
NOAA/DOE CWP STRUCTURAL ANALYSIS PACKAGE LI 
I 

Technical Report 1605 

September 1979 

Work Performed Under Contract No. EG77-A-29-1078 

ORI, Ine. 
Silver Spring, Maryland 

U.S. Department of Energy 

@ Solar Energy , 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



4

The following pages are an exact

representation of what is in the original
document folder.



DISCLAIMER 

"This b w k  was plegared as an nsmunt of work sponsored by an a p n q  of the Unitad 
States Government. Neither the United States Government nor any agency themf,  nor any 
of their employees, makes any warranty, exprese or implied, or assumes any legal liabfty or 
rerpoi~~MUty f6r tha rccuncy, completeness, or usehrlmg of any informtion, rpparrtus, 
product, or proass disclosed, or represents that its use w u l d  not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or survice by tnde 
m e ,  trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recammendation. or favoring by the United States Ciovemment or any agency 
thereof. The views and opinions of authors cxpreswd huein do not neccrsarily date or 
reflect those of the United States Government or any agency thereof." 

This report has been printed directly from copy supplied by the or-ting organhetion. 
Although the oopy supplied may not in part or whole meet the standards for acceptable 
reproducible copy, it has beem used for reproduction to expedite distribution and 
availability of the information being reported. 

Available from the National Technical Information Service, U. S. Department of 
Commerce, Springf~ld, Virginia 22 161. 



DOE/NOAA/OTEC-8 
Distribution Category UC-64 

NOAA/DOE CWP STRUCTURAL ANALYS I S  PACKAGE 



CORRECTED ABSTRACT FOR 

DOE/NOAA/OTEC-8 

ABSTRACT 

Th is  r e p o r t  con ta ins  the  t h e o r e t i c a l  development and computer code 

u s e r ' s  manual f o r  a n a l y s i s  of  t he  Ocean Thermal Energy Conversion (OTEC) 

p l a n t  c o l d  water p ipe  (CWP). The a n a l y s i s  o f  t h e  CUP inc ludes  coupled 

platform/CWP load ings  and dynamic responses. The present  r e p o r t  w i t h  

the  except ion  o f  t he  I n t r o d u c t i o n  and Appendix F was o r i g i n a l l y  pub l ished 

as Hydronaut ics,  Inc . ,  Technical  Report No. 7825-2 (by Bar r ,  Chang, and 

Thasanatorn) i n  November 1978. A  d e t a i  1  ed t h e o r e t i c a l  development o f  t he  

equat ions descri bir'iy the coup1 ed p  l atform/CWP system and p r e l  im ina ry  

v a l i d a t i o n  e f f o r t s  a r e  descr ibed i n  t he  main body o f  t he  r e p o r t .  The 

appendices encompass a  complete u s e r ' s  manual, d e s c r i b i n g  the  i n p u t s ,  

ou tpu ts  and ope ra t i on  o f  t he  f o u r  component programs, and 

d e t a i l  changes and updates implemented s ince  the  o r i g i n a l  re lease  o f  t he  

code by Hydronautics. The code i t s e l f  i s  a v a i l a b l e  through NOAA's O f f i c e  

o f  Ocean Technology and Engineer ing Serv ices.  
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1 . 0  INTRODUCTION 

The d e s i g n  o f  ocean t h e r m a l  ene rgy  c o n v e r s i o n  (OTEC) p l a n t  

c o l d  w a t e r  p i p e s  (CWPs) which a r e  s t r u c t u r a l l y  a d e q u a t e  and have 
a c c e p t a b l e  weight  and c o s t  is a  d i f f i c u l t  problem. The Department 

of  Energy (DOE) and i t s  p r e d e s c e s s o r  , ERDA, have p r o v i d e d  s i g n i -  
f i c a n t  f u n d i n g  s i n c e  1975 t o  s t u d y  t h e  d e s i g n  and b e h a v i o r  of  
t h e  CWP. I n  1977 t h e  r e s p o n s i b i l i t y  f o r  development of  CWP . 

d e s i g n  t echno logy  was t r a n s f e r r e d  by  DOE t o  t h e  O f f i c e  of  Ocean 
E n g i n e e r i n g  of  t h e  N a t i o n a l  Oceanic  and Atmospheric  A d m i n i s t r a t i o n  

(NOAA) . 

HYDRONAUTICS, I n c o r p o r a t e d ,  under  Department of  Commerce 
C o n t r a c t  No. 03-78-G03-0504, comple ted  a  s t u d y  c o n c e r n i n g  t h e  
a p p l i c a t i o n  of  e x i s t i n g  methods and f o r  t h e  a n a l y s i s  of  t h e  
dynamic, l i n e a r  r e s p o n s e  and s t r e s s i n g  o f  an OTEC p l a n t  CWP 
s u b j e c t  t o  v a r i o u s  e n v i r o n m e n t a l  and o p e r a t i o n a l  l o a d s .  The 
s t u d y  o f  CWP hydrodynamic l o a d s  comple ted  r e c e n t l y  by SAI (I)* 

p r o v i d e s  an i m p o r t a n t  i n p u t  t o  t h i s  s t u d y .  

Except f o r  a n a l y s i s  of  s t a t i c  CWP l o a d i n g ,  a l l  methods used  
i n  t h i s  s t u d y  a r e  l i n e a r .  A l l  dynamic r e s p o n s e s  a r e  c a l c u l a t e d  
assuming harmonic e x c i t a t i o n  and r e s p o n s e .  Responses t o  random 
e x c i t a t i o n s ,  s u c h  a s  ocean waves, a r e  c a l c u l a t e d  u s i n g  methods 
of  Ray le igh  s t a t i s t i c s .  The CWP is  t r e a t e d  a s  a  beam h a v i n g  an 
a r b i t r a r y  l o n g i t u d i n a l  d i s t r i b u t i o n  of a p p l i e d  b e n d i n g ,  s h e a r  
and t e n s i l e  l o a d s .  C i r c u m f e r e n t i a l  v a r i a t i o n s  of  l o a d s  a r e  n o t  

c o n s i d e r e d .  H y d r o e l a s t i c  e f f e c t s  a r e  n o t  c o n s i d e r e d ,  a l t h o u g h  
some o f  t h e  u n s t e a d y  P l o w  induced  l o a d i n g s  c o n s i d e r e d  r e f l e c t  

h y d r o e l a s t i c  e f f e c t s .  These t a s k s  a r e  d e s c r i b e d  i n  more d e t a i l  

i n  S e c t i o n  2 .  

* Numbers i n  p a r e n t h e s e s  r e f e r  t o  R e f e r e n c e s  a t  t h e  end of  t h i s  
r e p o r t .  
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HYDRONAUTICS, I n c o r p o r a t e d ' s  d e l i v e r a b l e  t o  N O A A ' s  O f f i c e  

of Ocean Engineer ing is i n c o r p o r a t e d  i n t o  t h i s  r e p o r t .  S e c t i o n s  

2 th rough  1 2  c o n t a i n  t h e  t h e o r e t i c a l  a n a l y s i s  of  dynamic loads  
and s t r e s s e s  o f  t h e  OTEC p l a n t  CWP. Appendices A through E 

p r e s e n t  t h e  documentation and u s e r ' s  manual f o r  t h e  CWP computer 

code t h a t  HYDRONAUTICS, Inco rpo ra t ed  developed and coupled t o  
e x i s t i n g  frequency domain p l a t fo rm computer programs f o r  s l e n d e r  

h u l l s  and axisymmetric h u l l s .  

These s e c t i o n s  d e s c r i b e  a l l  work c a r r i e d  o u t  un,der t h i s  

s t u d y  i n c l u d i n g :  , . 

o  CWP s t r u c t u r a l  a n a l y s i s  methods. 
,. . . . 

b Analys i s  'df  CWP s t a t i c  'and dynamic loads and r e s p o n a e ~ ,  

o  Analys i s  0.f coupled CWP/platform re sponses .  

o Desc r ip t ion  of  computer 'programs.  ' 

. . 
o  I l l u s t r a t i v e  examples. 

o  P re l imina ry  Va l ida t  i on .  

o  Computer program u s e r ' s  manuals. 
. . 

T h i s  study c o n s i s t e d  of  f i v e  b a s i c  ' t a s k s  : 

o  Development of e x i s t i n g  methods and computer programs 

f o r  CWPs. 

o  Coupling of t h e s e  CWP programs t o  e x i s t i n g  p l a t fo rm 
programs. 

o  Va l ida t ion  of t h e s e  programs and conduct of r ep re sen ta -  

t i v e  sample c a l c u l a t i o n s .  

o  P r e p a r a t i o n  of f i n a l  r e p o r t s ,  program u s e r ' s  manuals and 

v a l i d a t e d  computer program sou rce  decks .  

o  Opera t iona l  Appl ica t ion  and Code Upgrading. 
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T h i s .  work is  b a s e d  p r i m a r i l y  on e a r l i e r  OTEC work . c a r r i e d  
, 

o u t  by HYDRONAUTICS for t h e  Department o f  Energy (DOE). I n  ' 

p a r t i c u l a r  t h e  CWP a n a l y s i s  methods a r e  e s s e n t i a l l y  t h o s e  deve loped  

and ' d e s c r i b e d  by chang ( 2 )  a n d t h e  p l a t f o r m  and platform/CWP . : ' '  

c o u p l i n g  a n a l y s i s  methods are primari1y"hose deve loped  and 

d e s c r i b e d  by B a r r ,  e t  a l ,  ( 3 )  a n d ' ( 4 ) .  V a l i d a t i o n  is  b a s e d  

l i r g e l y  on .cochparisons w i t h  e a r l i ' e r  :HYDftONAUTICS c a l c u l a t e d  . 

r e s u l t s  (3 )  and model t e s t  d a t a  f o r  OTEC-1 ( 5 ) .  

ORI, I n c . ,  u n d e r . c o n t r a c t  t o  NOAA, r e c e i v e d  HYDRONAUTICS, 

I n c o r p o r a t e d ' s  computer  code  i n  J a n u a r y  1979 and began r e v i e w i n g  

and e x e r c i s i n g  t h e  code .  OR1  h a s  found it n e c e s s a r y  t o  implement 

s e v e r a l  u p d a t e s  and r e v i s i o n s  t o  improve t h e  o p e r a t i o n a l  e f f i c i e n c y  

o f  t h e  e x i s t i n g  code  ( r e f e r r e d '  t o  a s  t h e  NOAAIDOE Code).  These 

changes  were o r i g i n a l l y  i s s u e d  ~ ~ " C W P  Notes  #1-4 from J a n u a r y  

t h r o u g h  J u n e ,  1979 and a r e  i n c o r p o r a t e d  i n t o  t h i s  r e p o r t  as 

Appendix F.  

OR1 , I n c .  h a s  made changes  t o  ' t h e  NOAAIDOE c o d e  t o  improve 

t h e  o p e r a t i o n a l  e f  f  i c i e n t y  o n l y ,  and  h a s  made no' e v a l u a t i o n s  o f  

t h e  accuracy  o f  t h e  t h e o r e t i c a l  a n a l y s i s  o r  t h e  c o r r e c t n e s s  of 

t h e  code  beyond t h o s e  changes  s p e c i f i e d  i n  Appendix 'F .  
. . 



2.0 SCOPE OF WORK 

This study consisted of four basic tasks. These tasks are: 

I. Development of existing uethads and oompu6es prrlgr'ams, 

a6 described in Reference 2, to provide linear, frequency-domain 
and random statistical analysis methods for rigid ~ 3 P s  w i e h  
joints , compliant CWPs , stockade CWPs and bottom mounted buoyant 
CTVPs . These methods permit calcularion of: 

CWP static and dynamic responses. 
CWP stress distributions. 
CWP failure modes. 

for the following sources of loading : 

Steady current. 
Unsteady (harmonic) current induced flows. 
Harmoni,~ and random ocean waves. 

Motions of the platform. 
Unsteady loads inside the CTJP. 
End loads. 
Moorings attacked to the 6WP. 

2 .  Coupling of CWP analysis computer programs of Task 1 
to existing frequency-domain platform computer programs to per- 
mit calculation of coupled platform/CWP responses to the loads 
of Task 1. The particular programs for which coupling has been 
carried ouf are the HYDRONAUTICS programs for slender hulls and 
axi-symmetric hulls described by Barr, et al. (7). 



3 .  V a l i d a t i o n s  of  t h e s e  CWP methods and programs and t h e  

coupled CWP/platfom programs us ing  (a )  . c a l c u l a t e d  r e s u l t s  from 
. . 

HYDRONAUTICS e x i s t i n g  methods, Reference 3 ,  (b) c a l c u l a t e d  
r e s u l t s  from P a u l l i n g ' s  method, Reference 9 and (c) model t e s t  
r e s u l t s  from i e s t s  of  t h e  OTEC-1, Sheldon, e t  a l .  ( 5 ) .  I l l u s -  

t r a t i o n  of t h e  u s e  o f  t h e s e  methods through representative c a l -  

c u l a t i o n s  f o r  two "examples o f  i n t e r e s t :  

The APL. 10j20 W g r a z i n g  barge p la t fo rm wi. th  c o n c r e t e  

The MINI O E C  p l a n t  w i t h  po lye the lene  CWP. 

4 .  P r e p a r a t i o n  of a f i n a l  r e p o r t  d e s c r i b i n g  a l l  work 

c a r r i e d  o u t  and p r o v i s i o n  o f  computer program u s e r ' s  manuals and 

v a l i d a t e d  computer source  decks f o r  CWP and p la t fo rm programs. 



3.0 DESCRIPTION OF CltiJP STRUCTURAL ANALYSIS HETHOD 

The methods used here  f o r  the  CWP s t r u c t u r a l  ana lys i s  have 
been discussed i n  d e t a i l  by Chang (2) .  The CIJP i s  t r e a t e d  a s  a ' 

gene ra l ,  nonprismatic,  s tepped beam. In  o rder  t o  take  i n t o  con- 

s i d e r a t i o n  alb prope r t i e s  of  sucli a cemplcx baam, r h ~  l iur  saEu- 
t i o n  method i s  used t o  so lve  t h e  general  f i r s t - o r d e r  simultaneous 

equat ions  which a r e  more complete and accura te  than a s i n g l e  

four th -order  beam equation.  

No attempt i s  made here  to fully descr ibe  the  methodology, 
s i n c e  t h i s  i s  done i n  Reference 2 ,  which i s  genera l ly  ava i lab le :  

Rather ,  an extended summary of t he  method i s  provided so t h a t  

t h e  reader  can understand t h e  b a s i c  approach, techniques,  capa- 

b i l i t i e s  and l i m i t a t i o n s  of  t h e  methods. For f u r t h e r  d e t a i l s '  

the r e a d e r  i s  r e f e r r e d  t o  References 2 and 13. 

3.1 Basic Assumptions i n  Formulating Problem 

The a n a l y t i c a l  method and the  computer program a r e  based.on.  
the fo l lowing as sump t i o n s  : 

. . 

1. The CWP de f l ec t ions  are s u f f i c i e n t l y  s.mall so t h a t  . . 
l i n e a r  beam theory i s  v a l i d  and the p r i n c i p l e  o f  L inea r  super- 

. . 
p o s i t i o n  i s  app l icab le .  ) . : .  . 

Sased on ca l cu l a t ed  r e s u l t s  f o r  s eve ra l  very  f l e x i b l e  c o l d *  

water pipes  i t  seems t h a t  most o r  a l l  p r a c t i c a l  CWPs , w i l l  f a l l  
. , +, 

within t h i s  l i m i t  of a p p l i c a b i l i t y .  . . . . 

2 .  The i n t e r a c t i o n  o f .  the  bending , t o r s i o n a l  ,- and a x i a l  : 
deformation can b e  .neglected.  . . . , ,  - 

' .  . . - 

i 
These i n t e r a c t i o n s  have-been shown t o  be *egl igible .  b; 

, ' ? r 
.. . . 4 . -- Chang (2 ) .  . ,  ... I - 

A .  . - .  



3 .  The terms which a r i se  from the fac t  that damping and 
iner t ia  forces are not proportional when CWP diameter i s  not con- 
s tant  can be neglected. 

This has been shown to be the case in  similar problems such 
as that  of a pipe conveying f lu id ,  as discussed by Chang ( 2 ) .  

3.2 General Method of Approach 

The behavior of a general beam,section can be expressed by 
a se t  of four f i rs t -order  simultaneous pa r t i a l  d i f ferent ia l  equa- 
tions. ~ h i i  s e t  of four equations can be' reduced to two iecond- 
order simultaneous part?i-;il d i f ferent ia l  equations o r  t o  one 
fourth-order p a r t i a l  d i f ferent ia l  equation by neglecting some of 
the cerms when these terms are not important. 

The fourth-order equation has been used i n  Reference 2 for  
f l lus t ra t ion  of the method and for  parameter study. For numeri- 
cal  computation, however, the f i r s t  -order equations are more 
convenient and more .accurate than the .  fourth-order equation. 

This s e t  of f i rs t -order  equations i s  solved expl ic i t ly  by 
the approach of transfer matrices. The general mathematical 
procedure for  the solution is  discussed in  de ta i l  i n  Reference 13. 
A representative ,transfer matrix used for the CWP i s  included in  
Appendix A. 

An individual transfer matrix i s  formulated and used for 
each different section and different CWP attachment o.r support. 
The responses,specificaliy the s t a t e  variables of the CWP, are 
obtained by solving the global s ikl taneous equations by the 
l ine  solution approach of Reference 13.. This approach is much 
simpler than the Gauss' elimination scheme even for  problems 
with narrow-banded coefficient matrices. The reduction of the 
number of mathematical operations makes th i s  methos both more 
economical i n  terms of computer time and more accurate. . 



3.3  Formulat ion o f  t h e  CWP Bending Problem 

The generzb d i f f e r e n t i a l  equat ions  f o r  CWP beam bending a r e  
adapted  d i r e c t l y  from Reference 2 w i t h  some modi f i ca t ion  i n  t h e  

g e n e r a l i z e d  f o r c i n g  f u n c t i o n  t o  f a c i l i t a t e  computer p r o g r a m i n g  
uf tkc methnd. 

3 . 3 . 1  S t a t i c  Behavior - El imina t ing  t h e  terms associaeed with 
i n e r t i a  and damping f o i c e s ,  t h e  equat ions  governing t h e  ClJP s t a t i c  

behav io r  are o b t a i n e d .  

3 . 3 . 2  Dynamic.Behavior - For dynamic response  i n  t h e  frequency 
domain the beam bending equa t ions  a r e  g iven .  by: 

- -  a e  aM - H + (N-miV2)0 + Co.= + 1,- - az 
a 2 e  bCcos u t  - bs s i n  ut 

. , 
aH a *V a e  ;V - (m +mi+m, )F  - 2m V- + C E  az i a t  - fc cos u - f s in  w t  . 

P A  s. 



. , .  . . 

This equation can be written in matrix form as 

s t  = KS +.ITS + DS +.Q 

where 

S . = {v, 0, & HI is the state variable matrix 

as s t  = g 
= TE* 

a2s s t -  
a t  at2 

b = bc ( z )  cos ut + bg (2) sin ut 



f = f (2) coswt + f , ( z )  sinwt 
C .  

w is the excitation frequency. 

znd where 

A shear area of the CWP. ' 

b, bc, bs exciting moment, b =I3 COJ LY t + bg g i n  ~t . 
C, , C damping coefficients associated with angular 

and translational velocities. 

f, fc, fs exciting force, f = fCcos ut + fs sin ut. 
shear force of CW. 

bending moment of CWP. 

added mass, the mass of the internal flow, and 
the mass of the CWP. 
moment of inertia of CWP. 
axial force of CWP. 
modulus of elasticity. 
shear modulus of elasticity. 
slope of CWP. 

deflection of CWP. 

coordinate along the CWP axis. 
w the excitation frequency 

the natural frequencies of CWP Qssociated with 
the nth node. 

V velocity of the internal flow. . . 

3 . 4  Solution of the CWP Bending Problem 

3 . 4 . 1  Static CWP Behavior - The static beam equation can be 
expressed as . 

S '  = K S + Q  C41 



Taking the Laplace transform of Equation [ 4 ]  yields 

s8(s) = 3(0) + K ~ ( s )  '+  Q(s) 

which upon col lect ion of terns i n  s becomes 

. S(S) = LSI  - K I ? ~  CS(O) +Q(s) 1 

where s i s  the Laplace transform var iable .  Taking the inverse 

transform of C51 provides 

where 
S(z) i s  s t a t e  variable vector a t  z .  

S (0) i s  s t a t e  var iable  a t -  z . 
F(z) i s  vector associated with the force. 

U(z,s) i s  t ransfer  matrix between z and o. 

t 

Consider, as an example, a simple beam subjected t o  uni- 
form force with = N = v ' = ~ ;  - 0  a n d f = q .  In  t h i s  case 

Equation C 71 can b e  m i t t e n :  



Equation [ a ]  can be rewri t ten i n  a more convenient form as fo l -  
lows : 

This f i ve  by f i ve  matrix i s  cal led the extended transfer  matrix 
and the vector i s  cal led the exterided s t a t e  variable vector.  In  
matrix form Equation [9 ]  i s  

In  the follonlng discussion i n  t h i s  report, the s y ~ b o l s  S and U 
a re  used for  the extended s t a t e  variable vector and extended 
t ransfer  matrix of the types defined in Equation [ l o  J .  

For a cold water pipe with n set-tions the re la t ion  of 
equation can be expressed as follows : 



where 

U i s  c a l l e d  the  g loba l  t r a n s f e r  matr ix   and'^, is c a l l e d  the  

t r a n s f e r  mat r ix  between s t a t i o n  n  and n-1. 

From these  equations i t  can ,be s een . . t ha t  the  unknown 

v a r i a b l e s  a t  s t a t i o n s  2 t o  n - l  have been e l iminated by the  pro- 
ducts  of  t h e  t r a n s f e r  mat r ices .  

