of the body, it may induce
undesirable or even catastrophic oscillations. Consequently, more
.and more efforts have been made, particularly in the last decade, to
ﬁnderstand and be able to predict the magnitudes and frequencies of

transverse forces.

The phenomenon of vortex shedding and thus the behaviour of
transverse forces are very complex and it is clear that a great deal
still needs to be learnt before the designer of a submarine pipline
can predict the resultant hydrodynamic forces with coﬁfidence. This
is borne out by the fact that much confusion and disagreement still

exist amongst researchers regarding :-
1. the magnitude of the peak lift force,’
2. the direction of the lift force at any instant, and

3. the freguency of the lift force.

The rather unsatisfactory result is that, in order to assess the
resultant force, the designer of today has to make conservative
assumptions about these three characteristics of the lift force and

then combine them with a conservative estimate of the in-line force.

In assessing the stability of a submarine pipeline it is
essential that the vectorial combination of total horizontal force and
lift force - or, better still - total horizontal force and total
vertical force, be éonsidered. The reason .is twofold: not only may
the resultant be much larger than the in-line force alone, but the
ability of the pipeliﬁe to resist being displaced by horizontal forces
may be reduced éonsiderably when it experiences simultaneous vertical

upward forces.

The 1lift force, PL’ constitutes the greater part of the total

vertical force on a pipeline near the sea bed. The remaining part is
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either the vertical inertial force, PI, - as assumed by Yamamotp, et
al (1974) and Garrison, et al (1975) - or it may be considered to be
a vertical inertial force due to a horizontal acceleration,'Pw, - as
assumed by, for instance, Grace and Nicinski (1976).

‘PL generally has two causes: it is generated by the asymmetrical
shedding of vortices and by the modification of streamlines due to the
proximity of a solid boundary, i.e. the Bernoulli 1lift effect. The.
first causes the force to reverse its direction periodically whereas
the second causes the force to be directed away from the boundary if
the pipe is in contact with the boundary, and towards the boundary

if even a small gap exists between the pipe and the boundary.

When K  is smaller than about 4 , the part of the 1lift force due
to vortex shedding can be regarded as negligible, but the part due to

the proximity of the boundary still has to be taken into account.

» Many researchers experimented with vertical cylinders (e.g. Bidde
(1971), Isaacson and Maull (1976), Chakrabarti, et al (1976)) or
horizontal cylinders remote from a boundary (e.g. Sarpkaya (1975),

Garrison, et al (1977)) and thus studied only the vortex shedding effect.

Other researchers, such as Dalton and Belfinstein (1971) and

Yamamoto,.et al (1974) considered only the Bernoulli effect resulting

from a nearby boundary. The 1lift force, and thus CL' is highly

dependentvupon the distance between the cylinder and the boundary, or

equivalently, on the relative clearance h/D.

Grace and Nicinski (1976) produced a plot of CL values for h/D = 0,2 ,
Fig. (8-26). This included both vortex shedding. and Bernoulli effects.
The dependence upon h/D was, however, so great that they could not make

any statement about the behaviour of the CL at other h/D values.

Thds, for the time. being, the best general information regarding

CL for a pipeline nearvthe sea bed can be obtained from Grace (1973).

It has been shown in the example, considered in Part III, that
the vector envelopes of the resultant force as determined by Grace
(1973) on the one hand, and Grace and Nicinski (1976) on the other \

hand,; are however, strikingly different - mainly on account of the
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fact that the former paper assumes that the transverse force acts
upwards during half a wave cycle and downwards the other half, whereas

\

the latter paper assumes that the transverse force always acts upwards.

\

To summarise, aspects of the transverse force that need further

research are :-

1. Values of the lift coefficient for pipes at various

clearances above the sea bed.

2. The direction in which the lift force will act at any
instant under certain conditions (i.e. at a specific

relative clearance, h/D, and subject to certain K values).

3. The frequency of the lift force under various conditions,
and its relationship with the frequency of vortex shedding

and with the wave frequency.

4. The contribution of a secondary term, be it PI or PW, to
the total vertical force needs further investigation.
Regarding point 4 : R.A. Grace supported the existance of PW,

which may appear more strange than PI' . But since not only the water
“particle velocities but alsoc the accelerations are much greater in the
horizontal direction than in the vertical direction, this writer
recommends that the matter be given further thought - perhaps along the

lines of reasoning set out in Section 4.2.

10.5 USEFUL INFORMATION FOR CALCULATING WAVE FORCES ON SUBMARINE PIPELINES

The applicability of the results of the various investigations
into wave forces on cylinders to the speciai case of a pipe near the
sea bed needs to be considered before such results are used to caiculate

wave forces for reasons outlined earlier in this chapter.

From the material covered in Part II it appears to the writex
that the papers most relevant to submarine pipelines, in oxrder of
preference, are:-

1. Grace and Nicinski (1976)

2. Grace (1973)
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3. Garrison, Gehrman and Perkinson - unseparated flow model,
(1975) for cases wh?re the inertial
force predominates.
4, Brater and Wallace (1872) - for cases where the inertial

force predominates;
pD?/HL § 0,02 ; in-line
forces only.

The first paper, based on prctotype tests, bears the most
resemblance to real-life situations. Vertical forces can be calculated
for the case where the relative clearance, h/D = 0,2 only whereas

horizontal forces can be calculated for any h/D.

The second paper, although partly superseded by the first, has the
advantage that it covers a wider spectrum of design cases:' it allows

for any value of h/D and any orientation angle q.

Peak forces -~ both in-line and transverse - are larger when
calculated with the aid of the first paper because it allows for
variable values of CD and CL within the wave cycle whereas the second
paper assumes the coefficients to have constant values throughout the

cycle.

As mentioned, a point of direct conflict is that the vertical
force, according to Grace and Nicinski (1976) is always di;ected upwards,
whilst according to Grace (1973), it is.directed upwards during half a
cycle and downwards during the other half cycle. Frcm the viewpoint
of stability, the pipeline designer is however only interested in the
upward force. The first paper, therefore, gives more conservative

estimates of the peak forces.

