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SUMMARY

A survey is made of various semi-submersible platforms in
operation and under construction. They are divided into two
categories, viz, multi-hull and multi-leg, and descriptions of the
current designs of platforms in each category are given., Some of

single column platforms are also described.

A theoretical method for calculating the heave response of a
semi-submersible platform in regular waves is described. In the
calculation of the heave response it is assumed that the natural heave
frequency of the platform is smaller than the frequencies of maximum
wave energy encountered in practice. Thus the heave response outside
the resonance region is obtained by neglecting the damping coefficient
which is significant only in the resonance region.

An approximate method for calculating vertical and horizontal
wave excited forces acting on both multi=hull and multi-leg platforms
is described, This involves splitting up the exciting forces into the
pressure, inertia and damping forces, Since the damping force is small
compared to the other forces it is neglected in the calculation of heave
response for frequencies outside the resonance region. But, in the
resonance region, the damping force must be taken into account in the
calculation. The validity of the approximations involved is checked by
a number of comparisons, using the results of computer programmes
developed for the different types of design, against model tests carried
out in the department experiment tank and also published model tests and
some full scale data. The agreement between the theory and experimental

result 1s shown to be acceptable for desigﬁ purposes.

The theoretical method is then used to investigate the effects of
changing the dimensions or geometry of a multi-hull platform on the heave
response, The effects of each change in dimensions are given in detail.
From the results of this investigation it is concluded that the heave
response can be reduced by increasing the number of vertical columns,
increasing the volume ratio, increasing the displacement volume,

decreasing the 1ength and by .increasing the natural heave frequency of
the platform.

The theoretical method ig also used to compare the heave response
of a multi-hull and of g multi-leg platform with variable number of
legss  From the comparison-it is concluded that the heave response of
the multi-leg platform is smaller than that of the multi-hull platform

in the wave frequency range of 0,38 to 0,75 radian per second.

The computer printouts of gome of the calculations in this thesis
are given in separate folder,
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NOMENCLATURE

A " waterplane area .
A(w) response amplitude operator . ce S

d water depth
e 20718
P longitudinal wave excited force

X
FY lateral wave excited force
FZ vertical wave excited force
Fo amplitude of Fver.tical v;é.ve exclted “forced L
g acceleration.due to gravity
J 0,635
K . wave number = -2%- | -
m mass of platform
m, added mass of platform ) i
m " area under wave energy spectrum
Nz equivaient dami)ing coefficient assuming damping proportional

to velocity |

p pressure
a, amplitude of motion ) |
Sw(w) wave energy spectrum
éq(m) motion energy spectrum
T natﬁfal heave period - 2%

Z ~ -y,
Tw wave period.

t time
X longitudinal displacement
y lateral displacement |

Z vertical displacement

Z, amplitude of heaving . . )
v displacement volume
Y ratio of actual damping to critical ‘damping

€ phase angle between motion ang wave |
g‘ distance from origin along g'_axis | . i . o
'y surface-wave amplitude



T distance from origin along Taxis
A wave length
3
3

distance from origin along §¢-axis

sNy¢{ coordinate system to describe the motion of water particles

y 5e142

P mass density

o phase angle between force and wave

T phase angle between force and motion *ﬂ

¢ velocity potential

w circular frequency of wave

w, .  frequency (greater than natural heave frequency) at which
maximum heave response occurs

w natural heave frequency

The following symbols are used for multi-hull platforms:-
b centre distance between two parallel horizontal cylinders

xdz/ 4
2

added mass coefficient for a mean aspect ratio Z

V4

diameter of vertical column
diameter of horizontal cylinder

submerged height of vertical column

S F P

centre distance between two extreme columns on a horizontal

cylinder
&2 overall length of horizontal cylinder
n nunber of vertical columns on each horizontal cylinder
vl total volume of vertical columns
v2 total volume of horizontal cylinders
. 2
1
The following symbols are used for multi-leg platforms:-
'nRz/ 2
ch added mass coefficient for g mean aspect ratio =
2
xR, /2
CV2 added mass coefficient for a mean aspect ratio -4
2

1tB1/ 2

C added mass coefficient for a mean as 1o )
pect ratio -
V3 2thy+hy



|_F"

-y

‘9-0'.13 m';Ul_FJﬂ

submerged height of vertical column
height of caisson

total number of legs

radius of vertical column
radius of caisson
radius of circle passing through the centre of legs

angle between wave direction and X-axis of platform



CHAPTER 1

VARTOUS TYPES OF SEMI-~-SUBMERSIBLES

l1,1] Introduction

Rapid growth in world oil consumption has made the offshore oil
industry speed up its offshere operations., Most predictions indicate
that world consumptioh will increase from its present 52 million
barrels per day to 100 million bpd in the early 1980's (Ref. l.l).

At present offshore 0il provides 17% of total daily output and is
anticipated to provide 33.%% in ten years.

The number of offshore mobile drilling rigs has increased from
one in 1949 to 273 in 1973, in which 214 are in operation and 53 are
under construction or planned (Ref. l.2)e Four main types of drilling
rigs, viz., jack-ups, submersibles, semi-submersibles and drill ships/
barges are being used world-wide for offshore drilling. Of the 214
rigs in operation, 108 (50,4%) are jack-ups, 22 (10.3%) are
submersibles, 28 (13.,1%) are semi-submersibles and 56 (26,2%) are drill

ships/bargess The important steps in the development of each type of
rig are discussed in (Ref. 1.3)

There are two significant trends in offshore drilling. The
first is the move towards deeper waters. The second is the move into
hostile environmental areas such as the North Sea, waters off the
eastern coast of Canada, etc. As a result of these trends most of the
rigs under construction are designed to be able to operate in deeper
and rougher waters. In deeper waters semi-submersibles seem to be
most suitable since they can be designed to have natural periods
longer than the periods of waves most likely to be experienced and

thus avold resonance conditions (Ref, 1.4)., At present 37 (63%) out
of 59 rigs under construction or planned are semi-submersibles.

Since an increasing number of semi-submersibles will be used in
the future, this chapter is devoted to the general description of the
semi-submersibles in operation and under construction. The semi-

submersibles have been divided into two categories and each category
is described.
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One of the many problems facing the offshore o0il industry is the
deep sea 0il storage problem, As the drilling and production of oil
move to deeper waters, the storage of oil must also be accomplished in
deeper waters. One of the solutions to this problem is the use of
the large single column platform (spar bﬁoy). This type of platform
can be regarded as special type of semi-submersibles for it can also
be designed to have large natural period longer than the maximum
expected wave period, Therefore, the general description of this
type of platform is also included in this chapter. |

From the study of existing semi-submersibles a trend toward
bigger size, greater mobility and capability in deeper waters has been

found.,

l.2 Two Categories of Semi-Submersibles

The number of semi-submersibles has increased from one in 1962
to 65 in 1972 including 34 new rigs under construction. 26 out of 34
rigs wnder construction are scheduled to be completed during 197 3.
Therefore, by the end of 1973 there will be 57 rigs in operation
(Refe 1e2)0 ”

Since 1962 the design of*semi-suhmersibiés has beén féfined and
innovatede There are two faciors involved in the designes The first
is to fulfil the reqﬁired assignments at sea and the second is the
feasibility from economical point of view such as operating costs,
rig maintenance, probable life, insurance, interest on investmént etc.
Because these factors are widely varied thi'oughout the world, mosf
rigs are custom designed. This is reflected in the wide variety of
rigs which are in operation and under construction. Therefore it

would be difficult to arrive at a single optimum design of the rlg
which would fulfil the two factors mentioned above.

Although the design of Bemi-su;bme;s‘iblres *}ariés }greatly, tﬁey
can be generalised into two categories as follows:-

(1) Multi-hull semi-su'bm9rsiliales, and

(i1) Multi-leg semi-gubmersibles,
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1.2.1 Multi-hull Semi-~-Submersibles

Semi-submersibles consisting two or more submerged longitudinal
pontoon (lower hulls) and a water-tight rectangular or square main
deck (upper hull) comected by a number of straight or tapered vertical
colums (stability columns) fall under the first category. The
world!s first semi-submersible Blue Water Drilling Co., "Blue Water
Noe. 1" (1962) and the world's first self-propelled semi-submersible
Ocean Drilling and Exploration Co., (ODECO) "Ocean Prospector" (1971)
belong to this category.

The five-year-old "Rig No, 1" of the Blue Water Drilling Co.,
was converted to semi-submersible in 1962 and became the world's first
semi~-submersible (Fig. 1.1). It should be noted that the large
vertical colums are of bottle-type and the derrick is cantilevered

over the side,

In 1963, the ODECO's V-shaped "Ocean Driller" was developed.
It has the special features of locating the derrick closer to the
centre of floatation to reduce i;rimming, towing and mooring problems
and of using vertical columns enlarged at the water line to increase
the water plane area and its moment of inertia., Itstwo lower hulls
are connected at one end to form a V-shape (Fig. 1.2), The ODECO's
other V-shaped semi-submersible "Ocean Explorer" was completed in 1964.

The ODECO's "Ocean Queen" (Fig. 1.3) was developed in 1965. It
has the special features of using four parallel lower hulls of same
diameter and two outriggers at one end, The outriggers contain
cylinders at the normal operating draft which provide additional water
plane area al a considerable lever arm in both directions. It also
has enlargements on some of the secondary structural support columns
at the operating draft to provide an increase in water plane area and
in an event of severe motions or synchronism the water plane area
could be changed by ballasting or deballasting the vessel and
therefore change the heaving period, The ODECO's "Ocean Prince",
"Ocean Viking" and "Ocean Digger" are of this design and the first two
were completed in 1966 and the last two in 1967, But the "Ocean

Prince" was destroyed in the North Sea in 1969 - and could not be
salvaged,
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The Royal/Dutch Shell Co,, "Staflo" also has four parallel lower
hulls, the outer two have diameters larger than that of the inner two.
All of its columns are straight and the diameters of four corner

colums are the same and greater than the diameters of intermediate
columns (Fige le4).

