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FOREWORD 

Lockheed Ocean Systems i s  performing the  Prel iminary Designs 

f o r  OTEC Stat ionkeeping Subsystem ( SKSS) s tudy con t r ac t  

NA-79-SAC-00635 f o r  NOAA, Off i c e  of  Ocean Engineering i n  

support  of t he  Department of Energy, Ocean Thermal Energy 

Conversion (OTEC) program. The SKSS design team inc ludes  

IMODCO on design and ana lys i s  of mooring systems f o r  t he  spar ,  

Simplex Wire and Cable Company on SKSS i n t e r f a c e  wi th  t h e  

E l e c t r i c a l  Transmission System r i s e r  cable ,  and Eager & 

Associates  on r e l i a b i l i t y  assessment. The r e s u l t s  of Task I - 
Design Requirements a r e  presented i n  t h i s  r epo r t  and i n  a 

b r i e f i n g  with NOAA/DOE personnel. 
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Sect ion 1 

INTRODUmION 

Lockheed Ocean Sys tems i s  performing the  Prel iminary Designs f o r  OTEC Sta t ion-  

keeping Subsystems (SKSS) s tudy con t r ac t  f o r  NOAA i n  support  of t h e  DOE OTEC 

program. ~ o c k h e e d  i s  supported by IFDDCO, Simplex Wire and c a b l e  Company, and 

Eager & Associates  i n  t h i s  study. The r e s u l t s  of  Task I, 'Design Requirements, 

a r e  presented i n  t h i s  repor t .  The r epor t  cons i s t s  of four  s ec t ions  - environ- 

ment, requirements,  assessment,  and s e l e c t i o n  - each addressing a d i f f e r e n t  

aqpecf of SRSS design requirements and methodology t o  be followed i n  Task 11, 

Concept Design. 

Environmental condi t i o n i  f o r  the  .Punts Tuna, Pue t to  Rico s i t e  a r e  reviewed 'and 

synthesized t w  provide d e f i n i t i o n  of c u r r e n t ,  wind and wave s e v e r i t y ,  direc-  

t i o n ,  and occurrence f o r  s e rv i ce ,  , ope ra t iona l ,  and extreme s e a  s t a t e s  (Sec t ion  

2) .  SKSS performance requirements,  inc luding  design l i f e  and watch c i r c l e ,  

a r e  followed by i n t e r f a c e  cons idera t ions  p a r t i c u l a r l y  f o r  t he  c l e e t r i c a l  

t tansmiooion r i s e r  cable ,  and design c r i t e r i a  inc luding  s a f e t y  and load fac- 

t o r s  (Sec t ion  3) .  The SKSS concepts w i l l  be analyzed t o  eva lua t e  performance, 

r e l i a b i l i t y ,  and c o s t .  Performance a n a l y s i s  conducted i n  Task I includes 

ca tenary  anchor l e g  s t a t i c  c a l c u l a t i o n s  t o  s i z e  components, a s  wel l  a s  drag 

due t o  environmental loads  i n .  t h e  ope ra t iona l  and extreme s e a  s t a t e s  f o r  both 

s h i p  and spa r  platforms. Dynamic analyses  and t rade  s t u d i e s  t o  be conducted 

i n  Task I1 a r e  presented (Sec t ion  4.1). A r e l i a b i l i t y  an'd r i s k  assessment 

ana lys is .  of the th ree  bas i c  SKSS types - single- ,  mult iple- ,  and tension- 

a n c h o r l e g  moors - was . completed, i n d i c a t i n g  t h a t  th'e multiple-anchor- 

leg/mul t ip le -poin t  r o t a r y  o r  t u r r e t  moor has the  lowest r i sk -c r i  t i c a l  i t y  f o r  

t h e  s h i p ,  while  t h a t  f o r  t h e  spar  i s  t h e  multiple-anchorleg/multiple-point 

moor. The ca t ena ry  single-anchor-leg/single-point moor has i n s u f f i c i e n t  

r e l i a b i l i t y  f o r  both platforms (Sec t ion  4.2). The l i f e  cycle  cos t  ana lys i s  

methodology,. inc luding  work breakdown s t r u c t u r e ,  c o s t  es t imat ing ,  and cos t  

minimization de f ine  t h e  approach t o  cos t ing  t o  be followed throughout t h e  

s tudy (Sec t ion  4.3). The r e s u l t s  of t h e s e  design t r a d e s  and analyses  w i l l  

f i r s t  be app l i ed  to '  concept .ranking requi red  f o r  recommendation of a SKSS 

concept f o r  each platform (Sec t ion  5 ) .  

LOCKHEED OCEAN SYSTEMS 



Sect ion  2 

ENVIRONMENTAL CONDITIONS 

Environmental f ea tu re s  of t h e  Punta Tuna, Puerto Rico s i t e  which a r e  r e l evan t  

t o  mooring design a r e  presented i n  t h i s  s ec t ion .  A b r i e f  desc r ip t ion  of 

bathymetry i s  followed by a  p re sen ta t ion  of cu r r en t ,  wind, and wave con- 

d i t i o n s .  These data  a r e  synthesized i n  t h e  Design Sea S t a t e s  and iden t i -  

f i c a t i o n  of a  weather window. A compilat ion of r e s u l t s  i s  presented i n  Table 

2-1. 

2.1 SITE GEOLOGY AND BATHYMETRY 

The s i t e  i s  located over t he  s t e e p  i s l and  s lope  on t h e  southeas t  coas t  of 

Puerto Rico a t  Punta Tuna (Fig. 2-11, Average botfom s lope  i s  15 deg. 

Seafloor  q u a l i t y  i s  v a r i a b l e  and includes calcareous ooze ranging i n  g ra in  

s i z e  from clayey s i l t  t o  s i l t y  mud under la in  by dense sand, the l a t t e ' r  ind i -  

c a t i v e  of  a high-strength bottom. The Virgin I s l a n d s  Baoin, i s  extremely f l a t  

and nearly ilevoid of l o c a l  r e l i e f .  An a l t e r n a t i v e  t o  t he  s lope  s i t e  may be a  

s i t e  i n  t h i s  bas in  located 10 mi les  southeas t  of Punta Tuna i n  6,000 f t .  of 

water. 

2.2 CURRENT 

Current da ta  f o r  t he  s i t e  a r e  incomplete, p a r t i c u l a r l y  with regard t o  s u r f a c e  

speed, speed and d i r e c t i o n .  v a r i a t i o n  with depth, and seasonal  v a r i a t i o n .  A 

cu r r en t  model i s  presented which r e f l e c t s  observat ions and predic t ions ,  in- 

c luding d i r e c t i o n ,  sur face  cu r r en t ,  and cu r ren t  p r o f i l e .  

Surface cur ren t  i s  genera l ly  e a s t e r l y  o r  wester ly following sea f loo r  contour 

and da i ly  t i d e s .  Measured flow d i r e c t i o n  t o  a  depth of 200 meters i s  e i t h e r  

65 * 35 deg, o r  265 * 25 deg, wi th  equal  p r o b a b i l i t y  of 0 .5,  and 240 15 deg 

below 200 meters .  Local wind-driven sur face  cu r r en t  i s  i n  the  d i r e c t i d n  of  

and normal t o  wind direct ion. .  

2- 1 
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Table 2-1 

SUMMARY OF ENVIRONMENTAL CONDITIONS, PUNTA TUNA 

Proper ty  

Climate 

La t i t ude  

Longitude 

Approximate Depth ( f t )  

Diatance t o  Shore (miles)  

Distance along Shore (miles)  

Return Period of Design Operatinna.1 .Sea S t a t e  (y'ears) 
Return Period of ~ e s i g n  Extreme Sea S t a t e  (years) 
Surface Current  (knots )  

Current  P r o f i l e  

Bottom Qual i ty  

Bottom Slope (deg) 

Opera t iona l  Sea S ta te :  
Maximum Wave Height ( f t )  
S i g n i  f i c a n t  Wave Height ( f t )  
Per iod of  Maximum Energy ( s e c )  
Wind (knots )  
Surface Current  (kaotu)  
Seaf loor  Current  (knots )  
Current Pro fi. le 
Astronomical Tide (Diurnal  Range) ( f k) 
Astonomical Tide (Annual Max. ~ a n g e )  ( f t )  

Extreme Sea S ta te :  
Maximum Wave Heigh t ( f t )  
S i g n i f i c a n t  Wave Height ( f t )  
Per iod of  Maximum Energy ( s e c )  
Wind (knots )  
Surface Current  (knots )  
Seaf loor  Current  (knots )  
Current Pro f i l e  
Astronomical Tide-Storm Surge ( f t )  

Se ismic i ty :  
Occurrence 
Epicente rs  (depth - f t )  

Condi t ion 

Marine Tropical  

17O 57 '  N 

See Fig. 2-2 

S i l t ,  Clay, Mud, 
under la in  by dense 
sand 
10 t o  18 

34.0 
18.9 
10.1 
29- 5 
1.8 
0.18 
See Fig. 2-2 
1 .o 
1 .a 

63.2 
3 5 . 1  
13 .O 
79.1 
2.4 
0.24 
See Fig. 2-2 
5 . 5  

Frequent 
230,000 t o  
984,000 

2-2 
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Fig. 2-1 Bathymetr ic  Chart  showing S t e e p  Slope a t  :Punts Tuna (NOAA) 

Fig.  2-2 Curren t  P r o f i l e  f o r  Modular Experiment P l a n t  
S i t e  i n  Puer to  Rico (Ref .  2-21 
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Surface cur ren t  speed observat ions range from. 0.3 t o  0.75 knot compared with 

predic ted  geostrophic cu r r en t  of 0.82 knot and 0.39 knot t i d a l  c u r r e n t ,  y ie ld-  

i ng  1.21 knots combined. The decrease of observed cu r ren t  with depth i s  bound 
' by the "extreme" cu r ren t  p r o f i l e  ( ~ i g .  2-21 wi th  Vs = 0.3 knot. An average 

value of observat ions i s  0.6 knot. 

A wind-driven Ebnan cu r ren t  i s  assumed t o  a c t  i n  the d i r e c t i o n  of and normal 

t o  t he  hur r icane  pa th  f o r  t h e  extreme s e a  s t a t e ,  with su r f ace  speed given by 

(Ref. 2-11: 

The t o t a l  sur face  cu r r en t  f o r  the extreme s e a  s t a t e  with A n d  o p e d  nf 79.1 

knots  i s  1.7 knots.  These values a r e  lower than 1.21 knots s e rv i ce  and 2.76 

knots  extreme of Refs. 2-2 and 2-3. 

I n  t hese  re ferences  the normal sur face  cu r r en t ,  VNS,  i s  the  sm of geostr* 

phic ,  0.8 knot ,  and t i d a l  flow, 0.4 knot ,  o r  1.2 knots.. To ob ta in  the  maximum 

su r face  cu r r en t ,  t he  wind-driven cu r ren t ,  VNS, i s  added as  follows: 

w i th  the angle of cu r r en t  t o  r i g h t  of wind given by 

t h e  sur face  cur ren t  f o r  the opera t iona l  s ea  s t a t e  i s  given by 

VMX =. 1.8  knots  

O R  = 16 deg 

This condi t ion  w i l l  be used f o r  purposes of dooigu per  NOAA d i r ec t ion .  

with 

2-4 
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'The cu r r en t  ' f o r  the Extreme Sea S t a t e  i s  obtained by t h i s  approach a s  

V = 0.017 x 79.1 = 1.34 knots 0 

and 

Vm = 2.4 knots 

OR = 23.8  deg 

2 . 3  WIND 

Synoptic m e t e o r o l ~ g i c a l  observat ions provide da t a  on wind frequency, magni- 

tude,  and d i r e c t i o n  f o r  the genera l  a r ea  i n  which Punta Tuna i s  s i t u a t e d  

( ~ e f .  2-41. Wind c r i t e r i a  f o r  Service and ope ra t iona l  Sea.  S t a t e s  a r e  der ived 

from t h i s  source ,  while hur r icane  p red ic t ions  provide c r i t e r i a  f o r  the Extreme 

Sea State .  

The . d i r e c t i o n  from which the wind a c t s  i s  e a s t e r l y .  A normal p r o b a b i l i t y  d is -  

t r i b u t i o n  funct ion appl ied  t o  observat ions y i e l d s  . t h e  p robab i l i t y  t h a t  t he  

wind d i r e c t i o n  is bounded by el  and O 2  i s  

where 

8 = d i r e c t i o n  fromwhich wind is ac t ing ,  deg. 

e r f  = e r r o r  func t ion  

This funct ion i s  assumed t o  be app l i cab le  t o  hurr icane d i r e c t i o n  based on com- 

par i son  wi th  pa ths  of t r o p i c a l  cyclones passing wi th in  60 miles  of Puerto Rico 

i n  an 88-year period. 

2-5 
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Wind speed i s  d e r i v e d  a s  a f u n c t i o n  of s i g n i f i c a n t  wave h e i g h t  based on t h e  

s e a  s t a t e  s p e c t r a  of Ref. 2-2. Wind speed f o r  Serv ice  and O p e r a t i o n a l  Sea 

S t a t e s  i s  given by t h e  fo l lowing  l e a s t  squares  E i t  t o  t h i s  d a t a ,  

U = exp [ 0.474 l n  6 6 . 7  H1 1 
where 

U = wind speed,  kno t s  

H1 / 3  = s i g n i f i c a n t  r.ra\re h e i g h t ,  f t  

An e s t i m a t e  of wind speed a s s o c i a t e d  w i t h  t h e  Extreme Sea S t a t e  based on t h e  

h u r r i c a n e  p r e d i c r i o a s  s f  Ref, 2-2 i s  g iven  by 

U = 2 exp ( 0 . 4 7 4  i n  6 6 . 7  Hl13 I 
2.4 WAVES 

The seaway i s  c h a r a c t e r i z e d  by s i g n i f i c a n t  wave h e i g h t ,  pe r iod ,  and d i r e c -  

t i o n .  Wave h e i g h t  i s  expressed  as a f u n c t i o n  o f  r e t u r n  p e r i o d  o r  r e c u r r e n c e  

i n t e r v a l  based on meteoro log ica l  o b s e r v a t i o n s  of s torms and on h u r r i c a n e  pre-. 

d i c t i o n s .  Wave p e r i o d  i s  expressed  a s  a f u n c t i o n  of wave h e i g h t  f o r  s torms 

and h u r r i c a n e s .  Wave d i r e c t i o n  is  c h a r a c t e r i z e d  by p r o b a b i l i t y  of exceedance 

based on observa t ion , s  of storms and h u r r i c a n e  t r a c k s .  

2.4.1 Wave Height  

Meteoro log ica l  o b s e r v a t i o n s  of wave h e i g h t  occurrence i n  t h e  ocean s o u t h  o f  

Puer t o  Rico p rov ide  cumulat ive  p r o b a b i l i t y  d i s t r i b u t i o n .  Applying t h e  method 

2-6 
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of  Beard i ~ e f .  2-51 which assumes a  Gaussian d i s t r i b u t i o n ,  t h e  following re la -  

t i onsh ip  i s  obtained f o r  a  given wave height :  

where 

T = r e t u r n  per iod,  o r  recurrence i n t e r v a l  

F = cumulative p r o b a b i l i t y  d i s t r i b u t i o n  func t ion  

n  = number of annual observa t ions  

A l e a s t  squares f i t  t o  t h e  observa t ions  (Ref. 2-2, Table  3-41 y i e l d s  t h e  fo l -  

lowing expressions f o r  s i g n i f i c a n t  wave he igh t  f o r  storms not  exceeding 21 f t :  

where 

Hl 13 = s i g n i f i c a n t  wave he ight ,  f t  
T = r e t u r n  per iod ,  years  

Standard e r r o r  of  t h i s  f i t  i s  0.9 f t .  A f i t  t o  t he  cumulative d i s t r i b u t i o n  

func t ion  y i e l d s  

where 

F = p r o b a b i l i t y  (h  C 

h  = wave he igh t  

Wave he igh t  f o r  hur r icane  condi t ions  i s  de t ived  by f i t t i n g  t h e  Bre t schne ider  

h indcas t s  . f o r  the .  50- and 100-year most probable hur r icane  ' h indcas t s  

( ~ e f .  2-31. Thus, t h e  following express ion  i s  assumed t o  be app l i cab l e  f o r  
. .- 

he igh t s  i n  excess  of  21 f t :  

2-7 
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A comparison shows t h a t  f o r  a  3-year r e t u r n  per iod the  f i r s t  express ion  (2-6) 

y i e l d s  16.2 ft and t h e  second (2-8) 18.9 f t .  A j o i n t  cumulative p r o b a b i l i t y  

d i s t r i b u t i o n  func t ion  of t h e  SSMO wave he igh t s  and hur r icane  h indcas t s  y i e l d s  

a  value o f  19.3 f t  f o r  3-year r e t u r n  per iod (Ref. 2-61. The express ion  (2-8) 

i s  assumed t o  be a p p l i c a b l e  t o  s h o r t e r  r e t u r n  per iods  of  Serv ice  and 

Opera t iona l  Sea S t a t e s .  

2.4.2 Wave Pe r i  od 

wind-drivru .seawny s p e c t r a  provide wave p e r i o d  co r r e l a t ed  wi th  wave h e i g h t  

(Ref. 2-2, Sec t ion  7) .  These data  a re  f i t  by a  s t r a i g h t  l i n e  on a l b g / l o g  

p l o t ,  y i e ld ing  the  following express ion  fo r  modal per iod  f o r  wave he igh t s  of 

21  ft and l e s s :  

exp (0.507 i n  5  HI / ; . ]  

where 

T 
0 

= modal per iod ,  sec 

H = s i g n i f i c a n t  wave height ,  it 

Wave per iods  f o r  hur r icane  condi t ions  i s  given by the  following e x p r e s s i o ~ ~  

based on the  100-year h indcas t :  

To = expI0 .412  l n  14.51 A l l 3  1 (2-10) 

This  r e l a t i o n s h i p  w i l l  be u t i l i z e d  f o r  Serv ice  and Operat ional  s e a  s t a t e  

s p e c t r a l  modal pe r iods  a s  w e l l  a s  f o r  Extreme sea  s t a t e  (Ref. 2-61. 

2.4.3 Wave Direc t ion  

The d i r e c t i o n s  from which sea and swel l  progress  a s  given'  i n  Ref. 2-7 a r e  c o w  

bined and f i t  by t h e  fol lowing express ion  lui .  t k : ~  prnha.h.i l $ t y  khdb t he  ~ d i r e c -  

t i o n  w i l l  be  bounded by el and e2  . . 



P ( 6 S 6 5  
1 

021 = e r f  t 2 ' )  47 e r f  ( 5 " )  47 

where 

19 = d i r e c t i o n  from which wave i s  progressing,  deg 

e r f  = the e r r o r  func t ion  

The mean of 55 deg, o r  nor theas t ,  is l e s s  than - t h e  mean for  wind d i r e c t i o n ,  

70 deg. Wave d i r e c t i o n  i n  the hurr icane condit inn i s  a s s w e d  t o  be equal t o  

the hurr icane t r ack  d i r ec t ion .  A comparison of t h e  d i s t r i b u t i b n  of storm wind 

d i r e c t i o n  with these  t racks  ind ica t e s  t h a t  the  hur r icane  wave d i r e c t i o n  is 

approximafed by the wind d i s t r i b u t i o n  a s  given by Eq. (2-21, ~ e c  t i o n  2.3. 

2.5 DESIGN SEA STATES 

Environmental f a c t o r s  f o r  design inc lude  three  ca t egor i e s  of s ea  s t a t e s  - 
s e r v i c e ,  ope ra t iona l ,  and extreme. The preceding synopsis of environmental 

c0ndi.t ions provide a  b a s i s  f o r  i d e n t i  f ica t ' ion  of wind, wave,, and cu r ren t  mag- 

n i tudes  f o r  design. 

2.5.1 Service Sea S t a t e s  

The Service Sea S t a t e s  a r e  the s e t  of wind, wave, cu r r en t ,  and o the r  oceanic 

f a c t o r s  t h a t  con t r ibu te  t o  c y c l i c  loading of the mooring system. The f r e -  

quency d i s t r i b u t i o n  (Table 2-21 provides dura t ion  of combined sea and swell  

wave he ight  f o r  each month. For the purpose of f a t i gue  a n a l y s i s ,  the Extreme 

Sea S t a t e  loading w i l l  be included in  t he  s e t  of Service Sea ' s t a t e s .  With a  

spec i f ied  value f o r  s i g n i f i c a n t  wave he igh t ,  Eqs. (2-1) through (2-11) provide 

wave period, d i r e c t i o n  and magnitude of wind, wave, and cur ren t  f o r  t h e  

se rv i ce  sea s t a t e s .  

2.5.2 Operation Sea S t a t e  

This sea s t a t e  i s  the h ighes t  wind, wave, and cu r ren t  condi t ion  for  which the  

platform must remain opera t iona l  i n  the  requi red  watch c i r c l e .  The design 

LOCKHEED OCEAN SYSTEMS 
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r e t u r n  p e r i o d  f o r  t h i s  s e a  s t a t e  i s  a s s i g n e d  a  va lue  of 3  y e a r s .  The con- 

d i t i o n s  f o r  t h i s  s e a  s t a t e ,  d e r i v e d  from t h e  preceding e q u a t i o n s ,  a r e  sum- 

marized i n  Table  2-1. 

2.5.3 Extreme Sea S t a t e  

The extreme s e a  s t a t e  i s  t h e  se t  of h i g h e s t  wind, wave, and c u r r e n t  c o n d i t i o n s  

f o r  which s t a t i o n  must be mainta ined w i t h  no grounding of t h e  CWP. The d e s i g n  

r e t u r n  p e r i o d  i s  a s s i g n e d  a  v a l u e  of 100 y e a r s .  This  sea s t a t e ,  

r e p r e s e n t a t i v e  uE a t r o p i c a l  h u r r i c a n e ,  i s  summarized i n  Tab le  2-1 a s  d e r i v e d  

from Eqs . (2-1) through (2-11 1. 

2.6 WEATHER WINDOWS . . 

Weather windows a r e  t h e  p e r i o d s  of r e l a t i v e l y  low l e v e l s  .of  wend, wave and ,, 

c u r r e n t  a t  t h e  o p e r a t i o n a l  s i t e .  These p e r i o d s  a r e  a s s o c i a t e d  w i t h  c r i t i c a l  

o p e r a t i o n s  i n c l u d i n g  deployment, maintenance,  and r e p a i r .  

T r o p i c a l  cyc lones  ( h u r r i c a n e s )  a r e  most f r e q u e n t  i n  A.u.gu,st and September, l e s s  

f requen t  i n  J u l y ,  October,  and November, and absen t  i n  t h e  p e r i o d  December 

through June.  The l a t t e r  p e r i o d  i s  t h e r e f o r e  i d e n t i f i e d  a s  t h e  g e n e r a l  

weather window of  7 months d u r a t i o n .  I n  t h i s  pe r iod  t h e  lowest  occurrence and 

l e v e l  of wind and wave a r e  i n  December, t h e  h i g h e s t  i n  January through March. 

Other  c o n d i t i o n s  such a s  a v a i l a b l e  hours  of d a y l i g h t  and l e v e l  of p r e c i p i t a -  

t i o n  a r e  a l s o  cons idered  i n  s e l e c t i o n  o f  t h e  weather window f o r  s p e c i f i c  oper- 

a t i o n s .  The fo l lowing  p e r i o d s  a r e  i d e n t i f i e d  a s  having t h e  lowest  frequency 

o f  occurrence of waves 5 f t  and g r e a t e r  throughout t h e  year .  

Dura t ion  (Months) Weather Window 

1 A p r i l  
2  March - A p r i l  
3 March - May 
4 February - May 
5 January  - May 
6  December - May 
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S e c t i o n 3  , 

STATIONKEEPING SUBSYSTER .REQUIREMENTS 

SKSS requirements a r e  presented i n  t h i s  s e c t i o n  and include performance 

requirements,  i n t e r f a c e  requirements ,  and c r i t e r i a  f o r  design. 

3.1 PERFORMANCE REQUIREMENTS 

The manring sysLem requirements a r e  presented i n  terms of des ign  environmental 

condi t ions ,  design c r i t e r i a ,  performance and r e l i a b i l i t y  assessment method- 

ology, and design opt imiza t ion  methodology. The system requirements a r e  s ig-  

n i  f i c a n t  l y  inf luenced by t h e  mission def ined  f o r  t h e  OTEC Modular Experiments 

P lan t .  The p lgnt  i s  a s t a t i o n a r y  40-MW(e) power p l an t  t o  be moored o f f  Punta 

Tuna, Puer t o  Rico, f o r  t h e  ,purpose  of t r ansmi t t i ng  e l e c t r i c a l  power v i a  a sub- 

marine cable  t o  the  Puerto Rican gr id .  

The design environmental condi t ions  a r e  summarized i n  Table 2-1. SKSS i n t e r -  

face  requirements a r e  t r ea t ed  ' i n  Sec t ion  3.2 and des ign  c r i t e r i a  a r e  sum- 

marized i n  Sect ion 3 . 2 .  .Performance and r e l i a b i l i t y  assessment metl~odology 

and des ign  opt imiza t ion  methodology a r e  presented i n  Sec t ions  4 and 5,  

r e spec t ive ly .  A performance s p e c i f i c a t i o n ,  given i n  Appendix B,  fol lows t h e  

format f o r  OTEC subsystem s p e c i f i c a t i o n s  i n  use by LMsc. 

, . 

Loading Analysis 

The mooring system i s  s u b j e c t  t o  environment loads and i n s t a l l a t i o n  forces .  

Environmental loads imposed on t h e  system t o  be considered a r e  wave, wind, 

cu r r en t ,  .and earthquake loads.  I n s t a l  l a  t,ion fo rces  on t h e  mooring sys  tern 

inc lude  l i f t i n g ,  loadout ,  launching, and upr igh t ing  fo rces .  A performance 

s imula t ion  of  t h e  mooring system w i l l  be  performed by computer ana lyses  and 

o the r  a n a l y t i c a l  methods. Performance c h a r a c t e r i s t i c s  t h a t  w i l l  be analyzed 

. . 
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a r e  watch c i r c l e  e x c u r s i o n s ,  t e n s i o n s  i n  mooring components, s t a t i o n k e e p i n g  
a b i l i t y ,  and component s t r e s s e s .  

3  . 2  mTERFACE REQUIREMENTS 

The i n f l u e n c e  o f  t h e  OTEC ocean systems and e l e c t r i c a l  t r a n s m i s s i o n  system on 

t h e  SKSS requirements  is  examined i n  terms of t h e  f u n c t i o n a l  and p h y s i c a l  
i n t e r f a c e s  which e x i s t  among t h e s e  systems. I n  p a r t i c u l a r ,  t h e  p l a t f o r m  con- 

f i g u r a t i o n ,  co ld  wa te r  p i p e ,  and e l e c t r i c a l  t r a n s m i s s i o n  r i s e r  c a b l e  i n t e r -  
f a c e s  l e a d  t o  s i g n i f i c a r l t  sys tem d e s i g n  requirements .  

3.2.1 PLaeforlus 

The mooring system i s  r e q u i r e d  t o  p o s i t i o n  two d i f f e r e n t  ocean p la t fo rms  - t h e  

s h i p  type and s p a r .  The c h a r a c t e r i s t i c s  of t h e  s h i p  type and s p a r  p la t fo rms  

a r e  given i n  Tables  3-1 through 3-3. 

