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To Helen, Anna and my parents

"...the use of dimensionless parameters reduces the number
of independent coordinates required. A convenient way to
realise the importance of such a reduction is to recall
that a function of one independent coordinate can be recor-
ded on a single line; two independent coordinates, a page;
three require a book; and four, a library."

S.J. Kline
(Similitude and Approximation Theory)



SUMMARY

This thesis presents the results of a study on the effects of marine
growth on the hydrodynamic loading of offshore structures and pro-
poses an approach that can be adopted by designers and operators to
quantify these effects. The approach is based upon the realistic
characterisation of marine growth and its temporal variations during

the life span of template structures.

Past research work and current design, inspection and maintenance
practices are critically reviewed and their limitations with respect
to marine growth are highlighted. The ecology of marine growth for a
sample of North Sea platforms was examined to establish the variety
and physical attributes of the fouling colonies. The traditional
single-parameter characterisation of marine roughness was found to be
inadequate. Appropriate parameters, verified by fluid loading experi-
ments, are established.

Details of the laboratory experiments undertaken with both real
marine growth and artificial macro-roughness on circular cylinders
are given. These tests were carried out at large scale (cylinders up
to 521mm diameter) in a novel "buoyant cylinder" test rig (steady
- flow) and in a large wave flume (regular waves). A wide range of
parametric variations were undertaken for the various types of marine
growth in an attempt to establish a comprehensive database from which
the loading effect of any likely, practically occuring, marine growth
pattern can be estimated. The extent to which this is achieved and
the requirements for further research are discussed in detail.

It is concluded that the effects of marine growth are both substan-
tial and diverse. Drag forces vary with type of fouling, overall
thickness, surface cover, and distribution. Finally, detailed proce-
dures are recommended for the design of new structures and the im-
proved loading assessment of existing ones.
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CHAPTER 1. INTRODUCTION

0il and gas platforms were first installed in the southern North Sea
in the mid-1960's and they were followed a few years later by the
development of the Forties field in the central North Sea. In those
early days of North Sea hydrocarbon exploitation little attention was
drawn to the potential problems associated with marine fouling. The
design and operating experience which was available came predominan-
tly from the moderate environment of the Gulf of Mexico and, as North
Sea related data were non-existent, gross simplifications of the
environmental conditions within design practices were inevitable.

Not least of these was on the effects of marine growth to the hydro-
dynamic loading of template structures. Whilst it was a well known
fact that marine growth significantly increases hydrodynamic forces
this effect, though not completely overlooked, was certainly underes-
timated. The principal reasons were the severe paucity of information
on the fouling levels expected in the North Sea and the lack of
experimental data on the drag and inertia forces for macro-roughness.

Design practice is, however, evolutionary and is based on experience
and current level of technological development. Initial experience in
‘the North Sea indicated spectacular increases in the levels of marine
growth which in many cases exceeded the allowances accounted for in
the design. Within 3-4 years from the installation of the first
southern North Sea platforms, 200mm thick mussel beds were reported
on just 300mm diameter members located in the wave affected zone (top
30m water depth). In deeper waters, up to 250mm high sea anemones and
sSoft corals were only too common. This had two implications:

- remedial cleaning had to be regularly carried out on those
structures which had been designed using low marine growth
tolerance limits and low drag coefficients;

- higher fouling thickness allowances and drag coefficients
should be applied to future structures.

So new design practices evolved. For example, whilst the drag coeffi-
cients used in the North Sea in the late sixties were about 0.5 to
0.6 in the late seventies they were generally 0.7 to 0.8. Meanwhile,
fresh research effort was directed towards the estimation of wave

forces on rough eylinders which suggested the use of even higher drag



coefficients. Some designers have since adopted drag and inertia
coefficients of 1.0 and 2.0 respectively for members near the surface
and in addition to depth related marine growth thickness allowances
of 50-150mm. These values have been somewhat intuitively based on
limited full scale field data for largely unrepresentative marine
growths and on smaller scale laboratory data for artificially roug-
hened cylinders. Marine growth allowances were also ill-defined gross
estimates of thickness which were expected to parameterise roughness
conditions irrespective of type of fouling, non-uniformity, distribu-
tion, surface cover etc. Therefore, it is far from certain as to
whether the adopted design practices have been adequate in estimating
hydrodynamic loads on marine roughened structures.

The uncertainties have been further compounded with the recent expan-
sion to the deeper and colder waters of the northern North Sea. The
emergence of new types of growth, in the form of kelp and other long
Seaweeds, has caused concern among designers and regulatory authori-
ties about the wave loads on kelp fouled tubular members.

However, marine growth and force coefficients form one part of the
wave loading procedure. The view has been frequently expressed that
since the other part, which includes idealisations of the flow field
and predictions of expected wave heights and currents, is inherently
conservative then any underestimations in fouling thickness or coef-
ficients would be eventually counterbalanced. The use of conservatism
to offset uncertainties is not the solution in itself and may be
inordinately expensive. Conservatism in loading estimates must be
accounted for by additional structural weight. On the other hand, if
loadings were underestimated the integrity of the structure would
depend upon its reserve strength and redundancy or the overloaded
members would be strengthened or regular cleaning would be carried
out. In either case the cost penalties are substantial.

The most effective way to reduce uncertainties in estimating hydrody-
namic loads on marine fouled structures would be a systematic inves-
tigation into the fluid loading effects of marine growth. This would
provide a database of appropriate force coefficients and address in a
realistic manner the requirements for characterising marine growth.

That approach was adopted for the research study presented in this
thesis. The study addresses the paucity of force coefficients for



marine roughened tubulars and the need for extensive experiments with
different types of fouling. It also addresses the complete lack of
force coefficients required to assess the sensitivity of hydrodynamic
loads to variations in marine fouling as they occur during the in-
service life of North Sea platforms. This may be of significance to
fatigue damage calculations and to the structural assessment of
existing installations. That is, the study considers how marine
growth develops on a typical structure from the day it is installed
up to decommission, on the basis of the ecological behaviour of
fouling species and of strategically selected survey data about the
state of marine growth on North Sea platforms [7].

It is upon such inter-disciplinary considerations that the systematic
experimental investigation was carried out through large scale tests
with macro-roughened circular cylinders in steady and wave flows. The
majority of the experimental work formed part of the overall research
programme entitled "Fluid Loading in Offshore Engineering", which was
jointly funded by the Science and Engineering Research Council
(S.E.R.C.), the U.K. Department of Energy and the industry sector.

An insight into the ecology of marine growth and its importance to
design and maintenance of offshore structures is given in Chapter 3.
In Chapter U, past research work and current design, inspection and
maintenance practices are critically reviewed. The proposed approach
and its relationship to design and maintenance are described in
Chapter 5. The findings on the state of marine growth patterns on six
North Sea platforms are presented in Chapter 6. In Chapter 7, the
experimental facilities and procedures for the steady flow tests are
described followed by a detailed presentation of the results (Chapter
8). Although some of the experimental results have been published in
(1,2,3,4,6] they are presented in Chapter 8 in a more organised
fashion to identify the hydrodynamic significance of those roughness
parameters which are necessary for the realistic marine growth chara-
cterisation. The experiments in regular waves with an artificially
macro-roughened cylinder are described in Chapter 9.

Based on the experimental results, recommendations are made for the
selection of appropriate force coefficients and the characterisation
of fouling through rational design and survey data interpretation
procedures (Chapter 10). Finally, the research findings and outstan-
ding uncertainties which require further research are discussed.



CHAPTER 2. AIMS

The aims of the present research study are as follows:

a)

b)

c)

d)

to critically review current practice and available data for
the fluid loading effects of marine growth at the design and
in-service stages of offshore installations;

to establish a rational approach for the consideration of
marine growth effects both at the design stage and during the
operational life of the structure;

to quantify the hydrodynamic effects of marine growth through
systematic large scale experiments with macro-roughened cir-
cular cylinders;

to identify the significant roughness parameters that charac-
terise marine growth and to classify design macro-roughness,
leading to improved design and maintenance appraisal of new
and existing template structures.



CHAPTER 3: MARINE GROWTH AND ITS IMPORTANCE

In the context of this study marine growth is treated from an engi-
neering point of view. However, the biological and environmental
aspects are of vital importance in understanding the nature of the
problem and in realising the mechanism of succession of marine
growth. A brief outline of these is, therefore, worthwhile to provide
the background to a complex multi-disciplinary problem prior to any
in-depth investigation of the hydrodynamic effects of marine growth
on offshore platforms.

3.1. What is Marine Growth ?

Marine growth or marine fouling may be broadly defined as a biologi-
cal term that encompasses all organisms colonising the surface of any
man-made fixed or floating marine structure. The process of colonisa-
tion starts with the release of larval forms by adult species into
the plankton. The planktonic larvae are then transported by currents
and provided that they survive long enough they settle on a suitable
hard surface. Survival of larvae depends primarily on the nutrition
content of the inflows of surface water masses and on the length of
‘Planktonic phase of each species [8]. The North Sea provides one of
the richest environments in nutrients, phytoplankton and zooplankton
and the platforms are ideal surfaces for settlement since hard sub-
strates on the seabed are scarce. So it is virtually guaranteed that
every North Sea structure will be colonised by various species shor-
tly after its installation.

The initial colonisers are bacteria forming a layer of slime over the
Jacket surface within two to three weeks. They cause a change in
physical and chemical properties of the steel surface and pave the
way for colonisation by other fouling organisms namely the 'hard
fouling community' [8]. As the term suggests these organisms have
calcareous protective shells or tubes which adhere firmly to the
Substrate. Depending on geographic location, after two to three years
a secondary fouling community consisting of soft fouling organisms
overgrows and usually dominates hard fouling whilst seaweeds begin to
eémerge on areas near the water surface.



Generally, thickness is more pronounced at the surface waters where
food is plentiful and water temperature is higher. The increase in
thickness is caused by the tendency of the fouling organisms to grow
out of the slowly moving boundary layer towards faster moving waters
which carry more nutrients [9]. For similar reasons they tend to
colonise all available space starting at the top and outer faces of
structural members where light conditions are more favourable and
eventually covering the full surface of the members.

The dominant types of marine growth encountered in the North Sea are
shown in Table 3.1 and their relevant biological characteristics are
described in Appendix A. The species are classified as hard and soft
marine growth and long flapping seaweeds. The latter generally fall
into the soft growth category but a distinction is necessary in this
context since seaweeds present their own loading characteristics.

Although all organisms are in direct competition for space, food and
light in most cases each established community appears at distinct
depth zones. Figure 3.1 shows a typical distribution of marine growth
types on a North Sea platform. This distribution is by no means the
norm as environmental, operational and other conditions vary conside-
rably for every platform. It simply indicates at what depth range
-each species is likely to dominate and that several types of fouling
can occur in the same location simultaneously.

Mussels, kelp and green or brown seaweeds are the most significant
Species occuring in the upper depth zones. Sea anemones, soft corals,
barnacles, tubeworm and hydroids are dominant at greater depths i.e.
over 30m. Numerous other species are present at various elevations
and past marine growth surveys have recorded more than 40 attached
(sessile) animal species per platform [10,11], but the majority of
them is rather insignificant in terms of population and contribution
to structural loading.

3.2. Factors Influencing Marine Growth

As mentioned earlier the marine fouling found on the platforms de-
pends on several environmental and operational factors. The following
baragraphs describe how these factors influence the physical chara-
cteristics of marine growth.



Hard Marine Growth

Soft Marine Growth

Long Flapping Seaweed

Mussels
Barnacles

Tubeworm

Sea anemones
Soft corals
Hydroids
Tunicates

Algae

Kelp
Green seaweeds

Brown sSeaweeds

Table 3.1. Classification of dominant fouling organisms.
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Figure 3.1. Typical marine growth colonisation pattern
in the North Sea.




a) Geographic location

This factor largely dictates the species and extent of marine growth
present on a structure. It encompasses secondary factors such as
distance from shore, exposure and salinity which interact with tempe-
rature, food availability and light conditions to produce an overall
marine growth composition. As expected marine growth on North Sea
installations is dissimilar to that on platforms in the Gulf of
Mexico or in the Santa Barbara Channel [13], both in terms of compo-
sition and extent of growth. Lack of broad similarity extends even
among North Sea sectors and, further still, among platforms situated
in the same sector. Figure 3.2 shows the North Sea divided into four
areas and the location of all oil and gas fields. When compared with
the Northern fields the Southern fields have smaller water depths,
higher current speeds, less severe weather conditions and the pla-
tforms are closer to the shore. Marine growth on these platforms
comprises mainly mussels whilst at the Northern fields mussel cover
is less dominant and kelp is present instead.

The effect of proximity to the shore is best illustrated by the
dominant type of marine growth at the Beatrice field, where extensive
cover by soft corals has been recorded in sharp contrast to other
‘more exposed platforms in the North Central fields [14]. A detailed
account of the nature and variability of marine growth on North Sea
platforms is given in Chapter 6 and Appendix B.

b) Water depth

Significant changes in the nature of marine growth occur with chan-
g8ing depth. As depth increases temperature, light and nutrients
reduce thus decreasing the rate of growth and, in some cases, elimi-
nating the conditions required for settlement of certain species. The
result is a gradual decrease in thickness and a change in composition

of fouling with mussels, kelp and algae disappearing at depths grea-
ter than 30m.

c) Water temperature and season
These two interacting factors affect rate of growth and settlement of

particular fouling organisms. As temperature rises the rate of growth
increases, So new settlement and high growth rates of most species
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occur during the summer months. In fact growth rates of mussels may
be estimated by empirical formulae which are functions of average
yearly water temperature [9,12]. Other surface water colonisers such
as kelp and other seaweeds settle in summer but die back during the
winter period. This may be significant to hydrodynamic loading since
most storms occur during winter, but as yet no definitive information
is available as to the extent of die back. Some deep water species
such as soft corals and hydroids are not affected by temperature
changes and may settle at any period throughout the year depending
largely on geographic location. Therefore a structure installed after
a settlement period is unlikely to be colonised at least by mussels
until the following summer, unless it was infected during tow-out or
at the construction site.

d) Water currents

Currents are the principal means of transportation of larvae to
offshore installations. Speed of current is important in the survival
and eventual settlement of many larvae. At high speed, i.e. over 3
m/s, settlement is hardly possible for most species except barnacles.
For this reason mussels or seaweeds are rarely found on ship hulls
which are mainly covered by algae and barnacles. In the North Sea
-regular periods of slack water exist with speeds lower than 0.5 m/s,
allowing for easy settlement and constant provision of nutrients.

e) Platform design and operations

Any form of crevices or appurtenances provides ideal surfaces for
initial colonisation by most fouling organisms due to their sheltered
safe habitat. This is noticeable particularly during the development
stage when the structural members are partially covered. The areas
around nodes and anodes are more densely populated and subsequent
Settlements result in large undulations in marine growth thickness.
By the very nature of their design secondary structural elements such
as conductor guide frames, hot and cold marine risers, and fenders
are also prone to heavy localised concentration of marine growth. The
type of corrosion protection systems appears to influence growth
rates too as platforms protected by the impressed current system are
more heavily fouled than those with sacrificial anodes [9].
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In terms of production and drilling operations it has been establi-
shed that discharges of o0il related chemicals and production water
containing toxic substances reduce or even eliminate the fouling
population in the vicinity of outlets [15,16]. Underwater repair and
maintenance operations involving cleaning for structural relief or
inspection usually lead to rapid regrowth and may be considered as
influencing factors in predicting future levels of marine growth.

It must be realised that the unpredictable complex interaction of the
above factors allows only for generalisations in forecasting future
marine growth levels. Specific and important differences exist bet-
ween offshore installations so the best line of action is to consider
each platform on its own.

3.3. Consequences

It is common knowledge that fouling on marine structures affects
adversely their perfomance and operation in many ways. Marine rou-
ghness on ship hulls and propellers has been well documented and its
effect on resistance and propulsion efficiency is significant
(17,18,19,20]. However, preventive and remedial measures such as
-drydocking and antifouling paints - whose effective lifetime ranges
from 2 to 5 years - can be readily adopted for floating vessels,
whilst the same cannot be said about permanently located offshore
installations.

Marine fouling on offshore structures:

- increases structural loading

impedes underwater inspection and maintenance operations

enhances corrosion
limits topside weight
obstructs seawater intakes.

Consideration of structural loading entails questions of design phi-
losophy and regulations, hydrodynamic behaviour and fatigue analysis.
Therefore designers ought to address the following effects due to
marine growth:

11



a)

b)

c)

d)

e)

Higher drag coefficients; marine growth alters the surface rou-
ghness characteristics of tubular members increasing overall and
local hydrodynamic loading. Appropriate selection of drag coeffi-
cients is important as the level of increase depends on parameters
such as type of growth, distribution, area cover and others.

Increased structural member projected area and displaced
volume; direct loading also increases through this effect. In
estimating projected area and volume the thickness of accumulated
growth is added to the nominal "clean" member diameter leading to
the rather ambiguous term of "effective member diameter" [69].
Normally, thickness of fouling ranges from a thin layer of slime
to over 200mm, whilst in the case of soft growth it may exceed
this figure.

Increased structural weight; type of fouling, growth rate and
extent of cover are the governing parameters. Weight of fouling
may reach appreciable proportions. For example, the weight of
mussels on the first horizontal framing in a Forties platform was
estimated at 12.5 tonnes [21].

Higher mass and hydrodynamic added mass; the platform natural

frequency is reduced by concentrated mass of fouling around the
splash zone.

Reduced fatigue life; can be significant for critical joints in
the wave affected zone. Depends on loading from waves of moderate
period.

Oldfield [9] showed that the increase in direct loading arising from
higher drag coefficients, member projected area, added mass and
structural weight is by far the most important. It affects both the
ultimate limit state stress estimates and the stress range resulting
from waves of moderate period which contributes to fatigue life
estimation. The same study demonstrated that assuming a 30m design
wave, marine growth thickness of 50mm and Cq of 0.8, the total base
Shear for a jacket at water depth of 100m would increase by 5-10%,
while fatigue life would reduce by 15%. To accommodate such increases

it requires either a heavier structure or a rigorous cleaning pro-
gramme which may prove expensive and difficult to implement.
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Cleaning of marine growth is associated with the majority of under-
water inspection and maintenance tasks constituting up to 40% of
actual diver working time [22]. Complete removal of marine growth is
required prior to the implementation of such tasks as close visual
survey and Non-Destructive Testing. Other effects include concealing
possible weld cracks, obscuring platform reference signs, blocking
inlets of seawater intakes and creating a hazardous working environ-
ment for divers [23].

Finally marine growth may enhance corrosion through Sulphate Reducing
Bacteria (SRB) activity, that is by creating anaerobic conditions
under the layer of fouling which provides an ideal habitat for sul-

phate reducing bacteria. An insight to corrosion enhancement is given
in [24,25].
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CHAPTER 4. CRITICAL REVIEW

To assess the hydrodynamic loading of a structure one must consider
the mechanics of fluid flow past rough cylinders, the data available
on force coefficients and the design, inspection and maintenance
approaches to marine growth. In this chapter all three aspects are
reviewed highlighting the present state of affairs and identifying
shortcomings in each case.

4.1. Experimental Approaches

Wave forces are the most significant form of environmental loading on
any marine structure. For space-frame structures the established
method of determining these forces is by Morison's equation [26]. It
expresses the total force acting on a tubular element of unit length
as the sum of the drag and inertia forces,

i.e. F(t)

0.5C4eDulul + 0.25C,omD%0 (1)

where, F(t) instantaneous wave force,
Cd = drag coefficient,

e density of sea water,

D element diameter,

Cm = inertia coefficient,
u

and u, = horizontal components of water particle

velocity and acceleration respectively.

Morison's equation is only valid if it is assumed that the water
particle motion is not affected by the presence of the structure
itself, Therefore, it may be safely applied to the majority of tem-
Plate structures with elements whose principal diameter does not
exceed 0.2 x wavelength. For larger diameter members, diffraction
wave theory is used to allow for wave scattering arising from the
presense of the structure.

Despite its simplicity, Morison's equation poses a number of practi-
cal problems which influence the accuracy of computed wave forces,
The most important ones are the use of appropriate time-invariant
force coefficients and the definition of wave kinematics. Further
Problems associated with Morison's equation are discussed in [27,65].
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It would be apt at this stage to define drag and inertia forces. Drag
is the in-line component of the fluid force on a body and in phase
with the ambient flow velocity, whilst inertia force is in phase with
the acceleration of the undisturbed fluid flow. It should be noted
that the transverse force component, i.e. normal to the drag, termed
as "lift" is not considered by Morison's equation.

The concept of drag and inertia forces has been established over the
past three centuries. Hogben [28] has comprehensively reviewed clas-
sical research developments for idealised cases such as smooth cylin-
ders, spheres and discs. A useful reference source for fluid dynamic
coefficients for various bodies and flow conditions is the data
compiled by Hoerner in 1958 [29].

Substantial fundamental and applied research has been devoted to
fluid flow past smooth and rough circular cylinders, particularly
since the advent of offshore structures. Because of the complex
aspects of the flow field a numerical solution for credible predi-
ction of hydrodynamic coefficients is not known, however great the
advances in numerical hydrodynamics may have been in the last decade.
Therefore, the coefficients are determined experimentally. Such expe-
rimental programmes may be broadly classified into laboratory and
‘field tests. The former aim primarily towards understanding the
underlying flow phenomena, whereas the force coefficients derived
from field tests reflect the combined effects of multi-directional
waves, currents, scale etc. and include the much publicised short-
comings of the generalised Morison's equation [54].

In the following sections the results and observations from previous
experiments are reviewed. It would be an immense task to review all

the published work on smooth and rough circular cylinders here.

Attention is focused only on work of relevance to macro-roughened
cylinders.

4.1.1. Laboratory experiments

The hydrodynamic coefficients are functions of the following non-
dimensionalised parameters,

- Reynolds number, Re = UpD/

15



- Keulegan Carpenter number, KC = UmT/D
- relative roughness, k/D
- Strouhal number, S = f‘D/Um

where, U maximum horizontal water particle velocity,

= element diameter,

= wave period,

mean roughness height,

= vortex shedding frequency,

< X 13U
"

= kinematic viscocity of water.

In an attempt to model these parameters in the laboratory various
experiments have been conducted with smooth and rough cylinders in
steady, planar oscillatory or wave flow in wind tunnels, wave flumes
or pulsating water channels.

One valid concern with most experiments is that of scale. In the
North Sea waves of 30m in height and 15 seconds period are possible.
They result in water particle velocities of 6m/s which, when coupled
with currents of up to 0.5m/s, produce Reynolds numbers for typical
Jacket structures in the range

10 < Re < 107

The Keulegan Carpenter numbers, which represent the significance of
amplitude in harmonic flow past cylinders [30], range between 2 and
80 subject to wave kinematics and element diameter. Strouhal number,
a dimensionless measure of vortex shedding frequency, is approximate-
ly constant at around 0.2 at high Reynolds numbers [27,32].

The final parameter is the relative roughness, k/D. The dependence of
steady flow Cq On surface roughness is shown in Figure 4.1. The range

of "in-service" marine roughness is generally within the following
range,

0.0006 < k/D < 0.03.
This range should be treated as speculative because of ambiguities in
measuring and characterising marine growth in terms of thickness.

Surely roughness parameters such as shape, distribution, density and
type of fouling would also have to be characterised as will be discu-
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ssed later in detail. At this stage, it is adequate to consider
marine fouling as a form of macro-roughness.

To meaningfully model full scale conditions, laboratory tests must be
performed within the above mentioned ranges. Modelling of KC numbers
alone presents little difficulty since appropriate combinations of
Planar oscillatory or wave flow kinematics with cylinder diameter
should yield full scale KC numbers. However, for time-dependent flows
at KC lower than 60 the Reynolds numbers achieved through this type
of experiments generally do not exceed 5x105. This is illustrated in
Figures 4,2 and 4.3 where the variation is shown in force coeffi-
cients with Re and KC for smooth cylinders in harmonic flow [35].

Higher Reynolds numbers have been achieved through tests in steady
flow, albeit in wind tunnels. Steady flow represents a limiting case
of unsteady flow where temporal variations approach zero [36]. That
is, drag is similar in magnitude to that experienced under oscillato-
ry flow conditions at very large KC numbers. Therefore, steady flow
Cq data are important in ultimate limit state design of offshore
structures whose member diameters are relatively small and in fatigue
design since most damage accumulates in storms when KC numbers will
also be large [37,38].

Several researchers [e.g. 34,39,40,41,42,43] have studied the varia-
tion of eylinder drag at high Re in steady flow. Achenbach [39] has
described this variation and the transition from laminar to turbulent

flow around cylinders by considering four flow regions as indicated
in Figure 4.4,

The smooth cylinder drag coefficient changes from 1.2 for subcritical
Reynolds numbers (Re<105) to a minimum of 0.2-0.4 in the eritical
range (2x10°<Re<4x10%) and up to 0.6-0.7 at postcritical Re
(Re>3.5x106). Any further changes in Cd are unlikely at Reynolds
numbers greater than 3.5x106 [40]. This sequence of changes is due to
laminar separation and turbulent reattachment of the boundary layer
causing variations in base pressure (i.e. pressure at the rear of the
cylinder) and in wake width. These variations are outlined below in
Connection with surface roughness effects.

In 1929, Fage and Warsap [46] examined the influence of surface roug-
hness on drag at low Re by attaching various grades of sandpaper on
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circular cylinders. They found that by increasing relative roughness
the critical regime shifted towards lower Reynolds numbers and mini-
mum Cd increased. Their results are shown in Figure 4.5 together with
those of Achenbach [39] who also examined the influence of skin
friction drag. He found that it accounts for only 0.5-3% of the total
drag depending on Reynolds number. Thus, Cq is almost entirely in-
fluenced by changes in pressure drag. ’

For cylinders in subcritical flow, the laminar boundary layer sepa-
rates at approximately 80° from the front stagnation point. Base
pressure is low and the wake is wide resulting in high drag coeffi-
cients which are nearly independent of Reynolds number. In the criti-
cal flow regime the separation point moves downstream to about 110°
and the initially laminar boundary layer forms a free stream shear
layer which undergoes transition to turbulent flow. The turbulent
shear layer reattaches to the cylinder almost immediately forming the
S0 called "separation bubble" and finally separates at around 140°.
As a result base pressure increases, the wake structure becomes
narrower and drag decreases rapidly. The flow at the critical regime

is essentially unsteady due to asymmetric formation of the separation
bubbles [47].

-Under post-critical flow conditions which are applicable to offshore
structures, the transition from laminar to turbulent boundary layer
is direct and occurs progressively upstream as Re increases. The
Separation point is largely influenced by relative roughness and
postecritical flow can be achieved at successively lower Re with
corresponding increases in k/D. Pearcey et al. [48] suggested that
the Re for post-critical flow is as low as 3x105 for k/D=0.0028.

Achenbach [44] and Schezhenyi [41] suggested that an upper relative
roughness 1limit exists beyond which no further increase in Cd ocecurs
at postcritical Re. However, Figure U.5 shows different magnitudes of
Cq for rough cylinders with kg/D of 0.0011 and 0.0045 - Achenbach
defined "equivalent" sand grain size, ks,
ness [39]). Further experiments by Achenbach using spherical beads
(k/D=0.016 or kg/D=0.009) resulted in similar drag coefficients to
those obtained for kg/D=0.0045 [39]. In an attempt to correlate his

results with those of Fage and Warsap, Achenbach defined kS for the
Spherical beads as,

through Nikuradse's rough-

ks = 0055 k
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In a generalised form, Achenbach adopted an approximate relationship
between the critical Reynolds number and kg/D [44,45], i.e.

6000

Regpit =
(kg/D)0+>

However, in experiments with cylinders covered by regular arrays of
pyramids (ks/D=0.009) Achenbach obtained drag coefficients which were
10% lower than those obtained with spherical beads at the same ks/D;
the maximum difference occuring at subecritical/critical Re [U45]. He
cited as possible reasons the method of determining Cd (integration
of static pressures) and the difference in roughness types. This
Suggests that roughness size alone, no matter in what form it is
expressed, cannot characterise roughness accurately; particularly
marine roughness, which exhibits not only a variety in types of
fouling but also in distribution, density, area cover, shape etc.

So far, wind tunnel tests with rough cylinders at low k/D ratios have
been discussed. These have provided the framework for describing the
basic flow mechanisms and the influence of surface roughness on Cy
and Re. However they are not fully applicable to marine fouled cylin-
deérs. As stated in Chapter 3, marine growth can be either hard or
soft and flexible or indeed a mixture of both, it is very irregular
and much thicker than any sand roughness tested giving rise to thic-
ker boundary layers.

Surprisingly limited amount of published data exists for marine
fouled cylinders bearing in mind the extensive research on smooth and
rough cylinders. This is summarised in Table 4.1. To the author's
knowledge, the only in-depth systematic investigations on the subject
have been undertaken by Nath and to a lesser extent by Miller.

Miller [34] performed tests in wind tunnels with cylinders covered by
uniformly distributed artificial roughness or by naturally grown
barnacles. He inferred that local drag increases by 50-70% for heavi-
ly fouled tubulars over that for smooth ones after allowances in
effective member diameter. He also observed differences in Cq arising
from roughness density variations. However, the study was limited to
roughness types which do not fully represent the predominant forms of
fouling on offshore structures, i.e. mussels and kelp.
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REFERENCE TYPE OF FLOW | ROUGHNESS k/0 Re(xlOs) KC Cq Cm
Nath [52] Steady Artificial - 0.2-4.2 1.5~4.0
Waves kelp - | 0.4-2.5 3-25 | 1.5-6.0 2.5-4.0
Waves+current - 1.0-6.0 4-28 | 1.3-3.5 2.2-4.0
Noth et ol. (S1] | Steady Barnacles on 0.4-4.5 1.2-1.4
; .Waves 1.2-1.7 8-25 | 1.1-1.5 1.5-2.3
Nath [51] Steady Mixed hard 0.037 | 0.8-7.0 1.04
Waves+current | fouling 0.8-5.0 15-25 | 1.0-1.5 1.2-2.2
Nath [32,50] | Steady Artificial 0.09 | 0.4-4.0 1.2-1.4
Waves marine
Horizontal cyl. | roughness 15-25 1.52 1.73
Vertical cyl. 15-25 2.4 3.02
Miller [34] Steady Bornacles 0.048 | 1.0-16.0 1.16
(wind tunnel)
Cash [48] Waves Plastic 2-15 | 55-120%
seaweeds of C4 smooth
Norton et ol[56] | Steady OTS-bornadles | 0.024 | 3.0-12.0 1.2
Blumberg & Steady Oyster shells | 0.015 | 10.0-60.0 0.88
Rigg (57) Oysters ond
concrete chips | 0.04 10.0-60.0 1.02
Sarpkoyo [58) Harmonic Barnacles 0.02 | 0.3-8.4 4-60 | 1.42-2.42 0.49-1.48
Rodenbusch H
armonic/ Conicol
| ¥ Outlerrez (S9] | '2-D random |  frusta 002 | 4.4-17.5 | 3-90 | 0.85-2.5 0.96-2.0

Table 4.1.
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Nath [32,49,50,51,52,53] carried out extensive wave flume tests with
Simulated hard and soft flexible marine roughness in steady tow,
regular waves and combined waves plus towing. In-line and transverse
forces were measured on horizontal and vertical cylindrical elements
up to 200mm in diameter in periodic waves. The same cylinders were
also towed by a carriage in still water or in waves. Nath et al. [52]
found that for cylinders fully covered with blastic seaweeds the
Steady flow Cd ranged between 1.5 and 4.0; a significant increase
over the average Cy of 1.22 for his artificially marine roughened
cylinder (k/D>0.1) [50]. In wave or combined wave and current flows,
similar increases in drag were observed and also in lift and inertia
force coefficients [50,52]. The increase in C, for flexible growths
is important since hard roughness causes marginal reduction in iner-

tia [35,54]. It suggests higher added mass due to entrained water
among the kelp fronds.

Drag coefficients from steady flow tests by Nath with barnacle encru-
sted (k/D=0.11) and sand roughened (k/d=0.02) cylinders were lower
than Miller's data (see Chapter 8 for further comments). Drag coeffi-
cients of the same horizontal cylinders in waves plus towing compared
well with steady flow data despite some scatter [53]. This observa-
tion is plausible since the presence of a current increases the drag
component of the total force at the expense of inertia. Therefore,
Such data are better conditioned for drag loading estimation in
unsteady flow. Wherever relevant, the experimental results presented
here will be compared with those obtained by Nath although the latter
generally fall within a lower Re range.

