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FOREWORD 

Lockheed Ocean Systems i s  per forming t h e  P r e l i m i n a r y  Design f o r  OTEC 

S t a  t i o n k e e p i n g  Subsys terns (SKSS) s tudy  c o n t r a c t  NA-79-SAC-00635 f o r  NOAA, 

O f f i c e  o f  Ocean Eng inee r ing ,  i n  s u p p o r t  of t h e  Department of  Energy,  Ocean 

Thermal Energy Convers ion  (OTEC) program. P a r t i c i p a t i n g  wi th  Lockheed a r e  

IMODCO on d e s i g n  and a n a l y s i s  of mooring sys tems f o r  t h e  s p a r ,  Simplex Wire 

and Cable  Company on SKSS i n t e r f a c e  w i th  t h e  E l e c t r i c a l  T ransmis s ion  System 

r i s e r  c a b l e ,  and Eager  & A s s o c i a t e s  on r e l i a b i l i t y  a s se s smen t ,  The r e s u l t s  of  

o t h e r  t a s k s  i n  t h i s  s t u d y  were r e p o r t e d  a s  f o l l o w s :  

o Task I ,  Design ~ e q u i r e m e n t s ,  LMSC-D673832 . 

o Task 11, Conceptua l  Des ign ,  LMSC-D676379 

o Task I V ,  Development and T e s t i n g  Recommendations, LYSC-D677783 

The r e s u l t s  of Task 111, Pre1iminar.y Des igns ,  Task V ,  Cost and Schedu le ,  and 

Task V I  C o m e r c i a 1  P l a n t  SKSS Recornenda t ions  a r e  p r e s e n t e d  i n  t h i s  f i n a l  

r e p o r t .  The t e n s i o n  anchor  l e g  (TALI SKSS f o r  t h e  s p a r ,  S e c t i o n  3 ,  was 

p repa red  by IMODCO, and t h e  m u l t i p l e  anchor  l e g / a c t i v e  t e n s i o n i n g  (HAL) SKSS, 

f d r  t h e  ~ba rg ' e ,  ' ~ e c  t i d n  2 ,  was 'prep!ared! by Lockheed. The SKSS d e s i g n s  were 
I a l s o  p re sen ted  i n  ~ o c k v i l l e ,  Maryland , '  i n  a d e s i g n  r ev i ew  f o r  NOAA, DOE, and 

/ 
I 

t h e  OTEC community. 
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S e c t i o n  1  

INTRODUCTION 

Lockheed Ocean Systems w i t h  IMODCO p repa red  t h e s e  p r e l i m i n a r y  d e s i g n s  f o r  OTEC 

S t a t i o n k e e p i n g  Subsystems (SKSS) under  c o n t r a c t  t o  NOAA i n  suppor t  of t h e  

Department of Energy OTEC program. The r e s u l t s  of Tasks 111, V ,  and V I  a r e  

p r e s e n t e d  i n  t h i s  d e s i g n  r e p o r t .  The r e p o r t  c o n s i s t s  of f i v e  s e c t i o n s :  

i n t r o d u c t i o n ,  p r e l i m i n a r y  d e s i g n s  f o r  t h e  mu1 t i p l e  anchor  l e g  ( M L )  and 

t e n s i o n  anchor  l e g  (TAL), c o s t s  and s c h e d u l e ,  and c o n c l u s i o n s .  E x t e n s i v e  

append ixes  p rov ide  d e t a i l e d  d e s c r i p t i o n s  of  d e s i g n  methodology and i n c l u d e  

backup c a l c u l a t i o n s  and d a t a  t o  s u p p o r t  t h e  r e s u l t s  c o n t a i n e d  i n  t h i s  r e p o r t .  

1.1 SCOPE OF TASK 

The o b j e c t i v e  of t h i s  e f f o r t  i s  t o  complete  t h e  p r e l i m i n a r y  d e s i g n s  f o r  t h e  

barge-RAL and Spar-TAL SKSS. A s e t  o f  drawings  i s  provided  f o r  each  which 

show a r r angemen t s ,  c o n f i g u r a t i o n ,  component d e t a i l s ,  e n g i n e e r i n g  d e s c r i p t i o n ,  

and deployment p l a n .  Loads a n a l y s i s ,  performance a s s e s s m e n t ,  and s e n s i t i v i t y  

t o  r equ i r emen t s  a r e  p r e s e n t e d ,  t o g e t h e r  w i t h  t h e  methodology employed t o  

a n a l y z e  t h e  systems and t o  de r ive ,  t h e  r e s u l t s  p r e s e n t e d .  L i f e  c y c l e  c o s t s  and 

s c h e d u l e  a r e  p repa red  and compared on a  common b a s i s .  F i n a l l y ,  

recommendations f o r  t h e  Commercial Plan ' t  SKSS a r e  p r e s e n t e d  f o r  bo th  p l a t f o r m  

t y p e s .  

1 . 2  SKSS CONCEPT SELECTION 

I n  Task 11, Conceptua l  Des ign ,  a  t o t a l  of e i g h t  SKSS c o n c e p t s  were developed  

and e v a l u a t e d  t o  i d e n t i f y  t h e  most promis ing  c a n d i d a t e s  f o r  f u r t h e r  d e s i g n  

development .  NOAA s e l e c t e d  t h e  W w i t h  a c t i v e  t e n s i o n i n g  f o r  t h e  b a r g e ,  and 

t h e  TAL f o r  t h e  s p a r .  T h i s  s e l e c t i o n  p rov ides  d e s i g n s  f o r  comparison w i t h  

MALs f o r  s h i p  and s p a r  p repa red  by a  second c o n t r a c t o r .  The a c t i v e  t e n s i o n i n g  

f e a t u r e  is  s e l e c t e d  t o  a s s e s s  t h e  e x t e n t  of anchor  l e g  t e n s i o n  and b a r g e  

1- 1 
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h e a d i n g  c o n t r o l .  The TAL o f f e r s  a n  o p p o r t u n i t y  f o r  SKSS c o s t  r e d u c t i o n  by 

i n c o r p o r a t i n g  t h e  co ld  w a t e r  p ipe  (CWP) i n  t h e  anchor  l e g .  .. . . 

. , . . 

1 . 3  K E ~ U I R E M E N T S  

The d e s i g n  r equ i r emen t s  d e f i n e d  i n  t h e  Task I r e p o r t  a r e  mod i f i ed ,  i n  some 

a r e a s  t o  r e f l e c t  both concep t  development i n  Task 11 and NOAA d i r e c t i o n .  Sea . . 

s t a t e  wave h e i g h t ,  wind,  and c u r r e n t  a r e  i n c r e a s e d  t o  r e f l e c t  rhe  DOE s t a n d a r d  

e n v i r ~ w e n t a l  c o n d i t i o n s  ( s e c t i o n  1 . 4 ) .  The wa te r  d e p t h  i s  reduced  from 4,000  

t o  3 ,280  f t  f o r  t h e  TAL to  t a k e  advan tage  of  t h e  CWP f i x i t y  r e a l i z a b l e  w i t h  

t h i s  SKSS. 

. . 

A CWP d e s i g n  is provided  by NOAA f o r  pu rposes  of t h e  TAL. d e s i g n  development .  

One o b j e c t i v e  is  t o  d e t e r m i n e  i f  t h e  CWP can  f u n c t i o n  a s  a  t e n s i o n  member i n  

moor ing  t h e  s p a r .  P l a t f o r m  c h a r a c t e r i s t c c s  a r e  summarized i n  Tab le  1-1. 

The MAX, a c t i v e  t e n s i o n i n g  SKSS i s  t o  c o n t r o l  ba rge  h e a d i n g ,  i f  p o s s i b l e ,  and 

t o  e q u a l i z e  l o a d i n g ,  t h e r e b y  improving t h e  e f f i c i e n c y  of a  E.l& n o t  equipped  

w i t h  a c t i v e  t e n s i o n i n g .  F u l l  b a r g e  r o t a t i o n ,  a s  may occu r  w i t h  a  t u r r e t  moor, 

i s  n o t  r e q u i r e d  i n  p a r t  because  a  s w i v e l  f o r  t h e  e l e c t r i c a l  r i s e r  c a b l e  i s  no t  

unde rgo ing  a  p a r a l l e l  deve lopment .  Barge r o t a t i o n  is  r e s t r i c t e d  t o  l e s s  t han  

90 deg .  Anchor l e g  d i s c o n n e c t  is no t  a l l o w a b l e .  

The env i ronmen ta l  c o n d i t i o n s  summarized i n  Tab le  1-2 a r e  r e v i s e d  t o  r e f l e c t  

t h e  h u r r i c a n e  p r e d i c t i o n  o f  B r e t s c h n e i d e r  ( ~ e f .  1-11. R e l a t i o n s h i p s  which 

y i e l d  magni tude  of wind, wave, and c u r r e n t  f o r  a  s p e c i f i e d  ave rage  r e t u r n  

p e r i o d  were d e r i v e d  t o  p a r a m e t e r i z e  t h e  e n v i r o m e n t a l  l o a d i n g  on t h e  ba rge  and 

SKSS. The formulae  a r e  g i v e n  i n  Appendix A ,  S u b r o u t i n e  "SITE." 
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T a b l e  1-1 - BARGE AND SPAR CHARACTERISTICS 

The wind, wave, and c u r r e n t  a r e  assumed t o . b e  c o p l a n a r  f o r  e s t i m a t i o n  of 

env i ronmen ta l  f o r c e s  on t h e  b a r g e .  The , p r o b a b i l i t y  of t h i s  e v e n t  i s  equa l  t o  

t h e  product  of t h e  p r o b a b i l i t i e s  of wind, wave, and c u r r e n t  a c t i n g  i n  t h e  

s p e c i f i e d  heading  r ange .  U t i l i z i n g  t h e  e x p r e s s i o n  d e r i v e d  i n  Ref.  1-2, t h e  

fol. lowing r e s u l t s  a r e  o b t a i n e d  for se lec  t c d  d i r e c  tioil ranges. The wave c r e s t  

i s  assumed t o  t r a v e l  i n  t h e  d i r e c t i o n  of wind.  Th i s  as~sumpt ion  i s  s u p p o r t e d  

by s h i p  weather  o b s e r v a t i o n s  f o r  s e a s  up t o  20 - f t  s i g n i f i c a n t  wave h e i g h t .  

The r e s u l t s  i n d i c a t e  a  h i g h e s t  p r o b a b i l i t y  of 23 p e r c e n t ' f o r  col?lan.ar wind,  

- 
C h a r a c t e r i s t i c s  

LOA ( f t )  

LWL ( f t )  

Beam ( f  t )  , maximum 

D r a f t  ( f t )  , e x c l u d i n g  d i s c h a r g e  p ipe  

Depth ( f t )  

~ i s p l a c e r n e n c '  (f t )  

CWP Diameter  ( f t )  

CWP Length ( f t )  

' wave, and c u r r e n t  i n  t h e  r ange  of 30 t o  100 d e g ,  i . e . ,  p r o p a g a t i o n  from t h e  

E a s t  North E a s t .  

Barge 
- 
381.5 

3  78 

121 , 

65 . 

8 9  

. 67 ,901  

3  0  

2 ,935  
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Spa r  

. . 

3  5  

20 0  

215 

a 290 

54 ,300 

. 32 

2 ,825  

P r o b a b i l i t y  of 
Occurrence  (%)  

23.0 ' 

' 3.0  

4 .0  

0 . 4  . 

0 . 0 2 .  

r 

Wind, Wave, and C u r r e n t  
' ~ i r e c t i o n  (deg )  

65 + 35 - 
65 - + 10 

90 + 35 - 
90 + 10 " - 

135 - + 10' 

t 

Compas s  
Heading 

ENE 

E 

SE 



T a b l e  i -2 SUMMARY OF ENVIRONMENTAL CONDITIONS, PUNTA TUNA 

L a t i t u d e  

Long i tude  

I 
~ p p r o x i m a t e  Depth C f t )  

P r o p e r t y  

C l i m a ~ e  

I D i s t a n c e  t o  Shore  ( m i l e s )  I 3 I 

Cond i t  i o n  

Marine T r o p i c a l  

D i s t a n c e  a l o n g  Shore ( m i l e s )  

Re tu rn  Per.iod of  Design O p e r a t i o n a l  Sea  S t a t e  ( y e a r s )  

I Retu rn  Pe r iod  of Design Extreme Sea S t a t e  ( y e a r s )  I 100 I 
S u r f a c e  CurreuL (kuo~s) 

Bottom Q u a l i t y  

1 Bottom Slope  ( d e g )  

S i l t ,  C l a y ,  Hud, 
u n d e r l a i n  by d e n s e  
sand  

10 to  1 8  

1-4 
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O p e r a t i o n a l  Sea S t a t e :  I 
Maximum Wave He igh t  ( f t )  
S i g n i f i c a n t  Wave He igh t  ( i t )  
Pe r iod  of Maximum Energy ( s e e )  
Wind ( k n o t s )  
S u r f a c e  C u r r e n t  ( k n o t s )  
Seaf l o o r  C u r r e n t  ( k n o t s )  
C u r r e n t  P r o f i l e  
As t ronomica l  T i d e  ( D i u r n a l  Range) ( f t j  
Astonomical  T i d e  (Annual Max. Range) ( f t )  

Extreme Sea S t a t e :  
Maximum Wave Height  ( i t )  
S i g n i f i c a n t  Wave He igh t  (ft) 
Per iod  of  Maximum Energy ( s e c )  
Wind ( k n o t s )  
S u r f a c e  C u r r e n t  ( k n o t s )  
S e a f l o o r  C u r r e n t  ( k n o t s )  
C u r r e n t  P r o f i l e  
As t ronomica l  Tide-Storm Surge  ( f t )  

36.2 
20.1 
10.3 
46.5 
1 .8  
0 .18  

( b )  
1 . O  
1 . 8  

64.6 
35.9 
13.1 
85 .0  
2.4 
0.24 

( b )  
5 . 5  

( a )  Depth f o r  TAL i s  3 ,280  f t  
( b )  See F ig .  2-2, Ref. 1-1 



I n  t h e  c a s e  of  a  h l i r r i c a n e ,  t h e  wind d i r e c t i o n  is  as'sumed t o  a c t  a l o n g  t h e  

h u r r i c a n e  t r a c k ,  which i s  g e n e r a l l y  E a s t e r l y  (Ref .  1-1) .  The p r e d i c t e d  s to rm 

c e n t e r  r a d i u s  of maximum wind (10  nm) and forward  speed (10  k n o t s )  i n d i c a t e s  

t h a t  t h e  s torm a c t s  a s  a  p o i n t  d i s t u r b a n c e  t r a v e l i n g  s iower  t han  t h e  
s !. 

p r o g r e s s i v e  waves g e n e r a t e d  b y ' t h e  c e n t e r .  I n  t h i s  c a s e  t h e  l onge r  waves ' .  

encoun te red  by t h e  moored p l a n t  have a  d i r e c t i o n  of approach  e q u a l  t o  t h e  

h u r r i c a n e  t r a c k .  S p e c t r a l  d a t a  measured i n  t h e  Gulf of Plexico d u r i n g  

h u r r i c a n e  E l o i s e  ' i n d i c a t e  t h a t  " long  pe r iod  wave e n e r g y - p r o p a g a t i o n  d i r e c t i o n  

v a r i e s  o n l y  s l i g h t l y  d u r i n g  the  s torm even though t h e  az imuth  of t h e  st.orm 

c e n t e r  w i t h  r e s p e c t  t o  t h e  s t a t i o n  v a r i e s  c o n s i d e r a b l y "  ( ~ e f .  1 -3) .  These ' 

r e s u l t s , i n d i c a t e  e x t e n s i v e  s p r e a d i n g  of wave e n e r g y ,  w i t h  low pe r iod  waves 

g e n e r a l l y  p r o p a g a t i n g  i n  t h e  d i r e c t i o n  of t h e  l o c a l  wind v e l o c i t y ,  w i t h  t h e  

l a t t e r  a t  90 deg o r  more t o  t h e  d i r e c t i o n  of t r a v e l  of t h e  long ,waves. 

Thus, assumpt ions  of u n i d i r e c t i o n a l  wave s p e c t r a  and c o i n c i d e n t  .wind and wave 

a r e  e v i d e n t l y  n o t  suppor t ed  by t h e s e  o b s e r v a t i o n s .  Wind and wave . s p e c t r a  

d i r e c t i o n a l i t y  based: on d a t a  c o l l e c t e d  d u r i n g  h u r r i c a n e  F r e d e r i c k  i n  t h e  ' 

Ciiribbeeicl, and nea r  Pue r tu  Rico w i l l ,  i f  a v a i l a b l e ,  a s s i s t  i n  i d e r ~ l i f y i r i g  , 
I .  

a p p r o p r i a t e  d e s i g n  c o n d i t i o n s .  The e f f e c t  of , d i r e c  t i o n a l i  t y  i s  f u r t h e r  

d i s c u s s e d  i n  s e c t i o n  2.2.1. 

1-1 U .  of Hawaii Look L a b o r a t o r y ,  Hur r i cane  Design Winds and Waves and 

Cur ren t  C r i t e r i a  f o r  P o t e n t i a l  OTEC S i t e s ,  by C .  L .  B r e t s c h n e i d e r ,  Repor t  

No. 45, Apr 1979 
1. . , , . .  

- .  
1-2 Lockheed X i s s i l e s  & Space Company, I n c . ,  P r e l i m i n a r y  Design f o r  OTEC 

SKSS, Task I F i n a l  Repor t ,  LYSC-D673832, Sunnyvale, .  Ca-l i f  . , .1 . Jun  1979 

1-3 "Hurr icane  E l o i s e  D i r e c t i o n a l  Wave Energy S p e c t r a , "  by J. L .  B lack ,  

, O f f s h o r e  Technology Conferencz Paper  No. 3594, May 1979 
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- 
Sea Seate  6  Spectrum for  U 3 1 . 2  knocs  

6 

Ho= 20 .0  f c .  fin 12.5 f t .  , HnaXm36.0 f c .  

- 

J 

. 6  f o  f o m  .0971 1.5 f o :.. ' 2  f -1942 
O-, f o  

F i g .  7.9 Sea S tace  6  Spectrum for  U 3 1 . 2  k n o t s ,  

W s n  20 .0  f c e r  and f Q q l =  10.3; s e c o n d s .  

Fig. 1-1 O p e r a t i o n a l  Sea ' s t a t e  Spectrum 
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PUNTA TUNA PUERTO RICO OTEC SITE 
100-YEAR TWO PARAMETER WAVE SPECTRUM 

ns 3 5 . 9 r t  T, . i2 .4  sec ro.l - 1 3 . 1  ssc 

f S ( I )  f S ( f )  

, sec" f t 2  sec . sec - '  f t2 i e c  
0.035 0.0 0.170 , 94.8 
0.040 0.0 0.175 02.5 
0.045 1.8 0.180 72.0 
0.050 41.1 0.185 63.0 
0.055 237.9 0.190 55.5 
0.360 626.7 0.195 .40.8 
0.065 1057.7 0.200 43.1 
0.070 1368.0 0.205 38.3 
0.075 1502.7 0.210 33.9 . 

- 0.080 1439.9 0.215 30.3 
0.U85 1384.5 0 .2 t0  27.0 
0.090 , 1234.4 0.225 ' 24.1 
0.035 1072.2 0.230 21.7 
0.100 916.4 0.235 19.5 
0.1115 775.9 0.240 17.6 

' 0.110 

0.130 0.255 
0.135 0.210 
0.140 235.4 0.275 
0.145 201). 5 0.280 
0. !SO 171.4 0.285 
0.155 147.0 0.290 
0.160 126.6 0.295 6.3 
0.165 109.3 0.300 5.9 

Fig. 1-2 Extreme Sea State Spectrum (Ref. 1-11 
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S e c t i o n  2 

PRELIMINARY DESIGN OF MULTIPLE ANCHOR LEG SKSS FOR OTEC BARGE 

The p r e l i m i n a r y  d e s i g n  of t h e  m u l t i p l e  anchor  l e g  SKSS w i t h  a c t i v e  t e n s i o n i n g  

f o r  t h e  OTEC b a r g e  is  p r e s e n t e d  i n  t h i s  s e c t i o n .  An e n g i n e e r i n g  d e s c r i p t i o n  

of t h e  system i s  fo l lowed by sys tem l o a d s  a n a l y s i s ,  performance e v a l u a t i o n ,  

d e s i g n  development ,  and s i z i n g .  Fo l lowing  t h e  s u b s e c t i o n  on i n s t a l l a t i o n  a r e  

d i s c u s s i o n s  of i n s p e c t i o n ,  i n t e r f a c e s ,  r equ i r emen t s  s e n s i t i v i t y ,  and 

Commercial P l a n t  SKSS. System c o s t  and s c h e d u l e  a r e  p re sen ted  i n  S e c t i o n  4 .  

The ba rge  S t a t i o n k e e p i n g '  Subsystem ( SKSS) is  a  c a t e n a r y  mu1 t i p l e  anchor  l e g  

(MAL) sys tem w i t h  a c t i v e  t e n s i o n i n g .  The a c t i v e  t e n s i o n i n g  f e a t u r e  p r o v i d e s  

t h e  c a p a b i l i t y  t o  v a r y  t h e  anchor l e g  geometry by l e n g t h e n i n g  o r  s h o r t e n i n g  

anchor  l e g s  and t r a n s f e r r i n g  load  from each  l e g  t o  an a t t a c h e d  pendan t .  The 

l a t t e r  p rov ides  f o r  ba rge  head ing  c o n t r o l .  A d e s c r i p t i o n  of t h e  MAL i s  

p r e s e n t e d ,  i n c l u d i n g  g e n e r a l  a r r angemen t ,  deck  machinery ,  anchor  l e g  and 

ground t a c k l e  c h a r a c t e r i s t i c s ,  and d e s i g n  f e a t u r e s .  

2 .1.1 Gene ra l  Arrangement 

The MAL i s  comprised of e i g h t  c a t e n a r y  anchor  l e g s  a r r anged  i n  p a i r s  a t  each  

c o r n e r  of t h e  b a r g e .  One l e g  of each p a i r  l i e s  i n  a  v e r t i c a l  p l ane  a t  45 deg  

t o  t h e  b a r g e  c e n t e r l i n e ,  and t h e  second a t  15 deg  from t h e  beam, p r o v i d i n g  

f o r e  and a f t  symmetry w i t h  r e s p e c t  t o  i n c l u d e d  a n g l e .  A g e n e r a l  a r r angemen t .  

showing t h e  anchor l e g  c o n f i g u r a t i o n  is g iven  i n  F i g .  2-1, and ar rangement  

c h a r a c t e r i s t i c s  i n c l u d i n g  b e a r i n g ,  r a n g e ,  and wa te r  dep th  a r e  l i s t e d  i n  

Table  2-1. 

The f i r s t  f o u r  anchor l e g s  a r e  o r i e n t e d  seaward ,  wh i l e  l e g s  5 t h rough  8 a r e  

landward.  Anchors on t h e  l o n g e r  seaward l egs  have a  1 ,000 - f t  g r e a t e r  r ange  

2- 1  
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and a r e  s e t  a t  a  d e p t h  2 ,400  f t  g r e a t e r  t han  t h a t  on t h e  landward l e g s .  TKis 

asymmetry i s  a  d i r e c t  r e s u l t  of t h e  s l o p e d  s e a  f l o o r  a t  t h e  s i t e .  The seaward  

T a b l e  2-1 ARKANGEMENT GWACTERISTI" OF MAL 
. " 

a n c h o r s  and c h a i n  r e s t  on t h e  s e a  f l o o r  s l o p i n g  down from t h e  l e g ;  c o n v e r s e l y ,  

t h e  landward a n c h o r s  and chain resL uti. the up  3 l o p e .  . 

Anchor 
Leg 

1  

a 
3  

4  

5 

6 

I 

8 

Each a n c h o r  l e g  c o n s i s t s  of c h a i n ,  w i r e  r o p e ,  and a  p a i r  of d r a g  embedment 

a n c h o r s .  The upper  segment c h a f i n g  c h a i n ' p a s s e s  unde r  a  f a i r l e a d  on  t h e  b a r g e  

s i d e  t o  a  w i l d c a t  on a  deck-mounted w i n d l a s s  and down, t o  a  c h a i n  l o c k e r  be1oi.j 

t h e  main deck .  A c h a i n  pendan t  is a t t a c h e d  t o  t h e  anchor  l e g  a t  t h e  

c h a f i n g - c h a i n l w i r e - r o p e  c o n n e c t i o n  and s e c u r e d  a t  t h e :  b a r g e  k e e l .  The 

s c a n t l i n g s  of each  l e g  a r e  i d e n t i c a l ,  w h i l e  w i r e  r o p e . a n d  lower c h a i n  segment  

l e n g t h s  v a r y  between l e g s  . ( s e e  F i g .  2-11. 

2 .1 .2  MAL Components 

B e a r i n g  
Re la t i v e  

To Bow 
( d e g )  

4  5 

1s 

105 

135 

225 

2 5 5 

285 

315 

Anchor l e g  component d e t a i l s  a r e  shown i a  F i g .  2-2, i n c i u d i n g  a  p a r t s  l i s t  of 

w i r e  r o p e ,  c h a i n ,  s h a c k l e ,  s o c k e t ,  s w i v e l ,  and a n c h o r .  A comple t e  l i s t  o f  

components  is g i v e n  i n  T a b l e  2-2. A b r i e f  d e s c r i p t i o n  o f  e a c h  component 

f o l l o w s .  

2- 2  
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At tachment  
Angle Off 
V e r t i c a l  

i d e g l  

20.0 

19.9  

20.6 

22 .8  

27.6 

30.2 

29.4 

25.9 
I" 

Range t o  
O u t e r  
Anchor 

( f t )  

Ida t e r  . 
Depth : 

A t  Ailchor 
(ft) 

6 ,277  5 ,640  

6,206 1 5 , 6 8 0 :  

6 ,206  

6 ,277  

5 , 2 7 8  

5 ,206  

4 , 9 9 0  

5 , 2 7 8  

5 ,440  : 
4 ,920  

3 , 4 5 8  

3 ,122  : , 

7,206 / 
3 , 7 1 0  



Fig 2-1 ~en@r+l  Arrangement 

(Continued on next page) 
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Tab le  2-2 MAL, LISTOF COMPONENTS 

Anchor Segment. A p a i r  of  d r ag  embedment-type anchor s  i s  a t t a c h e d  t o  each 

anchor l e g  i n  s e r i e s .  F i t t e d  t o  t h e  bot tom o f  t h e  f i r s t  anchor  i s  a  padeye t o  

a c c e p t  t h e  100 - f t ,  4-718-in. -diam cha in  l e a d i n g  from t h e  t r a i l i n g  anchor .  

Anchor weight  i s  60,000 lb each wi th  f l u k e  a n g l s  dependent  on as-measured s o i l  

c o n d i t i o n s  a t  t h e  s i t e  (TBD). Anchor e f f i c i e n c y ,  holding-power-to-weight  

r a t i o ,  i s  assumed to  be 20 i n  sand w i t h  a  p e n e t r a t i o n  a n g l e  o f  34 deg ,  a 

minimum dep th  o f  7  f t , .  and a  scope  a n g l e  o f  z e r o .  Anchor l e n g t h  i s  19 .3  f t ,  

w id th  o f  22.6 f t ,  depth  of  5.8 f t ,  and f l u k e  h e i g h t  of  1 1 . 7 . f t .  The shank on 

t h e  f i r s t  anchor is  s i z e d  t o  c a r r y  t h e  bending  moment r e s u l t i n g  from t h e  

Component 

Drag Embedment Anchor 

Anchor Shack le  

Swive 1 

En la rged  Link 

Stud  Link  Chain  (Gr. 4 )  

J o i n i n g  Shack le  

Socket  

J o i n i n g  Shack le  . 

Wire Rope ( 6  x 97 I W R C )  

Anchor Windlass  , 

' Chain S toppe r  

F a i r  l e a d e r  

Power Un i t  

Con t ro l  Uni t  

C e n t r a l  C o n t r o l  u n i t  

Chain Locker  

Windlass  P l a t  form 

Windlass  ~ e c k h o u s e :  

Padeye 

S i z e  

60,000 lb 

4-718 i n .  

4-718 i n .  

4-718 i n .  

4-718 i n .  

4 - 5 / 8  i n .  

5-314 i n .  

4-718 i n .  

5-314 i n .  

4-718 i n .  

4-718 i n .  

4-718 i n .  

455 hp - 
- 

2 4 x 1 0 ~ 1 0  f t  

33x34 f t  

1 3 x 3 3 ~ 3 4  f t .  

4-718 i n .  

. Ouant 

P e r  Leg 

2  

2  

5  

5  

5,400 f t  ( t y p . )  

2 

2  

3  

3,000 f t  ( t y p . )  

1  

1 

1 

- 
1 
- 
1 

- 
- 
2 

i t y  

T o t a l  . 

16 

16 

40 

4  0  

48,976 f t  

16 

16 

24 

23,680 f t  

8  

8 

8  

4  

8  

1 I 
8 

4 

4  

16 



t r a i l i n g  anchor i n  the  deployed,  s e t  c o n d i t i o n .  An anchor s h a c k l e ,  e n d . l i n k ,  

swive l ,  and enlarged l i n k  a r e , ' u t i l i z e d  t o  a t t a c h  each anchor t o  t h e  chain .  

Stock l eng th  i s  s u f f i c i e n t  t o  ma in ta in  r o l l  s t a b i l i t y  of t h e  f i r s t  anchor.  

These components . a r e  compatible wi th  4-718-in. diam c h a i n ,  Grade 4. 

Anchor Chain. The anchor cha in  is s t u d  l i n k  cha in ,  4-718-in. diam, Grade 4.  

Proof t e s t . l o a d  i s  2,052,000 l b ,  and break t e s t  load i s  2,932,000 l b .  The 

l a t t e r  is assumed tn he the cha in  breaking s t r e n g t h .  Ttre dry wetght i . ~  

229 l b / f t .  The segment c o n s i s t s  of a  s i n g l e ,  continuous l eng th  of common 

l i n k s .  The. t o t a l  l eng th  of each segment v a r i e s  from 5,900 f t  on the  seaward 

l e g s  t o . 3 , 3 0 0  f t  on the  landward l e g s .  U l t r a s o n i c  t e s t i n g  i s  recommended t o  

ensure  s a t i s f a c t o r y  s e r v i c e  l i f e . o f  30 y e a r s .  

Chemical composit ion of t h e  c a s t  a l l o y  s t e e l  is t y p i c a l l y  a s  fo l lows:  

Element 

C .  

S i 

Mn 

P 

S 

' C r  

Ti  

v 
A 1  

Percent  

0.07 

0.23 

Typical  mechanical  p r o p e r t i e s  of . the  cha in  s t e e l  a r e  (minimum v a l u e )  

T e n s i l e  s t r e n g t h  ( p s i )  128 t o  135,000 

Elongat ion (%)  15 

Reduction (%)  40 

Wire Rope. The anchor cha in  segment below and the  chaf ing  cha in  segment above 

a r e  connected by the  wire rope segment. The l eng th  of each wire rope segment 

v a r i e s  from 2,800 t o  3,100--Ft depending upon anchor l e g  l o c a t i o n ,  whi le  the  

d iamete r  i s  cons tan t  f o r  a l l  l e g s  a t  5-3/4 i n .  The wire rope c o n s t r u c t i o n  i s  

2-8 
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s i x  s t r a n d s ,  r i g h t  hand r e g u l a r  l a y ,  each  s t r a n d  c o n s i s t i n g  of 97 s t e e l  w i r e s  

( 6  x  9 7 ) .  A t  t h e  c e n t e r  i s ' a n  i ndependen t  w i r ec rope  c o r e  (IWRC). Wire rope  

m a t e r i a l  is e x t r a  improved plow s t e e l .  P r e l o a d i n g  of t h e  w i r e  rope  i s  

recommended t o  ex tend  , f a t i g u e  l i f e .  

Wire rope  we igh t  i s  65 l b / f t .  The des igned  b r e a k i n g  s t r e n g t h  is  3 ,000 ,000  l b .  

The a p p a r e n t  modulus of  e l a s t i c i t y  i s , 1 2 , 7 8 0 , 0 0 0  p s i ,  w i t h  a  s t e e l  a r e a  of 

61 p e r c e n t  o f  t h e  enc lo sed  a r e a .  The w i r e '  i s  z i n c  g a l v a n i z e d  and b locked  w i ~ h  

a  pe t ro la tum-based  g r e a s e  o r  s y n t h e t i c  i n f i l l  t o  r e t a r d  t h e  o n s e t  of 

c o r r o s i o n .  Wire rope  t e r m i n a t i o n s  a r e  t h e  open s o c k e t ,  ~ r o s l e y - t y p e ,  f i l l e d  

w i t h  z i n c  o r ,  a l t e r n a t i v e l y ,  a  r e s i n  p o t t i n g  compound i f  a p p r o p r i a t e  a s  

de t e rmined  from .development  t e s t i n g .  

S h e a t h i n g  of  t h e  w i r e  rope  can  i n c r e a s e  w i r e  rope  r e s i s t a n c e  t o  c o r r o s i o n .  

Although n o t  s p e c i f i e d  i n  t h i s  d e s i g n ,  t h e  a d d i t i o n  of a  1 / 4 - i n . - t h i c k  

s h e a t h i n g  of p o l y v i n y l c h l o r i d e  t o  t h e  w i r e  rope  e x t e r i o r  s u r f a c e  may p r o v i d e  

ex tended  s e r v i c e  l i f e .  To l i m i t  s h e a t h i n g  d i s t o r t i o n  d u r i n g  h a n d l i n g  and 

deployment ,  compress ion  load  may n o t  exceed 2 ,000  p s i .  Th i s  r e q u i r e m e n t ,  

however ,  is n o t  compa t ib l e  w i t h  t h e  l i n e a r  winch used  i n  deployment  a s  t h e  

compress ive  load  on t h e  c a b l e  i n  t h e  l i n e a r  winch i s  w e l l  i n  e x c e s s  of t h i s  

l i m i t .  

Cha f ing  Chain .  The upper  segment of each  anchor  l e g  c o n s i s t s  of a  700 - f t  

c o n t i n u o u s  l e n g t h  of  4-718-in.-diam s t u d  l i n k  c h a i n .  The c h a i n  i s  i d e n t i c a l  

t o  t h e  anchor  c h a i n  , a t  t h e  lower p o s i t i o n  of t h e  l e g .  The w i r e  rope  s o c k e t  i s  

connec ted  t o  t h e  c h a i n  v i a  an  end l i n k ,  j o i n i n g  s h a c k l e  and a  s e c o n d - e n d .  

l i n k .  The upper  end of  t h e  c h a i n  is  t e r m i n a t e d  i n  t h e ' c h a i n  l o c k e r  below t h e  

main deck  of t h e  b a r g e  by a  j o i n i n g . s h a c k l e  t o  a  padeye on t h e  s i d e  of t h e  

c h a i n  l o c k e r .  Xomina l ly ,  300 f t  of c h a f i n g  c h a i n  i s  l o c a t e d  on t h e  anchor  l e g  

and  400 f t  is stowed i n  t h e  c h a i n  l o c k e r .  

The deck machinery  on t h e  ba rge  d e d i c a t e d  t o  t h e  MiL c o n s i s t s  of a  f a i r l e a d e r ,  

w i n d l a s s ,  and c h a i n  l o c k e r  f o r  each  of e i g h t  anchor l e g s .  I n  a d d i t i o n ,  a  
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power u n i t  and c o n t r o l  pane l  f o r  each  w i n d l a s s  p a i r  and a  c e n t r a l  c o n t r o l  u n i t  

i s  r e q u i r e d  (F ig .  2-31. 

F a i r l e a d .  The f a i r l e a d  i s  a l a r g e  f a b r i c a t e d  and c a s t  assembly .  The sheave ,  
- .. . 

s u p p o r t e d  on a  h o r i z o n t a l  b e a r i n g ,  i s  a  f ive-whelp  w i l d c a t ,  of 8.7-Et diam, 

des igned  f o r  t h e  4-718-in.-diam s t u d  l i n k  c h a i n .  A v e r t i c a l  a x i s  p i v o t  a l l o w s  

r o t a t i o n  sf t h e  f a i r l e a d  and c h a i n  t o  accomodate r e l a t i v e  motion between 

anchor  l e g  and barge .  Allowable r o t a t i o n  is  + 90 deg  and +60/-30 deg  f o r  t h e  - 
c o r n e r  and s i d e  f a i r l e a d e r ,  r e s p e c t i v e l y .  ~ a i r l ' e a d  o v e r a l l  dimensions a r e  

11 .5  f t  (L) x 4  f t  (W) x  13 f t  (H), and approximate  weight  is 45 ,000 l b  each .  

The sheave  c e n t e r l i n e  i s  l o c a t e d  12 .2  f t  above t h e  w a t e r l i n e .  

Windlass  Module. D i r e c t l y  above t h e  f a i r l e a d  i s  a  w i n d l a s s  module c o n s i s t i n g  

of two anchor  w i n d l a s s e s ,  power u n i t ,  and c o n t r o l  box mounted on a  p l a t f o r m  

which e x t e n d s  1 0 . f t  beyond t h e  h u l l .  

The w i n d l a s s  w i l d c a t  is : a  s t a n d a r d  f ive-whelp d e s i g n  s i m i l a r  t o  t h a t  on t h e  

f a i r l e a d .  Braking h o l d i n g  power i s  1 ,500 ,000 l b  and d e l i v e r e d  minimum 

horsepower is  4 5 5 ,  p r o v i d i n g  a  c h a i n  speed  of 10 fpm a t  1 ,500 ,000 l b  t e n s i o n .  

A c h a i n  s t o p p e r  w i t h  minimum' c a p a c i t y  of  3 ,000 ,000 l b  i s  i n t e g r a l  w i t h  t h e  

w i n d l a s s  frame. 

A t e n s i o n - s e n s i n g . f l e x u r e  is  mounted i n  t h e  c h a i n  s t o p p e r  w i t h  t h e  s i g n a l  

c a b l e d  t o  t h e  l o c a l  and c e n t r a l  c o n t r o l  u n i t s .  T h e ' l a t t e r  u n i t  i s  c a p a b l e  of  

remote c o n t r o l  of each  wind la s s  module and i s  l o c a t e d  on t h e  b r i d g e .  The 

e l e c t r i c - h y d r a u l i c  power' u n i t  p rov ides  f o r  o p e r a t i o n  of each  s i n g l e  d r i v e  

w i n d l a s s ,  one a t  a  time.. A c o n t r o l  p a n e l  p r o v i d e s  f o r  l o c a l  o p e r a t i o n  of  t h e  

w i n d l a s s e s .  The e n t i r e  module is enc losed  i n  a  'deckhouse t o  p reven t  wa te r  and 

s a l t  s p r a y  on t h e  w i n d l a s s e s ,  t h e r e b y  e x t e n d i n g  s e r v i c e  l i f e  and r educ ing  

f r equency  of ma in t enance .  

Approximate o v e r a l l  d imens ions  of each  w i n d l a s s  a r e  18  E t  (L), 10 f t  (W), 

11 f t  ( H ) ,  wi th  a  weight  of  150,000 l b .  The w i n d l a s s  i s  s a n d b l a s t e d  and 

p a i n t e d  wi th  an  o r g a n i c  z inc  c o a t i n g ,  fo l lowed by a u re thane  c o a t i n g .  Th i s  

f i n i s h  may have up t o  a  20-year l i f e .  
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The w i n d l a s s  p l a t f o r m  c o n s i s t s  of an e x t e n s i o n  of t h e  deck  suppor t ed  by a  

f a c e p l a t e  and f l a n g e  b r a c k e t s  below. Two c h a i n  p u l l  through h o l e s  a r e  

provided  i n  t h e  deck  above t h e  f a i r l e a d e r  and above t h e  c h a i n  l o c k e r .  T h i s  

p l a t f o r m  i s  l o c a t e d  24 f t  above t h e  w a t e r l i n e .  I n t e r f e r e n c e  i s  noted wi th  t h e  

deckhouse enve lope  i n  t h e  a f t  p o r t i o n  of t h e  ba rge .  

Chain Locker .  A c h a i n  l o c k e r  i s  provided  f o r  s towage and t e r m i n a t i o n  of  t h e  

c h a f i n g  cha in  on each anchor  l e g .  The volume r e q u i r e d  f o r  each l e g  is  
3  1 ,300  f t  minimum. The l o c k e r  ex t ends  between t h e  65 f t . a n d  89 f t  e l e v a t i o n  

on t h e  b a r g e ,  and i s  t y p i c a l l y  10 f t  s q u a r e  i n  p l a n ,  p rov id ing  w e l l  i n  e x c e s s  

of  t h e  minimum volume. A padeye and founda t ion  a r e  l o c a t e d  on a  bulkhead i n  

each  l o c k e r  f o r . c h a i n  t e r m i n a t i o n .  A p o r t i o n  of space  r e q u i r e d  f o r  t h e s e  

l o c k e r s  i s  a l l .oca ted  t o  s t o r a g e  and shop s p a c e  of t h e  ba rge .  

Pendants .  A pendant  i s  a t t a c h e d  t o  each anchor  leg., a t  the. c h a f i n g  c h a i n  t o  

w i r e  rope  connec t ion .  The o t h e r  end of t h e  pendant i s  connec ted  t o  a  padeye 

on t h e  p l a t f o r m  k e e l  below t h e  a d j a c e n t  anchor  l e g  f a i r l e a d .  These 4-518 i n .  

c h a i n  pendants  provi.de p l a t f o r m  head ing  c o n t r o  1  c a p a b i  l i  t y  f o r  t r a n s  E e r r i n g  

anchor  l e g  load  t o  a n o t h e r  p o i n t  on t h e  p l a t f o r m .  

2.2 LOADS ANALYSIS 

2 .2 .1  Barge Loading 

Envi ronmenta l  l o a d i n g  on t h e  barge  i s  based  on t h e  q u a s i - s t a t i c  f o r c e  and 

moment a n a l y s i s  p r e s e n t e d  i n  Ref. 2-1. The fo l lowing  r e s u l t s ,  r e v i s e d  t o  

r e f l e c t  changks i n  t h e  s e a  s t a t e  d e f i n i t i o n ,  i n d i c a t e  t h e  r e s u l t a n t  

h o r i z o n t a l - p l a n e  f o r c e  and yaw moments on t h e  b a r g e ,  assuming c o p l a n a r  wind ,  

wave, and c u r r e n t .  The components induced by wind ,  c u r r e n t ,  and wave, 

r e s p e c t i v e l y ,  a r e  p r e s e n t e d  i n  Appendix A f o r  bo th  barge  and spar . ,  t o g e t h e r  

w i t h  t h e  computer program l i s t i n g  developed  f o r  bo th  s p a r  and b a r g e  l o a d i n g .  

The f o r c e  is  shown t o  i n c r e a s e  a p p r o x i m a t e l y  50 p e r c e n t  a s  t h e  l o a d i n g  r o t a t e s  

from head t o  beam ( F i g .  2-41, The f o r c e  i n  t h e  Extreme Sea S t a t e  i s  

130 p e r c e n t  g r e a t e r  t han  t h a t  i n  t h e  O p e r a t i o n a l  Sea s t a t e .  The b a r g e  

o r i e n t a t i o n  i s  East-West.  .- __ 
. - =  -- r - 
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The p r o b a b i l i t y  of d storm' from t h e  South r e s u l t i n g  i n  a  beam c o n d i t i o n  i s  

extremely low (Sec t ion  1.41, a t  l e a s t  f o r  nonhurricane sea  s t a t e s .  

The yaw moment on the  barge i s  s e n s i t i v e  to  r e l a t i v e  heading be tween barge and 

s torm (F ig .  2-51. The yaw moment, maximum a t  10 deg o f f  the  bow, i s  a  

r e s t o r i n g  moment f o r  headings from 0  t o  45 deg.  

Noncoincident wind, wave, and c u r r e n t  f o r c e  i s  found to  be lower than the  

maximum f o r c e  i n  beam c o n d i t i o n s  ( s e e  ~ p p e n d i x . A ) .  The assumption of cop lanar  

f o r c e s  is t h e r e f o r e  conse rva t ive  wi th  r e s p e c t  t o  environmental  loads  on the  

p la t fo rm cons t ra ined  by the  m u l t i p l e  anchor l e g  SKSS. In  the  opera t ' ional  s e a  

s t a t e ,  t h e  wind and mean wave d r i f t  f o r c e s  a r e  comparable, whereas i n  t h e  

extreme sea  s t a t e  the  wave f o r c e  exceeds the  c u r r e n t  fo rce  and i s  50. perc.ent 

of the  t o t a l  load ( s e e  Table 2-31. 

T h e , a p p l i c a t i o n  of the mean wave d r i f t  f o r c e  as  a  q u a s i - s t a t i c  load on the  

p la t form and superimposed w i t h  wind and c u r r e n t  fo rces  to  determine p l a t  form 

excurs ion  and anchor l eg  t ens ion  i s  the most common approach t o  anchor l e g  

des ign  (Ref. 2-21. Although not capable  of t r e a t i n g  the  time-dependent 

e x c i t a t i o n s  nor the  dynamic response of t h e  SKSS, t h i s  I s  an approach 

p a r t i c u l a r l y  a p p r o p r i a t e  t o  pre l iminary  d e s i g n .  Severa l  techniques  f o r  

dynamic s imula t ion  a r e  under development ( ~ e f s .  2-2, 2-3, 2-41, wi th  continued 

resea rch  requ i red  i n  frequency d i f f e r e n c i n g ,  v iscous  damping, s i m u l a t i o n  t ime,  

and a p p l i c a t i o n  of time h i s t o r i e s  i n  des ign.  Some r e s u l t s  of t h e  dynamic 

s i m u l a t i o n  i n d i c a t e  t h a t  high peaks i n  the  slowly varying wave d r i f t  fo rces  do 

not  n e c e s s a r i l y  produce high peaks i n  the  l ine '  t ens ion ,  a l though the  dynamic 

method does g ive  about 25 pe rcen t  h igher  l i n e  t ens ion  than the  q u a s i - s t a t i c  

method. The s i g n i f i c a n c e  of an underest imated wave f o r c e  on l i n e  t ens ion  

us ing  the  q u a s i - s t a t i c  method i n  t h i s  pre l iminary  des ign  i s  d i scussed  i n  

Sec t ion  2.9. 

D i r e c t i o n a l i t y  of Environmental Loading. The d i r e c t i o n a l  p r o p e r t i e s  of the 

high sea  s t a t e s ,  p a r t i c u l a r l y  t h e  Extreme Sea S t a t e  r e s u l t i n g  from a  h u r r i c a n e  

i n  the  Caribbean,  a r e  examined to  a s s e s s  the a,ssump t  ions  of u n i d i r e c t i o n a l  

2- 15 

LOCKHEED O C W N  SYSTMS 



.'DIRECTION OF APPLIED 'LOAD (DEC) 

Fig. 2-5 Environmental Loads - Barge' 
(Yaw. ~ o m e n t  Versus Heading) 

- LOCKHEED OCEAN SYSTEMS 
I' - 



WSC-11678771 

Table 2-3 SDLMARY OF ENVIRONMENTAL LOADS O N  BARGE 

( a )  Coplanar Wind, Wave, Current (0  deg ~ a s t e r l y )  
< .  

seaway and coplanar  wind, wave, and c u r r e n t . '  Storm d i r e c t i o n a l i t y  is a l s o  

Extreme 
Sea S ta t e  

100 100 

" 0 '. 90 

0.17 0.26 

0.37 . 0.53 

0.44' 0.81 
., . 

0.98 1.60 

1.4 -1.4 -. 

Item 

Storm Return Period ( y r )  
.. . , -  

. ~ & d i n g  ( d e t l '  
6  Wind Force (10 l b )  

6  : . .  
Current Force (10 .lb). 

6 wave Force (10 l b )  
6  Net  F Q ~ c ~  (10 l b )  

6  ~ e t ' ~ o m e n t  (10 f t - l b )  

r e l evan t  t o  the barge heading con t ro l  requirement of the SKSS; i f  th.e seaway 

is d i r e c t i o n a l  and i f  i t  can be £orecas ted ,  then the  barge heading 'control  t o  

Opera t iona 1 
Sea S ta t e  

3 3 
. .o . " . . " g o " ,  . 

0.05 0.08 

0.21 - :0.30 . . 

0.12 0.31 

0.38 0.69 

0.42 -0.98 

maintain head seas  i s  a  r e a l i s t i c  expec ta t ion  f o r  t he  SKSS. .. . 

Hurricane seaway d i r e c t i o n  i s  i l l u s t r a t e d  f o r  two cases  .of a  t rack  pass ing  

South and North of the OTEC barge ( see  Fig. 2-6). As th'e hur r icane  eye 

t r a v e l s  West i n '  the  Caribbean, most probable f o r  hurr icanes p a ~ s i n g ~ w i t h i n  

50 miles  of Puerto Rico, long waves a re  generated and propagate outward from 

the d is turbance .  These waves of per iod 10 to  15 sec or  g r e a t e r  t r ave l  f a s t e r  

than the  speed of the d is turbance ,  reaching the  barge ahead of the  

d is turbance .  The loca l  wind, a t  r i g h t  angles  t o  these'waves,"generates waves 

of lower period which t r a v e l  downwind. The seaway i s  therefore  sho r t  c r e s t ed ,  

b i d i r e c t i o n a l  and bi-mddal a t  t h i s '  s tage .  As tlie 'hurricane eye proceeds We s t  

and passes  South of the barge, the sea spectrum becomes narrower and s i n g l e  

peaked. The wind i s  Westerly following the counterclockwise flow of the. a i r  

mass i n  the hur r icane  eye, and i n  the d i r e c t i o n  of the dominant waves. I n  t he  

case of the t rack  t o  the North of the barge,  the  s h o r t e r  waves approaching 

from the North a r e  fetch-l imited by Puerto Rico. 
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N A .  
OTEC PLANT 

LOW PERIOD 

. . a) HURRICANE TRACK . . . . 

H'GH PERIOD 
WAVE CRESTS 

/' 

SOUTH . . . . . . . O F  . BARGE . 

I FURRlCANE TRACK - - -  -- 
--- -- -*- ---- HURRICANE TRACK ,. 

HIGH PERIOD 
OTEC PLANT WAVE 'CRESTS 

b) HURRICANE TRACK NORTH OF BARGE 

Fig. 2-6 Hurricane Tracks . 



A s i m i l a r  s e t  o f  c o n d i t i o n s  e x i s t s  f o r  t h e  eye  t r a v e l i n g  North and p a s s i n g  t o  

t h e  E a s t  o r  West of  t h e  ba rge ,  r e s p e c t i v e l y  ( i ~ e f .  1-3). , 

The assumpt ion o f  a  u n i d i r e c t i o n a l  seaway f o r  t h e  computat ion of  wave d r i . f t  

f o r c e  and barge  mot ions  is i n c o n s i s t e n t  wi th  'wind and s e a  d i r e c t i o n  i n  t h e  

i n i t i a l  p o s i t i o n .  The f o r c e s  and motions a r e  t h e r e f o r e  l i k e l y  t o  b e  lower. 

than  t h e  p r e d i c t e d  va lues .  Waves of  approximate ly  10 s e c  r e s L l t  i n  a  d r i f t  

f o r c e  of  g r e a t e r  magnitude than  waves o f  h i g h e r  o r  lower p e r i o d .  I n s t e a d  ,of  a  

d r i f t  f o r c e  a c t i n g  i n  a  s i n g l e  d i r e c t i o n  it <s expected t h a t  d r i f t  f o r c e s  a r e  

spread over a  90-deg a r c ,  t h e  quadran t  depending on t h e  r e l a t i v e  p o s i t i o n s  o f  
, . 

barge  and h u r r i c a n e  t r a c k .  Forces  and pla t fo ' rm mot ions  i n  a  s h o r t - c r e s t e d  

seaway a r e  g e n e r a l l y  lower than t h e  wave-induced f o r c e  and mot ion .  i n  a 

long-cres ted  seaway, so t h a t  t h i s  a s sudp t   ion^ .is al.so c p n s e r v a t  iye .  

The assumpt ion o f  a  u n i d i r e c . t i o n a 1 ,  narrow band spectrum and c d p l a n a r  wind and 

waves more c l o s e l y  models t h e  c o n d i t i o n s  when t h e  eye  p a s s e s  t h e  p la t form.  A 

p r e f e r r e d  heading w i t h  r e s p e c t  t o  t h e  waves' 2s more r e a d i l y  i d e n t i f i e d  

therefore a s  t h e  e y e  p a s s e s  t h e  p l a t f o r m  than  i n  t h e  e a r l i e r  s t a g e s  :of t h e  

h u r r i c a n e .  

The wind, assuxned cop lanar  wi th  t h e  waves, is, i n  t h e  wave d i r e c t i o n  of t h e  

l o c a l l y  g e n e r a t e d  waves, and a t  r i g h t  angles.  t; t h e  long  p e r i o d  waves. The 

c u r r e n t  c o n s i s t s  of t h e  g e o s t r o p h i c  c u r r e n t '  w i t h  components of wind- and 

wave-driven s u r f a c e  c u r r e n t s .  It i s  d i f f i c u l t  t o  a s s e s s  t h e  d i r e c t i o n a l i t y  of  

t h e  c u r r e n t  a l though  t h e  p r o b a b i l i t y  of a l l  c u r r e n t  components be ing  cop lanar  

would appear  t o  be  low. 

Barge Kinemat ics .  The MAL induces  n e t  moments on t h e  ba rge  which r e s u l t  i n .  

t r i m  about  t h e  t r a n s v e r s e  a x i s ,  h e e l  about  t h e  l o n g i t u d i & l  a x i s ,  and yaw 

about  t h e  v e r t i c a l  a x i s .  The magnitude o f  t h e s e  a n g u l a r  changes a r e  examined 
. " 

f o r  t he  Extreme Sea S t a t e .  

I n  t h e  case  of h e e l  tlie ,maximum h e e l i n g  moment o c c u r s  i n  t h e  beant c o n d i t i o n  
G and is  270 x 10 f t - l b .  Th i s  nioment c a u s e s  t h e  .ba rge  t:o h e e l  i n t o  t h e  

oncoming wind,  waves, and c u r r e n t ,  the reby  reducing t h e  f recboard on t h e  



weather side. For a  displacement of 67,000 LT and GE$ of 12.34 f t ,  the  heel 

angle  i s  found a s  follows: 

9 = s i n  
GM 

= 8 . 4  deg 

The  ~ e s u l r a n r  l o s s  i n  freeboard on the  weather s i d e  is 8.9 f t ,  leaving a  n e t  

f reeboard of 15 .1  f t .  The reduced freeboard may r e s u l t  i n  increased deck 

we t t i ng  and reduced t ransverse  s t a t i c  atabi  1 i- t g  and thcrcfore  is an 

unfavorable impact on the barge. 

6 Barge t r i m ,  based on a  moment t o  change t r i m  by 1 in .  of 6.45 x 10 f t - l b ,  

is est imated t o  be 0.7 f t  a t  the  bow, f o r  a  45 deg heading. T r i m  changes of 

t h i s  magnitude a r e  considered t o  be i n s i g n i f i c a n t  t o  barge s tat ionkeeping.  

, ,. 
The MAL provides a  r e s t o r i n g  moment about the barge v e r t i c a l  a x i s ,  o r  yaw 

' 

moment, which i s  balanced by the appl ied sea s t a t e  moment* The magnirhdc of 

yaw moment and the  ex t en t  of  yaw o f f s e t  i s  presented i n  t h i s  s ec t ion .  

S t a t i c  ana lys i s  of t he  MAL is, based - .  on force  equi l ibr iuin with the  barge f ixed 
3 .  

i n  yaw, while moment e q u i l i b r i &  i s  not s a t i s f i e d . .  The moment induced by t h e  

MAL due to  barge excurs'ion, shown i n  Fig.  2-7, , i nc reases  with sea s t a t e  
6 heading t o  a  maximum of -61 x 10 f t - lb  a t  45 deg i n  the  Extreme Sea Sta t e .  

The e f f e c t  of 'excursion and yaw ' on  moment i s  'shown i n  Fig. 2-8. The barge 

yaws u n t i l  the MAL r e s t o r i n g  moment is equal and opposi te  to  the  sea 

state-induced moment: 
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NOTE:  BARGE F IXED IN  YAW 
NO A C T I V E  TENSIONING 

EXTREME SEA S T A T E  

OPERATIONAL 
SEA S T A T E  

I 

DIRECTION OF APPLIED LOAD (DEG) 
. . 

F i g .  2-7 Yaw >lament Induced by SKSS Due t o  Barge Excurs ion  , 
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YAW (DEC) 

loo+\\ ',f ACTIVE TENSION INC 
(4S0 HEADING) 

"c 4S0 HEADING 

Fig. 2-8 Yaw Xoment Induced by SKSS Due to ~ a r g e  ~xcursion and Yaw 



where 

r e s t o r i n g  moment i n  yaw, f t - l b  Y 

P1 = barge yaw, deg 

The i n t e r c e p t ,  a ,  i s  dependent on sea s t a t e  heading: 12 f o r  ze ro  heading,  62 

for ,  45 deg heading,  The yaw o f f s e t  f o r  q u a r t e r i n g  s e a s  i s  -9 deg;  the  barge 

r o t a t e s  i n t o  the sea  s t a t e  so t h a t  the r e s u l t a n t  sea - s t a te  heading i s  36 deg. 

2.2.2 S t a t i c  toads  Analys is  

Objec t ives  of This  Analys is .  The p r i n c i p a l  o b j e c t i v e  of t h i s  s e c t i o n  i s  t o  

p r e s e n t  methodology and r e s u l t s  of s t a t i c - l o a d s  c a l c u l a t i o n s  f o r  the  MAL SKSS 

i n  a  v a r i e t y  of environmental  c o n d i t i o n s ,  inc lud ing  p la t fo rm storm loads  f o r  

r e t u r n  pe r iods  of of  3- and 100-year wi th  v a r i o u s  angular  o r i e n t a t i o n s  t o  the  

p l a t  form. ' 

Actual  mooring s i t e  anchoring depths  and approximate bottom s l o p e s  a r e  used i n  
.. . . 

developing t'he mooring i eg  c o n f i g u r a t i o n s .  Depths a r e  shown i n  Fig.  2-9. 

C a l c u l a t i o n  techniques  a r e  developed i n  some d e t a i  1 i n  Appendix D .  

The a n a l y s i s  d e t a i l e d  i n  Appendix D d i f f e r s  from those  p rev ious ly  conducted i n  

t h a t  i t  inc ludes  the e f f e c t s  of va ry ing  depths  and bottom s lopes .  Depths a re  

t abu la ted  and the average s lopes  from the  c e n t e r  ou t  t o  the  anchor l o c a t i o n s  

c a l c u l a t e d .  ~ n c h o r  l o c a t i o n s  a r e  s p e c i f i e d  i n  a  coord ina te  system cen te red  a t  

the  p la t form n e u t r a l  p o s i t i o n ,  wi th  the  x-axis p a r a l l e l  t o  ea.stern 

geographical  d i r e c t i o n .  The anchors placed i n  deeper  water i n  t h e  +z 

d i r e c t i o n  a r e  a l l  a t  a  nominal 6,000-ft range from the pla t form.  Inshore  

anchors a r e  a t  a  range of 5,000 f t .  Anchor placement informat ion i s . c o n t a i n e d  

i n  Table 2-4. 

The pla t form o r i e n t a t i o n ,  coord ina te  system, and mooring l i n e  con£ i g u r a t i o n  

a r e  shown i n  Fig. 2-10. Attachment p o i n t s  f o r  t h e  45-deg mooring legs  a r e  a t  

t h e  p la t form corners  x = f 189 f t ,  z = 2 60.5 f t .  The four  a d d i t i o n a l  l i n e s  
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Fig.  2-9 HAL Shown on P t .  Tuna S i t e  Con tou r s  (Depth  i n  Fathoms) 
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Tab le  2-4 ANCHOR COORDINATES , DEPTHS, BOTTOM SLOPES 

a r e  15 deg from t h e ,  beam f o r e  and a f t  a s  shown. Attachment  po in ' t s  f o r  t h e s e  

- + 60.5 f t .  l i n e s  a r e  x = + 176 f t ,  z  = - .  

Anchor 
NO. 

1  *6{ 

2  

3  

4 

5  

6  

7  

8  

The mooring l i n e s  a r e  i n  two s e c t i o n s ' c o n s i s t i n g  of  a  57314-in. s t e e l - w i r e  

rope  f o r  t h e  upper : s e c t i o n  w i t h  a weight  o f  56.5 l b / f t  i n  t h e  w z t e r .  A 

s e c t i o n  o f  4-718-in. c h a i n  w i th  a  wet .weight  of 199 i b / f t  connec t s  t h e  w i r e  

rope  t o  t h e  anchor .  Lengths of w i r e  and c h a i n  f o r  each of t h e  ' 8  mooring l e g s .  

a r e  l i s t e d  i n  Tab le  2-5. ,- ~ e n g t h  of  each  s e c t i o n '  o f  c h a i n  is  s e t .  a t  200 f t  

g r e a t e r  than  t h e  water  dep th  of cha t  p a r t i c u l a r  anchor f o r  main tenance  

c o n s i d e r a t i o n s .  

The l e n g t h  o f  each  s e c t i o n  of wire. rope  i s  de termined  by p r o v i d i n g  'an equa l  

h o r i z o n t a l  t e n s i o n  component a t  t h e  p l a t f o r m  f o r  each of t h e  mooring l e g s .  

Th i s  e n s u r e s  t h a t  t h e  e q u i l i b r i u m  p o s i t i o n  of t h e  p l a t fo r in  i s  a t ' t h e  

p r e s c r i b e d  c e n t e r  of t h e  chosen s i t e .  The h o r i z o n t a l  t e n s i o n  components o f  

Loc a  t i on  

t h e  u n d i s t u r b e d  mooring a r e  s e t  a t  300,000, l b  t o  a c h i e v e  a  s l i g h t l y  g r e a t e r  

t han  n e c e s s a r y  s t i f f n e s s  f o r  t h e  s t a t i c  d e f l e c t  i o n s .  T h i s  mooring sys tem 

Depth 
( f t )  

-5640 

-5680 

-5440 

-49 20 

-3458 

-3122 

-3206 

-37 10 

( f t )  

4432 

17 29 

-1729 

-4432 

-37 25 

-1470 

1470 

'37 25 

d e f l e c t i o n  s t i f f n e s s  i s  shown i n  F ig .  2-11 f o r  a  3-year  load  a t  an  i n c i d e n c e  

Bottom Slope  
( d e g )  

-13.0 

-13.3 

-11.1 

-6.3 

9 .1  

12.8 

11.9 

6 . 3  

( f t )  

4303 

58 56 

5856 

4303 

-359 7  

-4890 

-4890 

-3597 

a n g l e  o f  45 deg.  
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Fig. 2-10 Surface Platform Orientation Coordinate System and Nooring Legs 
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Tab le  2-5 COMPOSITE MOORING LEG LENGTHS (FEET) 

( ~ o r i z o n t a l  t e n s i o n s  a t  t h e  p l a t f o r m  a r e  uni form a t  300,000 l b )  

~ 

PLATFORM LOAD 600,000 LB A T  45  DEG 

DESIGN POIN'T 

MAXIMUM . 
ALLOWABLE - 
DEFLECTION 
3-YEAR STORM 

J I I I I I 
400 500 600 700 800 

T o t a l  Length 

9010 

9035 

889 5 

8585 

6868 

6652 

6711 

7020 

Leg No. ' 

1 

2 

3 

4' 

5 

6 

7 

8 

MOORING SYSTEM DEFLECTION ( F T )  

'F ig.  2-11 V a r i a t i o n  of Mooring D e f l e c t i o n  w i t h  I n i t i a l  H o r i z o n t a l  .Tension 

Chain Length 

5840 

5880 

5640 

5120 

36 58 

3322 

3406 

39 10 
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Wire Rope Length 

31 70 

3155 

3255 

3465 . 