The above procedure can be ' i l l u s t r a t e d  by an example i n  

which a  uniform CWP i s  subjected to., uniform force  due t o  the  

slow motions o f ' t h e  OTEC platform. ' I f  CWP de f l ec t ions  a r e  small  

and thus  t he  e f f e c t s  o f .  CWP weight can be neg lec ted ,  Equation [9 1 
can be used d i r e c t l y .  The g,lobal mat r ix  i s  independent of rhe . 1. 

number o f  CWP sec t ions  due t o  the  absence of var iable  a x i a l  load. 

If t h e  upper end of  t he  CWP i s  assumed t o  be clamped and t h e  . 
lower end i s  assumed t o  be free: 

From Equation [ 9 ]  : 



Substitute v(o) , e (0). M(o), . H(o) into C91 we have 

In  general the weight of the cold water pipe i s  quite im- 

portant and cannot be neglected. In such cases the global 
matrix i s  quite complicated and eonnat be expressed i n  simple 
terms. . For such problems computer program must be used for  the 
prediction of the CWP response. - 
3 . 4 . 2  Dynamic CWP Behavior - The solution for dynamic b e h a d o r  
i s  much more complicated than the s t a t i c  solution. A general 
solution of Equation C21 for  each section of the cold water 

. . 
pipe i s  necessary. Such a solution cannot be express.ed i n  one 
transfer  matrix.   at her a s e t  of 12 transfer matrices depending 
on , - .  the properties of the -&'P are  required. 'nose matrices are 
given i n  Reference 13. ~ o t e  that  the beam element s t i f fness  
matrix required i n  the t i n i t e  (lebent analysis - can be *obtained ' 
from the transfer matrix. In  most general \ .  purpose f i n i t e  ele- 
ment computer programs only one s t i f fness  matrix is  given f o r  
the beam element. The l ine  solution approach i s  theoretically 



more accurate than such a finite element approach. 

The dynamic solution can be described in terms of the 
type of excitation. Three cases are discussed below. although 
only two, free vibrations and forced, harmonic vibrations are 
considered in detail. 

3.4.2.1 Free Vibration - Omitting the damping and excitation 
force terms in Equation C31 produces the equation for undamped 
vibrations. 

S' '= KS + [I3 1 

Assuming harmonic vibrations of frequency w and thus that. 

S = S sin wt 

Equation C 13 1 becomes : 

9 = (K-H~)S Cl41 

Solution,of Equation C141 provides an infinite set of eigen- 
values and eigenvectors. w, and S, which satisfy the given 
boundary conditions and the conditions : 

Where w, and S, (z) are the 'natural frequency and modeshape for 
the n mode and for the given boundary conditions. For typical 
CWPs, which are'lightly damped in all modes, the actual natural 
frequencies are the same, although motion amplitudes are differ- 
ent and max- response will not occur at the natura? ~re'qitenc~. . m 

3 . 4 . 2 . 2  Forced Vibration - Assuming .a solution of the form 
S(Z, t) = C%Sn(z) COS (wt- O .  ) n 



substituting Equation [16 1 into C3 1 and using the relation' of 
Equation C15 1 yields : 

C {(un2 - u2)kn cos (ut - 4 n -ZA W D S ~  sin (ut - 4n) = n 

where 

Equation C17 1 represents a set of four simultaneous equations. 
Multiply the third equation of Cl.71 by em and the fourth equation 
of C171 by vm and integrate over the whole length of the cold 
water pipe yields: 

c An [(Wn ' - U')N mn cos (wt - On) - @Dmn rin (wt - 4 n ) ]  = F m u.8 1 

F = I F  coswt+F sinwt m cm sm 



f n  Equation [ l a ]  t he  values of A, f o r  var ious  modes a r e  

coupled by the  terms a s soc i a t ed  wi th  the  damping. The coupling 
terms a r e  usual ly  neglected because the  r a t i o  of damping t o  

t o t a l  mass i s  usua l ly  nea r ly  constant  of t he  CWP length  and hence 

t h e i r  e f f e c t i s  q u i t e  smal l ,  as has been discussed i n  Reference 2 .  
Note t h a t  i f  the  damping i s  everywhere p ropor t iona l  t o  s a s s ,  a l l  

the  coupled terms a r e  zero except those  assoc ia ted  wi th  t he  

i n t e r n a l  flow. I t , i s  more p r a c t i c a l  t o  consider  t h e  a c t u a l  

damping a s  p red ic ted  by t h e  hydrodynamic theory and t o  neg lec t  

t he  coupled terms than t o  assume propor t iona l  damping. I n  t h i s  

case  
A ~ ( w ~  - w ~ ~ ' ) N ~ ~ c o s  (W -On) - wD s i n  (w - 

nm en) 

Collect ing.  t he  terms a s soc i a t ed  wi th  cos w t  and s i n  w t  provides 

two equations wi th  two unknowns, An and O d .  Solving f o r  An and 
4 y i e l d s  n 

- 1  "nwfnc + (wn2 - . u2 ) fns  
4, = t a n  

( u n 2 - w 2 ) f  - w n w f n ,  nc 

where . . 
F 
en F 

f = -  , . f  . a  
sn o .  

ns Nn, 11s : 



Substituting Equation [ 2 1 ]  into Equation [16] 

3.4.2.3 Transient or Non-Harmonic Vibration - For non-harmonic 
vibrations which must be analyzed in the time domain the above 
procedure can also be used, except that a more general, non- 
harmonic modeshape must be used. Such a modeshape can be defined 
by : 

Substituting this expression into  quat ti on, C31 provides 

C {  %IJ n 'A n (t) + D A ~  + PA (t) } Sn(z) - F(z,t) n 

This expression can be used together with the result: 

7 .  - .  
. , 

To provide a solution for the modal rerpgnse ,of the CWP: 
' L .  

. . .  
Equation C24] -can :be solved "explicitly. .Substituting An (t) 

back to Equation [23] the CWP responses .can be-.ob.tained. The 
present study does not include this solution however. It can be 
seen from this brief analysis that it is not difficult to extend 
the present methods and computer program to time domain solutions 
of the CWP responses. 



3.5  S o l u t i o n  o f  CWP Tors ion  and Extension Problems 

The s o l u t i o n s  o f  CWP t o r s i o n  and ex tens ion  ( l o n g i t u d i n a l  

motions) problems i s  similar t o  b u t  s imple r  than  bending pro-  . 
blems. I n  g e n e r a l  t h e  damping f o r c e  due t o  t w i s t i n g  and exten-  

s i o n  i s  q u i t e  small: For  t h i s  r eason  o n l y  t h e  undamped s o l u t i o n  
. . 

i s  cons idered '  i n  t h e  computer programs. 

3 . 5 . 1  CWP D i f f e r e n t i  a1 Equations 

Tors ion  - of t h e  Cold Water P ipe :  

Extens ion  o f  Cold Water P i p e s :  

where 
4 i s  t w i s t i n g  a n g l e .  

T i s  to rque .  

G i s  s h e a r  modulus of  e l a s t i c i t y .  
Ip i s  p o l a r  moment of  i n e r t i a '  a f  CWP. 

I, i s  mass p o l a r  moment of i n e r t i a  o f  CWP. 
. , .  

CT i s  t o r s i o n a l  damping c o e f f i c i e n t .  

P i s  e x c i t a t i o n .  

. '  , - w ' i s . e x t e n s i o n . ~ o r  l o n g i t u d i n a l  .displacement.  . 

. . - N -is' axial force. .. a .  . " ,,,. - ' .  

. * . ,  
. . I  

. . .  
, . ' . .  

. . 
.. . . - .  . . ,> a 

, . .  . i .  _ . .  -. - ' . *  , . . .  . . . . , . ~. 
. _ .  , . .  . . . " .  " .  . . 

I . .  . <  . . - .  . ' . . 



E is  modulus of e l a s t i c i t y .  

mp ' ma 
are mass and added mass of  I 3 . P .  

A i s  sect ional  area.  
C Z  i s  ve r t i ca l  damping coeff ic ient .  
fz i s  excitation force.  
mg is buoyant weight sf CWP. 

Upon examination of these equations i t  i s  obvious that 
Equations C25 1:md ~ 2 6  I a r e  iden t ica l  i f  the following 'parameters 
ace iriterchangas t 

N.-T 

E-G 

A-Ip 

m* +m,- 1, 

cz -CT 
m g - f , -  P ( z , t >  

For t h i s  reason only one solut ion i s  required f o r  both problems. 

3 . 5 . 2 .  The Undamped Solution - Let the exci tat ion and the re- 
s u l ~ i ~ i g  response be 

P(z , t )  = P(z) coswt 

Subst i tut ing Equations [27]  and [38]  into [25]  yields:  



The t r a n s f e r  

where 

m a t r i x  f o r  t h i s  equation i s  

i cos 02 sin 0.2 . 
G I p  0 I = 1-1 G8 s i n  Bz cos 0z FT I 

P 

1 - c o o  Bz - * ,  Bz - s i n  Sz 
FO = -,Po .GI $2 GI' [ 3 3  

P P 

s i n  Bz - i - cos Bz F T = - P ;  . 02 

P(z) = Po + P ' z  

With the  t r a n s f e r  matr ix ,  t h e  computation procedure fol%ews t h a t  

of  t h e  bending problems as described i n  Sect ion 3 . 4 ;  

3.5 .2  The S t a t i c  Solut ion - Omitting the  i n e r t i a  and damping 

terms i n  Equation [ 2 5 ]  y i e l d s  



The transfer matrix for this equation is 

The computational procedureagain follows that outlined for bending 

in Section 3 . 4 .  



4 . 0  ANALYSIS OF CWP STATIC AND DYNAMIC RESPONSE 

The methods described in Section 1I.provide a means for 
analyzing the response of a CWF"'of specified structural and 
hydrodynamic characteristics to specified static and/or dynamic 
loadings. In order to analyze the responses of a given CWP - 
design, it is necessary to suitably characterize the structural 
characteristics, hydrodynamic characteristics and loadings of 
the CkTP. Each of these areas is discussed in this section. 

4.1 General Types of CWF Considered 

The methods developed in this. study are applicable to the 
analysis of four basic CWP types or concepts, defined by NOAA: 

L '  

o Rigid wall' CWP with or without flexible joints. 
o Compliant CWP . 
o Stockage CWP. 

Boerbm mounted buoyant C W .  

These types or concepts are described briefly below. 

4.1.1 Rigid Wall CWPs - These are CWPs made of relatively rigid 
elastic materials such as steel, aluminum, reinforced concrete 
or glass-reinforced plastic (GRP). The CWP can be prismatic 
(constant cross-section geometry) or may have s tepwise variations 
in cross-section properties (wall thickness, material elasticity, 
etc.) and can have flexible joints at a number of arbitrary 
points along the CWP length. 'These joints, if used, .are assumed 
to have a specified rotational and/or axial stiffness. Generally 
the joints will be assumed to have freedom only in rotation. 
Materials such as reinforced concrete are treated as orthotropic 
materials having different properties in the Longitudinal and 
eircderential directions. 



4.1.2 = a n t  , W s  - These ate assumed to be CWPs with small 
bending and axial stiffness. These CWPs are generally made of a 
very compliant or low modulus of elasticity material such as re- 
inforced elastomers or polyethylene. Because of the low inherent 
CWP stiffness. it is unlikely that the CWP will have flexible 
joints. The CWP may, however, have stepwise variations in cross- 
sectional properties. The CNP material must be assumed to act in 
as an elas tic material, although materials such as polyethyiene 
may have non-linear (plastic) behavior for strains of interest. 
In such cases, appropriate linear or equivalent Linearized 
material properties must be used. 

With composite structures, such as those with reinforced 
elastomers, a set of equivalent orthotropic properties must be 
determined. Methods for determining these properties are con- 
sidered in Section 4.3 but are not incorporated in the computer 
programs. 

4 . 1 . 3  Stockade CWPs - The stockade CWP concept is an attempt to 
simplify CWP construction, Anderson (10). The CWP consists of a 
large ring of small pipes as shown in Figure 4.1. The diameter 
of these small pipes is, typically, two to five percent of over- 
all CWP diameter. The individual pipes are rigidly connected. 
so that the entire structure acts as a thin wall CWP. 

The rather specialized structure of the stockade CWP can be 
represented by a thin wall isotropic pipe having a set of equiva- 
lent properties. Assuming that all components are made of the 
same material and that all longitudinal members are-continuous 
and fully effective. the following equivalent CWP.properties can 
be defined: - 



where 

D is equivalent W outside diwneter 
Pe 
A 'is equivalent CWP cross-sectional area 
e 

t. is equivalent CISP wzll thickness 
W e 
1 is equivalent CWP mcment of inertia 
e 

E is equivalent CWP modulus of elasticity e 

D .is snall pipe centerline diameter 
c . '  

d is small pipe outside diameter 
P 

n is number of small pipes 

a is small pipe cross-sectional area 
P 

a is small pipe connection continuous area 
CC 

a is small pipe connection interrubted area 
ci 

E is material modulus of elasticity. 



These equivalent characteristics ate used as inputs to the CWP 

program; in the same way as the equivalent properties for more 
complex structures discussed in Section 4.3. 

4.1.4 Bott oyant CWP - - These CWPs have an attach- 
ment between the ocean floor and the bottom of the which 
typically places most 'or all of the buoyant CWP in tension. 
Typically this attachment will consist of one or several vertical 
cables under tension,, as shown in Figure 4.2a. This attachment 
will provide both vertical and lateral restraint to the bottom 
of the CWP. Where the distance from the bottom of the CWP to the 
ocean floor is small, say a few hundred feet or less, rigid links 
rather than cables may be used as the attachment. 

If a-rigid link attachment is used, it is probably appro- 
priate to treat this link as a segment of the CWP having appro- 
priate geometric and structural properties. The lower end of 
this link'would have infinite spring attachment stiffnesses in 
surge, sway and heave and appropriate stiffnesses in roll and 
pitch (typically zero). Treatment of cable moorings are dis- 
cussed in Section 4.4. 

4.2 CWP Geometric and ~truct-urai Characteristics 
-. . 

In this study certain limitations have been placed on 
allowable CWP geometric and structural characteristics, including: 

. -- 1. All CWP cross-sections are circular and remdininvariant . . 
under CWP loading. 

2 .  The CWP has a continuous, impermeable surf ace ,from in- 
take 60 platform attachment. 

3 .  The CWP material(s) are elastic and are isotropic or 
orthotropic. For orthotropic materials, one set of 
properties apply to the axial direction, the other to 



the plane of the CWP cross-sections. 
4 .  For complex CWP structures, such as shom.in Figure 4.3, 

an equivalent s tructure must be defined . This equivalent 
structure consists of a cylindrical shell having appro- 
priate values of: 

Diameter 

Cross-sectional area or wall thickness 
Cross-sectional moment of inertia 

Modulus of elasticity 
Material density 

5. Ring stiffness or other circumferential members contri- 
bute to buckling and ovalling strength but not to axial 
or bending strength. 

6. The CWP can have changes, at a number of points along 
its length, in all important geometric and material 
properties. 

7 .  The CWP can have attached masses, buoyancies pnd/or 
spring stiffnesses (moorings) at a number of points 
along its length. 

Methods for treating complex structures are discussed in Section 
4.3 'and, for the relatively well defined geometry of the 
stockade CWP, in Section 4.1.3. 

The allowable characteris tics and treatment of the CWP/ 

platform attachment are discussed in Section 5.3. The charac- 

teristics and treatment of CWP bottom moorings or other moorings 
attached to the ClJP are discussed in Section 4.4. 

4 . 3  Definition of Equivalent CWP Properties 

Section 4.1.3 provides a methodology for detemining the 
equivalent CWP properties required as input to the CWP structural 
analysis for a single, rather specialized and well defined CWP 

type. It is necessary to have methods for determining the 
required equivalent CWP properties for an arbitrary, complex 



CWP design. Such methods are provided in this section. For 

certain designs other methods or approaches may be more suitable. 
A general approach to estimating equivalent properties is given 
in this section. 

It is desirable to select the equivalent parameters so 
. that both CWP structural and hydrodynamic characteristics are 
correct. In general this requires correct specification of all of 

the following parameters 

Effective outside diameter 

Inside diameter 
Cross-sectional bending moment of inertia 

Cross-sectional area 
Effective CWP material density - Effective CWP modulus of elasticity 

The first two parameters determine CWP hydrodynamic characteris- 
tics while the last four parameters determine CWP structural 

characteristics. 

In the following sections emphasis is placed on proper 
determination of CWP structural characteristics. The effective 

CWP outside diameter should be equal to the envelope of CWP 

longitudinal meterial, as shown in Figure 4 . 3 a .  since this 
envelope gives the correct maximum fiber distance and gives the 
best approximation of CWP hydrodynamic damping 2nd external added 
mass. The mass of fluid within the CWP will be correctly esti- 
mated, however, only if the correct CWP inside diaeter is used. 

4.3.1 Determination of Equivalent CWP Sectional Properties - 
..A 

For cold water pipe the two most important properties are the 
cross-sectional moment of inertia and sectional area. If a CWP 
section is made of n longitudinal pieces of materials the equi- 
valent cross-sectional area A, and moment of inertia about the 
CWP centerlinear global neutral axis, I,, can be determined 



from the following equations : 

where 

Ai, Ei are  the cross-sectional area ahd modulus of 
e l a s t i c i t y  of the ith piece of material .  

Ii i s  the moment of i n e r t i a  of the ith piece of material 
about an axis pa ra l l e l  to the global neutral  axis  and 
through i t s  own center of gravi ty . .  

y i. i s  the distance from the g loba i ,neu t ra l  a x i s  t o  the 
center of gravity of the ith piece bf material .  

Eo i s  the bending or  Young's modulus of e l a s t i c i t y .  
assumed fo r  the complete s t ructure .  I t  w i i i ,  typica l ly ,  
be the modulus of e l a s t i c i t y  of the major piece or pieces 
of the CWP structure.  

Consider as an exzmple a sandwich type of pipe wall such as  
shown i n  Figure 4.3b. Let th,e pipe be made of two concentric 
s t e e l  cylinders o r  shel ls ' separa ted  by GRP. If the outside 
diameter i s  D, the thickness of the outer ,  middle and inner 
sections a r e  .tl, t 2 ,  t, respectively,  then: ' . . 

. A e - [ 4 ~ t ~  - t 1 2  + 4(D - 2 t l  - 2r2) t ,  - t s 2  
.. , . 



, . - .  

w&rc 
E and E a r e  s t e e l  and GRP modulii  of e l a s t i c i t y ,  
. s .  P 

and the  s tandard modulus of  e l a s t i c i t y ,  Eo, i s  t h a t  of the  

s t e e l ,  Es. 

4 . 3 . 2  The Continuation end Bond o f  Different W Chm~onent Pieces- 
Equations C34] and [35]  a r e  v a l i d  only i f  a l l  the  p ieces  of 

materials a r e  continuously bonded toge ther  f o r  the  whole CIJP 

s e c t i o n s  l eng th  considered,  and only i f  bond s t r eng th  i s  greater . 
than the  l a r g e s t  shear  f o r c e  occur r ing  between these  p ieces .  For 

some stockade CWPs where t h e  small p ipes  a r e  loose ly  he ld  together  

o r  a r e  connected only a t  some p a r t i c u l a r  po in t s ,  the  above 

equat ions  a r e  not  e n t i r e l y  v a l i d .  Using these  equivalent  pro- 

p e r t i e s  can lead  t o  underest imation of  CWP responses.  

For i n t e r r u p t e d  p ieces  such a s  shown i n  Figure 4 . 3 ,  t he  
proper  t reatment i s  t o  de f ine  one CWP sec t ion  for .each leng th  of  

p i ece  attachment and f o r  each length  of p iece  i n t e r r u p t i o n .  For 

a l a r g e  number of p ieces  and i n t e r r u p t i o n s ,  i t  i s  probably appro- 

p r i a t e  t o  neg lec t  t he  p ieces  e n t i r e l y ,  s i nce  bending w i l l  be* 

governed by the  s t i f f n e s s  of i n t e r rup ted  sec t ions  . 
4 . 3 . 3  Non-Longitudinal CWP Component Pieces - Equations [ 341 
and [ 3 5 ]  a r e  v a l i d  only  for component p ieces  whose ax i s  i s  
p a r a l l e l  t o  the  CWP g loba l  o r  long i tud ina l  axis. When members 

a r e  a t  an angle  t o  t h i s  CWe globa l  a x i s  t h e i r  con t r ibu t ion  t o  

A. and Ie i s  reduced. The cont r ibu t ion  of such members w i l l  

depend on the  exact  d e t a i l s  of th.e CWP s t r u c t u r e ,  and no general  

guidance can be given. As noted e a r l i e r ,  the effect  of a l l  
c i rcumferen t ia l  members on A and I i s  neglected.  

e - e 



4.4 CWP Moorings and Restraints 

Any CWP moorings, restraints or connections to the OTEC 
platform and for other bodies such as buoys, must be considered 
in analyzing CWP behavior. Connection of the C'tYT to the OTEC 
platform is considered in Section 5.4 In this section the treat- 
ment of CWP moorings and conne&ions to bodies other than the 
platform, are considered, 

Figure 4.2 shown three typical cases which may need to be . 

analyzed. . In each case. the approach is to represent the mooring 
or connection, by vertical and/or horizontal linear springs. 
Since mooring lines and connections at an angle to the direction 
of motion,generally have non-linear characteristics it is 
necessary to make. some approximations and to use stiffnesses 
appropriate to typical displacements. 

4.4.1 Vertical Bottom Moorings - For the bottom, vertical. 
moorings of Figure 4:2a the appropriate horizontal and vertical 
spring stiffnesses, kv and kh are: 

where 
F and Fz are horizontal and vertical forces. 

X 
x and z .are horizontal and vertical displacement of the 

bottom of the CWP. 
' . - 

T is mean tension. I 

' -, is mean mooring stiffness defined at the mean 
? 

tension, as shown in Figure 4.4. 
el is mooring length at mean tension T, equal to 

(1 + e ) time unLoaded length. . 