The world'!s first self-propelled semi-submersible ODECO's "Ocean
Prospector"® (Fig. 1.5) was completed in February 1971, It is 344 {ft.
long, 2633 ft. wide and 125 ft. from keel to main deck. It has
four parallel lower hulls of 255 ft. diameter, the immer two of which
are torpedo-shaped and are longer than the outer two. The twin kort
nozzle propulsion system, installed in the torpedo-shaped hulls,
gives the vessel a speed of 7 knots ahead and 3 knots astern and

permits it to turn 180° in approximately two hull lengths. Sixteen
vertical columns, eight of 224 ft., diameter and eight of 12 ft.
diameter, are connected to the four lower hulls to support the upper
hull. The top of the columns which support the upper hull are

120 ft. from the base of the lower hulls, The larger columns are
connected by four cylindrical tubes, two of 18 ft. diameter and two
of 12 ft, diameter, transversely at 39% ft. above the base of the
lower hullse In addition to serving as the main structural
interconnecting members, these transverse tubes entrain large
quantities of water to increase the immersed mass inertia of the
vessel and give better motion-free characteristics in drilling mode.
The displacement of the vessel is 19,300 long tons at the operating
draft (when ballasted) of 70 ft, The transit draft (when completely
deballasted) is approximately 20 ft, According to the (Ref. 1.2),
other semi-submersibles of this basic design are ODECO's "Ocean
Victory", "Ocean Kukuei", "Ocean Rover" and "Ocean Voyager", Oslo
Drilling Co., "0Odin", Gotaas-Larsen/Rowan Co., "NOR 101", and Waage
Drilling Co., "Waage Drill 1" and "Waage Drill 2", The "Ocean
Victory" is scheduled to be completed in 1972 while the othersin

1975
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The Penrod Drilling Co., "Penrod 71" (Fig. 1.6) semi-submersible,
now under construction, has interesting features of using the two wide
parallel lower hulls with cylindrical sides and of using six tapered
stability columns, The lower hull has the length of 298 ft., and its
cross section measures 70 ft, wide by 30 ft. deep. The overall width
of the lower hull is 216 ft, The lower hulls are interconnected by
two parallel transverse tubes and four horizontal cross members., On
top of the lower hulls are six tapered stability columns each of which
measures 33 ft. diameter at the bottom and 28% ft. diameter at the top,
supporting the upper hull of length 233 ft,, breadth 196 ft. and depth
18 ft, The height of upper hull above the base of lower hulls is
138 ft. The displacement of the vessel is 42,000 long tons at the
70 ft. operating draft. The towing draft of the vessel is
approximately 15 ft. The dynamic characteristics at the operating
draft for conducting drilling operations during normal periods are:
Roll 35 sec., Pitch 37 sec., and Heave %8 sec. It will be capable of
working in water depths in excess of 1,000 ft. from a moored position.
The other semi-submersibles of this basic design are Penrod Drilling
Co.y "Penrod 70", "Penrod 72", "Penrod 73", "Penrod T4'".and "Penrod
75", The "Penrod 70" is scheduled to be completed in 1972 while the
others in 1973,

The Southeastern Drilling Co,, "Sedco 700" (Fig. 1.7)
semi~submersible which is now under construction, has two parallel
lower hulls of rectangular cross section, FEach hull is 280 ft. long,
50 ft. wide and 21 ft. deep. The overall width of the lower hull is
245 ft. Eight stability columns, four of 30 ft., diameter and four of
18 ft, diameter, are supported by the lower hulls. These columns
support the upper hull of 225 ft, length, 195 ft. breadth and 6 ft.
depthe The height of main deck above the base of lower hulls is
130 ft. The maximum operating draft ig 80 ft., and the towing draft
ig 17 ft. to 19 ft¢ One interesting feature of this semi-submersibie
is the survival in 100 1o 120 ft. wave height while most of the other
mul ti=hull semi-submersibles gre designed for survival in 85 ft. wave,
once in 100-year storme At a draft of 70 ft.. the unit will be able
to pass wave heights of 80 ft., and for survival in 100-120 ft. wave
heights the vessel is deballasted to g draft of 60 ft, and pass the

wave without any danger to the deck substructure (Fig. 1.8).
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Another interesting feature is the use of the dynamic positioning
thrusters, one located at each end of the lower hulls, which assist to
keep the vessel on location when the weather is extreme and provide a
towing speed in excess of 10 knots in calm water by assisting an ocean
going tuge For short moves, the unit can be towed 6 to 8 knots by a
workboat. Although the unit is designed to work in water depth of
1,000 ft. the water depth capacity can be increased to greater than
2,000 ft, by using thruster assistance to supplement the mooring
gystems Theoretical studies indicate that by using the eight
thrusters the vessel could be fully dynamically positioned in a 2-knot
current, 50-knot wind and a Sea State 6 (Ref. 1,5)s The other
semi-subtmersibles of this basic design are "Sedeco 701", "Sedco TO2",
"Sedco 703" and "Sedco 704", which are still under construction and
scheduled to be completed in 1973,

The semi-submersibles of similar design to the "Sedco 700" are
the Wester Oceanic Co., "Western Pacesetter 1m, the Storm Drilling Co.,

"Zephyr 1" and "Zephyr 2"y the Atwood Oceanic COe, "Margie"” end the
ODECO!'s "QOcean Scout",

The'Western Pacesetter 1" consists of two parallel rectangular

lower hulls supporting the six stability columns of same diameter and
a rectangular upper hull supported by these colums (Fig. 1.9).

The "Zephyr 1" and the remaining three semi-sulmersibles are
identical in shape, The "Zephyr 1" (Fig, 1,10) consists of two
parallel rectangular lower hulls spaced 150 ft. on centres, with four
large stability corner columns of 32 ft, diameter and four small
intermediate columns supporting a rectangular water-tight upper hull,
The height of the main deck above the bage of lower hulls is 108 ft.
The length of lower hull is 202 ft. and the overall width is 182 ft.,

The operating draft and the towing draft are approximately 50 ft., and
20 ft., respectively.

The self-propelled semi-submersibles Zapata Corp. "SS-3000",
Deep Sea Drilling Co., "Bergen Rig 1" gng Gotaas-~Larsen/Rowan COs,
"NOR 102", which are under construction, also have two parallel
rectangular lower hulls, The Zapata Corp, "SS 3000" (Fige 1,11)
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has six stability colums of equal diameters supporting the upper hull,
The vessel is 350 ft. long, 210 ft. wide and 125 ft. high from the

keel to the underside of the upper hull and has a displacement of
26,600 long tons at the operating draft of 80 ft, The Deep Sea
Drilling Co., "Bergen Rig 1" (Fig. 1.12) has four large stability
corner columns of 26 ft. diameter and four small intermediate columns
supporting the upper hull of 226 ft. length and 200 ft. width, The
colums have a transition from circular to rectangular cross section

at the lower ends This has been done to obtain a simple and strong
gtructural connection between colums and internal bulkheads of lower
hull and to match the column shell nicely in line with lower hull
bulkheads and frames, The height of main deck above the base of
lower hulls is 120 ft, and each lower hull is 355 ft. long, 36 ft. wide
and 22 ft. deeps The overall width of the hull is 221 ft, It has a
displacement of 19,000 long tons at the 70 ft. operating draft. The
propeller propulsion system gives the vessel an estimated speed of

6 knotss The natural periods of the vessel are heave 22 S€Ce,

roll 34 sec. and pitch 30 sec. The YNOR 102" gemi-submersible has the
game design as the "Bergen Rig 1",

The Offshore Co., "SCP III Mark 2" (Fig. 1.13) is also a self-
propelled semi-submersible having two parallel torpedo-shaped hulls of
35 ft, diameter and 3763 ft. length, The overall width of the lower
hull is 242 ft. OSix stability columns of 27 ft. diameter are
supported by the lower hulls, The upper hull of 270 ft. length,

223 ft. breadth and 20 ft. depth is supported by the stability columms.
The main deck of the upper hull is 140 ft., above the base of the lower
hulls. It displaces 22,780 long tons at the 70 ft. operating draft

and has a still water speed of 7 knots at the 28 ft., transit draft.

It is under consiruction and scheduled to be completed in the early 1974.
This unit will be capable of working in water depths up to 1,000 ft.

The self-propelled semi-submersible Amoshore Co., "Colonel Drake"
(Fig. 1.14) has two parallel lower hulls with rounded sides. The
overall length of the lower hull is 333 ft, gix stability columns of
28 ft. in diameler are connected to the lgwer hulls and the water-tight
rectangular upper hull is supported by these columns., The propulsion

system will give the vessel a speed of 6 knots ahead, This unit will

be capable of drilling in water depthg up to 600 ft, It is scheduled
to be completed in the early 1974,
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1l.2,2 Multi-leg Semi-Submersibles

Semi-submersibles fall under this category are those which have
a water-tight upper hull supported by three of more vertical columns

(or 1egs) having a large footing at the lower end of each column,

The first multi-leg semi-submersible Southeastern Drilling Co.,
nSedco 135" (Fig. 1.15) was developed in 1965. It consists of a
280 x 280 x 280 ft. triangular upper hull supported by three bottle-
shaped vertical columns of 35 ft., diameter and 141 ft. height. An
elliptical footing measuring 100 x 60 x 25 ft. is connected to the
lower end of each column, The top of the upper hull is 166 ft. above
the base of footings. It has a displacement of 16,800 tons at the
80 ft. operating draft, The towing draft is 35 ft. It can work
while sitting on the bottom in 135 foot water or while afloat in 600
foot watere It should be noted that drilling is done through the
aft-vee (drilling slot) and not through the centre of the vessel.
During the period between 1965 and 1968, seven multi-leg semi-
submersibles, viz. "Sedco 135 A","Sedco 135 B", "Sedco 155 C",
nSedco 135 D", "Sedco 135 E", "Sedco 135 F" and "Sedco 135 G" of the
same basic design as "Sedco 135" were constructed and put into
operation. But the "Sedco 135 B" broke up in South China Sea while
under tow to Borneo in 1965 and "Sedco 135 C" is now known as the
"Sea Quest", The "Sedco 135 F" once successfully withstood 95 ft.
high waves during a storm in mid-October 1968, while it was anchored in
the Hecate Stralt between the west coast of Canada and the remote

Queen Charlotte Islands in the Pacific (Ref, 1.6). The design of

Saipem's "Scarabeo II" is similar to that of the "Sedco 135" and the
unit was completed in 1968,