\ -
The third and fourth papers become useful when the period parameter

is sufficiently small so that the flow remains virtually unseparated,
i.e. large diameter cylinders in deep water and subjected to short

period waves of low wave height.
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APPENDIX A

GREEN PONT SEWER OuTFA.LL: CALCULATION OF WAVE FORCES
ACCORDING TO GRACE (\973}.

CASE  CONSIDERED :

T = 12 _Secov\d;-‘ S —d—-—z = O'OOBS

Hom oo aT |
. From Fie.(1-6) ¢ £ = 0,097

d = 12 wm

X = 90° . - 2, 2 )
LK = 243%2 _ 99 4

FIND THE APPROPRIATE. FORCE COEFFICIENTS ¢ <lTE_EAT|ON PRoc.E.DuR_F_3

ROUND |: Assume CLASS 2B | Assume B=025 From ThBLe (8-3) 4 Cp = 4,57(0,25) 406
‘ : =178
#Cr=z 5
Frow F!G.(S—A,) Sep =10 (?or ln/ll:'=0.’n?-> Cp =LOoxX 78 = |78
From Fi6. (8-3) Ty = 0,66 (for h/D =o.z) L Cp =066x35 = 23)
\ 223 1
Fr Ea.(s-s =ML . = 0,2 025
bl (s-) B =% RERERAT 2 (¥ o v ) . :
Eound 2 A;suua /8 = 0,23 : from TABLE (8-3) *CD“"A‘?”T(O’Z%)*'O'@:I“YO
’ ' -KCI:-' 32,5
for b’/J)-—o,z_ . Cp =tHoxyJo =170
‘CT_ = 0,66%35 = 2.3\
: 2
= MT 23 L o022 N HANGE C
Fram Ea. (5'.5) /3 7 o 0 . O CHANGE 1IN Cp AND Cp .
THUS , TRANSVERSE FORCE COEFFICIENTS © from TABLE (8-3): ,C = 17O | C =50
From FiG. (‘3-4} >‘1. = 0,85 (¥or h/D =o,2.> L CLzo5x% Wjo = o'gs___’_
Fram  FIG. (8-3) }\N = 0,65 ( for h/D = o,?_\)_ L Cuy = 065%5,0 =325

COMPUTE THE FORCES:

ALL FORCES In KN/

sz Fpmo.x lCoS 'Zﬁt/‘,rl cos ZTrt/T g + A . Resun-|
= I7o- 1. Y .1000.(2,43)" | cos ZW%] ws 1 [N/mj R IR | F IR Pyl P |7t
= (5,019) | cos z«%-\ cos 2vtfy [ku/mj ce&sT O} 50| O | s0j 251 O |25 S¢G
0,05 45 |-0;1 381} 23 -1,0 |13 | 40

£ =F (-sin 2w¥r)

I , j ) ‘
= 2?3\??{000.%.(!)2. (1271) (—Sim 2Trt/'r) {N/M] ol |33 |-,4 119 | L& ] 1(9 o3} \9
= (2,304) (-sin 27 Yr) (kN/M] o2l 277 [-Le | W | v3 |-22 [~09 | W4

| ous| 1 |-19 [-ot | 09 |-26 {-18 | 1®

f= PLMMJ('OS Zﬂ%\ ws 2w/l _
= ©,85.1 % -1000. 2.43] lms 21rf/T\coS ant/y &E\{/M]
= (2,5_\0)[(;05 Zv%_—' eos 2t/ [kN/m] swnh| 025 © [-23|-23| o |-32]-32] 4.0

03 (-6,5[-22|~-2Tj~02 {-3 1 1-33 | 43
Pi= Bus  (—sin 2m%4) '
W= Wonay T

. 1o3s!-17 =19 |-3,6/-09 1-2,6{-35 | 5,0
3,25 . 1000.} (2 (1h2T) (- sin zv%—) [N/m] T ‘

(3.242) (-sin 27Yfr) [m/\m] o4 |-33 {~14 |-46l-16 =19 |-35] 5%
045 “4'5 -07i-553 -23 | -40{-331&,2

O"Z, 0,5 ‘2-‘2 -11’1 0.2 "3“ "2\8 3‘3

i

Rousy | 0,5 {=50] O [|-50|-25! O [-2,5|5G

SYMMETRICAL VALUES For 0.54%4 N
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APPENDIX R
’ )
GREEN PONT SEWER oUTFALL @ CALCULATION OF WAVE. FORCES
ACCORDING TO CRACE AND

CASE CONSIDERED : — NICINSKE (1976).
T = 12 Secwonds j‘l—,_ 0,0085
H= & wm - Feom F16. (1-0) : % = 0,097
d= 12 w
D= 1 wm b= 124 W
W= 0,2 U= 243 W &Mq = 1,27 w /g2
oA = %oo K= 2,43 X112 - 29[ i A/ '29 ” 4 é?)
A _
IN-LINE FORCES:
Fp = _D“mx ICoS ZT\T/r, cos 2vts Max( Sin Zn"/-,—)
= Cp.l . !ooo.(f/_,43) !cos ZW/r)cas 25t [N/M] = Cy.1000. (l - (427) (=sin zvr’f/)
= Cp. (2952) |cos 2wt cos awt/) [kN/n] = (2, 563) (~sin 2«r%> [k\l [
where ¢, depends  on S/D A/.D Sin 2wt/r where Cp=2,57 for hip=02