3210 

3330 

3305 

3 1  10 



Comparison o f  Cons t an t  Depth ,  F l a t  Bottom Ca1,cula t ions  t o  S l o p i n g  Bottoms. A 

p r a c t i c a l  measure of mooring sys tem per formance  is  t h e  h o r i z o n t a l  r e s t o r i n g  

f o r c e  developed w i t h  i n c r e a s i n g  range from t h e  anchor  l o c a t i o n .  The s l o p i n g  

bot tom causes  a  change i n  t h e  r ange  r e q u i r e d  t o  deve lop  a  p a r t i c u l a r  r e s t o r i n g  

f o r c e .  F i g u r e  2-12 p r e s e n t s  the v a r i a t i o n  oE r e s t o r i n g  f o r c e  w i t h  r ange  from 

t h e  anchor f o r  t h r e e  d i f f e r e n t  bot tom s l o p e s  - + 15 deg and z e r o ,  d e p t h  and 

c a b l e  c h a r a c t e r i s t i c s  a r e  he ld  c o n s t a n t .  A d i f f e r e n c e  of 1 ,000  f t  e x i s t s  f o r  

s l o p e s  from +I4 to -15 Beg i u  ,Lhe r e g l o n  of  250,000 l b  of r e s t o r i n g  f o r c e  f o r  

t h i s  composi te  l i n e .  T h i s  d i f f e r e n c e  i s  t h e  p r i n c i p a l  r ea son  t h a t  t h e  range  

t6 t h e  i n s h o r e ,  p o s i t i v e  s l o p e  anchor s  is reduced t o  5 ,000  f t  from t h e  

6 ,000 - f t  range  of t h e  dcep  wa te r  anchor s .  

E f f e c t s  of v a r y i n g  d e p t h  are a l s o  ~ h o w n .  i n  F i g .  2-12. .' Mooring l i n e  

c h a r a c t e r i s t i c s  a r e  a g a i n  he ld  c o n s t a n t  a s  i s  t h e  bot tom s l o p e  a t . + 1 5  deg .  A 
, 

change  i n  d e p t h  of  1 ,000  f t  s h i f t s  t h e  r e s t o r i n g  f o r c e  range  inc remen t  

a p p r o x i m a t e l y  700 f t .  

I n f l u e n c e  of Line  Lengths and I n i t i a l  Tens ions  on Maximum System Tens ion  Under 
Loaded C o n d i t i o n s .  The c h a i n  l e n g t h  of  each  o f  t h e  8 mooring l e g s  is  

de termined  by t h e  c o r r e s p o n d i n g  anchor d e p t h .  S t e e l  w i r e  rope  l e n g t h  i s  a  

f u n c t i o n  of t h e  i n i t i a l  h o r i z o n t a l  t e n s i o n .  Lengths  of wire  rope  

co r r e spond ing  t o  v a r i o ~ i s  i n i t i a l  h o r i ~ o r i t a l  t e n s ~ o n s  a r e  shown i n  F ig .  2-13 

f o r  each  anchor l e g .  These  d a t a  are d i v i d e d  inco  cwo d i s t i n c t  groups  by t h e  

s l o p e  of t he  c u r v e s .  One group compr ises  a l l  of t h e  deep-water l i n e s  and t h e  

o t h e r  c o n t a i n s  a l l  nf t h e  i n s h o r e  mooring l e g s .  V e r t i c a l  t e n s i o n s  f o r  t h e  

same grouping  a r e  d i s p l a y e d  i n  F i g .  2-14. These c u r v e s  p rov ide  an  i n d i c a t i o n  

o f  t h e  t e n s i o n  r e l i e f  r e a l i z e d  by r e l a x i n g  and t e n s i o n i n g  i n d i v i d u a l  l e g s  of 

t h e  mooring a r r a y .  

Plaximum sys tsm t e n s i o n  under  load depends p a r t i a l l y  on t h e  mooring sys tem 

d e f l e c t i o n  c h a r a c t e r i s t i c s .  Load s h a r i n g  between a d j a c e n t  l i n e s  i s  promoted 

by al lowi 'ng g r e a t e r  p l a t f o r m  d e f l e c t i o n s .  



C O N S T A N T  / / ,, . 

DEPTH 5640 
CHAIN 199, 5840 
WIRE R O p E  56.5,  3170 

I I 
3 '  4 5 6 .  7  

I 

- 

C O N S T A N T  - 
SLOPE +1§ 
C H A I N  199,  5840 

PE 56.5,  3170 

Fig .  2-12 S i n g l e  Anchor Line  Performance 
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A T  ZERO DEFLECeI'ION 

I I I I I I 

0 1 2 3 4 5' 6 - 
s HORIZONTAL TENSION (LB x lo-') 

Fig. 2-13 Horizontal Tensions st Platform Attachment P o i n c  
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DEEP WATER MOORING LEGS 
1 

I 
0 2  4 6 .  8 10 12 

!NSHORE MOORING LEGS 

- 
- 
- 
m 

- 
Leg No. 8 - 

0 2  4 6 8 10 ' 1 2  

Fig. 2-14 Vertical Tension at Platform Attachment Point 
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Figure  2-15 i n d i c a t e s  t h e  change i n  maximum system tens ion  wi th  i n i t i a l  

h o r i z o n t a l  t ens ion  f o r  a  3-year' s torm a t  45 deg. Decreasing t h e  i n i t i a l  

h o r i z o n t a l  t ens ion  a l lows  g r e a t e r  mooring system d e f l e c t i o n  a s  shown i n  

Fig .  2-11. 

The process of lowering maximum system tens ion  by changing the  d e f l e c t i o n  

c h a r a c t e r i s t i c s  of the  e n t i r e  mooring system i s  most e f f e c t i v e  a t  Llle lower 

t e n s i o n  va lues  a s s o c i a t e d  wi th  3-year storm loads .  An examination of maximum 

system l i n e  t ens ion  p l o t t e d  a g a i n s t  p la t fo rm load i n  Fig.  2-16 shows t h a t  the  

change i n  maximum tens ion  a t  1 , 5 '  x  l b  of g l a t f o r a  load i a  i e s s  than 112 
6 of  the  value  a t  0.6 x 10 lb .  

Decreasing maximum system tens ion  i s  mandatory i n  the  c a s e  of s torm loads  near  

45 deg a t  100-year storm l e v e l s .  This SKSS design has the  c a p a b i l i t y  of 

t ens ion ing  o r  r e  l a x i n g  i n d i v i d u a l  mooring l e g s .  Changing t e n s  ion l e v e l s  and 

l e n g t h s  of a  s i n g l e  mooring l e g  a l t e r s  the  d i s t r i b u t i o n  i n  t ens ion  f o r  a l l  t h e  

.Fig. 2-15 V a r i a t i o n  of Maximum Tension with I n i t i a l  Hariz 'ontal  Tcnaion 

h 
rD 

I= 0.4- 
X 
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Fig .  2-16 V a r i a t i o n  of Maximum Tens ion  with P l a t f o r m  Load 
. .  , . . 

l e g s .  T h i s  p a r t i c u l a r  i n t e r a c t i o n  is d i f f i c u l t  t o  s o l v e  w i thou t  knowledge of 

t h e  magni tudes  of t h e  c r o s s  c o u p l i n g  e f f e c t s .  The mechanism of  load  s h a r i n g  

i n  t h e  wooring is  i l l u s t r a t e d  by examining t h e  h o r i z o n t a l  t e n s i o n  v e c t o r  

components a c t i n g  a t  t h e  p l a t f o r m .  The h o r i z o n t a l  t e n s i o n  d i s t r i b u t i o n  i n  a  

d e f l e c t e d  mooring sys tem i l l u s t r a t e s  t h e  r e s t o r i n g  f o r c e .  F i g u r e  2-17 shows 

t h e  load  d i s t r i b u t i o n  i n  t h e  mooring when t h e  imposed load  is 1 . 5  x  lo6  l b  

a c t i n g  a t  45 deg .  

The e f f e c t  of i n c r e a s i n g  l i n e  l e n g t h  500 t o  7 0 0 . . f t  f o r  a l l  niooring l e g s  i s  

shown i n  F ig .  2 -17(b j .  , A d e c r e a s e  i n  h o r i z o n t a l  t e n s i o n  f o t  l i n e s  4 t o  7  i s  

t h e  most n o t a b l e  f e a t u r e .  The nex t  s t e p  i n  F i g .  2-17(c)  i s  ' t o  d e c r e a s e  t h e  

l e n g t h  of l i n e s  3 and 4 by a p p t o x i m a t e l y  900 f t . ,  T h i s  brought  about  aa 

u n a c c e p t a b l e  i n c r e a s e  i n  t e n s i o n  f o r  l i n e  3 ,  b u t  promoted load  s h a r i n g  between 

l i n e s  1  and 8 f o r  t h e  x-component of t he  p l a t f o r m  load .  The f i n a l  change i n  

F i g .  '2 -17(d) .  i s  t e n s i o n i n g  l i n e  2  by t a k i n g  i n  200-f t  of l i r ie  and r e l a x i n g  
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STANDARD CONFIGURATION 
I N I T I A L  H O R I Z q N T A L  
TENSION 3 x 10 LB 

LINES 3-4 SHORTER BY 
900 F T  THAN, B 

ALL LlNES 500 T O  
700 F T  LONGER 
T H A N  A 

. F I N A L  D I S T R I B U T I O N  ' 
LINES 3-200 F T  LONGER; 
2-200 F T  SHORTER 

Fig. 2-17 Anchor Leg Horizontal Tension Vectors 
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l i n e  3  by t h e  same amount. Plaximum t o t a l  t e n s i o n  i n  t h i s  f i n a l  c o n f i g u r a t i o n  

i s  1 .33  x lo6,  w i t h i n  t h e  p r e s c r i b e d  s a f e t y  f a c t o r  of 2  f o r  t h e  3 . 0  r 
6  10 l b  b r e a k i n g  s t r e n g t h  l i n e  under  s u r v i v a l  c o n d i t i o n s .  

Tens ion  changes due t o  l i n e .  l e n g t h  i n c r e a s e s  o r  d e c r e a s e s  of  2  t o  3  p e r c e n t  of 

t o t a l  mooring l e g  l e n k t h  can be e s t i m a t e d  from t h e  d a t a  i n  F i g s .  2-13 and 

2-14. Changes i n d i c a t e d  i n :  F ig .  2-17 ( c )  and 2-17 ( d )  i n v o l v e  an  i n c r e a s e  o f  

200 f t  i n  t h e  l e n g t h  of l e g  3  and a s i m i l a r  d e c r e a s e  i n  t h e  l e n g t h  of  l e g  2. 

Corresponding  h o r i z o n t a l  and v e r t i c a l  t e n s i o n  changes a r e  200,000 t o  

300,000 l b .  U t i l i z i n g  t h e  s t a r t i n g  h o r i z o n t a l  t e n s i o n  a s  t h e  EirsL p u i n t  on 

Fig .  2-13 i n d i c a t e s  t h e  magnitude of t h e  t e n s i o n  c h a n g e ' f o r  a  200-ft change i n  

l i n e  l e n g t h .  The change i n . h o r i z o n t a 1  t e n s i o n  a s s o c i a t e d  wi th  t h e  200-f t  

l e n g t h  change i s  p l o t t e d  i n  F'ig. 2-18 and compared w i t h  the t e n s i o n  change 

e s t i m a t e d  from F ig .  2-13,. F i g u r e  2-19 r e p e a t s  t h e  same r e l a t i o n s h i p  f o r  

v e r t i c a l  t e n s i o n .  The e s t i i a t e s  o f  change i n  t e n s i o n  a r e  r e a s o n a b l y  a c c u r a t e  

f o r  s m a l l  changes  i n  l i n e  l e n g t h .  

An a p p l i c a t i o n  of t h i s  t e chn ique  shows t h a e  an i l lciease i n  l a n g t h  of  100-f t  

f o r  l i n e  1  i n  a  3-year s torm a t  45 deg d e c r e a s e s  t h e  t e n s i o n  i n  t h a t  l i n e  t o  
6  1 .0  x  lo6 l b .  T h i s  is an e s t i m a t e d  d e c r e a s e  of 0.14 x 10 l b ,  w i t h o u t  

i n c r e a s i n g  t h e  p l a t  form d i sp l acemen t  more t h a n  50 f t  . 

These s t u d i e s  i n d i c a t e  t h a t :  m a n i p u l a t i o n  of  t h e  mooring ' l i n e  l e n g t h s  can 

c o n t r o l  t h e  maximum t e n s i o n s  i n  t h e  system w h i l e  m a i n t a i n i n g  t h e  p l a t f o r m  

d i sp l acemen t  w i t h i n  p r e s c r i b e d  bounda r i e s .  

I n f l u e n c e  of  Load D i r e c t i o n ' o n  t h e  Mooring. Mooring d i sp l acemen t  i s  v e r y  

dependent  on t h e  p l a t f o r m  load  d i r e c t i o n .  The mooring l i n e s  a r e  a r r anged  t o  

p rov ide  g r e a t e r  s t i f f n e s s  f o r  beam l o a d s ,  because  p l a t f o r m  f o r c e  i s  g r e a t e r  a t  

t h i s  o r i e n t a t i o n  f o r  a g i v e n  s to rm l e v e l .  The d i sp l acemen t  of t h e  p l a t f o r m  a s  

a  f u n c t i o n  of  l oad  d i r e c t i o n  i s  shown i n  F ig .  2-20. Peak d i sp l acemen t  o c c u r s  

a t  a n g l e s  of 20 t o  30 deg.  Maximum sys tem t e n s i o n  v a r i a t i o n  wi th  load  

d i r e c t i o n  is  a l s o  shown. Tens ion  i s  maximum where t h e  l oad  i s  d i r e c t e d  down 
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MOORING.  
LEG 3 

MOOR lNG 
LEG 2 

CHANGE IN  L INE LENGTH (FT)  

Fig. 2-18 Change in Horizontal Tension with Line Length 
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LEG 3 

NG LEG 2 

CHANGE IN  LINE LENGTH (FT)  

Fig .  2-19 Change i n  Vertical Tension,  w'ith Line Length 
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l e g  number 1 a t  a  45-deg a n g l e  r e l a t i v e  t o  t h e  p l a t f o r m .  s o l i d  l i n e s  i n  bo th  

p o r t i o n s  of t h e  f i g u r e  i n d i c a t e  r e s u l t s  f o r  t h e  o r i g i n a l  mooring l e g  l e n g t h s .  

The dashed  l i n e s  show what is  expec t ed  f o r  t h e  sys tem w i t h  c o n t r o l l e d  l e n g t h  

l i n e s .  These l i n e  l e n g t h  changes  d e s c r i b e d  i n  t h e  p rev ious  s e c t i o n  a l s o  

i n c r e a s e  t h e  p l a t f o r m  d i sp l acemen t  g r e a t l y .  The d i sp l acemen t  i n c r e a s e s  from 

700 t o  1 ,157  f t  i n  a  100-year  s to rm w i t h  an  i n c i d e n c e  a n g l e  of  4 5  deg. 

Ac t ive  l i .ne t e n s i o n i n g  c a p a b i l i t y  is an e x c e l l e n t  method o f  c o n t r o l h i n g  

maximum t e n s i o n s  i n  under  s u r v i v a l  c o n d i t i o n s  i n  a  100-year  s torm.  

Loading i n  Replacement O p e r a t i o n .  The t e n s i o n  i n  t h e  anchor c h a i n  is examined 

f o r  t h e  o p e r a t i o n  of  l i f t i n g  t h e  w i r e  rope-chain c o n n e c t i o n  t o  t h e  s u r f a c e  f o r  

w i r e  rope  rep lacement .  Chain l e n g t h  is adequate  t o  m a i n t a i n  h o r i z o n t a l  p u l l  

on t h e  anchor ,  wh.ile t h e  minimum s a f e t y  f a c t o r  is two. 

The s h a l l o w  l e g  on t h e  iand  s i d e  and t h e  deep  l e g  seaward a r e  examined f o r  

maximum t e n s i o n  i n  a  c u r r e n t  of 1 . 8  k n o t s .  I t  i s  assumed t h a t  changeout  w i l l  

be conducted i l l  c i i l~u seas w i t h  low winching  speed t o  minimize dynamic 

load ing .  The deepe r  l e g ,  more c r i t i c a l  due  t o  g r e a t e r  cha in  l e n g t h ,  h a s  an 

adequa te  s a f e t y  f a c t o r  t o  a l l o w  f o r  a dynamic load' equal  t o  30 p e r c e n t  o f  

s t a t i c  and f o r  s t r e n g t h  r e d u c t i o n  due t o  wear  and c o r r o s i o n .  

Land wa r d  
Leg 

Cha'n Breaking  S t r e n g t h  (Grade 4 )  8 (10 l b )  2.93 

L inea r  Dens i t y  (we t ,  l b /  f t )  197 

Water Depth ( f t )  2 ,736 

Chain Length ( f t )  2 ,800  

B.S . /Tens ion  ' 5.3 

Hor iz .  Force a t  S u r f a c e  ( l b )  16 ,000  

Seaward 

A 
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2.2.3 Dynamic Loads Analys is  

A s t u d y  conducted t o  determine the  c a p a b i l i t y  of the  mooring. l i n e s  t o  

. w i t h s t a n d  the  dynamic loads  a s s o c i a t e d  w i t h  extreme c o n d i t i o n s  and long term 

c y c l i c  f a t i g u e  load ing  i s  pre.sented i n  t h i s  s e c t i o n .  An assessment of MAL 

s y s  tem dynamics i s  f i r s t  presented.  

Dynamic c h a r a c t e r i s t i c s  of MAL. The n a t u r a l  f r equenc ies  of the  WJ, i n  s u r g e  

and sway a s  wel l  as t h e  sources  and e x t e n t  of damping a r e  examined t o  a s s e s s  

t h e  p o t e n t i a l  f o r  r e sonan t  response i n  a seaway. 

The MAL i s  assumed t o  behave a s  a  l i n e a r  s p r i n g  mass system i n  response t o  

t e x t e r n a l  e x c i t a t i o n ,  i n  t h i s  caoe a slowly "arying wave d r i f t  fo rce .  The 

na t u r d  frequency is 

where 

2 k = aggregate  su rge  o r  sway s p r i n g  c o n s t a n t  ( s l u g / s e c  ) 

m = sum of barge  d i sp laced  mass (4.72 x  lo6 s l u g s )  and added mass 

The added. mass c o e f f i c i e n t  f o r  . low , f requency o s c i l l = t i a n  i s  0 . 7  i n  s w y  o r  

su rge ,  whi le  the  s p r i n g  c o n s t a n t  of the  MAL , . is  2,800 l b / f t  . i n  sway and 

1,400 l b / f  t  i n  surge under Extreme Sea S t a t e  loading.  

Wave groups i n  the  seaway with "period i n  t h e  range of 250 to  500 sec  can be 

expected t o  r e s u l t  i n  dynamic ampl i , f i ca t  i o n  o f  anchor ' l eg  tens  ion.  The 

Mot i o n  

Surge 

Sway 
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e x i s t e n c e  of such wave g roups  i n  a  hu r r i cane - induced  seaway i s  a  s u b j e c t  f o r  

f u r t h e r  i n v e s t i g a t i o n .  

I n  t he  even t  t h a t  resonance  o c c u r s ,  t h e  sys tem is  shown t o  be s u f f i c i e n t l y  

damped t o  p r e c l u d e  o s c i l l a t o r y  mot ion .  Sources  of  damping a r e  ba rge  mot ions  

a s  we11 a s  ba rge  and anchor l e g  v i s c o u s  drag .  Assuming a  ba rge  damping 

c o e f f i c i e n t  of 0 . 1 ,  t h e  wave damping is  2.4 x l o5  l b - s e c l f t .  The barge  d rag  

is  a  s o u r c e  of n o n l i n e a r  damping and is  found t o  be 54,000 l b  f o r  50 - f t - su rge  

ampl i t ude  and a d rag  c o e f f i c i e n t  of 1.0, The e q u i v a l e n t  l i n e a r  .damping i s  
4 9.4 x  10 V l b - s e c l f t  where V i s  s u r g e  v e l o c i t y .  Damping due t o  d rag  on t h e  

anchor  l e g s  i s  2.42 x lo4 V l b - s e c l f t  f o r  a  d r a g  c o e f f i c l e n c  uT 1 . 2 .  Thc 

t o t a l  damping, a s s k i n g  50 - f t  s u r g e  a m p l i t u d e ,  is. t h e n  3 i 2 3  x 
5  10 l b - s e c l f  t .  I n  comparison,  t h e  ' c r i t i c a l  'damping i s  

5 
= 2.1. x 10 l b - s e c l f t  

s o  t h a t  t h e  r a t i o  of t o t a l  t o  c r i e i c a l  clamping i s  1 .54 ,  i n d i c a t i n g  t h a t  MAL 

damping i s  l a r g e  and motion w i l l  decay  i n  l e s s  t han  one c y c l e  of su rge .  

Dynamic Tens ion .  The dynamic t e n s i o n s  a r e  p r e s e n t e d  f o r  s h o r t  term s e a  s t a t e  

c o n d i t i o n s  i n  F i g .  2-21. S i g n i f i c a n t  t e n s i o n  ampl i t udes  a r e  shown v e r s u s  

d e p t h  f o r  l i n e  1  w i t h  t h e  b a r g e  i n  a beam s e a  c o n d i t i o n .  The s i g n i f i c a n t  

t e n s i o n s  a r e  exp re s sed  i n  terms of a c t u a l  l o a d i n g  ( k i p s )  and a l s o  pe rcen t  of 

b r e a k i n g . s t r e n g t h .  

The t e n s i o n - f a t i g u e  s t u d y  shows t h a t  t h e r e  i s  more than  adequate  f a t i g u e  l i f s  

f o r  t h e  w i r e  rope because  t h e  c y c l i c  t e n s i o n  ampl i t udes  t h a t  occu r  a r e  w e l l  

below t h e  endurance  l i m i t ,  a s s o c i a t e d  w i t h  t h e  c y c l e s  t o  f a i l u r e .  The a n a l y s i s  

assumes t h a t  w i r e  c o r r o s i o n  does  not  o c c u r .  

I n  d e t e r m i n i n g  t h e  s i g n i f i c a n t  t e n s i o n  and f a t i g u e  l i f e ,  d a t a  f o r  t h e  

envi ronment ,  s t a t i c  c o n f i g u r a t i o n ,  b a r g e  r e sponse  c h a r a c t e r i s t i c s  and mooring 
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DEPTH (FT)  

Fig.  2-21 S ign i f i , cant  Tension Versus Depth for  Anchor Leg No. 1 ,  
Beam s e a s  i n  Extreme Sea Sta te  
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b l i n e  f a t i g u e  p r o p e r t i e s  a r e  u t i l i z e d  by computer  programs t o  compute anchor  
l e g  t e n s i o n  response  and t o  de t e rmine  both t h e  f a t i g u e  l i f e  i n  a l l  s e a  s t a t e s  

and s i g n i f i c a n t  t e n s i o n s  f o r  t h e  Extreme Sea S t a t e .  The method of  A n a l y s i s ,  

t o g e t h e r  w i th  i n t e r m e d i a t e  r e s u l t s ,  a r e  p re sen ted  i n  Appendix F .  

Shor t -Tern  Dynamics. Dynamic t e n s i o n s  i n  t h e  No. 1  anchor l e g  induced by 

b a r g e  motion a r e ,  o b t a i n e d  f o r .  t h e  maximum o p e r a t i n g  and s u r v i v a l  c o n d i t  i o n s  i n  

bo th  beam and head s e a s .  Twenty p o i n t s  a l o n g  t h e  c a b l e  a r e  mon i to red ;  t h e  

l a r g e s t  s i g n i f i c a n t  dynamic t e n s i o n s  a r e  p re sen ted  i n  Tab le  2-6. . 

T a b l e  2-6 ANCHOR LEG DKJAMIC TENSLONS 

From t h e s e  d a t a ,  we s e e  t h a t ,  f o r  t h e  two c a s e s  i n v e s t i g a t e d ,  t h e  l a r g e s t  

dynamic t e n s i o n  o c c u r s  du r ing  t h e  s u r v i v a l  c o n d i t i o n  i n  a  beam s e a .  I t  i s  

assumed t h a t  t h e  anchor l i n e  dynamic t e n s i o n  does not  exceed 1.86 x  158,967 = 

295,678 l b  f o r  1 ,000  waves (Ref .  2-51. The maximum dynamic t e n s i o n  is t h e n  

added t o  t h e  s t a t i c  t e n s i o n  v a l u e  g iven  i n  S e c t i o n  2 .2 .2  t o  p rov ide  t h e  t o t a l  

Flax. T o t a l  
Tens ion  ( l b )  

1  ,048,000 

1 ,100 ,000 

1 ,255 ,130 

1. , 163 ,500 

Sea  Cond i t i on  

O p e r a t i o n a l  Sea S t a t e  

O p e r a t i o n a l  Sea S t a t e  

Extreme Sea S t a t e  

Extreme Sea S t a t e  
-- 

maximum t e n s i o n .  Maximum t o t a l  t e n s i o n  o c c u r s  nea r  t h e  t op  of t h e  anchor l e g ,  

wh i l e  maximum dynamic t e n s i o n  occy r s  nea r  t h e  bot tom.  

I n t e r m e d i a t e  r e s u l t s  f o r  t h e  s u r v i v a l  c o n d i t i o n  wi th  a  beam s e a  heading  a r e  

shown i n  Tab le  2-7. There a r e  20 f r e q u e n c i e s  r a n g i n g  from 0.208 to. 

1 .234 r a d l s e c  used t o  d e f i n e  t h e  Bre t s c h n e i d e r  spec t rum wi th  a  s i g n i f i c a n t  

Heading 

Beam 

Head 

Beam 

Head 
- 

h e i g h t  o f  35.9 f t .  The wave-amplitude squa red  v a l u e s  cor responding '  t o  t h e  

Max. Dynamic 
S ign .  Tens ion  ( l b )  

47,966 

74,454 

158,967 

15 1 ,352  

f r e q u e n c i s s  show a  peak a t  a  pe r iod  oE 14 .82  s e c .  The t e n s i o n  squa'red 

d i s t r i b u t i o n  a l s o  peaks a t  t h i s  f requency  and t h e  d i s t r i b u t i o n  f o r  t he  t h i r d  

c a b l e  p o i n t  up from t h e  bot tom shows a  narrow banded h i g h l y  peaked .shape, 

i n d i c a t i v e  o f  a  Rayle igh  d i s t r i b u t i o n .  A s  d i s c u s s e d  p r e v i o u s l y ,  t he  t e n s i o n  
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T a b l e  2-7 . T E N S I O N  SPECTRP.L D E N S I T Y  AND SIGNIFIC-ANT T E N S I O N S  FOR ANCHOR LEG NO. 1 I N  EXTREME S E A  S T A T E  
( .POINT 1 IS  AT THE LEG BOTTOM) ' 

HEAD OR BEAM-@@@@ 
BEAM SEA 
X . Y  . Z  .LOCATION OF SHEAVE REL Tb CENTER 190.750 60.5000 -59.0000 S I G N I F I C A N T  HEIGHT = 35.9 FT 

WAVE AMPLITUDE SQUARED SPECTRAL DENSITY FUNCTION 

FREQUENCIES (RAD/SEC) 
.208000 .262000 .3 16000 .370000 .424000 .478000 ' + 532000 .586000 .640000 .694000 
.748000 .802000 .856000 .910000 .964000 1 .Ole00 1.07200 1.1 2600 1.18000 1.23400 

WAVE AMPLITUDE SQUARED (FT**2) 
.308647:04 4.11550 145.585 436.999 544.867 480.719 368.151 266.714 189.958 135.388 
97.3505 70.8908 52.3338 39.' 1749 29.7219 22.8394 17:7619 13.9679 11.0987 8.90392 

POlNTS TENSION SPECTRAL DENSITY FOR 20 CABLE 
CABLE POltJT 1 

95.2239 .876249+07 .173125+09 
.730411+08 .330301+08 .144073+08 

CABLE POINT 2 
9 7 . 3 4 ~ 6  .839204+07 .178150+09 
.7501)23+08 -3361 76+08 . I44 138+08 

CABLE POINT 3 
98.3596 .910425+07 .180467+09 
.750086+08 .332394+08 .143903+08 

CABLE POINT . 4 
98.320B .go961 3+07 .179U 1 3 ~ 0 9  
.709790+08 .321445+00 .147358+08 

CABLE POINT 5 
97.4030 .898245+07 .176478+09 
.660432+08. .317872+08. .163390+08 

CABLE POINT 6 
95 .U29G - .878790+07 .17 1000+09 
.632573+08 .337397+OU .198843+08 

CABLE POII4T 7 
93.0203 .053944+07 .164374+09 
.G44077+08 -304639t08 .251666+08 

CABLE POINT 8 
' 91 -5ti3U .826166+07 .157025+09 

.693278+-08 .451645+08 .312460+08 
CABLE POINT 9 

89.2115 .797505+07 .I4961 3+09 
.766592+08 .525781+08 .371524+08 

CABLE POINT 10 
86.k818 .769601+07 .142590+09 
.850590+08 .598515t08 .424734+08 

CABLE POINT 11 
86.5772 .755590+07 .136898+09 
.996941+013 .726207+08 ;515130+08 

CABLE POINT 12 
86.306 1 .740234+07 .130502+09 
.113093+09 .837026+08 .586739+08 

CABLE POINT 13 
85.5163 - 7  19676-07 ..124078+09 
.108262+09 .804151+08 .557697+08 

CABLE POINT 14 
84.4487 .697814+07 .117534+09 



Table  2-7 (Cont . ) 
.106025+09 .787323+08 .537948+08 .326991+08 .143835+08 .324428+07 477601. 80702.4 16550.4 2368.93 

CABLE POINT 15 
83.1052 .674693+07 .110954+09 .420163+00 .107845+11 .577481+09 .208914+09 .252113+09 .167184+09 .134054+09 
.107362+09 .793314+08 .531813+08 .311491+08 .127655+08 .252985+07 322954. 6 t l  18.9 16420.0 2772.85 

CABLE POltJT 16 
81.7336 .650399+07 .104349+09 .405306+08 .831G01+10 .424916+09 .239693+09 .232168+09 .166679+09 .139987+09 
.113030+09 .026U62tOU .542071+08 .505006+08 .115908+08 .200688+07 242482. 66172.1 22559.2 4069.76 

CABLE POINr 17 
80.1034 .625002+07 .977114+08 .391005+08 .617517+10 .303903+09 .210830+09 .226472+03 .176330+09 .153010+09 
.12340U+09 .889891+08 .569611+08 .307937+00 .108756+08 .167786+07 235173. 95107.2 34713.3 6218.07 

CABLE POINT 18 
78.3026 .590506+07 .910117+08 .375835+08 .438150+10 .216014+09 .203228,09 .235599+09 .196486+09 .173278+09 
.130521+09 .9U2054+08 .613961+08 .319921+08 .105999+08 .153397+07 2974C2. 146673. 52565.5 9174.70 

CABLE POINT 19 
76.3347 .570821+07 .841871+08 .35U177+08 .294071+10 .161432+09 .217C*31+09 .259111+09 .226837+09 .200554+09 
.158178+09 .110193+09 .674167+08 .340392+08 .107362+08 .156507+07 426005. 220008. 75938.2 12920.2 

l? 
CABLE POINT 20 

0 74.1972 .541748+07 .771455+08 .335907+08 .184282+10 .140192+09 .252285+09 .295946+09 .266637*09 .234413+09 
CI .182138+09 .124821+09 .749567+08 .369026+08 .112694+08 .176637+07 620183. 315124. 104886. 17468.2 
7C 
3: 
m 
M 
tJ SIGNIFICANT TENS~ONS 154326. 157678. 158967. 157651 . 153801 . 147906. 132594. 124360. 190621 . 

116324. 107846. 99438.4 90975.6 82458.6 73967.3 65643.1 57714.3 50442.8 44185.1 
O 0 h, I 39355.6 

g s 
cn 

MAX EXPECTED TOTAL TENSIONS (LBS 
rC 854785. 882896. 91 5853. P51440. 988579. .102707+07 .1067t8+07 .110934+07 .115390+07 586525. 
V) 
+a .124937+07 .124899+07 .124859+07 .124816+07 .124786+07 .124796+07 .124883+07 .125101+a7 .125513+07 625572- 



2.3  PERFORMANCE 

M A L  performance is summarized and e v a l u a t e d  i n  t h i s  s e c t i o n  w i t h  r e s p e c t  t o  

d e s i g n  c r i t e r i a  and SKSS requ i r emen t s .  Operat  i o n  of t h e  a c t i v e  t e n s i o n i n g  and 

head ing  c o n t r o l  f e a t u r e s  of t h e  MAL a r e  d e s c r i b e d .  

2 .3 .1  O p e r a t i o n a l  Sea S t a t e  

The MAL is r e q u i r e d  to  c o n s t r a i n  t h e  barge w i t h i n  a watch c i r c l e  of 400 - f t  

r a d i u s  i n  s e a  s t a t e s  up t o  and i n c l u d i n g  t h e  O p e r a t i o n a l  Sea S t a t e  of  3-year 

r e t u r n  pe r iod .  -The p . L  s a t i f i e s  t h i s  r equ i r emen t  a s  i n d i c a t e d  by . the r e s u l t s  

i n  Tab le  2-8. This  d e s i g n  is a c t u a l l y  s t i f f e r  t han  r e q u i r e d ,  a s  t h e  maximum 

e x c u r s i o n  of  340 f t  is 60 f t  l e s s  than the a l l o w a b l e .  Account ing  f o r  b a r g e  

sway and s u r g e ,  which a r e  a d d i t i v e  t o  t h e s e  s t a t i c  e x c u r s i o n s ,  t h e  MAL 

s t i f f n e s s  may be reduced a t  l e a s t  15 p e r c e n t .  

Tab le  2-8 MAL RESPONSE TN OPERATZONAL SEA STATE 

An anchor  l e g  t e n s i o n  s a f e t y  f a c t o r  of 3  is r e q u i r e d  i n  t h i s  nominal  e x c u r s i o n  

r ange .  A r e d u c t i o n  i n  t e n s i o n  on t h e  most h i g h l y  loaded  l e g  a s  w e l l  a s , a n  

i n c r e a s e  i n  e x c u r s i o n  is r e a l i z e d  by a  l e n g t h  i n c r e a s e  i n  t h i s  l e g ;  F u r t h e r  

i t e r a t i o n s  i n  p re - t ens ion  and l e g  l e n g t h  a r e  r e q u i r e d  t o  ba l ance  s t i f f n e s . ~ .  and 

l e g  t e n s i o n .  The a c t i v e  t e n s i o n i n g  f e a t u r e  i s  adequate  to '  ad j u s t  leg ' l e n g t h  

t o  r a i s e  t h e  s a f e t y  f a c t o r  t o  3  w i t h  a  r e d u c t i o n  i n  s t i f f n e s s .  

Seaway 
Heading 

(deg)  

0  

45 

9  0  
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Seaway 
Force  

(1061b) 

0.38 

0.60 

0.69 

L o n g i t u d i h a l  
Excur s ion  

( f t )  

-291 

-3 14 

2  

L a t e r a l  
Excurs ion  

( E t )  

3  

-132 

- 249 

Excurs  i on  
( f t )  

291 

340 

249 

Leg No. 1  
Tens i o n  

( l o 6  l b )  

1 .04  

1.14 

1.07 
> .  

S a f e t y  
F a c t o r  

2 .9  

2.6 

2 . 8  



The locus  o f  barge excurs ion ,  shown f o r  the  second quadrant i n  Fig.  2-22, i s  a  

maximum of  340 f t  a t  23 deg wi th  the  sea  s t a t e  a t  45 deg. MAL s t i f f n e s s  i s  

g r e a t e r  i n  t h e  l o n g i t u d i n a l  than t r a n s v e r s e  d i r e c t i o n s .  Asymmetry i s  a l s o  

expec ted ,  a l though not shown i n  t h i s  f i g u r e ,  i n  the  l a t e r a l  d i r e c t i o n  a r i s i n g  

from t h e  1,000-ft  d i f f e r e n c e  i n  anchor l e g  length  between t h e  landward and 

seaward l e g s .  The MAL c o n f i g u r a t i o n  i n  t h i s  sea  s t a t e  i s  shown i n  e l e v a t i o n  

i n  Fig.  2-1. 

2.3.2 Extreme Sea S t a t e  

MAL performance i n  the  Extreme Sea S t a t e ,  as  i n  rhe Opera t iona l  Sea S t a t e ,  i s  

dependent on sea s t a t e  heading ( s e e  Fig. 2-23). The t ens ion  s a f e t y  f a c t o r  fay 

beam and head loading exceeds the  c r i t e r i a  by 20 p e r c e n t ,  a l lowing f o r  dynamic 

t ens ion  component due t o  l e g  o s c i l l a t i o n s  and dynamic a m p l i f i c a t i o n  of d r i f t  

response .  On the  in te rmedia te  headings,  however, the  s a f e t y  f a c t o r  i s  l e s s  

than the  minimum o f  2. The l eng ths  a r e  inc reased  on the  most h i g h l y  loaded 

l e g s  ( s e e  F ig .  2-11, r e a l i z a b l e  by t h e ' a c t i v e  t ens ion ing  c a p a b i l i t y ,  r e s u l t i n g  

i n  a  s a f e t y  f a c t o r  of  2.2 ( s e e  Table 2-9). Although pla t form excurs ion i s  

g r e a t l y  inc reased  from 704 t o  1,157 f t  , t h e r e  i s  adequate depth below t h e  CWP 

i n l e t  t o  ensure  c lea rance  wi th  the  s e a f l o o r .  

. I n  t h e  high excurs ion  of the  Extreme Sea S t a t e  and wi th  a c t i v e  t ens ion ing  t h e  

unloaded,  "down-wind" l egs  a r e  slack ( s e e  F i g .  2-1, l e g  5 ) .  The v e r t i . c n l  

p o r t i o n  of t h i s  l eg  poses p o t e n t i a l  i n t e r f e r e n c e  problems a t  t h e  chaf ing chain  

on the  h u l l  s i d e  and w i t h  the  wire  rope segment on the  iower p o r t i o n  of the  

CWP. Horizqncal  d e f l e c t i o n  of the  CWP i n  t h i s  sea  s t a t e  i s  required to  

e v a l u a t e  the  p o t e n t i a l  f o r  i n t e r f e r e n c e  be tween the  CWP and anchor l e g .  

2.3.3 S u r v i v a b i l i t y  

S u r v i v a b i l i t y  i n  t h e  Extreme Sea S t a t e  as  measured by SKSS redundancy i s  

examined i n  the h i g h e s t  loading c o n d i t i o n  of a  45-deg sea  s t a t e  heading.  In  

.- LOCKHEED OCEAN SYSTEMS - - 
\ 



N
.

 
C

 
Q

I 
-1

 
.F

O
R

C
E

 (
1

,0
0

0
.0

0
0

 
L

B
) 

. 
I
 - 



Fig.  2-23 Barge Excur s ion  i n  Extreme Saa S t a t e  
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T a b l e  2-9 MAL RESPONSE I N  EXTREME SEA STATE 

t h i s  c a s e  t h e  anchor  l e g  l e n g t h s  a r e  a 1 t e r e d . b ~  t h e  a c t i v e  t e n s i o n i n g  sys tem 

t o  e q u a l i z e  t h e  load  d i s t r i b u t i o n .  The h i g h i y  loaded  l e g  No. 1  is  t h e n  

assumed l o s t  and r e sponse  of t h e  r e s u l t i n g  seven- leg  MAL i s  de termined .  

Ac t ive  t e n s i o n i n g  c a p a b i l i t y  a f t e r  t h e  l o s s  i s  assumed t o  be u n a v a i l a b l e .  

A s  summarized i n  Tab le  2-10, p l a t f o r m  e x c u r s i o n  i n c r e a s e s  by 50  p e r c e n t  and 

t h e  minimum'safe ty  f a c t o r  d r o p s  14 p e r c e n t .  .The d e s i g n  c r i t e r i a  f o r  t h e  

s u r v i v a l  c o n d i t i o n ,  s a ' f e t y  f a c t o r  g r e a t e r  t han  u n i t y ,  i s  s a t i s f i e d  by t h e  

MAL. Anchor .ho ld ing  power s a f e t y  f a c t o r  i s  2  on l e g  No. 1 ,  w i t h  t e n s i o n  i n  

t h e  bot tom c h a i n  o f  944,000 l b .  Thus, s u f f i c i e n t  redundancy i s  demons t r a t ed ,  

a t  l e a s t  f o r  t h i s  c o n f i g u r a t i o n  of  l oad ing  and l e g  l o s s .  Loss of t h i s  l e g  i n  

t h e  p lane  of  s e a  s t a t e  f o r c e  is assumed t o  be t h e  most s e v e r e  c o n d i t i o n  f o r  a  

s i n g l e  l e g  l o s s .  The number of l e g  f a i l u r e s '  t h a t  can be s u s t a i n e d  by t h e  MAL 

w i t h  r e t e n t i o n  of  s t a t i o n k e e p i n g  c a p a c i t y  i s , n o t  de t e rmined .  

Seaway 
Heading 

(deg)  

0  

3  0  

45 

4  5 

9  0  

2 .3 .4  Heading Con t ro l  

( a )  A c t i v e  Tens ion ing  

L a t e r a l  
Excurs  i o n  

( f t )  . 

1'7 : 

-182 ' 

-304 

-427 , 

-5 14 

P l a t f o r m  head ing  i s  c o n t r o l l a b l e  t o  a  l i m i t e d  e x t e n t  by t h e  a c t i v e  t e n s i o n i n g  

f e a t u r e  of t h e  MAL. By v i r t u e  of t h e  w i n d l a s s ,  f a i r l e a d e r ,  and c h a i n  on t h e  

upper  segment of each  anchor  l e g ,  t h e  l e g  l e n g t h s  a r e  v a r i a b l e  by 

app rox ima te ly  - + 300 f t  ( landward  l e g s )  and +400/-200 f t  (seaward l e g s ) ,  

Seaway 
Force  

(1061b) 

0.97 

1.33 

1.50 

1.50 

1.61 
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L o n g i t u d i n a l  
Excurs  i o n  

( f t )  

-656 

-714 

-635 

-1,075 

6.7 

Excurs  i o n  
( f t )  

6  56 

737 

7  04 

1,157 

5 14 

Wax 
Tens ion  

( l o 6  l b )  

1.34 

1 .64  

1.69 

1.34 

1.38 

Minimum 
S a f e t y  
F a c t o r  

2.2 

1 .8  

1.8 

2 .2(a)  

2.2 



Table  2-10 WL RESPONSE WITH LOSS OF 'ANCIIOR LEG NO. 1 . , 

The' a c t i v e  t ens ion ing  o p e r a t i o n  of paying o u t  and r e e l i n g  i n  a n c h o r ' l e g s  i s  

e f f e c t i v e  i n  reducing leg  tension.. However, a s  show1 below, this o p e r a t i o n  i s  

i n e f f e c t i v e  i n  ad.just  ing  . barge heading.  The app l i ed  yaw moment i n  t h e  Extreme 
. ., 

Sea s t a t e  a t  45 deg-  i s  7 6 . 4  x  lo6 f t - l b ,  w i t h a  r e s u l t a n t  yaw o f f s e t  of 

10 deg ( s e e  Fig.  2-81. Thus the  barge' r o t a t e s  away from the  seaway, wi th  a  

55-deg r e l a t i v e  heading between barge  and seaway. I n  t h i s  case  a c t i v e  

t e n s i o n i n g  r e s u l t s  i n  t u r n i n g  t h e  barge  more "beam-to" than "bow-to" t h e  

seaway. 

Given the  high anchor l eg  t e n s i o n s ,  the  a c t i v e  t ens ion ing  system cannot be 

r 

Condit ion 

M.AL 

Loss of 
Leg No. 1 

e f f e c t i v e l y  u t i  l i i e d  to  ad j u s t  t ens ion  and heading s imul taneously  i n '  t h e  

Max. 
Tens ion  

( l o 6  l h )  

1  .34 

.. 1.62 

Extreme Sea S t a t e .  Heading c o n t r o l  i s  achieved .by the  t r ans fe r . .o f  'anchor .leg 

load t o  a  pendant connected t o  t h e  anchor leg  and to  a . d i s t a n t . p o i n t  on t h e  

. L o n g i t u d i n a l  
Excurs ion 

( f t )  

-1,075 

-1,454 

Min 
S a f e t y  
Fac to r  

.. 2.2 

1.9 

barge.  

.The heading c o n t r o l  system f a c i l i t a t e s  a  ze ro  to'  n i n e t y  deg. change of heading 

of the  p la t form.  The change i s  e f f e c  t'ed by s h a r i n g  o r  comple t e l j .  t r a n s  £ e r r i n g  

t h e  anchor leg t ens ion  from the  anchor leg  t o  a  pendant. . One end of the  

pendant i s  permanently a t t a c h e d  t o  the  end l i n k  a t  the  wi re  tope to  c h a f i n g  

c h a i n  connect ion.  The o t h e r  end i s  connected to .  a padeye on the  p la t form k e e l  

below the  ad jacen t  anchor l eg .  Load t r a n s f e r  i s  accomplished by paying o u t  

t h e  chaf ing  cha in  on each l e g  u n t i l  the  pendant i s  t a u t  and the  chaf ing  cha in  

i s  s l a c k .  This arrangement permits  tu rn ing  the  bow seaward from the  i n i t i a l  

L a t e r a l  
Excursion 

- ( E t >  

: -427 

-550 
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Excursion 
( f t )  

1,157 

1 , 5 5 5 ,  



E a s t e r l y  heading i n  increments to  a  South E a s t e r l y  heading a s  r equ i red .  This  

i s  compatible wi th  hur r i cane  t r a c k s  pass ing t o  the  South of the  moored OTEC 

p l a n t .  A counterc lockwise  r o t a t i o n  i s  e f f e c t e d  by haul ing- in  on the  anchor 

l e g s ,  d i sconnec t ing  t h e  pendant l i n e s ,  and r e a t t a c h i n g  l i n e s  on the  oppos i t e  

s i d e  of each anchor l e g . '  This change n e c e s s i t a t e s  a l t e r i n g  some of t h e  

l e n g t h s  of pendants.  The pendanto arrangement i s  shown i n  Fig .  2-2. Pendants  

may be supported i n  midlength on the  k e e l  to  minimize the ca tenary  swing and 

p o t e n t i a l  i n t e r f e r e n c e .  

2.3.5 Anchoring 

The.  load on , t h e  f i r s t  anchor is assumed t o  be equal  to  t h e  t ens ion  i n  t h e  

cha in  a t  the  cha in  touchdown point '  on the  s e a f l o o r .  These tens ions  a r e  

summarized f o r  t h e  worst case c o n d i t i o n  i n  Table 2-11 f o r  t h e  Extreme Sea 

S t a t e ,  45 deg heading,  w i t h  and wi thout  a c t i v e  t ens ion ing  ( s e e  Fig. 2-11. 

Act ive  t ens ion ing  reduces  t h e  maximum tens ion  from 944,000 l b  on l eg  No. 1  to  

680,000 lb on l e g  No. 3 ,  w i t h  1,341 f t  of cha in  on the  s e a f l o o r  between t h e  

touchdown po in t  and t h e  f i r s t  anchor. The holding power which t h i s  l eng th  0.f 

cha in  provides  i s  ignored,  a s  i s  the  f o r c e  component of cha in  weight along t h e  

s e a f l o o r ,  so t h a t  the  anchor load anchor is conse rva t ive ly  assumed t o  be 

680,000 lb .  Chain l eng th  is s u f f i c i e n t  t o  prevent cha in  l i f t  up a t  the  . 
anchor.  Anchor holding power s a f e  ty f a c  t o r  i s  

where t h e  e f f i c i e n c y  of the  second anchor i s  assumed t o  be 70 pe rcen t  of t h e  

f i r s t  anchor ' s  e f f i c i e n c y .  I f  the  s e a f l o o r  i s  composed of c l a y  i n s t e a d  of 

sand,  then the  s a f e t y  f a c t o r  i s  1 . 5 .  The anchors t h e r e f o r e  provide s u f f i c i e n t  

ho ld ing  power t o  prevent  s l i p p a g e  i n  the  Extreme Sea S t a t e .  
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Table  2-11 BOTTOM CHAIN LOADS I N  EXTREME SEA STATE ( ~ ~ - D E G  HEADING) . 

2.3.6 Act ive  Tensioning 

Anchor Leg 

1  

2 

3 

4  

5 

6 

7  

8 

The FIAL i s  equipped wi th  t h e  c a p a b i l i t y  t o  a l t e r  t h e  anchor l e g  l e n g t h s  and 

the reby  t h e  l eg  t ens ion .   his c a p a b i i i t y  i s  u s e h i  i n  the  fo l lowing a r e a s :  

o  Equa l i ze  anchor l e g  t ens ion  to  reduce maximum'tension and f a t i g u e  

load ing  

o  Equal ize  anchor loading 

Tension A t  Touchdown 

( l o 6  l b )  

o  Al te r  heading of  barge  i n  the  seaway 

o  Compensate f o r  anchor s l i p p a g e  

No A c t *  
Tens . 
0.97 

0.69  . 
0.40 

0.23 

0.12 

0s 17 

0.27 

0.44 

Length of Chain 
on S e a f l o o r  ( f t )  

o Reposi t ion cha in  on sheave 

Act. Tens. 

0.65 

0.57 

0.68 

0.37 

0.07 

0s 14 

0.31 

0.67 

Tens. 

810 

1 ,621 

2,500 

2,990 

2,285 

1,340 

1,487 

959 

o  Inspec t ion  of upper segment of anchor l eg  

Act, Tens. 

2,333 

2,352 

1,341 

1,994 

2 , 5 6 9 .  

2,122 

1,348 

179 

The f i r s t  two a r e a s  a r e  i l l u s t r a t e d  i n  t h e  preceding s e c t i o n s ,  f o r  the  Extreme 

Sea S t a t e ,  wherein the  requ i red  s a f e t y  f a c t o r s  a r e  obta ined by l eng th  changes 

i n  s e l e c t e d  l e g s .  The c o n t r o l  of heading is then shown t o  be f e a s i b l e  by 

pendants which a r e  loaded by paying o u t  a l l  anchor l e g s ,  e f f e c t i v e l y  

t r a n s f e r r i n g  t h e  anchor l e g  loads to a  d i s t a n t  po in t  on the  ba rge ,  thereby 

t u r n i n g  t h e  barge wi th in  the  MAL a r r a y .  
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O p e r a t i o n  of t h e  MAZ, a c t i v e  t e n s i o n i n g  SKSS is  c o n t r o l l e d  from t h e  b r i d g e  by a  

c e n t r a l  c o n t r o l  u n i t .  A c t i v e  t e n s i o n i n g  i s  i n i t i a t e d  when moni tor . ing  o f  t h e  ' 

anchor  l e g  t e n s i o n  shows t h a t  mean t e n s i o n s  a r e  r i s i n g  and app roach ing  o r  

exceed ing  t h e  s a f e t y  f a c t o r  f o r  t h e  e x i s t i n g  s e a  s t a t e .  A p r e s c r i b e d  sequence  

o f  pay o u t  and r e e l  i n  s t e p s  a r e  fo l lowed u n t i l  t h e  t e n s i o n s  a r e  a d j u s t e d .  

The o p e r a t i o n  is  i n i t i a t e d  by s t a r t i n g  t h e  w i n d l a s s ,  t a k i n g  ' t h e  load  on t h e  

w i n d l a s s ,  r e l e a s i n g  t h e  c h a i n  s t o p p e r  and powering t h e  w i n d l a s s  f o r  pay o u t  o r  

r e e l  i n .  A l e n g t h  change of  100 f t  is  made i n  10 m i n u t e s ,  wh i l e  t h e  sequence  

o f  changes is expec t ed  t o  be  1 hour  o r  more i n  d u r a t i o n .  Con t ro l  s t a t i o n s  a t  

e ach  c o r n e r  of t h e  ba rge  provide  f o r  l o c a l  o p e r a t i o n  of t h e  w i n d l a s s  p a i r  a t  

t h e  c o r n e r .  I f  head ing  ad jus tmen t  i s  r e q u i r e d ,  t hen  a l l  w i n d l a s s e s  a r e  

a c t i v a t e d  t o  pay o u t  t h e  n e c e s s a r y  l e n g t h  of c h a i n  t o  a c h i e v e  t h e  d e s i r e d  

r o t a t i o n .  Barge head ing  i s  a d j u s t e d  a s  r e q u i r e d  i f  f o r  example t h e  wave . 

d i r e c t i o n  s h i f t s  d u r i n g  a  s torm.  These  o p e r a t i o n s  a r e  expec ted  t o  be r o u t i n e  

i n  s e a  s t a t e s  up t o  and i n c l u d i n g  t h e  o p e r a t i o n a l  Sea S t a t e .  

Ac t ive  t e n s i o n i n g  and head ing  c o n t r o l  i n  t h e  Extreme Sea S t a t e  r e q u i r e s  

.dequaLe l u r e c a s t i n g  of t h e  agptoaching h u r r i c a n e .  A s  no ted  i n  S e c t l o n  2 . 1 ,  

t h e  l o n g  waves p r o g r e s s i n g  from t h e  h u r r i c a n e  eye  r each  t h e  ba rge  w e l l  b e f o r e  

t h e  s torm i t s e l f .  Barge head ing  i s  a d j u s t e d  a s  r e q u i r e d  t o  p l a c e  t h e  b a r g e  

"head-to" t h e s e  oncoming waves. I f  t h e  ba rge  i s  n o t  abandoned and i f  t h e  eye  

pas se s  t h e  b a r g e ,  t h e  MAL a c t i v e  t e n s i o n i n g  sys tem may be engaged t o  r e a d j u s t  

t h e  ba rge  heading  a s  r e q u i r e d .  Note however t h a t  t h e  seaway i s  t hen  l i k e l y  t o  

be a  m u l t i d i r e c t i o n a l ,  confused  s e a ,  s o  t h a t  d e s i r e a b l e  ba rge  head ing  i s  l e s s  

c l e a r c u t .  I f  t h e  ba rge  is abandoned, t hen  t h e  sys tem is  l e f t  i n  t h e  most 

f a v o r a b l e  c o n d i t i o n  o f  head ing  and l e g  t e n s i o n  d i s t r i b u t i o n .  In  t r a d i n g  t h e  

b e n e f i t s  of  head ing  and l e g  t e n s i o n  a d j u s t m e n t ,  t h e  s e a w o r t h i n e s s  of t h e  ba rge  

and p a r t i c u l a r l y  t h e  n e c e s s i t y  of m a i n t a i n i n g  a  head s e a s  o r i e n t a t i o n  a r e  

compared w i t h  t h e  s t a t i o n k e e p i n g  a b i l i t y  of  t h e  MI, i n  t h e  h u r r i c a n e .  T o t a l  

l o s s  of one l e g  is  shown t o  be n o n c a t a s t r o p h i c  i n  t h i s  s e a  s t a t e .  Anchor 

s l i p p a g e  is compensated t o  some e x t e n t  by r e e l i n g  i n  c h a i n .  
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2.4 MAL DESIGN DEVELOPMENT 

2.4.1 Anchor Leg S e l e c t i o n  

The s e l e c t i o n  of anchor ' l e g .  con£ i g u r a t i o n  and s c a n t l i n g s  i s  based on t h e  

r e s u l t s  of t r ade  s tud ies ' conduc ted  i n  the  performance of t h e  p re l iminary  

des ign  Task 111. c o n s i d e r a t i o n  i s  g iven t o  a c q u i s i t i o n  c o s t ,  

s t a t e - o f - p r a c t i c e  i n  component manufacturing and deployment o ~ e r a t l ~ n ~ ,  and 

SKSS performance requirements .  

Number of Anchor Legs. I n  t h e  f i r s t  t r a d e  s tudy ,  four  wire  and chain  s i z e s  

a r e  examined t o  e s t a b l i s h  the v a r i a t i o n  of s i z e  w i t h  number of anchor l e g s .  

~ssumed '  cond i t ions  inc lude  a  zero-sloped sea  f l o o r ,  equal  included angle  

between l e g s ,  c o n s t a n t  l eng th  of wi re  rope (3 ,600  f t l  and cha in  (4 ,500 f t ) ,  

cop lanar  beam sea f o r c e s  i n  p lane  of f i r s t  anchor l e g ,  and a  4 ,000- f t  depth.  

Performance requirements  i n c l u d e  400 f t  maximum excurs ion  i n  3 year  storm, 

s a f e t y  f a c t o r  g r e a t e r  than 2 ,  and ze ro  angle of p u l l  a t  anchor.  R e s u l t s ,  

summarized i n  Table 2-12, i n d i c a t e  t h a t  more than 14 legs  a r e  r equ i red  f o r  

3.5-in. wire rope,  .more than 10 l e g s  a r e  r equ i red  f o r  4.5-in.  wi re ,  8 l e g s  a r e  

r equ i red  f o r  5-in. w i r e ,  and 6  l e g s  f o r  7-in. w i r e .  The number of l egs  f o r  

t h e  f i r s t  two c a s e s ,  based on e x t r a p o l a t i o n  of computed t e n s i o n s ,  i s  17 and 

11,  r e s p e c t i v e l y ,  and t h e s e  g r e a t e r  number of legs  a r e  used i n  the  c o s t  s tudy .  

A c o s t  a n a l y s i s  of t h e s e  des igns  i n d i c a t e s  the  r e l a t i v e  c o s t  of W components 

a s  w e l l  a s  a  t rend of  c o s t  wi th  number o f .  anchor l e g s .  The most c o s t l y  

component i s  the  windlass ,  followed by cha in ,  wire rope, anchor and chain  

l o c k e r .  Other components such a s  f a i r l e a d e r s ,  connect ing l i n k s ,  and c h a i n  

s t o p p e r s  are not  included and a r e  .not expected t o  a f f e c t  the  conclus ions .  The 

r e s u l t s  a r e  i l l u s t r a t e d  i n  Fig.  2-24, the  c a l c u l a t i o n s  .are  included i n  

Appendix 8.  Costs  shown a r e  the  c o s t  of each component summed f o r  the  number 

o f  l e g s  i n d i c a t e d .  Wire rope and cha in  c o s t s  a r e  a dec reas ing  func t ion  of 

number of anchor l e g s ,  and converse ly ,  an i n c r e a s i n g  func t ion  of wire and 

cha in  d iamete r .  Windlass c o s t s ,  assumed. to  be p ropor t iona l  t o  the  anchor l e g  

b reak ing  s t r e n g t h ,  h a s  a  l o c a l  maximum a t  11 l e g s  and dec rease  f o r  W s  with 



T a b l e  2-12 FOUR W SKSS DESIGNS 

fewer  l e g s .  I n s t a l l a t i o n  c o s t  is. d e r i v e d  based on r e l a t i v e  t o t a l  anchor  l e g  . . . . 

weight  .and l e n g t h ,  u t i l i z i n g  t h e  e s t i m a t e  f o r  deployment ob t a ined  i n  Task I1 

f o r  a l o - l eg  M L .  T h i s  c o s t  i s  g e n e r a l l y  a .  d e c r e a s i n g  f u n c t i o n  of number of 

anchor  l e g s .  Although t h e  sum o f  component c o s t  h a s  a  l o c a l  maximum a t  10 

l e g s  and no a p p a r e n t  minimum i n  t h e  r ange  s t u d i e d ,  t h e  sum of component and 

Case 

1 

2 

3 

4 

deployment c o s t  i n d i c a t e s '  lower c o s t  a s  t h e  number o f  l e g s  is dec reased  and 

component s i z e  is  i n c r e a s e d .  On t h e  b a s i s  of  t h i s  s tudy  a .  s i x - l e g  MAL i s  

lower c o s c  and therefore favo red  ove r  an e i g h t - l e g  MAE. However, t he .  7- in.  

Wire B.S. 
Tens ion  

w i r e  rope  i s  tw ice  t h e  d i ame te r  of t h e  l a r g e s t  w i r e  rope  mooring sys tem i n  use  

Wire Rope 

( 3  y r )  

- 
2.8 

3.6 

3.8 

Excur s ion  
( f t )  

today and i s  t h e r e f o r e  c o n s i d e r e d  t o  be too  g r e a t  an  e x t e a s i o n  o f  

Diam 
i n .  

3.5 

4 . 5  

6.0 

7.0 

(100 y r )  

1 .81  

1 .;95 

2.45 

2.5 1 

( 3  ~ r )  

- 
27 1 

327 

364 

s t a t e -o f -p rac t i ce . ,  Fu r the rmore ,  a  s i x - l e g  UL' i s  n o t  r e a d i l y  a r r a n g e d  on t h e  

deck  f o r  optimum load  d i s t r i b u t i o n .  T h e r e f o r e ,  t h e  e i g h t - l e g  MAL w i t h  s m a l l e r  

No. 
of  

Legs 

14 (17 )  

10 (11)  

8 

6 

l S b  

1 . 1  

1.9 

3.0 

4 .2  

Chain 

(100 y r )  

631 

6 5 7 

635 

7 17 

w i r e  rope  s i z e  and g r e a t e r  a r rangement  f l e x i b i l i t y  i s  s e l e c t e d  f o r  f u r t h e r  

development .  

Diam 
i n .  

2.9 

3.6 

5.1 

6  .O 

Angular  S e p a r a t i o n  of  Anchor Legs.  The ar rangement  of t h e  e i g h t - l e g  MAL is. 

i n v e s t i g a t e d  t o  i d e n t i f y  t h e  most advantageous  i n c l u d e d  a n g l e  be tween a d j a c e n t  

l e g s .  The symmetric ,  45-deg i n c l u d e d  a n g l e  a r rangement  s e r v e s  a s  a  b a s e l i n e  

f o r  t h i s  s t u d y .  

- 

B6S' 
(10 l b )  

1.3 

1.9 

3 . 3  

4 . 3  

A s  shown i n  Tab le  2-13, t h e  azimuth o f .  each  p a i r  of l e g s  l o c a t e d  a t  each  

c o r n e r  of  t h e  b a r g e  is v a r i e d ,  a s  i s  t h e  a n g l e  between l e g s  i n  each p a i r . .  

Symmetry i s  ma in t a ined  a t  each  c o r n e r  of  t h e  barge .  Envi ronmenta l  
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N U  k t : ,  COSTS COSTS A R E  FF~ T O T A L  COMPONENT 

1 COMPONENTS 

- DEPLOYMENT 

- 

- 

- - 

WIRE ROPE 

ANCHOR, CHAIN LOCKER 
I I 

4 8 1 2  16 2 0 
NUMBER OF ANCHOR LEGS 

Fig. 2-24 Variation of HAL Component and Deployment Costs With Number of 
Anchor Legs 
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Tab le  2-13 VARIATION OF ANGULAR SEPARATION OF ANCHOR LEGS 

l o a d i n g  on t h e  b a r g e  i s  b o t h  head and beam, c o p l a n a r  w ind ,  wave, and c u r r e n t  

i n  t h e  Extreme Sea S t a t e  of  100 y e a r  r e  t u r n  p e r i o d  (1 .6  x  lo6  l b )  . The 

15/30 combinat i o n  r educes  t h e  maximum t e n s i o n  i n  t h e  h i g h e s t  loaded  anchor  l e g  

by 13  p e r c e n t  i n  comparison wi th  t h e  symmet r i ca l l y  a r r a n g e d  legs . .  T h i s  

c o n f i g u r a t i o n  i s  t h e r e f o r e  s e l e c t e d  f o r  f u r t h e r  a n a l y s i s  on a  s l o p e d  s e a f l o o r .  

1  
( d e g )  

0  

30 

'30 
L 

15 
C 

S i n c e  t h e  s e a  heading  i s  predominant ly  E a s t e r l y ,  i t  i s  p o s s i b l e  t o  c o n s i d e r  

adding  forward  , anchor  l e g s  and removing a f  t l e g s ,  r e s u l t i n g  i n -  an  asymmetr ic  

c o n f i g u r a t i o n .  ' However, i n  a  W e s t e r l y  s t o r m  ( a n  e v e n t  w i t h  low p r o b a b i l i t y  of  

o c c u r r e n c e )  t h e  a f t  l e g s  w i l l  n o t  p rov ide  adequa te  h o l d i n g  power. T h e r e f o r e ,  

t h e  c o n f i g u r a t i o n  wi th  f o r e  and a f t  symmetry i s  s e l e c t e d .  