Other contributions are those by Cash [48] and Matten [55]. Both
Compared total wave force coefficients between smooth cylinders and
Cylinders covered with simulated roughness, i.e. plastic strips re-
Presenting seaweed and garnet paper simulating rigid growths
(k/D=0.02) respectively. Cash - who did not report on the length or
density of the plastic seaweed - suggested that Cd increased by 50%
to 120% but exhibited large scatter. Matten estimated that hard
roughness produced about 60% higher drag over that for the smooth
¢ylinder. Matten also claimed that high transverse forces experienced
by smooth cylinders in irregular waves were not increased further by
the addition of roughness. Both experiments were carried out at low

Re and no attempt was made to derive Cd and Cm from measured kinema-
tics and forces.
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Norton and Mallard [56] tested barnacle encrusted tubular members of
the Ocean Test Structure (OTS) in a wind tunnel at various inclina-
tions. They found that the "flow independence" principle - which
States that normal drag forces are proportional to the normal velo-
city component squared and are independent of the axial velocity
component - is valid for cylinder inclinations up to 40° in post-
critical steady flow.

Results from an earlier study by Blumberg and Rigg [57], though
included in Figure 4.1 and Table 4,1, should be treated with caution
because of discrepancies between their quoted data and previous
results and strong evidence of free surface and tank boundary inter-
ference effects.

Finally, recent research that should be mentioned includes tests in
harmonic flow by Sarpkaya [58], with a sand roughened and a barnacle
encrusted cylinder, and periodic and random oscillatory cylinder
motion tests by Rodenbusch and Gutierrez [59] with a 1000mm diameter
cylinder covered with conical frusta (k/D=0.02). Both studies are
extensively refered to in Chapter 9.

4.1.2. Field tests

A number of ocean projects have been undertaken since 1976 in an
attempt to evaluate wave force calculation procedures and generally
to improve offshore structural design. Force coefficients from in-
Strumented piles attached to offshore structures have provided a
standard source of design information in the offshore industry. Table
4.2 1ists these projects and the data collected under various enviro-
nmental conditions.

A large scale investigation was undertaken by Exxon Production Re-
Search Co. using a scaled jacket, the Ocean Test Structure (OTS)
Situated in the Gulf of Mexico [60]. Although the ranges of Re and KC
nhumbers were not fully representative of extreme environmental condi-
tions, it is believed that by means of the reduced scale the OTS data
are useful in design load predictions for small structures. As shown
in Figure 4.6, large data scatter was obtained particularly at KC<20.
Also the marine growth comprised almost exclusively barnacles, thus
the applicability of the results to other forms of growth is limited.
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Another investigation carried out by Lloyd's Register of Shipping
involved the instrumentation of the Forties FB fixed steel platform
[31]. Marine growth on the instrumented members was cleaned off.

Therefore only clean cylinder force coefficients are available.

A major field study currently in progress, is that conducted by
British Maritime Technology Ltd. at the Second Christchurch Bay Tower
(CBT) [61]. The CBT experiments, being undertaken in real sea condi-
tions, include all the irregularities of wave height and directional
spread. Initial results with clean cylinders correlated well with the
OTS data, whilst experiments with simulated hard fouling (k/d=0.033)
showed a 20% increase in total force coefficient, Cey over the clean
cylinder [62]. Further systematic tests with kelp covered horizontal
and vertical tubular elements were carried out in 1986 [63]. For the
horizontal cylinder the total force increased by 29% at KC=30 com-
pared to the smooth cylinder. For the vertical cylinder Cy increased
by 83% and C4 more than doubled at KC=30. In both cases C, was higher
than the smooth cylinder values. Surface cover and length of plants
did not have a significant influence on the force coefficients.

Through the CBT study it is hoped to obtain valuable force coeffi-
cient data in real sea conditions. It would not however be possible
-to isolate all the environmental and surface roughness parameters and
interpret their significance in the manner laboratory tests do. It is
therefore necessary to have laboratory procedures whereby different
roughness configurations may be tested and from which data can be
obtained for characterising roughness relative to fluid kinematics.

Parameters such as aspect ratio, blockage, three-dimensional flow and
free surface effects which may influence the drag of circular cyli-
nders are discussed in the chapters dealing with the experimental
results, Gliiven et al. [42] review compehensively these aspects.

4.2, Design Practices

The design requirements for fixed offshore installations are similar
to those for any industrial space-frame structures. The first step in
the design is to develop a concept of the structure based on its
functional requirements, environmental constraints, construction and
installation methods and anticipated maintenance needs. The function
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of an offshore structure is to provide a safe working platform ade-
quate to support the operational and environmental loads throughout
its 1life.

It is not proposed to review all design aspects and the reader should
refer to numerous publications available on these [27,66]. Instead,
this section is concerned with the consideration of hydrodynamic
loading due to marine growth by currently adopted design methods.

Two types of wave induced loading are normally considered in stru-
ctural design:

a) the "design wave" with at least 50-year recurrence period to
determine ultimate limit state stress,
b) cyelic loading for estimation of fatigue.

4.2.1. Limit state

The estimation of maximum design loads using Morison's equation
requires reasonable descriptions of the following:

‘a) Water particle kinematics

In the past, the kinematics have generally been obtained from theo-
ries such as Stokes' Fifth Order, Airy etc., depending on water
depth, significant wave height and wave steepness [67]. Water partic-
le velocities and accelerations are computed as derivatives of the
wave potential or stream function. The horizontal particle velocities
are calculated by adding vectorially the wave component to the velo-
city imposed on water particles by current.

However, increasingly available wave records for various sea states
have paved the way for more realistic design approaches in determi-
ning the particle kinematics and correlating with force coefficients
[e.g. 681,

b) Morison force coefficients

The selection of appropriate force coefficients is essential in

estimating hydrodynamic forces which are the most important sources
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of overturning moments and shears on an offshore structure. All
Classification Societies [69,70,71] recommend values for C4 and C, to
be used in the calculation of wave loads. As shown in Table 4.3
significant differences exist between the values suggested by each
authority. The influence of marine growth, Re and KC numbers or
interference between elements is weakly reflected in the recommended
coefficients and no account is taken of transverse loading. Yet it
has been suggested through sensitivity studies [72] that the drag
coefficient has by far the strongest effect on overturning moment and
horizontal base shear of typical North Sea platforms (see Figure
4.7). The inertia coefficient is also shown to be a major influence

on fatigue calculations.

The implications for wave loading estimates that arise from adopting
different force coefficients have been quantified by Abdelradi and
Miller [73]. They showed that maximum stresses on individual members
calculated using the coefficients recommended by three Classification
Societies differed by up to 60% approximately. Comparisons of com-
puted wave loads using the Lloyd's coefficients and those of Sarpkaya
[74] for two levels of roughness indicated large differences in
forces and moments particularly when 1ift was included.

-The question that arises is: "If such discrepancies exist among
recommended design procedures are the structures already produced
unsafe?", The excellent safety record of North Sea platforms suggests
otherwise, Safety factors introduced at the various design stages and
the oveprediction of combined wave and current kinematics from wave
theories more than compensate for the uncertainties surrounding force
coefficients. That is not to say that designers and platform opera-
tors are not concerned with the issue. After all, the design respo-
nsibility lies with the operators who generally introduce more strin-
gent requirements than the minimum recommendations of the Certifying
Authorities,

The force coefficients adopted by platform operators depend firstly
on whether the computed loading is to be used for global or local
design and, secondly, on expected marine growth levels. In local
design, all wave and current load components on individual members
are estimated. Global design involves the temporal summation of local
loads when the structure experiences maximum deformation. In global
design lower drag coefficients are adopted since the coherence of
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Classification Society Cd Co
Lloyds'.R.S. > 0.7 2.0
Det norske Veritas 0.5 to 1.2 1.5 for (2R/L)>1.0

subject to Re & k/D

50.7for Re>3x10°

2.0 for (2R/L)>0.1

Intermediate values

by interpolation

Bureau Veritas

1.5 for R<T725

0.75 Cm = 1+log1020R-0.8
for R>T25
N.B. R = Radius of structural member (mm)
L = Member length (mm)
Table 4.3. Minimum design force coefficients recommended
by classification societies.
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loading assumed for all members at the design stage will never occur
in practice [75]. Typical values of design force coefficients adopted
in industry are [75]:

Local design Global design
Cq 1.0 0.7
(o 2.0 2.0

¢) Marine growth design allowance

Compared with experimental data, the above Cd design values are still
low. It is claimed that marine growth thickness allowances in member
diameter should adequately compensate for this difference [69]. Typi-
cal "design allowances" for marine fouling are shown in Table 4.4,
These are predicted from marine growth survey data for specific North
Sea locations and water depth ranges. The validity of such figures is
debatable due to ambiguities in growth characterisation and the
variability in local environmental conditions.

It has been suggested that the effects of different types of growth
may be "normalised" to produce an "equivalent thickness index" which
would incorporate the composition, surface cover and thickness or
length of fouling species [16]. A substantial amount of experimental
data would be required to validate this approach, which after all
ignores the inducement of transverse forces due to uneven growth
around cylindrical elements and the variation in CM which reduces
with hard fouling but increases with flexible growths.

h.2.2. Fatigue

Wave forces are generally the principal sources of fatigue damage in
offshore structures. Fatigue analyses are performed for all tubular
Joints using fracture mechanics or results from fatigue tests (SN
curves), Long term stress distributions are established using deter-

ministic or spectral approaches.
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Operator

Southern fields

1 At sea level 50mm on legs, 90mm on bracings
2 100 to 125mm
3 100mm
4 SOmm all over but in reality 100mm at sea level
5 50 to 75mm
Central and Northern fields
1 80mm on upper part of structure
2 100mm
3 100mm in upper part of structure, 25mminlower parts
4 0 to -40m, 50mm; -70m and deeper, Omm
5 0 to -35m, 50mm; ~35m and deeper, 25mm

Table 4.4, Summary of fouling levels tolerated
by operators in the North Sea [9].
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The effect of marine growth on fatigue is threefold:

a) increase in structural mass,

b) increase in hydrodynamic added mass due to higher displaced
volume,

¢) increase in fluid loading.

As marine growth distribution is not uniform over the whole structure
but is instead concentrated on the top elevations, it tends to in-
crease the natural period and dynamic amplification factor of the
Platform. This results in fatigue life reductions by 30-50% from
those for clean structural elements [9]. Increased fluid loading
results in higher stress ranges, S, and reduces fatigue life signi-
ficantly since,

Fatigue life of ===-- ywhere 2<m<4,

Added mass is the major hydrodynamic parameter in fatigue calcula-
tions. However recent studies have shown that most fatigue damage
oceurs during storms [37,38]; so the rough C4y is also important. In
-€Stimating fatigue lives designers normally adopt the same force
coefficients used for ultimate limit state calculations. This may
result in fatigue estimates which would significantly differ from

estimates where temporal and topological variations in Cd and C, are
considered.

4.3. Inspection and Maintenance Practices

According to the 1974 Offshore Installations Act [76] every offshore
installation must comply with minimum statutory requirements. It is
the responsibility of the operator to carry out routine inspections
of each platform for the award of 5-year Certificates of Fitness by
Certiinng Authorities on an agreed inspection schedule. Monitoring

of marine growth forms a small part of the overall legislative survey
requirements,
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4.3.1. Marine Growth Surveys

Before considering marine growth survey practices for offshore stru-
ctures one should perhaps ask: "Why perform marine growth surveys?".
The answer is that they are essential for the following reasons:

to comply with certification requirements;

to identify any need for structural cleaning;
- to regularly assess structural loading caused by changes in
the extent and nature of marine growth;

to forecast with reasonable confidence future levels of
fouling.

To fulfill these objectives the survey data should produce a reasona-
bly accurate mapping of marine growth based on:

- type of individual species present;

- average and maximum sizes of each type;

- percentage surface cover by dominant fouling species;

- overall extent, distribution and composition of hard and soft
growth;

- weight of marine growth.

The quality of such data depends on the methods of measurement,
analysis and interpretation employed by the operator as no official
code of practice exists. This may be attributed to the inaccurate
assumption made in the early days of North Sea activity that marine
growth would not reach significant levels due to the cold environment
inhibiting growth as opposed to the temperate waters of the Gulf of
Mexico. This assumption was reflected not only in the low marine
growth allowance used in the design of first generation jackets but
also in the Guidance Notes on surveys [77] where the only reference
to marine growth states that:

"An assessment should be made of the thickness of marine
growth on typical members or areas of the structure".

This guideline focuses solely on thickness as the singular parameter
for marine growth characterisation ignoring growth type, distribu-

tion, area cover and structural element topology.
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However, it was soon realised that marine growth on North Sea plat-
forms could indeed pose problems to structural loading and to under-
water inspection and maintenance operations. In 1978 the Department
of Energy initiated the establishment of a Working Party on Marine
Fouling to consider the problems arising from the build-up of marine
growth on offshore structures [78]. Among its recommendations the
Group called for improvements in collection and interpretation of
data on the nature, extent and rate of development of marine growth.
Existing data were collated and analysed to provide tentative fore-
casts of future fouling levels [9,79], while most operators intro-
duced systematic explicit procedures for marine growth surveys within
their inspection programmes [10,15].

The general framework of adopted practice is broadly similar among
all operators, with some differences in process implementation and
data interpretation according to the inspection objectives of each
operator. The following two types of survey are carried out:

a) Video survey

Video surveys are performed during General Visual Inspections and
Produce an overall impression of growth through the use of cameras
-mounted on Remotely Operated Vehicles (ROV's). They provide a clear
perception of fouling distribution on most structural elements and
risers, a regular update on significant changes in character of
growth and rough estimates of size of dominant fouling species.
However, data accuracy may be impaired due to equipment operability
and quality of vision. ROVs cannot operate in the splash zone which
is of primary importance to marine growth assessment and, not all
Operators utilise high resolution colour video cameras, thus being
Severely limited in quality of visual perception. The most serious
drawback though is the inability to obtain precise measurements of
thickness and length of fouling species.

b) Diver sﬁrvey
Additional data are obtained through diver surveys which include on-
Site thickness and length measurements, close-up photographs for

estimation of percentage surface cover and sample collection. The
methods employed are as follows:
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Size measurements: Probably the most ambiguous aspect of marine
growth assessment is the definition of size. For hard growth such as
mussels and barnacles thickness or, strictly speaking, height of the
layer is the appropriate size. In the case of soft growth thickness
tends to vary for reasons associated with species responce to enviro-
nmental changes. Sea anemones, for example, retract when disturbed
and reduce considerably in height (see also Appendix A), thus rende-
ring virtually impossible an accurate measurement through mechanical
means (e.g. depth gauges).

The highest degree of uncertainty occurs with flexible growths such
as kelp and hydroids. Should the size of each individual be defined
in terms of its extended length or in terms of thickness when wrapped
around the member by wave or current action? Is the width of the kelp
fronds significant? And what is the effect of stipe length and its
flexibility? No satisfactory answers exist on these aspects, although
Picken [80] suggests that, in the absence of experimental evidence
which would indicate an appropriate measure, the fully extended
length of each plant should be measured.

Measurements are taken either in-situ by scaled depth probes or
tapemeasures or onshore from stereo photographs; the selection of the
-most suitable technique being dictated by the type of growth. Depth
Probes are not suitable for soft growth and seaweeds. They may lead
to inaccurate thickness estimates of hard growth layers due to lack
of penetration right down to the substrate and at least three spot
checks are required to derive an average. The latter drawback can be
Overcome by using a tapemeasure wrapped around the member to estimate
the increase in circumference and from this to deduce the average
thickness of growth, However, by this method it is not possible:

- to estimate hard fouling thickness variations which occur
among member faces;

- to differentiate between types of fouling when mixtures of
hard and soft growth exist on different faces;

= to account for undulations in the layer of growth unless many
closely spaced measurements are taken;

- to measure either soft growth, such as sea anemones and soft
corals, or seaweeds since the tape will either fall in between
some individuals or it will compress the plants onto the
substrate in an unpredictable manner.
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It appears, therefore, that stereo photography is the most reliable
technique as almost all types of growth can be measured with reasona-
ble accuracy from photographs which include size and colour scales.
It is not intended to describe this technique here and for details
the reader is refered to [24].

Percentage surface cover: As will be seen in later chapters, the
effect of marine growth surface cover is a significant factor in
hydrodynamic loading. Therefore it is important to obtain proper
estimates on overall percentage cover and on distributions of domi-
nant fouling over each member. All adopted practices on data inter-
pretation fall short of this objective. The most common approach by
the industry is to estimate ad;oximately the percentage of hard and
Soft fouling from stand-off photographs, without specifying how it is
distributed or what is the contribution of each species. Density of
cover, particularly for kelp plants, is also rarely reported. Thus,
the engineer does not have a clearly defined mapping of marine
growth,

Sample collection: The main objective of live sample analysis is to
identify the fouling species present at different locations on the
Structure, Thus, maximum sizes, longevity and reproduction capacity
-are established for predicting the future development of fouling.
Qualitative data of this nature can only be tentatively used in
characterising marine fouling as they do not define growth configura-
tions and thickness variations.

The practice adopted by one operator consists of two diver surveys
Within a five-year certification period [81]. Emphasis is given on
vertical sampling of a representative structural member at approxima-
tely ten depth elevations with more frequent sampling near the water
Surface. Additional information is obtained from marine fouled steel
and concrete A4 size plates which are suspended at different depths
from various platforms [82]. Thus settlement and growth rates can be
regularly monitored at a fraction of diver deployment costs. Although
this approach is regarded as most comprehensive the sampling rate is
low and concentrates on vertical members. Picken [80] and Ralph [83]
Suggest higher sampling rates and thickness measurements and photo-
8raphs of the top and bottom faces of major horizontal and inclined
members, Whilst information is thus maximised it is not always feasi-
ble to incorporate such extensive surveys in the overall annual
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inspection programme but, whenever possible, this practice is fol-
lowed by most North Sea platform operators.

Further limitations regarding diver surveys arise from adverse weat-
her conditions as no marine growth surveys are conducted in winter.
There are strong indications that fouling, particularly kelp, dies
back in winter possibly resulting in lower force coefficients. It has
been suggested, but not validated by quantitative data, that die back
may be up to 50% in length for kelp and hydroids at the splash zone,

whilst minimal die back occurs at mid-water assemblage (-10m to -70m)
(14].

4.3.2. Cleaning

Marine growth is removed from a structure either for inspection and
repair purposes or, if design thickness tolerances are exceeded, to
relieve structural loading. The cleaning requirements are different
for each operation. Cleaning prior to inspection is carried out over
Small areas (e.g. nodes) and must produce 100% bare metal finish. A
cleaning programme to relieve loading entails the removal of bulky
fouling from large sections of the structure leaving only hard
" calcareous growth, i.e. tubeworm and barnacles. It is the latter type
of operations that this study is concerned with. The reader should
refer to other published material for further information on cleaning
to facilitate inspection [e.g. 84,85,86].

The decision to clean part or the whole of a structure is based upon
design thickness allowances and survey data which are reported to the
Ceptifying Authority. If thickness levels exceed the tolerance limits
Pertaining to the structure the Certifying Authority may request
Cleaning prior to re-certification. Marine growth thickness thres-
holds vary among platforms. According to Lloyd's R.S. [69], typical
hard growth 1imit thickness on North Sea platforms ranges between
50mm and 100mm down to -12m water depth gradually reducing to 25mm at
the Seabed, while soft fouling is reduced to equivalent hard growth
by considering its thickness when compressed onto the member surface.
However, the results from a survey among operators [9] shown in Table
4.4, illustrate the diversity of opinion in marine growth levels
tolerated before remedial cleaning is deemed necessary. The contradi-
ctory figures indicate the confusing state of affairs which arises
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from the following:

- inadequately defined marine growth levels,
- uncertainties to its effects on fluid loading,
- low design allowances for some of the earlier platforms.

The latter is particularly true for most Southern North Sea installa-
tions and some Central sector ones. Operators of these platforms have
adopted a 'clean' policy which is sometimes based on two-year clea-
ning intervals [21,84]. Such high frequency is not only due to low
design allowances but is also attributed to dominant mussel growth,
Which quickly re-establishes in multiple layers at the 0 to -20m
depth range. Frequent cleaning is therefore concentrated on the upper
Parts of the structure the rest being cleaned less frequently, if at
all, Scheduling is critical as cleaning ought to be done after the
Spawning period to eliminate possible resettlement shortly after
removing established growth. However, the experience of one operator
[16] indicates that mussel growth after cleaning tends to fluctuate
in thickness over the years without exceeding critical levels. This
Suggests that if design thickness limit was high enough no remedial
cleaning would be required.

This is certainly the case for Northern and Central sector installa-
tions, Conservative designs, higher fouling allowances coupled with
Non-abundant mussel growth have led to the adoption of a 'no-clean'
Policy for most structures. Watson [21] suggests that no cleaning
Need will arise in future due to stabilisation and self limiting
thickness of growth. However, indications are that some cleaning may
be required in the light of likely future domination of Northern
Sector installations by kelp growth in the wave affected zone.

Marine growth is removed almost exclusively by divers, the utilisa-
tion of ROV's or purpose built devices [87,88] being still minimal.
The operational hazards and high costs of diver cleaning are widely
acknowledged and well documented [84,89,90]. Cleaning for structural
Telief by ROV's would therefore be an attractive solution if such
Vehicles had the capability to operate and maintain station in the
Wave affected zone where loading due to marine growth is most criti-
cal. as it happens, and despite advancements in ROV technology, the
OPerator stil} relies on divers. The cleaning techniques for steel
Structures are determined by [90]:
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- operating depth, i.e. air or saturation diving

- deployment method, i.e. support vessel or platform spread
- type of marine growth

- size of area to be cleaned

- access to worksite and rigging requirements

- water visibility and tides.

Details on available techniques, their limitations and associated
cleaning rates information are given in [9,78,84,90] and in relevant
trade 1literature.

4.y, Antifouling Techniques

Cleaning of marine growth is only a temporary cure to a recurrent
Problem. Possible prevention of fouling may be achieved through
vVarious antifouling techniques but, as far as it is known, only a
Couple of the U.K., sector installations has any means of combating
barine growth exclusively on the primary structure. This is attri-
buted to the restricted lifetime of most antifoulants, the high
material and application costs and the ensuing environmental conse-
Quences arising from the release of toxins [78]. Also, it is not
unconnected with traditional design practice where underwater mainte-
hance has been overlooked at the design stage.

Operators have realised the benefits of antifouling measures for new
designs or even for existing installations. But due to the above
Stated reasons few applications have been carried out and these are
Concerned with conductors and risers [91]. One notable exception has
been the installation of Cu-Ni sheathing on the legs of several

Platforms in Morecambe Bay primarily for corrosion protection in the
Splash zone [92].

Currently available antifouling methods are comprehensively reviewed
by Se11 (93] and Swain [94], so they are only briefly dealt with
here, The methods may be classified into non-toxic and toxic ones.
Non-toxic techniques are still at the development or trials stage.
They include brush or spray applied epoxy resins [e.g. 95], oil based
'fOuling release' cast coatings [91] and abrasion hoops driven by
Current action along the member [96].
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Toxic compounds involve the gradual release of biocides into the
water and encompass all commercial antifouling paints and Cu-Ni
alloys [97,98,99]. Paints have been successfully applied on ship
hulls but they rely on high release rates of toxins and reapplication
every two to three years. Cu-Ni cladding possesses lower toxicity
levels and lifetime is claimed to be more than 20 years [98]. It is
available in various forms depending on type of application.

The use of Cu-Ni sheathing at the design and construction stages may
lead in substantial cost savings. Reduced hydrodynamic loads have
direct impact on steel weight, number of piles required, fabrication
and installation costs. Barger et al [100] suggest potential cost
Savings up to 9% for typical North Sea platforms just by sheathing
all conductors and members at the top two bays without though consi-
dering sheathing material and application costs. For retrofit appli-
cations a suitable product are the flexible composite panels where a
90:10 Cu-Ni matrix is embedded in neoprene backing. Each panel is
wrapped round member sections which are free from appurtenances, and
Secured with fasteners along the seam. Experiments to assess the
hYdrodynamic effects of retrofit cladding indicated that drag coeffi-
cients are low despite the added panel thickness to the original
member diameter [101]. These tests are described in Chapter 8.

4.5. Summary
From the preceding sections it is evident that:

- Force coefficient data from previous research are limited to
largely unrepresentative forms of fouling.

- The hydrodynamic effects due to real long flapping weed and
Soft fouling have not been quantified.

- Most experiments have been performed at small scale without
fully covering the in-service Reynolds number, KC number and

relative roughness ranges.

- No systematic examination of marine roughness parameters other
than thickness has been carried out.
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- A high degree of uncertainty is associated with thickness
tolerances and the use of "effective" member diameters at the
design stage.

- Current marine growth survey procedures do not characterise
adequately fouling for fluid loading assessment.

In the following chapter a new approach is described addressing the

above mentioned problem areas and establishing the basis of the
work presented here.
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CHAPTER 5. A SYSTEMATIC EXPERIMENTAL APPROACH

Previous research has conclusively proved that marine roughness sig-
nificantly increases hydrodynamic loading. Yet a number of questions
Femain unanswered. Has, for instance, past experimental work realis-
tically represented full scale conditions? Are there differences
between types of fouling in terms of loading and, if so, are they
Significant? What are the effects of mixed fouling or partial surface
Foughness? Do relative roughness and "effective" member diameter
adequately Adefine marine fouling? Could the apparent decrease in
inertia forces compensate for the higher drag forces? And, how would
the potential use of variable coefficients influence the design and
maintenance processes?

Only a Systematic experimental investigation could provide some of
the much needed answers to those questions. The basic concept and the
implementation of such an approach is described in this chapter and
the likely advantages to the design and maintenance of offshore
installations are highlighted.

5.1. Basic Concept and Specification

The Principal objective of this study was to develop a methodology
for the realistic assessment of hydrodynamic loading on marine roug-
hened template platforms. In order to provide a framework for the
Proposed approach it is worthwhile to recall how marine growth
develops during the in-service life of a platform.

Over a typical 25-year life span, several fouling types accumulate on
the Structure in varying rates, distributions, thicknesses, densities
and surface cover. That is, marine growth undergoes temporal and
mOPphological changes and it is reasonable to anticipate correspon-
ding variations in hydrodynamic loading. More important still, are
the maximum wave induced loads on heavily fouled structural members.

To improve on existing practices in estimating extreme and nominal

hydrodynamic loads ‘on marine fouled tubular members a realistic
approach ought to address the following:
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a) to characterise marine growth in terms of those "hydrodynami-
cally significant" roughness parameters which adequately
describe the marine growth development process;

b) to use force transfer coefficients which are directly related
to the pertinent marine fouling and wave flow conditions;

¢) to apply a rational methodology for the marine growth apprai-
sal at the design and maintenance stages.

The above requirements are equally valid for the prediction of design
loads and for the structural monitoring of existing platforms. Howe-
vVer, a distinction is necessary in applying the approach to new
designs and existing platforms due to differences in the levels of
available information and in objectives sought in each case.

In the design of new structures it is required to predict under
assumed marine roughness and wave flow conditions:

- the extreme overall and local loads that the structure is
likely to experience when heavily fouled by certain species;

- the nominal loads acting on individual members throughout the
operational life of the structure;

- the structural responce (e.g. member stresses in a joint)
which, when combined with member sizing procedures and crite-
ria, result in the acceptable level of platform strength.

In the assessment of existing structures it is required:

- to estimate the overall and local loads on the structure using
available marine growth survey data and given structural mem-
ber geometry;

-~ to compare the above estimates against design loads and assum-
ptions and, if necessary, to re-assess fatigue damage and

cleaning requirements.

The relationship of the proposed approach to new and existing struc-
tures Will be further discussed in Section 5.4. Based on the fore-
80ing, the strategy adopted in formulating and implementing the
approach is illustrated in Figure 5.1 and its key elements are des-

eribed in the following sections.
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5.2. Marine Growth Characterisation

Evidently there exist infinite marine fouling configurations on of-
fshore structures and it would be an impossible, if not meaningless,
task to assess the fluid loading effects for specific geometries. On
the other hand, it would be inappropriate to oversimplify a highly
diverse and complex situation by describing roughnesses of different
hature by a single independent thickness parameter or in terms of
€quivalent sand grain size.

The problem is therefore reduced to the pragmatic definition of
marine roughness; pragmatic, since apart from the hydrodynamic as-
Pects it must also reflect the constraints imposed by design, inspec-
tion and maintenance objectives and procedures. For instance, while
Say, the radius of curvature of roughness peaks may influence the
drag of a tubular, it cannot be estimated by underwater survey tec-
hniques nor can it be predicted with any degree of accuracy. Desirab-
le as it may be from a hydrodynamics viewpoint, to include this
Parameter in the characterisation of fouling it would be redundant
information for the engineer with no relevant survey data at his
disposal. That is, one must identify those roughness parameters which
are both "hydrodynamically significant" and feasible to forecast and

estimate with reasonable accuracy at the design and inspection stages
respectively,

With the above in mind and as indicated by Figure 5.1, six roughness
Parameters were selected to characterise marine growth. The selection
Criteria included:

a) the potential contribution to hydrodynamic loading either by
individual parameters or by a combination of two or more;

b) temporal and spatial variations of fouling established from
marine growth surveys (see Chapter 6) and from information on

the ecological behaviour of the dominant species;

c) constraints in measurement and control of each parameter by
underwater surveys and under laboratory conditions.

Texture. Shape and, to a large extent, mean element size are dictated
by the Physical characteristics of the fouling species. For the sake
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of Simplification, texture and shape were considered to be inherent
Characteristics of the species and could be defined simply by identi-
fying the species. Mean element size was defined in terms of height
for hard fouling (mussels, barnacles) and some soft fouling (sea

anemones), and in terms of extended length for kelp and other sea-
weeds,

Surface cover, distribution and overall thickness are highly variable
Parameters being governed by several environmental, biological and
geographical factors. They were defined through trends derived from
Survey data on a platform by platform basis as described in Chapter 6
and Appendix B.

Thus, marine roughness kr could be represented by the function:
kn(t,d,) = G{Ny, k, k, 2, D,.} (5.1)

where, t = platform in-service time,
d,, = water depth at member location,

W
i

=

fouling species,
maximum overall thickness or length of fouling,

mean roughness element size,

rough surface area/total surface area,
roughness distribution.

kny
k
Y,
Dy

It goes without saying that any attempt to evaluate the above fun-
ction (e.g. by assigning weighting factors) would require extensive
Systematic experimental verification, a methodology for which is
described in the next section.

5.3. Systematic Experiments
The objectives of the experiments were:

a) to obtain a compehensive set of hydrodynamic force coeffi-
clents for marine roughened circular cylinders which would
reflect with sufficient accuracy full scale conditions;

b) to identify the significant roughness parameters leading to

effective characterisation of marine growth;
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The first objective was the essential prerequisite for characterising
fouling since the force coefficients formed the criterion in determi-
ning the hydrodynamic significance of marine roughness parameters.

The salient features of the experimental approach were as follows:
a) Flow conditions of similar scale to real sea kinematics

To a large extent, the relevance of laboratory experimental data to
the design of offshore structures depends on whether the experiments
have been carried out at a scale which is large enough to ensure
their applicability to full scale conditions. It is noted that for
the vast majority of template structures the "design wave" refers to
Post-critical Reynolds numbers (Re>5x105) and to KC numbers in excess
of 50,

Steady filow presents a limiting case of time dependent flow at KC
tending to infinity. Therefore, steady flow drag coefficients are
well conditioned for design applications at high KC wave flows or
Combined wave and current flows. An added attraction lies in the
relatively simple characterisation of steady flow compared to more
complex wave or harmonic flows, which allows one to emphasise the
Comparative effects of marine roughness primarily on drag forces,

without having to cope with uncertainties arising from complex flow
fields,

The majority of the present experiments were carried out in steady
flow at Posteritical Reynolds numbers (up to 1x106). The test proce-
dure involved accelerating the cylinder from rest to a plateau of
Steady velocity in a vertical trajectory by means of its own buoyancy
force. The test facility and procedures are described in Chapter 7.