The errors arising from these approximations will be significant 
only if the motions of the bottom of the CWP are significant 

typically 10 percent or more) 
- 

compared to mooring 

4.4 .2  Non Vertical Moorings - For non-vertical heavy mootinns - 
attached at the bottom or along the sides of the CWP, Figures 
4 . 2 b ,  the approximate.spriny stiffne~sos are 

k v [qT COS 

where 
(dT/d~)~ and ( d T / d ~ ) ~  are changes in tension due to unit 
vertical and horizontal displacements of the attachment 
point at mean tension T. - 
@ is mean mooring inclination to the vertical at the CWP. 

In general. moorings will consist totally or in part of segments 
heavier than or lighter than water. Analysis of such moorings - 
requires solution of cable equations. There are a number of 
methods for calculating the values of T; T, dT/dz and dT/dx for 
catenary or buoyant moorings. The method of Cuthill (14) is 

well known. It can be used for simple or complex moorings with 
or without current. and is recommended for use in calculating 
T, T .  dT/dz and dT/dx. 

It should be noted that vertical and horizontal motions of 
the attachment point will produce additional horizontal and 
vertical forces, respectively. The CWP analysis methods do not. 
however, treat cross-coupling of vertical and lateral CWP motions 
and hence these mooring cross -coupling forces must be neglected. 



4.4.3 Neutrally Buoyant, Non-Vertical Moorings - For neutrally 
buoyant-moorings attached to the bottom or sides of the CIQ, 

Figure..ci.Zc, the determination of spring'stiffnesses is greatly 
simplified. The-spring stiffnesses are given by the expressions 
in Section 4 .4 .2  where the values of dT/dz and dT/dx are deter- 
mined from purely geometric considerations: 

and where is determined by the mooring line characteristics 
at mean tension T, as defined in Figure 4.4 .  

.; - .  

4 .4 .4  Multi-Point Moorings - In same cases multi-point moorings 
having three or more mooring lines arcached ac a given depth will 
be used. Such an arrangement is shown in Figure 4 . 5 .  The total 
effective spring stiffnesses for horizontal motion in a given 
direction. and for vertical motions are: 

N 

. . 

where - 3 

a is a I* angle between horizontal projection of mooring and 
direction of motion, ,x, F i g u r e  4 . 5 .  
i r  . &ber . of mooring , lines, and 

th where n,. denotes the n.. ,- mooring line .. - 



4.4.5 Connections to Other Bodies - Attachment of the CIJP to - .  

bodies, other than the platform will effect CWP response. Figure 
. . 

4.2d sh.ows . .  t a typical attachnent'to . ". a floating buoy, a schem= 
proposed for several OTEC applications.   he characterization 

. . 
of the effect of such attachments bill de&d on the specific 

. 

geometry of the attachment. The kreacmenc ;L a buoy'  support ' . . 

scheme proposed for use in the MINI-OTEC is discussed in some 
' ' 

. . 
detail in Section 8.2. 



4.5 CWP Hydrodynamic Forces 

If the CWP is placed in a moving fluid, the motions of the,, 
'r??? I . I I  

fluid will induce forces on the CTJP and these forces will pro- 
t 

duce CWP motions. Unsteady forces acting on the CTJP will pro- 
duce displacement, velocity and acceleration of the CWP. The 
displacement will produce hydrostatic forces while the velocity 
and acceleration will produce hydrodynamic forces which will tend 
to resist motions of the CWP. 

The CWP hydrodynamic forces are characterized by a damping 
coefficient and an added mass. These forces are given, for a 
unit length of CWP by: 

where 
P and Fa are force vectors due tovelocity vector ? and v * 

and acceleration vector V. . . . 

Ch is damping coefficient. 
is added mass. ma 

In this study it is assumed that there is one set of added mass 
and damping coefficients associated with CWP transverse motions 
and a second set associated with CWP axial or longitudinal motions. 

In this section the determination of appropriate values of 
added mass and dampfng coefficient are discussed. The selection 
of these values is complicated by their dependence on Reynolds 
number. CWP roughness and the amplitude of motion, as discussed : 
by Hove, et a1 (1) and Sarpkaya (15) . The dependence on ampli- 
tude of motion is particularly difficult to define based on 

. . . . 

. . 



available data. 

'In this section the following parameters .are used: 
. . . .  - . . 

Vlc 
V 

ilra K,=. - 
P 

where 
Red is Reynolds number based on diameter. D. 
Rek is Reynolds number based on roughness height k. 
K is Keulegan - Carpenter number or amplitude ratio. based 
on amplitude of motion, a. 

V is maximum velocity during an oscillation. 
v is kinematic viscosity of water. 

4.5.1 CW'P .Transverse Added Mass - In previous CTJP dynamic analyses 
by HYDRONAUTTCS and other, the 6WP added mass due to transverse 
flow around the CWP has been assumed equal to the mass of fluid 
'displtaeed by the CWP. ' The mass per unit, q. is thus 

p is seawater mass density. 
DO is CWP outside diameter. 
Cm is added mass coefficient i 1.0. 

Calculations such as those of Bai . (16) have demonstrated that 
end effects and the free surface have a negligable effect on 
added mass for typical CWPs and that the added mass coefficient 
is essentially one in an ideal fluid. Data for -rectilinear 



accelerations of circular cylinders in real fluids also indicate 
that added mass coefficient is essentially one. 

The only important ClJP accelerations are those due to wave 
orbital accelerations and to the motions of the CIJP induced by 
the waves. These accelerations, which are assumed to be haraonic. 
arise from fluid and CWP motions whose amplitudes are comparable 

to CW diameter. Available data, such as those of Reference 15. - - 

indicate a dependence of inertia coefficient and added mzss coef- 
ficient on the ratio of motion amplitude to diameter, or on the 
Keulegan-Carpenter number, K. From the results of Reference 15. 
inertia coefficients appear to be well defined for smooth cylinders 
and for rough cylinders with large amplitudes of motion (K > ZOO), - 
but not well definedfor rough cylinders with smaller mocicn 
amplitudes (K c 100). 

Figures 4.6 and 4.7 show Sarpkaya's results for ~mooth cylin- 
ders and rough cylinders with K > 100. Figure 4.8 shows a. summary - 
and comparison of. Sarpkaya' s results for' rough cylinders with 

K c 100. It should be noted that the inertia coefficient, C ' for - rn ' 
an accelerating flow field is related to the added mass coeffi- 

cient for an accelerating body by 

where 
C is added mass coefficient for an accelerating body. 
m 
C '. is inertia coefficient for an accelerating fluid. . 
m 

It is difficult to accurately predict added mass coefficients for 
representative roughnesses ,%(lo-' < k/D < LO") and amplitudes . - - 
(K c 20). It is perhaps desirable to use a value of 1.8 for C,' 

or 0.8 for C, 'for all rough and smobth CWPs. 

In th i s '  study the water within the CWP is assumed to move - 

with the CWP transverse motions and hence to contribute an . - 



addi t iona l  mass term, mi, i n  Equation [ 2 ]  , which might be con- 

s idered a s  an added mass term. The value of mi i s  given by 

where Di i.s r h e  CWP ins ide  diameter. 

4 .5 .2  CWP T r  drodynamic  a am ping - OXP hydrodynamic 
damping or  ve loc i ty  dependent force a r i s e s  froui L L L ~  rclaeLve v o l u a  

c i t y  between the  f l u i d  and CWP. The moves wi'th some ve loc i ty  

i n  an unsteady f l u i d  veloclcy f i e l d  due t o  occan current  and 

waves. The CWP and f l u i d  t ransverse  ve loc i t i e s  v a q  nFeh dep th  

and t i m e .  

I n  e a r l i e r  HYDRONAUTICS studies  the hydrodynamic transverse 

damping w a s  assumed t o  be l i n e a r .  This was done both because the 

analysis  methods were l i n e a r  and because data ava i lab le  i n  1975 

f o r  o s c i l l a t i n g  cy l inders ,  Reference 17, indicated t h a t  drag was 

near ly  l i n e a r  f o r  small values of the Keulegan-Carpenter number K. 
The newer data of Sarpkaya (15) shows t h a t  t h i s  i s  primarily t rue  

a t  the  low Retpolds nt-lmbers of the Keulegan and Carpenter t e s t s  

(17). A t  r e a l i s t i c  CWP Reynolds numbers (Red > l o 6 )  and for 
roughened cyl inders ,  dampirig appears t o  be es3cntisbly quadratic 

and character ized by a  drag coefficienl;  C , where 
D 

and where p i s  water mass densi ty .  

F igure  4 . 9  shows measured quadrat ic  drag coe f f i c i en t s ,  CD, 
fo r  smooth c i r c u l a r  cyl inders  from Reference 15. The r e s u l t s  

fo r  o s c i l  batory 

grea ter  than l o 6  
some indica t ion ,  

Reynolds numbers 

flow general ly  collapse,  f o r  Reynolds numbers 

, t o  a drag coef f i c i en t  o f  about 0.65. There 

however, t h a t  drag 'coef f  ic iencs  ' a t  very high 

may increase somewhat as K i s  reduced from 40 



t o  t y p i c a l  CWP values  of about 5 t o  20. 
. . 

Figure  4 ., 10 shows measured drag c o e f f i c i e n t s  f o r  rough cy l in -  
de r s ,  a s  a  f i c t i o n  of roughness Reynolds number, from Reference 15. 
These da t a  are a l l  f o r  t he  most r e a l i s t i c  roughness r a t i o  (k/D = 
1/800) considered i n  Reference 15. Data f o r  o the r  roughness 
gene ra l ly  co l l apse  t o  the  same curve f o r  roughness Reynolds number 
g r e a t e r  than about f i v e .  For roughness Reynolds number g r e a t e r  
than a b o u t  5000, drag c o e f f i c i e n t s  appear to  become independent of 
Reynolds number and  t o  have vaiues  between 1.23 and 1.34.  Cross- 
p l o t s  of drag,  c o e f f i c i e n t  as a func t ion  of k i n d i c a t e  t h a t  t h e r e  
may b e a  r a p i d  rise i n  drag c o e f f i c i e n t  as  k decreases below 20. 

. . 
Data f o r  these  values  o f  k a r e  c l e a r l y  needed.. 

It i s  probably conservat ive  t o  use t h e  drag curve f o r  , 

k = 20 f o r  most CWP ana lyses ,  o r  t o  use a drag c o e f f i c i e n t  of  1 . 3  
f o r  a l l  roughness Reynolds numbers g r e a t e r  than 3000. This drag 
c o e f f i c i e n t  is s i g n i f i c a n t l y  l a r g e r  than t y p i c a l  drag c o e f f i c i e n t s  
f o r  s teady  flow over .  rough c ly inders  (see  Sect ion 4 . 6 )  . 

I f  CWP v e l o c i t y  dependent, t r ansverse  f o r c e  i s  assumed t o  be  

p ropor t iona l  t o  v e l o c i t y ,  then: 

where 
dF 2. i s  f o r c e  vec to r  per  u n i t  CWP. length.  

Ch i s  damping c o e f f i c i e n t .  
i s  .wave v e l o c i t y  

, + 

a, i s  ,current  ve loc i ty .  - . . 
v isr body v e l o c i t y .  

The f i r s t  term, C ~ V ~ ,  i n  Equation [36] i s  n o t  a  damping term, 
but  raeher  part of the wave e x c i t i n g  fo rce .  The second term, 

C 

%%,,is .a cu r r en t  loading term. -Only t he  l a s t  term i s  a t r u e  
I ,  

damping t e n .  



'a, 
U
 



i n t e r a c t i o n  terms have been n e g l e c t e d ,  a l though t h e  term 

maybe cons idered  through a  proper  choice  o f . a n  e q u i v a l e n t  damping 

The e f f e c t  of  c u r r e n t  v e l o c i t y  on damping i s  probably smal l  except 
n e a r  t h e  s u r f a c e  o r  f o r  c a s e s  where c u r r e n t  s u r f a c e  v e l o c i t i e s  a r e  

mxch g r e a t e r  than  wave s u r f a c e  v e l o c i t i e s .  I t  should be noted  
t h a t  t h e  damping c o e f f i c i e n t s  f o r  s t eady  flow and o s c i l l a t o r y  f low 
a r e  d i f f e r e n t  . 

4 . 5 . 3  CWP Longi tudina l  Hydrodynamic Forces - The CWP l o n g i t u d i -  

n a l  hydrodynamic f o r c e s  a r e  g e n e r a l l y  much smal l e r  than  t r a n s v e r s e  

hydrodynamic f o r c e s  and' can ,  i n  many c a s e s ,  be n e g l e c t e d .  Longi- 

t u d i n a l  added mass and damping w i l l  a r i s e  p r i m a r i l y  from r i n g  

s t i f f e n e r s ,  d i s c o n t i n u i t i e s  i n  C,jP o u t s i d e  diameter  o r  a t tachments  

t o  t h e  t o p ,  bottom o r  o u t s i d e  of  t h e  CWP. It  i s  n o t  p o s s i b l e  t o  

g i v e  g e n e r a l  methods f o r  e s t i m a t i n g  t h e s e  f o r c e s .  

For CWPs having c o n s t a n t  diameter  and no exposed e x t e r n a l  
s t r u c t u r e ,  .CWP added mass w i l l  be  due e n t i r e l y  t o  a t tachments  such 

as i n t a k e  sc reens .  For such CWPs damping w i l l  be  t h a t  due t o  CWP 

s k i n  f r i c t i o n ,  which i s  v e r y  smal l ,  p l u s  t h a t  due t o  any a t t a c h -  

ments. 

If e x t e r n a l  exposed s t r u c t u r e  such a s  r i n g  stiff e n e r s l  ( s e e  

Figure  4.3) are used ,  t h e  added mass and damping due t o  t h i s  

s t r u c t u r e  may b e  s i g n i f i c a n t .  The added mass of a  s i n g l e  r i n g  

s t i f f e n e r  can be determined b y t r e a t i n g t h e  s t i f f e n e r  a s  a f l a t  
plate: 



where 

m i s  the l o n g i t u d i n a l  added mass p e r  s t i f f n e s s .  
z 

i s  t h e  exposed s t i f f e n e r  width .  < 

Ws 

s t i f f e n e r  spac ing  w i l l  probably be  ' s u f f i c i e n t l y  l a r g e  t o  avo id  
hydrodynamic i n t e r a c t i o n s  between s t i f f e n e r s  . In the atse~ ice  of 

d a t a  f o r  added mass c o e f f i c i e n t s  f0.1: swaf 1 a m p l l ~ u d e ,  high iie*ynold~ 

number o s c i l l a t o r y  motions o f  f l a t  p l a - t e s , .  i t  i s  proposed t h a t  a 
v a l u e  of  .1.0 b e  usgd f o r  C,,. 

It i s  more d i k f i c u l t  t o  estimate t h e  hydrodynamic damping of  

exposed s t r u c t u r e ,  due t o  t h e  absence of  s u i t a b l e  t e s t  d a t a .  I n  
t h e  absence  o f  d a t a ,  i t  i s  probably reasonab le  t o  assume a quadra- 
t i c  d rag  c o e f f i c i e n t ,  CD, of 1 . 0  based on t h e  h o r i z o n t a l  p r o j e c t i o n  

or' a r e a .  The e q u i v a l e n t  l i n e a r i z e d  damping due t o  CWP . l ong i tud ina l  
. = 

motion i s  thus  g iven  by: 

where 
F i s  t h e  f o r c e  due t o  one member of  h o r i z o n t a l  proj .ected 
W 

area A .. . I . 
w i s  CWP. l o n g i t u d i n a l  v ia loc i ty .  

I n  t h i s  s tudy  t h e  wa te r  w i t h i n  t h e  CWP has  been assumed no t .  t o  . 

respond t o  QJP l o n g i t u d i n a l  mot ions  and hence t o  make no c o n t r i -  

b u t i o n  t o  l o n g i t u d i n a l  added mass a n d ,  d h P i n g .  



4.6 Sources o f  CWP Loadinq 

The p r e s e n t  methods provide  t h e  a b i l i t y  t o  t r e a t  a  number of 

sources  o f  CWP Loading, i n c l u d i n g :  

P la t fo rm s teady  motion o r  g r a z i n g .  
S teady,  p l a n a r  ocean c u r r e n t s ;  

Unsteady, c u r r e n t  induced- f o r c e s .  

Notions o f  t h e  CWP/platforn at tachment  p o i n t .  
Unsteady f low induced loads  w i t h i n  t h e  CWP. 

The CIJP w i l l  be  s u b j e c t  t o  a d d i t i o n a l  loads  due t o  moorings and 

a t t achments ,  b u t  t h e s e  loads  a r e  a d i r e c t  r e s u l t  o f  t h e  loadings  

d e s c r i b e d  above.. I n  t h i s  a n a l y s i s  all unsteady loadings  are  
assumed t o  be harmonic. Response t o  loadings  due t o  random ocean 
waves a r e  determined by s t a n d a r d  seakeeping s t a t i s t i c a l  methods 
f o r  l i n e a r  sys  terns ( 1 9 j .  Response t o  o t h e r  random loadings  

could be determined by t h e  same methods. 

I n  t h e  p r e s e n t  methods t h e  load ings  a r e  d iv ided  i n t o  t h r e e  

a r e z s  which a r e  t r e a t e d  s e p a r a t e l y .  These a r e :  

Steady load ing  due t o  g raz ing  and c u r r e n t .  

Unsteady , harmonic loading  d i s t r i b u t i o n s  due t o  unsteady 

flow i n s i d e  o r  o u t s i d e  t h e  CWP. 

Unsteady load ing  due t o  ocean wave loading  on t h e  coupled 

CWP/platform system. 

The t r ea tmen t  of  t h e s e  loadings  a r e  d i scussed  i n  t h e  fo l lowing 

s e c t i o n s .  



4 .7  Steady Loading Due t o  Current  and G r a z i n ~  

Any s t eady  f l u i d  f low p a s t  t h e  .GJP o r  s t eady  motion o f  t h e  

CWP through t h e  wa te r  w i l l  produce l a r g e  s t eady  CWP loading  due 

t o  the CWP drag .  The primary sources  o f  such load ings  a r e  ocean 

c u r r e n t s ,  which g e n e r a l l y  can be cons idered  s t e a d y  f o r  CTJP be- 

h a v i o r ,  and propulsior i  of  t h e  p l a n t  o r  g r a z i n g ,  a concept advo- 

cated by APL. I n  some cases  t h e  p l a n t  may be allowed t o  move o r  

d r i f t  w i t h  che currr-.r~t.  I n  all, o f  these cases  t h e  d i s t r i b u t i o n  

o f  r e l a t i v e  v e l o c i t y  between -CWP and water  a long t h e  l e n g t h  o f  

t h e  CWP can be determined and used t o  determine CWP load ing .  

S teady r e l a t i v e  v e l o c i t i e s  between CWP and water  w i l l  pro- 

duce b o t h  s t e a d y  and uns teady forces arid l e a d i n g .  The s tezdy 

Loading i s  d i scussed  i n  t h i s  s e c t i o n .  Unsteady loading  i s  d i s -  

cussed  i n  S e c t i o n  4.8.. 

Three non-dimensional c u r r e n t  v e l o c i t y - d e p t h  p r o f i l e s  from 

t h e  l a tes t  DOE environmental  d a t a  package were provided f o r  u s e  

i n  t h i s  s tudy .  These p r o f i l e s ,  which are  shown i n  F igures  4 .11  - 
4.13,  a r e  f o r  normal and extreme c o n d i t i o n s  a t  t h e  v a r i o u s  DOE 

proposed OTEC s i t es .  The s u r f a c e  c u r r e n t  v e l o c i t i e s  f o r  these 

s i t e s ,  from Reference 24, are g iven  i n  Table 4 - 1. 
It was found t h a t  t h e  v e l o c i t y  p r o f i l e s  of  F igures  4  - 11 t o  

4  - 1 3  can be s a t i s f a c t o r i l y  r e p r e s e n t e d  by the fo l lowing analy-  

t i c a l  express ion  

where 

V(z) i s  v e l o c i t y  a t  dep th  of  z f e e t .  
Vs i s  s u r f a c e  c u r r e n t  v e l o c i t y .  

V i s  c u r r e n t  v e l o c i t y  a t  t h e  deepes t  depth   know^ 
0 

(he re  1000 meters  o r  3280 f e e t ) .  



, TABLE 4 - f 
Sur face  Current  V e l o c i t i e s  

S i t e  

Keahole P t . ,  H I  

Punta Tuna, P . R .  

Of f shore ,  
New Or leans ,  LA 

~ e s  t doas t 
F l o r i d a  

Offshore Brazil 

Veloci ty-  
Condit ions Knots 

Nobnal i. 1 3  
Extreme 2.18 

Normal 1 . 2 1  
Extreme 2 . 7 6  

Normal 1 .17  
Ext rene  2.49 

Normal 
Extreme 

Norxal .  , ' 0 ..5 
Extreme 3 . 2  



The c o e f f i c i e n t s  a l ,  a2 , k l  and k2 i n  Equation [40 ] used t o  
desc r ibe  these  c u r r e n t  p r o f i l e s  a r e  given i n  Table 4 - 2 .  
The r e s u l t i n g  curve f i t s a r e  i n  good agreement with the  a c t u a l  

prof ' i les  f o r  a l l  ca se s ,  a s  shown i n  Figures 4 - 11 t o  4 - 13. 

The use o f  an a n a l y t i c a l  expression such as  Equation C40! g r e a t l y  

s i a p l i f i e s  t h e  spec i f ica t ion  o f  velocity pruSi la  data. 