Table  3-1 

SHIP TYPE AND SPAR CWACTERISTICS 

I 1 Curren t  Area (Beam) ( £ t 2 )  1 112,820 1 124,030 1 
2 I Cur ien t  Area ( ~ r o n t n l . 1  ( f t  ) 1 95,915 1 124,030 1 

Spar 

- I 
35 

200 

215 I 

290 

54,300 

30 

2,785 

4,425 

i 

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

LOA ( f t )  

LWL ( f t )  

Beam - Max ( f t j  

D r a f t  ( f t )  (Excluding Discharge ~ i p a s )  

Depth ( f t )  

Displacement ( 1 t )  

CWP Diameter ( f t )  

CWP Length ( f t) 

Wind Area (Beam) ( f t 2 )  

3-2 

LOCKHEED OCEAN SYSTEMS 

Wind Area ( ~ r o n t a l )  ( f t 2 )  1 7,460 1 4,425 

S h i p  Type 

381.5 

3  78 

12 1  

65 

8  9  

67,901 

30 

2,935 

13,434 



Table 3-2 

PLANTSHIP PROJECTED AREAS AND DRAG .COEFFICIENTS 

Table 3-3 

SPAR PROJECTED AREAS AND DRAG COEFFICIENTS 
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Parameters which inf luence  ho r i zon ta l  forces  and yaw moment on the platform 

inc lude  length-to-beam and length-to-draft  r a t i o s ,  p ro jec ted  wetted and 

windage a r e a s ,  and d r a f t .  Ship heading inf luences  drag forces  on the mooring 

system, platform and cold water  pipe s t r e s s e s ,  and platform flow sepa ra t ion  

c h a r a c t e r i s t i c s .  

Other i n t e r f a c e  requirements inc lude  space t o  lead-in l i n e s ;  down fo rce  on 

h u l l  and spar;  m a t e r i a l  compa t ib i l i t y  between mooring l i n e s ,  winches, and f i t -  

t ings; t h e  remaining ocean sys tems; and power sys tem. 

3.2.2 E l e c t r i c a l  Transmission System 

The mooring system w i l l  b e  designed t o  maximize the  modular expefime~it p lan t  

o p e r a b i l i t y ,  

MAX [ OPERABILITY 
OPERATING TIME ON'STATION 1 - 

wherein opera t ion  i s  defined a s  t h e  t ransmission of e l e c t r i c a l  power v i a  t h e  

r i s e r  cable  and submarine cable  t o  t h e  g r i d  on Puerto Rico. 

Cahle  attachment i s  not required beyond the Design Operat ional  Sea S ta t e .  

Hnwever, c r i t e r i a  f o r  suspension of opera t ion  which a re  inf luenced by mooring 

system performance c h a r a c t e r i s t i c s  inc lude  maximum t o l e r a b l e  amplitudes of :  

o  S t r e s s  in L l i ~  r i ~ e r  cable 

o S t r e s s  i n  ehe mooring l i n e s  

o Off -s ta t ion  excursions 

o  Platform motion 

o  Platform heading 

o  S t r e s s  i n  cold water pipe 

o  Cablelmooring-leg r e l a t i v e  excursions 
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The watch c i r c l e  requirements a re :  

o  Average water depth: 4,000 f t  

o  Watch c i r c l e  rad ius :  400 f t  

o  Return period of design storm: 3 years  

The f i r s t  aim of watch c i r c l e  l i m i t a t i o n  i s  t o  l i m i t  tensions i n  t he  r i s e r  

cables  t o  l eve l s  a t  which both s t a t i c  and dynamic loads can be to l e ra t ed  by 

the  s t r eng th  components and cable  i n s u l a t i o n .  ~xceedance  of nominal watch 

c i r c l e  during unusual storm condi t ions  may c o n t r i b u t e  both  higher  than normal 

base tension i n  the  r i s e r  cable  and higlier than normal dynamic forces  due t o  

wave a c t i o n  assoc ia ted  with the  storm. This combination presents  p o t e n t i a l  

r i s k  of f a t i g u e  f a i l u r e .  Therefore,  i t  i s  necessary a t  t h i s  time t o  l i m i t  t he  

dura t ion  of watch c i r c l e  exceedance t o  a  few hours ( say  3 hours) .  Design of 

cable  system dimensions can probably accommodate a  watch c i r c l e  rad ius  of up 

t o  800 f t  f o r  these  durat ions.  A systems i n t e r f a c e  s tudy i s  underway which 

includes design i t e r a t i o n s  between the  mooring and r i s e r  cable  systems. This 

approach w i l l  lead t o  i d e n t i f i c a t i o n  of a n  optimum, in t eg ra t ed  mooring system, 

designed t o  maximize operabi- l i ty  a t  miniirlum l i fe -cyc le , ' sys tem cos t .  

I n  add i t i on  t o  the l i m i t a t i o n s  due t o  tens ion  and - fd t igue  loading, t h e  watch 

c i r c l e  must be cons i s t en t  with the  r i s e r  cable  system layout i n  t h a t  phys ica l  

con tac t  of t he  cable wi th  the platform, .mooring system, o r  t he  cold water pipe 

must be avoided t o  preclude phys ica l  damage t o  the cable.  

R i se r  cable  tw i s t  and torque cons idera t ions  w i l l  be addressed. The g r e a t e s t  

cons idera t ion  i n  l imi t ing  r o t a t i o n  of the  cable  end may be the  physical  i n t e r -  

ference of mu l t ip l e  r i s e r  cables  with the power p lan t  and each o ther .  I f  t he  

cables  a r e  a t tached  t o  a  po r t ion  of the  p lan t  t h a t  i s  allowed t o  r o t a t e ,  a  

working l i m i t  of p l an t  yaw r o t a t i o n  of l e s s  than - + 90 deg i s  necessary t o  

avoid' phys ica l  i n t e r f e r e n c e s  between cab le s ,  between cables  and p lan t  s t ruc-  

t u r e s ,  and between r i s e r . c a b l e s  and mooring legs .  Addit ional  background on 

the  ETS-SKSS i n t e r f a c e  i s  provided i n  Appendix A. 
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3.2.3 Cold Water P ipe  

The SKSS-CWP i n t e r f a c e  i s  p a r t i c u l a r l y  s i g n i f i c a n t  i n  t h e  tension-anchor- 

leg/monopod c o n c e p t s .  The m a t e r i a l  f o r  t h e  tensioned anchor l e g  (TALI c o l d  

wate r  p i p e  is c o n c r e t e .  The CWP i s  30 f t  i n  d iamete r  and i s  3,000 f t  long.  

The h o r i z o n t a l  wave f o r c e  e x e r t e d  on t h e  c y l i n d r i c a l  . c o l d  wafer p i p e  i c  

r e l a t e d .  t o  t h e  i n s t a n t a n e o u s  components of w a t e r - p a r t i c l e  v e l o c i t y  and a c c e l -  

e r a t i o n  i n  t h e  d i r e c t i o n  o f  wave p ropaga t ion .  The wave f o r c e  c o n s i s t s  o f  two 

components - t h e  d rag  f o r c e ,  which i s  due t o  t h e  h o r i z o n t a l  p a r t i c l e  v e l o c i t y ,  

and t h e  i n e r t i a l  f o r c e ,  which i s  r e l a t e d  t o  t h e  a c c e l e r a t i o n  o f  t h e  wa te r  

p a r t i c l e .  

Wave-induced v i b t a t i u l i s  arc t o  he inc luded  i n  t h e  des ign ,  w i t h  t h e  goa l  t o  

avo id  resonance between wave and s t r u c t u r a l  f r e q u e n c i e s .  The c r i t e r i o n  

involved when checking f r e q u e n c i e s  i s  t o  be  s u r e  t h a t  t h e  frequency of t h e  

s t a t i o n k e e p i n g  subsystem i s  no t  i n  t h e  wave spectrum o r  v o r t e x  shedding range.  

. . 
V o r t i c e s  a r e  shed i n  t h e  wake of t h e  co ld  wa te r  p ipe  i n  t h e  wave-induced flow 

p a s t  t h e  pipe .  Vortex shedding occurs  a t  a  f requency ,  Fv,  t h a t  i s  a  f u n c t i o n  

of f ree - s t ream v e l o c i t y ,  Vn, and t h e  p i p e  d iamete r ,  D. Th i s  f requency i s  

d l r e c ~ l y  a f f e c t e d  h y  t h e  S t r o u h a l  number, S ,  a  f u n c t i o n  o f  t h e  Reynolds number. 

3.3 CRITERIA FOR DESIGN 

The s t a n d a r d s  used i n  t h e  des ign  o f , t h e  s t a t i o n k e e p i n g  system a r e :  

ABS Rules f o r  ~ u i l d i n g  and C l a s s i u g  S ing le  P o i n t  Noorings 

AB S Rules  f o r  Bui lding and C l a s s i n g  S t e e l  Vessels  
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API-RP2A Recommended P r a c t i c e  f o r  Planning, ~ e i i ~ n i n ~ ,  . and 

Gonstruc t i n g  Fixed Off shore P l a t  forms 

A 1  SC S tee l  Construct ion Manual 

AWS D 1 . l  American Welding s o c i e t y  S t r u c t u r a l  Welding Code 

ASME Sect ion V I I I  Boi ler  and Pressure Vessel Code 

AWS A2.0 American Welding Society .Standard Welding Symbols 

AS?M ~ m e r i c a n  Society f o r  Test ing and Mater ia l s  - s p e c i f i c a t i o n s  

ANSI B31.4 Liquid Petroleum Transpor ta t ion  Piping Systems 

API Std 1104 Standard f o r  Welding P ipe l ines  and Related F a c i l i t i e s  

SSPC Surface Prepara t ion  Spec i f i ca t ions  

N EC Nat ional  E l e c t r i c a l  Code 

The app l i ca t ion  of these  s tandards  a long  with appropr ia te  s a f e t y  f a c t o r s  f o r  

i nd iv idua l  components leads t o  the c r i t e r i a  summarized i n  Table 3-4. These 

bas i c  design c r i t e r i a  a r e  i n  terms of system design c r i t e r i a ,  component tech- 

nology design c r i t e r i a ,  and deployment and ope ra t iona l  c r i t e r i a .  Var ia t ions  

from these s tandards a r e  t o  be based on sound engineering p r i n c i p l e s  and a re  

subjec t  t o  review of  the approval ageucies.  

~ a b i e  3-4 

SUMMARY OF SKSS BASIC DESIGN CRITERIA 

SYSTEM DESIGN CRITERIA 

Fabr ica t ion  and Cost Ef fec t iveness  

Implant and Recovery Effec t iveness  
o Procedures 

I o Problems 

I Performance 
o P r e d i c t a b i l i t y  
o Confidence Level 

A b i l i t y  t o  Scale t o  Commercial P lan t  S ize  

Ef fec t ive  Mooring System S t i f f n e s s  
o Planar 
o Torsional  

S e n s i t i v i t y  To Design Sea S t a t e s  
- 
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Table 3-4 ( Cont . ) 
COMPONENT TECHNOLOGY DESIGN CRITERIA 

Load Comparison Computer Programs 
o S t a t i c  
o  Dynamic 

Anchor Techno logy C r i t e r i a  
o  Gravi ty  (deadweight) . . 

o P i l e  
o  Drag embedment 

Luading C r i  t a r i  a and Safe ty  Fac tors  

( wet wei h t  of Anchor )(Des. ~ i ~ . j  2 o Anchor Pu l lou t  Safe ty  Factor  Force aomponent 

o  Anchor Leg Safety Factor  on Breaking S t rength  = 2 - 3 
o Hor izonta l  Anchor Pul l  Angle - Tangent t o  6 deg 

Anchor Holding Power: 

o  Nominal Operat ing - Anchor Holding Power 2 2 
Horiz. Force Comp. For 1  / 3  Line Breaking S t rength  

o Maximum Operat'ing - Anchor ~ o i d i n g  Power' = 2 
Horiz. Force Comp. f o r  1 /2  Line Breaking S t rength  

o Survival  Condition - Anchor s l i p  permissible .  Maximum .excursjon 
r e s t r i c t e d  t o  prevent ion of  co ld  water  p lpe  
grounding (<3,000 f t ,  75%.-.of depth) .  

Mooring Bearings Design Safe ty  Factor  Wi tlrout Dcotruct i.ve Yielding of 
Sur facc  1 2 

S a f e t y  Factor fo r  Synthe t ic  Lines 2 5 

Hawser Load (SPM Through D i f f e r e n t - F a i l e a d s  - Max. of 2) 40% ~ ~ ~ ~ k .  s t y ,  
Number o t  Separated fioorlng Llnes 

Hawser Load (Sin.  Mrg Line W!Multiple Parts -Thru 1. l a i r l e a d )  2 60% Break, S t r ,  
NUIIP>€!r o r  t n e  l n a l v l d u a l  r a r t s  o r  tYETClne 

Maximum Tension/' 
Mooring System S t i f f n e s s  Breaking S t r e a g t h  

Very Nominal < 113 

Nominal 1  / 3  

Excursion, % Depth 

3 

5 t o  10 

Maximum 113 t o  112 10 t o  20 

Unres t r ic ted  ( s u r v i v a l )  < 1.0 < 75 

Pretension:  The i n i t i a l  t ens ion  i n  a l l  l i n e s  a t  ze ro  excursion such t h a t  113 
the  r a t ed  breakin  s t r e n g t h  q f  t h e  mooring l i n e  i s  reached a t  5  
t o  10 percent  of bepth excursion 

Sa fe ty  Factor :  The maximum f a c t o r  of s a f e t y  i n . d e s i g n  l i f e  of components wi th  
loads based on maximum-loading i n  Extreme Sea S t a t e  
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Table 3-4 (Cont.) 

I 
Allowable S t r u c t u r a l  S t r e s s  Levels 

o Gravity and Mooring Loading: 

- 60% of y i e ld  s t r eng th  f o r  t e n s i l e  s t r e s s e s  

- 60% of e i t h e r  t he  loca l  buckling o r  y i e l d  s t r eng th ,  whichever i s  
l e s s ,  f o r  bending s t r e s s e s  

- 57% of e i t h e r  the  buckl ing o r  y i e l d  s t r eng th ,  whichever i s  l e s s ,  
f o r  compressive s t r e s s e s  

- 40% of t e n s i l e  y i e l d  s t r eng th  for shcor s t r e s s e s  

o Combined Loadings : 

- 80% of  y i e l d  s t r e n g t h  f o r  t e n s i l e  s t r e s s e s  

- 80% of e-ither t h e  buckling o r  y i e ld  s t r eng th ,  whichever i s  l e s s ,  
f o r  bending s t r e s s e s  

- .-75% of e i t h e r  t he  buckl ing o r  y i e l d  s t r eng th ,  whichever i s  l e s s ,  
f o r  compressive s t r e s s e s  

- 53% of t e n s i l e  y i e l d  s t r eng th  f o r  shear  s t r e s s e s  

o Compressive S t r e s ses  from Combined Axial and Bending Loadings 

I f a 
= computed a x i a l  compressive s t r e s s  

I f b  = computed compressive bending plus  l o c a l  S t r e s s  

Fa = allowable a x i a l  compressive s t r e s s  based on ove ra l l  buckl ing 
s t r eng th ,  l o c a l  buckl ing s t r e n g t h ,  o r  y i e l d  s t r e n g t h ,  
whichever i s  the smal les t  

Fb = allowable bending compressive s t r e s s  based on loca l  buckl ing 
s t r eng th ,  o r  y i e l d  s t r eng th ,  whichever i s  the smal les t  

o Column Buckling St resses :  

I E l a s t i c  Buckling S t r e s s  

.Fe = n 2 ~ /  ( K L / ~ ) ~  "here KL/r 2 \I- : 

F 
e = e l a s t i c  buckl ing s t r e s s  

F 
Y = y i e l d  s t r e s s  

E = modulus of e l a s t i c i t y  
* 
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Table  3-4 (Cont.  

L = column l e n g t h  

r = l e a s t  r a d i u s  o f  g y r a t i o n  

K = an e f f e c t i v e  l e n g t h  f a c t o r  t o  be de te r lu i l~ed  as  p e r  t h e  l a t e s t  
AISC code 

o  C r i t i c a l  Buckling S t r e s s  of a  Column: 

P i l e  and P i l e  Foundat ion 

Ul t ima te  S o i l  C a p a c i t i e s  = 0 
Allowable S o i l  C a p a c i t i e s  

o  Ul t ima te  Bear ing Capaci ty :  

L 
= s k i n  f r i c t i o n  r e s i s t a n c e  ( l b )  , 

P 
= t o t a l  end b e a r i n g  ( l b )  

2 
f = u n i t  skin f r i c t i o n  c a p a c i t y  ( l b / f t  ) 

2 A 
s = s i d e  s u r f a c e  a r e a  of  p i l e  ( f t  ) 2 4 = u n i e  end Leal ing c a p a c i t y  ( l b l f t  ) 

A 2 
P 

= g r o s s  end a r e a  of p i l e  ( f t  ) 

9Ap = c a p a c i t y  of i n t e r n a l  p lug  

o  Load t o  Foundat ion S a f e t y  F a c t o r  = 2 

o Maximum P i l e  Def lec t j .on  1 /10 P i l e  Diameter 
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Table 3-4 (~ont.1 

Miscellaneous Design Considerations 

o Rotational. Restraint - Yaw 2 90 deg 
o Ductility 

o Abrasion, Wear, Scour 

o Biofouling 

o Corrosion 

o Auxiliary Mooring Equipment 

o Winch and Tensioner 

- Reliability 
- Maintenance 

o Fatigue 

DEPLOYMENT AND OPERATIONAL CRITERIA 

I Weather Window Requirements 
o Deployment 

- Transportation 
- Anchor Lowering 
- Line Layout 
- Pretensioning 
- Inspection 

o Maintenance/Inspec tion 
- Regular 
- Semi annual 
- Annual 

o Special Periodic Survey 

Cost Effectiveness 

o Fabrication 

o ~mplantation 

o Inspection 
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Table 3-4 (Cont.) 

o Maintenance 

o Repair 

o Replacement 

o Recovery 

Reliability of: 

o Implant 

o Recovery 
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S e c t i o n  4  

DESIGN ASSESSMENT 

SKSS concep t s  w i l l  b e  ana lyzed  t o  e v a l u a t e  performance,  r e l i a b i l i t y ,  and 

c o s t .  T h i s  approach t o  d e s i g n  assessment  i s  d e s c r i b e d  i n  t h i s  s e c t i o n ,  in-  

c l u d i n g  r e s u l t s  o f  p r e l i m i n a r y  l o a d s  a n a l y s i s  and r e l i a b i l i t y  assessment .  

Addi t iona l  a n a l y s i s  w i l l  be conducted i n  Task I1 f o r  d e s i g n  ranking and s e l e c -  

t i o n ,  and i n  Task 111, P r e l i m i n a r y  Design. 

4 .1  PERFORMANCE ANALYSIS 

Mooring performance assessment  w i l l  b e  conducted u s i n g  computer a n a l y s i s  and 

o t h e r  a n a l y t i c a l  methods. Performance c h a r a c t e r i s t i c s  t o  be  s t u d i e d  a r e  watch 

c i r c l e  e x c u r s i o n s ,  t e n s i o n s  i n  mooring components, s t a t i o n k e e p i n g  a b i l i t y ,  and 

component s t r e s s e s .  

. . 

Mooring sys tem c a n d i d a t e  concep t s  . f i t  i n t o  t h r e e .  c o n f i g u r a t i o n  . c a t e g o r  ie.s. 

These a r e  t h e  s ingle-anchor- leg  (sAL) w i t h  s i n g l e - p o i n t  mooring ( s P ? ~ ) ,  t h e  

mul t ip le-anchor- leg  (MALI w i t h  s i n g l e  and mul t ip le-anchor- leg  moorings (MALM), 

and t h e  t e n s i o n e d - a n c h o r  l e g  (TALI mooring. From t h e s e  t h r e e  c a t e g o r i e s ,  

e i g h t  concep t s  a r e  b e i n g  cons ide red .  F i g u r e  4-1 i l l u s t r a t e s  t h e s e  t h r e e  c a t e -  

g o r i e s  and t h e  e i g h t  concep t s .  The approach t o  p e r f o m a n c e  a n a l y s e s  o f  t h e s e  

mooring systems w i l l  b e  based i n  p a r t  on t h e  t e c h n i q u e s . o f  Ref.  4-1 through 

4-9. Performance a n a l y s e s  w i l l  c o n s i s t  of s t a t i c  l o a d s ,  dynamic l o a d s ,  and 

t r a d e  s t u d i e s .  

4 .1 .1  S t a t i c  Loads 

P r e l i m i n a r y  mooring sys tem performance c h a r a c t e r i s t i c s  ' were examined t o  

i l l u s t r a t e  t h e  approach.  The system i s  a  c a t e n a r y ,  mul t ip le-anchor- leg  of  

w i r e  rope and chain .  The method used i s  a p p l i c a b l e  t o  t h e  'des ign of  mooring 

l i n e s  f o r  deep w a t e r  a p p l i c a t i o n s  where in  t h e  d imens ion less  form o I  t h e  
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SINGLE ANCHOR LEG ( SAL) MULTIPLE ANCHOR LE> (MALI 

u 1 

b 

--\ 

SAL - SINGLE POINT MOOR MAL MAL- ACTIVE TENS ION1 NG MAL - TURRU 
(SHIP ONLY) ( SHI P AND SPAR) ( SHIP AND SPAR) ( SHI P ONLY) 

MA1  (conti nmd) 

h 

.- 

\ 
MAL - ROTARY VAL- SINGLE POINT MOOR 
( SHI P ONLY 1 ( 5 H I  PONLY) 

Fig. 4-1 Three Categories and Eight Concepts lor SKSS 

TENS IOQ ANCHOR LEG (TALI 

I 

TAC 
(SPA? ONLY) 

I 

TAL - MONO POD 
( SPAR ONLY) 

,, J 



c a t e n a r y  e q u a t i o n s  f o r  mu1 t i p l e  component mooring l i n e s  a r e  employed. The 

c a t e n a r y  e q u a t i o n s  a r e  nondimensionalizod by s c a l i n g  l e n g t h  w i t h  r e s p e c t  t o  D ,  

t h e  depth  of  t h e  wa te r ,  and f o r c e s  by DW where Wn i s  t h e  n e t  weight  p e r  
n' 

u n i t  l e n g t h .  F i g u r e  4-2 i l l u s t r a t e s  t h e  m u l t i p l e  component mooring l i n e  

d imensional  and d imens ion less  v a r i a b l e s .  F i g u r e  4-3 f u r t h e r  i l l u s t r a t e s  a  

t y p i c a l  rope-chain mooring.  l i n e  i n  t h e  p r e t e n s i o n  and e x c u r s i o n  c o n f i g u r a t i o n s .  

A 3-in.-diameter wire  rope was s e l e c t e d  w i t h  a  b r e a k i n g  s t r e n g t h  o f  1,045 k i p s  

weighing 16.9 l b / f t  i n  combinat ion w i t h  3-1116-in.-diameter chain  w i t h  n 

break ing  ~ t r e n g t h  of 1,08b k i p s  weighing 80.7 l b / f t .  A wate r  dep th  of  

4 ,000 f t  was assumed whi le  a n  e x c u r s i o n  o f  10 p e r c e n t  of wa te r  d e p t h  was t h e  

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

The r e s u l t s  of  t h e  a n a l y s i s  a r e  summarized i n  Tab le  4-1. Cable t e n s i o n  o f  

20 p e r c e n t  of  i t s  b reak ing  s t r e n g t h  i s  r e a l i z e d  f o r  p r e t e n s i o n i n g .  These and 

o t h e r  key performance c h a r a c t e r  i s t i c s  p rov ide  i n s i g h t s  t o  v i a b l e  t r a d e  

s t u d i e s .  A summary of t h e  environmental  l o a d i n g  f o r  t h e  s h i p  and s p a r  i.a pre- 

s e n t e d  i n  Tab les  4-2 and 4 - 3 .  Speci. f i c  e x c u r s i o n s ,  p r e t e n s i o n ,  and r e s t o r i n g  

f o r c e  c r i t e r i a  w i l l  be i t e r a t e d  t o  o b t a i n  t h e  d e s i r e d  s t i f f n e s s  t o  s a t i s f y  t h e  

environmental  l o a d i n g  f o r  t h e  s h i p  and s p a r .  F u r t h e r  r e f inements  t o  i n c l u d e  

clump weigh t s  and m u l t i p l e  anchors ,  a s  w e l l  a s  l i n e  e x t e n s i b i l i t y ,  a r e  v i a b l e  

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

4.1.2 Dynamic Loads 

The mooring system i s  s u b j e c t  t o  environmental  and i n s t a l l a t i o n  load ing .  

Environmental  l o a d s  t o  be c o n s i d e r e d  a r e  wave, wind, c u r r e n t ,  and ea r thquake  

loads .  I n s t a l l a t i o n  f o r c e s  on t h e  mooring system i n c l u d e  l i f t i n g ,  l o a d o u t ,  

launching,  and upr igh  t i n g  f o r c e s .  
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Table 4-1 

MOORING LINE LOADS AND EXCURSIONS 
( FROM PRELIMINARY PERFORMANCE ANALYSIS 1. 

( a )  Pre tens ion  Values 

EXCURS I O N  

per cen t  of 
Breaking 
S t rength  

2 0 ( ~ )  

2  5  

33 

50 

. - - 

4 -4 

LOCKHEED OCEAN SYSTEFB 

d = (XT - XT - (ST - ST 1 
0 0 

' Cable 
Tension 

215 k i p s ( a )  

, 261 kips  

348 k ips  

523 kips  . . 

- -  

Percent  of 
B rea.ki ng 
S t rength  

20 

25 

33 

5 0 

Horizontal  
Load 

136 k i p s ( a )  

176 k ips  

252 kips  

41 1 kips  

-. 

V e r t i c a l  
Load 

166 k i p s ( a )  

193 k ips  

240 k i p s  

322 k ips  

Top Angle 
e" (n+2) 

50. 7(a) 

47.7 

43.5 

38.0 

% ( f t )  

5,400 

5,758 

6,439 

7,649 

Per cent  
of Depth 

0 

1.6 

4.2 

9.3 

ST ( f t )  

- 

6,840 

7,135 

7 , ' t l l  

8,716 

d ( f t )  

0  

63 

168 

3 73 



WHERE 

W 
(n+l) 

= WlRE ROPE WEIGHT PER FOOT 

n = CHAIN WEIGHT PER FOOT 

'(n+~) = WlRE ROPE LENGTH 

'n = CHAIN LENGTH 

T(n+2) 
= MOORING LlNE TENSION AT TOP 

'(n+2) 
= SLOPE OF MOORING LlNE AT TOP 

'(n+l) = MOORING LlNE VERTICAL LOAD AT TOP . 

H(n+l) = MOORING LlNE HORIZONTAL LOAD AT TOP 

D = DEPTH OF MOOR 

T 
= HORIZONTAL PROJECTION OF MOORING LlNE 

' NOTE: QUANTITIES ARE NONDIMENSIONALIZED BY D, DEPTH 
OF WATER AND BY W x D, 

Fig. 4-2 Multiple-Component Mooring Line 
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Fig. 4-3 Typical  Rope Chain Anchor Leg on S t a t i o n  and 
a t  Excursion Condit ion . 

Waves e x e r t  dynamic loading on t h e  moor and platform. The p o r t i o n  of wave 

energy which must be absorbed hy the  mooting system i s  dependent i n  p a r t  on 

t h e  moor s r i f f ~ ~ e s s  and platform f i x i t y  i n  t he  moor. The Tension-Anchor-Leg 

Mooring computer program w i l l  be  used t o  analyze t h e  wave energy fa rcc .  

