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. I .  0 ' I NTRODUCT l ON AND SUMFIARY 
, 

This volume presents the results, o f  ttie fi.rst phase o f  the Stat ion Kee;ing 

Subsystem (SKSS) design study for 40 M W ~  capacity Modular Experiment OTEC 
' 

, . . . 
~latfo-rms. T h e  objectives o f  the study &re: '. , 

. . . . , .  % , 6 . .  . 

o Establ ishment of basic- design ,requirements' . 
. . 

o ~ e r i f  icat i'on o f  techn'ikal fiai.ibii ity o f  S K S S  designs 
' - 1  

o Identification o f  merits and demerits 
,I. . . , ., 

o Estimates o f  sizes for major components 

o . Estimates o f  1 ife cycle costs "' 

4 

o Deployment Scenarios and time/cost/risk assessments 

,o Maintenance/repair and replacement scenarios 

o ldent i f icat ions' o f  inteeiface with othii OTEC subsystems 
a .  . . 

o Recommendations for and major problems in preliminary design 

o Appl icabi 1.i ty, o f  concepts t o  commercial plant SKSS designs 

- .  

T h e  w o r k  

contract 

for this task w a s  performed fo: the Department o f  Commerce, under .. 
:. ' . - 

M,o. MO-AI L-78-00-4230, by. M. Rosenblat t, & Son., I nc. (MRIS) a s  pr ine 

contractor and t h e  fol lowing subcontracto;~: 
. . 

o Oceanics, Inc. (01) 

o John Gadbois (JG) 

o Bryant Engineering (BE) 

o Sperry - Systems Management (SSCI) 

o Linncnharlk lnternationa! (,?I) 

o Marine Supply Co. (MSC) 

o McClel land ~ n ~ i ' n e e r s ,  1 nc. (MCC) 



Before  get  t l ng l n t o  conceptua 1 des.1 gn e f f o r t s  . and . cons idera  t ion, !o f  var lous 

concepts, a b r i e f  s i t e  s u i t a b i l i t y  study was performed w i t h  t h e ' o b j e c t i v e  

o f  determin ing the  best  poss ib le  l o c a t i o n  a t  the  Punta Tuna (Puerto Rico) 

. s i t e  from the s tandpo in t  o f  anchoring.   his Invol,ved s tudy ing  the  v i c i n i t y  ' 

o f  t he  l n l t i a l  l o c a t i o n  i n  r e l a t i o n  t o  the p r e v a i l  i ng  bottom slopes and 

d is tances  from shore. 

A1 1 subsequent s tud ies  wereperformed f o r  the  f i n a l  se lec ted  s i t e .  1 

.. 
The two base l ine  OTEC p la t fo rms,were the  APL.BARGE, F igure  1 ,  and the G 6 C . 

SPAR, Figure 2. Basic p a r t i c u l a r s  o f  these two p la t fo rms a r e  summarized, 

respec t i ve l y ,  i n  Tables 1.and 2. 

The r e s u l t s  o f  the study a r e  presented i,n d e t a i l  i n  t he  f o l  lowing sect ions. : 

I n  b r i e f ,  the o v e r a l l  o b j e c t i v e  o f  developing two conceptual designs f o r  each 

o f  t he  two base1 i ne 01 EC p la t fo rms  has been accompl i shed. 

S p e c i f i c a l l y :  

d A methodology was developed f o r  concebtua 1 

designs and fo l lowed t o  the  ex ten t  poss ib le .  A t  t h i s  stage, a 

f u l l  reIiability/performance/optimiration ana lys i s  bdsed on a prob- 

ab i  1 i s t  i c  approach was no t  used due t o  the  numeious SKSS candidates 

t o  be evaluated. A d e t e r m i n i s t i c  approach was used,as j described 
. I 

i n  d e t a i l  i n  Sect ion 3.0. 

o For bo th  of  the '  two 'base1 i ne  p.latforms ,? the APL BARGE and the G S C 

SPAR, a1 1 poss ib le  SYSS candidate concepts were considered and 

mat r ices  o f  SKSS concepts were developed. 
. A .  

1-2 
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P R I  NCIPAL HULL CHARACTER I S T I  CS 

LO A 38 1 '-6'' 

LWL 378'-0" 

B(HULL) . 121 '-0" 

B (OVER WW PUMPS) 159'-0" , 

D (MAIN DECK) . 77*-om 

D (UPPER DECK) 89'-0" 
. . .. ":. - . . . 

d (DLWL, HULL ONLY) 65*-ow . . 

A+ , s 67,901 LT. . .  

CONDITIONS DEFINING DISPLACEMENT: ' . 
- . .  

. . .. 

- 65-FT DRAFT 

- ASSUMESAPL HEls AT ALLWELLS 

- VESSEL DISPLACEMENTpINCLUDES DISPLACEMENT OF HE'S 

- CWP IN PLACE 

- HULL FULLY OUTFITTED FOR 20 MWe OPERATION 

BALLAST (TO 65' WL, 20 MW OPER.) 6,757 LT. 

- T A B L E  I :  A P L  BARGE ----- 

. - , . 



18641-2 (W-11,244) ENCLOSURE ( A )  

TABLE 2 

G E C SPAR P R I N C r P A L W  
OTEC 10 6 40 W e  Modular Appl ica t ions  Platfor 'ns - 

, . 

10 me ( S t e e l ?  40 M W ~  ( S t e e l )  

O v e r a l l  Height W/O Discharge ? i ? e s  260 ( F t )  315 ( F t )  
W/ Discharge Pige 330 340 

Maximum Diameter w/o ~ i s c h e r ~ e  Pipe 65 
W/ Discharge Pipe 120 

Xaximum Draf t  W/O Discharge Pipe 
W/ Discharge Pipe 

Access Column ,Outer S h e l l  32 O.D. x 115 , 

Inner S h e l l  20 O.D.  x 115 

Maximum Diameter , 

~f n i m G  Diane t e r  
Overa l l  Height 

32 0.D.x 120 
20 O.D. x 120 

Heat Exchangers Number' . 1 Evap/l Cond 4 Evap/4 Cond 
Or ien ta t ion  V e r t i c a l  V e r t i c a l  
Location Ex te tna l  '~ External  

Discharge  Pipes  Depth below Feat  . . 
Exchafigers 120 9 5 

CVP Diameter 15 ' 30 

~ a b i t a b i l i t y  S e c t i o n  7 5 x 7 5 ~ 2 7  YO x YU X jb 

L i g h t s h i p  Wgt 7994 LT . 23247 LT 
L i g h t s h i p  Wgt Less CXP 6097 LT 16732 LT 
' Ja l l a s t  'dgt 2403 LT 1381 LT 

Opera t ing  Wgt 17963 LT 12985 LT 

Yoorinq Tsnsion 4143 LT 6096 LT 
64.93 f t '  ' ' 77.50 f t  



o For those concepts which were found t o  be t e c h n i c a l l y  feas ib le ,  

necessary c a l c u l a t i o n s  were performed t o  e s t a b l i s h  SKSS component 

s izes ,  cost  est imates, deployment and maintenance requirements, 

and i n t e r f a c e  problems.'  .. 
. .  . 

. . . . , 
. . 

o On the bas is  o f  performance, cos t ,  r i s k ,  and schedul ing considera- .:, 
. . t i o n s ,  the f e a s i b l e  SKSS concepts were .subjected t o  a compari,son. , 

. . . .  
, I .  ' 

and the best two concepts were select'ed f o r  each base l ine  p la t fo rm.  
, . ' 

, . 
( .  

The end r e s u l t s  were summa'rized as f o l  lows: 
. .. 

I :' For the 40 MW; ~ o d u l e r  Experiment SPM P l i t f o r m ,  the two best SKSS 
5 .  

concepts were: . . 

o An e i g h t - l e g  spread catenary using.  5'' w i r e  rope and 4" chain 
. * . , 

f o r  mooring 1 ines . . .  . . , , . 

o A tens ion  l e g  type mooring concedt wi ' th th ree ~ i r t  i c a l  
. . 

ten; i on rods. 

2; TKe two best  SKSS concepts f o r  the  BARGE p l a t f o r m  were: 
, . 

. . 
0 A f ou r - l eg  . spread . catenary w i t h  s o l i d  l i n k  type mooring " 

0 A s i n g l e  anchor l e g  type mooring w i t h  buoy moored . .  . by 

t h ree  c l o s e l y  spaced s o l i d  l i n k s .  

3. The SKSS concepts recommended f o r  the p r e l i m i n a r y  design s tud ies  

were: 

0 For the  SPAR: The e i g h t - l e g  w i r e  rope and cha in  ca:enary 

moor i ng concept 



o  For the  Barge: the  s i n g l e  l e g  mooring conc.ept w i t h  buoy 

moored by v e r t i c a l  s o l i d  l i n k  1i.n.e~. 
. . 

, . ,  

A t  t h i s  stage o f  the study, the resu l  t.s were presented t o  NOAA/DOE, and the 

8- leg  w i re /cha in  catenary mooring concept f o r  the SPAR p la t fo rm was approved 

f o r  use as base l ine  design i n  the  nex t  phase o f . t h e  study. 
, . . .  

For the  Barge p la t fo rm,  a  s ta te -o f - t he -a r t  catenary mooring system was 
. 

approved due t o  ex tens ive  development requ i  rements f o r  the s ing  toe buoy 

moor i ng concept. 

4.  he a p p l i c a b i l i t y  o f  these contepts t o  the f u t u r e  commercial p l a n t  

SKSS designs i s  d i s c u s s e d ' i n  Sect ion 10; i n  summary however, i t  i s  

be1 ieved t h a t ,  f o r  the Puerto Rico s i t e :  
. .. 

o  The e i g h t - l e g  catenary concept w i l l  no t  be a p p l i c a b l e  t o  
. . 

commerclal SPAR p la t fo rms,  s ince  the wlre ,>opt and cha in  
, . .  

s i zes  used f o r  the  modular p l a t f o r m . a r e  a l ready  a t  the 

boundary o f  the c u r r e n t  s t a t e - o f - t h e - a r t . '  

o  For a  commercial SPAR p la t fo rm,  the  most l i k e l y  SKSS concepts 

w i l l  be m u l t i - p o i n t  HCL l i n k  ca tenar ies  o r . v e r t i c a 1  tension 

l e g  moorin'gs. 

. <  '. 
o  The s ing  l e - l e g  moor i'ng concept w i  t h  .buoy moo&d. by v e r t i c a l  

so l i d .  tens ion  l i n k s  may be a p p l i c a b l e  t o  commercial p lat forms.  



2.0 , j: BAS I C DES I GN. REQUI REHENTS a ., . 

2.1 Design C r i t e r i a  

2.1.1 Requi rements and., Assumptions.,, . . . . .. - . . . .. 
., . 

The basic design requirements, g iven by the  DOC f o r  use i n  the 
8 .  % , . '. . ,  , 

. . 
> '  . . . 

conceptual designs o f  t h i s  study, a r e  the  f o l l o w i n g :  

' j .  -. . * . . > . . .  
1. 'SKSS d i s i ~ n i " k i l l ' b i  piepa;dd fd r  two Mddular e x p e r i m ~ n t  p l a n t  

' a -  

, _  I t  . . .,  . . . . 
. . 'p la t fo rms;  

a) 40 MW SPAR MEP p l a t f o r m  being developed by Gibbs t "Cox 

b) 40 MW BARGE MEP p l a t f o r m  designed by Appl i ed  Physics 

. , .. . Laboratory [JHU)-. , .  . . . . 

. . - .  . . .I / ( .  
,, " 

2. The s i t e  f o r  MEP p la t fo rms  i s  Puerto Rico. 
. . . . 

3. Watch c i r c l e  rad ius  requirement f o r  the opera t iona l  sea s t a t e  

i s  10% of  the  depth o f  water. No s p e c i f i c  watch c i r c l e  requ i re -  
' I . ,  . , a _ , -  . . . . 

ments need be met a t  the  design extreme sea s ta te .  However, 
. . .  

'; : 
. . .. ' , 

~ K S S  must be adequate to' p'revent the grounding o f  the  c o l d  water 

. , .  . . - .  . . 
pipe. 

4. The design l i f e  f o r  the  MEP I s  10 years; r e t u r n  per iods  f o r  the 

design"operat iona1 and extreme sea s ta tes  are  3 years and 70 years 

... ,, , - .  . . ,  . . respect  i ve l  Y ., . . , ,, .. 

5 .  The pr imary SKSS s h a l l  be a moored con f i gu ra t i on .  Thrusters 

may be used as secondary systems. 
? + 

. ., . . 
- . ' !. ., . - , . 

S t a r t i n g  w i t t i  the& assukbtionk and t a k i n g  i n t o  c o n i i d e r a t i o n  poss ib le  S K S S  

con f i gu ra t i ons  the. c r i t e r i a  and c h a r a c t e r i s t i c s  f o r  use i n  the designs o f  

components and complete systems were compiled. 
2- 1 



a. Excursion 

Permiss ib le excurs ion  i s  determined by the  design c h a r a c t e r i s t i c s  

o f  the power cable.  Depending on the na ture  o f  the power,cable 

connect ion and the  number of  cables used, the maximum permiss ib le  

watch c i r c l e  would range from 10% t o  30% o f  the  water depth. 

The f . i n a l  power cable design has no t  been es tab l ished,  ,so a nominal 

10% of depth watch c i r c l e  rad ius  w i l l  be used. ~ x c e e i i n g -  t h i s  per-  

m i s s i b l e  rad ius  may be considered a to le rance f a i l u r e .  

b. Catastrophic f a i l u r e  

Catastrophic f a i l u r e  would be a major SKSS component f a i l u r e  whic'h 

cou ld  lead t o  grounding o f  the c o l d  water p ipe.  The pro-babi 1 i t y  o f  

t h i s  f a i l u r e  must be mainta ined below an acceptable l e v e l .  I n  

the conceptual designs, a d e t e r m i n i s t i c  approach w i l l  be used 
1 .. 

so t h a t  app rop r ia te  f a c t o r s  o f  s a f e t y  may serve as the  c r i t e r i a  

i n  l l e u  o f  minimum re1 i a b i  l i t y  values. I f  qne ~ ~ ~ ~ ' c o r n ~ o n e n t '  

f a i  I s  t o  meet the acceptab.le re1 i a b i l  i t y  l e v e l  o r  the fac to r  

o f  sa fe t y ,  i t  w i l l  e i t h e r  be d iscarded as a vi 'able a. l t 'ernat ive 

I . _  r 
o r  strengthened t o  c o r r e c t  t h i s  de f i c i ency .  



. . .  
c; Burden v a r i a b l e s  

'Burden v a r i a b l e s  a r e  q u a n t i t i e s  such' as' we igh t  and space requ i  iements 

' 
f o r  t he  s p e c i f i c  p l a t f o r m s  wh ich  can sometimes be q u a n t i f i e d  bu t  a re  

best.  cons idered  s u , b j e c t i v e l y  i n  comparing SKSS . a l t e r n a t i v e s .  These 

. - I  v a r i a b . 1 ~ ~  wi l .1 eithe; be d e f i n i t e  1 . im i t a t i ons  w h i c h  r e s t r i c t  t he  

development o f  t h e  SKSS concepts ,  o r  w i l l  a s s i s t  i n  t h e  compai ison 

and e v a l u a t i o n  o f  SKSS a l t e r n a t i v e s  w i t h  n e a r l y  equal  c o s t  and p e r -  

formance measures. 

2 1 .2' SKSS M a t e r i a l s  and Components 
. - 

a .  Fac to r s  o f  Sa fe ty  

The f a c t o r s  o f  s a f e t y  t o  be used i n  t h e  conceptu.al des i gn  s t u d i e s  

a .  

w i l l  be base'd 'on t h e  u l t i m a t e  s t r e n g t h  ( o r  t h e  b reak i ng  s t r e n g t h )  
". " , - . , . 

I ,  . . 
o f  ;the' wi i-e rdpe and cha i'n cbmpinen t s :  

For a1 1  o t h e r  m a t e r i a l s  and components, a1 lowab le  loads wi l,l be 

computed i n  accordance wi . th  I1Ameri.can I n s t i t u t e  o f  S tee l  .Cons t ruc t ion"  

o r  o t h e r  appl  icab. le s p e c i f i c a t i o n s  as. d i scussed  .below f o r  a1 1 p robab le  

SKSS m a t e r i a l s .  

I n  gene ra l ,  t h e  minimum f a c t o r  o f  s a f e t y  f o r  t h e  des ign  o p e r a t i o n a l  

sea s t a t e  i s  3.0 and f o r  t he  des i gn  extreme sea s t a t e  2.0. 



b. Corros ion 

The fo l l ow ing  co r ros ion  res is tance c r i t e r i a  w i l l  be used: 

s. . Carbon s t e e l  p a r t s  t h a t  a re  f u l l y  submerged a t ,  a l l  t imes 

a r e  t o  .have an increased th ickness f o r  co r ros ion  a l l ~ w a n c e  

equal t o  1/16 inch  per  exposed surface. . . 

Carbon s t e e l  p a r t s  t h a t  a re  i n  the splash zone a re  t o  have 

a co r ros ion  al lowance of  1/8 i nch  per  exposed sur face.  

Non-corrosive m a t e r i a l s  may be requ i red  t o  have a smal le r  

increase i n  th ickness depending upon t h e i r  r e l a t i v e  cor ros-  

i veness. 

Submerged p a r t s  can be c a t h o d i c a l l y  p ro tec ted  w i t h  

a p r o t e c t i o n  l l f e  o f  ten  years, o r  i f  t h i s  i s  n o t  p r a c t i c a l ,  

then the  des i gn  l i fe  can be reduced i n '  accordance wi t h  the 

p r e d i c t e d  ca thod ic  p r o t e c t i o n  l i f e  and r o u t i n e  replacements 

planned. As an example, galvanized w i r e  rope i s  i n  t h i s  
. " 

category w i t h  an est imated l i f e  o f  f i v e  years, 
. . .. . 

The propagat ion o f  f a t i g u e  cracks i s  very s e n s i t i v e  t o  the  cor ros ion  

r a t e  so t h a t  co r ros ion  e f f e c t s  have a r a d i c a 1 , e f f e c t  on the expected 

l i f e  of  a s t r u c t u r e .  . , ,  



As i s  t h e  p r a c t i c e  w i t h  most o f f s h o r e  s t r u c t u r e s ,  t h e  SKSS struc:ares 

may be p r o t e c t e d  by a s a c r i f i c i a l  anode system d u r i n g  deployne'nt and 

. .. 
' ~ n s t a l l a t i o n  and by an impres'sed c u r r e n t  system f o r  long- te rm p rp tec -  

'.. 
, t ion.: ' T h e - l a t t e r  may ' n o t ' b e  r e q u i r e d  f o r  the' modular exper imenta l  

p l a n t .  Wire ropes a r e  t y p i c a l ' l y  ga lvanized.  and cha ins  have no 

c o r r o s i o n  p r o t e c t i o n .  T y p i c a l l y ,  a  c o r r o s i o n  a l lowance  o f  e x t r s  . ~ .  . . 

s t e e l  t h i c kness  i s  p rov i ded  f o r  f i x e d  s t r u c t u r e s .  
. .  . , . 

Some s p e c i f i c  requi rements e x i s t ,  i n  some c l a s s i f i c a t i o n  s o c i e t y  r u l e s ,  

e.g., t h e  3e t  Norske Ve r i  t a s  (DnV) "Rules f o r  Design, Cons t ruc t  i on ,  

and I nspec t  i o n  o f  F i xed  O f f sho re  S t r uc tu res "  [ 6 ] .  

c .  P-robable SKSS M a t e r i a l s  . 

When t h e  l i s t  o f  p o s s i b l e  SKSS c o n f i g u r a t i o n s  a r e  cons idered ,  i t  
, , , . 

becomes obv ious  t h a t  an overwhelming number o f  components w i l l  be 

manufactured o f  s t e e l .  S t e e l s  used may be o f  one t ype  . o r  t h e  o.ther 

depending on t h e  s e r v i c e  expected. 

. ' 
Other cho ices  o f  m a t e r i a l s  f o r  SKSS components may be ropes made o f  

s y n t h e t i c  f ib 'er;  and e las tomers .  The p r o p e r t i e s ' o f  these m a t i r i a l s  

a r e  d iscussed  below. 



Stee ls  used i n  marine a p p l i c a t i o n s  

A wide s e l e c t i o n  o f  s t e e l s  a re  a v a i l a b l e  f o r  the e x t e n s i v e .  , 

f i e l d  o f  appl i ca t i ons .  . 

However, t h ree  general a p p l i c a t i o n s  can be def ined,  and, there-  

f o re ,  th ree  d i f f e r e n t  groups o f  s t e e l s  w i l l  r e s u l t .  These are, 

s t e e l s  used i n  s t r u c t u r a l  appl l c a t i o n s  ( the  so -ca l l ed  m i l d  s t e e l s ) ,  

steel3 uscd i n  f a b r i c a t e d  a p p l i c a t i o n s  (nr h igh-s r rength  steels), 

and s t e e l s  used i n  marine machine design appl i c a t  ions (o r  so-ca l led  

s t a i n l e s s  s t e e l s ) .  

I t  should be c l e a r l y  understood t h a t  t he  above do no t  have sharp.. 

and c l e a r  d e f i n i t i o n s  and t h a t  b i g  over laps e x i s t .  A lso w i t h i n  

each def ined category there  a re  tens o r  even. hundreds of  var ious  

groups, each s u i t a b l e  f o r  a  very narrow and spec ia l  i zed 'range 
' 

o f  a p p l i c a t i o n s .  

I t  i s  intended here t o  present  one o r  two grades o f  s t e e l  w i t h i n  

each category t h a t  w i l l  be the  most rep resen ta t i ve  o r  the  most 

l i k e l y  t o  be used f o r  the SKSS and the s i t e  intended. The proper- 

t i e s  and design c r i t e r i a  f o r  s t r u c t u r a l ,  h i g h  s t rength ,  and 

s t a i n l e s s  s t e e l s  a re  presented i n  Appendix F, 

Syn the t i c  F ibers  Used fo r  Ropes . ! . . 

A l a rge  number o f  s y n t h e t i c  f i b e r s  a re  i n  ex is tence t o  be used 
. . 

f o r  ropes. However, i n  mooring a p p l i c a t i o n s ,  t he  rope manufac- 

t u r e r s  use Kevlar ,  Nylon, Dacron, Polypropylene, and Polyethy lene.  



T h e  physical and mechanical properties o f  these synthetic fibers 

vary substantially depending upon whether they are dry o r  wet. 

Additionally, each fiber can be made into various grades that 

possess a range o f  mechanical properties. 

T h e  allowable loads for these fibers when wound into ropes will, 

therefore, vary substantially depending o n  the application. For 

example, in a mooring application, if the watch circle is the 

critical design criterion, then, the allowable load will be very 

small, since the majority o f  the fibers d o  not have linear elong- . 

ation characteristics. In general, when fatigue is taken under 

consideration for prolonged mooring applications, the factors 

o f  safety used a r e  between 8 and 10 based on the breaking strength 

o f  the rope made fr0m.a synthetic fiber. A notable exception 

appears to be Kevlar, for whieh a s a f e t y  f a c ~ u ~  uF 4 - 5 w l  I 1  pro- 

duce a life cycle roughly equivalent t o  that o f  w i r e  rope. Kevlar 

is a fiber currently under intensive investigation for mooring 

applications. T h e  material selection for each SKSS design will be 

made o n  the basis o f  loads and other requirements imposed by the 
. . :, , 

s,ite conditions. 

Details o n  the properties and design criteria for Kevlar, Nylon, 

Dacron, Polypropylene, and Polyethylene can be found in Appendix F. 

Rubbers and Elas tomers 

Rubbers and elastomers. have recent1 y found use, in offshore 

appl icat ions. When sheets a r e  bonded w,i th steel sheets, they cJn 



produce products tha t  have a  v a r i a b l e  bending s t i f f n e s s .  

Two m a t e r i a l s  a re  se lec ted  here t h a t  represent the e n t i r e  fami ly  

o f  Rubbers and Elastomers: Natura l  Rubber and Neoprene. The i r  

phys ica l  and mechanical p rope r t i es  are s i m i l a r ,  bu t  t h e i r  r e s i s t -  
. ,  , 

ance t o  var ious  chemicals d i f f e r s  s u b s t a n t i a l l y .  
, 1 .  ' 

The s i t e  cond i t i ons  and c a l c u l a t e d  loads w i l l  determine the 
' c, 

ch'aracter i s t  i cs t o  be expected o f  mooring 1 i nes. 

? f 

Appendix f g ives  d e t a i l e d  c r i t e r i a  f o r  na' tural  rubber and 

neoprene . 

d .  SKSS Components 

Anchors % .  . . . ., . 
The ho ld ing  power o f  an anchor i s  f requen t l y  expressed as a r a t i o  

o f  the  maximum h o r i z o n t a l  p u l l  t o  the anchor weight i n  a i r .  The 

ho ld ing  power i s  a  func t i on  o f  the  type o f  anchor, sur face area 
. , 

of  anchor r e s i s t i n g  load, anchor embedment, and phys i ca l  proper-  

t i e s  o f  s o i l s  i n  which the  anchor i s  embedded. ,The types of  
. . 

anchors t o  be cons'i dered f o r  SKSS des Cgns ' inc lude: '  
.A 

( I )  drag anchors, 

(2)  d i  r e c t  embedment anchors, 

(3) p i  l e  anchors, 

(4 )  g r a v i t y  anchors. 

B r i e f  d e k c r i p t i o n s  and design c r i t e r i a  f o r  each ancbor ty?e 

are  inc luded i n  Appendix E .  



B. Anchor Connections 

. . 
1 .' Shack1 e and . ~ w i v e ~ l '  

, . 
Shackles and swive ls  a re  s h e l f  items and can be purchased 

from minufactu;ers based on t h e i r  'publ ished safe loads. 

The f i r s t  design c r i t e r i o n  i s  t h a t  the anchor shackles 

and swive ls  have a minimum f a c t o r  o f  sa fe t y  o f  5 .3  based 

u'pon thei;  r a ted  breaking s t reng th .  

The second design c r i t e r i o n  i s  t h a t  the dimensions o f  

the shackles and swive ls  be compatible w i t h  those o f  

the cha in  they mate w i t h  th,e dnchor. 

2. Universal  J o i n t s  
i :  

Universal  j o i n t s  a re  no t  standard mooring i terns; th'erefore 

every i n d i v i d u a l  case wi .11 rPql.lire a p a r t i c u l a r  dt9Tgi1 

F i r s t  design c r i t e r i o n  invo lves  the design o f  s t r u c t u r a l  

members. The s t r u c t u r a l  design should a t  l e a s t  comply w i t h  

the  r u l e s  o f  A I S C ,  w i t h  adequate allowances f o r  f a t i gue .  

S.econd c r i t e r i o n  i s  t h a t  bearings should be permanently l ub -  

r i c a t e d  f o r  .the design,, 1 i f e .  ~ u b r . i c a t  ion  should be 

appropr ia te  f o r  underwater appl i c a t  ions.  



. . 

Seabed L ine  

1. Chain 

The design c r i t e r i o n  f o r  the  chain i s  t h a t  the maximum tension 

sha 1 1  no t  exceed 33%. o f  i t s  breaking st rength.  per  AP I *"Proposed 

Recommended Prac t i ces  f o r  Moorind' .  I f  the cha in  should meet 

t h i s  c r i t e r i o n  f o r  l o a d s , t h e n  the f a t i g u e  e f f e c t s  wil.1 be 

considered. 

2. Special  L inks 

Design c r i t e r i a  v a l i d  f o r  chains apply al'so t o  spec ia l  l . inks.  

3 .  Special  Sheath inq 

Special  sheathing i s  occas iona l l y  a p p l i e d  on seabed l i n e s  t o  

prevent damage by abrasion and t o  red'uce corros ion.  

The design c r i t e r i o n  i s  t h a t  the  sheathing w i l l  be abrasion 
. . 

r e s i s t a n t .  

. . 
Mooring L ine  .. 

1. Chain 

Same comments app ly  as the Seabed L ine  '!chain1!; . 

2. Wire Rope - S p i r a l  Strand . . * .  
The design c r i t e r i o n  i s  t h a t  the  maximum tens ion  s h a l l  not  

exceed 33% of  i t s .  breaking s t reng th  per. At? l :Prop,osed 2Recommended . . . . . .- . . .-,.. 

P rac t i ces  f o r  Mooring, based on expected:-fatig'ue - 1 i f e . o f  approx i -  

mately 5 years. ' . . %.. 



3. Wire Rope - P a r a l l e l  S t rand  

- . Use o f  p a r a l l e l  s t r a n d  w i r e  rope i s  comp le te l y  unknown i n  
" 

. . 
mar ine  a p p l i c a t i o n s .  I t s  p r ima ry  advantage i s  t h a t . t h e  

s t r a i g h t  w i r e s  can develop t h e i r  maximum u l t i m a t e  s t r e n g t h .  
, .  . . . 

. , * 

I t s  d isadvantage I s  t h a t  due t o  t h e  n a t u r e  o f  t he  bundle 

c o n s t r u c t t o n ,  , l t ' t s  d i f f i c u l t '  t o  p r o t & t  a g a i n s t  co r ros i on ,  

s i n c e  each and every  w i r e  I s  exposed t o  s a l t  wa te r .  

Des ign c r i t e r i o n  i s  t h a t  t h e  f a c t o r  o f  s a f e t y  based o n . u l t i m a t e  

s t r e n g t h  shou ld  be 2 . 2  i f  t h e  w i r e  bundle i s  sheathed acco rd i ns  

t o  manu fac tu re r ' s  recommendat ions .  I f t h e  wi  r e  bundle ,i.s n o t  

sheathed, t h e  sa fe t y  f a c t o r  shou ld  be inc reased  t o  4.0 based 

on t h e  u l t i m a t e  s t r e n g t h  o f  t h e  w i r e s .  

4.. : Tens i on Rods 

Tension rods a r e  s t r u c t u r a l  des i gn  i tems.  The genera l  s t r e s s  

c r i t e r i a  f o r  s t e e l  w i l l  app ly .  The a l l o w a b l e  s t r esses  shou ld  

be based on t h e  y i e l d  s t r e n g t h  o f  t h e  m a t e r i a l .  

5 .  Buoyant L i n k s  (HCL) 

Same c r i t e r i a  as those f o r  t e n s i o n  rods a r e  a p p l i c a b l e  t o  

t h e  h o l l o w  c y l i n d r i c a l  l i n k  t ype  moor ing l i n e s .  

- ; .. . ' ,,.- .. 

, . 
6 .  . S y n t h e t i c  Ropes : ( ~ ~ l o n ,  .Kev la r ,  Dacron, e t c . )  . , 

' The p r ima ry  advantage . o f  s y n t h e t i c  ropes i s  h i g h  s t r e n g t h  t o  

we igh t  r a t i o  making t h i s  a t t r a c t i v e  f o r  deep wate r  moor ings.  



The design c r i t e r i o n  i s  t h a t  the  'actor of  sa fe ty  mdst be 

between 8 - 10 f o r  extended design f a t i c u e  l i f e .  

F a i r  1 ead 

1 .  Be1 l-mouth tube: The s t r u c t u r e ,  i n  general ," should meet the 
. . 

general s t r e s s  c r i t e r i a ;  bu t  the t t i ickness o f  ma te r i a l  i n  

the zone o f  contac t  w i  t.h the  no , r r ing  1 i n e  mus.: have a wear 

allowance o? 1/4  inch i f  the 'zone i s  la rge ,  and p ropo r t f ona te l y  

g reater  i f  the  wear zone i s  concentrated. . 

2. S w i v e l l i n g  Sheave o r  R o l l e r s :  The th ickness o f  m a t e r i a l  i n  

the zone o f  contac t  w i t h  the  mooring l i n e  must have a wear 

allowance o f  1/4 inch. 

I f  the  sheave o r  r o l l e r s  a re  submerged, the  sheave, swive l ,  

and r o l l e r  bear ings must be permanently l u b r i c a t e d  i n  a manner 

intended f o r  underwater serv ice .  I f  they a r e  n o t  t o  be sub- 

merged, the bear ings may be p e r i o d i c a l l y  l ub r i ca ted .  

Stopper 

A l l  types: The design load f o r  the  stopper i s  t o  be tw ice  the 

design load o f  t he  mooring l i n e .  I n  a d d i t i o n ,  the  stopper i s  t o  

be capable o f  c a r r y i n g  th ree  times the  design load o f  the mooring 

l i n e  w i thou t  s t r u c t u r a l  f a i l u r e ,  a l though y i e l d i n g  and s t r u c t u r a l  

d i s t o r t i o n  w i  1 1  be a1 lowed. 



Tens i one r 
. . 

A l l  types: The SKSS may be designed such t h a t  no adjustment o f  
. . 

length  o f  the  mooring l ines i s  requ i  red, o r  i t may be des i gned 

. . .  ,. , 

w ' i th  a  r&uireme"t ' t o  ad jus t  the lenoth  df the mooring l i n e s  

,*rider . 1 bad. 

I n  the l a t t e r  case, the design load on the tensioner i s  t o  be 

1.5 ti'mes the maximum s t a t i c  load. i n  the mooring l i n e ,  o r  1.0 

times the design load '  i n  the moorimg 1 ines.  . I n  the case 'where 

no length  adjustment i s  requ i red ,  the design load on the tensioner 

i s  t o  be 1.5 times the i n s t a l l a t i o n  deadload (weight)  o f  the moor- 

lng  l i n e .  . . . . .  



Basic Performance Anal ys i s  Procedures 

S t a t i c  and dynamic load analyses must be performed t o  ensure 

t h a t  the SKSS concept w i  1 1  s a t i s f y  pe rm iss ib le  excurs idn  1 i m i t s  

and component s t reng th  requirements. A d e t e r m i n i s t i c  ana lys i s  

w i l l  be used t o  o b t a i n  mooring l i n e  and anchor loadings i n  the 

conceptual design phase. Th i s  approach cons.ideis a s t a t i c  

f o r c e  r e s u l t i n g  from l a t e r a l  displacement o f  the p l a t f o r m  and 

an osc i  1 l a t o r y  fo rce  which tends t o  osc i  1 l a t e  the p l a t f o r m  about 

i t s  s t a t i c  e q u i l i b r i u m  p o i n t .  The SKSS should be designed t o  

c o n t r o l  the former and r e s i s t  the  l a t t e r .  The s t a t i c  fo rce  i s  

the v e c t o r i a l  a d d i t i o n  o f  a s t a t i c  wind, cu r ren t ,  and a h i g h  

frequency wave d r i f t  f o r c e  f o r  a g iven s imple design wave w i t h  

c h a r a c t e r i s t i c  he igh t  and per iod .  The SKSS must p rov ide  an 

equal and oppos i te  r e s t o r i n g  fo rce  w i thou t  exceeding the  pe r -  

m i s s i b l e  excurs ion  l i m i t s .  ' 

The o s c i l l a t o r y  f o r c e  i s  due t o  the  low frequency wave i n e r t i a l  

fo rces  and i s  genera l l y  an o rde r  o f  magnitude g rea te r  than the 

combined s t a t i c  forces, (See Appendix C and References $ 1  and 

2 c i t e d  therein!. The maximum vessel o f f s e t  i s  ob ta ined by add- 

i ng  the s i n g l e  ampl i tude o s c i l l a t o r y  excurs ion  t o  the  s t a t i c  

o f f s e t .  For the maximum design cond i t i on ,  the maximum o f f s e t  

i s  re-entered i n t o  the  SKSS a n a l y s i s  t o  determine the maximum 

tens ion  and anchor loads on- the  most severe ly  loaded member. The 

SKSS w i l l  g e n e r a l l y  have a minimal e f f e c t  on p l a t f o r m  motions 

except p o s s i b l y  i n  the case o f  a v e r t i c a l  mooring. 



. . . . 
2:'l .L!  'Scheduling constraints i 

The schedule for the,OTEC program will place constraints on the tine 

. .  . .;. 6. :. avai 1ab:le. for such activities as research and developmen.t, acqui s i t ion 

.-. . of materials and components,, construction of components, and deployment 

of the SKSS. The latest DOE Ocean Engineering Plan calls for the modular 

experlrnen~ plant to be deployed on site in October 1984. 

The time limitations will depend on information to be obtained from 

manufacturers on equipment avei labi 1 i ty and requi red development. 

The allowable environmental states suitable for deployment operations 

will depend on the scenario established for the deployment. The 

weather windows, durations of time during which the environmental 

conditions will not exceed allowable levels, will have to match the 
. . 

required time for deployment. 
. .  . 



EFlV I RONMENTAL COND IT  I OIJS 

2.2.1 General 

The environmental data needed f o r  the ana lys i s  o f  SKSS designs can 

be d i v i d e d  i n t o  two groups: bottom data and sur face data.  

1 ;  I 

The bottom data ava i  l a b l e  f o r  the Punta Tuna s i t e  a r e  g iven i n  (1);: 

and ( 2 ) .  The search f o r  f u r t h e r  i n fo rma t ion  was no t  f r u i t f u l ;  how- 

ever,  t h ree  r e p o r t s  on bottom cond i t i ons  a t  S t .  Cro ix ,  Vieques 

Is land,  and Southern Puerto Rico regions were made a v a i l a b l e  t o  the 

p r o j e c t  team, ( 3 ) ,  (41, and (5). These r e p o r t s  do no t  c o n t a i n  spe- 

c i f i c  i n fo rma t ion  on the  designated OTEC s i t e  a t  Punta Tuna.w i th  

coord ina tes  o f  17O 57 '  I4 and 65' 52'  W .  Our subcontractor ,  

McClel land Engineers, has ex t rapo la ted  thendata conta ined i n  these 

references t o  o b t a i n  an approximat ion o f  the  s o i l  cond i t i ons  a t  the  
. ' 

s i t e ,  (see Sect ion 2 . 3 ) .  

I f  the approach i s  t o  d e f i n e  some storm t h a t  i s  expected t o  occur 

once every so many years, and t o  consider  the wind. wave and c u r r e n t  

c o n d i t i o n s  t h e r i n  the  worst  t o  be experienced, perhaps the  

d e f i n i t i o n  o f  the  "Bretschneider Storm" de f i ned  i n  ( 6 )  can be used. 

However, i t  i s  poss ib le  t o  consider  and i d e n t i f y  the combined spectrum 

o f  winds, waves, and c u r r e n t s  i n  the  form o f  "environmental s ta tes "  

and t h e i r  p r o b a b i l i t i e s  o f  exceedance a t  the  s i t e .  

*Numbers i n  b rackets  denote s i m i l a r l y  numbered references and end 
o f  r e p o r t .  



Although both o f  the  above approaches can probably be used i n  a 

r e l i a b i l i t y  ana lys is ,  the l a t t e r  should be more s t ra igh t fo rward  

' , 
and r e a l i s t i c  i n  t h a t  i t  does not  i nvo l ve  the development o f  a 

s i n ~ l e  storm which  when used i n  the  design w i  1 1  ' resul ' t  i n  success- 

f ~ i l  o p e r a t i o n ' o f  the system f o r  a g iven pe r iod  o f  ' t i m e .  With.'th.e 

, "environmental s ta te "  approach, system re1 i a b i  1 i . t i es  can be computed. 

The ~ r e t s c h n e i d e r  repo r t  [ 6 ]  does not  con ta in  the  a l l - i n c l u s i l e  

in fo rmat ion  needed t o  o b t a i n  these s ta tes .  However, us ing the SSMO 

data [7 ]  i n  con junc t ion  w i t h  the  data e x i s t i n g  i n  [ I ]  and [2 ] ,  the 

environmental s ta tes  can be developed. 

Out subcontractor ,  A. H. Glenn s Associates, was asked t o  deve lop  

these s ta tes  us ing  the r e s u l t s  o f  above-mentioned references,  i nso fa r  

as poss ib le ,  and commenting on any d i f f e rences  o f  s i g n i f i c a n t ' e x t e n t  

from t h e i r  r e s u l t s .  Sect ion 2.1.2. descr ibes the approach 

used by A. H. Glenn Associates, Inc. i n  determining the environmental 

, s ta tes .  



2 .2 .2  Surface Environmental Data 

I n 3  references [ I ]  and [ 7 ] ,  both the Engl i sh .and  the m e t r i c  u n i t s  a re  used. 

I n  developing the  environmental s ta tes  f o r  the present  study, the same u n i t s  

a re  used f o r  each parameter ( i . e . ,  wave he igh t  i n  fee t ,  wind speed i n  knots, 

c u r r e n t  v e l o c i t i e s  i n  cent imeters per  second, e t c . ) .  

The r e s u l t s  o f  ana lys i s  a re  summarized i n  t ab les  l i s t i n g  wave, wind, 

c u r r e n t  s ta tes  and t h e i r  p r o b a b i l i t i e s  o f  exceedence. Three wave d i r e c t i o n s  

( d i r e c t i o n  from which waves move) a re  considered: nor theas t ,  eas t ,  and 

southeast.  These wave d i r e c t i o n s  account f o r  more than 92 percent  o f  a l l  

wave d i r e c t i o n s  o c c u r r i n g  a t  the s,ite because o f  the s t r o n g l y  p r e v a i l i n g  

e a s t e r l y  winds ( " t rade winds") of. the Puerto Rico area. 

S i g n i f i c a n t  wave he igh t ,  Hs, i s  the  average he igh t  of  the  h ighes t  33 1 / 3 1  

o f  the waves. The waves are  observed consecut ive ly  and a l l  waves are  con- 

s ide red  ( t h a t  i s ,  no d i f f e r e n t i a t i o n  between a  "sea" o r  "wind wave", and a  

"swel l "  i s  made). An ac tua l  measurement o f  s i g n i f i c a n t  wave he igh t  u s u a l l y  

i nvo l ves  a  10 t o  20 minute cont inuous record ing  o f  a  wave gage, 

S i g n i f i c a n t  wave per iod ,  Ts, i s  the  average p e r i o d  of  the  h ighes t  33 1/38 

o f  the  waves, ... the same waves considered i n  the  de terminat ion  o f  the  

s i g n i f i c a n t  wave he igh t .  

The wind speed i s  s t a t e d  [6]  as a  maximum 10 minute average and i s  g iven 

i n  knots (naut ' ica l  m i l e s  per  hour ) .  

The s t i l l  water  depth a t  the s i t e  i s  s p e c i f i e d  as approximate ly  1200 meters. 

Because o f  the  cons iderab le  depth a t  t he  s i t e ,  s torm t i d e s  a r e  smal l  (a few 

f e e t  i n  the  case o f  severe hu r r i canes ) .  The astronomi'cal t i d e  range i s  a l s o  



smal l  (2  f e e t  o r  l e ss ) .  The p o s s i b l e  t i d a l  v a r i a t i o n  o f  seve ra l  f e e t ,  a t  

t h e  most, has n e g l i g i b l e  e f f e c t  on t he  wave p r o f i l e  o r  wave fo rces  i n  a 

wa te r  dep th  o f  approx imate ly  1200 meters .  For  t h i s  reason, s to rm t i d e s  

and as t ronomica l  t i d e s  a r e  n o t  cons idered  h e r e i n .  

The percentages o f  waves i n  p e r i o d . g r o u p s  a r e  summarized , in  t he  tab ieb .  