It has been concluded by Hove, e t  a 1  (1) t h a t ,  f o r  t yp i ca l  

values  of v e l o c i t y  shear  g rad i en t ,  i t  i s  appropr ia te  t o  a s s m e  

a  s i n g l e  drag c o e f f i c i e n t ,  based on Reynolds number a t  the  mean 

velocity, f o r  t he  e n t i r e  CWP. This conclusion c e r t a i n l y  appears 
reasonable  f o r  t y p i c a l  CWPs a t  r e a l i s t i c  roughness (k/D < l o o 5 ) .  
With t he  assumption of constant  drag c o e f f i c i e n t ,  the  drag force  

i s  propor t iona l  t o  the  l o c a l  product of CVP ou t s ide  diameter and 

dynamic pressure .  
The mean o r  s teady  load a t  any CWP s e c t i o n  o r  any depth i s  

given by 

where 

i s  fo rce  p e r  u n i t  l eng th  of CWP. dz 
p i s  f l u i d  mass dens i ty .  

cD i s  drag c o e f f i c i e n t  a t  mean cur ren t  v e l o c i t y ,  V 

D (2) i s  CWP diameter a t  depth z. 
P 

The drag c o e f f i c i e n t  i s  gene ra l ly  dependent on CWP sur face  

roughness and on Reynolds number. 

Available da t a  f o r  t he  h igh Reynolds numbers assoc ia ted  

wi th  t h e  CWP (Re > l o 6 )  are  summarized by Hove, e t  a 1  (1) . 
Reference 1 i n d i c a t e s  t h a t  ' a t  ~ e y n o i d s  numbers g r e a t e r  than about 

4 x . LO . $ ,  the 'drag c o e f f i c i e n t  of  c i r c u l a r  cy l inders  i s  deeer- 

mined by su r f ace  roughness f o r  even s l i g h t l y  rough cyl inders  
. . 



TABLE 4 - 2  

& .  . *:.- . L C o e f f i c i e n t s  f o r  E m p i r i c a l  . F i t s  t o  

Cur ren t  V e l o c i t y  ~ r o f i i e  Data 

West Coast  F l o r i d a /  019 0.0007 -0.0012 -0.003 
Normal and Extreme 



(k/D - > 1 0 - ~ ) ) .  For  a 30 f o o t  d iameter  CWP, i t  can t h e r e f o r e  b e  

assumed t h a t  t h e  drag  c o e f f i c i e n t  w i l l  be  c o n s t a n t  f o r  a l l  

p o r t i o n s  of  t h e  p i p e  having a  c u r r e n t  v e l o c i t y  of 0 .16  f e e t  p e r  

second os more. For t h e  s p e c i f i e d  v e l o c i t y  p r o f i l e s  t h e  c u r r e n t  

v e l o c i t y  everywhere exceeds t h i s  v a l u e  and hence t h e  use  of a 

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

drag  c o e f f i c i e n t  a s  a f u n c t i o n  o f  roughness r a t i o  i s  obtained 

from t h e  d a t a  of Reference I., a s  reproduced i n  F igure  4 - 1 4 .  

4 . 8  Unsteady Current  and ' ~ n t e r n a l  Flow Loading 

The f low o f  a  s c e a d y v e l o c i t y  over  a  b l u f f  body, such a s  a 

c i r c u l a r  c y l i n d e r ,  produces v o r t e x  shedding and unsteady f o r c e s  

on t h e  body. T y p i c a l l y ,  t h e  unsteady f o r c e s  a c t i n g  on a  c i r c u -  
l a r  c y l i n d e r  a r e  d iv ided  i n t o  an a x i a l  o r  drag f o r c e  p a r a l l e l  

t o  c u r r e n t  v e l o c i t y  v e c t o r  and a l a t e r a l  o r  l i f t  f o r c e  normal 

t o  t h e  c u r r e n t  v e l o c i t y  p l a n e .  These f o r c e s  a r e  g e n e r a l l y  
wi th  frequency and magnitude which depend on Rey~lolds 

number and roughness .  

Hove, e t  a1 ( I )  have c a r r i e d  o u t  a d e t a i l e d  study of t h e  

uns teady QPB f o r c e s  induced by s t e a d y  c u r r e n t  v e l o c i t y .  I t e i s  
n o t  p o s s i b f e  t o  f u l l y  d i s c u s s  t h e  r e s u l t s  of Reference 1, but 
a b r i e f  summary i s  provided.  . For c o n s t a n t  v e l o c i t y  a long t h e  

CTWP l e n g t h ,  such  as occurs  w i t h  g raz ing  o r  p ropu l s ion  of t h e  

p l a t f o r m  i n  s t i l l  water  i t  i s  concluded i n  Reference 1 t h a t ;  

The mean o r  s t e a d y  drag  c o e f f i c i e n t  for . . rough and 

smooth CWPs can be  ob ta ined  from Figure  4 - 14. 

Unsteady drag  f o r c e s  are small compared t o  mean drag 

f o r c e s  and can be  accounted f o r  by i n c r e a s i n g  mean 
drag  c o e f f i c i e n t  by 20 p e r c e n t .  : , .  



Unsteady l i f t  f o r ces  ( fo rces  normal t o  t h e  d i r e c t i o n  

of flow) a r e  s i g n i f i c a n t ,  a r e  assumed to  be f u l l y  

c o r r e l a t e d  (in-phase over the  e n t i r e  CtJP l e n g t h ) ,  and 

should have a  narrow-banded energy spectrum f o r  most 

CWP app l i ca t ion .  

Figures 4 - 15 and 4 - 16 ,  from Reference 1, show recommended, 

values of St rouhal  number and l i f t  c o e f f i c i e n t  f o r  smooth and 

rough cy l inders  i n  uniform fiow. The S t rouha l  number i s  : 

where F i s  shedding frequency i n  Hertz.  For t y p i c a l  CWP appl i -  

ca t ions  l i f t  c o e f f i c i e n t  and Strouhal  number a r e  0 . 2 7  and 0 . 3  
r e spec t ive ly .  

The conclusions given above f o r  uniform v e l o c i t y  a r e  a l s o  

genera l ly  app l icab le  t o  cases  wi th  s i g n i f i c a n t  v e l o c i t y  shear  

over t he  CWP length .  With v e l o c i t y  shear  i t  i s  recommended t h a t  

mean drag c o e f f i c i e n t ,  l i f t  c o e f f i c i e n t  and Strouhal  frequency 

bee assumed cons tan t  and be based on mean v e l o c i t y ,  v: 
t 

The drag and l i f t  ' coe f f i c i en t s  and Strouhal  number a r e  again 

obtained from Figures 4 - 14 t o  4 - 16. 

The s i t ua t ibn .  i s  more .complicated iihhen the  CWP f l e x i b i l i t y  

i s  taken i n t o  a c c o u n t .  I f  any CWP 'modal o r  n a t u r a l '  f requency'  

f a l l i  wi:thin about 50 pekc&xit* of the  ~ t r o ' t i h l  shedding freqiiebc)t, 

the  CWP w i i ' l  o o c i l i d t e  in ' , r esp6nse  ' to the  l i f t  fo rces  and hyd=o-, . . 

e l a s  t i c  e f f e c t s  w i l l  bec~oi&.~~~.rdpo~t&tt. '  A i t i n i f  icant '  atnplifi:: e r e . ,  - -  
. . ( '  

ca t ion  of .-thk.elif  t 'fo'r'cek: ke'&lts*. ' ~ e f e r e r i c ;  I provides ah - - 
extens,ive .'dis'ddigion of  the* rekGlt. i .Ai CWp f b r = e i  '"&d 'a simpi'~:' ' , 

. .., 
f i e d  method, ba;sed on  ~ a l c u 1 a t i " o n s  f o t '  . r e@resen ta - t ive  C l b  ' fd r  A 



e s t i m a t i n g  t h e s e  f o r c e s .  This  method can be summarized .as 

f o l l o w s .  

1. If any modal f requency f a l l s  w i t h i n  -50 p e r c e n t  of  the  

S t souha l  ' f requency,  t h e  e n t i r e  L"i@ w i l l  v i b r a t e  a t  t h i s  
modal f requency w i t h  a l i f t  c o e f f i c i e n t  a m p l i f i c a t i o n  

given by F igure  4 - 17.  The forces ,  a r e  assumed t o  b e  

everywhere in-phase w i t h  t h e  CWP d i s p l a c e n e n t s .  . 

2 .  I f  no modal f requency f a l l s  w i t h i n  50 pe rcen t  of  t h e  

S t r o u h a l  f requency,  t h e  ClJP l i f t  c o e f f i c i e n t  w i l l  be 

t h a t  o f  F i g u r e  4 - 1 6  and t h e  frequency of t h e  f o r c e  

w i l l  v a r y  a l o a g  t h e  CWP l e n g t h  and b e  given by:  

It has been i n d i c a t e d  by SAI t h a t  i f  more than  one ClJP 

modal f requency f a l l s  w i t h i n  50 pe rcen t  of  S t r o u h a l  f requency,  

each  mode should  be e x c i t e d  i n  accord  w i t h  i t em 1 above, and 

t h e  responses  t o  t h e s e  modal e x c i t a t i o n s  w i l l  b e  superimposed. 

.There do n o t  appear  t o  be any d a t a  v e r i f y i n g  s imultaneous "lock- 

on" t o  two o r  more modal f r e q u e n c i e s .  , A "lock-on" t o  on ly  t h e  

modal frequency c l o s e s t  t o  t h e  S t r o u h a l  f requency seems more 

l i k e l y .  It i s  n o t  p o s s i b l e  i n  t h e  absence of r e l i a n t  d a t a ,  t o  
f u l l y  j u s t i f y  t h e s e  o r  o t h e r  conclus ions  about  ."lock-on, I I 

p a r t i c u l a r l y  f o r  cases .  w i t h  v e l o c i t y  . shear .  . -  . 

The l o c a l  uns teady l i f t  f o r c e  * i s  g iven  by: 
. - . * 



where 

F, i s  unsteady l i f t  force.  
V i s  local  steady veloci ty,  

CL i s  unsteady l i f t  force coeff icient .  

w i s  frequency of unsteady l i f t  force.  
D i s  loca l  CWP diameter. 

The force a t  any point on a CIJP i s  assumed to be proportional 
to the local  veloci ty and ClP diameter and. to have some phase 
r e l a t i ve  to a reference phase; and hence: 

where 6 (2) i s  l i f t  force phase angle. The variat ion of 6 with 
z i s  determined by the correlat ion length of the vortex shedding. 
which i s  considered i n  d e t a i l  i n  Reference.1. It i s  generally 
recommended i n  Reference 1 t h a t  the forces, are fu l l y  correlated 
and hence a r e  everywhere i n  phase w i t h  CWP motion. 

Reference 1 does not consider loadings due to unsteady flow 
within .the CWP i n  de ta i l ,  although water hammer loads due to  rapid 
shut-dwon of CWP flow are  considered br ie f ly .  Water hammer w i l l  

produce pressure waves which t ravel  within the CWP a t  the speed 
of sound i n  seawater. The wavelength of such waves. fo r  a r i g id  

wall CtP. four times the CWP length. For a sonic veloci ty of 
f ee t  per second, the ef fec t ive  frequency of exci tat ion i s  

2.5'rad'ians per second f o r  a 3000 foot  .long C W .  This frequency 

w i l l  be important only fo r  small diameter, r e la t ive ly  s t i f f  ClPs 
having relatively high.madal or natural  frequencies. C b P  wall 

f l e x i b i l i t y  can s igni f icant ly  reduce t h i s  frequency. 
Other possible sources of CWP loading due t o  in te rna l  flow 

include flow swirl  or.non-uniformity due to motions o f  the CWP 
intake. These disturbances w i l l  t ravel  through theCWP a t  the 



co ld  water  flow v e l o c i t y  and hence w i l l  have an e f f e c t i v e  wave 
l eng th  of  

where 
A i s  dis turbance wave length .  d 
V i s  co ld  water flow v e l o c i t y .  

w i s  frequency of  d is turbance.  

For a t y p i c a l  d i s tu rbance  frequency of 0 . 5  rad izns  per  second 
and a t y p i c a l  flow v e l o c i t y  of  8 f e e t  per  second, t he  wave length  
i s  about 100 f e e t .  This wavelength i s  probably too s h o r t  t o  
produce any s i g n i f i c a n t  CWP loading f o r  most CWPs. 

Ocean Wave Loading 

For most CWPs, ocean su r f ace  waves and wave induced motions 
o f  t h e  OTEC pla t fonn  r ep re sen t  the  important source of  CiP 

loading.  This i s  p a r t i c u l a r l y  true f o r  Larger'OTEC p lan t s  s i n c e  
wave loading v a r i e s  as diameter squared while cu r r en t  loading 
v a r i e s  a s  diameter.  

Ocean waves a r e  r a r e l y  r e g u l a r  o r  harmonic, but  t he  e f f e c t  
of  i r r e g u l a r  o r  random waves on l i n e a r  systems can be r e a d i l y  
determined from the  e f f e c t  of  r egu la r  waves. 

I t  i s  e s s e n t i a l ,  i n  c a l c u l a t i n g  the  e f f e c t s  of wave loading,  
t o  consider  the  coupled response of the  CWP and platform s ince  
t h e  CWP Loading due t o  d i r e c t  ac t i on  of t h e  waves and due to  
wave induced pla t form motions a r e  comparable i n  magnitude. I n  
t h i s  s e c t i o n  d i r e c t  wave loading of  the  CNP i s  considered. CWP 

loading due t o  coupling of  wave induced platform motions and CWP 
motions i s  considered in Sect ion 5. 

There a r e  a v a i l a b l e  two approaches t o  c a l c u l a t i o n  of wave 
loadings  on cy l inders .  The f i r s t  i s  the  use of the. so-ca l led  



Morison's equa t ion .  The second i s  t h e  use  of  d i f f r a c t i o n  theory .  

The Morison' s equa t ion  can p r o p e r l y  account,  w i t h  c o r r e c t  choice  

o f  drag c o e f f i c i e n t ,  f o r  v i scous  e f f e c t s  v h i l e  d i f f r a c t i o n  theory  

cannot .  D i f f r a c t i o n  theory ,  on t h e  o t h e r  hand, can more accu- 

r a t e l y  account f o r  t h e  e f f e c t .  of  t h e . . f r e e  s u r f a c e  and p o t e n t i a l  
f low e f f e c t s .  P o t e n t i a l  f low c o n t r i b u t i o n  t o  loading  w i l l ,  f o r  

most CWP a p p l i c a t i o n  and p a r t i c u l a r l y  f o r  l a r g e r  .d i amete r  CWPs, 

be s i g n i f i c a n t l y  l a r g e r  t h a n  t h e  v i scous  flow c o n t r i b u t i o n s .  

For t h i s  r e a s o n ,  d i f f r a c t i o n  theory  was used in .  t h i s  s tudy  a s  a  ' 

b a s i s  f o r  p r e d i c t i n g  wave load ing  on t h e  CWP. . .  ' 

I n t e r n a l  waves a l s o  occur  i n  t h e  ocean.  These waves t y p i -  
c a l l y  occur  a t  a  depth  of s i g n i f i c a n t  seawater  d e n s i t y  g r a d i e n t  

o r  s t r a t i f i c a t i o n .  These waves a r e  g e n e r a l l y  ignored i n  t h e  

t r ea tmen t  of  ocean s t r u c t u r e s  s i n c e  t h e i r  p e r i o d s  a r e  Long, and 
t h e  r e s u l t i n g  o r b i t a l  v e f o c i t i e s .  and a c c e l e r a t i o n s  a r e  v e r y  

small. These p e r i o d s  may, however, correspond t o  t h e  Lowest 
modal f r .equencies  of  t h e  CIJP and hence may be impor tant .  The . 

e f f e c t  of i n t e r n a l  waves i s  t r e a t e d  on ly  b r i e f l y  i n  Reference 1. 

4 . 9 . 1  .Pe r iod ic  Wave Loading - Regular o r  p e r i o d i c  waves produce 

a  f o r c e  on t h e  CTJP which i s  p r o p o r t i o n a l  t o  f l u i d  p a r t i c l e  

motion and hence decays e x p o n e n t i a l l y  w i t h  depth.  

B a n  and. Murphy (4) have g iven  an e m p i r i c a l  express ion  f o r  

wave f o r c e  based on t h e  c a l c u l a t e d  d i f f r a c t i o n  theory  r e s u l t s , o f  

Bai (16) : 

where 

. g.is f o r c e  p e r  u n i t  l e n g t h  o f  CWP. 
. . . - .  i k i s  wave' number = w2/g ' - .  



D i s  ClJP o u t s i d e  diameter .  
P 

i s  wave s u r f a c e  ampli tude.  

o i s  wave frequency 

k i s  dep th  below t h e  water  s u r f a c e .  

p ,  i s  wa te r  mass d e n s i t y .  

T h i s  express ion  i s  used t o  c a l c u l a t e  t h e  wave e x c i t i n g  f o r c e  f o r  

a l l  CWPs. . 

4 . 9 . 2  I r r e g u l a r  Wave Loading - Ocean waves are a l n o s t  always 

i r r e g u l a r  o r  random. Such i r r e g u l a r  waves can be s u i t a b l y  des-  

c r i b e d  by an energy spectrum o r  s p e c t r a l  d e n s i t y  d i s t r i b u t i o n  

S (w) , where energy S ( w )  i s  p r o p o r t i o n a l  t o  t h e  square of wave 

h e i g h t .  For a l i n e a r  system, t h e  s t a t i s t i c s  of response  i n  
i r r e g u l a r  waves are ob ta ined  from t h e  energy spectrum and t h e  
r o g u l a r  wave response  o r  RAO by s t a n d a r d  methods of  l i n e a r  super-  

p o s i t i o n  such as desc r ibed  by Bar r ,  e t  a l .  ( 7 )  . It i s  thus  n o t  

n e c e s s a r y  t o  c o n s i d e r  t h e  a c t u a l  random wave f o r c e s  a c t i n g  on 

t h e  f o r  a l i n e a r  system. 

4 . 9 . 3  I n t e r n a l  Waves - The s i g n i f i c a n c e  of CWP l oad ing  due t o  

i n t e r n a l  ocean waves w i l l  depend on t h r e e  f a c t o r s :  

Tho relationship between wave frequency and lower 

modal f r equenc ies  of  the CtJF. 

The amp'litude of t h e  i n t e r n a l  waves. 

The l o c a t i o n o f  t h e  d e c s i t y  g r a d i e n t  l a y e r  producing 

t h e s e  waves. 

I n t e r n a l  waves should  probably be cons idered  only  i f  t h e i r  f r e -  

quency corresponds t o  one of  t h e  firs t few CwP modal f r equenc ies .  

The l oads  due t o  i n t e r n a l  wwes  can be c a l c u l a t e d  by a 



'method analagous to that o,f Equation [ 4 3 ]  : 

where . . .  . .  . 

ai(z) is internal wave amplitude at depth z .  

The distribution of internal wave orbital amplitudes can be 
determined .from the theory for - .  internal .waves o,r .waves  in strati- 
fied fluid Csee for example, Lamb ( 2 0 ) ] :  9ese orbital amplitudes 
decay exponentially in both directions from the density gradient 
or stratification layer. 





a .  OVERALL VIEW OF CWP 

TUBES WITH 1 SPACERS 

b. TYPICAL TUBE SEPARATOR DETAIL 

FIGURE 4-1 - TYP~CAL STOCKADE COLD WATER PIPE CONSTRUCTION 



a .  BOTTOM VERTICAL MOOR b. NON-BUO'IANT MOORING 

c.  BUOYANT MOORING 

FLEX lBLE HOSE 

d e  BUOY ATTACHMENT 

FIGURE 4-2 - CWP MOORING AND ATTACHMENTS 



EFFECTIVE CW P 

FIGURE 4-3 1 EXAMPLES. OF COMPLEX, CWP STRUCTURES 
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MOORING L lNE  LENGHT - L 

FIGURE 4-4 - MOORING LlNE ELASTIC CHARACTERISTICS 
. . 

OORING LINES 
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.FIGURE 4-5 - TYPICAL MULTI-POINT MOORING 



REYNOLDS NUMBER - Red 

FIGURE 4-6 - INERTIA COEFFICIENTS FOR SMOOTH CIRCULAR CYLINDERS 
FROM REFERENCE 15 



FIGURE 4-7 - lNERTlA.COEFFICIENTS FOR ROUGH CIRCULAR CYLINDERS 
FROM REFEREN~E 15 



FIGURE 4-8 INERTIA COEFFICIENTS FOR ROUGH CYLINDERS , 

( k/ D = 1 / 800) IN OSC ILLAVORY FLOW 
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FIGURE 4-10 - DRAG COEFFICIENTS FOR ROUGH CYLINDERS 
( k/D = 1/800 ) IN OSCILLATORY FLOW 
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5.0 ANALYSIS OF COUPLED CWP/PLATFORM DYNAMIC RESPONSE 

Previous studies by HYDRONAUTICS, References 3 and 4, and 
by others have shown that there is a strong coupling between the 
wave induAd dynamic response of the platform and the CWP. This 
coupling must be properly accounted for to accuraeelp predict 
the response of the CWP and platform to dynamic load8 such as 
those induced by ocean waves. Zn this section the methods used 
to calculate coupled CWPlplatform response are described. 

5.1 Basic Assumptions in Pr-edicting Coupled Response - The 
methods used in this study for predibeing coupled CWP/platfom 
response are based on assumptions which are generally identical 
to those used in previous HYDRONAUTICS studies. The assumptions 
are: 

The CWF and platform responses are linear. 

There are no hydrodynamic interactions between the CWP 
and platform. 

B p d c  response is hot effected by steady-state loads, 
motions or CWe defle~tions. ,- 

The CWPlplatform attachment permits relative motion 
in all degrees of freedom but yaw. 

The CWP/platform attachment stiffnesses are arbitrary 
and can range from zero to quasi-infinite. 

The CWP/platform attachment damping is neglected. 

The assumption of linear responses i s  the most significant and 
most questionable assumption. A number of factors could make 
the CWP and platform response non-linear. The most significant, 
CWP hydrodynamic damping, is discussed in detail in Section 4.5, 
where it is noted that an equivalent linearized drag can be used 



t o  c l o s e l y  approximate q u a d r a t i c  drag .  Uncoupled p la t fo rm motions 

f o r  most p la t fo rms  a r e ,  except  f o r  extreme wave h e i g h t s ,  l i n e a r .  