2 .4.2 Deck Machinery 

2  
(deg )  

4 5  

4 5  

30 

3  0  

Deck machinery  i s  r e q u i r e d  , t o  p rov ide  t h e  a c t i v e  t e n s i o n i n g  f e a t u r e  of t h e  MAL 

SKSS. S e v e r a l  c o n f i g u r a t i o n s  a r e  p r e s e n t e d  i n  t h i s  s e c t  i o n  which i l l u s t r a t e  

t h e  i t e r a t i o n s  examined i n  t h e  d e s i g n  development .  

The p r imary  f u n c t i o n  of  t h e  deck machinery  is t o  s h o r t e n  o r  l eng then  each 

anchor  l e g  f o r  t h e  purpose of e f f e c t i n g  heading  change ,  load  d i s t r i b u t i o n ,  

e t c .  The f i r s t  two c o n f i g u r a t i o n s  accomoda t e  c h a f i n g  c h a i n  i n  t h e  upper  . 

p o r t i o n  of each  anchor  l e g  ( s e e  F i g s .  2-25 and 2-26),  A combina t ion  of 

d e d i c a t e d  w i n d l a s s  and winch ,  l o c a t e d  i n  mid-deck o r  a t  deck edge ,  i s  c a p a b l e  

Haximum Tens ion  

( l o 6  l b )  

2-59 

LOCKHEED OCEAN SY STCiS 

Head 

- 
0.99 

0.94 

0.97 

Beam 

1.29 

1.27 

1 .18  

1.12 



ZHA IN CHAIN 
. STOPPER WINDLASS WINCH ' 

@ OPTIONAL. NIRE-ROPE-AND- 

.: CHAIN-TYPE SHEAVE 

@ OPTIONAL WIRE-ROPE-AND- 
t CHAIN-TYPE STOPPER 
I 

I WINCH WITH SPOOL DRUM - 
CHAIN LOCKER 

ACTIVE TENSIONING ARRANGEMENT 

/ I (OPTION TO PAY-OUT SEVERAL HUNDRED 
, . FEET OF WIRE ROPE TO FACILITATE 

CHANGE OF BARGE HEADING) 

Fig, 2-25 Deck Machinery Configuration No. 1 



WINDLASS 

K I R E  ROPE. 

@ OPTIONAL WIRE-ROPE-AND- 

CHAIN-TYPE SHEAVE. 

@ OPTIONAL WIRE-ROPE A N D -  

CHAIN-TY PE STOPPER 

FAIRLEAD @ WINCH WITH SPOOL'DRUM 
( C H A I N  SHEAVE) 

ACTIVE TENSIONING. ARRANGEMENT, 

. , (OPTION T O  PAY OUT SEVERAL HUNDRED 
FEET .OF WIRE ROPE- T O  F A C I L I T A T E  

- . :CHANGE OF BARGE HEADING) 

Fig. 2-26 Deck Machinery Configuration No. 2 



o f  h a u l i n g  i n  o r  paying  o u t  t he  c h a i n .  The winch l o c a t e d  behind t h e  w i n d l a s s  

p rov ides '  f o r  w i r e  rope  h a n d l i n g  i n  t h e  even t  t h a t  r e q u i r e d  anchor  l e g  l e n g t h  

change is  g r e a t e r  than  c h a i n  l e n g t h .  I n  t h i s  even t  t h e  cha in-wire  c o n n e c t i o n  

i s  opened af  t e r  l ower ing  a l l  chain i n t o  t h e  c h a i n  l o c k e r ,  t h e  wire-wire  

c o n n e c t i o n  comple ted ,  and w i r e  hau led  i n  on t h e  winch. T h i s  c o n f i g u r a t i o n  

p r o v i d e s  chain-wire c a p a b i l i t y  a t  r e l a t i v e l y  h igh  c o s t  and u n d e s i r a b l e  

d i s c o n n e c t .  

The t h i r d  c o n f i g u r a t i o n ,  c o n s i s t i n g  of  a  winch and a s e t  of t h r e e  f a i r l e a d e r s ,  

p r o v i d e s  f o r  paying  o u t  w i r e  rope  t o  l e n g t h e n  t h e  anchor l eg  o r  o p t i o n a l l y  f o r  

l oad  t r a n s f e r  t o  a seconda ry  pendant  c h a i n  l e a d i n g  t o  a  f i x e d  p o i n t  on an  

a d j a c e n t  c o r n e r  of t h e  p l a t f o r m  ( s e e  Fig.  2-27). I n  s h o r t e n i n g  t h e  anchor  

l e g ,  t h e  c h a f i n g  c h a i n  is  hung below decks  and d i sconnec t ed  from t h e - w i r e  a t  

b o t h  e n d s ,  fol lowed by wire-wire  connec t ion  and hau l  i n  on t h e  winch. T h i s  

d e s i g n  r educes  c o s t  by e l i m i n a t i o n  of t h e  w i n d l a s s  b u t  r e q u i r e s  a  d i s c o n n e c t  

f o r  h a u l  i n .  

The s e l e c t e d  c o n f i g u r a t i o n ,  shown i n  F i g .  2-27, c o n s i s t s  of  a  s i n g l e  

f a i r l e a d e r  and w i n d l a s s  l o c a t e d  on, an overhanging  p l a t f o r m  a t  t h e  deck edge.  

A c h a i n  l o c k e r  below decks  p r o v i d e s  s t o r a g e  f o r  700 f t  of c h a i n .  T h i s  c h a i n  

i s  t h e  upper  segment of t h e  anchor l e g  and i s  long enough so t h a t  w i r e  r a p e  

h a n d l i n g  c a p a b i l i t y  i s  not  r e q u i r e d  f o r  h a u l - i n  d u r i n g  anchor  l e g  l e n g t h  

r e d u c t i o n .  Wire o r  c h a i n  d i s c o n n e c t  i s  n o t  r e q u i r e d  and c o s t  i s  reduced by 

rep lacemen!  of t h e  winch by the wind la s s .  S i n c e  a d i s c o n n e c t  i s  n o t  

r e q u i r e d ,  t he  a c t i v e  t e n s i o n i n g  o p e r a t  i on  i s  more r e  l i a b l e  and s a f e r ,  

p a r t i c u l a r l y  i n  h i g h e r  s ea  s t a t e s .  

An e l e c t r i c - h y d r a u l i c  d r i v e  i s  s e l e c t e d  ove r  an e l e c t r i c a l l y  d r i v e n  w i n d l a s s .  

Although s i n g l e  u n i t s  a r e  select 'ed t o  p rov ide  independence between anchor  

l e g s ,  p a i r i n g  o f  two w i n d l a s s e s  through a  common d r i v e  may l ead  t o  a  r e d u c t i o n  

i n  deck  machinery c o s t .  A p o s s i b l e  a l t e r n a t e  t o  t h e  w i n d l a s s  i s  a  c o n t i n u o u s  

p u l l i n g  machine f o r  c h a i n .  T h i s  concept  a p p e a r s  t o  be f e a s i b l e  and may 

p r o v i d e  a  s i g n i f i c a n t  r e d u c t i o n  i n  c o s t .  F u r t h e r  i n v e s t i g a t i o n  is  recommended. 
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B l T T  OR 

HANGING 
FROM B l T T  

P A R T I A L L Y  
DEPLOYED- 

ISCONNECTED OPEN WlRE 
LOADED WIRE OPE SOCKET READY T O  
FROM B l T T  T A K E  U P  L O A D  ON T H E  N E X T  

ANCHOR LEG 

UPPER C H A I N  DEPLOYED 
A N D  HUNG OVER THE SIDE 
#-,.A.. m , - -  

F i g .  2-27  Deck Hachinery  Conf i , gu ra t i on  No. 3 
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2 . 4 . 3  Wire Rope 

Wire rope i s  s e l e c t e d  f o r  t h e  middle segment of the  anchor leg .  The 

c o n s i d e r a t i o n s  l ead ing  to  ' t h i s  s e l e c t i o n  inc lud ing  s t r e n g t h ,  weight,  

c o n s t r u c t i o n ,  s e r v i c e  l i f e ,  c o s t ,  and precedent a p p l i c a t i o n  a r e  d iscussed i n  

t h i s  s e c t i o n .  

The e v a l u a t i s n  sf nvrsbcg of leg6 versus  v i r ~  s t r e n g t h  i n d i c a t e s  t h a t  a 

c o n f i g u r a t i o n  o f  few l e g s  of  h igh s t r e n g t h  i s  d e s i r a b l e  from o v e r a l l  system 

c o s t .  The s t r e n g t h  r e q u i p m e n t ,  determined from t h e  maximum tens ion  i n  t h e  
G Extreme Sea S t a t e ,  is 3.0 x  10 l b  f o r  an e igh t - l eg  W. Wire tope 

manufactur ing i s  lim,ited t o  100 t m s  f o r  a  s i n g l e  l eng th  o t  s ix - s t r and  r a p e ,  

and 60 tons  f o r  s p i r a l  s t r and .  The r e s u l t i n g  l eng th  l i m i t  i s  3,360 f t  f o r  

con t inuous ,  s ix - s t r and  rope of  6-in. d iameter .  A w i r e  rope socket  i s  

necessa ry  i f  a  longer  segment i s  r equ i red .  By l i m i t i n g  t h e  wire  d iameter  t h i s  

c o n s t r a i n t  i s  accomodated i n  the  des ign .  Small w i r e  d iameter  l eads  to s m a l l e r  

sheave and drum diameters .  However, t h e  long s e r v i c e  l i f e  requirement i s  more 

r e a d i l y  achieved wi th  l a r g e r  d iameter  w i r e  rope due to c o r r o s i o n  p r o t e c t  ion  

provided by t h e  l a r g e r  c r o s s  s e c t i o n .  

Wire rope c o r r o s i o n  l i f e  is l e s s  s i g n i f i c a n t  than bending f a t i g u e  and 

f l e x i b i l i t y  i n  some a p p l i c a t i o n s .  This  conclus ion i s  based on a  survey of 

o p e r a t i o n a l  l i f e  of l a r g e  diameter  (3-in.  ) w i r e  rope i n  ocean anchor ing o f  

e x p l o r a t o r y  d r i l l s h i p s  and pipe-laying barges.  Typical  wire  rope l i f e  i n  t h e  

anchor ing of e x p l o r a t i o n  p la t fo rms  i n  the  North Sea i s  2 . 5  y e a r s .  These M a s  

a r e  deployed and redeployed s e v e r a l  t imes a  yea r  f o r  r e l a t i v e l y  s h o r t  d u r a t i o n  

opera t  i o n s  ( 2 4  t o  4 2  days ) .  The wi re .  rope o f t e n  r e c e i v e s  mechanical dama'ge 

dur ing  handl ing i n  t h e  rough c o n d i t i o n s  of the  North Sea. S e r v i c e  l i f e  i n  

l e s s  severe  c o n d i t i o n s  i s  3 yearn. Wire rope i e n g t h s  running over  f a i r l e a d e r s  

a r e  o f t e n  rep laced  i n  12 to  14 months due to broken wi res ,  wear, a b r a s i o n ,  and 

f a t i g u i n g .  Pipe l ay ing  barges  deploy and r e t r i e v e  wi re  rope anchor legs  a t  

h igh epeeds i n  l lwalkingll  t h e  barge  fdrward,  This wire rope,  b r i g h t  

(ungalvanized)  and h e a v i l y  g r e a s e d ,  i s  overheated on the winch drum l e a d i n g  

2-64 . 
LOCKHEED OCEAN SYSTEMS 



t o  reduced f a t i g u e  l i f e .  A s e r v i c e  l i f e  o f  0 . 3  t o  2  y e a r s  is t y p i c a l  i n  t h i s  

a p p l i c a t i o n .  Wire rope  i n  t he se  a p p l i c a t i o n s  is t h e r e f o r e  f a t i g u e  l i m i t e d ,  

no t  c o r r o s i o n  l i m i t e d ,  w i t h  s e r v i c e  l i f e  s i g n i f i c a n t l y  lower t han  t h a t  

r e q u i r e d  f o r  t h e  OTEC SKSS; Examinat ion ,  of  a  3'.5-in. -diame te  r g a l v a n i z e d  . 
s t e e l  w i r e  rope  u t i l i z e d  i n  t h e  Nortti Sea f o r  8 y e a r s  a s  a  mooring l e g  

r e v e a l e d  e x t e n s i v e  c o r r o s i o n  of o u t e r  w i r e s  and c o r e .  T e n s i l e  t e s t s  f o r  

r e s i d u a l  l oad  i n d i c a t e  a  5  p e r c e n t  r e d u c t i o n  i n  o r i g i n a l  s t r e n g t h .  Wire r o p e s  

t e s t e d  under  s t a t i d  load  i n  d e p t h s  to '  6 ,000  f t  r e t a i n  o r i g i n a l  b r eak ing  

s t r e n g t h  i f  t h e  a r e a  d e n s i t y  of  t h e ' z i n c ' g a l v a n i z i n g  i s  a d e q u a t e ,  
/ 

1.50 . o z / f t 2  f o r  a  3-year immersion (Re f . .  2-6).  . 

. . .  

To avoid  t h e  bending  f a t i g u e  loads  and w i r e  ha rden ing  ove r  sheaves  and winch 

drum, a s  w e l l  a s  h igh ,  c o r r o s i o n  and p o t e n t i a l  o f  mechanica l  damage above and 

nea r  t h e  s p l a s h  zone ,  t h e  w i r e  segment t e r m i n a t i o n  t o  c h a i n  on t h e  b a r g e  is  

l o c a t e d  a t  a  depth  of  100 f t  o r  g r e a t e r .  T h i s  approach i s  more l i k e l y  t o  l e a d  

t o  r e a l i z a t i o n  o f  f u l l  s e r v i c e  l i f e  o f  t h e  w i r e  rope  than  l e a d i n g  w i r e  o v e r  

s h e a v e s  t o  a  winch on t h e  barge .  

A l t e r n a t i v e  c o n s t r u c t i o n s  t o  t h e  s i x - s t r a n d  w i r e  a r e  t h e  s p i r a l  and 

l o c k e d - s p i r a l  s t r a n d  r o p e s .  These r o p e s  p rov ide  a  s m a l l e r  d i ame te r  f o r  a  

g i v e n  b reak ing  s t r e n g t h ,  a l b e i t  a t  a  c o s t  of 2  t o  3 t imes  s i x - s t r a n d  rope .  

The locked  s p i r a l  does n o t  u n r a v e l  from a  broken wire, p r o v i d e s  s e a l i n g  of t h e  

i n n e r  w i r e s  and t h e r e  f o r e  g r e a t e r  c o r r o s i o n  r e s i s t a n c e ,  r e q u i r e s  a  

24- f t -d iameter  sheave f o r  a  5 .5- in . -d iameter  w i r e ,  and is ' l i m i t e d  t o  60 tons  

f o r  of  a  s i n g l e ,  con t inuous  segment .  The s i x - s t r a n d e d  w i r e  i s  

s e l e c t e d  because  o f  lower c o s t ,  s m a l l e r  d i a m e t e r  sheave  r e q u i r e d  f o r  

deployment ,  and a v a i l a b i l i t y  of  a  s i n g l e ,  con t inuous  segment. 

Cor ros ion  p r o t e c t i o n  is  provided  i n  t h e  s i x - s t r a n d  rope  by g a l v a n i z i n g  of t h e  

b r i g h t ,  e x t r a  improved plow s t e e l .  T h i s  m a t s r i a l  i s  s e l e c t e d  ove r  s t a i n l e s s  

s t e e l ;  t h e  l a t t e r  is app rox ima te ly  f o u r  t i m e s  a s  c o s t l y  and e x p e r i e n c e s  s t r e s s  

c o r r o s i o n  i n  s eawa te r .  An e x t r a  c o a t i n g  of  z i n c  i s  o p t i o n a l  i n  pos t -  

c o n s t r u c t  ion f i n i s h i n g  t o  cove r  w i r e s  abraded  d u r i n g  c o n s t r u c t  i o n .  Th i s  
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o p t i o n ,  an  a 1  t e r n a t i v e  t o  l u b r i c a t i n g  t h e  rope  w i t h  g r e a s e ,  r e q u i r e s  f u r t h e r  . 

i n v e s t i g a t i o n .  A second o p t i o n  i s  t o  a t t a c h  s a c r i f i c i a l  anodes  t o  t h e  w i r e '  

d u r i n g  deployment .  Anode mass and s p a c i n g  a r e  s i z e d  t o  p ro long  t h e  w i r e  rope  

l i f e  th rough r e d u c t i o n  of w i r e  c o r r o s i o n  (Re f .  2-7). : 

F u r t h e r  c o r r o s i o n  p r o t e c t i o n  may b e  provided  by s h e a t h i n g  of t h e  w i r e  r o p e  

w i t h  a p o l y e t h y l e n e  jacket .  A t  t h e  p r e s e n t  t ime ,  maximum s h e a t h i n g  d i a m e t e r  

i s  5 i n . ,  a l t h o u g h  an i n c r e a s e  i n  c a p a c i t y  i s  p lanned .  The shea t h l n g  s e a l s  

t h e  w i r e  rope  from s e a w a t e r  u n l e s s  i t  is  damaged d u r i n g  handl i r lg ,  i n  which 

case  c o r r o s i o n  w i l l  o ccu r  i n  t h e  w i r e  a d j a c e n t  t o  t h i  damaged sheathing. A 

comparison of t h e  c o s t  of unshea thed  v e r s u s  s h e a t h e d  w i r e  i n d i c a t e s  t h a t  

s h e a t h i n g  i s  c o s t  e f f e c t i v e  i f  i t  p r o v i d e s  a s e r v i c e  l i f e  g r e a t e r  tl~d1-1 

13.5 y e a r s  i n  comparison t o  10 y e a r s  f o r  t h e  expec t ed  s e r v i c e  l i f e  o f  

unshea thed  w i r e .  The p o t e n t i a l  f o r  ex tended  w i r e  rope  s e r v i c e  l i f e ,  p o s s i b l y  

t o  t h e  30-year SKSS d e s i g n  l i f e ,  w a r r a n t s  f u r t h e r  i n v e s t i g a t i o n  of s h e a t h i n g ,  

p a r t i c u l a r l y  i n  t h e  e f f e c t s  of t h e  g r i p p e r  t ype  deployment  winch on s h e a t h i n g  

and p r e v e n t i o n  of  and d e t e c t i o n  of  s h e a t h i n g  damage. 

2.4.4 MAL Without  A c t i v e  ~ e n s i o n i n g  

To a s s e s s  t h e  c o s t  e f f e c t i v e n e s s  of t h e  a c t i v e  t e n s i o n i n g  p o r t i o n  of t h e  MAL, 

t h e  w i r e  rope  and c h a i n  d i a m e t e r  a r e  i n c r e a s e d  t o  p rov ide  adequa te  s t r e n g t h  

t h e  Extreme Sea S t a t e  , assuming no a c t i v e  anchor  l e g  , l e n g t h  a d j u s t m e n t .  

The l o a d i n g  d i r e c t i o n  which r e s u l t s  i n  maximum t e n s i o n  is  .45 deg .  T h i s  

6 c o n d i t i o n  r e s u l t s  i n  a  t e n s i o n  of 1.72 x  10 l b  i n  l e g  No. 1 .  

Condit  ion :  ~ x t r e m d  Sea S t a t e ,  45 deg o f f  
S t a r b o a r d  Bow 

Wire: 6.25 i n .  

Ciiain: 5 .38 i n .  

Wire Tens i o n  S a f e t y  ' F a c t o r :  2 .0 

Chain Tens ion  S a f e t y  F a c t o r :  , . 2.24 
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The e s t i m a t e d  s a v i n g s  i n  a c q u i s i t i o n  c o s t  of t h i s  d e s i g n  i s  15 p e r c e n t  (-$3M) 

of t h e  d e s i g n  w i t h  a c t i v e  t e n s i o n i n g ;  h a l f  of t h e  s a v i n g s  a r i s i n g  from 

d e l e t i n g  t h e  w i n d l a s s e s  is  : l o s t  t o  i n c r e a s e s  i n  w i r e  rope  and c h a i n  

s c a n t l i n g s .  While t h e  reduced main tenance  c o s t  may be added t o  t h i s  s a v i n g s ,  

a d d i t i o n a l  c o s t s  w i l l  a r i s e '  from s e r v i c e  such  a s  r e s e t t i n g  o f  anchors  a f t e r  

s l i p p a g e ,  reduced f a t i g u e  l i f e  of w i r e  rope ,  and l o s s  i n  p r o d u c t i o n  due t o  

OTEC p l a n t  shutdown d ~ r i n g ~ ~ e r i o d s  of  e x c e s s i v e  r o l l  mot ion .  With a r a t e  of  

50 mills/kWh and a  75-percent  a v a i l a b i l i . t y ,  t h e  v a l u e  of e l e c t r i c a l  p r o d u c t i o n  

i s  $1 ,50O/hr ,  l e a d i n g  t o  a . l o s s  of $ 3 H . f o r  8'4 days  of shutdown beyond t h e  

assumed a v a i l a b i l / i t y .  Note t h a t  t h i s  shutdown pe r iod  i s  0.0003 p e r c e n t  of t h e  

30-year s e r v i c e  l i f e .  The ' e l e c t r i c a l  r i s e r  c a b l e s  a r e  t o rque  loaded by b a r g e  

yaw, a  r o t a t i o n  which may be reduced by a c t i v e  t ' ens ioning  i n  t h e  lower s e a  

s t a t e s  i f  t h i s  l o a d i n g  is more s i g n i f i c a n t  i n  terms of  ' a v a i l a b i l i t y ,  t han  i s  

main tenance  o f  head s e a  o r i e n t a t i o n .  Although d i f f i c u l t  t o  a s s e s s ,  i t  i s  

c e r t a i n l y  f e a s i b l e  t h a t  such c o s t s  may exceed t h e  s a v i n g s  i n  a c q u i s i t i o n  c o s t .  

The l o a d s  a n a l y s i s  of  S e c t i o n  2 . 2  and t h e  d e s i g n  r equ i r emen t s  of Task I 

e s t a b l i s h  t h e  c r i t e r i a  f o r  t h e  s e l e c t i o n  and s i z i n g  of  MAL components.  The 

maximum l i n e  t e n s i o n  o f  133,.5 k i p s  i n  t h e  Extreme Sea S t a t e  w i t h  a dynamic 

l o a d i n g  o f  a t  l e a s t  10 p e r c e n t  and a s a f e t y  f a c t o r  of 2 y i e l d s  t h e  d e s i g n  l o a d .  

o f  3000 k i p s .  The maximum d e s i g n  o p e r a t i n g  load  i s  2,510 k i p s .  The s i z i n g  

and s e l e c t i o n  of  t h e  iYAL components u s i n g  t h e  above c r i t e r i a  a r e  p r e s e n t e d  a s  

f o l l o w s .  

Anchor. The maximum p u l l  a t  t h e  anchor  f o r  a  100-year s to rm i s  664 k i p s .  The 

r e q u i r e d  anchor h o l d i n g  power i n c l u d i n g  dynamic l o a d i n g ,  w i t h  a  s a f e t y  f a c t o r  

of  2 , 0 ,  i s  1 ,460  k i p s  This '  v a l u e  s a t i s f i e s  t h e  r equ i r emen t  of b e i n g  one h a l f  

o f  t h e  l i n e  b r e a k i n g  s t r e n g t h .  Two 60,000 pound anchor s  i n  tandem p rov ide  a  

maximum h o l d i n g  power of 2,.040 k i p s  w i t h  t h e  anchor s  embedded i n  sand and a  

minimum o f  918 k i p s  i n  mud: Subsequent  s e a f l o o r  sed iment  sampl ing  and s h e a r  

s t r e n g t h  t e s t i n g  i s  r e q u i r e d  f o r  f i n a l .  s e l e c t i o n  and d e s i g n  of t h e  anchor s .  
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The ' tandem arrangement i s  s e l e c t e d  t o  prov5.de redundancy and r e l i a b i l i t y  t o  

t h e  system. Under i d e a l  c o n d i t i o n s ,  one anchor . a lone  can provide a  maximum 

h o l d i n g  pover of 1,200 k i p s  which i s  nea r ly  twice the  a n t i c i p a t e d  s t a t i c  p u l l  

on t h e '  anchor f o r  a  100 yea r  storm. 'Furthermore,  c o n s i d e r a t i o n  of t h e  

s e l e c t  i o n  included the  f a c t  t h a t  ,a 60,000-lb anchor i s  p r e s e n t l y  manufactured. '  

c h a i n .  .The maximum s t a t i c  cha in  t ens ion  a n t i c i p a t e d  dur ing a  100 year  storm 

i s  1,119 k i p s .  The 4-7/8 i n .  d iamete r ,  Grade 4 cha in  has a  breaking serengch 

of 2,932 k i p s .  Th i s  r e s u l t s  i n  a  f a c t o r  of s a f e t y  of 2.0. The l eng th  of 

c h a i n  i s  e s t a b l i s h e d  by t h e  depth  of the  anchor.  The w i r e  rope change-out 

o p e r a t i o n  r e q u i r e s  r a i s i n g '  the  end of the  chain  above the  water  s u r f a c e  t o  

f a c i l i t a t e  replacement of wire rope.  L i f t i n g  Llit: cha in  above the dccpcot ' 

anchor imposes a  load of 1,130 k ips .  The maximum load on the  chain  i s  

1 ;234 k i p s  when the  two 60,000 pound .anchors a r e  being deployed a t  maximum 

dep th .  Th i s  c o n s t i t u t e s  a  f a c t o r  of s a f e t y  of 2.4 excluding dynamic loading.  

Wire Rope. The 5-314 i n .  d iameter  w i r e  rope breaking s t r e n g t h  o f  3,000 k ips  

i s  a t  l e a s t  twice t h e  maximum 100 yea r  s torm s t a t i c  t e n s i o n  of 133.5 k i p s .  A 

c o r r o s i o n  r a t e  of t h r e e  to  s i x  m i l s  a  yea r  a t  dep ths  below 200 ft:  i s  assumed. 

Chaf ing and Pendant Chain. The des ign  load on each of these  cha ins  is 

3 ,000  k i p s .  The same a s  the w i r e  rope .  The p h y s i c a l  dimensions, of the  c h a i n  

a r e  i d e n t i c a l  to  the  anchor cha in ;  however, the  breaking s t r e n g t h  i s  inc reased  
. . 

from 2,930 t o  3,000 k i p s  by modi f i ca t ion  t o '  the s t e e l  a l l o y .  The l eng th  of 

each of the  chains  i s  s e l e c t e d  t o  provide  the  optimum pay ou t  and haul  i n  t o  

p rov ide  the a c t i v e  t ens ion ing  and change of heading o p e r a t i o n  where the  barge  

i s  r o t a t e d  a s  much, a s  90 deg. For a  100 yea r  storm with  the  weather ' a t  45 deg 

from the  s t a rboard  bow or  s t e r n  the  loads on anchor l e g s  one and two o r  t h r e e  

and f o u r  become excess ive . .  There fo re ,  i n  a n t i c i p a t i o n  of t h e  100 .  year  storm, 

two anchor legs  a r e  payed out a s  much a s . 5 0 3  and 303 f t  and two l egs  a r e  

hauled i n  a s  much a s  400 and .200  f t .  D e t a i l e d  c o n f i g u r a t i o n s  and loads  on the  

anchor l egs  a r e  a s  shown i n  Fig .  2-1. 
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Chaf ing  Chain F a i r l e a d .  The f a i r l e a d  d e s i g n  i s  based  on a  1 , 5 0 0  k i p s  c h a f i n g  

c h a i n  t e n s i o n  a t  a  maximum of 45 deg from t h e  h o r i z o n t a l .  The r e s u l t a n t  f o r c e  

on t h e  sheave  assembly  i s  1 ,148  k i p s .  M t e r i a l  s e l e c t e d  f o r  t h e  assembly  i s  

A36 s t e e l  w i th  a  y i e l d  s t r e n g t h  of 36,000 p s i .  Al lowable  s t r e s s  l e v e l s  a r e  60  

p e r c e n t  o f  y i e l d  f o r  t e n s i l e  s t r e s s e s ,  75 p e r c e n t  f o r  compress ive  and 40 

p e r c e n t  f o r  s h e a r .  The f i v e  whelp w i l d c a t  d e s i g n  w i t h  a 67-5/8-in.  c r i t i c a l  

p i t c h  d i a m e t e r  is r e q u i r e d  t o  p r e c l u d e  c h a i n  bending .  D e t a i l s  of t h e  d e s i g n  

a r e  a s  shown i n  F i g .  2-3. 

Windlass .  The w i n d l a s s ,  r e q u i r e s  a  small e x t e n s i o n  t o  t h e  s t a t e - o f - t h e - a r t ;  

however,  ' t he  r e sponses  from t h e  m a n u f a c t u r e r s  i n d i c a t e d  t h a t  t hey  a r e  equipped  

t o  custom d e s i g n  and /o r  modify t h e i r  s t a n d a r d  equipment  f o r  t h i s  p a r t i c u l a r  . 

a p p l i c a t i o n .  The b a s i c  s p e c i f i c a t i o n  f o r  t h e  w i n d l a s s  is a s  fo l l ows :  

Chain s i z e  - 4-7/8 i n .  d i a m e t e r  

Wi ldca t  - five-whe l p  d e s i g n  

Wi ldca t  b r ake  h o l d i n g  power - 3,000 k i p s  

Chain s t o p p e r  ( i n t e g r a l  t o  frame) - 3 ,000  k i p s  

Horsepower - 455 

Two-speed gea rbox  - 10 and 20 fpm 

Haul- in c h a r a c t e r i s t i c s :  

Low speed - 10 fpm a t  1 ,500  k i p s  

High speed  - 20 f p  a t  750 k i p s  

Lock pawls r e l e a s e  a t  3 ,000  k i p s  c o n t r o l s :  

, Complete c o n t r o l  from l o c a l  s t and  

Complete c o n t r o l  from remote s t a t i o n  

Emergency r e l e a s e  from remote s t a  t i o n  

Cont inuous  s t a t i c  and dynamic t ens  i on  r e a d o u t  ( r e c o r d e d )  and speed  
i n d i c a t o r s  

A11 c o n t r o l s  a r e  e l e c t r o h y d r a u l i c  f o r  h igh  r e l i a b i l i t y  

Chain Locker .  The volume o f  c h a i n  l o c k e r  space  to s t o r e  600 f t  'of  c h a i n  is a 

f u n c t i o n  of t h e  s towage f a c t o r .  Stowage f a c t o r  i s  d e f i n e d  a s  t h e  r a t i o  of t h e  

volume remain ing  ove r  t h e  t o t a l  volume a v a i l a b l e  when t h e  stowed m a t e r i a l  

o c c u p i e s  a  most compacted volume w i t h i n  t h e  a v a i l a b l e  space ;  600 f t  o f  c h a i n  
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o c c u p i e s  app rox ima te ly  440 c u b i c  f t  when n e a t l y  a r r a n g e d .  A stowage f a c t o r  o f  

80 p e r c e n t  r e s u l t s  i n  a  c h a i n  l o c k e r  s p a c e  of  2,200 c u b i c  f t .  T h i s  i s  f i v e  

t i m e s  t h e  compacted volume. The c h a i n  l o c k e r  volume i s  10 f t  x  10 f t  x 24 f t .  

Deployment Windlass .  The r e q u i r e m e n t s  f o r  t h e  anchor  lower ing  w i n d l a s s  on t h e  

workbarge a r e  , i d e n t i c a l  t o  t h a t  of  t h e  p l a t f o r m  w i n d l a s s .  The anchor l ower ing  

load  is 1 ,234  k i p s .  The d e s i g n  load  f o r  t h e  w ind la s s  is 1 , 5 0 0  k i p s .  

Deployment L i n e a r  Winch. The c o n t i n u o u s  p u l l i n g  machine f o r  w i r e  rope  on t h e  .--- - . 

deployment  workbarge r e q u i r e s  minor e x t e n s i o n  t o  t h e  s t a  t e - ~ f - ~ r a r  t i ce ,  The 

Lucker  Manufac tu r ing  Company has developed  numerous models of  c o n t i n u o u s  w i r e  

r o p e  p u l l i n g  machines.  The l a r g e s c  machine tu date  i s  c a p a b l e  of  p u l l i n g  a 

5-in.-diameter  w i r e  rope  a t  1 ,000  k i p s  a t  10 f t  p e r  m i n u t e .  i n c r e a s i n g  t h e  

w i r e  rope  d i a m e t e r  t o  5-3/4 i n .  and l i n e  p u l l  t o  1 ,400  k i p s  a t  10 f t  p e r  

m i n u t e  r e q u i r e s  a  s l i g h t  m o d i f i c a t i o n  t o  a n  e x i s t i n g  d e s i g n .  The c o n t i n u o u s  

p u l l  machine p u l l s  t h e  r o p e  wi th  a  c o n t i n u o u s ,  s t e a d y  mot ion .  There  i s  no 

l i m i t  t o  rope  l e n g t h  which can  be p u l l e d  i n  t h i s  manner because  t h e  machine 

c a n  be adapted  t o  p a s s  coupled  ends  through t h e  g r i p s .  The f o r c e  of  p u l l  and 

speed  a r e  a d j u s t a b l e  i n  ranges  from z e r o  t o  t h e  mach ine ' s  maximum. A l oad  

gauge on t h e  c o n t r o l  p a n e l  d i s p l a y s  t h e  a c t u a l  pounds b e i n g  p u l l e d  on t h e  rope  

a t  a l l  t i m e s .  A t  any t ime  d u r i n g  a  p u l l ,  t h e  r o p e  can  be  s topped  under  l o a d  

and h e l d  s t a t i o n a r y .  With a  push of  a  b u t t o n  t h e  p u l l i n g  o p e r a t i o n  can  be 

r e s t a r t e d  and c o n t i n u e d .  The machine can  a l s o  b e  s topped  and, r e v e r s e d  t o  f e e d  

o u t  w i r e  rope  and r e l i e v e  t e n s i o n .  

S t o r a g e  Ree l s  on t h e  Workbarge. Two 10 horsepower s t o r a g e  r e e l s  f a c i l i t a t e  

pay-out and '  r e e l - i n  o f  3 ,400  f t  maximum o f  5-314-in.-diame t e r  w i r e  rope .  The 

p h y s i c a l  c h a r a c t e r i s t i c s  of  t h e  s t o r a g e  r e e l  a r e  a s  £01 lows: 

Drum d i a m e t e r  .88 i n .  

Drum l e n g t h  152 i n .  

L i n e  speed ' 10 and 20 fpm 

Line tens  i o n  33,000 l b  a t  10 fpm 

2-70 

LOCKHEED OCEAN SYSTEM .. -< 



Line t e n s i o n  16,500 l b  a t  20 fpm 

Brake c a p a c i t y  50,000 l b  

Horsepower 10 

Workbarge T h r u s t e r s .  Three  workbarge t h r u s t e r s  a r e  capab le  of m a i n t a i n i n g  a  

b o l l a r d  p u l l  o f  226 k i p s  du r ing  t h e  deployment of  a  seaward anchor l e g  w i t h  a  

r a n g e  of 6 ,000  f t  between t h e  p l a t f o r m  and t h e  dep loynen t  workbarge.  Two of 

t h e  t h r u s t e r s  a r e  mounted a f t ,  each  c a p a b l e  o f  85,000 l b  t h r u s t .  The t h i r d  i s  

mounted forward f o r  heading  c o n t r o l  and c o n t r i b u t e s  60 ,000  l b  of t h r u s t  w h i l e  

o p e r a t i n g  45 deg o f f  t h e  l i n e  o f  p u l l  p o r t  o r  s t a r b o a r d .  Each t h r u s t e r  i s  

r a t e d  a t  3 ,400  horsepower.  Speed i s  v a r i a b l e  between 0  and 180 rpm. A f o u r t h  

t h r u s t e r  is added t o  p rov ide  redundancy and a d d i t  i o n a l  t h r u s t  underway. 

Workbarge D i e s e l  G e n e r a t o r .  Power t o  t h e  workbarge deployment  equipment  i s  

provided  by t h e  8 megawatt,  440 v o l t ,  th ree-phase  d i e s e l  g e n e r a t o r .  The 

maximum gene ra t ed  o u t p u t  d u r i n g  deployment  i n c l u d e s  w i n d l a s s  and winch 

o p e r a t i o n s ,  one of t h e  s t o r a g e  r e e l s  i n  o p e r a t i o n  and t h e  r u n n i n g  of t h e  t h r e e  

thrusters. 'The d i e s e l  g e n e r a t o r  r a t e d  a t  8 megawatts  p r o v i d e s  95  p e r c e n t  of 

t h e  r a t e d  o u t p u t  f o r  t h e  above o p e r a t  i o n s  s i m u l t a n e o u s l y  . The deployment  

equipment  on t h e  workbarge is  r a t e d  a s  fo l l ows :  

T h r u s t e r s  ( 3 )  3,400 hp 

L i n e a r  winch 455 hp 

Windlass  455 hp 

Supply s t o r a g e  r e e l  10 hp 

A u x i l i a r y  s t o r a g e  r e e l  10 hp 
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2.6 ANCHOR LEG DEPLOYMENT AND RETRIEVAL 

The equipment  and procedure  f o r  deployment of t h e  anchor  l e g s  and subsequen t  

r e t r i e v a l  a t  t he  end of  t h e  s e r v i c e  l i f e  a r e  p r e s e n t e d  i n  t h i s  s e c t i o n .  

2.6.1 Deployment Workbarge 

The workbarge c h a r a c t e r i s t i c s ,  deck equipment ,  and a r r a a g e a e a e  a r e  show1 i u  

Fig. 2-28, The sys tem meets  t h e  r equ i r emen t s  t o  pay o u t  t h e  w i r e  rope  segment 

and t o  lower E R e  a i i c h ~ r s  and c h a i n  w h i l e  w i u ~ a ; t i i t i g  a b o l l a t d  p u l l  o t  

226 k i p s .  The d i s t a n c e  o f  t h e  anchor d r o p  from t h e  p l a t f o r m  i s  5 ,000  f t  

landward and 6 ,000  f t  seaward.  The maximum anchor  dep th  is  5 , 6 8 0  f t .  The 

combined s t a t i c  and dynamic d e s i g n  load  on t h e  500-hp w i n d l a s s  i s  1 ,375  k i p s .  

There  i s  a 2.4-deg change of  t r i m  when t h e  f u l l  c h a i n  l e n g t h  and two anchor s  

a r e  s u p p o r t e d  by t h e  w i n d l a s s .  Two f i x e d  t h r u s t e r s  a r e  mounted a f t  and two 

r o t a  t a b l e  t h r u s t e r s  a r e  mounted forward f o r  p r o p u l s i o n  and heading  c o n t r o l .  

Each t h r u s t e r  i s  r a t e d  a t  3 , 4 0 0  hp f o r  85 ,000  l b  b o l l a r d  t h r u s t .  The 

c o n t i n u o u s  p u l l i n g  machine ( ~ u c k e r  Winch) f o r  w i r e  rope  f a c i l i t a t e s  

r e s t r a i n i n g  m a x i m a  l i n e  t e n s i o n  o f  1 , 4 0 0  k i p s  w h i l e  pay ing  o u t  w i r e  rope  a t  

10 fpm. The machine i s  r e v e r s i b l e ,  a l l o w i n g  wi re  rope  h a u l  i n  a t  t h e  same 

load  and speed .  Two 10-hp w i r e  rope  r e e l s  p r o v i d e  stowage f o r  t h e  anchor l e g  

w i r e  rope  and a u x i l i a r y  w i r e  rope.  The l a t t e r  p r o v i d e s  t h e  l e n g t h  t o  span  t h e  

range  from t h e  p l a t  form t o  anchor l o c a t i o n .  A 15-ton c r a w l e r  c r a n e  

f a c i l i t a t e s  f a k i n g  t h e  cha in  on deck d u r i n g  l o a d i n g  o p e r a t i o n s  and d u r i n g  

c o n t r o l l e d  l ower ing  o f  anchors  and c h a i n .  

2.6.2 Deployment Procedure  

Loading .  The workbarge i s  moored docks ide  f o r  l o a d i n g  of  a s i n g l e  anchor  l e g  

and deployment  s u p p o r t  m a t e r i a l .  The l o a d i n g  o p e r a t i o n  sequence  o u t l i n e d  

below is  r e p e a t e d  a f t e r  deployment of t h e  f i r s t  anchor  l eg  and s e q u e n t i a l l y  

u n t i l  t h e  e i g h t  l e g s  a r e  dep loyed .  

o Use of d o c k s i d e  c r a n e  and 15-ton c r a w l e r  c r a n e  t o  load  and f a k e  t h e  

anchor c h a i n  (5 ,880  f t ,  max) on t h e  workbarge deck.  
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o Threading  t h e  l e a d i n g  end of  cha in  under  t h e  w i r e  rope  and c h a i n  

combina t ion  sheave  and ove r  t h e  w i n d l a s s  w i l d c a t .  

o  Loading of two 60,000-lb anchors  and t h e ,  100 f t  o f  c o n n e c t i n g  c h a i n .  

o  T r a n s f e r  of  w i r e  rope  from docks ide  supp ly  r e e l  t o  workbarge s t o r a g e  

r e e l .  

o  T r a n s f e r  of a u x i l i a r y  w i r e  rope  from d o c k s i d e  supp ly  r e e l  t o  workbarge 

a u x i l i a r y  w i r e  rope  s t o r a g e  r e e l  (one t ime  o n l y ) .  

o  Loading of 170-f t  load  t r a n s f e r r i n g  wi re  rope  (one time o n l y ) .  

o  Loading o f  5 ,000  g a l  o f  d i e s e l  f u e l .  

Deployment Sequence. The o r d e r  i n  which t h e  e i g h t  anchor  l e g s  a r e  deployed  i s  

dependent  on t h e  r e s u l t a n t  wind,  wave, and c u r r e n t  f o r c e  on t h e  p l a t f o r m .  The 

f i r s t  l e g  s e l e c t e d  is  i n  l i n e  wi th  t h e  r e s u l t a n t  v e c t o r ,  d i r e c t e d  toward t h e  

p l a t f o r m .  Accord ing ly ,  t h e  second l e g  deployed  is nex t  c l o s e s t  i n  l i n e  t o  t h e  

r e s u l t a n t  v e c t o r .  The t h i r d  and f o u r t h  l e g s  a r e  o p p o s i t e  t o  t h e  f i r s t  and 

second,  r e s p e c t i v e l y .  The r ema in ing  f o u r  l e g s  a r e  t hen  deployed  and set .  . . 

. - 

Deployment. Procedure .  Deployment c o n s i s t s  of  workbarge l o a d i n g  a t  d o c k s i d e ,  

t r a n s i t  t o  and from t h e  deployment - s i t e ,  anchor  l e g  l ower ing ,  and anchor  

s e t t i n g .  The anchor  lower ing  o p e r a t i o n  is  e s t i m a t e d  t o  r e q u i r e  15 h o u r s  and 

is  comple ted  i n  d a y l i g h t .  The p rocedure  t o  dep loy  t h e  f i r s t  anchor  l e g  is a s  

fo l l ows :  

' 1. The loaded  wotkbarge  is  moored a l o n g s i d e  t h e  p l a t f o r m  outboard  of 

t h e  anchor  l e g  f a i r l e a d .  

2 .  The two anchor s  w i t h  t h e  100-f t  connec t ing  c h a i n  is  l i f t e d  by t h e  

p l a t f o r m  p e d e s t a l  c r a n e  and hung overboard  by t h e  anchor c h a i n  on 

t h e  w ind la s s .  

3 .  A 170-f t  l e n g t h  of  w i r e  rope  i s  connected  t o  t h e  cha in  from t h e  

p l a t f o r m  w i n d l a s s .  The rope  i s  p l aced  i n  t h e  g r i p s  of  t h e  l i n e a r  

winch f o r  pay o u t  from t h e  workbarge. 

4 .  Mooring l i n e s  a r e  r e l e a s e d .  The workbarge is headed ou t  to  sea 

under  t h e  anchor  d rop  p o i n t  w h i l e  t h e  170-f t  w i r e  rope  i s  payed 

o u t .  Tugs a s s i s t  moving t h e  p l a t f o r m  and b a r g e .  
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Anchor lowering v i a  t h e  windlass  'commences a s  soon a s  the  workbarge 

is headed ou t  t o  sea .  

Connection i s  made between t h e  170-ft  wire  rope and t h e  wire  on the  

s to rage  r e e l  w i t h  .an end l i n k  between the  w i r e  rope s o c k e t s .  Pay 

o u t  of wire  rope commences from ~ l l e  s t o r a g e  r e e l .  

Pay out of w i r e  rope through t h e  l i n e a r  winch con t inues  u n t i l  t h e  

s t o r a g e  r e e l  i s  emptied. The wire rope i s  then secured whi le  t h e  

workbarge is acouvt i c a l l y  p e o i t  ionod tnr  anchor l u w c ~ - i n g ~  

F i n a l  a c o u s t i c  p o s i t i o n i n g  i s  e s t a b l i s h e d  tiefore anchors a r e  lowered 

t o  t h e  s e a f l o o r .  

Monitoring t h e  load sensor  on the  windlass ,  t h e  anchors are landed 

, i n  sequence whi le  paying ou t  cha in  and moving toward the  p l a t  form. 

The anchors are s e t  siibsequeuL to  landing and before e n t i r e  chain  

length  is on s e a f l o o r .  

The chain  s t o p p e r  is engaged when the  wire-rope-to-chain connect ing 

l i n k  is above the  s topper .  

The wire-rope-to-chain connect ion is made, o p e r a t i n g  t h e  l i n e a r  ' 

winch a s  .necessary to  f a c i l i t a t e  the  connect ion.  

The load on t h e  l i n e a r  winch i s  r e l i e v e d  and t h e  g r i p s  of t h e  winch 

a r e  r eversed  f o r  pass ing  w i r e  rope i n  t h e  oppbs i t e  d i r e c t i o n .  

The load i s  t r a n s f e r r e d  from t h e  chain  s topper  and t h e  windlass  t o  

t h e  l i n e a r  winch. 

The workbarge is  powered toward t h e  pl.at£orm with  t h e  winch arlJ 
. .. 
t h r ~ i  s t e r s  u n t i l  the  wi re  rope socket-  to-socket j o i n t  w i t h  t h e  170-ft  

wire rope is  j u s t  below t h e  windlass  w i l d c a t .  The wire  rope i s  then 

secured by t h e  l i n e a r  winch and the  w i r e  rope s t o p p e r .  

The workbarge is moored a longs ide  t h e  p la t form,  and t h e  s l a c k  chain  

i s  d isconnected from the  w i r e  rope.  

The chain  i s  payed ou t  from t h e  p la t fo rm windlass  along t h e  

workbarge 'deck and conqec ted to  t h e  end l i n k  between the  wi re  rope 

s o c k e t s  outboard of  t h e  windlass .  

The w i r e  rope s topper  i s  opened. The w i r e  rope i s  payed out  w i t h  

t h e  . l i n e a r  winch t o  t r a n s f e r  t h e  load from t h e  wire  rope  to  chain .  
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18. The cha in  is hauled i n  while the  workbarge i s  moved inboard and to  

p o r t  of the  anchor leg.  When t h e  '.chain l i ' f t s  o f f  from t h e  workbarge 

deck,  the  chain  i s  hauled i n  a s  required to  f a c i l i t a t e  d i sconnec t ing  

t h e  170-ft wi te  rope from t h e  end l i n k .  

Deployment of t h e  second up t o  t h e  e i g h t h  l e g  i s  i d e n t i c a l  t o  t h e  above 

procedure except f o r  t h e  i n s e r t i o n  of the  a u x i l i a r y  wire  rope between the  

170-ft and the s to rage  r e e l  wi re  rope segments. This a 1  t e r s  the  procedural  

s t e p s  between 6 and 7 .  A f t e r  each l eg  i s  deployed, t h e  workbarge r e t u r n s  t o  

p o r t  f n r  rlncksi,de 1.nading of the  next l eg  t o  be deployed.  The l i n e  t ens ions  

i n  t h e  e q u i l i b r i u m  (no  environmenta.1 load on pla t form) c o n d i t i o n .  a s  shown on 

Fig .  2-1 provide  t h e  l eg  t ens ions  t h a t  a r e  r e a l i z e d  f o r  proper anchor s e t .  

P la t fo rm s t a t i o n  is  maintained by tugs u n t i l  MAL i n s t a l l a t i o n  progress  i s  

s u f f i c i e n t  t o  permit  removal of the  t u g s .  A standby tug  i s  provided 

throughout t h e  deployment sequence t o  provide  emergency b o l l a r d  p u l l  i n  t h e  

event  of  power l o s s  on the  workbarge. 

E r r o r  i n  Anchor Deployment. Th i s  e r r o r  i s  dependent on t h e  a c c u r a c i e s  of t h e  

anchor lowering o p e r a t i o n  and the  p red ic ted  anchor s e t t i n g  d i s t a n c e .  The 

e r r o r  i n  anchor deployment i s  determined and minimized through conduct of t h e  

development t e s t  program recommended i n  Task I V .  Following the  t e s t  program, 

t h e  expected t o l e r a n c e  of l o c a t i n g  t h e  anchor touchdown p o i n t  and t h e  maximum 

pred ic ted  anchor s e t  d i s t a n c e  a r e  added t o  determine how much t h e  anchor l e g  

i s  shor tened.  The anchor leg  i s  then shor tened by 80 pe rcen t  of t h i s  amount. 

This a l lows the  system to  be compensated by t ak ing  i n  20 pe rcen t  of the  

maximum e r r o r  o r  paying o u t  80 pe rcen t  of t h e  maximum e r r o r .  T h e . a d d i t i o n  of 

chain  is p r e f e r a b l e  t o  the  shor ten ing  of w i r e  rope once the  anchor l e g  is 

deployed. I f  ' the a l lowable  s e t  d i s t a n c e  o r  touchdown l o c a t i o n  is not  

achieved,  o r  i f  t h e  anchors do not  s e t  a s  i n d i c a t e d  by low leg  t e n s i o n ,  then  

t h e  anchor leg  i s '  redeployed.  The deployment o p e r a t i o n  i s  reversed wi th  t h e  

a u x i l i a r y  wire  rope i n s e r t e d .  The procedure is s i m i l a r  t o  changeout of w i r e  

rope except  i n  a d d i t i o n  the  anchors a r e  l i f t e d  o f f  , t h e  s e a f l o o r  and r e p l a n t e d .  



2.6 .3  R e t r i e v a l  Operat ion  

The MA.' SKSS i s  t o  be' removed from t h e  s e a f l o o r  a t  .completion of t h e  30-year 

s e r v i c e  l i f e .  The anchor l e g  r e t r i e v a l  procedure i s  a modif ied  v e r s i o n  of t h e  

changeout procedure combined wi th  a w d i f i e d  r e v e r s a l  o f  t h e  i n i t i a l  

deployment procedure.  The workbarge is . arranged a s  f o r  deployment. b u t  w i t h ,  

t h e  supply s t o r a g e  r e e l  empty. 

A f t e r  t h e  wor'kbarge is  over  t h e  anchor,  t h e  procedure t o  haul  i n  t h e  anchors,  

c h a i n ,  and wi re  rope i s  t h e  r e v e r s e  of t h e  deployment procedure except  f o r  

b reak ing  o u t  of  t h e  anchors.  Acoust ic  p o s i t i o n i n g  . i s  no t  r equ i red  i n  t h i s  

procedure .  The procedure i s  a s  fo l lows:  

1. The workbarge i s  moored t o  t h e  i n  t h e  v i c i n i t y  of t h e  .leg . 

scheduled . for  r e t r i e v a l .  

2. The pla. tform windlass  hau l s  i n  on t h e  c h a f i n g  chain  of t h e  . l e g . u n t i l ,  

t he  connec t ion  between t h e  c h a f i n g  cha in  and t h e  anchor w i r e  is  

c l e a r  of t h e  water and above deck h e i g h t  of t h e  workbarge. 

3 .  The workbarge i s  then maneuvered under the  connect  ion and the  

connec t ion is  lowered t o  , t h e  deck alongs i d e  t h e  windlass.  

4. While paying o u t  150 f t  o f  c h a i n ,  the  barge  is  moved outboard i n  

l i n e  wi th  :ha anchor leg .  The barge i s  securely moored to the 
pla t fo rm i n  t h i s  o r i e n t a t i o n .  . . 

5 .  The 170-ft  of load t r a n s f e r  wi re  .rope ( s t o r e d  on t h e  workbarge.) i s  

then laysd i n  the l i n e a r .  winch, g r i p p e d ,  threaded under . t h e  s h m v e ,  

hung over  t h e  w i l d c a t  and connected t o  t h e . e n d  l i n k  of t h e  wire  rope 

and c h a i n  connect  ion.  , 

6. With . t h e  workbarge moored t o  t h e  p l a t f o m ,  t h e  anchor l e g  .cha<n is  

payed o u t  t o  t r a n s f e r  t h e  load t o  t h e  l i n e a r  wiqch. Using t h e  

l i n e a r  winch, t h e  wire  rope is  hauled i n  u n t i l  t h e  connect ion i s  

outboard of t h e  windlass:  The c h a i n  i s  .d isconnected and hauled i n  

t o ,  f a c i l i t a t e  r econnec t ion  a t  t h e  o t h e r  end of t h e  170-ft  wire  

rope.  The cha in  i s  .reconnected t o  the  w i r e  rope and t h e  s l a c k  taken 

up. Moor'ing l i n e s  a r e  g radua l ly  r e l i e v e d .  
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7. The anchor l e g  i s  hauled i n  u n t i l  the  wire-rope-to-wire-rope 

connect ion i s  inboard of t h e  forward heavy duty c a b l e  g r i p .  The 

forward and a f t  heavy duty c a b l e  g r i p s  a r e  engaged. The l i n e a r  

winch is then unloaded and t h e  170-fk wire disconnected a t  t h e  

. forward c a b l e  g r i p .  

8. The g r i p s  on the  l i n e a r  winch a r e  r eversed  t o  pay ou t  wi re  rope from 

the  a f t e r  end. The a u x i l i a r y  wi re  rope from the  s to rage  r e e l  i s  

connected t o  the  170-ft wire. The load i s  then t r a n s f e r r e d  from t h e  

a f t  c a b l e  g r i p  t o  the  l i n e a r  winch. 

9. The workbarge proceeds t o  a po in t  over the  anehaf a s  t h e  a u x i l i a r y  

wi re  rope i s  passed through the  l i n e a r  winch. 

10. When t h e  end of t h e  a u x i l i a r y  wire  i s  reached,  t h e  wire  i s  connected 

t o  the  w i r e  rope stopped a t  the  forward heavy duty c a b l e  g r i p .  

Slack is  taken up. 

11. The workbarge proceeds toward a po in t  over t h e  anchor a s  t h e  wire  i s  

pu l l ed  through t h e  l i n e a r  winch. 

12. T h r u s t e r  power i s  increased a s  t h e  workbarge approaches t h e  anchor 

p o i n t .  

13. When t h e  connect ion between the  c a b l e  and anchor chain i s  inboard of  

the  chain  s topper  on deck,  the  load i s  t r a n s f e r r e d  t o  t h e  c h a i n  

s t o p p e r  on deck and the  windlass .  

14. The a f t  c a b l e  g r i p  i s  engaged on the  w i r e  rope.  

15. The wire rope i s  disconnected from the chain and a t t ached  t o  t h e  

supply r e e l  drum t o  f a c i l i t a t e  haul  i n .  

16. The chain  i s  hauled i n  by t h e  windlass  and faked on deck, a s s i s t e d  

by the  crawler  c r a n e .  The anchors a r e  l e f t  hanging over t h e  s i d e  

u n t i l  they a r e  ho i s t ed  onboard wi th  t h e  p la t fo rm c rane .  

17. The wi re  rope is hauled i n  and wound on the  supply r e e l .  This is 

done concur ren t ly  with S tep  16.  

18. When the  wire  r'ope end i s  hauled i n ,  the  a u x i l i a r y  w i r e  rope i s  

d isconnected from it and wound on the  a u x i l i a r y  wi re  rope r e e l .  

1 9 .  The workbarge moves toward the  p la t fo rm.wi th  the  winch and t h r u s t e r s  

u n t i l  t h e  wire rope socke t- to-chain connect  ion i s  j u s t  upstream of 
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t h e  wi re  rope sheave.  The w i r e  rope i s  then secured by the  g r i p s  of  

t h e  winch and t h e  wire rope s topper .  

20. The workbarge is  moored t o  the  p la t fo rm,  the  cha in  i s  s lackened and 

disconnected from t h e  wire rope. Anchors a r e  l i f t e d  onboard. 

R e t r i e v a l  of  the  second l e g  up to t h e  seven th  l e g  is i d e n t i c a l  t o  t h e  above 

procedure .  The e i g h t h  l e g  does not  r e q u i r e  t h e  use of t h e  a u x i l i a r y  wire  . 

rope.  A f t e r  each l e g  i s  r e t r i e v e d ,  the workbarge r e t u r n s  tn pert f o r  dockride  

unloading of wire rope and .chain. 

2.7 INSPECTION, MAINTENANCE, AND REPAIR 

2.7 .1  I n s p e c t i o n  

Above t h e  Wate r l ine .  I n s p e c t i o n  of e lements  of t h e ' s t a t i o n k e e p i n g  subsystem 

which a r e  i n s t a l l e d  on the  p la t form o r  a r e  s i t u a t e d  ibove the waterli 'ne permit  

s imple  p e r i o d i c  v i s u a l  examination of t h e  anchor windlass  diuipment ,and t h e  

mooring c a b l e  running t o  the w a t e r l i n e .  Such inspec t ions  a r e  the  

r e s p o n s i b i l i t y  of the  p la t fo rm crew and a r e  c a r r i e d  out  by t h e  ass igned anchor 

watch and anchor d e t a i l .  The anchor watch is a  cont inuous  watch r o t a t i n g  

every  4 hours  over a  24-hour pe r iod .  The watch s t a n d e r  i s  r equ i red  t o  s i g h t  

and log  load c e l l  load readings  on each of t h e  e i g h t  anchor l egs  every hour .  

These read ings  a r e  d i sp layed  on the br idge.  I f  any read ing '  exceeds r e d l i n e d  

l i m i t s ,  t h e  anchor d e t a i l  mans t h e i r  s t a t i o n s  f o r  adjustment of anchor l e g  

t e n s i o n s .  Func t iona l  i n s p e c t i o n  of t h e  anchor windlass  equipment i s  made once 

each day dur ing the  forenoon. This ' inspect  ion i s  made by t h e  anchor d e t a i l  

dur ing  t h e  m r n i n g  watch per iod.  The i n s p e c t i o n  c o n s i s t s  of providing power 

t o  the  anchor windlass  of each anchor l eg .  The w i l d c a t  on each l e g  i s  loaded 

s u f f i c i e n t l y  to  t ake  the  load from t h e  chain s topper ;  t h e  load i s  then 

re tu rned  t o  the  s topper .  Once each week the  f u n c t i o n a l  i n s p e c t i o n  

a d d i t  i o n a l l y  r e q u i r e s  t ak ing  t h e  load s u c c e s s i v e l y  on each w i l d c a t ,  t r i p p i n g  

t h e  cha in  s t o p p e r s ,  and walking out each cha in  a  d i s t a n c e  of  50 f t .  The 

cha ins  a r e  then re tu rned  t o  t h e i r  p resc r ibed  p o s i t i o n  and the  load i s  again 



Below t h e  W a t e r l i n e .  I n s p e c t i o n  of  t h e  e l emen t s  below t h e  w a t e r 1 i n e . i ~  

accompl ished  b y . d i v e r s ,  o r  by manned o r  r emote ly  c o n t r o l l e d  submers ib l e s .  The 

pr imary  t o o l  f o r  deep under- t e r  i n s p e c t  i on  is a  remote ly  c o n t r o l l e d  

submers ib l e .  A l i m i t e d  d i v e r  c a p a b i l i t y  i s  p a r t  o f  t h e  crew s t r u c t u r e  i n  

o r d e r  t o ,  accomplish i n s p e c t  i o n  o f  t h e  underwater  p o r t  i o n  of t h e  p l a t  form. 

T h i s  c a p a b i l i t y  i s  a l s o  used f o r  s h a l l o w  w a t e r  i n s p e c t i o n  of  each  anchor  

l e g  w i t h  hand h e l d  TV. cameras t o  a s s i s t  i n  v i s u a l i z a t i o n .  

V i s u a l  i n s p e c t i o n  t o  d e p t h s  of 6,000 f t  by s u b m e r s i b l e s  now i n  t h e  ocean  
/ 

i n d u s t r i e s  i n v e n t o r y  is  f e a s i b l e .  Examples of two v e h i c l e s  w i t h  deep ocean 

c a p a b i l i t y  a r e  t h e  manned Arms B e l l  (3 ,000  f t )  and t h e  remote c o n t r o l l e d  

MS-6000 (6 ,000  f t ) .  Although t h e  A r m s  B e l l  is c u r r e n t l y  l i m i t e d  t o  3 ,000 - f t  

d e p t h s ,  it does  p r o v i d e  f o r  d i r e c t  v i s u a l  i n spec  t i o n  (and p a r a l l e l  TV 

i n s p e c t i o n )  o f  t h e  anchor l e g s  t o  s u ' f f i c i e n t  d e p t h  t o  p r o v i d e  f o r  i n s p e c t i o n  

of r e p r e s e n t a t i v e  segments  and t h u s ,  by e x t r a p o l a t i o n ,  a  ,means f o r  e v a l u a t i n g  

t h e  c o n d i t i o n  of t h e  e n t i r e  l e g .  The MS-6000 p rov ides  f o r  remote TV viewing  

and even some l i m i t e d  work t o  d e p t h s  of 6 ,000  f t .  Both of t h e s e  . t o o l s  a r e  

owned and o p e r a t e d  by Oceaneer ing  I n t e r n a t i o n a l ,  I n c . ,  of S a n t a  B a r b a r a ,  

C a l i f o r n i a .  A t h i r d  t o o l  o f  p a r t i c u l a r  n o t e  i s  a  magnet ic  i n d u c t a n c e  v e h i c l e  

w i t h  t h e  c a p a b i l i t y  o f  p r o v i d i n g  f o r  an NDT-type i n s p e c t  i o n .  This  t o o l  g i v e s  

a n  i n d i c a t i o n  of w i r e  s t r a n d  f a i l u r e s  i n  t h e  w i r e  p o r t i o n  of  t h e  l e g s ,  n o t  

d e t e c t a b l e  by t h e  human eye  o r  TV viewing ,  t h e r e b y  p r o v i d i n g  warning of w i r e  

d e g r a d a t i o n .  :The t o o l .  c an  r e a d i l y  be a t t a c h e d  t o  t h e  anchor  c a b l e  and by use 

of  a  s imp le  c o n t r o l  l i n e  i t  i s  lowered down t h e  l e g  and r e t r i e v e d  w h i l e  

p rov id ing  r e a d o u t s  o f ,  t h e  w i r e ' s  c o n d i t i o n .  T h i s  t o o l  i s  under  development by 

Noranda of  South  Y o r k s h i r e ,  England.  