The waves a t  t h e  s i t e  a r e  p redominan t l y  s h o r t  pe r i od ,  l o c a l  l y  generdtbd 

wind waves, b u t  some s w e l l  reaches t he  s i t e .  The B re t schne ide r  dave b e t i o d  

d i s t r i b u t i o n s  a r e  a d j u s t e d  t o  i n c l u d e  some l onge r  p e r i o d  wave ack i oh  

s i n c e  longer  p e r i o d  wave a c t i o n  i s  p resen t  a t  t h i s  s i t e  and i s  impoktant  

w i t h  r espec t  t o  vesse l  mot ion  problems. 

Cur ren t  speeds i n  cen t ime te r s  pe r  second a r e  summarized f o r  100 metel- 

depth i n t e r v a l s  I n  t he  t ab l es .  The c u r r e n t s  summarized a r e  t h e  vek tdv  

t o t a l s  o f  the geos t r oph i c ,  t i d a l ,  and w ind  d r i v e n  c u r r e n t s  i n  tWe d l i - k c t f o n  

o f  mot ion  o f  t h e  waves. 

The p r o b a b i l i t y  o f  exceedance o f  t h e  env i ronmenta l  s t a t e  i s  t h e  pepcentage 

o f  t ime  t h e  env i ronmenta l  s t a t e  (combined wave, wind, and c u r r e h t )  I d  t h e  

s p e c i f i e d  d i r e c t i o n ,  i s  exceeded. Thus an exceedance o f  ' 1% i n d i c a t k s  t h a t  

the  env i ronmenta l '  s t a t e  i n  t h e  s p e c i f i e d  d i r e c t i o n  i s  exceeded 3.6523 days 

t o t a l  t ime  p e r  year .  

The ana 1 ys i s procedure employed i n  deve lop i ng  env i ronmental  s t b t e s  1 s 

d iscussed  i n  d e t a i l  i n  Appendix D. . 



A f t e r  complet ing the  a n a l y s i s  as summa,rized.pbove, . . t a b u l a t i o n s   are^ a ,, , , 

ob ta ined  desc r ib ing  the  wave per iod ,  wind speed, wave p e r i o d  d i s t r i b -  

u t i o n ,  and c u r r e n t  speed d i s t r i b u t i o n  versus depth fdr the  s i g n i f i c a n t  
I 

: wave he igh ts  o f  2, 4, 6, 8, 10, 1.5; 20, '25, 30, 3, 40, 4$, and 5d:'feet. 
I 

i i 

Table 3 i s  a sample ~nv i ronmenta ' l .  ~ t a ' t e  t a b u l a t i o n .  
I 

Each s i g n i f i c a n t  wave he igh t  t a b u l a t i o n  inc ludes  the  p roba :b i l i t y  o f  
: - L 

exceedance o f  t h a t  environmental s t a t e ,  and the t a b u l a t i o n s  a r e  repeat-  
/ t 

ed f o r  t h e  t h r e e  d i r e c t i o n s  from which waves move o r  wind blows. 

The 35 environmental s t a t e s  thus ob ta ined descr ibe  the complete spectrum 

o f  environmental cond i t i ons  t h a t  the  SKSS may experience du r ing  i t s  l i f e -  

t ime. Table 4 i s  a l i s t i n g  o f  t he  13 environmental s t a t e s  considered . 
f o r  each wave d i r e c t i o n .  A l l  35 data sheets a re  inc luded i n  Appendix D. 

Representat ive environmental s t a t e ,  ( c . s ~ )  t e  be 114dd i n  the  c a l c u l a t i o n s  

f o r  mooring loads and reliability/performance/optimization analyses are  

then selected.  The number o f  E.S. i s  reduced t o  seven f o r  the conceptual 

design s tud ies .  

Table 5 l i s t s  t he  t e n t a t i v e l y  se lec ted  environmental s t a t e s  f o r  use 

i n  conduct ing bas i c  c a l c u l a t i o n s  i n  t h e  conceptual design phase. . The 

number o f  E.S. may have t o  be f u r t h e r  reduced i n  t h e  p r e l i m i n a r y  design 

stage. . . , . 
. " . . .  - . 



' .  t l .  

7 A. H'.' G L E N N  A.N'D.ASSOCIATES 

1 : .:TABLE .3.: ENY I RONMENTAL WAVE, .,WIND, CURRENT STATE: APPRQX,IHhTiLY . , . ". . :. 
, l j " 5 7 ' ~ ,  65052'wn OFFSHORE PUNTA TUNA, PUERTO RICO, 

APPROX IMATE CHART DEF!JH. 1200 METERS, E WAVE D l  RECT ION] : . . . . ,  . . . .  

.S ; ign i f icant  Wave ~ e i ~ h t . , . H ,  . . . . 15.0 Ft. . , . . 
S i g n i f i c a n t  Wave Period, Ts 8.5 Secr;. 

. Wind speed1 . . , ,  . _ . .  . . 27.. Knots . . 
S t i  l  l Water Depth, d 1200. Meters 

Di s t r i  b u t i o n  of 
Wave Per iods 
. . . . . .  . . 

0 -  2.4Secs. , 

2.5 - 4,.4 , , . . 

4.5 - 6.4 
6.5 - 8.4 
8.5 - 10.4 & .  . 

10.5 - 12.4 
12.5 - -14.4 . . .  
14.5 - 16.4 
16.5 - 18.4 
18.5 Plus . . 

= .  

Percentage o f  
Waves . i n Per i cd G r o w  

. . .  

0.9 
6.9. . . .  . . 

20.3 

... 0 .  . . . . .  ... Cur rent  -Speed .-, . !. . 
Versus Depth, Meters 

. , .< '. . . .  
0 94 Cm/Sec 

' 100 60 . ,  , ,1 ' 

200 6 2 
303 52 . 

400 44 

700 . . 2 9 
800 . ' 27 . . . .  , , 

900 25 
lC00 . . . . .  ' .  .' '24. , ,. .< ' * 

Probabi l i t v  of  ~xceedsnce o f  Envi rooneta I S ta te  ". 

0.564 Be rcen t  

Note: l ~ i r e c f i o n  from which waves move o r  wind blows. -- 



TABLE 4: ENVIRONMENTAL STATES CONSIDERED FOR EACH DIRECTION 

*Design: Operat ional  Sea Sta te  corresponding t o  3 , yea r  r e t u r n  per iod .  

**Design: extreme ( s u r v i v a l  ) sea s t a t e  corresponding t o  73 year r e t u r n  
per  iod . 

SIGNIFICANT 
WAVE PER I OD (TS) 

(Sec. ) 

- - 
. .  . .-. .. .. .. 
' . ,. . ' 4.0 . . . , .  - * 

. . t " .  

'.A. I . . .  
4.7 

5.4 . . 

6.1 

6.8 

8.5 

9- 7 

10.4 ,. 

11.0 
' I ,  

. . '  1 1.; 7 

12.4 

13.0 . 

13.7 

. ~. 

WIND SPEED 
(KT. ) 

0 
. . . . 

. a d l o  
., . * , .  

14  

1 7: 
. . 4  

" 201 

22' 

' 27. 

. 31 

40' 

60 

a():.. . 
;- :: .89 

. . .  

+94 

9 9 

I ENV ' NMTL SIGNIFICANT 
STATE NO. WAVE HGT. (HS) , 

0 

1 

0 

2.0 

2 I 4.0 . 
I 

6.0 

. . B e o  4 

5 I 10.0 : 
6 15.0 

7 

8 Doss* 

9 

20.0 

25.0 

3n.O 
I 

10 I 35.0 
! 

I 1 1  40.0 ^ ' 
i 
I 
! .  * : 

1 2 ~ ~ ~ ~ . ? c +  i ..45.O 

13 . 50.0 



' ] WI;R;;EED 1 PROB.  OF . 
STATE 140; EXCEEDANCE , 

I .  I 

. . ,  . . 

TABLE 5 ENVIRONMENTAL STATES 
FOR. USE IN 

CONCEPTUAL DESIGN CALCULATIONS , . . 

: 3 '. 

5 
' .  

8 Doss 

, 10 

12 Dess 

6 .0  

10.0 

25.0 

35.0 

45.0 

17 

22 

40 

80 

9 4 

12.41 

3.38 

C.0181 

0.0000159 

0.00000143 



2.2.3 Bottom Data . . 

The government furnished information [2] indicates that the gross 

bottom conditions at the Punta Tuna site are as follows: 

Approximate depth: 1200 m. ' (4000 ft.) 

. - Bottom condition: Silts and s'and, high in carbonate co'ntent. . 

, . .. 
* .  . Approximate bottom' slope': : . : I :  3.0 

McClelland Engineers, Inc. was asked to conduct a brief investigation 

by studying existing informat ion in refererlces [I], [9], and [lo], 

They have projected that the sediments in the general area of the site,.. 

possibly'could be predominantly calcareous oozes to an approxi,rnate 

penetration of about 650 ft. below ,,the .sea rloar. Calcarrto~~s oozes are 

composed.essentially of the calcium carbonate remains of open seat 

organisms and vary in texture f:rom sandy si 1 t to clayey silt [4], :[5] 

and [9]..,.The average water content and unit dry,weight values reported 

for calcareous oozes in the area [3 ]  are consistent with those found , 

on a world-wide basis 191. Based on experience with calcareous ooze . 

samples from deep continental ma'rgins, it can be recommended t h a t  

structures in the calcareous oozes be designed for an angle of internal 

friction at 20'. 

.. A copy of McClelland Enginee'rs' complete report is included In 



2.3 S i t e  S u i t a b i l i t y  Study .. . 

2.3.1 O r i g i n a l  S i t e  

The o r i g i n a l  experimental  modular p l a n t  s i t e  g iven - i n  (2)  f o r  consid-  

e r a t  i.o,n:::i s about ,:3 m i  l e s  o f f s h o r e  south west o.f Punta Tuna, Puerto Rico. The 

s i t e  c h a r a c t e r i s t i c s  a r e  shown i n  Tab les .6  and 7 F igures 3 and 4 de f i ne  the 

locat , ion of  th is :  s i t e .  

Tho l . ,apgcst ,problem . .  - t h i s  s  i,te.:p.resents w i t h  regard t o  the  design o f  an OTEC 

SKSS Ts t,he l a rge  bottom slope o f  n e a r l y  15 degrees, (see bottom p r o f  i l es  f o r  

,the s i t e ,  F igures 5 and 6) ., This presents d i f f i c u l t i e s  f o r  the anchor design. 

A d rag  anchor w i l l  tend t o  s imp .1~  s l i d e  .down slope r a t h e r  than se t  i t s e l f  when 

dr.agged.. over ..the bottom; ,dr i , l  led,-  d r i ven ,  o r  exp los ive , ly  se t  pi,,les. w i  1 1  be very 

d i f f i c u l t  t o  s t a r t  on a. slope, and a  g r a v i t y  anchor w i l l  have a g reater  tendency 

t o  ove r tu rn  which i s ' o n e  o f  i t s  norma1,modes o f  f a i l u r e .  Each o f  these problems 

could. be solved f o r  the bottom s.lope cons. idered 'but  the cos ts  o f  the anchors and 

possi,b.ly o f  the mooring legs w i l l  be h igher  than those f o r ' a  f l a t  h o r i z o n t a l  

. bo t.t om. .. % 

The l a r g e  water depth of 4,600 fee t  .tends t o  increase the cos t  and complexi ty  o f  

the mooring system but .  t h i s  cannot .  be reduced subs tan t i a l  l y ,  w i thou t  . i.ncreas ing 

the r i s k  o f  grounding the c o l d  water pipe; A h o r i r o n t a l  c learance o f  5,000 fee t  

i s  considered reasonable s ince i t  would take a  major o r  t o t a l  f a i l u r e  o f  a l l  

SKSS concepts under cons idera t ion  t o  reach t h i  s  excurs i on  exceedance. 



TABLE 6 

OTEC DEMONSTRATION SITE 

AT PUNTA TUNA, PUERTO R l  C O  

S I TE LOCAT I ON : 17' 57 M, Lat.i.tude 

65' 52 W ,  Long i tude 

3 

APPROXlrlATE DEPTH AT SITE . 4,600 F t .  

DISTANCE FROM SHORE 16,080 F t .  - 3 . 1  !-tile = 2.6 NM 

DISTANCE TO NEAREST GROUNDING POINT . Approx imate ly  5000 F t .  

APBROX I IfATE BOTTOM SLOPE '" 

From t h e  NOAA Char t  o f  Bathymetry  ( ~ i g u r e  3 )  12.92 

From Char ts  ( F i g u r e  4 )  17.00 3 Average Bottom Slope 

From Puer to  R ico  O f f i c e  Data  able 7 )  13.68 = 1 4 . 4 ~  

BOTTOM SOIL CONDITION Calcareous oozes composed 
e s s e n t i a l l y  o f  ca l c i um carbonate 
w i t h  a t e x t u r e  o f  sandy t o  c l ayey  
s i  1 t s .  



TABLE 7 

DATA R E C E I V E D  FSOtl  PUERTO R l C O  O F F I C E  -- 
(Reference No. 1 1 )  

S I T E  LOCATION:  17' 57H, 65' 52W 

APPROX I H A T E  D E P T H  

NORTH T O  SOUTH 1.125 tZ I L E S  
( I n  F a r h o r n s )  

D l  FFERENCE 24 1 FATHOMS (1,446 F T .  ) 

I n  l-1/8 M I L E S  

1 446 APPROXIMATE BOTTOH SLOPE = , - ,iq q280 ' 13.66' 
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2.3.2 Select ion o f  a  Bet te r  S i t e  . ,  . . . . . . ', ' .  

Because o f  the d i f f i c u l t i e s  present'ed by the sloped ocean'bottom a t  the 

s i t e ,  a  b r i e f  study was conducted t o  search f o r  a  s i t e  w i t h  approximately the 

same distance from shore, the same depth o f  water und.er.the p lat form, and the 

same o r  g reater  clearance t o  the grounding po in t  f o r  the co ld  water p ipe but 

w i t h  s i g n i f i c a n t l y  less bottom slope. A  s i t e  was found southwest o f  Punta 

Yeguas which met these condit ' ions. The proposed s i t e  cha rac te r i s t i cs  are 

shown i n  Table 8,  and the bottom p r o f i l e  i n  Figure 7 -  
. . 6 .  . . . " .  ., 

A f t e r  d iscussion w i t h  A. H. Glenn & Associates, who had developed the o r i g i n a l  

environmental s ta tes  tabu la t ion ,  i t  was concluded tha t  the environment 

a t  . t h e  o r i g i n a l  s i r e  would not  s i gn i ' f i can t l y  d i f f e r " f rom-  tha t  f o r  the pro- 

posed s i t e  which i s  on ly  four  mi les northeast of the former. The bottom 
. . . . . , . . 

composition, as def ined by McClelland Engineers Inc., should a l so  apply t o  

the proposed s  i te .  

The new proposed s i t e  a l so  has i t s  problems. While the bottom slope d i r e c t l y  

under the p la t to rm i s  much lower than the 0r iq in; l l  ' s i te.,  a sharp increase 

i n  bottom slope e x i s t s  about 2600 fee t  no r th  o f  the s i t e .  For v e r t i c a l  o r  

i nc l i ned  tension leg moorings t h i s  presents no problem s ince. the  anchors are 

groupcd almost d i r e c t l y  below the p lat form. For a  catenary mooring, however, 

i t  may present a  s i g n i f i c a n t  problem f o r  the anchor design since the anchor 

would have t o  be located on a  steep slope a t  l eas t  f o r  some legs o f  a m u l t i - l e g  . 

catenary mooring. Somewhat more fs tmrable bottom cond i t ions  were found by 

moving the s i t e  f u r t h e r  o f fshore  t o  approximately 19,000 f t .  The bottom depth 

i s  5200 fee t  a t  t h i s  l oca t i on ,  and the s i t e  coordinates .are 17" 58.2'11. 
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TABLE 8 PROPOSED SITE C H A R A C T E R I S T I C S  ! *  
, . 

. .* : ,, , .  . . . . . . .  - ,  . ,  

: S i t e ' t o o r d i n a t e s  . . ' 1 7 ° 5 8 . 5 0 N  L a t i t u d e  

. . . .  . . .  , . I '  , . .' ,'.,;, . a . . .  
65' 48.5' W 4oni.i tude ' ' ' 

u , .:. :., . . . . .  . . .  . - .  - . . ,, . C ,  , ., , ; cs * .  . 

- Approximate Dep.th a t  S.i te . . i 4850 Feet . . . 

, & ?  ' 
' I  

Distance from Shore (Punta Ye.guas) 16,500 Feet . . - 3 . 1  . . H i  l e s  

. . . .  , % - .  ' 
. ' ~ ~ ~ r o x ~ i i n a t e ~ ' ~ o t t o ~  Slope. 4 .4  ~ e g r e e s  .' 

. . . .  - . \ . . . . . . . '  . . .  

,. . Bottom Compos i t  ion  - Same, as. ,,.,?r i Cl i n.a,l S i te. (Tab1 e 6 . )  . , 

: , . .  . ,. . .. * . 
D is tance t o  Nearest   round ing Po in t  - Apprdximatel 5500 Feet 

. . .  . . . . . . 
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Another p o t e n t i a l  problem area i s  the fo rmat ion  o f  a  t u r b i d i t y  cu r ren t  i n  :he 

. submarine canyon n o r t h  east o f  the s i t e  l o c a t i o n .  I f  such a. cu r ren t  s h ~ u l c i  

. develop, the re  cou ld  be subs tan t i a l  damage t o  the bottom cab le  and the a n c 5 c r s .  



3.0 METHODOLOGY FOX CONCEPTUAL DESIGN STUDIES 

The t e c h n i c a l  approach used i n  c o n d u c t i n g  t h e  p r e l i m i n a r y  e v a l u a t i o n s  and 

p e r f o r m i n g  t h e  conceptua l  des igns  on f e a s i b l e  SKSS cand ida tes  i s  schenat-  

i c a l l y  d e s c r i b e d  i n  F i g u r e s  8 and 9. 
I .  I ' _  

The b a s i c  sequence o f  even ts  i n  t h e  process  can be  summarized as f o l  lows: 

1 .  The s t a t i c  d r a g  fo rces  f o r  t h e  two base1 i n e  OTEC p l a t f o r m s  a r e  

computed f o r  t h e  seven env i ronmen ta l  s t a t e s  [ES] e s t a b l i s h e d  

(See Tab 1 e  5 ) .  

2 ,  A m a t r i x  o f  c a n d i d a t e  SKSS c o n c e p t s ' i s  developed;  one concept  i s  

s e l e c t e d  a t  a  t i m e  f rom t h e  m a t r i x  f o r  e v a l u a t i o n .  

3 .  Computat ions a r e  per fo rmed f o r  t h i s  concept ,  u s i n g  t w o . e n v i r o n -  

mental  s t a t e s  co r respond ing  t o  t h e  "des ign  o p e r a t i o n a l 1 '  and 

"des ign  extreme1'  sea s t a t e s ,  as i n d i c a t e d  i n  Tab le  5 ,  t o  e s t i m a t e :  

o  The f o r c e s  a c t i n g  on t h e  moor ing  l egs  

o  The anchor r e a c t i o n  r e q u i r e d  

o  The expected s t a t i c  e x c u r s i o n  

These computa t ions  a r e  per fo rmed u s i n g  hand c a l c u l a t i o n s  wherever 

poss i b l e ,  o r  a  programmable c a l c u l a t o r ,  and t h e  CALMS program [14 ]  

f o r  a p p l i c a b l e  SKSS concepts  t o  check t h e  r e s u l t s .  

4 .  Using t h e  base1 i n e  p l a t f o r m  mo t ions  d a t a  supp l  i e d  by APL [I j] a ~ d  

by Gibbs & Cox [ I 6 1  as i n p u t ,  t he  o s c i  1 l a t o r y  f o r c e s  w h i c h  :en,: t c  

o s c i l l a t e  t h e  p l a t f o r m  about  i t s  s t a t i c  e q u i l i b r i u m  p o i n t  a r e  

e s t i m a t e d .  



5 .  The maximum reaction forces are then computed and the maximum 

platform displacements are obtained by the addition of oscillat- 

ory excursion to the static excursion. 

6. Based on the criterion that the SKSS must provide an opposite re- 

storing force equal to the maximum reaction force without exceeding 

the permissible 'excursion limit of 10% of the water tlel,.rh, the 

acceptability of the concept is determined. Appropriate factors 

of safety are used in determining the acceptability o f  individual 

S KS S eomponen t s . 
. . . .  

7 .  Should the.SKSS concept be found not capable of resisting the max- 

imum load or should it result in excessive excursions, necessary 

modifications are made to S!<SS components, if possible, until' an 

acceptable design is obtained. The concept is dropped if this'"is 

not possible, and another concept is selected from the matrix. 

8. After the acceptabi l ity of a concept is establ ished as atove, the 

sizes of major SKSS componenis, and their materials of manufacture, 

are finalized. For the SKSS design thus established, the following 

brief' investigations are performed: 

- technical feasiblllt;~ 3f components and materi,:.ls is 

verified 

- deployment procedures and scenarios of the SKSS components 

are est imated 

- budgetary cost estimates are prepared for the concept in 

quest ion 

- approximate time schedules and risk assessments are 

carried out. 



. . 

- i n t e r f a c e  o f  t h e  SKSS components w i t h  o t h e r  OTEC subsystegs 

a r e  cons ide red  and any p o t e n t i a l  p rob lem a reas  a r e  i d e n t i f i e d ' .  

- a  q u a l i t a t i v e  d i s c u s s i o n  on t h e  f a t i g u e  l i f e  o f  ma jor  S K S S  

components i s  made. 

- m ino r  m o d i f i c a t i o n s  a r e  made, i n  an i t e r a t i o n ,  t o  any major  

components wh ich  may b e  found unaccep tab le  r e g a r d i n g  any o f  

. t h e  above ment ioned c r i t e r i a .  

9. I f  an SKSS concept  i s  found t o  be a c c e p t a b l e  i n  a l l  a reas  o f  c o n s i d -  

e r a t i o n ,  i t  i s  e s t a b l i s h e d  as a v i a b l e  c a n d i d a t e  f o r  t h e  b a s e l i n e  

OTEC p l a t f o r m  i n  q u e s t i o n .  A l l  v i a b l e  cand ida tes  a r e  then s u b j e c t e d  

t o  a  compar ison on  t h e  b a s i s  o f  c o s t s ,  burden v a r i a b l e s ,  and e s t i m -  

a t e d  e f f e c t i v e n e s s ,  and t h e  two bes t  cand ida tes  f o r  each p l a t f o r m  a r e  

s e l e c t e d .  

: 10. The a r ranyenen ts ,  c o s t  e s t i m a t e s ,  deployment scenar ios ,  maintenance 

end replacement p rocedures ,  and t i m e  schedules f o r  t h e  two des igns  

f o r  each p l a t f o r m  a r e  developed t o  a  concep tua l  l e v e l  o f  d e t a i l .  For 

a l l  o f  t h e  f e a s i b l e  concepts ,  p r . i o r  t o  t h e  s e l e c t i o n  o f  two f o r  each 

p l a t f o r m ,  costs/deployment/replacement s t u d i e s  a r e  a l s o  per formed b u t  
., . 

t o  a  l e s s e r  e x t e n t .  
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4.0 DEVELOPMENT OF A MATRIX OF CANDIDATE S K S S  CONCEPTS 

4.1 General Cons iderat ions 

The l i m i t a t i o n  spec i f i ed  i n  the  RFP f o r  t h i s  study i s  t h a t  the  pr imary 

S K S S  f o r  t he  Modular Experiment OTEC p la t fo rms  w i l l  be a moored syster, 

and t h a t  o the r  s ta t ion -keep ing  approaches, i nc l ud ing  dynamic p o s i t i o n i n g ,  

may be used as a secondary S K S S  i n  a d d i t i o n  t o  the pr imary subsystem, i f  

j u s t i f i e d .  

The need f o r  the development o f  an i n i t i a l  m a t r i x  o f  S K S S  concepts s u i t a b l e  

f o r  t h i s  s tudy i s  obvious. I n  e s t a b l i s h i n g  which s p e c i f i c  mooring concepts 

a re  t o  be inc luded i n  the  ma t r i x ,  the f o l l ow ing  c r i t e r i a  must be considered: 

o Environmental c h a r a c t e r i s t i c s  o f  the s i t e  

o C h a r a c t e r i s t i c s  o f  the OTEC p la t fo rms  

o Current  s t a t e - o f - t h e - a r t  o f  the mooring concepts 

o P r a c t i c a l  design cons idera t ions  

o OTEC program schedule requirements 

Two bas ic  s i t e  c h a r a c t e r i s t i c s ,  water depth and bottom s lope govern many 

of the c h a r a c t e r i s t i c s  o f  a s u i t a b l e  S K S S  design. The OTEC design s i t e  a t  

Puer to  Rico w i t h  a bottom s lope o f  4.4 degrees and depth o f  4850 t'o 5400 . 

f e e t  presents a cha l l eng ing  des ign problem. Very few mooring systems h a v e  

been 'designed t o  operate  i n  t h i s  .water depth over  a ten year 1 i fe t i r e  and 

develop a ho ld i ng  f o r ce  c a p a b i l i t y  i n  excess o f  1,000 k i p s  which hap3,ens 

t o  be the  lower s u r v i v a l  l i m i t  O F  m o d ~ ~ l a r  p l a t i t  r;v\o..inc;, systems. 



The need f o r  h igh  r e l i a b i l i t y  and near term deployment da tes .ca l ' l s  f o r  

emphasis on the use o f  cur ren t  s ta te-o f - the-ar t  'components which. .do' not 

requ i re  s i g n i f i c a n t  development 'and t e s t i n g  time. For the SPAR p la t fo rm 

w i t h  a maximum drag force of  1300 kips., ,use of  s ta te -o f - the-ar t  components 

may be pra'ct icable.  For the barge wi.th a .meximum drag force ranging from 

4040 k ips  (head seas) t o  6400 k ips  (beam seas! , new tec'hnolog i ca.1 develop- 

ment would appear.necessary. 

In te r face  o f  the SKSS w i t h  other  p la t fo rm systems must be considered. Some 

SKSS concepts c a l l . f o r  mooring legs connected t o  the co ld  water p ipe which 

c l e a r l y  would impact the p ipe ' s  s t r u c t u r a l  cha rac te r i s t i cs .  Welght and 

space requirements o f  the SKSS must be reasonably =ompaiible w i t h  the p l a t -  

form conceptual designs developed t o  date. !n the case o f  the, barge, an . . 

SKSS concept which permi ts  the barge t o  "weathervane" o r  remain head t o  

the waves i s  des i rab le  since the co ld  water p ipe stresses a t  the CWP/hull 

connection are g r e a t l y  reduced as cornpared8~o theso f o r  the beam seas. 
I 

1 

The se l 'ec t ion 'o f  one o r  the o ther  type of '  SKSS concebts fbr i nc lus ion  i n t o  

the evaluat ion ma t r i x  w i l l  1 a r g e . l ~  depend on tiie ' p u s s i b i ~  i ty of p r a c t i c a l  
. . 

r e a l i z a t i o n  of  t h i s  concept by the deployment date (1984) f o r  the Modular 

Experiment p lat form. A1 1 components o f  the SKSS concept selected must 
. . 

demonstrate a c a p a b i l i t y . o f  e i t h e r  being ava i l ab le  as o f f - t he -she l f  equip- 
. . 

ment o r  of  'successful l y  being developed by the deployment date. 



4.2 Generic Mooring Concepts 

A l l  poss i b l e  gener ic  SKSS concepts, as app l i ed  t o  o f f shore  p l a t f o rm  

designs t o  date,  have been considered and the f o l l o w i n g  four  categor ies  

have. r esu l t ed  as candidates f o r  the Modular Experiment p la t fo rms .  , 

o Spread Catenary 

o  Tension Leg 

o Rotary Mooring 

F igure  10 presents the  concepts, e i t h e r  b u i l t  o r  designed, p resen t l y  

e x i s t i n g  i n  t he  o f f sho re  d r i l l ' i n g  i ndus t r y  for the  f i x e d ,  catenary ,  and 

' tens ion- leg  v a r i a t i o n s .  A schematic d e s c r i p t i o n  o f  the  r o t a r y  mooring 

'concept ( t u r r e t )  can be seen i n  F igure  12. 

Each o f  the gener i c  concepts i s  discussed i n  the  f o l l o w i n g  sub;eerlons: . 

4.2.1 Spread Catenary Mooring 

The convent iona l  spread catenary  type mooring system i s  a  standard 

gener i c  concept which deserves ser ious  study f o r  a p p l i c a t i o n  t o  

Modular Experiment OTEC Plat forms.  

Some marine des igners  have suggested t h a t  the  maximum design 

cdndi t i o n s  f o r  a  f e a s i b l e  catenary  mooring i s  between 4000 t o  

5000 fee t  water depth w i t h  a  ho ld i ng  c a p a b i l i t y  o f  1000 k ips ,  

Despi te  the  d i f f i c u l t y  o f  ach iev ing  the  even h igher  performance 

requ i red  f o r  bo th  exper imental  modular p l a t f o rms  i n  quest ion,  a  

convent iona l  catenary  mooring must be s tud ied  because o f  the  

advantages o f  us ing  an ex tens i ve l y  developed concept which f o r  



. GENERIC SKSS CONCEPTS 

FIGURE 10 (EXTRACTED FROM PEE 1 7 )  
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the  SPAR p la t f o rm  a t  l e a s t  may be ab le  t o  u t i l i z e  standard 

components. Generic v a r i a t i o n s  o f  the catenary mooring would 

inc lude  a d d i t i o n  o f  t h r u s t e r s  o r  a c t i v e  winch c o n t r o l s  f o r  more 

p rec ise  p o s i t i o n i n g .  and as a  concept unique t o  OTEC, mooring 

o f f  the. c o l d  water p ipe.  Because o f  the  very la rge  ho ld ing  f o r ce  

requirements f o r  the barge, use o f  convent iona l  o r  a v a i l a b l e  SKSS 

components may no t  be p o s s i b l e ' b u t  s t ronger  mooring l'egs and 

anchor'components cou ld  be developed t o  make t h i s  mooring concept 

f e a s i b l e .  . . 

The sketch shown i n  F i gu re  I I  i d e n t i f i e s  the components o f  a  

. . ca tenary  type mooring system and presents  the nomenclature t o  

be' used i n  t h i s  r e p o r t .  

4.2.2 Tension Leg Mooring 

A tens ion  l eg  SKSS concept o f f e r s  severa l  a t t r a c t i v e  advantages 

f o r  the SPAR p la t fo rm.  The requ i red  cable  o r  tens ion  rod lengths 

a re  much less  than f o r  a  catenary  mooring and anchor deployment 

may be much s imp le r  i f  o n l y  one anchor i s  requ i red .  The p l a t f o r m  

w i l l  e x h i b i t  s i g n i f i c a n t l y  reduced heave, p i t c h  and r o l l  response 

i n  waves which reduce the wave induced s t r ess  load ings on the c o l d  

water p i pe  and o t h e r  seawater system components. The pr imary 

disadvantages a re  t h a t  l a rge  l eg  tens ions are. generated by c y c l i c  

wave load ing  and surge, sway and yaw motions f rom s teady-s ta te  

forces.may be la rge .  Resu l tan t  fo rced  mot ions i n  the h o r i z o n t a l  

p l ane  may be made smal l  by detun ing the SKSS from s i g n i f i c a n t  
. . .  

wave frequencies w i t h  the  proper  cho ice o f  tens ion  l i n e  p rope r t i es .  
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Because of  the poss ib le  advantage presented by the v e r t i c a l  

tens ion  mooring, i t s  use w i t h  the barge should a l s o  be considered 

a l though t he  1 ine load ings generated by the heave fo rces  w i  1 1  be 

enormous. 

4.2.3 Rotary Mooring Concepts 

a) Tu r re t  Moor inq (F igure 12) 

The t u r r e t  o r  r o t a r y  mooring concept would appear t o  0 f i e r . a  

d i s t i n c t  advantage f o r  the barge s ince  the p l a t f o r m  would be 

ab le  t o  weathervane i n t o  the t o t a l  vec to ra l  'environmental  

load ing,  thus s i g n i f i c a n t l y  reduc ing the drag f o r ce  on the 

p la t form.  The vessel  r o t a t i o n  i n t o  the weather can be accorn- 

p l i s h e d  w i t h  h y d r a u l i c  jacks between t he  vessel and t u r r e t  o r  " 

w i t h  a rack welded on the  t u r r e t  and a d r i v e n  p i n i o n  mounted 

on thc  vessel f o r  l i g h t  t o  moderate environmental  cond i t i ons .  

For heavy t o  extreme weather, l a t e r a l  t h r u s t e r s  on the vessel 

would be necessary t o  ma in ta in  o r  change heading. ' I f  needed, 

a soph i s t i ca ted  d i r e c t i o n a l  c o n t r o l  system cou ld  be i n s t a l l e d  

w i t h  an automat ic  heading c o n t r o l  t r a c k i n g  a p rese t  compass 
1 

p o i n t  o f  a computer system t o  determine the d i r e c t i o n  o f  rnin- 

imum environmental  l oad ing  and issue the appropr ia te  conrnands. 

The vessel take-o f f  p o i n t  f o r  the  r i s e r  cab le  must be w i t h i n  

the t u r r e t ,  o therw ise  the r i s e r  cab le  w i l l  wrap around the 

mooring l i n e s  as the  vessel r o t a tes .  Two r o t a r y  conf igura: ions 

cou ld  be considered, one w i t h  the  t u r r e t  amidships and another . 
w i t h  the t u r r e t  i n  the bow o r  s t e rn .  Thrus te rs  would be re-  

qu i  red i n  bo th  cases. 





The p r i n c i p a l  advantages o f f e r e d  by the  t u r r e t  mooring concept 

a re  t h a t  the mooring loads a re  reduced r e s u l t i n g  i n  a. cost  

savings on anchors, moor ing. legs and poss ib l y  deck hardware 

and t h a t  sway mot ions o f  the p l a t f o r m  a re  reduced p e r m i t t i n g  

a . f e a s i b l e  co l d  water p i pe  design. 

The disadvantages o f  the t u r r e t  system are  imposing. The barge 

s t r u c t u r e  a t  the t u r r e t  l o c a t i o n  w i l l  be extremely heavy, the 

t u r r e t  area would be very crowded, the  expense f o r  cons t ruc t i ng  

the  t u r r e t  i s  subs tan t i a l  s ince t i g h t  to lerances a re  requ i red  

and two problems unique f o r  t he  barge OTEC p l a n t  a re  t h a t  means 

must be devised t o  t r a n s f e r  bo th  e l e c t r i c a l  energy t ransmiss ion 

and the c o l d  seawater f low f r o n  a  f i x e d  t u r r e t  t o  a  r o t a t i n g  

sh ip .  Poss ib ly  a  s l i p  r i n g  mechanism cou ld  be developed t o  

permi t  the passing o f  l a rge  amounts o f  e l e c t r i c a l  power f r o n  

the t u r r e t  t o  the barge bu t  a  problem s o l u t i o n  f o r  the t r a n s f e r  

o f  seawater i s  no t  ev i den t .  I f  a  bow o r  s t e r n  mounted t u r r e t  

were considered, t he  seawater system would be unaf fected s ince  

the c o l d  water p i pe  i s  no longer i n s i d e  the t u r r e t .  However 

the re  would now be i n t e r f e rence  between the c o l d  water in take  

and d ischarge p ipes and the  mooring legs.  Even a v e r t i c a l  

tens ion  mooring probably  would face t h i s  d i f f i c u l t y  and i t  w i l l  

be shown i n  Sect ion 6.0 t h a t  t h i s  concept i s  no t  f e a s i b l e  f o r  

the  barge p l a t f o rm .  



b) Single Anchor Leg Moorinq With Buoy (Figure 26) 

The s i n g l e  l eg  mooring concept was added t o  the design ma t r i x  

i n  an e f f o r t  t o  ob ta in  a weathervaning c a p a b i l i t y  f o r  the SKSS.' 

  his concept solves the p r i n c i p a l  problems o f  in te r fe rence w i t h  

the seawater system and permi.ts the SKSS t o  be designed fo r  'a 

lower drag force. One outstanding problem which remains t o  be 

solved i s , t h e  in te r face  w i t h  the r i s e r  cable. To avoid f o u l i n g  

w i t h  the 'co ld water and discharge pipes the r i s e r  cable must be ' 

run up the mooring leg and across the r i g i d  s t ruc tu re  t o  the 

barge. The problem of  p rov id ing  t rans fer  o f  e l e c t r i c a l  power 

over a 'p ivo t  connection must be solved. 

' 

The pr imary advantage o f  the s i n g l e  l eg  mooring (SLH) over a 

v e r t i c a l  tension mooring f o r  the barge i s  tt ie de-coupling o f  . 

the barge heave, r o l l  and p i t c h  motions from the mooring legs. 



4.3 Generic Mooring Arrays 

The term mooring a r ray  r e fe r s  t o  the  bas ic  layou t  o f  a  gener i c  S K S S  concept 

concerning the number o f  mooring legs and t h e i r  o r i e n t a t i o n .  A mooring 

a r ray  may be e i t h e r  omn id i r ec t i ona l  o r  u n i d i r e c t i o n a l .  An omn id i r ec t i ona l  

a r r a y  i s  symmetrical so the  ho ld i ng  fo rce  i s  a l s o  d~eve loped ,symet r i ca l l y  

as the environmental  load i s  app l i ed  from any d i r e c t i o n .  A u n i d i r e c t i o n a l  

a r r a y  i s  asymmetrical and develops, a  g rea te r  r es i s i i n . g  ho ld i ng  f o r ce  " to  

oppose a  p reva i l . i ng  o r  predominant environmental  load. Con f igu ra t ions  o f  

bo th  types a re  con.sidered i n  t h i s  conceptual  design. 

The s e l e c t i o n  o f  a  mooring a r ray  i s  governed by the  d i r e c t i o n  a f  the p re -  
, * 

v a i l i n g  environmental  load ing,  p r o x i m i t y  o f  sha l low water,  the bottom s lope 

i n  a l l  d i r e c t i o n s  from t h e . s i t e  and des i red  .redundancy and r e l i a b i l i t y  o f  

p r i n c i p a l  SKSS components. 

4.3.1 SPAR P la t fo rm 

F igures 13 t o  19 show the  se lec ted  i n i t i a l  mooring a r rays  f o r  t he  

SPAR p la t f o rm .  An asymmetrical a r r ay  i s  considered w i t h  redundancy 

prov ided toward the eas t .  Th i s  d i r e c t i o n  i s  chosen s ince the pre-  

v a i l i n g  environmental  force comes from the nor theas t  t o  southeast 

sec to r  about 92 percent  o f  the  t ime; i f  l i n e  f a i l u r e  occur rs  on 

the  n o r t h  t o  west sec to r  the p l a t f o r m  would te"d t o  d r i f t  i n t o  

deeper water whereas f a i l u r e  on the' south t o  east  sec to r  w i l l  cause 

d r i f t  toward shal low water  and the land mass t o  the  n o r t h  w i l l  re -  

duce the  impact o f  severe storms from :hat d i r e c t i o n .  Most o f  the 

concepts i n v o l v i n g  mooring o f f  the c o l d  water  p i pe  were g iven less 

ex tens ive  cons ide ra t i on  because of  the a t tenden t  problems o f  an 

adverse impact on the c o l d  water p i pe  design and the d i f f i cu l : ? :  o f  



mainta in ing the mooring connections t o  the CUP a t  very deep depth. 

  he mooring concept proposed by G i  bbs 6 Cox was a1 so added t o  our 

design ma t r i x  because i t  presented an i n t e r e s t i n g  s o l u t i o n  t o  the 

problem of  i n te r fe renceo f  the CWP w i t h  the SLM system. However, 

deployment and maintenance considerat ions and the lack of  leg 

redundancy w i  1 1  appear t o  be the major drawbacks t o  t h i s  idea. 

4.3.2 Barge P la t fo rm 

The. mooring arrays selected fo r  study f o r  the barge platform,Figurer 

20 t o  26, a r e  very simi l a r  t o  the SPAR except t ha t  an add i t i ona l  

generic concept was added t o  t r y  t o  ob ta in  a weathervaning SKSS. 

4.4 Primary SKSS Components 

The most important SKSS' components are the maor,ing legs and anchors, Winch 

Systems, t h rus te r  u n i t s ,  deck hardware and o ther  components may be considere, 

f o r  a given SKSS concept but these have r e l a t i v e l y  l i t t l e  bearing on the 

f i n a l  se lec t i on  o f  the most s u i t a b l e  SKSS. From a r e l i a b i l i t y ,  performance 

and cost standpoint mooring legs and anchors are the primary SKSS components. 

4.4.1 Mooring Legs 

~ o o r i n ~  legs can be considered i n  the fol.lowing groups: 

o Wire 

o Chain 

. o Synthet ics 

o .  Tension Rod 

o Hollow C y l i n d r i c a l  L inks 

o s o l i d  Bar Links 



These components may be used i n  a  s i n g l e  segment o r  mult i-segment 

catenary w i t h  clump weight o r  r i s e r  buoys added as necessary. The 
. . . . .  

p r o p e r t i e s  o f  the above components a re  descr ibed i n  Sect ion 2 . 0  and 

i n  the  respec t i ve  appendixes mentioned t h e r e i n .  

4.4.2 Anchors 
... 

Anchors can be considered i n  the f o l l o w i n g  groups: 

n Deadweiqht o r  G r a v i t y  

o  P i l e  

o  Drag Embedment 
. . 

o  Implos ion Embedment 

These anchor types a re  descr ibed i n  the  r epo r t  f o r  task  d [ 2 ] .  

Elements o f  the  d i f f e r e n t  anchor types may.be. grouped toge ther ,  

f o r  example p i  l es  may be used wizh a deadweight anchor t o  reduce 

the anchvr s t r u c t u r a l  weight o r  groups o f  anchors may be used i n -  

stead o f  one l a rge  anchor. 

4.5 I n i t i a l  Sc reen ingo f  Candidateconcepts  

4.5.1 Generic Mooring Arrays . 

Some o f  the mooring a r rays  were e l im ina ted  e a r l y  i n  the design 

sequence. ~ h r e e  l eg  catenary  and f o u r  l eg  asymmetrical moorings 

were e l im ina ted  because they e x h i b i t e d  excess ive excurs ion and 

i n d i v i d u a l  l i n e  tens ion.  A l l  v e r t i c a l  tens ion  concepts had t o  be 

e l im ina ted  f o r  the  barge p l a t f o r m  because o f  t he  enormous l eg  load- 

ings generated by v e r t i c a l  wave forces.  The s i n g l e  l e g  mooring 

avoids t h i s  problem and may s t i l l a b e  considered. 



Moorinq Legs 

S ing le  segment ca tenar ies  o f  w i r e  o r  cha in  a re  no t  f eas i b l e  f o r  

the  barge p l a t f o r m  and a r e  f e a s i b l e  f o r  the SPAR o n l y  i f  very  long 

l i n e  leng ths  (more than 15,000 f e e t )  a re  considered. A l l  cha in  

legs were dropped s ince more than 40% o f  the cha in  s t r e n g t h  i s  

r equ i r ed  i t s  weight  i n  the des ign water depth o f  5400 f ee t .  For 

w i r e ,  about 30% o f  i t s  s t r e n g t h  i s  r equ i r ed  t o  support  i t s  weight .  