What the Steady flow tests could not provide was an absolute measure
°f the in-line and transverse force variations over the full range of
KC and Re numbers pertaining to fixed steel structures. To this end,
large Scale tests were performed in regular waves past an artificial-
ly Macro-roughened vertical cylinder with mean k/D of 4% at KC bet-
Ween 3 and 25 and Re up to 7x10°.
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b) Simulation of the marine growth development process

As shown in Figure 5.2, experiments were carried out with marine and
artificially roughened cylinders. It is apparent though that even
Such a limited number of roughness parameters as those indicated by
Figure 5.2 cannot be modelled through artificia; means without having
Some previous knowledge of the quantitative fluid loading effects of
marine fouling. By using real fouling as the roughness agent it is
Possible to reduce the uncertainty related to roughness definition,
Particularly for texture and shape. However, artificial roughness
offers the advantages of idealisation and close control of each
Parameter ,i.e. it allows for extensive parametric investigations and
Provides a reference comparative measure for marine roughness. It was
therefore necessary to strike a balance between tests with artificia-
11y roughened and marine fouled cylinders.

Fouling patterns directly comparable to those encountered offshore
were achieved in two ways. Firstly, by deploying cylinders of various
diameters at selected offshore locations where fouling was allowed to
accumulate on the cylinder surface and secondly, by artificially
atta°hin8 real fouling to cylinders in a systematic manner.

Through the first method it was possible to simulate the fouling
development process as it occurs on offshore structures, with the
added advantage of higher growth rates. For example, typical mixtures
Of hard and soft fouling were obtained in longitudinal strips span-
ning the full cylinder length. Such patterns are among the commonest
ones in the early development stages (first 3-5 years) of marine
8rowth on structural members. Though this is the most realistic
method it was not possible to attribute fluid loading variations to
@ particular species or roughness parameter, or even to obtain climax
fouling in g short time period. Also, it was not possible to perform
extensive experiments due to fouling deterioration, hence the need
for artificial roughness.

Most of these problems were overcome by the second method where adult
SPecies were artificially attached to form the desired roughness
8eometries, This allowed for the systematic variation of the roug-
hness Parameters indicated by Figure 5.2 and for close control of
€ach Parameter, whilst ensuring that the developed patterns did not
81gnif‘icantly deviate from the realistic fouling patterns found of-
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fshore. Details on the roughness configurations tested are given in
the chapters dealing with the experimental procedures and results.

Perhaps the most significant parameter is the overall thickness of
fbuliﬂz. To obtain realistic relative roughness ratios, k/D, the test
Cylinders had diameters similar to those of platform members. Cylin-
der diameters ranged from 160mm up to 521mm without allowances for
effective increase due to roughness. Thus scaling problems, a common
drawback of many experimental studies of forces on rough cylinders,
were effectively overcome. This advantage was further exploited by
the experimental techniques to produce flow kinematics parameters
which approximated the design environment of offshore structures.

The full programme of tests may be classified into the following
categories each one aiming at specific goals:

1. Calibration "smooth" and roughened cylinders; to check the vali-
dity of test procedures and data analysis through a comparison
with other published data.

2. Artificially roughened cylinders;

= to establish a base reference set of force coefficients for a
readily reproducible standard roughness that provides a con-
text for the presentation of results for marine roughened
cylinders;

= to examine the aspect ratio and three dimensional flow effects
upon drag coefficients for macro-roughness at posteritical Re.

3. Marine roughened cylinders;
= to estimate the hydrodynamic forces due to different types of
marine fouling;
= to quantify the influence of marine growth thickness (or
length for kelp) upon the fluid loading of cylinders;
- to evaluate the drag coefficients for cylinders covered by
naturally accumulated mixed fouling.

Partially roughened cylinders;

~ to assess how force coefficients vary with percentage surface
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cover and distribution of roughness;

- to examine whether artificial roughness can represent with
sufficient accuracy marine growth at reduced surface cover;

- to investigate whether a cylinder which is free from marine
growth, apart from concentrations of heavy roughness in iso-
lated circumferential bands, can be treated as a series of
Segments when estimating overall force coefficients.

5. Pyramid roughened cylinders;

- to test well defined and reproducible roughness in the form of
standard shaped pyramids in steady flow and in regular waves.

- to compare with results obtained for marine roughened cyli-
nders at similar relative roughness and to correlate with
other published data from tests in regular wave and harmonic
flows;

6. Cylinders covered with antifouling cladding;

= to assess the potential reduction in fluid loading arising
from retrofit sheathing of tubulars;

= to investigate the effects of spanwise protrusions due to
fitting appurtenances.

5.4, Relationship to Design and Maintenance

As stateq earlier, the proposed approach distinguishes between new
designs and existing platforms. In the following paragraphs this
diStinction is further clarified by outlining the basic philosophy of
the Marine growth orientated appraisal methodology in terms of its
apPplication to design and maintenance.

) New designs

In viey of the inherent uncertainties arising from sketchy historical
®Avironmental ang loading data the hydrodynamic and structural design
::::ifs is a simplified set of analytical models and parameters
the ple: to arrive at given maximum and nominal levels of loading on
Complya form. The derived acceptable levels of platform strength must

with the strategic objectives of the design process which is
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to develop and maintain good performance and adequate safety at
€quitable cost. This may be best achieved through feedback of infor-
mation between the fundamental stages in the life cycle of the plat-
form. As illustrated in Figure 5.3 these stages are the design,
fabrication and in-service maintenance.

The proposed approach enhances the interactions between the three
Stages through the following:

- interpretation of historical marine growth survey data in a
form conditioned for the prediction of hydrodynamic loads;

= use of hydrodynamic force transfer coefficients which are
directly related to the predicted marine growth levels.

Marine growth and design force coefficients are thus more accurately
defined and the associated uncertainties are reduced. Therefore, it
is possible, through a rigorous approach based on marine growth
development Scenarios, to evaluate alternative equivalent designs and
to improve: firstly, on estimates of extreme structural responce and
fatigue lives; secondly, on structural weight and first cost esti-
mates; and thirdly, on forecasts of maintenance requirements in terms
of cleaning intervals,

A detaileq pProcedure on the selection of design force coefficients is
described in Chapter 10. Also in the same chapter a computer applica-
tion of the appraisal methodology is presented where its impact on
materials, fabrication and maintenance requirements is assessed
through techno-economic criteria.

b) Existing platforms

Being data dependent the approach is arguably better conditioned for
the assessment of existing platforms which aims to maintain safety
levels ang Structural integrity. The life cycle in this case is
Modified to one of "structural assessment-inspection-maintenance" as
depicted in Figure 5.4,

StPuetural design and fabrication information is given in this case
e8ulting in reduced uncertainties. As more data become available for
the Platform location through routine inspections and, possibly, wave
and Current monitoring, the assessment capability is continuously
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upgraded by abstracting information for characterising marine growth
which is sufficiently accurate and applicable to structural re-
analysis. The information requirements include all significant roug-
hness parameters characterising the fouling of individual members at

the time of inspection and the corresponding hydrodynamic force
coefficients,

It is therefore feasible to revise the coefficients during the life
time of the platform and, subject to flow kinematics and structural
t°P°1°8Y, to adopt different ones for tubulars with different marine
f°U1iUS configurations as will be illustrated in Chapter 10 through
typical applications to structural members.

The potential benefits can be realised in the following:

- fine-tuning of platform strength and joint fatigue life re-
analysis;

- improved planning and re-scheduling of inspection and mainte-

nance activities; d

rational interpretation of survey data leading to reduce

inspection requirements;

evaluation of alternative maintenance strategies;

The dependence of the proposed methodology to tangible data as well
48 to policy objectives by the platform operators cannot be more
st’°n81y stated. For this reason the present work is geared towards
developing a comprehensive and constantly updated database of hydro-
dynamie coefficients. It is acknowledged that this is only one part

" ,
of the loading estimation procedure and that other "grey areas" must

be refined before the approach can be fully implemented in practice,
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CHAPTER 6. MARINE GROWTH CHARACTERISATION

As explained in Chapter 5, the systematic experiments on marine
roughened cylinders relied heavily upon the realistic reproduction of
fouling, Td this end, marine growth surveys for various North Sea
Platforms were reviewed. This exercise was carried out in parallel
with the experiments and provided the 1nformatidh required to produce
the test cylinders. Also, through the interaction with the experime-
ntal results, the survey data requirements were identified for chara-
Cterising marine growth in the context of hydrodynamic loading.

The main review findings for six representative fixed steel stru-
ctures are presented in this Chapter. They are based on a survey
data collection and interpretation procedure which was largely deve-
loped in the light of the experimental findings. However, it seems
appropriate to include them before discussing the experimental proce-
dures and results to provide a reference context for the tested
marine roughness configurations.

6.1. Data Requirements and Interpretation

Ihspeetion Specifications call for marine growth data where type,
range of overall thickness and extent of the predominant form of
8rowth are recorded for each structural member and, in some cases,
live samples are collected. Such data are useful in monitoring
fouling throughout the 1ife span of the structure and in predicting
future trends.However, for fluid loading purposes, they are often
inadequate. The experimental results, presented in later chapters,
Suggest that additional data are needed for characterising marine
8rowth, For example, the hydrodynamic loading on a member covered by
S€2 anemones can be lower than that for a kelp covered tubular, yet
higher than the loading expected due to hydroid cover. However, all
three Species are commonly classified as soft growth. Similar
argumentg apply to reported figures on average thickness and perce-
ntage Surface cover without due consideration of uniformity or
Foughness distribution.

For hydrodynamic loading estimates, a comprehensive marine growth

Should be characterised through the detailed surface mapping of the
Member, Most data may be retrieved from ROV general visual survey
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video recordings and stereo photographs. Supporting information
obtained through diver surveys, strategic sampling, historical
records and forecasting can verify and complement data on weight of
fouling and size of individual species.

It is clear from the above, that all the required data can be
retrieved from existing survey records, provided that the resolution
quality of the visual records is high. What is important, therefore,
is to interpret this existing information in a suitable format for
characterising marine fouling. This should include the following:

- type and location of structural member
- identificatidn of all significant fouling species, in terms of
Population and surface cover
- distribution and spatial arrangement of patterns for each
fouling type over the outer, inner, top and bottom member
Surfaces (Appendix B, Figure B.1)
= maximum and average sizes of individuals on outer, inner, top
and bottom faces of the member
= Overall thickness of hard fouling layer recorded at regular
intervals along the member and around its circumference
= composition and density of plants/animals per unit area.
The above pProcedure was applied to a review of visual inspection
records for primary structural members of six representative plat-
forms located in different sectors of the North Sea [7l.

6.2, Survey Data Review for North Sea Platforms

The six Platforms were selected according to their age and geographic
location, It was therefore possible to examine marine growth both at
the early stages of development and in the "climax" condition, and to
ldentify the fouling species which dominate particular North Sea
areas, or are likely to dominate in the future.

One platform (SNS1) is located in the Southern North Sea, three
(NCNS1, NCNS2 and NCNS3) in the North Central sector and two recently
instalieq platforms (NN1 and NN2) in the Northern sector. For a quick
r"e‘f'el"ence, the general marine growth characteristics are shown in
Table 6.1, Although an overall impression of the growth was obtained
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for each entire structure, only the members located within the wave
affected depth zone were studied in detail. The data pertaining to
€ach structural member are classified in Appendix B. Detailed descri-
Ptions are also included since they are considered an essential
Complement to the raw data and allow one to perceive a clearer pic-
ture of the marine roughness characteristics.

Despite the variety of the observed marine fouling configurations,
Some commonly encountered patterns were established through this
review. Typical examples are illustrated in Figures 6.1 through 6.7.
The main findings are summarised as follows:

a) Predominant marine growth on the SNS platform consisted of mussels
and sea anemones, each type colonising over a distinect depth
range. Heavy mussel growth dominated all members at the splash
zone (Figure 6.1). Mussels grew in multiple layers or clusters and
new growth was evident over older settlements resulting in average
thickness of 60mm. Even heavier growth was concentrated around
stubs or similar appurtenances. At depths below 12m, fouling
consisted of randomly distributed patches of sea anemones and
hydroids (Figure 6.2).

b) On Platforms located in the Northern Central sector, various types

of marine growth were present including kelps. Because of the age

of the Platforms, fouling should be expected to have reached a

"elimaxn condition. However, there was evidence that the composi-

tion of fouling continued to change from hard to soft growth, with

Sea anemones expanding into the wave affected zone. Two examples

of marine growth on NCNS platforms are shown in Figures 6.3 and

6.4, Members at the -25m elevation were 85-100% covered by sea

anemones, the growth being heavier along the bottom face. At =5m a

mixture of kelp, green weed and mussels covered the top and outer

faces of bracings and small sea anemones covered the bottom face.

c) Marine growth on the recently installed NNS platforms was not

fully established over the 0-30m depth range, and was insignifi-

cant at greater depths. Predictably, hard fouling (mussels, barna-
cles and tubeworm) colonised the top or outer sections of horizo-
ntal or inclined members respectively either in elongated strips

Or in randomly distributed clusters. Size of individuals varied

With member location and face. Figure 6.5 shows a typical member
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of platform NN1 fully covered by mussels along the top half with
only small randomly distributed patches of mussels along the
bottom half of the tubular. Similar patterns and types of growth
were recorded on platform NN2 (Figures 6.6 and 6.7). In addition,
low density cover by green weed and isolated kelp plants was
evident among mussel beds, whilst the bottom and inner faces were
dominated by hydroids.

d) Fouling distribution and surface cover varied along the span of
inelined members, primarily due to water depth changes. Both
Parameters varied even among platform faces highlighting the in-
fluence of currents, light conditions and production water discha-
rges. However, surface cover was always dense around anodes and
Other appurtenances and near the nodes resulting in overall thic-
kness undulations.,

e) For the majority of the inspected members it was not possible to

assign relative roughness values due to the variability of fou-

ling, Therefore, approximate k/D ratios are quoted only for those
members which were almost fully covered by fouling of nearly
uniform thickness. Relative roughness was based on the average
overall thickness of growth and the nominal clean member diameter.
For Platform SNS1 k/D ranged from 0.07 to 0.17, whilst for the

Platforms located in the Northern sectors k/D was between 0.01 and
0.04,

Within the bounds of feasibility, every effort was made to incorpo-
rate the pertinent roughness parameters in the reproduction of marine
fouling configurations on test cylinders. As will be seen in the next
chapteps, the relative hard roughness range encountered on offshore
Structures was adequately represented; as was the ratio of roughness
®lement size to member diameter for both hard and soft fouling. Also
the tested roughness densities, distributions and orientations to the
Prineipal direction of flow represented commmonly encountered fouling
Patterns offshore. The two reproductions which fell somewhat short of
4 realistic representation were the roughness by sea anemones and by
Wixed haprg and soft growth for reasons given in Appendix C.
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Dominant Marine Growth
MSL to -1.5 Mussels, 1002 cover, 60mm thickness, all menmbers
=1.5 to ~-12 Mussels, 60-90X, 60-80mm thickness, all members
=6 to -12 Hydrolds, 20-90%, 10-50mm length, mainly on inclined members
=12 to -2§ Sea anemones, 30-90X, 20-100mm Thickness, 90X of members
Mussels, 20-80Z, 15-50mm thickness, south f;ce only
MSL to -5 Kelp, 20-70X of top and outer faces, 60-900mm length, varying with platform face
GCreen weed, J0-80Z of top and outer faces, 30-150mm, B80%Z of members
Mussels, 10-90X, 20-40mm thickness, 60X of members
Sca anemones, 20-90X% of bottom faces, 10-40mm, 60Z of members
=5 to =24 Sea anemones, 60-100%, 20-120mm, 100%Z of members
Creen weed, 20-302 of top and outer faces, 50-130mm, 302 of members
Hydroilds, 20-70%Z, 20-50mm, 40Z of members
=24 to seabed Sea anemones, 70-100%, 60-120mm, 100X of members
MWL co -12 Mussels, 30-90% of top, outer and fnner facex, 20-30mm thickness, all menmders
Creen weed, J0-80% of outer or tnner faces, 20-40mm length, 70X of members
“12 to -38 Hydcotds, 90-100Z, 20-30mm, 00X of members
738 to seabed | Hydrolds, 10-40%, 20-30mm, 60% of members
Tubeuoém 10-30%, 2-6mm thickness, 80X of members
MSL to -16 Mussels, 60-80% of top, outer and inner faces, 25mm thickness, 60% of members
Isolated kelp and green weed, up to 60X 100mm length, 80X of members
=16 to -45 Hydroids, $50-100Z, 20-60mm, 100X of members
Mussels, 10-70X of top, outer or inner faces, South face only
=45 to scabed Hydrotds, 60-100%, 20-80mm, 100Z of members
Solitary sea anemones and tubeworm
Table 6.1. General characteristics of marine growth of the

six reviewed North Sea platforms.
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CHAPTER 7, EXPERIMENTS IN STEADY FLOW

As explained in Chapter 5, the experimental determination of hydrody-
Namic coefficients for macro-roughened cylinders formed the major
item of the present study. The full programme of steady flow tests is
Outlined here and the experimental arrangement, test and analysis
Procedures are described for the steady flow experiments.

T.1. The Test Cylinders

For the Ssteady flow experiments, several PVC and perspex circular
Cylinders were used. All cylinders were 1500mm long and ranged in
fominal diameter from 150mm to 400mm. Each cylinder was fitted with a
Polyurethane foam core to provide the necessary buoyancy. Two wooden
Dlates, of diameter equal to the inner cylinder diameter, were flush-
fitted at either cylinder end and were secured by means of a threaded
rod along the cylinder axis. Water leakage was negligible and the

CY¥linders were assumed watertight during the data analysis.

The eylinders were roughened by marine growth or by artificial means.
The types of fouling included mussels, kelp, sea anemones, tunicates
and mixtures of hard and soft growth. Graded sand or gravel and
Pyramids Wwere used for the artificially roughened cylinders. Mean
element Size, overall thickness, surface cover and distribution of
Foughness were systematically varied as shown in Tables 7.1 through
7.3, Relative roughness, k/D, is based on the mean roughness element
height ang tpe nominal "clean" cylinder diameter, except for pyramid
Poughness where an allowance is made for the base panel thickness,
For Partially roughened cylinders and only for reference purposes
"localn k/p ratios are quoted. The quoted values of cylinder mass
inelude the whole assembly of the test cylinder plus the mass of
attacheq roughness measured in air.

The various techniques employed in preparing the roughened cylinders

are described in Appendix C, which also includes photographs showing
typica) macro-roughened cylinders.
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Nominal Roughness k/D Aspect Mass

Diameter(mm) | Height k(mm) Ratio L/D | (kg)
400 1.95 0.005 3.75 46.5
200 1.5 0.0075 7.5 15.1
160 1.5 0.0094 9.375 10.0
400 3.9 0.0097 3.75 49.0
200 1.95 0.0097 7.5 15.5
150 1.5 0.01 10.0 N/A
160 1.95 0.012 9.375 12.5
315 3.9 0.012 4.76 38.5
400 7.5 0.0185 3.75 57.5
200 3.9 0.0195 7.5 18.5
160 3.9 0.024 9.375 14,5
315 7.9 0.025 4.76 46.0
400 10.0 0.025 3.75 65.0
160 10.0 0.062 9.375 19.0

Pyramids
408 20.0 0.049 3.7 N/A
ko8 40.0 0.098 3.7 N/A

Table 7.1 Artificially roughened cylinders.
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Roughness Test Surface Roughness | Mass
Type Condition Cover (%) k (mm) (kg)
5 29.5 2.4
10 29.5 4y,0
20 29.5 48.0
Random patches 25 8.0 42,0
single layer 25 24.0 k9.5
25 34.0 51.5
50 8.0 4y .5
MUSSELS 50 24,0 59.5
50 34.0 61.5
Random patches, 25 26.0 26.0
multiple layers 50 26.0 32.5
Strips 20 29.5 48.0
KELP Strips 20 1000 54.0
(L.Digitata)
[ ——
25 1000 48.5
25 500 45.5
KELP Random patches 25 250 43.5
(L.Saccharina 50 1000 57.5
50 500 52.5
[ ——
5 8 41.4
10 8 42.2
Random patches 20 8 43.9
25 7.5 4y,0
GRAVEL 50 7.5 50.5
Strips 20 10.0 43.0
L_____ 20 4.0 6.7

N.B,
(*)

Table 7.2.

200mm diameter,
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Partially roughened cylinders.

Nominal diameter of all cylinders was 400mm except for:
(#%) 160mm diameter.
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Mass
face
Type of Fouling D(mm) % Sur or 1/D | (kg)
Cover
MUSSELS 0 8.0 | 0.02 | 47.0
-single layer koo 1 24.0 0.06 | 78.5
-single layer 4oo 198 27.0 0.067 | 83.0
-single layer 400 100 34.0 0.085 | 82.0
-single layer 400 100 X3.0 0.215 | 44.0
~multiple layers 200 100
KELP 00 500 1.25 | 62.0
1
-L. Digitata 400 100 1:32 1.25 | 63.5
~L. Saccharina 400 100 o 2.5 67.0
~L. Saccharina 400 100
e S
SEA ANEMONES
distribution: 60 0.15 | N/A
= non-uniform 400 40 60 0.15 | N/A
- uniform 400 25
\
MIXED FOULING
~Sea anemones 20-80 0.16 | u4.5
and tunicates 315 9
~Barnacles,mussels oy 0.076 | 39.5
and seaweed 315 35
~Barnac1es,mussels oy 0.06 | 50.5
and seaweed 400 45
S
Table 7.3. Marine roughened cylinders.
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T.2. Experimental Facility and Instrumentation

The test rig is depicted schematically in Figure T7.1. It comprised a
tall Scaffolding tower the lower part of which stood in a tank of
fresh water 3.8m deep. The overall tank dimensions were:

- length = 3.80m,
- width = 3.20m,
= depth = 3.801!1,

With a fioor opening of 2.70m by 3.20m i.e. spanning the full tank
width, The Sscaffolding tower was 1.68m long by 2.20m wide by 8.0m
high ang was rigidly jacked against opposite tank walls and also
8gainst the tank floor and laboratory ceiling.

The technique involved accelerating cylinders from rest to a steady
veloeity in static water by means of buoyancy forces. Plastic cyli-
hders were Pulled to the bottom of the tank and then released. Figure
7.2 shows a Plan view of the tank indicating the relative position of
2 160mm diameter cylinder. The test cylinder was attached horizo-
tally between two continuous loops of wire rope which acted as
8uides constraining the cylinder to rise vertically from the bottom
°f the tank. The cylinder was attached to the wire loops via four
Strain gauge transducers which measured the external forces applied
to it, Two transducers were placed at each end of the cylinder; one
at the top and one at the bottom. In addition to the buoyancy force
Provided by the foam core, weight pans were introduced in the upper
half of the wire loops to allow the applied force and the speed of
ascent to pe varied by adding weights on either side of the loops.

To eénsure the cylinder maintained a horizontal attitude the wire
Loops, Which passed through low friction pulley blocks at the top and
bottom of the rig, were wound around two drums several times. Both
drums were rigidly connected to a single solid axle. To eliminate any
transvepge movement of the cylinder the wire loops were kept under
éonstant tension. For symmetrical cylinders no transverse movement
was Observed, However, for cylinders with asymmetric appurtenances or

fouling some transverse movement occured due to biased 1ift forces

(see also Chapter 8).
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Figure 7.1. Schematic view of the test rig for
"buoyant cylinder" tests.
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The displacement and velocity of the cylinder were measured from the
instant of release until the end of the test run by a position
transducer and a tachogenerator. The output signals of the force and
Position transducers and tachogenerator were sampled at a rate of
4oHz pPer channel and digitised by a Tektronix computer through an
ana1°8ue/digital converter. The data, which were stored in binary
form on tape, could be displayed graphically on the screen.

The instrumentation used for the data acquisition is outlined in
Figure E.1, Appendix E.

Te3. Test Procedure

Before the start of a set of experiments the force and position
transducers and tacho were calibrated and the zero readings were
Checked, The foam filled cylinder was then attached into the wire
loops and pulled beneath the water surface to determine the net
bUOYancy force. During this operation the parts of the wire loops
above the ¢ylinder were kept slack. The outputs from the tacho and
Position transducer were checked at the begining, centre point and
°d of a trial run to establish end points and check linearity.

The Cylinder was pulled to the bottom of the tank by means of an
electric hoist. After allowing for the water to settle, the transdu-
®er readings at the equilibrium (static) position were recorded. The
Computer data logging was started and the cylinder was released. At
the end of the 3.0m long run the cylinder was retarded by the com-
bined brake action of elastic ropes and of buoyancy loss as it broke
th"°“8h the water surface. The measurements of force, velocity and
aeceleration were being displayed on the screen for visual checking,
and Reynolds number and force coefficients were estimated using

typica1 data points to provide an instant check on the validity of
the l“un.

The Cylinder was then pulled back down to the bottom of the tank and
the water yag allowed to settle for at least 10 minutes before the
next run, By appropriate use of weights a typical set of experiments

"ith a Smooth 400mm diameter cylinder would start at Re around
705x105

rising over three or four runs to 1x106 and then reducing to
3x105 4p

Proximately, filling in at intermediate speeds with four or
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five more runs. The Re range covered by each test cylinder obviously
Varied with diameter. Figure 7.3 shows the final stages of a typical
test run sequence.

At the begining and end of each set of tests the cylinder was photo-
raphed, usually in four orientations, to obtain a complete picture
°f the roughness pattern.

T.4, pata Analysis Procedures

The force on the cylinder at every sampled position during a run was
Obtained from the difference between the sum of the two top transdu-
er signals and the sum of the two botttom ones giving the net force
3PPlied to the cylinder whilst in motion. The static force was mea-
Sured in the Same way in still water just before the cylinder was

released. The total force was then the difference of the net dynamic
and net static forces.

The instantaneous velocities and accelerations were either the deri-
Vatives of consecutive displacement readings taken through the posi-
tion transducer or direct velocity measurements and their derivatives
taken from the tacho. Although no discernible differences were found
between the two measurement techniques the latter was used during
most data analyses for faster computation.

A11 qata were filtered using a simple running average process to
Pemove noise. The filtered force, velocity and acceleration curves
for 3 typical run are graphically illustrated in Figure 7.4 together
With the regions used in calculating the drag and inertia coeffi-
°lents. The data for the same test run are listed in Table T..

Typical graphical illustrations of other test runs are included in
Appenqiy g,

The Steady velocity region was selected over a range where accelera-
ton became negligibly small. Care was taken to disregard the part of
the rup where the cylinder was approaching the water surface to

SXclude any free surface effects from all calculations. The total

foree corres
th

th

ponding to the steady velocity region was estimated and

€ arithmetic means of both force and velocity were used to obtain
€ drag coefficient Cy-

T4



Figure 7.3. Final stages of a test run showing the cylinder
approaching and finally breaking through the water surface.
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F

d
il.e. Cq =
0.5 p D L u?
where, Fq = drag force,

@ = fresh water density,
D = nominal cylinder diameter;
L = cylinder length,
u = velocity.

T
he addeq mass coefficient, Ca was calculated at the start of the run
W

hen the velocity was negligible. For a cylinder accelerating in
st

111 water C, is given by:

Fi-mﬁ

c
C, =
0.25 pMr D L 4
where, F; = inertia force,
m, = mass of cylinder including dry mass of fouling
or artificial roughness,
u = acceleration.

The
i eorresponding inertia force coefficient for a stationary cylinder
N fluiq flow, Cps is then:

Cm =1+Ca
:::eEZ;::zé fairing and also possibly due to wire stretch the derived
& By ons were not always a maximum at the start of the run but
typical i? of a second later as can be seen from the time series of
bt o uns shown in Figures E.2-E.7 , Appendix E. The measured
ficients Cé also showed the same characteristics. Some inertia coef-
to the Z?Pe, therefore, calculated using the mean acceleration up
fOPee.zsr nt of maximum acceleration and the corresponding mean
Loy = € related velocities over this inertia dominated regime were

T d the drag component was minimal., An allowance for the drag
ce

g Was calculated, following the method by Kim and Hibbard [102],

e :F the Steady state Cq and the mean velocity at the inertia domi-
n

region for each run. The effect of this minor correction was

founq
to be small as can been seen from results presented in Chapter
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8, where both corrected and uncorrected Cm values are reported.

The Reynolds number for all the results was calculated using the
average steady velocity. The diameter used in all calculations was
that of the "clean" cylinder unless stated otherwise.

An alternative way to calculate C, would be to include the added
Volume of fouling or artificial roughness by introducing an allowance
to the ¢ylinder diameter. This would result in lower C, values for
Marine roughened cylinders by about 4-5%. The C, values presented
here do not include this allowance which is significantly less than

the data Scatter in C, obtained through the "buoyant cylinder" expe-
Pimenta] technique.
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CHAPTER 8, STEADY FLOW EXPERIMENTS - RESULTS AND OBSERVATIONS

The results from the unidirectional steady flow tests are presented
in this chapter according to roughness type and surface cover. Hydro-
dynamie drag is considered in detail whilst only the trends in iner-
tia Coefficients are discussed. The flow conditions under which the
inertia forces were measured using the "buoyant cylinder" technique
are not fully representative of those for waves or planar oscillatory
flows, Despite the fact that few significant conclusions can be drawn
for the various roughness parameters, it is reasonable to assume that
the inertia coefficients presented here may at least provide some
trends, Detaileq Cp data are given in [1,5,6].

8.1, Calibration Smooth and Rough Cylinders

Nominally smooth and 1ightly abraded cylinders of diameter ranging
from 160mm to 400mm were tested at various stages of the experiments.
No Surface preparation of the "smooth" cylinders was carried out as
these tests were only intended for calibration of the test apparatus
and data acquisition system and to check for data repeatability. Also
thé Surface roughness was not measured due to non-uniform surface
i:::szlarities caused by scratches or by the PVC extrusion process. A

niform roughness was achieved with the abraded cylinders and

t
he leasured roughness height averaged O.4mm resulting in the follo-

Cylinder diameter (mm) _k/D_
160 0.0025
200 0.002
400 0.001

:3iizzpiati°n in Cq with Reynolds number for smooth and abraded
A irs is shown in Figures 8.1 and 8.2 respectively. The drag
1llus: ents show reasonable correlation with earlier work [34,48] as
nomina;ated in Figure 8.3 and suggest that the roughness of the
estimatlysmooth cylinders is of the order of 0.02mm although this
errectse Should be qualified as potential three dimensional flow
Ther s for smooth cylinders cannot be discounted (see Section 8.2).
Plog t;%ap°ndin8 Cp values correlate reasonably well with potential
eory despite some scatter (Figure 8.4).
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8.2, Artificially Roughened Cylinders

As 1listed in Chapter 7, Table 7.1, fourteen sand roughened cylinders
ere tested covering a k/D range of 0.005 to 0.062 and a Re range
between 1.2x105 and 1x106 approximately. Also tests were carried out
With two Pyramid roughened cylinders at k/D:0.0-ll9 and 0.098 respec-
tively.’rhe results are summarised in Table 8.1. In the absence of
ahy Cd dependence on Reynolds number the mean drag coefficients can
be Presented in a Re independent form together with the corresponding
Standard deviations. Any significant trend with Reynolds number tends
to decrease as k/D is increased beyond 0.002. All the tests reported
here were carried out at much higher k/D values and the results are
in agreement with previous findings which suggested that the posteri-
tical Re regime is shifted down to approximately 3x105 at k/D>0.002
(48], However the uncertainty about the definition of roughness
height is fully realised.

Apart frop Surface roughness, several secondary parameters influence
the floy Structure and hence the pressure drag for circular cylin-
ders. These are the blockage, aspect ratio, free end effects and
r’ee-stream turbulence and are present to a greater or lesser extent
in all experimental studies. All parameters interact with each other
and, Unless they are closely controlled, the effects of one may be
Masked by the others. However, close control of all parameters is
hardly evep feasible particularly when the main goals are to systema-
teally vary surface roughness and to achieve posteritical Reynolds
“Umbers as is the case for the present investigation.

With the €Xxception of free-stream turbulence which is relevant to
®Xperiments where the fluid rather than the cylinder is set in mo-
ton, blockage, aspect ratio and three-dimensional flow effects were
®Xpected to feature in the present experiments. The few relevant
Publisheq data, having been derived from wind tunnel tests mainly on
Smooth ¢ylinders at subcritical Reynolds numbers, could not be corre-
lateq With the present results. It was therefore required to quantify
expe":ll!lent'.ally the effects of each parameter on drag through a com-
Plementary sepses of experiments.