tefer to FiG. (8-25) ,
TRANSVERSE FORCES

2 . i
PL = mea,( (cos 2ﬂ‘t/-r> PN = Pwmax lSLﬂ Zn't/-rl
2 z .
= Cp (.VZ.QOOO.(Z,I}?:) (CCJS2 Zﬂ't/‘r) {N/m'] = CN__\OQQ,%(I)Z, @21’),51!.2“‘7-2?
— R -t — . t , /
= C,. (2,952) (s 2v%r) [kN/in ] = (2,992) |sin vty | [l
where €, depends on s wle to Fo. (2-2¢) where: C =30 for h/D:02
ReESULA
Yl |G R R |F | G| R R P TANT
crest | 0 | 0 325/ 96| O |96 30590 0 |90 13,2
‘ { oot |03 319l }|-021]90 285184 |02 |86 12,4
0,03|0,91285| 8, |-05! 16 25 |11 o617 10,3
0,058 1,5 1255 &7 |~08(59 Z! 156 | Lo | 6,5 8,8
00%| 2.1 | 25 | 54 |~12 |42 175 |40 [ 14 | 58 6.9 || A+t ForeEs
ol | 27| 20|39 -15]|24 135 | 2.6 | 18 | 4.4 50 |1 ™ kN/m
015 [ 37111851 L6 |-21 |-08 68 [ 08 24|32 33
0,2 | 441 1,25| 04 |-24 -2, o6l |02 | 28|30 3.7
. S
SWLL1025 146 12| O |-26i-2¢ o6l | O |30]30 39
03 {44425 |-041-24|-28 o6l {02128 |30 4.
035 |37 {155 -6 1-211-37] |o.8 |o® |24 )32 4.9
o 27] 20(-39|~\S |-54 I35 126 1,8 | A4 6.9
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Total marks: 100

UNIVERSITY OF CAPE TOWN

DEPARTHENT OF_CIVIL ENGINEERING

UNIVERSITY EXAMINATION, NOVH&BER.1974

CE 504: PROBABILITY AND STATISTICS FOR ENGINEERS

Zxternal Examiner : Professor D.M. Schultz

Internal Examiners: Professor G.v.R. Marais
Mr. M.S. Green

ttempt ALL questions in Section A and FOUR questions from
Section B and C. Use separate answer book for Section C.

Name seesensesesrsane PR
SECTION & .“
Yfint2: Answer these guestions in the spaces provided on this guestion
paper. Do not show caleulations, enter cnly the final answer,

1. Give fermulae for: {

(a) the coefficient of wvariationm;

(b)) the mean devietion about the mode.
2. PFind the siandard deviation of the data: 2; 6; 10,

3.

In a particular experiment the result of 10 weighings showed 4 values
vetwsen 20 and 25 g, 4 .values between 25 and 30 g and 2 values between
%0 and 35 g. Wnat was the median weight?

N

Time allowed: 3 hours

CE 504 EXAM, NOV. 1574 2.

4,

An engineering firm has 100 electrical components in stock, 25
manufactured by process A and 75 manufactured by process B. Urkmown
to the firm, 413 of those manufactured by A are defective and 18 of
those manufactured by B are defective.

A component-ié chosen at random from the 100 components. What is ihe -
probability that this component is: '

(i) manufactured by B and defective?

(ii) either manufactured by A or is a defective component?

An item of radar equipment has three critical compenents A, B, C. The
frequency of defect for component A was found to be © per 100, for B
to be 6 per 100, and for C to be 8 per 100. Estimate the probability
that a given item of equipment is defective.

A biased coin which has twice the probability of falling heads as
falling tails is tossed with two unbiased coins. What is the

(i) of at least two heads occurring? .

(ii) of no heads occurring?

At a telephone exchange the average number of calls passed per hour in
the morning is 96 and the rate can be regarded as constant. Calculate
the probability of: ’ -

(i) exactly 3 calls in a period of 5 minutes;

(ii)" more than 3 calls in a period of 5 minutes.-

probability:
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10.

12.

Packets are filled automatically and on the average, 5 per cent are
underweight. An inspector takes a batch of twelve collected randomly.
What is the probability that he will find 25 per cent or more under-
weight? - )

The mean 2iameter of steel rcds produced by a process is 2 cm and

the standard deviation is (0,05 cm. Assuming the diameters are normally
distributed, find the value such that only 5 per cent of the rods will
have a diameter exceeding this value.

A sample of 11 lengths of plasiic were tested and found to have a
stendard deviation of 35. A second sample of 9 lengths of plastic,
treated by a different process, was tested and found to have a standard
deviaticn of 20. Test whether the standard deviations differ
significantly.

te the assumptions required for the use ot the t-test for the

Sta
difference between the means of two independent samples.

If cne denotes by y' the values of y which are calculated by means
of the equation of the regression line, what is the least squares
critericn?

CE 504 EXAM, NOV, 1974

13.

4.

15.

Give the formula for the variance of the mean value of y, that is
Y, whére y 1is estimated from a regression line.

Give the formula for the correlation coefficient for two variables
x and y.

Defective Good Total

Process A 25 15 40
Process B 35 25 60
Total 60 40 100

Test whether there is a difference between prccess A and process B

‘in the above table.
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Ny

SECTION B

Answer these questions in the answer books provided

A laboratory balance is used to weighAthe same object 100 times. The
values are given in the table below.

-

Number of observations

Yeignt in g
4,55 - 4,65 10
4,65 - 4,75 20
4,75 - 4,85 45
4,85 - 4,95 15
4,95 - 5,05 10
100
{a) Using this data calculate:
{i)  the mean,
{ii) the mode,
(iii) the median,
(iv) +the variance and standard deviation,
{v) the coefficient of variation.

(o)

~

By fitting a normal distribution to the data, find the expected
frequenciss in the first two class intarvals.

{a) Derive the binomial distribution from first principles and hence
derive the Poisson distribution from the binomial distribution.

(b} The probvebility of a light bulb failing during the first twelve
nours cf service is 0,0049. If 1000 light bulbs are installed,
use the Foisson distribution to find the probability of exactly
ten bulbs failing within the first twelve hours,

(e} A machine is known to produce piston rings of which 10 per cent are
defective.

(1) at most 35 rings will be defective;
(ii) between 35 and 50 will be defective.

(a) Define with diagram a type I error, type
2 test.

II error and the power of

(b) The outputs from twe production plants A and B were measured on

each of 5 days. The data was given as follows:
Qutout (tons)
Plant A Plant B
2,0 2,2
1,7 2,0
2,6 2.7
1,7 1,7
2,0 14,9

/Test whether .....

Find the probability that in a random sample of 400 rings:

CE 504 EXAM. NOV. 1974 6.

3.

4.

