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On the Hydrostatics of Floating Bodies with Articulated Appendages

Originally Published for Writien Discussion

by M_H.Patel* angd S.Walkerf¥

SUMMARY: The conventional theory of rigid bady hydrostatic stability 1s extended to floating bodies which include freely
articulated members as part of the buoyancy and stability contributing structure. The calculations are illustrated using an

advanced semisubmersible design which utilises articulated members to ac

hieve a very high deck payload. It is shown that the

presence of the articulated members does not degrade the hydrostatic stability to a significant extent and actually enhances it
for low angles of vessel inclination, The impact of the articulated members on classification society certification require-

ments s discussed.

1. INTRODUCTION

The hydrostatic stability of marine vehicles floating at the
air water interface has been fully investigated and extensively
documented in paval architecture literature. Ramsey ) pre-
sented an early unified treatment of the theory. These
theoretical investizations and results have been ¢concerned
with the hydrostatic stability of marine vehicles which can be
regarded as rigid bodies in the context of the hydrostatics
calculations, The upsurge of offshore oil exploitation and
production activities in the Gulf of Mexico and currently in
the North Sea over the last two decades has required a
variety of novel floating marine vehicles such as semisub-
mersibles to be developed and used as ofishore work
platiorms. These vehicles can still be considered as rigid
bodies but the detailed application of hydrostatics principles
{o these vessels has had to be modified, particularly for
Jarge angles of heel. However,a further class of semisub-
mersible affshore work platforms is being developed to
support fleating production and drilling activities for deep
water and in remote North Atlantie, Northern Neorth Sea and
Arctic loeations, This class of marine vehicles employs
articulations in the structure to achieve the high metacentric
heights required for a large deck payload without the penalty
of structure weight that would be incurred in the absence of
the articulations, Fig.l shows the general arrangement of
such a vessel where the buoyancy chambers B support the
deck D through a space frame structure S with the primary
contribution to the hydrostatic stability being supplied by the
six articulated stabilisers, A, on the periphery of the vessel.

The presence of these articulations requires that the con-
ventionally accepted theory of hydrostatic stability be
extended to account for and calculate the effects of articula~
tions in the structure. This paper describes such an exten-
sion both for small and large angles of inclination. The
theory of rigid body hydrosiatics is presented in brief detail
s0 a5 to compare and contrast the differences with the hydro-
statics results arising from the articulated body. The paper
further highlights special considerations that must apply to a
vessel with articulated appendages for caleulating forces on
the articulation joints and for intact and damaged stability.

2. FIRST ORDER THEORY FOR SMALL ANGLES OF
INCLINATION

2.1 Coanventiopal Rigid Body Hydrostaties

The rigid body hydrostatic stability analysis of an arbitrary
body is briefly repeated here in the same manner as pre-
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sented by Ramsey @ in order to compare the rigid and
articulzted body analyses. Consider the arbitrarily shaped
floating body shown in Fig.2 with, for the moment, a rigid
connection at the articulation.

Under static conditions, the body's immer sed volume V and
the consequential buoyancy force Fg wiil remain constant
with the force Fy acting through the body's immer sed centre
of volume (or centre of buoyancy),B. A consideration of the
hydrostatic stability of the body requires that inclination of
the body about the Ox and Oy axes in the still water plane be
considered, If the body is given a small rotation, £, about the

PLAN VIEW BELOW DECK
Fig.1. Typical Vessel with Articulated Appendages
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Fig.2. An Arbitrary Rigid Body with an Articulated
Appendage

Oy axis, the immersed volumes before and after the rotation
must be equal if the buoyaney force which reacts the body
weight is to remain constant, Equating the immersed
volumes before and after rotation gives

[ﬂdeAW = _Lw(z — xf)dAy (1)

where z = z(x, ¥} denotes the shape of the submerged body
boundary and the integral on the right hand side includes the
volume changes due to emergence and submergence of
wedges of fluid displaced in the vicinity of the cut water
plane area, Axy.