The c a p a b i l i t y  t o  conduct  t h e  fo rego ing  i n s p e c t i o n  i s  provided  o u t s i d e  of t h e  

p l a t  form crew s t r u c t u r e .  Con t r ac  t u r a l  a r rangements  a r e  e s t a b l i s h e d  on a  

r o u t i n e  and on a  c a l l  ' b a s i s .  The recommended s c h e d u l e  f o r  such  s e r v i c e s  i s :  

a .  I m e d i a t e  post-  deployment i n s p e c t  ion ;  T h i s  p rov ides :  

o  c o n t i n u a t i o n  o f  compl iance  w i t h  t h e  mooring p l a n  

o  S i g n a t u r e  o r  b a s e  informAtion  f o r  subsequent  i n s p e c t i o n s  
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o  I n i t i a l  t r a i n i n g  and d e t e r m i n a t i o n  of  adequacy of t h e  i n s p e c t  i o n  

p l an  

b. Two y e a r s  a f t e r  i n i t i a l  deployment  

c .  F i v e  y e a r s  a f t e r  i n i t i a l  deployment  

d.  . E i g h t  y e a r s  a f t e r  i n i t i a l  deployment  

e .  I n t e r i m  i n s p e c t i o n s  may b e  r e q u i r e d  i f  t h e  SKSS i s  s u b j e c t e d  t o  

unusual  s t r e s s  such  a s  heavy s torms.  

2 . 7 . 2  Maintenance 

Above t h e  W a t e r l i n e .  SKSS equipment  i n s t a l l e d  on t h e  p l a t f o r m  i s  ma in t a ined  

i n  t h e  manner p r e s c r i b e d  by t h e  mani i f sc t l l re r ;  The s c h c d u l c  f o r  such  

ma in t enance  is  a l s o  i n  acco rdance  w i t h  t h e  m a n u f a c t u r e r ' s  i n s t r u c t i o n s .  The 

machinery  c o n t r o l l i n g  each  anchor  l e g  i s ,  e x c e p t  f o r  t h e  e x c e p t i o n a l l y  h i g h  

load  r e q u i r e m e n t s ,  common t o  t h e  mar ine  i n d u s t r y  and t h u s  i n t r o d u c e s  no new o r  

e x t r a o r d i n a r y  main tenance  t a s k s .  

The e l e m e n t s  of t h e  anchor  l e g s  above t h e  w a t e r l i n e  a r e  b l a s t e d  and r e c o a t e d  

e v e r y  6 months t o  a r r e s t  c o r r o s i o q .  P o r t i o n s  of t h e  c h a i n  t h a t  a r e  

inrmediately below t h e  w a t e r l i n e  and s u b j e c t  t o  a i r  exposu re  due t o  heave  

r e c e i v e  s i m i l a r  t r e a t m e n t .  These l a t t e r  p o r t i o n s  a r e  made a c c e s s i b l e  d u r i n g  

t h e  pe r iod  of  func t i o n a l  i n s p e c t  i o n  checks  r e q u i r i n g  movement of t h e  anchor  

c h a f i n g  c h a i n .  Care, is a l s o  taken  . t o  e n s u r e  t h a t  t h e  p o i n t  o f  c o n t a c t  be tween 

t h e  c h a f i n g  c h a i n  and t h e  p l a t f o r m  i s  changed d u r i n g  t h e  w e e k l y  f u n c t i n n ~ l  

i n s p e c t  i o n s .  Color  c o d i n g  c o n t a c t  p o i n t s  w i l l  f a c i l i t a t e  t h i s  o p e r a t  i nn. 

These t a s k s  a r e  w i t h i n  t h e  scope  of sh ipboa rd  main tenance .  

Below t h e  W a t e r l i n e .  Except  f o r  s t r e s s  r e l i e f  and t h e  main tenance  p r e s c r i b e d  

f o r  p o r t i o n s  of t h e  c h a f i n g  c h a i n  below t h e  w a t e r l i n e  no o t h e r  main tenance  is  

a p p l i e d  t o  t h e  l e g s .  Design p r o v i d e s  f o r  a  l i f e  c y c l e  o f  30 y e a r s  f o r  anchor  

c h a i n  and 10 y e a r s  f o r  t h e  w i r e  p o r t i o n .  Replacement of t h i s  l a t t e r  e l emen t  

i s  d i s c u s s e d  under  t h e  head ing  of  Repa i r .  Wear and a b r a s i o n  observed  on t h e  

c h a f i n g '  c h a i n  p r o v i d e s  an i n d i c a t i o n  of  t h e  c o n d i t i o n  of  t h e  anchor  cha in .  
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2 . 7 . 3  Repair 

Above the  Wate r l ine .  A s  i n  t h e  case  of maintenance requirements ,  machinery 

r e p a i r  procedures a r e  i n  accordance wi th  the  manufac tu re r ' s  i n s t r u c t i o n s .  

Minor r e p a i r s  are  e f f e c t e d  by t h e  p la t fo rm crew with  major  repair,^ being 

accomplished by base  suppor t  personnel .  Repairs to  the  chaf ing  cha in  may be 

requ i red  by v i r t u e  of i t s  cons tan t  a c t i o n  on t h e  f a i r l e a d e r  and windlass .  

Worn s e c t i o n s  can r e a d i l y  be replaced by the  p la t form crew, 

Below the  Water l ine .  Because of the  depthsAnvolved i t  is i m p r a c t i c a l  t o  

cons ide r  t h a t  any e f f e c t i v e  r e p a i r s  can be made to an anchor l e g  o t h e r  than 

replacement of the  f a i l e d  o r  degraded element.  Because t h e  wire  p o r t i o n  of 

the  anchor l e g  i s  t h e  only element i ~ h i c h  does not  meet t h e  30-year l i f e  c y c l e  

requirement ,  t h i s  element r e q u i r e s  " r e p a i r  by replacement" p r i o r  t o  t h e  

e x p i r a t i o n  of i s  des igned 10-year l i f e  c y c l e .  The procedure to accomplish 

t h i s  task  follows.  

Replacing t h e  Wire Component of t h e  Mooring Leg. When replaceuenc of t h e  wirc  

component of the  mooring l e g  becomes necessa ry ,  the  work barge  used f o r  

deployment of the  l e g s  i s  used i n  a modified r e v e r s a l  of t h e  i n i t i a l  

deployment procedure as '  fo l lows:  

When replacement of the  wire component of t h e  anchor l e g  becomes necessa ry ,  

the  workbarge used f o r  deployment o f '  t h e  l egs  i s  used i n  a modified r e v e r s a l  

of the  i n i t  i a l  deployment procedure.  The workbarge modi f i ca t ion  inc ludes  an  

a d d i t i o n a l  heavy duty c a b l e  g r i p  a t  t h e  a f t e r  end and the  r e l o c a t i o n  of t h e  . 
* 

a f t  wire  rope r e e l  to t h e  a f t e r  end of the  l i n e a r  winch. This r e e l  i s  f o r  

s t o r a g e  of the  replacement wi re  rope.  Af te r  t h i s  r e e l  i s  payed o u t ,  i t  i s  

re turned t o  i t s  o r i g i n a l  p o s i t i o n  to  haul  i n  t h e  a u x i l i a r y  rope. . The o t h e r '  

r e e l  i s  used to s t o r e  the  a u x i l i a r y  w i r e  rope and to haul  i n  t h e  "old" w i r e  

rope a f t e r  i t  i s  payed ou t .  The modi f i ca t ion  i s  shown i n  Fig. 2-29. The 

procedure f o r  wi re  rope change-out i s  a s  follows: 

1. ,The workbarge is moored t o  t h e  p la t fo rm i n  t h e  v i c i n i t y  of t h e  l e g  

scheduled f o r  replacement 
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2 .  The p l a t  form anchor windlass  hau l s  i n  on t h e  chaf ing  c h a i n  of the  

l e g  u n t i l  the  connect ion between t h e  chaf ing chain  and t h e  anchor 

wire  i s  c l e a r  of the water and above deck h e i g h t  of the workbarge. 

3 .  The workbarge i s  then maneuvered under t h e  connect ion and t h e  

connect ion is lowered to the  deck a longside  the  wind lass .  

4 .  While paying ou t  150 f t  of cha in ,  t h e  barge  i s  moved outboard i n  

l i n e  wi th  the  anchor.  The barge i s  s e c u r e l y  moored to the  p l a t  form 

in  t h i s  o r i e n t a t i o n .  

5. The 170 f t  of load t r a n s f e r  wire rope ( s t o r e d  on t h e  workbarge) i s  

then Jayed i n  the  g r i p s  of t h e  l i n e a r  winch, g r i p p e d ,  threaded under 

t h e  sheave,  hung over t h e  w i l d c a t ,  and connected t o  t h e  end l i n k  of 

the  w i r e  rope and cha in  connect ion.  

6 .  With t h e  workbarge &ored t o  t h e  platform, the  anchor l e g  chain  is 

payed ou t  to t r a n s f e r  t h e  load t o  t h e  l i n e a r  winch. Using t h e  

l i n e a r  winch, t h e  w i r e - r o p e  i s  hauled i n  u n t i l  the  connect ion i s  

outboard of t h e  wind lass .  The chain  i s  d isconnected and hauled i n  

t o  f a c i l i t a t e  reconnect ion a t  t h e  o t h e r  end of t h e  170-ft  wire  

rope.  The chain  i s  . reconnec ted to the w i r e  rope and the  s l a c k  taken 

up. Mooring l i n e s  a re  g radua l ly  r e l i e v e d .  

7. The anchor l e g  i s .  hauled i n  wi th  t h e  l i n e a r  winch u n t i l  t h e  

wire-rope-to-wire-rope connect  i o n .  i s  inboard of the  forward heavy 

duty c a b l e  g r i p .  both of t h e  forward and a f t  heavy duty c a b l e  g r i p s  

a r e  engaged. The l i n e a r  winch i s  then unloaded and t h e  170-ft  wire  

d isconnected a t  t h e  forward c a b l e  g r i p .  

8. The g r i p s  on t h e  l i n e a r  winch a r e  reversed t o  pay o u t  wire  rope from 

t h e  af  t e r  end.  The a u x i l i a r y  w i r e  rope from t h e  s to rage  r e e l  i s  

connected t o '  t he  170-ft  wire .  The load i s  then t r ans fe r red-  from t h e  

a f t  c a b l e  g r i p  t o .  t h e  l i n e a r  winch. 

9. The workbarge moves toward t h e  anchor l o c a t i o n  whi le  t h e  a u x i l i a r y  

wi re  rope i s  payed ou t  through the  l i n e a r  winch. 

10. When t h e  end of the  a u x i l i a r y  wire  i s  reached,  the  wire is  then 

connected to t h e  "old" w i r e  rope stoppered a t  the  forward heavy duty '  

c a b l e  g r i p  s l a c k  is  taken up, 
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11. The workbarge con t inues  moving toward the  anchor l o c a t i o n  a s  the  

"old" .wire i s  pu l l ed  through t h e . l i n e a r  winch. 

12, Thrus te r  power i s  inc reased  a s  r equ i red  a s  the workbarge approaches 

t h e  anchor . locat ion.  

1 3 . .  When t h e  connect ion between t h e  "old" c a b l e  and anchor chain  is 

inboard of t h e  cha in  s topper  on deck,  t h e  load i s  t r a n s f e r r e d  t o  t h e  

chain  s t o p p e r  and t h e  windlass .  

14. The a f t  heavy duty  c a b l e  g r i p  is engaged o n ' t h e  "old" w i r e  rope and 

t h e  l i n e a r  winch is r e l i e v e d .  

15. Af te r  the  g r i p s  a r e  reversed on the  winch, t h e  replacement c a b l e  

from t h e  s t o r a g e  r e e l  is placed i n  t h e  grips and cpnnected t o  t h e  

anchor cha in .  The anchor cha in  load i s  t r a n s f e r r e d  from t h e  

. . w i n d l a s s  and chain  s , t o p p e r . t o  t h e  l i n e a r  winch. 

16. The replacement c a b l e  i s  then payed ou t .  When the  end of the  w i r e  

rope i s  reached,  t h e  forward heavy duty c a b l e  g r i p  is engaged, a f t e r  

which the  winch i s  r e l i e v e d  and the  c a b l e  s e t  a s i d e .  

17. The g r i p s  of t h e  l i n e a r  winch a r e  r eversed .  and t h e  "old". w i r e ,  rope 

i s  layed i n  t h e  g r i p s .  

18. The "old" wi re  i s  hauled i n  and wound on t h e  a u x i l i a r y  wire  rope 

ree  1. 

19. The empty s t o r a g e  reel is"moved from i.t.s fnrward p o s i t i o n  to a f t  i n .  

f r o n t  of t h e  a u x i l i a r y  w i r e  rope r e e l .  , 

20. When t h e  end of . t h e  "old" wire  rope i s  reached,  the a u x i l i a r y  wire 

rope is hauled  i n  and wound on t h e  s to rage  r e e l  i n  . f r o n t  of t h e  

a u x i l i a r y  r e e l .  

21. The procedure t o  complete'  t h e  wire  rope changeout i s  i d e n t i c a l  ' t o  

t h e  deployment p rocedura l ,  S t e p s  14 through 18. 

Changeout of the  remaining l e g s  i s  i d e n t i c a l  t o  t h e ,  procedure desc r ibed  f o r  . 

l e g  No. 1 .  After  each w i r e  rope .segment . i s  r e p l a c e d ,  the  workbarge re t u r n s .  t o  

p o r t  f o r  unloading of "old" wire  and load ing  of re'placement wire rope. The 

a u x i l i a r y .  wire  rope is reused.  S e t t i n g  of the  anchors i s  e s t a b l i s h e d  w i t h  t h e  

use of  the  windlasses  and load c e l l s .  
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2.8 INTERFACES 

SKSS i n t e r f a c e s  wi th  o t h e r  OTEC systems a r e  presented i n  t h i s  s e c t i o n  

p r i m a r i l y  t o  i d e n t i f y  the  p o t e n t i a l  i n t e r f e r e n c e  between the  SKSS and t h e  

pla t form,  CWP, and r i s e r  cable .  

2.8.1 Pla t form 

The windlasses  r e q u i r e  platforms which extend t h e  main deck 9  f t  a t  each 

corner  of t h e  barge .  These wind lass  p la t forms i n t e r f e r e  w i t h  the  deckhouse i n  

t h e  a f t  p o r t i o n  by a s  much a s  9  f t .  P l a t f o r m  s t r u c t u r a l  s c a n t l i n g s  below t h e  

pla t forms must be inc reased  to  suppor t  the  weight and mooring loads .  The 

l a r g e  f a i r l e a d e r s  on t h e  barge  s i d e s  r e q u i r e  adequate foundat ion s t r u c t u r e  a s  

we l l .  

Below deck t h e  chain  l o c k e r s  i n t e r f e r e  wi th  c e r t a i n  spaces  between t h e  main 

deck (El.  89) and t h e  second deck (El .  65) .  Aft ort both s i d e s  the  c h a i n  

l o c k e r s  i n t e r f e r e  with e l e c t r i c a l  and eng ineer ing  &otkshops ( E l .  65) and 

f u t u r e  e l e c t r i c a l  spaces  (El.  77) .  The cha in  lockers  forward i n t e r f e r e  w i t h  

p la t fo rm equipment and t h r u s t e r  access  spaces  p o r t  and s t a r b o a r d .  

2.8.2 CWP 

The anchor legs  a r e  g e n e r a l l y  wel l  c l e a r  of t h e  CWP i n  a1  1  but  t h e  Extreme Sea 

S t a t e .  In t h i s  c o n d i t i o n  t h e  a c t i v e  t ens ion ing  required to  reduce l eg  t ens ion  

causes  l e g  No. 5 t o  be "s lack"  ( s e e  Fig .  2-1). This  l eg  i s  "down cur ren t "  and 

i s  275 f t  from t h e  CWP i n l e t .  The l eg  and CWP w i l l  touch i f  t h e  CWP d e f l e c t s  

i n  t h e  c u r r e n t  and o r  t h e  dynamic o s c i l l a t i o n s  of CWP and MAL a r e  of 

s u f f i c i e n t  magnitude and phasing to  r e s u l t  i n  r e l a t i v e  motion of 275 f t .  . T h i s  

l e g  i s  e s s e n t i a l l y  v e r t i c a l  a t  t h e  p l a t f o r m  so t h a t  t h e  chaf ing chain  i s  

l i k e l y  to  c o n t a c t  rhe. barge . s i d e  p l a t i n g .  
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2.8.3 R i s e r  Cables 

The watch c i r c l e  of the barge i s  r e s t r i c t e d  by t h e  a l lowable  bend r a d i u s  and 

t e n s i o n s  i n  t h e  r i s e r  c a b l e .  Severa l  r i s e r  c a b l e  concepts  a r e  presented i n  

t h e  Task 11 r e p o r t  which a r e  compatible with t h e  EM,. The d i r e c t  descen t  

c a t e n a r y  c a b l e s  a t t a c h e d  t o  the  barge  on the  landward p o r t  s i d e  and descending 

t o  t h e  s e a f l o o r  between a n c b ~ r  legs  6 and 7 provide t h c  l e a o t  p a t t u t i a l  lur 

i n t e r f e r e n c e  between t h e  MAC and ETS. The d i s t a n c e  between the  anchors on 

these  l e g s  i s  2,800 f t ,  which would appear  t o  be adequate t o  l o c a t e  four  r i s e r  

c a b l e s  connected to  submarine c a b l e s  on the  s e a f l o o r ,  approximately 2  mi les  t o  

shore .  The touchdown p o i n t  of t h e  anchor l egs  i s  1,700 f t  t o  seaward of t h e  ' 

r i s e r  cab le  couchdown p o i n t ,  minimizing cable-anchor l e g  i n t e r f e r e n c e .  

2.9 SENSITIVITY TO REQUIRENENTS 

The s e n s i t i v i t y  of the  MAL t o  des ign  requirements  i s  d i scussed ,  p a r t i c u l a r l y  

i n  the  a r e a  of environmental  f o r c e s ,  depth  and watch c i r c l e  v a r i a t i o n .  

2.9.1 Forces  

iHAL s e n s i t i v i t y  t o  e r r o r s  i n  environmental  load magnitude i s  examined by 

assuming t h a t  the wave d r i f t  force  i s  oxsecdcd by 25 p c r c e t ~ l  of the des ign  ' 

mean wave d r i f t  f o r c e  i n  t h e  Extreme Sea S t a t e .  I n  t h i s  sea  s t a t e  t h e  

r e s u l t a n t  fo rce  i n c r e a s e  i s  160,000 l b ,  which, added to the t o t a l  f o r c e  o f  
6  1.61 x  10 l b ,  causes  an i n c r e a s e  i n  l e g  t ens ion  of 160,000 l b .  The 

r e s u l t a n t  s a f e t y  f a c t o r  is  2  wi th  a c t i v e  t ens ion ing  app l i ed  t o  i n c r e a s e  anchor 

l e g  l e n g t h ,  and 1.6 wi thou t  a c t i v e  t ens ion ing .  This  l e v e l  of s e n s i t i v i t y  

h i g h l i g h t s  the importance of adequate ly  p r e d i c t i n g  wave d r i f t  f o r c e .  In  

a d d i t i o n ,  o t h e r  loads  of l e s s e r  magnitude such a s  vortex-induced loads  on t h e  

anchor l e g  r e q u i r e  f u r t h e r  i n v e s t i g a t i o n  i n  e s t a b l i s h i n g  anchor l e g  f a t i g u e  

l i f e .  While t h e  MAL h a s  s u f f i c i e n t  s t r e n g t h  f o r  loads  h igher  than t h e  des ign 

l o a d s ,  t h e  des ign  s a f e t y  'f ec t o r  is  not r e a l i z e d  f o r  loads  i n  e r r o r  .by more 

than  25 pe rcen t  of wave d r i f t  f o r c e ,  o r  10 pe rcen t  of t o t a l  sea s t a t e  fo rce .  
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2.9.2 Water Depth 

The e f f e c t  on t h e  W o f  i n c r e a s i n g  w a t e r  dep th  i s  t o  i n c r e a s e  t h e  r e q u i r e d  

l e n g t h  of anchor  l e g .  The l o n g e r  t h e  anchor l e g ,  t h e  g r e a t e r  t h e  v e r t i c a l  ' 

component of t e n s i o n  a t  t h e  barge.  T h i s  p e n a l i z e s  t h e  MAL s i n c e  a  g r e a t e r  

f r a c t i o n  of  t h e  w i r e  and c h a i n  b r e a k i n g  s t r e n g t h  a r e  re.quired t o  s u p p o r t  s e l f  
. , 

& e i g h t .  The l i m i t i n g  dep th  is  t h e  depth  a t  which t h e  c h a i n  can  j u s t  s u p p o r t  

i t s  we igh t .  T h i s  dep th  is app rox ima te ly  7 ,000  f t  du r ing  w i r e  rope  rep lacement  

w i th  a n  adequate  s a f e t y  f a c t o r .  

I n  t h e  ca se  of a  bot tom s l o p e  of 15 deg ,  a n  i n c r e a s e  i n  w a t e r  dep th  from 5 ,'140 

t o  6 ,140  f t  r e s u l t s  i n  a  d e c r e a s e  i n  range t o  t h e  anchor  o f  700 f t  ( 5 ,600  t o  

4,300 f t )  f o r  c o n s t a n t  h o r i z o n t a l  r e s t o r i n g  f o r c e  ( S e c t i o n  2 .2 .2) .  

Cons ide r ing  t h a t  t h e  l o n g e s t  c h a i n  is 5 ,880  f t  i n  t h i s  d e s i g n  w i t h  a  mean 

w a t e r  dep th  of 4 , 0 0 0 ,  i t  i s  e s t i m a t e d  t h a t  t h e  l i m i t  ing  mean dep th  f o r  t h e  MAL 

i s  a p p r o x i m a t e l y  5 ,100  f t .  Th i s  d e p t h  i s  g r e a t e r  i f  t h e  s e a  f l o o r  is n o t  . . 
s loped .  

2.9.3 Watch C i r c l e  

The MAL i s  des igned  t o  c o n s t r a i n  b a r g e  e x c u r s i o n  t o  l e s s  t han  400 f t  i n  t h e  

O p e r a t i o n a l  Sea S t a t e .  Maximum e x c u r s i o n  i s  340 f t  w i t h  a  h o r i z o n t a l  t e n s i o n  

component of  300,000 l b .  I f  t h e  watch c i r c l e  r equ i r emen t  i s  made l e s s  

r e s t r i c t i v e ,  t h i s  t e n s i o n  can  b e  reduced w i t h  an e q u i v a l e n t  r e d u c t i d n  i n  

anchor  l e g  s c a n t l i n g s .  F o r  example, d o u b l i n g  t h e  a l l o w a b l e  e x c u r s i o n  t o  

800 f t ,  o r  20 p e r c e n t  o f  water  d e p t h ,  reduces  t h e  h o r i z o n t a l  t e n s i o n  t o  

100,000 l b ,  o r  a  67-percent  r e d u c t i o n  of t h e  d e s i g n  va lue .  T h i s  l e a d s  t o  a  

23-percent  r educ t  i o n  i n  maximum t e n s i o n  i f  w i r e  rope  and c h a i n  s i z e  a r e  

unchanged. A r e d u c t i o n  i n  t h e  v e r t i c a l  t e n s i o n  component i s  ach ieved  by 

r educ ing  t h e  c r o s s - s e c t i o n  of  w i r e  and c h a i n .  Although some r e d u c t i o n  may be  

r e a l i z e d ,  t h e  r equ i r emen t  t o  p rov ide  an  adequate  s a f e t y  f a c t o r  i n  t h e  Extreme 
3 

Sea S t a t e  rerhains. C i t i n g  t h e  example of t h e  a l t e rna t e .MAL d e s i g n  

( S e c t i o n  2.41, t h e r e  i s  r e l a t i v e l y  l i t t l e  s e n s i t i v i t y  of s i z e  and c o s t  t o  

a l l o w i n g  g;ea ter watch c i r c l e .  
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2.10  COMMERCIAL PLANT SKSS 

The a p p l i c a b i l i t y  of t h e  MAL A c t i v e  Tens ion ing  SKSS t o  t h e  4 0 0 - i ~ ( , e )  

Commercial P l a n t  is add res sed  i n  t h i s  s e c t i o n .  An e s t i m a t e  of  env i ronmen ta l  

l o a d s  f o r  t h e  s p e c i f i e d  commercial s h i p  concept  i s  o b t a i n e d  and t h e  r e q u i r e d  

e x t r a p o l a t i o n  o f  t h e  HAL is  i n d i c a t e d .  

2 .  1U . I  Envi ronmenta l  Loads 

The p r i n c i p a l  c h a r a c t e r i s t i c s  of t h e  Commercial s h i p  concept  specific-d f o r " t h e  

s t u d y  a r e  g iven  i n  T a b l e  2-14 and a  p r o f i l e  s k e t c h  is  g iven  i n  ~ p ~ e n d i x  C ,  
. . 

t o g e t h e r  w i t h  d e t a i l s  o f  t h e  l o a d s  a n a l y s i s .  The s e a  s t a t e s  and ' s i t e  a r e  

assumed t o  be  i d e n t i c a l  t o  t h e  s p e c i f i c a t i o n s  f o r  t h e  s m a l l e r  OTEC b a r g e .  A 

summary o f  t h e  env i ronmen ta l  l o a d s  on t h e  s h i p  i s  p r e s e n t e d  i n  T a b l e  2-15. 

The a p p l i e d  f o r c e  is  app rox ima te ly  t h r e e  times t h a t  on t h e  s m a l l e r  b a r g e .  

Tab le  2-14 PRINCIPAL CHARACTERISTICS OF THE 400-MW (NET) 
SHIP OTEC PLATFORM . . 

Length 620 f t  (189m) 

Beam 300 f t  (91m) 

Depth 85  f t  ( 2 5 . 9 ~ )  

D r a f t  45 f t  (13.7m) 

O p e r a t i n g  Disp lacement  '310,000 L.T. (314 ,900 m e t r i c  t o n s )  

P r i n c i p a l  H u l l  - M a t e r i a l  Mild S t e e l  

Cold Water P ipe  System 

I n s i d e  Diameter  . "  100 f t  (30.5m) 

Na t a r  i a l  Mild S t e e l  

Connec t i o n  Pinned ( z e r o  r o t a t i o n a l  s t i f f n e s s )  
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LMSC-D67877 1 

T a b l e  2-15 COMPARISON OF COMMERCIAL PLANT VS. PILOT PLANT LOADS 

2.10.2 A p p l i c a t i o n  of  t h e  MAL A c t i v e  Tens ion ing  SKSS 

Heading 

Head 

Head 

Beam 

Bcam 

The PlAL d e s i g n  has adequa te  s t r e n g t h  and h o l d i n g  power t o  h o l d  t h e  commercial 

P l a n t  i n . s e a  s t a t e s  of r e t u r n  pe r iod  of 3  y e a r s  and l e s s ,  w i th  watch  c i r c l e  

e x c u r s i o n  bf  app rox ima te ly  704 f t  o r  18 p e r c e n t  o f  d e p t h .  I n  h i g h e r  s e a  

s t a t e s  t h e  g r e a t e r  l o a d s  on the 'Commercia1 P l a n t  r e s u l t  i n  bo th  o v e r s t r e s s i n g  ' 

t h e  anchor l e g s  and anchor s l i p p a g e .  

The 8lAL i s  capab le  of m o d i f i c a t i o n  r e q u i r e d  f o r  s a t i s f a c t o r y  performance a s  a  

Commercial P lan t '  SKSS. One o p t i o n  is t o  i n c r e a s e  t h e  d i a m e t e r  of  anchor l e g  

Sea S t a t e  
Re t u r n  P e r i o d  

( y e a r s )  

3  

100 

3  

100 

components t o  p r o v i d e  t h e  r e q u i r e d  b reak ing  s t r e n g t h .  ' The e s t i m a t e d  anchor 

Yaw Moment 
( l o 6  f t - l b )  

l e g  t e n s i o n  i n  t h e  MAL under  t h e  Commercial P l a n t  load  i n  t h e  Extreme Sea 
6  S t a t e  i s  i n  e x c e s s  of 3  x 10 l b  (F ig .  2-30). The r e q u i r e d  anchor  l eg  

b reak ing  s t r e n g t h  i s  t h e r e f o r e  i n  e x c e s s  of  6 x l o 6  l b .  Anchor cha in  is  

F o r c e  
(106 l b )  

P i  l o t  

- 
- 

-1 .O 

1 . 3  

a v a i l a b l e  i n  c o n t i n u o u s  l e n g t h  w i t h  a  d i ame te r  up t o  and i n c l u d i n g  6-314 i n . ,  
6  and s t r e n g t h  of app rox ima te ly  6  x 10 bb ,  Wire rope  i s  a v a i l a b l e  a t  l e a s t  

t o  11 i n .  i n  diam wi th  a s t r e n g t h  of  app rox ima te ly  10 . x  l o 6  l b  w i th  a  

P i l o t  

0.38 

0.97 

0.69 

1.61 

Comme r c  i a  1  

1 .1  

3 . 8  

-1.9 

-2.7 

maximum c o n t i n u o u s  l e n g t h  o f  1 ,100  f t .  

Couuner'cial 

. 1 .22  

3.06 

1.86 

4.75 

Des ign  and f a b r i c a t i o n  of a w i n d l a s s  which has  a  p u l l i n g  c a p a c i t y  of 3  x  
6  10 l b ,  tw ice  t h e  p u l l  of one of t h e  l a r g e r  e x i s t i n g  w i n d l a s s e s ,  would 

r e p r e s e n t  a  s i g n i f i c a n t  s t e p  forward i n  t h e  s t a t e  . o f  p r a c t i c e .  S i g n i f i c a n t  

h a n d l i n g  r e q u i r e m e n t s  a r e  imposed on t h e  deployment b a r g e  deck machinery .  The 



BEAM SEAS 

APPLIED FORCE (10 '  LB) 

Fig. 2-30 Extrapolation of  MAL SKSS to Higher ~pp l ' i ed  Force - . . 
Extreme Sea State 
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w i r e  rope  l i n e a r  winch p u l l  c a p a c i t y  of  app rox ima te ly  3 x  lo6  l b  is a  

t h r e e f o l d  i n c r e a s e  i n  p r e s e n t  c a p a c i t y .  This  approach  l e a d s  t o  anchor l e g  

components t h a t  a r e  a t  t h e  l i m i t  of' e x i s t ' i n g  p r o d u c t i o n  c a p a b i l i t y ,  and t o  

deck  machinery p u l l i n g  c a p a c i t y  which i s  s i g n i f i c a n t l y  beyond e x i s t i n g  

c a p a c i t y .  

A second d e s i g n  approach  t o  t h e  Commercial P l a n t  MAL is t o  i n c r e a s e  t h e  number 

o f  l e g s  from e i g h t  t o  a  number t h a t  i s  s u f f i c i e n t  t o  c a r r y  t h e  l oads  w i t h o u t  

i n c r e a s i n g  t h e  b reak ing  s t r e n g t h  of each  l e g .  A f i r s t  e s t i m a t e  of t h e  number 

o f  l e g s  f o r  t h e  Commercial P l a n t  MAL i s  24, o r  an i n c r e a s e  o f  16 l ' egs .  

A1  though t h i s  approach r e q u i r e s  minimal e x t e n s i o n  of  manufac tu r ing  c a p a b i l i t y ,  

i t  does  impose a  r equ i r emen t  f o r  o p e r a t  i on  and main tenance  o f  24 w i n d l a s s e s .  

T h i s  r equ i r emen t  i s  reduced t o  l e s s  t han  24 w i n d l a s s e s  i f  anchor  l e g  s t r e n g t h  

i s  i n c r e a s e d  by s e l e c t i n g  l a r g e r  s c a n t l i n g s .  The deck  machinery  is n o t  

r e q u i r e d  i f  t h e  a c t i v e  t e n s i o n i n g  f e a t u r e  of t h e  MAL i s  n o t  n e c e s s a r y  f o r  t h e  

Commercial P l a n t .  

The MAL w i t h  a c t i v e  t e n s i o n i n g  i s  a p p l i c a b l e  t o  t h e  Commercial P l a n t  SKSS by 

i n c r e a s i n g  t h e  number o f  anchor l e g s .  The. r e s u l t a n t  l a r g e  q u a n t i t y  o f  

w i n d l a s s e s  on t h e  Commercial P l a n t  i s  e x c e s s i v e  and an a l t e r n a t i v e  aproach  t o  

a c t i v e  t e n s i o n i n g  is needed.  To e f f e c t i v e l y  deve lop  t h e  SKSS, t h e  

r equ i r emen t s  of  t h e  C o m e r c i a 1  P l a n t  SKSS, assumed h e r e  t o  be t h a t  of  t h e  

s m a l l e r  p i l o t  p l a n t  SKSS, must be de t e rmined .  In  p a r t i c u l a r ,  t h e  need f o r  

a c t i v e  t e n s i o n i n g  r e q u i r e s  c o n s i d e r a t i o n  and comparison wi th  p o t e q t i a l  

b e n e f i t s .  The l a r g e  beam of  t h e  b m m e r c i a l  P l a n t ,  s i g n i f i c a n t l y  g r e a t e r  t h a n  

t h a t  of e x i s t i n g  p l a t f o r m s  of comparable l e n g t h ,  a f f e c t s  response  in .  a  seaway, 

s o  t h a t  mot ions  i n  a  beam s e a ,  f o r  example,  m u s t . b e  compared t o  head s e a  , 

r e sponse  t o  a s s e s s  t h e  heading  most f a v o r a b l e '  t o  mo t ions  and a c c e l e r a t i o n s .  
. . 

2.10.3 Development Program 

A hardware development program f o r  t h e  Commercial P1.ant MAL i s  n o t  recommended 

a t  t h i s  time. D e f i n i t i o n  of  SKSS performance  and o p e r a t i o n  r equ i r emen t s  i s  
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necessary  b e f o r e  ,component s i z i n g  and development needs can be i d e n t i f i e d  

a s s i s t  i n  a s s e s s i n g  t h e  requirement  f o r  a c t i v e  t ens ion ing .  A s c a l e  model t e s t  

program i s  rec~mmended. The o b j e c t i v e  of  conduct ing these  t e s t s  i s  t o  

determine the  importance of p l a n t  heading on seaway response .  I n  th'e even t  

t h a t  t h e s e  t e s t s  i n d i c a t e  responses .are r e l a t i v e l y  i ~ i s e i ~ s i t i v e  t o  heading,  t h e  

requirement  f o r  .heading c o n t r o l  and f o r  t h e  ex tens ive ,  deck machinery i s  

reduced o r  e n t i r e l y  removed. ' 
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S e c t i o n  3  

PRELIMINARY DESIGN OF TENSION ANCHOR LEG SKSS FOR OTEC SPAR 

3.1 BACKGROUND 

The mooring sys tem d e s i g n  i s  based  on a  t e n s i o n  anchor  l e g  (TALI sys tem 

composed ,of s p a r  and c o l d  wa te r  p ipe  ,(CWP) p r e v i o u s l y  des igned  i n  o t h e r  

s t u d i e s ,  

These a r e  o u t l i n e d  a s  fo l l ows :  

!'. 
1. - SPAR. A s p a r  v e s s e l  de s igned  by Gibbs & Cox was assumed i n  t h e  

d e s i g n .  A s i m p l i f i e d  g e o m e t r i c a l  model is shown i n  F ig .  3-1. 

2 .  - CWP, A Brown and Root CWP d e s i g n  was assumed f o r  t h e  .mooring sys tem 

d e s i g n .  There were o r i g i n a l l y  f i v e  s e c t i o n s  i n  t h e  CWP and a  t e n s i o n  

l e g  between t h e  i n l e t  and t h e  mooring base .  Each s e c t i o n  i s  made of 

a s t i f f e n e d  c y l i n d r i c a l  s h e l l .  The s e c t i o n s ' a r e  connected  by 

u n i v e r s a l  j o i n t s  of an  u n s p e c i f i e d  des ign .  The CWP s e c t i o n s  a r e  of  

v a r y i n g  l e n g t h  w i t h  t h e  l o n g e s t  s e c t i o n s  c l o s e r  t o  t h e  bot tom. 

The f o l l o w i n g  i n f o r m a t i o n  on t h e  CWP was provided  i n  t h e  e a r l y  s t a g e s  of t h e  

p r e l i m i n a r y  des ign :  

CWP s t r u c t u r a l  weight  15,000 k i p s  

CWP and CWP buoy n e t  buoyancy 6 ,000  k i p s  

CWP buoyancy t a n k  we igh t  2 ,400  k i p s  

CWP buoyancy t anks  8 x 15 f t  diam x 200 f t  l ong  

S ince  t h e  w a t e r  dep th  f o r  t h e  p r e l i m i n a r y  d e s i g n  i s  reduced from 4 ,000  f t  t o  

3 ,280  f t ,  t h e  l e n g t h s  of  t h e  CWP s e c t i o n s  had t o  be reduced .  The l e n g t h s  o f  

each  s e c t i o n  were p ropor t i oned  uSing a  procedure  developed  a t  LMSC. The 

assumed CWP geometry and c h a r a c t e r i s t i c s  a r e  shown i n  F ig .  3-2. 
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Fig. 3-1 OTEC Spar ~ i m e n s i o n s  
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3.2 SPAR TAL GENERAL DESCRIPTION 

The s p a r  v e s s e l ,  shown i n  F i g .  3-3, c o n s i s t s  of a  main body ( c o n t a i n i n g  t h e  

power p l a n t )  and e i g h t  v e r t i c a l  modules ( c o n t a i n i n g  t h e  fou r  e v a p o r a t o r s  and 

f o u r  c o n d e n s e r s ) .  The d i s c h a r g e  p i p e s  a t t a c h e d  below t h e  modules may be 

f a b r i c a t e d  of f l e x i b l e  m a t e r i a l s .  An e l e v a t e d  p l a t f o r m  s t r u c t u r e  i s  h e l d  

above t h e  w a t e r  s u r f a c e  by a  35-i t -diarnecer  c y l i ~ r r l e ~  p i - a j e c t i n g  from the main 

body of  t h e  s p a r .  

A h i n g e  under  t h e  s p a r  connec t s  i t  KO t h e  t o p  of t h e  CWP. ~ e t  p o s i t i v e  

buoyancy in t h e  spar m a i n t a i n s  a  c o n s t a n t  t e n s i o n  i n  t h e  h inge  d u r i n g  

s r i l l - w a t e r  c u a d i t i o n s . .  

The c o l d  wa te r  p i p e  s e c t i o n s  c o n s i s t  of a  s t e e l  c y l i n d r i c a l  s h e l l  w i th  

v e r t i c a l  and t r a n s v e r s e  s t i f f e n e r s  on t h e  o u t s i d e  of t h e  CWP s h e l l .  The 

s t i f f e n e r s  c o n s i s t  of b u l b  f l a t ,  a n g l e ,  o r  wide f l a n g e  s e c t i o n s .  I n  t h e  

d e s i g n  i t  was c o n s i d e r e d  t h a t  t h e  s h e l l  would be  30 f t  i n  d i ame te r  w i t h .  

e x t e r n a l  s t i f f e n e r s  t h a t  would i n c r e a s e  t h e  e f f e c t i v e  d i a m e t e r  t o  3 2 . 4  f t .  

The bot tom s e c t i o n  of t h e  CWP e x t e n d s  down t o  t h e  mooring base  u n i v e r s a l  

j o i n t .  The CWP i n l e t  i s  l o c a t e d  w i t h i n  t h i s  s e c t i o n  of p i p e .  Due t o  t h e  

s h o r t  d i s t a n c e s  between t h e  i n l e t  and t h e  b a s e  i28U f t )  it was null cui i s idercd  

economica l  t o  p l a c e  a n  e x t r a  u n i v e r s a l  j o i n t  under  t h e  i n l e t .  The e x t r a  c o s t  

of  such  a  u n i v e r s a l  j o i n t  would have had t o  have been o f f s e t  by a  reduced c o s t  

i n  t h e  t e n s i o n  member of t h e  l owes t  CWP s e c t i o n .  S i n c e  bending  moments a r e  

l e s s  c r i t i c a l  n e a r  t h e  bot tom,  l i t t l e  s t r e s s  r e d u c t i o n  i n  e i t h e r  member would 

have  r e s u l t e d  from add ing  a n  e x t r a  u n i v e r s a l  j o i n t .  

The u n i v e r s a l  j o i n t  a t  t he  base  a l l ows  a n g u l a r  motion between t h e  CWP and t h e  

b a s e ,  w h i l e  t r a n s m i t t i n g  t h e  t e n s i o n  between t h e  C.WP and t h e  base .  , 

The mooring base  c o n s i s t s  of  a  s t e e l  s h e l l  and f rame,  f i l l e d  w i t h  cement 

g r o u t .  Plooring l o a d s  a r e  c a r r i e d  by t h e  weight  of t h e  base  and by f r i c t i o n  

between t h e  base  bot tom and t h e  s o i l .  The TAL i s  shown i n  e l e v a t i o n  i n  

F i g .  3-4  and i n  i s o m e t r i c  i n  F ig .  3-5. 
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3 .3  SY STEM LOAD ANALYSIS 

3.3.1 General  D e s c r i p t i o n  

E x t e r n a l  loads  on t h e  s p a r  and CWP a r e  caused p r imar i ly  by wind, waves, and 

c u r r e n t .  

The s p a r  v e s s e l ,  shown i n  Fig.  3-1, i s  s imulated by a  simpli.fied..model a s  

shown I n  Pig. 3-6. I n  t h i s  model, the  volumes and l eng ths  a r e  t h e  same a s  f o r  
. . 

t h e  a c t u a l  spar .  The . v e r t i c a l l y  p ro jec ted .  a r e a s  are .also t h e  same. , ~ h u i  , . 

buoyancy and wave i n e r t ' i a l  f o r c e s  w = l l  be s i m i l a r .  

I t  i s .  assumed t h a t  the  s p a r  i s  a  r i g i d  body wi th  no wa te r  f low a c r o s s  i t s  
. . 

boundar ies .  . In r e a - l i  t y  , however, t h e  d i scharge  p ipes .  may be f l e x i b l e  and 

."give" d u r i n g  wave a c t i o n , . w h i c h  would reduce t h e  loads .  ' The flow i n  t h e  

. d i s c h a r g e  pipes could  a l s o  a f f e c t  the  'ver t ' ica l  wave f o r c e s .  $or. example, i f  

t h e  dis 'charge pipes  were l e f t  open a t  t h e  top and bottom, t h e  wave forc ,es  on 

t h e  p r o j e c t e d  a r e a s  a t  t h e  top a n d  bottom .would a c t  to a c c e l . e r a t e  the  water i n  , 

the discharge .  p ipes  r a t h e r  than a c t  upon t h e  s p a r  s t r u c t u r e .  Allowing t h e  

enclosed water t o  move i n  t h e  storm wave would reduce ' t h e  v e r t i c a l  loads  i n  

t h c  s p a r .  But s i n c e  the  pumps, condenser modules, and evapora to r  modules w i l l  

r e s t r i c t  the  v e r t i c a l  ' f low,  the  entrapped water is t r e a t e d  a s  being p a r t  o f ,  

t h e  spar' .  This water w i l l  add t o  both .  t h e  buoyancy and t h e  weight .of t h e  

s p a r .  The buoyancy w i l l  be p r o p o r t i o n a l  to.  the  volume of the  s p a r  module, and 

t h e  weight w i l l  be assumed t o  be whatever value  i s  r equ i red  t o  provide t h e  n e t  

buoyancy of the  spa r .  , 
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D I A W E T E ~  PROVIDE SAME VOLUME AS REAL SPAR 
( I N C L U D I N G  ENTRAPPED \.!ATER) 

Fig.  3-6 OTEC Spa r  Wave Load Model 
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The change i n  geometry a f f e c t s  t h e  p r o j e c t e d  a r e a s  of the  s p a r  a s  seen from 

t h e  f r o n t  o r  s i d e .  This can be .accounted f o r  a n a l y t i c a l l y  by us ing  a  l a r g e r  

c o e f f i c i e n t  of d r a g ,  a s  seen i n ' T a b l e  3-1. 

The CWP model, shown i n  Fig .  3-2, a l s o  models e q u i v a l e n t  volumes. The 

diamete r  of t h e  CUP i s  32.4 f t ,  which i n c l u d e s  30 f t  f o r  t h e  s h e l l  p lus  a n  

a d d i t i o n a l  dr'.cme,crr £or t h e  e x t e r n a l  s t i f f e n e r s .  These s t i f f e n e r s  w i l l  a c t . t o  

e n t r a p  the  water and t o  i n c r e a s e  the  added mass va lue  Of t h e  CWP and t h e  

p r o j e c t e d  a r e a s  f o r  drag.  

The mass of water i n  t h e  CWP i s  assumed n o t  t o  a c t  wi th  t h e  CWP when , '  

c a l c ~ l a ~ i u g  v c r t i c a l  motions.  For h o r i z o n t a l  maciolls i t  c o n t r i h t ~ t e s  t o  t h e  

mass, buoyancy, and weight of t h e  CWP. 

I f  the  mass of the  water  i n  t h e  CWP were t o . a c c e l e r a t e  v e r t i c a l l y  .with t h e  

s p a r ,  i t  wou.ld cause  h igher  p ipe  s t r e s s e s .  I f  t h e  spa r  moves s i n u s o i d a l l y  

w i t h  a  5 - f t  ampl i tude and an 8-sec pe r iod ,  f o r  example, t h e  maximum v e r t i c a l  

a c c e l e r a t i o n  would be  0 .1  g. 

To a c c e l e r a t e  the  4,300 ks lugs  .of  water  enclosed i n  t h e  CWP t o  t h i s  va lue ,  

assuming' t h a t  water  i s  an  i t i c o m p r s j ~ i b l o  f l u i d ,  a f o r c e  o t  13,244 k i p s  would 

be r e q u i r e d ,  r e s u l t i n g  i n  a  water  p r e s s u r e  change of 130 p s i  a t  t h e  top of t h e  

CWP, Since  the  ambient water p r e s s u r e  a t  the  upper p ivot  i s  96 p s i ,  an-upward 

a c c e l e r a t i o n  of t h e  s p a r  could cause v a p o r i z a t i o n  of t h ~  water i n  t h e  CWP. A 

downward a c c e l e r a t i o n  w i l l  cause  d hoop s t r c o o  of n rp rox ika te ly  30 k s i  i n  t h e '  

CWP s h e l l .  Therefore  i t  could be an advantage t o  unsea l  the  CWP a t  i t s  upper 

end to  decouple the  water i n s i d e  from t h e  spa r  motions dur ing  t h e  100-year 

storm. This was assumed f o r  the  a n a l y s i s  he re in .  

This  assumption could be . % e l f - f u l f ' i l l i r i g  i n  t h a t  i f  the. mass of the  water  were 

inc luded ,  i t  would reduce t h e  s p a r  motions t o  a  degree t h a t  these  e f f e c t s  

would not  occur .  Amore d e t a i l e d  a n a l y s i s  would t ake  t h i s  i n t o . a c c o u n t ,  

t r e a t i n g  the  water  a s  a  compress ible  f l u i d .  
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Table 3-1 OTEC SPAR WAVE LOAD MODEL 

TOTAL DISPLACEMENT + 153900 KIPS AT DWL* 
. . 

TOTAL WEIGHT = 152900 KIPS IN-AIKW 

NET BUOYANCY = 1000 KIPS AT'.DWO 

CG AT 20 -FT AGOVE CL!P PIVOT 

* INCLUDES RATER It4 DISCHARGE PIPES, 
AND IN THE TOP 115' OF THE CUP. 
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3.3 .3  Wave Drift Forces  

The wave d r i f t  f o r c e s  on f l o a t i n g  o b j e c t s  a r e  t h e  l e a s t  known of  t h e  

hydrodynamic f o r c e s .  These f o r c e s  a r e  caused  by t h e  r e f l e c t i o n  and r e f r a c t i o n  

of  waves by t h e  body, and by h i g h e r  o r d e r  wave mo t ions  such  a s  t h e  d r i f t  

v e l o c i t y .  Much work has  been done on p r e d i c t i n g  t h e s e  f o r c e s ,  b o t h  

t h e o r e t i c a l  and model t e s t i n g .  There is  u s u a l l y  a  g r e a t  deal of d i s c r e p a n c y  

LeLween =he r e s u l t s  o t  d i f f e r e n t  methods.  Th i s  s c a t t e r  occu r s  even i n  model 

t e s t  based  p r e d i c t i o n s  because ,  a l t h o u g h  t h e  wave s u r f a c e  e f f e c t s  a r e  modeled 

c o r r e c t l y ,  t h e  second o r d e r  d r i f t  e f f e c t s  a r e  u s u a l l y  l e f t  t o  chance .  I n  

o t h e r  words,  t h e  w a t e r  c i r c u l a t i o n  p a t t e r n s  I n  d i f f e r e n t  t e s t  b a s i n s  can  cause  

d i f f e r e n t  wave d r i f t  f o r c e s .  

I n  g e n e r a l  most wave d r i f t  e q u a t i o n s  a r e  f o r  b a r g e  o r  s h i p  shapes .  S e v e r a l  of  

t h e s e  e q u a t i o n s  were used  t o  p r e d i c t  t h e  d r i f t  f o r c e s  on t h e  s p a r .  The 

r e s u l t s  a t e  shown i n    able 3-2. Another  method was used  t o  p r e d i c t  t h e  wave 

d r i f t  f o r c e  on t h e  s p a r ,  u s i n g  a  p rocedure  d e s c r i b e d  i n  Ref. 3-1, and 

d e s c r i b e d  i n  S e c t i o n  3 .3 .5  of  t h i s  r e p o r t .  The s p a r  h a s  a  d i sp l acemen t  

e q u i v a l e n t  t o  t h a t  of  a  55,000 DWT o i l  t a n k e r  when c o m p l e t e l y  l oaded .  The 

s p a r  and t a n k e r  were assumed t o  have e q u i v a l e n t  wave d r i f t  f o r c e s .  Although 

t h e  s p a r  has  a  g r e a t e r  p r o ~ ~ c r ~ r l  a r e a  than  an  o q u i v a l e n t  J i ~ ~ l s i ~ e u r e u L  Lanker,  

t h i s  may be ba lanced  by t h e  fact t h a t  t h e  m a j o r i t y  of  t h e  spar  d icp lacernent  i s  

l o c a t e d  unde r  t h e  r e g i o n  o f  i n t e n s e  wave a c t i v i t y .  A second p r e d i c t i o n  based  

on e m p i r i c a l  f o r m i l a c  for c i r c u l a r  cylinders y i e l d s  a comparable f o r c e .  Model 

t e s t s  a r e  t h e  most r e l i a b l e  method f o r  d e r i v i n g  wave f o r c e s  and a r e  r e q u i r e d  

t o  v e r i f y  t h e  g iven  a s sumpt ions .  

From model t e s t  g r a p h s  of  s i g n i f i c a n t  wave ene rgy  v e r s u s  t a n k e r  s i z e  and wave 

h e i g h t ,  i t  was de termined  t h a t  a  35 .1- f t  s i g n i f i c a n t  wave w i l l  impar t  a  

s i g n i f i c a n t  wave ene rgy  of  10,100 k i p s - f t  t o  t h e  s p a r ,  A s i g n i f i c a n t  

h o r i z o n t a l  f o r c e  must be found t o  a b s o r b  t h i s  energy  w i t h  t h e  s p a r  buoyancy.  

Given a  n e t  buoyancy of 2 ,000  k ,  t h e  h o r i z o n t a l  s t i f f n e s s  o f  t h e  s p a r  CWP 

sys t em is app rox ima te ly  2.6 k i p s  p e r  f o o t  o f  h o r i z o n t a l  d i s p l a c e m e n t .  I f  
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T a b l e  3'-2, WAVE' DRIFT .FORCES 

,Me t h od 
~e f e r e n c e  

Oceanographica l  . . 

E n g i n e e r i n g  
Wiegel ,  p. 273 . 

OTC Repor t  
No. 1741 

Task I1 Repor t  
LMSC-D676379 
p. 2-4 

Task I11 'Report  
LMSC-D67877 1 
p. A-6 

L rift 
Fo rce  -, 

. 
358 k i p s  - .  

625 k i p s  . ,  

. . .  

comments 
. . 

. . . 

' Neglec ts  F l u i d  ' 

'Viscos i t y  

'For. S h i p  Shapes  

648 k i p s  

. . 

430 k i p s '  

For  Barge Shapes  

API Formulae f o r  C y l i n d e r s  



l i n e a r i t y  is assumed f o r  t h e . h o r i z o n t a 1  f o r c e ,  the  h ,o r i zon ta l  f o r c e  requ i red  

t o  absorb an energy of 10,110 k i p s - f t  is FH = 230 k i p s .  

The wave d r i f t  f o r c e  on the  spa r  i s  assumed t o  be  250 k ips  dur ing t h e  100-year 

storm. This  is a  s i g n i f i c a n t  va lue  r a t h e r  than an average va lue .  

3.3.4 Wind and Current  Forces 

Wind f o r c e s  a re  u s u a l l y  c a l c u l a t e d  us ing the  1 minute average of the  maximum 

wind occur r ing  dur ing t h e  100-year storm. I n  t h i s  r e p o r t ,  a  sus ta ined  maximum 

v a l u e  was used. The maximum c u r r e n t  i s  based on t h e  superimposed t i d a l ,  

s torm,  and wind-driven c u r r e n t s  occur r ing  dur ing t h e  100-year storm. 

The drag term of t h e  Morison equa t ion  is  u.sed t o  c a l c u l a t e  both  wind and 

c u r r e n t  f o r c e s .  

The p r o j e c t e d  a r e a  of t h e  p o r t i o n  of t h e  spa r  which i s  above the  water  i s  

4 ,800 f t ?  

The maximum v e l o c i t y  i s :  

79.1 knots 

79.1 knots x  1.689 f t / s e c / k n o t  = 133.6 f t / s e c  

The c o e f f i c i e n t  of d rag  was given i n  t h e  Task 1  Report a s  0.8.  The maximum 

f o r c e  on t h e  s p a r  due t o  t h e  wind i s  81,451.7 lb .  

The f o r c e  on the  spa r  caused by t h e  c u r r e n t  i s  c a l c u l a t e d  us ing the  procedure 

used f o r  t h e  wind f o r c e ,  wi th  a  CD of 0 .6 .  T o t a l  p r o j e c t e d  a r e a  i s  found 

f o r  each d i f f e r e n t  s e c t i o n .  
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Current  f o r c e s  a r e  c a l c u l a t e d  us ing  the  average c u r r e n t  over each segment of  

t h e  cold water  pipe. 

Average Ve loc i ty  
( f  t l sec ' )  

4.0536 

3.969 

3.88 

3.7156 

3.5469 

The sum of the  wind and c u r r e n t  fo rces  over  t h e  e n t i r e  s t r u c t u r e  i s  573,000 l b .  

3.3.5 Hor izon ta l  Load Analys is  

TOTAL 360,000 

Arfa 
( f t  

105 

3,050 

20,520 

12,121 

4,539 

Length 
( f t )  

279 

544 

6  09 

673 

7  40 

Moment Balance - CWP a s  a  Rigid  Body. The watch c i r c l e  can be c a l c u l a t e d  by 

balancing t h e  moments around the  bottom u n i v e r s a l  j o i n t  caused by the  cur ren t ; . .  

wind, wave d r i f t ,  buoyancy, and weight. The angle  a t  which t h e  sum of t h e  

moments caused by these  maximum f o r c e s  equa l s  ze ro  i s  the  maximum average 
. . 

angle  the  system w i l l  ob ta in .  There w i l l  be some f l u c t u a t i o n  about t h i s  

p o s i t i o n  due t o  the waves pass ing  by. The f l e x i b l e  co ld  water pipe and.  s p a r  

a r e  modeled a s  a  r i g i d  body. ' I t  i s  assumed t h a t  t h i s  r i g i d  model approximates 

Force 
( l b )  

10,400 

28,800 

185,800 

100,400 

34,300 

LOCKHEED OCEAN SYSTEMS 

TOTAL 132.1 k ips  

Area 
( f t 2 )  

99,765 

19,040 

21,315 

23,555 

25,,900 

Average Ve loc i ty  
( f t l s e c  > 
2.36 

1.52 

1.01 

0.69 

0.17 

Force  
( l b )  

54,387 

43,990 

21,743 

11,214 

748 



the  d e f l e c t e d  shape of t h e  f l e x i b l e  p ipe  when exposed t o  storm c o n d i t i o n s .  

The smal l  v a r i a t i o n s  encountered w i l l  not  change s i g n i f i c a n t l y  t h e  magnitude 

of the  f o r c e s .  Because the  buoyancy of the  spa r  i s .  n o t  f ixed  a t  t h i s  s t a g e  of 

t h e  des ign ,  i t  i s  b e s t  to  draw a  curve  of the  watch c i r c l e  t h a t  w i l l  r e s u l t  

f o r  a  range o f  buoyancies.  The i n f l u e n c e  of the  buoyancy on the watch c i r c l e  

can then be s t u d i e d  and an optimum buoyancy c a l c u l a t e d .  Summing t h e  moments 

around the  bottom u n i v e r s a l  j o i n t  g ives  the  equa t ion  r e l a t i n g  the  buoyancy of  

t h e  s p a r  t o  the  angle .  

~ u o ~ a n c ~  ' =  122,000/ t a n  8 + 9,410,000 

The t o t a l  in -a i r  weight of t h e  cold  water p ipe  is 18,400 k i g e .  The weight: i n  

wa te r  i s  15,989 k i p s .  There fo re  t h e  n e t  buoyancy of t h e  s p a r  and cold wa te r  

p ipe  buoy must be a t  l e a s t  16.,000 k ips  t o  kkep the  p ipe  i n  t ens ion .  As can be 

seen  .by t h e  graph of n e t  buoyancy vs .  ang le  '(Fig. 3-71, any i n c r e a s e  i n  . 

buoyancy above 23,000 k i p s  does not  add much s t a b i l i t y .  The i n c r e a s e  i n  

t e n s i o n  due to  an i n c r e a s e  of buoyancy over 23,000 k i p s  i s  not  j u s t i f i e d  by 

t h e  smal l  i n c r e a s e  i n  s t a b i l i t y .  A s a t  i s  f a c t o r y  amount of n e t  buoyancy i s  t h e  

minimum amount t h a t  w i l l  keep t h e  cold water  pipe i n  t e n s i o n  under a l l  

c o n d i t i o n s .  The maximum average,  ang le  t h e  system w i l l  t i l t  a t  a buoyancy of  

23,000 k i p s  i s  5  deg. This equa l s  a  h o r i z o n t a l  d isplacement  a t  t h e  water  

s u r f a c e  of 287 f t ,  and a watch c i r c l e  of  8.75 p e r c e n t .  

The preceding a n a l y s i s  i s  based on n n e t  d r i f t  f o r c e .  I n  r e a l i t y  a  random. 

o s c i l l a t i o n  vi1. l  occur about the. mean. a n g l e ; '  t h i s  i s  c a l c u l a t e d  i n  t h e  

fo l lowing  s e c t i o n s .  

Energy Procedure f o r  t h e  Determinat ion of Hor izon ta l  Loads and Motions. To 

des ign  the  components of the  Spar-TAL a  r e l i a b l e  s e t  of des ign  1oads .must  be 

c a l c u l a t e d .  Design loads  f o r  s i n g l e  ' po in t  moorings a r e  u s u a l l y  de r ived  by a  

procedure t h a t  combines e m p i r i c a l  and a n a l y t i c a l  methods. The mooring system 

of a  s p e c i f i c  p r o j e c t  can be model t e s t e d  p r i o r  t o  a  f i n a l  des ign .  
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The p re l iminary  des ign  loads  f o r  t h e  SKSS were de r ived  us ing a  procedure 

s i m i l a r  t o  t h a t  desc r ibed  i n  Ref. 3-1. This procedure i s  o u t l i n e d  a s  follows: 
. . 

1. A " s i g n i f i c a n t 1 '  e*ergy imparted t o  a  t anker  by t h e  waves i s  found 

from model-test-generated curves.  (The s i g n i f i c a n t  energy i s  r e l a t e d  

t o  s i g n i f i c a n t  wave h e i g h t ,  which i s  def ined a s  t h e  average of the  

one- thi rd  h i g h e s t  waves i n  a spectrum. ) 

2.  The wind and c u r r e n t  s t a t i c  f o r c e  on t h e  t anker  i s  c a l c u l a t e d .  

3 .  The s t a t i c  f o r c e - d e f l e c t i o n  c.ltrvp nf  tho  mooring io  foundi 

. 4. The h o r i z o n t a l  f o r c e  i s  found a t  which t h e  s i g n i f i c a n t  energy is 

absorbed b y . t h e  system ( r e f e r r e d  t o  a s  t h e  s i g n i f i c a n t  h o r i z o n t a l  

f o r c e ) .  

5 .  A r a t i o  of maximum f o r c e  t o  s i g n i f i c a n t  f o r c e  .is es t ima ted .  Th i s  i s  

based .on t h e  expected d u r a t i o n  of t h e  storm and the  ' des i red  

p r o b a b i l i t y  of exceedence, 

6 .  The s i g n i f i c a n t  h o r i z o n t a l  f o r c e  and t h e  wind and c u r r e n t  f o r c e  a r e  

added, and the  sum is  m u l t i p l i e d  by t h e  above r a t i o .  

7. Design loads  and d e f l e c t i o n s  a r e  those  o c c u r r i n g  a t  t h e  d isplacement  

p o s i t  ion  a t  which the  h o r i z o n t a l  f o r c e  is equal  t o .  the  f o r c e  from 

S t e p  6. 'Maximum system excurs ions  and. maximum loads  are .  a l l  . .derived 

from t h i s  p o s i t i o n .  ( V e r t i c a l  l aads  a r e  an  except ion f o r  t h e .  

Spar-TAL, and a r e  der ived i n  a  l a t e r  s e c t i o n .  ) 

The above method i s  a s t a t i c  s i m u l a t i o n  of a dynamic system, and t h e  r e s u l t s  

have been v e r i f i e d  by model t e s t s .  The method is a p p l i c a b l e  t o  a  wide range 

of  mooring systems (ReI. 3-11. 

The s t e p s  of the procedure a r e  desc r ibed  i n  g r e a t e r  d e t a i l  a s  follows: 

1. Wave S i g n i f i c a n t  Energy. .This  v a r i a b l e  i s  found from graphs  . a s  a  . 

func t ion  of tanker  s i z e ,  s i g n i f i c a n t  wave h e i g h t ,  and the  t anker  

b a l l a s t  c o n d i t i o n  (20 o r  100 pe rcen t  loaded) .  I n .  g e n e r a l ,  t h e  energy 

" goes up w i t h  t h e  squ'are roo t  of the  t anker  tonnage, and w i t h  the  ' ' 

square  of the  wave he igh t .  These graphs have not  been publ ished 

e x t e n s i v e l y .  .As an approximat i o n ,  a  s i g n i f i c a n t  eilergy v a l u e  can be 

. der ived from F i g . .  9 of Ref. 3-1, us ing  Froude s c a l i n g  t o  c o r r e c t  f o r  

tanker  s i z e .  ' 



2. Maximum t o  S i g n i f i c a n t  Force Rat io .  The r a t i o  of maximum t o  

s i g n i f i c a n t  f o r c e  i s  based on pas t  model t e s t  exper ience  f o r  any 

mooring c o n f i g u r a t i o n  being s t u d i e d .  Values u s u a l l y  range be tween 

1.8 and 2 . 5 ,  depending on the  water depth and t h e  degree of 

conf idence d e s i r e d .  The r a t i o s  a r e  h igher  i n  shal low wate r ,  where 

t h e  motions of the  v e s s e l ,  such a s  p i t c h  o r  r o l l ,  can have a  g r e a t e r  

a f f e c t  on the  loads .  In deeper wa te r ,  the  mooring system i s  more 

f l e x i b l e  and motions do no t  cause s i g n i f i c a n t l y  h igher  t ens ions .  For  

the  OTEC Spar-TAL, a  r a t i o  of 1.8 i s  considered to  be a  l i k e l y  va lue .  

Maximum Hor izon ta l  Force.  The energy procedure i s  used i n  t h i s  s e c t i o n  t o  

determine t h e  maximum h o r i z o n t a l  f o r c e  i n  t h e  100-year .storm. 