(p) (Continued)

An experiment was carried out to measure the

Test whether the output of Plant B is significantly higher than that
of Plant A at the 5 per cent level of significance if:

(i) sample A was considered to be independent of sample B:
(i1} it was believed that the day on which the observation was made

was a relevant factor, and the observations were cconsidered
to be paired.

resistance of wire from

three sources by taking five samples from each source.

(a) Use analysis of variance to determine whether or not there is a

{v)

(2)

(»)

significant difference between the resistance of the wire from
the three sources.

Source

Sample LA B C
1 7,2 8,5 8,3
2 7,3 g,6 8,6
3 7,4 2,0 3,6
4 7,9 8,7 8,7
5 7.7 3,7 8,8

It is believed that the 5 samples for each source were izken on
consecutive days and that the resistance increzsed each day

to an external factor. Explain how you would test ihis hyp
for Source A only. )

SECTION C
(Answer this question in a separate answer book).

In a set of 10 compressive tests on concrete cubes, two of the tests
exceeded the capacity of the testing machine (12 MPa). The 8 defi
test results were (in MPa):

11,9 8,0 8,8 11,3 10,7 10,7 9.9 2,7.

For the set of 10 cubes, determine graphically the mean compressiv
stress and its standard deviation.

On two succeeding days a set of data was obtained on the concentration
of bacteria in the effluent from a se¢wage works. ThD two sets of ranke
aata are:

Set_1: 400 700 850 1200 1900
Set 2: 750 1200 1700 1500 2400 3400 3600 5000 6G090

The data is expected to be log-normally distributed.

/(1) Determine
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4. (b) (Continued)

(1)
(i1)

(1i1)

%c({ gg0 2839

74>
Determine (u51ng graphical procedures‘ the log-mean, geometric~
mean of each set of data.

Test if the. log-means are 51gn1f1cantly different at 96 per cent
level of significance.

Briefly explain why you performed the test for significance
{in {ii) above), on the differences of the log-means and not
on the differences of the geometric and arithmetic-means.

-~
(c) List the conditions which must prevail for (i) a normal, (ii) a log-
nermal, distribution to arise.

CE 504 EXAM, NOV. 1974 . 7.

1.

(b) (Continued)

()

Determine (using graphical procedures) the log-mean, geometric—
mean of each set of data; '

(ii) Test if the log-means are significantly different at 95 per cent

level of significance.

(iii) Briefly ezplain why vou performed the test for significance

(in (ii) above), on the differences of uba log-wnans and not
on the differences of the geometric and ithmetic~means.

(¢) List the conditions which must prevail for (i) a normal, (ii) a lng-

normal, distribution to arise.



UNIVERSITY OF CAPE_ TOWN .

DEPARTMENT DF CIVIL ENGINEERING CE 506 : Examination - June 1974
UNIVERSITY EXAMINATION: ' JUNE 1974

COURSE CE 506 - PROPERTIES, OF CONCRETE

PART B

i//ﬁ' Explain and illustrate the following:

M.Sc. IN ENGINEERING

) (a)} the bhydration of the mineral compounds constituting
Time Allowed: THREE HOURS ' i Portland cement with particular reference to their
respective contributions to strength and heat of hydration,

Cendidates are required to attempt ALL questions in Part A, and not more;

than FOUR questions from Part B, (b) the structure of hardened cement paste, with particsuler
’ reference to the different categories of water contaired in
PART_A * ) the paste. ) (18]
: : : | 3z
1.  What are the four principle axides in Portland cement? (1) ) 2. (a) Show why a cement paste having a W/C retio < G,36 {by mass) sETT
. X . and continuously cured under waier will never achisve 100%
2. Give two methods of manufacturing a Portland cement with rapid : hydration.
bardening properties. (2) _
R . . . - (b) Three cement pastes made with 314 g cement and having W/C ratios
- 3. Inwhat wey cdo the setting time and the ultimate strength of ordinary g K £ kof 0,2; 0,4 and 0,6 respectively are placed in stopperad tesi
'w} Portland cement ciffer from those of rapid hardening Pertland cement? (1) : -~ A&\ T Vtubes; .
! oS\

4. Briefly explain the phenomena of bleeding in concrete, and give the . “ﬁk(i) What is the maximum hydraticn that is poesible for

beneficial affect and the adverse effects of bleeding. (3) - each of the respective pastes?

5. Explain what is meant be self-dessication of a cement paste. (1) . At maximum hydration of the 0,6 W/C ratio paste calcubats:

%
&.- Under what environmantal conditions dc=s concrete made with high . X ?Zi) the volume of gel formed,
3luming cement undergo an irreversibie retreogression aof stremgth? (1) i ] . L\
. (iii) the chemically combined water and water in the gel pores,

7. Why do=s concrete considered in Mo. § shove become susceptible to AN ; e PN
= suiphate attack? (1) B Qb”7 At maximum hydration of =ach of the pastes calculate: SEY
i D . ) i

8, <<aleculate the maximum horizontal pressure on the formwork for a oiﬂ‘“iV) the water.in the capillary pores. . e
o couzrete column of dimensians 0,5 x 1 x 9 m to be cast at a vertical
- rats of placing of 5 m/hr at an estimated concrete temperature of ’ ) 3. .The results from a trial mix of 33 kg of water : 50 kg of cement-:

155C. A vibrator is used with approximately 607 continuity to . 140 kg ory sand : 170 kg dry store are slump of 130 mm and a rezl
compact the concrete. Ths slump of the concreie is 100 mm ‘and there 2% ‘mortar excess of 67, It is assumed that the densities of _water,
~ is a delay of spproximately ten minutes between the mixing and S <3 cement, sand and stone are 1000, 3100, 25600 and 2800 kg/m> respectively
- plecing of the concrete. ’ L P and that the dry stone contains 507% voids. VWhat mix would you suggest
K . c | if the slump and real mortar excess required are 75 mm and i
Thz glacing of the comcrete is effected in such a manner that there ; respectively? (16)
is no appreciable pressure surcharge due to impact. (The weight ! 203 o
density of concrete may he taksn as 24 kN/m3.) (1) )
} < 4, Discuss: (a) factors which influence concrete sirsngth, and
9. What facteor has the greatest influence on the durability of concrete? (1) {b)} the stress/strain relation of concrete in terms of o
: - crack initiation and crack propeagation. (183 27 e~
10. Why is the sulphate attack of concrete by MgSO4 regarded as being more
); . severe than sulphate attack by CaSDa? (1 : .. 5. Discuss drying shrinkage and carbonation shrinkage of concrete.. (483
11, Zxplain two pcssibLe'ways of increasing the resistance of concrete *a
freezing end thawing, (3) )
‘ oooolooco
12, w¥hy is the triaxial compressive sirengib of concrete higher than the
uniaxial, compressive strsngth? (1) wn
: . _ . 12
13, How dozs ihe rate of loading affect the uniaxial compressive strength ?k“ G
of concrete? (1) \&© . i ¢
R .
\RO e \8
—