Then, for any non-zero small rotation about Oy,

J, xdag =0 @)

and similarly for rotation about the Ox axis,
Ay = 0 {3
waY W

leading to the conclusion that the bedy can only rotate at
constant displacement about a point which must be the,cen-
troid of the water plane area, the cenire of flotation.
However, it is the motion of the centre of buoyancy, B, as 8
varies which governs the stability of the floating body. If
the coordinates of B are (X, ¥, %) in the equilibrium static
position (£ = 0) and shift to point B’ (X', ¥, Z") after a small
rotation £ about the y axis, then the difference in the co-
ordinates of the centre of buoyancy can be readily expressed
as

x-x =L f any @

7 ¥ = f vy ®)
and

E—E'Z%LXZM‘V )

Equation (6) leads to the well known result that the vertical
movement of the centre of buoyancy is of second order and
positive for small § so that the centre of buoyancy will, in

general, move on a surface (the surface of buoyancy) which

is horizontal at B and concave upwards. Since ¥ = ¥ for
small 8, equation (5) Leads to the assertion that

fA xydAg = 0 (T}

and that Oxy must be principal axes for the waterplane area.
By consideration of the horizontal movement of the cenire of
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buoyancy as given by equation (4),a metacentre My can be
defined such that

1
BMy =3 [, x?dAy ®
for rotation about axis Oy with
1
BMy = y fa{szW {9)

for rotation about axis Ox.

For conventional rigid body hydrostatics in the absence of
fluid tanks with a free surface or pendulum effects due to
hanging weights, the centre of gravity position will remain
fixed in the body. The metacentric heights GMx and GM
will then be a measure of the righting moments that wi]lybe
exerted due to body rotations about the Ox and Oy axes
respectively.

2.2 Rigid Body With Articulated Appendages

Now consider an arbitrary rigid body from which are
mounted a number of articulated appendages each of which
cuts through the waterplane area and has sufficient excess
buoyancy (above self weight} to remain in a vertical equili-
brium position. Fig.2 shows a sketch of the body and just
one of the articulated appendages mounted at position {x, v;,
z;) with a waterplane area of A;j. The articulation is assumed
to be universal such that the appendage is free to move in all
vertical planes through (%, ¥j, 2;). When the floating body is
at rest, the net forces due to buoyancy and weight (with posi-
tive excess buoyancy) exerted by the articulated members
are transmitted through the joint into the main structure with
no modification, This implies that centre of buoyancy position
is not influenced by whether or not the articulations are con-
sidered rigid although the orientation of the articulated
member relative to the body will influence both the centre of
broyancy and cenire of gravity positions.

As a result of a small rotation 2 about the Oy axis, the rigid
body will have emerging and submerging wedges contributing
to the hydrostatic forees whereas the articulated members
will submerge or emerge vertically as cross-sections with
local waterplane area, A;. There will be an additional shift
in centre of bucyancy due to the change of position of the
submerged volumes in the rotated articulations. Further-
more, this rotation will induce asymmetric articulation
waterplane areas about the Oy axis; thus causing a shift in
centre of flotation which will induce a deficit in submerged
volume and a consequent parallel sinkage with increasing
angle of inclination, 8.

The deficit in submerged volume is given by taking the
difference of submerged volumes before and after a small
rotation 8 about the Oy axis. This gives

[ z8Ag + 2f 733dAg = [ (2 — xP)dAy
w T Sw w

+ 2 [ [2ai — (5 + 1iB)BJ0AG, (10)
1 W

where z,3; = z(x,y) describes the submerged shape of articu-
lated member iand lj is the draught of the member pivot.
For symmetric dispositions of rigid and articulated members
about the Oy axis

wa xdBg =0 (11)
and
3 f %dhy =0 (12)
i Ay
Then from equation (10), the defieit of volume is .

BTl A4 {13)
1
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where Ay is the waterplane area of articulation number i.
The parallel sinkage,p, is

Z1iA4
— i 2 14
PR, T A A (14)
Thus the presence of symmetric articulations does shift the
centre of flotation and induces a second order parallel
sinkage.

Turning now to the position of the centre of buoyancy, the
coordinates of the cenire of bucyancy before inclination can
be given by equations (15), (16) and (17) below with the
effects of the articulations included,

Thus

-_ 171, .

X =y [j‘; %2dAy + %‘Im.xzaid’Ai:r {15}
w 1

-_1

T=5% [Lwyszw + Zi:LiyzaidAi:t (16}

T .

Z=5 [&w Yz + 2 £w1fzz§idAi] (17

After the small rotation, 8, the centre of buoyancy, B, will he
at coordinates given by

w1 [wa(z — xB)dAg + ?fai(xi + 1;8)(p — x;B)dA;

+3 Jo lbiﬁ)zaidAiJ (18)

5= |4, via— sy +

T/ v —xiB)dA; + T [ yzaidA; (19)
iThy ithy

and

7 =4 [ e+ i) —xeay +
2, Ylzes + 0+ Gy + 1808}Hzag + 1
— (xy + 188} dAi] (20)

where ly; is the distance of the articulation centre of
bucyancy ahove the pivot.