Tests were undertaken with two sets of sand roughened cylinders of

1e"gth‘t0~diameter ratio ranging from 3.75 up to 10. Relative roug-
hness yagq approximately constant for each set at k/D of 0.0094-0.01
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and 0,025 respectively. Roughness was chosen to be sufficiently large
Such that the mean flow became independent of Reynolds number and no
dramatje changes would occur in the position of separation. Thus it
Was possible to concentrate on the secondary parameters and to ensure
°°mpatibility with the experiments on macro-roughened cylinders.

The results are discussed in the following paragréphs together with a

brief description of the flow mechanism associated with each parame-
ter,

Blockage

The confinement of the flow past symmetric bodies arising from the
dimensiona) constraints of the experimental facility is termed as
blockage., Blockage is usually expressed as the ratio of the model
frontal area (A) normal to the flow over the cross-sectional area of
the test facility (C), i.e. B=A/C. The two main types of constraint
for ¢ircular cylinders are the solid and wake blockage. Solid bloc~-
kage arises from the lateral restriction of the flow to expand as
freely as it would if unconfined. Higher velocities are induced in
the Vieinity of the cylinder causing a rise in absolute base pressure
ad in the drag coefficient. Pressure drag increases further due to
“ake blockage. It is caused by the velocity deficit within the wake
¥hich implies that the velocity outside the wake must be larger than
that in unconfined flow such that mass continuity is maintained.

Both effects alter substantially the pressure distribution around the
®Vlinder by shifting the points of separation and transition, the net
effect being the increase in Cq with increasing blockage ratio. Since
in high Reynolds number steady flows past rough cylinders it is the
Surface Foughness which triggers early transition, one would expect a
Mnima) effect at least for low blockage ratios. The results of
Farrel et al. [103] and West and Apelt [104] indicated that C4 is
hardyy affected at blockage less than about 6%, In the present expe-
Tlments blockage varied between 1.8% and 4.9% depending on cylinder
Uameter Suggesting that there was no need to subject the data to

Orrection Procedures whose applicability to this technique is at
any rate doubtful,
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The fey available correction procedures (e.g. Allen and Vincenti
[105], Maskell [106]) have been developed almost exlusively for wind
tunnel flow conditions at suberitical Reynolds numbers and for smooth
blufe bodies.However, for the sake of completeness, the Allen and
Vincenty correction formulae were applied to the mean drag coeffi-
Clents obtained from this series of tests. The procedure is described
in Appendix F and the corrected values are plotted in Figure 8.5.
Althougn blockage varied with aspect ratio resulting in a combined
effect which might be different had aspect ratio been kept constant,
the "correctedn Cq values for the highest blockage are lower by only

3% It was therefore concluded that no correction was required to the
drag coefficients.

Aspect Ratio and Three-Dimensional Flow Effects

A main objective of these experiments was to examine the effects of
3-D flow and aspect ratio, L/D, upon cylinder drag for large surface
Foughness in the posteritical Re regime. The "buoyant cylinder"
technique implied the use of finite length cylinders with free ends
Where the flow was expected to be quasi two-dimensional.

Most Of the flow past an infinitely long cylinder is two-dimensional.
As the Cylinder length becomes shorter, the flow becomes increasingly
three-dimensional since a larger proportion of high pressure fluid
leaks past the free ends of the cylinder and forms a pair of vortex
Sheets, The resulting higher base pressure recovery causes a decrease
in Cy. The lower the aspect ratio the greater the drag reduction,
"hich may pe up to 38% for L/D=3 according to Goldstein [107] and
farivar [108]. Both reported on wind tunnel experiments with smooth
®¥linders iy laminar flow (Re up to 8.8x10Y) where L/D was varied by
alteping the cylinder length. However, spanwise irregularities in
Pressure distribution arising from unstable flow due to increasing
*linder 1engty could influence the drag coefficient.

Stansby [4q
di

in

9] suggested that nearly uniform spanwise base pressure
Strib“tion and two-dimensional flow conditions may be aproached by
trodUCing optimally designed end plates. Nominally smooth and sand

bouShened cylinders (k/D=0.01) were tested with and without such end
Plateg to quantify the three-dimensional flow effects. The test rig
dimensions

and the size of plates required to ensure geometric simi-

84



la’ity with Stansby's experiments restricted the upper limit of
Reynolds numbers to 4x10° and the greatest possible cylinder diameter
to 150mn (see Appendix C). Therefore, it was not feasible to test the
Smooth cylinder at posteritical flows. The results shown in Figure
8.6 Suggest that this limitation was not critical for the purpose of
the €xperiments. At subcritical Reynolds numbers, the "two-dimensio-
nal flow" drag coefficient, Cy(pp), for the smooth cylinder is higher
by about 18% to that obtained for the same cylinder without end
Plates, However, the same effect is absent from the rough cylinder
data where, irrespective of end conditions, all data collapse at
Values around 1.04.

Whilst it is not claimed that three-dimensionality in flow and span-
Wise pressure irregularities are absent, the results indicate that
higher Spanwise coherence is achieved with macro-roughened cylinders
of finite length. It appears that surface roughness triggers postcri-
tical turbulent flow conditions at much lower Reynolds numbers and
establishes such coherence in vorticity dispersion which overshadows
3-D flow effects. One should expect this trend to extend at Re above
bx103 although experimental verification would be desirable.

With Fespect to aspect ratio the opposite trend on Cq has been obser-
Ved in €ssentially two-dimensional flow conditions to that obtained
With finjte length cylinders with free ends. From wind tunnel tests
O Smooth cylinders fitted with end plates, West and Apelt [104]
inferreq that at suberitical Re the drag coefficient increases as L/D
deereases. They systematically varied aspect ratio and blockage such
that eaqp Parameter could be independently assessed. The data of
Farpre] ot al. [103] for rough cylinders, Achenbach [110] for smooth
®Ylinders at posteritical Re and Sarpkaya [58] for smooth and rough
%1inders 1n harmonic flow exhibited similar trends. Sarpkaya and
Farrel ®t al. cited the better correlation of flow along shorter
®¥linders ag a possible reason for the drag increase.

The datg obtained from the present tests show little evidence of
a8pect pratyq effect. This can be seen in Figures 8.7 and 8.8 where Cjy
Values are Plotted for cylinders of similar k/D and varying L/D.
Flgure g,5 Summarises the variation in mean C4 with L/D at two k/D
Pati°8; also plotted are the Cq values corrected for blockage. Only a
Slight increase in Cq is noted at L/D=3.75. It amounts to less than
3% ang Could be equally well attributed to higher blockage.
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From Physical considerations the lack of variation in Cd with L/D for
Small aspect ratio cylinders is attributed to the shorter cylinder
Span which inhibits the development of spanwise velocity gradients
and the free end vortices collapse, i.e. the velocity correlates
bettep along the cylinder length [111]. Even more so in the present
exDePiments, firstly because the aspect ratio was varied through the
diametep whilst cylinder length was kept constant and secondly,
beeauSe the roughness induced turbulent flow and higher spanwise
Vortex coherence.

From the pPreceding it is concluded that neither blockage nor three-
diIDensional flow or aspect ratio effects merited corrections of the
Measured drag coefficients for macro-roughened cylinders in postecri-
tical flow conditions.

Influence of Relative Roughness

Figures 8.9-8.12 show the influence of relative roughness on the drag
Ooefficient. No significant conclusions can be drawn from Figure 8.9
which shows results for the 160mm diameter cylinders. Non-circulari-
ty, averaging 4mm for these cylinders, induced biased transverse and
fluOtuating in-line forces resulting in scatter and uncertainty in
the Computation of Cyqe

The drag coefficients for the 200mm, 315mm and 400mm diameter cylin-
ders suggest g consistent marginal increase especially at k/D>0.01.
At 0.005¢k/D<0,01 the Cq4 values lie on a plateau of about 1.0 (Figure
8.13). The findings are consistent with those of Miller [34] and
Pearcey ot al. [48]. It is interesting to note the distinct rise in
Cq between 5 lightly abraded cylinder and a cylinder covered by 1.5mm
Sand grajng (k/D=0.005) which suggests that very light marine growth
aay Significantly increase drag.

At the top end of the roughness scale, C; increases less sharply
Compareq to the trend suggested by Miller. Further support for this
trenq is provided by the results for pyramids and also for single
1ayeps Of mussel roughness which are plotted in Figure 8.14. The

U fference in pyramid roughness height is reflected in a mean C,
increase of 10%.
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Apart frop the present data for hard roughness, Figure 8.13 includes
Other Published results for rough cylinders in steady flow in the k/D
Fange 0,005 to 0.1. To allow for direct comparison all previous data
have been modified according to the k/D definition adopted in the
Present study. The experimental results of Achenbach [39,45], Roden-
busch ang Gutierrez [59] and Lloyd'leS./C.I.T.F112] are in excel-
lent agreement with the 'buoyant cylinder' drag coefficients. Nath's
Pesults are consistently lower particularly at higher k/D; and those
°f Miller ang Pearcey et al. are considerably higher than the rest at
k/D>0-03- Many uncertainties related to experimental procedures could
be citeq for these differences. However, the good correlation of all
Published data at k/D<0.02 as opposed to the diversity of C4 at
higher k/D 11lustrates the difficulty in characterising macro-roug-
hness ang appears to be the main reason for these discrepancies.

As wil) become evident from the following sections, the drag coeffi-
Clents fop fully roughened cylinders by multiple layers of mussels or
by kelp Should not be assessed in the same context due to ambiguities
in Poughness height definition and the substantial departure from
Uniforn ¢ylindrical shape.

8.3. Marine Roughened Cylinders

The Pesults for the marine roughened cylinders are presented in terms
°f the types of fouling used throughout the tests, For all the test
®Onditions the mean Cy and C, values together with their standard
9eviations are summarised in Tables 8.3-8.5. For partially roughened
CYlinders "local" k/D ratios are quoted for reference. They are based
°n the "elean" cylinder diameter and on mean element height or length

or, for multiple roughness layers, on mean overall thickness.

Husaels

The Cylinders roughened by single layers of mussels were relatively
"33Y £0 test. They showed no tendency to drift laterally during test
Uns ang On inspection at the end of each set of runs the number of
Musse] g that had fallen off was negligibly small. With the exception
°f one Cylinder which was fully roughened by 27mm barnacle encrusted
mussels' 21l the other cylinders were also tested at reduced surface

n
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Covers of 25% and 50%, the roughness being pseudo-randomly distri-
buted. The results for all cases are plotted in Figures 8.14 through
8.16 and tabulated in Table 8.3. The drag coefficients show no varia-
tion with Reynolds number and very little scatter; the coefficients
Of variation (c.0.v.) for all sets of data being less than 4%. The
lnertia coefficients exhibit greater scatter with c.o.v. up to 12%
and consequently the effect of roughness parameters is not clear.

Figure 8.14 includes results for the two pyramid roughened cylinders
(k/D=0.049 and 0.098). Their respective drag curves envelop the Cj
data for mussel roughness at intermediate k/D ratios and suggest that
harq fouling may be adequately modelled by artificial macro-roug-
hness, The variation in mean C4 with k/D is better illustrated by
Figure 8.17. No roughness shape effect is discernible; the mean Cq
Values for pyramids, gravel and mussels being well correlated. A
Small but consistent increase in Cd is observed with increasing size
of mussels, though not to the degree indicated by Miller's data [34].

A notable exception to this trend is the mean Cy of 1.20 obtained for
the 8mm mussel roughness (k/D=0.02) (see Table 8.2 and Figure 8.17).
It Suggests that "k" should be more like 24mm rather than 8mm. This
is because uniform overall thickness of roughness was not achieved
for this test cylinder, with several clusters being up to three
layers thick. No circumferential measurements were carried out and
ther‘efore the data are presented based on available information.
HOWever, directly comparable tests with a uniformly roughened cylin-
der by 7.5mm gravel chips provided further evidence for this discre-
Pancy, As shown in Figure 8.16 the drag coefficients for the gravel

Toughness, at 100% cover, are consistently 5-7% lower than for the
lussels,

The 200mm diameter cylinder covered by multiple layers of 26mm mus-
Sels produced significantly higher drag coefficients (Figure 8.18).
This is due to two reasons; the large increase in mean cylinder
diameter and the non-uniform overall thickness which induced additio-
hal drag forces. From circumferential measurements the mean overall
diameter of the fully roughened cylinder was 285mm with standard
deviation of 6.7Tmm. To compare this roughness condition to single

laYered mussel roughness an "effective diameter" allowance is in
Order,
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Using D=285mm and k=26mm results in "effective" k/D of 0.091 and mean
"effectiven Cd of 1.3. If the closest comparable data for the single
layer of 34mm mussels were subjected to the same procedure the "effe-
Ctive" k/D and mean Cq would be 0.073 and 1.08 respectively. The
corresponding Cq curves are depicted in Figure 8.18. The 20% differe-
Nce in mean drag coefficients is too large to be attributed to the
different relative roughness ratios and is more iikely due to induced
d”as by non-uniform roughness. If this is so, the "effective diame-~
tern design procedure is of limited predictive value even for the
Simplest forms of hard fouling.

An interesting feature of all the results is that C4 does not in-
Crease linearly with increasing percentage cover (Figure 8.19). Clea-
Ply just a few patches of fouling on the cylinder disturb the flow
°Ver a considerable part of the surface. All the mean Cy curves
increase sharply from the "clean" rough cylinder condition to 25%
Busse] density and from then on the increase is smaller. As there
¥ere significant differences in the spatial distribution of the
Patches for each cylinder, it was not clear, through these tests
al°ne, how Cq varies with partial surface cover alone. Results from
ru”ther experiments on partially roughened cylinders provided an
lnsignt to this. They are discussed in Section 8.4.

Kelp (Long Flapping Seaweed)

Problems were experienced in the tests with kelp roughness due to
Some Plants pulling off at high Reynolds numbers. Apart from visible
SVidence in loss of kelp, check runs repeated at reduced speeds after
e highest speed runs produced lower drag coefficients. This may be
felateq to the test rig which required accelerations up to im/s® to
3chieve Reynolds numbers of about 1x108. Notwithstanding the kelp
1033, Some reduction in Cd should be expected at higher velocities
Since the kelp plants would be compressed more onto the cylinder
Surraee resulting in lower projected area.

Nath and Wankmuller [52] observed a similar drop in C4 from steady

loy €Xperiments with plastic kelp covered cylinders. Their data,
Nhich are included in Figure 8.20, tend to decrease at lower Reynolds
nberg than those pertaining to the present tests. Possible reasons
3re the different moduli of elasticity of artificial and real plants
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and the kelp loss sustained during the present tests. It should be
hoted however, that Nath's hard roughness data are also consistently
lower than other published results and those presented herein for
hard roughness (Figure 8.13).

The variation in mean C4q with percentage cover is illustrated in
Figure 8.21. It shows the same type of non-linear trend that was
Observed for the mussels. The increase in drag coefficients from 50%
Cover to full cover is significant only for the 1.0m long kelp,
Whilst all the mean drag coefficients at 25% and 50% covers remain
Wore or less constant. However, the relationship is subject to uncer-
tainties due to the large scatter of the data (Figure 8.22). Kelps
are difficult to handle and there is great variability between indi-
Vidual specimens as not only overall length varies, but also aspect
Fatio, surface texture, stipe length and, in the case of L. digitata,
the number of fronds per plant. This is illustrated in Table D.3
(Appendix D) for a sample of 30 plants. The coefficients of variation
for both force coefficients are high because of this and also because
Of the kelp loss and "compressed" projected area at high Re.

The effects of kelp type and length on C4q aprpear to be small, It must
be remembered that the short kelps were obtained by cutting back the
longer kelps in length only. The aspect ratio is therefore smaller,
With the breadth, thickness and surface undulations being greater
than Would normally be expected for kelps of this length. The pattern
°f the results would indicate a weak non-linear trend in C4 with
inePeasing kelp length which must be qualified, in view of the uncer-
ta1nties introduced by the sheer number and variability of the roug-
hness Parameters characterising kelp growth.

The tests, at 50% density, with a cylinder covered in kelp 0.25m
1°ng, which to all intents and purposes was just roots and stipes,
Produceq a mean drag coefficient only 25% less than the corresponding
Value for m long kelps, yet 55% higher than the mean C, for the
¢lean roughened cylinder. This would tend to support the view that
the fronds do not make a very large contribution to the drag force at
Feduceq roughness densities. The situation could however be different
in Wave flows where the delayed flapping action of the fronds would
et‘f‘ecti‘lely increase the projected area.
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Figure 8.20 Drag coefFicients For kelp covered cylinders (100% cover).

a o L=1,00m
2.00 ~ — — — L=0,50m
-« « = L=0.25m
1.75
1.50 A

T
SO

Surface cover (%)

Figure 8.2l. variation {n mean Cd with surPace cover by the
kelp “Laminaria saccharina”.
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The mean inertia coefficients for the Laminaria saccharina are plot-
ted in Figure 8.23. C;, tends to increase with roughness density and
Wean values of about 3.4 were obtained at 100% cover. There is,
h°Wever, considerable scatter in the results with coefficients of
Variation up to 25%. The effect of kelp length is not clear, nor is
any variation with Reynolds number. Generally, the added mass coeffi-
clents have nearly doubled compared to those obtained for clean rough
Cylinders implying a considerable mass effect due to entrained water
among the kelp fronds.

The mean Cd and C, for the kelp fouled cylinders are summarised in
Table 8.4,

Soft fouling

Apart from the roughness characterisation problems discussed in Appe-
ndix C, there was no difficulty in testing the cylinders covered with
Sea anemones and/or tunicates (sea squirts). The fouling remained
attached throughout the period of tests although towards the end of
fach set of tests the sea anemones had visibly deteriorated. The
Fesults for both cylinders are very consistent and show no clearly
Perceptible Reynolds number trend.

In the first condition, at 40% surface cover by sea anemones, the
FOughness distribution was not uniform and the cylinder was such
Orientated that the regions of dense population were projecting
Normal to the direction of motion (see Figure C.11, Appendix C). When
Just under half the sea anemones were removed to obtain a more uni-
forn distribution the change in the force coefficients was small.
This ig illustrated in Figure 8.25.

A Warked effect of the orientation and concentration of roughness
Telative to the direction of flow was obtained with the 315mm diame-
ter Cylinder which was covered by a mixture of sea anemones and
tuniCates (Figure C.13, Appendix C). The roughness was concentrated
In two diametrically opposite elongated strips spanning over most of
the Cylinder length (Figure 8.24). It can be seen from Figure 8.25
that with the fouling projecting normal to the flow (8=90°), the drag
"lses by 24% on average. This is not surprising since the apparent
Projected area of the cylinder increases.
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Compareq to mussels, the drag forces due to soft fouling are higher.
It was not possible, through these tests, to quantify the drag of
fully roughened cylinders by soft fouling and there are no relevant
Published data. It appears though, that drag should continue to
increase with increasing density in a similar manner to hard fouling.
Inertia should also increase due to entrained water mass effects and
fleXibility of fouling in a similar manner to kelp fouling. The
Peason that the mean C, values obtained for soft fouling (Table 8.5)
are lower than the 'clean' or sand roughened cylinder ones is because
the sea anemones remained contracted throughout the tests thus beha-
Ving almost like hard fouling.

Mixeq Fouling

A Similar orientation effect as above was observed with the two
naturally fouled cylinders predominantly by barnacles (Figure C.12,
ApDendix C). Their respective roughness distributions and orienta-
tions are depicted in Figure 8.24. The drag coefficients are plotted
ln Figure 8,26 and the means are included in Table 8.5.

From the data refering to the 400mm cylinder, it is shown that drag
is'hi&her when the region of fouling faces the oncoming flow rather
than t”ailing in the wake. The results for a 315mm diameter cylinder
With broadly similar roughness characteristics is not conclusive at
this Point, This is not attributed to some experimental error. In-
stead: it is due to different roughness distributions and to non-
Unifory thickness of fouling. The distribution effects are discussed
below 1n more detail.
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(A)

(B)

(C)

Figure 8.24(a). Distribution of mixed hard and soft growth on
naturally fouled cylinders;
(A) 315mm OD; mussels and barnacles
(B) 400mm OD; mussels and barnacles

(C) 315mm OD; sea anemones and tunicates.

Dif’ecti°n

(A) (B) (© (D)
SOFT NATURAL FOULING HARD NATURAL FOULING

Figure 8.24(b). Orientations to direction of motion at which
the above cylinders were tested;
(n) 0=0°, (B) 0=90°,
(c) =0°, (D) 6=180°.
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Figure 8.25 Drag coefficients For cylinders partially covered
by soft marine Fouling.
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Figure 8.26 Drag coefficients For cylinders partially covered

L\\\\‘§“‘_-_—_?g six-month accumulated marine growth.
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8.4, The Effects of Partial Roughness

In the previous section it was shown that non-uniform roughness
denSitY has a profound influence on hydrodynamic drag. It was also
j'"C‘-'Lcat:ed that Cq varies with roughness distribution relative to the
pr in‘31Da1 direction of flow. However, neither parameter was systema-
tically controlled; nor was the observed non-linear variation in Cd
¥ith surface cover fully sustantiated, as most data refered to just
two intermediate percentage covers, that is 25% and 50%.

Further tests were carried out where roughness type, distribution and
de"31ty were independently varied. Some tests extended to densities
down to 5%, since earlier experiments had shown that non-linear
Variation in Cq 1s most pronounced with the onset of just 25% roug-
hness cover. Two distributions were examined; pseudo-random patches
and circumferential roughness strips, the latter only at 20% density.

Two 400mm diameter cylinders each roughened with identical pseudo-
"andom distributions of patches of mussels and gravel were tested at
3y 10 and 20% surface cover., The mean roughness size of mussels and
8rave) was 29.5mm and 8.0mm respectively. The variation in Cq for all
test Conditions is illustrated in Figure 8.27. For the respective
Surface coyep conditions tested, the average Cy values are remarkably
®lose. Maximum differences between corresponding drag coefficients
(1’°~ at approximately the same Re) are of the order of 5%.

™o more cylinders, also identically roughened with pseudo-randomly
Ustributed myssel and gravel patches respectively, were tested at
°5% ang 50% densities. In this case, the mean roughness element
¢lght was approximately the same; 7.9mm for mussels and 7.5mm for
Sravel, However, for reasons explained in the previous section regar-
Ung tpe uncertainty in characterising mussel roughness for the
Partioylap cylinder, the drag coefficients for the gravel roughness
3¢ lower than those for the mussels (Figure 8.16). The overlap of
Uata at lower Reynolds numbers for the mussel roughened cylinders and
the °°mparatively small increase in Cy with surface cover may also be
e to the same reasons.

The drag coefficients for cylinders with circumferential strips rep-

r
°Senting 20% surface cover are plotted in Figure 8.28. As antici-
pated’ kelp exhibits higher drag values compared to mussels or gra-
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Vel; the increase being up to 30% for this set of tests. Again the
drag coefficients for gravel roughness are similar to those for
Mussels despite the difference in roughness height. This trend is
Supported by the drag coefficents for the 160mm diameter gravel
Tougheneqd cylinder with the same "local" k/D of 0.025 as for the
400mmn eylinder,

It appears that the difference in size between mussels and gravel
bears little influence on drag at low roughness densities; the corre-
lation of all the coefficients being consistent. Once again, these
Fesults Suggest that hard fouling may be represented by artificial
Toughness with reasonable accuracy at reduced surface covers, pro-
Vided that roughness distribution is similar relative to the direc-
tion of flow.

It Day be argued that this conjecture is only valid for hard fouling
of Uniform thickness over a tubular member, which is hardly the case
for offshore structures where large undulations are commonly encoun-
tereq due to thick mussel clusters. The hydrodynamic significance of
SUch undulations is yet to be fully quantified. Some insight was
pbOVided by the data obtained with the multiple layers of mussels
Wﬁich Suggested that the difference may be significant. In the light
o the Peasonable correlation between artificial roughness and hard
fouling, it is believed that artificial reproduction of non-uniform
r°ulin8 Would provide good estimates of hydrodynamic drag forces.

Yap Partially roughened cylinders, the principal causes of increase
Gy hyd"°d}'namie drag are density and distribution of roughness.
"laure 8.29 presents the drag coefficents for the two distributions
SXamineq 5t 20% surface cover. Compared to concentrated roughness in
eib°umferential strips the drag coefficients for random patches are
30% highep’ indicating the significance of the relative position of
"arine growth over the tubular member surface and its influence on
loca) drag, This is also evident from Figure 8.30, where the mean Cq
‘alueg for all test conditions are plotted against surface cover. It
i Noted that Cq again varies non-linearly with increasing roughness
den31ty. The variation in distribution is the reason for the non-
inea”itY-The overlap of the curves refeging to mussel roughened
Ylinders with diferent distributions (Figure 8.19) is due to the
388 reason, It is conjectured that local flow disturbance depends on
® area of Patches and their relative position over the cylinder

c
S
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Surface. Particularly so, for patches located within the separation
region which would cause the local flow to separate earlier and thus
induce Spanwise pressure fluctuations. Had roughness density been
sYstematically'increased by roughness strips one should expect an
aDproximately linear increase in hydrodynamic drag. However, this
Would be far removed from the realistic representation of the fouling
development process.

It is interesting to note that if a cylinder with strips of fouling
1s treated in three segments, that is as two short cylinders with
100% fouling cover and a longer cylinder which is clean, then the
Computed drag force using the appropriate C4 values for each segment
is Close to the measured drag force for the entire cylinder. This
Oeurs for a1l the cases tested, i.e. circumferential bands of mus-
Sels, kelp and gravel. These results suggest that a tubular member in
flow orthogonal to its axis may be treated in segments using local
force coefficents depending on type, distribution and surface cover
o marine growth. Such an approach is particularly relevant to verti-
al or inclined members where composition and surface cover of marine
f°“11n8. being dependent on water depth, discharge outlets etc., vary
significantly along the member length.

8.5, Antifouling Cladding

This Section presents the results for two cylinders fitted with
cupx‘°‘nll<:ke1 based retrofit antifouling cladding. As described in
4Ppendix ¢, the two prototype versions of panels differed only in the
design of the fixing joint which together with the joint orientation
Telative to the direction of incident flow could potentially influen-
©® the drag and 1ift forces (Figure 8.31(a)). Surface roughness of
the ¢ladding was quoted at 30-40 microns [99] resulting in k/D=7-
9'5’”0-5, excluding the contribution by the joints.

The drag force coefficients are plotted in Figures 8.32 and 8.33 to a

S¥no1ds number base. Also plotted are the Cq curves for a nominally
Slooth and a lightly abraded calibration cylinder. The most striking
Sature of the results is the importance of the orientation of the
°Int relative to the direction of flow. This is true for both the
*lmple angle and the faired joint.

J

109



v Direction of relative (low

Figure 8.31(a). Definition of joint orientation relative
to direction of motion.

Direction of relative flow

Figure 8.31(b). Pseudo-random positions of segmented Jjoint;
numbers indicate sequence of segments from

near end of cylinder.
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Figure 8.32 Drag of antifFouling cladding with angle joint (A)
or Faired joint (B) at various angles of attack.
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Figure 8.33 Drag of antifouling cladding with diametrically
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For both Jjoint designs tested at 6=0°, Cd was lower than that for the
abraded cylinder indicating that any roughness contribution by the
Joint alone was mitigated by the low surface roughness characteris-
tics of the cladding. No significant differences in C4 were apparent
between the two types of joint at that orientation.

With the faired joint positioned at 6=180°, the drag coefficients
Were similar to those for a smooth cylinder. With the simple angle
Joint in the wake the results also compared well. They were however
Slightly higher than those obtained for the faired joint suggesting
that the streamlined shape of the latter had some drag reducing
effect, Therefore, if the antifouling panels were bonded to the
C¥linder without a protruding mechanical joint the clad cylinder
Could be regarded as a nominally smooth cylinder, at least for the
Surface condition tested.

The most marked increase in Cq occured when the joint spanned one
Side of the cylinder (86=90° or 270°). The steady transverse force
affected the magnitude of the measured in-line force and, despite
°°nsiderable tension in the guide wires, some biased transverse
WovVement occured during the trajectory. The transverse movement was
ore Pronounced for the faired joint which is possibly the reason for
8reater data scatter.

A1th°“8h the transverse forces were minimised by splitting and posi-
tionins the joints at 6=90° and 6=270° the drag coefficients obtained
for this configuration were high, ranging between 1.03 and 1.1. This
¥as due to the increased projected area to the direction of incident
flow and the higher effective roughness.

In °°ntrast, and despite some transverse movement, considerably lower
drag Coefficients were obtained from the tests with the four segmen-
ted Joints "pseudo-randomly" placed around the circumference, but
St111 within the projected diameter (Figure 8.31(b)). C4 ranged
between 0.55 and 0.66 which was well below the drag coefficients for
the lightly abraded cylinder. However, the main reason for such low
d”ag coefficients was the containment of the joints within the proje-
Cted diameter and the drag could well be higher for other "random"
obientations.
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The results of these tests suggested that in retrofit applications
Offshore the antifouling cladding joints should be pseudo-randomly
rlentated along the tubular member such that the reduction in drag
loading be maximised and assymmetry bias minimised.
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Cd Cm Corrected Cm
D(mm) k/D Mean | St.Dev.| Mean | St.Dev.| Mean | St.Dev.
Abraded
400 0.001 0.78 0.02 2.17 0.21 - -
----------------------- ——- S S ———— P ——— FS
Sand
400 0.005 1.00 0.04 2.04 0.12 2.00 | 0.18
200 | 0.0075 | 1.01 0.04 1.88 0.16 1.80 | 0.1
160 0.0094 | 1.03 0.07 1.88 0.30 1.76 0.27
400 | 0.0097 | 1.06 | 0.03 2,22 | 0.27 2.08 | 0.10
200 0.0097 | 1.03 0.04 1.91 0.12 1.75 0.11
150 0.01 1.04 0.02 - - - -
160 0.012 1.19 0.04 1.92 0.19 - ~
315 0.012 1. 1% 0.02 2.05 0.16 1.94 0.14
400 | 0.0185 | 1.12 | 0.03 2.40 | 0.23 - -
200 0.0195 | 1.10 0.04 1.98 0.11 1.80 | 0.1
160 0.024 1.16 0.04 1.93 0.27 1.74 0.24
40 | 0.025 | 1.19 | o0.03 2.31 | 0.08 2.17 | 0.10
160 0.062 1.20 0.06 2.12 0.28 - -
kos 0.049 1.17 0.02 1.86 0.20 1.79 0.22
408 | 0.098 | 1.29 | 0.03 1.94 | 0.19 1.88 | 0.19
—
Table 8.1. Summary of results for artificially roughened cylinders.
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cylinders by sand.
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Test Surface 64 Cp
C
°ndition Cover (%) | k(mm)| k/D [ Mean]| S.D. | Mean | S.D.
\
5 8 0.02 | 0.86| 0.04 | 2.30|0.13
i 10 8 0.02 | 0.95| 0.04 | 2.38|0.19
nd
om patches 20 8 0.02 | 1.06 | 0.03 | 2.43|0.20
25 7.5 | 0.018| 1.01] 0.03 | 2.11 ] 0.07
- 50 7.5 | 0.018 | 1.06 | 0.03 | 2.12 | 0.15
Strips 20 10.0 | 0.025| 0.87 | 0.03 | 2.08 | 0.17
—— 20 4.0 | 0.025| 0.85| 0.03 | 2.22 | 0.20
T
able 8.2. Mean force coefficients for partially roughened




P —

Test Surface Cq Coy
Condition Cover (%) k (mm) k/D | Mean S.D. Mean S.D.
P
"Smooth" N/A N/A N/A | 0.49 0.02 | 2.14 0.24
Abraded 100 0.4 | 0.001]0.78 0.02 | 2.17 0.21
5 29.5 0.87 0.01 | 2.24 0.20
10 29.5 0.91 0.02 | 2.26 0.24
20 29.5 | 0.0 1.07 0.01 | 2.30 0.18
Random patches 25 8.0 | 0.02 |[1.09 0.02 | 2.21 0.15
Single layer 25 24.0 | 0.06 | 1.00 0.01 | 2.34% 0.10
25 34,0 | 0.085|1.05 0.02 | 2.28 0.10
50 8.0 | 0.02 [1.12 0.02 | 2.26 0.22
50 24.0 | 0.06 | 1.09 0.02 | 2.45 0.15
50 34.0 | 0.085| 1.11 0.04 | 2.39 0.15
--------------- e r e - - o o e = =
i, - 100 8.0 | 0.02 |[1.20 0.01 | 2.41 0.22
over 100 24.0 | 0.06 | 1.20 0.02 | 2.41 0.16
Single 1ayer 100 27.0 | 0.675|1.22 0.06 | 2.32 o0.24
100 34.0 | 0.085| 1.26 0.01 | 2.48 0.11
---------------- e ittt ekttt
:Z:i:m patches, 25 26.0 | 0.215| 1.56 0.02 | 2.32 0.21
Ple layers 50 26.0 | 0.215| 1.68 0.07 | 2.59 0.17
2 100 43.0 | 0.215| 1.85 0.02 | 2.50 0.15
LN‘_ff:igi 20 29.5 | 0.074|0.82 0.01 | 2.30 0.1

Table 8.3.