Wave-induced v i b r a t i o n s  of the moor p l a t f  nrm w i l l  be considered par t icu1.ar ly  

f n r  the  tensioned-anchor-leg moor. The n a t u r a l  f requenc ies  of t h e  moor w i l l  

be  wel l  separa ted  from t h e  wave peak edergy frcquoncy and vo r t ex  shedding 

frequency. Dynamic s imula t ions  u s ing  the  TOWER program w i l l  b e  conducted a s  

app rop r i a t e  f o r  t he  SAL and TAL moors. 

The s teady d r i f t  f o r ce  due t o  waves i s  p ropor t iona l  t o  t h e  square of wave 

he igh t .  It i s  a  nonl inear  f o r c e  wi th  components bo th  independent of  time and 

dependent on h igher  wave frequency harmonics. An approximate r e l a t i o n s h i p  i s  

used to  e s t ima te  t h e  wave d r i f t  f o r c e  on the  platforms i n  a .  narrow-band, 

i r r e g u l a r  sea.  D r i f t  force c o e f f i c i e n t s  app l i cab l e  t o  t h e  s p a r  a s  der ived 
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from second-order p o t e n t i a l  theory or  by model t e s t s  of t he  spar  i n  waves a r e  

not ava i l ab l e .  Appropriate c o e f f i c i e n t s  f o r  both platforms w i l l  be pursued i n  

Task 11. 

The inf  luence of p la t form heading on the  mooring system i s  examined i n  terms 

of the dependence of platform response on wind, wave, c u r r e n t ,  and heading. 

The spa r  i s  axisymmetric and i s  assumed t o  have no prefer red  o r i en t a t ion .  

Ship response t o  sea s t a t e ,  however, i s  dependent on heading. 

Tables 4-2 and 4-3 summarize the  est imated wind, wave, and cu r ren t  s t a t i c  and 

q u a s i - s t a t i c  loads on the  sh ip  and spar .  Both opera t iona l  and extreme sea  

s t a t e  condit ions a r e  summarized ,' inc luding  sh ip  response t o  heading, f o r  t h i s  

coplanar loading case.  Yawing moments wil.1 be computed f o r  headings o t h e r  

than beam and head. Addit ional  wave d r i f t  force  es t imates  w i l l  be prepared. 

Holding power i s  t he  mooring capac i ty  t o  r e a c t  imposed loads ,  and i t  i s  

r e a s o n a b l e . t o  expect t h a t  holding power wi.1.3, decl ine  with time. Cyclic loads,  

co r ros ion ,  abras ion  of l i n e s  and components, s h i f t  i n  s o i l ,  and s o i l  sa tura-  

t i o n  w i l l  a l l  con t r ibu te  t o  t h i s  incremental l o s s  i n  holding power. One 

source of cyc l i c  loading,  f o r  example, i s  l i n e  strumming due t o  shedding of 

v o r t i c e s  formed by ambient . cu r ren t  and/or l i n e  o s c i l l a t i o n s .  Such l i fe -cyc le  

loads comprise t h e  s e t  of loads t o  be examined f o r  s e r v i c e  s e a  s t a t e  

condit ions.  

I n s t a l l a t i o n  l i f t i n g ,  loadout ,  launching, and upr ight ing  forces  while moving 

the  components of the  SKSS from the  f ab r i ca t ion  s i t e  t o  the  o f f sho re  loca t ion  

r equ i r e s  t h a t  dynamic a s  well  a s  s t a t i c  loadings be analyzed. Loadout fo rces  

occurr ing during t r anspor t a t ion  a r e  determined considering the  he igh t ,  length,  

and period of waves encountered during tow. Launching and upr ight ing  fo rces  

a r e  dependent on how the  s t r u c t u r e  a r r i v e s  a t  the  o f f sho re  s i t e ,  whether 

ho r i zon ta l  on the barge, i n  t he  water,  o r  i n  a  v e r t i c a l  tow po.sit.ion. Forces 

i n  t h i s  s tage of i n s t a i l a t i o n  occur mainly from l i f t i n g  and submergence 

pressures .  
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Table  4-2 

SUMMARY OF ENVIRONMENTAL LOADING -  SHIP'^) 

!a)  Wind, wave, c u r r e n t  cop lanar  toward west 
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Loading 

Head cBl = 90 deg) 

Wi nd 

Curren t  

Hul l  

CWP 

Discharge Pipes  

Wave D r i f t  

TOTAL 

Beam (B1 = 0 )  

Wind 

Cur ren t  

Hul l  

CWP 

Discharge Pipes  

!Jave D r i f t  
-.. ,... 

TOTAL 
I 

Extreme 

~ . ~ ( l b )  

-146,094 

-76,770 

-112,231 

-145,193 

-104,785 

-585,073 

7,959 

0 

0 

0 

0 - 
7,959 

Sea S t a t e  

Fy(1b) 

0 

. 0 

0 

0 

0 

0 

-228,079 

-24 1,733 

-112,231 

-145,193 

-330,376 

-1,202,843 
- 

S t a t e  

N ( f t - l b )  

0 

0 - 

0 

0 

0 .  

0 

0 

0 

0 

0 

0 

0 

F X ( l b )  

-20,312 

-43,183 

-59,661 

-81,671 

-133,375 

-338,202 

1,107 

0 

0 

0 

0 

1,107 

N ( f t - l b )  

0 

0 

0 .  

' 0  . 

0 

0 

0 

0 

0 

0 

0 

U 
-.A.. 

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

~ ~ ( l b )  

0 

0 

0 

0 

0 

0 

-31,705 

-135,975 

-59,661 

-81,671 

-420,517 

-729,529 



Table 4-3 

SUMMARY OF ENVIRONMENTAL LOADING -  SPAR(^) 

( a )  Wind, wave, cu r r en t  coplanar toward west. 

I 

Loading 

Wind 

Current 

Core 

CwP 

Wave D r i f t  

TOTAL 

4.1.3 Trade Studies  

A s01.1nd teehilical approach depends on t r ade  s t u d i e s  t o  e s t a b l i s h  the  design 

path e a r l y  i n  the  p r o j e c t .  A decis ion  i n  any one of t he  t rades  w i l l  have 

across-the-board impact on a l l  t he  others .  The b e s t  combination r e q u i r e s  

s eve ra l  i t e r a t i o n s  of the  ' t radeoff  process ,  beginning with an i n i t i a l  screen- 

ing  t o  narrow the f i e l d  of candidates .  This i s  fol.lowed by a q u a n t i t a t i v e  

eval.ua t i o n  of r e l a t i v e  performance and c o s t ,  supported by engineering ana- 

l y s i s .  T h e ,  s i g n i f i c a n t  t r ade  s t u d i e s  t o  be conducted a r e  summarized i n  

Table 4-4. 
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Operat ional  Sea S t a t e  . 

FX( lb  

-10,837 

- 9,854 

4 3 , 4 1 8  

, -49,819 

-113,928 

Extreme Sea S t a t e  

FX(lb)  

- 77,914 

- 79,103 

- 81,360 

-171,824 

-410,201 

Fy(lb)  

0 

0 

0 

0 

~ ( f t - l b )  

0 

0 

0 

0 

Fy(lb)  

0 

0 

0 

0 

N ( f t - l b )  

0 

0 

0 

0 



Table 4-4 

TRADE STUDIES 

1. W i  re-Rope-LengthIChain-Length vs. Excursion. 
Rat ios  . ( a t  4,000-ft  depth)  Restor ing Force. 

Pre tens ion ing .  
Cost. 

2. Holding Power 
( i n  sand, c l ay ,  mud) 

3 .  Anchor 'l'ypeb: (1:~ar graph) 

4. A l l  Ni. re Rope Sy s  tem 
(diameter  v a r i a t i o n s  a t  
4,000 f t )  

5 .  S ing le  Leg Moor 
(pros  and cons) 

6 .  Anchor Types 

7 .  Anchor Se l ec t i on  
( r a t i n g - t a b l e  form) 

8. Mooring Line Se l ec t i on  
( r a  t ing-cable farm) 

A l l  Wire Rope 
A l l  Chain 
W.R. /Chain Combination 
Synthe t ics  

vs . Deadweight Anchor. 
Drag Embedment. 
P i l e  Group Anchor. 

vs . Cost ( inc lud ing  engineer ing ,  
f a b r  ica~. i ,an,  t r a n s p o r t a t i o n  t o  

' s i t c ,  and lowering) 

vs . Excursion. 
Restor ing Force. 
P r e  tensioning.  
Cost. 

vs . Mult ip le  Log Moor 

VS.  Weather Window Requirements 

vs . Compliant t o  Sand, Nud, Clay. 
Ship and Equipment Support. 
Ease of  Transport  to  S i t e .  
Fab r i ca t i on  to  State-of-the-Art.  
C ~ m p l i a a t  to Seaf  loor  Variatio,n.  
cos t .  
Developmental ~ 6 k p l c x i t y  
Implant S e n s i t i v i t y  t o  Depth, 
Rc'sistance t o  V e r t i c a l  Loading. 
~ e s i s t a n c e  t o  ~ o r i z o n t a l  Loading. 
Cmnidirec t i o d a l  S t a b i l i t y -  

v s .  . Effec t iveness  a t  4,000 f t .  
Weight Ef fec t iveness .  
Avai lable  R e ~ t o r i n g  Force.  
Pre tens ion  Value Range. 
Abrasive Resis tance.  
Fab r i ca t i on  t o  State-of-the-Art. 
Excursion Range. 
Cost. 

4210 

LOCKHEED OCEAN SYSTEMS 



Table 4-4 (~ont.1 

9. Mooring Concept Selec tion 
(rating-table form) 

SAL-SPM 
MAL 
MAL-Turre t 
MAL-Ro t ary 
MAL-SPM 
TAL' . 

TAL-Mono pod 
MAL-Ac t ive Tensioning 

10. A1 terna t ive Mooring 
Sites off Pt. Tuna 

VS. Developmental Extension to 
State-of-the-Art. 
(=Wp/Plat form (interface stresses). 
Excursion Flexibility. 
Cost . 
Engineering Design Effort. 
Anchor Technological Development. 
Elec. Trans. Cable Design. 
Weathering. 
Rotational Restraint. 
CWP Bending Moment. 
Winch and Tensioner Design. 
Implant Support Services. 
Recovery Cost. 

vs . Depth of Moor. 
Bottom Profile Evaluation. 
Relative Mooting Cost Factor. 
Deployment Considerations. 
Bottom composition Merits. 

4.2 RELIABILITY AND RISK ASSESSMENT 

The eight Stationkeeping Subsystem concepts were evaluated in terms of rela- 

tive risk and criticality of failure. The ship hull mooring concepts, ranked 

in order of increasing risk and criticality of failure, are: 

o Multiple-anchor-leg/mul.tiple-point moor, turret or rotary 

o Multiple-anchor-leg/multiple-point moor 

o ~ulti~le-anchor-leg/multiple-point moor, active tensioning 

o Mu1 t iple-anchor-leglsingle-point moor 

o Single-anchor-leg/single-point moor 

For spar hulls the ranked concepts are: 

o Multiple-anchor-leg/multiple-point moor 

o Tension-anchor-leg moor or tensi on-anchor-leg-monopod moor 
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D i s c r i m i n a t i o n  could  n o t  be  made between t h e  t u r r e t  and r o t a r y  v e r s i o n s  of t h e  

s h i p  moors nor between t h e  tension-anchor-leg and monopod v e r s i o n s  of t h e  s p a r  

moors a t  t h e  concept  l e v e l  of d e t a i l .  The c a t e n a r y  s ingle-anchor-  

Zeg ls ing le -po in t  moor docs n o t  p rov ide  a c c e p t a b l e  r e l i a b i l i t y  f o r  OTEC use  

because  i t  i s  s u s c e p t a b l e  t o  en tang lemer i~  i n  i t s  elact .  c o n d i t i o n .  

Although t h e  OTEC SKSS w i l l  be s u b j e c t e d  t o  some e x c e p t i o n a l l y  s e v e r e  con- 

d i t i o n s ,  a c c e p t a b l e  r e l i a b i l i t y  can  be  achieved.  A h i g h l y  d i s c i p l i n e d  devel-  

opment program w i l l  b e  r e q u i r e d .  This  program must c a r e f u l l y  u t i l i z e  a l l  

.ma jor  r isk-reduc t i o n  oppor tun i  t i e s  a s  o u t  l i n e d  i n  t h i s  s e c t i o n .  

I 2 7 Methodology .. . 

For  purposes o f  t h i s  r e p o r t ,  t h e  fo l lowing  d e f i n i t i o n s  a r e  used: 

o The r e l i a b i l i t y  o f  t h e  mooring system i s  t h e  p r o b a b i l i t y  t h a t  t h e  

mooring system w i l l  perform i t s  f u n c t i o n  of m a i n t a i n i n g  s t a t i o n  f o r  

t h e  s p e c i f i e d  des ign  l i f e  of 30 y e a r s ,  

o Net r i s k  f a c t o r  f o r  a s p e c i f i c  mooring system concept i s  an  i n v e r s e  

measure o f  the tela~i"c rcliahility p r e d i c t e d  f o r  t h a t  concept .  

Values a r e  based upon t h e  c o n c e p t ' s  f a i l u r e  modes, t h e i r  a s s o c i a t e d  

r i s k  c o n d i t i o n s ,  and t h e  assumption that  a l l  i n h e r e n t  o p p o r t u n i t i e s  

f o r  reducing r i s k  w i l l  be  e x p l o i t e d  t o  the maximum p r a c t i c a b l e  e x t e n t .  

0 The c r i t i . c a l i t y  f a c t o r  ass igned  t o  a s p e c i f i c  f a i l u r e  mode p r e d i c t s  

t h e  r e l a t i v e ,  a d v e r s e  impact upon t h e  OTEC Demonstration Program, 

r e s u l t i n g  from t h a t  f a i l u r e  mode. 
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Risk f a c t o r s  have been neces sa r i l y  deduced, based upon ex tens ive  ocean engi- 

neering and opera t ing  experience. Absolute r e l i a b i l i t y  va lues  could be 

obtained only a f t e r  30 years  of opera t ing  experience wi th  a  s t a t i s t i c a l l y  s ig-  

n i f i c a n t  number of moors t h a t  represent  each of the concepts. Cer ta in  of t he  

concepts and seve ra l  of t he  condit ions t o  be imposed upon t h e  OTEC SKSS d i f f e r  

g r e a t l y  from the  e x i s t i n g  opera t ing  experience. Therefore,  r e l i a b i l i t y  pre- 

d i c t i o n s  could not  be j u s t i f i a b l y  obtained from a synthes is  of component 

r e l i a b i l i t y  values.  

The r e l a t i v e  r i s k  and f a i l u r e  c r i t i c a l i t y  f a c t o r s  f o r  a c h  concept have been 

derived from concept l eve l  f a i l u r e  modes ana lyses ,  from read i ly  ava i l ab l e  da t a  

on deep water moorings, and from other  deep ocean f a c i l i t i e s .  The r i s k  and 

c r i t i c a l i t y  c-ac t o r s  presented a r e  s u i t a b l e  f o r  s e l e c t i n g  concepts f o r  pre- 

l iminary design. These f a c t o r s  a l s o  provide a  s u i t a b l e  b a s i s  fo r  s e t t i n g  

i n i t i a l  p r i o r i t i e s  f o r  t h e  planning, da t a  a c q u i s i t i o n ,  a n a l y s i s ,  and des ign .  

and development e f f o r t s .  Through these  e f f o r t s ,  progressive refinement of the  

r i s k  and c r i t i c a l i t y  f a c t o r s  can be obtained. 

'l'he e i g h t  mboring concepts a r e  categorized i n t o  three bas i c  concepts fo r  pur- 

poses of r i s k  and c r i t i c a l i t y  assessments.  These bas i c  concepts a r e  t he  

s ingle-point  moor (SPM), t h e  mu1 t ip le -poin t  moor (MPM), and the  tension- 

a n c h o r l e g  moor (TALI. The remaining concepts were analyzed and assessed as  

v a r i a t i o n s  o f . t h e s e  three  bas i c  concepts,  

The f a i l u r e  modes, which a r e  p o t e n t i a l l y  opera t ive  i n  one o r  more of the  con- 

cep t s ,  were deduced u t i l i z i n g  the scaled drawings of Figs .  4-4, 4-5, and 4-6. 

The condit ions which produce s i g n i f i c a n t  r i s k  of f a i l u r e  . i n  0n.e or  more of t he  

concepts were derived,  oppor tun i t i e s  a v a i l a b l e  t o  compensate f o r  the  r i s k  con- 

d i  t i ons  were i d e n t i f i e d ,  and the  determinants of f a i l u r e  c r i t i c a l i t y  were 

de fined. 
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Fig. 4-4 Failure Mode Study for Single-Point Moor 
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Fig. 4-5 Failure Mode Study for Multiple-Point Moor 



ON CABLE 

Fig. 4-6 Fai lure   ode Study for  Tension-Anchor-Leg Moor 
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An assessment  was prepared by l i s t i n g  t h e  f a i l u r e  modes on a  m a t r i x  a b s c i s s a .  

The r i s k  c o n d i t i o n s ,  r i s k  r e d u c t i o n  o p p o r t u n i t i e s ,  and c r i t i c a l i t y  d e t e r -  

minants  f o r  each o f  t h e  b a s i c  concepts  were l i s t e d  on t h e  o r d i n a t e ,  a s  shown 

i n  Tables  4-5, 4-6, and 4-7.. Those r i s k  c o n d i t i o n s ,  r i s k  r e d u c t i o n  oppor- 

t u n i  t i e s ,  and c r i t i c a l i t y  de te rminan ts  t h a t  cou ld  be e f f e c t i v e  were i d e n t i f i e d  . 

under each f a i l u r e  mode. I d e n t i f i c a t i o n  r e s u l t e d  from a  s t u d y  of t h e  concept 

drawings and s e l e c t e d  s c e n a r i o s ,  ex tend ing  from t r a n s p o r t a t i o n  through opera- 

t i o n a l  phases  under normal and cont ingency c o n d i t i o n s .  High numbers of iden- 

t i f i e d  r i s k  c o n d i t i o n s  o r  h i g h  p r o b a b i l i t y  of f a i l u r e  produced a n  a s s i g n e d  

r i s k  f a c t o r  o f  10 f o r  t h a t  f a i l u r c  made. The i n h e r e n t  and ' a v a i l a b l e  r i s k  

reduc t ion  o p p o r t u n i t i e s  were reviewed t o  de te rmine  t h e  degree  t o  which they  

could b e  used t o  compensate f o r  t h e  r i s k  c o n d i t i o n s .  The r i s k  r e d u c t i o n  fac- 

t o r  was deduced, l i s t e d  under t h a t  f a i l u r e  mode, and s u b t r a c t e d  from t h e  r i s k  

f a c t o r  t o  d e r i v e  t h e  ne t  r i s k  f a c t o r .  C r i t i c a l i t y  f a c t o r s  were determined and 

l i s t e d  under each f a i l u r e  mode. F i n a l l y ,  t h e  r i s k - c r i t i c a l i t y  f a c t o r  w a s  

c a l c u l a t e d  f o r  each f a i l u r e  mode by m u l t i p l y i n g  t h e  n e t  r i s k  f a c t o r  by t h e  

c r i t i c a l i t y  f a c t o r .  The r i s k - c r i t i c a l i t y  f a c t o r s  ? r e  surmed ac ross .  t h e  

f a i l u r e  modes t o  a c h i e v e  a r ank ing  o f  t h e  concept on a  r i s k - c r i t i c a l i t y  

b a s i s .  The lower t h e  number, t h e  more f a v o r a b l e  , t h e  concept .  V a r i a t i o n s  t o  

t h e  t h r e e  b a s i c  concep t s  were s  i rn i l a r  l y  assessed' .  by deducing d i f f e r e n c e  

v a l u e s ,  account ing f o r  those  c h a r a c t e r i s t i c s  which were unique.  These t a b l e s  

t o g e t h e r  w i t h  background d a t a  on deep wate r  moorings a r e  p r e s e n t e d  i n  . 

Appendix D. 

R i s k - C r i t i c a l i t y  Fac to r  4 (Risk  - Risk Reduction) x  , F a i l u r e  C r i t i c a l i t y  

4 .2 .3  F a i l u r e  Modes 

A f a i l u r e  mode i s  t h e  event  from which f u n c t i o n a l  f a i l u r e  of t h e  moor can 

r e s u l t .  The f a i l u r e  modes, p o t e n t i a l l y  o p e r a t i v e  i n  one .or  more of t h e  SKSS 

concepts ,  a r e  d e s c r i b e d  below. C e r t a i n  o f  t h e s e  f a i l u r e  modes have been 

o p e r a t i v e  i n  one o r  more ocean p r o j e c t s .  The examples p r e s e n t e d  below v a l i -  

d a t e  t h e  chosen f a i l u r e  modes; however, absence of a n  example i s  no t  a  su f -  

f i c i e n t  cause  f o r  d i s r e g a r d i n g  a  p l a u s i b l e  f a i l u r e  mode. The OTEC SKSS w i l l  

4- 17 

LOCKHEED OCEAN SYSTEMS 



T a b l e  4-5 

RISK AND CRITICALITY ASSESSNENT MATRIX FOR SAL-SPM (SHIP)  

!.',\ I LURE I ETC I ETC ETC S I .  I I' ANCII /LEG LEG llOOR BUOY I Y I 1  I P TOTAL 
!jlODES Dil3l I D A ~ I  DAII R 1  :l(i PULL DAhl UA!J COnN I Dilil / coxx 

, FLR PII'E I..EG F ~ Z I L  t~~~ ~ U L T  P I E ~ A ~  I:IuLT / m i l  
IiISii - .  

CO>!DITIONS j 
1'1-e t e n s i o n  x X  X I X I  

X  x I X  X  X  X  I 1 ) y n a m i c  T e n s i o n  X I X  
jielat i1.c Mot i o n  x x x x x x X X  X I X  

m e n  . -- ~dnlpon- x A x JL x x 
X .'.;ult 1nterf : lce  

. , , ~  . . . ..- 

COSCEPT R I S K - C R I T I C B L I T Y  FACTOR : 172 SAL-SPbl 

SHIP 1.56 MAL-SPM 
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Table 4-6 

RISK AND CRITICALITY ASSESSMENT MATRIX FOR.MAL-MPM (SHIP) 

CONCEPT R I S K - C R I T I C t l L I T Y  FACTOR: 8 6  MAL-MPM 
52 MAL-MPM-Turre t  o r  R o t a r y  

SHIPS 104 MAL-MPM-Act i v e  T e n s i o n i n g  

;'!I I  LL:l?E 
\:ODES 

l i I S K  
COX11 I T  IOXS 
l'ret e n s i o n  
I!y n n r i i i c  T e n s i o n  
i l c l a t i 1 . e  M o t i o n  
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x x x I x 
I 

x 
. x 

I l n p r o v e n  C o n i p o n  
!, i t11 t I n t e r f a c e  
C o m p l e s  I n t e r a c t '  
Cornplcs E n v i  r o n  
C o r n p l e s  I n s t a l l  
ii I SIi 
!':ICTOR 
it I  SK IIEDUCT IOY 
OI'POR'TUX I TI' 
! ? r ~ r ; i r c n  M e a s u r e  

x 

x 

5 

x 

x  

x  

x 

10 

x 

x 
x 
x 

I 

x 

5 

x 
l!i;p i \ n a l y s i . s  
I . o a d  :,Ii t i g a t  i o n  -. 
.':<:I f L o a d  " 
i i ( : d u n d ; ~ n c y  
S n l ' e t y  F a c t o r  .-- 
I . , :p 'Tr t s t  i n g  
Ilccec: t - C o r r e c t  - 
J ~ i s t : ~ l l  S i m ; > l i f  -- 
R I S K  REDUCTION 
!.'.?C'TOR - 
I'E'I' R I S K  
!:':ICTOR 
C R I T I C . i L I T l -  
I)E'rER:bl I ;I';\S-I'S - .- 
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T a b l e  4-7 

RISK AND CRITICALITY ASSESSMENT MATRIX FOR TAL (SPAR) 

CONCEPT R I S K - C R I T I C A L I T Y  FACTOR: 102 TAL '1 
S P A R  110 TAL M o n o p o d  

82.  MAL-MPM 

120 BIAL-MPM-Activo Tensj ,oni  ng 
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opera te  under unique condi t ions  which could motivate  uncommon f a i l u r e  modes, 

i f  appropr ia te  r i s k  reduc t ion  oppor tun i t i e s  are .  not explo i ted .  

The l a b e l s ,  shown i n  parentheses  a f t e r  each f a i l u r e  mode, a r e  used to  i d e n t i f y  

t h a t  f a i l u r e  mode i n  t h e  assessment matr ices .  A summary of high-capaci ty ,  

deep ocean mooring experience i s  presented i n  Appendix 111. 

E l e c t r i c a l  Transmission Cable Damage by Repe t i t i ve  Flexure a t  Seaf loor  Contact 

(ETC DAM-FLR). This  f a i l u r e  r e s u l t s  from work hardening and breakage of t he  

copper conductors a s  t he  ETC i s  r e p e t i t i v e l y  layed and unlayed from t h e  sea- 

f l o o r  beneath t he  platform by platform motion. There have been such f a i l u r e s  

of t ransoceanic  cab les  during s p l i c i n g  opera t ions .  A r e l a t e d  mode i s  

entanglement 'of , the  cable  on rock outcroppings and on i t s e l f  drre t o  s l ack  
4 

cable  accumulagion beneath the platform. Small-radi i  f l exu re  o r  hockles w i l l  

r e s u l t  from sudden re tens ion ing  by the  moving platform. Such modes a r e  t he  

l i k e l y  cause of  cab l e  f a i l u r e s  dur ing  i n s t a l l a t i o n  of t h e  Azores Fixed 

Acoustic Range (AFAR) and t h e  Long Range Acoustic Propagation P r o j e c t  (LRAPP) 

a r r ay ,  conducted i n  water depths  of approximately 1,500 and 15,000 f t ,  

respec t ive ly .  

E lec . t r ica1  Transmission Cable Damage by Cold Water Pipe (ETC DAM-PIPE). This 

f a i l u r e  could r e s u l t  from an improperly pos i t ioned  ETC and the  end motion of 

t he  cold water  . pipe ,  d r iven  by counter-currents ,  vor tex  shedding, and/or 

p a r t i a l  hlockage of  t h e  cold water i n l e t .  

E l e c t r i c a l  ~ r a n s m i s s i o n  Cable Damage by Mooring Leg (ETC DAM-LEG). This f a i l -  

u r e  could r e s u l t  from an i n s t a l l a t i o n  e r r o r  i n  which the  Em i s  layed over one 

of t h e  mooring l e g s  a t  a  po in t  which r i s e s  and f a l l s  wi th  sh ip  motion. A 

r e l a t e d  f a i l u r e  could r e s u l t  from improper connection of  t he  ETC t o  a  mooring 

l eg ,  such t h a t  t he  ETC would be  cycled i n  t ens ion  o r  abraided a s  t he  l eg  i s  

r e p e t i t i v e l y  loaded. 