In 1969, the Southeastern Drilling Co,, "Sedco H" (Fig. 1,16)
was completede It is also a triangular semi-subtmersible with three
legs and circular . footings, but it varies greatly with the "Sedco 135"
designe The main variations in the configuration are:- lowering the
main deck by 20 ft. to 146 ft., replacing the bottle-shaped vertical
columns with the straight vertical colums, replacing the elliptical
footing with 80 ft., diameter x 30 r¢, footings, eliminating the
aft-vee (drilling slot) and locating the substructure forward to
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permit through-the centre- drilling, changing the water depth
capability from 135 ft. to 100 ft, for sit-on-bottom condition and
from 600 ft. to 800 ft. for floating condition, and increasing the
drilling depth capability from 20,000 to 25,000 ft, It has a
displacement of 19,700 tons at the 80 ft., operating draft. The
semi-submersibles "Sedco I", "Sedco J" and "Sedco K" are the sister
units of the "Sedco H", The first two are in operation and the last
under construction which is due to be completed in 1973. The
Saipem's "Scarabeo III" design is similar to that of the "Sedco H"

and the unit is now under construction,

The Transworld Drilling Co., "Transworld Rig 61" of most unusual
design was completed in 1970, The special feature is the combination
of a drillship, a jack-up and a semi-submersible (Fig. 1.17). It
has a 400 x 58 x 23 ft., drillship-shaped main hull with a pair of
outrigger trusses, each of which extends outward both right and lef?
from the centre of the main hull, There are four spud wells, each
located 155 ft. forward, aft, port and starboard of midships centre,.
The unit moves to a drillsite as a conventional drillship. Once
there, it becomes a self-elevating rig, But after the main hull is
raised from the water surface and the legs are semi-submerged, the
unit becomes multi-leg (four legged) semi-submersible capable of
drilling in 600 ft., water depths, The followings describe how the
wnit works:-

(a) To raise the main hull from the water, the four 30 ft. diameter x
148 ft. legs and a rhombic footing at the lower end of each leg
are ballasted to a pre-determined depth, Hydraulic cylinders
in the leg machinery rooms are used to control the movement of
the legs (i.e. raising or lowering the legs) through the four
spud wells. When the holding pins are opposite the pinholes of
the legs, the hydraulically operated holding pins fix the hull
to the legs in a locked position after which wedges are set at
both ¢the top of the leg and at the lower level of the leg

machinery roouss  Then by dewatering the legs the main hull is
raised above the water surface. -

* (b) To lower the main hllll, the wedges are removed and the legs and
their footings are ballagteg through the sea chest at the sides
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of the footings (either by gravity or pumping) until the hull
sits: in the water at the pre-determined draft. Each leg is

held by the four hydraulic cylinders until the holding pins are
retracted.

(c) For towing, the wedges at the top and lower level of the
machinery rooms are installed, after the lower holding pin

location has reached the position where the holding pins can be
engaged.,

The Transocean Drilling Co,, "Transocean III" which is under

construction and due to be completed in 1973, is the same design as the
"Pransworld Rig 61",

The five-legged semi-submersible Forex Neptune's "Pentagone 81"
(also known as "Neptune 7") was completed in 1968, This pentagonal
shape unit (Fig. 1,18) is especially desigmed to work in the rugged
conditions ﬁbund in the North Sea and Bay of Biscay. It can operate
in 60 mph wind and 33 ft. wave height, The pentagonal shape was
chosen in order to permit the drilling axis to be located in the centre
of the structure., The unit consists of five 31% ft. diameter colums
and a 80% x 523 x 243 ft. rounded footing connected to the lower end of
each column. The cenires of the columns are equally spaced on the
circumference of a circle so that they form a pentagon shape in the
plan view in which the distance between two non-consecutive columns is
81 meters. Hence the name "Pentagone 81", The columns are
interconnected by tubular struts to provide sufficient over=-all
rigidness and unity. The 213 x 108 x 21 ft, upper hull is placed on
top of the interconnecting members so that its main deck is 134 ft.
above the base of the footings., The over-all length and width of the
unit are 335 ft. and 318 ft. respectively, It has a displacement of
16,050 metric tons at the 72 ft. operating draft and has a towing draft
of 21 to 25 ft. The unit can work while sitting on the bottom in 95 ft.
water or while afloat in 600 ft. water., The other pentagonal shape
semi-submersibles Sea and Land, Inc, "Pentagone 82" and "Pentagone 84"
and Herlofson Group "S/S Pentagone 83" are now under construction.

The Peter Smedvig "Norrig 5 (Fig. 1.19) is also a five-legged
semi-submersible and has a pentagona) shape in the plan view.



The features different from the "Pentagone 81" are its circular
footings and the location of the drilling axis which is on one side of
the pentagone., The upper hull is supported by the interconnecting
structural members of the columns and its main deck is 187 ft. above
the base of the footings. The lower end of each 335 ‘ft. diameter
column is connected to a 623 ft., diameter footing by a transition
piece., The over-all length and width of the unit are 288 ft. and
299 ft., respectively. The unit can work in 118 ft. water while
sitting on the bottom or 1,000 ft. water while floating, The
displacements at the 98 ft., operating draft and 26 ft. towing draft -
are 25,410 and 11,620 metric tons respectively. The unique feature
of this unit is its capability of self-docking which means that any of
the five footings can be lifted above thé 1light water line by proper
ballastings The unit is under construction and due to be

completed in 1973.

The semi-submersibles in operation and under construction are

given in Tables (1.1), (1.2) ahd (1.3). The lists of the
semi-submersibles in Table (1.1) and (1.2) are based on the (Ref.1.2)

and the new rigs which are not included in the (Ref. 1.2) are shown in
Table: (1.3).
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1,3 Single-Column Semi=-Submersible Platforms (Spar Platforms)

Due to the soaring world's energy demand, exploration of
undersea oil wells have moved into deeper and rougher waters. With
the present technology, drilling in 1,000 ft, water is possible and in
near future drilling in 2,000 to 3,000 ft. water is expecteds When
an 0oil well has been found in deep water, problems of production and
storage of oil arise. Al though fixed production platforms have been
used successfully in shallow water, they would not be suitable for
deep water production because of their high costs of construction and
installation,s, Therefore, other typeé of production and storage units
suitable for using in deep water should be considered. At present
three types of production and storage units, viz. submerged, semi-
submerged and floating units, can be found, Of the three types, the
semi-submerged type seems to be most suitable because it is better
than the submerged unit with regard to mobility and is better than the
floating unit with regard to good seakeeping characteristics. Due to
these considerations, single-column semi-submersible platfoms have

been proposed to use as production and storage units in deep water,

The description of two different designs of single-column
platforms are given belows

(1) Single-Column Production/Storage Platform (Hydronautics, Inc.

This single-column platform which has an oil storage capacity of
66,500 long tons was proposed by Hydronautics, Inc. of Laurel, Md., in

1969 (Ref. 1.7)e The principal characteristics of the platform are
shown in Table 1l.4.

Table 1.4
Depth 480 ft
Diameter 100 ft
Draught (0il filled) 392 ft
Draught (salt water) 435 £t
Light displacement 21,500 long tons
Loaded displacement (full load oil) 88,000 long tons
Loaded displacement (full load galt water) 97,500 long tons
GM at 392 ft. draught 11 £t

GM at 435 ft. draught 34 £
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The platform can also be used as a production unit from wells in
1000 ft. waters 1t will have a natural heave period of %0 sec. and
will survive in a sea condition with a significant wave height of
62 ft. and a period of maximum wave energy of about 20 sec.

The storage section is divided into several vertical tanks with
flooding channels located at the top and bottom to admit oil or salt
water, Two sets of damping plates, one at the bottom and the other
below the load water-line, are fixed to the platform., The lower
damping plates are folded to form a pyramid shaped bow while the
platform is being towed to location in a horizontal mode, At the
site, the platform is temporarily connected to the previously placed
moorings by light wire pennants and is up-ended by pumping the ballast
from the upper void space and then filling the main storage tanks via
a water inlet manifold system., When the platform reaches the vertical
position the mooring cables are winched into position via the light
wire pennants. The tanks are always full of liquid when the platform
is on station, resulting in small pressure differential between the
pressure inside the tank and the surrounding sea.,

(2) single=Columm Production/Storagse Platform (I.H.C. Holland

A single-column production and storage platform has been
recently developed by I.H.Ce Holland in collaboration with Se.I.P.M.
(Re.fo 108)1-

The platform consists of three vertical cylinders, mounted one
on top of the other (Fig. 1.20). The top cylinder which is above the
water surface is the superstructure, in which production and control
equipment and the crew's quarter are situated, A helideck and
single point mooring facilities are located on top of the
superstructure. The middle cylinder, or vertical column, is
situated in the area subjected to surface wave forces. The bottom
cylinder, or the body, which is below the water surface gives the
storage capacity.
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Fize 1420 Sectional view of the single-column platform.

The lower two cylinders are divided by radial buliliheads to form
six oil=-tizht compartments and further subdivision into longitudinal
conpartments 1s required for strength during towing and up-ending
operationse

The platform is designed toc fulfil the 1 i iitlouns

e pl= aLs signed tc fulfil the two main condltlons,

which are

(i) The tarcer must be able to moor and to remain connected to

the platform in a given opcrational weather conditlone.

(ii) In sev °  weather conditions (n01h3113 100 year storn
conditions are taken), the platform must remain safely

anchored on location without tanker,

In addition, 1% 15 also designed to meet stability requirements in both
the loaded and ballasted conditiong,
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Main dimensions of the platform are determined on the basis of

water depth, bottom clearance, maximum expected wave height, heave
criterion and maximum oil storage capacity.

Model tests indicate that the platform which has a natural heave
period in excess of 30 sec. behaves well in waves and the maximum

angle of tilt 1s less than 10 degrees,

The platform has a constant draught in both the loaded and
ballasted conditions, which implies that the compartments destined to
hold oil may not be completely filled with seawater in the ballasted
condition because of a difference between specific gravities of oil

and water.