Mo'tions of semi-submersible  do show some s i g n i f i c a n t  c o n l i n e a r i t i e s ,  

ho.wever. 

5 . 2  General  Method of Approach 

T h e  method of  approach used h e r e  i s ' s i m i l a r  t o  t h a t  used i n  
e a r l i e r  HYDRONAUTICS s t u d i e s .  This approach i s  o u t l i n e d  by t h e  

flow c h a r t  shown i n  F igure  5 - 1. I n  t h i s  approach,  a l l  CIJP s t a t i c  

and dynamic responses  and t r a n s f e r  f u n c t i o n s  aye f i r s t  c a l c u l a t e d .  

Only t h e  wave induced loads  a r e ,  a t t h i s  t ime,  used a s  i n p u t s  t o  
t h e  a n a l y s i s  of  t h e  . coupled . CWP/platform respcnses ,  a l though t h e  

coupled responses  t o  o t h e r  dynamic loads  could a l s o  be c a l c u l a t e d .  

5 . 3  Formulat ion of the ~ l a t f o k  Response 

The p l a t f o r m  response  i s  desc r ibed  i n  t h a  frequency donlain 

by a s e t  of  s ix  o r d i n a r y  d i f f e r e n t i a l  equa t ions :  

where 
w i s  frequency o f  motion. 

Mj k 
i s  p la t fo rm mass matrix. 

Ajk 
i s  p l a t f o r m  added mass mat r ix .  

*jk 
i s  p la t form hydrodynamic damping mat r ix .  

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

i s  response  o r  motion i n .  keh degree-of -freedom. I( 

F is wave e x c i t i n g  f o r c e  i n  t h e  j th degree-of-freedom. 
1 



and where j = 1  . . . .  6 denote s u r g e ,  sway, heave,  r o l l ,  p i t c h  and 

yaw. r e s p e c t i v e l y .  For p la t fo rms  having t r a n s v e r s e  symmetry, 

t h e s e  s i x  coupled e q u a ~ i o n s ~  drcouple into two s e t s  o f  three 
coupled e q u a t i o n s ,  one f o r  v e r t i c a l  p lane  motions ( su rge ,  heave 

and p i t c h )  a n d  one f o r  l a t e r a l  p lane  rno t i o n s  (sway, r o l l  and yaw) : 

where t h e  square  b r a c k e t  terms a r e  i d e n t i c a l  t o  t h a t  i n  Equation 

C441. 

I n  a l l  previous  HYDRONAUTICS s t u d i e s  and p la t fo rm computer 

programs, References 3 and 7 ,  t h e  p la t fo rm i s  assumed t o  have 

l a t e r a l  symmetry and t h e  three-degree-freedom (3DOF) equat ions  

o f  motion. Equat ion C45.f I a r e  used. In  ~ a r r i s * n : s  p l r t f o l m  
motions program t h e  f u l l  s ix-degree-of  -f reedom (6DOP) - equations 
of  motion, Equat ion [ 4 4 ] ,  a r e  used.  I n  t h i s -  s tudy  t h e  - 3  DOF 
equa t ions  o n l y  a r e  used s i n c e  almost  a l l  proposed OTEC p la t forms 

have l a t e r a l  symmetry. The on ly  n o t a b l e  exc-eption i s  t h e  COT 

t r i a n g u l a r  p l a t f o r m  when o p e r a t i n g  i n  beam and ob l ique  s e a s .  

Equat ions C451 can  be r e a d i l y  so lved ,  when t h e  c o e f f i c i e n t  
and f o r c e  m a t r i c e s  a r e  d e f i n e d ,  by s t a n d a r d  m a t r i x - i n v e r s i o n  

techniques .  In  t h e  p r e s e n t  s t u d y i h e  Gauss r e d u c t i o n  method i s  
used. The method used t o  c a l c u l a t e  t h e  c o e f f i c i e n t  and f o r c e  
m a t r i c e s  depends on t h e  p la t fo rm geometry. The methods con- 

s i d e r e d  i n  t h i s  s tudy  f o r  ~ 1 a c u l a e i . n ~  h u l l  hydrodynamic c o e f f i -  



cients and forces are considered in Section 5.5. 

5.4 CTJP/Platform Coupling 

The coupling of the CWP 'and platform zquations of notion 
are determined by the treatment of the ClJP/platform attaehnent 
and the independent degrees of freedon peraitted to the CIJP. 
The treatment of coupling is greatly facilitated in this study 
by the methods used in the CVP analysis methods, 2s described 
in Section 3. 

5.4.1 CFJP Degrees of Freedom - In earlier I-IYDRONAUTICS studies 
the CWP was assumed to have three degrees-of-freedom relative to 
the platform. These were heave, pitch and roll. Thc .treatment' 
of these degrees of freedom are discussed in References 3 ,and 4. 
In the present study two additional degrees-of-freedom relative 
tc the platform, surge and sway are permitted. These are treated 
in a different manner than used for roll/pitch in Reference 3. 

The ClJP is assumed to be connected to the platforn with a 
cocnection or attachment which provides stiffness, but no 
damping, in surge, sway, heave, roll and pitch. This. stiffcess 
can have different values from zero to approxinately infinity, 
in each degree of freedom. If all stiffnesses are zero, the 
CWP is not attached to any platform; if all stiffnesses are 
infinite, the CWP is rigidly attached to the platform. With 
zero pitch and roll stiffness and other stiffnesses infinite, 

the attachment is a fixed pin or ball joint, of the .type fre- 
quently proposed for OTEC use. 

It should be noted that no actual attachment will have 

infinite stiffnesses due to the flexibility of the platform 

structure. The use of methods and computer programs providing 
arbitrary attachment stiffness precludes the use of infinite 
stiffness. However, it is possible, even on small computers 



such as the 1BM 1130, having limited precision, to use large 
14 

enough stiffnesses (10 pound-f eet per radian in roll/pitch, for 
example) to insure negligable relative motion between CITP and 
platform. In this and previous HYDRONAUTICS studies such large: 
stieesses are.and have been used to simulate rigid attachments 
and, are called quasi-infinite attachment s tiffnesses . 

1; this study the CWP has no freedom, relative to the plat- 
form, in yaw. Yaw motions are generally small and should have . 

little influence on CWP behavior and loads. 

5 . 4 . 2  Mathematical Treatment of Coupling - In the present method 
of solving lrhe coupled platEom/ClJP equations of motion it is not 
necessary to use independent degrees-of-freedom and displacements 
for CWP surge, sway, roll and pitch. These CJrP motions are 
Specified by platform motions; since 

where 
q is CWP motion. 
P 

n h  is platform or hull motion. 
F is force or moment at the attachment. 
a . . 

Kp is attachment stiffness. 

This relationship allows equations of motion to be'witten a d  . 

solved only in terms of platform motions. The resulting egua- 
rions are solved for platform motions and these platform motions 
are then used to determine CWP motions. 

Heave motions are treated somewhat differently. . The.CWP : 

has two distinct modes of motion in Keave. . . The first is rigid 
body motions with a natural frequency, w,: . . .  



where 

k, i s  heave attachment s t i f f n e s s .  

m -  i s  CWP mass. 

m i s  CW heave added mass. 
a 3  

The second i s  CIQ long i tud ina l  v i b r a t i o n s ,  f o r  which the f i r s t  

modal frequency i s  given,  f o r  r i g i d  CIJP wa l l s ,  by: 

where 
a i s  a constant  depending on attachment s t i f f n e s s  R 

(0.5 < OR ~ ' 1 . 0 ) .  

E i s  C[@ mate r i a l  modulus of  e l a s t i c i t y .  

p i s  CWP ma te r i a l  mass dens i ty .  
L i s  CWP length .  

For almost any t y p i c a l  C(JP, t h e  value  of w l  ail1 be much l a r g e r  

than any important wave exc i t i ng  f requencies ,  and C1.P longi tud i -  

n a l  v ib ra t i ons  w i l l  have no s i g n i f i c a n t  e f f e c t  on platform rfiotions. 

With f i n i t e  kl , t he  value  of  w . ~  can -correspond to s i g n i f i c a n t  

wave exc i t i ng  frequencies and thus the  CWP can have a pa r t i cu -  
l a r l y  l a r g e  e f f e c t  on heaving motions. 

I n  t h i s  s tudy t h e  coupling of r i g i d  body heave motions and 
platform heave motions i s  considered.  Rigid body heave motions 

are t r e a t e d  as an independent, coupled degree of freedom. C W  
heave motion, denoted 0 7 ,  i s  ca l cu l a t ed  using a l i n e a r  equa- 

t i o n  of  motion. 

5 .4 .3  Coupled Equations of Motion - The coupled CWP/pla.tform 

equations of motion are s i m i l a r  i n  form t o  Equation [ 4 5 ]  . These 

seven equations a r e :  



where 

Tpjk  ' is CWP trans'fer function matrix. 
. F is CWP wave exciting force vector. 

PJ 

and where all other'terms are as defined in Section 5.3. The 
motion vector is the same, except for CWP heave, as that used 
in Reference 21, where: 

q.1 is surge (in x direction). 
q 2  is sway (in y direction) . 
q~ is heave (in z direction). 
q ~ ,  is roll (about x axis). 

q s  is pitch (about y axis). 
0 6  is yaw (about z axis). 

The coordinate system used in this study is shown in Figure 5 - 2. 
The pipe heave (in the z direction) is represented by q r .  For 

< 6 and k < 6, the terms of the matrices M A j k ~  Bjk' Cjk and j - - jk' 
the vector F are those for the hull or platform alone, as des- 

1 
cribed in Reference 3. For j = 7 and fox k = 7, the only non-zero 
terms in these matrices are: 



For t h i s  s tudy t h e  CWP was assumed t o  have no r i n g  . . ?  , s t i f f n e s s ,  , 

f l a n g e s  , e t c  . , which would produce s i g n i f i c a n t  ClTP heave -added 

mass and t h e  terms A,, was assumed t o  be zero .  The damping B,, 
was. assumed l i n e a r .  The Germ M77 i s  t h e  i n e r t i a l  mass of t h e  

C l J P .  The CWP w a s  assumed t o  be a t t a c h e d  t o  t h e  p la t fo rm through 

an attachrnqnt which has  a heave s t i f f n e s s  of  kl pounds pe r  f o o t  

o f  motion. . The . t e r n  M, can i n c l u d e  any e s  t imated  added mass. 
. . 

The OJP t r a n s f e r  f u n c t i o n s  due t o  C?JP n o t t o n s ,  Tp . . ,k' and- 
due t o  wave loads  on t h e  CWP,  F , : a r e  de f ined  i n  Tables. 5 - 1 

Pj 
and 5 - 2 .  

Due t o  assumed t r a n s v e r s e  symmetry, t h e  seven equa t ions  

of motion c o n s i s t  of two s e t s  of coupl-ed e q u a t i o n s ,  t h e  f o u r  

'coupled v e r t i c a l  p lane  equa t ions  o f  motion ( su rge ,  heave,  p i t c h ,  

CWP heave) and t h r e e  coupled l a t e r a l  pl;ane equat ions  of motion 

(sway, r o l l  and yaw)., These two s e t s  o f  equat ions  a r e  so lved  . 

s e p a r a t e l y  by s t a n d a r d  . m a t r i x  - . invers ion  methods. The c a l c u l a t e d  

p l a t f o r m  motions,  qk, a r e  used  t o .  c a l c u l a t e  t h e  C T !  at tzchment  

p o i n t  mot ions ,  'I : 
Pk 



where x and z a r e  the x and .z coordinates .of the CIJP attachment 
P P '.. 

point  (y 0 )  The motions rl 
P I '  2 'IP.. 

, andr lpS  a r e ,  i n  turn.  
P. 

used to  ca lcu la te  the ac tua l  responses of the an. The response 

amplitude operators o r  t r ans fe r  functions f o r  motions and cold 

water pipe Loads a r e  given b y  t l ~ e  values of rl, TI , e t C .  for a 
P 

range of regular  wave frequencies.  
. " 

5 . 5  Evaluation of Hull Hydrodynamic Coefficients and.Foqces 

A number of methods e x i s t  f o r  &he determination of added 

mass, damping and wave exc i t ing  fortees f o r  surface and submerged, 

f l o a t i n g  platforms o r  h u l l s .  Most methods a r e  designed to t r e a t  

one o f :  the  following s p e c i f i c  p la t fo& types: 

Slender h u l l s ,  such a s  ships and submarines. 

P,uisymmetric h u l l s  such as  f l o a t i n g  o r  spar buoy+s. 

Semi-submersibles consis t ing primarily of submerged, 

s lender h u l l s  and tubular  members. 

Catamarans having two s lender ,  sh ip l ike  h u l l s .  

In  general a l l  of these methods assume transverse h u l l  symmetry. 

Recently methods have become avai lab le  f o r  t r e a t i n g  platforms 

having a r b i t r a r y  three-dimensional geometry. % The method of 

Garrison (8) i s  a notable  example of such methods. 
- .-. 

The methods used in  t h i s  study a l l  have c e r t a i n  'common -*.' 
c h a r a c t e r i s t i c s :  . . 

The methods a r e  appl icable  t o  zero forward'speed. 

! Wave amplitude i s  small compared with platform length ,  

beam and d r a f t  and, l i n e a r  theory i s  appl icable .  , 
, ,  - 

It i s  not  necessary t o  assume tha t  wave length i s  la rge  

compared with length,  beam and d r a f t ,  although accuracy 

increases as  wave length increases.  
. I t: . . 



I n  t h i s  s e c t i o n ,  methods a p p l i c a b l e  t o  t h i s  s tudy  a r e  b r i e f l y  

d e s c r i b e d ,  

5 . 5 . 1  Slender  Ship and Submersible H u l l s  - s l e n d e r  f l o a t i n g  and 

subnierged mono-hulls a r e  t r e a t e d  i n  t h i s  s tudy us ing  methods des- 

c r i b e d  by B a r r ,  e t  a1 ( 7 ) .  These methods a r e  e s s e n t i a l l y  iden-  

t i c a l  t o  t h e  s t r i p  theory  method of  Sa lvesen ,  e t  a 1  (21) f o r  

zero  forward speed. The methods have bF6en shown i n  Reference 7 
t o  g i v e  e x c e l l e n t  agreement wi th  o t h e r  w e l l  v a l i d a t e d  s t r i p  theory  

seakeeping computer programs. 

The h u l l  added mass, damping and wave e x c i t i n g  f o r c e s  a r e  
c a l c u l a t e d  by i n t e g r a t i o n  o f  computed v a l u e s  f o r  a number of 

t r a n s v e r s o  s h i p  s e c t i o n .  These s e c t i o n a l  va lues  a r e  computer 

us ing  t h e  Frank c l o s e - f k t  method (22) .  I n  t h e  p r e s e n t  computer 

programs s e c t i o n  shapes can be  s p e c i f i e d  e i t h e r  by s p e c i f i c a t i o n  

of  a series of  s e c t i o n  o f f s e t s  o r  by s p e c i f i c a t i o n  of  s e c t i o n  
beam, d r a f t  and a r e a  and u s e  of a Lewis f o m  s e c t i o n  shape: 

5 .5 .2  Axisymmetric H u l l s  - A number of  methods, such a s  those  

of  Bai (16) and G a r r e t t  ( 2 3 ) ,  a r e  a v a i l a b l e  f o r  e f f i c i e n t  com- 
p u t a t i o n  o f  t h e  zero  forward speed added mass, d m p i n g  and wave 
e x c i t i n g  f o r c e s  o f  axisytumetric h u l l s .  The. p r e s e n t  methods 

, - 
accep t  m a t r i c e s  o f  t h e s e  va lues , ,  as computed by a s e p a r a t e  com- 

p u t e r  program. 

The method of  Gar r i son  (8) can be used f o r  c a l c u l a t i o n  o f  . -  " . 
, .  . 

p l a t f o r m  added mass, damping and wave' e x c i t i n g  f o r c e s .  The ' . 
. - 

p r e p a r a t i o n  o f  i n p u t  d a t a  i s  s i m p l i f i e d  'and t h e  computation c o s t  " ' 
. . .  . 

i s  reduced by t h e  . e x i s t a n c e  o f ' ,  two p lanes  o f  symmetry. H u l l  . -  . . * .  

. . . . 
geometry need on ly  'be s p e c i f i e d  Eor one q u a r t e r  o f '  t h e  h u l l .  . , . . 

5 .5 .3  Semi-Submersible . H u l l s  0 #The term semi-submersible covers .  ..: 
. . . 

a  wide range. of  p l a t f o r m  geometr ies  and types .  In ' the p r e s e n t  . 

. . .  
s t u d y ,  a semi-submersible has  .been s p e c i f i e d  t o  be a  p la t fo rm . - 

. - w i t h  one o r  two. -para l le l .  h o r i z o n t a l ,  s l e n d e r ,  s u b m e j e d  h u l l s ,  + '  ' : - 



each having one o r  more v e r t i c a l ,  su r face  p ie rc ing  columns, a s  
shown i n  Figure  5 - 3 .  The e f f e c t s  of mu l t i p l e ,  c y l i n d r i c a l  members 
a r e  neglected;  al though the  methods can be r e a d i l y  modified t o  

.; inc lude  such members, i f  important .  
8 .  

'  he added mass, damping and wave exc i t i ng  f orccs , a r e  calcu- 
l a t e d  us ing the methods described - i n  Reference 7 .  The c o n t r i -  
but ions  of  the  submerged h u l l s  a r e  ca l cu l a t ed  using the  same 
methods used f o r  s i n g l e  h u l l s ,  Sect ion 5 .5 .1 .  The con t r ibu t ions  
of  t he  v e r t i c a l  columns a r e  ca l cu l a t ed  using methods s i m i l a r  t o  
those  used by Pau l l ing  (24).  ~ n t e r a c t i o n s  between submerged 
h u l l s  and columns a r e  neglected.  

5 . 5 . 4  Arb i t r a ry ,  Three-Dimensional Hulls  - The method of Garrison,  
which i s  descr ibed i n  d e t a i l  i n  Reference 8 ,  can be ;bed t o  c a l -  
c u l a t e  zero  forward speed added mass, damping and wave e x c i t i n g  

f o r c e s  f o r  a r b i t r a r y ,  three-dimensional h u l l s  a s  wel l  a s  f o r  
h u l l s  having one o r  two planes of symmetry. This method i s  based 
on t h e  Green's func t ion  method and uses q u a d r i l a t e r a l .  su r face  
elements of cons tan t  s t r eng th .  +- The *body sur face  i s  represented 
'by a s e r i e s  of su r f ace  panels  and modal poknits. cotresponding t o  
the  corners' 'of ' these  q u a d r i l a t e r a l  sur face  panels .  

. 
For complex body shapes ,. considerable time and s k i l l  a r e  

re 'quired t o  prepare  i npu t  toc  the  computer program describing'  
thesee . sur face  panels  : The computation c o s t  i s  -determined pri-: 

, *  > 

mar i ly  by the  number 'of ' s u r f a c e  panels* used o r  'reqbire.d. +. '.! 

This method .has been general ly  we l l  va ' l idated.  by comparison 
of  ,cornput ed r e s u l t s  ' f o r  var ious  . h u l l  "shapes wikh',inodel* ' tes ' ts 

. "  
.Pesults ,  -as de'scribed i n  Referenceq.8. ,Tkie m"ethod does no t  
inc lude  means. f o r  in t roducing viscous damping, although' ' * 
some compari'o'on's in. Reference 8 - i n d i c a t e  the  need f o r  .such ' 

' 

added damping. I n  t he  p re sen t  methods, means..at= 'prdvided - for  



in t roducing a d d i t i o n a l  v iscous  r o l l  damping. 

5 . 6  Hull.  Hydrosta t ic  Forces 

Platform hydros t a t i c  fo rces  have an important inf luence on 

heave, r o l l  and p i t c h  motions. I n  the  present  s t u d y  these  fo rces  

a r e  ca l cu l a t ed  from pla t form geometric and mass p r o p e r t i e s .  

Heave hydros t a t i c  r e s t o r i n g  f o r c e  i s  given by 

where A i s  waterplane a r e a .  Roll  and p i t c h  hydros t a t i c  
w P 

r e s t o r i n g  fo rces  a r e  given by: 

where A i s  pla t form displacement and where t he  metacentr ic  
he igh t ,  GM, i s  given by 

I 
GM 22 - BG v 

where 

BG i s  v e r t i c a l  d i s t a n c e  from t h e . h u l l  cen te r  of 

buoyancy t o  t h e  h u l l  c en t e r  of g r a v i t y ,  measured 

p o s i t i v e  upward. 

I i s  h u l l  waterplane a r ea  moment of i n e r t i a .  
WP 

V i s  h u l l  d isplaced volume, V = A / Q ~ .  

Waterplane moments of i n e r t i a  and metacentr ic  he,ights a r e  calcu- 

l a t e d  f o r  r o l l  and p i t c h ,  unless  the  platform i s  asixymxne~ric o r  

square ,  i n  which case  the  values  a r e  equal .  

The computer program incorporates  f a c t o r s  f o r  reducing 

heave, r o l l  and. p i t c h  hydros t a t i c  r e s t o r i n g  fo rces .  These re -  

ductions a r e  used t o  represen t  s i n g l e  o r  mul t ip le  penetra t ions  

of t h e  h u l l  waterplane,  such a s  .a moonpool f o r  t he  CTJP.. The 

reduct ion of resolt t ing fo rce  f o r  any pene t ra t ion  (3) must be 

ca l cu l a t ed  by "hand. 
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6.0 DESCRIPTION OF COMPUTER PROGRAMS 
I 

The methods described in Section 3 t o  5 have been incorporated 
in several computer programs which can be used to c a I culate CIJP 
static and dynamic responses and coupled CW/platform dynamic 
responses. There are four basic programs :.;hich are: 

CWPFLX - Calculate CWP bending responses. 