~ l e c t r i c a l  S l i p  Ring Fau l t i ng  (SLIP R I N G  FAIL). This e l e c t r i c a l  f a i l u r e .wou ld  

r e s u l t  from the  f a i l u r e  of s e a l s  and o t h e r  moisture  con t ro l  ,devices .  There 

4-21 

LOCKHEED OCEAN SYSTEMS 



h ive  been unconfirmed, ve rba l  r e p o r t s  of winch-mounted s l i p  r i n g  f a i l u r e s ,  

involv ing  s u b s t a n t i a l l y  l e s s  cu r r en t  and vo l t age  than those requi red  by the  

OTEC system; 

Anchor Pul lou t  o r  Drag (ANCH PULL OUT). This f a i l u r e  could r e s u l t  from the  

i n a b i l i t y  of s e a f l o o r  s o i l s  t o  genera te  a+quate s t r eng ths  f o r  r e s i s t i n g  high 

combined s t a t i c  and dynamic loads.  The grouted p i l e  anchor of a  shallow water 

sukxnarine tender  mooring f a i l e d  o f f  Rota ,  Spain,  i n  1971. The apparent  cause 

was e r r o r  i n  placement and grout ing.  L iquefac t ion  of s o i l  by ear thquakes and 

o the r  v ib ra to ry  f o r c e s ,  such a s  rhost: sauocd by vor tex  shedding, i s  a  plaus- 

i b l e  cause of a n c h o r . p u l l o u t  o r  drag,  p a r t i c u l a r l y  when the  s t a t i c  load ing  has  

a l a r g e ,  v e r t i c a l  compone~lt. 

Anchor Leg Damage by Tension Cycling, Flexure,  Wear, Abrasion, and/or  

Corrosion (LEG DAM-MULT). This  f a i l u r e  mode could r e s u l t  from over tens ion ing  

and s t r e n g t h  degrada t ion  due t o  c y c l i c  f a t i g u e ,  smal l - rad i i  bending, hockl ing,  

s e a f l o o r  and i ntercomponent wear and ab ra s ion ,  and cor ros ion .  There have been 

f a i l u r e s  during ope ra t i ons  of t h r ee  Navy Squaw moorings a f t e r  an average of 5 

years  s e r v i c e ,  each. These were i n  water depths  ranging from 3,500 t o  6.,000 

f t .  The submarine was held 200 t o  300 f t  below the  su r f ace  o f f  San Diego, a  

r e l a t i v e l y  benign environment. The f i r s t  f a i l u r e  was t raced  ' t o  a  hu l l  

padeye. The o ther  two f a i l u r e s  were genera l ly  a t t t i b u t e d  t o  e i t h e r  the moor- 

i n g  l i n e s  or  f i  t t i n g s .  Wooring d e t a i l s  a r e  presented i n  Appendix 111. 

A f a i l u r e  could r e s u l t  from the  r e l a ~ i v e l y  l o w  compliance of the  TAL monopod 

moor. Platform motion could s e t  up r e i a fo rced  compre.ssion waves i n  t h e  pipe 

l e g  and r e s u l t  i n  buckl ing  f a i l u r e .  

Anchor Leg Damage by Cold Water Pipe (LEG DAM-PIPE). This f a i l u r e  could 

r e s u l t  from the  end mot ion ,  of t h e  cold water p ipe ,  caused by coun te rcu r r en t s ,  

vor tex  shedding, and/or  p a r t i a l  blockage of t he  cold water i n l e t .  
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Mooring Connector Damage by Tension Cycl ing,  F lexure ,  Wear, and /o r  Cor ros ion  

 MOOR CONN DAM). F a i l u r e  could r e s u l t  from e x c e s s i v e  dynamic t e n s i o n s  imposed 

by t h e  p l a t f o r m ,  l o c a l i z e d  f l e x u r e ,  wear,  s h i p  o r  connec to r  impact ,  c y c l i c  

f a t i g u e ,  and c o r r o s i o n .  

Buoy Damage by Tension Cycl ing,  F lexure ,  Wear, and /o r  Cor ros ion  (BUOY DAM 

MULT. F a i l u r e  cou ld  r e s u l t  from e x c e s s i v e  dynamic t e n s i o n s  imposed by t h e  

p l a t f o r m ,  l o c a l i z e d  f l e x u r e ,  wear,  s h i p  o r  connec to r  impact,  c y c l i c  f a t i g u e ,  

and c o r r o s i o n .  

Sh.ip Connecton' Damage by Tension and F l e x u r a l  Cycl ing,  Wear, Abrasion,  and /o r  

Cor ros ion  (SHIP CONN DAM). Th i s  f a i l u r e  could  r e s u l t  from o v e r l o a d i n g  and 

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

4.2.4 Risk Condi ti ons 

A r i s k  c o n d i t i o n  i s  an i n h e r e n t  f e a t u r e  t h a t  i n c r e a s e s  t h e  p r o b a b i l i t y  o f  one 

o r  more f a i l u r e  modes becoming o p e r a t i v e .  The risk c o n d i t i o n s  d e s c r i b e d  below 

arc known c o n e r i b u t o r s  t o  f a i l u r e s  of  deep  ocean moorings and o t h e r  ocean 

f a c i l i t i e s .  A l l  must be c a r e f u l l y  cons ide red  and compensated i f  a c c e p t a b l e  

r e l i a b i l i t y  i s  t o  be achieved.  

High P r e t e n s i o n .  S t r u c t u r e s  t h a t  o p e r a t e  a t  h igh s t r e s s  l e v e l s  t end  t o  exhi-  

b i t  i n c r e a s e d  c o r r o s i o n  r a t e s  a s  w e l l  a s  dec reased  f a t i g u e  l i f e  under super-  

imposed dynamic load ing .  Th i s  c o n d i t i o n  was probably  o p e r a t i v e  i n  t h e  Squaw 

mooring f a i l u r e s .  

High Dynamic Tensions.  Th i s  c o n d i t i o n  r e s u l t s  i n  reduced f a t i g u e  l i f e .  I n  

a n i s o t r o p i c  s t r u c t u r a l  e lements  such  a s  w i r e  r o p e ,  t h i s  c o n d i t i o n  i n c r e a s e s  

a b r a s i o n ,  wear,  and c o r r o s i o n  r a t e s .  Tension v a r i a t i o n s  t h a t  c a r r y  such 

s t r u c t u r e s  i n t o  a s l a c k  c o n d i t i o n  w i l l  produce hock les  and extreme sudden 

s t r e n g t h  degrada t ion .  Th i s  c o n d i t i o n  was .opera t ive  i n  t h e  LRAPP f a i l u r e .  
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High R e l a t i v e  Motion. Th is  c o n d i t i o n  g e n e r a l l y  tends  t o  i n c r e a s e  t h e  proba- . 
b i l i t y  o f  damaging component and subsystem i n t e r a c t i o n s ,  such as iinpact, wear,  

a b r a s i o n ,  h o c k l i n g ,  connector '  m i s a l i g n e d  l o a d i n g ,  and dynamic a m p l i f i c a t i o n  of 

load ing .  Numerous f a i l u r e s  of i n s  t r m e n t a t i o n  moorings have r e s u l t e d  from 

t h i s  c o n d i t i o n .  

Unproven Components. The high f a i l u r e  h i s t o r y  o f  " f i r s t  ocean use" components 

demons t ra tes  t h a t  t h e r e  i s  g r e a t e r  r i sk  i n c u r r e d  i n  t h e i r  use u n l e s s  s t r i n g e n t  

compensatory a c t i o n s  a r e  taken t o  q u a l i f y  them f o r  use a t  sea .  

M u l t i p l e  S e t i e s  I n t c r f a c ~ s .  Genera l ly ,  p h y s i c a l  i n t e r a c t i o n s  a t  connec t ions  

a r e  more complex than  t h n s e  w i t h i n  cont inuous  s t r u c t u r e s .  Systom r ~ . l . i a -  

b i l i  t i e s  eend t o  decrease  w i t h  i l ~ c r e a o i n g  numbers of components i n  s e r i c e .  

Complex I n t e r a c t i o n s .  Systems w i t h  complex ph'ysical i n t e r a c t i o n s  a r e  more 

d i f f i c u l t  t o  a n a l y z e ,  d e s i g n ,  t e s t  and deve lop ,  r e s u l t i n g  i n  decreased con- 

f i d e n c e  l e v e l  and r e l i a b i l i t y .  

Complex Environment. There a r e  l o c a l i z e d  r e g i o n s  of t h e  ocean t h a t  a r e  not 

a d e q u a t e l y  r e p r e s e n t e d  by t h e  a v a i l a b l e ,  low-frequency, g e n e r a l i z e d  measure- 

ments of t h e  gruss a r e a  O r  by l o c a l i z e d  d a t a  taken f o r  o t h e r  than s t r u c t u r a l  

des ign  purpus ta .  There are numerous examples of underdesign due t o  t h e  m e  of 

n o n s p e c i f i c  environmental  d a t a  o r  d a t a  t h a t  d i d  not  r e p r e s e n t  the  design con- 

d i t i o n s .  T h i s  w a s  a ~ u a j o r  contr i .butor  t o  t h e  c a t a s t r o p h i c  f a i l u r e  of t h e  

Texas Towers o f f  t h e  U.S. A t l a n t i c  Coast .  ~ h e s &  towers had been a  parL of t h e  

e a r l y  warning a i r  de fense  system. Thc Texas Tower on P l a n t a g e n e t  Bank, 

des igned f o r  a  4 5 - f t  wave, was h i t  by a 70- f t  wave; i t  surv ived  only  because  

an  e x c e s s i v e  f a c t o r  of s a f e t y  had been a p p l i e d  i n  t h e  c o u r s e  of des ign.  

Because t h e  OTEC s i t e s  a r e  chosen f o r  h i g h e s t  t empera tu re  d i f f e r e n t i a l s ,  

abnormal e n v i r o m e n t a l  condi t i o n s  may occur  and shou ld  be c a r e f u l l y  de f ined .  

Complex I n s t a l l a t i o n .  Complex i n t e r a c t i o n s  between ocean s t r u c t u r a l  systems 

and i n s t a l l a t i o n  systems account  f o r  more ocean f a c i l i t y  f a i l u r e s  than  any 
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o the r  s ing l e  cause. The Seasp ider  Tri-Moor, intended f o r  18,000 f t  of 

Hawaiian water,  f a i l e d  dur ing  cons t ruc t ion .  Time consuming l e g  f l o a t  a t tach-  

ments lead t o  human f a t i g u e ,  with t h e  onse t  of darkness and adverse weather.  

The i n s t a l l i n g  s h i p  backed over a surface- layed mooring l e g , . c a u s i n g  i r r e -  

parable  damage and a b o r t i o n  of t h e  p r o j e c t .  The LRAPP a r r a y  f a i l e d  elec-  

t r i c a l l y  due t o  ca.ble damage during i n s t a l l a t i o n .  During AFAR I, an antenna 

a r ray  was acc iden t ly  dropped 1,500 f t  t o  t h e  s e a f l o o r .  Two deep s e a  cab les  

were f a u l t e d  as  they were layed o f f  seamount. A three-legged ins t rumenta t ion  

moor was damaged beyond use.  Appendix I11 summarizes some deep ocean sh'ip 

moors t h a t  f a i l e d  a s  a r e s u l t  of damage. during i n s t a l l a t i o n .  

4.2.5 Risk Reduction Oppor tun i t ies  

A r i s k  reduc t ion  oppor tun i ty  i s  an a c t i o n  which can be taken t o  reduce the  

r i s k  condi t ions  t h a t  a r e  p o t e n t i a l l y  operab le  i n  one o r  more of t h e  concepts.  

Environmental Measurement. Because t he  Modular Experimental P l a n t  w i l l  not be 

i n s t a l l e d  u n t i l  1985, t h e r e  i s  time t o  ob ta in  s eyc ra l  annual cyclec of 

l oca l i zed  and spec i a l i zed  environmental da ta .  Also, : there  i s  the prospect  of 

ob ta in ing  da t a  from a "near-miss" hur r icane .  

Representa t ive  Analysis. Validated a n a l y t i c a l  techqiques a r e  a v a i l a b l e  f o r  

p r e d i c t i n g  many of t h e  mooring system responses.  

Environmental Loading Mit igat ion.  C e r t a i n  cpncepts respond t o  minimize t he  

imposed environmental . . loading.  Within t h e s e  and o ther  concepts,  d e t a i l e d  

f e a t u r e s  can be introduced t o  f u r t h e r  m i t i g a t e  loads.  Environmental loads a r e  

defined here  t o  inc lude  any e f f e c t  of t h e  environment which tends t o  i nc rease  

f a i l u r e  r i s k .  

Self-Loading Mi t iga t ion .  C e r t a i n  concepts permit . the  use  of geometry t o  

minimize t h e  po in t s ,  l e v e l ,  and complexity of s t r u c t u r a l  se l f - load ing .  . 
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Redundancy I n c o r p o r a t i o n .  C e r t a i n  concep t s  i n c l u d e  independent  members. 

, F a i l u r e  of  one member w i l l  r e s u l t  i n  load t r a n s f e r  t o  ano the r .  I n  some c a s e s ,  

t h i s  w i l l  d e f e r  t h e  f a i l u r e  consequence u n t i l  r e p a i r  can be performed. I n  

o t h e r s ,  i t  reduces  t h e  c r i t i c a l i t y  of  f a i l u r e .  

S a f e t y  F a c t o r  Appl ica t ion .  C e r t a i n  concep t s  permit  t h e  use  of l a r g e  s a f e t y  

f a c t o r s  i n  d e s i g n i n g  some components. I n  o t h e r s ,  f u n c t i o n a l  i n t e r f e r e n c e  o r  

t h e  l i m i t a t i o n  of s p a c e ,  t echno logy ,  manufac tu r ing  c a p a b i l i t y  , and /o r  econo- 

mics  l i m i t  t h e  s a f e t y  f a c t o r s  t h a t  can be a p p l i e d .  

R e p r e s e n t a t i v e  T e s t i n g .  V a l i d a t e d  r e s t i n g  t echa iques  a r e  a v a i l a b l e  f o r  

d e s c r i b i n g  t h e  response  of some components and assembl ies .  These must he used 

f o r  d e v e l o p e n t  purposes  where a n a l y t i c a l  t echn iques  do not  p rov ide  t h e  re-  

q u i r e d  l e v e l  of  conf idence .  R e p r e s e n t a t i v e  t e s t i n g  must be p r o g r e s s i v e l y  used 

up t o  and through t h e  i n s t a l l a t i o n  o p e r a t i o n s  t o  p r o p e r l y  q u a l i f y  components, 

a s s e m b l i e s ,  and the  SKSS. 

D e t e c t i o n  and Cor rec t ion .  C e r t a i n  components l e n d  to.: t h e  d e t e c t i o n  and cor- 

r e c  t i o n  of i n c i p i e n t  f a i l u r e s  . b e t t e r  than  o t h e r s .  P r e v e n t i o n  of f a i l u r e  can  

occur  through o p e r a t i o n a l  ad jus tments ,  r e p a i r ,  o r  replacement .  The i n h e r e n t  

a h i - I i t y  t o  d e t e c t  and c o r r e c t  shou ld  be extended t h r o u g h  i n d i r e c t  o b s e r v a t i o n  

and r a p i d  rep1  acement d e v i c e s  and t echn iques .  

I n s t a l l a t i o n  S i m p l i f i c a t i o n  and Cont ro l .  C e r t a i n  concepts  a r e  i n h e r e n t l y  sim- 

p l e r  t o  i n s t a l l ,  r e q u i r i n g  fewer o p e r a t i o n s  t h a t  must be c l o s e l y  c o o r d i n a t e d  

i n  t i m e  and space  and fewer c r i t i c a l  procedures  t h a t  must be performed by 

pe r sonne l  benea th  t h e  water  s u r f a c e .  C e r t a i n  concep t s  r e q u i r e  on ly  a  r e l a -  

t i v e l y  s imple  e x t e n s i o n  of  proven t echn iques .  I n  t h e s e  and o t h e r  c o n c e p t s ,  

t h e  i n t e r f a c e s  between t h e  s t r u c t u r a l  and i n s t a l l a t i o n  systems and t h e  opera- 

t i o n a l  procedures  must be planned f o r  maximum s i m p l i c i t y .  I n s t  a l l a t i o n  

pe r sonne l  must  be  thorough ly  t r a i n e d  i n  a l l  .normal and con t ingency  

p rocedures .  Unavoidable,  complex p rocedures  shou ld  be a u t h o r i t a t i v e l y  
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d i r e c t e d  by a  f i e ld -exper ienced  e n g i n e e r  who has  a l s o  d i r e c t e d  . the  planning 

and e n g i n e e r i n g  e f f o r t  s o  t h a t  unpred ic ted  responses  d u r i n g  i n s  t a l l a t  i o n  can 

be promptly compensated. 

4.2.6 C r i t i c a l i t y  Determinants  

F a i l u r e  of t h e  SKSS woul-d produce s u b s t a n t i a l ,  a d v e r s e  impact upon t h e  OTEC 

Program. The s e v e r i t y  of impact depends upon t h e  type- and e x t e n t  of f a i l u r e ,  

a s  measured by c r i t i c a l i t y  de te rminan ts .  The t h r e e  p r i n c i p a l  c r i t i c a l i t y  

de te rminan ts  a r e  personnel  i n j ~ i r y ,  o p e r a t i o n a l  cluwntfme, and c o s t  t o  recover  

o p e r a t i o n a l  c a p a b i l i t y .  

4.2.7 Resul ts and Conclusions 

The lowest  r i s k - c r i t i c a l i t y  f a c t o r  mooring f o r  t h e  s h i p  i s  t h e  mu1 t i p l e -  

a n c h o r  l e g  mu1 t i p l e - p o i n t  mooring,  r o t a r y  o r  t u r r e t .  D i s c r i m i n a t i o n  between 

t h e  t u r r e t  and r o t a r y  v a r i a t i o n s  i s  not p o s s i b l e  a t  t h e  concept l e v e l .  The 

mu1 tiple-anchor leg mu1 t ip le-pni  n t  moor (FIAL-MPM) , MAL-WM a c t i v e  t e n s i o n i n g ,  

mu1 t iple-anchor- l e g  s i n g l e - p o i n t  moor and s ingle-anchor-  l e g  s i n g l e - p o i n t  moor 

f o l l o w  i n  t h a t  o r d e r .  The c a t e n a r y  s i n g l e - a n c h o r l i n e  s i n g l e - p o i n t  moor does 

not have s u f f i c i e n t  p r e d i c t e d  r e l i a b i l i t y  because  of t h e  p o t e n t i a l  f o r  s l a c k  

l i n e  entanglement and hockl ing.  

For t h e  s p a r  p la t fo rm,  t h e  MAL-MPM h a s  'the lowest  r i s k - c r i  t i c a l  i t y  f a c t o r ,  

followed b y .  t h e  t e n s i o n - a n c h o r l e g  moor (TALI o r  TAL-monopod and t h e  MAL-MPM 

a c t i v e  t ens ion ing .  A t  t h e  concept l e v e l  t h e r e  i s  no d i s c r i m i n a t i o n  between 

t h e  TAL and t h e  TAL-monopod. The c a t e n a r y  s i n g l e - a n c h o r  l e g  s i n g l e - p o i n t  moor . 

i s  unaccep tab le  f o r  t h e  reasons  c i t e d  above. 

While t h e r e  have been many, premature f a i l u ~ e s  o f  deep ocean s h i p  moors,  t h e r e  

have been important  s u c c e s s e s  w i t h  such moors and o t h e r  deep ocean 

f a c i l i t i e s .  Although t h e  OTEC SKSS requirements  a r e  more s t r i r i g e n t  t h a n  t h o s e  
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imposed upon t h e  s u c c e s s f u l  deep ocean moors, a  h i g h l y  d i s c i p l i n e d  program of 

' r i s k  r e d u c t i o n  w i l l  produce a  s u c c e s s f u l  SKSS w i t h  an  a c c e p t a b l e  l e v e l  of 

r e l i a b i l i t y  . 

One approach t o  deve lop ing  t h e  SKSS i s  t o  extend t h e  c a p a b i l i t i e s  nf proven 

mooring systems t o  s a t i s f y  t h e  SKSS d e p t h ,  d u r a t i o n ,  and o t h e r  requirements .  

Another i s  t o  i n t r o d u c e  t e c h n o l o g i c a l l y  advanced m a t e r i a l s  a f t e r  components 

t h a t  u s e  t h e s e  m a t e r i a l s  have been s u b j e c t e d  t o  e x t e n s i v e  developnent  and 

q u a l i f i c a t i o n s  t e s t i n g .  With i n s t a l l a t i o n  i n  1985, i t  i s  p o s s i b l e  t o  develop 

t h e  s t a t e - o f - a r t  i n  c e r t a i n  a r e a s .  Cons idera t ion  of addi  t i o n a l  f a i l u r e  modes 

would be necessa ry .  1 n  a r e a s  of u n c e r t a i n  outcome, " e x t e n s i o n a l  development" 

of seaproven cnmpnnents s t ~ o u l d  be under taken.  From the  concept l e v e l  of 

d e t a i l ,  i t  appears  t h a t  a c c e p t a b l e  r e l i  a b i l i t y  cou ld  be achieved w i t h  dead- 

weight anchors and combinat ion l e g s  of w i r e  rope and cha in .  Th is  conc lus ion  

w i l l  be  reviewed a f t e r  p r e l i m i n a r y  d e s i g n s  a r e  completed and o p e r a t i n g  con- 

d i  t i o n s  a r e  f u r t h e r  de f ined .  

4.3 LIFE CYCLE COST ANALYSIS 

This  s e c t i o n  comprises t h r e e  s u b s e c t i o n s .  The f i r s t  d i s c u s s e s  the  approach t o  

conceptual  l i f e  c y c l e  c o s t  (LcC) computation developed i n  t h e  course  o f  Task 

I,  t h e  ~ e c ~ n d  d e s c r i b e s  t h e  method t h a t  w i l l  be I-ised t o  e s t i m a t e  the casli 

f lows used by t h e  LCC model, and t h e  l a s t  summarizes t h e  apprbach L u  be  f o l -  

lowed i n  coupar ing  t h e  LCCs nf the  v a r i o u s  SKSS .des igns .  

4.3.1 L i f e  Cycle  Cost  Computation 

The a n a l y t i c a l  procedure  followed i n  c a l c u l a t i n g  LCCs can be b e s t  exp la ined  by 

r e f e r e n c e  t o  Fig .  4-7, which i l l u s t r a t e s  t h e  b a s i c  LCC model chosen i n  Task 

I. The main d r i v e r  i n  t h e  model i s  t h e  disbursement schedu le ,  r e p r e s e n t i n g  

t h e  es t imated  cash  f low s t ream a s s o c i a t e d  with a g iven  SKSS des ign .  This  cash 
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Fig.  4-7 L i f e  Cycle Cost Model 

DISBURSEMENT 
SCHEDULE 

DESIGN DEPENDENT) 

? 1 

f low s t ream i s  e s t ima ted  i n  1979 d o l l a r s .  E s t a b l i s h e d  g u i d e l i n e s  f o r  t h e  

e s t i m a t i o n  of the  v a r i o u s  e n t r i e s  i n  t h i s  schedu le  a r e  d i s c u s s e d  i n  t h e  nex t  

s e c t i o n .  A l l  i t e m  i n  t h e  d isbursement  schedu le  a r e  then  i n f l a t e d  t o  t a k e  

i n t o  account  t h e  c o s t  e s c a l a t i o n  up t o  t h e  y e a r  i n  which t h e  i n d i v i d u a l  c o s t  

component w i l l  be  i n c u r r e d ,  then  discounted back t o  1979 t o .  o b t a i n  t h e  p r e s e n t  

v a l u e  of  t h e  ( ' fu tu re )  cash  d i sbursement .  The p r e s e n t  v a l u e  o f  a l l  c o s t s  

a s s o c i a t e d  wi th  a  g iven  SKSS d e s i g n  i s  then simply t h e  sum of  a l l  such c o s t  

i t ems .  A s  a l l  SKSS d e s i g n s  under c o n s i d e r a t i o n  a r e  expected t o  o f f e r  roughly  

equa l  o p e r a t i o n a l  l i v e s ,  i t  i s  n o t  necessa ry  t o  a n n u a l i z e  t h e i r  a s s o c i a t e d  

cash s t reams f o r  comparison purposes ,  and t h e  p r e s e n t  v a l u e  of  t h e s e  s t reams 

can b e  used by i t s e l f  a s  t h e  f i g u r e  of  m e r i t  t o  be minimized. 

ESCALATION 
RATES 

As i t  i s  r a r e l y  p o s s i b l e  t o  g i v e  r e l i a b l e  e s t i m a t e s  of  s e p a r a t e  escalaet ion 

r a t e s  f o r  t h e  d i f f e r e n t  c o s t  components, i t  ,is assumed h e r e  t h a t  a l l  c o s t s  

SKSS PRESENT 
COST 
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w i l l  e s c a l a t e  a t  t h e  same annual  r a t e .  L e t t i n g  s  b e  t h e  e s c a l a t i o n  r a t e ,  

r t h e  d i s c o u n t  r a t e ,  and C J  t h e  c o s t s  o c c u r r i n g  i n  t h e  y e a r  J ,  t h e  

p r e s e n t  v a l u e  of t h e s e  c o s t s  i n  t h e  y e a r  p  p reced ing  i n i t i a l  cash  ' d i s -  

bursements ,  PC is  then g i v e n  by 
P' 

where n i s  thc f i n a n c i a l  l i f e  o f  t h e  SKSS, i . e . ,  t h e  number o f  y e a r s  i n  

bh ich  a s s o c i a t e d  d i sbursements  occur.  

I n  t h e  course of Tack I ,  i t .  was decided t o  use  a n  e s c a l a t i o n  r a t e  of  7 p e r  

c e n t ,  a p p l i e d  e q u a l l y  t o  a l l  c o s t  components. A v a l u e  o f  10 p e r c e n t  h a s  bee11 

chosen f o r  t h e  d i s c o u n t  r a t e ,  r e f l e c t i n g  t h e  c u r r e n t  c o s t  of money f o r  p r i v a t e  

u t i l i t i e s .  Both f i g u r e s  were t aken  from i n f o r m a t i o n  s u p p l i e d  t o  c o n t r a c t o r s  

by DOE i n  t h e  course  o f  t h e  c u r r e n t  OTEC Power System Development 11 s t u d y .  

For  t h e  sake  o f  convenience ,  t h e  y e a r  p was chosen a s  1979 f o r  a l l  systems.  

Equa t ion  (4-1) then  reduces  t o  

I t  should  b e  noted t h a t  n  i s  t h e  same f o e  a11 SICS8 concep t s ,  a l though some 

concep t s  may t a k e '  l o n g e r  t h a n  o t h e r s  t o  k a b r i e a r r  alid dep loy .  As t h e  same 

o p e r a t i o n a l  on- l ine  d a t e  is  assumed i n  a l l  c a s e s ,  t h e  cash f lows a s s o c i a t e d  

w i t h  some d e s i g n s  may have z e r o  e n t r i e s  i n  t h e i r  f i r s t  or second y e a r .  

I n  p r a c t i c e ,  a p p l i c a t i o n  of t h e  simple model d e s c r i b e d  above i s  somewhat cum- 

bersome p a r t i c u l a r l y  a s  some o f  t h e  e x p e n d i t u r e s  o c c u r r i n g  d u r i n g  o p e r a t i o n a l  

y e a r s  - t h o s e  a s s o c i a t e d  w i t h  insurance  and l o c a l  t a x e s  - a r e  dependent on t h e  

'amount o f  i n i t i a l  c a p i t a l  e x p e n d i t u r e .  To f a c i l i t a t e  computat ion o f  p r e s e n t  

v a l u e s ,  a computer program devel.oped i n  t h e  c o u r s e  of  t h e  Power System 
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Development I1 s tudy  w i l l  be modif ied  and used f o r  t h i s  purpose;  p r i i n a r i l y ,  

' t h i s  m o d i f i c a t i o n  w i l l  i nvo lve  d a t i  i d p u t  and o u t p u t  s t a t e m e n t s .  