Then, from equations (17) and (20}, the vertical movement of
the centre of buoyancy is given by

- - 2
77 = f—v [J‘; %2dAy + ?_f\xlfdAl:I (21)

by neglecting cubic and higher powers of 5. This eguaticn
simplifies to .

5= 2 24
-7 =3 [:‘!;wx_ Qb + TH2A (22}
which is also of second order for small 8 and is positive.
Thus the surface of buoyancy for a rigid body with articula-
tions is similar to that of the rigid body, that is, horizontal at
B and concave upwards.

In the same way as before, for small 8, B and B’ must lie in
the same plane perpendicular to Oy. Thus

=y (23)
and using equations {16} and {19),
BJ, xydAy +pZx; [ yda; —pZf ydA; =0 (24)
w 1 i 1 i
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Fig.3. Ratios of Articulated to Rigid Waterplane Areas

Again, if the articulated member waterplane areas are
symmetric about the Ox axis, then

Zx f, ydA; =0 (25)
1 i

so that
[ xydag =0 (26)
AW

and Ox, Oy still remain principal axes of the total vessel
waterplane area.

Now using Fig. 3 and equations (15} and (18}, we get
= glv“ {wa Pridhy — ZpxiA; — ZApliAy
+ 2px{A; + DB%liA; — DAlnV; | (27)

where V; is the initial submerged velume of the ith articula-
tion. For initial symmetry of waterplane areas

ZpxijhA; =0
1

and

Zp%x);8 =0
1

1
- == z : . Sh Vs
SBMy =+ 4] xEdAy + Ix; | xdAg %1b1v1} (28)
if #2 and higher powers are ignored.
B Igy = wa x2dA, for the rigid part of the body,
and
Lyy = Zx | xday (29}
ay = § 1£i. daj
is due to the a/x‘ﬁculations, then
ZlpiVi
I, +1 j o'l
o ¥y "ay 1
- BMy="y v (30)
Similarly,
ElpiV;
Iy +Ipx  §PUH
BM, = v - (31}
where
Tax = Z¥i [& yda;. (32)
i i
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Unlike the conventional rigid body, however, the articulated
vehicle also has an inherent horizontal shift in the centre of
graviity position due to rotation of the articulations, This
shift contributes to additional stabhility by increasing the
effective value of GM as illustrated in Fig.2. The horizontal
shift in centre of gravity position GG’ ¢an he obtained by
taking moments of forces due to mass about an axis through
G perpendicular to the Oxz plane. This gives

MGG’ = gZmjlgif + gZmss; {33}
where M is the total vessel mass, ruj are the masses of each
articulated member with its lecal centre of gravity position
Gj at a distance of 145 above the articulation point {xj, vi, zi)
and a horizontal distance of s; from the vertical through G,
The second term on the right-hand side of equation (33) is
zero for articulations that are symmetrically disposed about
the vessel planes of symmetry. Thus the increment in meta-
centric height due to centre of gravity shift can be writien
for small 8 as

Emil z
¥ s gl
GG 1T
GGy =5 = ¢ (34)
and the effective metacentric height can be written as
GyMy = BMy —BG + GG,
Zmilg;  ZlpiVi
+ 1 cMilgi 2 BpivVi
vty i i - 35
=T + 5y v BG {25}

where BG is the distance between the centres of buoyancy and
gravity at zero angle of inclination.

2.3 Numerical Results

It is of interest fo quantify the effects of articulated
appendages by comparing the relative influence on distance
BM of rigid and articulated members of equivalent water-
plane area.

For a rectangular waterplane section of dimensions b and 4,
with its centroid a distance D (parallel tc dimension d) away
from the vessel axis, the rigid body second moment of water-
plane area is

_ bad

Ipy = fﬁwxszw =g +bd.D? (36)
whereas the articulated member value is
L
Iay =X, j;;idii
D+a/2
=D[_,,, brdx =bd. D2 37)

It is ¢lear that the effect of the articulation is to remove the
bd3/12 term from the second moment of waterplane area.
For large D {ie D 3 d), this term is small and does not in-

fluence the value of the overall second moment of area unduly.