CWPEXT - Calculate CWP extension (longitudinal) 2nd 
torsional responses. 

COTEC - Calculate slender hull sectional hydrodynamic 
properties. 

XCTEC - Calculate coupled CWP/platfom behavior in regu- 
lar and irregular ocean waves. 

It was originally intended to provide an additional progra, a 
version of Garrison's program which tjould calculate the input data 
required program OTEC. The general features of these 'progra% are 
described in this section. User's manuals for each program are 
provided in Appendices B - E  of this report. These appendices 
describe, in detail, program inputs, outputs, etc., and present 
sample calculations . 
6.1 Description of Program "CWPFLX" 

The computer program "CWPIPE" calculates the bending res- 
ponses of the cold water pipe due to the motions of the OTEC 
platform and loads due to current, waves or other sources. The 
capabilities of this program include : L I 

. - 
6 .1.1 Types of Loading Considered 

Translational and rdtational mitioris of OTEC platform. 

The CWP response due to unit motion of the platform at the 
CWP/platform attachment is calculated by the program. 



Wave l o a d s .  Tho C ~ J P  responses  due t o  harmonic ocean sur- 
f a c e  waves o f  s p e c i f i e d  wave h e i g h t  and wave frequency 
a r e  c a l c u l a t e d .  

Steady c u r r e n t  l o a d s .  The s t eady  c u r r e n t  loads  a r e  c a l -  ' 

c u l a t e d  f o r  a s e t  of parameters  ( V  , V a , ,  a i l  ' x l  , k 2 )  
d e f i n i n g  a s t e a d y  c u r r e n t  p r o f i l e  as f o l l o ~ q s  = 

V ( z )  = V (volf a le -k1z  + a2ze - k r ~  
9 

A r b i t r a r y  l o a d s .  The u s e r s  can a l s o  s p e c i f y  an  a r b i t r a r y  

l o a d  p r o f i l e  of  h i s  own cho ice .  The program a c c e p t s  u n i -  

form f o r c e  and moment, f o r c e  and moment g r a d i e n t s ,  and 
concen t ra ted  f o r c e s  and moments. With t h e s e  parameters  

any a r b i t r a r y  l o a d  d i s t r i b u t i o n  can be  modeled w i t h  good 
accuracy .  

6 .1 ,2  CWP Geometric P r o p e r t i e s -  The i n p u t  d a t a  f o r  t h e  geometry 
of  each. CTJP s e c t i o n  i n c l u d e :  

Outside d iameter  
Wall t h i c k n e s s  

Dens i ty  o f  t h e  CWP m a t e r i a l  

Densi ty  of  wa te r  
Modulus of e l a s t i c i t y  

E l a s t i c  foundat ion  ( i f  used) 

Rigid  s e c t i o n  
. Z r  

From t h e s e  i n p u t  d a t a  t h e  fo l lowing s e c t i o n a l  p r o p e r t i e s  a r e  
. , 

c a l c u l a t e d  by t h e  program + . ,  

Moment o  f  i n e r t i a  

Mass ( i n c l u d i n g  added mass and m a s s  of  t h e  i n t e r n a l  flow) 
'* Axial f o r c e  (due t o  CWP n e t  weight  i n  w a t e r ) '  



It has been found f o r  t y p i c a l  C W  appl ica t ions  t ha t  the  
CWP weight i s  much g r e a t e r  than the  i n e r t i a  fo rce  due t o  CWP 
heaving motion. A l l  t he  above p r c p e r t i c s  can b e  different f o r  
d i f f e r e n t  s e c t i o n s .  

6 . 1 . 3  Spec ia l  cl@ SUQ - For some GJP designs ,  
i t  may be requ i red  t o  have suppor ts .  such asmooring l i n e s ,  along 
the  CJP o r  t o  have s p e c i a l  connection members such a s  very  
f l e x i b l e  j o i n t s .  These s p e c i a l  connections and supports  can b e  
r e a d i l y  handled by t h i s  computer program by speci fying the Zoca- 
t i o n  and s tL f fnes s  of the  supports  o r  connections. The s p e c i f i c  . 

f e a t u r e s  which can be handled include:  

Rigid suppor t  (No de f l ec t ion  a t  t h i s  po in t )  . 
F l e x i b l e  suppor t  o r  j o i n t  

Location and l i n e a r  s t i f f n e s s  
Location and r o t a t i o n a l  s t i f f n e s s  

- Hinge (zero bending moment) 

6 .1 .4  Concentrated Mass and Rota t iona l  I n e r t i a  - This program 
can a l s o  handle concentra ted  masses loca ted  a t  var ious  po in t s  
on t h e  CWP. . , 

6.1.5 Types of Analysis. - The program can b e  used t o  determine the  
fol lowing responses:  

Responses due. t o  u n i t  CWPlplatfom attachment t r a n s l a t i o n .  

Responses due t o  u n i t  CWP/platfom attachment r o t a t i o n .  
Responses due t o  wave of  u n i t  amplitude. . - I <  

Responses due t o  s t a t i c  cu r r en t .  
. Responses due t o  dynamic loads  induced by a  cu r r en t  o r  

by o t h e r  sources .  
Responses due t o  a r b i t r a r y  s t a t i c  load d i s t r i b u t i o n .  
Free  v i b r a t i o n  f o r  natural f requencies  and modeshapes. 



This  program can be  used t o  c a l c u l a t e  CWP responses  f o r  a 
number of t h e s e  load ings  a t  one t ime.  This  i s  much more 
economical than  inalcing s e p a r a t e  runs  f o r  each load .  

. .I -I 

The damping d i s t r i b u t i o n  i s  t r e a t e d  i n  a manner s i m i l a r  t o  , 

cha t  f o r  t h e  loads  s o  t h a t  d i f f e r e n t  damping can be  '=, s p e c i f i e d  . f o r  
d i f f e r e n t  l o a d s .  For each load ing  c o n d i t i o n ,  up to. 201 f r e q u e n c i e s  

o f  e x c i t a t i o n  can be analyzed i n  one run .  

6 . 1 . 6  Computation Procedure - This  program can handle b o t h  s t a t i c  

and dynamic a n a l y s e s .  For s t a t i c  a n a l y s i s ,  many s t e p s  necessa ry  

only  f o r  d ~ . a m i c  a n a l y s i s  a r e  by passed.  

For dynamic a n a l y s i s ,  t h e  program can com;lute n a t u r a l  f r e -  
quencies  and modeshapes f o r  up t o  20 modes. Th i s  i s  cons idered  

q u i t e  adequate  f o r  t h e  c o l d  wa te r  p i p e  a n a l y s e s .  The u s e r s  can 

use  more modes i f  necessary ,  however. 

. A f t e r  t h e  f r equenc ies  and modeshapes have been computed, 

t h e  responses  f o r  d i f f e r e n t  modes a r e  then  c a l c u l a t e d  f o r  d i f f e r e n t  
Loading c o n d i t i o n s  w i t h  t h e  same o r  d i f f e r e n t  f r e q u e n c i e s .  

6 . 1 . 7  Lnput Methods and Requirements - This program c o s t  less 

than  S5.00 f o r  s t a t i c  c a l c u l a t i o n  and l e s s  t h a n  $40.00 f o r  most 

dynamic c a l c u l a t i o n  u s i n g  20 f r equenc ies  and a l l  r e sponses .  The 
computer c o s t  i s  t h e r e f o r e  r e l a t i v e l y  inexpens ive  i n  comparison 
t o  t h e  manpower c o s t s  r e q u i r e d  t o  p r e p a r e  i n p u t  d a t a .  For t h i s  

r eason  a time s h a r i n g  computer system i s  recornended f o r  ca lcu-  

l a t i o n s .  This  program i s  now i n  t h e  UCS system, b u t  o t h e r  s i m i l a r  

system can be r e a d i l y  used.  I n  most tiioe s h a r i n g  systems,  i n p u t  
d a t a  can be loaded through t h e  so c a l l e d  "prompt" method. T h e  

u s e r s  can type  i n  t h e  i n p u t  l i n e - b y - l i n e  us ing  a remote t e rmina l .  

The computer then  t r e a t s  each  l i n e  a s  r e q u i r e d  by t h e  program. 
I f  t h e  u s e r  makes an e r r o r ,  such  as th'e number o f  t h e  d a t a  r e c o r d s ,  

the type of d a t a ,  e t c . ,  a message from t h e  computer can a l e r t  him 



t o  h i s  e r r o r .  The u s e r  can make a c o r r e c t i o n  o r  r e - i n p u t  t h e  whole 

l i n e  a g a i n .  The i n p u t  d a t a  can a l s o  be loaded through a f i l e . .  

Th i s  f i l e  can be  e d i t e d  t o  change , i n p u t  e r r o r s  o r  modified f o r  - - . . 

use  i n  t r e a t i n g  'a  d i f f e r e n t  problem. Both of  t h e  above methods 

have c e r t a i n  advantages ,  bu t  f o r  e i p e r i e n c e d  u s e r s  i t  i s  g e n e r a l l y  

more convenignf t o  create a f i l e . .  T h i s  ir d i 3 c u ~ s e J  i i ~  K W L E  

d e t a i l  i n  t h e  U s e r ' s  Nanual, Appendix B .  

The d e t a i l s  o f  i n p u t  formats  a r e  d i s c u s s e d  i n  Appendix 3 .  

6 . 2  Descr ip t ion  of Program "CFIPEXT" - The computer program "CI~IPEXT" 
c a l c u l a t e s  the e x t e n s i o n  o r  lonp i tud inab  and tors3,.on responses of  

t h e  CWP due t o  a r b i t r a r y  loads  a c t i n g  on t h e  CWP and due t o  t h e  

n o t i o n s  of  t h e  OTEC p la t fo rm.  T h e  c a p a b i l i t i e s  of  t h i s  program 

Fnc l u d e  : 

6 . 2 . 1  Types of  Loading Considered 

6 . 2 . 1 . 1  For ex tens ion  a n a l y s i s  

Weight o f  t h e  CWP. 

* "rbitrary loads .  

. ~ e a v e  motion 6k t h e  OTEC p la t fo rm.  

6 . 2 . 1 . 2  For  t o r s i o n  ana lyses  

A r b i t r a r y  loads .  
Yawing motion of OTEC pla t form. '  

6 .2 .2  CWP Geometry P r o p e r t i e s  - The i n p u t  d a t a  r e q u i r e d  t o  

d e s c r i b e  CWP geometry i n c l u d e :  
. . . '  

8 .  

6 . 2 . 2 . 1  For ex tens ion  a n a l y s i s  

C r o s s - s e c t i o n a l  a r e a ,  A. (For CWP wi th  diameter  D and . . 
t h i c k n e s s  t, A = o(D- t ) e  ) .  . . . . 
ModuLus of  e l a s t i c i t y ,  E: 

Rigid  s e c t i o n .  . * 

Mass per unit length i n c l u d i n g  added mass. 



6.2 .2 .2  For t o r s ion  analysis  , 

Polar  moment of i n e r t i a ,  Ip. 
n Where Ip = g D ~ ~ ( D  - 3 t )  

Shear modulus o f ' e l a s t i c i t y ,  G ,  

E 
= 2 7 2  

where v i s  t h e  Poisson 's  r a t i o .  

Mass po la r  moment of i n e r t i a  including added mass moment 
i n e r t i a .  

Rigid s ec t ion .  

6.2.3 Spec ia l  Supports and Connections 

6 .2 .3 .1  For extension a n a l y s i s  

Connection spr ings  between CW sec t ions .  

These spr ings  connect t he  s ec t ions  of the  CWP. If ki i s  
t h e  s t i f f n e s s  of a connection,  Ni i s  the  a x i a l  fo rce  and pi i s  

eke extension of t h i s  sp r ing ;  

li = lliki 

Support spr ings .  

These spr ings  provide longi tud ina l  support  t o  the CWP. If 
AN i s  t h e  change of a x i a l  f o r c e ,  k and u a r e  t he  spr ing s t i f f -  

J 1 J 
ness  and extension of t h e  CWP: 

6*2.3.2 For t o r s i o n  ana lys i s  

Connection sp r ings .  
Support spr ings .  



These s p r i n g s  have t h e  same f u n c t i o n s  a s  those  f o r  - ex tens ion  
except  t h a t  they  a r e  a s s o c i a t e d  wi th  o r  r e s i s t  r o t a t i o n  of t h e  

CTJP . 
6 . 2 . 4  Concentrated CTJP Parameters  ' ' '  

--.- 

6 . 2 . 4 . 1  For  ex tens ion  a n a l y s i s  

Concentrated masses a t  s p e c i f i e d  l o c a t i o n s .  
Concentrated f o r c e s  a t  s p e c i f i e d '  l o c a t i o n s  along t h e  

CWP . 
6 . 2 . 4 . 2  For  t o r s i o n  a n a l y s i s  

Concentrated mass moments of  i n e r t i a .  
Concentrated to rques .  

6 .2 .5  Types of Analyses 

6 . 2 . 5 . 1  For ex tens ion  a n a l y s i s  

Responses due t o  a r b i t r a r y  s t a t i c  o r  dynamic Loads. 
Responses due t o  u n i t  heave of t h e  OTEC pla t form.  

6 .2 .5 .2  For t o r s i o n  a n a l y s i s  

Responses duc t o  a r b i t r a r y ,  static o r  dynmic Loads. 
Response due t o  u n i t  yawing of t h e  OTEC pla t form.  

6 .2 .6  Computation Procedure 

This  program can t r e a t  bo th  s t a t i c  and dynamic ana lyses .  

For dynamic a n a l y s i s ,  on ly  undamped f o r c e d  v i b r a t i o n  and f r e e  
v i b r a t i o n  a r e  cons idered .  The computat ional  p r ~ i e d ~ r e s  a r e  t h e  
same as t h e s e  f o r  bending, b u t  t h e  t r a n s f e r  ma t r i ces  a r e  d i f f e r e n t .  

6 .2 .7  I n p u t  Methods 

The i n p u t  d a t a  f o r  CWPEXT a r e  q u i t e - s i m p l e  i n  comparison 

w i t h  t h o s e  f o r  t h e  bending program CWPFLX. A l l  necessary  s t e p s  

a r e  g iven  i n  Appendix C.  The c o s t  f o r  a t y p i c a l  run i s  l e s s  than 
two doLlars .  



6 . 3  Descript ion of Program "COTEC" 

The computer program "COTEC" c a l c u l a t e s  the  zero forward 
speed s e c t i o n a l  hydrodynamic p rope r t i e s  f o r  a slender p l a t f  o m  o r  
h u l l ,  f o r  use a s  inpu t  t o  program "OTEC" described i n  Sect ion 6 . 4 .  
The s e c t i o n a l  wave exc i t i ng  f o r c e ,  added mass and damping a r e  
ca l cu l a t ed  f o r  sway, heave and r o l l  f o r  up t o  20 frequencies and 
up t o  7 wave heading angles .  These va lues ,  for sec t ions  normal 

t o  the  platform axis ,  a r e  i n t eg ra t ed  i n  program "OTEC" to  provide 
wave e x c i t i n g  f o r c e s ,  added mass and damping f o r  the  complete 
p la t form o r  h u l l  for a l l  degrees-of-freedom except surge .  Surge 
values  a r e  ca l cu l a t ed  i n  program ''OTEC". 

6 . 3 . 1  Types of Sect ions Considered - The program can consider  a 
number of s ec t ion  types ,  app l icob le  t o  var ious  h u l l  types .  These 
include : 

Floa t ing  ,monohulls (ships  o r  barges ) .  - 
Submerged monohulls (submarines) . 
Float ing t u r n  h u l l s  (catamarans).  
Submerged tu rn  h u l l s  (semisubmersibles).  

The program requ i r e s  t h a t  t h e  h u l l  have t r ansve r se  symmetry. For 

f l o a t i n g  h u l l s ,  bulb s ec t ions  which have a maximum beam g r e a t e r  
than the  beam a t  t he  wa te r l i ne  can a l s o  be  t r e a t e d .  

6.3.2 Sect ion Geometric P rope r t i e s  - Hull  s e c t i o n a l  p rope r t i e s  
can be  spec i f i ed  in one of two ways: 

The d e t a i l e d  x-y coordinates  o r  o f f s e t s  f o r  one-half of 
t h e  s ec t ion  can be spec i f i ed .  . 
The h a l f  beam, d r a f t  and s e c t i o n a l  a r ea  c o e f f i c i e n t  

( sec t ion  a r e a  divided by beam times d r a f t )  and sec t ion  
type (Lewis form o r  bulb form) can be spec i f i ed .  



The f i r s t  approach must be used f o r  a l l  s 
f l o a t i n g '  monohull, which can be s p e c i f  l ed  

For f l o a t i n g  monohulls i t  w i l l  u s u a l l y  b e  

w i l l  always be much f a s t e r  and s imple r  t o  
s i n c e  much l e s s  i n p u t  d a t a  a r e  requi , red . ,  

ec  t . ion types except  t h e  

by e i t h e r  approach. 

. qulce a c c e p t a b l e  and ; 

use  t h e  second approach 

G.3.3 Computational Procedure - The program u s e r  t h e  Frank c l o s e -  

f i t  method, w h i c h . i s  d e s c r i b e d  i n  d e t a i l  i n  Reference 22 ,  t o  c a l -  

c u l a t e  t h e  s e c t i o n a l  p r o p e r t i e s .  This  method determines t h e  

hydrodynamic p r o p e r t i e s  of a two-dimensional c y l t n d e r ( s )  having 

t h e  s p e c i f i e d  c r o s s - s e c t i o n  shape .  The pe r ime te r  o f  t h e  c y l i n d e r  

i s  r e p r e s e n t e d  by a number of  s t r a i g h t - l i n e  chords o r s e g m e n t s  

over  which constanti s i n g u l a r i t y  s t r e n g t h  i s  assumed. When s e c t i o n  

o f f s e t s  a r e  s p e c i f i e d ,  t h e  s t r a i g h t - l i n e  chords a r e  those  connect ing 

t h e  s p e c i f i e d  p o i n t s .  When s e c t i o n  a r e a  i s  s p e c i f i e d ,  t h e  program 

f i t s  a mathematical  shape t o  t h e  s e c t i o n  and d i v i d e s  t h e  r e s u l t i n g  

pe r ime te r  i n t o  an a p p r o p r i a t e  number of segments o r  chords .  . 

The s e l e c t i o n  o f  o f f s e t  p o i n t s  t o  r e p r e s e n t  a g iven  s e c t i o n  

shape i s  d i s c u s s e d  i n  Reference 22 .  The number .of p o i n t s  r e q u i r e d  

f o r  good accuracy  depends on s e c t i o n  shape.  Closer  spac ing  o f  

p o i n t s  i s  g e n e r a l l y  r e q u i r e d  n e a r  t h e  f r e e  s u r f a c e  and i n  r eg ions  

of s m a l l  r a d i i  o f  c u r v a t u r e .  

Added mass and damping a r e  independent of  wave heading a n g l e ,  
w h i l e  wave e x c i t i n g  f o r c e s  a r e  dependent on wave heading ang le .  

A l l  v a l u e s  are dependent on frequency,  and a l l  c a l c u l a t e d  v a l u e s  
a r e  f o r '  u n i t  s e c t i o n  motions and f o r  u n i t  wave ampli tude.  

6 . 3 . 4  Inpu t  Methods and Requirements - Data can be i n p u t  by ca rds  

o r  us ing  a remote t e r m i n a l  as desc r ibed  i n  S e c t i o n  6.1.7.  The 

d e t a i l s  o f  r e q u i r e d  d a t a  i n p u t s  and formats  are desc r ibed  i n  

Appendix D.  It should  be no ted  t h a t  t h e  number and va lues  of  

f r e q u e n c i e s  s p e c i f i e d  must correspond e x a c t l y  t o  t h o s e  s p e c i f i e d  



i n  program "XOTEC" (Sec t ion  6 .4 )  and t o  those  s p e c i f i e d  f o r  t r a n s -  

l a t i o n ,  r o t a t i o n  and waves Fn program "CWPFLX". The number and 

v a l u e s  of wave heading a n g l e  s p e c i f i e d  must correspond evactLy t o  

thosh s p e c i f i e d  i n  program "XOTEC". 

613.5 Data Output - The b a s i c  ou tpu t  of  t h i s  program a r e  d a t a  
f i l e s .  These f i l e s  a r e  r e a d  and used by program "XOTEC" t o  p re -  

d i c t  hydrodynamic c h a r a c t e r i s  t i c s  of  t h e  complete h u l l .  The pro- 

gram a l s o  p r i n t s  o.ut v a r i o u s  f i n a l  and i n t e r m e d i a t e  r e s u l t s .  The 

p r i n t o u t  i n c l u d e s  s p e c i f i e d  o r  c a l c u l a t e d  ' s e c t i o n  o f f s e t s  which a r e  
u s e f u l  f o r  checking t h e  i n p u t  d a t a .  

6..4 - D e s c r i p t i o n  of Program "XOTEC" 

- Computer program "XOTEC" c a l c u l a t e s  t h e  coupled response  o f  

z . t h e .  OTEC CVTP and p 1 a t f o . m  f o r  r e g u l a r  and i r r e g u l a r ,  l ong-c res ted  
waves. . This  program u s e s ,  as i n p u t ,  a f i l e  c r e a t e d  by program 

"CrWFLY" and,  except  f o r  axisyuxnetric h u l l s ,  f i l e s  c r e a t e d  by 

program "COTEC". 

. . i  This  program has  a number of f u n c t i o n s .  The b a s i c  f u n c t i o n  

i s  t o  compute ocean wave induced p l a t f o r m  n o t i o n s ,  v e l o c i t i e s  and 
a c c e l e r a t i o n s ,  and CWP motions ,  s h e a r  f o r c e s  and s t r e s s e s  and 

bending moments and s t r e s s e s .  P la t form responses  a r e  c a l c u l a t e d  

a t  t h e  o r i g i n  and a t  up t o  t h r e e  o t h e r  s p e c i f i e d  l o c a t i o n s .  CJP 
responses  a r e  c l a c u l a t e d  a t  a  number of s p e c i f i e d  p o i n t s  a long t h e  
CWP l e n g t h .  