The use o f  composite segments o f  w i re -cha in  o f f e r s  some promlse 

and was s tud ied  e x t e n s i v e l y .  The o n l y  mooring l i n e s  which can be 

considered as s i n g l e  segment l i n e s  a re  HCL o r  s o l i d  bar  l i n k s ,  

Syn the t i c  l i n e s  w i t h  the p o s s i b l e  excep t ion  o f  Kev la r  do no t  have 

a s u f f i c i e n t l y  h i g h  b reak ing  s t r e n g t h .  ~ m o n ' ~  these, o n l y  Kev lar  

can be used up t o  a  s i z e  o f  10 inches diameter which i s  the  

l a r g e s t  s i z e  expected t o  be a v a i l a b l e  by 1984. Kev la r  has t he  

d e s i r a b l e  q u a l i t i e s  o f  a  h i g h  s t r e n g t h  t o  weight  r a t i o  and good 

f a t i gue  l i f e  bu t  su f f e r s  the  disadvantages o t  h i g h  cos t ,  h l g h  

requ i red  f ac to r s  o f  s a f e t y  and ques t ionab le  a v a i l a b i l i t y  i n  t he  

s izes requ i red. 

Anchor designs were q u i c k l y  narrowed down t o  deadweight anchors 

o r  combinat ion deadwe igh t -p i le  anchors. Drag embedment anchors 

cou ld  be cons idered f o r  a  few 8 l eg  catenary  systems where the 

anchor l i n e  makes n e a r l y  a  zero angle  w i t h  the bot tom bu t  p i l e  

and implos ion embedment anchors w i l l  no t  be a b l e  t o  develop 

adequate h o l d i n g  c a p a b i l i t y .  
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4.6 I v a l u a t i o n  M , l t r i ~  - -. o f  Conceptual Desiqn Candidates 

4.6.1 SPAR P la t f o rm  

TABLE 9 

I n i t i a l  M a t r i x  f o r  Eva lua t ion  - SPAR SKSS 
. ,.., 

Concepts 

Symmetric EIoor i ng Legs 
Generic Mooring 
Type . Array , #Segments .. Leq Types . Anchor Type 

Catenary 4 Leg 2 HCL Deadwe i gh t.. 

Catenary 4 Leg 

Catenary 4 Leg 

Catenary 8 Leg 

Catenary 8 Leg 

Catenary 6 Leg 

Catenary 8 Leg 

Catensry 8 Leg 

Catenary 8 Leg 

2 HCL & Chain ' ' . Deadweight 

3 Wire Rope, HCL & Chain Deadweight 

3 HCL & cha in  

3 Kev lq r  & Chain 

1 Kev lqr  

1 HC L 

2 'd i re  Rope & Chain 

3 Wire Rope & Chain 

Catenary 12 Leg 2 HCL & Chain 

V e r t i c a l  
Tens ion  3 Leg 

Short  
Tens i on  3 i e g  

1 Tension Rod 

1 Tens ion  Rod 

V e r t i c a l  1 Leg 
Tension ( I n s i d e  1 HC L 

CWP) 

Deadweight 

Deadweight 

Deadweight 

Deadweight 

Drag Embedment 
o r  Dc~dwei-ght 

Drag Embedment 
o r  Deadweight 

Deadweight 

Deadweight 

Deadweight 

Deadweight 



4.6.2 Barqe p l a t f o r m  

TABLE 10 

I n i t i a l  M a t r i x  f o r  Evaluat i ,on -.Barge SKSS Concepts 

Symmetric 
,Gener ic Mooring Mooring Legs . . 
Type . Array . #Segments . Leg Types . Anchor Type 

I 
- .  

Catenary . . 4 Leg , , , 1 HCL o r  Sol i d  Bar Deadweigh; 

Catenary 4 Leq 2 HCL o r  Sol i d  Bar Deadwe i gh t 

Catenary 8 Leg 3 HCL & Chain 

S ing le  
1 o r  3 'Leg 

Mooring Legs 1 HCK o r  Sol i d  Bar Deadweight 



5.0 PLATFORM LOAD 1 NGS AND MOT 1 ONS e 
5.1 Quas i -S ta t i c  Drag Forces and O s c i l l a t o r y  Loads 

The problem o f  computing ex te rna l  loads from the environment and the r e s i s t -  

i ng  anchor l i n e  reac t ions  i s  compl icated due t o  the non - l i nea r  nature o f  the 

problem. The moored s t r u c t u r e  may be regarded as a mass-spring system w i t h  

a t o t a l  load ,imposed on i t  by environmental  fo rces .  The environmental load 

cons i s t s  o f  o s c i l l a t i n g  wave forces and o f  wind, cu r ren t  and wave d r i f t  forces 

which vary a t  a frequency much lower than the wave frequency. Studies have 

i nd i ca ted  t h a t  mooring- leg forces a re  gene ra l l y  sma l le r  than the f i r s t  order  

o s c i l l a t o r y  wave forces [1'8]. The main purpose o f  the SKSS i s  t o  ho ld  the 

p l a t f o r m  on a des i red  average p o s i t i o n ,  so the almost steady o r  q u a s i - s t a t i c  

low frequency wind, cu r ren t  and wave d r i f t  forces general  l y  govern the S K S S  

design. 

The almost steady wind, c u r r e n t  and wave d r i f t  forces cause a s h i f t  i n  the 

e q u i l i b r i u m  p o s i t i o n  o f  the p l a t f o r m  around which the f i r s t  o rder  o s c i l l a t i o n s  

.due t o  waves occur.  Th is  causes a change i'n the  sp r i ng  constant  and conse- 

quen t l y  i n  the dynamic response. Genera l ly ,  resonance a t  the wave frequency 

i s  avoided s ince the na tu ra l  frequency o f  the h o r i z o n t a l  n o t i o n  o f  the moored 

p l a t f o r m  i s  much smal l e r  than the wave frequency even a f t e r  an increase 

i n  the sp r i ng  constant .  

Since the wind, c u r r e n t  and wave d r i f t  fo rces  a re  s l ow l y  f l u c t u a t i n g  f o r ces ,  

t he  r i s k  c::ists t h a t  resonance may occur a t  very low f requenc ies a t  wh ich  

these forces o s c i l l a t e .  Low frequency o s c i l l a t i o n s  i n  the h o r i z o n t a l  p lane 

have been observed i n  model exper iments as w e l l  as i n  f u l l  sca le  t e s t s .  T3is 

phenomenon i s  gene ra l l y  be l i eved  t o  be a t t r i b u t e d  t o  the  s l ow l y  va ry ing  v.av2 

d r i f t  f o r ce  as the  r e s u l t  o f  va ry ing  wave he igh t  i n  an i r r e g u l a r  sea. 



I n  t he  present  conceptual  design stage, the q u a s i - s t a t i c  wind, cu r ren t  and 

wave d r i f t  fo rces  a re  t r e a t e d  as constant  forces a l though  the average wave 

d r i ' f t  f o rces  a re  mu1 t i  p l  i e d  by a  f a c t o r  t o  account f o r  extreme loads. The 

f i r s t  o rde r  wave forces which lead t o  o s c i l l a t o r y  mot ion o f  the p l a t f o r m  

a re  considered by adding t h e i r  ampl i tude t o  t he  s t a t i c  displacement o r  ex- 

c u r s i o n  o f  the p l a t f o r m  and then'comput ing the  mooring l i n e  r e a c t i o n  fo rces  

f o r  t h i s  t o t a l  d isplacement.  An SKSS cohcept i s  cons idered f e a s i b l e  i f  i t  

i s  s t r ong  enough t o  w i t hs tand  extreme loads i n  t he  s u r v i v a l  cond i t i on ,  

environmental  s t a t e  12, and s t i f f  enough i n  t he  ope ra t i ona l  cond i t i on ,  env i  r-  

onmental s t a t e  8 ,  t o  p reven t  exceedance o f  the  a l l owab le  excurs ion  l i m i t .  I n  

t he  p r e l i m i n a r y  designs, the  t ime va ry i ng  wind and wave d r i f t  f o r c e s ^ w i l l  be 

cons idered a long w i t h  the e f f e c t  o f  the  mooring l i n e s  by t h e  use o f  a  

t ime domain program. I n  t h i s  manner, t he  e f f e c t  o f  these s l ow l y  va r y i ng  

f o r ces  on the mooring l i n e  loads w i l l  a l s o  have been accounted f o r .  

Computation o f  Wind Drag - 

Wind i s  a  t ime dependent phenomenon whlch i s  cha rac te r i zed  by l a r g e  f l u c t u a -  

t i o n s  i n  i t s  v e l o c i t y  and d i r e c t i o n .  The v a r i a t i o n  i n  mean v e l o c i t y  i s  very 

s low compared w i t h  the  wave pe r i od .  A l though the  f l u c t u a t i o n  o f  v e l o c i t y  

about the mean va lue w i l l  impose dynamic forces:for conceptual  des.igns, these 

f l u c t u a t i o n s  may be neg lec ted  i n  comparison w i t h  t he  magnitude and t i r e  va.rla- 

t i o n  o f  hydrodynamic forces when cons ide r i ng  the  dynamic behav ior  o f  the 

p l a t f o r m  [19 ] .  (See Appendix B f o r  wind drag c a l c u l a t i o n s .  

The pressure drag due t o  wind f o r c e  i s  computed from the s tzndard  equat ion 



where Fw = Wind pressure drag force 

6 = Densi ty  o f  a i r  

Vw = blind v e l o c i t y  

Ap = Pro jec ted  area normal t o  the  wind direction 

CD = Wind drag c o e f f i c i e n t  

The drag cocf f  i c i e n t  Fer. the RBRGE was found f ~ u ~ n  [ 2 0 ]  which g ives  values f o r  

l o n g i t u d i n a l  and t ransverse c o e f f i c i e n t s  f o r  severa l  sh ip  types. A cargo 

sh ip  w i t h  the supe rs t r uc tu re  a f t  and a  deck crane amidships and a tanker w i t h  

supe rs t r uc tu re  a f t  most c l o s e l y  approximate the barge p l a t f o r m  con f i gu ra t i on .  

A wind drag c o e f f i c i e n t . o f  0.8 was used f o r  both the head t o  and beam t o  

cond i t i ons .  

The drag c o e f f i c i e n t  f o r  the SPAR was t r e a t e d  d i f f e r e n t l y  s ince data was no t  

a v a i l a b l e  f o r  t h i s  type o f  p l a t f o r m .  The wind f o r c e  was computed by d i v i d i n g  

the p l a t f o r m  i n t o  th ree  elementary sec t i ons :  the rec tangu la r  supe rs t r uc tu re ,  

the c y l i n d r i c a l  access t r unk ,  and the miscel laneous s t r u c t u r e  and equipment 

on the  top  deck o f  the s,uperstructure.  The wind drag c o e f f i c i e n t  f o r  the t o t a l  
3 ,  

SPAR p l a t f o rm  was determined t o  be 0.56, as shown i n  the c a l c u l a t i o n s  o f  Appen- 

d i x  B. 

5.3 Computation o f  Current  Draq 

The v a r i a t i o n  i n  cu r ren t  v e l o c i t y  and d i r e c t i o n  i s  considered t o  occur a t  

much t o o  low a  frequency t o  be o f  importance f o r  i t s  e f f e c t  on the  p l a t f o rm  
t 

dynamic response [ I 9 1  Thus the c u r r e n t  drag fo rce  i s  considered a  constant 

f o r ce  bo th  In the  conceptual  and p r e l i m i n a r y  design stages. 

. . , ,  0 . .  



The c u r r e n t  drag f o r  t he  submerged p o r t i o n  o f  the SPAR h u l l  i s  found by 

cons ide r i ng  separate h u l l  components us ing  drag c o e f f i c i e n t s  f o r  elementary 

shapes f rom reference [21].  Since the lowest Reynolds numbers app l i cab le  t o  

the cases and c o n f i g u r a t i o n s  be ing s tud ied  were i n  the f u l l y  developed t u r -  

b u l e n t  f l ow reg ine,  a  drag c o e f f i c i e n t  o f  0.34 was used f o r  a l l  c y l i n d r i c a l  

e lements o f  the  SPAR h u l l .  For the submerged p o r t i o n  o f  t he  BARGE h u l l  a  

c ross - f low drag c o e f f i c i e n t  of 0 . 6  was used based on exper imenta l  da ta  o f  a 

s i m i l a r  barge form, The c u r r e n t  load ing  was approximated as a  l i n e a r  v a r i a -  

t i o n  o f  c u r r e n t  v e l o c i t y  versus depeh. 

The procedure used f o r  de te rm ina t i on  o f  c u r r e n t  drag on the  c o l d  water p i pe  

i s  t he  same f o r  bo th  the BARGE and the SPAR p la t f o rms ,  The mean drag fo rce  

i s  found us ing the  r e l a t i o n s h i p :  

where Fc = Current  drag per  u n i t  l e n g t h  o f  CUP 

fw = Dens i t y  o f  s a l t  water  

b  = Diameter o f  the  CWP 

Vc = Current  v e l o c i t y  . 

Cd = Drag C o e f f i c i e n t  

6 7 The &ynolds number rangss from 2.0 x 10 t o  1.08 x 10 so the va lues f o r  drag 

a re  predominant ly  i n  the  c r i t i c a l  regime. A t  Reynolds numbers.exceeding 

6 3 x  10 , the mean drag c o e f f i c i e n t  becomes independent o f  Reynolds No. and 

becomes dependent on the  r e l a t i v e  roughness r a t i o  K/d where K i s  the  he igh t  

o f  the  roughness and d  i s  the p i p e  diameter,  S tee l  p l a t e s  g e n e r a l l y  have a 

roughness i n  the o rde r  o f  l o T 3  p i pe  diameters and ocean b i o f o u l  i n g  i s  est im-  

a ted  t o  produce rovghnesses o f  t o  p i pe  diameters [22] .  A va lue  of  



K l d  = lom3 was used i n  t h i s  s tudy.  I f  resonance occurs a t  tw ice  the vo r t ex  

shedding frequency, the drag loads may be amp l i f i ed  by a  f a c t o r  o f  two t o  

th ree .  Since a  c o l d  water p i pe  s t r u c t u r e  ope ra t i ng  i n  t h i s  resonant condi-  

t i o n  i s  no t  considered f eas ib l e ,  the CWP s t r u c t u r e  i s  assumed t o  be designed 

t o  avo id  t h i s  cond i t i on .  Wi th  t h i s  assumption, t he  drag c o e f f i c i e n t  f l u c t u a -  

t i o n s  about the mean a re  known t o  be smal l  and a re  conse rva t i ve l y  covered by 

inc reas ing  the mean drag c o e f f i c i e n t  by 20 percent  (equ iva len t  t o  3 t i n e s  

the  standard d e v i a t i o n ) .  The'mean drag c o e f f i c i e n t  f o r  a  r e l a t i v e  roughness o f  

i s  0.45 and w i t h  the allowance' f o r  v o r t e x  ihedding,  the design drag 

c o e f f i c i e n t  i s  1.14. 

Unsteady pressure forces developed from v o r t e x  shedding lead t o  o s c i l l a t o r y  

l i f t  fo rces  which a c t  normal t o  the c ross f l ow  d i r e c t i o n .  The Reynolds num- 

"bers R co r rec ted  f o r  roughness y i e l d  values i n  excess o f  500. An appro- 
ek 

: p r i a t e  RMS l i f t  c o e f f i c i e n t  f o r  design would then be 0.27. The l i f t  c o e f f i -  

c i e n t  has been found t o  be norma l l y  d i s t r i b u t e d  i n  t ime. Even us ing  extreme 

values f o r  1 i f t  c o e f f i c i e n t s  (about 70% o f  the drag c o e f f i c i e n t )  and cons id-  

e r i n g  the worst  l oad ins  case f o r  t he  SPM, ' t he  t o t a l  p l a t f o r m  load increases 

by o n l y  a  few percent .  The ac tua l  load increase on t h ~  SKSS would most l i k e i y  

be even sma l le r  so the e f f e c t  o f  the  l i f t  force has been neglected.  

5.4 Computation o f  Mean !.lave D r i f t  Forces 

The second o rder  - d r i f t  force,due t o  .waves i s  found by means o f  a  hydrodynanic 

ana l ys i s  based upon the  sca t t e red  waves assoc ia ted w i t h  the presence of .  a 

f l o a t i n g  body i n  an onconing 'ambient.wave system. The sca t t e red  wave sys ien  

, . 
inc ludes t he  waves due t o  d i f f r a c t i o n  o f  the oncoming waves', as we1 1 a s  tke 

r ad ia ted  waves due t o  the  mot ion o f '  the p l a t f o r q .  I n  i e g u l a r  waves,' a  steady 

d r i f t  f o r ce  i s  gener'ated r e s u l t i n g  i n  a  s t a t i c  s h i f t  o f  p o s i t i o n  o f  the -core2  



vesse l .  For i r r e g u l a r  waves, a va ry i ng  sequence o f  d r i f t  fo rces  a i i s e s  i n  

correspondence t o  changes i n  wavs he igh t  and per iod .  , 

For the  case o f  the  barge type p la t fo rm.  the d r i f t  f o r ce  i n  beam seas i s  the 

maximum va lue a n d , i s  found by eva lua t i ng  the  r e f l e c t e d  wave 1associ.at.ed wi , th 

d i f f r a c t i o n  e f f e c t s  and t h e  rad ia ted  wave due t o  the  motiof is o f  heave, sway 

and r o l l  (yaw and p i t c h  e f f e c t s  a re  general  l y  negl  i g i b l e  i n  the present r a s e ) .  

The analys i -s  p rov ides  a  p s c u d o - t r 2 n s f . ~ r  f u n c t i c n  opz ra to r  r e l z t ; n g  rhc 

average l a t e r a l  d r i f t  f o r c e  t o  the  square o f  the  wave ampl i tude as a  f u n c t i o n  

Yd 
' o f  wave frequency, i . e . ,  - (u): Th i s  f u n c t i o n  i s  then combined 'wi th  each 2 

a 
. p a r t i c u l a r  wave spectrum t o  p rov i de  the  mean d r i f t  fo rce  i n  t h a t  p a r t i c u l a r  

seaway by the  ope ra t i on :  m 

where ~ n ( w )  i s  the wave spectrum. A Bretschneider  sea spectrum was used . 

based on the s t a t e d  s i g n i f i c a n t  h e i g h t  and an average wave p e r i o d  c a l c u l a t e d  

' f rom the  mod i f i ed  wave p e r i o d  histograms developed by Glenn and Assoc ia tes.  

T h i s  a n a l y s i s  r equ i r es  t he  i n i t i a l  de te rmina t ion  o f  the f i r s t  o rder  motions 

o f  the  vesse l ,  f rom which the d r i f t  fo rce  i s  determined by quad ra t i c  opera- 

t i o n s  i n v o l v i n g  suns o f  f i r s t  o rde r  mot ions and wave p r o p e r t i e s .  

Computations o f  wave d r i f t  forces f o r  the BARGE i n  head seas were a1,so c a r r i e d  

o u t .  The method used f o r  t h i s  case i s  somewhat ques t ionab le  s ince  the p l a t -  

form was approximated as a barge w i t h  a  h i o h e i ~ / ~  r a t i o .  Th i s  may be reason- 
C . . 

a b l e  s ince  the  barge form i s  bas ica l l y : . tha t  o f  a  r ec tangu la r  box and lacks 

the  f ineness o f  a  convent iona l  sh i p  form. 
. .. 



The d r i f t ,  f o r t e  f o r  t he  SPAR, wh ich  i s  e s s e n t i a l l y  symmetr ica l  about a  v e r t i c a l  

a x i s ,  i s  de termined i n  a  manner s i m i l a r  t o  t h a t  f o r  t he  Barge. The " t r a n s f e r  

f u n c t i o n "  r e l a t i n g  the  average f o r c e  i n  a  r e g u l a r  s i n u s o i d a l  wave t o  the square 

o f  t h e  i n c i d e n t  wave s m p l i t u d e  i s  found from the  s c a t t e r e d  wave a p p r o p r i a t e  

f o r  the .  SPAR--shape. : 

The va lues  f o r . a v e r a g e  wave d r i f t  a r e  m u l t i p l i e d  by a  f a c t o r  o f  t h ree  * t o  g i v e  

t h e  extreme loads used f o r  t h e  concep tua l .des igns  f o r  l a c k  of  any r e l i a b l e  

e x i s t i n g  da ta .  

Note:  I t  was found d u r i n g . t h e  p r e l i m i n a r y  des ign  s t u d i e s  i n . t h e  n'ext phase o f  

t h i s  p r o j e c t  t h a t  t he  maximum wave d r i f t  f o rces  d i d  exceed t h r e e  t imes t h e  mean 

v a l u e  o f  t h e  wave d r i f t  f o r c e s .  However, d r i f t  f o r c e s  d i d n ' t  i nc rease  t h e  l i n e  

tens ions  i n  the  same p r o p o r t i o n  b u t ,  r a t h e r ,  by a  f a c t o r  o f  app rox ima te l y  1 . 3 .  . 

(See Volume I I I, Table 6, pages 3-29) .  

5 .'5 Summation o f  P l a t f o r m  Loadings 

Tables 11 th rough  13 p r o v i d e  a  breakdown o f  t h e  v a r i o u s  e x t e r n a l  load components 

. , 

and t h e i r  summation f o r  t h e  t o t a l  load f o r  each i n v i r o n m e n t a l  s t a t e .  As d i s -  

cussed i n  S e c t i o n  2.2,  t h e  env i ronmenta l  s t a t e  No. 8 i s  used as the  des ign  en- 

v i ronmen ta l  s t a t e  f o r  t h e  o p e r a t i n g  c o n d i t i o n  and c o n d i t i o n  number 12 as t h e  

des ign  extreme env i ronmen ta l  s t a t e  f o r  t h e  s u r v i v a l  c o n d i t i o n .  

5 .'6 P l a t f o r m  Mot i ons  

The f i r s t  o r d e r  o s c i l l a t o r y  wave f o r c e s  a r e  cons ide red  i n d i r e c t l y  by add ing 

the  surge and heave m o t i o n  amp l i t udes  t o  t h e  s t a t i c  d isp lacement  r e s u l t i n g  

f rom t h e  q u a s i - s t a t i c  f o r c e s .  The inc rease  i n  moor ing l i n e  t e n s i o n s  i s  then 

r e a d i l y  found.  P l a t f o r m  mot ions  d a t a  were o b t a i n e d  f rom A p p l i e d  Phys ics  

Labora to ry  and Gibbs & Cox, I n c .  f o r  use i n  t h e  conceptua l  des ign  phase. I n  

r h e  p r e l  im ina ry  des ign  phase, the  t ime  domain program o f  Oceanics w'i 1 1  be used 

t o  o b t a i n  the  p l a t f o r m  mot ions  w i t h  t h e  e f f e c t  o f  t h e  moor ing  l e g s .  A s  d i s -  

cussed i n  sec ' t ion  6 .0 ,  t he  f i r s t  o r d e r  wave f o r c e s  have r e l a t i v e l y  l i t t l e  



e f f e c t  on mooring l i n e  loadings fo r  a deep water catenary mooring and t h e i r  

e f f e c t s  can be minimized by proper design f o r  a tension leg  mooring. 



Loading on OTEC Barge i n  Geam Seas vs .  .Sea S t a t e  . 

' 

Environmental  
S t a t e  

- 
1 

s Fw i nd ' current  Fd:ift T o t a l  
( f t . 1  (LT) ( ~ 1 )  - ( LT) 

Loading on 40 HW OTEC Spar vs .  Sea St-ab.e . . 

HS 
F" 

Environmental  Fwind Fcur ren t  d r i f t  T o t a l  T o t a l  
S t a t e  - f t  - (LT) (LT) ( LT) (KI  P S )  

* Assumed 3 . t i m e s  the c a l c u l a t e d  mean wave d r i f t  fo rce .  

TABLE 1 1 : SPAR PLATFORM LOAC l N G S  



Load ing on OTEC Barge i n  Head Seas vs .  Sea S t a t e  

Env i ronmenta l  
S t a t e  

1 

3 

4 

6 

8 

10 

Fcur  r e n  t F2rift T o t a l  T o t a l  
(LT) ( LT) (KIPS) 

165.26 2.55 168.8 378.11 

171.10 36.87 210.83 472.26 

173.60 71.64 249.19 558.19 

186.36 268.5 462.07 1035.04 

207.39 647.01 879.2 1949.25 

300.73 1046.1 1409.97 3158.3 

*Assumed 3 t imes  t h e  mean wave d r i f t  f o r c e .  

B~calcdown of C ~ j r r ~ n t  Forcss  (LT) on BarCge vs.  .Sea S t a t e  

D ischarge Hul l Flu 1 .I 
HS - CWP - Pipe (4)  (beam seas) (head seas) 

2 110.64 41 - 2 8  41 .67 13 -34  

6 1 12.02 44.13 46 ..70 14.95 

8 112.58 45.4 48.79 15.62 

TABLE 12 : BARGE PLATFORM LOADINGS 
. . 

5-10 



TABLE - 

Breakdnwr: o f  Current  Forces (LT)  on Spar vs.  Sea S t a t e  

"Evaporators 
( 4 )  

Condensers 
(4.). 

26..47 . 

M.ain Body 

.49.08 

: 53.42  

55 .21  

6 4 . 2 0  

.74.76. 

125.45 



6.0 AIIALYSlS OF SKSS L O ~ D S  At lD STRESSES 

6.1 A n a l y t i c a l  Procedures 

6.1.1 Catenary Moorings 

A s t r a i g h t f o r w a r d  s t a t i c  ana l ys i s  was used i n  the  conceptual design 

approach. A hand c a l c u l a t i o n  procedure was f i r s t  employed t o  

e l i m i n a t e  the most imp rac t i ca l  SICSS concepts.  The genera l ized 

catel ldry equations f o r  a  segment o f  the mooring l i n e  catenary a r e  

presented i n  Appendix A. 

A program t i t l ed  "CALMS" developed by Exxon Product ion Research 

Company was used i n  the l a t e r  stages of  conceptual design t o  

analyze the more complex catenary  mooring systems c o n s i s t i n g  o f  

composite l i n e s  w i ; l ~  clump weights and sp r i ng  buoys. T h i s  program 

computes anchor l i n e  tens ions,  suspended l i n e  leng tks ,  anchor 

loads, and t o t a l  h o r i z o n t a l  r e s t o r i n g  fo'rcc as f unc t i ons  o f  assumed 

h o r i z o n t a l  o f f s e t s .  CALMS was se lec ted  because o f  i t s  low cos t  

which permi t ted  ana l ys i s  o f  numerous SISS concepts and because the 

program has seen ex tens ive  use by the  o f f sho re  i n d u s t r y ,  Resu1:s 

ob ta ined  w i t h  CALt4S have repo r t ed l y  been v e r i f i e d  by f i e l d  t e s t s .  

Several assumptions have been made i n  us ing  the s t a t i c  ana l ys i s  

approach. 

o  A l l  mooring l i n e s  a re  assumed t o  be a t tached  a t  a  s i n g l e  

p o i n t  a t  t he  cen te r  o f  t h e  vesse l .  Th i s  i s  no t  very  s ic -  

n i f i c a n t  s ince  the p l a t f o r m  dimensions a re  smal l  r e l a t i v e  

t o  the depth. 



o Only mot ions i n  the  h o r i z o n t a l  p lane a re  considered. 

Rol I . ,  p i t c h  and heave mot ions have l i t t l e  e f f e c t  on 
, . 

l i n e  r eac t i ons  f o r  a deep water catenary  mooring. 

o Current  and wave fo rces  a c t i n g  on the mooring l i n e s  

a r e  neglected.  

o A un i f o rm  dens i t y  i s  assumed w i t h i n  a segment o f  the  

catenary .  

o The ocean bottom s lope i s  assumed t o  be constant  and 

t he  bot tom topography regu la r  (a f l a t  i.ncl ined p l ane ) .  

For the mcst p a r t ,  t h i s  i s  t r u e  bu t  some mooring l i n e s  

a re  no t  i n  t he  same p lane  as t he  o thers .  The .e f fec t  

on the  computat ion o f  1 i ne  loadfng i s  not .cor ls idkred . 

l a rge  bu t  the  computed i i n e  leng ths  i n  some cases may 

have some e r r o r .  
. . .  , . 

6 . .  Tension Leg Moorinqs 

A p r o p e r l y  designed t ens ion  l e g  system should min imize the  wave 

e x c i t a t i o n  forces and the  o v e r a l l  p l a t f o r m  mot ions. I n  a d d i t i o n  

t o  e v a l u a t i n g  t he  mooring l eg  r eac t i ons  r e s u l t i n g  from s t a t i c  

loads and excurs ions,  the  e ' f f ec t  o f  o s c i  l l a t o r y  wave 'loads must 

be cons idered and the s t r u c t u r a l  n a t u r a l  f requenc ies must be o u t -  

s i d e  those o f  t he  energy i n t e n s i v e  wave spect ra .  



The t o t a l  l i n e  tens ion  i s  comprised o f  a  s t a t i c  component r esu l c i np  

from pre tens ion  and s t a t i c  excurs ion and a  t ime vary ing  p o r t i o n  
. . 

from wave forces and surge mot ions. Th i s  t o t a l  . t ens i on  must never 
. . . .. " ,  

equal ze ro  a t  any t ime and the maximum l i n e  tens ion  must no t  exceed 
. , r .  

the  t e n s i l e  capac i t y  o f  the cab le .  The e l a s t i c i t y  o f  the l i n e s  must 

a l s o  be considered which permi ts  some heave motions. L ine  tensions 

a re  computed by cons ider ing  i n c l i n e d  legs t o  form a  catenary anc 

cons ider ing  the excurs ion r e s u l t i n g  from s t a t i c  loads. Forces f r o a  

surge excurs ion and buoyancy changes from i nc i den t  waves a re  adds i  

t o  the s t a t i c  case. V e r t i c a l  tens ion  moorings a re  t r ea ted  s i m i l a r l y  

bu t  the i n c l i n a t i o n  angles o f  the legs a re  smal l  enough t h a t  they 

can be considered as s t r a i g h t .  The i n t e r a c t i o n  between the CWP and 

mooring l e g  i s  a l s o  considered. 

, .  . 
The n a t u r a l  frequency o f  t he  mooring system i s  checked f o r  surge 

and heave. Where a  resonant c o n d i t i o n  i s  found t o  e x i s t  su i  t a b l e  

changes i n  p re tens ion  o r  cab le  sp r i ng  s t i f f n e s s  a re  made. 

6.2 Resul ts  o f  Catenary Mooring Ca l cu la t i ons  

S i g n i f i c a n t  problems e x i s t  i n  the  development o f  a  catenary  mooring systea 
. , 

i n  a  water depth o f  51800 f ee t  and ho ld i ng  f o r ce  requirements i n  excess o f  
' .  b 

1,000 k i ps .  As s ta ted  i n  Sec t ion  2.0, these cond i t i ons  mark t h e . l i m i t s  
. . 

o f  the cu r ren t  s t a te -o f - t he -a r t  f o r  catenary  systems and the r e s u l t s  o f  our 

study support  t h i s  p o s i t i o n .  Other problems as ide from deep water and h i ch  

ho ld i ng  capac i t y  requirements a re :  

o  High l i n e  p re tens ion  l e v e l s - a r e  requ i red  t o  avo id  exceedance 

o f  the excurs ion  l i m i t .  



o Anchors must be p laced very  fa.r from the  plat . form t o  o b t a i n .  

a  ze ro  o r  smal l  mooring l ine  s lope a t  the anchor. 

o  Bottom s lope  cons idera t ions  l i m i t  'the mooring l i n e '  lengths 

and anchor p o s i t i o n s .  
' > :, - . . . 

o Cost cons ide ra t i ons  l i m i t  mooring 1ine.length.s. 

, , . . : 
The above cons ide ra t i ons  lead t o  a  catenary system which t y p i c a l  l y  has '  

l a r g e  mooring l i n e  s lopes- a t . t h e  anchor and a very  sha l low cateiqlary shape 

y i e l d i n g  a " s t i f f "  mooring system. Appendix B p rov ides  -sample output,,.from 

the  CALMS program runs and t ab les  and graphs which summar-ize t he  r e s u l t s  o f  

t he  catenary  computations. f 

, f 

6.2.1 SPAR Catenary Stud ies 

Table  14 summar-izes the  c h a r a c t e r i s t i c s  o f  and the r e s u l t s  f o r  a l l  

f e a s i b l e  catenary  mooring concepts t h a t  were developed. These a re :  
. , 

n A 4 l eg  composite segment 1 i ne  o f  HCL l inks  and cha in  

o  An 8 l e g  compos I t e  1 i ne  o f  wi r e  and cha in  

o  A 4 l eg  s i n g l e  segment s o l i d  bar  l i n k .  ' . . .  
.c 

A drag type anchor may be used w i t h  the  w i re - cka ln  system but  f o r  

the  o the rs  deadwe.ight anchors a re  ' requ i red.  
. - 

. . 

6.2.2 Barge catenary  Stud ies 

Table 15 summarizes t he  f e a s i b l e  concepts f o r  barge catenary  moor- 
, .+ - > . . . . 

ings.  ~ h e s e  c o n s i s t  o f :  

o A 4 l e g  HCL s ing le 'segment  l i n e  w i t h  r i s e r  b'uoy 

o A 4 l eg  s i n g l e  segment s o l i d  bar l i n k .  

on 3 l e g  s i n g l e  segment. s,ol i d  bar  l i n k .  

Beam s=a drag load ing  i s  considered'  f o r  a l  l o f  these cases. 



6.3 Resu1.t.s o f  Tension Leg Moorinq Ca l cu la t i ons  

As seen i n  Table 14  t h ree  d i f f e r e n t  types o f .  tens ion  leg moorings were 

cons i de red. . . . . 

The s l a n t  leg  mooring i s  seen t o  be ext remely  e f f e c t i v e  i n  l i m i t i n g  excur-  

s i o n  bu t  the l e g  s i zes  requ i red  a re  q u i t e  l a rge  and d e b a l l a s t i n g  must be 

used t o  prevent  leeward l i n e  s l ack i ng  i n  extreme cond i t i ons .  
. . 

'The 3 l eg  v e r t i c a l  tens ion  mooring w i t h  'the legs running ou t s i de  the co ld  

water  p i pe  i s  t he  most a t t r a c t i v e  mooring system. The in te r fe rence  o f  the 

CWP w i t h  the mooring l i n e s  was consi-dered bu t  the 10" D I A .  l eg  s i zes .a re  

s t i l l  s i g n i f i c a n t l y  less  than 16.25" D I A .  f o r  the s l a n t  leg.  The b igges t  

problem' f o r  the  v e r t i c a l  tens ion  l e g  mooring i s  t h a t  the  mooring system 

appears t o  be i n  a resonant cond i t i on .  A'mare r igo rous  ana l ys i s  i s  requ i red  

t o  de te rm ine ' t he  magnitude of t h i s  problem bu t  l a r g e r  l eg  size; may be re -  

qu i  red t o  increase the' mooring s t i f f n e s s  so the n a t u r a l  frequency i s  above 

the reg ion  of  maximum wave energy. 

Another concept i s  a mooring l eg  , running down the  cen te r  o f  the c o l d  water 

pipe. Th is  concept was no t  analyzed i n  d e t a i l  s ince  the th ree  l e g  mooring 

t . .  

would appear t o  be more des i  r ab l e  ' f rom the s tandpoin t  o f  re1 i a b i  1 i t y  and 
. . 

r e l a t i v e  ease o f  maintenance, and deployment However, the s i n g l e  

l eg  mooring does appear t o  be t e c h n i c a l l y  f eas i b l e .  

As noted i n  Sec t ion  4, a tens ion  l e g  mooring i s  no t  f e a s i b l d  f o r  the barge 

p l a t f o r m  a l though  the s i n g l e  leg  mooring concep t 'w i t h  a separate  buoy i n  

tens ion  i s  somewhat s i m i l a r .  T h i s  concept cou ld  work w e l l  from the stand- 

p o i n t  o f  SKSS perforrnance;.however the  e l e c t r i c a l  t ransmiss ion  con f i gu ra t i on  

and i t s  connect ion t o  the p l a t f o r m  m i y  be compl icated.  



Careful  cons idera t ion  o f  the  "platform-mooring buoy-r iser  cable  buoy'' 

i n t e r f a c e  w i l l  be necessary i n  a  p r e l i m i n a r y  design i f  a  s i n g l e  leg/buoy 

mooring concept i s  se lec ted  fo r  the barge p la t fo rm.  



TABLE 14 M A T R I X  O F  FE . IS  I BLE SKSS CONCEPTS FOR "SPAR" 



TABLE 15 
M A T R I X  OF F E A S I B L E  SKSS 
C~NCEP'I'S FOR "BARCE" 



7.1 Performance - E f f e c t i v e n e s s  

A t  t h e  conceptua l  des ign  l e v e l ,  t h e  performance - e f f e c t i v e n e s s  

f c o n s i d e r a t i o n s  a r e  n e c e s s a r i l y  p a r t i a l l y  s u b j e c t i v e .  

1 A ?  :P,i: p o i n t ,  o n l y  t h e  o p e r a t i n g  and s u r v i v a l  cond i : :~or ,s  a r e  con- 

s i d e r e d .  I n  t h e  o p e r a t i n g  c o n d i t i o n  t h e  p l a t f o r m  must n o t  e x ~ e e d  an e x c u r s i o n  

r a d i u s  equal  t o  10 per  cen t  o f  t h e  depth .  I n  t h e  s u r v i v a l  c o n d i t i o n ,  t h e  

a l l o w a b l e  l e g  t e n s i o n  must n o t  be exceeded. The f e a s i b l e  concepts d i s -  

cussed i n  r s c t i o n  6 e i t h e r  meet these requi ' rements o r  come c l o s e  enough so 

t h a t  w i t h  more d e t a i l e d  des ign they  can be expected t o  meet these r e q u i r e -  

ments. 

R e l i a b i l i t y  assessment i s  q u a l i t a t i v e .  I t  takes i n t o  account  s y s t e n  

redundancy, p a s t  exper ience  w i t h  s i m i l a r  des igns,  s t a t e  o f  t h e  a r t  o f  com- 

ponefi t  development and number o f  p o s s i b l e  modes o f  f a i l u r e .  Hand l i ng  o f  

t h e  components d u r i n g  deployment and maintenance o p e r a t i o n s  must  a l s o  be 

cons ide red  s i n c e  d i f f e r e n t  loads and p o s s i b l y  d i f f e r e n t  modes o f  f a i l u r e  

c o u l d  be 'exper ienced.  

The SKSS systems which d i s p l a y  t h e  l owes t  e x c u r s i o n  a t  t h e  l e a s t  c o s t  

w i t h ' g r e a t e s t  r e l i a b i l i t y  a r e  t h e  b e s t  o r  most e f f e c t i v e  cand ida tes .  , The 

d i f f e r e n c e s  between v a r i o u s  systems a r e  q u i t e  s i g n i f i c a n t .  Costs a r e  p r e -  

sented s e p a r a t e l y  i n  s e c t i o n ' 7 . 2  and t h e  f i n a l  o v e r a l l  e v a l u a t i o n  o f  c a n d i -  

da tes  i s  made i n  s e c t i o n  7.7. 

7.1.1 SPAR SKSS Performance - 
A l l  o f  t h e  SPAR SKSS cand ida tes  meet t h e  e x c u r s i o n  reTu i rements  c u i t e  

e a s i l y  f o r  t h e  o p e r a t i n g  c o n d i t i o n .  I n  t h e  case o f  t h e  4 l e g  s o l i d  l i n k  



ca tenary  concept, t he  p re tens ion  l eve l  should be reduced which would b r i n g  

t h e  excurs ion  d i s t ance  up t o  t h a t  o f  t he  o t h e r  two catenary 'concepts :  

T h i s  would reduce the  l e g  tens ion  ' l e v e l  to.  some degree and increase the  

d i s t ance  t o  the anchor. 

The t e n i i o d i g  moorings a l l  show spec tacu la r  excurs ion  

s t a y i n g  w i t h i n  the 10% depth l i m i t a t i o n  even i n  t he  s u r v i v a l  cond i t i ons :  
. . ' 1  

I f  necessary, t he  excurs ion  rad ius  cou ld  be reduced even f u r t h e r  

by inc reas ing  'leg p re tens ion  but  t h i s ,  o f  course, would lead t o  an inc'rease 

i n  t he  system c o s t .  
, . 

The e i g h t  l e g  w i r e  ;ope and cha in  catenary  has an adequate a l l o w a b l e '  

s t r e n g t h  f o r  t h e  tens ion  developed i n  the s u r v i v a l  c o n d i t i o n .  Th i s  however 

i s  o n l y  poss ib l e  w i t h  t he  use of  a  clump weight  and a  r i s e r  buoy on each 

leg.  The design f a c t o r s  o f  sa fe ty  discussed i n  Sect ion 2 .  l' f o r  w i r e  rope 

( two f o r  s u r v i v a l ,  " th ree  f o r  ope ra t i ng  c o n d i t i o n s )  have been employed: I t ' s  

expected t h a t  ca re fu l  s e l e c t i o n  o f  s l i g h t l y  l a r g e r  l i n e  segment s i zes  and lengths 
. . 

wi I 1  pe rm i t  e l  im ina t  i'on' o f  the r i s e r  buoy and perhdps even the clump weia 'ht .  

The f a c t o r s  o f ' s a f e t y  can a1 so be increased i n  t h i s  mannir .  
c .  

The tens ion  l e g  systems appear t o  be ' s t r u c t u r a l  l y  sound assum, ng ttie 

probl'ern o f  heave response can be avoided. 

Fa t igue  '1 i f e  has no t  been computed far t h e  HCL o r  sol  fciC,bar l ' i n k  legs  

a t  t h i s  stage i n  the  des ign c i c l e ,  bu t  t he  extreme stres; '!eve1 i s  f a i r l y  

c l o s e  t o  the '  f a t i g u e  1 i m i t  o f  t h e  m a t e r i a l  considered. Any increase i n  

m a t e r i a l  t e n s i l e  s t r e n g t h  p r o p e r t i e s  o r  l e g  s i zes  t o  p rov i de  an adequate 

f a t i g u e  l i f e  i s  expected t o  be sma l l .  

The l i f e  o f  w i r e  rope however i s  g e n e r a l l i  go;erned by f a t i g u e  f a i l u r e .  

The f a t i g u e  l i f e  f o r  a design f a c t o r  o f  s a f e t y  o f  4 i s  about f i v e  years.  

. 
Chain f a i l u r e  from f a t i g u e  i s  no t  comrnon i f  f a c t o r s  o f  saFety o f  2 i o  2 .5  

a re  used. 

7 - 2  
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7.1.2 SPAR SKSS R e l i a b i l i t y  

The'system w i t h  t he  h ighes t  r e l i a b i l i t y  i s  the  w i re -cha in  system 

which has ha'd cons iderab le  f i e l d  exper ience and uses standard type drag 

anchors. The e i g h t  l e g  a r ray  w i l l  p rov ide  h i gh  r e l i a b i l i t y  i n  case of  

one l e g  f a i l u r e .  . The tens ion  rod concept has no t  been p rev i ous l y  used 

f o r  t h i s  t ype  o f  a p p l i c a t i o n ,  b,ut i t  i s  c u r r e n t l y  under se r ious  cons idera-  

t i o n  by some o f fshore  companies. 