Similarly for the circular waterplane area, of radius rat a
distance D from the vessel axis, the rigid and articulated
results are

Iy = fA x2dAg = 1rd + 712, D2 (38)
v 4

and

Ly =#r2. D2 (39
Then for the rectangular waterplane area

L.

Ay —IT (40)

Iry 1+ 4

12D2
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Fig.4. The Semiflex with Articulated Columns

and for the ecircular waterplane area

I
Ia _ 1 (41)
ry 1+ r2

402

Fig. 3 shows a plot of Iay/Ir as a function of B/d and D/2r
to illustrate the strong influence of this raiio on the second
moment of area ratio. Note that equation (35) contains terms
due to shifts in the centres of gravity and buoyancy for the
articulations. These cause a net reduction in stability which
is much greater than the reductions shown in Fig. 3 due to
second moments of articulation waterplane areas.

3. The Theory for Large Angles of Inclination

This theory is developed using the specific hull shape of the
semisubmersible vessel described in Fig. 1. The rigid body
case is considered first and generalised through to the
articulated case.

3.1 The Rigid Body Equations

Consider view YY for the semisubmersible hull shape shown
in Fig. 1. Fig. 4 displays a section through cne of the three
column pairs about the axis XX’ shown in Fig.1l. The
supporting structure connecting the buoyancy chambers B to
the deck is represented in Fig.4 by the central rigid body R.
& submerged pontoon P and circular rigid eylindrical
columns C and C’ are disposed symmetrically about axis
AA’. The ith such ¢olumn pair shown in Fig, 4 has column
radii ri,waterplane area A; (= wriz) at a distance Dj from
axis AA’, 88’ is the still waterplane when the vessel is on
an even keel whereas SgSj; is the waterplane after a vessel
inclination through angle #. B and B’ are the vessel centres
of buoyancy before and after the inclination with BB” and B”
B’ being the corresponding displacements perpendicular and
parallel to the vessel centre plane respectively,

Then, BB” is given by considering the horizontal change in
moment about an axis through O perpendicular to the plane
of the diagram from the submerging and emerging volumes
on the central waterplane area due to body R and the rigid

columns C,C’. Using conventional hydrostatic analysis for
large angles of £ it can readily be shown that

P | o~
BB" = (I, + 2i,Ii] tan 8 {42)

where I, is the second moment of waterplane area of the
centre body R. I; is the second moment of waterplane area
of the pair of columns about an axis through O perpendicular
to the plane of the diagram and is of the form

=2 [‘.I'rt‘i‘l -+ n'rf . ijl (43)
£}
for each pair.
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Similarly the distance B B’ is obtained by taking moments of
the submerging and emerging volumes about an axis through
O perpendicular to the plane of the diagram_ This gives

" s 1
BB’ =gy [Ty + ?Ii] tan2f
Since
BM = -‘;]133 + B’ B (45)
[r; + ?Iij‘ L1, + Ei:Ii] tan2g
BM :: 7 =+ v {46)

This relationship is analogous to the 'wall sided’ formula for
ship sections. The value of BM above can be combined with
BG to compute a metacentric height or righting moment arm
(GZ} for each inclination.

3.2 The Influence of Arxticulated Appendages

For the case when columns C and €’ are articulated at Q and
Q' (see Fig.4),an inclination § will induce a rotaticn of angle
£ in each of the columns so that they, in fact, remain vertical
with their axes at right angles to the waterplane. Fig.4
illustrates the new positions of the articulated columns
perpendicular to the inclined vessel waterline Sg873.

Now
UV = ljtan 8
and
OU =D — Ltan £

Therefore
OR = {Dj — ljtan £) cos B {47}
Also
QT = ]"1 + Di_tal'l .B
Therefore
QR = (}; + Djtan £} cos 8
so that
QR -QV =( + Djtan B) cos B— |3
Similarly,
uUv = Litan B
OU’ == D; + Ljtan 8 (48)

OR’ = (D; + ljtan B) cos B
and
QV —QR’ =1; — (}; — Dstan 8) cos

As the vessel shown in Fig. 4 inclines, the submerged volume
deficit between zereo inclination and angle £ is given by

A;[UR’ — UR] = 2A4lisin 8 tan 8
for each column pair. The total volume deficit is, therefore,