6.4.1; . Organizat ion.  and Funct ions  - A ,computer program f low c l ia r t  ' 

f o r  "XOTEC" i s  shown i n  F i g u r e  6 - 1. . This  flow c h a r t  i n d i c a t e s  

a11 s u b r o u t i n e s  c a l l e d  by t h e  main l i n e  program. The d e t a i l e d  

f u n c t i o n s  of  t h e  prograrq, and t h e  subrou t ines  i n  which t h e s e  

f u n c t i o n s  a r e  c a r r i e d  o u t  a r e  g iven  i n  F igure  6  - 1: 

6.4 .2  Data I n p u t s  and Requirements - Two types  of d a t a  a r e  r e -  . 

q u i r e d  by program"OTEC" The f i r s t  a r e  d a t a  i n p u t  us ing  d a t a  



c a r d s  o r  a remote t e r m i n a l ;  t h e  methods used t o  i n p u t ,  such d a t a  

from a t e r m i n a l  a r e  t h o s e  desc r ibed  i n  S e c t i o n  6 . 1 . 7 .  The 

second t y p e  df d a t a  ir iput i s  from ' f i l e s  c r e a t e d  by cornputer pro-  
grams ."COTEC" and ."CTPFLXW. . . 

The d a t a  from t h e  f i l e s  c r e a t e d  by program "COTEC" are-us 'ed 

f o r  a l l  n o n - a x i s ~ p n e t r i c  p la t fo rm and hence pro'gram "COTEC" must - 
b e  run  b e f o r e  program "XOTEC" f o r  a l l '  des igns  wi th  non-axisyrmnetric 

p l a t f o r m s .  The i n p u t  data  t o  program"XOTECU s p e c i f i e s  whether 
t h e  p l a t f o r m  i s  axisymmetric and hence whether t h i s  f i l e  i s  read .  

T h e d a t a  from the '  f i l e  c r e a t e d  by program "CTJPFLX" a r e  always,  

read by program w ~ o ~ ~ ~ u  and hence program "CWPFLX" must always be 
. . 

run  b e f o r e  program "XOTEC". 

The s e t  o f  f r e q u e n c i e s  used by programs "XOTEC"' " C O E C "  and 

"CWPFLX" must be  i d e n t i c a l .  The s e t  of  wave heading ang les  used ' 

by programs "XOTEC" and "COTEC" must a l s o  be i d e n t i c a l .  Program 

"CWPFLX" must b e  run w i t h  u n i t  wave ampli tude when used w i t h g r o -  

gram "XOTEC" , 

6 . 4 . 3  Process ing  . of  Inpu t  Data - Program"X0TEC" reads  a number 

of i n p u t s  ( see  Appendix E), many of which a r e  used t o  compute t h e  
p la t fo rm mass and s t i f f n e s s  ( h y d r o s t a t i c  r e s t o r i n g  f o r c e )  m a t r i c e s  

a s  d e f i n e d  i n  Equat ion  [ 4 4 ] .  .. . 

For =isymrmetric h u l l s  t h e  p;ogr& reads  a d d i t i o n a l  i n p u t  

d a t a  g i v i n g  p la t fo rm added. mass, damping and wave e x c i t i n g  matri- 
c e s .  For non-axisymmetric h u l l ,  t h e  program r e a d s  s e c t i o n a l  added 
mass, damping and wave, e x c i t i n g  'force d a t a  from a f i l e  c r e a t e d '  

p r e v i o u s l y  by "COTEC" : S t r i p  theory  methods, ~ e f  erence' .Zl,  . - 
a r e  used t o  determine complete h u l l  added mass, damping and wave 

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

geometr ic  d a t a  ( l e n g t h ,  . s e c t i o n  spac ing ,  e t c . )  r e a d  as i n p u t  by 

"XOTEC". For semi-submersible h u l l s ,  t h e  v a r i o u s  m a t r i c e s  re f lec t  . 
t h e  c o n t r i b u t i o n s  of t h e  submerged h u l l s  and t h e  s u r f a c e  p i e r c i n g '  



. . 

columns, whose geometry i s  d e s c r i b e d  by i n p u t s  t o  program "SOTEC". 

Program"X0TEC" i n i t i a l l y r e a d s  only  t h a t  p a r t  of t h e  f i l e  

c r e a t e d  by program "CVFFLX" which g i v e s  C k ?  t r a n s f e r  f u n c t i o n s  

a t  t h e  top of  t h e  CWP. The v a l u e s  a r e  used i n  assembling t h e  

equa t ions  of motion. A f t e r  t h e  p la t fo rm motions a r e  determined,  

che p iogran  reads t h e  complete f i l e  c r e a t e d  by "CSJFFLX" and uses  
t h i s  f i l e  and t h e  p l a t f o r m  motion t o  c a l c u l a t e  GjTP r e sponse .  

6 . 4 . 4  Computational ~ r o c e d u r ' e s  -. The computat ional  procedures  

u s ~ d  a r e  o u t l i n e d  i n  S e c t i o n s  5 and 6 .4 .3  . A l l  a l g e b r a i c  opexa- 

t i o n s  a r e  c a r r i e d  ou t  us ing  complex a r i t h m e t i c ,  a l though most f i n a l  

r e s u l t s  a r e  g iven  i n  p o l a r  form, where ampl i tude  and phase- a r e  

where 

and where: 
An i s  ampl i tude  o f  response  n. 

i s .  phase a n g l e  o f  response  n. . . n 

A l l  phase a n g l e s  a r e  d e f i n e d  w i t h  r e s p e c t  t o  p o s i t i v e  wave smpli-  

t u d e  o r  wave c r e s t .  A phase a n g l e  of ze ro  degrees  thus  'denotes  . 

a motion o r  load  i n  phase w i t h  wave' c r e s t .  

The coupled equa t ions  o f  motion f o r  v e r t i c a l  o r  l o n g i t u d i n a l  

motions ( su rge ,  heave ,  p i t c h  and CWP heave) and t h e  l a t e r a l  motions 

(sway, r o l l  and yaw) a r e  so lved  s e p a r a t e l y  us ing  t h e  Gauss reduc-  

t i o n  method. 



6 . 4 . 5  Data Output - The d a t a  ou tpu t  and t h e  o p t i o n s  a s s o c i a t e d  

w i t h  t h i s  ou tpu t  a r e  d e s c r i b e d  i n  d e t a i l  i.n Appendix E .  The 

o u t p u t  i s  d iv ided  i n t o  f o u r  b a s i c  p a r t s ,  which a r e :  

o P r i n t o u t  of  a l l  d a t a  i n p u t  from ca rds  o r  a te rminal  and 

transfer f u n c t i o n s ' f o r  ?he ro? of the  CFJP from the, 
f i l e  c r e a t e d  by "CWPFL:T1. 

Calcu la ted  and /o r  i n p u t  p la t fo rm hydrodynamic and hydwo- 

s t a t i c  f o r c e s ,  complete c o e f f i c i e n t  m a t r i x  £or t h e  l e f t  
hand s i d e  o f  t h e  equa t ion  of motion and e x c i t i n g  f o r c e s .  

Ca lcu la ted  and CWP responses  i n  r e g u l a r  waves of 

u n i t  ampl i tude  and of  s p e c i f i e d  f r e q u e n c i e s .  

Ca lcu la ted  p l a t f o r m  and CIJP responses  i n  i r r e g u l a r  waves 

f o r  t he  s p e c i f i e d  s e a  s t a t e s .  . 

I n  t h e  p r e s e n t  v e r s i o n  o f  t h e  program a l l  o f  t h e s e  o u t p u t s  a r e  

p r i n t e d  o u t .  A l l  sf t h e s e  o u t p u t s  , a r e  l a b e l e d .  Keys t o  l a b e l i n g  
a r e  g iven  i n  Appendix E .  



I ENTER ..~ 1 
1 

SUi340UTIXE IiJPU2 
FILES 

OPEN DATg 
* Rend and w r i t e  card  o r  keyboard input  d a t a .  

Read .and !.)rite GQ t r m s E e r  funct ions  f o r  
CALL SUBXOUTSNE attachxcri t  p o i n t .  

f X P U 1  

1 S'L'3XOUTZ;JE ':\HCX I 
CALL SUBR3UTINE Cevclop cocff  i c  i e n t s  Cor f=.eq:~eacp domai~r  

XBCX cquncions wh ich  desc r ibe  che l o r c a s  pro- 
duced by a p l a r f o r n  ii.ot;ion. These fo rces  
i n c l u d ~  addcd nass  , doni?ine, p i?c  r e s -  

I 
BEC'f :J ponse 2nd hydroscacic res tr;til?g fo rces .  - 

HEADING LOOP 

4 - .. '.S2aROUTI?!E FORC2 
B E G I N  Compute che wave excitirlg fo rces  on p l a t -  

Zorm acd pipe  f o r  a regu la r  wave. 

I ON DISK 
I J i 

SUBROLTIME GELG 

* GELG so lves  . l i n e a r  equat ions  :~hich have 
conplex coefficients . The plat iorni  

CALL SUB. no t ions  a r e  obta ined by equating che 
fo roes  produced by the  pl;ll;f~m T.o~%o?~s 
t o  the  vsve generaccd f o r c e s  and solving 
f o r  the pLacform motions. 

L 

I 0 'JTP L';! + %!'SROUtIXE OUTPZ I 

"I Compute and p r i n t  p lac fo rn  moeion,. pipe 
I F  Hi loads ,  pipe s t r e s s e s  and pipe displace-  
READ menes f o r  specified i r rcgul .?r  

CALL S?C,C2 
I 

, 

f END FREQ. * Z r i n t  a o t i o n s  obta ined by GELC. 

LOOP Read p i ~ e  t r a n s f e r  Eur.ctious from f i l e ,  

& 
compute s::d p r i n t  p i p e  disp lacczan t s  and 
loads  due to' r e g u l a r  waves. 

END tiEADING 
LOOP 

END 

: 

F i g u r e  6-1 FLOW CHART OF PROCRW "XOTEC" 

r STORE n m  





7.0 VALIDATION OF METHODS 

It i s  e s s e n t i a l  to  v a l i d a t e  o r  to  v e r i f y  the  accuracy of any 
t h e o r e t i c a l  method which i s  to  be used i n  p r a c t i c a l  engineering 
problems. This i s  p a r t i c u l a r l y  important when these  methods a r e  
t o  be made a v a i l a b l e  to  and a r e  intended f o r  use  by many organiza-  
t i o n s  and ind iv idua l s .  An important p a r t  of t he  present  e f f o r t  has 
been v a l i d a t i o n  of  the  computer programs. Val idat ion has been 
accomplished us ing both a n a l y t i c a l '  so lu t ions  and model t e s t  d a t a ,  
a s  descr ibed i n  t h i s  s ec t ion .  Val idat ion has included r e s u l t s  f o r  
the  CWP a lone and r e s u l t s  f o r  the  coupled CWP and pla t form i n  ocean 
waves. SJhile the v a l i d a t i o n  e f f o r t  has been concerned pr imar i ly  
with dynamic response,  t he  a b i l i t y  of  t he  programs t o  c a l c u l a t e  
s t a t i c  response due to  cu r r en t  has a l s o  been va l ida t ed .  

7 . 1  Val idat ion Using OTEC-1 Model Test  Data 

The u l t imate  tes t  of  any a n a l y t i c a l  method i s  i t s  a b i l i t y  t o  
reproduce t e s t  r e s u l t s .  Tes t  da t a ,  usua l ly  model t e s t  da t a ,  i s  
the b e s t  b a s i s  f o r  v a l i d a t i o n .  When the  v a l i d a t i o n  e f f o r t  f o r  the  
p resen t  methods began, the  only a v a i l a b l e  t e s t  da t a  were those 
%or an  e a r l y  OTEC-1 conf igura t ion  using the  Hughes Nining Barge 
(HMB) Reference 5. 

The OTEC-1 da t a  were considered a  good b a s i s  f o r  v a l i d a t i o n  
because of t h e i r  good consis tency,  l ack  of s c a t t e r  and genera l  
absence of l a r g e  n o n - l i n e a r i t i e s .  I n  a d d i t i o n ,  the  s o t i d n s  of the  
XblB without CWP were accu ra t e ly  p red ic ted  by program9 COTEC and 
XOTEC ( 5 ) ;  t h i s  helps  t o  insure that these  da ta  a r e  a u se fu l  basis '  

f o r  v a l i d a t i n g  program CWFLX. 

Figures 7-1 t o  7-4 show comparisons o f  the  predic ted and 
measured platform motions and CWP bending moment response amplitude 
opera t ions  o r  MO'S f o r  head and beam waves. These r e s u l t s  a r e  
r e s t r i c t e d  t o  the  case  of  the  s t i f f  CWP with r i g i d  attachment. 



In  o r d e r  t o  i n c r e a s e  c l a r i t y ,  t h e s e  f i g u r e s  show o n l y  mean curves 

through t h e  d a t a  from t h r e e  sets o f ' i r r c g u l a r  wave t e s t s  p l u s  r e -  

g u l a r  wave t e s t s .  Individual.  p o i n t s  c a l c u l a t e d  us ing t h e  p r e s e n t  

methods a r e  shown. C a l c u l a t e d  r e s u l t s  ob ta ined  from an e a r l i e r  

HYDRONAUTICS CIJP program us ing  f i n i t e - d i f f e r e n c e  methods (program 

PIPE 4 ) ,  a s  d e s c r i b e d  i n  Reference 3 ,  are a l s o  shown. 

The responses  p r e d i c t e d  u s i n g  t h e  p r e s e n t  methcds and mea- 
s u r e d  responses  a r e  i n  g e n e r a l l y  good agreement.  The p r e d i c t e d  and 

measured p l a t f o r m  motions a r e  i n  p a r t i c u l a r l y  good agreement.  The 

o n l y  s i g n i f i c a n t  d i sc repancy  between p r e d i c t e d  and measured bending 
moments i s  around f i v e  r a d i a n s  p e r  second f o r  t h e . u p p e r  l o c a t i o n  

i n  head s e a s  (Figure  7-2a) .  This  o v e r p r e d i c t i o n  o f  bending moment 

i s  due t o  t h e  u n d e r p r e d i c t i o n  o f  damping f o r  t h e  l a r g e  motions a s -  

s o c i a t e d  w i t h  t h e  CWP modal f requency;  t h e  l i n e a r i z e d  damqi-ng w a s  

based on r i m s  motions f o r  sea  s t a t e  IT, and not.  on t h e  peak r e -  

sponse.  

The motions and CFP bending moments p r e d i c t e d  using t h e  two 

t h e o r e t i c a l  CWP a n a l y s e s  (programs CtlPFLX and PIPE 4 )  a r e  g e n e r a l l y  
v e r y  s imilar .  The major d i f f e r e n c e  i s  t h e  lower peak bending mo- 

ments p r e d i c t e d  u s i n g  CWPFLX; t h i s  i s  a d i r e c t  tesult  of che l a r g e r ,  

and more r e a l i s t i c ,  damping used w i t h  program CIJPFLX. 

V a l i d a t i o n  Using A n a l y t i c a l  S o l u t i o n s  

There a r e  s e v e r a l  l i m i t a t i o n s  t o  us ing  o n l y  nodel  t e s t  d a t a  

f o r  v a l i d a t i o n .  The f i r s t  i s  t h e  l i m i t e d  amount of  a v a i l a b l e  d a t a .  

The second i s  t h e  absence of  d a t a  f o r  a CtTP a l o n e ;  a v a i l a b l e  d a t a  

are f o r  a  coupled CWP and p la t fo rm.  A t h i r d  l i m i t a t i o n  could  be 

t h e  l a c k  o f  knowledge of  C T P  damping f o r  t h e  smal l  s c a l e  modefs. , 

It w a s  t h e r e f o r e  cons ide red  e s s e n t i a l  t o  use  r e s u l t s  from a n a l y t i -  

c a l  s o l u t i o n s  as w e l l  as model d a t a  f o r  v a l i d a t i o n .  

While the g e n e r a l  problem of  CWP dynamic response  cannot be 



solved analytically, several important speci 
include response of prismatic CWPs with zero 
stant tension. Detailed comparisons of eresu 
present computer programs and using programs 
solutions are described in this section. 

.al cases can. 
tension and 

.Its obtained 
based on ana 

These 
t.ti th con-. 
using the 
.lytical 

Prismatic CIJF With No Axial Tension - Analytical solutions are 
available for dynanlic bending of prismatic (cons cant section) beams 
without tension. These solutions have been incorporated in an 
earlier HYDRONAUTICS Cl?P analysis program (PIPE 3) doscribed in 
Reference 3. Calculations were carried out for several different 
ChT designs using program PIPE 3 and program CWPFLX. The results 
were compared to insure that results from program CWPFLX were 
good agreement with the .analytical solution. Some results for a 
GRP CWP were presented in the Interim Report (6). These shoved 
good agreement between the two methods. 

' A detailed comparison of results for a 58 foot diameter re- 
inforced concrete CWP alone and with a disc-type platform, as de- 
scribed in Table 7-1, is highlighted in Tables 7-2  to 7-4 and 
Figures 7-5 to 7-10, Table 7.2 compares responses of the CIJP 

to unit translational motion of the upper end of the CTJP, at a 
representative frequency of 0.6 radians per second while Figures 
7-5 to 7-7 compare shear forces due to translation at various fre- 
quencies. Shear force has been selected for comparison because the 
computational procedures used make it subject to greater error than 
displacements on bending moments. Figures 7-8 to 7-10 compare shear 
forces due to unit rotation of the upper end of the c L ~  at various 
frequencies. 

Table 7-3 presents a comparison of calculated C?JP responses 
arising from the coupled desponse of the C W  and disc platform to 
two irregular, long-crested (uni-directional) seas defined by 



TABLE 7-1 . 

CHARACTERISTICS OF CIQ ~ b r n  PWTFORN USED FOR THE 
COMPARISONS OF TABLES. 7-2 TO 7-4. . s., *., - 

AND FIGURES 7-.1 TO'-7-6.. . , , . .. 

I.Jall Thickness 

Plodulus of Elasticity . 

Neutrally buoyant 

PitchIRoll Attachment 
Stiffness 10 'pound-f eet/radians 

Displacement 228,000 long tons 

Netacentric Height 
Pitch/Roll Gyradius 



TABLE 7-2 

CALCULATED CTJP RESPONSES FOR UNIT TRANSLATION 
OF CWP ATTACHLENT AT 0 . 6  W I A N S  PER SECOND FREQUENCY 

* 
Anal. - A n a l y t i c a l  S o l u t i o n  

New. - New NOAAIDOE Methods - CIJPFLX 

? 

Depth 
F e e t  

0  

300 
650 

900 

1350 
1700 

2050 
2400 
2750 
3181 

Disp lacement  
Anal  ." New* 

1 . 0 0  1 . 0  

0 .72  0 .72  
0.20'  0 .20  
0 . 2 6  0 . 2 6  

0 . 5 2  0 .52  
0 .18  0 . 1 8  

0 . 3 3  0 .33  
0 . 4 9  . 0 .49  
o .  13 0 .12  

0 .76  0 . 7 6  

Sheax/106 
~ n a l . *  ~ e w *  

. 1 . 0 3  1 . 0 4  

0 . 1 3  0.13 

0 . 6 5  0 . 6 5  
0 . 6  0 . 6 1  

0 . 2 4  0 . 2 4  

0 . 7 3  0 . 7 3  
0 .60  0 .60  
0 .06 0 .06  
0 .52  0 . 5 2 .  

0  0 

Bending Mon./ lOe 
An 1 .I:: New 'k 

0 . 0 1  0 . 0 1  

1 . 5 1  1 . 5 3  
0  ..64 0 . 6 4  

1 . 6 3  1 . 6 3  
2 .60  2 . 6 0  

0 . 8 5  0 . 8 6  

1 . 7 5  1 . 7 5  
2 . 7 9  2.80 

1 . 6 7  1 . ~ 7  

0  0  



TABLE 7-3 
COEIP.4RISON OF CALCULiTED C:.iP RESPONSES 

FOB DISC PLATFOWf WITH XECTSI\LLY EUOYXNT CO?IC!I!ZTE CtJP 
, a  H 1 / 3  = 20 Fee t  

* Anal .  - A n a l y t i c a l  S o l u t i o n  f o r  CIJP 

* CrJPFLX - New NOWDOE Hethods 

. 

+ 
Depth 
F e e t  

0 
300 
650 
900 

1350 
1700 
2U50 
2400 
2750 
3180 
r\LU 

- - 

Dis La~emen t -Fee t  
An.!. 3.. C!*P F L X" 

2 . 6 0  2 .63  
1 . 3 3  1 . 3 8  
0 .84  0 . 8 6  
E. 20 1 .24  
1.11 1 .‘15 
0.55 0 .57  
1 ..17 1.18  
1 . 3 1  1 . 3 2  
0.27 0 .28  
2.16 2 .18  
2.60 2 . 6  9 

,=  = 46 Feet 

Shear  - L O ~ o u n d s  
Anal .  3 C!.IPFLX 

1.2A L a  22. 
0 .92  0 .85  
1 .08  1 .19  
1 .13  . 1 .19  
1 . 1 3  1 .12  
1,50 1 . 5 1  
1 .27  2.33 
0 . 4 1  . 0 . 4 3 .  
1 .14  1.17 - - 
1 . 5  1 . 5 3  

0 
300 
650 
900 

1350 
1700 
2050 
2400 
2750 
3180 
M X  _ 

Bendin:: >Iota. LO8 Lb F t  
Anal .  3 C \ R  FLX 

4 . 3 9  4 .36  
3.07 3.25 
4.58 4.75 
5 . 1 8  5 .44  
4 .83  4.38 
2 .65  2.35 
4 .54 4.53 

, 6 . 1 a  6.30 
3.67 3.74 - - 
6.2  6.30 

1 3 . 0 1  13.30 
7 .35  7 . 4 3  

10.66 9.79 
10 .66  10.69 

4.86 4 . 9 2  
5.. 4 1  5 .40  

10 .50  11.47 
8.79 9 .40  
1.08 1.12 

16 .51  17 .85  
16 .51  17 .85  

6.15 6.48 
5.96 5.66 
3.99 4.33 
3 .24  3.37 
7.54 7.66 
7 .85  7.79 
3 , 8 5  3.84 
3 .06  3.38 
5.99 6.30 - - 
8 .0  8.26 

0 .15  0 . 1 5  
1 .79  2 . 2 1 ,  
3 .28 3.84 
3 .50  3 .99  
1 .76  1 .80  
1.65 2.07 
3.41 4.22 
3.44 4.08 
1 .75  ' 2.01 - - 
3.60 4.45 



TABLE .7-4 

COMPARISON OF CALCULATED PLATFOWI MOTIONS 
FOR DISC PLATFORPI WITH NEUTWLY BUOYANT CONCRETE CWP 



s i g n i f i c a n t  wave heights of 20 and 46 f e e t  and frequencies o f  maxi- 

mum energy of 0.61, and 0.46 radians per second. Table 7-4 com- 

pares platform motions f o r  the coupled and platform f o r  these 

plus two addi t iona l  sea s t a t e s .  