/No. 14, Give.,...... \ﬁ5 T 5



' M.S8c. examination CE 525 S 2
Feb,1976 ' : '
UNIVERSITY OF CAPE TOWK '
DEPARTMERT OF CIVIL ENGINEERING ‘
' 3.(a)» A storm at sea genorates waves with a poriod range of § to 12 125 o
: . | . soconds. The resulting swoll travels towards a harbour 400 knm 1,27
M.Se IN CIVIL ENGINEERING ' ) D

' ! avay. Estimate the time requirad for the longest wavas to ccver"Qﬁﬁjﬂh”
S the intervening distance, assuning deep water thronghont. Also

O § wxex
estinate how much later the shortest waves will begin to arrive.

= 23778

(b)« A refraction dilagram is comsiructed for a bay and tke spacing o
P beeweii & particular pair of adjacent oithogomals doudbles in
- o travelling from deep water to the 10 @ depth,; the wave perlod
CE 525 : Coastal Emgincering = L ‘ being 7 seconda. Estimate the percentage chasge in wave height gé
¢ A ocurring between these zones on the assumpiioa ihat mo braakisg <
wvaves are prezont between ths zones.

UNIVERSITY EXAMINATION 3 FEBRUARY 1976

1

ol

‘a

_—

i

. _ . A (e) .Suggest some of the requirements you would ircorporate inte
AVl Guastions may bs attempied Time : 3 hours R a specification for armour blecka.

b 4, Tho cverisal page shows ithe plan views of three soparats ccastal
Constants ] structures on vhich oblique waves impinge. In each cams iadicate
Lonstents . ! areas vhere you consider deposition or erosfon will ocecur, and
E also estimate the shape of the breaker line once stable conditions
I

Sea water demsity = 1025 kg/m3 are established

Sea water weight = 10'kN/53 i 5, There is a continnous dissipation of emergy due to ¢idal movements
! ) of water over the earths surface, =nd ia sccs instances ueeful
i pover is abstracted from the sea in tidal power schomes.
Suggest what effect this may have on tho dynamics of the earth-moon
system over very long periods of time.

1. A swell of 10 socond period with a deep water wave height of 3 m
approathoe’ s baach with the wave crests parallel to the shoro.h
Trace the pregress of this vave in shoaling water throngh to the

resker point including the following calenlations :-

a) the wave length and wave celerity in decp vater _

%b) the water depth &t which the wave vegins to be affected by the presence
of the sea bed.

(¢) the wave length and wava celerity for water depths at 10 m intervals
vetveen d=8C m end d=10 m, and at 41 p intervals beotwesen 4=10 m ‘

and d=1 0. . . Pl SF. i
»anks, the type ¢f breaker ;
3 (&) the depth of water in which the wave breaks, :
iegngggpe and the wave height at breaking. Ignore tho effect of wave set up
2,k ‘
: or down. .
(¢) eketch the offect of wave set up and down including an ostimate of !

derths,. . :
¢) estimate the wave heights in the surf zone. S o
gg) calculate the emecgy flovw in W/m in water depths of 10 m, 5 m, and |

2 B,

2. A cylindrical pipe 15 laid cn the sea bed acroas a harbour ontrance -
4m 10 3 of water, tho pipe diameter being 1 ® anrd the axis ofttheth ‘o ;
ipe 4s parallel tn the leeal wave crests. If the local wave ;nghe

15 55 =, estimate the wave veriod, and find the peak magnitudes o :

TP volocity and acceleration force components per moire leagth of ptge.
Estimata the pesk reaunltant force in the inshore direction, and the
tiping of tkis in retlation to the passage cf a wave crest ‘

B =2m Cp =1,2 Cy =2,5 . :
' ’ PN / vl

Vo e e e P [N
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PAY . Answer ALL questions ..

UNIVERSITY OF CAPE TOWN

,DEPARTMENT OF CIVIL ENGINEERING

" UNIVERSITY EXAMINATION: FEBRUARY, 1377

COURSE CE_511 - SEDIMENT TRANSPORTATION

Al
Note: This is an 'open book' examination. Scripts are to be collected

at 5.20 p.m. on Thursday, 24th February 1977 and returned by
9.00 a.m. on Monday, 28th February, 1977. The attached affidavit is
to be signed by each student on receipt of the examination script.

One criterion for determining whether suspensions will be settling or
non-settling is & particle Reynolds number of 2,0. Por sand of relative
density Sg = 2,65, indicate into which category "average" perticles of
sand, of mean particle diameter 38, 100, 250, 10CO0 and 2000 pm &t con-
centrations of 0, 10, 20 and 30%, will fall. Tabulate your results znd
show how they can be presented graphically. Hence determine for each of
the four concentrations, the particle size which designates the tourdary
between settling and non-settling suspensions.

(a) Compare the above results with those obtained by two other methods,
. e 1*1; . RPN

(b} Repeat the above procedure for coal of sphericity'6;7 and ! -
relative density as given by Fig. 3. 11.

and a relative density of 4,0. 1In this case include particles o
size d = 2,5 mm. Assume v = 1,1k mn“/s

Carry out a feasibility study for trensporting 10 million metric tonnes
(1 wmetric tonne = 103 kg) of iron ore of relative density 4,0, & dis:
of 600 km in a horizontal pipeline with a load facter of 95%, L -
Assume the pipe roughness is constant at k = 0,06 mm and the ki
viscosity of water is v = 1,14 mn</s.