TA;lisin § tan #
i

and the parallel sinkage is

ZliAy
1

p=msinﬁtan,8=ksinﬁtanﬁ
1

where
ZliAs

k — 1
T Ay ZAy
1

Taking moments of submerging and emerging volumes about
an axis through O perpendicular to the plane of the diagram
gives

V.BB”=Itan £ + %Zrr] [(QR —QV)
1
4+ QR '2— QV)

{OR cos B sin B} + (@V' — Q'R"

{OR' cos £ + MLE—QLR:-I sin B}]

— 2_321biVisin A - Zszilitan 8 cos2 B (49)
1 I

using volume integrations which are not included here.
Thus V. BB” = [ptan £ + %, Zar{[{(}; + Ditan B) cos 8 —1;}
i
1(D; ~ litan B) cos? B + L < (1; + Dytan 8)
cos §— Ij > sin B} + { — (1 — Djtan £)
cos BH(D; + ljtan Beos? B
-+ 1.-"2 <L —{1i— Djtan B} cos § > sin ,G}

— 2plisin 8 — 2plstan 8 cos? 2]
after multiplying out and simplifying, this reduces to
BB" = —lv— [Igtan 8 + %b?wrf{lizsins 8 + Disin g

(1 + cos? B) — 2lplisin 8 — 2pljtan 8 cos? ]} {(50)

Similarly by taking moments of volume about an axis through
O perpendicular to the plane of the diagram and integrating
we get

V.B"B’ = Yl tan? 8 + LZar{[(QR —QV)

1

{b + OR sin B — 1,L,{QR — QV) cos B} — (Q'V' — Q'R")

{o + OR' sin 8 + %@V’ — Q'R’) cos 8}]

— E2ILiVi(l — cos B) + 2pA¢[b —1jsin? g + % cos g] {(51)

1 1

with b denoting the distance OB shown in Fig. 7.

Therefore
VBB’ = Yl tan? 8 + 1/2?:1»? [{0; + Dtan B) cos 8 — 15}
{b + (Dj — Jtan $) cos B sin 8 — Y, < {If + Dytan 8) cos #
—1; > ecas B} — {lj — (13 — Djtan 8) cos £Hb — (D3
+ Litan 8) cos B sin § + Y <1 — (I
— Djtan 8) cos 8 > cos § — 21i;1i(1 — cos )

+ 2pfb — 13sin2 8 + g cos 8] (52)

Again after multiplying out and simplifying, we get
V.B"B’ = Wl tan? g + LEarf[(Df —17) sin? 5 cos
1

+ 217(1 — cos 8) — 2bl; + 2bl; cos § — 2Up;l;(1 — cos £)

+ 2p(b —1jsin2 8 + % cos )] (53)
Then
_ _BB” P
BM = tan B + BB
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= %—r [Ig + Ylgtan® £] + %Z_]?Irf[l? sin? g cos B
1

+DF cos (1 + cos? f) + of — 112) sin® B cos B
+215(1 — cos ) — 2blj + 2bl; cos § — il

— 21k sin2 B cos B + 2ksin B tan B(b — 1;5in2 8
+ Ik sin2 8}] (54)

1

(g + Ylztan? 8}

<

1

+ vai[Df cos B + 13{l; — b)(1 -~ cas 8)
1

— Ipilj — ik sin? 8 cos B

+ ksin 8 tan A(b —I; sin® 8 + Lk sin? g}] {55)
An identical result can be cbtained if the moments of voclumes
are taken about an axis through B and perpendicular to plane
548h. The expression in equation (55) shows the contribu-
tions of the rigid central waterplane cutting member (with
second moment of area,I;) and of the articulated columns
such as C and C’. The expression is equivalent to the small
angle result of equation (27) when 5 — 0.

Ii is interesting to note the effects of distances 13 and b on
the large angle hydrostatics. The Diz cos f term is generally
dominant for large Iy but the additional modification to BM
at high angles is eliminated if 1§ = b. Furthermore this
modification changes sign depending on }; >»bor 13 <h.

The lp;li term causes a2 constant and significant reduction in
BM due tc movement of the articulation submerged volumes
whereas the terms due to parallel sinkage change the BM
values by small amounts,

The movement of the position of the cenire of gravity due to
the articulated columns must be considered for its effect in
increasing the metacentric height, For the large angle
problem, Fig, 4 illustrates the horizontal shift of G to G”
together with a vertical downward shift to G’.