Tension rod i s  w i t h i n  t he  cu r ren t  s t a t e - o f - t h e - a r t  f o r  f a b r i c a t i o n ;  

the  requ i red  l e v e l  o f  q u a l i t y  c o n t r o l  can be achieved. The b igges t  prob le-  

f a c i n g  t he  tens ion  rod systems i s  t h a t  i n  the  cu r ren t  c o n f i g u r a t i o n  one leg  

f a i l u r e  would most l i k e l y  lead t o  f a i l u r e  o f  the remaining legs.  The add i -  

t i o n  o f  ,one o r  two more legs may be requ i red  t o  o b t a i n  the minimum des i red  

r e l i a b i l i t y  l e v e l .  

The f ou r  l eg  s o l i d  l i n k  system w i l l  p robably  be a b l e  t o  sus ta i n  a  one- 

leg  f a i l u r e  a l though f u r t h e r  computations a re  requ i red  t o  con f i rm  t h i s .  The 

l i n k  i t s e l f  should be q u i t e  r e l i a b l e  because o f  i t s  s imple c o n s t r u c t i o n  and 

minimal requ i red  welding. The c r i t i c a l  p a r t  o f '  t he  l i n k  i s  t he  j o i n t  

connect ion which changes the  d i r e c t i o n  o f  l i n k  r o t a t i o n .  

The . leas t  re1 i a b l e  system i s  t he  HCL f ou r - l eg  catenary  system. T h i s  

system has the same modes o f  f a i l u r e  as t h e ' s o l i d  l i n k  catenary  system. I n  

a d d i t i o n  t he re  i s  the p o s s i b i l i t y  o f  l i n k  co l l apse  o r  1eakage.which would 

degrade the  s t r e n g t h  o f  the  e n t i r e  l eg .  The q u a l i t y  c o n t r o l  l e v e l s  f o r  

weld ing and f a b r i c a t i o n  processes o f  the 1 i n k  connect ions n u s t  be much more 

s t r i n g e n t .  

7.1.3 Barge P la t fo rm SKSS Performance 

T w o  o f  t he  f e a s i b l e  barge SKSS concepts f a i l  t o  meet the  excurs ion 
. . -  

requirement o f  10% o f  depth a t  s i t e .  The excurs ion l i m i t s  a c t u a l l y  a t t a i n e d  

a re  11 .52  bu t  t h i s  cou ld  be lowered t o  the  acceptab le  l i m i t  by e i t h e r  i n -  



- ~ 

c r eas i ng  p re tens ion  o r  by adding more legs .  Aside from t h e  excurs ion  con- 

s i d e r a t  ion,  t h e  4 and 8 19 catenary  systems p rov i de  adequate s t r e n g t h  and 

would be s a t i s f a c t o r y  f o r  t h e  OTEC ope ra t i on .  The s i n g l e  l eg  concept has 

excu rs i on  c h a r a c t e r i s t i c s  which a r e  q u i t e  d i f f e r e n t  f rom the  catenary  con- 

cep t s  s i nce  t h e  p l a t f o r m  i s  f ree  t o  r o t a t e  360 degrees about the mooring 

p o i n t .  The rad ius  o f  excurs ion  i s  about t he  sane as  f o r  t h e  catenary  systems 

a l t hough  t h i s  now has l i t t l e  meaning s ince  i t  i s  assumed t h a t  the  r i s e r  

c a b l e  moves w i t h  t he  moorlng system. 

7.1.4 Barge P l a t f o r m  SKSS R e l i a b i l i t y  

The d i scuss ion  i n  7.1.2 f o r  t h e  4 l e g  catenary  HCL o r  s o l i d  bar l i n k  

f o r  t h e  SPAR p l a t f o r m  would a l s o  app ly  t o  t h e  BARGE p la t f o rm .  The e i g h t  

l e g  so l  i d  1 i n k  concept c l e a t l y  p rov ides  g rea te r  r e l i a b i l i t y  i n  the  case o f  

one l e g  f a i l u r e  as compared t o  t h e  f o u r  l eg  system bu t ,  as seen i n  s e c t i o n  

7.2,at much g r e a t e r  cos t .  I f  f u r t 5 e r  a n a l y s i s  demcns:rstes t h a t  t he  r e l i a -  
, , 

b i l i t y  o f  t he  f o u r  l e g  SKSS i s  inadequate, then a d d i t i o n a l  legs cou ld  be 

p rov ided  t o  increase redundancy. 

For  the s i n g l e  l eg  mooring concept, th ree  legs c l o s e l y  spaced together  
. . 

have rep laced t he  s i n g l e  leg ,  p r i n c i p a l l y  t o  f a c i l i t a t e  f a b r i c a t i o n  and 

deployment o f  t he  legs  bu t  a l s o  t o  p rov i de  some redundancy f o r  one l eg  f a i l u r e .  

Maintenance and r e p a i r  ope ra t i ons  a r e  a l s o  f a c i l i t a t e d  by us ing  the t h ree  l e g  

system. 



7.2 COST ESTIMATES 

7.2.1 DATA BASE 

I n  o r d e r  t o  deve lop a  da ta  base f o r  t h e  l i f e  c y c l e  c o s t i n g  o f  SKSS 

cand idates  i n i t i a l ,  annual o p e r a t i n g ,  and major  r e p a i r  and rep lace -  
. . 

ment ;ost's must be determined.  The b a s i c  c o s t  i tems f o r  each ca tegory  

a r e  l i s t e d  i n  Tab le  16. 

R e f e r r i n g  t o t h i s  t a b l e ,  c o s t  i tems No. 1 and 6 t h r u  8 under i n i t i a l  

c o s t s  a r e  n o t  i nc luded  i n  t h e  c o s t  e s t i m a t e s .  

. . 

. ' l tern :lo. 8  under i n i t i a l  c o s t s  and i tems No. 3 and 4 under annual 

j :  

o p e r a t i n g  c o s t s  would be covered under a  sepera te  WBS group f o r  t h e  

complete OTEC p l a n t .  

Rou t ine  maintenance c o s t s  which' a r e  s u b s t a n t i a l  enough t o  war ran t  

a  q u a n t i t a t i v e  s tudy  a p p l y  o n l y  t o  t h e  8 - leg  w i r e - c h a i n  system f o r  

reasons s t a t e d  i n  S e c t i o n  7.4. Opera t i ng  Personnel  c o s t s  a r e  taken  

i n t o  account  f o r  t h e  a c t i v e  systems o n l y .  Support  S e r v i c e s  s p e c i f i c  

t o  t h e  SKSS r /ou ld  be covered i n  t h e  maintenance c o s t s  as wou ld  t h e  

c o s t s  f o r  a d d i ' t i o n a l  personne l  f o r  ma jo r  r e p a i r s ,  and rep lacements .  

I n  the  computa t ion  o f  average annual c o s t s ,  t h e  fo rmula  presented 

i n  [ 2 3 ]  i s  used w i t h  f o l l o w i n g  assumpt ions:  

o  I n t e r e s t  r a t e  : 9% 

o  N = 5 years  f rom i n i t i a l  s t a r t - u p  

o  Scrapping and/or  r e s a l e  c o s t s  n e g l e c t e d  

A complete d e s c r i p t i o n  o f  c o s t  c a l c u l a t i o n s  can be found i n  Volume I\! 

o f  t h i s  r e p o r t  

2 Work Breakdown S t r u c t u r e  

7- 5 



A .  l n i t i a l  ~ o ! , t s '  

1 .  System research  and development 

2 .  Eng ineer ing  - -  p r e l  iminary ,  c o n t r a c t  and d e t a i  1 

3. ~ a b r i  ca't i o n  o f  system components 

4 .  o f f - t he - she1  f hardware and equipment 

5. I n s t a l l ' a t i o n  and deployment o f  SI:SS 

6. I n d u s t r i a l  f a c i l i t i e s  

7. s p e c i a l  t e s t  f a c i l i t i e s  

8 .  I n i t i a l  t r a i n i n g  o f .  o p e r a t i n g  personnel .  

B. Annual Operating Costs 

1 .  Rout ine Maintenance 

2 .  Opera t ing  Personnel 

3. A d d i t i o n a l  personnel  t r a i n i n g  

4 .  Insurance 

j. Support Serv ices  f o r  the SKSS 

C .  Major  Repai rs  and Replacement Costs 

,.. Replacement o f  hardware and equipment w i t h  an expected l i f e  l e s s  
-.4 

than t he  t o t a l  SKSS l i f e .  

2 .  Major  r e p a i r  and replacement ope ra t i ons .  T h i s  would i n c l u d e  c o s t  

o f  r e s t o r i n g  t he  power c a b l e  hook-ups a t  t h e  t ime o f  f a i l u r e  inc lud in ;  

a c t i v e  r e p a i r  t ime  and l ' o g i s t i c  t ime.  

I I 

3 .  Addi t i ona l  personnel  f o r  major  repa i  r and. rep1 acement ope ra t  ions.  

TABLE 16 



I n  deve lop ing  the  d a t a  base, t h e  f o l  l ow ing  sources were used:, 

A l l  o f i t h e  s h e l f  equipment c o s t s  were o b t a i n e d  from the manu- 

f a c t u r e r s ,  e i t h e r  d i r e c t l y  o r  th rough MRtS' s u b c o n t r a c t o r s :  

Where . l a r g e  q u a n t i t i e s  o f  m a t e r i a l  were r e q u i r e d  t o  f a b r i c a t e  

an i tem,  such as t h e  s o l i d  l i n k  o r  HCL.rnoor,ing legs, who lesa le  

s t e e l  s u p p l i e r s  were con tac ted  and g i v e n  d e t a i . l s  o f  t h e  des ign  

b e f o r e  p r i c e  quotes were rece ived .  

The c o s t s  f o r  welding,f lame c u t t i n g ,  r o l l i n g ,  and r i g g i n g ,  e t c .  

were es t lma ted  on t h e  b a s i s  o f  pas t  exper ience  f o r  p r i c i n g  any 

non-standard i tems t o  be f a b r i c a t e d .  ,, 

For deployment and t r a n s p o r t a t i o n  c o s t s ,  t h e  f o l l o w i n g  l i s t  

o f  c h a r t e r  r a t e s  were used: , 

2000-3000 hp tugs  
s/' day 
3000 

5000 hp tugs  5000 

200 Ton c rane  barge w/tugs 15,000 

' Large d e r r i c k  barges 50,000 - 75,000 

15000 hp tugs  15,000 

b r g e  barge 3 ,OOC 

These r a t e s  a r e  on a  d a i l y  b a s i s  and i t  shou ld  be no ted  t h a t  i f  
, - . . . . 

any equipment i s  r e q u i r e d  f o r  a  f u l l  week o r  month d u r i n g  t h e  

a c t u a l  i n s t a l l a t i o n ,  lower  r a t e s  may be a p p l i c a b l e .  



All mobilization and demobilization rates are assumed to be about 

half of the above. 

,Towing speeds are assumed to be 5 mph and mobi 1 izat ion speeds 8-12 
. . 

mph. . 

Special deployment equipment and instrumentation.costs were estimated 

on the basis of dep1oyment:scenarios developed on Section 7.3. 

For the contract'and detail design engineering costs, 2% and 55 

respectively of the total SKSS acquis i t ion cost (consisting of 

deployment / instal lation, fabrication and construction costs) 

were assumed. 

7.2 2 COST BREAKDO'iIFI 

Tables I7 thru 25 exhibit the cost breakdwon used for this analysis 

and cover the cost items discussed in 7.2.1. 

7.2: 3 - O V E R A L L  COST EST.1 MATES 

'   able 2.6 sukarizes the overall costs for the feas iblh SKSS candidates. 



SKSS COST T:STTi.I.I\TE - VIIS CROUP 3 . 1 . 2  

BARGE SKSS CONCEPT: SINGLE LEG LINK, TENSION 
PT.hTI?C)RF(: 

1 4 1 . Su,,port A r m  

lJBS No. 

3 .1 .2 .1  o 

'1 I 
2 

1 3 
I 

3 .1 .2 .2  1 0' 
I 

I 1 

Total  Acquisi t ion 
Cost ~"mma r v  

. . 1. I L i n k s  16,'5 19 
. . 

1 . \ J i r c  

Deadweight  

Drag 

l ' i l i n g s  

b o r i n g  Legs 

Scy,nents 

I 

~ a b r  i c a t  ion l tonst r  1 42,473 

. . . . 

. , ' 

IJnS Item 

. Arichors 

Contract Dcs ign 1 954 

5;287 . 

Test/Operation 

Total  51,033 . 

I "  

FA~RICATIO~~/CONSTRIJCTION COSTS 

4,865 ': 

. . 

Total  Tool ing 

' ' 

3 , 1 , 2 , 3  

M n r e r i q l  
S O t h e r  . 

1 2 

1 1  

6 

0 
1 

Subtotal - 

I ~ ~ I \ . ) s c  13.ipc - 
~ i l i ~ . l . c ~ d ~ , C U i d C S  

8,597 1 33,876 142.473 1 

I\ iof.oulinp,  and 
Abras ion  P r e v e n t i o n  ' 

DCCI; EquiPlncnt 

\?inches, F o u n d a t i o n s .  

-I=- 2,000 2,000 

3.600 

C o n t r o l  Systein 3 I .  o 

3 j600 

. . . . .- I  

. 

. .  
. D  

w 
C 
m - 



SKSS TOST TISTTF.I.4TE - WIIS CROUP 3.1.2 

subtotal 1 13,556 

I - 
o 

/ 

I 

Total Acquisition 
Cost Summary 

SKSS COtICEPT: 4 LEG, HCL CATENARY 
Pl.ATFORE1: 

( 5  x ~ ~ - 3 )  

Fabrication/Constr 

Deployrnent/lnst. 

Contract Design 

Detail Design 

Tcs:!Operation 

Total 

NUS Item 

Anchors 

Dcsc!\~cigh t 

Dr2g 

1'- l i n i j s  

~ a r i n g  Legs 

SCS~.CI-.LS 

BARGE 

IJES No. 

- 

... 
156,732 

14,295 

3,421 

8,551 

102,999 

3.1.2.1 

. 

0 

Total 

26,041 

FAERICATION/CONSTRUC'~ION 

Tooling 

13,556 

123,341 

- 

150 

7,200 

.COSTS 
Materiql 
b Other 

12,485 
I 

1 2 
.- -+ 3.1.2.2 

! I 

I 1  123,341 
-. 

150 

7,200 

, 

! 
1 1  Links -- 

1 2 

3 

4 

IU.rc 

CIiai11 

I;cvl i l~  
I 

Clunlli \.lci~,h ts 

BIJOY 

Suppart Arm 

Bitri!~f:s 

lliofoulinl: and - 

Abrasion Prcvcnti-DJI .' 

Dscl; Equipmcat 

\\'inchcs, Founda ti-ons 

I ~ ~ I W S C  1'i.p~ 
. 

F;1irfi;tlc1 Cui.tlcs 

Control Systcin 

'Tl~ru:; cct:; 

1 

3,1.2.3 

-- 
311.2,4 

3.1.2,s .- 

1 

, 1 

i 

3 

4 

5 

6 

0 
1 

2 --- . 

3 

0 

o 



SKSS CnST ESTT\I.lTl: - 1dllS GROUP 3.1.2 

( I Deadwci~ht 

1 2 Drag - -  
. ,  . .' 880 880 

l'ilings 

3.1.2.2 :t.*' X a o r i l ~ g  , Legs 

Sc!:mcn t s  
i 

SPAR . SKSS CONCEPT: 8-LEG, CHAIN-WI RE CATENARY 
PI.AT.FORE1: 

3 Buoy 9 0 

4 S U , I ~ J ~ ~   AS^ < 

. . 

IJDS No. 

Control ~ y s t c i n  2,000 2 ,'OOO 

'l'ilru:; tcr:; 

. tJUS I tcm 
. 

, Anchors 3.1.2.1 

Total Acquisition 

. .  

0 

5 

6 

Contract Design 

Detail Design 

- 
FABRICATION/CONSTRUCTION .COSTS 

Fittings 
. . 

niofouling and 
Abrasion Prevention 

--, 

Decl; Equip~nent 

Ki ~ c h c s ,  Foundations 

llii~~sc Pipe 
I 

3.1,2,3 

Test/Operat ion 

Total 18.983 

Tooling 

0 
1 

2 

Subtotal 1 9 0 1 15.461 I IC,551 I 

8 0 

5,280 

1,064 
I 

Materiql 
& Other 

80 

5,280 

1,064 

Total 

. . 



SKSS CClST .I:STJEl.r\TE - WI1S CROUP 3.1.2 

I;: 

SPAR 
PLATFORiI : SKSS CONCEPT: 3-LEG, SLANT TENSION MOORING 

IJBS No. tJnS Item 

Anchors 

Dcadr~cighc 

Crzi; 

l J i l l n ~ s  

Zloor i n s  Legs 
Scc,r;2nts 

3.1.2.1 

u 
t - 
N 

I .  

0 

1 

F~~DRZCATIONICONSTRUCTION COSTS 
1 
I 

1 2 

-t 3.1.2.2 
' 1 

Tool :ng 

6,044 

i I  I L i n k s  17,484 -. 17,484 
I 

1 4 I t c v l ~ r  

- 

Plateriql 
& Other 

5,524 

Total 

11,568 

Contract Des i gn 

Dctai l Design 

Tcst/Operation 

Tota 1 

81 7 

2,042 

896 

44,586 

L 

2 

3 

4 

5 

6 

3,1,2, 3 I 0 

Total Acquisition 
3 

~ l u n l p  ' ~ c i ~ h t s  

Buoy 

Sul~port A r m  

Prtti~lgs - 

niofoullng and - 
Abrasion Yrcvcntion - 
Dccl, Equipment 

Winchcs, Follntla tions 

~I‘ I W S C  l'ipc 

~,~irlc?r\;l!;, Cuitlcs 

Cdntrol Systcm 
, . l I ~ r u : ~ ~ c r s  

35.078 

3 .1 ,2 .11  

( 5  x ~ ~ - 3 )  

Fabr lcation/Constr 

Deployment/lnst. 

Subtotal 

1 

2 

3 

o 

35,028 

5.803 

150 

5 .400 

399 

2 7 

3.1.2.5 ! 0 
6,044 

1 50 

5.400 

393 

27 

28,984 



SKSS COST ESTIEf.r\TI~ - \.Ills CROUP 3.1.2 

I .  - 
w 

P~.AT'+ORN :. SKSS 'CONCEPT: 3-LEG, VERTICAL TENSION MOORING SPAR 

IJDS tin. 

Subtotal 

3.1.2.1 

WBS ~ t c m  

Anchors 

Deadweight 

Drag 
.. . - 
! .. 

Pilings 

?looring Legs . . 
Scy,mcnts - 

o 

2 

3 

1 

3 

4 

? ,059 

- 
FA~RICATTO'~/CONSTRUCTION COSTS 

 inks 
\J.trc 

C11ai.n 

I;cvlur 

Buoy 

Suppart Arm 

Fittin~s 

niof o u l i n ~  and 
Abrasion Prcvention ---- 
Dcck Equipment 

\,linchcs, Toundations 

ll;l!.l5c l'ipc 

F i i i s l c a d s ,  Cuidcs 

Control. Systein 

*Fhru:;~e~:;  -- 

1 

Total Acquisition 
Cost Summary 

($ 

3.1.2.2 

3.1.2.3 

Cl.i~n~l' Wcigl~ts 

14,634 

. - -  
Total 

3,938' 

6,779 

- 

Tooling 

2,059 

. . 

Fabrication/Constr 

Deployment/lnst. 

Contract Des i gn 

Detail Design 

Test/Operation 

Total 

o 
1 

.I 

1 

1 

i 
2 

3 ' 

4 

5 

6 

0 
1 

2 

150 

16,693 

Water'ial 
& Other 

. -. 

1,879 

. . 

6,779 --. 

- 
16,693 

5,162 

437 

1,093 

896 

24,281 

150 

( j 

5,400 

399 

27 

3 .  i . 2 , 1 1  

5,400 

399 

27 

o 

3 .  1 :2 I 0 



SKSS COST i:STTH.\TE - WIIS CROUP 3.1; 2 

SPAR ?Z.t\TFI)R?~I: , 

SKSS CONCEPT: 4-LEG, L l  NK CATENARY 

IdnS No. lJUS I t e m  

r\nchors 

Dcadwcigh t 

3.1.2.1 0 

: 1 

9,079 

18,600 

. 
Total 

FAR.'\~CATTON/CONSTRUCTION .COSTS 

Total Acquisition 
Cost Summary -+ 3.1.2.2 

I 
! 1 

1 

I 1  

1 

1 

2 

Toalin q 

( $  ,lo-3) 

Fabrication/Constr 

Deployment/lnst. 

Contract Dcsign 

Detail Design 

i Tcst/Operation 

Total 

Elsteriql 
& Other 

31,812 

10,708 

850 

2,126 

45,496 

4,353 . 

3,600 

a .  

. 

31,812 

3 

4 

1 5 

Subtotal 9,726 27,086 

18,600 

1 

Buoy 

Suppcrt Arm 

r i t t i ~ ~ ~ s  

nioiouling and + 
Abrasion Prcvcntion . 

D C C ~  Equipacnt 

W.i IIC~ICS,  Follntlations 

Il;~wscl'ipc , 

Fi~irlcads, Cuicles 

~ a n c r o l  ~ y s t c n  . 

l ' i l i n g s  

?looring Legs - . . . 

Sc!;r.lcnts 

I ' Links 

.- . 

3,1,2.3 
3,600 

533 

2 

3 

4 

6 

0 
1 

2 

* s \ ~ r \ ~ ~ i t ~ ~ : i  

h! S r c 

Cha iu 

ICcvlilr 

I 
1 3 

3,1,2,4 1.0 
3. 1 .2:5 ! 0 

-.-- 

Clt .~~ : ;p \~ l c i~ l~ t s  



SPAR SKSS CONCEPT: HCL-CHAIN CATENARY -- '+-LEG 

4 
I 
d 

w 

- 

-. IlUS 

3.1.2.1 

. 

3. I .2.2 , 

3,1,2,3 

El'o. 

0 

2 

3 

0 

1 

1 

1 
1 

1 

2 

3 

4 

5 

6 

0 / 
1 

-- 

71 1 

Total Acquisition 
Cost Summary 

PI.ATFORFl: 

NUS Item 

Anchors 

Dcadr~cight 

Drag 

1'. Lings - 
Zlaorlns Legs 

Scqncnts 

Subtotal 

' 

( $  x l ~ - 3 )  

Fabrication/Constr 

Deployment/lnst. 

Contract Design 

Dctai 1 Dcsign 

Tcst/Operation 

Total 

1 

2 

3 

4 

533 

35,325 

Total 

) ,367 

30,492 

I ,'004 

- 
d 

FABRICATION/COi4STKUCTION 

Tooling 

71 1 

36,036 

10,708 

9 35  

2,337 

50,016 

Links 

\Jtrc 

Cliain 

I(cvl&Il. 

533 

36 ,07' - 

' 2 

3 

COSTS 
Material 
6 Other 

656 

30,492 - 
1 ;004 

-- 

C1un.p Weights 

Buoy 

Supl'art Arm 

Fittings 

n ~ o f o u l i n g  and 
Abrasion Prevention 

Ucck Equipment 

\$incl~cs, Foundations 

Il,~wsc Ti pc 

Fairlcads, Cuides 

9 .1 .2 .11  1 0 
3. I - 2 . 5  ) o -- 

2,640 

C a 1 1 t r ~ 1  ~ ~ s t e i n  

* l \ \ r \ ~ : > ~ ~ r : i  

2 !640 



SKSS COST I'STTI.l.4TI: - WIIS CROUP 3.1.2 

BARGE 
Pl.ATFORN: SKSS CONCEPT: ' 8rLEG LINK CATENARY 

. - - 

4 
I 

.4 

, (J\ 

WBS No. 

.3.1.2.1 

. . 

Total Acquisition 
Cost Summary 

~~. . - 

tJnS Iten 

Anchors 

Deadwcigh t 

Drag 

l ' i l i n g s  

Olaoring Legs 

Scy,ncnts 

- 

FARRICATIONICO~~~TRUCTION COSTS 
7' 

o ' 
I 

. .2 
( 5  x ~ 0 - 3 )  

Fabrication/Constr 

Deployment/lnst. 

 contract Design 

. Detail Dcsiqn 

'Test/Operat ion . 

Total 

I 

2 

3 

4 

129,105 

19,760 

2,997 

7,443 

159,285 

Links 

Nil-c 

Chain 

ICcvlilr . 

Total 

- 

- 
.. 

Tool.ing 

Clun:l> Wcich ts 

Buoy - - -  
Support Arm 

Pitti~~gs 

lliofoulin~ and 
Abrasion ~rcvcntion 

Dcck Equipment 

\ti ~ c h c s  , Fotlntln tions 
-- 

Il;1c1sc P i p c  

F;lirlcads, Cuidcs 

Control. Systcm 

'I'hrustcl-:; 

Subtotal 

I 3 

3.1.2.2 ... 
1 

I I 

Elaterial 
6 Other 

. . 

3,1,2,3 

3 2 ,  

3.1.2.5 

13,500 . .  

. . .  

. . 

13,500 

- 
1 
1 .  

1 

2 

3 
4 

5 

6 

0 
1 

2 

3 

0 

0 

12 ;500 . .  

' 91',977 ] .-... 
I 

300 

10,828 

115,605 

26,000 

91,977 

300 

10,828 

129,105 



Subtotal 1 13.556 1 68.939 182.495 1 .  

BARGE 

v 
I 

v 

PT.t\TFI)RW : SKSS CONCEPT: '+-LEG, LINK CATENARY 

- 

TJBS No. 

3,1,2,3 

3.1.2,11 

- 

3.1.2.1 

lJnS Item 

Anchors 

Deadweight 

Drag 

l ' i l i n g s  

? loo r ingLcgs  

scgmcnts 

. FADRICATION~CONSTRUCTZON 
Tooling 

13,556 

o 

2 Total Acquisition 
Cost Summary 

I 

2 

3 

4 

5 F i t t i n g s  150 150 

) 3 

3.1.2.2 o 
' 1  
1 

1 

1 
1 

1 

2 

3 
4 - 

(S xl~-3) 

Fabricat ion/Constr 

Deployment/lnst. 

Contract Des ign 

Detail Design 

Test/Operat ion 

Total 

Links 

I J i rc  

Chain 

I<cvl ,~r  

6 

0 
1 

2 

3 

0 

3.1.7,s - i 

COSTS 7 

82,495 

14,295 

1,936 

4,839 

103,565 
C1 ~ I I I : I )  IJc igll ts 

Buoy 

Support  Arm 

Q l l ~ r t ~ : v  I cr:; 
O---- 

M a t e r i a l  
& O t h e r  . 

12,485 

49,104 

.- 

' n i o f o u l i n g  and 
A b r a s i o n P r c v e n t i o n  

Dcck Equipacnt  

\ < I  ljcllcs, Fountla t i o n s  

Il,~vsc l'ipc 

F a i r l c s d s ,  Cuidcs 

Co11t1-olSystcm 

Total 

26,041 

49s '04 

- 

7,200 7,200 



Overa l l  SKSS - 
Cos t Summary 

P 1,at form & i n i t i a l  Costs Average Annual Present Value 
SKSS Concept Costs 

- 

Spar - 8 Leg 
* 1 Wire - Chain 18,983 3,560 22,850 

Catenary 

Spar - 3 Leg 
:t 2 V e r t i c a l  Tension 24,281 

Rod 

Spar - 3 Leg 
3 S l a n t  Tension 

Rod 

- - __L- 

Spar - 4 Leg 
4 S o l i d  L i n k  45,496 7,666 45,204 

Catenary 

Spar 4 Leg 
5 HCL - Chain 

Catenary 

Barge w/Buoy 
* 6 s o l i d  L i n k  

1 Leg Tens i on  

Barge - 4 Leg 
;k 7 S o l i d  L i n k  103,564 17,480 112,195 

Catenary 

Barge - 8 Leg 
8 S o l i d  L i n k  

Catenary 

Barge - 4 Leg 
9 HCL 182,999 31,579 232,692 

Catenary 

TASLE 25 

:$ F i n a l  Candidates 



7.3 Deployment Scenarios 

7.3.1 General 

The deployment processes and their sequences are considered ,in this 

section for the ten feasible SKSS concepts for Modular Expericent 

platforms listed in Tables 14 and 15 of Section 6.0. 

To repeat, these are: 

o For the SPBR. 

- Catenary, 4-leg, Solid Link 
I 

- Catenary, 4-leg, HCL and Chain 

- Catenary, 8-leg,.Wire Rope and Chain 

- Tension, 3-leg, Slant 

- Tension, 3-leg, Vertical 

o For the BARGE 

- Catenary, 4-leg, Solid Link 

- Catenary, 4-leg, HCL 

- Catenary, 8-leg, Solid Link 

- Tension, SLM with Buoy 

All deployment operations are based on transportation from i4ew 

Orleans to Puerto Rico'. It is assumed that surveying of the bottom 

soil conditions at the deployment site has been completed and con- 

ditions evaluated prior to the arrival of the platform and S K S S  
- .  

'components at the site. . 



Four deployment scenar ios a re  developed t o  cover the above-mentioned 

S K S S  concepts, as f o l l o w s :  , 

1 

o 4 Leg S o l i d  L i n k  Catenary 

, 
o 8 Leg Wire Rope & Chain Catenary 

o 3 Leg, S lan t  Tension Mooring 

l o SLM w i t h  Tension Buoy, 
I 

The top  t h ree  o f  these scenar ios  a re  a p p l i c a b l e  t o  the SPAR p la t f o rm .  

I For the BARGE p la t f o rm ,  o n l y  the  f l r s t  and f o u r t h  deployment scenar ios  
I 
I 

a re  appl i cab le .  

The scenar io  f o r  t he  4 l e g  HCL catenary  concept would be s i m i l a r  t o  
i 

t he  s o l i d  l i n k  scenar io  descr ibed'  i n  7.3.2 (b) .  The deployment oper-  

a t i o n s  f o r  a l l  deadweight anchors would be the  same as o u t l i n e d  i n  

7.3.3 ( a )  steps 1 through 4. However, the  connect ion o f  mooring l ess  

t.0 the anchor w i l l  d i f f e r  f o r  the SPAR tens ion  l e g  concepts from t h a t  

f o r  o t he r  concepts. 



7.3.2 Deployment Scenarios f o r  Catenary Mooring Concepts 

a. E i q h t  Leg Wire-Chain Catenary 

Usua l l y ,  t h e  w i r e  rope can be manufactured up t o  a  c e r t a i n  p r a c t i c a l  

l e n g t h  based on t he  weight o f  the  e n t i r e  s t r i n g .  Wi th  the s i z e  o f  ropes 

we a r e  t a l k i n g  about the  p r a c t i c a l  l i m i t  w i l l  be about 3000 f t .  Hence, 

s ince  we need around 7,000 f t .  o f  rope per mooring l i n e  we w i l l  assume t h a t  
. 

each mooring l i n e  w i l l  come i n  one 3000 f t .  s e c t i o n ,  two 1500 sec t ions  

s to red  on storage drums, and one 1500-2000 f o o t  sect  ion s to red  i n  the drum 

o f  the  mooring winch onboard the  OTEC. P r i o r  t o  installation,arrangements 

wi 1 1  be made f o r  t h e  1500-2000 sec t ions  t o  be spooled on the  OTEC rn0o.r i ng  

winches ,' and' t h e  s torage ree l  ho l d i ng  t he  3000 f o o t  sec t ions  and one 1500 

f o o t  sec t i on  t o  be onboard a  work boat.  The remaining 15.00 f o o t  sec t j ons  a re  

on t h e  barge w i t h  the  cha in  and anchors. P r i o r  t o  the  a r r i v a l  o f  the mooring 

equipment, the  area would have been surveyed, t he  anchor l o c a t i o n s  would have 

been marked and t he  anchor and cha in  drag 1 i ne  i n s t a l  l a t i o n  would have begun. 

The drag anchor and cha in  drag and w i r e  l i n e  i n s t a l l a t i o n s  a re  v i s u a l i z e d  

t o  proceed f o l l o w i n g  t h e  s teps be low,  (See F igures 27 t h r u  3 4 . ) :  

1 .  The chain,wire, and drag anchors a r r i v e  on l o c a t i o n  on a  barge. 

2. A crane barge w i t h  a  minimum capac i t y  o f  200 tons i s  a l ready  there  

o r  a r r i v e s  s imul taneous ly .  

3.  The crane p i c k s  up t he   anchor!^) w i t h  t h e  cha in  a l ready  at tached t o  

them and lowers i t  i n  t he  water.  
9 

4 . -  The barge s t a r t s  pay ing o u t  cha in  from i t s  cha in  lockers .  .The barge i s  
. . 

.. equipped w i t h  a  h i g h  load capac i t y  cha in  wind lass t h a t  can c o n t r o l  the '. 
. . 

descent o f  3200 f t .  o f  cha in  p l us  1500 f t .  of w i r e  w i t h  the  anchor a t  the 

end. I t  i s  est imated t h a t  t he  capac i t y  o f  t h i s  wind lass should be 
8 



. , . , 

around one m i l  1 i on  p o ~ ~ n d s .  ' ' 

5. The cha in  end comes c a r e f u l l y  o f f  t he  windla'ss'. ~ e f o r e ' t h i s  i s  done' 
. . 

spec ia l  p e l i c a n  hooks, a t tached w i t h  w i r e  rope t o  b o l l a r d s  on the 
. . 

barge, secure t he  cha in  aga ins t  an acc iden t .  Th i s  ope ra t i on  i s  c r i -  

t i c a l  s ince  t he  e n t i r e  cha in  w i t h  t he  anchor can be l o s t .  Now the 

cha in  end i s  l a y i n g  f r e e l y  on the barge deck. 

6. The l 5 O O f o o t ' s e c t i o n o f  w i r e ' i s c o n n e c t e d  t o  t h e c h a i n w i t h s h a c k l e s  

and the  paying o u t  cont inues.  
. . 

7. When t he  anchor touches bottom, a  tug  boat s t a r t s  p u l l i n g  the  barge 

s l ow l y  towards t h e  OTEC vessel  which i s  he ld  on l o c a t i o n  e i t h e r  by 

' i t s  own power o r  by ' a s s i s t i n g  tugs. 
, ' .  

8. The crane barge f o l l o w s  t h e  barge under i t s  own power o r  by a s s i s t i n g  

tugboats.  

Note: The barge 'and crane barge cou ld  be combined i n t o  one vesse l ,  i f  - 
such d vessel  cou ld  be found w i t h  t h e  crane and cha in  l ocke rs  

a v a i l a b l e .  The cha in  wind lass w i l l  have t o  be made an;way. 

9. A t r i p l a t e  i s  i n s t a l l e d  a t  the  end o f  the  1500 f o o t  w i r e  s e c t i o n .  

10. The attachment o f  1500' w i r e  s e c t i o n  t o  the t r i p l a t e  and s imul taneous ly  

t o  t he  pendant 1 i ne  w i t h  a buoy 'and t he  3000' Lire sec t i on  i s  performed. 

1 1 .  Step 9 i s  performed w i t h  t h e  a i d  o f  a  work beat c a r r y i n g  the  3000 f o o t  

w i r e  r.ope s torage r e e l  which approaches t he  barge and passes one end 

o f  the  w i r e  rope. T h i s  i s  t he  end t h a t ' g e t s  connected t o  t he  f r e e  end 

o f  t he  t r i p l a t e .  

12. Wi th  t he  t r i p l a t e  connect ion s t i l l  on the  barge t he  work boat takes o f f  

towards the  OTEC'vessel unspoo l ing  rope con t i nuous l y .  The procedure 

cont:nues u n t i l  t h e  second segment o f  t he  w i r e  r ope ' r uns  o u t .  



13 .  Meanwhile another tug  boat approaches the  OiE2 vessel ,  p i c ks  up 

t he  f r e e  end o f  the  rope s to red  on t he  mooring winch onboard the 

OTEC vessel and s t a r t s  p u l l i n g  towards the.work boat w i t h  the f r e e  

end o f  t h e  two long segments. S u f f i c i e n t  rope i s  unspooled so the 

tug boat does n o t  have t o  have very  h i gh  b o l l a r d  p u l l .  

14. When t he  tug boat and work boat approach each o the r ,  a  l i n e  i s  thrown 

on the tug boat from the work boat .  T h i s  l i n e  i s  a t tached t o  the  

w i r e  rope coming from the  OTEC vessel .  The tug  boat p u l l s  ou t  o f  the  

way and the  work boat now holds the  two ends of  the w i r e  rope mooring 

1 ine. The two ends a re  pu l  l ed  together  and j o i n e d  w i t h  shackles.  

The e n t i r e  mooring l i n e  : is now connected. The t r i p l a t e h i r e  rope 

i n t e r f a c e  i s  on t he  barge and the  w i r e  rope./+ire rope i n t e r f a c e  i s  

on t he  work boat .  

15. The crane barge approaches f i r s t  the  work boat ,  p i c ks  up the  w i r e  rope - 
w i r e  rope connect ion,  lowers i t  i n  the water and re leases i t .  

16. Next, t h e  crane barge approaches t he  barge and p i c k s  up the  t r l p l a t e  

w i r e  rope connect ion,  lowers i t  i n  t he  water and re leases i t  again .  

Now the  e n t i r e  mooring l i n e  i s  i n  p lace  w i t hou t  any tens ion.  

Note: The crane barge i s  used i n  the l a s t  two steps simp1 y  because - 
o f  the  g r e a t  weights  invo lved.  The re lease  o f  the l i n e s  once 

i n  t h e  water i s  achieved through spec ia l  hooks t r i gge red  from the 

crane barge. 

When a l l  the mooring l i n e s  a r e  i n s t a l l e d ,  t he  OTEC vessel w i t h  i t s  own mooring 

winches tens ions t he  l i n e s  t o  t he  p resc r ibed  p re tens ion .  The SKSS i s  i n s t a l l e d  

and ope ra t i ona l .  



Equ ipment used 

1. One 200 ton  crane barge s e l f  p rope l l ed  o r  w i t h  two a s s i s t i n g  tugs around 

2,000 hp each. 

2. One barge w i t h  l a rge  cha in  lockers  toge ther  w i t h  two tugs, one f o r  p u l l i n g  

(say 5,000 hp) and one f o r  maneuvering ( s a y  2,000 hp) . 
3 .  One tug  boat f o r  p u l l  i ng  w i r e  rope 1 i ne  from OTEC vessel  t o  work boat.  

F a i r l y  good bo l  l a r d  requi red,  say 5,000 hp. 

4. One work boat w i t h  1arge.deck area and powered w i r e  rope wind lass.  Good 

b o l l a r d  capac i t y  i s  requ i red ,  say 5,000-6,000 hp. 

5. Work bost"wind1ass w i t h  l a r g e  s torage drum and t e rm ina t i on  p o i n t  f o r  t y i n g  

w i r e  rope end. Two catheads requ i r ed  w i t h  good p u l l i n g  c a ~ a c i t y .  

6. Two l a rge  powered s to rage  d.rums . f o r  s t o r i n g  pendant 1 ines and pay ins  them 

o u t .  

7. Assortment o f  p e l i c a n  hooks, s l i n g s ,  cha in  p ieces,  e t c .  f o r  hand l i ng  and 

secur ing heavy mooring equipment. 

8. Complete communications gear such as w a l k i e - t a l k i e  spec ia l  band rad ios ,  e t c .  

f o r  coo rd i na t i ng  a1 1 t he  a c t i v i t i e s .  
. . . . 



/- POWER CHA l1.I 
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b .  F o u r  L e g  S o l  i d  L i n k  C a t e n a r y  ( S p a r  a n d  B a r g e )  

F o l l o w  s t e p s  1 - 4  f r o m  s e c t i o n  7 . 3 . 3  ( a )  f o r  t h e  a n c h o r  

d e p l o y m e n t ' .  - Due  t o  t h e  w e t  s t e e l  w e i g h t  o f  t h e  a n c h o r  f o r  t h e  

b a r g e  s y s t e m ,  t h e  u<e o f  f o u r  w o r k b o a t s  w i l l  b e  n e c e s s a r y  t o  

l o w e r  t h e  a n c h o r .  

T h e  d e p l o y m e n t  o f  t h e  s o l i d  l i n k s  i s  v i s u a l i z e d  t o  p r o c e e d  

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

STEP 5 .  

A d e r r i c k  b a r g e  ( 1 2 0 0  t o n  c a p a c i t ; )  a n d  h o i s t i n g  e q u i p m e n t  

a r r i v e s  on'  s i t e  s i m u l t a n e o u s l y  a n d  p u l l s  b u o y s  w i t h  a t t a c h e d  

g u i d e l i n e s  t o  a n c h o r s  a n d  c o n n e c t s  t h e m  o n  b o a r d ,  s e e  F i o u r e s  3 5  a n d  3 8  

STEP 7 .  

T h e  a n c h o r  c o n n e c t i n g  s y s t e m  i s  r i g g e d  u p ,  t h e  f r a m e  i s  

a t t a c h e d  a n d  t h e  1 i n k s  a r e  h o i s t e d  a b o a r d  f r o m  t h e  b a r g e .  

L i n k s  a r e  c o n n e c t e d  a n d  l o w e r e d  u n t i l  t h e y  r e a c h  t h e  a n c h o r  

c o n n e c t i o n ,  s e e  F i g u r e s  3 5 ,  3 6 ;  3 8 ,  3 9 .  

STEP 9 .  

S i m u l t a n e o u s l y  t h e  OTEC p l a t f o r m  ( w h i c h  h a s  e q u i p m e n t  s i m i l a r  

t o  t h o s e  s h o w n  i n  F i g u r e  3 5 )  d e v e l o p  a l i n k  l i n e  w h i c h  m u s t  b e  

l o n g  e n o u g h  t o  r e a c h  t h e  d e r r i c k  b a r g e , ,  s e e  F i g u r e s  36  a n d  3 9 .  

STEP 1 0 .  - 
D i v e r s  c o n n e c t  a  w i r e  l i n e  f r o m  t h e  d e r r i c k  b a r g e  t o  t h e  

l i n k s  c o m i n g  f r o m  t h e  OTEC p l a t f o r m  a n d  t h e  h o i s t i n g  e q u i p m e n t  

i s  u s e d  t o  b r i n g  t h i s  l i n e  t o  t h e  d e r r i c k  b a r g e ,  s e e  F i g u r e s  36  a n d  3 9 .  

STEP 1 1 .  ----- 

T h e  t w o  1 i n k  1 i n e s  a r e  c o n n e c t ' e d  a n d  t h e  h o i s t i n g  e o u i p m e - , r  



l o w e r s  t h e  c a t e n a r y  u n t i l  I t  l a y s  s l a c k  i n  t h e  w a t e r .  T'he G u i d e -  

l i n e s  t o  t h e  a n c h o r  a r e  s e v e r e d  a n d  r e c o v e r e d ,  See  F i g u r e s  3 7  a n d  4 0 ,  0 
S t e p s  1 - 1 1  a r e  r e p e a t e d  f o r  l e g s  N o .  2-4. 



R e q u i r e d  E q u i p m e n t  

1 .  ' ( a ) ,  B a r g e  w i t h  d e r r i c k  a n d  h o i s t i n g  e q u l p m e n t .  

( b )  B a r g e  h a s  t w o  w i r e  r o p e  g u i d e l i n e  t e r m i n a t i n g  e q u i p -  
. -> 

m e n t  ( n o  t e n s i o n e r s  n e e d e d  d u e  t o  g r e a t  d e p t h ) .  W i r e  

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

( c )  H o i s t i n g  e q u i p m e n t  f o r  h o i s t i n g  l i n k  l i n e  f r o m  OTEC 

t o  b a r g e .  