In order to carry out the feasibility study, consider five alternative
proposals.

(1)

ssume that the ore is crushed to an average particle size of
= 2,5 mn and the mean drag coefficient can be taken as
= 0,44,

(a) Which flow regime would you consider as being feasible for
transportation of this material and why? . ' -- . -

(b) Assume that the delivered volumetric concentration is C_, = 20%.
4 Determine the limit deposit velocity according to Durani“and
anow that the pipe diameter required to operate ai thz winimunm
energy loss is approximately 200 map.

(c) What is the total power required per km? Compute
as the average cbtained by four methods. N

this value

(d) Cempare the pipe diameter obtaired above with that obtained
by another method for determining the value of the limit
deposit velocity.
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2.

(Continued)
{ii) 1In order to transport the material in thé pseudo hemogeneous
regime a2t the same rate and volumetric concentration in a 300 mm
diameter pipe it is possible to grind the material finer.

(2) Determine the drag coefficient of the finer material if it is
just transported as a pseudo homogeneous mixture at the same
rete {i.e. same mlxture veLoclty) Coe BTN

(b) What is the mean particle size of this finer material ? L 0 146

Assuza that the analysis for spherical particles applies.

Compare this result with the results obtained in (i)(c)

above.

[P . . . Ve bl
(c) ¥hat is the total power requiremen® in this case? : V5wt 4

h e

material can also be transperted at a lower mean mixture
ity as a heterogencous suspension in the 300 mm diameter pipe.

(2ii) Tae finer
veloci

(a) What is the power requirement in this case?

heterogenecus mixture is transported at the minimum deposit ‘'~

- of 0,06 mm and for the same mixture flow rate and material concen-

/The pires .......

Assume that the . 6;3ﬂ?
s (o

PO

velocity as determined from the Durand equation with the IR A
conrfficient F, = 0,95, Note that the delivered volumetric
concentration will be greater than 20% in this case. ot r#qgﬁ
o PIEFORIRTT
(iv} The material is ground further to give a non-Newtonian suspension b
- at 20% volumetric concentration. N
k,,s-vcc L""“
(2) Wbat would the average size of particle have to be in this case? .2¢ j A
(b) The rheological properties as determined by means of & capillary
tube viscometer, 3 mm in diameter and 3 m long, are as follows:- i
Mass Plow (g/s) 0,848 4,69 2,54 4,24 8,48 ,L
ressure Drop x\m\v/mz) 4,0 7,2 40,8 16,8 36,0 '
Determine the power requirement for the same flow rate as in 29 “
-scheces (i) and. (ii) . 2
(v) Consider a pipe diameter of 500 mm with the average roughness size s

5 W e
‘“aulon as in scheme (iv), determine the power requirement, » !
Surnarigse the power reguirements, in tabuler form, for the five schemes
_considered above and comment briefly on the feaqlolllty of scheme (v)

as compared wi the other schemes.
Coal cf size dgp = 225 pm was tested in pipeline test loops of 100 mm and
200 o jameters at & concentration by veight of Cy = 53%. The relative >
density of the coal is 1,5 and the kinematic viscosity of ‘watér Vv = 1,14 mwm/s,
The following test esu‘ts wers obtained at V = 1,75 &/s:-

D{zm) 100 200

i 0,0457 0,0224

Coyd

CE 511 EXAM, FEB. 1977 ' ' ' - 3.
3. (Continued) : ' =iz
ff St L
R - = oz
. el The pipes were found to be hydraulically smooth. . ¢, ; R
Determine the head loss in a 30@# nm diameter pipe at a mean m*i_;rc Lo -
velocity of 1, 75 m/s. Use three different methods cof scaling and compars
then.

4, Calculate the mixture hezd loss in units of clear fluid {water) for the
coal described above, assuming a heterogeneous flow regime in a dsevdo
homogeneous mixture (i.e. the methcd of Wasp et al) in a 300 mm diszetsr
pipe. Compare with the Durand equation. )
Assume that the Weltman Green egquation u = (po + 4) eﬁvr appties

with u = ,14 x 1077 kg/ums
4 = 0,000064 kz/m
g = 4,29,
Ignore the effect of hindercd setullng of the particles.
(‘ i’
= T A
[P . .
11.«‘ O ay .
AR ARAN
{e r'(r-,/ K i
Lo -
- ER S -
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UNIVERSITY OF CAPE TOWN
DEPARTMENT OF CIVIL ENGINEERING

* UNIVERSITY EXAMINATION JULY 1977.

CE_ 535 ENGINEERING _ECONOMY

Time Allowed : 3 Hours ‘"ANSWER ALL QUESTIONS

.OPEN BOOK

Calculators may be used.

1. Outline and discuss the rationale behind four basic methods
of making economy studies.

Indicate the relative advantages (if any) of each method.
[15 marks]
2.  Interest and annuity relationships are used to establish
’ the equivalance between sums of money when time and interest
rates are taken into consideration.

Solve the following with interest at 6% compounded annually.

(a) If R3 500 is deposited now, what uniform amount
could be withdrawn at the end of each year for
15 years and have nothing left at the end of the
15th year?

-(b) What present investment is necessary to secure a perpetua
income of R2 000 a year? ‘

{¢) How much will be accumulated in a fund at the
end of 21 years if R2 500 is invested now?

(d) What annual saving for 20 years must be expected to

Justify a present expenditure of R7 0007 »
{12 marks]

3. Suppose a company can save R4t 000 a year by replacing a manual process
with a machine costing R12 000, but rejects this opportunity.
Describe the resulting loss in money if the economic life of the machine
is 10 years with R3 000 salvage and if the minimum required rate
of return is 15%. On the other hand, describe the loss, if any, if
the company approves the installation and the economic life proves

to be 4 years with R3 000 salvage value. Neglect tax.
[12 marks]

L. You have the opportunity of making one of two investments. The
first will cost Rl 000 now and R100 per year at the end of this
and the next four years. The second will. cost R700 now and R200
per year at the end of this and the next four years. All other

factors are equal.