From the foregoing it can be seen there is a wide range of designs
with a range of claims regarding the performance. At present there
exists no ready means of comparing their performance either
technically or economically,

The followir{g work attempts to provide a method by which thej
dimensions of the multi-hull platform with minimum heaving motion in
regular waves can be obtained and to show the comparison of the
heaving motions of the multi-hull and the multi-leg platforms. From
the results presented it is believed that it is possible to make a
fairly quick assessment of the heaving motion characteristics of any
particular design of the above two types.
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CHAPTER 2

HEAVING OF A SEMI-SUBMERSIBLE PLATFORM IN REGULAR WAVES

2.1 Introduction

In this chapter the equation of heaving motion of a semi-
submersible platform is derived and the effect of frequency of
exciting force on the heaving motion is discussed. The acceptable
motion limits from the practical point of view are briefly discussed,

The response amplitude operator which is the ratio of motion
amplitude to wave amplitude is obtained both from calculationsand
from experimentally measured motions of a model in regular waves, No
attempt is made to calculate the motion of the platform in irregular
waves but the method of determining the motion of the platform in a
given seaway by using the response amplitude operator and the energy
gspectrum of the seaway is described. Considerable attention is given
to methods of reducing the response amplitude operator. The work
makes clear the need for selecting the natural frequency of heaving
below the frequency of the predominant wave in the system.

2,2 Equation of Heaving Motion of a Semi-Submersible Platform

The equation of heaving motion of a semi~-submersible platform in

regular waves can be written as: (See Appendix l)

(m+m)Z+N, 2+ (pg) z = F cos (at + 0) (2.1)

where m = mass of the platfomm

a, = added mass of entrained water of the platform

N, = equivalent damping coefficient assuming damping
Proportional to velocity

(pgA,) = restoring coefficient or spring constant, A,
being water plane gres

z = linear vertical displacement of the platform from

its calm-water position
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z = dz/dt = heaving velocity of the platform

Zz = dzz/ dt2 = heaving acceleration of the platform

F = amplitude of wave exciting force

w = clircular frequency of wave

t = time

O = Dphase angle by which exciting force leads wave

elevation when its wvalue is positive

The solution to the equation of heaving motion is given by:

Z = ZCOS (wt - ¢€) (2.2)
' ¥
where zZ o © | (203)
. 2 42 2
{PgAw - (m+ mz) W + (Nzw)

€ = phase angle by which heaving motion lags wave

elevation when its value is positive.

Since the natural frequency of heaving motion of the platform is given

by ¢
pgA
wn = m + ; (204)
2

the amplitude of heaving motion of the platform can be rewritten as:

F /PgA -
Za = O/ L (205)
\/ {1 (*--“"-’--)2}2 () (2)° |
" G + (2y) (';;;)
vhere y. = —octual demping_ i C (2.6)

critical dampi = _(__T_
anping 2 \n + m, ) uy

It can be seen from equation (205) that the heave amplitude is
directly proportional to the amplitude of exciting force F and to
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the magnification factor, which is

)
[z - (ﬁ-’;)z} i) @

but is inversely proportional to the water plane area Aw'

(2.7)

In general, the heave amplitude can be minimised by reducing the
exciting force so long as the fi-equency of exciting force is very much
smaller than or greater than the natural frequency of heaving of the

platform because when « is very much less than w, 9 the magnification

factor tends to unityand when ¢ is very much greater than w 9 the

magnification factor has small value. In such cases the effect of ¥
(or damping) on the heave amplitude is of little practical importance
and heave amplitude can. be calculated with sufficient accuracy by

neglecting damping.

At resonance (i.e. when ¢ = wn) s the magnification factor

depenﬁs only on ¥ and attains its maximum value. In such a case the
effect of damping on the heawve amplitude is very significant and even
a very small exciting force can produce l'lggﬁ amplitude owing to
relatively small amount of damping present., The heave amplitude of
the platform can be calculated fairly accurately provided the damping
is known. Unfortunately, the existing knowledge on hydrodynamic
damping is relatively poor, so that it is not possible to calculate the
motion accurately near the natural frequency. Thus it is desirable
to meke the natural frequencies in heave, pitch and roll, very low so
that they correspond to range of wave lengths greater than 350 m or
1150 ft. i.e. they lie below the frequency of the predominant waves in
all except the most severe storms. Natural periods of semi-
submersible platforms are in general greater than 15 sec and
frequently of the order of 25 sec, Thug the general practice would
be to select a natural frequency which is well below the frequency of

maximum wave energy which has been obtained from the measured energy
spectrum of the seaway where the platforn ig to be operated.
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The method of determining 'the motion of the platform from theﬁenergr
spectrum and the response amplitude operator (i.e. the ratio of heave
amplitude to wave amplitude) will be discussed later.

In practice, the most important criterion for the behaviour of
the platform is that the motions may not exceed a predetermined value
or a limit which has been chosen by considerations of safety and
workability. But there are no universally accepted specifications
for the limits of platform motion., At present it appears that a
heave of approximately 2 m or 7 ft. is the maximum acceptable for
drilling and roll and pitch should be kept to less than 3 deg. As
the water depth increases to a region where the use of pile-supported
fixed platform is not economical, the drill string of semi-
submersible platforms can tolerate larger horizontal movements at the
sea surface and these can be of the order of 4.5 m or 15 ft. in depths

of water greater than 200 m,

From equation (2.5), the motion of the platform in any long-
crested regular waves can be calculated when all hydrodynamic
coefficients of the platform, i.e. (m + mz)’ N and (pgﬁ\‘), and

the wave exciting force are known. This result is of importance
becaugse it enables us to answer the question whether the motion of the
platform will be satisfactory in a given seaway where drilling is to

be done,

In nature, regular long-crested waves do not exist and the
actual seaway is found to be highly irregular in pattern. A brief
note will be given here, on the method of determining the motion of
the platform in a desired seaway, The irregular sea surface can be

described by superimposing a large number of regular sine waves, the

each of small height/length ratio, The phase relationshiins among
these various component waves are considered to be completely random.
Since methods for the ireatment of the variability of the direction
of sea waves and the observational dats on this variability are not
yet sufficiently developed, it is usually assumed that the component
waves are unidirectional. The spectrum of sea obtained from this
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assunption us known as one-dimensional svectrum, By using the
statistical theory any seaway can be completely described by its

energy specirum,

The energy spectrun Sw(w) ig a continuous function (see Fig.

2_.1) such that any increment of area under its graph, when multiplicd
by a suitab.ec constant, represents the wove energy in that

incremental band of frequencies (Ref. 2.2).

ONOUOSOUONUONONUNN SN NNONARRNN NN NG

« w+der

Fige 2.1 Wave Energy Spectrunm
The energy per unit surface area of each component wave is given by

2

%‘Pg [%(w)]

wvhere p is mass density, g is acceleration of gravity and ga (w)

is the wave amplitude which is a function of wave frequency. The
total energy of component waves present in the frequency interval from

w to (w + dw)s mst be equal to the product of the area Sw (w) dw
and a constant quantity (pg). That is

ot dey

pg X By (0) do = Z ']"é' Pg [%(m)] 2 (2.8

W



or simply,

5,(0) do = %‘ 4; ° (2.9)

In other words the area Sw (w) do is equal to the mean-square value

1

2
or 'variance' E 5 [é‘; (w):] of all those component waves

whose frequency lies between ® and (w + dw), and therefore the

total area is equal to the total variance (mo) of an infinite

number of waves, Thus

[ s, a - a, (2220

from which the following statistical properties of apparent (visible)

waves are obtained.

Average apparent wave height,

crest to trough

or average amplitude L; = 1.25 \’ mo

Average of the 1/3 highest waves, or _
tgignificant' height (R)1/3 = 4.0 ym

Average of the 1/10 highest waves (ﬁw)l/lo = 5.1 \lmo

" In a djnamic problem, it is important that the system is linear,
i.e. any response considered is linearly related to the wave |
amplitude. Then the separate response of the platform to each
component wave whose frequency lies between . and (w + dw), can

be superimposed and represented by the energy spectrum of the
platform motion

S - L 42 |
q (0 da > q (2.11)



From equations (2.9) and (2.11), the following relatic;ns

q, 2
Sq (0) = (?;) S, (w) (2,12)
or
2
Sq_ (w) = [A (w)] Sw(w) (2413)

q
are obtaineds The function [A (w)] = (=& 1is called the

4

response amplitude operator., The response amplitude operator can be
obtained (a) by calculation of responses.of the platform in regular
waves, using equation (2.5) or from experimentally measured responses
of a model to a series of regular waves and (b) by the statistical
analysis of platform motion and wave height records taken at sea

(Ref. 2.3).

The energy spectrum of the wave can be obtained from an analysis
of a wave height recorde This analysis can be performed numerically,
using an automatic digital computing machine (Digital method) or by
using an electro-mechanical device (Analogue method), (Ref. 2.4).

It is evident from equation (2.13) that any two of the three
items: energy spectrum of wave, response amplitude operator and
energy spectrum of motion being known, the third is immediately
deriveds Therefore the energy spectrum of the platform motion can be
obtained when the response amplitude operator and the energy spectrum
of the wave are known. From the energy spectrum of the motion,

various statistical averages of the motion such as Tq_a ’ 63)1/3 and

‘aa)l/io can be obtained by using the same statistical theory as for

sea waves. The relationship between the three items mentioned above
is shown in Fig. (2.2).
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Fige 2.2 Relationship between wave energy spectrum,

_— response amplitude operator and motion energy
- spectrun,

The method of obtaining the energy spectrum of the motion from
the response amplitude operator and the energy spectrum of the wave
has been described above. However, in this thesis no attempt is
made to determine the energy spectrum of the motion, but attention is
confined to determining the response amplitude operator which can be
used in conjunction with the energy spectrum of the wave in any sea
area. Since the energy spectrum of the motion is directly
proportional to the square of the response amplitude operator for a
given energy spectrum of the wave, a reduction in the value of the
response amplltude operator will reduce the motion spectrum. Thus
in order to obtain the minimum motion of the platform, a detail study

on the reduction of the response amplitude operator is made in this

WOTK o
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CHAPTER

DETERMINATION OF WAVE EXCITED FORCES ON A MULTI-HULL AND

ON A MULTI-LEG SEMI-SUBMERSIBLE PLATFORMS

3.1 Wave Excited Forces

The wave excited forces on a semi-submersible platform can be
approximated by the sum of the following three forces:

(1) The undisturbed pressure force FZ arising from the

1
pressure change over the hull in a wave that 1s not disturbed

by the presence of the hull (Froude-Kriloff force).