The fol lowing f o r c e s  a c t  on the  s p a r  dur ing t h e  100-year storm: 

Wave D r i f t  250 k i p s  

Wind 81 k i p s  

Cur ren t  , 360 k i  ys 

TOTAL 69 1  k i p s  

A r a t i o  of maximum f o r c e  to  s i g n i f i c a n t  f o r c e  of 1.8 i s  assumed. There fo re ,  

the  s p a r  maximum d e f l e c t e d  p o s i t i o n  is t h a t  which occurs when a  h o r i z o n t a l  

f o r c e  of 1.8 (691) = 1,244 k i p s  a c t s  on t h e  s p a r .  This i s  i n  comparison t o  

the  v a l u e  o f  926 k ips  computed indepkndent ly  us ing  o t h e r  techniques  (p .  A-6); 

the  h igher  value  is used. . . 

The h o r i z o n t a l  base load i s  1,244 k i p s  p lus  the  h o r i z o n t a l  c u r r e n t  f o r c e s  on 

t h e  CWP s e c t i o n s ,  132 k i p s ,  f o r  a  t o t a l  of  1,376 k i p s .  

3.3..6 CWP S t a t i c  Def lec ted P o s i t  ion  

Methodology. Under pure t ens ion ,  t h e  CWP s e c t i o n s  w i l l  be c o l i n e a r ,  but  wi th  

a s i d e  load on each CWP s e c t i o n  t h e  CWP w i l l  assume a  curved o r  de . f lec ted  

shape. The d i s t r i b u t e d  weight of the  CWP s e c t i o n s  a l s o  a f f e c t s  the  d e f l e c t e d  

shape . 
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I f  t h e  d e f l e c t  ions  a r e  s m a l l ,  then the  c u r r e n t  forces '  on the pipe s e c t  ions  

w i l l  remain cons tan t  and t h e  d e f l e c t e d  p o s i t i o n  i s  simple t o  c a l c u l a t e .  The 

methodology used f o r  t h i s  computation i s  demonstrated i n  Fig. 3-8. The a n g l e  

of each CWP segment is determined so  t h a t  the  moment about t h e  lower p i v o t  i s  

z e r o ,  determined i n  p a r t  by the  sum of a l l  the v e r t i c a l  and h o r i z o n t a l  f o r c e s  

above the  upper p ivo t .  

Maximum Watch C i r c l e  P o s i t i o n .  Given a  h o r i z o n t a l  s p a r  f o r c e  of 1,244 k i p s ,  

and a  d i s t r i b u t e d  c u r r e n t  Loading, the  S p a r  LWP maximum d e f l e c l e d  p u a i ~ i u u  i s  

derived i n  Table 3-3. 

For a  n e t  buoyancy of 2,000 k i p s  i n  t h e  s p a r  and CUP, t h e  watch c i r c l e  i s  

18 p e r c e n t ,  and f o r  a  n e t  buoyancy of 6,000 k i p s  the  watch c i r c l e  is 

11 percen t .  The o r i g i n a l  requirement was t h a t  t h e  watch c i r c l e  be 1 e s s . t h a n  

10 pe rcen t  i n  t h e  o p e r a t i o n a l  c o n d i t i o n s .  The 6,000-kips ne t  buoyancy n e a r l y  

meets  t h i s  requirement i n  t h e  100-year storm. 

The s t a t i c  heave of the  s p a r  i s  a l s o  s i g n i f i c a n t  f o r  e i t h e r  case .  For  t h e  

2,000 k  n e t  buoyancy, t h e  s p a r  i s  pu l l ed  67.4 f t  under t h e  water  by t h e  s t a t i c  

l o a d s .  This would r e q u i r e  an e l e v a t i o n  of over  100 f t , o f  t h e  r a i s e d  p la t fo rm - 

t o  p reven t  submergence. For t h e  6,000-kips n e t  buoyancy, the  submergence. i s  

24.6 f t ,  r e q u i r i n g  a  p la t form h e i g h t  of approximate ly  70 f t  to  prevent  

submergence. For  t h i s  reason a  n e t  buoyancy of 6 ,000 .  kip's seems more 
. . 

a p p r o p r i a t e ,  and is used except  where othejr; i j i~e noted as %n Figs .  3-12 

through 16. 

These d e f l e c t e d  p o s i t i o n s  a r e  assumed a s  v a l i d  even though dynamic heave 

a f f e c t s  t h e  CWP a n g l e s .  This i s  approximately c o r r e c t  because the  maximum 

heave i s  a s soc ia ted  with t h e  maximum wave, which does n o t ,  occur a t  t h e  same 

t ime a s  t h e  maximum displacement .  If i t  d i d ,  the  energy imparted t o  the  spa r  

would f o r c e  i t  over even more. 
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FOR EACH SEGNENT 

Fjv 

RH = Z HORIZONTAL FORCES ABOVE 
THE SEGIIENT 

= C VERTICAL FORCES ABOVE 
Rv THE SEGHENT 

Fi R Wi ACT. AT R/2 

FOR C MA .= 0 

1 - 
2 Fj + RH 

tan O i  = 
1 

R, - .W 2 i 

F i g .  3-8 CWP S t a t i c  Def lec t ion  Xethodology 
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Table 3-3 WATCH CIRCLE DEFLECTION - EXTREME SEA STATE . 

~ W E  r = 2000 K I P S '  

M E  = 6000 K IPS 
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3.3.7 'Ver t i ca l  Load Analys is  

The v e r t i c a l  loads  i n  t h e  CWP a r e  of g r e a t  importance 'because  of t h e i r  e f f e c t  

on t h e  g r a v i t y  base  and u n i v e r s a l  j o i n t  des igns .  The b a s i c  idea  behind the  

TAL i s  t h a t  the.CWP can 'be used f o r  mooring a s  we l l  a s  t r a n s m i t t i n g  cold  

water .  It i s  hoped t h a t  the  mooring system would not  inc rease  t h e  CWP c o s t s .  

The t ens ion  loads  determine whether t h i s  w i l l  be the  'case. The t e n s i o n s  a r e  

a l s o  required f o r  the  base  and u n i v e r s a l  j o i n t  s t r e s s e s .  , 

I n  t h e  a n a l y s i s  of the  v e r t i c a l  loads ,  determined l a r g e l y  'by the  heave of the  

s p a r ,  i t  i s  assumed t h a t  the  heave motion and response a r e  independent of t h e  

o t h e r  d i r e c t  ions .  

The heave of the  s p a r  is determined mostly by the  mass of t h e  s p a r ,  t h e  

v e r t i c a l  loads  on i t ,  t h e  s p r i n g  s t i f f n e s s e s  of t h e  CWP, and the damping 

p r e s e n t  i n  t h e  system. 

The s t i f f n e s s  of the  CWP is highly  non l inea r .  I f  the  s p a r  moves i n  t h e  upward 

d i r e c t i o n ,  i t  e longa tes  t h e  CWP s h e l l  and the  u n i v e r s a l  j o i n t s .  I f  t h e  spa r  

moves i n  the  downward d i r e c t i o n ,  t h e  CWP segments w i l l  f o ld  a t  t h e  u n i v e r s a l  

j o i n t s  and move out  of the  way, due t o  the  number of u n i v e r s a l  j o i n t s  

d i s t r i b u t e d  a long t h e  CWP. The s t i f f n e s s  i n  t h e  downward d i r e c t i o n  w i l l  be a s  

g r e a t  a s  t h a t  i n  the  upward d i r e c t i o n  on ly  i f  a l l  of t h e  j o i n t s  a r e  i n  a  

p e r f e c t l y  s t r a i g h t  l i n e  and do no t  buckle under a  load ,  which is a very  

u n s t a b l e  s i t u a t i o n .  This non l inea r  QJP s t i f f n e s s  is demonstrated i n  F ig .  3-9 

which models the  CWP a s  a  s p r i n g  wi th  two s t i f f n e s s e s .  This s i m p l i f i e d  model 

i s  used i n  the  heave dynamic a n a l y s i s .  

The upward heave s t i f f n e s s  i s  determined by the  c r o s s - s e c t i o n a l  a r e a  of the  

CWP s h e l l  and v e r t i c a l  s t i f f e n e r s .  In a d d i t i o n ,  the  CWP j o i n t s  a l s o  

c o n t r i b u t e  to  t h e  CWP t o t a l  a x i a l  s t i f f n e s s .  I t  i s  assumed t h a t  t h e  s t i f f n e s s  

of t h e  j o i n t s  i s  the  same a s  the  s t i f f n e s s  of t h e  CWP s h e l l  and s t i f f e n e r s .  

Thus the  t o t a l  s t i f f n e s s  i s  the  CWP cross - sec t iona l  a r e a  s t i f f n e s s  d ivided by 

two. 
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The downward heave s t i f f n e s s  c o u l d  be  approximated  a s  z e r o  w i t h o u t  much a f f e c t  

on t h e  heave dynamics. A s m a l l  e q u i v a l e n t  s t i f f n e s s ,  however, is  p r e s e n t  

which c a u s e s  a  v a r i a t i o n  o f  v e r t i c a l  b a s e  load  w i t h  downward s p a r  mot ion .  " 

T h i s  o c c u r s  because t h e  CWP is lowered on to  t h e  s e a f l o o r ,  r e l e a s i n g  i t s  weight  

from t h e  s p a r  and add ing  i t  t o  t h e  b a s e .  This  i s  s i m i l a r  t o  an upward 

compres s ive  f o r c e  on t h e  s p a r .  T h i s  s p r i n g  c o n s t a n t  i s  approximated by 

d i v i d i n g  t h e  underwater  weight  of t h e  CWP by i t s  l ength . .  The coupled  p i t c h  

and sway r e sponse  of  each  CWP s e c t i o n  which i s  expec ted  d u r i n g  s p a r  mot ion  i n  

a  seaway a r e  c o n s i d e r e d  i n  t h i s  s i m p l i f i e d  a n a l y s i s  through t h e  damping f o r c e .  

S i m p l i f i e d  Model. The s i m p l i f i e d  .dynamic model of  t h e  Spar-TAL, used  t o  

e s t i m a t e  heave mo t ions ,  i s  shown i n  'F ig .  3-10. T h i s  i s  a  s i n g l e  mass ,  s i n g l e  

d e g r e e .  o f  freedom sys tem w i t h  two s p r i n g s ,  each  of which can  on ly  r e s i s t  

compres s ive  f o r c e s .  The two s p r i n g s  a r e  t h e  v a l u e s  d i s c u s s e d  p r e v i o u s l y  and 

p r o v i d e  t h e  n o n l i n e a r  f o r c e  r e a c t i o n s .  

The mass c a l c u l a t e d  i n  Fig.  3-10 c o n s i s t s  of t h e  s p a r  mass,  i n c l u d i n g  t h e  

w a t e r  c o n t a i n e d  i n  t h e  d i s c h a r g e  p i p e s ;  t h e  CWP, n o t  i n c l u d i n g  t h e  mass of t h e  

w a t e r  i n  t h e  CWP; t h e  CWP i n l e t ;  t h e  CWP buoyancy t a n k s ;  and added 

hydrodynamic mass co r r e spond ing  t o  20 p e r c e n t  of t h e  s p a r  mass. The g r e a t e s t  

u n c e r t a i n t y  i n  t h e  t o t a l  mass i s  t h e  e f f e c t  of t h e  mass of t h e  wa te r  i n s i d e  

t h e  CWP and t h e  added mass e f f e c t s  o u t s i d e  t h e  CWP. The mass df t h e  w a t e r  

i n s i d e  t h e  CWP is  n e a r l y  a s  g r e a t  a s  t h a t  of t h e  s p a r  i t s e l f .  The f l u i d  f low 

p a t h  of  t h e  power sys tem may f o r c e  t h e  w a t e r  t o  a c c e l e r a t s  w i th  t h e  s p a r ,  

which w i l l  i n c r e a s e  i t s  appa ren t ,  mass and probably  reduce  t h e  motions and t h e  

r e s u l t i n g  l o a d s .  Thus t h e  above mass i s  a  1,ow e s t i m a t e  and ,is p robab ly  

c o n s e r v a t i v e .  

A damping f o r c e  p r o p o r t i o n a l  t o  t h e  squa re  of  . v e l o c i t y  is i n c o r p o r a t e d  i n t o  

t h e  s i m p l i f i e d  model.  The damping c o n s t a n t  has a  g r e a t  e f f e c t  on t h e  heave  

mo t ions .  
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CKP 1 5 0 0 0  K . . . -a 

I N L E T  1000 K 
-. ' 

CWP 6UOY 2 4 0 0  K 
WATER ADDED. 3 0 7 8 0  K 
M A ~ S  

T O T A L  tl 2 0 2 0 8 ~  KIPS '. 

. SPAR MASS = 6 3 0 0 . K S L U G S  = M 

K,, = SPRING CONSTANT EQUAL T O  A X I A L  S T I F F N E S S  OF..C\:'P, 
PLUS U.J . 'S .COMPRESSIOC FORCE ONLY. . 

KL = SPRING CG":STAf*lT CQUl.1. TO K E I C I I T  OF CI!P D I V I D E D  
BY I T S  LENGTH. .COFiPRESSION FORCE ONLY. 

= CONSTANT RET BUOYANT FORCE 

D = DARPING C O E F F I C I E N T  

Fig. 3-10 Spar-TAL Dynamic Model 
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Two f o r c e s  a r e  c o n s i d e r e d  a s  a c t i n g  on t h e  spring-mass sys tem.  One is  a  

c o n s t a n t  v e r t i c a l  f o r c e  co r r e spond ing  t o  t h e  n e t  buoyancy of t h e  Spar-CWP 

sys tem above t h e  base  u n i v e r s a l  j o i n t .  The o t h e r  is a  timi v a r y i n g  f o r c e  

c o n s i s t i n g  of a  sum of a  s e r i e s  of  s i n e  waves each  w i t h  i t s  own ampl i t ude ,  

p e r i o d ,  and ' ~ h a s e  s h i f t .  Thus t h e  f o r c i n g  f u n c t i o n  provided  by an i r r e g u l a r  

s e a  can ,  be modeled. 

Method of S o l u t i o n  - Program OTSPAR. The n o n l i n e a r  damping term c o m p l i c a t e s  

t h e  s o l i r t l u ~ ~  01 Lila dynamic motions of t h e  s i m p l i f i e d  model.  A t ime domain 

s o l u t i o n ,  gene ra t ed  by a  computer program, OTSPAR, was. employed t o  f i n d  t h e  

mo t ions .  -Although . no t  an e f f i c i e n t  method,  t h e  s i m p l i c i t y  of  t h e  model 

r e s u l t e d  i n  minimiz ing  t h e  amount of computer  t ime r e q u i r e d .  

A t ime domain s o l u t i o n  is  c h a r a c t e r i z e d  by a  t r a n s i e n t  phase  i n  which 

t r a n s i e n t  mo t ions  g e n e r a t e d  by t h e  assumed i n i t i a l  c o n d i t i o n s  a r e  damped o u t ,  

fo l lowed by a s t e a d y  s t a t e  phase  i n  which t h e  motions a r e  r e p e a t a b l e .  The 

decay  of the t r a n s i e n t  m n t i n n s  depends on t h e  damping c o n c t r s i n t ,  30 t h a t  f o r  

low v a l u e s  of  damping t h e  i n i t i a l  c o n d i t i o n s  can have some a f f e c t  on t h e  

sys t em re sponse .  I n  a d d i t i o n ,  t h e  s o l u t i o n s  d i v e r g e  when a  low n e t  buoyancy 

i s  s e l e c t e d .  Th i s  o c c u r s  because  t h e  mass spends most of i t s  t ime  i n  t h e  

r e g i o n  of low s p r i n g  c o n s t a n t  w i th  a n  o c c a s i o n a l  impact  on t h e  s t i f f e r  s p r i n g  

r e q u i r e d  t o  b a l a n c e  t h e  s m a l l  v e r t i c a l  n e t  l o a d .  Th i s  t ype  of  system r e q u i r e s  

a  l ong  t ime t o  r e a c h  e q u i l i b r i u m .  

V e r t i c a l  Loads. The v e r t i c a l  l o a d s  on t h e  Spar-TAL a r e  caused by t h e  change 

i n  buoyancy of t h e  column du r ing ,  t h e  pas sage  of waves, and by t h e  wave l o a d s  

on t h e  s p a r .  

The v e r t i c a l  wave f o r c e s  a r e  c a l c u l a t e d  by i n t e g r a t i n g  t h e  w a t e r  p r e s s u r e  o v e r  

t h e  v e r t i c a l l y  p r o j e c t i n g  s u r f a c e s  of t h e  s p a r ,  a s  shown i n  T a b l e  3-4 f o r  t h e  

maximum wave t r e a t e d  a s  a  r e g u l a r  wave. The n e t  maximum v e r t i c a l  f o r c e ,  

i n c l u d i n g  a  c o e f f i c i e n t  of  mass o f  1 . 2 ,  i s  13,500 k i p s ,  which a l t e r n a t e l y  a c t s  

i n  t h e  upward and downward d i r e c t i o n s ,  a s  a  s i n e  wave. Th i s  v a l u e  i s  much 

l a r g e r  t han  t h e  n e t  buoyancy of t h e  Spar-CWP. 
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T a b l e  3-4 OTEC SPAR VERTICAL WAVE LOADS - METHOD 1 
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An i r r e g u l a r  wave f o r c i n g  f u n c t i o n  can  be found i n  two ways. The f i r s t  

method, used i n  Tab le  3-5, d i s t r i b u t e s  t h e  f o r c e s  a t  each f requency  t o  t h e  

same p r o p o r t i o n  a s  t h e  wave a m p l i t u d e ,  i n  such  a  way t h a t  t h e  sum of t h e  

i n d i v i d u a l ~ c o m p o n e n t s  adds up t o  t h e  same , v a l u e  a s  t h e  maximum v e r t i c a l  f o r c e  

c a l c u l a t e d  p r e v i o u s l y  f o r  t h e  100-year s torm wave when t r e a t e d  a s  a  r e g u l a r  

wave. This  method i s  only  app rox ima te ,  s i n c e  i t  i g n o r e s  t h e  e f f e c t s  of 

f requency  on t h e  decay of wave mot i o n .  with d e p t h .  The v a l u e s  of wave s p e c t r a l  
.. , 

energy  a r e  o b t a i n e d  from t h e  Task I Report .  The phase a n g l e s  f o r  each 

f requency  Componer~L a r e  randomly . s e l ec t ed ,  

The second method f o r  c r e a t i n g  a  wave f o r c i n g  f u n c t i o n  i s  more t h e o r e t i c a l l y  

p r e c i s e .  The wave spec t rum is f i r s t  broken up i n t o  e i g h t  f r equency  components 

i n  Tab le  3-6. The p r e s s u r e  from each  component i s  i n t e g r a t e d  o v e r  t h e  f o u r  

s p a r  s u r f a c e s  and p rov ides  a  n e t  f o r c e  v a l u e  a t  each  f r equency .  Thus t h e  RAO 

of f o r c e  w i th  f requency  i s  t aken  i n t o  account .  The maximum f o r c e  p r e d i c t e d  by 

t h i s  method i s  17  p e r c e n t  lower t han  t h a t  p r e d i c t e d  by t h e  f i r s t  method. A 

comparison of  t h e  two methods is shown i n  F i g .  3-11. The r e s u l t  i s  t h a t  an  

i r r e g u l a r  s e a  s t a t e  is modeled a s  t h e  sum of e i g h t  superimposed s i n e  waves. 

The buoyancy change due t o  wave e l e v a t i o n  a t  t h e  s p a r  is a  maximum of about  

2 ,000  k i p s ,  much l e s s  t han  t h e  wave f o r c e s .  The buoyancy f o r c e  a c t s  t o  r educe  

t h e  wave f o r c e ,  a s  can  be s e e n  i n  t h e  wave c r e s t ,  where t h e  e x t r a  buoyancy 

a c t s  upward wh i l e  t h e  downward a c c e l e r a t i o n  of t h e  wa te r  p a r t i c l e s  c a u s e s  a  

downward f o r c e .  

The buoyancy f o r c e s  were n e g l e c t e d  f o r  much of t h e  a n a l y s i s ,  which r e s u l t s  i n  

a  20-percent  o v e r e s t i m a t i o n  of t h e  f o r c e s .  

Damping. The damping c o e f f i c i e n t  has  a g r e a t  e f f e c t  on t h e  heave of t h e  s p a r ,  

and i s  t h e  l e a s t  de t e rminan t  p o r t i o n  of t h e  a n a l y s i s .  

The most impor t an t  mode of  damping i s  caused  by h o r i z o n t a l  t r a n s l a t i o n  of t h e  

CWP s e c t i o n s .  This  is c a l c u l a t e d  i n  T a b l e s  3-7 and 3 - 8 .  In t h e s e  t a b l e s  t h e  

s t a t i c  d e f l e c t i o n  p o s i t  i on  of t h e  CWP under  a d i s t r i b u t e d  h o r i z o n t a l  load  and 
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T a b l e  3-5 WAVE FORCE MODEL - METHOD 1 
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Table 3-6 STORM WAVE MODEL - METHOD 2 
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Fig .  3-11 Wave Force Compar is,on 
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T a b l e  3-7 CWP DEFLECTICNS FOR DAMPING STUDY 
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n e t  buoyancy is  c a l c u l a t e d  f o r e s e v e r a l  ~ ; o m b i n a t i o n s .  What is d e s i r e d  is  t o  

know how much t h e  CWP s e c t i o n s  move h o r i z o n t a l l y  f o r  a  g i v e n  v e r t i c a l .  

d i sp l acemen t  i n  t h e  s p a r .  The v e r t i c a l  and h o r i z o n t a l  v e l o c i t i e s  c a n  then  be  

r e l a t e d .  A v e r t i c a l  damping c o n s t a n t  i s  found t h a t  p r o v i d e s  t h e  same energy  

d i s s i p a t i o n  by t h e  s p a r  a s  i f  i t  a c t e d  a l o n e ,  a s  i s  d i s s i p a t e d  by t h e  CWP 

s e c t i o n s  t r a n s l a t i n g  through t h e  w a t e r .  

FH is  t h e  h o r i z o n t a l  f o r c e  on t h e  s p a r  and BN is t h e  n e t  buoyancy of  t h e  

Spar-CWP. The r e f e r e n c e  p o i n t  o c c u r s  a t  B = 6,000 k i p s  a d  FH N 
630 k i p s ,  two v a l u e s  cons ide red  l i k e l y  t o  occur .  Another  combina t ion ,  - F~ - 
400 k i p s  and B N  = 2,000 k i p s ,  is found s o  t h a t  t h e  h o r i z o n t a l  p o s i t  i o n  of  

t h e  s p a r  i s  t h e  same a s  f o r  t h e  f i r s t  combina t ion .  The p o s i t i o n s  of  t h e  CWP 

s e c t i o n  m i d p o i n t s  can be  compared f o r  t h e  two c a s e s .  

It is  r e a d i l y  a p p a r e n t  from Tab le  3-8 t h a t  a s m a l l  change i n  s p a r  e l e v a t i o n  

c a u s e s  a  l a r g e  h o r i z o n t a l  mot ion  o f  t h e  CWP s e c t i o n s .  Fo r  t h e  example g i v e n ,  

a  1 - f t  change i n  s p a r  e l e v a t i o n  causes  a  21- f t  h o r i z o n t a l  d i sp l acemen t  of the 

lowest CWP s e c l i u n ,  8nd. a 13-f t  d i s p l a c e m e n t  o f  t h e  upper  CWP segment. 

When these  , d i s p l a c e m ~ n t  changes  ' a r e  conve r t ed  , to  d rag  f o r c e s  wi th  C = 0.6 ,  D 
based  on t h e  p r o j e c t e d  a r e a  of  t h e  CWP s e c t i o n s ,  a  heave damping c o n s t a n t  of  

233,000 k / ( f p s I 2  i s  c a l c u l a t e d  f o r  t h e  ca se  p r e s e n t e d ,  
. -. , 

Thi s  v a l u e  p r o v i d e s  only  t h e  r e l a t i v e  impor tance  of  t h 2 s  mode o f  damping. It 

i s  obvious  from t h e  p reced ing  c a l c u l a t i o n s  t h a t  t r a n s v e r s e  CWP induced  damping 

is  geometry dependent ,  v a r y i n g  w i t h  t h e  h o r i z o n t a l  and v e r t i c a l  d i s p l a c e m e n t s  

of t h e  s p a r ,  and w i t h  t h e  buoyancy and c u r r e n t  f o r c e s  on t h e  s p a r  and CWP. I n  

a d d i t i o n ,  each  CWP s e c t i o n  has  i t s  own mass,  and a c c e l e r a t i o n s  which w i l l  

c ause  i t  t o  move and d i s s i p a t e  energy  i n  a  d i f f e r e n t  way than  t h e  s imp le  

s t a t i c  method d e s c r i b e d .  But i t  i s  shown t h a t  a g r e a t  d e a l  o f  damping is 

p o s s i b l e  from CWP o s c i l l a t i o n s .  
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A second form of damping is v e r t i c a l  d rag  r e s i s t a n c e  of t h e  spa r  v e s s e l .  The 
2 V damping c o n s t a n t  f o r  t h i s  mode is approximately 15 k / (  f p s I 2 ,  very  much 

l e s s  than  f o r  CWP damping. 

A t h i r d  form of damping i s  provided by . f r i c t i o n  i n  t h e  CWP u n i v e r s a l  j o i n t s .  
. . . . 

, % 

I f  t h e  u n i v e r s a l  j o i n t s .  a r e  made of s e l f - l u b r i c a t e d  aluminum bronze,  w i t h  a  

c o e f f i c i e n t  of f r i c t i o n  of 0.1,. t he  l a r g e  t e n s i o o s  i n  klie O W P . w i l l  r e s u l t  i n  

energy d i s s i p a t i d n  when t h e  j o i n t  is d e f l e c t e d  through any ang le .  The 

magnitude of t h i s  e f f e c t  i s  c a l c u l a t e d  i n  Table 3-'9, i n  which t h e  changes i n  

ang les  from Table 3-8 a r e  used t o  c a l c u l a t e  the  energy dissipation. 

It is important  t o  note t h a t  t h i s  type of f r i e t i o n  i s  Coulombian f r i c t i o n ,  and 
. .  , 

is  independent of the  v e l o c i t y .  It is a l s o  geometry dependent and t h e r e f o r e  

cannot  be solved e x a c t l y .  I f  t h i s  mode of f r i c t i o n  i s  converted jto an 

approximate V* damping term, t h e  drag c o n s t a n t  is 87 k ~ ( f ~ s ) ~  which i s  

s t i l l  much smal le r  thap t h e  CWP t r a n s v e r s e  damping (Table  3-9). 

Another type  bf  damping i s  wave making caused by heave o f .  t h e . s p a r .  Due t o  
, ,  . 

t h e  s m a l l  p ro jec ted  a r e a  of t h e  spar  column, and i t s  cbns tan t  c r o s s  s e c t i o n ,  

t h i s  af f e c t  i s  ignored.  The l o n g i t u d i n a l  d rag  on t h e  CWP is a l s o  r e l a t i v e l y  

unimportant .  

I n  c0nc'lusiurl, the darnping nf the Spar-TAL cannot  be determined a c c u r a t e l y  f o r  

t h e  s i m p l i f i e d  model used h e t e i n .  I n s t e a d ,  t h e  . . a f f e c t s  of a  range o t  damping 

v a l u e s  a r e  s t u d i e d .  

One method of e s t i m a t i n g  a  damping va lue  is  t o  compute. a  v a l u e  of damping t h a t  

w i l l  p rov ide  a  d e s i r e d  spa r  o r b i t  d iameter .  This. concept  is used in. the  graph 

i n  Fig .  3-12. Spar  heave of 5 f t  i n  ampl i tude in :  t h e  m a x i m m ' s t o r m ' ~ a v e  i s  

assumed. Program OTSPAR was run wi th  zero  va lues  of s p r i n g  s t i f f n e s s  and w i t h  

a  s i n u s o i d a l  f o r c e  corresponding t o  t h e  maximum storm wave fo rce ,  and t h e  

v a l u e s  of damping cons tan t  were v a r i e d .  The ne t  buoyancy i s  t r e a t e d  a s  ze ro  

s o  t h a t  t h e  s p a r  would d o t  d r i f t .  The b r b i t  d iameter  a s  a  f u n c t i o n  of damping 

c o n s t a n t  i s  shown i n  Fig.  3-12 f o r  two va lues  of spa r  mass. The l i g h t e r  spa r  

mass does not inc lude  the  water  mass i n s i d e  t h e  d i scharge  pipes .  
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Table 3-9 CWP BUSHING DAMPING 
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The damping c o n s t a n t  co r r e spond ing  t o  an  o r b i t  d i a m e t e r  o f  10 f t  i s  

2,000 k / ( f p s I 2 .  T h i s  v a l u e ,  s m a l l e r  t h a n  t h e  v a l u e  p r e v i o u s l y  c a l c u l a t e d ,  

i s  used throughout  t h e  l oad  a n a l y s i s .  

S t r i c t l y  s p e a k i n g ,  t h e  s i n u s o i d a l  f o r c e  used i n  F i g .  3-12 shou ld  be d i f f e r e n t  

f o r  t h e  two masses ,  The o r b i t  d i ame te r  a t  z e r o  damping should  be more equa l  

f o r  each  mass. The c u r v e  f o r  M = 6 ,300  i s  p robab ly  t h e  more a c c u r a t e  

r e p r e s e n t a t i o n .  A damping v a l u e  of  ove r  10 ,000  k ~ ( f ~ s ) ~  i s  s e l e c t e d  f o r  

d e s i g n  load  a n a l y s i s ,  

Snapping Loads. The s p a r  can  respond i n  heave  i n  two ways. I f  t h e  n e t  

buoyancy i s  much g r e a t e r  t han  the  wave load  a m p l i t u d e ,  t h e  CWP w i l l  never  go  

i n t o  compression and t h e  s p a r  a c t s  l i k e  a  s imp le  s p r i n g  mass system. I f  t h e  

wave l o a d  'ampli tude i s  g r e a t e r  t han  t h e  n e t  buoyancy,  t hen  t h e  downward wave 

load  can cause t h e  CWP t o  become s l a c k .  The s p a r  i s  t hen  a l lowed t o  b u i l d  up 

k i n e t i c  ene rgy  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  of t h e  CWP. When t h e  s p a r  moves 

back i n  t h e  upward d i r e c t i o n ,  i t  p u l l s  on t h e  CWP, and t h e  k i n e t i c  ene rgy  of 

t h e  s p a r  i s  absorbed  by e l o n g a t i o n  i n  t h e  LWP. 'l'his . snap load  i s  tlici-tfare 

s t u d i e d .  

I n  model t e s t i n g  of  s i n g l e  anchor  l e g  moor ings ,  f o r  example,  i f  s u f f i c i e n t  

buoyancy i s  l o s t  i n  t h e  waves t o  cause  t h e  c h a i n  t o  become s l a c k ,  t h e  

subsequen t  r e t i g h t e n i n g  of  t h e  cha in  u s u a l l y  c a u s e s  a  l oad  beyond t h e  b reak ing  

s t r e n g t h  of  t he  c h a i n .  The low energy  a b s o r b t i o n  of s t e e l  r e s u l t s  i n  r a t h e r  

h igh  s t r e s s e s .  

I n  p l o t t i n g  wave-induced t e n s i o n  v e r s u s  n e t  buoyancy, one would e x p e c t  t o  s e e  

a  peak i n  t h e  lower buoyancies  caused by s n a p  l o a d s .  To s t u d y  t h i s  

phenomenon, s e v e r a l  OTSPAR r u n s  were made us ing  a  s i n u s o i d a l  f o r c e  equa l  t o  

t h e  s i g n i f i c % n t  v a l u e  i n  t h e  maximum s torm wave. The maximum CWP t e n s i o n  ( a t  

t h e  b a s e )  v e r s u s  n e t  buoyancy i s  shown i n  F i g .  3-13. A s  can  be s een  the re  i s  

a  peak i n  t h e  lower buoyancies  f o r  D = 2 ,000  bu t  i t  i s  no t  a s  pronounced a s  

expec t ed .  For  t h e  h i g h e s t  v a l u e  of damping no peak a t  a l l  i s  observed .  Fo r  a  
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lower v a l u e  of  damping, t h e  peak  s h i f t s  toward h i g h e r  n e t  buoyanc ie s ,  s i n c e  

t h e  CWP goes  . s l a c k  a t  t h e s e  h i g h e r  buoyanc ie s  w i th  low damping. 

Two c o n c l u s i o n s  a r e  reached from Fig .  3-13. The f i r s t  i s  t h a t  t h e  CWP i s  

s u f f i c i e n t l y  long and f l e x i b l e  t h a t  s i g n i f i c a n t  snap  l o a d s  do  n o t  occu r .  The 

second is  t h a t  t h e  v a l u e s  o f  damping p r e s e n t  i n  t h e  sys tem can  g r e a t l y  ' r e h u c e  

any  snapp ing  t h a t  would occu r .  Snap l o a d s  do n o t  seem t o  be  a  problem f o r  t h e  

Spar-TAL based  on the  damping v a l u e s  examined. The v a l i d i t y  of t h i s  

c o n c l u s i o n  needs tr? be v e r i f i e d  i n  modcl t c 3 . t ~ .  

The minimum n e g a t i v e  s p a r  d i sp l acemen t  v e r s u s  n e t  buoyancy i s  p l o t t e d  i n  

F ig .  3-14 f o r  D = 2,000. T h i s  shows t h a t  t h e  n e t  buoyancy a t  which t h e  CWP no  

l o n g e r  goes  s l a c k  (B = 8,000) co r r e sponds  . t o  t h e  n e t  buoyancy t o  t h e  r i g h t  N 
o f  t h e  peak i n  F ig .  3-13. 

Resonance. A s p r i n g  mass sys tem h a s  a  n a t u r a l  pe r iod  of  

For  t h e  Spar-CWP sys tem i n  heave ,  t h e  n a t u r a l  p e r i o d  i s  

T = 2 K  . - 
4 , 3 6 0  - 7.6 s e c  

T h i s  p e r i o d  i s  e f f e c t i v e  i f  t h e  CWP ddes  n o t  .become s l a c k ,  o r  i f  t h e  CWP can  

go i n t o  compression.  

I f  t h e  CWP becomes s l a c k  t h i s  pe r iod  is g r e a t l y  changed.  The s i t u a t i o n  i s  

ana logous  t o  a  rubbe r  b a l l  bouncing on a  f l a t  s u r f a c e .  I f  t h e  b a l l  i s  g lued  

t o  t h e  s u r f a c e ,  i t  w i l l  have  a  s m a l l  n a t u r a l  p e r i o d .  I f .  t h e  b a l l  i s  a l lowed 

t o  bounce,  i t s  p e r i o d  no t  o n l y  g r e a t l y  i n c r e a s e s  b u t  is a l s o  dependent  upon 

t h e  h e i g h t  of t h e  bounce. 
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The same w i l l  be t r u e  of t h e  Spar-CWP s p r i n g  mass sys tem.  S e v e r a l  OTSPAR runs  

were made t o  s tudy  t h i s  phenomenon. The f o l l o w i n g  were he ld  c o n s t a n t :  

o  Net buoyancy = 2,000 k  

o  Damping c o n s t a n t  = 2,000 k / ( f p s )  2 

o  Upper s p r i n g  c o n s t a n t  = 4 ,360  k i p s / f t  

o  Fo rc ing  f u n c t i o n  F  = 6 ,800  s i n  (2w t / ~ )  

The maximum 'CUP t e n s i o n  i s  found a s  a  f u n c t i o n  of e x c i t i n g  per iod . ,  T, f o r  two 

v a l u c s  of the lower s p r i n g  c o i ~ s t a u L .  111 Llle LirsL c a s e ,  t h e  lower spring 

c o n s t a n t  i s  s e t  equa l  t o  t h e  upper  s p r i n g  c o n s t a n t ,  K L  = 4 ,360  k i p s l f t .  T h i s  

models  t h e  Spar-CWP a s  a  s imp le  spring-mass sys tem w i t h  a  l i n e a r  s p r i n g ,  so-  

t h a t  t h e  &P can  c a r r y  compres s ion .  The t e n s i o n  r e sponse  f o r  t h i s  c a s e  peaked 

a t  around 8 s e c ,  and behaves l i k e  a  t y p i c a l  harmonic o s c i l l a t o r  w i th  damping, 

a s  shown i n  F ig .  3-15. 

. . 

I n  t h e  second c a s e ,  t h e  lower  s p r i n g  was g i v e n  a  c o n s t a n t ,  of 4 .3  k / f t ,  s imilar  .- 

t o  t h e  r e a l  CWP re sponse .  The t e n s i o n  v e r s u s  wave p e r i o d ,  shown i n  F ig .  3-15, 

d e m o n s t r a t e s  a  behav io r  ve ry  d i f f e r e n t ,  f rom t h e  f i r s t  c a se .  ~ h e ' ~ e a k  a t  8 s e c  

has  d i s a p p e a r e d  and t h e  t r u e  peak a p p e a r s  t o  b e  g r e a t e r  t h a n  30 s e c .  T h i s  

compares w e l l  w i th  t h e  bouncing b a l l  ana logy .  T h i s  peak is o u t s i d e  t h e  

f requency  r ange  of t h e  100-year s torm spec t rum.  It can  be concluded  t h a t  

f o l d i n g  of  t h e  CWP s e c t i o n s  may r educe  t h e  problem of heave  r e sonance .  

I r r e g u l a r  Wave Cases .  F i n a l l y ,  s e v e r a l  OTSPAR r u n s  were made u s i n g  t h e  

i r r e g u l a r  f o r c e  spec t rum of t h e  100-year  s to rm wave. The maximum t e n s i o n  is  

p l o t t e d  a s  a  f u n c t i o n  of n e t  buoyancy i n  F ig .  3-16, f o r  s e v e r a l  v a l u e s  of 

damping. The minimum downward d i sp l acemen t  v e r s u s  n e t  buoyancy i s  p l o t t e d  f o r  

D = 2,000.  

The maximum v a l u e  f o r  each  c a s e  i s  t h e  maximum t h a t  o c c u r s  i n  a  20-minute r u n ,  

w i t h  t h e  same f o r c i n g  f u n c t i o n  f o r  each c a s e .  
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3.3.8 0TEC.Simulation Computer Programs ' ' 

%%ram ~ e s c r i ~ t i o n .  Two frequency domain computer programs have b'een w r i t  t e n  

t o  determine , the  cpupled C W ~ - s ~ a r l b a r ~ e  respdnse  and s t re ,ssesz  

1. The Paul ' l ing Program; w r i t  t e n  by J I.  . ~ a r i d o l p h  P a u l l i n g  of Univers i ty  

o f  C a l i f o r n i a ,  Berkeley 
. . 2. The NOAAIDOE program, 

The'se programs were o r i g i n a l l y  w r i t t e n  t o  analyze  CWP systems suspended £rom 

f  ree-f l o a t  i n g  OTEC p l a n t s .  They 'were l a t e r  modified t o  handle t ens ion  l e g  

systems.  It  is beyond t h e  scope of t h i s  r e p o r t  t o  d e s c t i b e  t h e  , theory  and 

methodology of . t h e  programs. The NOAA./DOE program was not ready . i n  t ime to.  

p rov ide  r e s u l t s  f o r  t h i s  des ign e f f o r t .  

Program A p p l i c a b i l i t y .  . For the  f o l l & i n g  reasons  t h e  a p p l i c a b i l i t y  of '  t h e  
, 

frequency domain computer programs may be lim-ite'd when app l i ed  . t o  ' t h e  Spar-TAL.. 

1. Frequency' domain. a n a l y s i s  i s  based on, l i n e a r  s u p e r p o s i t i o n  of 

response .  This  assumes l i n e a r i t y  of response t o  wave he igh t  a t  each  

frequency.  Due t o  . t h e  n o n l i n e a r  s t i f f n e s s  i n  heave, shown. i n  

Fig .  3-9, t h e  heave i s  n o t  a  l i n e a r  func t ion  of Wave h e i g h t .  The . a 

. response in' heave f o r  smal l  waves i s  : l i n e a r  u n t i l .  t h e  wave h e i g h t  i s , .  

s u f f i c i e n t  t o  cause  t h e ,  CWP t o  become. s l a c k .  Not only w i l l  t h e  

l a r g e r  waves have a  d i f f e r e n t  response ,  but t h e  frequency response  

c h a r a c t e r i s t i c s  w i  11 s h i f t  w i t h  heave. amplitude .as deinonstra ted ' in  

Fig .  3-15. Thus t h e  . t h e o r e t i c a l  . b a s i s .  of t h e  programs .is open t o  

q u e s t i o n  wi th  regard  t o  . t h e  .heave of t h e  spar.., . the most ikpot?t.ant 

mode of response f o r  t h e  ' Spar-TAL. 

2. ' T h e  CWP mot ions :a re  based on smal l  ampl i tudes  of , d e f l e c t i b n s .  i n  t h e  

CWP. Thus. t h e  t r a n s v e r s e  CWP damping i s  u n l i k e l y  t o  be t r a n s f e r r e d  

i n  to heave damping 'of t h e  s p a r .  ' 'Therefore the  p o t e n t i a l l y  .most 

important  mode of damping w i l l  n o t  occur i n  t h e  f r e q u e n c y , d d i n  

, ana ly , s i s ,  and the  heave motions w i l l  b e  overes t imated.  
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Program R e s u l t s .  A P a u l l i n g  Program run was performed f o r  IMODCO by ~ i a n n o t t i  

and Assoc ia tes  through Gibbs and Cox. The e x i s t i n g  Gibbs and Cox . spa r  s o d e l  

was used,  wi th  a  t o t a l  system n e t  buoyancy of 2,000 k i p s .  The CWP p r o p e r t i e s .  

were the  same a s  from Fig .  3-3. The 1 0 0 - ~ e a r  s torm c o n d i t i o n s  were run.. No 

damping was added ' a t  t h e  u n i v e r s a l  jo in t s . .  

The program p r e d i c t s  a  peak heave response  a t  around 7 sec , whJch i n d i c a t e s  

t h a t  i t  t r e a t e d  the  spa r  response a s  a  simple harmonic o s c i l l a t o r .  The rms 

va lue  of CWP t e n s i o n  i s  32,400 k ,  which r e s u l t s .  i n  an  approximate maximum CWP 

' tens ion of  

T = 2,000 + (2)(32,400)(1 .86)  

T  = 122,500 k i p s  

which i s  cons ide rab ly  more than the  des ign va lues  chosen. 

It is a n t i c i p a t e d  t h a t  t h e  reason f o r  t h e s e  h igh  l o a d s  i s  t h e  u n r e a l i s t i c  

heave resonance a t  7 scc cbrnbincd wi th  an u 'nder~s t imac ion  of the t r u e  heave 

damping. 

OTSPAR/Paulling Program Comparison. An OTSPAR r u n  was conducted i n  an  a t tempt  

t o  match the  assumptions and r e s u l t s  of t h e  P a u l l i n g  program. The fol lowing 

was modeled t o  s imulate  t h e  c h a r a c t e r i s t i c s  of t h e  P a u l l i n g  program: 

o  Spar mass - 6,300 ks lugs  

o  Damping cons tan t  - i n c l u d e s  s p a r  drag e f f e c t s  only - 25 k / ( f p s )  2 

o  I r r e g u l a r  wave f o r c i n g  func t ion  from ~ e t h o d  2  

o  Lower s p r i n g  c o n s t a n t  of 4,360 k / f t ,  equal  to  t h e  upper sp r ing  c o n s t a n t  

In  t h i s  run a  marked heave r e s o n a n c e  occurred w i t h  . a  per iod of approximately 

8 sec .  The maximum v e r t i c a l  t ens ion  was 240,000 k i p s ,  about double t h a t .  I I 

pred ic ted  by t h e  P a u l l i n g  program. 

This r e s u l t  demonstrates two concepts .  ' The f i r s t  i s  t h a t  i f  the  CWP s t r e t c h  

n o n l i n e a r i t y  and the  CWP t ransverse  damping a r e ' , n o t  taken i n t o  account ,  
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exceed ing ly  high loads  can be p r e d i c t e d .  The second i s  t h a t  the wave-making 

damping, computed by t h e  P a u l l i n g  program &but no t  by OTSPAR, is a s  s i g n i f i c a n t  

a s  t h e  s p a r  d rag ,  s i n c e  OTSPAR overpred ic ted  t h e  P ~ u l l i n g  program r e s u l t s  by a  

f a c t o r  of  Wo. I f  wave-making drag were included i n  OTSPAR, the  r e s u l t s  could 

metch more c l o s e l y .  

3.3.9 Design Loads 

Se lec  t i n g  t h e  des ign l o a d s  r e q u i r e s  some eng ineer ing  judgment and s e l e c t  i a n  of 

a  v a l u e  f o r  ne t  buoyancy. The r e s u l t s  of Fig. 3-16 show t h a t  a  h igh v a l u e  of 

n e t  buoyancy i s  n o t  r equ i red  t o  reduce t h e  loads .  The watch c i r c l e  p l a c e s  a  

l i m i t a t i o n  'on  buoyancy. Any n e t  buoyancy g r e a t e r  than  1,900 k ips  w i l l  p revent  

a n e g a t i v e  buoyancy i n  t h e  s to rm wave trough. 

I f  a  n e t  buoyancy of  6,000 k  and a  damping c o e f f i c i e n t  o{ s l i g h t l y  mote than 

10,000 a r e  s e l e c t e d ,  t h e  maximum load should be l e s s  than 12,000 k ips .  The 

fo l lowing  mooring base  loads  were s e l e c t e d  f o r  f u r t h e r  component desigd:  

V e r t i c a l  .Base Load 

Horizonta l  Base Load 

12 ;000 k i p s  

1,500 k i p s  

It could be argued t h a t  a lower va lue  of v e r t i c a l  load could be s e l e c t e d  

because t h e  heave damping w i l l  be g r e a t e r  than 10 ,UUU I ( / C ~ ~ S ) ~ .  If Llie 

s u r g e  motion of t h e  spa r  were included i n  the  a n a l y s i s ,  however, i t  might be 

found t h a t  the  su rge  energy would a l s o  cause t i g h t e n i n g  of t h e  CWP, which i n  

c o n j u n c t i o n  wi th  the  storm wave could then a l low the  v e r t i c a l  wave load t o  be 

t r a n s m i t t e d  d i r e c t l y  t o  t h e  base. The v e r t i c a l  t ens ion  would then be 

T  = 6,000 + 11,197 = 17,200 k i p s  

Any d e s i g n  t ens ion  s i g n i f i c a n t l y  below t h i s  va lue  could be c o n t r a d i c t e d  by 

model t e s t s .  

The maximum tens ion  i n  the  CWP w i l l  be 13,000 k i p s  h igher  than  t h e  v e r t i c a l  
. ,,.- 

b a s e  l o a d ,  s i n c e  ' the  p ivo t  below t h e  buoyancy s e c t i o n  must c a r r y  the  suspended 
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, . 
weight of t h e  CWP. This t ens ion  w i l l  be approximate ly  25,000 k i p s ,  a  v a l u e  . . .  . 

t h a t  may be too high f o r  the  . , assumed CWP design.  

The load a n a l y s i s  included h e r e i n  i s  not  in tended a s  a  f i n a l  s e t  of r e s u l t s .  . .. 

The purpose i s  to  s tudy t h e  concepts involved and t o  d e r i v e  a  p re l iminary  

des ign to  determine t h e  r e l a t i v e  f e a s i b i l i t y  of the  Spar-TAL. I f  the concept 

proves t o  be v i a b l e ,  model t e s t s  w i l l  be r equ i red  i n  o rde r  to  determine an 

exact '  s e t  of des ign loads .  
, . " . .  

3.4 MOORING BASE 

3.4.1 Descr ip t ion  

The mooring base f o r  t h e  t ens ion  anchor l e g  OTEC s p a r  i s  the  g r a v i t y  type.  
Y 

The weight of t h e  base i s  designed to  c o u n t e r a c t  the  g r e a t e s t  expected 

v e r t i c a l  fo rce  with a  s p e c i f i e d  s a f e t y  f a c t o r .  The s o i l  c o n d i t i o n s  and 

m a t e r i a l s  a r e  considered i n  t h e  c a l c u l a t i o n s  of t h e  required minimum 

dimensions of the  base and t h e  requ l red  a n t i - s k i d  fourldacion of L h r  Lase (see  

Fig.  3-17). 

V e r t i c a l  f o r c e s  a r e  t r ansmi t t ed  through e i g h t  bulkheads t o  t h e  base ' 

s t r u c t u r e .  These bulkheads d i v i d e  the  c i r c u l a r  base  s t r u c t u r e  i n t o  e i g h t  
. . . .  

s e p a r a t e  compartments' i n t o  which the  g rou t  ing m a t e r i a l  i s  poured. 
. . 

3.4.2 Design C r i t e r i a  . .. 

The loads  used f o r  t h e  des ign of the  base a r e  t h e  maximum expected loads .  On 

a g r a v i t y  base ,  the  s a f e t y  f a c t o r s  a r e  1 . 5  and 2.0 f o r  the v e r t i c a l  and 

h o r i z o n t a l  loads ,  r e s p e c t i v e l y .  

The c o n t r o l l i n g  f a c t o r  i n  t h e  diameter of the  base i s  the  bear ing s t r e7ss '  'the "' 

s o i l  can wi ths tand wi thou t  f a i l u r e .  Since t h i s  s t r e s s  i s  undetermined a t  the  
. ,. . . . 
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t ime of t h i s  w r i t i n g ,  an expected va lue  i s  assumed. The fnc t o r  of s a f e t y  used 

f o r  t h e  f a i l u r e  of foundat ion i s  3. 

The s t r u c t u r e  of the  base i s  designed us ing t h e  ABS r u l e s  f o r  a l lowable  s t r e s s  

l eve l s .  Thccc a r c ;  
. . 

o  60 pe rcen t  of y i e l d  s t r e n g t h  f o r  t e n s i l e  s t r e s s e s  

o  60 percent  of e i t h e r  t h e  l o c a l  buckl ing o r  y i e l d  s t r e n g t h ,  whichever 

i s  l e s s ,  t o r  compression s t r e s s e s  

o  57 pe rcen t  of e i t h e r  - t h e  buekl ing o r  y i e l d  s t r e n g t h ,  whichever i s  

l e s s ,  f o r  compression s t r e s s e s  

o  40 pe,rcent of t e n s i l e  y i e l d  . s t r e n g t h  f o r  s h e a r  

The base is t o  be f a b r i c a t e d  of ASTM_A36 s t e e l .  The ABS r u l e s  f o r  t h e  

s e l e c t  Lon o f  p l a t e  th ickness  and s e c t  i o n  modulus of s t  i f  f e n e r s  a re :  
8 .  

where . 

t = p l a t e  th ickness  i n  inches  

s = s t i f f e n e r  spac ing  i n  inches  

h  = maximum design.  wa te r  head above p l a t e  i n  f e e t  

' 2  3  S e c t i o n  modulus = 0.0041 ' h  ' s 1  in .  

where 

1 = unsupported le'ngth of s t i f f e n e r  i n  f e e t  

s = s t i f f e n e r  spac ing  i n  f e e t  

h  = water  head t o  c e n t e r  of 1 i n  f e e t  

The base  is designed t o  meet t h e  ABS grades  f o r  the  d i f f e r e n t  th icknesses .  
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Complete s o i l  ana lyses  a r e  needed i n  o rde r  t o  c a l c u l a t e  t h e  bear ing s t r e s s  and 

angle  of  i n t e r n a l  f r i c t i o n  of the  s o i l .  These va lues  i n  t u r n  a r e  needed to  

c a l c u l a t e  the  s h e a r  s k i r t s  on t h e  bottom on t h e  base  and the  s o i l  s t a b i l i t y  

when the  base  i s  s e t  down on the  s o i l .  These va lues  were es t imated i n  t h e  

des ign o f  t h e  base  f o r  . t h i s  r e p o r t .  I t  i s  recommended t h a t  s o i l  samples be 

taken and analyzed be fore  a base  des ign i s  f i n a l i z e d .  

3 1 4 . 3  De.sign Method 

Base S ize .  The base must be capable of holding the spa r  and cold wacer p ipe  

a t  t h e  p o s i t i o n  i t  was i n s t a l l e d  under the l a r g e s t  p r e d i c t e d  loads the system 

w i l l  c a r r y .  Because of  the  u n c e r t a i n t y  of the  ocean environment and the  

s t a t i s t i c a l  nature  o f  t h e  f o r c e s  t h a t  can be  ~ r e d i c t e d ,  f a c t o r s  o f  s a f e t y  must 

a l s o  be used i n  the  development of a ' d e s i g n .  

The f o r c e s  a c t i n g  on t h e  base  a r e  r e a c t i o n  fo rces  which a r e  c r e a t e d  by t h e  

environmental  f o r c e s  a c t i n g  on the spa r  and cold water p ipe ,  and the  t o t a l  n e t  

bublancy o f  ' the system, a s  c a l c u l a t e d  p rev ious ly .  The des ign loode a r e  a 

h o r i z o n t a l ,  load of  1 , 5 0 0 ' k i p s  and a  v e r t i c a l  load of 12,000 k ips  ac tcng  on t h e  

base .  , 

Based on the  s t a t i c  balance  formula, 

where 

F H .  = h o r i z o n t a l  load 

' FV = v e r t i c a l  load 

W = weight of base 

Cc = c o e f f i c i e n t  of f r i c t i o n  of s o i l  



t h e  weight needed depends on f h e  c o e f f i c i e n t  of f r i c t i b n  between t h e  base  and 

t h e  s o i l .  The bottom q u a l i t y  is  'given i n t h e  Task I Repor t ,  but  t h e  depths  of  

t h e  s o i l ' l a y e r s  and t h e i r ,  ang le  o'f in terna .1  f r i c t i o n s  a r e  not  given.  It is 

assumed t h a t  t h e  base  can be  designed .to .make t h e  b e s t  use o f , . t h e  s o i l  g iven 

any type of  s t r a t i f i c a t i o n .  Angle of i n t e r n a l  f r i c t i o n  is  c a l c u l a t e d  from t h e  

t a b l e  (Ref.  3-2 page 107) which l i s t s  v a l u e s  f o r  some types  of s o i l s ;  The 

assumed ang le  o f .  i n t e r n a l  f r i c t i o n  ,provides  a b a s e / s o i l  soe f  f i c i e n t  of  

f r i e t i a n  of 0,3, S , u b . s ~ Q r u t i n g  theoe va lues ,  inLu t h e  a5ove ,equatiori,  a  base  

weight required iel 30,000 k i y e  undewa t e r  weight. 

T h e r e . a r e  any number o f  d i f f e r e n t  diameters ~ n d  heighfc that can pr"v ide  ch i s  
. . 

weight.  The' g e n e r a l  equa t ion  would be: 

where 

D = d i a m e t e r . o f  base  ( f t )  

H = h e i g h t  of base  ( f t )  

W = weight of g r o u t  ( l b / f t 3 )  

The g r o u t  i s  assumed t o  weigh the  maximum t h a t  can be  . suppl ied ,  150 l b / f t 3  

(underwater  weight 86 l b / f t 3 ) .  

The minimum dimensions t o  prevent  over tu rn ing  are.  

The b e a r i n g  s t r e s s  on t h e  s o i l  caused by the  base  a lone i s  checked f i r s t .  A 

sand l a y e r  i s  used f o r  t h e  c a l c u l a t i o n s .  The genera l  formula f o r  t h e  b e a r i n g  

c a p a c i t y -  from Ref. 3-3 is  
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qdr  = 1 * 2 c N  . c + Y D f N q +  0.6YrNg 

where 

N = bear ing  c a p a c i t y  f a c t o r  f o r  cohesion 
C 

N = bear ing  c a p a c i t y  f o r  fac t b r  fo r  surcharge  q  

N = bear ing  c a p a c i t y  f o r  f a c t o r  f o r  s o i l  weight 

c cohesion 

Y weight of s o i l  

Df  = depth o f  foundat ion i n  s o i l  

r r a d i u s  of foundat ion 

Sand can be  assumed to  be cohes ion less ,  t h e  f i r s t  term w i l l  equal  zero .  The 

foundation t e s t s  on t o p  of t h e  s o i l ,  S O  D f  e q u a l s  ze ro  and the  second term 

equa l s  ze ro .  The bea r ing  c a p a c i t y  f a c t o r  f o r  s o i l  weight i s  e.stimated from a  

'graph o f  the  bea r ing  c a p a c i t y  f a c t o r s  vs.  angle  of i n t e r n a l  f r i c t i o n .  This 

f a c t o r  i s  es t imated to  be 4.2. The weight f o r  sand i s  120 l b / f t 3 .  

The weight p e r  u n i t  a r e a  o f  t h e  base  i s  c a l c u l a t e d  

The weight pe r  foo t  i s  inc reased  by t h e  s a f e t y  f a c t o r  to :  

W =  114,600,000 

D 

This i s  t h e  maximum bear ing  capac i ty  the  s o i l  must suppor t .  

Equating express ions  y i e l d s  



I n  t h e  'above equa t ion ,  t h e  s l o p e  of  t h e  bottom .('12. d e g ) '  i s  :taken i n t o  account 

by m u l t i p l y i n g  the  b e a r i n g  f a c t o r .  N by a  c o r r e c t i o n  f a c t o r  0.44 (Ref. 3-31, . 

For  t h e  base  w i t h  t h e  above r a d i u s  and t h e  s o i l  c o n d i t i o n s  assumed, t h e r e  w i l l  

be a  s a f e t y .  f a c t o r  of  3 . aga ins t '  s o i l  ' f a i l u r e  f o r  the  s t a t i c  case .  

The b e a r t n g  p r e s s u r e  when t h e  base  i s  under t h e  maxirrium, loads  .must a.lso be 
1. 

.checked. The net  v e r t i c a l  b e a r i n g  s t r e s s  .on t h e  s o i l  due . t o  the, weight of t h e  

b a s e -  is  s u p ~ r i m p o s e d  on t h e  s t r e s s  c'aused by t h e  moment r e s u l t i n g  from t h e  . . 

h o r i z o n t a l  load.  

where 

P = n e t  v e r t i c a l  load 

A ' J a r e a  of  base  

M = moment 

I a ' moment o f  i n e r t i a ,  o f .  t h e  bfiFlp. ,area . ' 

. .  
C = base  r a d i u s  

. . 

The. l o a d s  a t e  added' t o  f ind  the  maximum s t r e s s  and s u b t r a c t e d  t o  f i n d  the  

minimum. 

A t  t h e  minimum s i d e , .  t h e  s t r e s s  . should  n o t  be l e s s  than zero, t o  avoid u p l i f t  

l e a d i n g  t o  s o i l '  i n  s t a b i l i t y  .' Using. ' the 60-ft rad.ius. c a l c u l a t e d  'above, t h e  

. h e i g h t  of t h e  base  t o  meet t h e  v e i g h t  r equ i rement  i s  found to be 30..8 f t .  . 

Assuming t h e  h o r i z b n t a l  f o r c e  i s  a 'ppl ied  40 t t  above ' t he 'bo t ' t dn ,  , t h e  minimum 

s t r e s s  w i l l  be  1.24 k i p b / f t 2 .  . . . . 

. , 

A t  the  maximum. s t r e s s  s i d e ,  t h e  s t r e s s  should n o t .  be g r e a t e r  than t h e  b e a r i n g  
. . 

c a p a c i t y  d iv ided  by t h e  s a f e t y  fac ' to t .  

. ' ,3996 
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The maximum s t r e s s  i s  c a l c u l a t e d  t o  be  1.95 k i p s / f t 2 .  The maximum a l l o w a b l e  

T h e r e f o r e ,  ' t h e  d i ame te r  o f  t h e  base  b f  120 f t  and a h e i g h t  of  t h e  b a s e  o f  
.. , 

30 f t  w i l l  k e e t  a l l  o f  t h e  r e q u i r e h e n t i  and is  i cce ' p t ab l e .  

I n  t h e  e a r l y  s t a g e s  of  t h e  d e s i g n ,  a  u n i v e r s a l  j o i n t  e l e v a e i o n  of  20 '11: was 

assumed. T h i s  has  been shown t o  be  too low a  va lue .  

Base S t r u c t u r e .  The base  has  e i g h t  bu lkheads  which d i s t r i b u t e  t h e  l o a d s  

t h roughou t  t h e  s t r u c t u r e .  The l o a d s  a r e  t r a n s m i t t e d  t o  t h e  bulkheads  from a  

l a r g e  c i r c u l a r  tube .  The v e r t i c a l  f o r c e  causes  t he  c e n t e r  of t h e  b a s e  t o  be  

p u l l e d  up w h i l e  t h e  e i g h t  o f  t h e  base  h o l d s  i t  down. T h i s  combina t ion  of 

f o r c e s  c r e a t e s  a bending  moment i n  t h e  bulkhead wi th  maximum compression and 

t e n s i o n  a t  t h e  c e n t e r  o f  t h e  base .  The 12 f t  c y l i n d e r  r e q u i r e s  i n t e r n a l  

s t i f f e n e r s  t o  w i t h s t a n d  t h e s e  h igh  compress ive  and t e n s i o n  f o r c e s  s o  t h e  

bulkheads  meet a t  a  p ipe  i n  t h e  c e n t e r .  The p ipe  f a c i l i t a t e s  welding t h e  

bu lkheads  i n t o  a cornnon c e n t e r .  The weight  of base  s t r u c t u r e  is 2,000 k. 

The bot tom p l a t i n g  t h i c k n e s s  i s  v a r i e d  t o  s a v e  weight  and c o s t .  . T h e  bending  

s t r e s s e s  d e c r e a s e  away from t h e  c e n t e r  s o  l e s s  s t e e l  i s  needed a t  t h e  o u t e r  

s e c t i o n s  o f  t h e  b a s e .  

The bu lkheads  have v e r t i c a l  s t i f f e n e r s  t o  d e c r e a s e  t h e  l e n g t h  of .  t h e  

unsuppor t ed  p l a t e  and t h e r e f o r e  e l i m i n a t e  t h e  chance o f  p l a t e  buck l ing ,  .. These 

s t i f f e n e r s  a l s o  g i v e  t h e  p l a t e .  added s t i f f n e s s  i n  t he .  ev,ent t h a t  t h e  

c0mpartment.s f i l l  unevenly .  A beam s t i f f e n e r  a l o n g  t h e  top  o f  t h e  bulkheads  

s u p p o r t  a g a i n s t  b u c k l i n g  i n  t h e  t w o - c o n d i t i o n s  mentioned above. 

3-57 

LOCKHEED OCEAN SYSTEXS 



The bottom p l a t i n g  between t h e  bulkheads must be a b l e  t o  suppor t  the  weight o f  

t h e  g r o u t  on an uneven s e a f l o o r .  One l a r g e  s t i f f e n e r  i s  used i n  each 

compartment. This  s t i f f e n e r  i s  designed to c a r r y  the  t o t a l  load i n  t h e  

compartment. Smal le r  s t i f f e n e r s  a re  used to  g ive  t h e  r e s t  of the  p l a t e  

suppor t .  The wa l l s  of t h e  base  a r e  s t i f f e n e d  us ing t h e  same c r i t e r i a .  The 

s t i f f e n e r s  a r e  continuous through t h e  bottom r a d i a l  s t i f f e n e r s  to  provide  

moment c o n t i n u i t y .  A l l  connect ions  be tween s t i f f e n e r s  a r e  continuous to a l low 

s t r e s s e s  t o  f low evenly from one area to  a n n t h ~ r  w i t h  a minimum s f a ' '  

c o n c e n t r a t i o n s .  This r e s u l t s  i n  a s t i f f ,  s t a b l e  s t r u c t u r e .  

Shear  s k i r t s  p r o j e c t  from t h e  bottom of the  base i n t o  the  sand l a y e r .  The 

sand l a y e r  i s  assumed t o  have the  h i g h e s t  i n t e r n a l  angle  of f r i c t i o n  of  those.  

s o i l s  l i s t e d  i n  the Task I Repnrt: (Table  2-11. Tho &hear  sltirts are aruarigerl 

i n  a m a t r i x  p a t t e r n .  