Summary of mean C4 and Cn for mussel roughness.
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Test

Surface

C

m
Condition Cover (%) 1(mm) 1/D | Mean S.D. Mean S.D.
-\
"Smooth" N/A n/a | N/A |o0.49 o0.02 | 2.14 o0.24
Abraded 100 0.4 |0.001|0.78 0.02 | 2.17 o0.21
25 1000 | 2.5 1.3% 0.05 | 2.40 o0.21
25 500 | 1.25 [1.32 o0.04 | 2.31 0.10
Random patches 25 250 |0.63 [1.20 0.08 | 2.33 0.11
(L.Saccharina) 50 1000 | 2.5 |1.37 0.03 | 2.53 0.39
50 500 |[1.25 |1.39 0.08 | 2.40 o0.23
____________________________ I N S S et
Strips 20 1000 2.5 1.07 o0.04 | 2.41 o0.18
(L.Digitata)
Full cover:
~L. Digitata 100 500 |1.25 |1.67 0.16 | 2.99 0.29
L. Digitata 100 1000 |2.5 |1.69 0.07 | 3.29 0.39
~L. Saccharina 100 500 1.25 |1.51 0.05 | 3.37 O0.44
~L. Sacchari 100 1000 B 1.69 0.04 | 2.41 0.18
A na .

Table 8.4, Summary of mean force coefficients for kelp fouling.
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Test Surface | Mean " Cy Co
Condition D(mm)| Cover(%) | k(mm) | Mean S.D. | Mean S.D.
\
"Smooth™" 400 N/A n/a | o0.u9 0.02 | 2.14 o0.24
Abraded 400 100 0.4 0.78 0.02 | 2.17 0.21
SEA ANEMONES
distribution:
~ non-uniform 400 40 60 1.19 0.04 | 2.17 0.08
= Uniform 400 25 60 1.15 0.02 | 2.16 0.11
MIXED FOULING
~Sea anemones
and tunjicates:
8=0° 315 70 20-80| 1.35 0.03 | 2.08 0.07
6=90° 315 70 20-80| 1.09 0.07 | 2.17 0.24
hBar“aCIes,mussels
and Seaweed:
8=0° 315 35 2l 1.11 0.14 | 1.98 0.08
8=180° 315 35 2l 1.03 0.02 | 2.01 0.05
hBaP“aCIGS,mussels
and Seaweed:
8=0° 4500 us 2l 0.92 0.04 | 2.06 0.11
8=0° 400 45 24 1.10 0.05 | 2.07 0.07
\
Table 8.5. Summary of results for soft and mixed fouling.
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CHAPTER 9. wWavE LOADING ON A MACRO-ROUGHENED CYLINDER

Among other findings the steady flow experiments quantitatively esta-
blished that the drag force increase due to hard marine fouling is
Similar to that experienced by artificially macro-roughened cylin-
ders. It was also indicated that irregular roughness induces higher
local drag than uniformly distributed roughness of similar size.
Marine fouling thickness is nothing but irregular and the height of
indiviqual species can measure a few centimetres. To realistically
Feproduce hard fouling one must therefore incorporate such characte-
Pistics in the artificial model.

This approach was adopted for the experiments in regular waves on a
ma°"°-I‘Oughened circular cylinder. The experiments were carried out
At the largest possible scale under controlled laboratory conditions
in terms of wave kinematics and cylinder/roughness dimensions. As
Such they provided: firstly, a tangible source of data for design
force Coefficients at the drag/inertia dominated flow regime; secon-
dly, the opportunity to compare with previous results from planar
°3°111atory flow and field experiments; and finally, a context to
a33ess the steady flow results for marine roughness.

.1, Experimental Features

The tests were carried out at the Delta wave flume of the Delft
Hyd”aUIies Laboratory with a vertical cylinder of 505mm diameter, at
Reynolds numbers from 6x10" to 7.7x105 and KC numbers up to 29.
Figure 9.1 shows a partial view of the Delta flume and the rough
®¥linder during a test run.

In"line and transverse forces were measured on two 250mm long force
elementS, their centres located at -1.5m and -2.5m depth elevations.
Hovizontal and vertical water particle velocities were recorded at
he sanme elevations. More details of the facility, procedures, in-
atPUMentation and data acquisition are given in Appendix G.

The Foughness consisted of closely packed, randomly orientated and
distl"ibuted equilateral pyramids of three mean heights; 26.4mm,
'9.Tan, and 13.5mm. Pyramids were chosen since their geometric fea-
Ures of sharp edges and tapered shape represent reasonably well
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Fi
gure 9.1, partial aerial view of the Delta wave flume.
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Mussels and barnacles. The roughness pattern was cast on 250mm long
f‘ib"eSlaSs shells as described in Appendix G. The shells were strap-
Ped around the cylinder over almost its entire length, i.e. the
Pattern was repeated every 250mm (Figure 9.2).

Mlowing for the base shell thickness the cylinder diameter used in
the analysis was 521mm. For reference purposes, a relative roughness
k/D of 0.038 was assumed (using mean k = 19.7mm).

9:2. Results and Observations

Fifteen runs were performed in waves of nominal heights and periods
ranging from 0.6 to 1.9m and 3-10sec respectively. Depending on wave
Period the regular waves analysed from each run ranged from 77 to
282, Fourjer analysis, described in Appendix G, was carried out on
3 wave by wave basis for each force element. Since the force and
vel°°1ty Signals contained significant second order components they
Were fitteq using the first six Fourier components.

The in-
®quatj o

line force coefficients were determined through a Morison's
N approach described below. The approach was initially adopted
Y Beargap et al. [113] for the data analysis of smooth cylinder
exDePimeﬂts in the same facility.

Mo
Mson's equation is expressed as,

F(t) = 0.5C4eDu(t) u(t)] + 0.25C,pmDAi(t) )

S
Inee the tipe average <u(t).u(t)> is zero over each full wave for

¢ fitteq u(t) values the following expressions are derived by

ap
Propriate manipulation of equation (1),

2 <F(t) u(t)>
(2)

eD <u(t)? lu(t)l>
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The pyramid roughened cylinder.

Figure 9.2.
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4 <F(t) a(t)>

e D2 <i(t)2>

The Re ang KC numbers and the total force and lift coefficients were
®Valuated for each wave through various expressions, given in Appen-
dix G, so that direct comparisons could be made with previously
Published results. In short, Cpn, Cpprays CpL» CLmax: KC and Re were
®XPressed in terms of the maximum horizontal velocity; C's and C', in
terns of the rms velocity; and KC' as a function of the fundamental

Velocity component (1st harmonic).

Ho detaileq Study of Reynolds number effects was warranted. The B
Values ranged from 23000 to 78000 approximately (B=Re/KC [54]); 1i.e.
well Within the post-critical Re regime. It can be safely assumed
that a13 Coefficients are independent of Re or B at these ranges, as
has been demonstrated by the present steady flow results and through
Planap Oscillatory flow experiments [58].

Tha Coefficients presented are means from 12-14min long records, i.e
kb dVerages over all the waves analysed per run excluding wave ramp-
UP. Theip Standard deviations are shown in Table G.1, Appendix G. Cg
ang qngenerally vary less than 11% from their mean values, apart
from pup P02 which produced variations of 19% and 34% for C4 and Cp
r‘%pe‘”si"el}'- This was attributed to several incoming breaking waves
obse'Ved during that run (WH=1.12m, T=9.5sec). Some evidence towards
®his 14 Provided by the higher noise in the velocity time history
(Figu”e G.7) compared to time histories for other runs. The data from
e P02 were therefore excluded from further analyses.

Appe“dix G also includes plots of the mean coefficients for each
Orce €lement ang scatter plots of Cy and C, for the lower element.

"lgures G.11-G.13 indicate no differences between the two force
elements’ Figures G.14

and g,15 4
d°m1nated
18 noted f

hence no further distinction is made herein.
uggest that Cq exhibits higher scatter at the inertia
regime (KC<S) and low scatter at KC>15, whilst the opposite
the 4 Or Cp. Both coefficients show the same degree of scattir in

Ntermediate KC range. This scatter is inherent to any wave force
i DPocesSing in the time domain which involves separating the
tOtal force into drag and inertia components. However, good repeata-

b
ity °f wave kinematics throughout each run and large samples
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€nsy :
red well defined trends and magnitudes of all coefficients.

9.2.1. In-line Forces

:::;?ebct p°°f macro-roughness on in-line force cqef‘f‘icients is illus-

Shown inyT :glur'es 9.3 to 9.12. .Data at typical KC numbers are also

with "especi . e€s 9.1 and 9.2 which indicate the degree of variation

a4 compare i° smooth cylinders in wave and planar oscillatory flows

latopy o with published data for rough cylinders in planar oscil-
OowW.

zzmi:il:;est 9.4-9.6 the results for the pyramid covered cylinder are
Smooth cyl: ZhOSe reported by Bearman et al. [113] for the same but
and the datn er. These tests were also performed at the Delta flume
thus remOV: from both experiments were analysed by the same method,
dil‘ect . ng potential sources of uncertainty. For an even more
are Dlott:lrison’ only the coefficients for the lower force element
¥1ingep o against KC', i.e. consistent with the published smooth
Polugheneq a. Also shown are results by Sarpkaya for smooth and sand
n planap ocylinders [58]. Sarpkaya's U-tube tests were carried out
Pdugh (k/D~oszil latory flow at B=11525 and 14200 for the smooth and
Sent “-Smir: -02) cylinders respectively and the coefficients repre-
means.,

A
rol:,::il;i::mparative measure of the in-line force increase due to
At 3oy ge S shown in Figures 9.3 and 9.4 in terms of Cgp .y and C'e.
same, whiln:mber‘s the total force coefficients are practically the
Valyeg - Ki: they increasingly diverge from the smooth cylinder
increases. For the wave force data the difference in C'g

at ker.
are o =10.5 is about 50% and rises to 81% at KC'=20. Similar trends

bse
KC>25 rved for Cf‘max which tends to be more or less constant at

app roximate ly.

It

dep:l:lzteniee noted that the total force coefficient obscures the time

dirre"enCe:f forces. In other words it fails to describe the phase

velocities that exist between in-line forces and water particle

desigy, apppjnd as such, is of limited value to the Morison's equation

pebcentage dach. The implications are illustrated in Table 9.1. The
ifferences in C4 and C, over their smooth cylinder values

at v .
ariance with the corresponding increase in C's. Rough cylin-
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vertical cylinder in regular waves.
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KC!' C'f Cd Cm C'L
10.5 3.28 2.16 1.27 2.82
Pyramids | 13.5 2.79 1.85 1.45 1.70
20.0 2.59 1.64 1.64 1.27
10.5 2.20 0.60 1.57 1.38
Smooth 13.5 1.76 0.59 1.60 0.62
20.0 1.43 0.65 1.42 0.74
10.5 49 260 -19 104
T: Increase | 13.5 58 213 -10 174
20.0 81 152 15 72
—
Table 9.1, Comparison between macro-roughened and smooth
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der Cq increases by up to 260% approximately at the drag/inertia
dominated regime, the increase being somewhat less (150%) at KC=20.
Differences in Cp are small, with a weak trend towards lower inertia
Coefficients for the rough cylinder.

H0wever~, the force-velocity phase lags are reduced at the drag domi-
fated region, This implies that if the maximum Cf. reached a constant
Plateay at high KC, so should C4 both converging to a similar value
(n fact Cfmax Would be slightly higher due to a small inertia force
éontribution). This is significant in interpreting steady flow re-
Sults ang assessing their applicability to wave force estimation (see
Section 9.3 ang Chapter 10).

Figures 9.5 and 9.6 show that the "inertia crisis" and the correspon-
ding higher drag at 9<KC<14 are pronounced for the rough cylinder
¥hilst no evidence of such effect is shown by the smooth cylinder
data, This is in broad agreement with Sarpkaya's findings although
the f‘Ollowing differences are noted between the Delta wave flume and
the U_type results:

% Sa”pkaYa's drag coefficients are consistently higher for both
Smooth and rough cylinders in accordance with his remark that Cq
~ for ¢ylinders in harmonic flow forms the upper bound of wave force
Coefficients [114]. The difference in Cq for rough cylinders is
m"‘"'Sj-ﬂally larger than shown in Figure 9.5 and Table 9.2, as
Sa’pkaYa introduced a roughness height allowance of 1.2k to the
CY¥linder diameter. This presumably implies an effective roughness
of 0.6k, an effective k/D of 0.02 and an actual k/D, as defined in
the present context, of 0.033.
i Although correlation for C, at the inertia dominated region is
good irrespective of roughness, Sarpkaya's minimum C, values are
lower at k¢ around 12, particularly for the rough cylinder. It
MUSt be noted that the differences illustrated by Figure 9.6 are
“isleading since the Delta flume C, values are plotted against KC'
(i.e, based on r.m.s. velocity) and Sarpkaya's results correspond
to kc based on maximum velocity. The real discrepancy in Cp is
Shown i Figure 9.8 where both sets of data are based on KC and
s18nit‘ies firstly, that care should be taken in comparing force
0efficients with other published data, and secondly, that there
is a nNeed for rationalisation of data analysis procedures.
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*y

—

m
11.0 2.63 2.29 1.1 1.24
Pyramids 15.5 2.36 1.85 1.45 0.80
21.5 1.91 1.79 1.40 0.82
25.0 1.84 1.64 1.64 0.38
11.0 1.62 0.87 1.44 1.33
Smooth 16.0 1.25 0.70 1.68 0.41
21.0 1.01 0.66 1.70 0.23
26.5 0.82 0.63 1.71 0.17
------------ (--—--—-1-———----- L - - - ——— - —— - - — - - -
11.0 62 163 -30 =7
% Increase 15.5 89 164 -16 95
21.5 89 171 =21 256
25.0 124 160 =4 123
11.0 2.90 2.51 0.63 1.51
sanq"* 6.5 | 2.90 | 2.17 1,09 | 1.11
20.0 2.29 1.87 1.19 0.84
26.5 1.94 1.80 1.19 0.68
11.0 10 10 76 22
* Difference| 15.5 23 17 33 39
21.5 20 4 18 2
25.0 5 10 38 79
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CL for smooth cylinder at P=6555.
L for sand roughened cylinder at B=6836.

T 2
able 9,2, Comparison between present data and Sarpkaya's
results from planar oscillatory flow tests [58].
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Apart from the different definitions of relative roughness and cylin-
der diameter, contributory factors to the remaining discrepancies are
the differences in methods of analysis and in phase lags between
fe@ular wave and planar oscillatory flows, the effect of lift forces
On the resultant force and the orbital versus rectilinear paths of
the Velocity vector in the two types of flow. Iq-depth investigation

°f these interacting factors is outwith the scope of the present
Study,

Figures 9.7-9.10 compare the present results with those of Sarpkaya
[58], Rodenbusch and Gutierrez [59] and Nath [50]. Apart from the
above mentioned data by Sarpkaya for a sand roughened cylinder, his
data fop barnacle roughened cylinder with clean diameter of 155mm
and apparent diameter of 203mm (b=13517) are plotted in Figures 9.9
and 9-10.Rodenbusch and Gutierrez reported on experiments (at SSPA
in Sweden) with a 1m diameter cylinder roughened by 20mm high conical
frusta (k/D=0.02) which was periodically or randomly oscillated by an
X<y tarriage, For brevity, only the data for planar oscillatory
Totion at Re=4.4x10° are present here. Nath carried out experiments
in Fegular waves with sand roughened (k/D=0.02) and artificially
Darine roughened (k/Dz0.1) vertical cylinders at Re up to 2x10°. Data
r?°m his highest Re runs are presented here, i.e. at Re>1.0x10°.

Flgures 9.7 ana 9.8 show that both C4 and C, for the pyramid roug-
Reneq Cylinder agree closely with the SSPA data and reasonably well
Mith those by Sarpkaya. Rodenbusch and Gutierrez used an apparent
®¥linder diameter of (Dgmooth*2k) and therefore, even better agree-
fent should be expected had their force coefficients been normalised
¥ the "clean" cylinder diameter. Potential effects on Cq and Cp
rising from the different hard roughness types, their distributions
34, in the case of the SSPA data, actual k/D cannot be discerned
"lthin the KC range in question. If anything, the SSPA data, refer-
ng to tne lower k/D of 0.02, would reiterate the fact that drag
coeffieients from planar oscillatory flow tests represent upper boun-

dary Values of wave drag coefficients.
Nathvs results for sand roughness are at variance with all above
deseripeq data. His data were derived from few waves of slightly
Vapying amplitude. Hence, the high degree of scatter and the weak
thend in Cd and C_ with KC. The results shown herein are averages of
Hree °°“SGQUtive?uaves past a 200mm cylinder. Although direct velo-
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ity measurements were taken, the analysis was based on wave surface
®levation measurements and predicted kinematics, through the stream
function theory, a procedure which may have influenced the magnitude
of Coefficients. The discrepancies are observed in Figure 9.7 are
1ike1y due to such experimental arrangement and procedures as the
measurement of forces, filtering and depth par‘am-eter corrections. It
1s recalled that the steady flow C; values of Nath [49] for the same
®Ylinders are also lower than most other published data shown in

Figure 8.13 (Chapter 8).

Despite the above, increases in Cq of the order of magnitude sugges-
ted by Nath [50] for a heavily roughened vertical cylinder (k/D=0.1)
(Pigupe 9.9) are likely. However, it is questionable whether Cp would
dpamatically increase too (Figure 9.10). With respect to Sarpkaya's
"®Sults for the barnacle roughened cylinder, the apparently good
38reement with the present Cy data should once again be qualified by
bhe adopted diameter definitions. According to the definitions used
here, k/p for this cylinder would be 0.15 and the apparent increase
in diameter would be 30%. If this increase in diameter were accounted
for by the drag coefficient, it would bring Sarpkaya's data closer to
those Of Nath, who used the clean cylinder diameter throughout his
analysis» and would indicate the actual increase in drag forces due
o barnacie roughness.
Finally: the Delta flume results are compared with field data from
*he Exxon Ocean Test Structure [33,59] and the Christchurch Bay Tower
exDepimentS [62]. The OTS data refer to barnacle covered vertical
;:blllar Sections (0.014<k/D<0.024 approximately). The mean drag coef-
tlents ang C4 values for the individual waves during storm SS28
Shown in Figure 9.11 are lower than the regular wave data. One major
Feason i the lower k/D, whilst the mitigating effects of the ocean
enviponment such as presence of currents, wave irregularity, multi-
c“"r‘ee“Onality and member inclination to name but a few are also
Possible Peasons whose influence cannot be accurately quantified.

* s therefore remarkable to obtain such good correlation with the
IS total force coefficients for a vertical cylinder roughened by
1y8::te Chips ag that shown in Figure 9.12. The CBT data[v;el]’ew::i;
Prog, through the mean square theory developed by Bishop :t e
sightces Satisfactory time averages of force coefficients.

the agreement may be attributed to similar k/D ratios (0.038

gl"a
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and 0.033 for the Delta flume and CBT data respectively). However,
the comparison is limited by the narrow KC range pertaining to the
CBT study (9<KC<14) and more data in terms of Cq and C, are required
to establish trends and to justify the compatibility of large scale
€Xperiments with carefully controlled field tests.

9.2.2. Transverse Forces

The 1ift coefficients for the pyramid roughened cylinder are compared
only with laboratory experimental data from the previously refered
SOurces. No field data are available from the OTS or CBT projects.

R°u8hness induces strong vortex shedding and thus increases the
Tagnitude of transverse force coefficents as illustrated in Figure
9.13, The present data are compared to the smooth cylinder results of
Bearman et al. [113] in terms of C&‘and indicate average increases
°f 175% at the drag/inertia dominated region and of 70% at KC' of
aboyt 20 (see Table 9.1). C%‘rises steeply from neglible values at
KC'<51ndicating early separation and strong vortex formation. It
Peaches values of the same order of magnitude as Cd at KC' around 10
40d then decreases at a higher rate than C4- The peaking of C'| for
the Smooth cylinder is not as pronounced and exhibits the same trend
Moted for the in-line coefficients. In other words the sharp drop in
cm and the corresponding peak in Cq for the rough cylinder occur at
aDDFOXimately the same KC. Such behaviour is significantly less
€Vident for the smooth cylinder. This highlights the strong vortex
Shedding que to roughness at the drag/inertia regime and that the
M°”13°n's equation based analysis cannot quantify the ensuing effect
°n the in-line forces. It can be seen from the force realisations of
Flgures G.6-G.10 in Appendix G that the deviation of the measured in-
line force from the predicted Morison force bears some correlation to
the transverse force peaks. However, this does not occur at all times

due ¢4 transverse force hysterisis.

Figupe 9.14 shows the r.m.s. lift coefficients for the smooth and
Sanq roughened cylinders tested by Sarpkaya [58]. As with his Cy
Values, Sarpkaya's C; ... data for the rough cylinder are also consis-
tently higher. The trend though is the same with that shown by the
Pyramiq roughness results. Compared to the smooth cylinder the peak
Yalue of CLpms 1S shifted to lower KC of about 8 - note the differen-
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©® with KC' - which conforms with the harmonic flow data. It is
s‘“"Dr'ising however that the peak l1ift coefficient for the smooth
CYlinder in harmonic flow is higher than for the pyramid covered
¢¥linder. It is noted in passing that in 1976 Sarpkaya reported
higher maximum 1ift coefficients for the smooth cylinder than for
ough cylinders [74]. Those tests were carried out at lower Reynolds
Numbers than his latest experiments which indicate the opposite being
tpue, bringing them in line with numerous other experimental data.

Although many possible reasons could be cited it is difficult to
Pinpoint the underlying causes for the differences in 1lift coeffi-
Clents derived from experiments in waves and planar oscillatory flow.
Little insight is provided by Figure 9.15 which shows a comparison
"ith the SSPA data in terms of C .y The SSPA data are significantly
higher than the present maximum C;, values and appear to peak at KC
3round 18, contrary to established trends. They are however sparse
aNd not much should be read into this trend.

The Paucity of reliable experimental data for macro-roughened cylin-
ders inhibits any systematic investigation into the effect of roug-
hness Parameters on transverse forces. Clearly more systematic expe-
Tlments are needed in all types of flows and with various roughness
cO"fism‘ations to understand the physical mechanisms involved in
Vortex induced forces and to quantify how, when, or even whether 1lift
Fopces are of significance to the design of offshore structures.

3.3 Assessment of Steady Flow Results

It Was mentioned at the outset of this chapter that the experiments
In Pegulapr waves provided a context for assessing the "buoyant cylin-
Sery Peésults. However, in the previous section it was shown that the
fean Coefficients for the regular wave tests extended to KC numbers
i only 26, These are quite low to allow for comparison with steady

Low data, assuming that at high KC the latter can represent with

Pe
asonable accuracy wave force coefficients.

I

iy Shoulq pe noted that the above assumption has been seriously
QUestiOned due to fundamental differences in the physics of steady
a

o fOn-linear time dependent wave flows [54]. The apparent agreement
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°f some drag coefficients obtained in steady flows and in ocean
®Xperiments may indeed be fortuitous although the reduced returning
Wake effects at high KC and the presence of currents - to name but
two mitigating effects of the ocean environment - would tend to
'Push! the wave drag coefficient to its steady flow value.

One can only speculate that on the basis of the Qeak indication shown
by the Present results the time averaged total force and drag coeffi-
Clents converge to approximately constant values at KC>25. Yet there
1s no Concrete evidence that these constant values should be the same
e Steady flow. A quick look through the data presented here would
Show that indeed they are not. Any conclusions must therefore be
onfined to the effect of hard roughness parameters which were common
o both types of experiments reported here. In that respect and
SUbject to the roughness pattern tested in regular waves it is sugge-

8
ted that at the drag dominated region:

2) The Percentage increase in wave induced drag forces on vertical
ma°"°-I’Oughened cylinders vis-a-vis smooth cylinders is compatible
o that observed in steady flow at post-critical Reynolds numbers.

b) Actua) roughness height is the overriding roughness parameter and

" the trend in post-critical Cq variation with relative macro-

Foughness is similar in both types of flow.

4 Unless the distribution of roughness is strongly biased (e.g.

longitudinay strips along one side of cylinder span)its compara-

tive effect on in-line and transverse wave force coefficients

Mould be indistinguishable. This is contrary to steady flow beha-

Viour yhepe variations in C4 and steady 1ift strongly depend on

the Felative position of roughness patches with respect to the

Urection of flow. This is partly due to data scatter, partly due

to the rotating velocity vector and the moving separation point

3nd Partly to the time averaging process within a wave cycle.

::ZFQUestion that remains is: "What are the appropriat: Morison
aqdrslcients for design and how should they be selected?". This is
N S3ed in tphe next chapter where a wave force estimation procedure
arepmposed based on the state of existing knowledge. Recommendations
3lso made for the structural re-assessment and maintenance of

Xigts
Sting Platforms,
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CHAPTER 10. RECOMMENDATIONS FOR DESIGN AND MAINTENANCE

In the previous chapters, attention was focused on the quantitative
appraisal of the hydrodynamic effects of marine growth through expe-
Piments in steady flow and in regular waves which provided an exten-
Sive source of data and key findings for the realistic characterisa-
tion of marine growth. The following sections deal with the selection
of design force transfer coefficients using the current state of
kn°W1edge and best available experimental data. Detailed approaches
are suggested for the estimation of hydrodynamic loads on marine
Foughened template platforms for design and maintenance purposes with
due consideration of the associated limitations and uncertainties.

10.1. 0On the Selection of Design Force Coefficients

The hydrodynamic effect of marine growth is one of many factors which
affect the choice of the most appropriate force coefficients for the
®valuation of wave loads. It is therefore essential to mention those
key factors which must be addressed by a rational design approach

before moving on to detailed recommendations with respect to marine
POughness,

) Design levels and objectives

It hag been firmly established that some unidirectional wave theories
°Verprediot flow kinematices [S54] and to compensate lower apparent
force Coefficients have been recommended by certifying authorities
(see Chapter 4), When such wave theories are adopted distinctions are
"ade between the force transfer coefficients used for global and
Locay design. For instance, and without considering their magnitude
3t this Stage, average force coefficients are adopted for global
design-ln all random sea-states, the spatial correlation of wave
forces over the entire structure is less than for unidirectional seas
°°nta1ning the same energy. Since unidirectional wave theories do not
3Ccount for this effect the application to global design of the same
force Coefficients as those adopted for local design, where the
SPatia) correlation effect is much less obvious, would lead to over-

r
Predicteq base shear and overturning moments.
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The force coefficients used for the estimation of nominal loads and
f‘atigue damage should again differ from those applied in extreme
Static wave force calculations. They must reflect the temporal varia-
tions in kc and roughness through a range of in-line and transverse
force coefficients. On the other hand, static force analysis consi-
ders extreme conditions and thus, requires terminal values at high
KC, Re and roughness. '

b) Evaluation methods of flow kinematics

Methods of estimating combined wave and current flows influence the
Magnitude of design force coefficients. The effect of currents is to
increase the mean flow velocities and consequently the net forces.
H°"eVeP, the drag force coefficients will decrease, as currents
1ncrea3e the Keulegan-Carpenter number and quasi-steady flow condi-
tlons are approached. Hence steady flow drag coefficients are approp-
Flate for high KC combined flows.

HOWever, vectorial addition of maximum wave and current velocities
Woulq Overpredict the forces even if steady flow coefficients were
dopted, Methods of estimating the joint probability of occurence of
‘Waves ang currents in storms [118] and random directional wave simu-
lation models [120] improve the estimates of mean flow velocity and
hence force, but are subject to availability of statistical ocean
Deasurement records.

¢) c°mDat1b111ty between experimental data and ocean environment

It 1s highly desirable to model the ocean environment and structural
pesD°nSes as accurately as possible. Yet it must be realised that
UNcertainties increase as more parameters are introduced in an effort
to refine semi-empirical design procedures. To reduce the uncertain-
tes to acceptable levels reliable experimental data and good judge-
ment ape necessary. This becomes increasingly feasible as the amount
e QUality of laboratory and field experimental results is constan-
iy Updated and the differences between laboratory and real sea
eonditions are reduced. The designer has therefore more tangible
SOurces of data at his disposal and what is required is to assess
theip Compatibility with refinements in design procedures through the
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following criteria:

- the force coefficients must be selected from results of large
Scale controlled laboratory experiments with macro-roughened
cylinders at high Reynolds and Keulegan-Carpenter numbers;

- the flow kinematics design models must describe with suffi-
cient accuracy real wave flows at the platform location and
must correlate with the idealised flow parameters of the

experiments;

- realistic characterisations of marine growth as defined at the
design stage must be reflected in the adopted values for the
force coefficients.

Depending on the wave theory adopted and on the predicted flow and
Foughness conditions the following sources of force coefficients are
Suggested:

- The present steady flow drag coefficients for macro-roughened
cylinders be used for wave and combined flows at KC>40 regard-
less of wave theory adopted and consistent with the marine
growth types and characteristics they refer to.

- The present data for a vertical macro-roughened cylinder in
unidirectional waves be used for waves at 5<KC<30 and for
vertical or inclined structural members or member segments
fully covered by any form of hard fouling at comparable k/D.

=~ Bearing in mind that they represent upper limit values the
drag and inertia coefficients of Sarpkaya [54,58] for rough
cylinders in harmonic flow at Re>3x105 be tentatively used for
high KC wave flows and for hard roughness conditions not

covered by the present data.

~ The C4q and C, values by Rodenbusch et al. [59,68,119] for a
rough cylinder undergoing random oscillations or combined
random and current motions be used in conjunction with random

directional wave theory for KC up to 40.
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A notabie omission from the above are the force coefficients derived
from fie1q tests., Obviously such sources of data ought to be the most
tangible ones for design since they represent structural responses to
real wave flows. However, several uncertainties accompany these data

to date and limit their universal applicability. The uncertainties
Stem from:

- the paucity of reliable and repeatable data from many loca-
tions;

- biased wave loading prediction methods which do not account
correctly for phase differences between flow kinematics and
forces measured at different locations and thus
result in large data scatter;

- the inherent nature of the experiments which implies lack of
control of the pertinent parameters;

- the potential incompatibility between flow, roughness and
Structural characteristics related to the experiments and
those pertaining to a specific design.

Until further verifications are made it is suggested that field data
be Used with care and with the above considerations in mind.

On’ the basis of the foregoing, a detailed procedure is suggested for
the Selection of design force transfer coefficients for marine roug-
Shed template structures. The data requirements are classified with
Tespect to the input and output for global and local design models
Which are illustrated in Figures 10.1 and 10.2 respectively.

The recommended procedure is as follows:
) Using wave and current statistics for the location and suitable
Wave theories (Stokes 5th order and joint wave/current probabi-
lity of occurence or random directional) determine the particle
kinematics for a 50-year design wave, the current profile and
random directional spectra.

(11) Given the structural configuration and initial estimates of
Dember dimensions and orientation, estimate the variance and
Maximum values of the local KC and Re for each member with
respect to depth. Vertical or inclined members should be segme-
Nted and KC be estimated at the mid-point of each segment.
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Fig. 10.1. Procedure for global design.
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Fig. 10.2. Procedure for local design.
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Reynolds number independence may be safely assumed for all
members except for kelp covered ones, as kelp tends to be
compressed on the member surface at high flow velocities.

(111) Predict the future levels of marine growth using:

(1v)

a) historical data from neighbouring platfbrms;

b) trends on ecology established from marine growth databases,
and if available, from samples collected at the particular
location.