’



- n

- At what rate of interest are the two equal?

- Over what range of interest rates will you favour
the first?

- Discuss your result.
[T marks]

You have purchased a machine for R4O 000 and negotiated a life of
four years, with the Receiver. What is the present value of tax
allowances if :

. (a) The machine was a truck used for transporting personnel

and equipment.

(b) The machine was a truck used for transporting material
for road construction.

Motivate your answers. Use i = 15%

The Plant Director, in working up the hourly charge out rate for
a model D digger (which cost Rx to buy) includes the amount of

Ry #+ nx L as a provision for replacement where
L = expected life of the present digger in
years.
= number of hours worked in a year.
Ry = expected cost of the new generation Model D digger in

L years time.

Set out an argument to convince him that his formula for
calculating the provision is not entirely correct. Propose
an alternative formula and argue for its adoption. [7 marks)
A R39 000 investment in machinery directly used in the
process of manufacture is proposed. It is anticipated that
this investment will cause a reduction in net annual operating
disbursements of R10 500 a year for 12 years. The investment
will be depreciated for income tax purposes by the straight-
line method assuming a 12 year life and zero salvage value.
The forecast of zero salvage value is also to be used in the
economy study. The effective tax rate is 55%. What is the
prospective rates of return after income taxes?

: [12 marks]

Depreciation has been defined as that amount which must
be invested annually for N years at i % p.a.in order to

create a fund in N years, which equals the first cost of

the asset. A minimim required profit of i x first cost is
also defined in the annual worth method.

Show that the sum of depreciation and minimal
required profit as defined above equals the
capital recovery factor (A/P, i% N.)
[10 marks]



9.

- be replaced? Neglect tax.

A new machine can be acquired for R25 800. Its operating
disbursements for the first year of operation are expected

to be R16 500; thereafter they are expected to increase

R692 a year as a result of deterioration. The analyst
predicts that the proposed machine will be replaced in

the future by "like" machines having the same first cost

and operating disbursements as the proposed new machine.
Replacements will be necessary because of increasing operating
disbursements. The salvage values of all the new machines

in any year t are expected to conform to the formula,

_ Jas-4)a6-4)
o [ 15 x 16 ] (25 800)

The present machine has a net salvage value today of R3 000,

-and this is expected to. decrease R500 a year for every year -

that the machine is kept by the company. Its operating
disbursements will be R22 728 for the coming year, and these
are expected to increase R650 a year thereafter. The minimum
required rate of return is 20%. Should the present machine

[20 marks]



UNIVERSITY OF CAPE TOWN
DEPARTMENT OF CIVIL ENGINEERING
UNIVERSITY EXAMINATION JULY 1977

COURSE CE 533 - BRIDGE ENGINEERING -

Time allowed: THREE HOURS Notes are allowed

Write a brief critical review of the main ideas contained in the
road traffic bridge loading specifications covered in this course and
discuss in particular the effects of using simplified or equivalent
loading systems,

(20 marks]

Give a critical evaluation of the methods of analysis for hollow
concrete.slab bridges, considering different deck plan shapes
and different void configurations.

[20 marks]

For each of the four bridge sites on the attached sheets, select the

most suitable type of bridge structure and construction method.

Draw adequate sketches of the superstructure, substructure and
foundations directly on these sheets and hand them in. State all
assumptions clearly and describe the construction method adequately.

List brief reasons for all the major decisions.

[15 miarks each]

3a/ . . . .
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“ UNIVERSITY OF CAPE TOWN
DEPARTMENT OF CIVIL ENGINEERING

UNIVERSITY EXAMINATION NOVEMBER 1977

CE 526 COASTAL ENGINEERING PRACTICE .
Time allowed: 2 hours Answer - ALL questions
OPEN BOOK There is a potential of 142 marks
120 marks will be regarded as 100%
Section 1 is to be handed in at the
end of the first hour
1. Answer all questions on the attached sheets, in the space provided.
f additional space is required the answer is to be completed in an
Examination Answer Book where the answer must be clearly numbered.
[64]
2. The attached plan shows the bathymetry of False Bay to M.S.L.
Using this plan and annotating it if necessary, answer the following
questions, stating all assumptions and sources of information.
If the wind were to blow from the North at an average speed of 100 km/hr
estimate for a point in the vicinity of Whittle Rock:
i} The time taken to develop a fully arisen sea (2)
ii} ‘The significant wave height: FHS (2)
iii) The significaht wave period: T, o (2)
iv) The depth at which this wave would break - (2)
8]
3. If a wave recorder of the 'Wave Rider' type were to generate a
record with the following characteristics:
Record length =) 340 seconds
~Number of 'zero-upcrossings' = 43
Number of crests .= 104
i) Calculate the zero crossing period (1)
ii} Calculate the mean crest period (1)
ifi) Calculate the spectral width parameter (1)
iv) What type of waves are these (i.e. swell, sea, mixed etc)
Give your reason (1)
v} If the height of the highest crest In the record Is 2,1 m*
and the depth of the lowest trough is 1,3 mtcalculate the
value of Hs (significant wave height) . (2)
and H>__ (the 6 hour maxrmum) (2)
Use the meTRdd proposed by L. Draper 1367 in his paper !The
Analysis and Presentation of Wave Data = A Plea for Uniformity!.
* dimensiored from the zero crogsing line (6}

CSTEIUREE W

Flupme st SR

CE 526 Exam ' 2.

a)

b)
c)

~a)

b)

c)
d)

e)

a)
b)

c)

A lake of area 4 x 10% m2 is to be joined to the sea by a

- navigation channel with sides formed by vertical sheet piles

driven into the sand bed. The tidal range is 1 ,8 m.

What dimension would you recommend for the width of the channel
assuming a bed depth of 2 m below M.S.L. 2 "~ (4)
Estimate the average outflow velocity (2)

If the size and grading of the sand is typical of the

-Cape Flats at what velocity would you antsc1pate scour

would commence ? ) (1)

Two vertical aerial. photographs of the coast taken at 12 seconds
apart are mounted in a viewer. Two adjacent wave crests

(A and B) approaching a shallow shoreline are examined. in

the first photograph the distacce between A and B is 127 m
apart, {n the second photograph the distance between A and B
is 117 m apart. The second position of A is 84 m ahead of its
position in the first phdtograph.