Not shown i n  t h e  base drawing i s  t h e  guide tube f o r  t h e  i n s t a l l a t i o n  of t h e  

CWP and u n i v e r s a l  j o i n t .  This  i s  an arched square c y l i n d e r  w i t h  l a r g e  r a d i i  

f o r  d i r e c t  con tac t  wi th  t h e  cab le .  No p u l l e y s  a re  used. 

3.4.4 Fabr ica t  ion Procedure 

The f a b r i c a t i o n  of t h e  TAL-SPAR mooring base i s  c a r r i e d  ou t  i n  t h e  

conven t iona l  method f o r  o f f s h o r e  s t r u c t u r e s .  A l l  welds, a r e  f u l l  p e n e t r a t i o n  

welds and u l t r a s o n i c a l l y  t e s t e d .  A l l  s t e e l  i s  ABS grade mild s t e e l ;  g rade  B 

f o r  th ickness  from 3/4  up t o  1  in . ,  g rade  D f o r  th ickness  from 1 t o  2 i n . ,  

g rade  E  f o r  th icknesses  over  2 in .  . A l l  s t e e l  p l a t e  2-114 in .  t h i c k  and over  

i s  t e s t e d  and accepted according t o  ASTM A 435 p r i o r  to  welding.  Any access  

h o l e s  needed i n  t h e  f a b r i c a t i o n  a r e  c u t ,  then welded c losed when no longer  

needed. 
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F a b r i c a t i o n  s i t e  i s  s e l e c t e d  w i t h  t h e  i n s t a l l a t i o n  method i n  mind.  Passage  o f  

t h e  . b a s e  through any waterways and p a s t  o b s t r u c t i o n s  a n d ,  b r i d g e s  must be , 

c o n s i d e r e d .  S ince  t h e  b a s e  is  f l o a t e d  o u t  t o  t h e  i n s t a l l a t i o n  s i t e ,  t h e  base  

must be e i t h e r  l i f t e d  from t h e  yard and pu t  i n t o  t h e  w a t e r ,  lowered down ways 

i n t o  t h e  w a t e r ,  o r  b u i l t  i n  a  drydock  and f l o a t e d  o u t  a f t e r  comple t ion .  
, . 

3.5 BASE UNIVERSAL JOINT 

3 .5 .1  Genera l  D e s c r i p t i o n  

The base  u n i v e r s a l  j o i n t  connec t s  t h e  lower end of  t h e  CWP. t u b e  ' t o  t h e  c e n t e r  

of  t h e  g r a v i t y  b a s e .  It a l l ows  two a n g u l a r  d e g r e e s  of  freedom between t h e  CWP 

and t h e  base .  I t  is  des igned  t o  p i t c h  a t  l e a s t  30 deg i n  any d i r e c t i o n ,  

10 deg of which is r e q u i r e d  f o r  t h e  s l o p i n g  seabed .  I f  t h e  seabed  s l o p e s  more 

t h a n  10 'deg a t  t h e  s i t e ,  t h e  u n i v e r s a l  j o i n t  d e s i g n  w i l l  be  u n a f f e c t e d ,  

p r o v i d i ~ g  t h e  c e n t r a l  t ube  i n  t h e  mooring b a s e  i s  t i l t e d  i n t o  t he  v e r t i c a l  

d i r e c t i o n .  Yhe s t r u c L u r e  is  des igned  t o  c a r r y  t h e  d e s i g n  load  i n  any 

az imu tha l  d i r e c t i o n  ( s e e  F ig .  3-18). 

The p e d e s t a l s  of  t h e  u n i v e r s a l  j o i n t s  a r e  f a b r i c a t e d  from s t e e l  : p l a t e ,  and a r e  

provided  wi.th p r e s s - f i t t e d ,  s e l f - l u b r i c a t e d  bushings  t o  t r a n s f e r  r a d i a l  and 

t h r u s t . l o a d s .  These bushings  a r e  e q u i v a l e n t  t o  t h o s e  manufac tured  by 

Merriman. J o u r n a l  s u r f a c e s  i n  c o n t a c t  w i t h  t h e  bush ings  a r e  p r o t e c t e d  a g a i n s t  

c o r r o s i o n  by a  weld d e p o s i t e d  o v e r l a y  of Monel, and a r e  f i n i s h e d  t o  a  maximum 

s u r f a c e  roughness  o f  1.6 mic rons .  , The p i v o t  p in s  a r e  o f .  f o rged  s t e e l .  Al l  

p e d e s t a l / b u s h i n g  and bush ing /p ivo t -p in  c o n t a c t  s u r f a c e s  a r e  p a r a l l e l  t o  a s s u r e  

' maximuxi l o a d - c a r r y i n g  c o n t a c t .  

S u i t a b l e  i n s p e c t i o n  and t e s t i n g  p rocedures  a r e  ma in t a ined  t o  ensu r2  t h a t  a l l  

f o r g i n g s ,  b e a r i n g s ,  b u s h i n g s ,  c a s t i n g s ,  and o t h e r  i t ems  used i n  t h e  

f a b r i c a t i o n  of  t h e  u n i v e r s a l  j o i n t s  a r e  f r e e  o f  d e f e c t s .  P r i o r  t o  d e l i v e r y ,  

t h e  comple ted  u n i v e r s a l  j o i n t  is t e s t e d  t o  a s s u r e  f r e e  r o t a t i o n  w i t h i n  t h e  

d e s i r e d  enve lope .  



The m a t e r i a l  o f  t h e  u n i v e r s a l  j o i n t  components i s  m i l d  s t e e l ,  such  a s  ABS 

Grade E  w i t h  a  y i e l d  s t r e n g t h  of  34 k s i .  T h i s  w i l l  e a s e  t h e  weld ing  of t h e  

l a r g e  p l a t e  t h i c k n e s s e s  o f  up t o  8 i n .  The l o c a t i o n  of t h e  u n i v e r s a l  j o i n t  a t  

t h e  bot tom of t h e  CWP e l i m i n a t e s  t h e  need f o r  weight  r e d u c t i o n  i n  t h e  . 

u n i v e r s a l  j o i n t ,  s i n c e  t h i s  weight  a c t u a l l y  r educes  t h e  v e r t i c a l .  load  on - t h e  

base .  S t anda rd  i n d u s t r y  p r a c t i c e  f o r  t h e  f a b r i c a t i o n  of l a r g e  u n i v e r s a l  

j o i n t s  f o r  t e n s i o n  anchor  l e g  mooring sys tems is t o  .use  m i l d .  s t e e l ,  even  i f  

the  weight.  of t h e  u n i v e r c a l  j o i n t  i s  suypor.(;e? by a h~.irjyanc,y t ank .  An e ~ a m p l c  

o f  t h i s  is t h e  Hondo f i e l d  SALM, where t h e  u n i v e r s a l  j o i n t s  a r e  made of m i l d  

s t e e 1 , e q u i v a l e n t  t o  436, and weigh 60 tons each ,  f o r  a vert ica l  load of 

app rox ima te ly  1 , 0 0 0  k i p s .  The weight  of t h e  OTEC b a s e  u n i v e r s a l .  j o i n t  i s  

app rox ima te ly  300 t o n s ,  f o r  a . v e r t i c a 1  load  of 12 ,000  k i p s .  

A mechan ica l  c o n n e c t i o n  is provided  f o r  s e c u r i n g  t h e  bot tom of t h e  u n i v e r s a l  

j o i n t  - t o  t h e  mooring base .  Th i s  connec to r  i s  s i m i l a r  t o  t h o s e  manufac tured  by 

FMC o r  Vetco f o r  o f f s h o r e  u s e  a s  p i l e  c o n n e c t o r s .  A s p e c i a l l y  des igned  u n i t  

i s  r e q u i r e d  f o r  OTEC due t o  t h e  l a r g e  d imens ions  and l o a d s .  

The connec to r  o p e r a t e s  by means o f  a  segmented sawtooth  r i n g ,  which is wedged 

i n t o  matching  sawtooth  g rooves  on t h e  i n s i d e  c y l i n d e r .  These r i n g s  a r e  f o r c e d  

i n t o  p l a c e  by a c t u a t o r  sc rews  a c c e s s i b l e  from t h e  o u t s i d e .  The a c t u a t o r  

s c r ews  can  a c t  t o  e i t h e r  i n s t a l l  o r  remove t h e  l o c k r i n g ,  so  t h a t  t h e  u n i t  can  

be e a s i l y  d i s c o n n e c t e d  a f t e r  u se .  A s e t s c r e w  is used t o  l ock  t h e  a c t u a t o r  

s c r ew i n t o  p o s i t  ion .  H igh - s t r eng th  m a t e r i a l s  a r e  used f o r  t h e  connec to r  

u n i c .  The connec to r  u n i t  is welded a t  e i t h e r  end t o  t h e  u n i v e r s a l  j o i n t  t u b e  

and e0 t h e  base c e n t e r  tube .  Des ign  of a  connec to r  t o  ensu re  d i s c o n n e c t i o n  

a f t e r  30 y e a r s  i s  f e a s i b l e .  S ince  t h e  c o n n e c t o r  w i l l  n o t  be  re -used ,  damage 

may be a 1  lowed d u r i n g  t h e  d i s c o n n e c t  i on  o p e r a t i o n .  

The lower p o r t i o n  of t h e  u n i v e r s a l  j o i n t  has a  s t a b - i n  t a p e r e d  gu ide  which,  

when coupled  w i t h  gu idewi re  equipment ,  a l l o w s  f o r  more p o s i t i v e  p o s i t i o n i n g  

and s e c u r i n g  i n t o  t h e  mooring base  du r ing  t h e  i n s t a l l a t i o n  sequence .  T h i s  

d e s i g n  also a1 lows t h e  u n i v e r s a l  j o i n t  ' t o  be de t ached  from t h e  base  and 

r e i n s t a l l e d  t o  pe rmi t  t h e  removal of t h e  CWP i f  n e c e s s a r y ,  f o r  o v e r h a u l  and 
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r e p a i r s ,  even a f t e r  pro longed  submergence. The u n i v e r s a l  j o i n t  i s  de s igned  t o  

o p e r a t e  i n  seawa t e r  w i th  minimum main tenance  r equ i r emen t s .  Based on SALM 

e x p e r i e n c e ,  expec t ed  b e a r i n g  l i f e  i s  20 y e a r s .  

The bea r ing  p e d e s t a l s  a r e  con t inuous  w i th  a  h o r i z o n t a l  beam welded through t o  

a  c y l i n d r i c a l  s h e l l .  Two of  t h e s e  p e d e s t a l  s t r u c t u r e s  a r e  r e q u i r e d ,  one f o r  

a t t achmen t  of  t h e  CWP and t h e  o t h e r  f o r  a t t achmen t  t o  t h e  base mechanica l  

c o n n e c t o r .  The fou r  bush ings  a r e  p r e s s  f i t  i n t o  t he  fou r  b e a r i n g  p e d e s t a l s .  

A c o u p l e r  s t r u c t u r e  connec t s  t h e  two b e a r i n g  p e d e s t a l  s t r u c t u r e s .  The pin 

c e n t e r l i n e s  of  t h e  c o u p l e r  a r e  v e r t i c a l l y  o f f s e t  by 6  f t .  The p ins  f i t  

th rough t h e  c e n t r a l  c o u p l e r  w i th  m e t a l - t o - m e t a l  b e a r i n g  c o n t a c t  r a t h e r  t han  

through L u b r i t e  b u s h i n g s .  The   ins a r e  keyed t o  t h e  c o u p l e r  t o  p reven t  

r e l a t i v e  r o t a t i o n  and t o  ensu re  t h a t  s l i d i n g  o c c u r s  on. t h e  bushing s u r f a c e s  i n  

t h e  b e a r i n g  p e d e s t a l s .  The c o u p l e r  p l a t e s  have a  maximum t h i c k n e s s  o f  8 i n .  

The p i n s  a r e  of fo rged  m a t e r i a l ,  of a  t h i c k n e s s  t o  r e s i s t  t h e  s h e a r  and 

bending  l o a d s  i n  t h e  p i n s .  They a r e  keyed t o  t h e  c o u p l e r .  ' 

The top  p e d e s t a l  s t r u c t u r e  i s  connec ted  t o  t h e  CWP e x t e n s i o n  by a  c o n i c a l  

s h e l l ,  o f  a  wa l l  t h i c k n e s s  v a r y i n g  from 2 t o  314 i n .  L a t e r a l  s t i f f e n e r s  a r e  

r e q u i r e d  a t  t h e  ends  of t h e  cone t o  c a r r y  .hoop s t r e s s e s .  A d d i t i o n a l  

s t i f f e n e r s  may be r e q u i r e d .  The c o n i c a l  s t r u c t u r e  weighs app rox ima te ly  

90 k i p s .  Con ica l  t r a n s i t  i o n  zones  a r e  commonly used . i n  o f f s h o r e  t e n s i o n  

anchor l e g  moor ings ,  such a s  t h e  Hondo f i e l d  SALM. 

The s t a b  cone undernea th  t h e  i n n e r  r i n g  of t h e  mechanica l  connec t ion  i s  used 

t o  guide  t he  u n i v e r s a l  j o i n t  i n t o  t h e  b a s e .  A padeye i n s i d e  t he  c o n e ,  welded 

t o  t h e  b a s e p l a t e  of t h e  u n i v e r s a l  j o i n t ,  p r o v i d e s  an  a t t achmen t  f o r  t h e  

i n s t a l l a t  i o n  g u i d e w i r e .  Th i s  guidewire  canno t  be de t ached  from t h e  u n i v e r s a l  

j o i n t  a f t e r  it i s  i n s t a l l e d ,  bu t  i n s t e a d  i s  l e f t  i n  p l a c e  a s  a  s h o r t  l e a d e r  

s e c t i o n .  The guide  cone makes p o s i t i v e  c o n t a c t  w i t h  t h e  b a s e p l a t e  p r i o r  :o 

i n s t a l l a t i o n  of t h e  a c t u a t o r  sc rews .  
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3.5.2 Universa l  J o i n t  Design C r i t e r i a  

The u n i v e r s a l  j o i n t  i s  designed i n  accordance to  ABS r u l e s  f o r  t h e  des ign  of 

s i n g l e  po in t  moorings. The major d e v i a t i o n  is t h a t  S e c t i o n  5.5.1 was u s e d . f o r  

s to rm loads  i n s t e a d  of Sec t ion  5.5.2,  which means t h a t  t h e  one- th i rd  a l lowable  

s t r e s s  i n c r e a s e  f o r  t h e  maximum storm was not .  used.  Thus the  u n i v e r s a l  j o i n t  

d e s i g n  is considered conse rva t ive '  wi th  respect tn ABS r u l e s .  .With t h e  
- ,  

p o s s i b i l i t y  of resonance and f a t i g u e  i n  the  s t r u c t u r e ,  however, i t  i s  f e l t  

t h a t  a  lower d e s i g n  s t r e s s  i s  t h e  more a p p l i c a b l e  value .  

A de . t a i l ed  f a t i g u e  analys  i s .  of t h e  s t r e s s  concen t ra t  ion would probably v e r i f y  
2- 

t h i s  r educ t ion .  

The fol lowing a r e  a1 lowable des ign  s t r e s s e s :  

Tension 0.6 Fy 

Bending 0.6 Fy 

Shear 0.4 Fy 

The des ign  loads  a r e  a s  fo l lows:  

Tension 12,000 k i p s  

S i d e .  Load 1,500 k i p s  (any d i r e c t i o n )  

3 .5 .3  Design Methodo 

The u n i v e r s a l  j o i n t  is designed us ing s t andard  i n d u s t r y  p r a c t i c e .  S i m p l i f i e d  

c u t s  ,a re  taken through v a r i o u s  s e c t i o n s  of the  s t r u c t u r e  and the  s t r e s s e s  a r e  

c a l c u l a t e d  us ing  beam . theory,  assuming t h a t  plane sec  t . ions remain p l a n a r  af  t e r  

bending.  The important  s e c t  ions a r e  l i s t e d  below: . . 

1. Tearout  s h e a r  on t h e  c i r c u l a r  padeyes 

2 .  Bending i n  t h e  p e d e s t a l s  

3. Shear i n  t h e  pedes ta l  webs 

4 .  Bending i n  the p e d e s t a l  c r o s s  beam 

5 .  Bending i n  t h e  c e n t r a l  tube 
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6 .  Tea rou t  s h e a r  i n  t h e  c o u p l e r  p in  h o l e s  

7 .  Tens ion  i n  t h e  : c o n i c a l  CWP t rans i ' t i ' on  . . 

T h i s  method of  d e s i g n  has  been p r e v i 0 u s . 1 ~  v e r i f i e d  f o r  u n i v e r s a l  j o i n t s  o'f . .. 
t e n s i o n  anchor l e g  moorings by comparison wi th  t h e  r e s u l t s  df  f i n i t e  'e lement  

compu t e r  a n a l y s e s .  

It i s  possit; 'le ' t h a t  t h e  u n i v e r s a l  j o i t i t  'cost  could  be reduced'  by - u s i n g  h i g h e r  
v 

s t r e n g t h  s t e e l ,  which would reduce  t h e  weld volume r e q u i r e d .  

3 .5.4 F a b r i c a t i o n  Procedure  
. . 

The welding p rocedures  f o r  t h e  8- in .  and 4- in .  p l a t i s  must be c a r e f u l l y  . 

d e f i n e d .  E x t e n s i v e  p r e h e a t i n g  of t h e  s t r u c t u r e  i s  r e q u i r e d .  I n  a d d i t i o n ,  

s t r e s s  r e l i e v i n g  i n  an oven may be r equ . i r ed :  . . 

Access h o l e s  a r e  provid,ed i n t o  t h e  s t r u c t u r e  s o  t h a t  t h e  m a j o r i t y  of t h e  welds 

can be two-sided f u l l - p e n e  t r a  t i o n  welds .  Welds a c c e s s i b l e  from only  one s i d e  

have backup b a r s  t o  c o n t a i n  t h e  weld.  Access h o l e s  a r e  welded c l o s e d  a f t e r  ' 

i n s p e c t i o n .  The machining i s  performed on ly  a f t e r  t h e  we ld ing ,  s t r e s s  
. .  

r e l i e v i n g ,  and monel o v e r l a y i n g  a r e  comple te .  . 

9 :  . 

3.6  INSTALLATION 

3 .6 .1 '  I n s t a l l a t i o n  P rocedure  

For t h e  mooring sys t em i n s t a l l a t i o n  i t  . i s  assumed t h a t  t h e  Spar-CWP sys tem i s  

p r e v i o u s l y  p l aced  i n  a  v e r t i c a l  o r i e n t a t i o n  w i t h  t h e  CWP hang ing  from t h e  

s p a r .  The b a s i c  p rocedure ,  o u t l i n e d  a s  f o l l o w s ,  i s  i l l b s t r a t e d  i n  F ig .  3-19. 
: :  . 

1. The g r a v i t y  base i s  f l o a t e d  under  i t s  own buoyancy and towed t o  t h e  

s i t e  by a  t u g .  

2 .  The g r a v i t y . b a s e  i s  . lowered to' t h e  s e a f l o o r  by a  c r a n e .  A s e r i e s  of 

s l i n g s  a r e  r e q u i r e d ,  w i t h  each s l i n g  of  a  l e n g t h ;  equal  t o  t h e  

' .  v e r t i c a l  e l e v a t i o n  l i f t i n g  cap ' ac i t y  of t h e  c r ane  ba rge .  The base i s  

lowered i n  a  s e r i e s  of s t e p s ,  w i t h  each s t e p  equal  t o  t h e  l e n g t h  o f  a  
. . 

3-65 . . 

LOCKHEED 'OCEM SY STENS 



Fig. 3-19 Insta l la t  i o n  Procedure 
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THE BAS6 IS FLOATED 
AND TOWED TO SITE 

WHEN THE BASE IS LOWERED . , . 
TO THE END OF THE SLING. A 
PIPE ON THE SLING IS PIACED 
ONTO A HOOK STRUCTURE 
WELDED TO THE BARGE. THIS 
SUf?ORTS THE BASE UNTIL THE 
NEXT SUNG CAN BE PLACED. 
THE.GROU1 HOSES AND 
INSTALLATION CABLES ARE 
PAID OUT. 
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i Fig.  3-19 ' (Cone.)  
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Fig. 3 4 9  (cont.1 . , 
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s l i n g .  The top beam of each s l i n g  i s  supported on a  s t r u c t u r e  

p r o j e c t i n g  from t h e  s i d e  of  the  barge ,  whi le  c a r r y i n g  the  base 

weight,  i n  o r d e r  t h a t  t h e  next s l i n g  can be p o s i t i o n e d .  

3. When t h e  base is n e a r l y  lowered to  the  s e a £  l o o r ,  t ransponders  on t h e  

base  a r e  used t o  p o s i t i o n  the  barge  u n t i l  t h e  base  i s  over  t h e  

d e s i r e d  l o c a t i o n .  The base i s  lowered t h e  remaining d i s t a n c e  u n t i l  

i t  r e s t s  on the  seabed.  

4 .  The s l i n g s  and c a b l e s  a r e  r a i s e d  onto t h e  crane barge. The s l i n g  i s  

hooked t o  the  base  i n  such a  way t h a t  when t ens ion  i n  the  s l i n g  i s  

removed the  s l i n g  s l i d e s  o f f  che base l i f t i n g  pads. Thus d i v e r s  o r  

machines a r e  no t  r equ i red  to  remove the  base  s l i n g .  

5. The g r a v i t y  base is f i l l e d  with cement g rou t .  E i g h t  3-in, I D  g r o u t  

hoses a r e  lowered w i t h  t h e  g r a v i t y  b a s e .  These hoses a r e  connected 

t o  a  p ip ing  system i n  t h e  base t h a t  d i s t r i b u t e s  t h e  g rou t  evenly 

w i t h i n  t h e  base .  Grout i s  pumped from a  g r o u t  mixer on board an 

i n s t a l l a t i o n  barge.  S i n c e  a  l a r g e  volume of g r o u t  i s  r e q u i r e d ,  a  

workboat s h u t t l e  from a  nearby land-based cement p l a n t  o r  a  s t o r a g e  

f a c i l i t y  i s  r eqb i red .  These workboats c a r r y  g rou t  sacks  which a r e  t o  

be cont inuously  o f f loaded  onto t h e  i n s  t a l l a t  ion  barge .  The g r o u t  

mixture  i s  formulated so t h a t  i t  can be mixed wi th  seawater .  

The g rou t  i s  pumped i n t o  each of the  e i g h t  base  compartments one a t  a 

t ime.  The s e t t i n g  t ime i s  r egu la ted  so  t h a t  the  compartment can be 

f i l l e d  $ b e f o r e  t h e  g rou t  beg ins  t o  harden.  Te lev i s  ion cameras lowered 

from the  s u r f a c e  a r e  used t o  moni tor  the  g r o u t  i n s t a l l a t i o n ;  and to  

determine when the  compartments a r e  f i l l e d .  This procedure i s  

s i m i l a r  t o  t h a t  used i n  l a r g e  c o n c r e t e  s t r u c t u r e s  i n  the  North Sea. 

The g rou t  hoses a r e  disconnected from t h e  base by e i t h e r  breaking a  

weak l i n k  i n  the  h o s e s ,  o r  by removah by e i t h e r  a  mechanical 

manipula tor  o r  a  d i v e r  in a  p ressur ized  d i v i n g  s u i t .  

6.  The CWP and s p a r  a r e  maneuvered over  the  base and connected to  a  

guidewire pass ing through t h e  base socke t .  The s p a r  i s  b a l l a s t e d  

w i t h  water u n t i l  the  u n i v e r s a l  j o i n t  mechanical connector  i s  p u l l e d  
I 

i n t o  p lace  i n  the  base. A mechanical  manipula tor  o r  a  d i v e r  i n  a 
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p r e s s u r e  s u i t  i s  t hen  used t o  s e c u r e  t h e  mechanica l  c o n n e c t o r  by 

wedging t h e  rams of t h e  connec to r  w i t h  a c t u a t o r  sc rews  used  f o r  t h a t  

purpose .  

7 .  The gu idewi re  i s  t hen  removed from t h e  b a s e ,  w i th  a  l e a d e r  l e f t  i n  

t h e  gu ide  t ube  f o r  f u t u r e  CWP removal .  

3.6.2 Equipment A v a i l a b i l i t y  

The c r a n e  t h a t  lowers  t h e  base must have a  l i f t  c a p a c i t y  of  2,000 k i p s  a t  t h e  

h o r i z o n t a l  reach  r e q u i r e d  t o  l i f t  d i r e c t l y  ove r  the'  c e n t e r  of t h e  b a s e ,  o r  

app rox ima te ly  60  f t  p l u s  t h e  wid th  of t h e  b a r g e  overhang.  I f  a  c r ane  of t h i s  

c a p a c i t y  is  n o t  a v a i l a b l e  d u r i n g  t h e  i n s t a l l a t i o n ,  buoyancy tanks  can  be  

p l aced  i n  t h e  base s t r u c t u r e .  The l a r g e s t  c r ane  b a r g e  p r e s e n t l y  i n  u s e  has  a  

maximum l i f t  c a p a c i t y  o f : 3 , 0 0 0  t o n s .  A f t e r  t h e  b a s e  is lowered below t h e  

b a r g e  k e e l  and suspended from t h e  b a r g e  r a i l ,  t h e s e  tanks  a r e  f l ooded .  The 

c r a n e  c a p a c i t y  is g r e a t e r  a t  t h i s  s h o r t e r  r each  and t h e  base .  can  b e  lowered t o  
. . 

t h e  s e a f l o o r  a s  p r e v i o u s l y  d e s c r i b e d .  

I t  is u n l i k e l y  t h a t  s u f f i c i e n t  g r o u t  hose  w i l l  be r e a d i l y  a v a i l a b l e  f o r  t h i s  

i n s t a l l a t i o n .  Thus t h e  g r o u t  h o s e  must be purchased  s p e c i a l l y  f o r  t h i s  

p r o j e c t ,  i n c r e a s i n g  t h e  . i n s t a l l a t i o n  c o s t s .  

S t anda rd  dep th  measurement t echn iques  g e n e r a l l y  p rov ide  accu racy  o f  1 p e r c e n t ;  

o r  33 f t  a t  t h i s  s i t e .  To o b t a i n  t h e  accuracy  r e q u i r e d  f o r  TAL i n s t a l l a t i o n ,  

0 . 3  p e r c e n t ,  s a l i n ' i t y  and t empera tu re  measurements a r e  r e q u i r e d .  

3.6.3 I n s t a l l a t i o n  Aids  

Pressur i ' zed  Div ing  S u i t s .  P r e s s u r i z e d  d i v i n g  s u i t s ,  such a s  t h e  JIM s u i t ,  a r e  

r a t e d  t o  3 ,000  f t  of water  d e p t h .  T h i s  system o f f e r s  t h e  advantage  o f  d i r e c t  

e y e  c o n t a c t  w i t h  t h e  underwater  work, i n c r e a s i n g  t h e  r e l i a b i l i t y  of t h e  

i n s t a l l a t i o n .  Although p r e s e n t l y  r a t e d  t o  a  dep th  o f  3 ,000  f t ,  i t  i s  p o s s i b l e  

t h a t  t h i s  dep th  could  be ex tended  by t h e  time o f  i n s t a l l a t i o n  of t h e  OTEC/SKSS. 



Underwater Manipulation RCV. Manned and unmanned underwater manipula tors  a r e  

a v a i l a b l e  which can perform a  v a r i e t y  of underwater t a s k s ,  such a s  t i g h t e n i n g  

b o l t s  wi th  impact wrenches, l i f t i n g  o b j e c t s ,  and making connect ions  and 

d i sconnec t ions .  

Manned underwater submers ibles  such a s  t h e  General  E l e c t r i c  Diver Equ iva len t  

Manipulator Sys tem (DEMS) a r e  depth  X i m i  ted t o  approximately 3,000 f t  , 
r e q u i r i n g  l i t t l e  a d d i t i o n a l  depth  f o r  t h e  OTEC . b a s e  i n s t a l l a t i o n .  The major 

l i m i t a t i o n  w i l l  be t h e  65-lb l i f t i n g  c a p a c i t y  of t h e  manipula tor  arm. 

The depth l i m i t a t i o n  of the  unmanned manipula tor  submersible i s  l e s s  s t r i n g e n t  

than f o r  t h e  manned submers ible .  These u n i t s  are opera ted from t h e  surface by 

t e l e v i s i o n  cameras. 

3 . 6 ; 4  u n i v e r s a l  J o i n t  t o  Base Connector 

This  connector  i s  s i m i l a r  to u n i t s  used a s  s t r u c t u r a l  pipe connectors  i n  t h e  

offs 'hore indus t ry .  S t e e l  rams ,are  forced ir?fo g l a c e  by threaded actuator 
screws w i t h  se t sc rews .  These threaded p a r t s  ' a r e  turned by an impact wrench 

dur ing  i n s t a l l a t i o n ,  opera ted from an RCV o r  a  p ressur ized  d iv ing  s u i t .  

3.6.5 R e t r i e v a l  Procedure 

Ke t r i e v a l  ' of t h e  Spar/CWP r e q u i r e s  no guidewires.  The spa r  i s  b a l l a s t e d  u n t i l  

i t  submerges s u f f i c i e n t l y  to  i n d i c a t e  t h a t  the  u p l i f t  on t h e ' b a s e  i s  removed. 

The mechanical connector  i s  unfas tened by an RCV,  and t h e  s p a r  i s  f l o a t e d  . f r e e  

w$th t h e  u n i v e r s a l  j o i n t  a t t a c h e d .  Complete r e t r i e v a l .  of t h e  TAL i s  n o t  

s a t i s f i e d  a s  removal of t h e  base p l a t e  from t h e  s e a f l o o r  i s  not  f e a i i b l e  ( s e e  . 

Fig.  3-20). 
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3.7.1 Watch C i r c l e  L i m i t a t i o n s  

As . . p r e v i o u s l y  desc r ibed  ,, plac ing  t h e  .buoyancy r e q t i i r e d  t o  ' suppor t  t h e  CWP a t  

the  top  of t h e  VP r e s u l t s  i n  a  l a r g e  u p r i g h t i n g  moment t h a t  h e l p s  keep.  t h e  

s p a r  w i t h i n  a  20jpercene wacch c i ~ i l c  Jutisg thq 100-year storm, 

I f  t h e  CWP weight is inc reased  to handle h igher  t ens  i o n s ,  t h i s  ' upr igh t  l n g  

moment w i l l  a l s o  i n c r e a s e .  Watch c i r c l e  r a d i u s  i s  no t  a . s e v e r e  problem f o r  

t h e  TAL system. 'The .CWe a l s o .  has  no tendency t o  make c o n t a c t  wi th  the :  bottom. 

3.7 .2  Depth and p o s i t i o n  E r r o r s  

The s p a r  v e r t i c a l  e l e v a t i o n  should be f ixed  w i t h i n  10 f t  ( p l u s .  o r  minus) t o  

p reven t  submergence of t h e  e l e v a t e d  . p l a t  form i n  the  wave c r e s t s ,  .and t o  

p reven t  t h e  power modules from being exposed i n  t h e  s torm wave troughs.  Ten 

f e e t  r e p r e s e n t s  an e r r o r  of  0 . 3  pe rcen t  ( p l u s  o r  minus) which is an extremely 

a c c u r a t e  value  i n  these  water  depths .  

Depths a r e  d i f f i c u l t  . t o  , e s t a b l i s h  a c c u r a t e l y .  i n  deep water  because t h e  water  . 

temperature  g r a d i e n t  must be. known i n  o r d e r  to  compensate. the ' , hydroacous t i c  

dev ices .  I n  s h o r t ,  g r e a t  ca re  must be exerc i sed  i n  l o c a t i n g  t h e  g r a v i t y  base ,  

because  once it i s  i n  p lace  .it cannot be removed. It is  n o t . c e r e a i n  w l ~ c t h t r  

t h i s  accuracy has  been a t t a i n e d .  The e longa t ion  i n  t h e  CWP must a l s o  be 

cons ide red  when p l a c i n g L t h e  base .  

A t  a s l o p e  of .10 deg, t h e  base must be p laced w i t h i n  p lus  or'minus"57 f t  'a long 

t h e  d i r e c t i o n  of s lope '  of the, seabed to  mainta in  p lus  o r -  minus 10 f t ' o f  

v e r t i c a l  accuracy.  Along t h e  bottom contour  l i n e s ,  the' a l lowable  e r r o r  can  be 

much g r e a t e r .  
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3 . 7 . 3  Water  Depth 

I n c r e a s e  t o  5 ,000  F t .  I f  t h e  w a t e r  dep th  is  i n c r e a s e d ,  t h e  l o n g e r  CWP w i l l  be 

more f l e x i b l e .  The n a t u r a l  p e r i o d  of t h e  spring-mass sys tem f o r  low 

o s c ' i l l a t i o n s  w i l l  i n c r e a s e  i n t o  t h e  r ange  of p e r i o d s  o f  t h e  waves. I t  seems 

u n l i k e l y ,  however ,  t h a t  t h i s  w i l l  g r e a t l y  i n c r e a s e  t h e  v e r t i c a l  o r  h o r i z o n t a l  

l o a d s ,  s i n c e  t h e  CWP n o n l i n e a r i t y  s h i f t s  t h e  n a t u r a l  p e r i o d s  above t h e  wave 

p e r i o d s .  The major  requi rement  is t h a t  t h e  s p a r  buoyancy must be g r e a t e r  t o  

s u p p o r t  t h e  h e a v i e r  CWP. 

The g r e a t e s t  problem a t  a  5 ,000 - f t  dep th  i s  t h e  i n s t a l l a t i o n  p rocedure ;  F i v e  

thousand f e e t  exceeds  t h e  d e p t h  l i m i t  o f  p r e s s u r i z e d  d i v i n g  s u i t s  and of most 

unde rwa te r  RCVs . 

L i m i t i n g  Depth. Depth l i m i t a t i o n s  a r e  imposed by i n s t a l l a t i o n  d i f f i c u 1 t . i . e ~  

a n d ' c o s t s .  P r e s e n t  s t a t e  of t h e  a r t  f o r  i n s t a l l a t i o n  of t h i s  t ype  of 

s t r u c t u r e  p robab ly  is  l i m i t e d  t o  3 ,000  f t .  With no g r e a t  e f f o r t  t h i s  cou ld  be 

i n c r e a s e d  clu 3 ,280  i L  by t h e  time of  i n s c a l l a c i o n  of  t h e  ~ O - M W ( ~ )  OTEC p l a n t .  

I t  i s  n o t  c e r t a i n  whether  5 ,000  f t  could  be a t t a i n e d  by t h a t  t ime.  Any 

f u r t h e r  d e p t h  w:i'll' r e q u i r e  an  i n c r e a s e  i n  t h e  c a p a b i l i t i e s  of t h e  p r i v a t e  

o f f s h o r e  i n d u s t r y .  I n  s h o r t ,  any dep th  cou ld  be a . t t a i n e d  w i t h  t h e  e x p e n d i t u r e  

o f  s u f f i c i e n t  r e s o u r c e s  ove r  a  p e r i o d  of t ime .  

Another  e f f e c t  caused by a  d e e p e r  sys tem i s  t h a t  t h e  CWP d e f l e c t i o n s  a r e  

g r e a t e r ,  c a u s i n g  t h e  s p a r  t o  be more d e e p l y  submerged i n  t h e  o f f s e t  p o s i t  i on .  

T h i s  r e q u i r e s  a  l o n g e r  column t o  e l e v a t e  t h e  r a i s e d  p l a t f o r m  above t h e  wave . . 
c r e s t s .  

r 

3 . 7 . 4  E f f e c t s  on P l a t f o r m  Des ign  . 

B a l l a s t  must be  added t o  t h e  s p a r  so t h a t  t h e  n e t  buoyancy (of  t h e  s p a r  a l o n e )  

is t h e  d e s i r e d  v a l u e ,  which i s  1 ,000  k i p s  f o r  t h e  p r e l i m i n a r y  d e s i g n .  I f  t h e  
. . 

buoyancy i s  i n s u f f i c i e n t ,  t h e  s p a r  volume must be i n c r e a s e d .  The s p a r  

s t r u c t u r e  nea r  t h e  CWP p i v o t  must be  s t r e n g t h e n e d  t o  c a r r y  t h e  l a r g e  t e n s i o n  
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l o a d s .  T h e s p a r  r a i s e d  p l a t f o r m m u s t b e a t  l e a s t  70 f t  above the  s t i l l  

w a t e r l i n e  t o  prevent  wave c r e s t  impact,  wi th  a  t o t a l  n e t  buoyancy of 

6,000 k i p s  ( spa r  and CWP t a n k s ) .  

3.7.5 L imi t ing  Environmental Condi t ions  

The Spar-TAL could be designed . f o r  more severe  wind, wave, and c u r r e n t  

c r i t e r i a  i f  necessary .  The fol lowing components would r e q u i r e  modi f i ca t ion :  

o  Spar  p la t fo rm would be r a i s e d  

o  Power modules would r e q u i r e  lowering t o  prevent  t h e i r  being exposed 

dur ing wave troughs 

o  CWP t e n s i o n  c a p a c i t y  would need t o  be inc reased  . . 

o  Grav i ty  base  s i z e  would become l a r g & r  

o  Universa l  j o i n t s  would c a r r y  h igher  t e n s i o n s  and would i n c r e a s e  i n  s i z e  

3.8 ELECTRICAL POWER CABLE 

3.8.1 Design Concept 

The Spar-TAL o f f e r s  v e r s a t i l i t y  i n  t h e  ETC des ign  i n  t h a t  e i t h e r  t h e  v e r t i c a l  

d e s c e n t ,  c a t e n a r i e d  d i r e c t  d e s c e n t ,  o r  the  s t andof f  buoy arrangements can be 

used. The recotmuended arrangement f o r  t h e  Spar-TAL i s  the  v e r t i c a l  descen t  
.- . ' 

method, i n  which t h e  e l e c t r i c a l  cHble i s  a t t a c h e d  d i r e c t l y  t o  t h e  CWP, w i t h  

f l e x i b l e  loops around t h e  CWP j o i n t s .  A t  t h e  base u n i v e r s a l  j o i n t ,  a  ca tenary  

loop  o f  c a b l e  can extend from t h e  CWP t o  the  edge of the  base .  Bending 

r e s t r i c t o r s  a t  each end of t h e  suspended loop can reduce bending i n  t h e  cab le  

a t  t h e  r i g i d  a t tachment .  

The minimum bend r a d i u s  of the  cable '  i s  15 f t ,  according t o  Simplex. An 

arrangement to s c a l e  i s  shown i n  Fig.  3-21 t h a t  meets t h i s  requirement.  
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3 . 8 . 2  ETC I n s t a l l a t i o n  

The ETC can be i n s t a l l e d  on t h e  CWP and base i n  two ways. The f i r s t  i s  t o  

p u l l  i t  through a  s e r i e s  of guides  from t h e  seabed t o  the  s u r f a c e .  The second 

method i s  t o  clamp it t o  the  CWP and base by. us ing an RCV o r  d i v e r .  ' 

3 . 9  OTEC COMMERCIAL .PLANT APPLICABILITY 

The c o m e r c i a l  s p a r  has  an approximate displacement of 250,000 tons  and a  CWP 

diameter  o f  100 f t .  This displacement i s  more than t h r e e  t imes t h a t  of the  

40-MW(e) p l a n t .  The wave f o r c e s  a r e  approximately t h r e e  t imes h igher  and t h e  

g r a v i t y  base  i s  t h e r e f o r e  t h r e e  t imes  a s  l a r g e ,  n e g l e c t i n g  resonance i n  the  

CWP. But s i n c e  t h e  CWP has  th ree  t imes the  d iameter  and somewhat more than 

t h r e e  t imes  the a x i a l  s t i f f n e s s ,  .whi le  the  spa r  mass a l s o  i n c r e a s e s  by a  

f a c t o r  of 3 ,  the  frequency response i n  heave ( p r o p o r t i o n a l  t o  VI/M) i s  h o l  ' 

d r a s t i c a l l y  a l t e r e d .  Thus, the  s i z e  of the  g r a v i t y  base  and u n i v e r s a l  j o i n t  . 

can be l i n e a r l y  propor t ioned t o  the  displacement of t h e  s p a r .  

I f  t h e  g r a v i t y  base  s t e e l  weight were t r i p l e d  t o  6 ,000 k i p s ,  i t  would exceed 

t h e  l i f t i n g  c a p a c i t y  of l a r g e  o f f s h o r e  c ranes ,  which p r e s e n t l y  can l i f t  

3 ,000  tons .  Steps  could be taken t o  a l low lowering of a  6,000-ton b a s e ,  such 

a s  t h e  placement of buoyancy tanks  i n  t h e  s t r u c t u r e ,  o r  t h e  use of 

h igh-s t reng th  s t e e l s .  The commercial OTEC p l a n t  p resen t s  t echno log ica l  

d i f f i c u l t i e s  , for  t h e  TAL des ign  concept.  

3.10 MAINTENANCE 

3.10.1 Required Maintenance 

The s t e e l  i n ,  the  base and u n i v e r s a l  j o i n t  should not  corrode e x c e s s i v e i y  i n  

t h e  oxygen-poor waters  p resen t  a t  a  depth  o f  3,280 f t .  The c o r r o s i o n  

al lowance.  i s  s u f f i c i e n t  t o  mainta in  des ign  s t r e n g t h  over t h e  l i f e  of the  

OTECISKSS. In a d d i t i o n ,  the  base des ign  i s  l a r g e l y  determined by i n s  t a l l a t  ion  



l o a d s ,  which. a r e  non re l evan t  a f t e r  t h e  g r o u t  i s  cu red .  In  s h o r t ,  no p a i n t i n g  

of  t h e  base  o r  u n i v e r s a l  j o i n t  i s  r e q u i r e d  a f t e r  i n s t a l l a t i o n .  

The L u b r i t e  bushings  a r e  des igned  f o r  long  l i f e .  There is a  remote 

p o s s i b i l i t y  t hey  could  wear more q u i c k l y  t h a n  expec t ed  and r e q u i r e  r ep l acemen t  

d u r i n g  t h e  l i f e  of t h e  SKSS.' This  would n e c e s s i t a t e  remov'al of t h e  s p a r  and 

CWP w i t h  t h e  u n i v e r s a l  j o i n t :  a t t a c h e d .  The p i v o t s  i n  t h e  CWP cou ld  a l s o  be 

ma in t a ined  a t  t h i s  t ime .  

3.10.2 I n s p e c t i o n  

In spec  t i o n  by RCVs and t e l e v i s  i on  cameras is  recommended a t  p e r i o d i c  i n t e r v a l s  

w i t h  t h e  f o l l o w i n g  i tems  c a r e f u l l y  observed:  

o  Sea rch  f o r  c r a c k s  on a l l  exposed s t e e l  s u r f a c e s ,  e s p e c i a l l y  n e a r  welds  

and j o i n t s  

o  I n s p e c t  t h e  L u b r i t e  bushings  f o r  wear ;  a  f e e l e r  gauge can  be i n s e r t e d  

be tween t h e  p in  and t h e  bushing  t o  measure t h e  wear 

o  I n s p e c t  t h e  ETC e l e m e n t s ,  and t h e  CWP f l e x i b l e  be l lows  

o  I n s p e c t  t h e  s o i l  around t h e  base  f o r  ev idence  of s c o u r  - r a t h e r  

u n l i k e l y . a t  t h e s e  dep ths  

o  I n s p e c t  t h e  s e t s c r e w s  of t h e  mechanica l  connec to r  t o  check f o r  ; 

l o o s e n i n g  

3.10.3 Replacement 

Scheduled rep lacement  of p a r t s  i s  n o t  r e q u i r e d  f o r  t h e  Spar-TAL mooring 

system. Repai r  w i l l  be  r e q u i r e d  o n l y  a s  d i c t a t e d  by t h e  r e g u l a r  i n s p e c t i o n s .  
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3.11 RELIABILITY AND PERFORMANCE 

The p r e c i s e  r e l i a b i l i t y  of the  Spar-TAL i s  d i f f i c u l t  t o  determine 

s t a t i s t i c a l l y ,  s i n c e  none has ever been b u i l t ;  Some genera l  s t a t ements  can be 

made about t h e  system: 

o  The cons tan t  t e n s i o n  i n  t h e  t e n s i o n  member w i l l  'amplify t h e  

s i g n i f i c a n c e  of any s t r u c t u r a l  d e f e c t s  i n  the t ens ion  system. 

o  Fa t igue  and c o r r o s i o n  f a t i g u e  r e q u i r e  a t t en t io 'n .  

o  The mode o f  f a i l u r e  of t h e  mooring system could be dangerous.  I f  a  

2,000-kips n e t  buoyancy i s  p r e s e n t  and t h e  mooring system f a i l s ,  the  

s p a r  w i l l  suddenly .  r i s e  over  310 ' f t ,  exposing the 'evaporator  modules. 

.This  occurs. because , s t a t i c  e q u i l i b r i u m  r e q u i r e s  t h e  Spar/CWP t o  f l o a t  

. h i g h e r  i n  the  water i f  not  he ld  down by a  u n i v e r s a l  j o i n t .  Once t h e  

system f a i l s ,  t h e r e  i s  no backup t o  prevent  t h e  Spar-TAX, from d r i f t i n g  

a s h o r e  and thereby s u f f e r i n g  g r e a t  damage. 

3.12 CONCLUS 10 NS AND SUMMARY 

The Spar-TAL s y s  tem loads  have proven' to  be h igher  than .p rev ious ly  expected.  

An e x a c t  load a n a l y s i s  i s  r a t h e r  complex, ahd s i m p l i f y i n g  assynp t ions  a r e  bade 

t o  d e r i v e  a  s e t  of des ign  loads .  The u n c e r t a i n t y ,  of the  e f f e c t s , ' o f  damping 

r e q u i r e s  model t e s t s  f o r  v e r i f i c a t i o n '  of the  f i n a l  :des ign ,  l o a d s .  

. . 

The mooring base and u n i v e r s a l  j o i n t ,  a r e  shown t o  .be f e a s i b l e  s t r u c t u r e s ,  

u t i l i z i n g ,  s t a t e  of the  a r t  technology. 

The i n s t a l l a t i o n  of the' base and Spar-TAL i s  p o s s i b l e  w i t h i n  p r e s e n t  s t a t e  of 
. . 

the  a r t  techniques .  

The .Spar-TAL concept i s  shown t o  be a  f e a s i b l e  c o n f i g u r a t i o n  f o r  mooring a n  

OTEC power p l a n t  and warrants  cont inued des ign development. ' 
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S e c t i o n  4  : 

COSTS AND SCHEDULES 

This  s e c t i o n  c o n s i d e r s ,  i n  s e p a r a t e   subsection.^, t h e  c a p i t a l  c o s t s  a s s o c i a t e d  

w i t h  t h e  two SKSS d e s i g n s  p r e s e n t e d  i n  S e c t i o n s  2  and 3 ;  t h e  o v e r a l l  l i f e  

c y c l e  c o s t s  impl ied  by t h e s e  c a p i t a l  c o s t s ;  and t h e  s c h e d u l i n g  of  a c t i v i t i e s  

r e q u i r e d  f o r  c o n s t r u c t i o n ,  deployment ,  and o p e r a t i o n  of t h e  SKSSs. 

4 ;  1  CAPITAL COSTS 

T a b l e s  4-1 and 4-2 ; r e s e n t  c a p i t a l  c o s t  e s t i m a t e s  f o r  t h e  ship-IYAL and t h e  

Spar-TAL SKSS d e s i g n  c o n c e p t s ,  r e s p e c t i v e l y ;  l a t e  1979 d o l l a r s  a r e  used 

th roughou t .  I t  is noted  t h a t  t h e  two c o s t  es ' t imates  a r e  n o t  comparable on a  

l i n e  by l i n e  b a s i s ,  a s  t h e  d e s i g n  concep t s  t hey  a r e  r e s p e c t i v e l y  a s s o c i a t e d  

w i t h  a r e  r a d i c a l l y  d i f f e r e n t  from one a n o t h e r ,  a s  are the  c o s t  c a t i m a t i n g  and 

c o s t  a l l o c a t i o n  p h i l o s p h i e s  behind  t h e  two e s t i m a t e s .  The t o t a l  c a p i t a l  c o s t s  

i n d i c a t e d ,  however, can  be couipared t o  each o ' ther  w i t h  a  r e a s o n a b l e  deg ree  of 

c o n f i d e n c e .  I n  p a r t i c u l a r ,  a l l owances  f o r  con t ingency ,  home o f f i c e ,  

e n g i n e e r i n g  and f e e s  a r e  i nc luded  w i t h i n  t h e  'amounts g i v e n  f o r  each  component 

of t h e  TAL sys tem,  w h i l e  t hey  a r e  c a l c u l a t e d  s e p a r a t e l y ,  a s  a  g l o b a l  f i g u r e ,  

f o r  t h e  MAL d e s i g n .  The o v e r a l l  c a p i t a l  c o s t :  of t h e  ship-NAL sys t em is 

rough ly  30 p e r c e n t  h i g h e r  t han  t h a t  of t h e  Sp:ar-TAL. The two summary c o s t  

t a b l e s  a r e  d i s c u s s e d  s e p a r a t e l y  i n  some d e t a i ' l .  

A l l  i n d i v i d u a l  component e s t i m a t e s  shown f o r  ' the MAL SKSS a r e  d i r e c t  from t h e  

a c t u a l  o r  p o t e n t i a l  manufac tu re r s ;  f o r  t h o s e  :cmponents  no t  c u r r e n t l y  

a v a i l a b l e ,  such  a s  t h e  w i n d l a s s e s ,  t h e  c o s t s  shown r e p r e s e n t  t h e  

m a n u f a c t u r e r ' s  b e s t  ROM e s t i m a t e  on t h e  bas i s :  of p a s t  e x p e r i e n c e .  These 

m a n u f a c t u r e r s  i n c l u d e :  f o r  w i n d l a s s e s ,  Western Gear C o r p o r a t i o n ,  Lucker 

Manufac tu r ing  Company, Houston Systems i . Ianufacturing Company, and ? f i t s u b i s h i ;  

f o r  w i r e  r o p e ,  B r i t i s h  Ropes L imi t ed ,  F a t z e r  AG, U.S. S t e e l  C o r p o r a t i o n ,  



Table 4-1 MAL BARGE ACTIVE TENSIONING SKSS CAPITAL COSTS 

MOORING SYSTEM COMPONENTS 

Swive 1 

chain 

Chain Stoppers 
* . .  . . 

Fairleaders 

Wire Rope 

Anchors 

Wi~ldlasses 

Miscellaneous 

Total Component Cost 

contingency, Home Of £ice, Engineering, and Fees 
' 

Subtotal 

MOORING SYSTEM DEPLOYMENT 

Installation Labor and Support Equipment 3 10 

Deployment Barge Lease 875 

~obilization/Demobilization 375 

Total Deployment Cost '1,560 

Contingency, Home Office, ~ngineerihg a h  fees 7 00 

Subtotal 2,260 

OVERALL MOORING SYSTEM TOTAL 27,170 

. . 
Elken Spigerverket, and Thyssen; and for chain, Hamanaka International, Inc., 

and Ramnas. Windlass and chain costs each account for over one-third of total 

component costs,.while fairleaders and wire rope are also important cost 

components, each account for roughly 10 percent o£ component costs. As is 

seen later, wire rope costs are of greater importance to life cycle costs 

because wire rope is assumed to require replacement at least twice over the 

life of the OTEC plant. 
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Table  4-2 SPAR TAL SKSS CAPITAL COSTS 

1979 (SKI 

MOORING SYSTEM COMPONENTS 

Universa l  J o i n t  8,315 

P i l e  Connector 1,700 

Grav i ty  Base 6,950 

T o t a l  Component Cost - 
Contingency, Home O f f i c e ,  Engineer ing,  and Fees ( Included ~ b o v e )  

S u b t o t a l  . . 16,965 

MOORING SYSTEM DEPLOYMENT 

I n s t a l l a t i o n  Labor, Support Equipment, and 
Mobilization/Demobilization 

T o t a l  Deployment Cost - 
Contingency, ~ o i e  Off i c e ,  Engineer ing,  and Fees - ( Included ~ b o v e )  

Sub t d t a l  4,265 

OVERALL MOORING SYSTEM TOTAL 21,230 

The l a s t  e n t r y  i n  the  component c o s t  s e c t o r  of the  t a b l e  covers  a  misce l l any  

of s p e c i a l  purpose l i n k s ,  s h a c k l e s ,  and socke t s .  Mooring system deployment is 

costed on the  b a s i s  of t h e  doplojment procedure d i scussed  i n  S e c t i o n  2.6;  t h i s  

procedure r e q u i r e s  a  s p e c i a l l y  equipped barge which is assumed t o  be a v a i l a b l e  

f o r  l e a s e  a t  a  r a t e  of $73,00O/day. Should t h i s  barge have t o  be b u i l t  t o  

o r d e r  f o r  t h e  s p e c i f i c  purpose of OTEC SKSS deployments,  i t s  c o s t  is es t ima ted  

a t  approximate ly  $15,000,000. Labor c o s t s  a r e  included i n  the  deployment c o s t  . . 
e s t i m a t e  a t  a  r a t e  of $50/hr,  and .support  c r a f t  ( o t h e r  than the  deployment 

ba rge )  a r e  expected to  c o s t  roughly $8,00O/day. 

To a r r i v e  a t  an o v e r a l l  e s t i m a t e  .of SKSS c a p i t a l  c o s t s ,  al lowances a r e  added 

t o  b a s i c  component and labor  c o s t  t o  cover c o s t s  a s s o c i a t e d  w i t h  

a d m i n i s t r a t i v e  and eng ineer ing  a c t i v i t i e s ,  es t imated a t  roughly 10 percent  of 

b a s i c  c o s t s ,  to  provide f o r  f ees  of approximately 10 p e r c e n t ,  and t o  inc lude  a  

contingency b u f f e r  of some 20 pe rcen t  of bas ic '  c o s t s ;  i t  might be noted t h a t  

t r a n s p o r t a t i o n  from the  Gulf Coast to  the  o p e r a t i n g  s i t e  i s ,  inc luded w i t h i n  
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t h i s  cont ingency,  a s  component c o s t s  a r e  g iven FOB Gulf Coast. ,Combining 

t h e s e  t h r e e  al lowances m u l t i p l i c a t i v e l y ,  an  o v e r a l l  combined al lowance of some 

45 percen t  is a r r i v e d  a t ,  and t h i s  is r e f l e c t e d  i n  the  al lowances.  shown f o r  

t h e s e  items i n  Table 4-1. I d e a l l y ,  d i f f e r e n t  al lowances should be app l i ed  t o  

each c o s t  component f o r  .each of the  f a c t o r s  mentioned above, i n  p a r t i c u l a r ,  

cont ingency al lowances should perhaps be h i g h e r  f o r  deployment c o s t s  than f o r  

component c o s t s ,  g iven t h e i r  r e s p e c t i v e  degree  of d e f i n i t i o n .  However, t h e  

a d d i t i o n a l  e s t i m a t i n g  e f f o r t  r equ i red  is not j u s t i f i e d  by t h e  somewhat 

spur ious  improvement i n  accuracy t h a t  would r e s u l t ,  and consequent ly  t h i s  

approach' is not followed. The o v e r a l l  c o s t  e s t i m a t e  a r r i v e d  a t  by app ly ing  a 

uniform allowance ac ross  t h e  board t o  a l l  c o s t  components is a s  accura te  an 

e s t i m a t e  of SKSS c o s t s  a s  can be formulated a t  t h i s  s t a g e  of t h e  des ign  

p rocess .  

The TAL c a p i t a l  c o s t  e s t i m a t e s  inc lude  the  fo l lowing i tems: 

I t em 1 .  Universa l  J o i n t  

o Universa l  J o i n t  F a b r i c a t i o n  

o Bushings 

o Miscel laneous  IMODCO Supply 

o F r e i g h t  (West C o a s t  t o  E a s t  Coast , 'Maryland)  
. . 

I t em 2.  P i l e  Codnector 

o P i l e  Connector F a b r i c a t i o n  

o P i l e  Connector Half Weld to  Item 1 

o F r e i g h t  (West Coast  to  Eas t  Coast ,  Maryland) 

I tem 3. Grav i ty  Base 

o Grav i ty  Base F a b r i c a t i o n  

o P i l e  Connector Half Weld. to  Item 3 

o Miscel laneous  IMODCO Supply 

o I n s t a l l a t i o n  Rigging Equi+ent 
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Item 4. Installation - Gravity Base 
. o Equipment Mobilization/Demobilization 

o Gravity Base Tow to Site 

o ' Installation Prerigging 

o Gravity Base Installation 
6 o Ballast of Base by Concrete (50 x 10 lb) 

I 8 

The following items are excluded from the cost estimates: 

Item 1. Universal Joint 

o Installation to OTEC Machine 

Item 2. Gravity Base 

o Floating BALIDEBAL Installation Tanks 

o Location Positioning Equipment 

o Location positioning Marker Floats 

o Location Position Triggering Transponders 

o Seabed Leveling Grout 

o . Sub-Base Location Template 

o Towing from East Coast to Pt. Tuna 

Item 3.  Installation - Gravity Base 
o Weather Downtime 

o FuelCost 

o OTEC Machine Stab-In into Gravity Base 

o Seabed Preparation 

o RCV Underwater Vehicles and Support Equipment 

o Seabed Cleanup , 

The dominant cost elements in the costs estimated for the TAL SKSS (Table '4-2) 

are the universal joint and' the gravity base, which 'together account for some ' 

90 percent of total component costs and 70 percent of total installed' system 

costs. The high cost of these items is due largely to their very large size 

and plate thickness and, in the case of the universal joint, to the extensive 

use of monel and lubrite. Deployment costs 'for the TAL system, wherein the . 
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co ld  water  pipe. and' spar '  a r e  assumed t o  be 'on s i t e ,  a r e  e s t ima ted  t o  be 

roughly  twice a s  h igh a s  those .  f o r  t h e  W, SKSS design; howevef, a s  a l r e a d y  

n o t e d ,  t h e  o v e r a l l  i n s t a l l e d  c o s t  of t h e  Spar-TAL i s  some 30 pe rcen t  'lower 

than  t h a t  of t h e  ship-MAL. . The ' cos t s  a s s o c i a t e d  wi th  modi f i ca t ion  'of the  cold 
. . 

,water  p ipe  requ i red  to  accommodate t.he mooring loads a r e  not  inc lude .  

The l i f e  cyc le  c o s t s  (LCCS) a s s o c i a t e d  wi th  both SKSS d e s i g n s  a r e  e s t ima ted  

u s i n g  t h e  LCC model desc r ibed  i n  t h e  Task I1 Conceptual Design F ina1 ,Repor t  

(LMSC-D6763791, w i t h  some minor. modi f i ca t ions .  ' For t h e  sake of ~ o m p l e t e n e s s ,  

a  b r i e f  d e s c r i p t i o n  of t h e  model is  included below, i n c o r p o r a t i n g  t h e  

m o d i f i c a t i o n s  mentioned above. 

. . 

The f i r s t .  s t e p  . i n  c a l c u l a t i o n  of LCCs is t o  genera te  a cash 'disbursement 

schedu le  spanning the. e n t i r e  l i f e  o f .  t h e  SKSS. The program o p e r a t e s  on t h e  

c a p i t a l  c o s t  ' d a t a  i n  Tables  4-1 and 4-2, according t o  t h e  ' fo l lowing r u l e s :  

o The OTEC p l a t f o r m  and SKSS . a r e  , to  s t a r t  ' o p e r a t i o n  at . .  t h e  .beginning of 

. .  1985 and have. a  30-year o p e r a t i o n a l  l i f e ;  thus  ending o p e r a t i o n  a t  t h e  

end of  2014. 

o  C a p i t a 1 : c o s t  expend i tu res  t ake  p lace  a t  a n  even r a t e  over  t h e  period 

from o r d e r  placement to. equipment d e l i v e r y ;  t h u s ,  they  a r e  time-phased 

fo l lowing  t h e  schedules  p r e s e n t e d  i n  t h e  next  subsec t ion .  

o. Scrapping o r  d i s p o s a l  c o s t s  a r e  assumed t o  be 'one-half o f  deployment 

. c o s t s ,  and t o  occur. i n  2015, t h e  year  fo l lowing t h e  end of opera t ions .  

o  y e a r l y  l o c a l  t a x  and marine insurance  charges a r e  expected t o  be 

roughly 3.5 pe rcen t  of i n i t i a l  c a p i t a l  c o s t .  

o  The. .year ly  c o s t  of i n s p e c t i o n  and r o u t i n e  maintenance 'of the  p la t fo rm . . 

is  ,est imated a t  approximately 1 percen t  of i n i t i a l  c a p i t a l  c o s t ,  

o  A l l  c o s t s  e s c a l a t e  a t  a  y e a r l y  . r a t e  of 7  pe rcen t  except  f o r  t a x  and 

insurance  charges  which remain f i x e d  a s  a  p ropor t ion  of o r i g i n a l  

(account ing)  c o s t .  
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Once the  disbursement schedule  has  been genera ted ,  each : y e a r t s  cash flows a r e  

t o t a l e d  and t h e i r  p resen t  value  i n  1979 i s  then obta ined fol lowing t h e ,  . . .  : 

end-of-year f i n a n c i a l  a n a l y s i s  convention a n d . a  10-percent d i scoun t  , r a t e ;  t h e  

r e s u l t  of t h i s  opera t ion  i s  the  o v e r a l l  LCC of  each system f o r  a  g iven c o s t  

s c e n a r i o .  It might be noted t h a t  the  va lues  a s  g iven above f o r . e s c a l a t i o n  and 

d i scoun t  r a t e s  a re  those  suggested f o r  use  i n  t h e  r e c e n t l y  completed Power 

System Development-I1 Study. 

Table 4-3 shows the  disbursement schedule  and l i f e  cyc le  c o s t  f o r  t h e  ship-MAL 

SKSS concept .  The o v e r a l l  LCC i s  approximate ly  $45,000,000, some two-thirds 

h igher  than c a p i t a l  c o s t s .  This r e f l e c t s  the  i n c l u s i o n  i n  LCCs of t h e  c o s t s  

of maintenance and even tua l  sc rapp ing  of t h e  SKSS, taxes  and insurance charges  

on i t ,  and the  cos t  of two replacements of the  wire ropes,  which a r e  assumed 

t o  have a  10-year s e r v i c e  l i f e .  The p resen t  c o s t  of these  two replacements i s  

s l i g h t l y  over  10 pe rcen t  of the  t o t a l  LCC. This  high p ropor t ion  of wire  rope 

replacement c o s t s  i n  LCC is due p a r t l y  t o  assuming t h a t  the  c o s t  of t h e  

n p s r a t i o n s  involved i n  r e t r i e v i n g  and d i spos ing  of old wire ropes ,  and 

r e p l a c i n g  them with  new ones,  i s  approximately the  same a s  the c o s t  of the  new 

ropes  themselves. This  assumed o p e r a t i o n a l  c o s t  i s  almost c e r t a i n l y  too high,  

a s  i t  i s  roughly equal  t o  the  c o s t  of the  o r i g i n a l  deployment o p e r a t i o n ;  t h i s  

high e s t i m a t e  was r e t a i n e d  t o  in t roduce  some conse rva t iveness  i n t o  the  LCC 

e s t i m a t e ,  thus  compensating f o r  the  perhaps o p t i m i s t i c a l l y  long assumed w i r e  

rope s e r v i c e  l i f e .  To t e s t  ' t h e  s e n s i t i v i t y  of LCC t o  t h i s  parameter ,  a  

s e p a r a t e  c a l c u l a t i o n  i s  c a r r i e d  o u t  f o r  a  5-year w i r e  rope l i f e ,  r e s u l t i n g  i n  

a  LCC inc rease  of roughly one-quar ter ,  t o  approximately $57,000,000. By 

c o n t r a s t ,  assumption of a  10-day de lay  i n  deployment and sc rapp ing  opera t  i o n s ,  

a t  a  weather downtime r a t e  of $100,00O/day ( i n  1979 d o l l a r s ) ,  only i n c r e a s e s  

the  t o t a l  LCC by about 5  pe rcen t .  