Develop a time-based marine growth development scenario on an
annual basis specifying in probabilistic terms the roughness
characterisation parameters shown in Figure 10.2. Possible
Projected cleaning intervals during the platform life span must
be included in the scenario.

For overall load estimates (global design):

a) Assume terminal roughness conditions ("elimax" fouling) and
classify the dominant types into hard, soft and seaweed
growths.

b) Estimate approximately overall thickness for hard fouling or
length (1) for kelp growth and average them over such depth
ranges that no significant changes occur in roughness, KC or
current velocity to warrant additional computational effort.

c) Using the clean member diameter estimate approximate k/D or
1/D ratios for all members and group them in terms of depth
zone and average diameter.

d) For each group of members or member segments derive C4 and
Cp using the recommendations of Table 10.1 and the curves of
Figures 10.3-10.4 which are based on the above mentioned
data sources and on "clean" cylinder diameters. The drag
coefficient curves H and K should adequately describe most
g8lobal design conditions.

e) Use the following summation series representation of Mori-
son's equation to estimate overall wave loads on vertical

and inclined members:
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(v)

N 0

i=1 =de,
where, G, = G{KC, Re, Ny, k/D},
dw = water depth elevation, .
N = total number of members or segments,
Ni = type of fouling on the ith member or segment,
kK = mean overall thickness of fouling,
D = "clean" member diameter.

For horizontal members use a vector form of Morison's equa-
tion defining velocity and acceleration in terms of their
horizontal and vertical instantaneous vectors.

£) Proceed as indicated by Figure 10.1 to estimate maximum
overturning moments and base shear for strength analysis and

member resizing.
For peak member loads (local design) and fatigue analysis:

a) Consider in detail each member located in the wave affected
Zone. Follow the roughness characterisation procedure des-
eribed in (iii) and define the structural characteristics
glven in Figure 10.2.

b) For each annual projection of the roughness characterisation
defined through the fouling development scenario determine
Statistically the dominant types of fouling and their ove-
rall thickness/length, surface cover, distribution and orie-
ntation to flow.

e) Segment vertical or inclined members according to the above
Foughness parameters and derive local KC and Re as in (iv).

d) ASSiSH local drag coefficients to each partially roughened

Dember or segment using the curves of Figure 10.5 which are

based on the steady flow results for partially fouled cylin-

ders, For fully roughened members use the data of Table 10.1

or Figure 10.3.

Select inertia coefficients from Table 10.1 or Figure 10.4

aSsuming full roughness conditions.

For each annual projection, estimate the total peak in-line

force by integrating the local Morison force components over

e)

f)
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the member length.
g) For fatigue analysis use a spectral representation of Mori-
son's equation to determine nominal forces and high and low

cyclic stresses.

(v) Since Morison's equation underpredicts resultant forces by up
to 40% for rough cylinders in vortex flows (see Chapter 9), it
is tentatively suggested to estimate the local transverse for-
ces on critical vertical members which are fully roughened by
hard fouling. The CLmax 20nd Cppps Values of Figures 9.14 and
9.15 for the pyramid roughened cylinder in regular waves may be
used for peak and nominal load estimates respectively and for
representative roughness and flow conditions.

It must be remembered that the above recommendations use the best
°“PPently available experimental force coefficients and wave theories
and are Subject to future revisions. Several uncertainties still
Sxist and not least on the definition of rough member diameter and on
the hYdrodynamie behaviour of soft fouling and kelp. These and other
Felateq issues are discussed in Chapter 11.

10.2, On Structural Assessment and Maintenance

In Principle, the suggested procedure can be readily expanded to
inte”act with structural monitoring and maintenance requirements at
the detai) and work drawings design stage. The basic approach which
was Outlined in Chapter 5, was adopted in a case study on the sensi-
tivity of structural member characteristics to marine growth varia-
ti°ns [121]. Techno-economic criteria and data on fabrication and
0leaning-for-structural relief procedures were included in a computer
?:2?1- Details of the model and results for alternatine designs and
Ng scenarios are given in Appendix H.

::e Study confirmed the earlier findings of Oldfield [9] and Barger
al, (100] that structural weight and material costs increase
:2fnificant1y due to marine growth. However, it indicated that a
€an at regular intervals" design, i.e. a 1ight structure, is not
::s:‘effective in the long run. This conclusion must though be seen
he light of numerous uncertainties involved in data dependent
echno-economic models and of strategic objectives and policies of
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the Operator. Therefore, general conclusions cannot be reached with
onfidence and design options for a particular platform should be
33sessed in terms of overall requirements and not just in terms of
structural loading effects attributed to marine growth.

Fop existing platforms the direct application of the research fin-
Uings 15 obvious. The experimental results and roughness characteri-
*ation bProcedure relate to most configurations of marine growth
encountered offshore and provide ample scope for improved re-asses-
::::: of hydrodynamic loads and fatigue damage of joints. However,
floie are still roughness configurations to which design force coef-

nts cannot be assigned without some degree of uncertainty as
wily be shown e

i::::der Some typical tubular members of the North Sea platforms
assig:ed in Chapter 6 and Appendix B, and for which it is required to

force coefficients for the estimation of peak local loads. The
:iti:;ns of marine growth on each member are illustrated in Figures
: v- (Chapter 6) and their pertinent characteristics and suggested
og SZi:es are summarised in Table 10.2. In all cases KC is in excess
i or the following maximum wave and current conditions asso-

' With each platform:

Platform SNS Platforms NCNS and NNS

Waye height (m) 16 27.5

c:::epepi°d (sec): 12.8 16.8
nt (m/s) .

surface (MWL): 0.76 surface (MWL): 0.21

-3m : 0.39 -5m : 0.08

-8m : 0.31 -30m : 0.04

or
€ach member the following are noted:

"embe, A:

MuSsels and sea anemones colonise this leg section at two dis-
tinet elevations. In accordance with the previously suggested
Procedure the member is treated in two segments. The upper
Segment (-1.5m to -9m depth) is fully covered by mussels of 60mm
®€an overall thickness; the lower one (-9m to -12m) is 70%
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covered in randomly distributed sea anemones ranging in height
from 10mm to 80mm. The drag coefficients are obtained using
curve H of Figure 10.3 for the mussel covered segment and the
"sea anemones" curve of Figure 10.5 for the lower segment at the
respective k/D and % surface cover. Whilst the Cd estimate for
the upper segment is regarded as accurate, the drag coefficent
for the sea anemones is based on experimentél data at the higher

crude estimate of 0.15 and may be conservative.

Member p;
Marine growth on this horizontal bracing consists of a 30mm
thick strip of mussels extending along the top and outer faces,
with 200-500mm long kelp and other weeds interspersed among the
lmussels, whilst sea anemones colonise the bottom half of the
member. It is obviously an awsome task to estimate k/D and
assign Cd values to this member and the uncertainty in the
figures quoted in Table 10.2 is high. For assessment purposes
Some gross simplifications and assumptions ought to be intro-
duced. If kelp is neglected, and if it assumed that mussel
roughness is the dominant species and that sea anemones behave
hydrodynamically'as hard roughness, then K/D=0.03 and C4=1.15
may represent base values. However, kelp cannot be ignored
altogether and a conservative estimate of 1.28 is in order

which is derived from the "kelp" curve of Figure 10.5 at 25%
Cover,

As marine roughness is profoundly non-uniform, mainly due to
kelp plants being present only along the top and outer member
faces, biased transverse forces should be expected. It is not
Possible though to predict their magnitude through the available
data and, if required, a conservative estimate of C; .. must be
adopted.

Membep. C:

This horizontal bracing is fully covered by sea anemones and
Presents a straightforward application of the "soft fouling"
Curve of Figure 10.5, even though experimental drag coefficients
are only available for 70% surface cover by sea ane-
Mones/tunicates. At k/D=0.13 approximately, the member roughness
is comparable to the "local" k/D of 0.15 for the cylinder tested
in Steady flow with the bulk of soft fouling at right angles to
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the direction of motion (see Ch. 8, Section 8.3) which is consi-
dered as a good approximation of full roughness,

Members D and E:

Hydroids and oher soft weeds apart, the marine roughness on both
horizontal members correlates with the fodling cofigurations
tested in steady flow at reduced surface covers, albeit at
higher "local" k/D. The hydrodynamic effect of hydroids is not
known but it is believed to be small. One option is to ignore
the hydroids and to treat the members as partially roughened by

Mussels only. From the "mussels" curve of Figure 10.5 it follows
that:

= for member D, which is covered by 80% mussels, Cy=1.14;

~ for member E, where the top and outer faces are covered by 70%
mussels, the mussel cover over the entire surface averages to
35% approximately, i.e. Cq=1.1;

As the "mussels" curve refers to higher "local" k/D ratios, the
above drag coefficients are overestimated. However, they may be
interpolated to their "local" k/D of 0.03 and 0.02 using curve H
°f Figure 10.3. For fully roughened cylinders curve H suggests
reductions of 8% and 12% at k/D of 0.03 and 0.02 respectively
Compared to the mean Cd at 0.06<k/D<0.085. That is, for members
D and E Cq is 1.05 and 0.98 respectively. A more conservative
OPtion would be to adopt the overestimated coefficients in view
of the uncertainty regarding the drag effect of hydroids.

With respect to transverse forces, the arguments given for
Dember B also apply to members D and E as a result of the
Poughness being concentrated along the top and outer faces of
the 1atter,

::jabding the selection of suitable Cp values for the above members,
uncer‘tainties which arise from the roughness conditions or lack
::erslevant data would not affect the hydrodynamic loading estimates
O the small inertia force contribution at high KC. The values of

ab
le 10.1 are therefore recommended.
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I“Spection and maintenance requirements specific to marine growth
depend on initial design assumptions and loads pertinent to the
Particular platform and thus the general recommendations are confined
to the following:

= Marine growth should be characterised from good quality gene-
ral visual inspection records and in terms of the significant

roughness parameters identified by the present study.

~ Diver surveys should be limited to a minimum and only for
Ccases where detailed information is sought on aspects other
than hydrodynamic loading (e.g. corrosion enhancement).

= Cleaning-for-structural relief should be scheduled according
to updated marine growth and structural loading scenarios

through survey data.

= Preventive anti-fouling measures be taken after experimental
Verification of their hydrodynamic behaviour and cost-benefit
trade-offs.

Ote
3 for Table 10.1 and Figure 10.3:

1.
The Coefficients for soft fouling are best estimates based upon
s Steady flow results for sea anemones and tunicates at reduced
sur‘face COVers.

* The steady 1w drag coefficients for kelp refer to Re>7Tx10%; the

Cu values for kelp are based on the CBT field tests on horizontal
an
d Vertical cylinders [63].
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Marine Growth
Wave .

T
heory Hard Kelp Soft

Cy4 G Gy Gy Cq4 Co

Stokes v,
= 5<KC<30 | Curve UD 1.3 1.2-1.7 | 1.7-2.4 [1.3-1.5| 1.7

R.D.w.,
= 5<KC<40 | Curve RD | Curve RM | 1.2-1.7 | 1.7-2.4 |1.3-1.5] 1.7

Eithep,
= KC>40 Curve H 1.3 Curve K 1.7 1.3 1.7

Table
10.1, Recommended design force coefficients for marine roug-

hened structures (refering to Figures 10.3 and 10.4).

R —

Curve H
2,00, ) Curve K
] De Voorst
. ) —.—-.- Sarpkaya (KC=100)
1.75 [l\C=IS
i KC=2§
1.50 - . -
- -
—-—--/-/ "
5 S
O 1,25 4
1.00 4 //
0.75 J
0.50 4\
v YT

T v r———
1073 2 35 4 s 6789 5 2 34 56709'0_‘

10
\\\\\\\_‘5__-________‘7 ksD or L/D(x0.1)

Figure 10.3. Ccurves For design drag Force coeffFicients of

\\\\\\\5\"“‘~———ij:iii_i°ughened ofFshore structures.
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mussels ¢(0.06¢<ksD<0.08S)
1 — — — kelp ¢1.25¢LsD<2.5)
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Figure 10.5. Design drag coefficients For partially marine
roughened structural members.
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P——

Platform Member Depth Marine |Approx. Cq
E1® (m) Growth k/D
S N
A
Figs. 6.1-6.2 | -1.5 to -9 | Table B.1| 0.07 1.27
SNS1 - North face, |—=—=———mmmmdem e e f e
- Leg section,| -9 to -12 | Table B.1| 0.06 1.20
- 840mm dia.
[ ——
B
Figure 6.4,
NCNS1 - South face, -5 Table B.2| 0.03(?) |1.15-1.28
- Horizontal,
- 914mm dia.
[
Cc
Figure 6.5,
NCNS2 | - West face, -25 Table B.3| 0.13 1.35
- Horizontal,
- 762mm dia.
S ——
D
Figure 6.6,
NN1 | - North face, -12 Table B.5| 0.03(?) |1.05-1.14
- Horizontal,
- 1000mm dia.
'\
E
Figure 6.7,
NN2 | - South face, -16 Table B.6| 0.02(?) {0.98-1.11
- Horizontal,
- 1400mm dia.
i

Table 10.2 Example applications to marine roughened

tubular members.
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CHAPTER 11. DISCUSSION

It would be rather ambitious, and that is an understatement, to claim
that this research study has provided the offshore engineer with all
the answers to the basic problem of hydrodynamic loading on marine
roughened template structures. The sheer variability and randomness
of the natural phenomena involved will continue to introduce uncer-
tainties in design procedures for some time to come and will present
challenging research opportunities. Such areas of research, specific
to marine roughness, will be outlined later in this discussion. It
Would be worthwhile at this stage to review what has been achieved by
the present study before moving on to identify what more is required.

11.1. Review of Research Findings

As stated in earlier chapters, the adopted approach was design and
Maintenance orientated and, as such, it addressed the immediate needs
and limitations of current practices. Consideration of the underlying
Mechanisms of vortex flow about rough circular cylinders extended
only as far as validating the experimental procedures and results.

The Systematic experiments with macro-roughened cylinders were the
focal point of the study. Detailed results and applications to struc-
tural design have already been discussed in the previous chapters and
Only the main points will be drawn here.

As a general comment it may be said that the Reynolds number is of
Secondary importance to design procedures for estimates of wave
10ad1ng on marine roughened primary structural members. In all the
©Xperiments with macro-roughened cylinders the force coefficients
Were found to be independent of Reynolds number and variations were
Only observed with respect to wave amplitude to diameter ratios (i.e.
KC numbers).

In terms of hydrodynamic drag, the good correlation found between
artificial roughness and hard marine growth removes any ambiguities
’egarding the modelling of hard fouling by artificial means of simi-
lar Size and distribution. Sand or gravel is such a suitable form of
Foughness as it inherently possesses some variability in shape and

€lement size and may model mussel or barnacle growth reasonably well;
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albeit over a limited k/D range for large scale tests as the ones
carried out within the present study. The range of relative roughness
achieved with sand roughened cylinders at high Re (up to 106) exten-
ded up to 0.025. As such it did not cover the full range of "in-
Service" hard marine growth.

To achieve higher k/D ratios and at the same time to maintain high Re
and KC numbers roughness in the form of pyramids was used. The steady
flow results with regular arrays of uniformly sized pyramids establi-
Shed the effect of roughness height and correlated well with the Cy
data for mussel roughness. On the basis of these findings an even
More realistic pyramid roughness pattern was developed by modelling
all the significant characteristics of hard fouling; that is, element
Size ang shape similar to that for mussels and barnacles, non-uniform
thiCkness, and random element distribution. This pattern was used for
the pe Voorst large scale tests in regular and random uni-directional
Yaves (the results from the latter are the subject of further study)
and has also been installed on members of the Christchurch Bay Tower.
It has therefore provided a standardised and reproducible means of
modelling hard fouling which will allow in due course for unique
c°mpaf‘isons to be carried out between data from idealised flows and
the real sea environment under the same roughness conditions.

H°Wever, the working range of KC numbers for the wave loading experi-
Ments extendeq only up to 29 approximately. The CBT experiments are
ls0 limited to KC maxima of around 40. Moreover both investigations
i Concerned with hard roughness at full surface cover. Data from
these Studies are useful for applications which fall within the above
"ange of KC and for comparable fouling conditions.

As €Xtreme flow conditions for template structures refer to higher KC
QUmberg and since for a realistic approach to marine fouling one must
Consider 4 range of fouling types and configurations, the steady flow
9rag coefficients presented herein are well conditioned for ultimate
10ad1ng estimates. The overall agreement between the drag coeffi-
lents obtained by the "buoyant cylinder" technique, i.e. in steady
“Low, and those derived from field experiments or from laboratory
Smulatsong of random two-dimensional flows (SSPA tests, Chapter 10,
Fle. 10.4) points once again to the conclusion that steady flow drag
c°ef'f‘icients are applicable to calculations of extreme design loa-
dings, Undoubtedly there would be no shortage of hydrodynamicists who
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Would attribute the apparent agreement to the many mitigating factors
Of the real sea environment. It is known that wave particle orbital
motions, yawed flows, currents, reduced spanwise vortex coherence,
Wave irregularity and multi-directionality contribute to reductions
in drag coefficients obtained in random sea-states and to the good
correlation with steady flow C4q+ Such good correlation is not obvious
With drag coefficients obtained in uni-directional periodic wave or
Oscillatory flows. Whilst the designer should be aware of the above
factors and whilst it would be valuable to quantify and understand
theip effects, it must be realised that such factors cannot as yet be
incOr‘porated into a rational design loading estimation procedure.
D3318n must currently remain insensitive to such parameters. Design
eff'iciency, which arises from the necessary simplifications in mode-
111"8 the environment should not be forsaken by introducing parame-
ters which would simply justify the use of a chosen set of force
Coefficients derived through steady flow or ocean experiments. Such
Justification ought to be confined at present to the research level
o enhance the limited knowledge available on the effects of the
above wave flow phenomena and to explain the variability in data
Obtained from field tests.

The above argument also applies to the effects of marine growth and
their consideration at the design stage. Marine growth was characte-
Pised for the purposes of this study through six parameters. For
Structural assessment of existing platforms it is possible to esti-
Mate all of them through inspection records and assign suitable force
Coefficients. Not so though for the design of new structures. As
bef°re, the designer must be aware of the relative effects of all six
Poughness parameters but, in selecting appropriate force coeffi-
Cients, he must consider only those ones which can be predicted with
Peasonable confidence and whose effect can be assessed from available
e"pel".’tmental data. For the rest he is forced to make conservative
aSsumptions.

For extreme overall design wave loadings and according to the present
TeSults marine growth should be characterised through the type of
fouling and the mean overall thickness in the manner suggested in
Chapter 10. For peak local loadings or for fatigue analysis of criti-
cal members gross estimates of surface cover and distribution of
f0u11ng must also be considered. The latter recommendation is tenta-
tive as it is based only on the steady flow results. Further verifi-
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Cation on the effects of each individual parameter is required in
time-dependent flows. Until such time and for the sake of design
simplification, the distribution of fouling may be incorporated in
the Surface cover parameter which should be estimated in terms of
area of member face and not in terms of the full member area. For
Similapr reasons, non-uniformity in overall thickness of hard growth
or mixed fouling should be characterised through the mean overall
thickness and dominant fouling types respectively. However, the pote-
Ntial effects on biased transverse forces due to fouling distribution
and non-uniform thickness must be recognised at least with respect to
induced drag.

In the 1ight of the foregoing, the steady flow results for hard
Poughness validate in overall terms the force coefficients currently
adopteq by the industry for purposes of estimating peak member loads,
but only with respect to uniform hard fouling. For kelp fouling, the
drag and added mass coefficients more than double compared to those
for clean members and are about 30-40% higher than the force coeffi-
Cients ror mussel roughness. However, no firm conclusions can be
drawn from the "buoyant cylinder" results on the magnitude of inertia
Coefficients for marine roughness, particularly for kelp. Also, con-
sidePable uncertainty is associated with the fluid loading effects of
Sea anemones and other types of soft growth., It is tentatively, and
Perhaps conservatively, suggested that the drag effect of sea ane-
Wones is similar to that of hard marine growth,

Apart from the undisputed fact that marine growth must be characte-
ised by a combination of roughness parameters, the experimental
Pesults offer ample scope for a clearer interpretation of relative
Foughness for design and experimental purposes. Relative roughness,
In the present context, was defined by the mean overall thickness (or
length for kelp) and the "clean" cylinder diameter. This is the least
Uncertain definition for k/D. When coupled by the fact that the
€Xperiments were carried out at large scale with real fouling and
Which covered the most common fouling conditions encountered offshore
~ a8t least for hard fouling - the applicability of the results to
desiSH and structural assessment is direct. For most practical appli-
Cations there is no justification to adopt any other definition based
°n some uncertain and physically insignificant form of "equivalent"
Poughness thickness. Certainly the traditional practice of normali-

Sing mapine roughness through some mean C4 versus k/D curve must be
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critically revised.

The aSsociated uncertainties regarding the definition of diameter
have been repeatedly mentioned in earlier chapters. The increase in
force coefficients brought about by the increase in member diameter
is Profound as demonstrated by the results for the multiple layers of
Mussels, The same results showed that the "effective" diameter re-
Quired to bring the drag coefficient in-line with that for single
Uniform roughness may be larger than the actual diameter of the
fouleq member. Such exercise may be very misleading in the choice of
aPPropriate force coefficients. The safest alternative is to adopt
the "clean" member diameter for loading estimates. It is realised
that by using a "clean" diameter the calculated Re and KC numbers and
the relative contribution to total loading by the drag and inertia
°°mP°nents would differ by a small percentage from the case where a
"roughn diameter was adopted. In practice such differences are insig-
Mificant because at high KC and Re flows Cq is independent of both
Parameters and C, is of limited importance and, in any case, the
°bJective is to :;timate the total force acting on members. There-
fore, the uncertainties in characterising relative roughness would
Feduce jp the increase in member diameter were included in the force
oefficients, This is particularly important for kelp and soft
8rowths and a1so for partial or mixed fouling.

’ Comment is jp order regarding the application of the research
findings to inspection and maintenance. The study showed that the
neeessaPY data for characterising fouling may be readily retrieved
Tron high quality general visual inspection records carried out by
ROy1g and analysed onshore by trained engineers or marine biologists.
The interpretation of the data should be carried out according to the

Pr
Ocedure described in Chapter 6.

With Peéspect to removal of fouling, the experimental results offer
SCope for improved forecasting capability in the scheduling of clea-
ning‘f'm‘-str'uct:ura1 relief intervals for existing platforms. They
3o Provide 3 measure for assessing the potential benefits of retro-
g anti‘fOUIing cladding in terms of reductions in fluid loading and

structural weight.

F
1na11y’ this research study has formed an intermediate step towards
evel°Ping an integrated "Design-Construction-Maintenance" enginee-
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:;:ii::del by formulating the relationship and interactions of the
growth" factor to this model. Fluid loading due to marine
i;:ii: tf, however, not the end result and other techno-economic

ust be quantified and integrated within such a concept which

ad
dresses strategic engineering objectives.

11.
2. Recommendations for Future Research

;te:: i;i:ent from the previous discussion that there is a wealth of
roughness ”ijfurther research is needed with respect to marine
Just Withiznt hydrodynamic loading. Such areas must be identified not
inproveg g he framework of industry needs but also with the aim for
Inevitabln :rstanding of the governing flow and roughness phenomena.
knowledge : he nature of these phenomena and the limited state of
Mode) g witho ZOt allow for the development of reliable mathematical
emphasi g isou extensive support from experimental data. Hence, the
Context of f3t111 placed on experimental research which, within the
St be pop luid loading on marine roughened template structures,
mulated through the following:

= outstanding requirements for marine growth related force coef-
ficients;

= Simulation of real sea flow regimes and of in-service marine
roughness;

T control of the structural, flow and roughness characteristics
to achieve reproducible data at full scale.

Aecopd
ing to the above formulation the following are recommended:

a) g
thancement of marine growth database

D

szzit;i 2&3 extensive laboratory tests with macro-roughened cylinders

Short in ;jues require verification. The present experiments fell

Gomplex s lly establishing the effect of kelp and soft fouling. The

of grOWthgistics involved in large scale experiments with such forms

mmplement must be recognised. Therefore a limited range of
ary tests is proposed with real kelp plants or sea anemones

bey
n
an g artificially attached on the cylinder surface. Limited tests

Eal
i SO required with cylinders fully covered in naturally grown

1ty
Ple layers of mussels and mixed fouling. Such experiments must
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be carried out in steady, uniformly accelarating, periodic, and
Fandom pianar flows at high Re and over the widest possible range of
KC numbers, Thus, the present C, database would be enhanced and
€Xtended to include inertia and 1lift force coefficients. Experiments
With other forms of growth (e.g. soft corals and hydroids) would be
deSir'able but are again subject to logistics problems such as the

aQuisition of fouling and its survival during high velocity tests in
fresh water,

Ho"eVeP, experiments with marine fouled cylinders cannot guarantee
r'epeat:abilit:y in roughness conditions nor can they be extended over
long testing sessions due to fouling deterioration. Systematic inves-
tigations 1p idealised time-dependent flows must therefore be carried
Ut With artifieial macro-roughness. The pyramid roughness pattern
developed through the present study should form the basis for such
e"p'?-l"iment:s to assess the distribution, orientation and surface cover
Foughnesg Parameters in quasi-steady and oscillatory flows. Similar-
ly, €very attempt should be made to replicate kelp plants with due
%onsideration to their hydroelastic behaviour and dimensional varia-
bilityk This would allow for maximum flexibilty in designing systema-
e €Xperiments in all types of flows including regular and random
Have flows in facilities such as the large Delta flume at the labora-
tory pe Voorst.

b
) Inveﬁtisation of vortex-induced transverse forces

In design Practices formulated around the Morison equation transverse
forees are not considered. Yet there is strong experimental evidence
“hat Peak 1ift forces are similar in magnitude to in-line forces, at
Least for low aspect ratio tubulars. Arguably this effect may be only
DPOnOUnced in uni-directional periodic flows where vortex lock-in
oceurs and the shed vortex street is washed back onto the cylinder by
: l‘e"“'-"‘Sed wake. In real seas the vortices disperse in various
Pectiong Subject to incident wave iregularities and are not cohe-
sent Over the entire structure or along the span of individual mem-
°"S. However, this has not been substantiated due to the limited
r“°WIed8e and the paucity of data for macro-roughened cylinders and

dj

ur
ther reésearch should be of great importance.

E
“Perinents should be carried out at the previously mentioned flows
0 ’

quantify the roughness distribution and orientation effects to
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biased transverse forces. Also, the spanwise vortex coherence must be
investigated through oscillatory flow tests with long slender smodth
and rough cylinders where their aspect ratio would be systematically
vVaried. The objective should not only be to provide data for extreme
loading estimates, but rather to improve on the understanding of such
effects in the context of marine roughness and to establish whether
transverse loadings ought to be considered for nominal local stresses
for fatigue damage purposes, particularly at the drag/inertia domi-
hated regime (5<KC<25).

¢) Effect of member orientation to flow

It has already been mentioned that yawed flows and water particle
orbital paths tend to reduce Cqe To what degree this reduction occurs
for marine fouled members is open to speculation. Furthermore there
are significant differences in marine growth configurations between
vVertical, horizontal and inclined members. Large scale experimental
work is required in wave flows with horizontal rough cylinders; and
also in idealised planar flows with inclined cylinders where the

Surface cover, distribution and orientation would be systematically
Varied.

d) Fluid loading on nodes and secondary structure members

Limited data exist for hydrodynamic loads of marine roughened nodes,
Compliant structures, conductor guide frames and appurtenaces such as
fouled anodes. Such experiments call for complex experimental set-ups
and data analysis methods and, therefore, are noted here as desirable
areas for long term large scale investigations.

The above constitute a considerable amount of research effort which
is directly relevant to marine growth and fluid loading. Other re-
Search related to the analysis methods of laboratory and field data,
the prediction of real sea kinematics, and the overall integration
and rationalisation of design and maintenance practices is also
Pequired. In the words of Professor Sarpkaya, "...man does not live
by experiments alone (i.e. mathematical models are urgently needed)
and man cannot resign in face of uncertainties and lump everything

into two apparent coefficients".
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CHAPTER 12. CONCLUSIONS

The general conclusions drawn from the research study are:

a)

b)

d)

e)

Marine growth significantly increases hydrodynamic loading. This
increase varies with the type of marine growth. The most severe
increase in drag forces is caused by kelp growth which may amount

to more than 100% compared to that for a clean member.

For any given type of marine growth the increase in drag force
depends on the overall thickness and element size of fouling,
bPercentage surface cover, distribution, non-uniform thickness and
Oorientation to direction of flow. The extent of this dependence
Varies with the type of fouling and is not pronounced for kelp.

Marine growth cannot be adequately characterised by a single
Parameter such as relative roughness (k/D). The following parame-
ters are appropriate when selecting force coefficients for global
design: (i) type of dominant fouling; (ii) mean overall thickness.

For 1local collapse and fatigue design, forecasts are required of
the rates of change of the following parameters during the life of
the structure: (i) mean overall thickness of dominant types of
fouling; (ii) surface cover per member face; (iii) distribution.

For the assessment of existing structures, the parameters cited in
(b) must be quantified through a multi-disciplinary procedure such

as that recommended by the present study.

Drag coefficients derived through large scale experiments in stea-
dy flow are applicable to design and structural assessment prac-
tices for extreme hydrodynamic force estimates on marine roughened
tubulars in drag dominated wave or combined wave and current flow
regimes. The drag coefficients for uniform hard growth or artifi-
¢ial roughness validate the local design drag coefficients curren-
tly adopted by the industry. However, for kelp and soft growths
and non-uniform hard growth the latter design coefficients would

appear to lead to underprediction of wave forces.

At the drag/inertia flow regime, transverse forces on low aspect
ratio macro-roughened tubulars are of the same order of magnitude
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f)

as in-line forces and are a multiple of flow oscillation frequen-
cy. They result in significant increases in total wave loads which

are underpredicted through the Morison equation approach.

A set of experimental data has been produced which will allow
improved estimates to be made of the effect of hard marine growth
(and to a lesser extent soft marine growth) dpon the hydrodynamic
loading of template structures. This data set needs to be expanded
to cover the effects of soft fouling and long flapping seaweeds

more extensively.
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APPENDIX A: Dominant Marine Fouling in the North Sea

A.1. Mussels

One of the most dominant marine organisms on offshore platforms is
the mussel. Being circumpolar, mussels are enéountered in boreal and
temperate seas. Around the British coast the commonest species is the
Mytilus edulis which can be found on any platform from the southern
up to the northernmost North Sea fields. It appears in populations of
various densities at shallow waters though occasionally it is present
down to -40m water depth.

Significant differences exist among platforms in terms of mussel
Population depending on whether a platform is located in the path of
Surface currents carrying planktonic larvae from coastal areas or
whether neighbouring platforms act as colonising sources. The mussel,
is a robust organism occuring in open water where there is signifi-
cant water movement, and will survive anywhere provided there is
Secure anchorage.

Description

Mytilus edulis is a bivalve marine invertebrate protected by a hard
Calcareous shell of purple-black colour which is essentially triangu-
lar in shape. It will attach in large numbers to any hard, rough,
Preferably discontinuous surface by elastic byssus threads secreted
by an associated group of glands in the foot.

Figure A.1 illustrates the shell form and attachment apparatus of the
Mussel. The threads are planted by the foot such that the individuals
are capable of withstanding multi-directional wave forces although
they tend to align themselves parallel to the principal direction of
flow. The foot retains the capacity for movement particularly in
young mussels which are highly mobile. Temporary byssal attachment is
Made whenever the mussel comes to rest whilst, when moving, threads
are attached and then abandoned at every stage in the process., The
Strength of byssus threads increases both with strong wave or current
action and with age of the individuals.
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Settlement

Settlement periods for mussels vary with geographic location but it
can be generally said that in the North Sea mussels will spawn bet-
ween March and September [10]. Settlement takes place in two stages.
Primary spawning of early plantigrades occurs on filamentous substra-
ta such as members covered by algae or hydroids which subsequently
disappear. Secondary settle ment occurs on established mussel beds at
any time during the year.

Seed [116] has conclusively demonstrated that mussels attach tempora-
rily on filamentous algae, particularly on the hydroid Tubularia
mytiliflora, and from those permanently to beds of adult mussels.
However the enhancemment to settlement provided by fine filamentous
growth is not provided by larger seaweeds (e.g. kelp) which instead
inhibit mussel colonisation.