2 .  T h r e e  ( 3 )  3000  HP t u g - b o a t s  for  k e e p i n g  b a r g e  o n  l o c a t i o n .  

3 .  F i v e  4000  t o  5 0 0 0  H P  t u g  b o a t s  f o r  S P A R ,  a n d  s e v e n  f o r  B A . R G E ,  

( o f  t h e  4 , 0 0 0 - 5 , 0 0 0  hp  v a r i e t y )  f o r  m a i n t a i n i n g  OTEC p . l a t f o r m  

o n  l o c a t  i o n .  

4 .  A s e t  o f  d i v e r s ,  s a y  3 w i t h  w e t s u i t  e q u i p m e n t  f o r  c o n n e c t i n g  

. . l i g h t w e i g h t  1 i n e  f r o m  e n d  o f  1 i n k  1 i n e  a t  OTEC t o  s u r f a c e ,  

s o  t h a t  t h e  t w o  l i n e s ,  i . e . ,  a t  t h e  b a r g e  a n d  t h e  OTEC p l a t f o r m  

c a n  b e  p u l  l a d  t ' o g e t h e r  & c o n n e c t e d .  

5 .  B a r g e  w i t h  l i n k s  a c c o m p a n i e d  b y  t u g s .  
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7 . 3 . 3  Deployment Scenarios f o r  Tension Leg Mooring Concepts 

a .  SLANT  LEG MOORING SYSTEM 

DEPLOYMENT P L A N  

STEP  1. 

TOW F I R S T  G R A V I T Y  ANCHOR TO L O C A T I O N .  ANCHOR I S  1 5 '  DEEP 
BY 94' DIAMETER AND WEIGHTS 1 0 5 0  K I P S  WHEN SUBMERGED AND 
FLOODED. VOLUME I S  1 0 5 0 0  C U . , F T .  I T  I S  TOWED I N  BUOYANT 
C O N D I T I O N  U S I N G  2 0 0 0  HP TUGI 

STEP  2 .  

AT  S I T E ,  THREE 1 6 5  F T .  WORK BOATS WORK TOGETHER TO DEPLOY 
ANCHOR. WORK SOATS ARE E Q U I P P E D  W I T H  S P E C I A L  WINCHES WHICH 
ACCOMkODATE 5 0 0 0  F T .  O F  3"  IWRC WIRE  ROPE. ONE BOAT I S  
E Q U I P P E D  W I T H  P O S I T I O N I N G  EQUIPMENT AND INSTRUMENTAT ION 
I N C L U D I N G  DEPTH SENSOR, OUT OF L E V E L  SENSOR, P O S I T I O N  I N D I C -  
ATOR AND TV  SYSTEM. SENSORS ON THE ANCHOR RELAY S I G N A L S  
V I A  AN U M B I L I C A L  WHICH I S  STORED ON THE INSTRUMENT L I N E  
WINCH. 

A L L  WORK L I N E S  ARE SECURED TO THE ANCHOR AND THE ANCHOR I S  
FLOODED V I A  THE REMOTELY OPERATED FLOOD V A L V E S .  



STEP 3 .  

WORK BOATS LOWER ANCHOR TO SEA FLOOR. P O S I T I O N I N G  
E Q U I P T  ABOARD THE LEAD BOAT (LORAN OR WHATEVER) 
ALLOWS ACCURATE P O S I T I O N I N G .  ACOUSTIC  P O S I T I O N I N G  
SYSTEM ON THE ANCHOR I N D I C A T E S  ANCHOR P O S I T I O N  RE- 
L A T I V E  TO THE LEAD BOAT. ANCHOR I S  P O S I T I O N E D  TO SET 
ON BOTTOM. WORK BOATS STAY WIDELY  SPACED DURING LOW- 
E R I N G  TO PREVENT ANCHOR FROM ROTAT ING & W I N D I N G  UP 
PENDANTS. ONCE ON BOTTOM PENDANT L I N E S  ARE DISCOF:- . 
NECTED A T  THE ANCHOR BY REMOTE DISCONNECTS ACTUATED 
BY U M B I L I C A L .  PENDANTS ARE DISC0b:NECTED ONE AT A 
T I M E  & RECOVERED TO THE WORK BOATS.  

STEP 4 .  

' G R A V I T Y  ANCHORS 2 G 3 ARE DEPLOYED AS I N  STEPS I, 2, 
. & 3 .  

STEP  5.. 

SPAR I S  TOWED TO S I T E  U S I N G  3 1 5 0 0 0  4 P  TUGS. SPAR 
A R R I V E S  CARRYING A N  EQUIPMENT NECESSARY FOR RUNNING 
MOORING LEGS I N C L U D I N G  ACOUSTIC P 3 S I T I O N I N G  EQUIPMENT, 
SUBSEA TV, AND S I D E  SCAN SONAR. 

I 3 6 5 0  F T  OF T E N S I O N  LEG MEMBERS ARE TRANSPORTED TO THE 
S I T E  ON A WORK BARGE & ARE TRANSFERRED TO THE SPAN US-  
I N G  PEDESTAL CRANE ON THE CRANE BARGE. 

STEP 6 .  

THE NUMGER I ANCHOR CONNECTOR ASSEMBLY I S  PICKE!) UP 6 
P O S I T I O N E D  OVE'P THE NUMBER I MOORING P I P E .  THE ANCHOR 
CONkECTOR I S  A H Y D R A U L I C A L L Y  ACTUATED COLLE?  CONNECTOR 
S I M I L A R  TO A WELLHEAD CONNECTOR. I T  I S  RATED 4.T 
1 3 , 2 0 0 , 0 0 0  L B S  C A P A C I T Y .  SEE F I G U R E  4 2 .  



M. ROSENBLATT & SON, I N C .  

ALSO INCLUDES A  DOUBLE P I N  U N I V E R S A L  J O I N T ,  HYDRAUL IC  
CONT2OL MANIFOLD,  AN3  INSTRUMENTAT ION I N C L U D I N G  TV, 
L I G H T S ,  SONA2, ACOUSTICS,  E T C .  H Y D R A U L I C  POWER I S  
PROVIDED .THROUGH THE TEtJSION LEG MEMBERS. H Y D R A U L I C  
.COtJTROL I S  V I A  PRESSURE PULSE SEQUENC I IdG . 

/- 
T E N S I O N  MEMBER COUPLING 

' , "3 

UN l VERSAL JO I NT. 

HYDRAULIC L I N E  

COLLET.  CONNECTOR . 

l NSTRUMENT PACKAGE 

G U I D E  CONE 
. . 

ANCHOR CONNECTOR A S S ' M  

STEP 7 .  

NUMBER 1 ANCHOR CONNECTOR ASSEMBLY I S  RUN TO' THE BOTTOY 
MAKING UP JCIFJTS OF T E N S I O N  LEG MEMBER. THE SPAR I S  
P O S I T I O N E D  OVER ANCHOR NUMBER ONE 3 Y  TWO 2 5 0 0 0  HP TUGS.  
A T  THE PROPER H E I G H T  ABOVE THE BOTTOM, THE U N I V E R S A L  AND 
G U I D E  L I N K  AND SPACE OUT J O I N T S  ARE MADE UP I N  THE T E N S i O N  
MEi4BER S T R I N G .  

. . F I G U R E :  4 2 



STEP 8 .  

THE NUMBER I AbiCHOR CONNECTOR I S  G U I D E D  OKTO THE 
LATCH PREP ON ANCHOR NO. I. HYDRAULI 'C PRESSURE I S  
A P P L I E D  TO THE TOP OF THE T E N S I O N  MEMBER S T R I N G  TO 
ACTUATE THE ANCHOR CONNECTOR COLLET .  

STEP 9. 

THE CONNECTIOK I S  INSPECTED V I A  TV  AND TESTED BY 
P U L L I N G  8 0 %  ,OF THE WET WEIGHT OF  THE ANCHOR. 

STEP 1 0 .  

A D D I T I O N A L  T E K S I O N  MEMBERS ARE ADDED TO THE STRING 
AS THE SPAR , I S  PULLED TOEARD ANCHOR NO. 2 P O S I T I O N  
BY 2 1 5 0 0 0  H P  TUGS. 

STEP 1 1 .  

STEPS 6 THROUGH I 0  ARE REPEATED FOR ANCHORS 2 AND 3 .  

STEP 1 2 .  

THE SPAR I S  PULLED TO THE CENTER OF THE MOORING 
PATTERN B Y  REMOVING EXTRA T E N S I O N  MEMBERS AND TEN-  
S I O N I N G  A L L  L I N E S  UP  E Q U A L L Y .  
NOTE: W H I L E  THE SPAR I S  MANEUVERED BETWEEN ANCHOR 

P O S I T I O N S ,  A T E N S I O N  EQUAL TO THE WET WEIGHT 
OF THE S T R I N G  I S  M A I N T A I N E D .  THE TOP OF THE 
S T R I N G  I S  THEREFCRE NEARLY S T R A I G H T  UP  SO 
THERE I S  NO B I N D I N G  I N  THE  MOORING P I P E  OR I N  
THE T E N S I O N  MEMBER S T R I N G  A T  THE ENTRANCE TO 
THE MOORING P I P E .  

A L L  THREE T E N S I O N  MEMBER S T R I K G S  APE  TENSIONED TO 
6 0 %  OF THE WET WEIGHT OF THE ANCHORS. 



STEP 1 3 .  

B Y  H Y D R A U L I C  SEQUENCING, V A L V I N G  I S  CONNECTED TO 
THE T E N S I O N  MEMBER S T R I N G  FROM ANCHOR B A L L A S T  CON- 
PARTMENTS. 

STEP  14. 

LARGE M U L T I S T A G E  C E N T R I F U G A L  PUMPS ARE USED TO PUEP 
B A L L A S T  SLURRY DOWN THE T E N S I O N  MEMBER STRINGS' I N T O  '' 
THE ANCHOR B A L L A S T  S P A C E .  THE BALLASTING O P E ~ A T I O N  
I S  SUPPORTED BY A S P E C I A L L Y  O U T F I T T E D  "CEMENTING" 
BARGE , SEE F I G U R E  4 3 .  

STEP I S .  

TENS ION MEMBER STRINGS A R E  PRETENS IONED, LEVELED,"& 
SECURED, \. . ' 

S T E P  1 6 .  

SEVEN I 5 0 0 0  HP TUGS ARE USED TO TEST  MOORING. , .  THE 
SPAR I S  C I S P L A C E D  I N  THE  D I R E C T I O N  WHICH PUTS T H E '  
MOST LOAD ON ANCHOR NUMBER I. A B0LLAR.D P U L L  OF 
1 9 9 0  I S  A P P L I E D  AND HELD FOR 5 M I N U T E S .  ANCHORS 2 
& 3 ARE S I M I L A R L Y  TESTED.  

NOTE:  I F  S I G N I F I C A N T  CURRENT & WIND ARE 
PRESENT DURING T E S T I N G  ' A  PR.ESCR I B E D  " 

DISPLACEMENT CORRESPONDING TO A I 9 9 0  
K I P  LOAD MUST 0f MEASURED & . A P P L I E D  
I N S T E A D  OF THE I 9 9 0  K I P  BOLLARD P U L L .  



OPERATIONAL  PROCEDURES 

FOR 
': i 

T E N S I O N  !.& MEKBERS - 
1 .  MAST & T R A V E L L I N G  A S S ' M  I S  USED T0, 'LOWER T E N S I O N  

LEG S T R I N G  THROUGH MOORING P I P E .  

2 .  ,EACH,LJPINT I S  SET I N  S L I P S  I N  T E N S I O N I N G  YOKE W H I L E  
THE SUBSEQUENT J O I N T  I S  STAGGED C TORQUEC U P .  

3 .  THE TOP J O I N T  (UPPER MOST JO INT .  BELOW H U L L )  I S  A  
SPACE OUT J O I N T  AND ALLOWS A D J U S T I N G  S T R I N G  LENGTH 
FOR EXACT WATER DEPTH. 

4 .  A  U N I V E R S A L  J O I N T  D I R E C T L Y  BELOW THE HULL  PROVIDES 
FOR ANGULAR D E F L E C T I O N  AND D I R E C T S  S I D E  LOAD I N T O  
LOCALLY REINFORCED LOWER H U L L .  

5 .  THE T E N S I O N I N G  YOKE I S  SUPPORTED BY 4 5 0 0  TON HYDRAU- 
L I C  RAMS. AFTER THE S T R I N G  I S  RUN AKD SECURED TO THE 
ANCHOR, THE SPAR I S  DEBALLASTED TO O B T A I N  THE REQUIRED 
T E N S I O N  LEG PRELOAD,. THEN THE RAMS CAN BE STROKED AS 
REOUIRED TO L E V E L  THE SPAR AND D I S T R I B U T E  LOAD EQUALLY 
AMONG THE MOORING LEGS. 

6 .  REMOVE'ABLE SH IMS ARE USED TO SPACE OUT THE RAMS. WHEN 
THE HYDRAUL,IC PRESSURE BLEEDS DOWN, T E N S I O N  LEG LOAD 
I S  REACTED B Y ' T H E  T E N S I O N I N G  YOKE THROUGH THE SH IMS TO 
THE T E N S I O N I N G  FOUNDATION.  



EQUIPMENT EEQUIRED 

I. OKE 2 0 0 0  HP TUG I ANCHOR 

2 .  THREE L 6 5 '  WORK BOATS 

3 .  S P E C I A L  WINCHES 

4 .  DEPTH SENSOR, OUT OF  L E V E L  SENSOR 

5 .  INRC 

6 .  M I S C .  F I T T I N G S ,  ETC .  

7 .  PEDESTAL CRANE BARGE W I T H  Tb!O SMALL TUGS 

8 .  ACOUSTIC  P O S I T I O N I N G  EQUIPMENT, SUBSEA TV, S I D E  SCAN SONAR 

9 .  SEVEN 1 5 , 0 0 0  H P  TUGS 

1 0 .  CEMENTItJG BARG'E W I T H  TUGS 

I I. PUMPS, M I X I K G  E Q U I P F E N T  





b .  SLM R o t a r y  M o o r i n g  w i t h  Buoy  

See 7 . 3 . 2  ( b )  f o r  s t e p s  # 1  t h r u  4 .  

STEP 5 .  

A l a r g e  c r a n e  b a r g e  a r r i v e s  a t  t h e  s i t e  w i t h  t h e  3 I i n k s  

o f  t h e  b u o y  l e g s  on  b o a r d .  

STEP 6 .  

T h e  Buoy s i m u l t a n ' e o u s l y  a r r i v e s  a t  t h e  s i t e  w i t h  t h e  r u n n i n g  

a n d  r e t r i e v i n g  s y s t e m  o n  a d e c k  i n s i d e  t h e  b u o y .  T h e  t o p  d e c k  o f  

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

t h e  a n c h o r  g u i d e l i n e s  a r e  p u l l e d  a b o a r d  a n d  s e c u r e d .  See F i g u r e  

44. 

STEP 7 .  

T h e  l i n k s  a r e  c o n t i n u o u s l y  p l a c e d  a b o a r d  t h e  b u o y ;  c o n n e c t e d  

a n d  l o w e r e d  u n t i l  t h e y  r e a c h  t h e  a n c h o r  c o n n e c t i o n ,  see  F i g u r e  44 .  

S t e p s  1 - 8  a r e  r e p e a t e d  f o r  l e g s  number  2 a n d  3 .  

STEP 9 .  

T h e  b a ~  y e  a r r i v e 5  on s i t e  w i t h  a  h a t c h  o n  d e c k  t o  b e  p l d s c d  

a n d  s e c u r e d  t o  t h e  t o p  o f  t h e  b u o y .  T h i s  h a t c h  i n c o r p o r a t e s  t h e  

u n i v e r s a l  j o i n t  c o n n e c t i o n  w h i c h  i s  t o  b e  c o n n e c t e d  t o  t h e  s u p p o r t  

a r m  f r o m  t h e  b a r g e  t o  t h e  b u o y ,  s e e  F i g u r e  4 5 .  

STEP 10 .  

T h e  s u p p o r t  a r m  i s  a l r e a d y  c o n n e c t e d  t o  t h e  b a r g e  a n d  i s  h e l d  

i n  a  v e r t i c a l  p o s i t i o n  w h i l e  t h e  b a r g e  i s  t o w e d  t o  s i t e .  A f t e r  

t h e  h a t c h  i s  p l a c e d  o n  t h e  b u o y ,  t h e  s u p p o r t  a r m  i s  a l l o w e d  t o  

p i v o t  down t o  t h e  h o r i z o n t a l  p o s i t i o n  a n d  c o n n e c t e d  t o  t h e  buoy  



u n i v e r s a l  j o i n t ,  s e e  F i g u r e  45 .  

T h e  c r a n e  b a r g e  w i l l  a s s i s t  i n  t h e  i n s t a l l a t i o n  o f  t h e  

b u o y  h a t c h  a n d  s u p p o r t  a r m .  

T h e  m o o ' r i n g  s y s t e m  i s  now c o m p l e t e l y  d e p l o y e d .  



E q u i p m e n t  R e q u i r e d  

1 .  1 8 0 '  x 65' D i a .  Buoy  w i t h  r u n n i n g  a n d  r e t r i e v i n g  s y s t e m  

i n t a c t .  

2 .  L a r g e  c r a n e  b a r g e  w i t h  Tugs  w i t h  t h e  1 i n k s ,  o n  board ' .  . ., . . 

3 .  T h r e e  5 0 0 0  h p  T u g s  t o  k e e p  b u o y  i n  p o s i t i o n .  

4 .  Seven  5000  h p  T u g s  t o  k e e p  b a r g e  i n  p o s i t i o n  

5 .  B a r g e  t o  Buoy  s u p p o r t  a r m .  

6 .  H a t c h  f o r  t h e  b u o y .  

7 .  W i r e  r o p e  a u i d e l l n e  t e r m i n a t i n g  e q u i p m e n t  i n s t a l l e d  on  t h e  

d e c k  of .  t h e  b u o y .  



. . . .  , 

RUNNING AND RETRIEVING ASSEMBLY 

(DERRICK AND JACKS) 

OW L 

. . .  I' 

HAWSE PIPE 

SOLID LINKS 

r GUIDE LINE 

i 

'' NOTE; ' THERE ARE ACTUALLY 3 SETS OF CONNECTIONS, 

. LINKS, GUIDE WIRES 7 HAWSE PIPES. 

FIGURE : 4 4  



I' \ BUOY TO BARGE 

NOTE: DERRICK REMOVED JACKING 
I ' 

ASSEMBLY REMAINS . 
, . 

SOLID LINKS 

.GUIDE LINES 

SEVERED 

NOTE: THERE ARE ACTUALLY 3 SETS OF COPJNECTIONS, 

LINKS, GUIDE WIRES & HAWSEPIPES. 

FIGURE : 4 5  



7 . 4  M a i n t e n a n c e ,  R e p a i r ,  a n d  R e p l a c e m e n t  S c e n a r i o s  . . 

T h e  g e n e r a l  m a i n t e n a n c e / r e p a i r ,  a n d  m a j o r  r e p l a c e m e n t  

s c e n a r i o s  f o r  t h e  7 i n d i v i d u a l  m o o r i n g  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 .  

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

w i ' l  1 n o t  n e e d  maintenance n o r  w i l l  t h e y  b e  s u b j e c t  t o  s t r u : c t u r a l  

f a i l u r e .  M o r e  t h a n  o n e  a n c h o r  l i n e  c o n n e c t i o n s  w i l l  b e  p r o v i d e d  

o n  e a c h  DWT t y p e  a n c h o r  t o  p e r m i t  t h e i r  r e p l a c e m e n t  d u r i n g  o r i g i n a l  

i n s t a l l a t i o n  o r  w h e n  a  new l i n e  m u s t  be  i n s t a l l e d  d u e  t o  f a i l u r e  

o f  t h e  e x i s t i n g  1 i n e .  

A l l  m o o r i n g  s y s t e m s  e x c e p t  t h e  8 l e g  w i r e - c h a i n  ( S p a r )  c o n c e p t  

w i l  1 b e  d e s i g n e d  f o r  a  10  y e a r  l i f e  w i t h  a l l o w a n c e  f o r  t h e  r e p l a c e -  

m e n t ,  d u e  t o  f a i l u r e ,  o f  o n e  l e g  f n  1 0  y e a r s .  T h e r e f o r e ,  t h e  o n l y  

r o u t i n e  m a i n t e n a n c e  a n d  r e p l a c e m e n t  w o u l d  b e  p e r f o r m e d  o n  t h e  w i r e  

c o m p o n e n t  o f  t h e  w i r e - c h a i n  ( S p a r )  s y s t e m .  T h i s  i s  d u e  t o  t h e  

d i f f i c u l t  a n d  c o s t l y  p r o c e s s  o f  r e m o v i n g  f o r  i n s p e c t i o n  t h e  l e g s  o f  

a n y  o f  t h e ' o t h e r  s y s t e m s .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  s l a n t  a n d  

v e r t i c a l  t e n s i o n  l e g  c o n c e p t s  w o u l d  b e  m o r e  p r a c t i c a l  t h a n  t h e  

c a t e n a r y  s y s t e m s  w i t h  r e g a r d  t o  r e m o v a l  f o r  i n s p e c t i o n ;  t h e  p l a t -  

f o r m s  c a n  b e  h e l d  i n  p l a c e  i n  c a l m  c o n d i t i o n s  w i t h  t u g s  w h i l e  t h e  

l e g s  a r e  r e l e a s e d ,  r a i s e d ,  i n s p e c t e d  a n d  l o w e r e d  d i r e c t l y  b a c k  

down  o n  t h e  a n c h o r .  A l l  o f  t h e s e  o p e r a t i o n s  c a n  b e  d o n e  by  t h e  

p l a t f o r m  i t s e l f  i n s t e a d  o f  u s i n g  s u p p o r t  e q u i p m e n t  a s  w o u l d  b e  

t h e  c a s e  f o r  o t h e r  s y s t e m s .  A c c o r d i n a l y ,  t h e  m a i n t e n a n c e  a n d  

r e p l a c e m e n t  s c e a n r i o  t h a t  f o l l o w s  d e s c r i b e s  t h e  g e n e r a l  m a i n t e n z n c e  

a n d  r o u t i n e  r e p l a c e m e n t  o f  t h e  w i r e  a n d  t h e  r e p l a c e m e n t  d u e  t o  

f a i l u r e  o f  t h e  c h a i n  f o r  t h e  8 l e g  w i r e - c h a i n  s y s t e m  ( S p a r ) ;  
* 



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

o n 1  y  i s  c o n s i d e r e d .  

F o r  t h e  w i r e  r o p e - c h a i n  m o o r i n g  s y s t e m  t h e r e  i s  p r e v i o u s  

e x p e r i e n c e  as  f a r  a s  i t s  1 i f e  i s  c o n c e r n e d ,  and. t h a t  i s  . a p p r o x i -  

m a t e l y  f i v e  y e a r s .  H o w e v e r ,  t h i s  e x p e r i e n c e  d e r i v e s  f r o m  t h e  

o f f s h o r e  o i  1 i n d u s t r y  w h e r e  m o o r i n g  s y s t e m s  a r e ,  d e p J 6 y e d  a n d  

p i c k e d  u p  e v e r y  2 - 3  m o n t h s ;  h e n c e ,  t h e r e  i s  a n  o p p o r t u n i t y  t o  

l u b r i c a t e  t h e . w i r e  r o p e  a n d  a t  l e a s t  v i s u a l l y  i n s p e c t  t h e  c h a i n .  

I n  t h e  c a s e  o f  t h e  OTEC S K S S  t h i s  o p p o r t u n i t , y  w i l l  n o t  e x , i s t .  

T h e r e f o r e ,  i f  we assume t h a t  t h e  w i r e  r o p e - c h a i n  s y s t e m   ill be 

r e p l a c e d  a f t e r  f i v e  y e a r s  o f  o p e r a t i o n ,  a  p e r i o d i c  m a i n t e n a n c e  

p r o g r a m  s h o u l d  b e  s e t  u p  a t  s h o r t e r  i n t e r v a l s .  P d r t ; c u l a r  a t t e v t i n n  

s h o u l d  be  p a i d  t o  t h e  s p l a s h  z o n e  a r e a .  

T h e r e f o r e ,  a p p r o x i m a t e l y  o n c e  i n  s i x  m o n t h s  a  v i s u a l  e x a m i n a -  

t i o n  s h o u l d  b e  made o f  t h e  w i r e  r o p e  i n  t h e  d r u m  a n d  t h e  s p l a s h  

z o n e .  T h i s  c a n  be  a c h i e v e d  b y  s l a c k i n g  l i n e s  o f f  o n  o n e  s i d e  a n d  

t e n s i o n i n g  t hem u p  o n  L I I ~  o t h e r  5 i d e ,  t h ~ ~ q  e f f e c t i v e l y  c h a n g i n g  

t h e  p o s i t i o n  o f  t h e  v e s s e l  s l i g h t l y .  I h e r i  t h e  s p l a s h  r o n o  r o c t i n n  

o f  t h e  r o p e  c a n  b e  e x a m i n e d  a n d  l u b r i c a t e d .  I f  i t  i s  n e c e s s a r y ,  

d i v e r s  c a n  b e  u s e d  a r o u n d  t h e  v e s s e l  f o r  e x a m i n a t i o n  o f  t h e  u n d e r -  

w a t e r  f a i r l e a d e r s .  

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

t h e n  a t  t h e  h a l f - p o i n t  i n t e r v a l ,  t h a t  i s  t w o  a n d  h a l f  y e a r s  a f t e r  

i n s t a l l a t i o n ,  a  c r a n e  b a r g e  c o u l d  be  b r o u g h t  i n  d u r i n g  a n  e x p e c t e d  

w e a t h e r  w i n d o w .  The  p e n d a n t  l i n e  b u o y  i s  t h e n  u s e d  t o  p i c k  up  t h e  

p e n d a n t  l i n e  a n d  t h e  m o o r i n g  1 i n e .  T h i s  assumes t h a t  a l l  m o o r i n g  

l i n e s  h a v e  b e e n  f i r s t  c o m p l e t e l y  { s l a c k e d  o f f .  Then  t h e  e n t i r e  

w i r e  r ope .  s e c t i o n  c a n  be  c o m p l e t e l y  e x a m i n e d  a n d / o r  l u b r i c a t e d .  



A l s o  a  p a r t  o f  ' t h e  c h a i n  c a n  b e  exa 'mimed o r  u l t r a s o n i c a l l y  t e s t e d :  

T h e  a n c h o r  w i l l  n o t  b e  p i c k e d  u p  u n l e s s  s e v e r e r  t h a n  e x p e , c t e d  

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

R e g a r ' d i n g  t h e  r e p l a c e m e n t  o f  t h e  w i r e  r o p e  a f t e ' r  5 y e a r s ,  

F i g u r e s  4 6  a n d  4 7  ' d e m o n s t r a t e  h.ow r e l a t i v e l y  s i m p l e  i t  may b e  . 

t o  d o  t h i s .  A w o r k  b o a t  c o n t a i n i n g  t h e  new w i r e  r o p e  .l i n e  w i t h  

a  t r a c i n g  l o o p  o n  t h e  e n d  d e p l o y s  t h e  new l i n e  b y  moo i n g a w a y  

f r o m  t h e  p l a ' t f o r r n  i n  l i n e  w i t h  t h e  o l d  m o o r i n g  l i n e  u n t i l  t h e  

t r a c i n g  l o o p  p a s s e s  o v e ' r  t h e  l a t c h i n g  b a r b .  T h e n  t h e  w o r k  b o a t  

p r o c e e d s  i n  t h e  o p p o s i t e  d i r e c t i o n  w h i c h  c o m p l e t e s  t h e  l a t c h i n g  

p r o c e d u r e .  T h e  new l i n e  i s  c o n n e c t e d  t o  t h e  S p a r  a n d  t h e  r e p l a c e -  

m e n t  i .s c o m p l e t e .  





TRACING LOOP 
LATCHED ' O V E R  
BARB 



7.5 Time Schedules 

The dominant f a c t o r s  i n  the  development o f  t ime schedules f o r  

t he  real izat ions, f rom p r e l i m i n a r y  design i n i t i a t i o n  t o  phys ica l  deploy- 

ment a t  s i t e ,  o f  t he  SKSS concepts w i l l  be the f o l l o w i n g :  

-Research and development t ime requ i r ed  f o r  components beyond 

cu r ren t  s t a t e - o f - t h e - a r t  ( i f  any) .  

-Fab r i ca t i on  and t e s t i n g  o f  p ro to types ,  i.f requ i red ,  f o r  any ' I  , 

components. 

-Manufactur ing t ime f o r  components which a re  no t  o f f - t h e - s h e l f  

i tems. 

-Deployment 

-Maximum env i ronmenta 1 sta ' tes d u r i n g  which phases o f  

deployment opera t ions  can be performed. 

-Expec.ted weather windows a t  t he  designated s i t e  f c r  

these e n v i  ronmental s t a tes .  

- P r o b a b i l i t y  o f  complet ing deployment operat ions.  w i t h i n  expected 

weather windows. 

Above f a c t o r s  a re  cons idered t o r  major comqonei i t5~8f the  fea,s lb le  

SKSS concepts i n  a  q u a l i t a t i v e  manner for .  t h i s  conceptual  .study. / lo re  

d e t a i l e d  q u a n t i t a t i v e  a n a l y s i s  w f l l  be necessary f o r  the  p r e l i m i n a r y  

des ign s tud ies .  

The bas is  used i n  the  development o f  t ime schedules was the  most 

recen t  "OTEC Ocean Engineer' ing Program" as es tab l i shed  by t he  Department 
\ 

of  Erie;-sy . * I 

Accordins t o  t h i s  program!: ,. . . . . . 1 . - 
- S K S S  p r e l  i n i n a r y  designs would be completed i n  F l  s c a l  y e a r  1 9 8 0 .  '-. 

" C e p a r t ~ e n t  o f  Energy GTEC o b j e c t i v e s  and Status Ccnference. Volune 3 :  
Long 3ange Research and Surnary, pages 5 5 - 4  and j 5 - 5 ,  Jan. 23-25, 197?. 



-A  Cont ract  would be h i a i ded  f o r  t he  developmcnt c f  an SKSS 

" A n a l y t ' i c a l  Model" . . . 

, . , .  . . 

' 
-The deplbyment' o f '  t he  10/40 MW Modular Experiment OTEC p l a t f o r r ~ s  

would take p lace  i n  t he  t h i r d  qua r t e r  o f .  1984. 

Fol lowing assumptions a re  ma'de i n  the  development'of t ime schedules: 

-A  "Systems I n t e g r a t i o n "  type o f  con t rac t  w i l l  be awarded f o r  

.. the Modular Experiment P la t f o rm  deve1opn;cnt cover ing  a l l  ocean 

systems I nc l ud ing  the SKSS.for the  d e t a i l  design, con t ruc t i on /  

: i n s t a l l a t i o n ,  deployment, and ope ra t i on  stages. 

-S i x  months a f t e r  the  complet ion o f  SKSS A n a l y t i c a l  Model, a  

' c o n t r a c t  design w i l l  be ready. 

an he' Systems In tegra t ion '  Con t rac to r  w i  1 1  s t a r t  d e t a i  1 design and 

cons t ruc t i on  e f f o r t s  immediately a f t e r . t h e  c o n t r a c t  design work 

. i s ' c o n p l e t e  f o r  i n d i v i d u a l  components. 

I n  o rde r  t o  i d e n t i f y  and present  the  case f o r  SKSS as i t  t i e s  t o  

the  complete p l a t f o r m  system development, t ime  schedules a re  considered 

 separate!^ f o r  major SKSS components t h a t  may a f f e c t  the  schedule. These 

major items a r c :  

-Wire Rope and Chain WC o f  r equ i r ed  s i zes  

-Sol i d  L i nk  type mooring legs (SL)  

-Hol low Cyl i n d r i c a l  L inks  (HCL) 

The deadweight o r  drag type anchors, mooring winches, anchor and l i n e  

connectors,  and t he  c o n t r o l  systems a re ' cons ide red  t o  r e q u i r e  minimal develop- 

ment and t h e r e f o r e  assumed. t o  have no apprec iab le  i n f  1 uence on t ine schedules. 

The t i n e  schedule presented i n  F igure  49 i s  acco rd i ng l y  based on the 

development o f  mcoring legs o n l y .  The date needed i s  es t ima t i ng  the t i n e  

req" i red  t o  f a b r i c a t e  and deploy these mooring legs were ob ta ined  frcrn e x i s t i n s  



or probable manufacturers of these items, 

Following considerations apply: 

-bli re rope and chain type mooring legs are state-of-the-art; a 

nominal design period is nevertheless cllowed for the develop- 

ment of complete systems and accurate deterioration of line 

loads using the analytical model. The des'lgn time for this 

mooring 1 ine development also includes a1 lowance for the design e "  

of moor i ng w i nshes rcqu i red. 

-The development of hollow cylindrical links will require the 

longest design and manufacturing time. 

-Solid links will fall somewhere between the HCL and WC alter- 

natives as far as development times are concerned. 

-Tension bars or rools are presently being used in a few offshore 

oil drilling rig applications. Their development time require- 

ments will be approximately equal to the solid link concept. 

-The construction periods estimated for the HCL and solid link 

type mooring leas. a 5  shown in Figure 4 9 ,  are very flexible. 

Actual construction times may vary considerably depending on the 

degree of autonation the prospective manufacturers may employ. 

-A two month deployment period is estimated to be necessary on 

the basis of practical considerations derived from offshore 

industry experience from comparable operat ions. 

-The present offshore industry practice in deployment operations 

is to have all deployment equipment and vehicles in a "ready-to- 

comrcence" status, and to await calm sea conditions. Reportedly, 

for the Puerto Rico area, the months of Hay and June appear to 

provide a suitable weather window. 



I n  thc  p r c l i n i n a r y  design s tud ies ,  the p o s s i . b i l i t y  o f  d e f i n i n g  

a  maximum environmental  s ta te ,  s u i t a b l e  f o r  deployment opera t ions  w i t h -  

out  i n t e r r u p t i o n  w i l l  be i nves t i ga ted .  .The p r o b a b i l i t y  o f  such an 

env i  ronmenta 1 s . ta te  preva i'l i ng f o r  the  dura t  i.on o f  deployment operat  ions 

can then be p red i x t ed  us ing  the  h i .s tor ica1 data a v a i l a b l e  i n  the  S S I 4 O [ ]  

p u b l i c a t i o n s  f o r  the '  reg.ion. 

I n  genera l ,  I t  can be sa id  t h a t  a l 1 , cand ida te  mooring l eg  systess 

can be developed t o  become ready f o r  use by t he  O T E C  p l a t f o rm ,  and there-  

f o r e  the  S K S S ,  deployment date o f  1984. 
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7.6 I n t e r f a c e  C o n s i d e r a t i o n s  

7 .6 .1  P l a t f o r m  H u l l  

a. SPAR P l a t f o r m  

A l l  o f  t he  SKSS concepts  c a l l . f o r  l e a d i n g  t h e  l i n e s  f rom the  bo t tom o f  

t h e  SPAR h u l l .  The w i r e  rope -cha in  c a t e n a r y  system moor ing  l egs  c o u l d '  

be l e d  e i t h e r  up th rough  t h e  a'ccess t r u n k  o f  t h e  SPAR th rough  hawsepipes 

o r  e l s e  a l o n g  t h e  o u t s i d e  o f  t h e  SPAR and l e d  th rough  a d d i t i o n a l  f a i r - .  
1 

l eads  a t  t h e  t o p  o f  t h e  h u l l  t o  t e r m i n a t e  a t  winches i n  t h e  deckhouse. 

I t  would p r o b a b l y  be most conven ien t  t o  l o c a t e  t h e  winches on t h e  upper 

deck of r h e  s u p e r s r t u c t u r e  b u t  a  lower deck c o u l d  be used i f  necessary ,  

The o t h e r  SKSS concept  i n v o l v i n g . s o l i d  bar  l i n k s ,  HCL l i n k s  o r  t e n s i o n  

r o d  p.ose g r e a t e r  i n t e r f a c e  d i f f i c u l t i e s  s i n c e  they  must be l e d  v e r t i c a l l y  

upwards f rom t h e  t a k e - o f f  p o i n t  a t  t h e  bo t tom o f  t h e  p l a t f o r m .  P r e s e q t l v  

t h i s  i s  accon? i i s?e6  hy r u n n i n g  t h e  l egs  th rough  hawsepipes o f  about  2 

f c c t  d iame te r  t h rough  t h e  i i~d i l l  h u l l .  An a l t e r n a t i v e  a i r a n g e k e n t  would be 

t o  r u n  up t h e . o u t s i d e  o f  t h e  h u l l  a l t h o u g h  t h i s  would p r e s e n t  some s t r u c -  

t u r a l  d i f f i c u l t i e s  f o r  t h e  bo t tom o f  t h e  main h u l l  and t h e  s u p e r s t r u c t u r e .  

b.  Barge P l a t f o r m  

The barge p l a t f o r m . p o s e d  few i n t e r f a c e  problems because space i s  a l r e a d y  

a l l o c a t e d  f o r  t h r u s t e r s  ( o n l y  two a r e  r e q u i r e d )  and l e g s  f o r  t h e  c a t e n a r v  

system may be l e d  v e r t i c a l l y  t h rough  h a ~ s e p i p e  t o  j a c k - u p  t e n s i o n i n g  

dev i ces  on t h e  main deck. The s i n g l e  l e g  moor ing  system p r o v i d e s  t h e  

l e a s t  i n t e r f e r e n c e  w i t h  t h e  barge h u l l  s i n c e  v i r t u a l l y  a l l  o f  t h e  moorin; 

equipment i s  c o n t a i n e d  on a  sepa ra te  buoy. 



7 . 6 . 2  Cold Water P ipe 

a. SPAR P la t fo rm 

There i s  no in te re rence  w i t h  the  c o l d  water p i pe  from the catenary .moor ings 

o r , t h e  tens ion  l eg  mooring. La te r  ca lcu la t ' i ons  may show. that  the tens ion  

l e g  mooring i n d i r e c t l y  a s s i s t  the  cold, water p i p e  by g r e a t l y  reduc ing the 

heave response of  t he  plat form.,  The v e r t i c a l  tens ion  mooring d e f i n i t e l y  

impacts the c o l d  water p i p e  de,sign as the  1ower.end of  the  ,p ipe i s  braced 

by a  r i g i d  support  t o  each mooring leg .  Th is  e f f e c t i v e l y  keeps the CUP 

p a r a l l e l  t o  the  upper p o r t i o n  o f  the  mooring legs.  The r e a c t i o n  fo rce  o f  

t he  mooring l eg  on the  CWP a t  the  bottom i s  approx imate ly  400 k i p s  from 

deadweight and c u r r e n t  forces.  

b. Barge P l a t f o r m  

The catenary  SKSS concepts do no t  impact the  c o l d  water p i pe  o r  d ischarge 

p ipes  d i r e c t l y  bu t  p rev ious  s tud ies  i n d i c a t e  t h a t  bending s t resses  f o r  the 

CUP h u l l  connect ion f o r  t he  barge i n  beam seas i s  excess ive.  The r o t a r y  

mooring permi ts  the barge t o  head i n t o  t he  wind and waves so t h i s  problem 

i s  avoided; however t he re  was concern t h a t  a  storm which i s  r a p i d l y  

s h i f t i n g  i t s  d i r e c t i o n  cou ld  cause the  barge t o  over run  the mooring cab le .  

Ca l cu l a t i ons  show t h a t  t h i s  cou ld  no t  occur even i n  environmental  s t a t e  6 

w i t h  a  s i g n i f i c a n t  wave he igh t  o f  IS f e e t  and wind speed o f  27 kno ts .  

7.6.3 R ise r  Cable 

a. SPAR P la t fo rm - 
None o f  the f e a s i b l e  S K S S  concepts f o r  the  SPAR adverse ly  a f f e c t  the  r i s e r  

cab le  system. From the s tandpo in t  o f  t h i s  subsystem i n t e r f a c e  the  v e r t i -  

c a l  tens ion  mooring system would be p re fe r red  s i nce  the  p l a t f o r m  motions 

would be minimized and t he  excurs ion  l i m i t  i s  n o t .  



. b .  Barge P la t f o rm  

As p rev i ous l y  discussed the excurs ion rad ius  f o r  the two four  leg 

cat'enary systems exceeds the  a l l owab le  l i m i t  o f  10% bu t  t h i s  can be 

r e a d i l y  co r rec ted  by p re tens ion  adjustment.  The s i n g l e  leg  mooring 

presents a  spec ia l  problem of  power t ransmiss ion over a  p i v o t  p o i n t  

connect ion.  . I f  t h i s  problem can be reso lved a t  a  reasonable cost  then 

o the r  i n t e r f ace  c h a r a c t e r i s t i c s  would appear q u i t e  favorab le .  



7.7 Resu l t s  o f  Ove ra l l  Eva lua t i on  

7.7.1 SPAR P la t f o rm  

Table 27 summarizes t he  t rade-o f f  cons idera t ions  f o r  the  o v e r a l l  evalua- 

t ion o f  the SPAR SKSS candidates.  The two best candidates a re  considered 

t o  be: 

1) The e i g h t  l e g  catenary  mooring' concept comprisdd o f  w i r e  

rope and cha in  w i t h  drag anchors 

2 )  The 3 leg  v e r t i c a l  tens ion  mooring concept us ing  tens ion  

rod  and deadweight anchors. 

r 

The e i g h t  l eg  catenary  system i s  a t t r a c t i v e  because i t  invo lves  the 

use o f  s t a te -o f - t he -a r t  components which s i g n i f i c a n t l y  increase i t s  

r e l i a b i l i t y  compared t o  o t h e r  systems. I t  a l s o  has the lowe?; cos t .  

I t  i s  a n t i c i p a t e d  t h a t  t he  design f a c t o r s  o f  sa fe ty  used i n  the conce?t-  

ua l  designs w i l l  y i e l d  more r e l i a b l e  SISS i n  the  p r e l i m i n a r y  designs. 

The deployment and maintenance sequence and opera t  ions for '  t h i s  concept 

have been a c t u a l l y  performed i n  t he  past  so t h a t  new and un tes t  tech- 

niques a re  n o t  employed. 

The v e r t i c a l  tens ion  l e g  mooring concept d i sp l ays  e x c e l l e n t  excurs ion 

c h a r a c t e r i s t i c s  and i s  the nex t  lowest cos t  candidate.  

I t  must be noted however t h a t  t he re  may be a p o t e n t i a l  resonance problem 

w i t h  t h i s  mooring concept. I f  any a d d i t i o n a l  p r o v i s i o n s  t o  o f f s e t  the  

resonance problem and t o  increase the system ;el i abi ' l  i t y  should resu l  t 

i n  h i ghe r  SISS cos ts ,  the  t r a d e - o f f  may have t o  be repeated and i t s  

compet i t iveness compared t o  o the r  concepts es tab l i shed .  



For a l l  concepts, the impact o f  the r eac t i on  f o r ce  on the c o l d  water p ipe 

s t r u c t u r e  was a l s o  considered i n  the eva lua t ion .  

. .  . , . 

The proposed tens ion  rod system has no t  been p rev i ous l y  deployed. I t  i s ,  

however, s i m i l a r  enough i n  concept t o  t he  present  o f f s h o r e  d r i l l i n s  p r a c t i c e  

t h a t  i t  can t he re fo re  s t i  11 be considered s t a t e - o f - t h e - a r t  i n  terns o f  

requ i red  techno log ica l  development. 