Estimate the average wave celerity of crest A and of crest B
during the twelve second interval (2)

Assuming the water is effectively shallow, estlmate the average
water depth under each crest, and check that the assumption is

valid. (3)
Calculate the wave period for each crest (2)
To what do you attribute the difference in period (2)

Have these waves been generated locally, or at a considerabie

. distance (1)

Explain the term 'spectral window' as applied to electro-
magnetic radiation in the region 0,2 to 20 micrometres (3)

Explain why colour= fa\se infrared fiim is partlcu}ar\y suitable

" for demarcating the tide line in an estuary

Explain what is meant by the term 'spectral signature' of a
ground material such as sand or grass; and hence explain how
a 'classification' of a set of multi~spectral images of a

_ground scene can be achieved (7)

P.
=)
—
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a)

b)

d)

e}

The attached plan shows contours of the sea bed at the Strand,
near Gordons Bay. It will be seen that rocks outcrop in many
places and provide a relatively calm area which is considered
to have some potential for a small craft harbour and in
particular a boat ramp.

Outline briefly the investigations and work you would recommend
to establish the feasibility of constructing a small craft
harbeur in. this location (7)

Identify the personnel and equipmént required to undertake each
of the investigations outlined above in (a). Estimate the
time, rates and hence the cost of undertaking this work. (7)

Draw on the plan provided the main features of a proposal to
provide a small craft harbour at this iocation (10)

Identify the number of boats at moorings and in dryboat
storage that can be accommodated : . ~(3)

Give 2 rough estimate of yuantities for any harbour protection
works {e.g. breakwaters) proposed. State any assumptions.  (5)

(32]
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CE 526 . COASTAL ENGINEERING PRACTICE EXAMINATION NOVEMBER 1977

QUESTION 1 Name «c.eveereeinransenes

The optimum orientation for the mooring of sailing craft is

The economic advdntage in providing locks in a tidal harbour is in

respect of ______.___ e e ——— e ————— _— )
_____________________________________ O
The optimum location for waterside fuelling facilities is
beCAUSE e e e emmem I (2)
Minimum dredged depths in a small craft harbour are the sum of
individual depths allowed for the following
____________________ typically e e ermmama—caee M
________________________ m
--------------------------------------------- i
---------------------- U
--------------------------------------------- ,m
................................. I
--------------------------------------------- i
S "
------------------- m (3) .

‘USE ADDITIONAL LINES IF REQUIRED
Detail in plan and dimension typical floating berthing to provide
double occupancy for boats of length 8 m.  Show the system of

mooring proposad.

(3)

2.
Assuming an average overall cost of R100/m? of floating berth deck
area, estimate the cost of providing this berthing per boat -
. e R100/m =

(2)
1.6 Give a local example of a leeshore anchorage _____ e
e s eemenee (1)
1.7 Why is a leeshore disadvantageous to a harbour _______ - -
R e L L L L T TN _..........-......... ................................ >-.v___. : (?)
1.8 " Explain the significance of providing a turning basin in the harbour -
on the Buffalo River at East London ____________
_____________________________________________ e {2
1.9 Explain briefly how the position of a dredger may be ascertained
by using a sextant
(3)
1.10 Explain what.is meant by the term 'controlling depth' of a harbour
e e e e e e e e e et e (2)



1.11

1.312

1.13

3.

Sketch the main elements of a float type tide recorder such as Is
installed at Hout Bay

(3)
€xplain how a ‘ciinometer' is used for wave recording. Identify
the main elements of the system ________________ ____ ;________; _____
_________________________________________ e (3)
Tabulate the advantages and disadvantages of a 'clinometer! system
as compared with a 'wave rider' system of wave measuremant

Clinometer Wave Rider
Advantages Disadvantages Advantages Disadvantages
(5)

1.14

1.15

a)

b)

c)

" as they approach the coastline drawn in plan below.

height.

u,

Draw the approximate form of the wave orthogonals to reach A, B, € and D

(Assume

refraction without diffraction).

ALIGNMENT OF INCOMING WAVE CRESTS

For the harbour entrance detailed below sketch '

the approximate form of -4 wave orthogonals as they enter the harbour
3 wave crests

1f the gap width is equal to 1 wave length draw in a dotted line the
location of diffracted wave heights of one half the incident wave

(Refer to Fig. 2-44 in CERC Shore Protection Manual)

HARBOUR

. Alignment of Inciden: Wave Crest

Breakwater
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1.16
a)

b)

c)

d)

a)
b)

c)

. 5.

What 1s the significance of waves entering a harbour with a period

equal to the fundamental period of oscillation of one of the basins 7

- (1)

design to reduce reflection 2 __ (1} ______ e

e $2) e e C(2)

Sketch where you would site the two features described above in 16b)

in the basin shown below

BASIN

” ENTRANCE

(2)
"Sketch sectional elevations of the two features described above
(2)
Give an example of a situation in which it would be appropriate to
commission: '
A 3-dimensicnal hydrauiic model _______ e e
A 2-dimensicna! hydraulic model ________ e e emman
A mathematical model _________ I e e — e
................................ e e ———————————————————— (3)

1.18

a)

b)

c)

d)

e)

6.

Explain briefly the function of coastal sanddunes in maintaining
the stabillty of a sandy coastiine __

- - - e
- e mmacnm————— - e - o -
emeBaR R, - - ————— - - - - A -
- o Rt e e e - A o G S0 TS - o - o o
- e 4 2o B e e O - - 2 o B O o = e =

Identify by means of annotated sketches the procedures involved in
implementing the following stages which might occur in the con-
struction of a jetty on a rock bed covered in a thin layer of sand.

Temporary staging

Airlift

Placement of precast bases

Placement of bearer piles

Placement of concrete underwater

—~
w
~

(2)

(2)

(2)