Size and Growth Variation

Shell size is extremely variable and depends on environmental condi-
tions and on the age of the animal. Factors such as growth rate,
Population density and degree of exposure to waves also influence
differential growth producing a considerable array of shell forms.

Disproportionate growth is reflected in a gradual change in body
Proportions with increasing size and age (Figure A.2). Older mussels
€enerally have heavy, elongate shells where width frequently exceeds
Shell height. Since growth is defined as increase in body size,
Weight or volume might be the most appropriate parameters for its
Measurement. However, the shell is such a prominent feature of the
Mussel anatomy that growth is generally measured in terms of length.
Extreme caution though should be exercised in using singular linear
Parameters to measure growth. For example, although mussels may be
incr‘easing in biomass at approximately equal rates, their growth in
terms of other parameters such as length, width or height may vary
according to age and local environmental conditions. Even mussels
8rown under apparently identical conditions can exhibit widely diffe-
rent rates. Variation is such that whilst in ideal conditions mus-
Sels may grow very rapidly - sometimes exceeding 60-70mm within a
Year - under less favourable conditions growth is exceedingly slow
With some individuals measuring only 20-30mm long after 15-20 years.
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Mussel is gregarious and dense settlements are often found around the
edges of and between individual mussels in existing populations. Such
behaviour has adaptive value since mussels are subjected to wave
forces especially on exposed areas. The reduced surface area which is
€Xposed to such forces by animals within dense clusters together with
the mutual support of neighbouring individuals makes groups of mus-
Sels better adapted to withstand wave action than isolated indivi-
duals. Mussel beds increase in dimensions both through gregarious
Settlement and growth of individual mussels. Typical growth curves
for Mytilus from various locations are illustrated in Figure A.3
where it is shown that increasing age is accompanied by a decline in
growth rate [10].

Reductions in growth rates are also found in populations of mixed
ages where the majority of small mussels amongst the byssus threads
of larger individuals are at a disadvantage in the competition for
food. It should be expected that growth rate slows down within a
denSely populated clump of mussels.

Food Supply is probably the most important single factor in determi-
hing growth rate. If food is scarce the growth is retarded regar-
dless of all other conditions. This factor probably also determines
the upper limit of mussel presense on any platform since a point
Will be reached when the food demand will exceed the supply available
during the feeding period. The water depth at which this becomes
Critical varies from platform to platform depending on local condi-
tions such as tidal level and wave splash. In areas where food is
abundant blanket cover up to 250mm thick can develop. However, rela-
tively few of the mussels are actually attached to the substratum.
The majority are attached to each other's shell by byssus threads.

Temperature is acknowledged as another important factor in control-
11“3 growth rate. Mussel growth occurs between 3° and 25° C with an
OPtimum between 10° and 20° C, whilst growth declines sharply above
20° ¢,
Mussﬁl mortality and migration may trigger growth variations. Preda-
tors Such as eider ducks and starfish may reduce thick mussel beds to
¢lusters of empty shells. Intense spatfalls of young plantigrades
also constitute a major mortality factor since the underlying mussels
sut‘f‘%ate thereby loosening the entire population from the substra-
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Fig. A.3. Growth rate of mussels at various locations [10].
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tum. Alternatively, young mussels becoming attached to older indi-
viduals find competition too severe and die.

Competition for space can be strong leading to "hummocking" where
mussels being in the centre of the hummock often have no direct
contact with the substratum. Much of the population might then be
torn off during rough seas. However, in terms-of population dynamics
Some of these mussels will colonise other structural members covered
in barnacles and algae. Under such circumstances, mussels are usually
the competitive dominants.

A.2, Kelps

Perhaps the most aggressive fouling organisms in the North Sea are
the long flapping seaweeds Laminaria commonly refered to as kelps.
Though occasionally found in the lower 1-2 metres of the inter-tidal
Zone they are predominantly sub-tidal. All species can extend down to
15-20m water depth or even to 30m in the Norwegian sector of the
North Sea . As they thrive in cold water conditions kelps are most
likely to cover the top elevations of northern North Sea installa-
tions such as the Murchison, Magnus and Hutton platforms. They are
‘also present in limited numbers on some central North Sea platforms
(e.g. Forties).

Description

As shown in Figure A.4, the main types of laminarians in North Sea
Waters are:

- Laminaria digitata; distinguished by their long stem (stipe) and
palm-like blade which is split into many narrow long fronds.

- Laminaria hyperborea; essentially similar in shape to digitata.

- Laminaria saccharina; consisting of a single crinkly blade.

All kelps grow on hard substrates from their holdfast, a complex
bPanching system consisting of many haptera tips. The holdfast deve-
lops in such manner as to ensure a remarkably strong adhesive action
w1thstanding even the strongest currents or extreme waves. A thick
Stipe about 20-30mm in diameter supports a broad flexible blade which
in the case of L. digitata is split into numerous strip-like fronds
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(a) L. digitata

(b) L. hyperborea

Fig.A.4. Common kelp species
in the North Sea [117].

(c) L. saccharina
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(lamina) of various widths. The plants tend to align with the pre-
vailing current/wave direction and their fronds become thicker in
areas of high water turbulence. Elasticity therefore varies not only
along the length of each plant (stiff stipe but flexible blade and
fronds), but also among different plants depending on their relative
Position to the predominant direction of flow.

Settlement

Laminarians exhibit a complex life cycle. Mature plants (sporophytes)
on the shore or on neighbouring platforms produce spores during the
Spring which are released into the plankton and carried by water
inflows to suitable surfaces. If a spore attaches on a substrate it
develops into a gametophyte and becomes fertile at low temperatures
(5°-7° C). The female gametophyte then produces fertilised eggs that
8row into new sporophytes. This process takes about 2-3 years while
the new sporophytes will take a further two years to mature and
become fertile. Therefore, kelp growth is not established at least
during the first five years after the installation of a platform.
FOIlowing this period dense populations develop very rapidly.

Light conditons are critical and the optimum water depth range for
'Settlement and growth on North Sea platforms is between -1m to =-15m
aPPPoximately. Inital settlement occurs along the top and outer
Wember faces irrespective of the possible presence of mussels or
other hard growth as kelp colonisation is aggressive. In fact mussels
and barnacles provide extra anchorage for the plant.

Size and growth rate

Different water regimes produce different forms of kelp growth. L.
digitata and L. hyperborea generally prefer exposed areas where they
8row up to lengths of 3m with the stipe alone reaching 1m. They can
also adapt to sheltered waters where the stipe will be just a few
Centimetres long and the blade may not develop into fronds. In areas
With strong currents the total length of mature plants may exceed 5m
With stipes well over 1m long. L. saccharina which usually flourish
in Sheltered areas grow a single blade about 3m long from a short
Stipe, They too can adapt to strong currents. Blade width varies with
type of laminarians, age of plant and water regime. A 3m long kelp
May be 0.5m wide but the proximity of neighbouring plants and its
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flapping motion may cause the blade to curl and effectively reduce in
width,

Seasonality and water temperature affect growth rates as kelps start
growing during the latter half of the winter and peak in the period
between April and June. New lamina tissue is produced from the meris-
tem at the proximal region pushing ageing tissue towards the distal
region (Figure A.5). The higher summer temperatures result in gradual
decay of lamina at the distal region and by late November significant

die-back is evident. Johnston [117] quotes the following growth
rates:

- L. digitata 11-13mm/day,
- L. saccharina 17-49mm/day.

Kelp density is variable particularly for L. saccharina which may
form dense forests with up to 200 plants/m2 or can be solitary. L.
digitata are more consistent at around 45 plants/mz. In terms of
Weight the figures quoted by Johnston are [117]:

_ L. digitata 6-9 kg/m?,
- L. saccharina T7-20 kg/m2.

Kelp plants may live up to fifteen years by regenerating new lamina
and shedding the ageing ones. The blades of some plants are however
ripped off during storms and since their regeneration system is
located at the transition zone between the stipe and the blade they
are unable to survive. Also it is preferable to destroy kelps by
Cutting off the stipe above the holdfast rather than ripping off the
whole plant, and possibly damaging the steel surface in the process
because of the strong adhesive action by the holdfast.

A.3. Sea Anemones

Classified as climax soft fouling, i.e. not likely to be replaced by
Other foulers once established, sea anemones are dominant on the
Central and northern North Sea platforms at water depths between 15m
to 120m. The common species is the Metridium senile, while the spe-
Cies Tealia may also be encountered in isolated form. Abundant growth
Of Metridium occurs at around -30m to -50m depth, along the bottom
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Fig. A.5. The kelp Laminaria digitata [117].
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faces of tubular members and around anodes and other excrescences. As
competition for space becomes acute, the animals propagate over the
entire member surface and towards the upper and lower platform eleva-
tions overgrowing hard foulers and hydroids.

Description

Metridium senile is a soft orange or white columnar growth with thin
tentacles protruding from the top (Figure A.6). It has no rigid
Skeleton; the water intake filling the column acting as a hydrostatic
Skeleton. Attachment to the substrate is by means of a basal disc
Secreting mucus. Strong adhesion is possible but the animal retains
the capacity to slowly glide across the substrate.

When disturbed, either by touching the tentacles or by strong water
turbulence, the tentacles withdraw into the column which drastically
changes in shape becoming much shorter and squat. If removed from its
natural environment it loses most of the water intake and changes to
blue or purple colour. It can however reattach itself to a new sur-
face provided it is kept in seawater.

Settlement

Metridium breeds during June and July either by releasing larvae into
the plankton or by pedal laceration [10]. The latter method, which is
very common in the North Sea, involves the release of small pieces
from the basal disc of mature animals which quickly develop into
Small anemones. Thus, blanket cover is achieved with small animals
Surrounding parent individuals.

Size and growth rate

Due to the method of settlement and reproduction and also because of
the dynamic height variation of individuals it is difficult to esti-
mate the thickness of sea anemone cover or the height of individuals.
Rough figures of 150-200mm in height and 80-150mm diameter have been
quoted, whilst densities of over 400/m? are quite common [8,101.
Growth rate is high once sea anemones are established on a structure
as is their resilience to competition from other species and to
Suspended inorganic matter (e.g. drilling mud and cuttings).
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Fig. A.6. Close-up view of sea anemones.
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A.4, Tunicates

The tunicates or sea squirts, shown in Figure A.7, are common coloni-
Sers on most North Sea structures and can be found in all depths
Preferably in sheltered areas. They have a soft transparent tubular
body covered by a cellulose based tunic with two openings. One of the
Openings is used for adhesion to the substrate. They settle in summer
but live only for one year while most animals are washed away during
Wwinter storms. Their body is full of water and as they can grow very
rapidly in large numbers (about 250/m?) they entrap large volumes of
water.

A.5. Barnacles and Tubeworm

These are two forms of calcareous growth colonising virtually all
North Sea platforms at the early stages of their operating life. The
main barnacle species are: the Balanus balanoides appearing in shal-
low waters, and the Balanus hameri usually found in water depths

below 90m. The latter is, therefore, not "hydrodynamically signifi-
Qant " "

‘Balanus balanoides is a white, sharp edged, frustum shaped animal
firmly adhering to the substrate via a calcareous disc formed by a
Cement-like substance. The base remains attached to the steel surface
once the rest of the barnacle has been scraped off. Hence if cleaning
Of bulky growth were carried out, barnacle covered members would
remain "rough", Barnacles grow up to 75mm high with a base diameter
of 50mm approximately. They settle by releasing larvae and can dense-
ly cover large areas but are eventually overgrown by other forms of
hard and soft fouling.

Tubeworms or pomatoceros behave in a similar manner to barnacles,
l.e. initial colonisers which are virtually impossible to remove
completely off the substrate. They differ however in shape and dimen-
Sions., As the name suggests they are worms living in hard white
Calcareous tubes of triangular cross-section which are cemented to
the substrate in random shapes (Figure A.8). They do not grow more
than 10mm high but can cover large areas in the few months following
Platform installation.
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Fig., A.7. Dense population of tunicates on a test cylinder.

Fig. A.8. Pomatoceros (tubeworm) on a test cylinder at

Loch Sween, West Coast of Scotland.
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A.6. Other Species

In the preceding sections only the species which are considered
"hydrodynamically significant" and were tested either exclusively or
as part of mixed fouling are described. There are two more fouling
organisms which, though not tested for fluid loading, do merit consi-
deration. These are the hydroids and the soft corals.

The hydroid species Tubularia is a feathery flower-like animal consi-
sting of stiff stalks up to 150mm long. It appears on platforms at
all depths and grows rapidly forming dense forrests. It is very
flexible and responds to the slightest wave or current action . Its
fluid loading effects are not known.

This is also the situation for the soft coral Alcyonium digitatum.
Though found in isolated form at depths below 30m on most central
North Sea platforms there have been specific cases where abundant
growth at the wave affected zone has been recorded. Alcyonium con-
sists of a rubbery tissue mass covered by hundreds of small polyps.
Its finger-like shape and its size vary by means of contraction and
expansion. Maximum recorded height is about 200mm and density is up
to 500/m?.
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APPENDIX B. Description and Classification of Marine Growth
for Six North Sea Platforms.

The state of marine fouling on six fixed steel platforms is described
in three sections according to platform location. The study was based
On colour videos of ROV general inspections which were carried out
during 1985, except for platform NN1 where B/W videos were available.
Visual perception was severely impaired in the latter case and also,
in some cases, for structural members located near the water surface.
Inspection datasheets, structural drawings and member codes provided
additional information. The data for each platform are systematically
Classified in Tables B.1 through B.6.

B.1. Southern North Sea

One platform located in this sector was studied. It is situated in
25m water depth and has been in-service for over 15 years. As shown
in Table B.1, the predominant types of marine growth were mussels,
Which colonised the top half of the jacket, and sea anemones in great
Profusions over the -12m to -25m depth range. Hydroids and tubeworm
Were also present at the splash zone.

a) Splash zone

Horizontal members in the splash zone were fully covered by heavy
Mussel growth. It appeared to be uniform over the entire member
Surface apart from small areas around appurtenaces (e.g.stubs) where
growth was more pronounced. New settlements of 8-10mm mussels were on
top of established beds of 25mm mussels. Overall thickness was appro-
Ximately 60mm. No significant differences were detected between plat-
form faces at that depth range.

b) <1.5m to -12m

The members reviewed in this depth range comprised leg sections and
inclined bracings. Therefore, changes in composition, type and sur-
face cover were noticeable due to depth variation. Wide bands and
Clusters of 25mm mussels were randomly distributed over each inclined
Member and extended down to -9m depth; the bottom 3m being heavily
Covered (90%) by 20-40mm long hydroids. Cluster size and thickness
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varied between inclined members but no trend could be discerned among
Platform faces. The larger clusters consisted of multiple mussel
layers up to 120mm thick overall. They were genarally located around
the anodes on the top and outer member faces. The surface cover
gradually reduced from 80% at -1.5m to 30% at -9m, the remaining area
being covered by 15mm hydroids or soft green weed. On one diagonal
(-5m to -6.5m elevation) a population of starfish was feeding off a
100mm thick mussel bed and, as a result, large amounts of open shells
Were interspersed among live mussels.

¢) -12m to -25m

Sea anemones and hydroids dominated the jacket at that depth range.
The North and East face members were 90-100% covered by 100-150mm sea
anemones with smaller ones emerging among the established communi-
ties, thus indicating new growth. The same pattern applied to South
face members with the exception of one nodal area, at -12m, where
dense, non-uniform, 25-60mm mussel growth extended along the adjacent
horizontal and inclined members. The horizontal member was fully
Covered by mussels, whilst cover was patchy (20-40%) over the outer
and top faces of th inclined member and the leg section down to -21m,
the remaining surface area being covered by 50-100mm sea anemones.
Mussel size at -18m was 25mm, with apparently new 10-15mm growth
Stretching down to -21m at 20% cover. Mussels were present only on
the South face at that water depth.

FOUIing was patchy on all West face horizontals and diagonals consis-
ting primarily of 50-150mm sea anemones, whilst 10-15mm hydroids and
Smm tubeworm covered any free from sea anemones surface. Sea anemones
Cover did not exceed 30% of the outer faces with the largest and
hore dense patches situated around the anodes. Also, isolated soft
Corals, up to 20mm in height, were observed at the bottom face of one
diagonal. The distinct reduction in surface cover at the West face at
that elevation is attributed to cleaning prior to the installation of
2 strengthening bracing. It is remarkable that the strengthening
Wember itself was 60% covered by 100mm sea anemones.
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B.2. North Central North Sea

The three studied platforms are situated at 100-120m water depth and
Were installed during 1974/75. Sea anemones were the predominant
Species an all structures. Although they were found throughout the
Whole structure in varying densities and thicknesses they covered
almost exclusively members in the -24 to -80m depth range. Therefore,
the Study was concentrated in the MSL to -2Um range where fouling
Composition varied significantly with mussels, kelp and soft green or
brown weeds the dominant species.

Platform NCNS1

All horizontal members at the -2Um elevation were 90-95% covered by
50-90mm sea anemones with small bare patches randomly distributed
along the top face. Anemone layers were thicker at the bottom face of
all members suggesting that the communities expand upwards. Isolated
30-40mm soft corals were found among sea anemones along the bottom
face of North face bracings.

a) -2im to -5m

The inspected members consisted of leg sections and vertical and
inclined bracings. In general, dense populations (70-90%) of sea
anemones extended up to -18m. However, size decreased from 40mm at -
24m to 20mm at -18m. On one leg section and up to -7.5m, 20mm sea
dnemones were sparsely distributed over a uniform layer of 10-15mm
Mussels which extended from -9m to -6m over the outer face only. All
Other structural members possessed similar characteristics among
them, i.e. hydroids between -18m and -5m and 60-100mm long green
Weeds growing over tubeworms with occasional patches of 20-80mm sea
anemones particularly between anodes. Parts of the outer face of some
braces were completely free from fouling due to either wire abrasion

or cleaning for weld inspection.

b) ~5m to MsSL

The general pattern for the three platform faces (East face not
Surveyed at that elevation) consisted of kelp and/or green weeds

Colonising the top and outer faces. Sea anemones dominated the bottom
face of the members. Mussel growth was patchy and outgrown by those
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Species. Elongated uniform layers of 10-15mm mussels covered the
North face horizontal bracings. They spanned the top and outer faces
of the LHS member, extended through the node to the adjacent (RHS)
member over a 1m span and, over a further 2 or 3m, clusters of
Mussels were randomly distributed along the outer face. Among the
Mussels grew 40-60mm long brown weeds which also densely covered any
free from mussels areas. The bottom and inner faces of both members
Were covered by young growth of 10mm sea anemones, in a similar
Pattern to that described above. However, density increased distin-
Ctly in the vicinity of anodes. It should be noted that, at =5m
elevation, bracelet anodes are mounted across the circumference and
at regular intervals along the member length.

On the South and West faces, kelps were established at the top and
Outer member faces. They varied in length between 100-500mm and were
Sparcely distributed over the member span (approximate density of
20-25 plants/mZL At isolated areas, the kelps grew over 25-40mm
thick mussel beds which extended, in elongated strip form, on the top
and outer faces of horizontal bracings and around the circumference
Of the vertical and inclined members. The bottom and inner faces of
the horizontals were 80-85% covered by 10-30mm sea anemones, which
Were also present on the outer faces near the anode bracelets.

Platform NCNS2

Marine growth on platform NCNS2 was broadly similar to platform NCNS1
in Species types and their variation with depth. However, some notab-
le differences existed in species size, distribution and composition
Per member. The North face was less densely covered than the rest. It
wasg virtually free from kelp or green weeds and had patchy colonies
°f 10-30mm mussels at 20% surface cover on horizontal bracings at the
~6m elevation. Sea anemones dominated all members and ranged in
height from 20-80mm at -25m to 10-30mm at -5m.

Kelp and 30-40mm long green weeds appeared in low densities (20%) on
h°Y‘izonta1 members of the East and West faces (-6m elevation). The
Seaweeds, whose length did not exceed 100mm, were isolated (10-15
p1ants/m2) midway along the top faces of both inspected horizontals.
The remaining surface areas were 80-90% covered by sea anemones,
r'anging in size from 100mm at the bottom faces to 50mm at the top.
Isolated soft corals (30-50mm) grew among the sea anemones at the
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bottom and outer faces of one horizontal. Along the top face of the
Same bracing, a 100mm high conduit spanning the member, was densely
covered by sea anemones and green weeds. It should be expected that
significant transverse forces are experienced by this member due to
body asymmetry.

South Face

The South face was studied in greater detail since marine growth was
Significantly heavier. At -25m elevation, both inspected horizontals
were 90-100% covered by 30-120mm sea anemones, apart from a 2m span
midway along the RHS bracing which was fully covered by 50-70mm soft
corals.

a) -25m to -6m

Marine fouling types and composition were similar for the two re-
vViewed inclined members. The LHS member was fully covered by 90-120mm
Sea anemones and tunicates between -25m and -23m, whilst sea anemones
mixed with 15-60mm soft corals covered the member up to -20m in a
70:30 ratio. The top face in the depth range of -20m to -6m was
covered by 70-100mm long green weeds with 10-40mm soft corals scat-
tér‘ed along the bottom and outer faces up to -15m depth. The RHS
inclined bracing was full of 90-120mm sea anemones between -25m and
~19m, with occasional, randomly shaped, bare patches on the top face
€ach being about 0.2m2. From -19m to -6m, the bottom/outer face was
fully covered by 20-60mm anemones and the top one by 100-130mm hyd-
roids and green weeds, except for a circumferential band of 70-80mm
Soft corals at -16m to -15m.

b) ~6m to MSL

The top face of the LHS horizontal brace at -6m had 100mm green weeds
and up to 150mm long kelp sparsely distributed along the top face
Only. Bottom and inner faces were 50% covered by 20-40mm sea ane-
Mones, Kelps of similar length were evenly distributed on the top
face of the RHS horizontal at 30-40% density, the rest being covered
by 20-40mm sea anemones. It is believed that numerous construction
Points, protruding by about 200mm from the top face, provide a shel-

tereq habitat for the sea anemones.
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The partially submerged inclined and vertical bracings were extensi-
vely covered by flapping seaweeds, mainly kelp, which ranged in
length from 200mm to 900mm. Cover of the top and outer faces was 80%,
thinning out at -2m to 30%. Bottom/inner faces were fully covered by
20mm sea anemones at depths up to -2m. Mussels, barnacles or sea
anemones grew on top of the kelp holdfasts. Tubewqrm was also visible
at -2m on the outer face of the South-East corner leg.

Platform NCNS3

The only significant difference from the other two platforms was the
strong presence of 40-60mm thick mussel layers on the East and South
faces, reaching 80% blanket cover at -5m to MSL. Kelps, growing among
mussels, were 600mm long but sparse (10-30%) at the top face of
bracings and outer face of leg sections.

B.3. Northern North Sea

Both reviewed platforms were installed in the early '80s and were,
therefore, only partially covered by marine growth. The members at
depths below 60m were covered by primary settlers such as algae or
fine filamentous growth.

Platform NN1

The extent of growth was generally low at all elevations and com-
Prised mussels, hydroids, barnacles, tubeworm and starfish. At depths
below 70m down to the seabed, the structure was almost clean, whilst
only 20-30mm hydroids and 2-4mm tubeworm were observed in the -15m to

~70m range.

At -12m, 15-20mm mussels covered the top half of the horizontals and
20-30mm hydroids colonised the bottom and inner faces. Mussel growth
was randomly distributed in patches along the top and outer faces of
inclined members resulting in 30% cover. Green weeds, 20-40mm long,
Ccovered the remaining surface. Near the nodes, and also around indi-
Ccator flags and anodes, mussel growth thickened to 40mm approximate-
ly, Typical internal braces of the -12m horizontal frame exhibited
Significant concentrations of 20-30mm around the indicator flags (top
face).
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Platform NN1 is located in a region where heavy growth of kelp has
been recorded [14]. It is therefore likely to be dominated by sea-
weeds in the wave affected zone with sea anemones prevailing in

deeper water.
Platform NN2

The North and South faces of this platform were studied. The most
notable differences among the two faces were the kelp presence, at
the development stage on the North face, and the comparatively exten-
Sive mussel cover of the South face. Mussels, barnacles and hydroids
Were encountered on all members down to -30m. Solitary tubewornm,
hydroids and patches of sea anemones at low density grew in the -30m
to seabed region.

The studied splash zone members of the North face comprised one
Vertical and two inclined bracings. On all three, kelp up to 200mm
long was recorded on the top and outer faces, in isolated form (5-10
Dlants/mz) and at water depth of about -5m. Hydroids and 60-100mm
8reen weeds grew among the kelps and on top of a tubeworm layer. The
Outer face of the vertical member was 60% covered by a wide band of
20-30mm mussels, gradually increasing to 80% at -5m. Hydroids and
isolated kelp covered the other faces with length reaching 150mm and
300mm respectively at -8.5m.

Within the same depth range (MSL to -16m), the South face horizontals
Were 60-80% covered by mussels and hydroids colonised the bottom
faces. Between -16m and -45m, a mixture of 8-12mm barnacles and 10-
20mm mussels was found on the outer faces of inclined bracings in
€longated strip form extending down to =-30m.

As in the case of platform NN1, kelp is likely to dominate in future

at the splash zone, With sea anemones being the main colonisers at

deeper water.
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Depth ranges are based on ROV water depth indicators at the time
of inspection.

Mussel size is the estimated height of the species.

Thickness of mussels is the estimated average of the overall
mussel layer thickness.

Length of seaweeds or hydroids refers to the estimated fully
extended length of the species.

Percentage surface cover estimates are based on the area of
member faces covered by a particular type of fouling; for example
full mussel cover of the top face only is reported as 100% of the

top face.
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Fig. B.1. Definition of horizontal and inclined
tubular member faces.
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APPENDIX C. Preparation of Macro-roughened Test Cylinders

Each PVC cylinder was lightly abraded using a disc sander to provide
a key for better adhesion of marine growth or artificial roughness.
In the case of partially roughened cylinders, a grid of 150mm squares
was drawn on the cylinder surface to facilitate the build-up of the
desired roughness density through the pseudo-}andom positioning of
roughness patches of arbitrary size and shape. In this way accurate
repetition of the same pseudo-random pattern with both fouling and
sand was achieved as shown in Figure C.1. Thus, direct correlation
between the two types of roughness was possible.

The preparation of test cylinders with either circumferential roug-
hness strips or full cover was less complicated. The former were
roughened by two strips of mussels, kelp or gravel, each 150mm wide
and located 150mm away from each free cylinder end (Figures C.2-C.3).

C.1. Sand roughness

For fully roughened cylinders, graded sand or gravel chips were glued
onto the cylinder to achieve a uniform single layer of roughness. A
thin layer of polyester resin was applied to the cylinder surface
‘onto which sand was gradually poured, any excess being shaken off
after the resin had set. Typical sand roughened cylinders are shown
in Figures C.4 and C.5. The mean height and standard deviation of
grains were estimated from a random samples of 30. The roughness
measurements are summarised in Appendix D.

Design of End-Plates

To examine the three-dimensional flow effects, rectangular plates
were fitted to a 150mm diameter perspex cylinder (Figures C.6 and
C.7). The principal dimensions of the end plates, shown in Figure
C.8, were adopted from optimisation experiments by Stansby [109] and
were as follows:

a) Width of end plate = 6D

b) Distance from cylinder axis to trailing edge of plate = U4.5D
c) Distance from cylinder axis to leading edge of plate = 2.5D.
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The leading edge of the plates was chamfered to streamline the flow.
Two longitudinal stiffeners were fitted on each plate to prevent
distortion and an aluminium strap was recessed along the off-side
face, as illustrated in Figure C.7. The straps were strain gauged, at
the locations shown in Figure C.8, for measuring the force difference
across the test cylinder in the manner described in Chapter 7. The
end plates were fixed to the cylinder by means of a threaded rod
spanning the logitudinal cylinder axis. The cylinder was fitted with
end caps which were recessed into the plates leaving a clearance of
1-2mm around the circumference. Some calibration runs were carried
out with the gaps sealed to prevent leakage of flow, but no effect
was discernible on drag forces.

C.2. Mussels

Cylinders with mussel roughness were prepared in two ways:

a) To obtain a single layer of live mussels fast setting epoxy resin
was used which gave a good bond with a small amount of glue. The
mussels were placed in random relative orientations but always
with the foot close to the cylinder surface. After testing at a
lower percentage cover, each mussel cluster was further built up
to achieve a higher overall surface cover thus simulating typical
colonisation patterns. Figure C.9 shows a cylinder fully covered
by a single layer of mussels.

b) For multiple layers of mussels a different technique was adopted
where the attachment mechanism of the mussels was exploited (see
Appendix A). A cylinder which had a diameter of 200mm was placed
in a mesh bag of live mussels such that the mussels covered the
entire outer surface. The bag was left in the Gareloch (sea water)
on the west coast of Scotland for several weeks until the mussels
had attached themselves naturally on the cylinder by their byssus
threads. The mesh bag was removed before the cylinder was tested.
It is important to note that the mussels whilst they covered the
cylinder, were not uniformly distributed in a layer of constant
thickness. In fact, overall thickness varied from one to five or
six layers resulting in a mean increase in diameter of 42% or
85mm. In practice this is how they form dense colonies on North
Sea structures; in clumps which gradually merge rather than as one
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uniformly distributed layer.

After the first set of tests, half the mussels were removed lea-
ving patches of about the same area as the cross section of the
cylinder (Figure C.10). The density was again reduced after fur-
ther tests and the cylinder was finally tested at 25% cover. The
distribution of mussels at reduced coverage simulated that obser-
ved on mussel dominated North Sea platforms.

Live mussels were obtained from two sources; a mussel farm and a
beach in the west coast of Scotland. The latter had barnacle encrus-
ted shells. Both were of the species Mytilus edulis which is most
commonly encountered in the North Sea. A random sample of 30 was
taken from each batch per cylinder and the height, breadth and length
were measured. The mean dimensions and standard deviations of the
batches are given in Appendix D.

C.3. Kelps (Long flapping seaweeds)

Two kelp species were tested; the kelp Laminaria digitata, a common
species found on offshore installations, and the kelp Laminaria
"Saccharina usually encountered in sheltered waters (Figure C.11).
Both types are described in Appendix A. The kelp plants were collec-
ted from the floating pontoons and breakwaters of Rhu Marina on the
Clyde estuary. They were carefully scraped off the substrate to
preserve their rooting system (holdfast) intact which was cleaned off
any parasitic fouling.

After being wiped dry the holdfast of each plant was embedded in a
thick layer of fast setting epoxy resin and stapled onto the cylin-
der. The kelps were distributed such that there were no significant
gaps between the holdfasts of adjacent plants. The collection, prepa-
ration and testing of kelp roughened cylinders were completed within
one to two days per cylinder due to the short life of the species
under laboratory conditions. Unlike hard fouling which is more ro-
bust, kelp dies in fresh water and its elasticity and "flapping"
action alter; factors considered to be important to its hydrodynamic

behaviour.

208



The experimental programme with kelp roughened cylinders included
tests with pseudo-randomly distributed patches of approximately 1m
long kelp at the percentage surface covers denoted in Chapter 7,
Table 7.2. After the build up to 100% cover the plants were cut down
to approximately 0.5m and tested in that condition. The surface cover
was reduced to 50% for further tests by scraping off some plants and
finally to 25%. One set of tests was carried oﬁt at 25% cover by kelp
stipes about 250mm long after the fronds of the plants had been cut
off. Measurements of kelp samples are given in Appendix D.

Throughout the cylinder preparation and testing, care was taken to
distribute the kelp plants in roughly equal amounts over the cylinder
to avoid large transverse forces induced by non-symmetrical roug-

hness.

C.l. Sea anemones

The sea anemones, predominantly of the species Metridium senile, were
obtained from a floating pontoon at Garelochead (west coast of Scot-
land). They were carefully scraped off and transferred to the test
cylinder. They were placed along the top surface of a horizontal
"eylinder which was fixed a few centimetres beneath the water surface
in a wire cage and allowed to attach naturally over a period of a day
or two. The cylinder was then rotated a few degrees and the new top
surface covered with more sea anemones. This process was repeated
several times until cover extended over the whole surface. Unfortuna-
tely not all the sea anemones remained on the cylinder and several
migrated on the wire cage reducing the uniformity of the cover.