4.3.2 Cost E s t i m a t i o n  

E s t i m a t i o n  o f  t h e  c a s h  disbursement  schedu le ,  from which t h e  C i n  Eq. 

(4-2) a r e  c a l c u l a t e d ,  w i l l  f o l l o w  a s  c l o s e l y  a s  p r a c t i c a b l e  t h e  p r e l i m i n a r y  

Work Breakdown S t r ~ ~ c t u r e  (WBS) developed i n  t h e  c o u r s e  of  Task I and shown i n  

Table  4-8. The f i r s t  major element of  t h e  WBS i n c l u d e s  .systems e n g i n e e r i n g  

and d e s i g n  a c t i v i t i e s  f n r  t h e  SKGE as d whole, a s  w e l l  a s  f o r  i n d i v i d u a l  com- 

ponents  such a s  t u r r e t s ,  swive l s  and buoys ,  r e q u i r i n g  p r e p a r a t i o n  of  s p e c i a l  

des igns .  The second e lement ,  cover ing  a l l  c a p i t a l  c o s t  i tems r e q u i r e d  by  a n  

SKSS d e s i g n ,  w i l l  t a k e  v e r y  d i f f e r e n t  forms f o r  t h e  v a r i o u s  d e s i g n s ;  no k i n g l e  

SKSS concept  u s e s  a l l  t h e  i tems l i s t e d  under t h i s  heading.  SKSS deployment 

c o s t s  w i l l  i n c l u d e  t r a n s p o r t a t i o n  o f  t h e  SKSS component t o  t h e  s i t e ,  a s  w e l l  

a s  i t s  i n s t a l l a t i o n  and t e s t  a s  a  completed assembly,  u s i n g  pe r sonne l  and 

s u p p o r t  equipment a s  r e q u i r e d .  The f o u r t h  main WBS e lement ,  System O p e r a t i o n  

and Support ,  i n c l u d e s  b n t h  one-of-a-kiad and r e c u r r i n g  c o s t  e lements .  Rou t ine  

i n s p e c t i o n ,  maintenance,  and r e p a i r  a c t i v i t i e s  w i l l  t a k e  p l a c e  on a  con t inuous  

b a s i s  over  t h e  l i f e  o f  t h e  p l a n t ,  i n c l u d i n g  expenses  f o r  p e r s o n n e l ,  s u p p o r t  

equipnent  and consumables.  The t h i r d  i t e m  under  t h i s  head ing ,  R e f i t  and 

M o d i f i c a t i o n ,  i s  a t  p r e s e n t  undef ined ,  and i s  inc luded  i n  t h e  WBS s o l e l y  t o  

t ake  i n t o  account t h e  p o s s i b i l i t y  t h a t  some such a c t i v i t y  may he c a l l e d  f o r  a s  

a  r e s u l t  o f  f u r t h e r  OTEC system requ i rements  d e f i n i t i o n .  F i n a l l y ,  t h e  c o s t  of 

s c r a p p i n g  and f i n a l  d i s p o s i t i o n  o f  t h e  SKSS w i l l  a p p e a r  under t h e  l a s t  e n t r y  

of  t h e  WBS. 

The pr imary c o n s i d e r a t i o n  of c o n c e p t i o n a l  c o s t  e s t i m a t i o n  i s  t o  ensure  com- 

p a r a b i l i t y  among t h e  v a r i o u s  SKSS d e s i g n s ;  consequen t ly ,  t h e  e s t i m a t i o n  

approach t o  b e  fo . i losed  emph&&izgs t h e  ek tab l i shment  of a  common c o s t  base .  

The approach t o  be  5dllowed i n  e s t i m a t i n g  c d s t s  w i l l  d i f f e r  f o r  each of  t h e  



I. Engineering and Design 

Table  4-8 

SKSS WORK BREAKDOWN STRUCTURE 

1. Component Design 

2. SKSS Design 

3 .  Systems Engineering 

11. Acquis i t ion  

1; Drag Embedment Anchors 

2. Clump Anchors 

3 .  Chain 

4. WireRope 

5. F i t t i n g s  

6 .  Auxi l ia ryMachinery  and 

Equipnent 

7 .  Hmsers  ' 

8. Spares 

9. Deadwe igh t Anchor 

10. P i l e  Group Anchor 

11. Tur re t  

12. Car r iage  

13. ETCSwivel 

14. Buoy 

15. Mooring Yoke 

111. Deployment 

1. Mobi l iza t ion  

2. I n s t a l l a t i o n  Operat ions 

3. Diving 

4. Demobilization 

I V .  System Operat ion and Support 

1. I n spec t ion  

2. Maintenance 

3. R e f i t  and Modif icat ion 

V. Sy s  tern Disposal  

1. Mobil izat ion 

2. Removal Operat ions 

3. Diving .  

4 .  Demobilization 
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elements of t h e  . WBS. ' .  Estimation of engineer ing  and design c o s t s  w i l l  draw 

heavi ly  on I ~ D C O 1 s  experience i n  t h i s  area.  Manufacturer quotes f o r  c a p i t a l  

expendi ture  i tems w i l l  be obtained whenever p rac t i cab l e .  When t h i s  i s  no t  

pos s ib l e  because of the  unique na ture  of some i tems,  e s t ima te s  w i l l  be based 

on weight and dimensions, using $ / l b  or $ / f t  m u l t i p l i e r s  app rop r i a t e  t o  t h e  

equipment i n  ques t ion  and common t o  a l l  SKSS designs us ing  such equipment. 

The a c t i v i t i e s  included i n  t h e  l a s t  t h r e e  elements of t h e  WBS a re  t y p i c a l  of 

o f f shore  and marine opera t ions .  Cost ing of t he se  a c t i v i e s  w i l l  be done on the 

b a s i s  of ope ra t i ona l  plans which w i l l  d i c t a t e  personnel and equipment require-  

ments. Again, l abo r  . r a t e s  and equipment l e a s e  charges w i l l  be connnon t o  a l l  

SKSS de s igns.  

It i s  perhaps wel l  t o  note  t h a t  the e s t ima te s  t o  be prepared i n  Task I1 w i l l  

no t  inc lude  allowances f o r  cont ingencies .  Such allowances a r e  e s s e n t i a l l y  an 

i m p l i c i t  measure of c o s t  r i s k  and, a s  discussed i n  t he  next s e c t i o n ,  c o s t  r i s k  

w i l l  be considered e x p l i c i t l y  when t h e  a1 t e r n a t i v e  SK.SS designs a r e  compared. 

4 . 3 . 3  Comparison of L i f e  Cycle Costs 

While c o s t  es t imates  u sua l ly  attempt t o  r e f l e c t  t he  most l i k e l y  c o s t  of a 

product o r  a c t i v i t y  t h e r e  u sua l ly  i s  cons iderab le  unce r t a in ty  surrounding 

a c t u a l  cos t s .  This i s  p a r t i c u l a r l y  t r u e  f o r  conceptual designs involv ing  

advanced ocean systems, as  t he  designs themselves tend t o  evolve over  time and 

a l a r g e  p a r t  of t he  cos t  i s  usua l ly  a s soc i a t ed  w i th  deployment and opera t ion ,  

and i s  consequently a f f ec t ed  by weather condi t ions .  This poses some problems 

i n  us ing  c o s t  e s t ima te s ,  t o  d i s c r imina t e  among competing concepts ,  s i n c e  a 

design with a comparatively low "most l i ke ly"  cos t  es t imate  could a l s o  involve 

a r e l a t i v e l y  high r i s k  of s u b s t a n t i a l l y  h igher  ac tua l  cos t .  I f  t h i s  r i s k  i s  

not  q u a n t i f i e d ,  c o s t  minimization on t h e  b a s i s  of "most l i k e l y "  es t imates  i s  a 

procedure of dubious v a l i d i t y  i n  choosing among candida te  designs.  

To t ake  i n t o  account t h e  above mentioned unce r t a in ty  i n  conceptual cos t  e s  ti.- 

mates, more than one e s t ima te  w i l l  be prepared f o r  each SKSS design concept,  

arid a l l  es t imates  w i l l  be used j o i n t l y  i n  eva lua t ing  t h e  concepts.  Each 

e s t ima te  w i l l  correspond t o  a d i f f e r e n t  s e t  of assumptions concerning t h e  
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d i f f i c u l t y  of implementing the  re levant  conceptual . !  . design and/or of deploying 

and se rv i c ing  i t  a f t e r  f ab r i ca t ion .  A t  p resent ,  i t  i s  planned t o  prepare 

t h r e e  sepa ra t e  s cena r ios  f o r  each design concept,  corresponding t o  "opti-  

mis t i c , "  "most l i k e l y  , '  and "pessimist ic1 '  assessmen'ts of dgqign, f a b r i c a t i o n ,  

deployment and ope ra t iona l  f e a t u r e s  of each concept.  Should i t  prove des i r -  

ab l e  t o  do so, a d d i t i o n a l  scenar ios  w i l l  b e  formula'ted f o r  s p e c i f i c  designs. 

P robab i l i t y  values w i l l  be a s soc i a t ed  wi th  each scenar io  and, consequently,  

with each cos t  es t imate  fo r  a given design. An expected value cos t  es t imate  

( i n  e f f e c t ,  the  sum of the var ious  c o s t  es t imates  weighted by t h e i r  r e spec t ive  

p r o b a b i l i ~ i e s  of accu~ronce)  w i l l  then be cazc,ulated, and t h i s  w i l l  be used a s  

t h e  primary c o s t  measure f o r  comparisons among the various designs. 

Figure 4-8 s - m a r i o c o  t h e  P ~ Q F P S S  t o  be followed. A base l ine  design w i l l  Be 

combined with var ious  scena r ios ,  a s  d i scussed  above, t o  genera te  a vec tor  of 

ESTdMATE OF 

ESTIMATE M 

. . 

PROBABILITY OF SCENARIO 1 

I 

Fig. 4-8 .Expected Value Cost Estimate Ca lcu la t ion  
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cos t  e s t ima te s ;  a t  t h e  same t ime,  t h e  p r o b a b i l i t y  of occurrence of each e s t i -  

mate w i l l  be assessed  t o  genera te  a  vec tor  of p r o b a b i l i t i e s .  F i n a l l y ,  t h e  

expected value cos t  e s t ima te  w i l l  be obtained as  t he  dot product of t h e  two 

vec to r s ,  and t h i s  w i l l  be used a s  the ove ra l l  f i g u r e  of m e r i t  assoc ia ted  w i th  

t h e  s p e c i f i c  SKSS design. 
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Sect ion 5 

DESIGN SELECTION 

The goal  o f  design s e l e c t i o n  i s  t o  i den t i fy  t he  mooring system concept which 

s a t i s f i e s  requirements with the  b e s t  combination of r i s k  and c o s t .  The evalu- 

a t i o n  c r i t e r i a  and s e l e c t i o n  technique t o  be appl ied t o  the candidate  mooring 

concepts i n  Task I1 a r e  presented i n  t h i s  s ec t ion .  

The approach t o  concept s e l e c t i o n  f o r  prel iminary design c o n s i s t s  of th ree  

phases: concept assessment,  ranking, and f i n a l  s e l e c t i o n .  The f i r s t  and 

second phases w i l l  be conducted i n  Task I1 by the LMSC SKSS design team, while 
C 

the t h i r d  phase w i l l  be completed by NOAA/DOE. 

Concept assessment, i n i t i a t e d  i n  Task I and continued i n  Task 11, c o n s i s t s  of 

the design and ana lys i s  a c t i v i t i e s  necessary f o r  concept d e f i n i t i o n  and evalu- 

a t i on ,  inc luding  a l l  necessary t r ade  s t u d i e s ,  pcrforl~liitlce and r i s k / r e l i a b i l i t y  

a n a l y s i s ,  a ~ d  l i f e  cycle cos t ing .  In  t h i s  phase, any SKSS design t h a t  appears 

highly un l ike ly  t o  f u l f i l l  the  top l e v e l  performance requirements w i l l  b e  

el iminated from f u r t h e r  cons idera t ion  i n  t he  s e l e c t i o n  procedure. 
, 

Surviving concepts w i l l  be  ranked in  t h e  second phase of t he  s e l e c t i o n  proc- 

e s s ;  t h i s  phase i n  t u r n  courprises two sepa ra t e  rankings. The f i r s t  ranking 

addresses  pr imari ly  the  c o s t s  and r i s k s  assoc ia ted  with each of t he  mooring 

system concepts '  themselves,  without regard t o  the  c o s t s  and r i s k s  of t he  

r e l a t e d  development programs; t he  l a t t e r  a r e  taken i n t o  .account i n  t h e  second 

ranking. Within the  f i r s t  ranking, the  c o s t s  assoc ia ted  d i r e c t l y  with the  

SKSS a r e  r e l a t i v e l y  easy t o  quant ify and t h e i r  expected value w i l l  be ca lcu la-  

ted a s  discussed i n  Sec t ion  4 . 3 .  Likewise, a measure of the  r e l a t i v e  r i s k  of 

the  var ious  systems i s  a v a i l a b l e  from the  r e l i a b i l i t y  study discussed i n  

Sec t ion  4.2. Combining these  c o s t s  and r i s k s  i n t o  the  o v e r a l l  f i gu re  of mer i t  

required i n  the  f i r s t  ranking i s  a somewhat d i f f i c u l t  problem; t h e  approach t o  

be followed i n  reso lv ing  i t  i s  discussed below. 
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The main d i f f i c u l t y  i n  developing a  ranking combining cos t  and r i s k  elements 

r e s i d e s  i n  e v a l u a t i n g  the  implied cos t  of  a  given r e l a t i v e  r i s k  f a c t o r .  

T h e o r e t i c a l l y ,  t h i s  can be done by a s se s s ing  both t h e  p r o b a b i l i t y  of occur- 

rence o f  each s p e c i f i c  f a i l u r e  mode and t h e  l i k e l y  assoc ia ted  downtime and 

r e p a i r  c o s t s .  This study w i l l  aLtcmpt t o  t~se  a v a r i a n t  of t h i s  approach, 

which begins by e s t ima t ing  t h e  p r o b a b i l i t y  of f a i l u r e  assoc ia ted  with a  given 

r e l a t i v e  r i s k  f a c t o r  and us ing  t h i s  e s t ima te  t o  d e r i v e  t h e  p r o b a b i l i t i e s  of 

f a i l u r e  implied by o ther  r i s k  f a c t o r  values .  The average downtime and r e p a i r  

c o s t s  a s soc i a t ed  wi th  the  var ious  f a i l u r e  modes w i l l  then be es t imated ,  and 

used i n  combination wi th  t h e  p r o b a b i l i t i e s  of occurrence t o  a r r i v e  a t  an  

expected value of t h e  implied r i s k - r e l a t e d  c o s t s  a s soc i a t ed  with each design.  

This c o s t  i s  then added t o  the  d i r c c t  cant of each des ign  t o  r e s u l t  i n  t h e  

f i g u r e  of m e r i t  to be minimized, thus  providing the  b a s i s  requi red  f o r  ranking 

purposes . 

The p i t f a l l s  i n  t h e  method descr ibed above a r e  r e a d i l y  apparen t ,  and a r i s e  

mainly from i t s  use  of s u b j e c t i v e  p r o b a b i l i t y  assessments.  Given t h e  lack of 

c u r r e n t  experience wi th  mooring systems s i m i l a r  t o  those requi red  f o r  OTEC 

p l a n t s ,  i n  p r a c t i c e  t h e r e  i s  l i t t l e  choice but  t o  use such sub jec t ive  assess -  

ments i n  e v a l u a t i n g  competing systems; use of  sub j ec t ive  probabi1itj.e-s under 

t he se  circ?rmstances i s  well establioheci i n  dec is jnn  a n a l y s i s  p rac t ice .*  

An a l t e r n a t i v e  approach appl ied  t o  the  s e l e c t i o n '  of CWP concepts w i l l  b e  used 

should s u b j e c t i v e  p r o b a b i l i t y  assessment prove imprac t ica l .  I n  t h i s  approach, 

both d i r e c t  c o s t  and r i s k  f a c t o r s  a r e  f i r s t  normalized by d iv id ing  them i n  

each case by t h e  sma l l e s t  values  found f o r  t h e  SKSS des igns  under consider-  

a t i o n ,  and a  weighted sum of t h e  r e s u l t i n g  two pure numbers is  then used a s  

t h e  ( i n v e r s e )  f i g u r e  of mer i t .  Of course ,  t he  ope ra t i ona l  meaning of any 

given value o f  t h i s  f i g u r e  of m e r i t  i s  d i f f i c u l t  t o  de f ine  p rec i se ly .  More 

important l y  , t h e  r e s u l t i n g  rankings a re  heavi ly  dependent on the  weights 

- 

*R. A. Howard, "The Foundations of Decision Analysis"., i n  I E E E  Transac t ions  
on Systenis Science and Cybernet ics ,  Volume SSC-4, Number 3 ,  Sep 1968 
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chosen.  For ranking purposes ,  a  "reasonable" ( i n  t h e  l i g h t  of e n g i n e e r i n g  

exper ience)  va lue  w i l l  be used f o r  t h e s e  weights .  Allowing t h e s e  we igh t s  t o  

v a r y  p rov ides  a  measure o f  t h e  s e n s i t i v i t y  of t h e  r e s u l t  t o  v a r i a t i o n s  i n  

c o s t / r i s k  p re fe rence .  This  in fo rmat ion  can b e  used i n  c o n j u n c t i o n  wi th  t h e  

va lues  chosen f o r  ranking purposes t o  e v a l u a t e  t h e  s t a b i l i t y  o f  t h e  r e s u l t i n g  

rank ing  and t h u s  . h e l p  i n  f raming r e c o m e n d a t  i o n s  f o r  choosing among t h e  com- 

p e t i n g  des igns .  Of c o u r s e ,  i t  is  t o  be expected t h a t  some SKSS concepts  w i l l  

be dominated by o t h e r s  o f f e r i n g  b o t h  lower c o s t  and r i s k ,  t h u s  e a s i n g  t h e  

ranking t a s k .  

Once tlie f i r s t  r ank ing  i s  completed, t a k i n g  i n t o  account  f a c t o r s  a f f e c t i n g  

e x c l u s i v e l y  t h e  SKSSs themselves ,  a  second ranking w i l l  be developed t o  

r e f l e c t  t h e  l i k e l y  c o s t  and r i s k  t o  DOE of  t h e  development programs a s s o c i a t e d  

w i t h  each SKSS des ign .  To t h i s  e f f e c t ,  OTEC technology f a c t o r s  w i l l  he  

a p p l i e d  t o  each concept  and component t o  a s s e s s  t h e  technology development 

requirements .  These f a c t o r s ,  used i n  CWP concept d e s i g n  s t u d i e s ,  a r e  a s  

fol lows:  

Techno logy i s  nonexis t e n t  

Massive high-r i s k  R&D 

Extens ive  r e l a t i v e l y  h igh- r i sk  RbD 

Extensive  moderate-r i s k  R&D 

Nominal moderate-r isk  RbD 

Limited o f f s h o r e  exper ience  

Nominal l o w r i s k  R&D 

R e l a t i v e l y  l i t t l e  R&D r e q u i r i n g  no t e s t i n g  

L i t t l e  R&D and no t e s t i n g  

E x i s t i n g  technology f u l l y  adequate  

The r e s u l t i n g  two rankings  and a n a l y t i c a l  d a t a  w i l l  be submit ted t o  NOAA/DOE 

f o r  u s e  i n -  t h e  f i n a l  s e l e c t i o n  o f  t h e  two systems t o  go i n t o  p r e l i m i n a r y  

des ign .  A s  t h e  two rankings  w i l l  r e f l e c t  v e r y  d i f f e r e n t  c o n s i d e r a t i o n s  and 

invo lve  d i f f e r e n t  d e c i s i o n  makers,  i t  is  no t  cons idered  d e s i r a b l e  t o  a t t empt  

t o  d e r i v e  a  s i n g l e  o v e r a l l  q u a n t i t a t i v e  rank ing  scheme. 
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Figure  5-1 summarizes t he  log ic  flow of the  design s e l e c t i o n  process ou t l i ned  

above. Each SKSS design i s  f i r s t  evaluated co determine whether i t  meets 

primary requirements , and r e  j ec ted i f  i t  doesn ' t . Surviving concepts a r e  then 

ranked separa te ly  on the  b a s i s  of t h e  c o s t s  and r i s k s  assoc ia ted  both with the  

des igns  themselves and with the development programs envisaged t o  br ing  them 

t o  f r u i t i o n .  These rankings a r e  then submitted- t o  NOAA/DOE f o r  the  f i n a l  

des ign  s e l e c t i o n  dec is ion .  

I COST A N D  

5KS6  COST 

RISK WNKING 

Fig. 5-1 Design Se lec t ion  Logic Flow 
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S e c t i o n  6 

CONCLUSIONS AND RECOMMENDATIONS 

OTEC SKSS d e s i g n  requ i rements  a r e  de f ined  and p r e s e n t e d ,  i n c l u d i n g  approaches  

t o  a ssessment  o f  performance,  r e l i a b i l i t y ,  l i f e  c y c l e  c o s t i n g ,  and concep t  

r ank ing  t o  be  followed i n  Task 11, Concept Design. A n a l y s i s  of env i ronmenta l  

c o n d i t i o n s  p r o v i d e s  formulas  f o r  s p e c i f y i n g  s t a t e s  o f  wind,  wave, and c u r r e n t  

f o r  a  g iven  r e t u r n  pe r iod  requirement .  Design s e a  s t a t e s  and weather  windows 

a r e  i d e n t i f i e d .  

Design c r i t e r i a ,  i n c l u d i n g  m a t e r i a l  s t a n d a r d s ,  s a f e t y  f a c t o r s ,  and load fac- 

t o r s  a r e  s p e c i f i e d  based on accep ted  p r a c t i c e  i n  o f f s h o r e ,  s i n g l e - p o i n t -  

mooring t e r m i n a l  des ign.  S t a t i c  a n a l y s i s  i n d i c a t e s  t h a t  ho ld ing  power i s  

ach ievab le  w i t h  a  combinat ion w i r e  rope and c h a i n  anchor ' l e g .  P l a t f o r m  d r a g  

e s t i m a t e s  i n d i c a t e  t o t a l  h o r i z o n t a l  f o r c e  i s  not  i n  excess  o f ,  0.8 x l o 6  l b ,  

w i t h  t h e  s h i p  d r a g  g r e a t e r  than  t h a t  on t h e  s p a r .  

Trade s t u d i e s  a s  w e l l  a s  s t a t i c  and dynamic a n a l y s e s  t o  be  conducted i n  Task 

11 a r e  d e f i n e d .  R e s u l t s  of  a  r e l i a b i l i t y  a s sessment  i n d i c a t e  t h a t  t h e  

multiple-anchor-leg/multiple-point t u r r e t  s h i p  moor h a s  t h e  lowest  r i s k -  

c r i t i c a l i t y ,  whi le  t h a t  f o r  t h e  s p a r  i s  t h e  mult  iple-anchor-leglsingle-point 

moor. The c a t e n a r y  single-anchor-leglsingle-point moor h a s  i n s u f f i c i e n t  r e l i -  

a b i l i t y  and watch c i r c l e  c a p a c i t y  and w i l l  t h e r e f o r e  no t  be c o n s i d e r e d  fu r -  

t h e r .  F a i l u r e  modes a n a l y s i s ,  r i s k ,  r i s k  r e d u c t i o n  o p p o r t u n i t i e s ,  and 

c r i t i c a l i t y  f a i l u r e  a r e  de f ined  and t r e a t e d ;  L i f e  c y c l e  c o s t  methodology i s  

p r e s e n t e d ,  i n d i c a t i n g  t h e  use  of t h r e e  c o s t i n g  s c e n a r i o s  t o  i d e n t i f y  expec ted  

v a l u e s  of  SKSS c o s t s .  

The inadequacy of  d a t a  i n  c e r t a i n  a r e a s  was r e v e a l e d  i n  t h e  conduct of  t h i s  

Task. I n  t h e  a r e a  of  environmental  c o n d i t i o n s ,  a d d i t i o n a l  d a t a  a r e  r e q u i r e d  

on b o t t o m  s o i l  p r o p e r t i e s ,  p a r t i c u l a r l y  dep th  o f  sediment ,  b e a r i n g ,  and s h e a r  

s t r e n g t h s .  Data a r e  r e q u i r e d  on c u r r e n t  p r o f i l e ,  i n c l u d i n g  speed and d i r e c -  

t i o n  v a r i a t i o n  w i t h  dep th  and month o f  t h e  yea r .  The s e a f l o o r  2 m i l e s  south- 

e a s t  of t h e  Punta  Tuna s i t e  i s  f l a t ,  a l b e i t  a lmost  2,000 f t  deeper .  Th i s  

a r e a ,  known a s  t h e  V i r g i n  I s l a n d s  Basin ,  is  recommended a s  a n  a l t e r n a t e  s i t e ,  
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p a r t i c u l a r l y  i f  t he  sloped bottom o f f  Punta Tuna poses an  excessive design 

c o n s t r a i n t .  F i n a l l y ,  t h e  slowly varying wave d r i f t  force exerted on the p l a t -  

form i s  a  s i g n i f i c a n t  po r t ion  of t o t a l  environmental load,  y e t  force and 

moment c o e f f i c i e n t s  a r e  inadequately t r e a t e d  i n  the  l i t e r a t u r e .  A model t e s t  

program t o  a s c e r t a i n ' t h e  magnitude of such loading on the  sh ip  and spar p la t -  

forms i s  recommended. 
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A .  1 INTRODUCTION 

The E l e c t r i c a l  Transmiss ion Subsystem (ETS) f o r  t h e  40-MlJ OTEC p l a n t  i n c l u d e s  

a  t r ansmiss ion  c a b l e  which ex tends  from t h e  p l a n t  to' t h e  ocean f l o o r .  Th i s  

p o r t i o n ,  known a s  t h e  r i s e r  c a b l e ,  is  of pr imary concern  i n  i n t e r f a c i n g  t h e  

ETS w i t h  t h e  s t a t i o n k e e p i n g  subsystem (SKSS) . The purpose  of t h i s  r e p o r t  is  

t o  d i s c u s s  p o s s i b l e  g e n e r a l  c o n f i g u r a t i o n s  f o r  t h e  r i s e r  c a b l e  and t o  d e f i n e  

requ i rements  f o r  i n t e r f a c i n g  i t  w i t h  t h e  SKSS. Two p o t e n t i a l  c a b l e  types  a r e  

b e i n g  cons ide red  f o r  t h e  40-MW OTEC p l a n t :  a  three-conductor  c a b l e  o r  f o u r  

s ingle-conductor  c a b l e s .  I f  a  d e c i s i o n  i s  made t o  p rov ide  t h e  40-MW OTEC 

p l a n t  wi th  a n  ETS c l o s e s t  t o  s t a t e - o f - t h e - a r t ,  a  three-conductor  c a b l e  w i l l  

p robab ly  be chosen. I f  t h e  d e c i s i o n  i s  t o  p rov ide  a n  ETS more n e a r l y  l i k e  a  

p o t e n t i a l  400-MW system, t h e  four-cable sys tem w i l l  probably  be chosen. Both 

t y p e s  must b e  cons ide red  s t r o n g  c a n d i d a t e s  a t  t h i s  s t a g e  o f  c o n c e p t u a l  des ign .  