The effective increase in metacentric height then is

GG 3

= tan B {56}

GGy +GG”
The effects of each pair of cclumns i ean be summed to give
a total horizontzl shift of the centre of gravity as

Zmjlgi{l — cos £}
:

GG = {57)

M

where m; is the mass of each of the columns and Ig;i is the
vertical distance between the column centre of gravity and
the point of articulation at zero angle of inclination. M is the
total vessel mass.

In a similar manner, the vertical shift in the centre of
gravity position is obtained as
z.:milgi(l — cos B)
it 00000 .
M
Then the net increment in GM is obtained via equation (56) as

GG = (58}

Ei'}milg-j_

GG, = (59)

M

with the contributions of cos £ cancelling out. The total
metacentric height can then be

GaMy = BMy — BG + GG,
= %[IR + IpIptan2 g] + lvgi:Ai[D‘i? cns
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+ 13l — B)1 — cos B) —1lpilj — ik sin? g cos 8
+ k sin B tan S(b —1; sin? 8 + Lk sin? 8)]

Zmiles
+ e

— BG (60)

3.3 Numerical Resulis

The influence of articulations on the hydrostatics of a float-
ing body is illustrated by numerical values for an articulated
column pair and submerged nontoon arrangement shown in
Fig.4, Numerical values of D; = 64-95 m,|; =42 m, b =

311 m,r; = 3:5 m are taken from dafa for a proposed vessel
(Fig.1) of 30, 750 tonnes displacement. Only the BM contri-
bution due to the articulated columns is considered first to
highlight differences between the articulated and rigid body
hydrostaties.

Fig. 5 displays the variation of BM as a function of angle of
inclination, 3, The rigid equivalent value is compared with
the value arising from the articulated ceclumns,

The BM contribution from the rigid column arises in the con-
ventionally accepted manner whereas the BM contribution of
the articulated columns staris from a lower value due to the
net effect of the shift in total vessel centres of buoyancy due
to articulation rotation. This feature is not as much of a
drawback as it appears at first sight because the existence
of articulations allows the values of D; fo be large without
significani structural penaliies and therefore, the base BM
{for # = 0°) has a large value.

Fig.5 also displays the ratio of articulated to rigid BM value
which tends to f2ll off more rapidly with angle due to the
inerease in rigid column BM with angle of inclination.

Fig.6 displays the variation in righting moment arm G2 with
angle of inclination B. These curves include the effective in-
crease in metacentric height which occurs in the presence of
the articulations. Despite this feature, the articulated

6Z/ml RATIO IGZ), AGZ).

CEEY)

i RIGID YESSEL G2

—_ T
3109 B < ARTICULATED VESSELGZ
— 7 RaT0 G462,
2
1=+0.9 s
= =
6 2 4 3 g 1 12

ANGLE OF WCLBeATION °

Fig.6. Righting Moment Arms as Functions of Angle of
Inclination 3
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columns contribute a smaller righting moment arm than the
equivalent rigid columns. Fig. 6 also displays the ratio of
articulated to equivalent rigid body GZ value. Values of

mj = 657 tonnes and 1y = 21 m are assumed for each
articulated column.

4. SPECIAL CONSIDERATIONS FOR VESSELS WITH
ARTICULATED APPENDAGES

There are a number of additional features that must be
accounted for during the assessment of the hydrostaties of

a vessel with articulated appendages, particularly from the
point of view of classification society certification regula-
tions. These features and their likely impact on certification
procedures are summarised below.

4.1 Forces at the Articulation Joint for Large Angles of
Inclination
The presence of excess buoyancy over and above the weight
of an individual articulation ensures that the member re-
maing vertical during vessel inclinations and that a tensile
foree is maintained in the articulation joint. During vessel
inclination, further submergence of an articulated member
increases the member buoyancy and the eonsequent internal
joint tension. However, the corresponding articulated
member which would be emerging on the opposite beam of
the vessel experiences a reduction in buoyancy force accom-
panied by a reduction in the joint tension.

This variation of joint tension with vessel inclination raises
two points; the first being that the vessel designer must en-
sure adequate angular stabhility and joint tension for articu-
lated members emerging above their still water position due
to large angles of vessel inclination. Alternatively,an
articulated member can be permitted to go ‘unstable’ such
that it will no longer remain vertical but will take up an
equilibriwm position at some angle to the still waterplane.
It can readily be shown that in this mode, the joint tension
will remain positive and constant sach that it is independent
of variation in the vertical distance of the articulated joint
below sfill water level, In this case, the high angle hydro-
static calculation must account for the change over of a
member from the stable upright mode to the tilted mode at
high emerged distances.