The test cylinder shown in Figure C.12, was prepared over a period of
several weeks and transported to the laboratory in a sea water tank.
The sea anemones did not survive the fresh water of the test tank
although they were kept in aerated sea water both before and after
the tests. For this reason just one 400mm diameter cylinder was
tested at two pecentage covers.

The height and diameter of sea anemones alters when they are distur-
bed (see also Appendix A). In fact they contracted when attempts were
made to measure them and also when they were transferred into fresh
water. When contracted the sample on the cylinder had the following
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characteristics:

Height (mm) Diameter (mm)

Mean 60 70
Range 30-80 30-70

It should be pointed out that the measurement of sea anemones was
found to be difficult and the above values may contain errors.

C.5. Naturally Accumulated Mixed Fouling

Several abraded PVC cylinders were deployed in the Clyde Estuary and
the West coast of Scotland at various depths in areas renowned for
rapid development of fouling. The objective was to accumulate various
types of marine growth and test at regular intervals.

Tests were carried out with three cylinders having six-month accumu-
lated growth. One cylinder was covered with sea anemones and sea
squirts and the other two were partially covered with barnacles,
‘green seaweed and clumps of very small mussels (Figures C.13 and
C.14). All cylinders had been deployed in a horizontal attidude and
the roughness distribution around their circumference was not uni-
form. These distributions are depicted in Figure 8.24, Ch. 6. Similar
distributions are encountered on North Sea structures during the
first few years of their in-service life (see Ch. 6 and Appendix B).

The sea anemones and tunicates covered about 70% of the cylinder and
were largely concentrated in two diametrically opposite strips. The
sea anemones ranged in size from 20mm to 80mm and the tunicates from
30mm to 60mm with an average of 50mm. The barnacles and soft fouling
covered about 45% and 35% of the other two cylinders respectively.
The fouling formed a continuous layer of 24mm average thickness in
the areas of cover whilst individual specimens of barnacles averaged
8mm in height. The soft green weeds ulva were sparcely distributed on
top of the barnacles with some fronds up to 200mm long. Following the
tests these cylinders were returned to the sea to allow marine fou-

ling to develop further.
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C.6. Pyramid Roughness

The cylinders tested in steady flow were prepared using vacuum formed
polystyrene panels of square based pyramids in regular arrays as
shown in Figure C.15. The panels were glued on 1500mm long fibreglass
sleeves which had been cast from 400mm diameter cylinders. The detac-
hable sleeves were fastened on the test cylinder by means of rivets.
The rivets were running along the perimeter at both cylinder ends and
also along the longitudinal seam of the sleeve. Care was taken to
position the seam along the trailing cylinder edge to minimise possi-
ble minor roughness effects by the rivets.

Two pyramid sizes were used, both with 40mm x 40mm bases and with
heights of 4Omm and 20mm respectively. Roughness density was there-
fore kept constant at 505 pyramids per square metre.

C.7. Anti-fouling cladding

Two versions of a proprietary make of retrofit copper-nickel based
anti-fouling cladding were fitted on 400mm diameter test cylinders.
The first had simple aluminium angle sections attached to opposite
'edges of the flexible panel. These were bolted together on a rubber
gasket to form a joint when the panel was wrapped around the cylinder
as shown in Figure C.16. The second version had a faired joint with
recessed bolts (Figure C.17).

The antifouling panels were initially attached to the 1500mm long
cylinder in two 750mm lengths. Each cylinder with a full length joint
was tested in three orientations; at 6=0°, 90° and 180° as defined in
Figure 8.31(a), Ch. 8. With the joint at 8=90°, considerable transve-
rse forces were generated due to body asymmetry. The transverse force
was eliminated by splitting the panels in four equal segments and
positioning the joints of two segments at either end quarter of the
cylinder at 6=90° and the joints of the segments spanning the middle
half at 0=270°, Tests were also undertaken with the non-faired joints
on four panel segments located at the pseudo-random orientations
depicted in Figure 8.31(b), Ch.8. The particulars of the anti-fouling

Panels are summarised in Appendix D.
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Fig. C.1. Partially covered cylinders by mussels and gravel.
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Fig. C.2. Cylinder covered by circumferential strips of mussels.

Fig. C.3. Cylinder covered by circumferential strips of kelp.

213



10mm) .

Sand roughened cylinder (k

C.4.

Fig.

2mm) .

Sand roughened cylinder (k

Fig. C:5.

214



Fig., C.6. 150mm dia. rough cylinder fitted with end plates.

2

Fig, C.7. Back view of end plate showing strain gauged transducers.
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The geometry of the end plates.
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Fig. C.9. 400mm dia. cylinder covered with single layer of mussels.

A

Fig.C.10. Multiple layers of mussels at 50% surface cover.
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Fig. C.12. Test cylinder partially covered with sea anemones.
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Fig. C.13. Strip roughness of mixed hard and soft fouling
on 400mm dia. cylinder.
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Fig. C.14. Sea anemones and tunicates on 315mm dia cylinder.
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Fig. C.15. Regular arrays of pyramid roughness (k=40mm).
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angle joints.

Fig. C.17. Faired joint of antifouling panel.




APPENDIX D. Roughness Measurements

-
Type Mean Standard Coefficient
(mm) Deviation (mm) | of Variation (%)
Midross sand
- sample A 1.48 0.36 24.0
- sample B 1.94 0.31 16.0
Paving stone 3.9 0.80 20.0
Gravel

- sample A 7.53 1.41 15.1
- sample B 8.05 0.77 9.5
- sample C 9.9 1.28 13.0

N.B. Sample population N=30

Table D.1 Mean height of sand and gravel roughness.
Height (mm) Length (mm) Breadth (mm)

Mussel

Sample Mean s.d. Mean s.d. Mean s.d.
A 7.9 1.3 14.5 2.6 5.9 1.2
B 24.0 2.3 40.0 4.7 17.6 2.0
c 26.0 2.1 47.0 .7 21.0 2.6
D 27.0 5.1 53.0 2.6 27.0 2.8
E 29.5 2.5 53.0 4.3 24,0 2.3
F 34.0 2.4 58.5 4.0 26.0 1.4

N.B. Sample population N=30

Table D.2 Mean dimensions of mussels.
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N Kelp Kelp Stipe Number
length (cm) | width (cm)| length (cm) | of blades
1 92 20 4 16
2 106 12 11 6
3 110 8 21 2
y 106 6 19 1
5 96 1 13 3
6 98 6 16 1
7 107 30 14 30
8 114 18 8 3
9 83 15 6 y
10 124 27 26 5
11 96 15 10 8
12 86 15 14 6
13 98 24 14 15
14 86 13 6 7
15 104 15 10 T
16 100 26 13 11
17 104 18 20 10
18 100 24 14 28
19 107 18 11 13
20 83 1 11 4
21 89 11 6 9
22 101 16 11 18
23 9y 14 15 16
24 84 19 17 6
25 17 24 20 20
26 84 17 9 16
27 99 20 16 26
28 103 20 12 11
29 100 18 10 10
30 mn 20 12 13
................... . . ———
| Mean 99.4 17.1 12.6 11
S.D 10.5 6.1 5.0 7.8
c.0.V. 10.6% 35.7% Log T71%

Table D.3 Sample of the kelp Laminaria Digitata.
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Kelp Surface Length (cm)
Sample Cover (%) Mean s.d.

L. Digitata 100 99.4  10.5
100 54.4 8.1

L. Saccharina 100 103.0 22.2
50 98.0 20.3

25 93.0 17.1

N.B. Sample population N=30

Table D.4 Summary of length measurements of kelp plants.

Particulars of Antifouling cladding

Panel thickness

" Total height of Al angle joint from base

Width of Al angle joint

Maximum height of streamlined joint from base

Mesh roughness height [99]
Mesh size (square woven) [99]
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4 ,5mm
25mm
8mm

31mm
= 0.03-o.oumm
= 20 x 20



APPENDIX E:

Instrumentation and Sample Outputs of

'Buoyant Cylinder' Experiments

STRAIN GAUGED <—{ FYLDE 359TA
FORCE BRIDGE
TRANSDUCERS »- AMPLIFIERS
1BS SGG2500X
VELOCITY/POSITION »
TRANSDUCER
CELESCO
POSITION >
TRANSDUCER
TACHO-GENERATOR | >
Fig. E.1.
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A/D CONVERTER

TEKTRONIX
4052

Test rlg instrumentation.




¥60
| MUSSEL LAYER 2-20KG ADDED-50X COVER

TIME 1.875 sec
< VEL 4.5 TO 4.75
| ACCEL 0.1 TO 0.2

N S——
F (kN)
;.2 ;.4 ;.B ;.8

Time (sec)

Fig. E.2. 200mm dia. cylinder - Re = 2.37x105.
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#8868

MUSSEL LAYER 2-20KG ADDED-25X COVER

IIME 1.775 sec
VEL 0.85 TO 1.35
ACCEL 0.05 TO 0.475

u

e o e e e S L

F (kN)

0.4 0.8 0.8 4 1.2 1.4 1.8
Time (sec)

Fig. E.3. 200mm dia. cylinder - Re = 2.5x10°.
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#73
KELP 50X-RUN7-30KG SUBTRACTED

TIME 2.125 sec
VEL 1.2 TO 1.4
ACCEL 0.125 TO 0.225

u

F (kN

1 1 1

0.2 0.4 0.8 0.8 1 1.2 T 1.8 1.8

Time (sec) —————————""

Fig. E.4. U400mm dia cylinder - L. digitata, 0.5m long
Re = 5.16x10°.



#49
ANEMONE BA-20KG SUBTRACTED-POSITION B

RANGE 8 TO 85
“5 | VEL 0.825 TO 1.075
ACCEL 0.4 TO 0.2

Fig. E.5. 315mm dia cylinder - mixed soft growth along
cylinder top and bottom faces - Re = 3.89x105.
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#43
ANEMONE 7-B80KG ADDED-POSITION A

RANGE 3 TO 48
5 | u VEL 0.75 TO 0.8
ACCEL 0.125 TO 0.8

- Time (sec)

Fig. E.6. 315mm dia cylinder - mixed soft growth along
cylinder sides - Re = 6.78x10°.
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#23

P
NATURE 4-20KG SUBTRACTED-POSITION A
TIME 1.725 sec

L VEL 0.85 TO 1.375
ACCEL 0.1 TO 0.225

N~ \\\ N .

~u
\\\\\
~ S
N
g \ u
. =
L& AN
. N,
. N
b - -
Sl 1 1 1 \1\ - 1 1 ! = 1 1
0.2 0.4 0.8 0.8 Tt g2 (4 T T 8 1.8
¥ Time (sec)
.
Fig. E.7. 315mm dia cylinder - mixed hard growth along

leading edge - Re = u.33x105.
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APPENDIX F: Blockage Correction

The Allen and Vincenti correction procedure [105] as applied to
circular cylinders is based on the method of images, i.e. the cylin-
der is represented by a doublet and the infinite series of its images
in the wall boundaries. The wake is represented by a source of
strength Q such that the pressure difference between two points far
upstream and downstream of the cylinder is the same in potential flow
as in actual flow. A solution for Q is obtained from the continuity,
Bernoulli and momentum equations. Through the method of images an

induced velocity, u results at the position of the cylinder repre-

y
senting the solid ilockage contribution. The infinite system of
sources yields another induced velocity upstream of the model which
in order to maintain mass continuity must be cancelled out by a
velocity, Uy of equal magnitude and opposite sign. The resulting

expressions for the induced velocities are:

2
v
ug = ——UB2 (1)
12
Cq
u,, = —UB (2)

where, B = area blockage ratio,
U = ambient flow velocity,
Cq = drag coefficient.

When the above velocity increments are added to U (in the present
context the cylinder velocity) the following expression is
obtained for the corrected velocity Uc:

C
c ' d
T
1 + 82+

U 12 y

B (3)
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Therefore, the correction formula for the unblocked
coefficient C,, is:

G u? 1
= = ()
ey U2 (1+u")? ;
2 Cd
where u' = LS 82 + B
12 y

The particulars for the tank and rough cylinders are:

tank length Lt = 3200mm
tank width W = 3800mm
cylinder length L = 1500mm
cylinder diameter D = 150-400mm

relative roughness k/D = 0.0094-0.01 and 0.025

LD 1500D
Therefore, Area Blockage B = =
LW,  12.16x108

The corrected mean drag coefficients are:

drag

400 0.0097 3.75 1.06 0.049 0.97 1.028
200 0.0097 7.5 1.03 0.025 0.99 1.020
160 0.0094 9.375( 1.03 0.020 0.99 1.019
150 0.01 10.0 1.04 0.018 0.99 1.029

315 0.025 4.76 1.16 | 0.039 0.975 1.131
160 0.024 9.375( 1.16 | 0.020 0.989 1.146
Table F.1
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APPENDIX G. Details of the Wave Loading Experiments

G.1. The Delta Flume

The wave flume is sited at Laboratory De Voorst (Delft Hydraulics
Laboratory) in the Netherlands. The flume is 230m long, 5m wide and
Tm deep; the water depth for these tests set at 5m. Depending on wave
period, up to 2m high second-order waves can be generated by an MTS
translatory wavemaker with maximum stroke capability of 5m. Waves are
absorbed by a 1:6 beach, the maximum reflection coefficients being
10%. The wavemaker compensates for wave re-reflection through a
control feedback system described by Kostense [115]. The facility is
depicted in Figure G.1.

G.2. The Test Cylinder

The cylinder, which was designed by BMT Ltd, was located 55m from the
wavemaker in a vertical attitude. It had a base diameter of 505mm and
overall length of 7165mm consisting of five connected sections as
shown in Figure G.2. The bottom section was rigidly mounted on the
flume floor and the upper section was supported by a gantry spanning
the flume width., The force measuring elements were attached to the
ad jacent rigid sections by means of transducers mounted along the
cylinder longitudinal axis. The clearance between force elements and
rigid sections was 1mm approximately.

The cylinder was roughened with equilateral pyramids of three nominal
heights, 30mm, 22mm and 15mm. The pyramids were arranged in random
distribution and element orientation on 250mm long fibreglass shells
(Figure G.3). The amount of pyramids of each size was equivalent to
one third of the total panel area. A prototype semi-cylindrical 250mm
long panel was constructed and a negative was cast using a high
definition flexible moulding compound. Several panels were then rep-
roduced using polyester resin and fiberglass into which stainless
steel straps were embedded. Two such panels were hinged together to
form a cylindrical one which could be wrapped around the cylinder and
securely fastened with recessed buckles attached at the ends of the
straps. The shells were strapped around the cylinder, which was clad
with Tmm thick sandpaper, such that the buckles were located along
the trailing cylinder edge.
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Measurements of randomly selected pyramids and base shell were made
at regular intervals around the circumference and produced the follo-

wing averages:

26.4mm, 19.7mm, 13.5mm

Tmm

- mean height of pyramids
- mean shell base thickness

Thus, allowing for the shell and sandpaper thickness, the mean base
diameter was 521mm, i.e the mean k/D was 0.038 (where k is taken as
the average of the pyramid heights).

G.3. Instrumentation and Data Acquisition

In-line and transverse forces were measured on each force element by
two-component strain-gauged transducers. The force transducers were
designed and calibrated by staff of Imperial College, London. Horizo-
ntal and vertical water particle velocities were measured by two
Colnbrook electromagnetic flow-meters positioned 0.6m away from the
flume wall at -1.5m and -2.5m water depth, and at 55m from the
wavemaker datum. Two capacitance gauges, suspended at 43.6m and 48m
from the wavemaker, recorded wave heights. The flow-meter velocity
-records were used in the data analysis presented here.

Real time data from ten channels in total were sampled at a rate of
50Hz by a Hewlett-Packard HP1000 computer. The analogue velocity
signals were filtered by a 10Hz filter and a S0Hz anti-aliasing
filter, resulting in phase lags of 32msec and UYmsec respectively
which were accounted for in the data analysis. Around 440K data
records per run were stored. On-line data analysis of a 7T5sec time
history and graphical outputs of all signals provided a quick check
on the validity of the runs. Typical time histories are shown in
Figures G.4 and G.5.

G.4. Data Analysis
The data were analysed on a MicroVax II computer at the Marine Tec-
hnology Centre of Strathclyde University. Spectral and statistical

analysis was also carried out for all signals and force coefficients.
The data were converted to physical values through the appropriate
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calibration factors and the corresponding zero readings averaged over
the first 6 seconds of the time series. The zero up-crossings of the
raw horizontal velocity signal were used for the full wave and force
cycle identification.

The Discrete Fourier Transform (DFT) was applied to obtain an appro-
ximation of the Fourier integral series,

[-"a]
F(n) = Jf‘(t) e-2mint ¢

-o0

which over the region (0,T) becomes,

T N-1
F(k) = — S £(J) e~2mk/N
N j=0

where, T = time period,

=
"

number of data points,
k = 0,1,..-,N"‘1.

The DFT is defined by,

1 N-1
Z) = — s z, e—2Nijk/N
N j=0
where, Z, = a + ibk,
z‘j = xJ + iyJ

For a sequence of real numbers,
ZJ = XJ,

1 N-=1
ak+1bk=—-E xj e

Vi 320

The coefficients ap and bk were evaluated for the force and velocity

=21 jk/N

[N
(V]
N

~
n

arrays of length N for each wave. The realisation of the fitted
signals at each point N was expressed by the function,
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n n
=F = a, + 22 (apcos(2m/N) - b, sin(2wn/N))
n=1 n=1

where, n is the order of fit.

The acceleration was derived by differentiating the above expression
for the velocity. It was found that a sixth order fit gives satisfac-
tory results with very low residual errors, particularly for the
velocity and in-line force realisations. Typical realisations are
illustrated in Figures G.6 through G.10.

The dimensionless flow kinematics parameters and total force and 1lift
force coefficients were evaluated through the following expressions:

umax D umax z um T
Re & e————m : | (o R — ; KC' =
Y D D
2 Fx(r'ms) 2 Fx(max)
Cf = ’ Cf‘max =
D u2 D u2
e max e max
2 Fx(r'ms)
C'f - 2
€D uSnpg
2 Fy(rms) 2 Fy(max)
CpL = v Crmax =
D u2 D u2
e max € max
2 Fy(rms)
C'L = 2
€D vy
where, Unax' Ypms and upq are the maximum, rms and 1st harmonic

horizontal velocity components of each wave,
F, and Fy the in-line and transverse forces per wave,
and T is the actual wave period.

Over 2000 waves were analysed as described above and in Chapter 9 and
the C4y and C, for each wave are plotted in Figures G.14 and G.15.
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Run | KC | Cq4 S.D.| Cy S.D.|Ceumg SeDo| Crpms S:D-
BP15 | 1.04|2.76 0.39|2.13 0.07|16.10 2.02 | 0.4 0.15
TP15 | 1.64 |2.59 0.23|2.01 0.06 | 9.25 0.84| 0.81 0.12
BP14 | 2.11|1.58 0.4 |2.12 0.12|11.02 7.63| 0.30 0.23
TP14 | 3.87 | 2.03 0.23 | 1.97 0.09 | 4.37 1.15| o0.24 0.10
BP13 | 3.94|1.73 0.30|2.01 0.10| 4.09 0.67 | 0.29 0.15
TP13 | 5.71|1.84 0.15|1.83 0.08| 2.50 0.32 | 0.3% 0.16
BP12 | 5.87 | 1.78 0.21|1.88 0.10| 2.57 0.34 | 0.73 0.30
TP12 | 6.88|1.81 0.16|1.65 0.11| 2.15 0.33| 0.97 0.31

BP10 | 7.55|2.03 0.20 | 1.67 0.11| 1.98 0.27| 1.21 0.32
BP11| 7.99|1.96 0.19|1.62 0.13| 2.07 0.28| 1.35 0.35
P10 | 8.79 | 2.11 0.27|1.46 0.13| 1.73 o0.24| 1.15 0.28
P11 | 9.22|2.21 0.27|1.44 0.12| 1.87 0.26| 1.25 0.27
BPO8 | 10.60 | 2.16 0.21 | 1.40 0.16| 1.49 0.18| 1.12 0.25
TPO1 | 11.00 | 2.10 0.24 | 1.30 0.16| 1.3% 0.15| 1.01 0.21
BPO1 | 11.02 | 2.04 0.22 | 1.42 0.1 | 1.29 0.16| 0.98 0.20
TPO8 | 11.15 | 2.10 0.23 | 1.27 0.19| 1.53 0.21| 1.08 0.24
BPOT | 11.22 | 2.16 0.23|1.27 0.18| 1.43 0.26 | 1.22 0.26
TPO7 | 11.40 | 2.29 0.30 | 1.11 0.22| 1.53 0.28| 1.24 0.27
|BPO9 | 12.21 | 2.06 0.22|1.30 0.20| 1.63 0.23| 1.27 0.26
TPO9 | 13.32 | 2.06 0.24 | 1.24 0.21| 1.54 o0.24 | 1.02 0.21
BPO6 | 15.27 | 1.85 0.27 | 1.45 0.22| 1.30 0.25| 0.80 0.21
TPO6 | 16.58 | 1.78 0.27 | 1.29 0.26| 1.15 0.18 | 0.63 0.15
BP0O2 | 18.18 | 2.14 0.41  1.22 0.41| 0.99 0.15| 0.54 0.17
7p02 | 19.50 | 1.88 0.29 1.3% 0.39] 0.90 0.12| 0.43 0.12
BPOY | 19.12 | 1.89 0.15 1.40 0.12| 0.86 0.07| 0.59 0.07
TPOY | 20.59 | 1.79 0.15  1.40 0.11| 0.82 0.07| 0.45 0.08
BPOS | 21.79 | 1.64 0.16 1.64 0.17| 0.85 0.09 | 0.4 0.15
TPO5 | 24.16 | 1.65 0.18 | 1.47 0.18| 0.77 0.09 | 0.4 0.14
BPO3 | 25.24 | 1.64 0.16 | 1.64 0.18| 0.78 0.09 | 0.38 0.12

TPO3 | 26.51 | 1.67 0.17 |1.67 0.23 | 0.76 0.08 0.31 0.10

N.B. Run codes TP and BP denote upper and lower force elements
respectively.

Table G.1. Summary of mean force coefficients for

pyramid roughened cylinder.
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Fig. G.3. Close-up view of pyramid roughened shells.
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APPENDIX H: Computer Modelling and Applications.

As shown in Figure H.1, the computer model for the design and mainte-
nance appraisal of marine growth consists of three interacting mo-

dules. These are described below.

H.1. Hydrodynamic Loading and Marine Growth Database

The input data requirements for this module are:

- design wave height and period

- mean current speed and direction

- water depth

- member elevation and orientation

- member length

- initialisation of nominal member diameter

- marine growth characterisation

The drag and inertia forces are derived through Morison's equation
using linear wave theory and current superposition. The force coeffi-
cients are retrieved from the marine growth database according to the
specified mapping of fouling.

The database includes the mean force coefficients obtained from the
steady flow experiments and the corresponding roughness characterisa-

tion parameters, i.e.

- type of fouling species

- percentage surface cover

- distribution and orientation to principal direction
of incident flow

- overall thickness of fouling

- roughness element size

- weight of fouling per unit area per fouling species.

The recommended by the certifying authorities base force coefficients

for clean and rough structural members are also included in the

database.
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By defining a marine growth scenario over a number of years, the
history of hydrodynamic loads is determined. Pressure due to waves
and hydrostatic pressure are also estimated assuming that the member
is watertight. The loading data files are input to the "Design Opti-
misation" module to determine the direct member stresses.

H.2. Structural Design Optimisation

Each tubular member is designed to withstand extreme environmental
and static loads (Ultimate Limit State). These are transformed to
combined axial, bending, pressure, shear and torsional stresses. The
length, diameter and plate thickness of the member are computed to
ensure resistance against buckling and structural collapse. The gene-
ral stability requirement for tubular members subjected to a combina-
tion of forces and moments is expressed by the following interaction
formula [70]:

where, o, 0, 0,, T and T, are the axial, bending, circumferen-
tial, shear and torsional stresses
respectively;
Rn, Rps» Ryy and Ry, the axial, bending, pressure and shear
and torsion resistances;
k and\y factors depending on type of member and
slenderness ratio;
Jpn material coefficient.

Plate thickness is initialised to evaluate gravity and buoyancy
forces. Simple beam theory is applied to derive the bending, shear
and circumferential stresses. Longitudinal stresses are estimated
assuming constant axial loading and torsional effects are neglected.
Corresponding resistances are evaluated for a given diameter and a
series of weld thicknesses.

Since design stresses and resistances are functions of the member

dimensions and materials specifications, equivalent designs are gene-
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rated through an optimisation procedure based on simple linear prog-
ramming techniques. The objective function combines the stability
requirement, as expressed by the above interaction formula, and the
minimum material weight requirement. The constraints are specified by
the D.n.V. rules for the design and construction of fixed steel

structures [70].

Through a series of iterations an optimum plate thickness is reached
which gives minimum weight whilst satisfying the rules. The model
repeats the optimisation cycle over a user defined range of diameters
and steps and the generated output comprises designs of equivalent
strength to the maximum allowable stress levels.

The variation in member stresses over a range of diameters is shown
in Figure H.2. Circumferential and shear stresses increase linearly
with increasing diameter, whilst overall bending stress reduces. The
net interaction effect is approximately constant for all designs with
different diameter and optimum plate thickness.

H.3. The "Costs™ Module

Alfhough the alternative designs are minimum weight solutions, mate-
rial cost alone is not a reliable indicator in selecting a "best™",
cost-effective design. Fabrication costs and related overheads must
also be considered. This has been established from previous research
on the structural design and production of floating structures [122].
Fixed steel structures barely resemble floating structures. However,
the main cost centres and fabrication-related factors are compatible;
only the relative weighting from each centre changes.

The "Costs" module is a modified version of a production costing
methodology first developed for ship structures and later adapted to
semi-submersible and tension-leg platform designs and fabrication
procedures [123,124]. It has been extended to include procedures and
cost indices associated with cleaning-for-structural relief. The main

features of each "cost centre" are:
a) Materials Cost Centre

Principal diamensions and market prices for seamless and welded
hollow tubes form the materials cost database. All plate thic-
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knesses are rounded off to the nearest 0.5mm during the design
optimisation to comply with standardised steel pipe dimensions.
Alternatively, a flat cost per tonne of steel can be adopted.

b) Fabrication Cost Centre

Labour cost and associated overheads are estimated using work
study data on tasks such as edge preparation, fairing and tac-
king, materials handling etc. Welding time is calculated using
mean welding rates for automatic submerged arc and manual metal
arc (MMA) processes. The rates vary according to joint configu-
ration, welding position, plate thickness, seam length and num-
ber of weld passes. Quality control costs are expressed as a
function of seam length and plate thickness squared, i.e. appro-
ximately proportional to the weld metal volume. Productivity and
overheads indices are input by the user and relate to the total
manhours.

c) Cleaning Cost Centre

Rates of cleaning for structural relief are adopted for the air
diving depth range (0 to -40m). Maximum dive duration is 8-hour
bellruns for two divers and a support vessel is available round
the clock with adequate number of divers for uninterrupted work.
Due to high standard deviations for cleaning rates, maximum,
minimum and average rates are included in the database for two
cleaning methods; hand scrapers and high pressure water Jjetting.
The total cleaning effort for each design is calculated on the
basis of fouled member surface area and is converted to cost
using the support vessel hire daily rate. No distinction in
rates is made between types of fouling due to lack of data.

H.4. Particulars of Case Study
To assess the marine growth effects on structural design and related

costs, two simple 10-year fouling development scenarios were adopted
for a tubular bracing. These were as follows:
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Scenario A: Mussels

Year 1:
Year 2:
Year 3:
Year 5:
Year 8:
Year 10:

Scenario B: Kelp

Years 1-2:

Year 3:
Year U4:
Ygar 6:
Year 8:

Years 9-10:

Patchy cover of algae and 8mm barnacles.

Randomly distributed patches of 8mm mussels at 25%
surface cover.

New mussel settlement. Older mussels averaging 20mm
in height.

50% cover by U4Omm thick mussel patches along the top
and outer member faces. Other faces covered by fine
filamentous growth and tubeworm,

Full cover by 200mm thick layer of mussels.

Same as year 8. Terminal growth has been reached.

As above.

Isolated 50-100mm green and brown weeds appear on
top of 8mm mussels along the top face.

Rapid growth of Laminaria digitata is reported. No
new mussel settlement.

Kelp growth covers 50% of the member the older
blants being up to 2m long.

Full cover by 3m long kelp with small mussels and
barnacles round their holdfast.

Apart from some die-back during the winter periods
no significant changes occur.

Other data are as follows:

- Max. wave height ¢ 30m

- Assoc. period : 17sec

-~ Current

velocity : 0.5m/sec

- Water depth : 161.5m
- Member elevation ¢ =12m

- Member type ¢ Face to face horizontal bracing
- Range of diameters : 800-1960mm

- Generated designs : 30

- Axial load : 15-25 MN
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Figure H.3 illustrates the variation in Cd over the 10-year period
for the two scenarios. The initial Cd (year 0) is the recommended
value by D.n.V. for k/D=0.01. During the first two years Cd is appro-
ximately the same in both cases. Kelp causes higher during years 3 to
5 and from year 6 onwards slightly higher drag forces are experienced
by the mussel dominated member. This is due to high relative roug-
hness when the member is covered by multiple layers of mussels. By
year 8, a fairly steady state is reached in both scenarios.

Some points of interest that emerged from this case study are as
follows:

a) The variation in shell thickness with member diameter is shown in
Figure H.4 for several marine growth conditions. As expected, with
more severe fouling higher strength is required, hence thicker
pipes. For each fouling condition, shell thickness initially dec-
reases with increasing D until it reaches a more or less steady
plateau at a certain diameter range. At a larger D the strength
constraints are no longer satisfied and stiffening is required to
prevent buckling.

b) Drag loading increases linearly with member diameter. Figure H.5
' shows that drag increases by 32% for algal and barnacle cover, by
72% for full mussel cover and by up to 142% for kelp. These
percentage increases are direct consequences of the higher Cd
applied to each roughness condition.

c) Whilst drag load is doubled when diameter is doubled the total
hydrodynamic loading is not, simply because the inertia part in
Morison's equation includes a square diameter term. The total load
variation with C4 is illustrated in Figure H.6 for D=800mm and
1600mm and for various marine growth conditions (it is noted that
Cd is normalised by the D.n.V. value). It can be seen that the
lower the member diameter, the higher the total load increase.

d) As a result of higher loads thicker tubulars are required and
material and fabrication costs are bound to increase. Material
cost increases with member diameter despite the fact that shell
thickness reduces for equivalent designs (Figure H.7). However,
fabrication cost does reduce because the relative effect of
thickness, principally on welding cost, is greater than the effect
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e)

of larger diameter. For clarity purposes the fabrication cost
variation shown in Figure H.7 has been magnified by a factor of
10, but it also implies that in gross percentage terms any savings
in fabrication costs would have little impact on total production
costs. Figure H.8 clearly illustrates the strong correlation of
material and total production costs for three marine growth condi-
tions. The interesting aspect of the total production cost curves
is that for each fouling condition there is a minimum cost design.
That is, for the D.n.V. force coefficients the "minimum cost"
design diameter is 1040mm, whilst for the member fully covered by
mussels or kelp the optima are 1160mm and 1120mm respectively.

The above apply to designs where projected cleaning requirements
were not considered. If cleaning costs were introduced to the
model the total cost, of production and maintenance this time,
would increase linearly in percentage terms. This because cleaning
is expressed only as a function of surface area. However, it may
still provide a fair indicator for asseessing the cost effective-
ness of alternative designs. Figure H.9 shows the effects on Cd by
of a cleaning strategy for a "clean at regular intervals" design
option, i.e. for a light tubular member. According to Scenario A,
the maximum design loading would be reached by year 5 or 6 during

‘which time period the member would be cleaned. Over a 25-year

platform life the fouling development cycle could be repeated four
more times. The total cleaning effort would increase the overall
cost by 22%, which if discounted to the time of fabrication would
reduce slightly. Alternatively, a "no cleaning" design option,
i.e. a heavy tubular member, would have enough loading capacity to
ensure that cleaning would be required only in the event of marine
fouling exceeding the terminal fouling conditions as stipulated by
the marine growth scenario. First costs for the heavier design
would be 7% higher than for the "clean at regular intervals"
option. However, the latter would incur cleaning costs which would
make it a more costly option after one or, if costs were discoun-

ted, two cleaning sessions.
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