7 .7 .2 : '  ~ ~ ~ ~ ~ ' ~ l a t f o r r n  

T a b l e 2 8  summarizes the  t r a d e - o f f  cons idera t ions  f o r  the o v e r a l l  eva lus t i on  

o f  BARGE SKSS candidates.  

The bes't SKSS candidate .appears t o  be the  s i n g l e  l eg  mooring concept which 

has 'exce l len t  excurs ion  c h a r a c t e r i s t i c s  and the lowest cos t  r e l a t i v e  t o  

o the r  candidates.  The most impor tant  t r a d e - o f f  cons ide ra t i on  i s  the advan- 
. . 

tage gained by the  weathervaning a c t i o n  o f  the  p l a t f o rm  which eases the  

c o l d  water p i pe  design problem. As a  disadvantage o f  t h i s  concept,  one 

can c i t e  the increased d i f f i c u l t i e s  imposed on t he  r i s e r  cab le  design. . 

The f ou r  l eg  s o l i d  bar l i n k  concept i s  t he  nex t  lowest cos t  candidate 

which has h i ghe r  r e l i a b i l i t y  than the  f o u r  l e g  HCL design. The excurs ion  

l e v e l  o f  the present  design i s  somewhat excess ive bu t  t h i s  can be cor rec ted  

by a  modest increase i n  p re tens ion .  Th i s  design w i l l  i n t e n s i f y  the c o l d  

water p i pe .des ign  problems s ince  the  p l a t f o r m  must now operate  i n  bean 

seas a lso .  

The r i s e r  cab le  desi.gn problem, however, wi 11 be simp1.i f i e d  a s  compared 

w i t h  the  s i n g l e  l eg  mooring concept. 



TABLE 27 SPAR PLATFORb: OVERAL EVALUATION OF SKSS CANDIDATES 

' Haintenance 
SKSS Candidate Cost Repa i i Time 
Descr ipt ion Watch C i r c l e  Radius R e l i a b i l i t y  $11 - Deployment Replacement .Schedules In ter face 

Catenary Good Good F a i r  Fai r Good Good 
11 Legs Exceeds 10% l i m i t  Sol i d  bar l i n k s  *l7cqu i res *Req i res 
So l i d  Bar L inks i n  surv iva l  cond i t ion  have not b e ~ n  49 much chart -  much charter-  

previous l y used ercd equip- ed equipment, 
Pin j o i n t s  c r i t i c a l  ment,timely t ime ly  

Catenary Good but requ i res Excel l en t  Good Good - Fast Excel lent  Excel l e n t  
8 Legs use o f  clump wgt. Extensive F i e l d  Procedure However w i re  O f f  the Winches take 
S " w i r e r o p e &  & r i s e r b u o y  Experience t s ta te-  23 has been must be re-  Shelf up l i t t l e  space 
4" Chain Exceeds 10% l i m i t  i n  o f - a r t  components used before, placed every Hardware Legs can be run 

surv iva l  cond i t ion  I Leg f a i l u r e  OK fas t  5 years up access t runk 

Catenary Good but requires Fa i r  Fai r Good 
4 Legs use o f  clump wgt. P o s s i b i l i t y  o f  HCL use 
tlCL & Chain & r i s e r  buoy f a i l u r e  due t o  5 5  F a i r  Fai r causes the 

4 
I Exceeds 102 l i m i t  i n  cy l i nde r  cc-llapse, -L A most exten- 
cn - cn surv iva l  cond i t ion  leakage - F i n  j o i n t  s i ve  design 

f a i  l u re  - Cual i t y  t construct-  
con t ro l  i s  ion. 1984 
s t r ingent  date possib le 

Slant Leg tension Excel lent  Fai r Fa i r  t o  Fa i r t o  good Good 
3 Legs Stays w i t h i n  10% 1 Leg f a i l u r e  good Require tugs ~~d P la t fonn 
Tens ion Rod l i m i t  i n  surv iva l  probably leads t o  49 ~ e ~ l o y .  t o  re-set motions might 

cond it ions t o t a l  f a i  l u re  from 
P la t fo rm be reduced 

Ver t i ca l  Leg Excel l en t  F a i r  Good Good Fai r 
Ten5 ion Stays w i t h i n  10% Id Leg f a i  l u re  Deploy. Leg l i f t s  S ign i f i can t  
3 Legs l i m i t  i n  surv iva l  probably leads t o  2 6 from s t r a i g h t  up Good lnterferance 
Tension Rod condi t ions t o t a l  f a i l u r e  P la t fo rm and down w i t h  CUP 

Ver t i ca l  Leg Excel l en t  Poor D i f f i c u l t  Poor Good 
Tens ion Stays w i t h i n  105 Same proglems as a ..- Maintenance, . Apparent 1 y 
I Leg l i m i t  i n  surv iva l  tICL, no leg  (GtC  st.) Repa i r Fai r CWP design i s  
( Ins i tle CWP) condi t ions redundanc t Extremety assisted by 
llCL D i f f i c u l t  mooring 



. . 

TABLEZS BARGE PLATFORM OVERALL EVALllATlON OF SKSS CANDIDATES 
- - .  -\ --- 
SKSS CANDIDATE \rlATCH C I.RCLE RADIUS REL IABI I. ITY . COST DEPLOYMENT M & R AND T I  HE .INTERFACE ' 

, . 

.. . DESCRI PTlON $ M ,.. ; !. :REPLACEMENT SCHEDIJLES . 
.. - 

Catenary. , FAIR FAIR POOR t o  POOR t o  FAIR 
.4 Legs Higher p re tens ion  P o s s i b i l i t y .  FAIR .. FAIR FAIR For R ise r  Cable 
HCL requ i red  t o  l i m i t  o f  f a i l u r e  due POOR 
C 1  ump Vgt . excurs ion  t o  c y l i n d e r  2 ~ 3  " t 

For CWP s ince  Barge 
L i m i t  exceeded i n  c o l  lapse, Heavy Heavy - wi l l encounter beam 
s u r v i v a l  c o n d i t i o n  leakage, p i n  Legs Legs seas 
, ' I  . j o i n t  f a i  l u r e  

S t r i ngen t  
q u a l i t y  c o n t r o l  
requi  red 

- -~ - - - - -- 

. Catenary FA1 R GOOD POOR POOR t o  'FAIR 
. .. . -  4 Legs Higher p re tens ion  P i n  j o i n t  Heavy FAIR For Riser  Cable 

-.: S o l i d  Car L inks  requ i red  t o  l i m i t  connect ions GOOD POOR 
u 

112 Anchors * 
I excurs i on  a re  c r i t i c a l  and Legs For CLIP s i nce  Barge 

0\ 
u L i m i t  exceeded i n  w i l l  encounter beam 

s u r v i v a l  c o n d i t i o n  seas 

Catenary GOO0 EXCELLENT POOR GOOD 
8 Lens Pretens ion cou ld  be I l eg  f a i l u r e  t For R ise r  Cable 
Sol i d  l?ar L inks  lowered f o r  ope ra t i ng  can be t o l e r -  167 FAIR GOOD 

, ;C 
Excursion l i m i t e d  

a ted  Very contf i t i on  
Excurs i on  requi  re-  P i n  j o i n t s  a re  t ime l y  
ment nea r l y  met f o r  c r i t i c a l  

. L s u r v i v a l  cond i t i on  R e l i a b i l i t y  

ga i n  i s  c o s t l y  

- 
Sing le  Leg EXCELLEHT GOOC FAIR t o  GOOD EXCELLENT 

Moor i ng Assunling r i s e r  cable 1 o r  2 a d d ' l  GOOD Legs l i f t  For 14ull, very  l i t t l e  
3 Legs C lose ly  can be run a long legs may he Deploy. s t r a i g h t  up GOOD i n t e r f e rence  . 

Spacccl mooring l i n e  added t o  assure 58 from and down Motions minimized 
S o l i d  Bar L inks  redundancy i n  Buoy s e l f  FAIR 

casc o f  l e g  s u f f i c i e n t  For r i s e r  cah le  
f a i l u r e  Power t r ans fe r  

d i  rr ic111 t - 



8 . 0  CONCEPTUAL S K S S  D E S I G N S  FOR THE 

S P A R  PLATFORM 

The two concept designs f o r  the s t a t  ion-keeping 

subsystems o f  the  SP.4R Modular OTEC p l a n t  a re  

descr ibed i n  the  f o l l o ~ v i n g  sec t ions :  

8 .1  - 8 l eg  w i re /cha in  catenary  

3.2 - 3 leg  v e r t i c a l  tens ion  ,mooring 



Components and M a t e r i a l s  

P la t form:  Spar 
& 1 , Mooring Concept : 8 Leg wi re-cha i n catenary  

1 .  Winch (8) 
lOOOKip Ho ld ing  Force 
1500 ' -2000 ' o f  W i  r e  Capac i t y  Drum 

F o s s i l  Fuel 

2. Hawse P ipe  (4)  
S tee l  

300 feet  long 
2 '  Dia.  X 1  1/2" t ' 

F a i r  lead (16, 2  each end o f  H.P.) 

3. w i r e  (8 )  
5" 
7500'-8000' (1500'-2000' on the winch, 
2x1500' on drums, 1X300O' on a drum) 
Shackles (16) 
T r i p l a t e  ( 3 )  . 

4. Chain (8) 
4" 
3230 ' 

5. Drag Anchor (8)  
wt .  = 60 Kips 
High Ho ld ing  Power 

1500 Kips 
Shackles (8)  

6. . R iser  Buoy (8) 
S tee l  Cy l i nde r  w/wire 
50 Kips o f  buoyancy 

7. Clump Weight (8) 
100 K ips  o f  Rein forced 
Concrete ea. 
Eye Bo 1 t 







P la t f o rm :  Spar 
8 .  2 Moor i ng Concept : 3 Leg Ver t  i c a l  Tens ion  Rod 

1 .  Running and Re t r i ev i ng  Assembly ,(3) 
4500 K i p  Hold ing Force 
App l ies  t o  De r r i c k  and 
Jack ing System 

2 .  Hawse Pipe (3) 
Stee l  

300 fee t  long 
2 '  Dia X 1 1/2:' t , 

3 .  Tension Rod (3) 
High Y i e l d  Stee l  

30 '  X 1 1 " Q D .  5'' I D  ea .  Rod 
4400' t o t a l  
Un ive rsa l  & Guide L i nk  ( 3 )  
Space Out J o i n t  
Coup1 ings . 

4 .  Side Thrus t  Framing a t  Bottom o f  Hawse Pipe 

5. Anchor Connecting Assembly (3) 
Hyd rau l i c  t i n e  ( runs i n s i d e  the  Rod) 
l ns t  rument Package (subsea sonar, TV, e t c .  
Un ive rsa l  J o i n t  ( 3 )  

6 .  D\JT Stee l  Anchor ( 3 )  
300 Kips S t e e l  a t .  (Dry) 
7200 Kips B a l l a s t  F i  l.1,er ( D ~ Y )  
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9 . 0  CONCEPTUAL S K S S  D E S I G N S  FOR T H E  

BARGE PLATFORM 

The bas ic  desc'Fipt ionr f o r  the  two concept 

de.signs f o r  the  10/40 MW Modular OTEC Barge p l a t f o r m  
e 

a re  g iven  i n  the f o l l o w i n g  sec t ions :  

9.1 - 4  Leg S o l i d  L i n k  Catenary 

9 .2  - S i n g l e  Buoy Mooring 



P la t f o rm :  Barge 
9,.1 Mooring Concept: 4 L e g S o l i d L i n k C a t e n a r y  

1 .  Running and R e t r i e v i n g  Assembly (4) 
12,500 K i p  Ho ld ing  Force 
Appl ies  t o  D e r r i c k  and Jack ing  
System 

2. Hawse ~ i p e ( 4 )  
M i l d  S tee l  

80 '  long 
4 '  Dia X 1 1/2" t 

3. S o l i d  L i n g  (4 )  
H igh  Y i e l d  Stee l  
7500' / l e g  
920 l b / f t  Vet Weight 
Un ive rsa l  L i n k  a t  
Hul l /Water  I n t e r f ace  
P i n  Connections 

4. Side Thrus t  Framing a t  Bottom o f  Hawse 
Pipe 

5. Anchor Connecting Assembly (4 )  
Hyd rau l i c  L i n e  
Un ive rsa l  J o i n t  

6. D!dT Stee l  Anchor (4)  
4000 Kips S tee l  W t  ( ~ r ~ )  
3 6 0 0 0 K i p s B a l l a s ~ F l l l e r  
(Dry) 
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Platform: Barge . . L '  . 

9 .2  Mooring Concept: S ingle Point  Tension Barge w i t h  Buoy 

1. Buoy t o  Barge Support 
Arm 

Universal J o i n t  
Steel 
Box Girder Design 

2. Buoy 
Steel 

200' X 70' Dia 
S t ruc tu ra l  Deck 
Ins ide  and Hawsepipe 

3. Running and Ret r iev ing  
Assembly (1) 

36000 Kip Holding Force 
Jacks Ins ide Buoy 
Der r ick  on Top, Removable 

4. S o l i d  L ink  (1 o r  3) 
690 inld cross sec t ion  

Area Req 
45 j? ' / l eg  
P in  Connections 

5. Anchor Connecting (1 o r  3) 
Assemb 1 y 

Hydraul ic  L ine  
Universal J o i n t  

6 .  uwl Steel Anchar (1 ur 3 ) .  
6200 Kips,  Steel I l t  (dry! 
56000 Kips, B a l l a s t  

F i l l e r  (dry) 

C . ,  .. I.' ' 







10.3 APPLICABILITY OF SELECTED CONCEPTS TO COMHESCI.AL PLANT SI<SS DESlGrlS 

As s t a t e d  i n  Ref. 214, t h e  f todu lar  Exper iment OTEC P la t fo rms  w i l l  

be t h e  ' ' forerun.ners1'  o f  l a r g e r  commercial OTEC p l a n t s .  The conceptua l  

and p r e l i m i n a r y  SKSS des igns f o r  t h e  Modular SPAR and SARGE p l a t f o r m s  

may t h e r e f o r e  be t h e  fo re runners  o f  commercial p l a n t  SKSS des igns as w e l l ,  

i f  t h i s  i s  found t o  be feasib le ' .  

I n  assess ing t h e  a p p l i c a b i l i t y  o f ' , ' . l odu la r  p l a n t  SKSS'  des igns t o  

commercial p l a n t s ,  t h e  f o l l o w i n g  e s s e n t i a l  d i f f e r e n c e s  i n  t h h  r e -  

qu i rements  f o r  t h e  two p l a n t s  must be taken i n t o  c o n s i d e r a t i o n :  

c Modular p l a n t s  a r e  much s m a l l e r  i n  p l a n t  c a p z c i t y , . a n d  

t h e r e f o r e  i n . p l a t f o r m  s i z e ,  than t h e  commercial p l a n t s :  

- The n e t  e l e c t r i c a l  o u t p u t  c a p a c i t y , o f  t h e  n o d u l a r  p l a n t  

i s  10/40 M U  w h i l e  t h e  commercial p l a n t  o u t p u t ,  as 

fo reseen a t  t h i s  s tage,  i s  409 MWe. 

- The o p e r a t i n g  displ .acements f o r  t h e  !:odl;iar SPAR 

and BARGE p l a t f o r m s  a r e  54,300 and 67,?,?3 Long Tons, 

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

d isp lacements  w i l l  p robab ly  reach t h e  300,?30 t 3  

503,000 Long Ton range. Corresponding p h y s i c a l  s i z e s  

f o r  t h e  "sur face sh ip"  o r  "bsrqe" p l a t f o r m  a r e  380'  

o v e r a l l  l e n g t h  and 120' beam versus 620'  l e n g t h  and 

300' beam, r e s p e c t i v e l y ,  f o r  t h e  modular  and conmerc ia l  

p l a n t s .  

c The l i f e  expectancy o f  t h e  modular  p l a n t  SKSS i s  s p e c i f i e d  t o  

be 10 years  w h i l e  the  commercial p l a n t  i s  e n v i s i o n e d  t o  be 

o p e r a t i o n a l  f o r  a  l i f e  p e r i o d  o f  40 years .  

r The d i a n e t e r  o f  t h e  c o l d  !dater p i p e  a t t a c h e d  t o  t h e  ~ o d u l a r  p l a t -  



form I s  nomlna l l y  30' w h i l e  the  commercial p l a n t  w i l l  p robably  

r e q u i r e  c o l d  water p i pe  i i i ane te r s  I n  the 80 t o  100' 'range'. 

. . , . 

o  The deployment s i t e  f o r  the ~ o d u l a . r p l a n t  i s  s p e c i f i e d  to.  be the 

Punta Tuna area i n  the so,uth eas te rn  .., c o a s t l i n e . o f  Puer to  . Ri,co. . 

The commercial p l a n t  may a l s o  be deployed i n  any one o f  the o t h e r  

four DOE s i t e s ,  i . e . ,  West coast  o f  F l o r i d a ,  Hawai i ,  New Orleans, 

and B r a z i l .  

o The modular p l a n t  w i l l  p robably  be cons t ruc ted  and operated as a 

s i n g l e  u n i t .  The scenar io  f o r  the  commercial p l a n t ,  on t he  o the r  

hand, i s  t o  deploy a  number o f  i n d i v i d u a l  OTEC p la t f o rms  i n  one 

s i t e  t o  form an OTEC Energy Park. 

o  The shapes o f  the  p l a t f o r m  h u l l s  se l ec ted  f o r  the  modular p l a n t  a re  

the submerged SPAR w i t h  outboard heat exchangers and the sur face  

BARGE. The eventua l  h u l l  shape t o  be se lec ted  f o r  t he  commercial 

, . 
p l a n t s  may be o f  a d l f f e r e n r  con f igu rae i6n .  

A l l  o f  the d i f f e r e n c e s  discussed above w i l l  i n f l uence  t h e  app l i ' cab i1 i t y : o f  

modular SKSS designs t o  commercial p l a n t s :  

o  The l a rge  increase i n  t he  phys i ca l  s i z e  o f  the p l a t f o r m  w i l l  r e s u l t  

i n  much h i ghe r  d.rag and wave d r i f t  forces;  t h e r e f o r e  t he . l oads  and 

s t resses  a c t i n g  on t he  mooring o r  tens ion  legs  wi 11 be propo ' r t ion-  

a l l y  h i ghe r .  Th i s  may r u l e  ou t  the use o f  one o r  the  o t h e r  l e g  

members o r  t h e i r  con f i gu ra t i ons  se lec ted  f o r  the modular p l a n t .  

o :The ensuing l a r g e r  r e a c t i o n  . fo rces  w i l l  r e s u l t  i n  h i ghe r  anchor ho ld -  

ing power requi  renents  and wi  1 1 t h e r e f o r e  i n f  1 uence anchor designs ; 

t h i s  may even necess i t a t e  t h e  use o f  conb i n a t  i on  deadwei cJht-p'i l e  

d r i v e n  anchors. 

10-2 



? .  . . . . . , . 

o  The changing environmental cond i t i ons  f o r  va r ious  o the r  OTEC s i t e s  
, . 

w i l l  r equ i r e  a  reassessment o f  the spectrum o f  wind, wave, and 

" ,' 
cu r ren t  c h a r a c t e r i s t i c s  f o r "  the'speci . f  i c  s i t e ,  and w i  1 1  cause the . . 

adbpt ion o f  more .(or less )  severe env i  ronmental s t a tes  f o r  the  
I . , *  . .  
" ope ra t i ona l  and extreme condi t ions' .  

L . S '  

o The i n t e r f a c e  o f  the much l a r g e r  diameter c o l d  water p i pe  w i t h  the 

SKSS components w i l l  p robably  present  d i f f e r e n t  problems and thereby 

requi  re. changes i n  h u l l  pa.ssages, connect. ioi~s, e t c .  

. . 
0' The cos ts  o f  SKSS components f o r  the  co'mmercial p la t fo rms  wi 1 1  p robably  

. , 
' b e n e f i t  f rom the se r i es  p r o d u c t i o n  p o s s i b i l i t i e s  a f f o rded  by q u a n t i t y  

p roduc t ion .  

Without an e q u a l l y  de9eloped conceptual design f o r  the,commercial p la t fo rms ,  

i t  i s  d i , f f i c u l t  t o  perform a q u a n t i t a t i v e  de te rmina t ion  o f  the  in f luences  i n -  

f l i c t e d  upon modular SKSS designs regard ing t h e i r  a p p l i c a b i l i t y  t o  commercial 

p lan ts .  Nevertheless,  f o r  the two SKSS conceptual designs se lec ted  as be ing 

the most f e a s i b l e  and cos t  e f f e c t i v e  candidates f o r  each o f  the  two modular 

p la t fo rms ,  q u a l i t a t i v e  d iscuss ions a re  presented i n  the f o l ! sw ing  sec t ions .  

10.1 SPAR P l a t f o r m  

The e i g h t  leg  catenary  w i t h  wir'e rope and cha in  concept most l i k e l y  w i l l  
. . 

no t  be f e a s i b l e  f o r  t he  commercial p l a n t .  Even f o r  the  modular p l a n t ,  
I \ 

the design f a c t o r s  o f  s a f e t y  a re  marg ina l  ; i t i s hard t o  see how t h i  s  

system cou ld  be used f o r  h igher  drag a p p l i c a t i o n s  a t  l e a s t  us ing  cu r ren t -  

' 
l y  a v i i  l a b l e  s i zes  o f  w i re .  rope and chain .  I f  the  p l a t f o r m  t o u l d .  be 

loca ted  i n  an area w i t h '  a  f l a t  ocean bottom where very  l a rge  l i n e  ler.cths 



. . 

cou ld  be used and t he  number o f  legs were increased fo 12 th;n t h i s  
. . 

might  be consi,dered f o r  the  commercial p la t fo rm.  Drag type anchors 

would have t o  be rep laced by deadweight anchors. 

The t h ree  l eg  v e r t i c a l  mooring probably  would have t o  be mod i f ied  t o  

an e i g h t  l eg  mooring i n  o rde r  t o  w i t hs tand  the h i ghe r  drag load ings.  

Th i s  concept i s  q u i t e  s e n s i t i v e  t o  t he  waterplane area o f  the p l a t f o rm .  

Use o f  tens ion  rods may no t  be f e a s i b l e  bu t  these cou ld  be rep laced 

by HCL o r  s o l i d  bar l i n k s .  

.A , 

10.2 BARGE P la t f o rm  

The four  l eg  so - l i d  bar 1  i nk  catenary  would probably  fa i .1 t o  keep the  

p l a t f o rm  w i t h i n  a  102 depth excurs ion  l i m i t  so .the number o f  legs 
I . . ,. 

woild probably  be increased t o  e i g h t  o r  more. Th is  wou1.d a l s o  keep 

the 1.eg s i z e  down t o  reasonable dimensions. i * 

The s i n g l e  l e y  nroaring concept cou ld  probably  be made t o  work f o r  the 
i !  

commercial s i z e  p l a n t  a l though  the l e y  size9 would o b v i o ~ ~ s l y  be very 
' I 

much l a r g e r .  



1 1 , O  CONCLUSIOtJS AND RECOMMENDATIONS FOR THE MODULAR PLANT SKSS PRELIMINARY D E S I G X S  

O f  the many d i f f e r e n t  SKSS concepts cons idered  f o r  a p p l i c a t i o n  t o  Modular 
. . 

Experiment OTEC p la t fo rms ,  the  two best candidates a re  es tab l i shed ,  i n  Sect ion 

7.7, t o  be the  f o l l ow ing :  

o  For t he  SPAR. 

- 8 l eg  catenary w i t h  w i r e  rope and chain  

- 3 leg v e r t i c a l  tens ion  mooring 

o  For the  BARGE 

- S ing le  l eg  mooring w i t h  buoy and support  arm 

- Four l eg  catenary w i t h  s o l i d  l i n k s .  

A c lose  comparison was made o f  t hese .a l t e rna t i ves  on the bas is  o f  the f o l l o w -  
. . 

i ng  c r i t e r i a  (Tables 27 and 28) : 

o  excurs ion performance 

o  re1  i a b i  1 i t y  

o  cos t  e f fec t i veness  

o  ease of  deployment procedures 
. . 

o  maintenance and replacement procedures 

o  t ime schedules 

o  i n t e r f a c e  w i t h  the o t h e r  OTEC subsystems 

By c a r e f u l l y  s tudy ing  the  r e s u l t s  summarized i n  the  above-mentioned two tab les 

f o r  the SPAR and BARGE p la t f o rms ,  the most f e a s i b l e  SKSS candidates f o r  ,ea:" 

p l a t f o rm  a re  se lected,  and the bas ic  r a t i o n a l e  f o r  the' sele"ct.ion g iven ,  below: 

o  Fqr the  SPAR p la t fo rm,  the  I tE i gh t , Leg  Wire Rope/Chain Catenary ~ o o r i n g  

Concept" i s  se lec ted  and recommended f o r  use 'as  base l ine  i n  the pr.2- 

1 imi'nary design stage f o r  the f o l  lowing reasons: 



r Lowest cos t  

- Highest  re.1 i a b i  1 i t y  

, L i t t l e  research and development necessary 

, A l l  components s t a t e - o f - t h e - a r t  

, Actua l  exper ience e x i s t s  i n  the  o f f s h o r e  i ndus t r y  for:, 

a l l  deployment, maintenance, and replacement opera t ions .  

- Can meet excurs ion  requirements and t ime schedules w i t h  

reasonable c e r t a i n t y ,  

o For the BARGE p la t fo rm,  the  I1S ing l&  Leg Mooring conce i t  w i t h  a 

Tension l loored Buoy and Support Arm" i s  se lec ted  a n d  recommended 

f o r  use as 'base l ine i n ' t h e  p r e l i m i n a r y  design stage for  the 

f o l l o w i n g  reasons: 

- Lowest cos t  

- Best excurs ion  performance 

- A t t r a c t i v e  bcachervaning c a p a b i l i t y  

- R e l i a b i l l r y  cor~~pcr~ 'a l r l t  t o  !I l o g  ca tsnary ,  
. . 



12.0 O V E R V I E W  ON CONCEPTUAL D E S I G r 4  STUDIES 

The r e s u l t s  o f  a l l  conceptual design s tud ies  were o r a l l y  presented t o  

the  Department o f  CommercP ( i a ' t i ona l  Oceanic and ~ t m o s b h e r i c  Admin is t ra t ion )  

and the Department o f  Energy (Ocean Systems Branch o f  D i v i s i o n  o f  Central  

Solar Technology), i n  a  rev iew meet ing he ld  i n  R o c k v i l l e ,  Maryland on 

A p r i l  25, 1979. 

The concensus reached as a  r e s u l t  o f  comments and d iscuss ions by DOE/DOC 

a u t h o r i t i e s , a s  w e l l  as represen ta t i ves  o f  o t h e r  OTEC con t rac to r s  who a t -  

tended t he  meeting,was t h a t  t he  recommended SKSS f o r  the  SPAR Modular 

p l a t f o rm  would be endorsed. Accord ing ly ,  f o r  the  SPAR p l a t f o r m  p r e l i n -  

i na r y  designs a  catenary SICS'S w i t h  the s t a t e - o f - t h e - a r t  components was 

spec i f i ed .  

For the  Barge p la t fo rm,  the two recommended SKSS, concepts, adm i t t ed l y ,  

were no t  q u i t e  s t a t e - o f - t h e - a r t .  Some o f  t he  mooring components, such 

as s o l i d  b a r  l i n k s  f o r  catenary  mooring and e l e c t r i c a l  sw ive ls  f o r  t h e  

s i n g l e  buoy mooring concepts, c a l l e d  f o r  cons iderab le  development e f f o r t s .  

I n  v iew of  t h i s ,  and t h e  general  d e s i r e  t o  develop a  mooring system con- 

s i s t i n g  complete ly  o f  r e a d i l y  a v a i l a b l e  o r  e a s l l y  p roduc ib l e  components, 

the p r o j e c t  team was asked t o  present  t he  d e t a i l s  o f  a  w i r e  rope/chain  

catenary  con f i gu ra t i on ,  o r  o the r  s t a t e - o f - t h e - a r t  approach, f o r  the  

Barge p l a t f o r m  SKSS. 

A subsequent q u a s i - s t a t i c  a n a l y s i s  was performed and i t  was found 

t h a t  a ided by a  reduct  ion  i n  the  ope ra t i ona l  and s u r v i v a l  env i  ronnenta l  
f 



cond i t i ons  as repor ted  i n  re fe rence  (25) by C .  L. Bretschneider,' ' - 
by inc reas ing  t he  number o f  mooring iegs and .u t  i 1 i t i n g  the l a r g e s t  

w i r e  rope and cha in  s i zes ,  a  catenary  mooring concept cou ld  be obta ined 

f o r  the  Barge p l a t f o r m  as w e l l .  A S  a  ' resu l t ,  the p r o j e c t  team was 

d i r e c t e d  t o  use m u l t i p o i n t  catenary  mooring- concepts as base l ine  

f o r  bo th  the  Barge and the  SPAR.p la t forn  SKSS p r e l i m i n a r y  des igns,  
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APPENDIX A 

CATEi4.GR:' EQLJAT I C;IS 

Any seg;;rent^ o f  a  c s t c n i r y  may be descr ibed na thena i i ca l  l y  by the equa t ions :  

I 1  AS = - (d  la11 P i ,  slid 
U' 

Th i s  gecnet ry  i s  desc r ibed  i n  the fo'l lo:.!ing diagram, i n  which H i s  t he  h o r i z o n t a l  

component of the' tens ion  i n  the l e g ,  and ?, . i s  the  weight per u n i t  l eng th  o f  the  

segment . 

Expressed as above, o r  i n  any o f  the v a r i a t i o n s  which have been op t im i zed  f c r  

p a r t i c u l a r  a p p l i c a t i o n s ,  these r e l a t i o n s h i p s  a re  s u f f i c i e n t  t o  ca1,culate the 

geometry and s t a t i c  tens ion  i n  any mooring l ine!, whether a  s im?le,  conpoznl ,  o r  
. . 

double catenary .  



Wire rope i s  t he  usual  component used i n  the  remainder o f  the  leg.  Since the 

l e n g t h  o f  the  w i re - rope  s e c t i o n  of  t he  l e g  i s  unkno:.:n, c a l c u l a t i o n  t o ' d e t e r ~ i n e  

i t s  shape must i nc l ude  the  remain ing depth o f  ws t z r  t o  be t r ave rsed  as the  con- 

t r o l l i n g  parameter.  Thus 

= D - J Y c  

where D i s  che dep th  o f  the b:zter a t  the  anchor p o s i t i o n .  The angle  a t  the  buoy 

o r  moored s t r u c t u r e  i s  then determined hy 

The t o t a l  scope o f  t he  w i r e ' r o p e  may thez be c a l c u l s t e d  f rom 

= -  'I (tan el, - tall O1! 
Swl. w 

\v r 

and the  f o l l o w i n g  equa t ion  w i l l  d e f i n e  t he  h o r i z o n t a l  ex tens ion :  

When a c l u r p  i s  i n c l uded  a t  the  j u n c t u r a  o f  t he  cha in  and t he  w i r e  rope, the 

c a l c u l a t i o n  o f  t he  c o n f i g u r a t i o n  o f  t he  w i r e  rope i s  mod i f i ed  by t h e  s u b s t i t u t i o n  

o f  8,' f o r  el, i n  wt,ich case: 

where W i s  t he  we igh t  o f  the clump i n  water. 



The p r imary  c r i t e r i o n ,  o f  course, i s  the  h o l d i n g  power o f  t h e . l e g ,  H; t h i s  

parameter, r ep resen t i ng  the  h o r i z o n t a l  component o f  tens ion ,  i s  a  constant  . 

throughout the catenary .  

. To  assure t h a t  the anchor l ine  a t '  the  anchor remains h o r i z o n t a l ,  o r  near1 y  so, 

a  heavy cha in  i s  norma l l y  a t tached  t o  the  anchor as the  f i r s t  p o r t i o n  o f  the 

scope o f  the  leg.  The l eng th  o f  t h i s  cha in ,  Sc ,  and thus i t s  t o t a l  we igh t ,  

S w a re  t he re fo re  se l ec ted  t o  p rov i de  the necessary mass t o  r e s t r a i n  the  
C c '  

anchor shank. ( l n  sone cases a  clump, o r  concen t ra ted  mass, i s  added a t .  the 

upper end o f  t h e  cha in  tu reduce cha in  p ickup by the o v e r a l l  tens ion  i n  the  l e g . )  

Since the  l e n g t h  o f  t he  cha in  i s  known, c a l c u l a t i o n  o f  i t s  con f i . gu ra t i on  begins 

by assuming an i n i t i a l  shank angle  equal t o  the  bo t t om ' s l ope ,  . Small anchor eo 
shank angles may be i nvo l ved  i n  c e r t a i n  cases, and e0 + 0 would then be t h e .  

i n i t i a l  cha in  angle.  For  the  s p e c i f i c  l e n ~ t h  o f  cha in ,  
sc  

t he  angle  a t  i t s  

upper end, el, nay be c e l i u l a r e d  f rom . . 

where in  w  i s  t he  we igh t  pe r  u n i t  l eng th  o f  the  cha in  i n  water .  The v e r t i c a l  
C 

r l s e ,  C Yc,  of the  chai'n i s  then 

and the h o r i z o n t a l  ex tens ion ,  A Xc, i s  . 



APPENDIX B - SUMMARY CALCS. & A N A L Y S I S  

0.. I SPAR - CATENARY 

4 - LEG MOOR1 NG SYSTEM 

HCL & HCL , 

. , 

HCL & C H A I N  

WIRE ROPE, HCL & C H A I N  

HCL, HCL G C H A I N  

8 - LEG MOORING SYSTEM 

STEEL ROD 

. , 

KEVLAR ' 

HCL,  HCL & C H A I N  

'!!IRE ROPE & C H A I N  

WIRE ROPE, WIRE ROPE & C H A I N  

12 - LEG MOORING SYSTEM 

HCL & ,CHAIN 
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lo.6-5 HORIZONTAL
DEr TI I AT DISTANCE INITIAL

| LINE ANCHOR TO ANCHOR SLOPE · TENSION
' NO. (FT) (FT) (FT/FT) (LB)

- ..... . ....--1.--

1 4713. 7919. -.0950 . 36591.
2 4945. 7791. -.0672 37591•
3.- 5470. 7478 .--1 0000 40099•
4 5949. 7168. .0672 42692•
5 6133. 7043. .0950 43771.
6 5949. 7168. - - ·- .0672 42692•
7 5470. 7478. -.0000 40099.
8 4945. 7791. -.0672 37591.

RFSULT OF VESSEL OFFSET

MOST LOADED LINE  f Zo)
;                                                                                                                                                                                            1        --·TOTAL

HORIZONTAL LENGTH PULL ON ANCHOR RESTORING
OFFSET LINE TENSION FORCE SUSPENDED HORIZONTAL--VERTICAL FORCE

(FT) NO. (LB) (LA) -- (FT) (LB) ---- (LB) __ -·  (LB)  -

W 0.0       5 43771. 18750. 7360. 0.0 0.0           0.
5407       5 46630. 20741.-- -7513:-· --- --·000 -- _._. 0,0 ------10264.----
109.4       5 49406. 22735. 7657. 0.0 0.0 18660.

164.1       5 52274. 24A39. 7803. 0.0 0.0 26757.
218.4       5 55249. 27068. -.- ..--7951. -0.0 -- . - 0.0 -  ---34403. -
271. 5                 5 Sq374. 29444. 8103. 1953.6 0•0 41581.

32H.2       5 6/687. 32004. 8261. 6359.9 0.0 48886.
382.9       5 65224. 34773.- 8426.---- -- 11159.4 - -··--0.0 -- --56427.
437.6       5 6A958. 37729. 8597. 16307.6 0.0 64113.
492.3       5 73049. 41016. 8779. 21926.9 0.0 72076.

54/01       5 77301. 44454.  --- - -8967. · 27761.2 0.0 ·------80326.

601.4       5 82653. 48353. 9169. 34245.4 0.0 89072.
696.5       5 87102. 52531. 9380. 41118.1 0.0 98442.

/11.2 5     -    92471. 57006. -9600. 48406.1 - -- 0.0·-   -108181•
765.9       5 99433. 62036. 9837. 56458.7 0.0 118823.

820•6       5 104871. 67911. 10067. 64843.5 253.7 130207.
H75.3 5    - 112]85. -73739.--- ---10200. ... --_ 72537.8 2191.8- 142689.

930.0              5 1213050 81455. 10200. 79713.6 6782.6 156893.

984.7 5 13361 9. 91 A 13. 10200. 89335.5 13059.1 174152.
-1039.4-- 5 -151397. 106461. 10200, 102928.5·--22094.8 195996.

1094.1       5 170592. 128728. 10200. 123567.8 36066.3 226086.

1148.8       5 222036. 163986. 10200. 156218.7 58520.1 269538.



LINE      1        2        3        4        5        6        7        8

110. 6-9 OFFSET TENSION(FT)
CLB)

0.0         36591.   37591.   40099    42692.   43771.   42692.   40099.   37591.5407 32980. 34908. 40113. 44826. 46630. 44826. 40113. 34908.-- .. ----109.4 . - - - 30961.--- 32899. 40154. 46832. 49406.---46832. -40154.--32899.- --164,1 28942. 31316. 40221• 48847. 52274. 48847. 40221. 31316.2]A.A 27875. 29741. 40316. 50935. 55249. 50935. 40316. 29741.g '71.5 26852. 28871. 40438. 53081• 58374. 53081. 40438. 28871.328.2 258/4. 28085. 40587. 55238. 616Al. 55238. 40587. 28085.38%.9 25151. 27302. 40763. 5/587. 65224. 57587. 40763. 27302.43706 24648. -26525. -- 40966.- -59991.--68958. - 59991. ---40966.· --26525. ---492.3 24145. 25919. 41197. 62467. 73049. 62467. 41196. 25919.547.1 236420 25550. 41449. 65190. 77303. 65190. 41449. 25550.401.8 23139. 25183. 4147h. 67924. 82053. 67924. 41678. 25183.654.5 22724. 24819• 41928. 70943. 87102. 10943. 41928. 24819.711.2 2239 3. 2445/. 42300, 74048. 92471. 74048. 42200. 24451.---.- -- 7f,5.9     - --  · 22062.-- -2409/. - -42493.- 7/380. 98433.-77380.-2493. 24091.-A20.6 21730. 23740. 42A08. 80900. 104871. 80900. 42808. 23740.A 79.3 21399. 23185. 43144. 84638. 112185. 84638. 43144. 23385.930.0 21008. 23164. 43501. 88616. 121305. 88615. 43501. 23164.984.7 20753. 2294/. 43880. 92866. 133689. 92866. 43880. 22947.1039.4 20515. 227-31. 44280. 9/342. 151397. 97342. 44280. 22731.1094.1 202/7. 2251/.  . 44702. 102218. 178592. 102218. - .-44/02. 22517.1148.H 20034. 22305. 45144. 10/323. 222036. 107323. 45144. 27305.



OFFSET
HuRiLUNTAC-COMPONENT-OF-TENSION(LB)

00 6-1 LIME                                         1                       5                      4-                                                                         1                        8

C vt)                                                                                                            6
0.0 18750.---18750. 18750.- 18750. 18750. 18750. 18750. 18750.

54.7 15966. 16743. 18759. 20238. 20741. 20238. 18759. 16743.
109.4 14338. 15212. 18788. 21697. 22735. 21697. 18788. 15212.

164.1 -- -    = 12709. f·· 13983.--18836. 23163. 24839. -23163. ·18836.---13983. -----
21 A.B 11784. 12761. 18903. 24721. 27068. 24721. 18903. 12761.
273.5 10891. 12042. 18989. 26350. 29444. 26350. 18989. 12042.
32A.2 -· -- --999'30 1] 3840 --19094.-27988. 32004. 27988. 19094. -11384.
3A2.9 9370. 10729. 19218. 29818. 34773. 29818. 19218. 10729.

w 437.6 8876. 1007/. 19161. 31701. 37729. 31701. 19361. 10077.
492.3 - 8381. 9553. - -19524. 31651. -41016... -33651.--- -19523. 9553. -
547.1 7887. 9204. 19703. 35836. 44454. 35836. 19703. 9204.

601•8 7393. 8850. 19A74. 38030. 48353. 38030. 19874. 8858.
656.5 - · - 6971. =·8513. --20062. ---40491.--52531. 40491-.---20062. ·----8513. --
711.2 6637. 8171. 20266. 43032. 57006. 43032. 20266. 8171.

769.9 6297. 7831. 20486. 45785. 62036. 45785. 20486. 7831.
-.  - A20.6 -- 5956. ..7493...-20722.--.48715. 67511. 48714. ---20722. -- -7493.  -

q 7 s .3 5616. 7150. 20975. 51848. 73739. 51848. 20974. 7158.

930.0 5276. 6935. 21243. 55206. 81455. 55206. 21243. 6935.
--    - 984.7 4952. --·6716. --21527.----58821·. ·91813.--58821. 21527. 6716.---.--

1030.4 4706. 64990 21828. 62647. 106461. 62647. 21828. 6499.

1094.1 4459. 6283. 22144. 66852. 128728. 66852. 22144. 6283.
114 H0p 4212. 6069.     22476. - -71265. 1639H60 · 71265. ·22476.  ·- ·60690.--



SUSPENDEU LINE LENGTHoFFSET---- -- ---  -
C KT)

00.6-9 L i v t                          1                                         1                                   -3
--

4- 9------C'iT)----7-                    -8
0.0 7065. 7102. 7195. /309. 7360. 7309. 7195. 7102.54.7 7000. 7028. 7195. /425. 7513. - 7425.- -- 7195. 7028.109.4 7000. 7000. 7197. 1531. 7657. 7531. 7197. 700u.164.1 7000. 7000' 7201• 7638. 7803. 7638. 7201. 7000.

3&9:R          188°· ;88" 7206.
TA@0:   - - A?Nli  -   -:33 2:    - i699: 1888:

O. U. /212.
12R.2 7(100. 700U. 7219. 7963. 8261. 7963. 7219• 7000.  382.9 6980. 7000. 7228.- -8077.--8426. 8077. 7228. --  --7000.--437.4 6951. 700U. 7238. 8194. 8597. 8194. 7238. 7000.492.3 6922• 6990. 7249. 8312. 8779, 8312. 7249. 6996.54701 6891. 6946. 7262. 8439. H967. 8439. 7262. 6985.401.8 6863. 697/. 7274. 8566. 9169. 85660 7274. 697/.656.5 6812. 696/. 72AA. 8702. 93AO. 8702. 7288. 6967.- 711.2 6/39. 4950.·- --7303.-  --8842. --- 9600.----8842. 7303. - 6958.765.9 6666. 6949. 7319. 8988. 9831. 8988. 7319. 69490820.6 6591. 6939. 7336. 9140. 10067. 9140. 7336. 6939.975.3 6521. 693u. 7354. 9299. 10200.  - 9299. 7354. - -6930.930.0 6448. 6484. 7374. 9464. 10200. 94640 7374. 6884.984.7 6378. 6 Aj/. 7395. 9638. 10200. 9638. 7395. 6837.-1039.4 6322. 6791.- - ·74170 -YA19.-·--10200. --9819. 7417. 6791.1094.1 6266. 6745. 7440. 10011. 10200. 10011. 7440. 6745.li48.8 6210. 6699. 7464. 10190. 10200. 10190. 7464. 6699.