4,2 Damaged Stability Due to Articulation Failure

In addition to the conventional design-related wind heeling
moment as well as intact and damaged stabilily require-
ments, a vessel with articulated members must be assessed
for the effects of articulation failure. Each articulated joint
can be envisaged fo be a mechanical miversal joint typical
of many that are in current use for offshore oil loading
towers. These joints are generally designed with a very
large factor of safety such that failure of the primary vessel
structure is likely to precede failure of a joint. Despite this,
a damaged stability calculation needs to be performed by
postulating the complete loss of one of the several articulated
members that would be used on the type of vessel shown in
Fig.1,

4.3 Calculation of Wind Heeling Moments

The conveniional hydrosiatic stability requirement that the
hydrostatic righting moment must exceed the wind heeling
moment by an adequate margin remains largely wmaffected
by the articulations except for one compensating factor.
Wind forces on the articulated members above still water
level will not be transmitted directly as wind heeling
moments into the base structure, An equilibrium force con-
sideration will readily show that the base structure will
experience a force at the articulation which is equal to the
total wind forece and in the same direction. This shift in the
point of force application will reduce the total overturning
moment on the structure which together with the high meta-
centrie heights inherent in this design allow conventional
wind heeling moment requirements to be satisfied with a
substantizal margin.

5. DISCUSSION AND CONCLUSTONS

The extension of the theory of conventional rigid body hydro-
static stability to non-rigid bodies with articulated members
shows that the presence of the articulations reduces the
stability by a relatively small proporiion for articulated
mexmber waterplane areas that are well separated from the
principal axes of the waterpliane, The stability reduction is
primarily due to the movements of the centres of bucyaney
and gravity induced by rotation of the articulations. Con-
sideration of the effects of articulations on damage stability
criteria and wind heeling moments indicates that the articu-
lations introduce no significant difficulties for classification
society certification requirements of ensuring adequate
hydrostatic stability to the same standards as demanded for
conventional semisubmersible vessels.

The design of conventional semisubmersible vessels is a
compromise of conflicting requirements for low motion
response to waves, high deck payload and low structural
steel weight. The low motion response is generally obfained
at the expense of inadequale deck payload such that this is
usually an operational limitation. The design of a new
generation of semisubmersibles with articulated columns,
as shown in Fig. 1, breaks the hydrostatic and hydrodynamic
conflict between low motion response and high deck payload.
The placing of waterplane area at substantial distances from
the vessel prineipal axes without a structural penalty allows
high deck payload via the high mefacentric height while
maintaining low waterplane area for a low wave induced
motion response,
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WRITTEN DISCUSSION

Professor J. P.Kundy, B.E., B.Tech. (Member): It seems the
caption for Fig, 3 is not what it should have been., Perhaps
'Ratios of Second Moments of Articulated to Rigid Water-
plane Areas” would have been ideal, While deriving rigid
body equations in Section 3.1 and also elsewhere, reference
has been made to the columns in Fig.4 by C and CI, Actually
however, C and C1 have not been printed by the side of the
columns. Again L, in the same figure has been referred to
as 1, in all deductions that follow, Is this just 2 minor dis-
crepancy and acceptable?

In the upright condition (8 = 0°), GZ for both articulated and
- . . G4y g
rigid vessels being zero, the ratio Gz, = pr i indeter-
r
minate, The curve of this ratio, however, has been shown to
originate from =z value 1-08 (Fig. 6). Perhaps it should have

started just a bit earlier from the y-axis.

The aunthors have stated that investigation into the effect of
the complete loss of one of the several articulated towers is
required. A similar study of the effect of a damaged/flooded
tower on the articulation joint and also on the platform as a
whole is also desired. It is likely that being articulated, the
flooded tower would heel arbitrarily depending upon wave
directions and this would cause severe strain on the arficu-
lation and also disturb the stability of the platform as a
whole.
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ON THE HYDROSTATICS OF FLOATING BODIES WITH ARTICULATED APPENDAGES

Before towing the platform from its builder's yard to the
site of operation, perhaps a robust arrangement for fixing
the articulated towers in the vertical position is necessary.
Otherwise while in motion, the towers are likely to become
inclined in arbitrary directions and thereby adversely affect
the platform’s directional stability and also the towing
operation as a whole,

The authors have presented a new approach for enhancing
the deck payload of offshore vehicles. The subject matter is
surely interesting and useful to students and teachers of
Naval Architecture in general and to the designers of semi-
submersibles in particular.