Both types  would p rov ide  f o r  three-phase  a l t e r n a t i n g  c u r r e n t  t r ansmiss ion .  

The f o u r  c a b l e s  would p r o v i d e  a  s p a r e  c a b l e ;  f o r  t h e  three-conductor  c a b l e ,  a  

second c a b l e  would b e  necessa ry  t o  p rov ide  a  spa re .  The r e l i a b i l i t y ,  

r e p a i r a b i l i t y ,  and hand l ing  c h a r a c t e r i s t i c s  of  t h e  system can b e  p o t e n t i a l l y  

improved by u s i n g  single-conduc t o r  c a b l e s .  F u r t h e r ,  t h e  single-conduc t o r  

c a b l e s  may p rov ide  more r e a l i s t i c  i n f o r m a t i o n  about  p o t e n t i a l  performance of  a  

400-MW c a b l e  system, which would i n  a l l  p r o b a b i l i t y  be a  s ing le -conduc to r  

c a b l e .  

Many of t h e  i n t e r f a c i n g  c o n s i d e r a t i o n s  a r e  a f f e c t e d  by t h e  p resence  of  f o u r  

s e p a r a t e  cab1e.s. It i s  important  t o  remember t h a t  m u l t i p l e  r i s e r  c a b l e s  may 

be p r e s e n t  when r o n s i d e r i n g  t h e  ETS/SKSS i n t e r f a c e .  P r e l i m i n a r y  c a b l e  d e s i g n  

work i n d i c a t e s  t h a t  a  three-conductor  c a b l e  f o r  t h e  40-MW OTEC p l a n t  might b e  

abou t  6 i n c h e s  i n  d iamete r  and 4.5 pounds p e r  l i n e a r  f o o t  weight  i n  wa te r .  A 

s ingle-conductor  c a b l e  f o r  t h e  40-MW p l a n t  might be somewhat o v e r s i z e  t o  more 

c l o s e l y  s i m u l a t e  a  100- t o  400-MW c a b l e ,  and might b e  about  4  i n c h e s  i n  

d i a m e t e r ,  and 4.5 pounds p e r  f o o t  i n  wa te r .  
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Fat igue  behavior of cable  a s  a  whole and the i n s u l a t i o n  ma te r i a l  i n  p a r t i c u l a r  

i s  not known f o r  power cables  s u i t a b l e  f o r  t ransmission of 10 t o  40 MW. Some 

l imi ted  f l e x  t e s t i n g  of cable  i n  t h i s  power c l a s s  i s  reported i n  Reference 

A-1. Under c o n t r a c t  t o  DOE, Simplex i s  j u s t  beginning a  program t o  t e s t  the  

r e s i s t a n c e  of s u i t a b l e  power cables  t o  tension,  bending, and tw i s t ing  

f a t igue .  Un t i l  t h e  r e s u l t s  of t h i s  t e s t  program a r e  ava i l ab l e ,  t he  f a t i g u e  

r e s i s t a n c e  of the cable  i s  sub jec t  t o  some speculat ion.  However, the  aim of 

t he  t e s t i n g  and development program w i l l  be t o  develop a  cable which can 

r e s i s t  both mechanical f a t i g u e  f a i l u r e  and e l e c t r i c a l  breakdown under 

mechanical f a t i g u e  condit ions.  

A.2 OPERATIONAL LIMITATIONS ON PLANT WATCH'CIRCLE DUE 773 ETS AND PERMISSIBLE 
EXCEEDANCES 

The watch c i r c l e  requirements a s  speci ' f ied by LMSC Proposal ~ 0 8 5 2 4 1  f o r  the  

P t .  Tuna, P. R.  s i t e  are:  

Water depth: 4,000 f t  

Watch c i r c l e  rad ius :  400 f t  

Return per iod  of design storm: 3 yea r s  

These requirements seem coas is  t e n t  with any reasonably an t i c ipa t ed  power cable  

system. However, s e v e r a l  con t r ibu t ing  f a c t o r s  should be noted, and some 

add i t i ona l  requirements a r e  necessary. 

The f i r s t  aim of  watch circ1.e l i m i t a t i o n  i s  t o  l i m i t  t ens ions  i n  t h e  r i s e r  

cables  to  l e v e l s  a t  which both s t a t i c  and dynamic loads can be t o l e r a t e d  by 

the  s t r eng th  components and i n s u l a t i o n  of t h e  cable.  Exceedance of nominal 

watch c i r c l e  during unusual storm condi t ions  may c o n t r i b u t e  both h igher  than 

nominal base tens ion  i n  t h e  r i s e r  cable  and h igher  than normal dynamic fo rces  

due t o  wave ac t ion  a s soc i a t ed  with the storm. This combination presents  

p o t e n t i a l  r i s k  of f a t i g u e  f a i l u r e .  Therefore,  i t  seems necessary a t  t h i s  time 

to  l i m i t  the  dura t ion  of watch c i r c l e  .exceedances t o  a  few hours ( s ay  3 

hours) .  Design of cable  system dimensions can probably accommodate watch 
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c i r c l e  o f  up t o  800 f t  f o r  t h e s e  d u r a t i o n s .  However, some c a b l e  system 

c o n f i g u r a t i o n s  w i l l  b e  more s u i t a b l e  f o r  t h e s e  l a r g e  exceedances than w i l l  

o t h e r s .  

It  i s  p o s s i b l e ,  b u t  unconfirmed, t h a t  t h e  r i s e r  c a b l e  might s u c c e s s f u l l y  

s u r v i v e  h igh  mechanical  s t r e s s  c o n d i t i o n s  i f  i t  were not  ene rg ized  

e l e c t r i c a l l y  a t  t h e  t ime o f  t h e  h igh s t r e s s e s .  Th i s  p o s s i b i l i t y  w i l l  b e  

i n v e s t i g a t e d  i n  t h e  for thcoming t e s t  program. Although t h i s  f a c t o r  is  s t i l l  

s p e c u l a t i v e ,  i t  may h e l p  g i v e  some s a f e t y  f a c t o r  t o  c a b l e  f a t i g u e  r e s i s t a n c e  

under unusua l  c o n d i t i o n s  n f  watch c i r c l e  exceedance.  

I n  a d d i t i o n  t o  t h e  l i m i t a t i o n s  due t o  t e n s i o n  and f a t i g u e  load ing ,  t h e  watch 

c i r c l e  must be c o n s i s t e n t  w i t h  t h e  r i s e r  c a b l e  system layou t  i n  t h a t  p h y s i c a l  

c o n t a c t  o r  c h a f i n g  of t h e  c a b l e  on e i t h e r  p o r t i o n s  of t h e  p l a n t  ( a t  o t h e r  t h a n  

des ign  a t t achment  p o i n t s )  o r  t h e  mooring system must be  avoided.  T h i s  i.s 

necessa ry  t o  p reven t  p h y s i c a l  damage t o  t h e  c a b l e ,  t h u s  avo id ing  dec reased  

s t r e n g t h  and i n c r e a s e d  r i s k  o f  c o r r o s i o n  of t h e  m e t a l l i c  e lements  of t h e  c a b l e  

n e a r e s t  i t s  o u t e r  s u r f a c e .  It a l s o  avo ids  damage due t o  u n c o n t r o l l e d  bending 

or  impact.  I n  o rde r  t o  avoid  t h e s e  c o n t a c t s  i t  i s  obviously  necessa ry  t o  

a l l o w  f o r  p o t e n t i a l  movements of t h e  c a b l e s ,  p l a n t ,  and moorings due t o  

c u r r e n t s ,  s torm winds ,  and storm waves. I n  p a r t i c u l a r ,  a  c a b l e  deployed i n  a  

c a t e n a r y  must have s u f f i c i e n t  space  t o  a l low f o r  swing of t h e  cab le .  While 

t h i s  requirement does not put  a  hard  and f a s t  l i m i t  on watch c i r c l e ,  i t  must 

be cons ide red  i n  e v a l u a t i n g  t h e  performance of  any S K S S ~ E T S  combination.  

Another r e l a t e d  requirement  i s  t h a t  t h e  movement of t h e  p l a n t  i n  i t s  watch 

c i r c l e  s h a l l  no t  produce too much t w i s t i n g  of t h e  cab le .  A c a b l e  deployed i n  

a  c a t e n a r y  from p l a n t  t o  ocean f l o o r  w i l l  be t w i s t e d  by t h e  movement of t h e  

p l a n t  r e l a t i v e  t o  t h e  touchdown p o i n t  of t h e  cab le .  While t h i s  t w i s t  i s  i n  

g e n e r a l  r e l a t i v e l y  s m a l l ,  i t  must be  c o n s i d e r e d  i n  t h e  t o t a l  p o t e n t i a l  t w i s t  

on t h e  cab le .  Th i s  w i l l  b e  f u r t h e r  d i s c u s s e d  i n  " c a b l e  t w i s t  and t o r q u e  

c o n s i d e r a t i o n s " .  
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A. 3 DEPLOYMENT, REMOVK , AND INSPECTION CONSIDERATIONS 

It h a s  been assumed t h a t  t he  r i s e r  cab les  w i l l  be deployed a f t e r  t h e  SKSS i s  

i n  p lace .  This  is  not an abso lu te  neces s i t y ,  bu t  t he  complicat ions necessary 

t o  i n su re  con t ro l  and p r o t e c t i o n  of t h e  cables  dur ing  a  simultaneous 

deployment of  a  mooring and t h e  r i s e r  c a b l e s ,  and t o  coord ina te  the  v e s s e l s  

and simultaneous lowering opera t ions ,  would make such an opera t i o n  

u n a t t r a c t i v e .  A s  p rev ious ly  mentioned, there  i s  a  s t rong  p o s s i b i l i t y  t h a t  

four  s epa ra t e  cab les  w i l l  be deployed. With t he se  cons idera t ions  i n  mind, t h e  

fol lowing requirements f o r  t h e  deployment and/or r e p a i r  of t he  ETS a s  i t  

a f f e c t s  the SKSS can be foreseen. Ample phys ica l  c l ea rances  musi be a v a i l a b l e  

f o r  t he  cables  during deployment. Each cab le  must be lowered from a su r f ace  

v e s s e l  and cannot c ross  over mooring l i n e s  while descending. S imi l a r ly ,  any 

o ther  l i n e s  nr anchors necessary f o r  t h e  cab l e  support  system must have' 

c learances  ava i l ab l e .  Clearances f o r  submarine work veh ic l e s  must be allowed 

i f  connect ions of any ETS components, o r  attachments t o  any o t h e r  subsystem 

components must be made during or fol lowing cable  deployment. Assuming t h a t  

space i s  a v a i l a b l e  f o r  t he  ETS t o  opera te  once i n s t a l l e d ,  these  requirements 

f o r  i n s t a l l a t i o n  should no t  be a  p a r t i c u l a r  problem t o  subsystem coordinat ion.  

Repai r ,  removal, o r  i n spec t ion  opera t ions  on the  ETS should impose only one 

add i t i ona l  requirement on the SKSS beyond those assoc ia ted  with deployment. 

Any phys i ca l  con tac t  wi th  a  cab le  f o r  r e p a i r  type opera t ions  w i l l  r equ i r e  t h a t  

t he  cable  be  de-energized and s u f f i c i e n t l y  separated from t h e  remaining l i v e  

cab les  so t h a t  workers and equipment can opera te  s a f e l y .  I n  the  case  of a  

three-conductor cab le  t h i s  would mean t h a t  no power could be t ransmi t ted  

during r e p a i r  opera t ions .  I n  the  case  of four  s epa ra t e  c a b l e s ,  t h i s  would 

mean t h a t  any cab l e  being r e t r i eved  should have c learances  t o  avoid contac t ing  

any of  the  l i v e  cables .  

A.4 POTENTIAL ELECTRICAL TRANSMISSION SUBSYSTEM CONFIGURATIONS 

Three bas i c  methods o f  conf igur ing  the  r i s e r  cab ie  and i t s  support  subsystem 

have been considered. A b r i e f  d e s c r i p t i o n  of t h e s e   configuration.^ i s  

presented t o  allow e a r l y  i n t e g r a t i o n  of  b a s i c  i deas  of SKSS and ETS. 
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The s i m p l e s t  system would be  a  c a b l e  descend ing  from t h e  OTEC p l a n t  i n  a  

s u b s t a n t i a l  c a t e n a r y  a s  shown i n  Fig .  A-1. 

poxer  cables - 

Fig .  A-1 Catenary  C o n f i g u r a t i o n  

Th i s  sys tem h a s  a  l i m i t e d  a b i l i t y  t o  accommodate extended p l a n t  watch c i r c l e s ,  

b u t  might b e  s u i t a b l e  f o r  a  10 percent  watch c i r c l e  wi th  l i t t l ~  raom f o r  

exceedances.  I t  would r e q u i r e  s u f f i c i e n t  s p a c e s  w i t h i n  t h e  SKSS t o  deploy 

f o u r  s e p a r a t e  c a b l e s .  An anchor on each c a b l e  might be n e c e s s a r y .  The 

h o r i z o n t a l  d i s t a n c e  t o  such a n  anchor ( o r  t h e  nominal touchdown p o i n t  of t h e  

c a b l e  i f  an anchor i s  n o t  used)  from t h e  OTEC p l a n t  would be i n  t h e  range '  o f  I 

t o  1 .5  t imes  t h e  wa te r  depth.  

Another sys tem cons ide red  a  good p o s s i b i l i t y  i s  t h e  s t andof f  buoy s u p p o r t  

shown i n  Fig .  A-2. 

An anchor  and anchor l i n e  w i l l  p robably  be necessa ry .  Within  t h e  b a s i c  

c o n f i g u r a t i o n ,  a g r e a t  v a r i e t y  o f  combinat ions  o f  c a b l e  l e n g t h ,  buoy-to-plant  

d i s t a n c e ,  and vuoy dep th  a r e  p o s s i b l e .  
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Fig .  A-2 Standoff  Buoy Conf igura t ion  

A s  c u r r e n t l y  env i s ioned ,  t h e  h o r i z o n t a l  d i s t a n c e  from p l a n t  t o  buoy would 

range from a  minimum o f  2,000 f t  t o  a  maximum of  4 ,500  f t .  The h o r i z o n t a l  

d i s t a n c e  from buoy t o  c a b l e  touchdown p o i n t  w i l l  probably be from 3,000 t o  

6,000 f t .  The combinat ion o f  s e p a r a t i o n  d i s t a n c e  a n d , c a b l e  l e n g t h  can be 

t a i l o r e d  somewhat t o  l i m i t  t e n s i o n s  induced i n  t h e  c a b l e ,  t o  avoid 

i n t e r f e r e n c e s  wi th  t h e  SKSS; o r  t o  detune mechanical  resonances  of t h e  power 

cab le .  Within  t h e  l i m i t s  mentioned, a  g r e a t e r  buoy-to-plant d i s t a n c e  i s  

combined w i t h  a p r o p o r t i o n a l l y  longer  l e n g t h  o f  c a b l e  t o  accommodate a  l a r g e r  

watch c i r c l e .  The depth  o f  t h e  buoy should be a t  l e a s t  200 f t  below t h e  

s u r f  ace t o  avoid s u r f a c e  wave a c t i o n ,  and might be des igned f o r  a  dep th  of a s  

much a s  2,000 f t ,  i f  necessa ry .  A deep buoy c o n f i g u r a t i o n  might improve 

dynamic c h a r a c t e r i s t i c s  of t h e  r i s e r  c a b l e  system, and might reduce t h e  l e n g t h  

of r i s e r  c a b l e  a c t u a l l y  suspended. 

A t h i r d  b a s i c  method of  c o n f i g u r i n g  t h e  r i s e r  . cab les  i s  a  v e r t i c a l  descen t  t o  

t h e  ocean bottom. Th is  would probably  n o t  b e  used u n l e s s  mooring l i n e s  

fpllowed a  s i m i l a r  p a t t e n .  An anchor f o r  t h e  c a b l e s  a t  t h e  ocean bottom 

would a lmost  c e r t a i n l y  b e . r e q u i r e d .  Methods o f  deploying t h i s  anchor ;  o r  

a t t a c h i n g  t h e  c a b l e s  t o  an anchor a l r e a d y  i n  p l a c e ,  must be c o n s i s t e n t  wi th  
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t h e  i n s t a l l a t i o n  p lans  f o r  p l a n t  and mooring. E l a s t i c  b e h a v i o r  of t h e  

e l e c t r i c a l  c a b l e s  and t h e  mooring l i n e s  must be c a r e f u l l y  matched t o  avoid 

o v e r t e n s i o n i n g  t h e  c a b l e .  Also,  any c o n d i t i o n  which causes  s l a c k  c a b l e  a t  t h e  

anchor must be  avoided.  S tandof f  d e v i c e s  may be n e c e s s a r y  t o  p reven t  c o n t a c t  

o r  cha f ing  of t h e  r i s e r  c a b l e s  on t h e  CWP o r  mooring l i n e s .  

F ig .  A-3 V e r t i c a l  Descent c o n f i g u r a t . i o n  

The proposed mooring systems which a l l o w  t h e  p l a n t  t o  r o t a t e  about  a  s i n g l e  

p o i n t  moor o r  t u r r e t  d e s e r v e  one s p e c i a l  n o t e .  Such a  mooring arrangement 

would n e c e s s i t a t e  a  swive l  c o n n e c t i o n  c a p a b l e  o f  t r a n s m i t t i n g  40 MW of  

e l e c t r i c a l  power. O p e r a t i n g  e x p e r i e n c e  w i t h  any such dev ice  a t  t h e  necessa ry  

vol-tage and power l e v e l  is  not a v a i l a b l e .  The p o s s i b i l i t y  o f  ex tend ing  such a  

d e v i c e  t o  t h e  400-MW l e v e l  i s  ext remely l i m i t e d .  

A .  5 RISER CABLE TWIST AND TORQUE CONSIDERATIONS 

The q u e s t i o n  of  t h e  a b i l i ' t y  of a  h igh-vo l t age  power c a b l e  t o  ac .comodate  t w i s t  

i s  one of  t h e  b i g g e s t  unknown f a c t o r s  t o  ' be  addressed i n  the  for thcoming t e s t  

program. T w i s t i n g  of t h e  c a b l e  is  expected t o  a f f e c t  t h e  i n t e r f a c e  of  t h e  

power conductor  and i t s  i n s u l a t i o n .  E l e c t r i c a l  s t r e s s e s  a r e  a t  t h e i r  h i g h e s t  

l e v e l  a t  t h i s  i n t e r f a c e .  The p resence  of  microscopic  v o i d s  i n  t h e  i n s u l a t i o n  
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a t  t h i s  i n t e r f a c e  could  have d r a s t i c  e f f e c t s  on t h e  e l e c t r i c a l  l i f e  of t h e  

i n s u l a t i o n .  Also t w i s t  w i l l  have a  c o n t r i b u t i o n  t o  f a t i g u e  of t h e  s t r e n g t h  

e lements  of t h e  c a b l e .  The important  parameter  i n  c o n s i d e r i n g  t w i s t  o f  c a b l e s  

i s  u s u a l l y  degrees  o f  t w i s t  p e r  u n i t  l eng th  o f  cab le .  However, because o f  t h e  

p r o b a b i l i t y  t h a t  t h e  OTEC r i s e r  c a b l e  w i l l  be conf igured  i n  a  c a t e n a r y  which 

w i l l  no t  s e e  uniform t w i s t  over  i t s  l e n g t h ,  t o t a l  t w i s t  of  t h e  end o f  t h e  

c a b l e  i s  probably  more s i g n i f i c a n t .  The g r e a t e s t  c o n s i d e r a t i o n  i n  l i m i t i n g  

r o t a t i o n  o f  t h e  end o f  a  c a b l e  may be t h e  p h y s i c a l  i n t e r f e r e n c e  of f o u r  r i s e r  

c a b l e s  wi th  t h e  p l a n t  and each o t h e r .  I f  t h e  c a b l e s  a r e  a t t a c h e d  t o  a p o r t i o n  

of t h e  p l a n t  t h a t  i s  allowed t o  r o t a t e ,  a  working l i m i t  of p l a n t  r o t a t i o n  of 

90 deg i s  c e r t a i n l y  necessa ry  t o  avoid  p h y s i c a l  i n t e r f e r e n c e s  between c a b l e s  

o r  between c a b l e s  and p l a n t  s t r u c t u r e .  This working l i m i t  r e p r e s e n t s  long 

term heading changes of t h e  p l a n t .  Working l i m i t s  on t w i s t i n g  motions a t  

wave-excited f r e q u e n c i e s  a r e  h a r d e r  t o  quanti .fy because t h e  f a t i g u e  of t h e  

c a b l e s  i s  p o o r l y  unders tood.  However, t h e  aim of t h e  devel o p m ~ n t  program w i l l  

probably  be t o  develop a c a b l e  capab le  of w i t h s t a n d i n g  . 10 d e t  of dynamic 

r o t a t i o n  f o r  a  number o f  c y c l e s  a p p r o p r i a t e  t o  t h e  OTEC p l a n t  and SKSS 

d e s i g n s .  A c l e a r e r  d e f i n i t i o n  of what t h e  motion c h a r a c t e r i s t i c s  of t h e  40-MW 

p l a n t  and i t s  SKSS might be w i l l  be  o f  g r e a t  a s s i s t a n c e  t o  f i n a l  d e s i g n  of t h e  

40-MW c a b l e  and t h e  t e s t  program f o r  it. 

A-1 C. A .  P i e r o n i  and B. W. Fel lows,  "L i fe  E v a l u a t i o n  of a  35 kV Submarine 

Power Cable i n  a  Continuous F l e x i n g  Environment," Ocean 77 Conference 
- .- 

Record, Paper  24C, Oct 1977 
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OTEC STATIONKEEPING SUBSYSTEM (SKSS)  

PERFORMANCE S P E C I F I C A T I O N  
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1.  SCOPE 

'This s p e c i f i c a t i o n  e s t a b l i s h e s  t h e  performance and d e s i g n  requ i rements  f o r  t h e  

S ta t ionkeep ing  Subsystem (SKSS) f o r  t h e  4 0 - ~ ~ ( e )  Modular Experiments P l a n t .  

I n  t h e  development o f  OTEC SKSS concept  and p r e l i m i n a r y  d e s i g n s  t h i s  

s p e c i f i c a t i o n  w i l l  be developed a s  a  d e f i n i t i v e  s p e c i f i c a t i o n  f o r  SKSS. 

2. APPLICABLE DOCUMENTS 

2.1 P r e l i m i n a r y  Design f o r  OTEC S t a t i o n k e e p i n g  Subsystems, .Technical  

P roposa l ,  LMSC-B08.5241, 9 Al~gust  1978. 

2.2 P r e l i m i n a r y  Engineer ing Design o f  a n  OTEC P i l o t  P l a n t s h i p  Vol. D - 
Engineer ing Drawings, APL/JHU SR-78-3D, November 1978. 

2.3 10 and 40 MW Spar  Conceptual  Designs ,  Gibbs and Cox, I n c . ,  February  6 ,  

1979. 

3 . 1  SYSTEM DEFINITION 

A s  p a r t  o f  t h e  Ocean Thermal Energy Convers ion (OTEC) Program o f  t h e  

Department o f  ~ n e r ~ y ,  S o l a r  D i v i s i o n ,  ocean demons t ra t ion  t e s t s  a r e  planned 

f o r  an  OTEC Modular Experiments P l a n t .  Th i s  p l a n t  w i l l  c o n t a i n  OTEC power 

c y c l e  systems i n  t h e  10 t o  40 megawatt ( n e t  e l e c t r i c )  o u t p u t  range.  The OTEC 

p l a n t  e l e c t r i c a l  c a p a c i t y  w i l l  b e  u t i l i z e d  e i t h e r  onboard t h e  p l a t f o r m  t o  

develop v a r i o u s  end p r o d u c t s ,  o r  i n  t h e  s t a t i o n a r y ,  e l e c t r i c  c a b l e  mode, t h e  

o u t p u t  w i l l  b e  cab led  ashore  t o  a n  e l e c t r i c  g r i d .  

3.1.1 General  D e s c r i p t i o n  

The S t a t i o n k e e p i n g  Subsystem (SKSS) i s  a  mooring system f o r  t h e  OTEC Modular 

Experiments P l a n t .  Moors o f  t h i s  type  f o r  c o a s t a l ,  deep wa te r  a p p l i c a t i o n ,  

g e n e r a l l y  c o n s i s t  of  one o r  more anchor l egs .  
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The f i r s t  type ,  t he  s i n g l e  anchor l e g ,  s ing le -poin t  moor, c o n s i s t s  of an 

anchor,  l i n e ,  sur face  hrloy and hawser o r  yoke. The p la t form i s  f r e e  t o  swing 

about the  moor. The second type i s  the  multiple-anchor l e g ,  which c o n s i s t s  of 

two o r  more legs  a t t ached  e i t h e r  d i r e c t l y  t o  t he  p la t form o r  t o  buoys. 

Var ia t ions  of  the mult iple-anchor-leg moor include a c t i v e  tens ion ing ,  t u r r e t ,  

r o t a r y ,  and s ingle-point  moors. The t h i r d  type of moor i s  the  tens ion  anchor 

l e g ,  wherein the  legs  a r e  a t t ached  e i t h e r  d i r e c t l y  t o  t h e  platform o r  t o  the  

cold water pipe. A v a r i a t i o n  of t h i s  type i s  the  monopod, wherein t h e  cold 

water  pipe i s  mounted to  an anchor o r  base p l a t e .  

3.1.2 Mission 

The SKSS i s  the mooring system which w i l l  hold t he  OTEC Modular Experiments 

P l an t  on-stat ion a t  the  Puer to  Rican ope ra t i ona l  s i t e .  I n  add i t i on  to acrving 

the  primary func t ion  of  mooring the p l an t ,  t he  SKSS w i l l  be required t o  

support  a  po r t i on  of t he  E l e c t r i c a l  Transmission System, p a r t i c u l a r l y  t h e  

r i s e r  cab le  i t s e l f ,  depending on the combination of mooring and t ransmission 

system se l ec t ed .  

The success  of t h e  SKSS w i l l  be  measured by i t s  con t r ibu t ion  t o  demonstrating 

t h a t  t h e  OTEC plan t  i s  capable  of surv iv ing  one or more hur r icanes  i n  i t s  

f i r s t  few years  of opera t ion .  Such demonstration w i l l  c o n t r i b u t e  

s i g n i f i c a n t l y  t o  fu tu re  a p p l i c a t i o n  of OTEC i n  t r o p i c a l  waters .  I n  t h i s  

t e g a r d  t he  SKSS w i l l  s e rve  as a  pro to type  f o r  mooring the l a rge r ,  longer  

des ign  l i f e  Commercial OTEC planes.  

3.1.3 System Diagrams 

3.1.4 I n t e r f a c e  Def in i t i on  
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The S t a t i o n k e e p i n g  Subsystem i s  a n  element o f  t h e  P l a t f o r m  System i n  t h e  OTEC 

Work Breakdown S t r u c t u r e ,  a s  fo l lows:  

3.1 P l a t f o r m  System 

3.1.2 S t a t i o n k e e p i n g  Subsystem 

The pr imary p h y s i c a l  and f u n c t i o n a l  i n t e r f a c e  e x i s t s  between t h e  SKSS and t h e  

h u l l .  The moor i s  a t t a c h e d  t o  t h e  h u l l ,  o r  a l t e r n a t i v e l y  t o  t h e  co ld  wa te r  

p ipe .  A secondary i n t e r f a c e  e x i s t s  between t h e  SKSS and t h e  E l e c t r i c a l  

T,ransmission System, p a r t i c u l a r y  t h e  r i s e r  c a b l e .  