Table 4-4 shows the  disbursement schedule  and t o t a l  l i f e  cyc le  c.ost f o r  the  

Spar-TAL SKSS. The o v e r a l l  LCC i s  approximate ly  $31,000,000, roughly one-half 

h igher  than the  c a p i t a l  c o s t  e s t ima te .  I t  might be noted t h a t  no a c t u a l  

maintenance i s  planned f o r  t h i s  system. The amounts shown under t h i s  heading 
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i n  the  computer p r i n t o u t  a r e  in tended t o  cover the c o s t  of  p e r i o d i c  submarine 

inspec t ion .  It i s  no t i ced  t h a t  cons ide ra t ion  of o v e r a l l  LCCs i n c r e a s e s  the  

apparent  r e l a t i v e  c o s t  advantage of t h i s  concept over the  ship-MAL SKSS a s  t h e  

l a t t e r ' s  LCC (Table 4-31 exceeds t h a t  f o r  the  Spar-TAL SKSS by some 50 

pe rcen t .  This inc reased  advantage i s  p r imar i ly  due ' t o  the  l ack  of components 

r e q u i r i n g  ' ~ e r i o d i c  replacement i n  t h e  Spar-TAL concept ;  a l l  items i n  t h i s  

des ign a r e  expected to  l a s t  o u t  t h e  30-year o p e r a t i o n a l  l i f e  of the  OTEC 

p l a n t .  I n  c l o s i n g ,  i t  might be noted t h a t  TAL LCC c o s t s  a r e  somewhat more 

s e n s i t i v e  to  weather downtime than those  of the  previous  system. A 10-day 

weather de lay ,  cos ted  now a t  the  ( a p p r o p r i a t e )  h igher  r a t e  of $250,00O/day, 

r e s u l t s  i n  an i n c r e a s e  of over  20 percent  on o v e r a l l  LCC. 

4.3 SCHEDULES 

F igures  4-1 and 4-2 d e p i c t ,  f o r  the  MAL and TAL SKSS d e s i g n s ,  r e s p e c t i v e l y ,  

schedules  f o r  component o r d e r  placement,  SKSS i n t e g r a t i o n  and deployment, 

o p e r a t i o n s  and r e c u r r i n g  replacements ,  and even tua l  scrapping of t h e  SKSS a t  

the  end of i t s  u s e f u l  l i f e .  

It i s  assumed i n  both cases  t h a t  deployment is planned t o  take p lace  i n  t h e  

l a s t  q u a r t e r  of 1984, followed by o p e r a t i o n s  beginning i n  e a r l y  1985. It  is  
I .  

emphasized t h a t  t h i s  schedule  i s  p r i m a r i l y  f o r  t h e  purpose of LCC a n a l y s i s  and 

consequently does not  t ake  i n t o  account weather window c o n s i d e r a t i o n s .  Should 

such c o n s i d e r a t i o n s  d i c t a t e  a  p re fe rence  f o r  a  . d i f f e r e n t  seasona l  pe r iod  f o r  

deployment o p e r a t i o n s ,  the  e n t i r e  schedule can be s h i f t e d  i n  e i t h e r  d i r e c t i o n  

by the  appropr ia te  number of months. The impact qn LCCs of such s h i f t i n g  i s  

r e l a t i v e l y  smal l ,  on t h e  o rde r  of one o r  two percentage p o i n t s .  

The longest  lead items i n  t h e  MAL SKSS concept a r e  the  chain ,  wi th  a  241nonth 

o rde r  lead t ime, followed by wind lasses ,  which should be ordered some 

18 months p r i o r  t o  need. The balance of components f o r  t h i s  SKSS des ign  can 

be ordered 3  t o  6 months p r i o r  to  need. Mobi l i za t ion ,  system i n t e g r a t i o n  and 

i n s t a l l a t i o n ,  and demobi l i za t ion ,  l a s t i n g  somewhere between 1  and 2 .  months, 

a r e  assumed t o  take  place  w i t h i n  the  l a s t  q u a r t e r  of 1984, a s  d i scussed  
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e a r l i e r .  ~ o u t i n e  maintenance i n  the course of operations takes place on a 

continuous bas i s  over the 30-year l i f e  of the SKSS. In addi t ion,  major 

maintenance operat ions occur a t  10-year i n t e rva l s  t o  replace worn wire ropes. 

F ina l ly ,  removal and scrapping of the SKSS a r e  planned t o  occur i n  the  f i r s t  

quar te r  of 2015, the year following termination of operations.  

In the case of the T Y  MSS, orders  for  the universal  j o i n t  and the g rav i ty  

base must be placed 24 and 18 months, respec t ive ly ,  i n  advance of need, and 

the p i l e  connector must be ordered 9 months i n  advance. Again, deployment i s  

assumed t o  take place i n  the l a s t  quar te r  of 1984, and the system i s  assumed 

t o  be scrapped i n  the f i r s t  quar te r  of 2015. 

The i n s t a l l a t i o n  of the lower u n i v e r s a l . j o i n t  i n t o  the g rav i ty  base should 

form p a r t  of the t o t a l  i n s t a l l a t i o n  sequence, i n  which the OTEC s p a r . i s  

connected to  t he  CWP sec t ions  i n  a v e r t i c a l  o r i en t a t ion .  

I f  connecting the  base universal  j o i n t  t o ,  the mooring base i s  priced out 

s epa ra t e ly ,  the cos t s  excluding divers  and remote con t ro l  vehic les ,  a r e  a s  

follows: 

~obilization/~emobilization $ 50,000, 
. . 

1 Tug, 5 days 40,000 plus fue l  

1 Mater ials  Barge, 5 days 25,000 

Misce.llsneoua Equipment 5,000 

TOTAL , $120,600 
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S e c t i o n  5 .  

CONCLUSIONS AND RECOMMENDATIONS 

Pre l iminary  des igns  a r e  completed f o r  two OTEC Sta t ionkeep ing  Subsystems; t h e  

MAL with  a c t i v e  t ens ion ing  f o r  the  barge and t h e  spa r  TAL. Engineering 

d e s c r i p t i o n  a t  the  l e v e l  of d e t a i l  r equ i red  f o r  p re l iminary  des ign  a r e  

prnvided and supported by e x t e n s i v e  d i s c u s s i o n s  of  des ign  development and 

methodology. 

The s t a t i o n k e e p i n g  performance requirements  f o r  t h e  barge a r e  s a t i s f i e d  by t h e  

MAL a c t i v e  t ens ion ing  SKSS. The FlAL mainta ins  s t a t i o n  i n  the .Extreme Sea 

S t a t e  under conse rva t ive  des ign  loads  and wi th  l o s s  of t h e  windward l eg .  The 

system provides  s u f f i c i e n t  ho ld ing  power t o  mainta in  s t a t i o n  wi th  the  r e q u i r e d  

excurs ion ,  is capable of a l t e r i n g  l e g  l eng ths  t o  e f f e c t i v e l y  d i s t r i b u t e  loads ,  

provides  heading c o n t r o l  of up t o  90 deg,  and i s  s u i t a b l e  f o r  e x t r a p o l a t i o n  t o  

the  commercial p l a n t  SKSS. MAL SKSS c a p i t a l  c o s t  cctimatrl i s  $27.2  M ,  and 

l i f e  cyc le  c o s t  i s  $45 M. The MAL r e q u i r e s  approximately two years  from o r d e r  

of hardware t o  i n s t a l l a t i o n .  

A development'  and t e s t i n g  program presented i n  t h e  s e p a r a t e  Task I V  r e p o r t ,  i s  

recommended t o  provide c o n f i r m a t i o n - o f  des ign  assumptions and hardware 

development necessary  f o r  s u c c e s s f u l  i n s t a l l a t i o n  of the  MAL i n  1985. The MAL, 

des ign  i s  based on e x i s t i n g  o r  minor ex tens ions  of manufactured components. 

Act ive  t ens ion ing  i s  shown t o  be an  e f f e c t i v e  technique f o r  reducing l e g  

t ens ion .  The barge heading i s  c o n t r o l l a b l e  'by lengthening a l l  l e g s ,  thereby 

t r a n s f e r r i n g  t e n s i o n  t o  pendant l i n e s .  The e x t e n t  of heading change, 

p ropor t iona l  t o  the  e x t e n t  of load sha r ing  between pendant and chaf ing  c h a i n s ,  

i s  l i m i t e d  to  90 deg clockwise r o t a t i o n .  MAL c o s t  s e n s i t i v i t y  to  watch c i r c l e  

i s  smal l  a s  the  Extreme Sea S t a t e  requirement l i m i t s  r educ t ion  i n  anchor l e g  

s c a n t l i n g s .  
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A d e t a i l e d  deployment p lan  d e f i n e s  t h e  s t e p s  and equipment r e q u i r e d  t o  i n s t a l l  

t h e  MAL i n  t h e  g r e a t  depths  a t  t h e  Puer to  Rico s i t e .  Procedures f o r  

i n s p e c t i o n ,  maintenance and r e p a i r  i n d i c a t e  t h e  e x t e n s i v e  o p e r a t i o n  r e q u i r e d  

f o r  wire  rope replacement.  I n t e r f a c i n g  the  MAL wi th  t h e  barge is shown t o  be 

n o n c r i t i c a l ,  a l though l a r g e  bending and h e e l  moments a r e  induced i n  t h e  ba rge  

by the  SKSS. The p o t e n t i a l  i n t e r f e r e n c e  between t h e  CWP and a s l a c k  anchor 

l e g  i n  t h e  Extreme Sea S t a t e ,  and bctwce i~  auchnr Legs and r i s e r  cables, 

r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n  t o  a s s e s s  c r i t i c a l i t y .  

The TAL i s  shown t o  p o t e n t i a l  ly s a t i s f y  t h e  SKSS des ign  requirements  f o r  t h e  

s p a r  platform. The des ign ,  based on e x t r a p o l a t i o n  of px i s t i r lg  SALMo,  is  s i z e d  

t o  rtaCL loads which a r e  s i g n i f i c a n t l y  l a r g e r  than t h e  loads  deeermined i n  

concep tua l  des ign.  Hence, t h e  u n i v e r s a l  j o i n t  and g r a v i t y  base  s t r u c t u r e  a r e  

h e a v i e r  and more c o s t l y  than both  the  e a r l i e r  concept and e x i s t i n g  SALMs. The 

r e q u i r e d  s e r v i c e  l i f e  is  . l o  y e a r s  longer  than p r e s e n t  d e s i g n  requirements.  

The loads  on t h e  CWP, a c t i n g  a s  a n  i n t e g r a l  component of t h e  SKSS, a r e  

determined.  A CWP d e s i g n  i t e r a t i o n  is r e q u i r e d  t o  a s s e s s  the  impact on . the  

CWP, p a r t i c u l a r l y  i n  the  a r e a  of t ens ion  c a r r y i n g  c a p a c i t y  of the  p ipe  . 

j o i n t s .  Extension of a n a l y t i c a l  models i s  r equ i red  t o  adequate ly  p r e d i c t  TAI, 

performance i n  a  seaway. The c a p i t a l  c o s t  i s  $21.2 M and l i f e  c y c l e  c o s t  i s  

$31 M. 

TAL i n s t a l l a t i o n  i n v o l v e s  lower ing the  g r a v i t y  base  and g r o u t i n g  i n . g l a c e ,  

f o ~ l o w e d  hy s tab- in  oi: Lhe U - j o i n t  a t t a c h e d  t o  t h e  bottom 'of '  t h e  CWP.: This  

procedure ,  c r i t i c a l l y  dependent on a c c u r a t e  measurement of water  dep th ,  i s  

cons ide red  t o  be w i t h i n  t h e  s t a t e -o f - the -a r t  i n  o f f s h o r e  eng ineer ing .  

I n  comparing the  MAL w i t h  t h e  TAL, consider '  t h a t  t h e  TAL i s  no t  a p p r o p r i a t e  t o  

t h e  s h i p  whi le  t h e  MAL w i t h  m o d i f i c ? t i o n .  i s .  a p p r o p r i a t e  t o  the  spa r .  A 

r e l a t i v e  comparison is made i n  cons ide ra t ion ,  of the  choice  o£ a  SKSS f o r  t h e  

s p a r .  
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F a c t o r  SKSS - 
I n s t a l l a t i o n  

E l e c t r i c a l  R i s e r  

F a i  lu.$e 

CWP I n t e r  f a c e  * 

P l a t  form I n t e r  f a c e  

L i f e  Cycle Cos t  . 

Water Depth 

: - MAL i s  c l o s e r  t o  SOA t h a n  TAL, c o n s i d e r i n g  depth 
and s e r v i c e  l i f e .  

TAL p r o v i d e s  more d i r e c t  i n t e r f a c e ;  l e s s  - 
i n t e r f e r e n c e  t h a n  MAL. 

MAL h a s  g r a c e f u l  mode of  f a i l u r e ;  TAL d o e s  no t .  - 
MAL r e q u i r e s  minimal i n t e r f a c e  w i t h  CWP; TAL major  - 
i n t e r f a c e  w i th  CWP. 

T& has mini.ma1 i n t e ~  f a c e  w i t h  p l a t  form; M A L  has  
: s i g n i f i c a n t  i n t e r f a c e .  

TAL has  p o t e n t i a l  f o r  lower l i f e  c y c l e  c o s t .  - 
. TAL a l l o w s  s h a l l o w e r  s i t e ,  t h e r e b y  p o t e n t i a l l y  

lower c o s t s .  

R i s  k-Cri t  i c a l i t y  i s  found t o  have  l e s s  r i s k  t h a n  t h e  TAL.' 

Schedule  R i s k  M& has  lower d e l i v e r y  r i s k  because  o f  fewer 
' s p e c i a l  f a b r i c a t i o n  i tems .  

Deployment. T& has lower economic r i s k  a s  t h e  h igh  c o s t  work 
ba rge  needed f o r  MAL deployment  i s  n o t  r e q u i r e d  f o r  
t h e  TAL. 

Des ign  and a n a l y s i s  e f f o r t  is recommended t o  f u r t h e r  deve lop  t h e  two SKSS 

d e s i g n s .  Areas which may ':lead t o  c o s t  r e d u c t i o n s  and which r e q u i r e  

development  i n c l u d e :  

o  For t h e  MAL: w i r e  rope  s h e a t h i n g  and o t h e r  c o r r o s i o n  i n h i b i t i n g  

t e c h n i q u e s ,  c o n t i n u o u s  p u l l i n g  machines f o r  c h a i n ,  h igh  e f f i c i e n c y  

d rag  embedment anchor s  f o r  tandem c o n f i g u r a t i o n ,  f o r e  and a f t  

asymmetry of  anchor l e g s ,  s h o r t e r  c h a i n  segment ,  v e r i f i c a t i o n  o f  

f a t i g u e  load ing  p r e d i c t i o n s  and development  of  e m p i r i c a l  S-N c u r v e s  

f o r  w i r e  rope .  

o  For t h e  TAL, lower c o s t  a l t e r n a t i v e s  t o  t h e  U - j o i n t ,  a n a l y t i c a l  model 

f o r  p r e d i c t c o n  o f  spar-TAL response  i n  a seaway, and CWP d e s i g n  

i t e r a t i o n  f o r  TAL a p p l i c a t i o n .  
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MAL and TAL 'des ion ref inement  is recorhmended t o  .reduce des ign c o s t s  and t o  

conduct t r a d e s  of SKSS requirements  wi th  d t h e r  OTEC subsystems t o  a s s e s s  the  

c o s t  e f f e c t i v e n e s s  of the  p resc r ibed  performance requirements .  P o t e n t i a l  c o s t  

r e d u c t i o n s  may be found i n  reducing water  depth ,  i n c r e a s i n g  watch c i r c l e ,  and 

i n  development of environmental  c r i t e r i a  supported by a n a l y s i s  of t h e  s e a  

s t a t e  induced by Hurr icane Freder ick  which recenqt ly  passed nearby t h e  Puer to  

Rico s i t e .  

.5 -4  
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THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



1 C: "Z:E:SZLOHD" . . . . . . . . . . . 
2 1: : 
.-, !AR I TTEN E'I' : k . L .POTA5H 1 4  .JUPiE r 1 9 7 9 .  
.-# P I  = 3 , 1 4 1 5 9 2  
4 1 0  IXINT I NU€ 
C . J WRITE( 1 71 00) 
6 
i' HCCEPTURETURN PERIOD UF STORM<YRS)= " rRT 
7 < HCCEPT "PLATFORM HEADING=" rEETR19 " D E W  1s E ~ ~ T : I  " 
3 RCCEPT "I!! I NJI FROM " rBETA2ruDEG." 
9 ACCEPT "CURRENT FROM " ,EETH:I. ,"DEl:." 

1 0 ACCEPT "lrlH1\~E FROM " 9 BEPA4 9 " U E I ~  . " 
1 1  IzHLL 12 I T E (  RT 9h:S 9 TO ,BETAS v B E T A : ~  :,BETA4 rll)M ? V C  :I ' 

1 2  C :D 1 :SPLHY RT rHP 9 TO rlv'!,J yln)C 
1 :3' I.l.IRITE5: 1 .r 1 0 1  >H:S 
1 3 . 1  U R I T E ( 1 9 1 1 1 )  TO 
1 4  lrJR 1 TE 1:: 1 1 02  > Vl.1) 
1 5  1.1,tR 1 TE ( 1 9 1 (1::: 2 '*)C 
1 6 U%ITE5: 1 n 1043  
4 7 WRITE( 1 r 10.5:) 

3 CALL ~I INDI:  BETA1 r BETA2 rVlrJ TFX r FY 9FX I r F Y I  9 RNU rFXS sFS'S :I 
13 I!.IF:ITE( 1 r 1 0 6 1  FX 9FY r F X I  rF'T'I sRNW rFXS rF'.IS 
2 [I C : D I :SPLAY EETR1 r BETR2 r141rl sFX r F'r' rFX I rF7 I 7RNl1.l 
.- 21 C : D I :%PLk'f FXS rF','Z 
.=, 3 
LL CALI- CI_IRREP{T (: BETk 1 r'&ETH:3 9'0jC rF:x:C r FYC rF:(I: 1 r FYC 1 r RNl: 9FXC 1 S pF'r'C: 1% ) 
.- .-, 15 .-. C:DISPLflY BETH1 pEETfi:2r1*iCrFXCrF'.{C9F:~:IZI rFF~'C:I rRP{~I: 
sq It!EITE( 1 91 OT>FXC ~ F Y I ~  ~F:<II:I rF\I'C:I ?RP{lI: ZF>{II:I:; 9F'fCI:z 
.g c 
L .-I C:ALL l d k v ~ (  b ~ ~ f i l  9 BETH4 rHS rTO zFZih> rFYN 9FXI.J 1 rFS,'ISI 9 

RP{I,I.IH rFXirl5: ,Fti'M:z rF::.::WIS 2F'fI.?I 1:s ::I 
.=, .- 
i b  C:DI:ZFLH'.{ BETH1 s B E T ~ 4 7 H ~ ~ T ~ r F : : ~ : : l j ! ~ F ' ~ i ~ . F I . ~ ; l . i ! I  .~Ff'lJ1 zRNl.~JHsF~l.,,l~. 

F'flA:Z 9Fxl1.I 1 :s sF j ' l i j I .~  
.=, 7 I 1 I F::<:W rF'~{l.~.l,rF)::~I , F Y W I  ,RNI. I~A.F::<: I . I I~:~~F' . (~~!I :~ 
:-. :z; a- .- 12 : :::UP1 OF FORlzE:s fifin tlaP1ENTS . 
2 54 F::.<T = F::.:: + FXC + FXId 
:> !:I F'$T = Ff"+ F'.iC + F'fM 
:3 1 R h T  = RNI.I! + RtdC + RN!.~jfi 
.:, .=, .-# L F Y I T  = F X I  + F X C I  + FXlljI 
.> .> .-, :O F Y I T  = F Y I  + F'I'IZI + F'.{l!!r 
5 4 F); I T:z = FXS + F X C  1 :S + F>::l,j 1 5  
5. c .-..-I F Y I T S  = Fj'S + Fj 'CIS + FYI.I.II:~ 
.-, r .:. b WEZTE I 1  r109:i F % T ~ F ' r ' T r F X I T r F Y I T r R P i T ~ F ~ : ~ ~ I T 5 ~ F F I " 1 T : S  
.:, 7 
-# I I: : 'y'ECTOR SUM . 
.3 ~3 
2 0-a CBT = :SQPT(FXIT+*Z + F'fIT++E) 
:3 13 F:ST = :IG!RT I: F::< 1 T S * *  + F Y I  TS++z :I 
4 I:I Id? I TEI:: 1 (I I 1 O;lFBT rFST 

\ 1 0 0 FORMeT( ...',' 1:I;X r "PLATFORM EIJV IEONMENTAL :STfiT 11: LOHDS " :I 
-. d 1 111 1 FORRHT ( .s' r " '2 IGI.1 I F I CANT Ir.lA'v'E HE I GHT i F T  >= " 9 F 4  .1> 
4 '3 1 0 9  ~C)RMAT("I.i.IIND :SPEED(KT>= "aF3.1) 
4 4  1 0 :  =ORMF.IT( ":z:lJRFAC:E CIJRREP{T(KT ::I = " rFZ .1  :'r 
49 1 04 F!l!?tlAT<,.~'s "PLHTFORM . . . . . .EARS€. . . . . . . . . . . . . . . . .. . . . . . 

I .  . " 9 5X 9 " . . . .::PAR. . . .j 

4c, . ~I:IJ ~ORI.1fiT~~11X,"F:r::(LE:) F'.{(LB> F>::I ' 1  fJl::FT-LE) 
F :>< I F'.,' 1 " g / :I . . 
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FORMAT 1:: "I,t.lI N ~ I "  9:'JX 7 JI:: 1 ::.:: ? FS . 0 ::I 9F 1 0 . 92 ( 1:!.< 9F8 . 111 :I ) 
Fo1;'MAT):: "C:URREhT" ,4( 1% 9F!3. I:I) ?F1 0.1:1 92C I::<: ,Fa. 0 )  ::I 
FORMAT< "I.llH'y'E" ?:z::.:: ,4( I;:( ,F:3. !]::I r F 1  0. 0 ,2r: 1):: 9F8. 111) ::I 
! = ~ R ~ l Y T r ' " T ~ T ~ L "  ?sX ? 4 (  I::.; ,FS. l:l) r F 1  111 . 0 921:: 1X ?F43 . .]::I ,...'....'::I 
FORMAT( "'0,JEC:TOE Z:.ljM" 97X 9F3. 111 9:3 i jX 7F9. 0::i 
F!JQMfiT("MODfiL WA1o,jE PERIOD( :~EC. j= "yF5 .1~1  
150 TO 1 6  
END 
' ~ I - I E ~ ~ ~ l ~ T I ~ E  I . I ~ I ~ ~ D J : : B E T F ~ ~  ~BETH~~l*>MyF: : (yF"r ' rFXI  ? F Y I  ,RNi>.IyFXS,FY:Z:> 
I:: : 1)) I ND ::i-lF;lrGE HPiD :S!I)~'Y' FORCE AND '$Hl.~.l I'lOMENT ON EfiF;lr15E 9 SPSR . 
D 9 T ...' 1 :3 4.3 4 . ....' 9 B 15 /' 7 4 <, [I /' , B H ..' :3 :3 1 6 ..' y E P ..-.' 8 6 0 9 . ....' 
II~~TH  AS:^.,..^^^ 0 .... .. :z~I:., 1,575 ..,.. 

='::;&1,.115~3s 
'.,Jl.?l = ' 8 j l 1 . I  + 1 .&a's1 
C = P I . /  1:30. 
fiHTH RL.':>71 ...*' ,f?Hn/'O . 002:378.~ zCDM..*.I:t -8 
DATa C: 1 .a''? . 7 a 4  g3,'1/ 2~z2.,.'5 . 2 5 9 7 7 2 2 ,  9 C:>..*'- .s 1 :3:33:399..* 9 

I: J.,..:3 .614:3r_tlse-0:3..; y~S,8-:3 . ~59.1.3g-[13...' .I~E....'l .~4[1+a3:~9~-0?. . .~  , 
1:7..'- 1 . :339:3 I:154E-1 rJ..' 

DATS D 1 ...'i) . 1456&49E-  I:I~..>' r D z / ' l  .zz 17357E-  I:I2...' 9 D:3..'- 1 . 0::: 05 OzsE- I]4....' , 
D4,...'1 .8&5176:3E-l]7.*.. 31j9.99'3. 1:3'314'3:3E-l [I/ 

B I Z  = BETA2 - BETA1 
CC = :sI t jNl- l t l<B12j  
IFCBIg .CQ, O>l::C=1 
T$.I anRS(B12)  
TM2 = T!I.I* TU 
TI!!:> = T!~l2 + TIJ 
71~14 = f W:3 + Tl,o.l 
TU5 = Tl.1.14 TI,I,I 
Tlr.lt5 = fh.I!3 4 TI,] 
RLOL = D1 + D~+TI.IJ + D:>*TWZ + n4+TM3 + DS*TW4 
ALPHA = I21 + C2*T1.21 + C:3+Tl.,.ls + 1::4+Tl.J:3 + [:5+Tl.1!4 

+ lz&*TMS + C7+TW6 
ALPHA = CC HLPHH 
T1.1.l = TM *<I: 

C :DIPPLFtY ALPHH rELOL 
$'I>] ;z = '1) l.11 + ':.'l.~.l 
T!~I:: = TIJ + C: ' 

RLPYAC = ALPHA C 
.-. :. T 1)) = :: 1 8:. -1' 1j.I 11. :.I 
::TI.,!? = :I:Th,l + :STM 
1::TI.J = I-:OSI::TIJ!C:> 
CTIJS = t:Ti.~j CTW 
CAT14 = C:aS(ALPHI.iC - TIj.lC) 
FI)l = ,C:DI.I.I +O.S +RHO + vl.~.ll.+( ~ * : ~ T I . P J ~  + BP*CTII.~Z) ....' CATI,I.I 
C : D I :zPLfi',{ FU 
C:BHRGE FRAME COMPONENTS. 
F:< = -FIa!+tI:O:S 1; HLPHHC> 
F '.i = - !=W*S INCHLPHAC j 
1: :, IIJERT I HL FRAME COPlPONENTS . 
BETHlC = BETH1 + C 
E:MA = GLPHHC + BETALI:: 
= X  1 = -FM + CU:Z(EMR::I 
F Y I  = -Fl.~,l :sIN<BMH> 
C :  YH1.d MOMENT. 
RrJ1.1.l = - FY+l:O:s(PLFHAC)*I;iL ( 0 . 5  - RLOL> 
C : :SPAR I)! IND DRHG(%I DE FORCE END MOMENT ARE .ZERO) . 
F:SW = [l,g RHO* !4l.J2 *(fi:z,z+l. + : S ~ l ~ + O . ~ ~ : : t  
BETAZC = BETA2 * C 
FX:Z = - FSW *I:O$~:EETP~C> 
F'r'S = - F:SW * SIN(BETAZC> 
RETIJRN 
EhIS A-4 



:SI-IE:ROI-ITIfiE C:I-IRREI.{T(SETHl ,BETH:; r's,!C ,F:)l: ,F'i' ,F':{I ,FLi'I ,j?NC ,F::.<I:z ?F'fI:''i ;. .. 
C:~::l-lf?REpiT :SIJRGE,:ZI.,.IH',' FipiD '.i'ql.,.I MOPlENT Up{ FHRI~E ApiD :SPfiE. 
DFfTA CD ....' 111 . &.,' , ~~IZ.....Z 477 o..' , BC..."74:C,5.,.' , RHO. .." 1 4!3. .... ,P I  ...;:3 . 1 4 1 .5'3...' 
D H T Y j? L ....' :3 7 1 . ..' , Ff P ...' ;" 2 0 4 111 ..' , H 11: 1.11 P ..,.' ::: :2 [I 5 111 , ...,. 
Dq f H D 1 ....'4 . 1 436, 649E - I:Iz..' z ....' 1 , z2 1 796 7E- I:I'=, L .. ... r fi:=. -- ., .'- 1 . l:1:3 111.5 [1;:6, E - 1114 ../ , 

ZI 4 ..... 1 . i3 6.5 1 7 6 8 E - 111 7 ....' , D 5 ....' '3 . 1 :3 '3 1 4 9.3 E - 1 111 .c' 
DFfTY HSCIJ.,'.) o..,. HI:WPS.....:~:~J~ 0. 
!: = P 1 ..... 1 :s 111 . 
!,>CF = !,!C + 1 .6,854 
I I .-, .-. .- = ':.'!I: F • '$!C F 

TC: = HB'S(PETH:3 - BETH1 ) 
TCZ = TC + TC 
T I 3  = TI:E+ TC 
Tiz4 =. TI:::> + TI: 
RLOL = D l  + DZ+TC + [1:2*T!:2 + 114+TC3 + D5+TC4 
TI~: = rl: 6 c 
F = -  CD 6 111.5 + RHO + 'y'C2 
I:? = (I~OS(TI:C::I> 
.-. .-, 2 . ~  = I:':SIN(TCC:I:I 
1: : BHRGE FRHPIE C:OMPOtJENTS-HULL. 
F::{H = i: + El:: + C:? 
1: : IS 1 SPLR'.i '"~HH '\FXH 
F ~ H  =- F + HI: + se 
1; :D IzPLRY "F0fH= " ,FP.,.'Y 
FC = SQRT(FXH++2 + F'.(H++2) 
iz :II 15PLfi"i. "F,C = " 7 F C  
PLAPlE; = HTApi2 (-F'$H ,-F?(H::I 
C :DI'SPLfi'i' "RLAMB=" yPLfiP1B 
PI?! = BETH1 * I: + RLfiPlE 
C :'I'H!d tlOMEriT 
RNC = -"fH*RL + ( 111.5 - RLQL ::I +COS ( : d L f i ~ ~  :I 

C: : DISPLHY "FI: 9RL ?t?LGL rRLHPlB=" 2FC 1PL PRLDL y ~ ~ f i { 1 ~  
C : ~I:::!:HHF.:I;E P 1 PES . 
FCP = - F RP + lII.'?++s 
!: :DI:SPLHY " FcP=" ,FlT:P 
E E T H : ~ I ~  = EETfi:3+1:: 
EETH11; = BETH1 + [I: 
B"i-:Nl = E:ETH:zC - E;ETA~IZ 
8: : i2OLD ItiHTEB P I P E  DRHl5. 
I::DCI!JP = I:l.[~hc, + '$C: ++ 0, 1'36 
FI::MP = 1:r.S + Hl::l.,jP +' <!C;" + CDCWP 
i:: : B 1 'Z.F'LH'.i'" FCIJP= " .FCl,,jP 
~::.::p = - ( ECF + FlI:l.,.IP :r + 1::O:S ( E:3pll ) 
F'(p = - 4:: FCP + FCI>.IP > + :zIt{t'B:3PIl:> 
F':.! , a  = FXH + FXP 
F'f = FF'r' + FO.,."I'P 
C: : INERT I t?L FRfiME C0MPONENT:S . 
F:x;I = - ( F C  + FCP + FIII.I,IF :I +. COSs: EML ':I 
F'(I = - (: Flz + FCP + F c u p ; ~  + :s:II.{ ( EPIC) 
C ::TFHR I'UYRENT DRHI:. 
F:~I: = 0 . ~+RHO+C'D*F~I.T:O*OI+.I:+[I .::: 1 +' ,/I '1"'- .d 
::D!I:!,.IF.S = 111 . 05 1 +VC+*I:I . l:3:> 
FC:!.I.IPI: = [I . J+RH~+II:DC!.~IP:~+F(!~:I!~P?~+'~.!I:~ 
F:z = K:"I-' . -. -. + !=CHPC 
F:x:I:z = - F : ~ ~ C ~ : ~ ( E E T ~ ~ : ~ I I : : ; I  
Foy'I:Z = -F:z + SINI::BET~~:~II:> 
i?.:ETI_IRPi 
END 



. . .-. .- 

~I-IE;~IJI-IT~P{E- I!.IA1.:'E( BETA1 rE:ETH4 r Y:Z: r TO ? F X  rFS.i' r F X I  rF'r ' I r RNlr! s 
F .:.: , , :.:"T' Fs.,.':z F;..:; 1 :z F'.i' 1 :Z: ) 

C::zl-iR~~Er:SI.~jfi'.( HViD 'r'H1.G MOMEPiT i l r i  BARGE DClE T l l  WH!.!E DRIFT.  
DHT H P 1 ..':3 . 1 4 1 5 9:3 ,..' , D:; ...'2 0 [I ...' 
T.7: = Tn.,.l . [I6 
E = H:z ..' :3 5 . 
FHEAG = 4 1 '39I5,:3 . +R*+z. 1 7  
FBE9t.l = 7-77" 

1 1 8 I b1 .e  R++1.64 
C : D ISPLH'f " FHEHD=" r F H E m  
,I: : D 1:Z.PLH'i' " FEEAN=" s FEEAM 
,; = p 1 '2 1 :s I] . 
B E T A ~ C  = B E T ~ I  + c 
BETfiJC = .BETA4 I: 

f iC = BETHJC - EETHlC 
!::A12 = Cn:s i: HI, ::I 
,;HI. = . ~ I N ( H I ; ' : s  
I:RC~ = I:HC 
:ZRCS = :XHC 4 :ZRC 
~1 = 2 .  + I:.AC~ .....( 1 .+~fi11:2) 

, : .  F s  = 2 .  4 :zA~zz.,'( 1 .+:S922;1 
F!IJ = F I '  + FHERD + FZ*FBEfiPl 
;I: : D I : ~ P ~ ~ ' ( " F ~ ! ~ ~ ~ ! ~ { E ( S I . { I P : I = "  qFlJ 
F55 7 - FIJ 4 I,AC 
F'v' = - F!I! * :zHlI: 
CB = Cnz(  B E T H ~ C  
:Z:B = :TIN (1 BETAJC ::I ' 

:::<:I = - FW + I:E 
F'.i'I = -' F!I.I :zE . 
C : 'i'A1.1.l PlOMENT . 
ZIil.,! = - 1 .:35E+OC,+ i:R*.+0 .57::1+ :<.IN i:.34H11::1 
C : WtiVE Dl? I F T  FOF:II:E ON :ZPHR . 
FI):X = 2 .=U"*~.H:'...T"; . L 0 ~ .  . >.. ,*+z + D : S * * ~  
FDZ = FDS 4 E : Y ; P I ~ - ( I : : ~ + P I / T ~ : I + + ~ ) * ~ O .  ...,':3s. 17 )  
F':.!';' , ,.A = - FD:S* CB 
F'<:z = - FD:Z + SB 
FX1.Z = C'..'.? 

I I.-. 

F'.i'I:z = C'fS 
RETI-IEPi 
END 
:;:I-IE!pnIJTINE :: 1 TE i: FT ,H'3 ? T n  3 BETH2 ? BETY:? .BETA4 ?l~,!l.,l 9 S'C ::I 
C: : FT . TUNA I FUERTCI E l l  EPi1v' IRB~4MENTRl Iz!3ND I T IDNS 
11 : CEFERENI:.E : L M S I : - D S ~ ~ ; ~ : ~ ~ .  ZEs:'. 1 1 .JUL'I.'. 
D f i  T "1 ",'t.j S ...' 1 . 2 ,.; p 1 .,' :3 , 1 4 1 5 '3 ..' 
E' 1 2 = P 1 ,>." 

L.  

H:z = 4.5 1 *I-OI~I: 2 7 .  ~ : ~ * R T : I  
IF(H:S .ST . E l  ::II~O TO 111 
:;lJ = 1 [I .9c, + Ln151:23. z7*RT) 
TO = EXP r 0.5 I ~ ~ * L O I ~  ( 5. *HZ j :I 
I 'I-' 
8:. , = 1 . :3 
-,:'lJ = 0.131g06 '~,Jl.lJ 
is0 TO 2 0  

1 Cl ;I:ONT INI-IE 
C: : HURF: I CHViE . 
1 0  = E::.::P( 1:1.i)12+I-(J6f.'14.51*~:~::1> 
'4;i.J = 1 0 .'3I5, 4 Lnl5i: 2:s .270kTd 
$'g = 111 . !:I 1 6 6 ls:'ljl 

::a - n - :I:!lNT I HUE 
':!I:; = Sl;!~Tr:!,l~+*z + 1 . . l l 4 + ' : ' ~ ~ p f : Z :  + '*;p{:5*4;;') 
:I. : i2[7MF'fi:X:2 D 1 &'EI~T 1 ONS FROM I!.iH 1 CH Id 1 ND ( 2 ::I ? CI-IF.:F.:Et.{T ( 11; ::I I 

AND l!!R1+E 1:: 4 :~  ARE TRAVEL 1 hi?,.. 
B 2  = -3 111 - E:ETRZ 
E::3 = '31:1 - EETfi.3 
B4 = '%I11 - BETH4 
C:DISPL~~'~{"'PR~JB~~~:~I:I~:::B:~.::::~;[I::I = 1j.5 F:z:= " r  B:3 
RETURI-1 
END 



PLATFCRM EIJV I FiOlJMENTFtL STAT 11' LEADS 
RETI-I&:N F'ERIOD OF .:STOF:MC'I.'RS>= 1 06  
PLRTFOEN HEADING=O 

-. D E I ; . ~ ~  1 2  EA:ST;~WIND FROM [I 

DEG .I:'I_IRRENT FROM 0 
DEG .!deb'€ FROM .- . 0 
DEG. 
:z 1 I ~ N  1 F 1 CHNT l.~.lfi'+t'E HE I GhT (FT 1 = 35 . % 
t.1lJDAL I.I.IA'u'E PEI?IOD(:5:EC. i =  .13.1 
MIND SPEEDCET:l= 85.0 
'SI-IF:FAI::E I~I-IF:EE~JT(ET) = 2 - 4  



CLATFOEM EH'-t'I FOI.imEhTAL I'TRT 112 LORDS 
;!kTIJ>pl F'EF:IED flF :ST!JEM!'.iYT)= 11:11] 

FL9TFCF:M HER11 I f16=45 
~ I E G . ( O  I T  EH%T:lblINIl F k l P l  0 
DEI: . CI-!RFENT FFOM O 
DEC .i.~lH'v'E FROM 0 
11c1: . 

........... ...... PLRTFgRM B F I R I X . . , . . . . . . . . . . . . . , . .  ... .:SFWR ... 
r:;.: ( LB ) FY c LB) FX I F7 I NCFT-LB) FX I F Y I  

F'L3TFElRt.1 ...... E:HF.'l3E. ............................ ... .sFaR.. . 
c ::.< I:: L B :I. F 'y' I: L P F :s: I F.'.i'I N (FT-LE  j F ::< I F Y I  



PLATFORM ENVI  PODMENTAL SThT I C LOADS 
F:ETURN PER I OD OF STOF:M C'r'RS > = 1 0 0 
PLATFORM HEAD I hi39 0 
DEG.(O I S  EF1ST)UIND FROM 0 
DEG .CIJREEEIT FROM 0  
DEC . !clH\!E FROM 0 
DEG . 
:SIGN I F  I CANT I>IA'V'E HE I GHT C F T  > = 35.8 
MODAL MAVE PER IODC SEC . :&= 1 3 . 1  
UIND SPEED<ET)= 85.0  
:SURFACE CURRENT C KT) = 2 .4  

PLATF!IRM ...... EAPGE............................. . . . .SPAR. . . 
FXCLB>. FYCLEO F X I  F Y I  MCFT-LB) . FX I F Y I  

F'LfiTFGRm EPIC' I F:OI.IMENTHL STAT1 C LOADS 
. TURN PEE I OD OF STORM C'Y'RS > = 1 00 

PLATFORM HEHDINS=O 
DEll;. ( 0 1:: ERST )U I ND FROM :3 rJ 
DEC;.CUF.:C'ENT FROPl 0 
DEG . !JAtv'E FRGM :3 0 
IlEG . 
:z: 1 !:N 1 F 11::fihT l.~.Ifi'$E HE1 ChT(FT)  = 35 .8 
plnDPL !.,.Ifi'$E PER IOD<:SEC:. ) = 1 3 . 1  
1.11 I N P  :~PEE~CKT:I= 3 5 . 0  
::;-IRFH;I:E C:JF:EEriT(:KT) = f - 4  

,:SPAR. . . 
F Y I  



PLRTFORM ENVIFCIMMENTAL $TRTIC LORDS 
RETURN PERIOD OF :STO!?M(YRS>= 100 
PLHTFnRM HERD1 N G = O  
[IEI:.(O I S  EAZTjWIND FROM 0 
DEG. !ZUFREPIT FROM 0 
DEG .I.dFi'& FRUM 3 0  

PLHTFOE:~ ' . . . . . . B ~ R G E . .  . ... . . . . . . . . . . . . . . . . . . . . . . . . .... SPAR. . .  
FX(LET F9 (LB>  F X I  F Y I  NCFT-LB> FX I FYI 



FLHTFORM ENV IROt~MENTAL STnT I C  LOhDS 
RETIJqN PERIOD OF STORN(YRS:@= 1 0 0  
PLATFORM HEADING=75 
DEG.<O I S  EA:ST>WIhD FROM 0 
DEG .IYJkPENT FROM 0 .  
DEG . WH'v'E FRDM 0 .  
DEG . 
:SIGNIFICANT WFVE HEIGHTCFT>= 35.8  . , 

MODHL WAVE PERIOD(SEC. >,= 13.1 
I,lIND SPEED(KT)= 85.0 
:SlJRFkCE Cl-IRFENT C KT > = 2 .4 

PLATFORM ...... BARGE............................. .:. .SPAR. .. 
FXI:LBI FYCLBI F X I  F Y I  NCFT-LB> FX I F1.{II ; 

PLHTFORM ENVIROMPlENTftL ZTHTIC LOaDS 
EETUFN PERIO~ OF :STORM(YRS:I= 3 
PLATFORM HEADING=O 
DEG. ( 0 I :S EAST >Ill 1 PiD FROW O 
DES .CURRENT FRffM 0 
DEG . I,.IA'.fE FROM O 
DEG . 
:: 1 i3t.I I F 1 CqI.{T MA'V'E HE 1 GHT I; FT 3 = 2 0 .0 
!.1ODH!, l~jflVE PEE 1 OD 1:: SEC . > = 1 r3 .:3 
1l.l 1 :SPEED ( KT :I = 44 .5 
::IJRFACE Cl-IFRENT C KT) = , 1 . S 

PLATFORM ...... B H R G E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ... .SPHR ... 
FX(LB> FYCLB) . F X I  F Y I  H<FT-LB) F% I F Y I  

!?I I t4 D -50551. -2459. -50561  . -2459.  417812.  -26964.  0. 
CIJRREMT -207719.  0. -20,7719. 0. 0 .  -230977. 8 .  
WAVE -123967.  , 0. -123967.  0. 0, -152428. 0. 
TOTAL -'382247. -2459. -382247, -245'3. 417812.  -410369.  



PLRTFQFM ENVIRQNMStiTfiL S T A T I C  LOhDS 
RETI-let4 PER'IOD OF STORW<YRS>= 3 
PLhTFORM HER11 I NC=3 0 
DEG.CO I S  EAST>MIND FROM 0 

0 BEG. CLlFJEE[FiT FROM 
d DES . UAVE FROM 

DEU . 
ZIISMIFICF~NT WkPE HEIGHT<FT)= 20.0 
MODAL MA%,?€ PERIOD<SEC. )=  10 - 3  
UIND PFEEDCKT?= 46.5 
'~UEFAI::E CIJRPENT(:KT)= 1.8 

...... PLHTFURM BWEGE.......i.....u..r...... . . . rp .  .... SPAR..; 
FX(LB> FYCLB) F X I  F Y I  NCFT-LB> F X  I F Y I  

IdIND -;l2280. 76718. -57655. 55:300. -1 42.0:3Sl. -26964. 0. 
1I:IJRRENT -179890. 151804. -2081 14. 125'393. -2248081. -230977. 0 . 
I)! A V E -19'3240. 115031.. -;13?062. 0 .  '33 0 056. - 152428 . 0. 
TOTAL -401410. 543554. -495831. 181293. -?68@876. -4 1 0369. 

PLATFORM EhVIRUNNENTt3L STHTIC LOADS 
RETlJRN PEPIGD O F  :~TUEM(YR%:I= 3 
PLHTFEIRM HEYDINl5=%. 111 
DEIZ. 1:: [I I S  EH:ZT)I,.I IND FROM 0 
ODEG . CIJF:RENT FROF 
"' C La-G . I.*!A1.,?E FROM O 
.II E 15 . 
SIGNIFICSNT WRVE HEIGHT(:FT)= 20.0 
PlCIDAL LI!7%:E PER I OD (SEC . ) = 1 0.3 
IJIND :Z.PEED(KT)= 46.5 
SI-IFFHCE CIJRRENT(YT>= 1.8 

PLRTFDRM ...... EASCE ........'.............,....... ... .SFHR. .. 
' FXCLB) FYCLBJ F X I  F Y  1. N<FT-LB) FX I F Y I  

!,I! I ND -12760. J-289. -71 842. 26744. -206994. -26964. 6 . 7 C C  

12URRENT -1 03860. 262932. -2701 74. 96267. -360576. -230977. 0 .  
1.t.I nt$.?E -157442. 272697. -314883. 0. -. -152428. 0. 
TOTAL -274062. 611218. -654898. 123011. -567830. -410369. 

0 q 1 ;.'#= I 



. . 

PLt3TFORM ENV I RONMENTHL STAT I C LORDS 
RETURN PERIOD OF STOEMCYRS>= ,3 
PLATFORM HEHn ING=TS 
DEG.(O I$  EHST)WIND FROM 0 
DEG .CUERENT FROM 0 . . . . 
DEG . UAVE FROM 0 . . 

IlEG. 
:SIGNIFICHNT I.JAVE HEIGHTtFT)=  20.0  
blODAL MHVE PER I UDCSEC. 1 = 1 0.3 
W 1 ND :;PEED (KT) = 46 .3  
:SURFFtCE I::UF:F.~E~~TCC;T>= 1 .8 

... .. PLHTFCRM ...... BYRGE.....................:....... .:IFHE. 
'F;<I.YLB) . FY(LP>  F X I .  F Y I  PiCFT-LBI F :A: I c -.,J 1 ' 

: 3 .  - - 
l!l 1 Pin -4  1 02 , i 5 :  . - 7 7  I . 115:335 . - ~ 1 & ; 3 ~ .  -3.- Lk,036,4 . 111 .. . 
I:,~-~RRE~{T -53ZI32 .'. z 3 3 3 5 3 .  -z0346:3,3. 52681]. '  - 6 0 4 0 7  . -2:31:10377 , ' . I:! . 
lJH1~,lt -8 1 3 6  [I :3 0:364 1 . -3 14352.  lj . -6.33 111 135 . - 152433 . 0. 
TOTFtL -1::;qz2J. 6 .. '=I== , I . .  . -1585.025 .. g , q . - 7 , 5 . -7795315, . -4 1 0:315',3 . 

PLHTFORR  EN^.) IF.~O~-~MENTHL STHT I 1: LORDS . 
RETIjRp{ PER 1 OD OF :STORM ( ' IF% = ':3 
mLHTFORM HEHD INS='? O 
~EI:.I::I~ I : S  EH:~TTI.I~IYD FPOM 0 . . .  
DEIS . l:UERENT FROM 0 . . 
DEG .I?!Ht.*E FROM 111 . , 

DEG . . . :z I13t-i 1 F 1 CANT blHVE HE I 6 H T  ( FT 2 O . U 
PERIOD(:SEC.j= 10.3 MODAL i!lH17'E I .  

1.11 1 ND :S.C'EED(ET:I = 46 .5  . . 
:SIJRFHCE I:I-IRF:ENT (: KT> = 1 . :3 . . 

.:. .. PLHTFORM ...... BHRGE............................: .5:PAR. 
FX(LB> Fj'I:LB> F:<I . F5'I Vi iFT-LB> F ;x; 1 F 'T' 1 

. . 

1.11 I PI D 5,325 , . 7:3.3:35. -7'3'- , . ,  935 . 5:3z5. .-4494. -zc,g,c, 4 , 111 . 
-2:s 111'377 . ~~I-lRSENT - .3133c,0&,' -::!1]3i3[18. !:I . 

0. -"'" 
_ . _ .  

IJH!.!E . .  . - - a ? l Z .  3 U  .... -':31:19512. , , ,  0 1:1.56 . - 1 5 2 4 z b  . I? . . .  . . . . .  TOTAL 5:324. t5.32 096.  -632056.  5 3 2 5  -'384551] -d 1 [~:>g,'? 
. . . , 



PLHTFORM Elilr.'I F'OI.iPlEPtT~L STRT 11: LIJFtJJ:: 
F'ETI-IRII. P E R 1 0  OF :zTgF.'M<'r'RS>= 11.10 1 
F'LHTFCIF?l hEHD I Pi5= I O 
~EI,..I:(I 1 :  ~ ~ : . : , : i : ~ l , l i i y ~  FP,~J~I , 1) @ 

DE5 ;I:IJF.:RENT FpGM . 0 .  
LlEG .GJA!vlE FROM . 0 .  . 
OFI; . . , 
'TIi;PfIFICRP{T lr19'~,<E HEIt:HT(FT>= 35.3 . 

t*lODRI- Io.!ti'v'E PER!OII!::::EI:. >=  1r3.1 
I!IIr.{D :SF'EEDi:KT:*= !35i.I:I i 

.SI_!F. PHI::E !::IJFFCPIT C C:T :I = :? . 4  

IJ I I-iD - 1 :> .=, .- .- - 3 '$ '3 .> " . -oL+=.d . 2 4 1  4 3 5  . -1 73I5:31 . 1 3  1 I5l:3 ......... ..@50 . -:!:'3:::'36 . 0. 
I::~RF'EP{T -345 15.5. 1:326.7= -:35 5174 11. 19:36 1 2 .  - 3  17''- , .-,b-,b .' " . -4 1:15:3:3 1 . I?.  - 

1.11 Fj 'n,! E -541329.1. 13:28:35, -53 113.54 ; . 111 . 1 1 ,-a,-,, 0 7 ~ 3 .  '- - 45c> - i *~4  L.. . . . . .  0. 
TOTHL - 9 4 4 7 1  1 . 6,:2:1:1:1[11 . - 1  1 1  1.725. :j:z:=,if.d=, . - 1 z,o=z 35c,8 . - - - .- .- - - ,q .=. E -? .=. .. L .-# i L 1 . 1.' . 



:-'i.t'-i i i: 1 ~ 1 ~ : ~ ~  k.1 {..I j !:.:l~l~{/.il~.I.i?'fil- !:;.i;:l 1.1 1:: l..l~lfl~l:+; . 
FETI.IF.:t.i PEF: 1 I:I:I O F  ST I:RM 'fpS I = 3 
PtHTFQPM HERD ING= 18 ' 
K G .  .IS EfiST!L*JIND FFOM 0 5 DEC . C:I.IEEENT FFOM Oq :lFG. 11191.IF: FFTll'l 
SJI:FIIFII::AI.~T lJAl.JE HEIT;HT!FTI= 20.8 
p11:l:lAL I;Jql..lE PER I I:ID I SEE . :I = 1 13. 3 . . . 

IdINII ::;F'EEItil:::TS= L L ~ , . %  . . . 
':~l-l1_IRFAC:E CI,IF!REP{TiK:T]= 1.3 

PLHTFORM .... ..BHRGE. ........................ .e. :.. .SPAR., .. 
Fi' ' F::.: j LB :I KT i LL 11 F;.< I . I.{ i FT-l.3S ' . F Y I  

1~4 I N I 1  .-,~:\<*<-~ . . 47523. -51417. :??lt?5. -4141913, -;2ga43<,4. i:I 

l:I-IRF:EI.iT -2049i53. 5;27'21., -33 1E,83. (.34,30, -2741894, .-2>097. 9. 
l*IA!.JE - 1 38059. 24344. -1$0133. . 0, A ~ ~ I ~ ~ ~ ~ ,  . -19232;s. . CI . 
TOTAL -38645L3. 1.493 - c " ~ ~ C ~ ' l Q  -. , .- cr-. , . 1 483 1 9, -e,3'3,?73. -+ 1 ~1:~:$'3, 

. . 

PLFITFOFIM EI.j{J 1F:l:lIJPlEI.iTRL STHTI C: t.111H3S 
r. 

F.:ETIJRH ,---- - -  PEFI - - - - - - - - - .  OD OF. !5T<!EEM L 'lr'E;5.?-5-2 --,-.---, --- ,-,--'-,,,,---,,, ,,,-,----,, ,, - -,, -- - - - - . 
FLHTF1:lRII HE1311 I Nr;=ZB 

. ZIEII;. I: (11 7:s Ee3TI C J I  I.ID FFr:l:lM 13 ? DETG . 13-IF!RENT FRITIM 1 3 ~  IIEG. WI~!..IE: Ff.:1:114 
S1GNIFIl:ANT blHl.)E HEIGHT!:FT]= 28.L3 
M~S:IAL CJH!.!E PERIODI:SEC. 1Q.:3 
L J I  F!D SPEED [ 1:':T :I = 4i3. 5 
Sl-IRFf-1CE 1:URF:ENT i # T )  - 1 . 8 
FLHTFIIIRP~ ...... E:F-IEl;E. ................. r .......... .' s . . ::;F'Fif?, . . 

F:..: i ~f 11 . F I 1 -  1 F:..:: 1 Fl..lT , . : t l  1 FT-.!..::i ::.: J F ',: ' 

-.-, ,* .-, .- \:A 1 r i  2 .-:~;ly3-d .. :- ,--.:.b . .I I . . + . a . 1 , +?':" .- .-# '3 .. h4 '- <I,. c -15 ' i . 4  .. 
l::UF:REp{T - 1 '351 '32 1 0:334.0, -154:35,zj 1 ;39$,4:3. --p-,+:::s?. -2:3!:197-. ;TI 
L~JAI..! E -1713173. c.l1?3:3, --1:?lQ'35. B. ...*:........ -.-#L L L Q ~  1 3  . ; : ,  - - 0  , ! c.:,a .>.=a 

TOTAL -.:;qc .I..:,.- .- -. .-..-.,. j .  P>:>z1qS -~:3:I:.ys3.3, ' - .-, .- I - 1 1 - - ! : - I . ,  -4 .i L:i.:.t:.4. 

PLATFI:IRI.~ EP,II.! I F:I:II.~PIEF~THL  STAT^ 1: L!:lATlS 
. F:ETI_IF:r{ PER J 11111 IIIF STl:lF:p1 f 'T'RR S! ::: 
PI-fiTFl:lF:M !-IE:HD IN1>=rSp DEI:. f.8 1 !: EFf!:;T'l Id IN11 FF:l:I14 I:? I .-I~I:, ~::l.l?REtil' TRI:IP~ I:; 

SIl;tJIF JCHI.IT [JAI.)E HEIGHT (FT l  .s :!O.O a .  

MODFiL IJHI.JE PEE: I IIID ! SEC . 1 = 1 0.3 
IlJJNII SF'EEDI:KT)= 46.5 
!?l,lRFHC:E C:URRENT I: KT3 = t . 8 
PLATFORM ...... BHRGE. ............................. .... SPAF!. .. 

I y t ' . .  F:.:I F ' I 'T  .: (d i FT-1.31 F::.:;I , F ~ ' T  

14 1 Hfl -,,t:i:53-, ... .,.-;. -78777. 22-E;3, -135 1 5:>cl4:, -2.55if54, GI. .>- 1 .=, 7 

lZI-IT.:F:ENT --37~&92*3 3 6  ,.-. -,-e, .' '- 1 . -2ci5-$.!5. .37-03 . , , , ,.. ,-, .-, . - j 7 yzqis -2:1;13*27 • lf A 
. - 

1.1 FII...' E - ;:, 7 .- -.- j11?13a -12:::1$.1, G! ; 2 ~ 3 j ; , 5 - ~  - 2 5 2 4 2 ~  a C l  .. 

TCITAL, -.I-*--.-* .-sz:,.s 1 '3'3 5,479:3 - 5 c o r 7 ~ : 3 .  .-I 7-1 . , I - :  .4113:3!5". 

I.. .IE[:TI:IR S/lpl 2:;:;qqz ;I ! 33.;. 9 a 
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UPDATE OF COST TRADE STUDY 

.Lates t  Cost Estimates 

Wire ( in . )  

Coet ( $ / f t )  

Chain ( in .)  

Cost ($If  t )  

Anchor 

Windlass 

. Case 

Number ~ e g s  

Wire Diam. ( in . )  

Total  Wire Length ( f t )  

Total Wire Coet ($MI 

Chain Diam. . ( i n .  ) 

Total Chain Length ( f t )  

Total  Chain Coet ($MI 

Total  Anchor Weight ( lo6  l b )  

Total  Anchor Cost ($MI 

Total  Number of Windlass 

Unit Cost ($MI 

Total  Windlaee Cost ($M) 

1. Sum of Maj oi. Component 
Costs ($MI 

2. - Chain .Locker Cost ($MI 

3. Deployment Cost(3) ($M) 

Sub t o t a l  ($MI ( 1+2+3) 
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Windlass 

Anchor 

P u l l  1 x lo6 1b 1.5 

Cost $680,000 $800,000 

Assume P u l l  = 112 B.S. of Wire 

$0,68/lb $U.53/lb 

Anchor w i g h t  Z holding power130 = 2 'x chain t ens ion  @ anchor 
30 

Tension ( lo6  l b )  0.59 0.66 0.79 . 1.45 

Holding Power ( l o 6  lb) 1.3 1.45 1.58 2.9 

Anchor Weight ( l b )  44,928 48,400 53 , 000 97 , 000 

Chain Locker 

~ s s u u k  s to rage  fo r  700 i t  of chain on barge (pe r  l eg ) .  
n 

Case 1 2 3 4 

Volume Requiredl  100 Fathoms 

( i t 3 )  400 650 1,150 1,430 

f t 3 / f t  0.667 1.080 1.917 2.383 

To ta l  Length of Chain ( f t )  11,900 7,700 5,600 4,200 

Volume Required ( f t3 )  7,937 8,316 10,799 10,009 

Estimate of cos t  of 1 f t 3  of  APL barge volume. 

~ O - M W ( ~ )  Spar ( G  61 C) platform $71 M cons t r .  + deployment 

weight = 22,691 LT (a 0.79 x lo6 f t 3  sw) 

Fu l ly  submerged .-. cos t  ( $ / f t 3 )  = 89.4 

APL barge pla t form system $33 M (19781, 

V = 378 x 121 x 89 4.07 x 106 f t 3  

Assume hal f  is flooded; cos t  ( $ / f t 3 )  a 16,2 assume 20 

A = 67,000 LT (1 2.35 x lo6 f t 3 )  



Cost of Volume ($MI 

Deployment 
. , 

Assume $5 M f o r  10-leg MAI, ( c o n t r a c t o r  ROM n o t  a v a i l a b l e )  

1. Cost p r o p o r t i o n a l  t o  t o t a l  w i g h t  deployed. 

Case 

Wire ( l b l f t )  

T o t a l  Wire w t  ( l o 6  l b )  

Chain ( l b / f  t) 

TotaL Chain w t  ( lo6  l b )  

T o t a l  Anchor wt ( l o 6  l b )  

T o t a l  Leg w t  ( l o 6  l b )  

T o t a l  wt /To ta l  w t 2  

Coot ($MI 

2. Cost p r o p o r t i o n a l  t o  t o t a l  l e g  l eng th  deployed. 

' ~ o t a l  Leg Length ( l o 6  f t )  0.137 0.089 0.065 0.049 

Leng th/Leng th2  

. Cost 

'3. Cost p ropor t iona l  t o  weight and length  deployed. .. . 

- 1  . . . .  

I n s p e c t i o n ,  Maintenance, Repair  . 

ROM not a v a i l a b l e .  

Assume f ixed  c o s t  / l eg .  
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Component 

Wi rr Rope 

Chain 

Windlass 

Anchor 

Chain Locker 

n~plsyrnent  

Kenter Shackle 

COST COMPARISON OF MAL W I T H  AND WITHOUT ACTIVE TENSIONING 

Active Tens. No Active Tens. 

Sum ( p a r t i a l )  

Size 

,5-314 in .  

4-.7/8 in.  . . 

1.5 x lo6 l b  

I f  only change is windlass, 

Total  
Unit Cost Cost 

($MI 

Total 
s i z e  Unit Cost Cost 

($MI 

5-3/8 in.  .$160d-f t.% 5.88 
- - 0 
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WIRE-ROPE/CHAIN COSTS VS DIAMETER - :h . 
. - - ' z  . . .  - . - -LY 

DIAMETER ( IN . )  

- 
,250 

200 

1 I ,  I I 

. SIX-STRAND WlRE ROPE IWRC .(BRITISH RO'PES) ' 
x STUD LINK CHAIN, GRADE 4 (HAMANAKA) 

- 0 SIX-STRAND WlRE ROPE IWRC, GALV. (FATZER) ,- 



CHAIN DIAMETER ( I N . )  

, /-z,::  - . - .. , - 
,<' '.:- . .".. . . . . 

I .  : ; i 
!, .,. ' !#\ . . . :, . .. . . , . .. . .: .,,z.: ,-.: :::!:-". " f I 
y;,, 

>: -- -.-,:--> 7 
..).W ... a iZJ,+.l ,/ 

, *:e-Ez/ - V'OLUh'iE. REQLIiFiED FOR STORING Cl-IAIN 
.. *7-.,;.2..xxix?- A,;L--~x-LIL-LIL-.~~.L--~-~.~LY~.~* ..,.A % i ~ * ~ ~ ~ . Z 7 . . "  &..-. -.,.-.,.- - - ~ . . z > - . h - ~ ~ L d ~  - . . . . a 5  

. I  500 

z 1250 - 
a 
I 
U 
LL 

1000- 
v, 
Z 
0' ' , 
r 
I- < 
U. 750 
0 
0 
C 

\ 

h 
yr) 

I- 
L 
Y 500 

- 
1 I I I I 

- ,' 
/' - - 

, /  
/ - - 

!5' 
2 
3 
A . . 
0 > 

' 150  - - 

I I 
1 2 3 4 . .  5 6 



WINDLASS COST 

----- EXTRAPOLATION 

2; 0 

PULL ( lo6 LB) 

. . 

==%= POINT DESIGN 
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COMMERCIAL PLANT LOADS 

C . l  AREAS 

C . l . l  Wind 

. . 

C. 1.2 Current . . . . 

1. CWP 

2. Discharge Pipes 

3. Hull 



C.2 CWP CURRENT DRAG 

V, (KT) F (LBI. C 

/ J~ I3 i 6,8t79 0 . 0 ~ ~ 5  



c.3 WAVE DRIFT FORCE 
C FA);nsen f ~iLr \dsr-  ~ h c s  ti*, 28 3 )  

C.3.1 Beam Seas 



C.3.2 Head Seas .. , . . 
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D . 1  CHARACTERISTICS OF SLACK MOORING LEGS 

A t yp ica l  configurat ion of a  s lack  mooring leg  cons i s t s  of an anchor a t  r e s t  

on the sea bottom, with a  length of chain a t tached ,  followed by a  mooring l i n e  

secured t o  a  moored platform. That port ion of the anchor c h a i n  adjacent  t o  . 

the anchor, is res t ing  on the sea bottom i n  the s l ack  mooring condit ion.  This 

configurat ion i s  i l l u s t r a t e d  i n  Fig. D-1. 

Forces due t o  wind and wave ac t ion  tend t o  move the moored platform away from 

the mooring l i n e  anchor r e su l t i ng  i n  a  countering hor izonta l  force i n  the  

mooring system. This horizontal  r e s to r ing  force is p a r t i a l l y  generated by the 

change i n  angle of the mooring l i n e  toward the horizontal .  Additional 

r e s to r ing  force is due to an increase i n  tension when a  g rea t e r  length of 

chain is l i f t e d  from the ocean f loo r ,  a s  i s  depicted i n  Fig. D-1. 