(i1) The inertia force FZ ariging from the acceleration of

2
the water particles in a wave, which is not disturbed by

the presence of the hull, acting on the added mass of the
hull.,

(iii) The damping force F arising from the damping due to

45
hull, of the velocity of the water particles in a wave
that is not disturbed by the presence of the hull,

The inertia force and the damping force are 180 deg. and 90 deg.

respectively in advance of the undisturbed pressure force.

It will be assumed for the vertical columns and the horizontal
cylinders that their dimensions are small compared to the wave length,
This assumption has been investigated by Hooft (Ref. 3.1) and he has
found that the approximation holds true for a body of which the
dimension parallel to the direction of wave travel is equal to or less
than one fifth of the wave length. 1In such a case the maximum

difference between the approximation (which is an overestimation) and
the exact theory is 9%,
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The total wave excited force is obtained by adding the forces on
subelements of the semi~submersible platform, In the present work,
the subelements are found to be fully submerged cylinders, fully
submerged right circular caisson (or footing) and surface piercing
vertical columms. The forces on the subelements are computed by the
'strip theory (Ref. 3.2) which is usually used in the calculation of
ship motions, The effect of interference between the subelements is

\

neglected,

Now, the total wave excited force FZ on the semi~-submersible

platform can be expressed as:

P, o= (P + FZ2)2 + (P (3.1)

2
71 za)

. The dampiné*fbrce ZFZ3 can be due to potential effects (i.e;

dissipation of energy through wave generation) and viscous effects
"(1.e., dissipation of energy through the action of viscosity). The
potential damping is proportional to the velocity of the water
particles while the viscous damping is proportional to the square of
the velocity. When the nonlinear viscous damping is present in the
syatém, the method of equivalent linearization can be used. The
nonlinear damping term is replaced by a linear term such that the work

dissipated per cycle by each term is the same (Ref. 3;3).

The damping force is most important in the evaluation of motion
amplitudes near resonance, but outside the region of resonance the
damping has relatively little effect on the amplitude., Since the
damping force on a semi-submersible platform is much less than the
undisturbed pressure force and the inertia force, it can be treated as
small except near resonance (Ref. 3.,4)., Also, since the semi-
submersible platforms considered in the present.work have very low
natural frequencies (of the order of 0,314 radian per sece. Or a
natural period of 20 sec.), the frequencies of most waves will be much
greater than the natural frequencies and will be outside the region of
resonance. Hence the total wave excited force can be calculated by

neglecting the damping force and can be expressed as:
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32 VWave Excited Forces on a Multi-hul. Semi-Submersible Platforym

36241 Description of a Multi-hull Semi-Submersible Platform

The multi-hull semi-submersible pletform considered has two
parallel herizontal cylinders, a variabla number of vertical columns
on each cylinder and a main deck on top of these colums (Fig. 3.1).
The verticsl columns are equally spaced on each of the cylinder and

the dieneter of the colum is not to be greater than that of the

cylinder. The general shape of the platform shown in Fige. 3.1l is
maintained throughout the present work.

B -
)

Fige 341 The Multi-hull Semi~Submersible Platform.
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It is desirable to have approximately the sé.me period for pitch
and roll, and this could be achieved by having the sane moment of
inertia of the waterplane area about both longitudinal and transverse
axes. Thus the beam-length ratio of the platform as a function of
the number of columns on each cylinder is derived (see Appendix 2), so
that the platform will havz the same moment of inertia about the two
axes, The beam b 1s taken as the centre distance between two
parallel horizontal cylinders and the length £ as the centre

distance between two extireme verticgl columns whica are on one cylinder.
|

"\
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The beam-length ratio as a function of the number of columns on

each cylinder n can he expressed in thc form:

b + 1 | ..
=) - [5Ed (3.2)

from which the values of (b/2) for difrerent values of n, as showm
in Table (3.1), are obtained.

Table ol

b
i )

0,82
075
0,71
0,68

ON N B A\

‘A1l the multi-hull platforms considered in this work have the same
moment of inertia about the two axes.

3¢2.2 Calculation of Vertical Wave Excited Forces in Beam-Sea Condition

The space-fiXed coordinate system 01- EN & and the body-fixed

coordinate system O=~XYZ are introducted as shown in Fig. 3.2. In
calm water, the XOI Plane coincides with the goln plane and the

b

origins of the coordinates lie in the still water level.

11T 1~ Yo

L]

LHS cylinder o RHS cylinder

z,{

Figs 3.2 Coordingte System in Beam-Sea Condition.
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The motions of the water particles in waves are defined relative
to the 0,- EN& coordinate system.

The characteristics of a regular long-crested wave progressing
in the opposite direction of M in a fluid of infinite depth can be
deduced from the velocity potential,

K& 3
b = 2 éa’ e ° sin (KT + wt) (3.4)
where w = wave frequency = %’t- - \/gK
W

T = wave period

W
on 2

K = wave number = <= o 2=
A g

A = wave length

g = acceleration due to gravity
g = wave amplitude

t = time

From equation (3.4) the motion of the water surface, the orbital
velocity and acceleration of the water particles, and the pressure
variation in waves can be deduced (Ref. 3.5)

The equation of subsurface of waves is' given by:

- |
é‘: = E 31)- = é;ngcos (Kn+wt), (3-5)

from which the equation of surface elevation is obtained when 4

becomes ZeXOe.

The vertical components of orbital velocity and acceleration of
the water particles in waves are given by:
, s
5 . ¥

0
W at - 3% = =W é;e-Kg sin (K1 + wt) (3.6)



2 i &
vo <& d&
% = 2W = -Et_! = -w2 é; e—Kg cos (KTI +rwt) (307)

The horizontal components of velocity and acceleration of water

particles are given by:

;'w = 'g'd% = ge-l{f cos (KN + wt) (3,8)

. an
T]w = —ET},' = -w2 % B-Kg sin (KT] + wt) (34'9)

The pressure (due to wave formation only) acting at any point in

water is given by:

K&

P = =P3¢ = =Pg é; e = cos (KN + wt) (3.10)

where P 1is the mass density of fluid,
The Froude-Kriloff Force (F.,.)

The Froude-Kriloff force can be obtained by integrating the
pressure acting on the surface of the hull., The multi-hull platform
is divided into the subelements (a) fully submerged horizontal

cylinders and (b) surface piercing vertical columns.

The Froude-Kriloff force can be written as:

%

F. = (F

71 - (F

Zl)col. (3.11)

Zl)cyl.
in which
(F Zl) cyle pressure force acting on the horizontal cylinders
with no vertical columns.

(F Zl)col. = Dpressure force acting on the bottom ends of the
vertical columns,
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The Froude-Kriloff force on the horizontal cylinders (F21) eyl

From equation (3.10) the vertical pressure force acting on the
right hand side (RHS) cylinder is given by: (see Fige 3.2)

i 4, d
2r +6,/2 -K(h1+—22---ég-sin9)
(FZl)RHS cyle -f f PE € ° |
e=0 I=-62/2 '
b d.2 4 d2 ~ “
cos{K ('é' + =5 COS 0)+ wt}(-é- d0.dx) sin ©
(b, + 2
-K {h, + — d d
* 17 2 b 2 } 2
= =0g g e cc:asn{K(2 + > cos ©) + wt 5
+,/2  2n 45
* K > sin ©
f d.xf e sin 9.de.
-52/2 0

d
The distance (_52_ cos 8) from the cosine term can be neglected

since it is small compared to the distance B“. Also expanding the

2
d .
K- sin6
term e into a power series and taking only the first two.

d

terms of the series (iee 1 + K -ég- sin 6) since the values of

d 2 '”
..52. sin ©) and higher powers are negligible due to the smallness

d

of -22- compared to the wave 1ength 7\,, we obtain

(K

d
dp 2 ~K(hy + =)

= ~=pg ;;’Jt (“22') e K¢.cos (K "E' + wt) (3012)

The vertical pressure force on the left hand side cylinder is
the same as equation (3412) except (-K -g-) instead of (K :-g-) in the

cosine term. Then the vertical pressure force on both cylinders can
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be written as follows:

d2
L X (hl ¥ _2_) b |
(FZI) eyl = =2pZ > -Z K&ze cos K 5 COS wt (2.13)

The Froude-Kriloff force on the bottom of the vertical columns (FZl) col

In calculating the vertical pressure force on the bottom of the
colums the pressure variation across the diameter of the column is
agssumed to be very small since the column diameter is small compared

to the wave length and thus the mean pressure at the centre of the
bottom surface of the column is tsken.

The vertical pressure force on the RHS columns can be expressed

as the product of the mean pressure, the area of bottom surface of
each column and the number of columns, That is

(FZl)RHS cols = -Pg é; '3" d% ne cos (K -2— + wt) (3.14)

The vertical pressure force on the left hand side colums is
the same as equation (3.14) except (-K -g-) instead of (K-g-) in the

cosine terms Then the force on both RHS and LHS columns can be
written as follows: -

x 2 T b
(Fr)op1, = -208 79 me ~ cosKy cos wt (3.15)

The Froude-=-Kriloff force on ‘the platform is obtained by

substituting equations (3.13) and (3.15) in equation (3.,11) and is
expressed in the form:

2
X 32 2 ™ .2 b
Fh o= 298 4 d,n-e 2 d2 X Kcz) cos K 7 cos-w? (3.16)

From the equation (3-15) it can be seen that the vertical

pressure forces on the horizontal cylinder and on the vertical column

are acting in opposite directions, The vertical pressure force on the

cylinder is acting upvard under the wave trough and is downward under
the wave crest (Ref. 346)



The Inertia Force (FZZ)

The inertia force acting in the vertical direction can be
expressed as the product of the added mass of the body in the vertical
direction and the vertical component of the orbital acceleration of

the water particles in a wave that is not disturbed by the presence

of the bo dyo

Neglecting the free surface effect, the added mass of a
submerged horizontal cylinder oscillating in an infinite fluid is
equal to the mass of the displaced volume of the cylinder since the
influence of the frequency of oscillation on the added mass can be

neglected for the low frequencies which we are concerned, i.e. for

frequencies

d,./2
o | <o

where « is the frequency of oscillation (Ref. 4.1). For a semi-
submersible platform consisting of submerged horizontal cylinders and

surface piercing vertical columnsg, it is sufficient to consider the
added mass of the cylinders only (Ref. 3.4)e Thus the added mass,
in the vertical direction, of a horizontal cylinder of diameter d2

and length &2 is given by:

T oa )2 |
m, = p7(d,)% ¢, (3.17)

The vertical component of the mean orbital acceleration of the
water particles at the centre of the RHS cylinder (see Fig. 3.2) is
d
obtained by substituting &= (b + %) and M =2 in equation

(3,7) and is given by:

d
0o =K ( + .__2_)
£ - -w2 ‘-!-v; e hl 2 cos (K 323- + wt) (3.18)

From equations (3.17) and (3.18) s the inertia force acting on
the RHS cylinder can be expressed as follows:



- A7 -

d
«-K(h1 y =2)

= =pg s: % dg K&ae 2 cos (K L2 + wt) (3419)

(v :

Z2)RHS Cylo

The inertia force on the LHS cylinder is the same as equation
(3.19) except (-K -g-) instead of (K -g-) in the cosine term, Then

the inertia force on both cylinders can be expressed as follows:

L X -K(hl ¥ %2_ b
F = =208 5 E K& e cos K - cos wt (3420)

22 2

By comparing equations (3.13) and (3.20), it can be seen that
the Froude-Kriloff force on the submerged horizontal circular cylinders
is equal to the inertia force, Therefore, it should be noted that
for a submerged horizontal circular cylinder the Froude-Kriloff force
can be approximated by the product of the mass of water displacéd by
the cylinder and the mean value of the orbital acceleration of the
water particles at the centre of the cylinder. This is only generally
true for circular sections and in other shapes of cross-section the

pressure and inertia forces are unlikely to be equal.

The vertical wave excited force on the multi-hull platform in
the beam-sea condition is obtained by substituting equations (3.16)
and (3.20) in equation (3.2) and is written in the form:

d
_Khl X 4% n = ;éz-ot 2 b
F, = 20g & 79y n- 2e 7 45 K¢)) cos K 5 cos wt  (3.21)

The above equation can be written in terms of the total column volume
and the total cylinder volume as follows:

d
V - =K -2
1 h1
F = P8 4’;'1';1"' e (1 -e 2 2Khla.) cos K L cos wt (3.22)

2

2
1 - total volume of the vertical columns =t 2(% dl hl n)

v2 = total volume of the horizontal cylinders =
K .2
2(7 4, ¢,)
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30243 Calculation of Vertical Wave Excited Forces in Head-Sea Condition

The multi-hull platform is considered to heave in the head-sea

condition as shown in Fig, 3.3.
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Fige 545 Coordinate System in Head-Sea Condition

The Froude Kriloff Force (le)

As in the case of the beam-sea condition, the Froude-Kriloff
force on the platform in the head-sea condition can be written as

follows:

FZ]. - (FZ].)Cyl. - (FZ].) col. \ (3023)
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The Froude=Kriloff force on the horizontal cylinders (FZI) cyl

The Froude=-Kriloff force on the horizontal cylinders is
approximated by using the strip theory. The cylinder is divided into
a number of small sections of length dx and the force due to pressure
acting on each section is evaluated. The force on the entire length
of the cylinder is obtained by integrating the force on the individual
section over the length 62.

For head-sea condition, the equations for subsurface waves, for
orbital velocity and acceleration of the water particles and for
pressure due to wave are obtained by substituting ¥ instead of T
in equation (3.5) to equation (3.10).

The vertical pressure force on a section of length dx and at

a distance x from the Z-axis (see Fig. 3.3) can be written as:

d d
d, K(h+-= %X -2 sin 6
dfz= -0g ga > e cos(Kx + wt)dxf e sin 6.d0 (5.24)
0

from which the force on two horizontal cylinders can be deduced as

follows:
d2 - d
d -K(hl + —=) K == gin ©
(F,.) = =2p8 ¢ = € 2 e < sin 9.d06
. M Zlcyle. a 2
O
+62/2
f cos (Kx + wt)dx (3425)
-~L_/2
d
_ K -5'2- sin ©
In the above equation, the exponentigl e is
expanded into a power series and only the first two terms (i.e.
d2 d2 2
1+ K5~ sin ©) are taken since the values of (K > sin ) and
d2
higher powers are negligible due to the smallness of 'y compared to

the wave length A, and when the integrals are evaluated we obtain
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' | d
-K(h, + =)  Ke
= =4pg 4; ?A-t' dg e hl 2 sin-—-g- cos wt (3,26)

(Fp) >

cyle

The Froude-Kriloff force on the bottom of the vertical columms (FZl) col
The Froude-Kriloff force on the bottom of the vertical columns
in the head~sea condition can be calculated as in the case of the

beam~sea condition, The force on the bottom of the colums is

expressed in the form:

(Fr)oor, = -2°8 5 747 e~ (Q) cos wt (3427)
in wvhich .
(n-1)/2
Qo = (1 + Z 2 cos Kxi); X, = Tn_f*l-y i,for n = odd (3,28)
1=1 )

QR = (22 COS Kxi)i X, = < 12—1_—1)- y for n = even (3.29)

The Froude~-Kriloff force on the multi-hull platform in the
head-sea condition is obtained by substituting equations (3,26) and

(3.27) in equation (3.23) and is expressed as follows:

-Kh =X -2 Ke

d, 2
1
F, = 2°8 é; "ﬁ‘ d% e {Qo - 2(‘5‘3) e ° sin —Eg-} cos wt (3.30)

The Inértia Force (FZZ)
—-———7__——_—

The inertia force on the submerged horizontal cylinders is
obtained, as in the case of the beam-sea condition.

The inertia force acting on a small section of length dx and
at a distance x from the Z-axis (see Fig. 3.3) is obtained by the
product of the added mass of the section and the mean orbital
acceleration of the water particles at the centre of the section.
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2
2

(3.7) s the force on the section is given by:

The ‘added mass of the section being p %‘:- d, dx and by using equation

- K(h, + =5 -:
g o £ e 1t cos (Kx + wt) dx (3.31) .

from which the inertia force on the two horizontal cylinders can be

deduced as follows:

K(h]_ . __) +52/2

F = -292:" dg w2 f COS (Kx + wt) dx

-@2/2

d
-K( y 2) Ke
= =4pg i% 1 2’ sin __é_Z_ cos wt (3.32)

when comparing equations (3.32) and (3,26) it is found that, as
in the case of the beam-sea condition, the Froude-Kriloff force and

the inertia force acting on the submerged horizontal cylinders are

equal ®

The vertical wave excited force on the multi-hull platform in
the head-sea condition is obtained by substituting equations (3.30)
and (3.32) in equation (3.2) and is expressed as follows:

d
2
- i 2 K =< Ke
3 £h, 2 2 2
FZ = 2P8 é; A d‘l {Qo - 4(dl) e sin —-é-}cos wt (3.33)

The above equation can be written in terms of the total column

volume and the total cylinder volume as follows:

o Y 'Khl _39- 2 S
FZ = é;'}'l‘]"-' {n - € '(e_jf'l'h;)' sin —-é-g-}cos wt (3.34)
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2,244 Calculation of Horizontal Wave Excited Forces in Beam-Sea Condition
The Froude-Kriloff Force (Fn)

. The Froude-Kriloff force F acting on the multi-~-hull platform

Yl
in the beam-sea condition is obtained by the sum of the horizontal
pressure forces on the horizontal cylinders and on the vertical

columnse.

The Froude-Kriloff force on the horizontal cylinders (FYl) oyl

The horizontal pressure force acting on a small section of length
dx of the RHS cylinder (see Fig. 3.,2) can be expressed as follows:

d
2
dfy o =pg g e ! 2 cos(K -g- + wt - K —2-2- cos ©) (—22' d8.dx)cos © (3.35)

From equation (3.35), the horizontal pressure force on the whole
length of the RHS cylinder can be deduced as follows:

d

K(h, + _ég_) a, +¢,/2 2% _ 4 |
(Fyl)RHS cyle = -PE b;e > dx -fcos(K >t wt - K 5 COS 0)
-62/2 0
cos 6,.d0
(b + -2
-K(h; + —=)d d
= ~pz Se 2/_2 %o b

, Pg =, 5 25 27nJ1(K 2)sin(K -2-+wt) (3436)

d
2
in which Jl(K -2-) is the Bessel function of the first kind.

The horizontal pressure force on the LHS cylinder is the same as
b
equation (3.36) except (=K "é') instead of (K %) in the sine term.

Then the horizontal force on both RHS and LHS can be written in the form:

- d2
Kby + -4, a

- -2pg S e 5 6,200 (K —cos K 2 sin wt  (3.37)
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d

Since -Eg' is small compared to the wave length A,

d d
Jl(K -52-) ~ %(K -52-) and when this value is substituted in equation

(3e37), we obtain

d
.
-K(h.l + ==
% 42 2 b
(FYl)cyl. = =208 g 7 4, e K¢, cos K 7 sin wt (3.38)

-

The Froude-Kriloff force on the vertical columns (Fn) ool

The horizontal pressure force acting on a small section (of the
RHS column) of length dz and at a distance 2z from the still water
level (see Fig. 3.2) can be expressed as:

—_— d
dfy = =pg éa" e 8% cos (K '3" + ot = K —é-]-'- cos ©) (% d6.dz)cos O (3.39)

From egquation (3.39) the horizontal force on n number of RHS |
columns can be deduced as follows: A

fy ax a

d
a -npg & = [ &7%% a b o k-l
(FYI)RHS col. Pe 3 72 © dz [cos(K 5t wt - K 5> COs o)
O 0
CcCOS8 8.de

11
where Jl(K %l-) is the Bessel function of first kind.

The horizontal pressure force on n number of LHS columns is the
same as equation (3.40) except (-K 'E') instead of (K -g-) in the sine

term. Then the horizontal force on both RHS and LHS columns can be
written in the form:

dl .I% (1 - e-Kh]_ d1)2 cos K % sin ot (3.41)

)27tJ1(K X
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d - ,
Since —2]-'- is small compared to the wave length A,

o 1,9

Jq (K -é—) ~ —2-(K —2-) and when this value is substituted in equation

(3.41), we obtain

) cos K L) sin @t (3.42)

x
=-2npgé;4d >

(FY].) col.