3.1.5 Government Furnj.shed P r n p e t t y  

3.1.6 O p e r a t i o n a l  and O r g a n i z a t i o n a l  Concepts 

Deployment o f  t h e  Modular Experiments P l a n t  i s  planned f o r  1985 i n  

Puer to  Rico. The SKSS w i l l  b e  des igned by a  systems i n t e g r a t i o n  c o n t r a c t o r s  

i n  1980 or  '81. Th is  s~ihsystrlm w i l l  t h e r e f o r e  bc f u l l y  i n t e g r a t e d  i n  t h e  OTEC 

p l a n t  sys tem des ign .  Concept and p r e l i m i n a r y  d e s i g n s  f o r  SKSS t o  be  f u r n i s h e d  

under t h i s  c o n t r a c t  i n  1979 w i l l  be a n  i n p u t  t o  t h e  e n g i n e e r i n g  d a t a  b a s e  f o r  

p r e p a r a t i o n  of t h e  RFP f o r  Modular Experiments P l a n t  System I n t e g r a t i o n .  

3.2 CHARACTERISTICS 

The mooring sys tem requ i rements  a r e  s t a t e d  i n  ' t h e  fo l lowing  paragraphs  i n  

terms o f  performance c h a r a c t e r i s t i c s  r e q u i r e d  f o r  t h e  system, p h y s i c a l  

f e a t u r e s  and c o n s t r a i n t s ,  r e l i a b i l i t y  and o t h e r  c h a r a c t e r i s t i c s .  These sys tem 

c h a r a c t e r i s t i c s  a r e  s i g n i f i c a n t l y  i n f l u e n c e d  by t h e  miss ion  d e f i n e d  f o r  t h e  

Modular Experiments P l a n t .  The p l a n t  is  a  s t a t i o n a r y  OTEC power p l a n t  

40 M W ( ~ )  t o  be moored o f f  Punta Tuna, P u e r t o  Rico f o r  t h e  purpose of 

t r a n s m i t t i n g  e l e c t r i c a l  v i a  a  submarine c a b l e  t o  t h e  Puer to  Rican g r i d .  
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3.2.1 Performance C h a r a c t e r i s t i c s  

3.2.1.1 Function. The SKSS w i l l  c o n s t r a i n  t h e  OTEC Modular Experiments P l an t  

40 MW(e) o f f  the  c o a s t  of  Puer to  Rico a t  Punta Tuna. The l i m i t s  on c o n s t r a i n t  

w i l l  be der ived from requirements of t h e  E l e c t r i c a l  Transmission System, cold 

water pipe grounding, cold water pipe - SKSS foul ing .  

3.2.1.2 Platforms. Two platforms w i l l  be  moored - t h e  APL p l an t sh ip  a s  

modified and t h e  Gibbs and Cox spar .  These platform conf igu ra t i ons  a r e  

def ined i n  app l i cab l e  documents 2.2 and 2.3,  r e spec t ive ly .  

3.2.1.3 Design L i f e .  The SKSS wi.11. be designed t o  provide a  minimum s e r v i c e  

l i f e  o f  thirty (30)  years .  

3.2.1.4 Holding S t rength .  The SKSS w i l l  provide s u f f i c i e n t  holding s t r e n g t h  

t o  r eac t  environmental fo r ce s  induced by t h e  Design Extreme Sea S t a t e  having a  

r e t u r n  period of one hundred (100) years .  This requirement de f ines  t he  SKSS 

maximum holding s t r eng th .  Platform excursion i n  t h i s  .sea s t a t e  w i l l  be 

bounded by the  requirement t o  prevent cold water  pipe grounding and 

disengagement of t he  E l e c t r i c a l  Transmission System cable .  The SKSS i s  not 

requi red  to  t o t a l l y  r e a c t  loads imposed by sea s t a t e s  i n  excess of t he  Design 

Extrcwc Eca S t a to .  

3.2.1.5 Watch C i r c l e .  Watch c i r c l e  r ad ius  i s  the  maximum al lowable 

h o r i z o n t a l  excurs ion  of t h e  platform from i t s  equi l ib r ium p o s i t i o n  i n  t h e  

mooring. Platform excurs ion  i n  any d i r e c t i o n  w i l l  be  l im i t ed  t o  ten  percent  

of water depth,  o r  400 f t ,  i n  a l l  s ea s  from calm up t o  and inc luding  the  

Design Operat ional  Sea S t a t e  having a  r e t u r n  per iod of th ree  ( 3 )  years .  This 

watch c i r c l e  l i m i t a t i o n  w i l l  be modified a s  app rop r i a t e  t o  t h e  p a r t i c u l a r  

E l e c t r i c a l  Transmission System concept s e l e c t e d  fo r  each SKSS concept. 

It i s  d e s i r a b l e  t o  maintain connect ion between ~ l e c t r i c a l  Transmission System 

and p l a n t  without  damage t o  the  r i s e r  cab le  i n  s ea  s t a t e s  more severe than t h e  

Design Opera t iona l  Sea S t a t e .  This requirement,  i n  terms of allowable watch 

c i r c l e  exceedance i s  800 f t  f o r  3  hours.  
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The platform w i l l  be constrained by t h e  SKSS t o  t h e  ex t en t  required t o  prevent 

grounding of the cold water pipe, i n  a l l  sea s t a t e s  up t o  and inc luding  the  

Design Extreme Sea S t a t e  a  r e t u r n  period of one hundred (100) years .  

3.2.1.6 Platform Or ien ta t ion .  The SKSS w i l l  have the c a p a b i l i t y  t o  a l t e r  

platform o r i e n t a t i o n  (azimuth) t o  wind, wave and c u r r e n t ,  as  requi red  f o r  

e l e c t r i c a l  t ransmission and platform stat ionkeeping.  The range of allowable 

azimuth v a r i a t i o n  i s  a  working l i m i t  of plant  yaw r o t a t i o n  of 90 deg.. 

3.2.1.7 Cost. The SKSS l i f e  cyc le  c o s t  s h a l l  'be  minimized commensurate wi th  

an acceptable  l e v e l  of r i s k ,  Considerati  nn of fu tu re  cootc of power i n  

Puerto Rico and of OTEC Commercialization, lead  t o  OTEC plan t  cos t  a l l o c a t i o n  

f o r  SKSS not t o  exceed $10 M. 

3.2.2 Physical C h a r a c t e r i s t i c s  

SKSS physical  c h a r a c t e r i s t i c s  w i l l  he developed i n  the course of SKSS design 

based on t h e  e igh t  concepts descr ibed i n  Reference 2.1. 

3.2.2.1 Arrangements. These c h a r a c t e r i s t i c s  w i l l  be compatible wi th  the 

arrangements of t h e  two platforms. I n  p a r t i c u l a r ,  the  v e r t i c a l  load imposed 

on the spar  by the SKSS w i l l  not exceed reserve  buoyancy o r  s t a t i c  s t a b i l i t y  

i n  t h e  moored, ope ra t iona l  mode. 

SKSS arrangements w i l l  be compatible wi th  the E l e c t r i c a l  Transmission System 

requirements of support and clearance t o  prevent foul ing  between systems. 

Adequate clearance w i l l  be provided between the SKSS and the  seawater in take  

and discharge pipes mounted on the  platform t o  prevent fou l ing  of l i n e s  and 

pipes.  

.. 
3.2.2.2 Mater ials .  SKSS ma te r i a l s  w i l l  be chemically compatible t o  prevent 

galvanic and chemical cor ros ion  of SKSS and t h e  o t h e r  OTEC ocean systems. 
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3.2.3 R e l i a b i l i t y  

The r e l i a b i l i t y  of the  SKSS w i l l  be determined to  be a s  high a s  p rac t i cab le  

c o n s i s t e n t  with the o the r  requirements a s  s t a t e d  i n  t h i s ,  spec i f i ca t ion .  

3.2.4 Ma in ta inab i l i t y  

3.2.4.1 Inspec t ion .  The SKSS w i l l  be compatible wi th  i n - s i t u  inspec t ion  

techniques appropr ia te  t o  near shore ,  deep water mooring opera t ion ,  inc luding  

use of manned and/or unmanned deep submersible inspec t ion  equipment a s  wel l  a s  

permanently i n s t a l l e d  monitoring instrumentat ion.  

3.2.4.2 Maintenance. A maintenance program, including schedules fo r  per iodic  

i n - s i t u  i n s p e c t i n n ,  t e s t i n g ,  l u b r i c a t i o n ,  removal and replacement a s  required 

t o  provide continuous performance of t he  SKSS a t  spec i f i ed  r e l i a b i l i t y  w i l l  be  

determined. 

3.2.5 A v a i l a b i l i t y  

3 . 2 . G  Bystem E f f e c ~ i v c ~ e o o  Modal 

N . A .  

3.2.7 Environmental Conditions 

3.2.7.1 S i t e .  The SKSS w i l l  be designed t o  r e a c t  t he  environmental 

condi t ions o f f  t he  coas t  of Puerto Rico a t  Punta Tuna, 17'57'N - 65'52'~. 

This s i t e  i s  approximately t h r e e  ( 3 )  miles  o f f sho re ,  with water depth of 4000 

f t  and bottom s lope  of 10 t o  18 degrees.  The mooring may be deployed within 

f i v e  (5)  miles  of t h i s  s i t e  i n  e i t h e r  d i r e c t i o n  p a r a l l e l  t o  the coas t .  
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3.2.7.2 Bathymetry. Bottom s o i l  c o n d i t i o n s  a r e  s i l t ,  c l a y ,  sand ,  mud. 

3.2.7.3 Cur ren t .  Current  p r o f i l e  i s  shown i n  Fig.  2-2. 

3.2.7.4 Wind. Wind f requency of occur rence ,  d i r e c t i o n  and i n t e n s i t y  a r e  

summarized i n  Table 2-1. 

3.2.7.5 Sea S t a t e s .  Three groups o f  s e a  s t a t e s  a r e  de f ined  t o  determine SKSS 

loads .  

3.2.7.5.1 S e r v i c e  Sea S t a t e s .  A set of d i o c r e t e  sea s t a t e s  w i l l  be  d e f i n e d ,  

i n c l u d i n g  i n t e n s i t y  and c y c l e s  o f  occur rence ,  based on measured o r  d e r i v e d  

frequency d i s t r i b u t i o n s  f o r  wind, wave and c u r r e n t .  The SKSS w i l l  p rov ide  

adequate  fa t igue ' ?  s t r e n g t h  f o r  t h e  c y c l i c  ioads  encountered i n  t h e s e  c o n d i t i o n s .  

3.2.7.5.2 Design O p e r a t i o n a l  Sea S t a t e .  The s e t  of h i g h e s e  wind, wave and 

c u r r e n t  c o n d i t i o n s  f o r  which t h e  SKSS w i l l  hold  t h e  p la t fo rm w i t h i n  t h e  

r e q u i r e d  watch c i r c l e  (3.2.1.5).  The r e t u r n  pe r iod ,  o r  p e r i o d  o f  expected 

occur rence  of t h i s  s p a  s t a t e  i s  t h r e e  ( 3 )  y c a r s .  The w i d ,  wave and . c u r r e a t  

c o n d i t i o n s  f o r  t h i s  s e a  s t a t e  a r e  summarized i n  Table 2-1. 

3.2.7.5.3 Design Extreme Sea S t a t e .  The s e t  of h i g h e s t  wind, wave and 

c u r r e n t  c o n d i t i o n s  f o r  which s t a t i o n  w i l l  be mainta ined by t h e  SKSS. The 

r e t u r n  p e r i o d  o f  t h i s  Sea S t a t e  is  one hundred (100) y e a r s .  The wind, wave 

and c u r r e n t  c o n d i t i o n s  f o r  t h i s  sea  s t a t e  a r e  summarized i n  Table 2-1.. 

3.2.8 T r a n s p o r t a b i l i t y  

The SKSS w i l l  b e  t r a n s p o r t a b l e  t o  t h e  e x t e n t  r e q u i r e d  t o  deploy t h e  moor a t  

t h e  s i t e  and t o  r e t r i e v e  t h e  moor a t  t h e  complet ion o f  o p e r a t i o n  a s  r e q u i r e d .  
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3 . 3  DESIGN AND CONSTRUCTION 

Standards  and s p e c i f i c a t i o n s  a s  d e f i n e d  i n  t h e  Codes of P r a c t i c e  f o r  o f f s h o r e  

m a t e r i a l s  and c o n s t r u c t i o n ,  i n c l u d i n g  t h e  American Bureau o f  Shipping (ABS) 

Rules  f o r  Bui ld ing  and C l a s s i n g  Single-Point  Moorings, and American Petroleum 

I n s t i t u t e  s t a n d a r d s  and p r a c t i c e  w i l l  be i d e n t i f i e d  and a p p l i e d  i n  d e s i g n  of 

t h e  SKSS. 

3.5.1 Maintenance 

The maintenanc'e c a p a b i l i t i e s  must be provided t o  suppor t  t h e  SKSS, bo th  

on-shore and on-board t h e  OTEC p la t fo rm,  and i n c l u d i n g  equipment t o  t e s t ,  

i n s p e c t ,  r e p a i r  and r e p l a c e  SKSS components. 

3.5.2 Supply 

N.A. 

3.5'3 F a c i l i t y  

N. A. 

3 . 6  PERSONNEL AND TRAINING 

TBD .. 
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3.7 FUNCTIONAL AREA CHARACTER1 STICS 

3 .8  PRECEDENCE 

4.  QUALITY ASSURANCE PROVISION 

Testing to ver i fy  SKSS performance, design characterist ics  and operabil i ty 

w i l l  be determined. Test spec i f icat ion w i l l  include scope of e f f o r t  and t e s t  

objectives for SKSS components as well as complete operational SKSS. 

B-1 1 

LOCKHEFn OCEAN SYSTEMS 



Appendix C 

CRITERIA AiVD ASSESS?ENT ?&Y 
FOR 

OTEC STATION KEEPING SU3SYSTEMS 

IMODCO PROJECT 1103. 

19 APRIL 1 9 7 9  

Pre?ared by :  Robert Sca lese  , OTEC Proj  e c t  Engineer 

Reviewed b y :  John V i t a l e ,  O f E C  P r o j e c t  Revie~er 

Prepzred f o r  

Lockneed Miss l i s s  and Space Com~any, Inc .  

3cszn Sys t ems  Gi- isi ion 

Sunnyvale, C a l i f c r n i a  

C-1 

A UNIT OF~=-G~ INTERNATIONAL CORPORATION 



SECTION I 

TABLE OF CONTENTS 

ENVIRONMENTAL CONDITIONS 

Page . 

Refer to LYSC 
Task 1 Report 

SECTION I1 DESIGN CRITERIA 

11.1 Loading Analysis 1 

11.1.1 Environmental Loads 1 

11.1.1.1 Wave Loading. 
II.L.1.2 Current Loading 
11.1.1.3 Wind Loading 
11.1.1.4 Earthquake'Loading 

11.1.2 Installation G 

11.1.2.1 . Components of Installation Forces 6 

Design S tsndards 

Structural Design 
Mooring Lines 
Nooring Bearings 
Anchor Leg (sj and Anchor 
Pile and Pile Foundation 

11.3 Materials 14 

11.3.1 Structural Steel 14 
11.3.2 Cement Grout and Concrete 15 
11.3.3 Mooring Chains 15 
11.3.4 Standard Material and Spec. 15 

Callout 

SECTION 111 RELIABILITY ALUD PERFORWNCE ASSES SPENT 

111.1 Mooring System Reliability 
111.2 Terminal Companent Life Spans 
111.3 Performance Assessnent 

111.3.1 Computer Programs 20 

111.1.1 'TLY'  20 
111.1.2 'TOFTEX' 20 
111.1.3 'CEDP' 21 



TABLE OF CONTENTS 

SECTION IV 

' CSCO ' 
' MARRS ' 
'EASE2" and 'GIFTS4' 

Inspection 

Fabrication and Erection 
Inspect ions 
Service Inspection 

Daily Inspection 
Weekly Inspection 
Monthly Inspection 
Yearly Inspection 

Optimization of Single Point 
Moorings 

Mooring Force Analysis 
Weight Optimization 
StrengthICost Analysis 
Model Test--Analysis Loop 
Feedback from Field 
Optimization Limitacions 

Sy3eem ~ f f  ectfvcness 

Comp.atibility 
Level of Risk 
Capability 

Page 

REFERENCES 



LIST OF ABBREVIATIONS 

OTEC--Ocean Thermal Energy Conversion 

SKSS--Stationkeeping Subsystems 

SAL- - -Single &chor Leg 

TAL---Tension Anchor Leg 

MAL---Multi Anchor Leg 

TLM---Tension Leg Mooring 

ASTM--American Society of Testing Materials 

MI---.American Petroleum Institute 

AISC--American Institute of Steel Construction 

ABS---American Bureau of Shipping 

AWS---American Welding Society 

LRS---Lloyds Register of Shipping 

iii 



SECTION I1 

DESIGN CRITERIA 

Loading Analysis 

The mooring system is subject to two basic types of loads ; 

environmental loads and installation loads. Both of these 

categories are broken down into several loading definitions 
and are discussed in the following sections. 

11.1.1 Environmental Loads 

Environmental loads are those loads imposed on the SKSS 
by the environment (see Figure 1). Loads to be considered 

are : 

1. Wave Load 
2. Current Load 
3. Wind Load 
4. Earthquake Load 

The loading conditions to be designed and checked for are: 

1. Design Operational Sea State 
2. Design Extreme Sea State 

11.1.1.1 Wave Loading 

Waves exert a dynamic load on ocean structures. For the 

OTECISKSS system with a moored vessel (SAL),, the waves 

impart an energy on the vessel which must be absorbed by 
the nooring system. This energy is transferred to the mooricg 

buoy via hawser or yoke, creating a mooring line tension. 
This tension is a ~ a j o r  force in the system applied at r k e  

upper portion of the buoy. IMODCO's proprietary 'Tsnsion 



Leg Mooring' computer program (TLY) is used to analyze 

this force. 

A horizontal wave f'orce is exerted on the cylindrical cold 
water pipe. This force is related to the instantaneous 

components of water-particle velocity and acceleration 

which are in the direction of wave propagation. The wave 
force consists of two components, the drag force which is 
due to the horizontal particle velocity, and the inertial 
force which is related to the .acceleration of the water 

particle. This force can' be' expressed by: 

where : 

F = wave force per unic length ac.ting perpendicular 
to the member, lblft 

FD = drag force per unit length, lblft 
F, = inertia force per unit length, lblft 
L 

CD = drag coefficient 
w = weight density of water, lb/ft3 
g = gravitational acceleration, ft/sec2 
D = diameter of cylindrical member, ft 
U = horizontal particle velocity of the water, ftlsec 

IUI = absolute value of U, ftlsec 

CM = mass coefficient 

- dU = horizontal acceleration of the water particle, 
d t  ft/sec2 

Wave-induced vibrations of the various OTECISKSS are to, 
be considered in the design, with the goal to avcid resonance 
between wave and structural frequencies. The criteria involved 
when checking frequencies is to be sure that the frequency 





of the SKSS does not fall in the range of the wave spectrum 
or vortex shedding. 

The frequency of a floating OTEC/SKSS, such as the SAL and TXL, 
will be calculated with IMODCO's 'TOWER" program, which perfoms 

a dynamic simulation. The -frequency of a fixed structure, the 
.TAL-MONOPOD, will be checked with the following equation: 

where : 
E = Youngs Modulus 
I = Moment of inertia of cross-sectional area 

L = Length of TAL-NONOPOD 
m .= Mass of nonopod 
m = Added mass of water 
W 
a = Model coefficient = 3.52, 2 2 . 4 ,  -and 61.7 for 
j the first three modes (re: Crede, 1.965) 

Vortices are. shed in the wake of the circular pipe from the wave 

induced flow past the p'ipe. The vortex shedding occurs at 
a frequency fv, which is a function of free-stream velocity, 
v,, and the pipe diameter, D. This frequency is directly 
affected by the Strouhal number, S, a function of the Reynolds 

number. 

Boundary 

now 
separation 

point 

Figure 2 (re: McCormick, 1973) 
Vortex shedding in wake of cold water pipe. 



Figure 3 ( r e :  McCormick, 1973) 

Strouhal number fo r  vortex shedding. 

1 1 . 1 . 1 . 2  Current Loading 

The current. exerts  a horizontal drag force on the vessel ,  

spar ,  and coldwater pipe. The force i s  dire'ctly dependent 

on the projected cross-sectional  area and the current velocity 

The force must be calculated a t  incremental lengths along the 

pipe due to  the  var ia t ions  i n  current veloci ty .  This drag 

force may be sxpressed by the equation: 
1 

where : 

F~ = Drag force 
W - = o = Mass density of  water 
g 

Vc = Current velocity 

A = Project  cross-sectional area 

11.1.1.3 Wind Loading 

The wind force i s  t reated as a steady horizontal force acLing 
on the projected above-water area o f . t h e  p l a t f o m  and/or spar.  

IMODCO has an in-house computer program called 'SWING'  to  

calculate  the wind force.  Inputs to the program are  projected 



areas above the wateriine and wind velocity. 

The wind farces nay also be calculated using the following 

equation : 

where : 
- - .  F = wlnd force, 13s 

V = Sustairied w l n d  velocity, PIP3 

Cs = Shape coefficient 

A = Projected area of object 

The shape coefficiects are as follows: 

Object 

Beams 1.5 
Side of buildings 1.5 
Cylindrical sections 0.5 
.Overall projected area 1.0 

11.1.1.4 Earthquke Loading 

Earthquake loads can impart significant loads to piled, 

large mass gravity, and self-embedment anchors due to lateral 

and vertical accelerations. Holding power of conventional 

drag embedment anchors may be reduced by its notions in the 

surrounding soil. If the design requires this analysis, two 

earthquakes shall be considered. The first is a medium-level 

(operating) earthquake with a return period of every 200 years, 

the second. a high- level (survival, without catas eroh~ic failure) 

earthquake with a return period in the' thousands of years. 

The OTEC/SKSS system will be designed for two levels of 

earthquake activity for which it may be subject to: Strength 

and Ductility Levels. The Strength Level requires the SKSS 
be adequately sized for strength and stiffness to maintain 



all nominal stresses within yield or.buckling. 

The Ductibility Level is to insure that the SKSS has suf- 

ficient energy absorption capacity to prevent its collapse 
during intense earthquake motions. 

Ins tallation 

Moving the cmponents of the SKSS from the fabrication site 

to the offshore location imposes forces. upon the component 
parts of th& structure. The movement of large, heavy com- 
ponents requires that dynamic as well as static loadings 
be analyzed. 

. . 

Components of Installation Forces 

The installation f~rces to be considered as recommended by 
the A P I  RP2A are as follows: 

1. Lifting forces 
2. Loadout forces 
3. Launching forces 
4. Uprighting forces 

Lifting forces that occur on the structure may include both 
vertical and horizontal components. BorizontaL loads occur 

when lifting slings are other than vertical. The motion 
of lift must be considered in determining the horizontal 
forces. A minimum load factor of two (2) must be used in the 
design of lifting padeyes. 

Loadout forces occuring during transportation shall be 
determined considering the height, length, and period of 
waves which may be encountered. during tow. Horizontal 



and vertical loads are im~osed on a structure from supports 

it may be resting on in a barge, thus' requiring knowledge of 

dynamic characteristics of the barge. 

Launching and uprighting forces are dependent on how the 

str~cture arrives at the offshore site; whether horizontal 

. on the barge in the water, or in a vertical tow position. 

Forces in this stage of installation occur mainly from lifting 

and submergence pressures. 



11.2 Design Standards 

The standards used in the design of the OTECISKSS mooring 

system are: 

- ABS 

ABS 

Rules for Building and Classing 
Single Point Moorings 
Rules for Building and Classing 
Steel' Vessels 

APT: RP2A Recommended Practice for Planning, 
Designing, and Constructing Fixed 

- .  Offshore Platforms 

AISC .: 
- AWS'D1.1 
A S m  

AWS A2.0 

ASTM 

ANSI B31.4 

API Spec 2F 

. SSPC 

. NEC 

Steel Construction Manual 

AWS Structural Welding Code 

Sectinn V I I I ,  Boiler and Pressure 
Vessel Code 

Standard Welding Symbols 

American Society for Testing and 
Materials--Specifications 

Liquid Petroleum Transportation 
Piping Systems 

AP.1 Specificati0.n for Mooring 
Chain 
Surface Preparation Specifications 

National '~lectrical Code 

The application of these standards along with approprizte 
safety factors for i~dividual components are discussed in 
the following sections. Variations from these standards are 

to be based on sound engineering principles and are subject 

to the review of the approval agencies. 

11.2.1 Structural Design 

The structural components will be designed to withstand the 
external water pressure during tow, installation and operation 
in all the design sea states. The structure vill be capable 



of resisting the internal bending moments and tensions in . 

the system. Buoyant structural components will be. segmented into 
a series of watertight compartnents by means of watertight decks and 

bulkheads. The compartments will be arranged so tha.t with 

any one compartment flooded, the mooring system will remain 

afloat under the maximum environment. For stresses resulting 
from the combination of maximum wind, wave, current, gravity 

and mooring loading, the stresses are not to exceed the values, - 
listed below: 

80% of yield strength for tensile stresses 

80% o f  eitllier rhe buckling or yield st,rength, 
for bending stresses 

75% of either the buckling or yield strength, which- 
ever is less, for compressive stresses' 

53% of tensile yield strength for shear stresses 

In the case of combined gravtty and mooring loads whic.h 

include live loads other than those resulking from -wind 

and wave forces, the stresses are n o t  to exceed: 

. 60% of yield strength for tensile stresses 
60% of either the local buckling or yield strength, 
whichever is less, for compressive stresses 

57% of either the buckling or yield strength, 
' 

whichever is less, for compressive stresses 

40% of tensile yield strength for shear stresses 

Compressive stresses caused by combined axial, bending and 

local 1oadiggs are proportioned to satisfy the following 

requirement from the AISC code. 

where : 

f = computed axial compressive stress a 

fb = computed compressive bending plus local stress 



F = allowable axial compressive stress based on overall 
a buckling strength, local. buckling strength or yield 

strength, whichever is the smallest 
Fb = allowable bending compressive stress based on local 

buckling strength, or yield strength, whichever is 
the smaller 

Structural analysis programs which may be utilized are 
EASE2 and GIFTS4. Consideration is given for each loading 
condition, including the following: 

Transmission of the operating hawser load from the 
hawser attachment poinf(s) to the anchor leg attachment 
poiat(s) or to the foundation. 

~~plication of the maximum anchor load to the anchor 
leg attachment point including application of appro- 
priate wave and hydrostatic loads, in the case of 
a fixed structure. 

Application of the maximum wave, wind and current loads 
in the case of a fixed structure. 