SP.&'13 : 4-LEC, SaLID  LINKL.
006108

90. 8-16 1 498S>/3PAR-    4 K'. ) ST< STCV

'NB,u,IT E-Ast,C ..0 5 9% 1 (J

--- -- -- .- ..-D,2. - ..·--- -
Tr PE b - - '-10(214   - - O,4--    -- · IT.._.4 AIL _  su,MELGED   2..cocuS

-

(=.'- $74)'-,·1 E ( L,/tr ) ., C -6h 49*DE Ir ) C FT ) Cl.1) 1, --f U  j

1
'. //. St (; 1 CARLE 6500. 1.19 4.8 4,n 29600000. 197427n O.

3 19.'. ht r, 1 CAbLE 6500. 1.19 4.8 4.0 29600000. 19/427·,0.

1 ---24/1-.- St 1,   1- -C::HLE---6500.----1-:10- --4.H--- - -·- 4.fl'· - 24600000• 197427 0.--

4      1 i N . Sk (, 1 CAMIE ASOO. 1.14 4.H 4.(1 29600000. 19/427nO.

-A&L E    -=  H C L

7                                                                                DEPTH  a r vESSFI 5 4 7 1.    F I
W - -SL('PK--OF-SEA - F[now - . -   .0950-HT„/ F   T--
(3\ DIRECTION OF FL04E 195. ,)EG

OIRECTION OF DISPLACEMENT b no u E (,



1 Ifl,  I-2(IN f-Al„
DEPTH AT DISTANCE .

INITIAL
VO . 'S - \C I LINE ANCHPR - in ANCHQR SLUPF r Eiv S I l}N

1.0. (FT) (F T ) (FT/FT) (LH)

|               523!1 0 1302• ..0572 28/56.
-  -966 1 2 2902: -.,1672 --31.53H.---

2      5 66 1. 294) 2 . . ( ,F 7 2 3153A.
4 9234. 3382. -.0&72 28/56.

l,FSULT nt VESbtl -OFFSET

MOST LOADED LINE ,  1/: ro   )

.------; TOTAL

--4}F F >>• f---- -'t. 1,40 - TENSION--- --FORrE__.._.  --SUSWKNOEl) - 1 1( )k  1  Z O N  T A L- -V E N T ICAL -- FORCE--
,-10 R  I  Z n N  r A l. LFNGTH 944-L ON ANLHOW MESTORING

31

(0- 1 3 .li). 11.4) 11.4) (FT) (1.H) (Lb) (LB)

0.9       2 31533i 7596. 6500. 7210.5 4083.3           0
44./       .1 31174. 8495. 6500. 81/5.0 5395.0 1834.

104.'        .4 ih545  lun36. 6500• 4471.5 7402.2 3999.

------1647|    --      --      .1  --- ----1')c'-'17:-------1-91-34:-------15300. -11 353.1 -   -101*69. 2 -682/.
21 4. '       1 40590. 16110. 6500• 14886.9 16592.6 1,1462.

2/1.7                    1                60 4 -14. 27033. 6500. 25249.5 35657.1 237H3.
1 14      2                                     3                         24433 9. 115110. 65 1, 0. 1 02081.9 183259.2 111725.

1 4 2.4                                     1                         4/SL' t.,1 . 277212. 6500. 244525.3 438730.6 2743Hl.

1/.4 3 9125,9. 44 2 04/ 0 6500. 390111.6 74 044 H.n 440595.

1·2:-1-- - --  --1 --   ----**4,11(,4* ----6 f)H 7 15 ,-- --65 00 .-- - --5.1591 3.-1 --'***0**** 607034.

A,(31*I/ONI '11- 1)[STANCt 10 T *it. ANCH,)17 EXCEFI) S TAHLE RANGE, ON OFFSET = 547.1



LINE      1        2        3        4

00 8 -IC: OFFSF T leNSION
(Fl) (LH)

n. (1 2,1/h„. 31535. 3 1 5 311: 24756.
4/6.7 21(11'11. 3155-1 . 33124. 25161.

in () . 4- --.2- 1192-; -- .Ir 1 5 *  O . - - +  3 5 c.4.4 4 . --PH 7HP.
164.1 2 1 19'4. 314/E. 39237. LAM'%.
''l A.k Ph•,AU. 3177/. 4hrgil. 2HB61.
2/.1.4 24&/ 4. 31411. 64434. PR920.
42 14.2 . 24,1/9. 3 2 1 1 /4. 2460.27. 28942.
942.4 2 5 /•,1. 32241/ 575548. 29,177.
. /7 1.h -2449 / 0- 3,449.--91·24,4. 29/75.
492.3 242,4. 3274U. *00000* 292Ah.

UO. 8-le iffeer .hy£__    1      1      6      4. HARIZ(,NTAL COMPANENT OF rENSION
(LH)

(tr)
11:-tr

· - - -·-/94/n .· -  -·--/C'gb .-- --· /R46. -/ 59 6 -.-     -
54.7 7,12/. /6110. 4995. /APP.

1(,4,4 h-,/1. /434. 11.in36. /6/R.
164.1 6114. 74,1 1. 121313. /645.

21,4.4 4/2/. 174/. 16111'. /6AY.
37 1.5 5,6 11.1. 7 #31. 2 1 1.1.1. 7731.
/24.7         -,         .51/fl# 6.--  .. 19:14.-·---1 151 /1.----- -141 441.·
'AP.4 4// 0 . H,ISO. 277)Ip. 7 H 61.

417.6 4443. HI (4). 442947. 7941.
442..1 4 234. ,4.1 4 4. 6 1 1 8/1 9. t,1131•

'E·.3 1 *. _ .OFC''Fr L• F    1       1      3       4     bUSPENDFU LTNF LENDTH
(FT)

1 Tr)
0. 0 h,11,1. 6/t}U. 6%110. 6500.

54.7 45(1,1. 6,-illu. 651) 0. 6500.
1 (14.4- 65,)/1. *ht}u. 6500• t, 5 (10.

164.1 6 DUO. 4508. 65(10. 6%00.
21 3.,1 r)'* r,  1 . ('.3,)0. 6900. 6500.
273.4 4455• #,hi, U. 6500. h500.
424.p 6420. 65 () u. 6500. (, SO n.

3,12.0 619 h. 6500. 6 S (1 0. 6500.
47/.5 -634U. 65 1) U. - 6500. 650 00

4')2.3 629 3. 65'}u. 6rHB. 65"0.



B.  3     bA ee E   - 120&-9 R=72=£   

4 -LE (s 4 00 2-, (s . SYST bl-1 --...

k EV LAL

MCL

HCL 1 HCL

8   -  LE G

ST 11 L   2-0 D

KEVL42-

HCL, HCL L CHA',J

8-39



MOOR.,OU SY $1 £M bAEGE
311*cwg, 14<lot |ill 416ll

LEAIQ,4 1
9,4/cwir 

801109  Hob )41.   OPER:AT,uU LouD,   1, Fl 6.1  %' PS    su6nVAL CoODI.  6,
&41.1 kips

. E 4       2# t ltd  7#/4  i  ,::,„ 1 "Pir'          4                      / " swpi   116:111,2. 1  €. H   1 746*.k,p':34,.r."EyriT:':.r,  -f£ .: Fl .  T"aLL'/11'1343-11'.,1. 7,£1 7·,&-
1 0011_ov A kwo<- 1 '9.( O,1 A.J(./OL

-

-    i1 1
i :   --  -- - -      . ST                                                    Ill

4           ZE , LAC Iii 2

6,4-Fo'      '        00°9    , 1    81.0  2 5,\50 |        1           160.0  '3,4-6rv |         
't;       1                             13.0'54 

19'1 1 -1 Pet 16-JS,1·J 64,&30' To 71,"0 

1 S*1-4*

Ki JLAC 151 7,7 n
_0312- _2*1,96_  _90'0     ! 3060 :1 3 0 CAjo

'1 5                                           1                          i1 1 1   1     4.494
:  A      4 - i i De,riws,06 64,91 014 To 1*4,61.0,11                                     1

4-                           · 1 id Ii*

 
UVLAili l5l ,

9,in ,

__ _ _ -91915   '..959-   44.0    9 1
fo 139.0 1 ...4.1

6v. IL

i - 9-,rD #,07/
1

1      1,3      ·            >$5  1                                  1...                                                                                       1
t

:,U 1 -)--_. -1 -DR3741!5:3 let.460! a    ro   7|,16, o '



1400£,AJ U sysT &64 b Ate E

LEG 44".1 mi#M O, Sltit*D( / Or- 1

70 A.ACHOL O,1(L 0,1 &*CIOR.
Btl,KIMM 14(lot Allo 4lt LEAl(114   DIA  EL;CLUMF  11:fE  Hott. Dist.    optiATIO<, C.ouDI.    1, 416.3   tifs   SuRvival  CoODI.   6, 391.7 t'fs

'61'S Imw  Kip,     4       / 7FT_ fluD'I MT,41  A.,1     2   4    1•,  ·k M -;MEG:t ;t':7%8- .2.-;11 - T.,a,-R,fs .Oil ..,9,  Vitt ./.0,

4.                                                                                                                       u 4%

Dit.2 4 CL    .1. 1.BOD /90 0.0 1 F  1       5.3  1 6 411 3,891 54-0 9,401 6,4- 10  1,0,1

:600

(1-I, PLETERS,02= 450 XES

4                                                                                           MAx
D,Kie    HCL               E                 6,Firp  SD 0.019    3.44-1      24 R 5. 11 T 3 5 >      1 b':05

Unor. 60,(Or

7,9 67 14,5 d-b
=60-

(1-31 PifTig S,04: 450 kips

tr



//0 1, 1911
'00£109 sy ST £,4 642.(It
Billri,44 14(lot ill.OVABll OU/ CLUMP, fLOP B   Hatl. Dill. O P i t a l  J O      L O U D t.       2 . 4-   1 6.5 K, Ps SURVIVAL CoOD/.  6,39 2.1 K,PSLta414

/(wil)    /      of-     70 A.'twit
2  - VI      .1.'ax·kiM --U..7/9.,1.  V,KI:r.fl    e - 4 Tua, .*,fs

woit-, 1/1  W/ll - ri'>

LEG IaIinAL Litle*11 95 111/WN

lb. _/*UOY  Bolrov    A .,1
DULL OU APS"RL- Dult 0•* 6, CHot

-,£ s,sirr

ted  *14   I 66 M** ·
4-       HCL                  1                  ''000        ./co     dD   0.01 9     3.614.       '93        9.,trD    1 3.,s,$     4-5,119      101        13.690     41.261    49.920

At51/ C
··'C'.                              3/ 500-D

i co      ./  0'60°
PE.STr:,15,00 r 4.E O k'f f

(5 -11

Col <E 4 £»  CraLlAi ),4 1- WT 1.'1.A CT Ef L A#(rek M  A D E L 1 835       w  :O E     9  1, i
WLI  Ol A  =16.1 '

4- HCL  1  1.000 /90_/.HE 14 41 -1.H,$ ul ne 7,-Ry,r, <suKe• lulkATr1 01
T  06 F OF LI 4 Ir °F ° Ter.Dll C

HCL           14             9.SrI)    /5 0  9,0  1 0.019 3.495 O/1,(reAL  .7   th. L-. C"
1 "--1'-+1                       \         Cd".It el b #St.> 26·1' 1 V

PZETE· s,OR = A 9.8   <,ps

1;
I'-"

M L*

4 HCL     1,in /50 01 0.049   4,43 6 60% 614> 4 LO 4,114
btte ,  O/•      4 00                       7 6.561) 1 50  '1 0= 60

(3-/DI 92£16·35,00 = 51 9.% Bles .

MAK

4     4('-            1-             1,rr)    -hi-Vwv 0 095   4.,90      C  4357- 699 ID,446DIC 2
,   0/=60'  Ha-          v          6.900   /10:  ,/ 0

(2-,c) ;   21 l k'  5 , 0 '3        =        LJ  :ro           K      p s

MAN

4    VLL            7           2000 _/§99_ 1102.-e=212.-4,505 510
/ O/

5,191 610 11,69 1
012. C

, 60,  HCL          1,         _6999 _- IN . C /2--        -- -

k.-101 6££1.US,00 = 3,9,rD k,75



6400.1 OU SYSTEM bie cr E
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APPENDIX C 

METHODS FOR PREDICTION OF MEAN ENVIRONMENTAL FORCES AFFECTING 

OTEC IIODULAR PLANT S K S S  
. . 

The major fo rces  a f f e c t i n g  the  design of  the.  SKSS f o r  the OTEC modular 

p l a n t  are,  j u s t  as i n  the case o f  any f l o a t i n g  system, those fo rces  t h a t  ac t  

i n  the h o r i z o n t a l  p lane. They p r i m a r i l y  a r i s e  from the second o r d e r . d r i f t  

forces due t o  waves, as w e l l  as the forces due t o  the a c t i o n  o f  wind and cu r ren t .  

I n  o rder  t o  a r r i v e  a t  an assessment o f  the mean values o f  these h o r i z o n t a l  plane 

forces,  as a f i r s t  s tep  i n  e s t a b l i s h i n g  the l eve l  o f  forces t h a t  would be count-  

ered by a mooring system design,:an a n a l y t i c a l  s tudy i s  p resen t l y  be ing c a r r i e d  

ou t  by dceanics f o r  t h e t  purpose. These values can then be prov ided t o  design- 

e r s  o f  proposed mooring systems so t h a t  they can use such in fo rmat ion  as a p re -  

l i m i n a r y  means o f  e s t a b l i s h i n g  a range o f  poss ib l e  system designs. The proced- 

ures used i n  eva lua t i ng  these mean values a re  descr ibed below. . 

The'second o rder  d r i f t  f o r ce ' due  t o  waves i s  found by means o f  a hydro- 
. . 

dynamic ana l ys i s  based upon the  sca t t e red  waves assoc ia ted w i t h  the presence o f ,  

a f l o a t i n g  body ' i n  an ,oncoming ambient wave system. The sca t t e red  wave systern 

inc ludes the  waves d u e ' t o  d i f f r a c t i o n  o f  the  oncoming waves, as w e l l  as the 

r ad ia ted  waves due t o  the  mot ion response o f  the  body. 

For the case, o f  the  ba rge ' t ype  p l a t f o rm .  the  d r i f t  f o r ce  i n  beam seas i s  

the maximum va lue,  and t h a t  i s  found by means o f  eva lua t i ng  the  r e f l e c t e d  nave 

assoc ia ted w i t h  d i f f r a c t i o n  e f f e c t s  and the  rad ia ted  wave due t o  the  motions o f  

heave, sway and r o l l  (yaw and p i t c h  e f f e c t s  a re  g e n e r a l l y  n e g l i g i b l e  i n  the 

present case).  The ana l ys i s  p rov ides  a (pseudo) ) ' t r a n s f e r  funct ion" .  opera to r  



r e l a t i n g  the average l a t e r a l  d r i f t  force t o  the square 'o f  the  wave ampl i tude, 
V 

d 
as a  f u n c t i o n  o f  wave frequency, i.e.,, 7 (u). Th i s  f u n c t i o n  i s  then combined 

a  
w i t h  each p a r t i c u l a r  wave spectrum t o  p rov i de  the mean d r i f t  f o r c e  i n  t h a t  

p a r t i c u l a r  seaway by.means o f  the ope ra t i on  

where S (d) i s  the wave spec"trum. 
q 

The ana l ys i s  abbve requ i r es  the i n i t i a l  de te rmina t ion  o f  the f i r s t , o r d e r  

mot ions o f  the vesse l ,  from which the d r i f t  f o r c e  i s  determined by quad ra t i c  

ope ra t i ons  i n v o l v i n g  sums o f  f i r s t  o rder  mot ion and wave p rope r t i es .  The same 

bas i c  procedure a p p l i e s  t o  the  case o f  the  spar- type p l a t f o rm ,  which i s  descr ib -  

ed below. The genera l  procedure f o r  f i n d i n g  the d r i f t  fo rces  i s  b a s i c a l l y  

s i m i l a r  t o  the method o u t l i n e d  by Maruo [I], w i t h  spec ia l  techniques app.l ied by 

Oceanics t o  f i n d  the va r ious  r equ i r ed  c o n s t i t u e n t  elements. 

For the spar,  which i s  assumed t o  be e s s e n t i a l l y  symmetric about a  v e r t i c a l  

a x i s ,  the d r i f t  fo rce  i s  a l s o  determined i n  a  manner s i m i l a r  t o  t h a t  f o r  the  sh ip .  

The " t r a n s f e r  func t ion"  r e l a t i n g  the average f o r c e  i n  a  r egu la r  s i nuso ida l  wave 

t o  the  square o f  the i n c i d e n t  wave amp1 i tude i s  found from a  s c a t t e r e d  wave appro- 
. - 

p r i a t e  t o  t h a t  shape .veh ic le .  The ope ra t i on  g i ven ,by  Eqn. ( I ) ,  a p p l i e d  t o  t h a t  

f o r c e  represen ta t ion ,  p rov ides  the  mean d r i f t  f o r c e  f o r  each p a r t i c u l a r  wave 

spectrum c o n d i t i o n  o f  i n t e r e s t .  
. . . . 

The wind f o r c e  i s  found, f o r  each case, i n  terms o f  the  above-water p ro -  

j e c t e d  area f o r  any p a r t i c u l a r  wind d i r e c t i o n .  ,The bas ic  fo rce  i s  represented by 



where ' = ' a i r  dens i t y ,  . F  = wind speed component, A ' =  p ro j ec ted  area', e t c . ,  
a  w , P 

w i t h  the main prob lem bging an es t ima t i on  o f  the d r a g ' c o e f f i c i e n t  C This  
D ' 

can be fdund from .any a l a i l a b l e  measured data f o r  the p a r t i c u l a r  vesse l ,  o r  

by means o f  a  reference handbook source such as Hoerner [ 2 ] .  ' 

A s i m i l a r  type o f  ana l ys i s  i s  app l i ed  t o  de te rmine . the  f o r c e  due t o  

water cu r ren t  ac t i on ,  us ing the appropr ia te  water dens i t y ,  curre.nt  magnitude, 

e t c .  Again the 'ma jo r  problem i s  determin ing the appropr ia te  c ross - f l ow  d r a ~  

c o e f f i c i e n t  value, which 'may be known from spec i f i c 'mode l  t e s t s  o r  from pub- 

l i s h e d  date such a s  t h a t  i n  [21. 
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APPENDIX D 

DETAIL  DATA ON ENVIRONMENTAL STATES 

ENVIRONMENTAL WAVE, WIND, CURRENT STATES,. AND PROSABILITIES 

OF EXCEEDANCE: APPROXIMATELY 17'57'N, 65'52'W: 

OFFSHORE PUNTA TUtiA, PUERTO RlCO 

INTRODUCTION 

Th i s  r e p o r t  presents  resu l t s  o f  an ana l ys  i s  o f  c e r t e i  n  env i  ronrnezta I  

wave, wind, and c u r r e n t  s t a tes ,  and t h e i r  probabi  I  i t i e s  o f  exceedancs a t  

a  s i t e  o f f  Punta Tuna, Puer to  Rico,  i n  an approximate c h a r t  depth o f  1200 

meters. The s i t e  i s  descr ibed as f o l  lows: 

Loca t i on  I :  Approximately 17'57'N, 65'52'9, approximate 

c h a r t  depth (Mean Low Water depfh)  1200 meters,  

o f f s h o r e  Punta Tuna, southeast  Pue r f o  R i  co 

I The da ta  h e r e i n  were developed f o r  use i n  a n a l y s i s  o f  t he  e f f e c r  c! 

I the  se lec ted  env i ronmenta l  wave, wind, c u r r e n t  s t a t e s  on an OTEP f a c i l i - y  

' 1  (Ocean Thema l Energy Conversion f ac i  l  i t y  1 proposed f o r  t h e  s i t e .  

Reference i s  made t o  two p rev ious  rne ieoro log i  ca I-oceanograph i c re ro r?s  

on i h i s  s i t s ,  as f o l l o w s :  
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I. Bre tschne ider ,  C. L., F i n a l  R e ~ o r t ,  Desiqn Wave and Cur ren t  

C r i t e r i a  For P o t e n t i a l  OTEC S i t e s ,  1977 

2. Evans-Hamilton, OTEC Demonstrat ion P l e n t  Env i rcnmenta l  Packece, 

The s p e c i f i c a t i o n s  o f  t h i s  r e p o r t  s t i p u  l a t e d  t h a t  t h e  resu I t s  h e r e i n  

be c o n s i s t e n t  w i t h  re fe rence  ( I )  above, i n s o f a r  as.  poss ib l e ,  and where i t  

appeared t h a t  t h e  resu  I t s  o f  t h i s  a n a l y s i s  d i f f e r e d  t o  a s i g n i  f  i c e r i i  

e x t e n t  w i t h  those o f  re fe rence  ( I ) ,  comment t o  t h a t  e f f e c t  wou I d  be i n -  

c luded  here in .  I < 

I n  re fe rences  ( I )  and ( 2 )  use i s  made o f  bo th  t h e  Eng l i sh  and m e t r i c  

s y s t e ~ s .  To p e r m i t  convenient  d i r e c t  comparison between t h i s  r e p o r t ,  and 

re fe rences  ( I  1 and (21, t h e  same u n i t s  a re  used f o r  each parameter ( i .e . ,  

wave h e i g h t  i n  f e e l ,  w ind speed i n  knots,  c u r r e n t  speeds i n  cen t imete rs /  

second, ... e t c . )  

Th i s  r e p o r t  cons i s t s  o f  the  f o l  low i ng s e c t  i o n :  

. 
I. Environmental  Wave, Wind, Cu r ren t  S ta tes ,  and P r o b a b i l i t i e s  

o f  Exceedance C 

ENV I  RONI-IENTAL WAVE, W I  ND, CURRENT 

STATES, AN3 PROBAGILITIES OF EXCEEDANCE 

Tables I th rough  35 summarize r e s u l t s  o f  t h e  ar ,a lys is  o f  e z v i  ron- 

mental  wave, w i nd, c u r r e n t  s?ates and t h e i r  probebi  l i t i e s  o f  exceedancs. 

T h r e ~  wave d i  r e c i i o n s  ( d i r e c t i o n  f rom whi tn waves move) a re  c o n r i d e r e i  -- 
-. here i n,' . . . no r t hees t ,  ,eact ,  and southeas?. I nese wsve d i  t e c t i  cns eccadrtr 
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- ,  

f o r  more than 92 pe rcen t  o f  a l  l  wave d i r e c t i o n s  o c c u r r i n g  a t  t h e  s i i e  . , 

because of  t he  s t r o n g l y  p reva i  l i ng e a s t e r l y  winds ( " t r ade  winds" o f  the  

Pue r t o  Rico a reac  

S i g n i f i c a n t  wave he igh t ,  Hs, i s  t h e  average h e i g h t  o f  t h e  highes? . 

.. 33 1 /3dp o f  t h e  waves. The waves a r e  observed consecut ive l y  ,and a  I I waves 

a re  cons idered ( t h a t  i s ,  no d i f f e r e n t i a t i o n  between a  "sea" o r  "wind wsi/e", I 
and, a  Itswe l  I "  i s  made) .. An ac tua l  measurement o f  s i g n i  i i can t  wave hei  s+t I '  
u s ~ a 1 l . y  i nvo l ves  a  10 t o  20 minute cont inuous r e c ~ r a i n g  o f  a  wave gas?. . . I 

S i g n i f i c a n t  wave pe r i od ,  Ts, i s  t he  aversge p e r i o d  o f  t he  h i g h e s i  

33 1/3$ o f  the.  waves, . . . the  same waves cons idered i n  t h e  de te rn i  na t  iof i  

. o f  t he  s i g n i f i c a n t  wave he igh t .  

The wind speed i s  s t a t e d  ( r e fe rence  2 )  as a n~x imum 10 minc te  averasE l 
and i s  g i ven  i n  knc t s  ( n a u t i c a l  m i  les  pe r  hou r ) .  I 

The s t  i 1 l  wa te r  depth a t  t h e  s  i t e  i s  speci  f  i s d  as ap?rox ina te  l y  l22C' I 
meters. Because o f  t t i e  cons iderab le  depth a t  t h e  s i t e ,  s torm t i d e s  ara I 
smel I ( a  few f e e t  i n  t h e  case o f  severe hu r r i canes ) .  The as i rcncmice l  I . . .  t i 6 2  range i s  a l s o  sma l l  ( 2  f e e t  o r  l e s s ) .  The p z s s i b l e  t i d t l  v e r i 2 - i o n  

o f  severa l  f e e t ,  a t  t h e  most, h t s  neg l  i g i  b l e  e f f a c t  on t h e  wave ~ r o f  i l e  

o r  wave fo rces  i n  a water  depth o f  a p p r ~ x i m a t e l y  1293 meters. For t h i s  I 
reascn, storrr, t i d e s  and ast ronomice l  t i d e s  a re  n o t  ccns idered ne re i n .  I 

The percentages o f  waves i n  p e r i o d  grcu9s a re  summsri zed i n  i h e  t s 3  12s. I 
The waves a t  t h e  s i t e  a re  preccminate ly  s h o r i  p e r i c d ,  l oca l  ly  sener3te3 I ; 
w i  nd waves, b u t  some ;we l  l reaches t h e  s  i t e .  The wave p e r i c d  d i  s i r ;  2~-l :ns I 
o f  re fe rence  ( I  were 'ad justed t o  i nc l ude  some longer  p e r i c d  wave a c t i c n ,  I 
s i nce  loncer  p e r i ~ d - w a v e  a c t i o n  i s  p rescn t  a t  t h i s  s i t e  and i s  im?c-irr-  

w i t h  r *es?ezt  t o  vessel  mz i i on  p r cb less .  
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Current  speeds I n  cent imeters per  second are summari zed f o r  100 meis? 

depth i n t e r v a l s  i n  the  tables.  .The cur ren ts  summarized are the  vec to r  

t o t a l s  o f  t he  gesstrophic,  t i d a l ,  and wind dr iven cur ren ts  i n  the  d i r e c t i w  

of motion of t h e  waves, 

The, probabi l i ly o f  exceedance o f  t h e  envi ronmental s t a t e  i s  t he  per-  

centage of t ime t h e  envi ronmenfal s t a t e  (&mFined wave, wind, and curre-.+) , I 
! 

i n  the spec i f i ed  d i r e c t i o n ,  i s  exceeded. Thus an exceedance of 1 %  l n d i c e ~ e s  
, ) .  I 

t h a t  . . t he  envi ronmental . s ta te  i n  t he  speci,f i ed  d i . rec t ion  i s  exceeded 3.0525 I 
days t o t a l  t ime pe r  year. 
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TABLE I : ENV IRONMENTAL WAVE, w IND; CURRENT STATE : APPROX IMATELY 
17'57'N, 65'5Z1W, OFFSHORE PUNTA TUNA, WERTO R ICO, 

APPROX I MATE CHART DEPTH 1200 METERS, E WAVE D I RECT  ION^ 

S i g n i f i c a n t  Wave Height,  H, 2 4  F t .  
S i g n i f i c a n t  Wave Per iod,  Ts 4.0 'u~ecs. 
Wind speed1 10. Knots 
S t i  I I Water Depth, d 1200. Meters 

D i s t r i b u t i o n  of 
Wevs Per iods 

0 - 2.4 Secs. 
2.5 - 4.4 
4.5 - 6.4 
6 .5  - 8.4 
8.5 - 10.4 

10.5 - 12.4 
12.5 - 14.4 
14.5 - 16.4 
16.5 - 18.4 
18.5 P lus  

Cu r ren t  Speed 
Versus Depth, Meters 

Percentage of 
Waves i n  P e r i o d  G ~ O U D  

Probab i l i t y  o f  Exceedance o f  Envi rocne ta  l S t a t e  

38.C7 Percent  

. 
No ie :  ! ~ i  r e c t i o n  f rom which waves move o r  wind blows. . -- 
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TABLE 2: ENVIRONMENTAL WAVE, WIND, CURRENT STATE: APPROXIMATELY 
17O57'N, 65'5,2'W, OFFSHOilE .PUNTA TUNA, PUERTO RICO, 
APPROX MATE CHART DEPTH 1200 ME-TERS, E WAVE DIRECT  ION^ 

. . 

S i g n i f i c a n t  Wave He igh t ,  HS 4.0 Ft.' 
S i g n i f i c a n t  Nave Per iod ,  TS 4.7 Secs. 
Wind speed1 14. Kncts 
S t i  l l ,Water Depth, d 1200. t::eters 

D i s t r i b u t i o n  o f  Percentage o f  
Wave P e r i o d s  k'zves i n Per i od G r o u ~  

. . 
0 - 2.4 Secs. 

2.5 - 4.4 
4.5 - 6.4 
6.5 - 8.4 
8.5 - 10.4 

10.5 - 12.4 
12.5 - 14.4 
14.5 - 16.4 
16.5 - le .4  
18.5 P l u s  

C u r r e n t  S p e d  
Versus D s ~ t h ,  Me te rs  

0 
100 
20 0 
300 
400 
500 
600 
700 
80 0 
900 

l OOG 

Probabi  l i t y  o f  Exceedence o f  E n v i r o n n e t a l  S t e t e  

21 .a5  F e r c e n t  

No te :  l ~ i  r e c t  i o n  f rcm whi ch waves move o r  ~i nd b l  cws. -- 
D-6 

- - 
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TABLE 3 : ENV IRONMENTAL WAVE, W I ND, CURRENT STATE: ' APPROX IMATELY . 
17'57'N, 6505Z1W, OFFSHORE' PUNTA TUNA. PUERTO R.ICO, 

APPKOX lMATE CHART DEPTH 1200 METERS, E WAVE D I RECT I  ON^ 

S i g n i f i c a n t  Wave Height,  H, 6.0 F t .  
S i g n i f i c a n t  Wave Per iod,  TS 5.4 Secs. 
W i nd . speed1 17. Knsts , 

S t i  l l  Water Depth, d 1200. Meters 

. . 

. . D i s t r i b u t i o n  o f  Percentage o f  
Wave Per iods  Waves i n Per i od G r o u ~  

0 - 2.4 Secs'. 4.7 
2.5 - 4.4 33.8 
4.5 - 6.4 44.6 
6.5 - 8.4 9.6 
8.5 - 10.4 4.6 

10.5 - 12.4 1.4 
12.5 - 14.4 0.7 
14.5 - 16.4 0.4 
16.5 - 18.4 0. I 
18.5 P lus.  0. I 

Cu r ren t  Speed 
Versus Depth, Meters 

0 7v 83 Cm/Sec 
103.' 6 7 
200 6 2 
300 5 2 
400 44 
500 3 7 
600 3 2 
7 00 2 9 
80 0 2 7 
900 2 5 

1000 " 2 4  

F r o b a b i l i t y  o f  Exccedance o f  Env i r onne ta l  S t a t e  

12.41 Percent  

Note: l D i  r e c t i o n  f rom which waves move o r  wind b!ows. -- 
D-7 . . 

. 
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TABLE 4 : ENV l RONMENTAL WAVE, W I ND, CURRENT STATE : APPROX IMATELY 17'57'N, 6505ZfW, OFFSHORE FUNTA TUNA, PUERTO RICO, APPROX I MATE CHART DEPTH I 200 M ~ E R S ,  E WAVE .D I RECT  ION^ 

S i g n i f i c a n t  Wave Height,.HS . . 8.0 F t .  
S i g n i f i c a n t  Wave Per iod,  TS 6, 1 Secs. 
Wind speed1 20. Knots 
S t i  l l Water Depth, d 1200. Meters 

D i s t r i b u t i o n  o f  Percentage o f  
Favss i n P e r i  od Grouo . Wave Periods 

0 - 2.4  Secs. 2.9 
2.5 - 4.4 22.5 
4.5 - 6.4 46.3 
6.5 - 8.4 18.5 
8.5 - 10.4 6 . 4  . 

10.5 - 12.4 1.8 
0.9 12.5 - 14.4.  

14.5 - 16.4 0.4 
16.5 - 18.4 0.2 

0.1 18.5 P lus  . 

C u r r e n t  Speed 
Versl.ls i lenth ,  Metsr,s 

0 85 Crr:;Sec 
I OC 6 7 
200 62 

5 2 300 
400 4 4 
500 3 7 
600 3 2 

2 9 700 : 
80 0 2 7 
909 25 

1000 24 * 

Frobabi  I ;  t y  o f  Exceedance o f  Envi ronne ta  l State.. 
*- . .  . - - .. 

6.09 Psrcen t  

Note:  l ~ i  r e c t i  on -- from whi ch waves move o r  w ind .  b I  ows. 
- .  

\ '  
D-8 ', 
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TABLE 5:  ENVIRONMENTAL WAVE, WIND, CURRENT STATE: APPROXIMATELY 

' 
17O57'N. 6505ZtW, OFFSHORE WNTA TUNA, WERTO R ICO, 

' APPROX IMATE CMRT DEPTH 'I 200 METERS, E WAVE D I RECT  ION^ 

S i g n i f i c a n t  Wave Height,  H, 10.0 F t .  
S i g n i f i c a n t  Wave Period, T, 6.8 Sec, 
Wind speed1 22. Knots 
S t i  l I Water Depth, d 1200. Meters 

D i s t r i b u t i o n  of Percentage o f  
', Wave Per iods Waves i n  Per iod  Grouo 

0 - 2.4 Secs. 1.7 
2.5 - 4.4 16. 1 
4.5 - 6.4 36.3 
6.5 - 8.4 32. 1 
8.5 - 10.4 8.8 

10.5 - 12.4 3.0 
12.5 - i4 .4  I .Z 
14.5 - 16.4 0.4 
16.5 - 1844 0.2 
18.5 Plus 0.2 

Cu r ren t  Speed 
Versus D e ~ t h ,  Meters 

0 82 Gn/Sec 
100 6 7 
200 62 
300 5 2 
400 4 A 

500 3 7 
630 32 
700 2 9 
8C 0 2 7 
900 2 5 

1000 24 

Probabi I i - t y - o f  ~xceedance .o f  Envi ronm. ~ t a l  S ta te  

3.38 Percent  

Note: ' ~ i  r e c t i o n  f ram which weves mcve o r  wind blows. 
I -- 

.. D-9 ... 
* 

. I  



A. H. G L E N N  A N D  ASSOCIATES 

TABLE 7: ENVIRONMENTAL WAVE, WIND, CURRENT STATE: APPROXIMATELY 
17'57'N, 65°52'W, OFFSHORE PUNTA TUNA, PUERTO R ICO, 
APPROXIMATE CHART DEPTH 1200 METERS, E WAVE DIRECT ION' 

S i g n i f i c a n t  Wave Height, H, 20.0 F t .  
S i g n i f i c a n t  Wave Period, TS 9.7 Secs. 
W i  nd 'speed1 3 Knots 
S t i  l l Water Depth, d 1200. ,i4etefs 

D i s t r i b u t i o n  of 
Wave Per iods 

0 - 2'.4 Secs. 
2.5 - 4.4 
4.5 - 6.4 
6.5 - 8.4 
8.5 - 10.4 

10.5 - 12.4 
. 12.5 - 14.4 
14.5 - 16.4 
16.5 - 18.4 
18.5 Plus 

~ u l r e i i t  Speed 
Versus B e ~ t h ,  Reters 

Percentage o f  
Waves i n-pet i.od G r o w  

- 

I Probabi l i t y  o f  Exceedance o f  Envi r o n r e i a l  S ta te  i - 
I . . ,  0.124 Percent 

Note: l l j i r e c t i o n  from which waves move c r  wind blows. -- 



, . . , 
A. H. G L E N N  AND ASS.OCIATES 

TABLE e: ENVIRONMENTAL WAVE, WIND, CURRENT STATE: APPROXIMATELY I 
. "*17°57'N, 65'52'W, OFFSHORE PJNTA TUNA, PUERTO RICO, 

APPWX I MATE CHART D E P T ~  I 200 METERS, E WAVE D I RECT  ION^ I 

S i g n i f i c a n t  Wave Height ,  HS 25.0 F t .  
S i g n i f i c a n t  Wave Per iod,  TS 10.4 Secs. 
W ' i  nd speed1 40. Knots 
S t i  1 1 Water Depth, .d 1290. M e ~ e r s  

'I D i s t r i b u t i o n  o f  Percentage o f  
Wave Per iods Wzves i n  Pe r i od  G r o u ~  

, 
0 - 2.4 Secs. 0.5 

2.5 - 4.4 3.0 
4.5 - 6.4 10.5 
6.5 - 8..4 22.7 
8.5 - 10.4 27.5 

10.5 - 12.4 22.9 
12.5 - 14.4 19. I 
14.5 - 15,$ 1.8 
16.5 - 18.4 0.6 
18.5 P lus  0 .4  

Cu r ren t  Speed 
Versus Dzpih, Mziers 

0 110 Cn/Sec 
100 . 76 
200 62 
300 5 2 
400 44 
500 37 
600 3 2 
700 . 29 
80 0 27 
900 2 5 

1000 24 

, Probabi l i t y  of Exceedance .of Envi ronneta I Sta fe  

0.0131 ?ercenf 

No ie  : l ~ i  r e c t  i on f rorn wh i ch weves move- o r  w i n d  b l  ows. -- 
D-11 

d 



A. H. G L E N N  AND ASSOCIATES I 
TABLE 9: ENVIRONMENTAL WAVE, WIND, CURRENT STATE: APPR3XIMATELY 

17'57'N, 65'52'W, OFFSHORE PUNTA TUNA, PUERTO RICO, 
APPROX I MATE CHART DEPTH I 200 METERS, E WAVE DIRECT  ION^ 

S i g n i f i c a n t  Wave Height,  HS 
S i g n i f i c a n t  Wave Period, TS 
W i nd speed1 
S t i  l l WaPer DepTri, d 

D i s t r i b u t i o n  of 
Wave Per iods 

0 - 2.4 Secs. 
2.5 - 4.4 
4.5 - 6.4 . . 
6.5 - 8.4 
8.5 - 10.4 

10.5 - 12.4 
12.5 - 14.4 
14.5 - 16.4 
16.5 - 18.4 
18.5 P lus  

Cu r r e  n t  Spee'd 
Versus Desth, Mefers 

30.0 F t .  
11.0 Secs. 
60. . Knots 

1200. lvleier.5 

Percentage' o f  
Wzves i n  Pe r i od  Group 

Probabi I i t y  o f  Exceedance o f  Env i ' ronreta l S t a t e  

0.000637 Percent 

I .  

PCote: l ~ i  r e c t i  on' i r o n  whi ch waves.rnove o r  wind b I  ows. . . -- 
D-12 

., 



I 
A. H. G L E N N  A N D  A S S O C I A T E S  

TAELE 10: ENVIRONMENTAL WAVE, WIND, CURRENT STATE: APPROXIMATELY 
17O57'N. 65°52'W, OFFSHORE FUNTA TUNA, PUERTO R ICO, 

APPfWX IMATE CHART DEPTH 1200 METERS, E WAVE D I RECT ION] 

S i g n i f i c a n t  Wave Height ,  H, 35.0 F t .  
S i g n i f i c a n t  Fsve Per iod,  1, 11.7 Secs, 
Wind speed1 80. Knors 
S t i l l  Water Depth, d 1 203. Rete r s  

D i s t r i b u t i o n  o f  Percenf  age o f  
Wave Per iods Weves i n  Pe r i od  Grou3 

0 - 2.4 Secs. 0.3 
2.5 - 4.4 1.6 
4.5 - 6.4 7.0 
6 . 5 -  8.4 14.4 
8.5 - 10.4 25.0 

10.5 - 12.4 24. 1 
12.5 - 14.4 17.5 
14,5 - 16.4 7.0 
16.5 - 16.4 1.7 
18.5 P lus 0. S 

Cu r ren t  Speed 
Versus Depth, Meters 

0 132 Cm,/Sec 
100 94 
200 0 4 
300 , A 8  
400 4 0 
500 37 
600 32 
700 29 
80 0 27 
903 25 

1000 24 

P r o b a b i l i t y  o f  Exceedznce o f  E n v i r c n r r e ~ a l  S t a t e  . 

0.03601 59 Percent  

N o ~ e :  l ~ i r o c t i o n  f rom-wh ich  haves mDvo o r  w i n d  blows. -- 
D-13 

. > 

'I 



7 - 
A. H. G L E N N  A N D  A S S O C I A T E S  

i 

TABLE* I I :  ENVIRONF4ENTAL WAVE, WIND, CURRENT STATE: APPR3XIMATELY 
17'57'N, 65'52'W, OFFSHORE PUNTA TUNA, PUERTO RICO, 

A P P ~ X  I MATE CHART DEPTH I 200 MRERS, E WAVE D I RECT I ON' 

S i g n i f i c a n t  Wave He igh t ,  HS 40.0 F t .  

. S i g n i  f i c a n t  Wave P e r i o d ,  TS 12.4 Secs. 

Wind speed1 89. Knots 

S t i l l  Water Depth, d 1200. Meters  

D i s t r i b u t i o n  of Percentage o f  
Wave P e r i o d s  Waves i n  Per iod 'Grouo 

0 - 2.4 Secs. 
2.5 - 4.4 
4.5 - 6.4 
6.5 - . 8 . 4  
8.5 - 10.4 

10.5 - 12.4 
12.5 - 14.4 
14.5 - 16.4 
16.5 - 18.4 
18.5 P l u s  

C u r r e n f  Speed 
Versus Depth, K e i e r s  

Probabi  l i t y  o f  Exceedance o f  Envi r o n ~ e t a  l S i a t e  

0.30000327 Percen t  

N o i e :  l ~ i  r e c t i o n  f r c m  which waves move o r  w ind  b l c u s .  -- 



. . .  A. H. GLENN AND ASSOCIATES 

TABLE 12: ENV IRONMENTAL WAVE, WIND, CURREIJT STATE: APPR3X IMATELY * 

17O57'N. 65'52'W. OFFSHORE RlNTA. TUNA, PUERTO R ICO, 
APPROX IMATE CMRT DEPTH 1200 METERS, E WAVE D I RECT 101:' . . 

S i g n i f i c a n t  Wave Height,  Hs 45.0 F t .  
S i g n i f i c a n t  Wave Per jod.  Ts 13.0 Sec. 
Wind speed1 94. Kncts 
S t i  l l  Water Depth, d 1 200. ?ef  e r s  

D l s t r i  b u t i o n  o f  Percentace o f  
Wave Per iods Weves i n  Pe r i od  G r o u ~  

0 - 2.4 Secs. 0. I 
2.5 - 4.4 0.7 
4.5 - 6.4 4.8 
6.5 - 8.4 9.9 
8.5 - 10.4 19.8 . 