From equations (3.38) and (3.42) the Froude-Kriloff force on the platform
is obtained and is given by:

d
d, 2 K¢, K(h, + = -
FYl = =2npg -i-":dl {(dl) --ﬁ— e h1 ' 2)+(1 - Khl)} coSs K% sin ot (3.43)

The Inertia Force (FYZ)

The inertia force F acting on the multi-hull platform in the

Y2
beam-sea condition is obtained by the sum of the inertia forces on the

horizontal cylinders and on the vertical colums.

The Inertia force on the horizontal cvlinders (FY2) eyl

The inertia force on the RHS cylincier (see Fig. 3.2) is obtained
by the product of the added virtual mass of the cylinder in the
horizontal direction and the mean horizontal acceleration of the water
particles at the centre of the cylinder, Thus the inertia force on the
RHS cylinder is given by:

2
(FYZ)RHS C}fl.u 424 % "E' d2 o sin (K ‘% + wt) (3-44)

The inertia force on the LHS cylinder is the same as equation
(3.44) except (=K —) instead of (X --) in the sine term. Then the

force on both RHS and LHS cylinders can be expressed as follows:

d
N .2
(FY2) cyle ~2P8 {; 4 d2 K62 © ° cos K -g- sin wt (3445)
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The inertia force on the vertical colums (F,.)
Y1’ col,

The inertia force acting on a small section (of the RHS column)
of length dz and at a distance 2z from the still water level (see
Fig. 3.2) can be expressed as:

dfy = =Pg {%d.l -KZ dz sin (K 5+ wt) (3,46)

From equation (3.46) the inertia force on n number of RHS columns

can be deduced as follows:

h

(Fyp)pms co1,” 08 £ 7 4 K sin (K 3+ ot) f

= -npg 5 -"E‘- d_f(l - e-Khl) sin(X -E’- + wt) (3.47)

The inertia force on n number of LHS columns is the same as
equation (3.47) except (~K -g-) instead of (K %) in the sine term.
Then the force on both RHS and LHS columns can be expressed as:

(FY2) col.

= =2npg g‘%‘ d]2_ (1 - € Khl) cos K 'g' sin @t (3048)

The inertia force on the platform is obtained from equations
(3.45) and (3.48) and is given bys

d, 2 K¢, -K( —< -
Y2= -2NP8 - Y dl{(_) "'1-1— e hl ) )+(1 - € Khl)}cos K % sin wt (3.49)

From equations (3.49) and (3.43) it can be seen that the inertia
force is equal taq the Froude~Kriloff force.

The horizontal wave excited force on the multi-hull platform in

the beam-sea condition is obtained from equations (5.43) and (3-49) and

> |
F.. = =4npg %'ﬁ;‘ dl {(&""" T e +(1 - O Khl)}cos K % sin wt (3050)
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2.245 Calculation of Horizontal Wave Excited Forces in Head-Sea Condition

The Froude-Kriloff force (FXl)

As in the case of beam-sea condition, the Froude-Kriloff force

FXl on the multi-hull platform is obtained by the sum of the horizontal

pressure forces on the horizontal cylinders and on the vertical columns,

The Froude-Kriloff force on the horizontal cylinders (FX1) eyl

The horizontal pressure force on the horizontal cylinders is
obtained by the product of the cross-sectional area of the cylinder, the
difference in the mean pressures between the forward and aft ends of the

cylinders and the number of cylinders, Thus the horizontal pressure
force can be written as:

d
K(h, + —=<) ) 2
2
(FXI) eyl 1;' d, [-Pg ie R {cos(éK —22- + wt)=-cos(K -é?- + wt)}] X 2
(n, +2)
-K(h, + =~ Ke
- -4pg £ 535 LRI —2 sin at (3.51)

The Froude-Kriloff force on the vertical colums (Fy), 4
The horizontal pressure force on the vertical columns in the
head-sea condition is obtained by using the same method as in the case

of the beam-sea condition and is expressed in the forms

(1 -e Khl) (Qo) sin ot (3.52)
where Q  1s given by the equations (3,28) and (3.29).

The Froude-Kriloff force on the platform is obtained from the
equations (3-51) and (3052) and is given 'by=

d
- a, 2 K(h, +-5) ¢
Lo gD’ T i  22) wtn s

1

Fx1
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The Inertia . Force (Exz)

The inertia force on the platform is obtained as the sum of the

inertia forces on the horizontal cylinders and on the vertical colums,

The inertia . force on the horizontal cylinders (FX2)cyl.

The inertia force on the horizontal cylinders is obtained as the

sum of the inertia forces on the forward and aft ends of the cylinders,

The added virtual mass (A.V.M.) of the horizontal cylinder in the

horizontal direction is given by:

4, S22
AV.M. = 5 pr(5) J Cy,  (see Appendix 4) (3.54)
|
where
J = 0,635
CV4 = added mass coefficient for a mean aspect ratio of

'Jtdz/ 4

¢

The inertia force on the forward ends (see Fig. 2,3) of the two
cylinders can be written as follows:

(b, 2 )

d. =K + '/

X 3¢ (2 2 27 . 2

(Fyo) gorta,”™ ~2P8 <5 % 3 Cygdk e sin(K == + wt)  (3455)

The inertia force on the aft ends of the two cylinders is the same

as equation (3.55) except (K '1-2)') instead of (K %) in the sine term,

Thus the inertia force on both ends of the horizontal cylinders

can be written in the form:

2¢2
(sz) cyle ~4P8 g% d2('3_ Cygk e 2" cos K == sin ot (3.56)
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The inertia force on the vertical columms (F )col

It has been shown in the beam-sea condition that the inertia force
on the vertical colums is equal to the horizontal pressure force.
Therefore for the head-sea condition, it can also be shown that the
inertia force on the columns is the same as that of the horizontal
préssure force on the colums which is given by the equation (3.52).

Thug the inertia force on the vertical columms can be written as:

= =208 g% d% (1 - e-Kh]') (Qo) sin wt (357)

(FXZ) col.

The inertia force on the platform in the head-sea condition is

obtained from equations (3.56)and (3.57) and is given by:

d
= d,, ~X(h,+ -—2-)
(Fyp) = -2p8 %di?{(l'e Khl)Q +2('51-) (3 Cy49K ——)e 1 6 c

cos K -52-} sin wt (3.58)

From equations (3.53) and (3.58) the horizontal wave excited force
on the multi~hull platform in the head-sea condition is obtained and is

expressed in the form:

- 2 K{h 4+ —= 6
FX a =4pg égg dl [(l—e Khl)Q +(-I) e (hl ){sin K —2— +(-3- CV4JK 22)

&2
cos K —é-}:l sin wt (3.59)

3.3 Wave Excited Forces on a Multi-leg Semi-Submersible Platform

3,3,1 Description of a Multi-leg Semi-submersible Platform

The multi-leg semi-submersible platform has a variable number of
legs n and a main deck on top of thege legs (Fig. 3,1). Each leg
consists of an upright circular caisson (or footing) at the bottom of
the leg and on top of the centre of the caisson is a vertical column
having the diameter smaller than that of the caisson. The vertical
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legs are equally spaced round a circle of radius Rc e This

arrangemen! produces equal moment of inertia of waterplane area about
any axes (see Appendix 3).
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Fige 344 The Multi-leg Semi-submersible Platform

s =

3.3.2 Calculation of Vertical Wave Excited Ferces in Beam-Sea and

Head-Sea Conditions

The multi-~leg platform with n number of vertical legs is assumed
to be orientated to the wave direction as shown in Fig. 3.5. VWhen
the angle of orientation (I) 1s equal to 90 deg. the platform will be |
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in the bezm=~seg condition and when d) is equal to zero, it will be in

+the head-=zea condition.

wave
ittt ————

direction

£,X

E wave
direction

& g

Elevation AA

Fig. 5.5 Orientation of the Multi-leg Platform to the

Wave Direction

e

The horizontal distances Ei (see Fig. 3.5) of the centres of

the vertical legs on the ¢ -axis from the origin is given by:

§i - Rcicos (-2-3:-5. + §) . | (3.60)

0, 1, 2’ 3’ @Pont00000y (n o 1)

1|

wvhere 1

¢ = angle of orientation of the platform to the wave direction,

i.e. ithe angle between the X-axis which passes through the

centre of ons of the legs and ‘the £ - axis.
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The Froude-Kriloff Force (FZl)

The Froude-Kriloff force acting on the platform can be written in
the forms:

FZ = (F = (FZ].)COI. \ (3061)

1 Zl)caiS-

where

(F,,)

cais. = vertical pressure force on the caissons without

vertical columms

(FZl)col. = vertical pressure force on the bottom ends of the

vertical columns

The vertical pressure force on the caissons without vertical

columns can be written as follows:

J,(KR)) ~Kn, Xh Bt
2 1V 72 2)
(Fu1) cats.= ~2°6 4785 & (1 -e ;) zho:c os(KE, +ut) (3.62)

where Jl(KR2) is the Bessel function of first kind.

The vertical pressure force on the bottom ends of the vertical

colums is given by:

(KR,) ~Kn, n-1

(FZI) col.” -2P8g a’tRl —(K_RIT e Zcos (K Ei + wt) . (3.63)

1=0

The Froude-Kriloff force on the platform is obtained by
substituting equations (3.62) and (3,63) in equation (3.61) and is

expressed as?