My hearty congratulations to the authors.

Dr D, B, Mclver: The articulated vessel which the authors
deal with is a clear departure from conventional semi-
submersibles. Orthodox methods of studying its hydrostatic
characteristics, applied readily to rigid structures, should
therefore be viewed with some caution.

One important feature of the derivation presented for rigid
bodies which is not explicitly stated is that the wetted sur-
face of the body z = z(x, ¥) is defined in body axes which
rotate with the body. However, the funclion z = z4;{x, ¥}
which defines the wetted surface of the articulated appendage
in its initial equilibrium position can no longer do so when
the semi-submersible is rotated and the articulated append-
age has moved relative to the rest of the vessel. This has
not been recognised by the authors, leading to an error in
their derivation of the metacentric height of the platform.

Expressed in another way, the relative movement of the
different parts of the vessel results in an inherent shift in
the centre of buoyancy position analogous to that of the
centre of gravity, the effect of which is included in the
authcrs® derivation.

It would be too lengthy for this discussion to parallel their
derivation by including additional sets of axes for the articu-
lated appendages. Instead, a simpler approach is adopted.

Let Vi and V¥V be the submerged volumes of the rigid and
articulated paris of the structure respectively. Zp, ¥p, Zp and
Zai, Yair Zaj aT® the co-ordinates of their centres of buoyancy
in the initial eguilibrium configuraticn,

After a rotation g about the y-axis, the net hydrosiatic
moment My about the y-axis through the centre of flotation
F is:

My = pgVp2 8 —pg j‘; %2488 + ffpgvai(xi + z;83)

— Zpex; f, xdAsB (61)
1 i

Notice that the moment arm of the articulated appendage
changes from xj to x; + 28 afler the rotation, Assuming that
they are symmetrically disposed about the y-axis, then after
some substitution

My = —pg[Iy.y + Iy — vz — E}vai(zi — 23018 (62}

where V is the net submerged volume, Z is the vertical
co-ordinate of the vessel's centre of buoyancy and zzj that
of the itth articulated appendage.

The gravitational moment is:

M; = —(MgFG + Zm;glg)? {63)
= —MgFG,8 (64)

where the second term in equation (63) is the modification
due to the articulations.
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Noting that for vertical equilibrium
Mg = pgV (65)
the nett moment about ¥ may be written as

Mg + Mg = —|; g(IYY + Iay) — pgVBG + 'i,‘mlglg-l

- pg§Vai(Zi —Zgi}] (66)

= —pEVGyM (67)

¥

The metacentric height is therefore

Iyp + (msles —pVgslp;)

— ¥y ' ay e tars
GyM, = v BG + }E X (68)
where lp; = z; — Z;; is the height of the centre of buoyancy
of the appendage above the articulation, The [ast term on the
right of equation (88) is the correction due to the relative
movement of the centre of buoyancy of the appendage. The
inclusion of this additional effect of the articulation is there-
fore to reduce the metacentric height and therefore the
margin of statie stability from that presenied in the paper.
The net effect over that for a completely rigid structure
depends on the sign of the quantity

mjlei —pVa3lps (69)

for each appendage, This should be negative for small angle
statie stability of the appendage which in turn means that the
metacentric height for the articulated plaiform is less than
for a wholly rigid platform of the same configuration. This
iz what should be expected since the effect of the articulation
is analogous to having a free-surface within the system.

Using the authors’ dimensions for their Fig. 4, the meta-
centric height is 2-26 m less than that predicted in the paper
{approximately 11'5 m). The net reduction in metacentric
height due to the articulation is 1-37 m.

It appears the same omission occurs in the large displace-
ment analysis.
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The effects of the complete loss of cne of the articulated
towers and the articulation joint fension variations due to a
flooded tower are currently being examined in detail using
both hydrodynamic analyses and model tests.

The towage of the platform from the builders yard to the
operations site has been checked by model tests, These
indicate that the towers incline by only a small amount {<3°
from the vertical) during the towing operation and they do not
exhibit untoward transverse osecillations due to vortex
shedding effects. Thus, since the tower angles from the
vertical are expected to be small, the consequential effects
on platform stability and articulation joint tensions will be
within acceptable bounds.
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paper.