For compression members of sufficient length to buckle 
elastically, the following equation is used to calculate buckling 

stress : 

where:  
KI/r 2 , / m k v  

Y 

Fe = elastic buckling stress 

Fy = yield stress 

E = modulus of elasticity 

1 = column length 
r = lease radiud of gyration 

K = an effective length factor to be determined as 
per the latest AISC code 



The c r i t i c a l  buckling s t r e s s  of a  column i s  c a l c u l a t e d  with 

the  fol lowing equat ion:  

where : 

. F  = compressive buckling s t r e s s  
C 

Two major cons idera t ions  a r e  a s soc ia ted  wi th  t h e  computing of 

bending s t r e s s .  The f i r s t  i s  the  prevent ion a g a i n s t  l o c a l  

buckling'  which i s  done by reducing t h e  e f f e c t i v e  f l ange  a reas  

i n  appropr ia t e  sec t ious  o r  reducing t h e  al lowable s e r e s s .  The 

second cons idera t ion  i s  e l a s t i c  deformations due t o  the  e f f e c t s  

of e c c e n t r i c  a x i a l  loading .  These bending moments a r e  super- 

imposed on t h e  bending moments computed f o r  o t h e r  ty?es of 

loadings .  The combination of- average s h e l l  membrane s t r e s s  . 

and bending s t r e s s  a t  design opera t ing  pressure  i s  l i m i t e d  

t o  50% of the  u l t i m a t e  s t r e n g t h ,  o r  t h e  mini~zum y i e l d  s t r e n g t h ,  

whichever i s  l e s s .  

Where r e p e t i t i o n s  of s t r e s s  a r e  of a  known c y c l i c  nature.', t he  

al lowable design s t r e s s e s  f o r  f a t i g u e  loading a s  def ined by t h e  

AISC s p e c i f i c a t i o n s  w i l l  be app l i ed .  For eubular  members and 

connect ions,  and where t h e  fatigue loading c o n s i s t s  of a  

spectrum of high and low s t r e s s e s  ( e . g .  , due t o  waves) , t h e  

f a t i g u e  provis ions  of AWS D 1 . l  w i l l  apply.  

11.2.2 Mooring Lines 

The mooring system between t h e  v e s s e l  and the  SPY w i l l  be 

designed so t h a t  the  opera t ing  hawser load divided by the  

number of sep-rated mooring l i n e s ,  through d i f f e r e n t  f a i r  

l e a d s ,  maximum number of 2 ,  i s  no t  g r e a t e r  than 40% of the  



r a t e d  breaking s t r e n g t h  of t h e  mooring l i n e .  For a  s i n g l e  

mooring l i n e ,  t h e  opera t ing  hawser load w i l l  n o t  be g r e a t e r  

than 60% of t h e  r a t e d  breaking s t r e n g t h .  

1 1 . 2 . 3  Mooring Bearings 

Bearings which c a r r y  the  opera t ing  hawser load a r e  t o  be 

. designed wi th  a s a f e t y  f a c t o r  of 2 without d e s t r u c t i v e  

y i e l d i n g  of  t h e  bear ing  s u r f a c e s .  

11: 2 . 4  Anchor Leg ( s )  and Anchor 

Each anchor l e g  w i l l  be designed wi th  a s a f e t y  f a c t o r  of t h r e e  

a g a i n s t  breaking.  The type of anchorage used f o r  t h e  anchor 

l e g ( s )  i s  dependent on t h e  seabed cond i t ions .  The minimun 

design s a f e t y  f a c t o r  a g a i n s t  t h e  p u l l o u t  of t h e  anchor po in t  

i s  2 .  

1-1.2.5 P i l e  and P i l e  'Foundation 

The design c r i t e r i a  used i n  t h e  design of che p i l e s  and p i l e  

foundations a r e  recommended i n  t h e  API EW2A. 

The p i l e s ,  which anchor t h e  mooring system, s h a l l  be designed 

t o  develop adequate capaci ty  t o  r e s i s t  the  maximum a x i a l  

bearing and p u l l o u t  loads with an appropr ia t e  f a c t o r  of s a f e t y .  

The al lowable p i l e  c a p a c i t i e s  a r e  determined by d iv id ing  the  

u l t i m a t e  s o i l  c a p a c i t i e s  by t h e  f a c t o r  of  s a f e t y  of 2 .  

The u l t i m a t e  bearing capaci ty  (Qd), needed f o r  determining 

t h e  al lowable p i l e  c a p a c i t y ,  i s  c a l c u l a t e d  by the  following 



equat ion : 

Qd = Qt + Q = £As + qAp 
P 

where : 

Qt = s k i n  f r i c t i o n  r e s i s t a n c e ,  l b  

= t o t a l  end bear ing ,  l b  

f  = u n i t  s k i n  f r i c t i o n  capac i ty ,  1 b / f t 2  

AS = s i d e  su r face  area.  of p i l e ,  f t 2  

q  = u n i t  end bearing c a p a c i t y ,  l b / f t 2  

A = gross  end a rea  of p i l e ,  f t L  
P 

q A ~  
should not  exceed the  capac i ty  of  the  i n t e r n a l  

plug 

The p i l e  foundat ion w i l l  be designed t o  s u s t a i n  l a t e r a l  loads ,  

whether s t a t i c  o r  c y c l i c .  A s a f e t y  f a c t o r  o f - 2  on the  load 

t o  foun'dation i s  used under normal opera t ing  condi t ions  and 

t h e  maxinum d e f l e c t i o n  of che p i l e  w i l l  not h e  greater than 

1 /10  t h e  p i l e  d iameter .  The maximum s t e e l  s t r e s s  a s soc ia ted  

wi th  t h e  f a c t o r  of  s a f e t y  of 2 i s  no t  t o  exceed 0 . 6 6  F . 
Y 

Ocean s t r u c t u r e s  with foundations on t h e  seabed experience an 

eros ion  process c a l l e d  scour ,  t h e  removal of s e a f l o o r  s o i l s  by 

c u r r e n t s  and waves. Scour can r e s u l t  i n  removing v e r t i c a l  and 

l a t e r a l  support  f o r  the  foundat ion,  causing overs t r e s s ing  of 

foundation elements and undes i rable  s e t t l e m e n t s .  Scour 

prevent ton t o  e l imina te  the  a s soc ia ted  problems w i l l  be 

recognized i n  t h e  design i f  needed. 



11.3 Materials 

Specifications for all materials used will conform to appli- 
cable standards as set forth by the governing classification 

requirements. All materials will have allowable stresses and 
load carrying capacities determined in accordance with a 
yecognized standard. 

Carrnsinn i s  considered when selecting materials. All 

marsrials have appropriate resistance to corrosion and are 
chosen to avoid electrolytic corrosion problems. Also, 
materials are adequately protected from the effects of cor- 
rosion and/or extra material is provided as corrosion allowaflce. 

In selecting the material the question of weldability is 
considered. A suitable material is selected ,. to ensure that 

cracking does not occur in the heat affected . ; zone. Therefore, 
material thickness, carbon equivalent, welding process, 
consumables and preheat are considered when material selection 
is made. 

Waterials have an appropriate standard of notch toughness. 
Care is taken when adopting requirements for heavy steel 

sections and higher steel strengths. 

11.3.1 Structural Steel 

- 
ZMODCO normally utilizes structural steels for ships with a yield 

point of236 KSI. Variations of this are considered when the 

environmental temperature requires additional consideration of 
the V-notch toughness. 



11.3.2 Cement.   rout and Concrete 

Cement grout, used in pile applications for load transfer, 

should be of a non-shrinking expansive type with a 'minimum 
compressive strength of 1500 psi in 24 hours. 

The concrete mix used should be selected on the basis of 
shear strength, bond strength, and workaliility for under- 
water placement including cohesiveness and flowability. 
The water-cement ratio. should be less than 9.45 with a 
sand coneent greater t han '45X .  

11.3.3 Mooring'Chains 

Extra high-strength U-3 grade chain and chain fittings are 
used in designs utilizing anchor legs. The diameter is sel- 
ected such that under the maximum design load, a minimum 
factor of safety of three is maintained over the rated 

breaking strength. Oil rig quality and super-proof quality 
chains may be used if that. strength level is necessary. Also, 
kevlar and wire rope may be substituted for chain. 

11.3.4 Standard Material and Spec. Callout 

.. . 
ITEM MATERIAL 

Buoy Hull & Arm Assemblies 

Piles & Structural Pipe 

ASTM-A- 3 6 
ASTM-A-131 GrA less than -314" 
ASTM-A-131 GrD 314" to 2" 

ASTM-A- 3 6 
ASTM-A-139 GrB 
ASTM-A-53 GrB 

API Spec 5L GrB . ' 



ITEM MATERIAL 

Chain ABS Gr3 
LRS Gr U-3 

Rubbing Casting & Chain Stopper ASTM-A-27 Gr70-40 

Flanges-Forged ASTM-A-105 Per ANSI B16.5 

Flange Bolts 316. S.S. 

Gaskets Neoprene-Asbes tos 

Misc. Bolts & Nuts 

Triangle Tow Pl,.a.tes ASTIYI-A-572 Gr42 , 

Highly Stressed Critical Members Fine Grained Normalized Steels 

or Those Subjected to ASTM-A-131 GrD,E 

Repetitive Loads ASTM-A-131 Gr DH32,36 & EH32,36 

HY-80, HY-100 
ASTM-A-633 GrA,B,C,D,E 



SECTION 111 

RELIABILITY AND PERFORMANCE ASSESSFENT 

111.1 Mooring System Reliability 

 he mooring system design concepts for the OTEC/SKSS are 
sys terns which are designed to function s-atisfactorilv 

for the 10 years design life. Three of the design concepts, 

the MAL for a SPAR, the TAL, and the TAL-NONOPOD, utilize no 
moving parts except for flexibility motions. This absence 

of moving parts greatly increases the reliability of a mooring 

system. 

Random failure of a mooring component can be caused by factors 

such as corrosisn, fatigue, abrasion and overloading due 

to dynamic instability. These factors can all be designed 

against with high-technology methods which greatly reduces 

the probability of failure. 

Structural steel used in the design is tested and approved 

by the ASTM, thus assuring the quality and reliability of 

the material. The chain used in various applications i s  

made in continuous lengths, with a specimen of four links 

removed for tests to assure the rated proof and breaking strengths. 

There is no way to totally insure complete reliability for 

a mooring in deep ocean water, especially when susce~tible 

to hurricane conditions. However, good engineering methods 

can greatly reduce the risk of failure. Figure 4 summarizes 

the uncertainties to be guarded against. 
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111.2 Te.rminal Component Life Spans 

The following are typical replacement programs for offshore 

mooring terminals. . Similar programs are adaptable Tor 
the OTECISKSS program, based on prior experience, and review 

and analysis of the final configuration. 

A. Allstructval components are estimated to have 
at least an. 18 year service life with proper 
maintenance. 

B. Internal coating systems--5 to 7 .years.. 

C. External coating systems--3 to 5 years. 

D. ~elf-lubricating bearing at yoke and tri-axial 
universal joint--8 years. 

E. ?lain bearing of tri-axial swivel--replace seais 
8. to 10 years. 

F. Anodes--replace after 3 years at splash zone; 
service life for.rest of structure. 

G. Ballast piping and sounding tubes--10 years. 

H. Terminal ,fendering--4 to 5 years. 

I. Navigation light fixture--7 to 10 years. 
J. Access hatch seals and gaskets--3 to 5 years. 
K. Hawser assembly--6 months to 1 year. 
L. ;Chain--20 years. ' 



111.3 Performance Assessment 

A performance simulation 0.f the OTEC/SKSS will be performed 

by computer analysis and other analytical methods. Per- 

formance characteristics that will be.analyzed are watch 
circle excursion, tension in mooring components, SKSS sta- 

bility, and component stresses. 

I 3.1 Computer Programs -- 

Most of the SKSS performance assessment will be performed 

by computer analysis. In the following sections are descrip- 

tions of the programs to be used and their apjlicarien to 
the 0TECISKS.S project. TLM, TOWER, CEDP and CSCO are programs 

which are proprietary to IMODCO. 

111.3.1.1 'TLM' 

TLPt.is a static analysis program'of a tension leg mooring. 
The program calculates the mooring force between ship and 
buoy, buoy and/or riser inclination angle, riser axial 

tension, base forces, and displacement from static resr 
position (watch circle). TLM will be used in the arlalysis of 
the SAL-SINGLE POINT MOOR and TAL mooring system. 

111.3.1.2 'TOWER' 

TOWER performs a dynamic simulation 0f.a tension leg mooring. 

It provides the motions of tension leg throughout the wave 

period along with bending moments. 'The program also computes 

the natural period of the system so that resonance may be 

checked. TOWER will also be used'for the SAL and TAL systems 



111.3.1.3 'CEDP' 

The CEDP computer program will be used in the analysis of the 

MAL system. CEDP is a static deflection program which cal- 

culates forces based on deflections and energy absorption. 

Chain tensions, suspended chain lengths, hawserlyoke tension, 

anchor loads, and spar displacements are calculated. 

' CSCO ' 

CSCO performs the dynamic simulation for the W L .  The buoy 
excursion is analyzed in a time history along with the 

anchor leg forces. Various wave heights and periods may 
be input to check excursions in the s t o m  condition. 

111.3.1.4 'MARRS' 

MARRS, computer program for marine riser response systems, 
will be used for a dynamic simulation of the SAL-.SINGLE POINT 

MOOR, the TAL and TAL-MONOPOD mooring syst'ems for the SKSS. 

The program.wil1 calculate the natural frequency of the 

systems, along with a time history analysis of displacement 

and stress. 

111.3.1.6 'EASE2' and 'G IFTS4 '  

EASE2 and GIFTS4 are the programs which may be utilized 
if the finite element analysis of the SKSS is required. Both 
programs are capable of a complete stress analysis including 

problems of temperature gradients. Finite element analysis 

will be used only on the design concept chosen for the 

preliminary design task. 



111.4 Inspection 

To insure continuous service of the OTEC/SKSS, inspection 
and testing must be performed during the fabrication, erection 

and operational phases. Inspection and tests are. necessary 

in assuring defects do not turn into catastrophic. failure. 

111.4.1 Fabrication and Erection Inspections 

All fit-ups (joint preparation prior to welding) and com- 
pleted welds will Be subject LU visual inspection. Macerials 

and fabricated items specified for non-destructive testing 
will be tested to acceptance criteria and the results will 
be recorded. 

Weld profiles in tubular joints shall merge smoothly with 
the base metal of both brace and chord,.....with undercut not 

exceeding .01 inch. Welds subjected to non-destructive 
testing by radiography or other methods shall meet the 
requirements of AWS' D1.l. 

All buoyancy tasks shall be pressure tested when applicable. 
During pressure tests, the following stress limitations will 

apply : 

1. In hydrostztic testin s, the average shell membrane 
stress is limited to 0% of the minimum specified 
yield strength. 

f 
2. Under pneumatic testing, shell membrane stress is 

limited to 80% of yield strength. 

' 3 .  The combination of average shell membrane stress 
and'bending stress at design operating pressure is 
limited to 50% of the ultimate strength, or the 
minimum specified yield strength, whichever is less. 



111.4.2 Service Inspection 

Periodic surveys during the life of the structure w.ill be 
. 

conducted to detect evidence of damage, check effectiveness 

of cathodic protection, and plan repairs. 

The splash zone region is most subject to damage and will be 

inspected yearly. High corrosiveness and floating debris 
may cause faster deterioration than in other regions and should 

be checked by visual inspection. Supplementary means of in- 
spection, such as ultrasonic and radiographic, shall be used 

when possible. 

The following maintenance schedule is suggested for use on 
SALYs, but may be applied to the SKSS. Local environment 

and terminal usage will dict.ate the actual requirements. 

111.4.2.1 Daily Inspection 

1. Check operation of navigation lights. 

2. Check security of terminal to ensure all hatches 
are firmly closed. 

111.4.2.2 Weekly Inspection 

1. Inspect mooring swivel bearing for free rotation 

2. Inspect bearings at barge end of yoke arms. 
3. Inspect all manhole bolts for tightness. 

4. Remove the blind flanges from the sounding 
pipes on the upper deck and sound all watertight 
pipes. 

111.4.2.3 Monthly Inspection 

1. Inspect all batteries for proper voltage. 



2. Lubr ica te  mooring swivel bea r ing .  

3 .  Check a l l  upper deck.manhole gaskets  f o r  proper 
. s e a l .  

I I I . 4 i 2 . 4  Yearly Inspect ion  

1. Inspec t  a l l  upper buoy works. f o r  any s igns  of 
s t r u c t u r a l  weakness o r  damage. 

2 .  Inspect  anodes on buoy f o r  d e t e r i o r a t i o n ,  scrape  
c l e a n  and r e p l a c e  i f  necessary .  

3 .  Check a l l  mooring chains  f o r  or ien ta t ion . ,  wear 
and corros ion .  e. 

4 .  Check mooring chain t ens ion .  



SECTION IV 

OPTIMIZATION HETHODOLOGY 

IV.l Optimization of Single Point Noorings 

The Single Point Plooring designed and installed today is,a . 

result of twenty years of continual change and improvement. 

Costs of materials, fabrication, transportation and instal- 

lation has motivated an effort towards the optimization of 

SPMs. These efforts, along with their Progress and results, 

are discussed in the following sections. 

For each SPM design project, a parametric study of mooring 

forces is performed.. The goal of the study is to find a 

mooring configuration that affords the lowest loads while 

still having acceptable operational characteristics. A 
sample of these characteristics is buoy excursion, buoy draft, 

and buoy dynamic response. It is recognized that lower forces 
result in smaller anchoring requirements. All holding power 

equipment, chain, anchors, piles and gravity/balLast, are 

paid for by the pound. Thus, a mooring force optimization . .  
cycle results in a lower cost. 

IV.1.2 Weight Optimization 

The-weight optimization process is a subset of the design 

process. During the design stage, the smallest possible 

size for a buoy is sought after. The smallest buoy naturally 

results in a lighter buoy with a lower cost. Structural. 



analysis has several optimization rituals including a computer 

program for framing'weight optimization. 

IV.1.3 StrengthlCost Analysis 

Designing beam element strengths to the limit of allowable 
stresses is .a process used in the reduction of cost. IMODCO 
has a proprietary program called ' SRATIO ' which calculates 
the ratio of actual stress to allowable stress according to 
the API and AISC specifications. Obtaining this stress 
ratio will allow the designer to reduce (or increase) the beam 
element size so that the ratio approaches 1, which means the 

optimum beam size according to stress 

IV.1.4 Model Test - Analvsis LOOD 

limitation. 

For new development and special projects i~.severe environments, 
a model test and des.ign analysis loop is established to 

study new techniques o,f handling forces, accurately establish 
loads, and assure system reliability. 

The first step in the loop is to prepare a preliminary design 
based on experience and computer analysis. Expected loads 
are approximated for comparison to those received during 
model tests. The next step is to model test the preliminary 
design. Loads are recorded at this tbhe to be used during 

. - rd 
the next structural analysis. During model tests the system 
is modified to find the optimum placement of anchoring devices 
or mooring gear. Also, alternate systems are tested for corn-. 
parison to the primary design. Upon review of the model test 
results, a final design is prepared making use of the weight 

and strength optimization procedures. Th,e final design is 
model tested to assure the system's performance is within 



the established design criteria. 

IV. 1.5 Feedback from Field 

Feedback from the field pertaining to installation and 

operational experiences and difficulties has aided in the 

optimization of SPMs. The arrangement of the mooring arms and 

protection systems (cathodic protection, impact protection) 

have been greatly modified since the first SPM. Difficulties 

in installation can greatly'increase costs, therefore the 

procedure of installations is changed when easier ways can 

be found. 

IV.1.6 Optimization Limitations 

Although the SPMs are designed to be as light and cost- 

effective as possible, there are restrictions that liinit 

the optimization cycle. The ocean is a hostile environment 

and prediction of motions and forces resulting in it is most 

difficult. Due to this degree of difficulty in accurate 

predictions, stringent rules with high safety factors are 

followed. The rules and safety factors make it hard to design 

a truly lightweight, optimum cost ocean going system. 



IV. 2 System Effectiveness 

Selection of a mooring concept for the SKSS should include 

considerations of the system's effectiveness. Effectiveness 

parameters which are associated with the project's objective 
are compatibility, capability and level of risk. 

IV. 2.1 Compatibility 

One effectiveness parameter to consider is the compatibility 

of the design concepts to the mooring of the SKSS spay atrd 

cold water pipe. Compatibility factors to consider include: 

1. ReceivS.ng loads  transmitted from spar/cold 
water pipe. 

2. Interference of mooring system to cold 
water pipe. 

3 .  Sffectively performing all the established 
performance criteria. 

IV.2.2 Level of Risk 

A level of risk is established by the environment's probability 
of.exceedence of the survival storm. If a system is designed 

to survive the specified storm without adequate strength for 

a storm that exceeds that value, the system is considered 
to have a high level of risk. If a system has some residual 

strength or redundancy, it is considered to have a lower level 

of risk. 

IV. 2.3 Capability 

A third parameter of effectiveness is the system's capability 
of performing the seakeeping task, Capability may be defined 



as follows.: 

Capability is a measure of the system's 
ability to achieve the mission's objectives, 
given the system condition during the mission. 
Capability specifically accounts for the 
performance spectrum of the system. 

Capability is not totally established by the system's hard- 

ware, Another factor is the mission assigned to the system. 

The large size of the spar, cold water pipe, and severe 

environments assigned to the mooring may lower the capability 

of some of the design concepts. Other factors to be considered 

may include the capability of repairing the system. Present 

technology lends itself to be more capable of repairs near 

the surface rather than at 4000 feet.. 
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DEEP OCEAN SHIP MOORINGS 
(GREATER THAN 2000 FEET) SKSS 

MOOR INSTALL LOCATION WATER MOOR LEG DESIGN FAIL FAILURE MODE APPARENT 
DATE OFF HULL TYPE See Figure DATE 

DEPTH 

SQUAW, I 1959 
Sub ' 

San 60001 MAL-MPM 
Diego 200' 4,Legs 

1+11 Wire 
14" Chain 

1964 Hull Padeye 

1970 Lines and/or Fittings 

1976 I I 

1+" Wire 
I*" Chain 

14"Torque 
Bal. Wire 
2" Chain 

1978 Installation incomplete; Leg 
entangled, later failed in 
storm. 

I 

HARDTACK 1958 
Ship 

Eniwetok 5000' MAL-MPM 1" Wire 
I*" Chain 

None 

Tongue 5500' MAL-MPM 
of Ocean 3 Legs 

1" Wire 
14" Chain 

1960 Buoy impacted and drawn.to 
collapse depth by .ships. 

I I I I MAL-MPM 
Complex 

14". Wire 
24" Chain 

Low utilization; Unconfirmed 
report of several failures. 

DISCOVERER 1978 
534 
Drillship 

Thailand 3500' MAL-MPM 
Turret 
8 Legs 

3" Wire 
29" Chain 

None for 90 days; Wind 30 kt; 
Current 3-4 kt; Sea 12' max. 
Preten 70 Kips; Watch 2% max. 

OCEAN 
RANGER 
Semi-Sub 

3000' MAL-MPM 
Claim 12 Legs 

3" Wire 
3 i U  Chain 

Untested near OTEC conditions 



' .  Fina l  Configuration of the  SQUAW Mooring 



Chain Termination 
Assembly - 

.- 2 Shots 1h"chain 
\. 

\: 

2" Bolt type chain shackle 

L3,000 pound LWT Anchor 

Details of t he  SQUAW Mooring Leg 



Mooring of Test Vessels for Operation HARDTACK 



Complex Anchor Deployment Required for Deep Water 
Portion of Test  Array 



i -  inch wlre 
to the surface 
barge 

i -  inch wlre rope 
to the surface 

2-shots of 

LWT c.nchor 

Typical Configuration of the Mooring Legs Used 
for Operation HARDTACK 



r . Wire Rope 

Mooring Circle Radius- 900 
Anchor R a d ~ u s  - 8,300 Ft. 

Ft. 



Conf igura t ion  of :he TOT0 I Moor  as ~ n s t ' a l l e d  



f 0300 %,Intermediate 

270" - 
Mooring Circle 

Schematic Diagram of the TOT0 I1 Moor 
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Center 
/BUOY 

Cathodic Protect ion System for  the TOT0  I1 M o ~ r  



M AL-M PM- ACT LVE TEN SIQN 11q4 (SPAR) 
Ckia~Gt5  FROM TAL @PAR) 
RISK AND CRITICALITY ASSESSMENT MATRIX 

FA I LURE 

RISK REDUCT 
OPPORTUNITY 

NET RISK 

CRITICALITY 
DETERMINANTS 

Pers Injury 
Downtime 
Recover Cost 

CRITICALITY 
FACTOR 

RISK 
CRITICALITY 
FACTOR 

2 

0 449 

10 

3u 



M A t - M P M  (SPAR) 
CHLNGES FWN\ 7AL (SPAR) 
RISK AND CRITICALITY ASSESSMENT MATRIX 

FAILURE 

Rep Testing 
Det-Correct 
Install Simp1 

RISK REDUCT 
FACTOR 

NET RISK 
FACTOR 

.. . . 
CRITICALITY 
DETERMINANTS 

Pers Injury 
Down t irne 
Recover Cost 

CRITICALITY 
FACTOR 

RISK 
CRITICALITY 
FACTOR 

w 
*.. 

1 0  

, .. 

0 30 



T A L  MONOPOD 

 CHANCE^ FKOM T A L  
RISK AND CRITICALITY ASSESSAIENT MATRIX 

FA I LURE 

Rep Testing 
Det-Correct 
Install Simp1 

RISK REDUCT 
FACTOR (0  

NET RISK 
FACTOR .U 

CRITICALITY 
DETERMINANTS 

Pers Injury 
Downtime 
Recover Cost 

CRITICALITY 
FACTOR 2, 
RISK 
CRITICALITY 0 
FACTOR 

.- 

4 

6 

(0  

60 

1 0  

o 

10 

a 

q 

I 

10 

ro 



MAL- M PM (ACT~VB TENSION l l*~ 6) 
CHANGES F W W  M&L- M PM 

RISK AND CRITICALITY ASSESSMENT MATRIX 

Rep Testing 
Det-Correct 
Install Simp1 

RISK REDUCT 
FACTOR 6 
.-: . . ..~. 

NET RISK 
FACTOR 2 

. 

CRITICALITY 
DETERMINANTS 

Pers Injury 
Downtime 
Recover Cost 

CRITICALITY 
FACTOR 2 
RISK 
CRITICALITY 4 
F4CTOR 

1 

.- 

7 

3 

lo 

347 

:- 

. .  

8 
. .- 

2 

10 

20 



RISK AND CRITICALITY ASSESSMENT MATRIX 

RISK FACTORS 

NET RISK 
FACTOR 

CRITICALITY 
DETERMINANTS . 

Pers Injury 
Downtime 
Recover Cost 

CRITICALITY 2 
FACTOR 

RISK 
CRITICALITY 2 
FACTOR 

to 

10 

to 

20 



M A t -  5 P M  
CHANGE6 Ffio~4 SAL-SPM 

RISK AND CRITICALITY ASSESSMENT MATRIX 

11. S,rXlmRWm PRINTING OFFICE: 1980 640-258/311 

FAILURE 

CONDITIONS 

RISK REDUCT 
OPPORTUNITY 

Rep Testing 
Det-Correct 
Install Simp1 

RISK REDUCT 
FACTOR 

NET RISK 
FACTOR -- 
CRITICALITY 
DETERMINANTS 

Pers Injury 
Downtime 
Recover Cost 

CRITICALITY 
FACTOR 

RISK 
CRITICALITY 
FACTOR 

7 

3 

6 

+ 
i 

3 

30 

- 
- 
5 

5 

54 
I 

3 -- 