Xn, [Jl(KBl) R, 2 J. (KR,) -Khz)] nz'lcos
1-0

(K gi + wt) (3.64)
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Since Rl and R2 are small compared to the wave length A, the
Bessel functions

NER) & FER)
Jl(KRz) ~ %(KRZ) (3.65)

!

and when the above values are substituted in equation (3.64), we obtain

_ R 9 " Xh Ne=1 1
F, = P8 g;xn.f e i |:1 - (_ilg) (1 ~e 2)] Zeos (K €.+ wb) (3.66)
1i=0

When the value of 3 i given by the equation (3,60) is substituted, the

equation (3.66) becomes

- - n-1
Khl [1 - (%)2(1 - e Khz)] Zcos{KRccos(—zf i+¢)+wt}(3a67)

. 1=0

The Inertia Force (Fzz)

In calculating the inertia force, each leg of the platform is

considered to be a combination of the circular caisson of radius R2

with a hole of radius Rl in the middle and the vertical colums of

radius Hl is fitted into the hole in such a way that the bottom

surfaces of the calsson and of the vertical colum are in the same
horizontal plane,

The added virtual mass (A.V.M,) of the caisson and of the vertical
column can be expressed as follows (see Appendix 4):

AcVeMe = % P'Jth JCV1 s for the caisson of radius R2 (3,68)
4 oxr? JC.. , for th |

AVl = 3 prRy JCy, 9 for the caisson of radius Ry (3.69)
2 5 JC for th i

AeVelMe = 3 PﬁRl V3 ? € vertical column of radius B‘.I. (3.70)



in which

J = 0.635; the correction factor to take account of the three
dimensional effect

C,~ = added mass coefficient for a mean aspect ratio of

V1l h2
'JtR1/ 2

CV2 = added mass coefficient for a mean aspect ratio of =

| 2

'JtRl/ 2

CV3 a a_dded mass coefficient for a mean aspect ratio of W

The inertia force on the platform is calculated as the sum of the
forces on the calsson with a hole in the middle and on the bottom of
the vertical columns and is written as:

F,. = (F (3.71)

75 + (F

Z2)cais. ZZ)COI-

The inertia force on the caissons with a hole in the middle is
obtained as the sum of the forces on the lower and upper surfaces of

the calssons and is'given by:

-Kh, ~ -Kh R? n-
(FZZ) i, -%pth K 4 e (1+e ~ 2)R€ %-(—% CnIF-CszG)Zcos(K§i+mt) (3.72)
] 1=0
where o 4 6
(KR,) (KR,) (KR,)
Ip=1l-"T— * Zeo - 15120 7 -7
2 4 6
(KR,) (KR, ) (KR, )
IC 7 ]l - 10 + >80 15120 + - o -

The inertia force on the bottom of the vertical columns of radius

Rl can be written as:

1 .5
(FZ2)col.= -Ep‘rtR]_JCv3gK 8 %Ic Z cos(K Eiﬂot) | (5.73)
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The inertia force on the platform is obtained by substituting
equations (3.72) and (3.73) in equation (3.71) and is expressed as:

iy

3
R,
Fgp = P8 i’dif(% TKR,) e o [(1*'9 2) (;1" 5 O Ip = Cyp Ig) +

N=1

-Kh
+‘e 2 ch IC:I Z cos (K Ei_ + wt) (3.74)

i=0

Since the diameters of the caissons and of the vertical columns

are assumed to be small compared to the wave length A, the temms I
and IC in the equation (3.74) tend to unity and when the value of Ei

js substituted in the above equation,;,we obtain

b,
R .
F,, = =P8 gﬂﬂf (% JKR, ) e ! [(1+ ) (—- Cin = Cyp) +

R;
KXh n-1 - —f S
+ e 2 CV}] Z cos {KRCcos (-2-;‘- i+Q) + wt} (3-75)
1=0

)

The vertical wave excited force on the multi-leg platform is
obtained from equations (3.67) and (3.75) and is given bys

FZ == Fg CcOS (m‘b + U) (3076)
where
(.2 .2
Fo= |Fol yQ + & (3.77)
i ~Kh, R 2 -Kh
Fo = Pg aatBlz e {1 - ('Ef') (1-e 2)} -
2 Kby B -Kh,
- -3- J'KRl {(1+e ) (;%' CVi - CV2) + e Cv.s}] (5078)
n-l .\ | |
Qc =Ecos{KRc cos (-1_1- 1+ ‘b)} - (3.79)
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n=1 .
Qé - Z sin {KRc cos (%— i+ d))} . (3.80)
i=0
Q
O = ta.n-l "Q‘g' (3.81)
C

2,303 Calculation of Horizontal Wave Excited Forces in Beam=Sea and

Head=Sea Conditions

In calculating the horizontal wave excited forces on the multi-leg
-platform, the platform is assumed to be orientated to the wave direction
at angle ¢) as shown in Fig. 3.5, The horizontal forces on the

vertical columns and on the caissons are calculated by using the strip

theorye.

The Froude-Kriloff Force (FX1)

The Froude-Kriloff force on the multi-leg platform can be obtained

as the sum of the horizontal pressure forces on the legs of the platform.

The horizontal pressure force on the legs, which consists of the
vertical colums and caissons, can be calculated in the same way as in
the case of the calculation of the horizontal force on the vertical

colums of the multi-hull platform in the beam-sea condition (see
Section 3.2.4).

The horizontal pressure force on the vertical columns of the legs
can be written as:

-

, _Khl n-1
(Fyp) go1.= P8 ExRy (1-e  7) Z sin (K £, + wt) - (3.82)

where 51 is given by the equation (3.60).

The horizontal pressure force on the caissons of the legs can be
written ass



_ Xh n-1 |
(Fx]_) cais,” ~PE 4;7&‘.32 e Kh“'(l-e <) Esin (K E, + wt) (3.83)
i=0

JBy adding the equations (3.82) and (3.83) the Froude-Kriloff force
on the multi-leg platform is obtained and is expressed in the form:

| n-1 .
FXl = =08 gﬁﬂl [(l-e Khl)+('§]-.' Khl l-e ):I Zsin(K §i+w’c) (3.84)
*  i=0

The Inertia Force(sz)

In the case of the multi-hull platform, it has been shown that the
horizontal pressure force and the inertia force acting on the vertical

columms of the platform are equal in both beam-sea and head-sea

conditionse.

For the multi-leg platform, it can also be shown that the inertia
force due to the horizontal acceleration of the water particles acting
on the added mass of the legs of the platform is equal to the
horizontal pressure force on the legs of the platform which is given by
the equation (3.84). Hence the inertia force on the multi~leg platform

_ _ n-1
Fyp = =P8 {ﬂﬁf [(1-6 Khl)+("!R-l- Khl l-e )] Zsin(K E; + wt) (3.85)
1=0

The horizontal wave excited force on the multi-leg platform is
obtained from equations (3.84) and (3.85) and is given by:

N-1

' B2
= =208 a’tﬁl [1—e )+(1B';L' e (l-e ):I iEEOsin(K Ei+ wt) (3.86)

Fy

Calculations of the vertical and horizontal wave excited forces on
a single-leg platform whose diameter is small relative to the wave
length is not shown separately because these forces can be obtained by
using the equations given for the multi-leg platform and by putting the
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number of legs n 1is equal to unity and the radius through the

centres of the legs Ro equal to zero., VWhen these values are

sﬁbstituted in the equations the forces on the single~leg platform
situated at the wave trough are obtained. When the diameter of the
single-leg platform is large relative to the wave length, the given
approximate equations cannot be used and in the calculation of forces
the variations of pressure and acceleration of the water particles across
the diameter must take into account,

The approximate equations for the vertical wave excited forces on

the platforms given in this chapter will be used later to determine the
heaving motions of the platform in waves,
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CHAPTER
VERIFICATION OF THEORY

4,1 Introduction

The theoretical method of predictiﬁg the heaving motion 6£‘ a
semi-gsubmersible platform due to wave excited forces has been dealt
with in the chapters 2 and 3. Before using this theory to investigate
changes in geometry and dimensions it is necessary to verify its
accuracy by comparison with model and full scale tests. At the
beginning of this investigation no experimental data had been published
for the range of designsfor which the above theory holds. Thus in order
to check its validity, tests were carried out in the Glasgow University
Experimental Tank on a rig which incorporated many of the geometrical
features of the multi-hull types. Subsequently model data were
published (Ref. 4.2) on milti-leg design and full scale and model on a
malti-hull design and all of them have been used to test th“eq foregoing

theorye.

Having established the accuracy of the theory it is then proposed
to investigate the effect of changing dimensions and geometrical
features. The computer programmes enable these results to be
established in a very short time and at much less cost than the
equivalent model or full scale tests. |

The maximum vertical wave excited forces and the maximum heave
response will be referred to in the present chapter and in the
chapter 5 It should be noted that the maximum forces and response
referred to are those at frequencies greater than the natural frequency
of platform since the actual maximum force occurs at zéfo frequency and
the actual maximum heave response occurs at the natural. frequency but
neither of these conditions are of practical interest for the.majority

of designse.

4e? Calculation of the Heaving Motionsof the Staflo and the HNorf{"-
Semi-Submersible Platforms in Re lar Waves |

The heaving motions of two existing platforms, i.e. the Staflo

(Ref. 4.1) and the Norrig-5 (Ref. 4.2), were calculated using the :
theoretical method described in the chapters 2 and 3.

The Staflo platform is a multi-hull type platform while the
Norrig-5 is a multi-leg type,
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4.2.,1 Calculation of the heavina motion of the Staflo platform in

refuLar waves

The principal data for the ﬁlatform are shown in Fig. 4.1

ELEVATION A-A

6401im
- “ = O) o (e {a) - — .._
. NI IV | | STAFLO
. ‘o o ____ @ lonvitudnal metacentric height GM, 1058 m

v 1 : transverse metacentric height GMy 658 m
E'J Q o drll'!\g location Tedius Of gyraton - roll l 2477 m
- M v -
2!% | o I - pitch I¢¢ 2386 m
i Z\ ’ e o P

” / - YAW 2852 m

(7
diylacement volume - Vv 12700m3

Fig. 4.1 The Staflo Semi-Submersible Platform.

The vertical wave excited force and the heaving motion of the
piatfom in beam-sea and head-sea conditions for infinite water depth
are calculated in Appendix 5. A comparison is made between the
calculated force and the measured force (40 meters water depth) in
Fig. 4.2 and Fige 4¢3. The measured force data were obtained from
Fige 11 of the (Ref, 4-1). The calculated motion in the bean-sea
condition is shown in Fig. 4.4. The comparison between the calculated

motion in the head-sea condition and the full scale measurements at

85 meters water depth (Ref' 2'9) iS Shown in Fig- 4#51
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Fig. 4.2 Comparison between the calculated vertical wave-oxcited
forces in deep water and the measured forces at 40-meter

water depth in becm seas
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Fig. 4.3 Comparison between the calculated vertical wave-excited
forces in deep water and the measured forces at 40-meter
water depth in he~d seas
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Fig. 4.4 The calculated heave response in deep water in beam seas
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Fig. 4.5 Comparison between the calculated heave response in deep
water and the full scale measurements at 85-meter water

depth in head seas
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