10.5 - 12.4, 21.4 
12.5 - 14.4 21.6 
14.5 - 16.4 13.9 
16.5 - 18.4 7 , 6  
18.5 P lus  2.2 

Cu r ren t  Speed 
Versus D e ~ t h ,  Meters 

0 142 Cm/Sec 
100 103 
200 6 9 
300 45 
400 49 
500 3: 
600 32 
700 29 
80 0 
900 27 2 5 

1000 2 4 

Probabi l i t y  o f  Exceedence o f  Envi roamsL ~ a l  S t a t e  

0.009C0 143 Fercent  

Note: l ~ i  r e c t i o n  f rcm wh'i cb waves l o v e  o r  w i n d  blows. 
. - -  

0-1 5 
J 

. . - . .  
- 



A. H. G L E N N  AND A S S O C I A T E S  

-l TABLE 13: ENVIRONMENTAL WAVE, WIND, CURRENT STATE: APPROXIMATELY 
17'57'N, 65'52'W, OFFSHORE FUNTA TUNA, PUERTO RICO, 

APPRJX I MATE CHART DEPTH I 200 METERS, E WAVE D I RECT  ION^ 

S i g n i f i c a n t  Wave Height ,  HS 50.0 F t .  
S i g n i f i c a n t  Wave Per iod,  TS 13.7 Secs. 
N i  nd .Speed1 99. Knots 
S t i  l l Water Depth, d 1200. Meiers  

D i s t r i b u t i o n  o f  
Wave Pe r i ods  

0 - 2.4 ,Sets. 
2.5 - 4.4 . 
4.5 - 6.4 
6 . 5 ~ -  8.4 
8 . 5 - 1 0 . 4  ' 

10.5 - 12.4 
12.5 - 14.4 
14.5 - 16.4 
16.5 - 18.4 
18.5 P lus  

Cu r ren f  Speed 
V ~ ~ ~ I I C  n ~ ~ t h ,  ! . IF~?~TS 

Percentage o f  
b,'aves i n Pe r i  od G r o u t  

Frobabi  I i t v  o f  Exceedance. o f  Envi ronmeta 1. S t a t e  

0.0000C0€33 Fe r c e n t  . 

No te :  ' D i r e c t i o n  f r o 3  which waves move o r  wind blows. -- 
D-16 



ANCHOR TYPES FOR PROBABLE USE 

IN SKSS D E S I G N S  
; 

The f ou r  probable  types o f  anchors which may be used i n  S K S S  designs 

were mentioned i n  Sect ion 3.2.4. 

Se lec t ion  o f  a  s p e c i f i c  type o f  anchor w i l l  depend on the requ i red  ho ld-  

ing  power o f  an anchor o r  system o f  anchors and the r e a s i b i l i t y  o f  i t s  success- 

f u l  i n s t a l l a t i o n .  The q u a n t i t a t i v e  data must be generated f o r  est imated s o i l  

cond i t i ons  based on an eva lua t i on  o f  a v a i l a b l e . i n f o r m a t i o n .  I t  i s  recommended 

t h a t  the s o i l  cond i t i ons  a t  the s i t e  be determined by d r i l l i n g  a  s o i l  bo r i ng  

and by o b t a i n i n g  app rop r i a t e  s o i l  samples f rom the s o i l  bo r i ng  f o r  f i e l d  and 

l abo ra to r y  t e s t i n g .  The requ i red  depth o f  t he  bo r i ng  below the sea f l oo r  w i l l  

depend t o  some ex ten t  on the  type o f  anchor t o  be used. 

The cases f o r  the fou r  d i f f e r e n t  types o f  anchors a re  discussed separ- 

a t e l y  i n  the f o l l o w i n g  pages. 

1.  Draq Type - LWT, Danfor th ,  e t c .  

Design c r i t e r i o n  i s  anchor ho ld i ng  power g iven  by: 

AHP = DW: (Reference ? 13)2 

where : AHP = anchor ho ld i ng  power i n  pounds 

Wa 
= anchor weight  i n  pounds 

C,b = s o i l  constants,, d imensionless,  determined by t e s t s  

:: Numbers r e f e r  t o  the l i s t i n g  a t  the end o f  Sec t ion  3.0 o f  the main t e x t .  



Typ i ca l  values o f  C and b  a re  g i ven  i n  [13]  f o r  va r ious  

bo.ttom cond i t ions:  

C - b - 
Sands 65 - 110 '.82 - .76 -. L 

Mud 3 7 -91 

Clays 2 . 6  - 98 1.15 - .82 

. . . , . .  . , 

The ac tua l  so i  1 condi  t ibns f o r '  the-designated s i t e  a t  Punta 
. . . . 

Tuna a r e  es t imated  t o  be pr,edominantly ca lcareous oozes 

(see Sec t ion  2 .3 ) .  
. . 

The h o l d i n g  power o f  drag anchors i n s t a l l e d  i n  a  calcareous 

ooze depends on severa l  va r i ab l es  i n c l u d i n g  weight  and con- . - 

f i g u r a t i o n  o f  anchor components ( i .e . ,  f l u k e  area, f l u k e -  

shank angle)  and depth o f  embedment. No pub1 ished data i s  

ava i  l a b l e  f o r  t he  h o l d i n g  power o f  anchors in .  a  calcareous 

ooze; we can es t imate  t he  h o l d i n g  power t o  range between 

thaft f o r  c l a y  and sand cond i t i ons .  The ho ld i ng  power r a t i o  

, o f  a  15 k i p s  Dan fo r th  anchor ranges from 2 t o  12[14].  t he  

former va lue i s  lower l i m i t i n g  va lue  f o r  c l ays  and the 

l a t t e r  va lue i s  upper l i ~ l i t i n g  va lue  f o r  sands, Assuming 

a  h o l d i n g  power r a t i o  o f  5 f o r  t he  . l a r g e s t  commercial ly 

a d i e r t  i r e d  anchor o f  100 k i p s  114], the  anchor w i  1 1  have a  

h o l d i n g  power of  500 k i p s .  We a n t i c i p a t e  t he  f o l l o w i n g  

problems d u r i n g  the  i n s t a l l a t i o n  o f  drag anchors a t  the 

s i t e :  



(1) The anchors must .be dragged 10 t o  50 f t .  o r  more i n  
. , , ? . .< . 

o r de r  t o  embed about 2 t o  10 f t .  below sea f l oo r  and deve l .3~  

the  ra ted  ho ld i ng  power. Ttie anchors r e q u i r e  a near hor ' iz-  

o n t a l  mooring l ine a't the  sea f loo r .  Large scopes o f  1 ine 

and o t h e r  connect ive gear a re  r equ i r ed , .w i t h  the associat.ed 

su r face  ope ra t i ona l  problems i n  hand l ing  the  immense amounts 

o f  l i n e  and i n  ma in ta i n i ng  c o r r e c t  p o s i t i o n  and course o f  

work barges du r i ng  placement o f  anchors. 

( 2 )  The near h o r i z o n t a l  mooring l i n e  a t  the sea f l oo r  can be 

achieved on1 y  by supply ing  s u f f i c i e n t  deadweight ahead o f  

the anchors t o  balance the  v e r t i c a l  load component i n  the 

mooring 1 i ne  t o  t he  p'lat'forrn.   hi's dead weight  has t o  be 

p rov ided  i n  the  form o f  heavy chains o r  clamp weights.  

( 3 )  The anchors a re  ab le  t o  r e s i s t  maximum loads o n l y  from 

the  d i r e c t i o n  i n  which they a re  dragged du r i ng  i n s t a l l a t i o n .  

Forces from o t h e r ' d i r e c t i o n s  may g r e a t l y  reduce t h e i r  ho l d i ng  

2. D i r e c t  Embedment Anchors 

D i r e c t  embedment anchors a re  i n s t a l l e d  by impar t ing  eqergy 

d i r e c t l y  t o  anchors a t  sea f loo r  by severa l  means i n c l u d i n g  

a  gun o r  a  v i b r a t o r y  hammer. The anchor may be (1) a  con- 

ven t i ona l  drag anchor, ( 2 )  a  s o l i d  s t e e l  sha f t  shaped as a  

p r o j e c t i l e  w i t h  outward opening f lukes ,  o r  (3 )  a  s t e e l  p l a t e  

w i t h  key ing f laps .  Dur ing i n s t a l l a t i o n ,  the  convent iona l  



drag anchor o r  s t e e l  sha f t  i s  d r i v e n  w i t h  the f lukes  and , .  
. . .  

s ha f t  a l i g n e d  p a r a l l e l  t o  each o t h e r  u n t i l  adequate embed- 

ment i s  achieved, then t he  f l u k e s  a re  keyed o r  r o t a t e d  by . .  

mechanical l i nkages  t o  a p o s i t i o n  i n  which the anchor w i l l  

p r ov i de  a  maximum area t o  r e s i s t  load. A s t e e l  p l a t e  i s .  

d r i v e n  edgewise and then keyed t o  t he  d e s i r e d  p o s i t i o n .  

The h o l d i n g  power o f  d i r e c t  embedment anchors i n s t a l l e d  i n  

a calcareous ooze may vary  over  a  wide range, depending on 

the su r f ace  area a v a i l a b l e  f o r  r e s i s t i n g  load, and depth 

o f  embedment, e.g., s t e e l  p l a t e s  5 f t . . x  5 f t .  and 10 f t .  

I x  10 f t .  i n s t a l l e d  10 f t .  below seafloo,r i& the  calcareous 
I 

ooze w i l l  have u p l i f t  ho l d i ng  capac i t y  o f  30 and 80 k i p s ,  'I \ ' 

1 ,  

r e spec t i ve l y .  

The f o l l o w i n g  problems a re  foreseen i n  t he  use o f  d i r e c t  

embedment anchors a t .  t he  designated OTEC s i t e :  

(1) Opera t iona l  problems - we,-t f r e q u e n t l y  e n c o ~ ~ n t e r e d  i n  

the d r i v i n g  o f  smal l  anchors w i t h  low energy hammers f o r  

water  depths up t o  6000 f t .  [ I S ] .  E f f i c i e n t  h i g h  energy 

hammers a re  needed t o  d r i v e  t he  l a r g e  p l a t e s ,  such as 

10 f t .  x  10 f t .  

(2) The key ing  operat  i on  o f  the f l ukes  reduces t h e i r  embed- 

ment+depth. Fu r t he r ,  t he  r o t a t i o n  o f  f l u k e s  fo rces  the over-  

l y i n g  s o i l  t o  move w i t h  i t ,  thus l eav i ng  a  v o i d  beneath the 

f l u k e s  t h a t  may be p a r t i a l l y  f i l l e d  w i t h  the caved- in ma te r i a l  

f rom the surrounding s o i l .  Th i s  e f f e c t  i s  more pronounced f o r  

a  s t e e l  p l a t e  compared t o  the  o t h e r  types. 



3. Pi le Anchors 

Piles to resist mooring line loads may be installed in a sea 

bed by either driving or grouting piles in predrilled hcles. 

Presently, piles have been driven in a maximum water depth 

of about 1000 ft.' To drive piles in 4000 to 4500 ft. of 

water,'high pressure technology is needed that to our knox- 

'ledge is not yet developed. The only other means of install- 

ing piles at the site is by grouting piles in'holes predrilled 

by the deep sea drilling project drill ship "Glomar Challenger." 

The diameter of predrilled holes is generally 6 in. larger 

than that of the pile 'and the annular space is filled with 

a cement grout delivered under pressure. Drilling mud may 

be required during drilling to provide a stable hole and to 

prevent caving-in of the loose near-seafloor material. 

Analyses of the performance of pipe piles subjected to lateral 

loads can be made for known values of pile size, pile thick- 

ness, and pile penetration. The soil resistance-~ile deflec- 

tion data can be g&ierated for the calcareous ooze and then 

used to compute deflection of the pile at the seafloor for . . 

given late'ral loads.. For example,, a 50-ft. long 3-ft.-diameter 

pipe pile (0.6 in. wall thickness) grouted In a 3.5-ft.-diameter 

predrilled hole at the site will experience deflections at the 

seafloor of about 1 in. and 20 in. for lateral loads of 50 kips 

and 250 kips, respectively, assuming that the mooring line is 

nearly horizontal at the seafloor and is connected to the top \ 
i, 



o f  t he  anchor p i l e .  The problems assoc ia ted  w i t h  the use ,of , . 

p i  l e  anchors a t  the  s i t e  may , i nc l ude  non-appl i c a b i  l i t y  o f  the 

concepts developed f o r  i n s t a l l a t i o n  o f  grouted p i l e s  i n  sha l low 

water  t o  deeper waters and t he  c o n s t r u c t i o n  problems r e s u l t i n g  

t he re f  rom. 

, . 
A procedure f o r  des ign ing  p i l e s  i s  g i ven  i n  [161. The general  

f a c t o r s  o f  sa fe ty  recommended by t h i s  re ference a r e  2.'0 based 

on normal ope ra t i ng  c o n d i t i o n  maximum loads and 1.5 based on 

extreme c o n d i t i o n  maximum loads. 

4. G r a v i t y  Anchors. 

G r a v i t y  o r  deadweight anchors d e r i v e  t h e i r  l a t e r a l  ho l d i ng  

power f rom f r i c t i o n  on the  s ides and bot tom i n  the d i r e c t i o n  

o f  p o t e n t i a l  mot ion and pass ive  r es i s t ance  on the  s ide  pushing 

the  s o i l  outward. Both the  f r i c t i o n  and pass ive  r es i s t ance  

deperid on t he  depth o f  embedment o f  t he  anchor. The ariclior 

embeds i f  the  bear ing  pressure a t  the  base o f  the anchor ex- 

ceeds t he  u l t i m a t e  bear ing  capac i t y  o f  t he  valcareous ooze. 

The u l t . ima te  bear ing  capac i t y  o f  a c i r c u l a r  anchor may be 

es t imated  from: 

= D(N - 1 )  + 0.3yBN 
qu Y q  Y 

where y  i s  buoyant u n i t  weight  o f  s o i l ,  D i s  embedment, N i s  
9 

6.4 and N i s  5.39 f o r  an angle  of i n t e r n a l  f r i c t i o n  o f  the 
Y 

0 
ca lcareous ooze o f  20 , and B  i s  d'iameter o f  t he  anchor. 



. . ., . . 
For example, a  s o l i d  concrete  b lock  w i t h  B = 50 f t . ,  he igh t  

= I O . f t . ,  D = 0  ft.,. y  = 40 pcf  w i l l  have an u l t i m a t e  bear ing 

capac i t y  o f  3234 psf  as computed from' the  above equat ion.  

The bear ing  pressure a t  the base o f  the  b l ock  i s  (150 - 6 4 )  

x ' 1 0  = 860 ps f .  The anchor b l ock  won ' t  pene t ra te  the sea f loo r .  

The u l t i m a t e  f r i c t i o n a l  res is tance  equals 0.268 times. the 

average e f f e c t i v e  s t r ess  on the  s i d e  and bottom. The u l t i m a t e  

pass ive res is tance  equals 2  t imes the  average e f f e c t i v e  st'ress 
. . 

on the  app rop r i a t e  s ide.  For the  example c i t e d  above, the 

, ~ n l y  res is tance  a v a i l a b l e  i s  from f r i c t i o n  a t '  the base of  the 

b l ock  and equals 1963.5 x  860 x.0.268 l b  = 453 k i p s .  

G rav i t y  anchors can f a i  1 i n  four ways: 

a)  Foundation bear ing f a i l u r e  

t) Over turn lng due t o  l a t e r a l  loads 

c )  Ho r i zon ta l  s l i d i n g  due t o  l a t e r a l  loads 

d) Inadequate weight.  

Factors  o f  sa fe ty  t o  be used a re  those recommended by A P I  ! I61 

which a re  210 f o r  normal ope ra t i ng  loads and 1.5 f c r  maximun 

storm loads. 

The ' fo rce  a t  the  anchor i s  the  vec to r  sum o f  the  anchor weigh: 

and the  t e n s i l e  f o r c e  i n  the mooring l i n e  a t  i t s  r e s u l t a n t  

angle  o f f  v e r t i c a l .  Since the l a t e r a l  p o r t i o n  o f  the  anchor 

fo rce  may be a  c o n t r o l 1  ing  f a c t o r ,  the s a f e t y  f ac to r s  a r s  

based on the weight  o f  the anchor alone. Rather,  they a r?  



. based on a  r a t i o  o f  the anchor f o r c e  t h a t  wil.1 cause a  

f a i l u r e  t o  the  expected force o f  the  a n c h o r - f o r  the maximum 
1 . . .  design c o n d i t i o n .  . . , '.,l. 

The g r a v i t y  anchors may be cons t ruc ted  as c e l l u l a r  r e i n fo r ced  
. -  : , 

. . %  

concrete  u n i t s  t h a t  can be subsequent ly b a l l a s t e d ,  and may 
. , ' .  

, 1 . . i 

be p rov ided  w i t h  shear keys a t  t he  base to  improve the  devel -  
. . . . - ,. - : 

apment o f  f r i c t i o n a l  res is tance .  The anchors may be i n s t a l  1e.d 

i n  the sea f l oo r  by e i t h e r  c o n t r o l l e d  lower ing  o r  f r e e  f a l l ,  

The c o n t r o l l e d  lower ing  can be a f f ec ted  by t empo ra r i l y  adding 

buoyancy us ing  a i r  f i l l e d  press'ure h u l l s  o r  be inc reas ing  the 

drag on the  anchor by adding drogue buoys. Both the  c o n t r o l l e d  

lower ing and f r ee  f a l l  methods need t o  be developed i n  the 

f i e l d  f o r  accura te  deployment o f  the  anchors. 



APPENDIX F 

STEELS -- Category 1 - Structural Steel 
I ! .  

. . . :  . , 

ASTM A-36 
... 

This is the most common steel used in structural design. It i s  a carbon 
. ,  

steel and is available in types of structural shapes, plates and bars. 

Y i e l d  strength 36,000 psi' 

Tensile strength 58,000 psi 

Allowable loads are computed according to the specifications of AlSC and 
. . 

f0r.a; already specified in the deneral Design Criteria. 

Fatigue serenglh Is not exactly known, but a conservative estimate is 

40 - 505 of the tensile strength. 

Welding characteristics are' excel lent. 

Corrosion Resistance -- It rusts by oxygen and water. Rate of attach .' 

increases sharply as pH goes . . above 4, decreasing below pH of 8. Salt 
. . 

solutions increase corrosion rate. I t  is attached by acids but it  is 

resistant to alkalis. 



STEELS Cateqory 2. High St rength,  Low A l l o y  S tee l  ' 

ASTM A-440 
. . 

Th i s  i s  a  t y p i c a l  h i g h  s t reng th ,  low a l l o y  s t e e l  used whenever savings 

i n  weight  a r e  impor tant .  . . ., , 

. .  , 

Y i e l d  s t r e n g t h  42 - 50,000 ps i '  

T e n s i l e  s t r e n g t h  63 - ~70,000 p s i  

A l lowab le  loads a r e  computed accord ing t o  the  s p e c i f i c a t i o n s  o f  A l S C  

and/or as a1 readyspec i f  i e d  i n  the General Design C r i t e r i a .  

The s t e e l  i s  a v a i l a b l e  i n  a1 1 s t r u c t u r a l  shapes and p l a t e s  up t o  4 inches. 

Welding and f a b r i c a t i n g  c h a r a c t e r i s t i c s  a r e  e x c e l l e n t  and weld ing procedures 

a r e  t he  same as those f o r  carbon s t e e l .  

The atmnspherir, r .n r rn< inn  res i s t ance  of t h i s  s t e a l  i~ i lpprox imato ly  t w i  ee 

t h a t  o f  r e b u l a r  earbsn seeei .  



AlSl 4140 

This is a typical low alloy steel used in mechanical applications. 

Yield strength 100 - 241,000 psi 
  ensile strength 1 1 7 - 2 9 0 , 0 0 0 p s i  

Allowable loads are computed according to the specifications of P l S C  and/or 
. . 

as already specified in the General Design Criteria. 
, . .  

This steel is available in all standard mill forms; 

Fatigue strength data or stress vs. cycles curves are readily available, 

as it is a very widely used steel. 

Weldable by all procedures. Depending on the applications preheating and/or 

postheating is sometimes necessary; 

Corrosion resistance is the same or'slightly better than that of carbon steel. 



, STEELS -- Category 3 - S t a i n l e s s  S t e e l s  

T h i s  i s  t h e  p r i m a r y  s t a i n l e s s  s t e e l  employed i n  mar ine work. . 

Y i e l d  s t r e n g t h s  30, 36 & 42,000 p s i  

T e n s i l e  s t r e n g t h s  80, 8 2 ' 6  84,000 p s i  

~ o d u l a r s  o f  e l a s t i c i t y  6 28 x 10 p s i  j 

A l l o w a b l e  loads a r e  computed a c c o r d i n g  t o  s p e c i f i c a t i o n s  o f  t h e  A l S C  and/or  

as a l r e a d y  s p e c i f i e d  i n  t h e  General Design C r i t e r i a .  

T h i s  s t e e l  i s  a v a i l a b l e  as shee t ,  b a r ,  p l a t e ,  w i r e  o r  t u b i n g .  

W e l d a b i l i t y  i s  e x c e l l e n t  and m a c h i n a b i l i t y  i s  good. 

C o r r o s i o n  r e s i s t a n c e  t o  sea wa te r  and o t h e r  c o r r o s i v e  media caus ing  

p i t t i n g  t y p e  o f  c o r r o s i o n  i s  good. 



1. KEVLAR 29 and 49 ( ~ u P o n t  Regis tered Trademarks) 

Kev lar  29 Kevlar L 2  

Tenac i t y  (grans/denier ) f i  21 .7  21.7 

Tenac i t y  ( i .e. ,  break ing s t r eng th )  p s i  400,000 400,000 

Modulus o f  e l a s t i c i t y  . ( ps i )  12 x  10 1 9 x 1 0  
6 

Dens i t y  (grams/cc) 1  - 44 1 - 44 

E longa t ion  t o  break' . (dry)  

% o f  orlgfnal l eng th  4.0 2 - 4  

Chemical r es i s t ance  o f  Kev lar  i s  good except i n  s t rong  ac ids  and bases. 

Thermal s t a b i  1 i t y  f o r  temperature range i n  mooring appl  i c a t  ions i s  exce l  l e n t .  

There i s  no loss  o f  t e n s i l e  s t reng th .  

There i s  concern t h a t  Kev lar  may be sub jec t  t o  degradat ion on exposure, t o  

u l t r a v i o l e t  l i g h t .  However, t he  problem d imin ishes as rope diameter increases 

due t o  the se l f - s c reen ing  o f  the  m a t e r i a l .  Jacke t ing  i s  recommended whenever 

prolonged exposure i s  a n t i c i p a t e d .  

* denier  i s  the weight  i n  grams o f  9.000 meters o f  yarn.  



2. Ny lon  66 (High ~ e n a c i t y )  

Ny lon 66 

Tenac i t y  (grams/deni e r )  - d r y  5.9 - 8 . 9  

.Tenaci t y  (grams/den i e r )  - wet 5.1 - 7.6 , 

B reak ing  s t r e n g t h  ( p s i )  . .  86,000 - 128,000 . . 

Modulus o f  E l a s t i c i t y  ( p s i )  .8 x 10 
6 

Dens i t y  (grams/cc) . , . -.1'.14 

. E l o n g a t i o n  t o  b reak  8 - .dry  . : .  I' . 1 8 - 2 8  , .  

E longat " ion  €6 break  % - w e t  21 - 32 
, , . # '  . . . . 

Chemical r e s i s t a n c e  -- N y l o n  d i s s o l v e s  ,i,n s t r o n g  a c i d s  and - u l t i m a t e l . y  d i s i n t e g  

r a t e s  i n  weak a c i d s .  I t  . i s  s u b s t a n t i a l . l y  i n e r t  t o  s t r o n g  and. weak . a l k a l i s .  

Thermal stability f o r  temperature  range i n  moor ing  a p p l i c a t i o n s  i s  good. 

N y l o n  i s  weakened w i t h  p ro longed  exposure t o  s u n l i g h t .  Q u a n t i t a t i v e  g i f u r e s  

a r e  not a v a i l a b l e .  



5.  DACRON '.(High Tenac.i..ty) 

DACRON 
. . -  . . 

Tenac i t y  (grams/denier) - d r y  
. . 

Tenac i t y  (grams/den i e r )  - wet 

Breaking s t r e n g t h  - ( p s i )  106,000 - 123,000 

~ o d u l u s  o f  e l a s t i c i t y  ( p s i )  2 x 10 6 
: - 1 .  . . 

Dens i t y  (grams/cc) 

E longa t ion  t o  break % - d ry  

E longa t ion  t o  break % - wet 

. . 

Chemical r es i s t ance  - Dacron d isso lves  i n  bo th  s t rong  ac ids  and a l k a l i s .  I t  

has good res i s t ance  t o  weak ac ids  and a l k a l i s .  

Thermal s t a b l l i t y  o f  no concern i n  the range o f  temperatures expected f o r  moorinq 

app l i ca t i ons .  Dacron, j u s t  l i k e  Nylon, i s  weakened by prolonged exposure t o  

sun1 i g h t .  

Dacron, u n l i k e  Ny lon 'wh ich  i s  s e l f - e x t i n g u i s h i n g ,  w i l l  burn s low ly  when exposed 

t o  flame. 
, . 



4. POLYPROPYLENE & POLYETHYLENE (Type I 1 1 )  

Tenaci t y  (grams/den i e r )  d r y  

Tenac i t y  (grams/den i e r )  wet 

Breaking S t reng th  ( p s i )  

Dens i t y  (grams/cc) 

E longa t ion  t o  break % - d r y  

E l u ~ ~ g s t i c r n  t o  brealc PC - wet 

Both po lyprophlene and po lye thy lene  belong t o  the  genera l  fami l y  o f  P o l y o l e f i n s .  

Both have exce.1 l e n t  chemical res i s tance  t o  ac ids  and a1 k a l  i s .  ,Some swe l l  ing 

and weakening occurs i n  so l ven t s  such as benzene and to luene.  

Thermal s t a b i l i t y  i s  o f  no concern i n  the  range o f  temperatures expected f o r  

mooring a p p l i c a t i o n s .  

I f  pigmented, bo th  mat ,er ia ls  a re  unaf fected by pro longed exposure t o  s u n l i g h t .  

. . 

Both w i l l  burn s l ow l y  when exposed t o  open flame. 



P h y s i c a l  P r o p e r t i e s  

S p e c i f i c  G r a v i t y  . " 

Coef f .  o f  Thermal Expansion 

( c u b i c a l )  
0 

p e r  F 
* .  

Flame Res is tance  

~ e c h a n  i ca 1 P r o p e r t  i es 

T e n s i l e  S t r e n g t h  ( p s i )  

Pure Gum 

B lack  

E l o n g a t i o n  % 

Pure Gum 

B lack  

Rebound 

N a t u r a l  Rubber Neoprene 

Poor Good 

Cold E x c e l l e n t  Very Good 

Hot Excel  l e n t  . . .Very Good 

Tear Res is tance Exce l  l e n t  F a i r  t o  Good 

3. Chemical Res is tance 

Sunl . ight  Ag ing 

Ox ida t  i o n  

Heat Aging 

Po0 i 

Good 

Good 

Very Good 

Exce I1 en t 

Excel  l e n t  

Ac i ds F a i r  t o  Good , Good t o  E x c e l l e n t  

Water Swe 1 1 Res i 's.tance F a i  r F a i r  t o  E x c e l l e n t  
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Xev York, E'ev Tork  LOG13 

A t t e n t i o n :  M r .  N .  S. S e s a r  
?ro j e c t  Manager 

Consu l ta t ion  on S o i l  Condirione 
S r a t l o n  K e e ~ i n ~  Subsvstem 

Modular E x ~ e r i n e n t  OTEC P l a n t  

Gent 1 emer. : 

This  repcrt p r e s e n t s  r e s u l c s  of our review of s o i l  c o n d i t i o n s  f o r  

S t a t i o n  Keeping Subsystem f o r  Modular Experiment Offshore  Thermal Energy 

Conversion (O'XC) ~ l a n t ,  o f f s h o r e  P u e r t o  Rico.  The s tudy  was v e r b a l l y  

au thor ized  by Er .  Basar on January 2 ,  1979. 

M. Rosenb ia t t  t Son, Inc .  i s  conceptual l j -  p lanning t h e  development 

of an OTEC ? l a n t  i n  rhe  c o n t i n e n t a l  margin,  o f f s h c r e  Punta Tuna, ? u e r t o  

Rico f o r  =he U.S. Department of Energy. We unders tand t h a t  t h s  p l a n t  

w i i l  be l o c a t e d  i n  4000 t o  4500 f t  cf water  i n  t h e  Caribbean Sea.  Our 

s tudy  was made t o  e s t i m a t e  s o i l  c o n d i t i o n s  bzsed on e v a l u a t i o n  of a v a i l a b l e  

in fomat io r . ,  t o  d i s c u s s  ho ld ing  power of s e v e r a l  type  of anchors ,  and t o  

provide conc lus ions  and recommendations base2 on t h e  s tudy .  These items. 

a r e  d i scussed  b r i e f l y  below and a r e  followed by a l i s t  of r e f e r e n c e s .  

Esti izated S o i l  Condi t ions  

A s tudy  of a v a i l a b l e  in format ion  i n d i c a t e s  t h a t  t h e  sediments  i n  

t h e  g e n e r a l  a r e a  of t h e  s i t e  p o s s i b l y  could be p redoninan t ly  c a l c a r e a u s  

oozes t o  a 3  approximate p e n e t r a t i o n  of about  650 f t  below ths s e a f l o o r  (1-3) 

Calcareous  oczes  a r e  composed e s s e n t i a l l y  of :he calc ium carbona te  I 

r e m i n s  of open s e a  orga;isms and v a r y  i n  c e x t u r e  from sandy s i l t  t o  
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c l a y e y  s i l t  . The average wate r  c o n t e n t  and u n i t  d r y  weight 
( 5 )  v a l u e s  r e p o r t e d  f o r  c a l c a r e o u s  oozes l n  t h e  a r e a  a r e  c o n s i s t e n t  w i t h  

(1) t h o s e  found on a  world-vide b a s i s  . Based on our  exper ience  wi:h . . 
c a l c a r e o u s  ooze samples from deep c o n t i n e n t a l  margins ,  we recommend t h a t  

s t r u c t u r e s  i n  t h e  c a l c a r e o u s  oozes  be des igned f o r  an a n g l e  of i n c e r n a l  
?/ . 
2 r i t t i o ' n  of 20'. 

. . 
l io lding Power of Anchors , : 1, 

The hold ing  power of an  anchor i s  f r e q u e n t l y  expressed a s ' a ' r a t i o  
-1 1. 

of t h e  =ximum h o r i z o n t a l  p u l l  t o  t h e  anchor weight  i n  a i r .  The h o i d i n g  

power i s  a f u n c t i o n  of t h e ' t y p e  of anchor ,  s u r f a c e  a r e a  of anchor r e s i s t i n g  

l o a d ,  anchor embedment, and p h y s i c a l  p r o p e r t i e s  of s o i l s  i n  which t h e  

anchor is embedded. The t y p e s  of anchors  d i s c u s s e d  ' i n  t h e  fo l lowing  

paragraphs  i n c l u d e  (1)  d rag  anchors ,  (2 )  d i r e c t  embedment anchors ,  (3) p i l e  

anchors ,  and ( 4 )  g r a v i t y  anchors .  

Drag Anchors. The ho ld ing  power of d r a g  anchors  i n s t a l l e d  i n  a . 

c a l c a r e o u s  ooze depends on s e v e r a l  v a r i a b l e s  i n c l u d i n g  weigh: and conf igura -  

t i o n  of anchor components ( l e e . ,  f l u k e  a r e a ,  f luke-shank ang le )  and dep th  

of embedment. No pub l i shed  d a t a  is  a v a i l a b l e  f o r  t h e  h o l d i n g  power of 

anchors  I n  a c a l c a r e o u s  ooze; we c a t  e s t i a t e  t h e  ho ld ing  power t o  range 

betweexi t h a t  f o r  c l a y  and sand c o n d i t i o n s .  The h o l d i n g  power r a t i o  of 

a  1 5  k i p s  Danfor th  anchor ranges  from 2 t o  1 2 ( 8 ) ,  t h e  former v a l u e  i s  

lower l i n i t i n g  v a l u e  f o r  c l a y s  and t h e  l a t t e r  v a l u e  i s ' ~ ~ . ~ e r  l h i t i n g  

v a l u e  f o r  sands .  Assuming a h o l d i n g  pdwer r a t i o . o f  5 f o r  t h e  l a r g e s t  
' 

c o m e r c i a l l y  a d v e r t i s e d  anchor of 100 k i p ~ ( ~ ) , ' t h e  anchor  w i l l  have a 

h o l d i n g  ?over of 500 k i p s .  We a n t i c i p a t e  t h e  fo l lowing  p r o b l e m  d u r i n g  

t h e  i n s t a l l a t i o n  of d r a g  anchors  a t  t h e  s i t e :  . .  

(1 )  The anchors  must be dragged 1 0  t o  50 f t  o r  more i n  o r d e r  t o  

embed about  2  t o  1 0  f t  below s e a f l o o r  and develop t h e  r a t e d  h o l d i n g  power. 

The anchors  r e q u i r e  a  nea:: h o r i z o n t a l  mooring l i n e  a t  t h e  s e a f l o o r .  Large 

s c o p e s - o f  l i n e  and o t h e r  connece ive . .gea r . a re  r e q u i r e d ,  w i t h  t h e  a s s o c i a t e d  

s u r f a c e  o p e r a t i o n a l  problems i n . h a n d l i n g  t h e  immense amounts of l i n e  and i n  

m a i n t a i n i n g  c o r r e c t  p o s i t i o n  and c o u r s e  of work barges  d u r i n g  placement of 

anchors .  . . 

G-2 
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(2) The near ho r i zon ta l  mooring l i n e  a t  the  s ea f loo r  can be achieved 

only by supplying s u f f i c i e n t  deadweight ahead df t he  anchors t o  balance 

the  v e r t i c a l  load component i n  t he  mooring l i n e  t o  the  platform.  This dead 
. 1 .  

weight h i s  t o  be provided i n  the  form of heavy cha ins  o r  clamp weights.  

(3) The anchors a r e  a b l e  t o  r e s i s t  maxFmum loads  only from the 
, . 

d i r e c t i o n  i n  which they a r e  dragged during i n s t a l l a t i o n .  ,Forces  from 

o the r  d i r e c t i o n s  may g r e a t l y  reduce t h e i r  holding power. 

Di rec t  Embedment Anchors. Di rec t  embedment anchors a r e  i n s t a l l e d  

by imparting energy d i r e c t l y  t o  anchors a t  s ea f loo r  by s e v e r a l  means 

including a gun o r  a v ib ra to ry  hammer. The anchor u ~ y  be (1) a con- 

vent iona l  drag anchor, (2) a s o l i d  s t e e l  s h a f t  shaped a s  a p r o j e c t i l e  

wi th  outward opening f l ukes ,  o r  ( 3 )  a s t e e l  p l a t e  with keying f l a p s .  

During i n s t a l l a t i o n ,  the  conventional drag anchor o r  s t e e l  s h a f t  i s  

dr iven  with the  f l ukes  and s h a f t  a l igned p a r a l l e l  t o  each o the r  u n t i l  

adequate embedment is  achieved, then the  f l ukes  a r e  keyed o r  ro t a t ed  by 

mechanical l inkages  t o  a pos i t i on  i n  which the  anchor .wi l1  provide a ,  

maximum a rea  t o  resist load .  A s t e e l  p l a t e  is dr iven  e d g e d s e  and then 

keyed t o  the  des i red  pos i t ion .  The holding.power of d i r e c t  embedment 

anchors i n s t a l l e d  i n  a ca lcareous  ooze may vary 0 v e r . a  wide range, 

depending on the su r f ace  a r ea  a v a i l a b l e  f o r  resisting load , . and  depth of 

embedment, e .g . ,  s t e e l  p l a t e s  5 f t  x 5 f t  and 10 f t  x 10 f t  i n s t a l l e d  10 f t  

below sea f loo r  i n  t he  calcareous ooze w i l l  have u p l i f t  holding capac i ty  

of 30 and 80 k ips ,  r e spec t ive ly .  We fo re see  t h e  fol lowing problems i n  

the  use of d i r e c t  embedment anchors a t  t he  s i te:  

(1) Operat ional  problems were f requent ly  encountered i n  t h e  d r iv ing  
( 7 )  of small  anchors wi th  low energy hammers f o r  water depths  up t o  6000 ft . 

E f f i c i e n t  high energy hammers a r e  needed t o  d r i v e  t he  l a r g e  p l a t e s ,  such as 

10 f t  x 10 f t  p l a t e s .  

( 2 )  The keying opera t ion  of the  f l ukes  reduces t h e i r  embedment depzh. 

Fur ther ,  the  r o t a t i o n  of f l ukes  fo rces  t he  over ly ing  s o i l  t o  move.with i ~ ,  

thus leav ing  a void beneath the  f l ukes  t h a t  may.be p a r t i a l l y  f i l l e d  with 

t he  caved-in n a t e r i a l  from tne  surrounding s o i l .  This  e f f e c t  i s  more 

pronounced f o r  a s t e e l  p l a t e  compared t o  t he  o t h e r  types.  , .  
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P i l e  Anchors. P i l e s  t o  r e s l s t  noor ing  l i n e  l o a d s  m y  be i n s t a l l e l  

i n  a  s e a  bed by e i t h e r  d r i v i n g  o r  g r o u t i n g  p i l e s  i n  p r e d r i l l e d  h o l e s .  

P r e s e n t l y ,  p i l e s  nave been d r i v e n  i n  a  uiaxlnun, c a t e r  ae?:h of about  1006 fz. 

To d r i v e  p i l e s  i n  GOO6 t o  1500 f z  of w a t e r ,  n igh p r e s s u r e  iecnnology i s  
i 

needed tha: t o  our  knouledge is  no t  y e t  aeveioped.  The on ly  o t h e r  means 

of i n s t a l l i n g  p i l e s  a t  t h e  s i t e  i s  by g r o u t i n g  p i l e s  i n  h o l e s  predr2:lel  ' 

by t h e  deez s e a  d r i l l i n g  p r o j e c c  d r i .11  s h i ?  " ~ l o r a r  Chal lenger . ' '    he ' 

d i a z e c e r  of p r e c r i l i e a  h o l e s  i s  generz lLp 5 i n .  l a r g e r  than  t h a r  of :he 

p i l e  and the  ~ n n u l a r  space  i s  f i l i e d  v i t h  a cezen t  g rou t  d e l i v e r e d  uzder 

p r e s s u r e .  D r i l l i n g  mud nay be r e q u i r e d  dur ing  d r i l l i n g  t o  p rov ide  a s:akls 

h o l e  and t o  p revex t  caving- in  of t h e  l o o s e  n e a r - s e a f l o o r  m a t e r i a l .  

Analyses of t h e  performance of p ipe  p i l e s  subjeczed t o  l a t e r a l  loses 

can be uiade f o r  known v a l u e s  of p i l e  s l z e ,  p i l e  t h i c k n e s s ,  and p i l e  

p e n e t r a t i o n .  The s o i l  r e s i s t a n c e - p i l e  deflection daza can be generazed 

f o r  t h e  c a l c a r e o u s  ocze  and then  used t o  comp;te d e f l e c t i o n  of t h e  p i l e  

a t  t h e  s e a i l o o r  For g iven l a t e r a l  l o a d s .  For exan? le ,  a 50-ft  long  

3-f t -d ianezer  p ipe  p i l e  (0 .6- in .  w a l l  t h i c k n s s s )  grouted i n  a  3 .5 - f t -  

d i a r e t e r  p r e d r i l l e d  h o l e  a t  t h e  s i t e  u i l i  exper ience  d e f l e c t i o n s  a t  the  

s z a f l o o r  of abouz 1 i n .  and 20 i n ,  f o r  l a t e r a l  l o a d s  of 50 kf;s and 

156 k i g s ,  r e s p e c r i v e l y ,  assuming t h a t  t h e  noor ing  l i n e  i s  n e a r l y  h o r l -  

z o n t a l  a t  tha s e a f l o o r  and i s  connected t o  t h e  to?  of t h e  anchor File. 

The p rob lens  a s s o c i a t e d  wizh t h e  use  of p i l e  anchors  a t  t h e  s i t e  nay 

i n c l u d e  non-applicabl1i:y of :he conce? t s  developed f o r  i n s t a l l a t i o n  of 

g r o c t e d  p i l e s  i n  sha1:ov w a t e r  t o  deeper  w a t e r s  and t h e  c o n s z r a c t i o n  

p r o b l e n s  r e s u l t i n g  the re f rom.  

G r a v i t v  Anchors. G r a v i t y  o r  deadweight anchors  d e r i v e  t h e i r  l a t e r a l  

h o l d i n g  power from f r i c t i o n  on t h e  s i d e s  and bottom i n  t h e  d i r e c t i o n  of 

p o t e n t i a l  motion and p a s s i v e  r e s i s t a n c e  on t h e  s i d e  pus t , ing . tne  s o i l  

outward.  Both t h e  f r i c t i o n  and p a s s i v e  r e s i s t a n c e  depend on :he d e 7 t h  

of e ~ b e d m e n t  of t h e  anchor .  The anchor enbeds i f  t h e  b e a r i n g  p r e s s u r e  

a t  t h e  base  of t h e  anchor exceeds  t h e  u l c i m a t e  b e a r i n g  ca?aci:y.of the  . 
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calcareous ooze. The ultimate bearing capacity of a circular anchor may 

be estimated from: 

where y is buoyant unit weight of soil, D is depth of embedment, N is 
9 

6.4 and N is 5.39 for an angle of internal friction of the calcareous ooze 
Y 

of 20'. and B is diameter of the anchor. For eranple, a solid concrete 

block with B = 50 ft, height 10 ft, D = 0 ft, y = 40 pcf will have an 
I 

ultinate bearing capacity of 3234 psf as computed from the above equation. 

The bcoring pressure at the base of the block is (150 - 64) x 10 = 860 psf. 

The'anchor block won't penetrate the seafloor. 

The ultimate frictional resistance equals 0.268 times the average 

effective stress on the side and bottom. The ultimate passive resistance 

equals 2 times the average effective stress on the appropriate side. 

For the example cited above, the only resistance available is from frictior. 

at the base of the block and equals 1963.5 x 860 x 0.268 lb = 453 kips. 

The gravity anchors may be constructed as cellular reinforced con- 

crete units that can be subsequently ballasted, and nay be provided vith 

shear keys at the base to improve the development of frictional resistance. 

The anchors may be installed in the seafloor by either controlled lowering 

or free fall. The controlled lowering can be affected by temporarily 

adding.buoyancy using air filled pressure hulls or by increasing the drag 

on the anchor by adding drogue buoys. Both the controlled lowering and 

free fall methods need to be developed in the field for accurate deployment 

of the anchors. 

Conclusions and Recommendations 

Selection of a specific type of anchor will depend on the required 

holding power of an anchor or system of anchors and the feasibility of 

its successful installation. The quantitative data presented in this 

report was generated for estimated soil conditions based on our evaluatior: 

of available information. We recommend that the soil conditions at the 

site be detemined by drilling a soil boring and by obtaining appropriate 

soil saqles from the soil boring for field and laboratory testing. The 

required depth of the boring below the seafloor will depend to some exzecz  
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on t h e  type of anchor t o  be used.  We-also reconrmend thac  a g e o t e c n n i c a l  

e n g i n e e r  l o g  t h e  bor ing  i n  t h e  f i e l d .  Th i s  w i l l  h e l p  us  b e t t e r  e v a l u a t e  

t h e  s o i l  parame:ers needed f o r  anchor des ign .  

I f  you have any q u e s t i o n s  concerning t h i s  r e p o r t  p l e a s e  c a l l .  . . 
: 

, . i* 
Very t r u l y  yours ,  

McCLELLAND EXGINEERS, I N C .  
- 

. . , - v .. .. 
- I . .. '. . ,L, C I ?  A- .... -. 

C a r l  W. Fenske,  P.E. 
Manager of Engineer ing 
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