Slack Mooring Legs on Sloping Bottoms 

Discussion of the s.loping bottom w i l l  be s impl i f ied  t o  some exten t  by de'fining 

the s lope a s  pos i t i ve  when the depth decreases t rave l ing  away from the 

platform toward the anchor, a s  i n  Fig. #.D-2. This i l l u s t r a t i o n  a l so  ,shows a  

p a r t i c u l a r  e f f e c t  of var ious s loping bottoms on both the  length of l i n e ,  
, 

required, .and the range to  the anchor, when generating a  constant amount of 

res tor ing  force a t  the upper end. A pos i t ive  slope causes the chair; to hang 

in  a  catenary with i t s  lowest point below both the  'anchor loca t ion  and the 

point ,of f i r s t  contact with the bottom. 

The mooring leg configurat ions in  Fig. D-2 are  developed by appl ica t ion  of 

catenary equations. This ana lys is  is presented i n  the following sec t ion  of 

t h i s  report .  
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Fig. D-1 Slack Moor Configuration 
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EFFECT OF BOTTOM SLOPE ON 
MOORING LINE CONFIGURATION 

. . 

. . 

EQUAL CHAIN LENGTH. 
,112 .  ON BOTTOM. 

- - 

\ 

Fig: D-2 Effect of Bottom .Slopea on. Mooring. Line. Configuration 



D .2 METHOD OF SOLUTION 

The c h a r a c t e r i s t i c s  of compoeite mooring l i n e s  on a s loping bottom and without 

an imposed current  a r e  considered i n  the  remaining sec t ions .  A catenary 

ana lys i s  ms necesuaiy fo r  general knowledge of t he  problem. These catenary 

generated configurat ions a r e  used a l so  a s  a s t a r t i n g  po in t  f o r  subsequent 

numerical in tegra t ion .  

Two s imp l i f i ca t i ons  are  made i n  the  following analysis :  . 

n The platform. o r i e n t a t i o n  t o  t he  storm load is  held f ixed during each 

ca lcu la t ion .  Platform r o t a t i o n  t o  r e l i e v e  the mooring-system-induced 

moments iS not cuasidcrod. 

o Bottom slope f o r  each anchor is  constant  in t he  plane of the  mooring 
. . l i ne .  

D.2.1 Calcu la t ion  of an Unloaded Single  Mooring-Leg Configuration using 
Catenary Equations 

The approximate configurat ion of an unloaded, two-component, s i ng l e  mooring 

l eg  is determined by applying a s e t  of catenary equations t o  the known 

boundary condi t ions.  

Values f o r  severa l  environmental va r i ab l e s  must be ava i l ab l e  before t h i s  

oo lu t ion  can proceed. The necessary parameters a r e  depth of the anchor, 

bottom s lope  of the  region adjacent  t o  t he  anchor, aad huridontal  range from 

the  platform mooring l i n e  attachment point t o  the anchor. Necessary 

mooring-leg c h a r a c t e r i s t i c s  a r e  t he  length,  and wet weight per  foo t  of t he  

chain at tached t o  the anchor plus  the  wi re  rope length ,  and weight i n  water. 

Two d i s t i n c t  ca tegor ies  based on the  s ign  of t he  bottom slope contain a l l  

p r a c t i c a l  so lu t ions  : negat ive zero s lope ,  at;it.¶ pos i t  ivc elope. 
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D.2.1.1 Negative o r  Zero Slopes. - Solut ion of the conf igura t ion  i l l u s t r a t e d  . 

i n  Fig. D-3 is reached by applying an appropriate  s e t  of equat ions over . 

r e s t r i c t e d  regions of cons is ten t  c h a r a c t e r i s t i c s .  

o  Region I comprises the  s ec t i on  of chain ly ing  on the  bottom slope 

adjacent t o  the anchor. 

o  Region I1 i s  the next s e c t i o n  of chain suspended o f f  the bottom slope 

and at tached a t  the upper end t o  the  wi re  rope mooring l i ne .  

o  Region I11 is  the wire rope mooring l i n e  at tached t o  t he  chain a t  one 

end and t o  the sur face  platform a t  the o ther  end. 

Several c h a r a c t e r i s t i c s  of t h i s  mo.oring leg  must be known t o  provide r e s u l t s  

a t  the end of the  ca l cu l a t i on  procedure: 

o  Weight of chain per foo t  . i n  water '  Wc l b / f t  

o  Weight of wire per foo t  i n  water Ww l b / f t  

o  Length of chain Sc f  t . 

o Angle of bottom s lope  8 deg 

o Frac t ion  of chain on bottom KcdO r a t i o  d 1 

o Horizontal tension a t  anchor H l b  

Subscr ipts  r e f e r  t o  regions f o r  lengths o r  point. number f o r  tensions.  

The hor izonta l  tension i s  constant  i n  a  catenary and can be regarded i n  t h i s  

instance a s  platform re s to r ing  force.  This r e s to r ing  fo rce  a c t s  t o  pu l l  th,e 

platform toward the anchor, and is used a s  a va r i ab l e  i n  the ca l cu l a t i on .  t o  

provide . a  p a r t i c u l a r  anchor range o r  wire rope, length. Frac t ion  of chain on 

the bottom is a l s o  used a s  a  ca lcu la t ion  va r i ab l e  but has a  nominal value of 

0.5. 

. . 
Region I Equations. (Chain lying on the  bottom) 

o Horizontal and v e r t i c a l  d i s tances  

x = KC SC eos 0 1 

d l  o Kc Sc s i n e  
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RANGE TO ANCHOR 

R~ or 

RANGE OF ANCHOR - R~ t 
llLC- 

REGION I I  

POSITIVE SLOPE 

Fig. P 3  Solution Regions for Negative and 'positive Seafloor Slopes 
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o Length of chain on' bottom 

o Tension components a t  point  1 

V1 = -H t an  8 v e r t i c a l  tension 

T1 H/cos 0 t o t a l  tension 

Region I1 Equations. (Chain suspended i n  catenary curve) 

o Length of chain suspended 

o Tensions a t  point  2 

o Horizontal and v e r t i c a l  d i s tances  

x 2 H I W ~  [ I n  ( T ~  + v2) - l n  ( T ~  + vl ) l  

Region I11 Equations. (Wire rope t o  the  sur face)  

o Distance t o  su r f ace  

d3 = dA + dl - d2 

o Tension components a t  po in t  3 ,  sur face  attachment po in t  
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o Length of wi re  t o  reach the  sur face  

o Horizontal d i s t ance  

o Tot& range t a  fho anchor 

. 9 

o Total  length of mooring leg 

D.2.1.2 Pos i t ive  Slope. The pos i t i ve  s lope  configurat ion shown. i n  Fig. D-3 

is s i m i l a r  i n  many respects  t o  t ha t  conf igura t ion  r e s u l t i n g  from a negat ive 

slope. Differences from the  preceding development e x i s t  only i n  t he  f i r s t  two 

regions.  

o Region I. Includes,  a s  before ,  t he  s ec t i on  of chain lying on the  

bottom slope adjacent  t o  the anchor. Depth i n  t h i s  region increases  

i n  con t r a s t  t o  t he  previous Region I. 

o Region 11. This s ec t i on  of chain reverses  the bottom s lope ,  and is 

ca lcu la ted  a s  a f u l l  symmetric catenary. 

o Region 111. Same a s  the  previous Region 11. ' This l a s t  chain s ec t i on  

s t a r t s  a t  the  antisymmetric s lope  angle. 

o Region I V .  The wire  rope s ec t ion  tha t  reaches the sur face ,  and is  the  

same a s  t he  previous Region 111. 

Nomenclature used here is s imi l a r  t o  t ha t  i n  the previous s ec t i on ,  with the  

add i t i on  of a subscr ip t  4. 

Region I Equations. (Chain ly ing  on bottom) 

o Length of chain on bottom 
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o Horizontal and v e r t i c a l  d i s t ance  

X1 = KC SC C O S  8 

dl  = Kc Sc s i n 8  

o Tension components a t  po in t  1 

V1 = H t an  8 ( v e r t i c a l  tension 

T1 = Wcos 0 ( t o t a l  tension)  

Region 11 Equations. - .. - (Chain suspended i n  symmetric catenary)  . 
. 

o Tension components by symmetry a t  point  2 

V2 = ,V1 = H t an  8 

T2 = 'T1 ' = H/cos 8 

o Horizontal Distance 

o Length of chain s ec t i on  

Region 111 Equations. (Final  chain s ec t i on )  

o Length o f ,  chain s ec t i on  

o Tension components a t  po in t  3 upper end of chain 
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o Horizontal and v e r t i c a l .  dis:tances 

X3 = H / W C  [ l n  (T3 + v3:) - 1n ( T ~  + v2)] 

Region I V  Equations. (Wire rope t o  the  sur face) '  . 

o Distance t o  the  sur face  : 

d4 = d * + d l - % - d j ;  

o  Tension components a t  point:  4 ,  sur face  attachment po in t  

o  Length of wire t o  reach the  sur face  

s4 = (v4 - V3)/WW 

o Horizontal d i s t ance  

X4 H/W, [ l n  (T4 + v4') - In (T3 + v ~ ) ]  

o  Total  range to  the  anchor : 

o Total  length of the  mooring: leg 

D.2.2 Applications of Equations : 

These two s e t s  of equat ions a re  solbed i t e r a t i v e l y  f o r  d i f f e r e n t  combinations 
. 

of anchor range and wire  rope mooring l i n e  length by varying the ho r i zon ta l  

t ens ion  H and the  f r a c t i o n  Kc of chain r e s t i n g  on the  bottom. 

> 

The c0.f igurat ion d i f fe rences  r e s u l t i n g  from s lope  v a r i a t i o n s  (+ lo  deg and - 
zero)  with constant  anchor depth, hor izonta l  tension and chain f r a c t i o n  i s  

. . .  shown i n  Fig .  D.2. 



This catenary so lu t ion  technique is used to  provide unloaded equi l ibrium 

mooring leg  configurat ions a s  an i n i t i a l  , s t a r t i n g  po in t  f o r  t he  f u l l  mooring 

a r r ay  solut ion.  

D . 3  SOLVING CABLE VECTOR EQUATIONS BY NUMERgCAL INTEGRATION 

. . 
A simple s t a t i c  cable  conf igura t ion  can be solJed by in t eg ra t i ng  the  governing 

d i f f e r e n t i a l  equations along the  length of the cable  when the  tension vector  

a t  the s t a r t i n g  point  is  known. These d i f f e r e n t i a l  equations represent  t h e  

cable ,  a t  r e s t ,  and i n  equi l ib r ium,wi th  t he  fo rces  ac t i ng  on. it. 

Figure D-4 shows (1)  the forces  ac t i ng  on a  small s ec t i on  of cab le ,  and (2 )  
. . 

the  associated nomenclature used i n  t he  vector  d i f f e r e n t i a l  equations.  
. . 

The d i f f e r e n t i a l  equations f o r  a f l e x i b l e  i n ix t ens ib l e  cable  are:  

The hydrodynamic normal and tangent ia l  force's appearing i n  Eq. (1)  a r e  

expressed as: 
, . 

. . 

, . 
These loading functions represent ing the normal and tangent ia l  components of 

hydrodynamic force  a re  due to  Whicker (1957). 



The Ax is  System . , 

NOMENCLATURE 

three-component posit ion vector . 

three-component tens'ion vector 

three-component cu r ren t  vector 

weight vector act ing in the  -Y  direct ion 

unit vector in the  direct ion o f  tension 7 
unit vector in the d i rect  o f  the normal cu r ren t  component 

tangential and normal components of cu r ren t  w i th  respect 
to  cable direct ion 

cable normal d rag  coefficient 

hydrodynamic tangetial force vector act ing on a 'cable element 

hydrodynamic normal force vector act ing on a cable element 

distance measured along cable in feet 

cable diameter in feet 

Fig. D-4 Vecsst  Equations and Nomenclature for the Cable 
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The normal coe f f i c i en t  of current CN is: 

c; = ( t  x c) . ( t  x C) 

A 
and i ts  direct ion CN is 

The tangential component of current ct i s  found by taking the projection ' 

of the current on the cable direct ion t .  

A 
and the direct ion i s  t .  

The weight vector has just  a y component. 

0-1 5 
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Equation (1 )  yields  express-ions f o r  the x,  y, e components of dT/ds, 
' 

Equation (2)  a s s e r t s  t h a t  the cable d i r ec t ion  i s  always the same a s  the  loca l  

tenclion vec to r ,  such t h a t  d?/ds = t current  i e  described a s  e vector  
4 

quan t i t y  C which can have any prescribed 8pa t i a l . va r i a t i on .  

The above equations a r e  then in tegra ted  by the  Runge-Kutta tekmique ,  

providing a three-component tension. vector  and 'a three-component poe i t ion  

vec tor  f o r  each . in tegra t ion  s t e p  along the length of the cable. 

S t r e t ch  has been incorporated i n  t he  ca lcu la t ion  procedure by allowing the  . 

i n t eg ra t ion  s tep  s i z e  b a ,  di- t ir,  and weight to  vary  a s  a Qncf ion of t he  

t o t a l  tension along a p a r t i c u l a r  cable  element. 

The d i g i t a l  computer subrout ine,  coded t o  perform the preceding ca l cu la t ions ,  

uses  a s  input  the following information: 

o Coordinates of t he  s t a r t i n g  point  

o I n i f  i a l  tension vec tor  ' 

o Cable c h a r a c t e r i s t i c s  

- Diameter 

- Weightlft  

-' brag c o e f f i c i e n t  

- Length of s ec t ion  

- Stre tch  c h a r a c t e r i s t i c s  

o Current vector  

Variables  R and T a r e  in tegra ted  a s  funct ions of unstretched d is tance  . 

along the cable.  The subroutine terminates when the t o t a l  length of t h a t  

p a r t i c u l a r  cable s ec t ion  i s  reachad. A t  t h i s  po in t  t h e  cable c h a r a c t e r i s t i c s  

can be changed and another sec t ion  ca lcu la ted  s t a r t i n g  a t  the end point of the 

l a s t  sect ion.  Composite mooring l i n e s  cons is t ing  of a l t e r n a t i n g  sec t ions  of 

chain and wire  rope a r e  handled i n  t h i s  fashion. 
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D.3.1 Calculat ion of a  Single  Mooring Line Configuration from the Anchor to  
the .Surface 

The mooring l i n e  under considerat ion i s ,  a  composite with a  length of chain 

adjacent t o  the anchor followed by 'a wire  rope from the chain t o  the surface.  

This s lack mooring l i n e  condition w i l l  al low a t  l e a s t  some length of the  chain ' 

sec t ion  to  r e s t  on the ocean f loor .  

. , 

The geometry of the chain sec t ion  i n  contact  with the  bottom i s  a  matter  of 

some speculat ion.  This analys is  a s sums  t h a t  Lhe chain follows a  s t r a i g h t  

l i n e  defined by the bottom. s lope and the  hor izonta l  tension components. 

Coordinates of the point  of chain l i f t  o f f  a r e  ca lcu la ted  as . . 

where 

xA ' represent8 the x, y, z cocsrdinaees of the '  anchor locat ion,  

t the  uni t  vector  i n  d i r ec t ion  of tension a t  anchor, 

Kc the £ t a c t i o n  of chain on the  bottom, and 

Sc the  t o t a l  length of :chain 

The v e r t i c a l  tension component a t  the chain l i f t - o f f  point  is always adjusted 

t o  a  value which ensures the tangency condit ion with the bottom slope. 

Equations ( 1  ) and ( 2 )  a r e  integrated numerically from the  chain l i f t - o f f  poin*t 

described by Eq. (5)  t o  the  end of the chain sec' t ion, a  d i s tance  of ( 1  - Kc) 

Sc f t .  A t  t h i s  point ,  the cable proper t ies  a r e  changed t o  r e f l e c t  the  wire 

rope and the in t eg ra t ion  continues to  the end. The end of the wire rope, 

however, may not  be s u f f i c i e n t l y  c lose  to  the  depth s f  the attachment poin t  a t  

t h i s  s tage  of ' the c i rcu la t ion .  Variat ions i n  the value of the constant  Kc, 

which represents  the f r a c t i o n  of chain r e s t i ng  on the  sloping bottom, w i l l  
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br ing  the platform end of t he  mooring l i n e  t o  the co r r ec t  depth. Control of 

t h i s  procedure rests i n  a f i rs t  guess of Kc = 0.5 f o l l o w d  by a s e r i e s  of 

per turba t ions  determined by l i n e a r  ex t rapola t ion .  This process is i l l u s t r a t e d  

i n  Fig. P 5  and 

and the  sequence of terme A Kc - 0, 

D.3.2 Calcu la t ion  of a S ingle  Mooring Line Configuration to a Specif ied Poin t  
on the Surface 

The preceding sec t ion  discussed a technique used to  solve f o r  a configuraeion 

wi th  the  upper end a t  some attachment point  depth without regard f o r  the  

ho r i zon ta l  coordinates  of t h a t  end point.  Changing the  hor izonta l  tension 

components a t  the s t a r t i n g  o r  anchor end w i l l  move the upper end of the cab le  

t o  a new pos i t i on  i n  t he  hor izonta l  plane. Systematic choice of ho r i zon ta l  

tension increments w i l l  achieve any s p e c i f i c  point  i n  the range of t h a t  

mooring l ine .  This e f f e c t i v e  pos i t  ion adjustment is i l l u s t r a t e d  i n  Fig. 0-6. 

Choice of tension increments a t  the anchor depends upon idea l i z ing  the  mooring 

l i n e  response t o  these increments a s  a l i n e a r  process,  i n  t he  following manner: 

Y 

The l i n e a r  in f luence  c o e f f i c i e n t s  C i j  can be evaluated by applying the  

d i f f e r e n t i a l  opera tors  8 / a Tx and 8 / 8 T, t o  both equations.  

0-1 8 
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Fig. D-5 Influence of Bottom Chain Length on . . 

Atrc hot Leg Catenary Configuration 
. . 

Fig. P-6 Influence of Horizontal Tension Component 
on Anchor Leg Catenary Configuration 
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Then 

. . " . .  't:'. . . 
Evaluating these constants  involves solving fo r  a cable con,figuration. with 

severa l  d i f f e r e n t  s t a r t i n g  tension vectors: 

o The basic  case y ie lds  a s e t  of d i f fe rences  from the  desired f i n a l  , 

loca t ion  of the platform end of the mooring l i n e  i n  t h i s  fashion ' 

Tx , TZ cable xo 9 Az0 
0 O subroutine 

o Next the x component of s t a r t i n g  tension i s  perturbed and 

(T x +  AT^ , TJ cable 
subroutine 

o The z component then receives s imi l a r  treatment: 

( T ~ ~  , Tz + AT,) cable 
0 

subroutine 
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Each of these evaluat ions assumes t h a t  t he  v e r t i c a l  attachment depth c r i t e r i o n  

has been met. ~ o w ' t h e  s e t  of Eq, (6) can be solved f o r  t he  s e t  of Tk 
values necessary t o  move the cable  t o  tpe  required pos i t ion .  This so lu t ion  is: 

Apply these t o  the  o r ig ina l  s e t  of tensions: 

The new so lu t ion  should . y i e ld  e r r o r s  smaller  than the  o r i g i n a l  .basic  case 

e r r o r s .  Repeated app l i ca t i on  of the i n £  luence c o e f f i c i e n t  i nve r i e  mat r ix  

(cijI-l t o  the  e r r o r  vector  

should br ing the  mooring l i n e  t o  the required po in t  within a  very few cycles .  

. . 

This so lu t ion  process is not guaranteed to  converge because of the  system 

non l inea r i t i e s .  When the  sequence of add i t i ve  ATi a c t  t o  g rea t ly  
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decrease the t o t a l  l i n e  tension,  each succeeding i t e r a t i o n  might be f a r t h e r  

from the  required so lu t ion ,  s ince  the l i n e  motion becomes more s e n s i t i v e  to  

l a t e r a l  force increments. ~ n c ' r e a s i n ~  t o t a l  l i ne  tension slows down 

convergence somewhat, but w i l l  not  introduce divergent.  behavior. 

Control of the divergent behavior i s  exercised by r e j ec t ing  A x i ,  

Az; which a r e  too nonlinear,  and then reducing the  AT,, AT, values 

t o  achieve desired r e s u l t s .  . 

D.3.3 ~ u l t i p l e  Anchor Leg Configurations 

  he previous secr ion details an i t e r a t i v e  s o l u ~ i o n  t o  the  problem of 

ca l cu la t ing  the  configurat ion of a composite mooring l i n e  from an anchor, 

embedded on a s loping bottom, to  a spec i f ied  surface attachment point.  

Additional d i f f i c u l t i e s  a r e  introduced when the  sur face  attachment poin t  i s  a 

f l o a t i n g  platform tethered by a number of such mooring l i n e s ,  a s  i l l u s t r a t e d  

in  Fig. D-7. 

Deflect ion of mooring l i n e s '  under the  platform load i s  an unknown quant i ty  and 

a s a t  igfac tory so lu t ion  requi res  matching horizontal-force components a s  well 

a s  the posi t  i on  coordinates.  

Generalizing the  s e t  of l i n e a r  Eq, (6 )  'which appear i n  the  preceding sec t ion  ' 

o f f e r s  a method of solving 'these re la t ionships  i f  a s e t  of s imi l a r  force  

balance equations i s  added. 
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WIND, WAVE 
CURRENT LOADING 

Fig. D-7 ~ ~ ~ i ' c a l  MAL Configuration 



D .3.4 Linear Znf luence Coeff ic ien ts  

The equations take the following form: 

Ci j  ATj = Axi  where i - 1, 2 ... 2n-2 

plus  the force balance equations 
2n 

where 

i 211-2 + k 

k o l  

n t he  number of mooring legs  

The q u a n t i t i e s  X i  a r e  d i f fe rences  be tween the  horizontal  coordinates  of 

the upper ends of a l l  mooring legs referenced t o  l eg  number 1. 

Force balance betwcen mooring system and platform is provided by the  Fk 
i n  Eq. ( 9 )  above: 

n 

1 * z + P PLATFORM 
i n 1  

n 

AF2 - x Tz + PLATFORM 
is1 i 
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where the F p L ~ ~ F ~ ~ M  are  forces  external  to the mooring system. 

The l i n e a r  influence coe f f i c i en t  matrix [ Cij  1 cons i s t s  of terms l i k e  those 

explained i n  the preceding sect ion.  

8 A xi i 1, 2, ... 2n - 2 
C.. - 

1 J  OATx j, - 1, 2, ... 2n 
i 

with the force balance c o e f f i c i e n t  

8 A Fk i 2n - 1, 2n 
C . .  0 - 

13  8 ATx j 1, 2 ,  ..., 2n 
j 

Actual values f o r  the  coe f f i c i en t s  given are  calculated by f i n i t e  d i f fe rence  

methods. Perturbing the tensions by ATx t o  ob ta incoord ina t e  changes A x. 

and force changes AFk j 1 

D.3.5 Formation of the Inf luence Coeff ic ien t  Matrix - 
The cable in tegra t ion  subroutine i s  given a  s t a r t i n g  tension vector  To f o r  

i 
each mooring l e g  i. 

The coordinates and tensions a t  the upper end of each cable  

a r e  stored a f t e r  the in t eg ra t ion  i s  completed. 

This process i s  repeated a f t e r  the  tensions a re  perturbed i n  the X coordinate - 
as  ( yo + T~ ) r e su l t i ng  i n  (Tli) and IFli) . The same fo r  the r 

i i 
-C 

coordinate d i r e c t  ion: 
0  i + ~ 2 )  i 



The e f f e c t s  of these per turba t ions  a r e  then evaluated by ca l cu l a t i ng  and 
8 

s t o r i n g  two se ts of numerical p a r t i a l  . de r iva t ives  f o r  each of t he  mooring legs.  

i 6 1,  2,  x ,  s vector  components 

j - 1, 2,  x, z, per turba t ions  

k - 1, 2 ,  ... n mooring leg  number 

Calcu la t ing  force  balance c o e f f i c i e n t s  i n  the  same fashion: 

with t h e  same index range a s  Q i j k  
\ 

These indexed co l l ec t i ons  of q u a n t i t i e s  a re  2n, 2 x  2 ,  mat r ices  containing a l l  

of the  necessary informat ion required t o  form the  inf luence c o e f f i c i e n t  

matrix.  The f i n a l  task remaining is to  place t he  coe f f i c i en t s  i n  t he  proper 

order  t o  s a t i s f y  the  r e l a t i o n s  expressed i n  Eqs. (8) and ( 9 ) .  

Def in i t i ons  of the A x i  show t h a t  each double row of the matrix ( i . e . ,  1, 

2,  o r  3, 4 ,  e t c . )  involves j u s t  two mooring l egs ,  and only four of t he  

per turbing tens ion  increments. Each see  of t w o  rows i r~volve  mooring leg 1 

plus  t he  leg number en te r ing  the  coordinate  d i f fe rence  ca l cu l a t i on  on t h e  

o t h e r  s ide  of the equation. 

The f i r s t  two rows concern only legs  1 and 2. E s s e n t i a l l y  t he  Qijk 

matr ices  a r e  a l l  formulated i n  the  same fashion. Therefore,  forcing the ends . 
of the  cables  together  r equ i r e s  t h a t  t he  marrfcee be of opposite s ign ,  

genera t ing  motion i n .  opposite. d i r ec t i ons .  



Now t h e  Qijk and P i j k  can be used t o  load t h e  i n f l u e n c e  c o e f f i c i e n t  . 

m a t r i x  C l m  . i This  can be represen ted  p i c t o r i a l l y  i n  t h e  fo l lowing fashion: 

where 0, Pk and Qk a r e  a l l  2 x 2 matr ices .  

. . 

Ic,l - 

The i n f l u e n c e  c o e f f i c i e n t  m a t r i x  is complete and t h e  f i r s t  of s e v e r a l  

i t e r a t i v e  c y c l e s  w i l l  be i l l u s t r a t e d .  

, 
This  l i n e a r  system w i l l  be w r i t t e n  i n  m a t r i x  form as :  

C 

Qijl 

- 
-Qi j 2  o o . 0 '  

Qijl o . -Qij3 o o : 

Qijl 0 n o .  -Qi j 4  0 

i '.. . ' 

Qi j 1 o o o - 
Qi j n  

'ijl ' i j 2 .  ' i j 3  ' i j4  'i j n  
* - 

The A x  has  been de f ined  previously ,  as:,, . 

(11.) 

and t h e  0F is a g a i n  
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Solving t h e  Eq. (12) 

' - 0  

The next  s e t  Af coord ina te  d i s t a n c e  e r r o r s  AT and f o r c e  e r r o r s  A F  a r e  
. . 

generated by r e p e a t i n g  t h e  cab le  computations GiLh a i & w  a e t  of tcnoiono, 
-C 

Tk+ 1 

- - 
Tk+ 1 = Tk + A?- k is j u s t  t h e  l i t e r a t i o n  index 

i n  t h i s  equation.  

Equat ion (13) is u t i l i z e d  a f t e r  every complete i n t e g r a t i o n  cyc le  of t h e  n  ' 

mooring legs .  The i t e r a t i v e  procedure con t inues  u n t i l  a l l  of t h e  h o r i z o n t a l  

c o o r d i n a t e  e r r o r s  a r e  w i t h i n  some p r e s e t  to le rance .  

f 

V e r t i c a l  coordinate  e r r o r s  a r e  minimized before each mooring l e g  i n t e g r a t i o n  ' 

is accepted.  

The in f luence  c o e f f i c i e n t  mat r ix  need no t  be r e c a l c u l a t e d  f o r  most 

c o n f i g u r a t i o n s ,  al though , n o n l i n e a r  ~uuu~. ing:  l e g  response will .  i nva 1 i,da t e  some 

of t h e  C i ,  c o e f f i c i e n t  v a l u e s  f requen t ly .  Other  methods of mainta ining a  

l i n e a r  response w i  11 be d i scussed  subsequent ly .  

The preceding technique would r e s u l t  ia a l l  rhe c a b l e s  converging a t  a e ing le  

p o i n t  when t h e  e r r o r s  were reduced. This is not  a necessary consequence, 

however, s i n c e  coord ina tes  of a t tachment  p o i n t s  can be s u b t r a c t e d  from t h e  end 

coord ina tes  of the  mooring l egs .  In t roducing the  coord ina tes  of t h e  

a t tachment  p o i n t s  causes  convergence a t  t h e  o r i g i n  of t h e  p la t fo rm coord ina te  

system, u s u a l l y  t h e  c e n t e r .  

LOCKHEED OCEAN SYSTEMS : 



D .3.6 Nonlinear Mooring Leg: Response 

Local cable angular o r i en t a t ions  are the same a s '  the l oca l  tension, vector  

d i r ec t ions .  This method u t i l i z e s  incremental changes i n  the tension vector  a t  

the anchor end of the mooring leg to achieve convergence a t  the  platform end. 

When these iricremental tensibn values atit to  decrease the t o t a l  tension vec tor  

g rea t ly  , ' then much l a r g e r  d i t ec  t ion changes occur. . 
< 

Normally t h i s  type of l i n e  bbhavioo i s  evident on the doks t ream sid. df the  

p lp t fo& where the mooring lkgs.  have a tendency to  go slack. 

. . 

The opposing condit ion 'of increased t o t a l  l i ne  tension a l so  leads to  nonlinear 

behavior because here the d i r ec t iona l  changes o r  increments are  much l e s s  .than 

expected. 

' ! 

These two examples pose a d i - f fe ren t  problem'to the  i t e r a t i v e  so lu t ion ,  

however. Decreased tens ion-leads t o  overcorr.ect ion. and a t  the extreme 
. , 

divergent  behavior, which. renders t h i s  sv lu t ion  impossible. Increased tension 

' w i l l -  provide an undercorrect$on and 'slow convergence' bu t ,  ,not prevent,  -it.  

Several methods are  examined. t o  correct '  the above defec ts  i n  t h i s  procedure. 

A l l  at tempts were based on the  goal of decreasing the l i n e a r ,  tensi,on 

increments to the  more s e n s i t i v e  l i n e s  on. the  s lack s i d e  of the mooring system. 

The method se lec ted  has two 'advantages over those previousljr t r i ed :  

o The method i s '  automa'tically applied and a l t e r ed  when necessary. 

o . Increased tension in! the  l ines  i s  t rea ted  by increasing the tension 

increments. . . 

D.3.7 I t e r a t i o n  Contpol Technique 

! D-29 
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The matr ix  Q i j k  conta ins  t he  necessary elements t o  p red i c t  t h e  l i n e a r  l i n e  

response A xp, A Z ~  t o  a  ; a r t i cu l a r  i e t  of tension increments, AT 
==k9 

A T z ,  f o r  a  t yp i ca l  mooring l eg  k. . . 

k 

That is ,  

The mooring ieg end p o i n ~  cuord imteo  ore  ca lcu la ted  i n  the normal . fashion by 

i n t e g r a t i n g  the  cable  equat ions a f t e r  t h e  tCnsidn incremeuts AT,,, 

ATzk a r e  added t o  the  s t a r t i n g  tensions.  

A change . i n  end poin t  coordinates  Axk, Azk a r e  then compared with t h e  

l i n e a r  pred ic t ions .  

I f  the  r e s u l t  is i n  t he  range 

then the i n t eg ra t i on  is  accepted. If the  r e s u l t  i s  such t h a t  

then the tens ion  increments are  halved: ATxi, is  replaced by' 112 

ATxk, ATzk is replaced by 112 ATzk, and t h e  ca l cu l a t i ons  a re  

repeated u n t i l  i nequa l i t y ,  Eq. (14) ,  i s  s a t i s f i e d .  

D-30 
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If  the r e s u l t  i s .  sucli' t h a t  

. . . . 
Then the .  tension..  increments are  increased by a  f ac to r  of 1.7.5 

&s replaced by ,1.,75 AT 
x.k 

and 

ATzi  . i s .  replaced by '1.75 ATzk 

This system has the capab i l i t y  o'f brinihg'sdme very s l ack  ' l ines i n t o  
' 

convergence within a  reasonable number of i t e r a t i o n s .  

D.3.8 Mooring Leg Induced Moments Acting .on. the Surface Platform ' 

Storm loads on the surface platform a re  selected on the  basis  of s eve r i t y ' and '  . 

angular o r i en t a t ion  of wind and &ve. ' ~o*bta t  ions a r e  then performed with 

platform o r i en t a t ion  held c0nstan.t. Rotationax moments, exerted on the  
\ 

p la t  form by the d i r ec t iona l  tensions in. the mooring . l ines ,  :are not compensated 
. . , 

by a corresponding platform rota tion. 

These platform ro t a t iona l  moments are  calculated about a l l  three axes, to  aid 

i n  est imating the ac tua l  impact on platform heading. 

Mooring l i n e  attachment points  are  spec i f ied  i n  the  sur face  platform 
-L 

coordinate system, R i  f o r  t he  i t h  attachment point.  

D-31' . . 
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- 
Line tension is calculated in  the platform coordinate system a s  T i  for  the 

i t h  mooring l i n e .  The tota l  torque on the platform ie:  

Spec i f i ca l ly  for the rotational  moment about the vert ica l  axie , th is  becomes: 

D- 32 
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The methods f o r .  de termining ,moori.ng l i n e  dynami.c t ens ion  extremes .and : fd t igue 

l i f e  use a l i n e a r i z e d  frequency-domain approach.  Thei.computer 
. . 

u t i l i z e d  a r e  ' "STORM" f o r  ana lyz ing  t h e ,  extreme dynainic te .ns ion '  coti:dihions . and 

"FATIGUE" f o r  performing . the  . f a t i g u e  . l i f e  s tudy.  ' Figure'.  F-1. shows'. t h e .  t o t a l  . . 

dynamic s t u d y  block diagram. and . i l l u s t r a t e s .  t h e  common . a r i a s .  used i n  both  . . 

 STORM^^ and .'"FATIGUE. " . . 

F. 2 COMMON AREAS 

. . 

The barge t r a n g f e r  f u n c t i o n s  or  uni t . , response '  k p l i t u d . e  o p e r a t o r s  .and.  the i r :  
. .. . . 

corresponding pl~asa auyles . a re  from . . ~losce . i l ' s  rep6i.t. ( ~ d f .  F-1) . for , ' t . i ie  .. . .OTEC . . 
. . .  

p i l o t  -ships . .  * .  The shea3es 0;. f a i r l e a d s  are ,  l o c a t e d  on .  the '  cbrngr.  of tne: . ' : , '  
barge.  .Uni t  .RAOs f o r  t h e  t h r e e  or thogonal  t r a n s l a t i o * a l  motions ..of t h e  ' c o m a  . '  . 

. .  . . . 
p o i n t  ard'{qmputtid b y  combining t h e  t r a n s l a t i b t i a i  d n d  ' r ~ t a t i o n & l R k O s  o f t h e  '. 

. . . .  . . .. 
barge c e n t e r  w i t h  t h e  p o s i t i o n  vec to r . .  t o  the.  barge "corner p o i n t .   his &ethod -. 

. . . . .  . . . 
i s  desc r ibed  . i n  Ref. , F-2. . . . . .  

. . , . . . 
, , 

R e s u l t s  from. the  s t a t i c  +na.lysis  ' (Sect ion ' ,  2.2.2) a r e  used a s  i n p u t  t o :  t h e  . 

dynamic prog;ami f o r  computing t h e  l i n e  t e n s i a n  ,RA0s due t o ' y i t  e*ci ta t fons  
. . 

a t  ' the  t o p .  i n .  two s e p a r a t e .  d i t e c t i o n s  ( h o r i z o n t a l  .and-ver t ica l .3 . . .  A . ~ w o - :  ' . . ' " . :. .'. . .  . , . .  . . . 
dimensional .  ,cable  dy*amic frequency.'domain 'prog'i.tim; "FREQCAB~E,."', i s  ' &ed . .iis . .  'a . ' . 

. subrob t ine .  i n  t h i s .  p rocess  (Ref.  F-31.. '. Small. . p e r t u r b a t i o n s  . abou t .  th'e . s t a t i c  
' 

. 
.. '. . , 

e q u i l i b r i u m  b o s i t i o n  a r e  assumed. . ,The c a b l e  i s  ,divided. , i n t o  20. segments ,'. . , 

. b o u n d a ~ : c o n d i t i o n s  .of ' u n i t  ,tiarm?nic:. t r a n s l a t i o i i  a t '  t h e  top and ',pinned ' a t  t h e  ' .  

.bottom., a r e .  a p p l i e d .  Trans fe r  ma t r i ces  a r e  genera ted p r o g r e s s i v e l y  a iong . t h e  
, , . , 

'cable. ,  .and' s o l u t i o n  of the  c a b l e -  t ens ion  ampli.tudes' -and phase ang les :  a r e  , . , 
. . 



STORM PROGRAM I COMMON AREAS I FATIGUE PROGRAM 

I COMPUTE WAVE SPECTRAL 
DENSITY FUNCTION I 

BARGE INPUT TRANSFER 
(RAO) FUNCTIONS 

COMPUTE TENSION 
SPECTRAL DENSITY COMPUTE SHEAVE POINT 

FUNCTION, TSDF TRANSLATIONAL RAOS 

Q I 
INTEGRATE .TSDF 
COMPUTE SIGNIFICANT 
.TENSIONS ALONG CABLE 

I 
AND OUTPUT RESULTS- I 

INPUT ANCHOR L lNE STATIC 
TENSION AND POSITION 

PROPERY DES 

I COMPUTE ANCHOR L lNE 
TENSION RAO'S I 

COMBINE SHEAVE AND , 

L lNE RAO'S 
_1 

8 

COMPUTE TENSION 
HIS'TQGRAM [NUMBER 
OF CYCLES VS PERIOD 
AND AMPLITUDE FOR 
1 YEAR DURATION) 

I 

I INPUT AND COMPUTE 
FATIGUE' TENSION 
VS NUM,BER OF CYCLES 
TO FAILURE DATA 

i I 

I 

COMPUTE FATIGUE ". 
LIFE ALONG CABLE 
A N 3  OUTPUT RESULTS 

CDMPUTE WAVE 
HISTOGRAM 

Fig. F-1 Dynamic Analysis Block Diagram . 



obta ined .  This technique has  t i m i t a t i o n s  because the  two dimensional  c a b l e  . 

. s o l u t i o n  only . cons ide r s  motion i n  t h e  v e r t i c a l  p lane  of the  c a b l e  and , . the  
, . 

hydrodynamic damping is dependent only  on c u r r e n t ,  and i s  independent of 

motion amplitude.  Concerning t h e  v e r t i c a l  p lane  l i m i t a t i o n ,  some moti'on does 

oc'cur normal to'  t he  v e r t i c a l  p lane  of the  c a b l e .  This a n a l y s i s  c o n s e r v a t i v e l y  

assumes t h a t  the  h o r i z o n t a l  r e s u l t a n t  motion of the  

sheave po in t  i s ,  a p p l i e d  .. . i n , , t h e  c a b l e  p lane .  There i s  no prsblem wi th  t h e  
. : 

corner  heave motion. 

The t ens ion  RAOs and sheave t r a n s l a t i o n a l  RAO f o r  two or thogonal  motions,  a r e  ' 

conver ted  t o  complex numbers and the  products  obta ined t o . . e s ' t a b l i s h  l i n e  

t ens ion  amplitude RAO f o r  a l l  2 0 . p o i n t s  a l o n g . t h e  cable .  .The t w o ' s e t s  of l i n e  

tens ion.  RAO top v e r t i c a l  and h o r i z o n t a l  motion a r e  added t o g e t h e r  i n  complex 

form t o  o b t a i n  t h e  t o t a l  t ens ion  ainpli tude .  RAO, l b  of t e n s i o n / £  t - o f .  wave 

he igh t  v e r s u s  frequency o r  per iod.  

F.3 STORM COMPUTATIONS 

The s torm. 'condi t ions  f o r  e v a l u a t i n g  t h e . c a b l e  t ens ions 'dur ing .  the  3-year and, 

100-year .storms. a r e  r epresen ted  by a  wave spectrum of s i g n i f i c a n t  wave h ,e ights  

a n d ' p e r i o d  ( s e e  s e c t i o n  1 . 4 ) .  \The t ens ion  amplitude RAO d i s t r i b u t i o n s  a r e  

. squared and m u l t i p l i e d  by. t h e  Bretschneider  wave .amplitude squared func t ion  t o  
2 o b t a i n  t e n s i o n  ampli'tude squared s p e c t r a l  d e n s i t y  d i s t r i b u t i o n s  ( ' lb IUD) 

v e r s u s  frequency.. . The a r e a s  under the ' se , .d i s t r ibu t ions  f o r  a l l  20 .points' a long 

t h e  cab le  a r e  computed a n d .  t h e  s i g n i f i c a n t  t ens ion  ampl i tudes  obta ined f o r .  

t h e s e  p o i n t s ,  f o r  both  "head" and ."beamtt seas..' 

. . 

F.4 FATIGUE ANALYSIS 

F igures  F-2 and F-3 i l l u s t r a t e  the  logical ' .  $roc'ess involved i n  t h e  fa t igue-  

l i f e  computations f o r  t h e  mooring l i n e s .  . The f i r s t  diagram i l l u s t r a t e s  t h e  
, . 

d a t a  manipula t ion used i n  t h e . f i n a 1  c a l c u l a t i o n s .  The BARGE and'ANCHOR LINE 

s e c t i o n s  a r e  addressed i n  the  d i s c u s s i o n  on COMMON AREAS. The ENVIRONMENT 

s e c t i o n  begins wi th  a  wave h e i g h t .  frequency ' d i s t r i b u t i o n  t a b l e  (.Ref.. F-4) 
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ENVIRONMENT . BARGE ANCHOR LINES FATIGUE DATA 

. .  . .  . 
CURRENT.. WAVES 

. . SEA HISTORY ". 
TRANSFER FUNCTIONS 
RAO'S OF BARCE CENTER 
BEAM, HEAD, I S  DEG 

TENSION AND 
POSITION VECTORS ' 

PERCENT ROPE BREAK IN^' . 
LBAD vs NUMBER OF CYCLES 
TO FAILURE FOR VARIOUS 
TENSION AMPLITUDES 

COMPUTE ANCHOR LIME TENSION 
DISTRIBUTION UNIT RAO'S AND 
PHASE ANGLES USING 20 
CABLEIBODY PROGRAM 

COMPUTE TRANSLATIONAL 
RAO'S A k D  PHASE ANGLES . 
OF BARCE CORNER SHEAVE 
LOCATION 

WAVE HEI.GHT 
FREQUENCY 

. .. . DISTRIBUTION . I 
COMPUTE EQUATION COEFFICIENT 
FOR 'STRAIGHT. LlNE SEMILOG . 
PLOTS OF PERCENT BREAKING 
STATIC LOAD VS NUMBER OF 
CYCLES TO FAILURE .. . 

JOINT PROBABILITY 
DISTRIBUTION OF. 
WAVES FOR RANGES . 
I N  RELATIVE. HEIGHTS 
AND PERIODS ' 

PRODUCE PLOT OF SEMILOG 
COEFFICIENTS VS TENSION . 
AMPLITUDES AND DETERMINE 

.STF:AIGHT LlNE COEFFICIENTS COMPUTE NUMBER' OF 
WAVES VS HElCHT AND 
PERIOD FOR DURATION 
'OF ONE YEAR ' 

. . -ERMINE EQUATION FOR 
NLMBER OF CYCLES TO 
EULURE AS FUNCTION OF . 

: hEAN AND OSClLLATORY ' 
TENSIONS 

. , 

Fig. F-2 Fatigue Analysis Flow Diagram.! 
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p~ 

SELECT HEADING 

C 
# . .  SELECT ANCHOR LIN 1 

+ 
SELECT WAVE PERIOD 

I 

I SELECT WAVE HEIGHT 

I I m DIRECTION OF SHEAVE 1 

+ 
.DETERMINE FATIGUE LIFE OF ANCHOR 
LINE ANDOUTPUT RESULTS 

Fig. 'F-3 Fatigue Life Program . 
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which i s  a sea h i s t o r y  of observations for  one year  able F-1). The t ab l e  . 

shows the'hours-per-month s p e c i f i c  ranges ,of  s ign i f i can t  wave heights  occur 

over t he  12 month period. The . t o t a l s  a t  the bottom ind ica t e  the percent of 

t o t a l  time these ranges occur. Table F-2 ( ~ e f . .  F-5) shows,the number of waves 

versus r e l a t i v e  modal per iod,  and r e l a t i v e  s i g n i f i c a n t  he ight ,  for  a  t o t a l  of 

1,000 waves. . The module period, To, . i s  approxiinated' a s  0.93.times the 

s i g n i f i c a n t  period, Ts o r  To - 0.93 Ts f o r  e Rayleigh d i s t r i bu t ion .  The 

s i g n i f i c a n t  period, To, sec , i s  approxima'tely r e l a t ed  to s i g n i f i c a n t  wave. 

he igh t ,  H s , . f t ,  by 

Theref o re  

This converts the  r e l a t i v e  period r a t i o  t o  

so  t h a t  the histogram of :wave frequency of occurrence i s  r e l a t e d .  to  one 

va r i ab l e ,  Hs' 

Combining Tables F-1 and ,F-2, and converting the .number of wavbs to  r e l a t i v e  ' ' 

dura t ion  of occurrence, '  Table F-3 i s  generated. '   his i s  a  purely. numerical 

,procedure which does 'no t  account fo r  the  f a c t  t h a t  some of '  these waves break, 

s i n c e  the height t o  length r a t i o  of 117 i s  exceeded. . , A  mo're reasonable time 

histogram was then considered wherein, the times a l loca ted  tq the breaking 

waves a r e  moved to heights  where breaking waves occur. This modified 

histogram i s  shown i n  ,Table F-4. This time-histogram converted back t o  number 

of wave occurrences versus he ight ,  and period for  one year ,  i s  shown i n  

Table F-5. 
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Table F-1 WAVE HEIGHT, FREQUENCY DISTRIBUTION 



- .  . . Table F-2 
- .  . . 

/ -L 

- JOINT PROBABILITY DlSTRIBUTION OF WAVE IlEIGHT AND PERIOO(F0R. ZERO CORRELATION)(WG. 1978) 

Range-. i n 
Relat ive 
' Height 
n=H/HS 

. . 
R A H G E S  I N  R E L A T I V E  P E R I O D  . r = T / T o  I - 

0 -  0.1-' 0.3- 0.5- 0.7- 0.9- 1.1- l . '3-  5 -  1.7- 1..9- Cumu 1 a- 
0.1 0 . 3 ,  0.5 , 0.7 0..9. 1.1 1.3 ' . 1.7 1..9 2,O 

Sum 

Cumul a- 
t-i ve 



Table F-3 WAVE DISTRIBUTION - HEIGHT AND PERIOD' 
. - 

. RELATIVE Ti! lES WiTH .8REAKING %AVES 
. . 

HG;(?Z? 1 . 3 5 7 . 9 . . I 1  1 3  15  ' 17 19 21 
1, ! 5 1 7  163. .20.0 . .3S3 .'OOO .OOO .OOO . .OOO .OOO .do0 
3 2. i 6 -  i373. 838. . 279. 36.4 ' 1.88 .21O-Oli .000. . .000 .000 .000 
5 1.31 343. 50.4 4 -67 ,365, . 116-01 ~ 5 0 - 0 3  .000 .000 

. I?' 7. 2 5  20;8 123. 3Z.3 5.33 .755 . l.64'-01 -426-03 .OOO .OOO 
0 
' m  9 .:44 12.7 110. 36.3  4.54 .I57 .136-01 .116-02 .357-04 -000 

X 26.8 18 .9  3..23 .172-01' .053-03 .OOO -000 
3: 
M 12.'3 7.84 .3.41. .Oil4 .234-01 . I l l - 0 2  .314-0.4 .COO 

. 8 . G . 3 -  3 .  1 .27 -$:COO 2..69 1 .23 . . lo?-  .729-32 .733-03 -370-04 -000 . 
. 1 7  .235-c4 '. €91-01 . ~ a a  1 .36 , .539 ' . .159-01 .1@3-02. .172-04 -000 

0' q 19 . : 2 5 - C 5  . 197-01 . 114 ? . 2 1 1  .793-01..635-02 .650-03 -185-04 .OCO 
21 .2iZ-Oi .121-01 . l C 3 , ;  .530 . C E O .  is61 .298 .979-02 .403-03 .172-O<.OOO 

. 23 . :is-CZ ..CC'C-02 .ei3-01 .228 . . 3 3 @  : .'201 .l .193 .927-02 .GF6-03. .165-04 -000 
2 0 .63;-03 .267-!2 ; 181-01 .103-01 -733-02 . O O O  . O O O  . O O O  , .OOO .OOO 
27 .025-C6' ..537-C.3. .222'-01 .694-01 . I 0 5  ' :lo6 .81"9-01 -460-02 .358-03- ..OOO .OOO 
29 i C O . 0  : . : 254-C3 .123-01 1.310-0,1 .$,a-01 .519-01 .438-01 .28)-02 .245-03 . O O O  .000 

Ll . . . . . . 

2 3 
.ooo . 000 . 000 
.oco . 000 . 000 . 000 
-000 
.ooo 
..OOO 
.ooo 
.ooo . CCO ' . 000 
.oco 

29 
.ooo . 

. .OOO. . oco 
.oco . 
.boo . 000 

' .000 
-000 . 000 
-000 
.ooo 
-000 
.ooo- 

. -  .ooo . . 000 



Table F-4 WAVE DISTRIBUTION - HEIGHT AND PERIOD WITHOUT BREAKING 

R E L A T I V E  'T1t:ES WITHOUT SREAKISC WAVES. 

1 3 
178. . 
5 2 0 .  . GCO 
. C30 
.C30 
.3CO 
. GC 3 
. 0 3 0  . CCO . CtO 
. CCO 
- 3 3 0  
.05 3 . OGO . C90 

2 3 
-000 . 000 
: 000 
*COO ; 
.ooo 
.ooo 
.003 
.oco 
:coo 
.ooo 
.ooo . 000 
.ooo . OCO 
.050  



Table F-5 WAVE HEIGHT AND PERIOD ANNUAL OCCURRENCE DISTRIBUTION 

SSX3ER O F  NAVES F O R  V A a I G U S  PERIODS & HEIGHTS F O R . 1  YEAR 

15 
. OCO 
.ooo 
6:94 
9.C2 
7.46 
9.45 
1 2 . 8  
4. CO 
8 .72  
3.49 
5.37 
5.09 
.oco 
2 .52  
1.46. 

17 
.OOO' . OCO 
- 2  18 
.207 
.561  
.a13 
.537 
.355 
.499 
.315 
.I95 
.322 
.OGO 
.I74 
.I19 

2 9  
.ooo . 000 
.ooo 
r 000 . OCO 
.ooo 
.023 . OCO 
.ooo . OCO . OCO 
.030 
.COO . OCO 
.ooo 



The rope  t e n s i o n  f a t i g u e  d a t a ,  s u p p l i e d  by B r i t i s h  Rope, is c o n t a i n e d  i n  

F i g .  F-4. These  d a t a  show s t r a i g h t  l i n e  semi-log p l o t s  f o r  v a r i o u s  t e n s i o n  

a m p l i t u d e s  of o s c i l l a t i o n  i n  te rms  o f  p e r c e n t  of.minimum b r e a k i n g  l o a d .  The 

o r d i n a t e  i s  l i n e a r  and c o n s i s t s  of mean load  exp res sed  i n  terms of p e r c e n t  of 

break.irlg l oad .  The o r d i n a t e  i s  l i n e a r ,  and c o n s i s t s  of mean load  e x p r e s s e d  a s  

a  p e r c e n t  of b r e a k i n g  l o a d ;  t h e  a b s c i s s a  is  a  l o g a r i t h m i c  s c a l e  showing t h e  

f a t i g u e  l i f e  o r  c y c l e s  t o  f a i l u r e .  The e q u a t i o n  f o r  each  of t h e  s t r a i g h t  

l i n e s  on t h e  p l o t  is Mean Load ( p e r c e n t  ~ r e a k i n ~  ~ o a d )  = A + B loglO (N 

c y c l e s  t o  f a i l u r e ) .  The c o e f f i c i e n t s  A & B a r e  de te rmined  f o r  each  of  t h e  

s t r a i g h t  l i n e  o s c i l l a t o r y  ampl i t ude  f ami ly  of c u r v e s  and a r e  g i v e n  i n  

T a b l e  F-6. The c o e f f i c i e n t s  a r e  p l o t t e d  i n  F i g .  F-5 v e r s u s  o s c i l l a t o r y  

a m p l i t u d e  and a r e  formed t o  approach  a  s t r a i g h t  l i n e .  The e q u a t i o n s  which 

p a r a m e t e r i z e  A 6 ki as  a  f u n c t i o n  6 f  p e r c e n t a g e  o f  b r e a k i n g  l o a d ,  P ,  a r e  a l s o  

g i v e n  i n  t h e  p l o t .  The e q u a t i o n  f o r  number of c y c l e s  t o  f a i l u r e ,  N ,  i s  t hen  

d e r i v e d  and g iven  a s  a  f u n c t i o n  of  mean l o a d ,  ML, and o s c i l l a t o r y  l o a d ,  a l s o  

i n  t h e  f i g u r e .  

The f a t i g u e  l i f e  program i l l u s t r a t e d  i n  F i g .  F-3 i s  s e l f - e x p l a n a t o r y  and 

i l l u s t r a t e s  f i v e  n e s t e d  loops .  R e s u l t s  from bo th  t h e  extreme c o n d i t i o n  

"STORM" and f a t i g u e  l i f e  "FATIGUE" programs a r e  d i s c u s s e d  i n  S e c t  i on  2.2.3. 

The s h i p  RAOs a r e  shown i n  F i g .  F-6 f o r  beam s e a s  and F i g .  F-7 f o r  head s e a s  

(Re f .  F-1). The sheave  j o i n t  t r a n s l a t i o n a l  RAOs and phase a n g l e s ,  g e n e r a t e d  

u s i n g  t h e  method o f  c o n v e r s i o n  d e s c r i b e d  i n  Ref.  F-2, a r e  shown i n  F i g s .  F-8 

and F-9 f o r  beam and head s e a s ,  r e s p e c t i v e l y .  

The t r a n s f e r  f u n c t i o n s  f o r  a l l  20 p o i n t s  ( p t .  1 is  a t  t h e  l e g  bot tom)  a l o n g  

t h e  c a b l e  f o r  15  s e p a r a t e  u n i t  h o r i z o n t a l  t o p  m o t i o n s . w i t h  p e r i o d s  of ( 1 ,  3 ,  

5 ,  ... 27, 29 s e c )  a r e  shown i n  T a b l e  F-7. These r e g u l t s  a r e  g e n e r a t e d  w i t h  

t h e  "FREQCABLE" method d e s c r i b e d  i n  Ref .  F-3. The t r a n s f e r  f u n c t i o n s  t o g e t h e r  

w i t h '  t h e  co r r e spond ing  phase a n g l e s ,  e x p r e s s e d  i n  complex form and coup led  

w i t h  t h e  sheave  p o i n t  .RAOs ( F i g s .  F-8 and F-9) a r e  then  used t o  g e n e r a t e  

t e n s i o n  u n i t  r e sponse  ampl i t ude  o p e r a t o r s  ( l b / f t  wave. ampl . ) .  T h i s  i s  shown 

i n  Tab le  F-5 f o r  a l l  20 p o i n t s  a l o n g  t h e  c a b l e  and ,15 wave p e r i o d s .  The 
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SIX  STRAND ROPE CHARACTERIST ICS:  
TENSION FAT IGUE 

'FATIGUE.  L IFE  (CYCLES)  

F i g .  F-4 F a t i g u e  L i f e  Versus Mean Loads 
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Table  F-6 COEFFICIENTS A & B FOR SIX STRAND ROPE TENSION FATIGUE 
CURVES - MEAN LOAD 

( a )  P e r c e n t  Breaking Load = (A + B) log lO (N cycles to f a i l u r e )  

Ocoilla t o r y  h p l i t u d e  
( %  o f  Rope Minimum 

Breaking Load) ( a )  

+ 4 - 
+ 5 - 
+ 6 - 
+ 7 - 
+ 8 - 
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A 

174 

185 

20 2 

2 1 5 . 5  

23 2 

.B  

- 1 6 . 8 3  

- 2 0 . 3 3  

-24.5 

- 2 8 . 0  

-32 . O  



B A 4 5 6 7 8 9 10 
OSCILLATORY 2 PERCENT BREAKING LOAD, P 

Fig. F-5 Plot of Coefficients A &'B Used in Fatigue Curves 
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FREOUENCY IRfiD/SECI 

0 

F i g .  F-6 Beam Sea RAOs and Phases - OPEC Pilot P l a n t  Ship 





W 

' I FREOUENCY (RFO/SECI . 
.a- 

, FREOUENCY ! RAD/SEC I 

FREOUENCY I RAD/SEC I FREOUENCY , I RAD/SEC I 6 
I . u  

Q\ 

Fig. F-7. Head S e a  'Unit  Amplitude Operators  and P h a s e s  ( ~ 0 s )  - OTEC P i b t  p l a n t  Ship 



FREQUENCY 
( R A D I S E C )  

. - .  
.208000 
.262000 
.3 16000 
.370000 
.424000 
.478000 

' .532000 
.5R6000 
.690000 
.694000 
.748000 
.802000 
.856000 
.9 10000 
.964000 
1 .OlQOO 
1.07200, . 
1.12600 
1.18000 
1 ,23400 

AMPLITUDES PHASE ANGLES' 

Fig . '  F-8 Beam Sea Sheave Point RAOs 



AMPLITUDES PHASE ANGLES 

- 2 4 P ~  
(FT/F?) (DEG) 

. ' F i g ,  F-9 Head 'Sea Sheave Point RA0s 



T a b l e  F-7 TENSION AMPLITUDE TRANSFER FUNCTIONS FOR ALL CABLE POIIJTS AND FREQUENCIES 
(UNIT HORIZONTAL MOTION AT TOP) 



h o r i z o n t a l  and v e r t i c a l  RAOs of the  sheave f o r  a  s p e c i f i c  frequency a r e  

r epresen ted  by 

i 4H 
Horizonta l :  Pk = 

where A is amplitude and @ a r e  phase a n g l e s .  The t ens ion  t r a n s f e r  

f u n c t i o n  f o r  a  s p e c i f i c  p o i n t  on the  cab le  ' a t  a  s p e c i f i c  frequency i s  

WH 
Horizonta l :  TH e 

'3, 
V e r t i c a l  : Tv 

where T i s  t ens ion  amplitude and tj~ a r e  phase ang les .  

M u l t i p l y i n g  and adding,  we g e t  t h e  t ens ion  RAO or  t h e  amplitude of t ens ion  

t h a t  occurs  a t  t h a t  po in t  on the  c a b l e  when a  wave of  u n i t  amplitude a t  the  

spec i f  i e d  frequency passes  by. 

With the  h is togram of number of waves ve r sus  wave h e i g h t s  and pe r iods ,  

Table F-5 and the  t e n s i o n  RAOs, Table F-8, the  number of  cyc les  t o  f a i l u r e  f o r  

a  s i n g l e  point  on the  cab le  a t  a  s p e c i f i c  wave period and he igh t  i s  

de termined . T6e tens  ion  amplitude i s  : 
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Table F- 8 TENSION AMPLITUDE RAOs (LB/FT OF WAVE AMPLITUDE) 



The pe rcen t  of breaking s t r e n g t h  is  then ob ta ined .  

P  = T M p / ~ . s .  x 100 

The mean t ens ion ,  

ig conver ted  to pe rcen t  of breaking load ,  

S u b s t i t u t i n g  t h e s e  v a l u e s  i n t o  t h e  equa t ion  shown i n  Fig .  F-4. The number-of 

cyc les  to  £ a l l u r e  i s  obta ined as:  

N = 10 exp [(ML - 113.75 - (-0.875 - 3.812P) 

Th i s  p rocess  i s  performed f o r  a l l  the  h e i g h t s  and pe r iods  f o r  each c a b l e  

p o i n t ,  a  sample of which 'is shown i n  Table F-9. S i n c e  t h e  exponent i n  t h e  

above equat ion becomes v e r y  l a r g e  f o r  smal l  P  v a l u e s ,  a  cu t  o f f  of 15'was 

s e l e c t e d  f o r  t h e  maximum exponent which e x p l a i n s  why most of the  va lues  i n  

Table F--9 a r e  1 x  1015. Applying the  Palmgren-Miner c u m l a r i v e  damage 

theory !R~,s, P-6 and F - 7 ) ,  the  number of loading c y c l e s  f o r  1  year  h is togram,  

Table F-5 i s  d iv ided by the  number of c y c l e s  t o  f a i l u r e ,  Table F-9, and then 

summed f o r  a l l  pe r iods  and wave h e i g h t s  t o  o b t a i n  the  f r a c t i o n  of l i f e  

consumed i n  one year f o r  t h e  cab le  po in t  i n  ques t ion .  The inverse  of t h i s  

va lue  g ives  t h e  l i f e  e x p e c t a n c y . ( y e a r s )  of t h a t  c a b l e  p o i n t .  Tab1e.F-10 l i s t s  

the  f r a c t i o n s  of l i f e  consumed f o r  a l l  20 c a b l e  p o i n t s  f o r  a  beam sea  

c o n d i t i o n  and t h e  minimum l i f e  expectancy.  
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.Tab le  F-9 NUMBER OF CYCLES TO FAILURE FOR SINGLE CABLE POINT 



Table F-10 FRACTION OF LIFE CONSUMED IN ONE YEAR ALONG CABLE 

MINIMUM L I F E  OF ANCHORR L E 3  .I31 725+08 



The long f a t i g u e  l i f e  is a  r e s u l t ,  i n  p a r t ,  of smal l  amplitude t e n s i o n  

o s c i l l a t i o n s .  The data  presented i n  Fig .  F-4 a r e  e x t r a p o l a t e d  from t e s t s  i n  

a i r .  The manufacturer recommends t h a t  these  d a t a  be used u n t i l .  d a t a  f o r  

f a t i g u e  l i f e  of wire rope i n  seawater  i s  obtained.. There a r e ,  .however, many 

r e f e r e n c e s  which show a  g r e a t  r educ t ion  i n  f a t i g u e  s t r e n g t h  of s t e e l s  i n  s a l t  

water.  One program involving a x i a l  f a t i g u e  t e s t i n g  of b r i g h t  wire  rope under 

a c c e l e r a t e d  loading provides d a t a  which i n d i c a t e s  a  s i g n i f i c a n t  ' reduct ion i n  

c y c l e s  t o  f a i l u r e  i n  water a s  compared to .  i n - a i r  c o n d i t i o n s  (Ref. F-8). The 

high frequency of  load ing ,  r e l a t i v e l y  h igh load range,  and unga,lvanized 

c o n d i t i o n  b r ing  i n  q u c s t i u n  the  a p p i i c a b i l i t y  of these  r e s u l t s  t o  SKSS f a t i g u e  

a n a l y s i s .  Fat igue t e s t s  o f .  l a r g e  diameter  w i r e  rope i n  seawater a ' re 

recomnended i n  t h e  Task I V  r e p o r t .  

The assumptions and l i m i t a t i o n s  o f .  t h i s  a n a l y s i s  a r e  summarized a s  . fo l lows:  

Line dynamics do no t  a f f e c t '  s h o r t  term barge  response  t o  waves 

Small p e r t u r b a t i o n  theory  f o r  mooring l i n e  response is v a l i d  

S a l t  water  immersion does no t  a f f e c t  wire  rope c y c l i c  f a t i g u e  s t r e n g t h  , 

S t r a i g h t  l i n e ,  semi-iog e x t r a p o l a t i o n  of f a t i g u e  d a t a  i s  v a l i d  

L i n e a r i z a t i o n  a p p l i e s  

Vortex shedding e f f e c t s  not  included 

Mooring l i n e  dynamic program h a s  only  two dimensional  c a p a b i l i t y  

Waves a r e  a l l  i n  same d i r e c t i o n  

O r i e n t a t i o n  of ba rge  remain's c o n s t a n t  throughout f a t i g u e  . l i f e  d u r a t i o n  
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