The comparisons presented i n  Table 7-2 and Figures 7-5 t o  

7-10 indica te  t h a t ,  r e s u l t s  fo r  the CWP above a r e  general.1.y i n  ex-  

c e l l e n t  agreement. The l a r g e s t  di f ferences  occur a t  the highest  

frequency of 1.0 radians per second; response a t  t h i s  frequency 

i s  general ly  not very important. The l a r g e s t  di f ferences  tend to 

be a t  the  t o p  of the W. Figures 7-5 through 7-8 ohow r e s u l t s  for 

both s ing le  and- double percis ion versions of program CGPFLX ( s ingle  

prec ts ion  i s  based on 32 b i t  words). The double precis ion re -  

s u l t s  a r e  i n  b e t t e r  agreement, a s  discussed i n  a l a t e r  sect ion.  

Tables 7-3 and 7-4 ind ica te  t h a t  the  agreement i n  CWP re -  
sponses and platform motions i s  generally good, pa r t i cu la r ly  fo r  
the  smaller wave heights .  Agreement i n  calculated platform inotions 

i s  p a r t i c u l a r l y  good. The differences  i n  coupled responses a t  the 

l a rge  wave heights i s  probably due t o  the strong s e n s i t i v i t y  of 

coupled response to  changes i n  CWP t r ans fe r  functions a t  some f r e -  
a quencies . 

Prismatic CWP Nirh Constant Axial Tension - I n  general; ana ly t i -  

c a l  solut ions  a r e  not ava i l ab le  f o r  bending of beams with tension. 

Analyt ical  solut ions  a r e  ava i l ab le ,  however, f o r  c e r t a i n  cases of 

undamped, prismatic (constant section) beams with constant tension; 

these correspond t o  buoyant Ckms with end l o a d s . .  Tables 7-5 and 

7-6 compares ca lcu la ted  responses from an ana ly t i ca l  so lu t ion  and 

from program CWPFLX f o r  the s t i f f  OTEC-1 model CWP of Reference 5. 
For these calculat ions  the CWP was assumed t o  have no damping, 

a can t i l eve r  ( s t i f f )  upper end attachment, a uniform tension of 

f i v e  pounds (comparable t o  C W P  weight i n  water) and a harmonic, 

t ransverse  exci t ing force  of one pound amplitude a t  the f r e e ,  end. 



T A B L E  7 - 5  
C O M P A R I S O N  OF CALCLZATED CFTP R E S P O N S E S  F O R  O T E C - 1  

MODEL CWP W I T H  CONSTA1JT , ' U I A L  T E M S I O N  AND U N I T  FREE 
END E X C I T I N G  F O R C E  A T  0 .,62.8 R A D I A N S  P E R  SECC)ND. .FXEQUENCY 

CALCLZATED US1NG.ANALYTICA.L 
S O L U T I O N  

L O C A T I O H  

0 .  
.1379E+01 
. 2 7 5 9 E + 0 l  
. : I ' ~ ~ E + o I  
.5517E+Ol  
.689?E+91 
.a275E+01  
.9655E,+01 
. I1  03E+02  
. I 2 4  1 E t 0 2  
. 1 3 7 9 E + 0 2  . I S i 7 E + 0 2  
. I  JSSEt02  
.1793E+02  
..t 93.1 E+02 
. 2 0 6 ? E + 0 2  
.2?0?€+02 
.?345E+02  
. ? 4 8 3 E + 0 2 '  
.?62 1 E + 0 2  
.275FE+02  

' .2897E t 0 2  
. 3 0 3 4 E + 0 2  
.3  1 7 2 E t 0 2  
,331  0E+02  
. 3 4 4 9 E + 0 2  
, 3 5 8 6 E t 0 2  
.3724E+02  
.3862 .~+ '02  
.4000E+02  

, % .  

CALCULATED US I N G  PROGPAPI C\$PFLX 

DISTANCE DISPLACEMENT ~ ~ N D I M G  !!O;lEYT SliEAR FORCE 



TABLE 7 - 6  
CO$IPARISOY OF CALCULATED CUP RESPOI.!SES FOR 3TEC-1 

llIODEL ClJP WITH CONSTANT AXIAL TENSION AND TjMIT8 FXEE 
END EXCITING FORCE AT 2 . 1 2 1  UDIANS PER SECOND FRE?UENCY 

CALCmATED .USING AXALYTICAL 
SOLUTION 

LOCATION DEFLECT108 HOMENT $HERR 

CALCULATED US IXG TROGkLY CWPF,LX 

D I S T d N C Z  DISPLACEI!EI\IT3E:IDI!IG ZOHENT SSEkR FOR 



Tables  7-5 and 7-6 p r e s e n t  r e s u l t s  f o r  e x c i t i n g  f requenc ies  . 

of 0.628 and 2.12 r a d i a n s  pe r  second, r e s p e c t i v e l y .  These f r e -  

q u e n c i e s  w e r e s e l e c t e d  t o  be we l l  removed from C!TP modal f r equenc ies  
to  i n s u r e  t h a t  a c c u r a t e  comparisons could be o b t a i n e d .  A l l  r e -  

sponses a r e  i n  e x c e l l e n t  agreement f o r  both  f r e q u e n c i e s .  I t  should 

be noted t h a t  t h e  l o c a t i o n s  f o r  t h e  two s + t s  of calc11Lations are 

n o t  i d e n t i c a l  and t h a t  t h e  s h e a r  f o r c e s  have a d i f f e r e n t  r e f e r e n c e  
( t h e  a n a l y t i c a l  r e s u l t s  i n c l u d e  t h e  a p p l i e d  f o r c e  s t ~ d  s i g n ,  the 

r e s u l t s  from CWPFLX do n o t ) .  

7 .3  V a l i d a t i o n  of S t a t i c  Response 

The a b i l i t y  o f  program :'CCJPFLX" t o  a c c u r a t e l y  p r e d i c t  s t a t i c  
response  t o  a  t y p i c a l  s t e a d y - s t a t e  c u r r e n t  loading  has  beea v a l i -  
da ted  by comparing r e s u l t s  ob ta ined  w i t h  "CbPFLX" v i t h  r e s u l t s  ob- 
t a i n e d  w i t h  an e x i s t i n g  HYDRONAUTICS program which uses  an  i t e r a -  
t i v e ,  numerical  s o l u t i o n  of  t h e  non- l inea r  s t a t i c  beom equa t ions .  
This  e a r l i e r  prograrn had been p r e v i o u s l y  v a l i d a t e d  by comparison 
w i t h  o t h e r  t h e o r e t i c a l  methods. 

In  o r d e r  t o  provide  a  r e a l i s t i c  t e s t  c a s e ,  a  r a t h e r  f l e x i b l e  
GRP CWP having f a i r l y  Large d e f l e c t i o n s  was s e l e c t e d  f o r  t h e  v a l i -  
d a t i o n  c a s e .  Th i s  CldP has  t h e  fo l lowing c h a r a c t e r i s  t i c s  : 

3000 f e e t  Length 

Outs ide  Diameter 30.0 f e e t  

Wall Thickness  0.20 f e e t  
Modulus of 

E l a s t i c i t y  2.x.106 p s i  

Mass Density' of  . . .  

GRP 2.85 s l u g s / f o o t 3  

A s u r f a c e  c u r r e n t  v e l o c i t y  .of four ' f e e t  per second and a CWP-drag 
c o e f f i c i e n t  o f  0.80 were used.  The v e l o c - i t y  . p r o f i l e  was taken  - t o  

be t h a t  of F i g u r e  4-12. The -CWP w a s -  assuhed t o  be c a n t i l e v e r e d  a t  



i t s  upper  end. 

Table  2-7 p r e s e n t s  a comparison o f  c a l c u l a t e d  d e f l e c t i o n s  
and bending moments a long t h e  l e n g t h  of  . t h e  C?@. I n  all c a s e s  
t h e  c a l c u l a t e d  v a l u e s  a r e  w i t h i n  . 0 . 7  percane ,  \?it11 values  from 

"CWPFLX" being always l a r g e r . '  From the comparison i t  i s  concluded 
t h a t  t h e r e  a r e  no s i g n i f i c a n t  d i f f e r e n c e s  i n  r e s u l t s  and t h a t  
"CWPFLX" con a c c u r a t e l y  c a l c u l s t c  s t a t i c  ~ e s p o n s e s  t o  s t e a d y - s t a t e  
l o a d i n g s  such a s  c u r r e n t .  . 

7 . 4  Need f o r  Double P r e c i s i o n  

As noted  e a r l i e r  both  a s i n g l e  and a double p r e c i s i o n  
s i o n  of progran  CWP5L.Y" have been developed and checked aga 
a n a l y t i c a l  r e s u l t s .  Based on a comparison o f  r e s u l t s  of  bo 
v e r s i o n s  of  "CWPFLX" and a  comparison of  these  r e s u l t s  wi th  
a n a l y t i c a l  r e s u l t s  t h e  fo l lowing were determined:  

ver- 
. i n s  t 
t h  

t h e  

o  The maximum d i f f e r e n c e s  between r e s u l t s  from s i n g l e  and 
double p r e c i s i o n  v e r s i o n s  are, with few excep t ions ,  Lass 
than 10  pe rcen t  f o r  a l l  cases  and f requenc ies  o f  i n t e r e s t .  

o D i f f e r e n c e s  between s i n g l e  and double prec i s ion  r e s u l t s  
are  s m a l l e s t  a t  t h e  lower frequencies (say  less than 0 . 6  
r a d i a n s  p e r  second) where most wave energy w i l l  g e n e r a l l y  
e x i s t  . 

o Ca lcu la ted  f o r c e s  and s t r e s s e s  a r e  almost  a lvays  . l a r g e r  
. . 

w i t h  t h e  s i n g l e  p r e c i s i o n  v e r s i o n .  

o  R e s u l t s  wi th  t h e  double p r e c i s i o n  v e r s i o n  a r e  g e n e r a l l y ,  

b u t  n o t  always,  i n  b e t t e r  agreement w i t h - a n a l y t i c a l  r e s u l t s .  

o  The c o s t  of . a . comp,lete CW a n a l y s i s  ' u s i n g  "CWPFLX" i s  . , 

about  three  t imes a s  la , rge with '  d o ~ b 1 e : ' ~ r e c i s i o n .  

Based o n  t h e s e  c o n s i d e r a t  ions  t h e  fo l lowing conclus ions  about . .. 

t h e  use o f  s i n g l e  and double p r e c i s i o n  v e r s i o n s  were reached:  



TABLE 7-7 
, ' 

. A 

COMPARISON OF CALCULATED STATIC RESPONSE 
. - ., , OF k 3000 FOOT LONG GRP CWP'TO A 4.0 FOOT . . .  PER SECOND SURFACE CUA~RENT.WITH TYPICAL .PROFILE 

* NUMERICAL - ,  numerical solution of non-linear beam equation 

.k-k 'CWPFLX - computer program "CWPFEX'" tatic solution 



S i n g l e  p r e c i s i o n  should be .used f o r  most pa ramet r i c ,  con- 
c e p t  and p r e l i m i n a r y  des ign  s t u d i e s .  Resu l t ing  CIJP s t r e s s e s  

can g e n e r a l l y  be assumed t o  be about  f i v e  t o  10 pe rcen t  

too l a r g e .  

o  Double p r e c i s i o n  should be used f o r  f i n a l  e v a l u a t i o n  of  

p r e l i m i n a r y  CWP des igns  and f o r  any f i n a l  CWP des ign  

scudies, 

The expected  e r r o r s  in t roduced  by t h e  use  of a  s i n g l e  p r e c i s i o n  

v e r s i o n  o f  "CWPFLX" are probabLy s i g n i f i c a n t l y  smal l e r  than corn- 

b ined  e r r o r s  due t o  a l l  o t h e r  sources .  

7 . 5  Conclusions About Val ida  ti0.n 

Based on t h e  comparison c a r r i e d  o u t  and 
. - 

summarized i n  t h i s  - - 

s e c t i o n ,  it i s  concluded t h a t  t h e  p r e s e n t  methods a r e  i n  g e n e r a l l y  

good agreement w i t h  s t a t i c  and dynamic a n a l y t i c a l  s o l u t i o n s  and 

a v a i l a b l e  model t e s t  d a t a  and a r e  s u i t a b l e  f o r  u s e  i n  CWP des igner  

s t u d i e s  and des igns  a t  l e a s t  up t o  t h e  p re l iminary  des ign  l e v e l .  

I t  does a o t  appear  t h a t o t h e r  e x i s t i n g  methods.hsve r e c e i v e d  com- 

p a r a b l e  v a l i d a t i o n .  

F u r t h e r  . v a l i d a t i o n  u s i n g  the recently ob ta ined  model, data f o r  

a 400 MW span p l a t f o r m  w i t h  CWP,.  Reference 25, o r  d a t a  from t h e  

DOT at-sea t e s t s  is d e s i r a b l e .  I t  i s  a n t i c i p a t e d  t h a t  comparisons 

o f  t h e  p r e s e n t  methods wi th  model d a t a  f o r  t h e  400 MW span w i t h  

CWP w i l l  be p resen ted  i n  Reference 25. 
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DlSTANCE FROM TOP OF CW P ( FEET ) 

FIGURE 7 - 5 CUMPARISON OF CALCULATED SHEAR FORCES ALONG CWP 
FOR UNIT  CWP TRAMSLATION AT 0.2 RAD~EC FREQUENCY 
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DISTANCE FROM TOP OF CWP ( FEET ) 

FIGURE 7 - 6 COMPARISON OF CALCULATED SHEAR FORCES ALONG CWP 
FOR UNIT CWP TRANSLA-TION AT 0.6 R~D.~SEC FREQUENCY 





DETAMCE FROM TOP O F  CWP ( FEET ) 

FIGURE 7 - 8 COMPARISON GF CALCULATED SHEAR FORCES ALONG &WP 
FOR w IT CWP ROTATION AT 0.2 RAD/SEC FREUUENC Y 
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Dt-STANCE FIE;IDM TOP OF CWP f FEET ). 

FIGURE 7.- ? COMPAWSON OF CAi.St%fk.BTED SHEAR FORCE ALONG CWP 
FOR U N I T  CWF ROTATLC84 A3 0.6 RAB~EC WQMNCY 



DISTANCE FROM TOP OF CWP ( FEET ) 

FIGURE 7 - 10 COMPARlSON OF CALCULATED SHEAR FaRCES ALONG CWP 
FOR UNIT CWP ROTATION AT 1.0 R A D ~ E c  FREQUENCY 



Three illustrative examples were co'nsidered to illustrate the 

a~alication of the methods and computer programs. Results for . . ..  . 

the first example, the OTEC-1 with stiff CITP as nodel tested, are 
described in Section 7 since that example was used to*validate the 
methods. Two examples of current interes't were analyzed, as de- 
scribed in this section. 

The two illustrative examples were specified by NOU. These 
exanples are: 

. . 

o The APL 10120 MW plant design consisting of a barge-like 
platform with a continuous, light-weight concrete C W  
without flexible joints. 

o The MINI-OTEC plant with barge platform and moored poly- 

ethel-ene CWP attached to the barge through a nylon mooring- 
buoy-hose attachment scheme. 

The characteristics of these plant.designs and the calculated per- 

formance in representative sea states and current are described in 
this section. - 

4 - 

8.1 APL 10120 MW Modular Experiment Plant 

The Johns Hopkins University Applieda~hysics Laboratory (APL) 
is carrying out for DOE the preliminary design of a 10120 W OTEC 
~ l a n t  to be used for at'-sea tests of five M!J power plant modules. 
This plant has a rectangular barge platform and a 30 foot nominal 
diameter, 3000 foot long CWP. This plant is designed to operate 
in the relatively benign environmental conditions existing in the 
equatorial waters off Brazil. 

8.1.1 Operating Environment and CWP Loading - The operating 
current and wave data are based on those for the Brazil site from 



t h e  DOE environmental  

d e s c r i b e d  i n  S e c t i o n  

d i t i . ons  and f o r  upper 

, d a t a  package ( 2 )  . The c u r r e n t  d a t a  a r e  a s  

4 . 7 .  The sea  s t a t e . s  cons ide red . . fo r  est.reme con- 

l i m i t  o f  p l a n t  op 'erat ion a r e  de f ined  by 

s i g n i f i c a n t  wave h e i g h t s  of  29 and 18 f e e t  and p e r i o d s  of  nnzimun 

wave.energy o f  18 and 10 seconds,  r e s p e c t i v e l y .  

For t h e s e  c a l c u l a t i o n s  t h e  loading  c o n d i t i o n s  cons idered  were 

r e g u l a r  and i r r e g u l a r  waves corresponding t o  two sea s t a t e s  and head 

and beam waves. 

8 . 1 . 2  CVlP C h a r a c t e r i s t i c s  - F o r  these calculations a continuous, 
u n j o i n t e d  c o n c r e t e  CWP, corresponding t o  an e a r l y  C!Jp concept evalu- 
a t e d  by APL, was cons ide red .  The f i n a l  APL CIJP d e s i g n ,  w i t h  60 

f l e x i b l e  j o i n t s ,  was n o t  cons idered  due t o  t h e  need f o r  s p e c i a l  

model l ing  o f  the' j o i n t  p r o p e r t i e s .  S ince  a  primary purpcse of t h i s  

exzmple was a  comparison wi th  c a l c u l a t i o n s  made o s i n g  P a u l l i a g ' s  

method, t h e  use  of t h e  u n j o i n t e d  Cl4F seemed mora s u i t a b l e .  

The c h a r a c t e r i s t i c s  o f  t h e  cont inuous C W ,  a s  s u p p l i e d  by 

APL a r e :  

Length 3000 f e e t  

Outside Diameter 32 f e e t  

~ n s i d e  Diameter 30 f e e t  

P la te r i a l  Weight i n  A i r  85 pounds/.foot 

M a t e r i a l  Pfodulus o f  
E l a s t i c i t y  1 . O x 1 O 6  p s i  

The C W  i s  e s s e n t i a l l y  r i g i d l y  a t t a c h e d  t o  the  p la t fo rm,  having 

' at tachment  s r i f f n e s s e s  o f  10" pounds p e r  foot i n  t r a n s l a t i o n  and 

lo1*  pound f e e t  p e r  r a d i a n  i n  r o t a t i o n .  These va lues  y e r e  used i n  

t he  p r e s e n t  c a l c u l a t i o n s .  The C W  i s  assumed t o  be a t t a c h e d  a t  

t h e  p l a t f o r m  c e n t e r  o f  g r a v i t y .  

In  t h e s e  c a l c u l a t i o n s  an e q u i v a l e n t  l i n e a r i z e d  drag  c o r r e s -  
ponding t o  a  q u a d r a t i c  drag  c o e f f i c i e n t  of 0 . 7  and an es t ima ted  



average RYS velocity of 3.0 feet per second was used. The data of 

Section 4 indicate that a drag coefficient of about 1 . 4  s~ould be 

more 'appropriate for the small amplitude (K 5 5) motions; 0.7 was 
used in the APL calculations and its use here made a comparison of 
calculated results meaningful. 

8.1.3 Platform Characteristics - The important characteristics 
of the platform, as supplied by APL, are: 

Length 
Beam 
Draft 
Height of CG above 
.Baseline 

Height of CB above 
Baseline ' 

DLsplacement 
Transverse GX 
~on~itudinal GM 
Roll Gyradius 
Pitch/Yaw Gyradii 
Longitudinal CG 

378 feet 
121 feet 
60 fset 

42.8 feet 

30 feet 
78,300 ion'g tons 

7 .'54 feet 
185.6 feet 
48.4 feet 

,125 feet 

185.5 feet 

Neither the warm water pump housings along,the sides of the plat- 

form nor the flooded heat exchanger sections were considered in 
calculating hydrostatic and hydrodynamic forces. 

The platform sections are all identical and are all essentially 

rectangular. The sections were assumed to have a section area 

coefficient of 0.99 to account for the slight rounding of the bilges. 

8.1.4 Calculated Results - The calculated irregular wave 
results for head seas are summarized in Tables 8-1 and 9 - 2 .  Results 

for the higher sea state (29 foot significant wave height) and beam 
seas are given in Table 8-3. RMS motions of the platform at its 



TABLE 8-1 '. ; 

CALCULATED his, RESPONSE AAWLITUDES FOR APL PLATFO=i 'ItITH , 

CONTINUOUS CONCRETE CIJP-HEAD SEAS. WITH 29 FOOT WAVE HEIGHT 

P l a t f o r m  Motion 

Surge '  - F e e t '  

Heave - F e e t  

P i t c h  - Degrees  

CTJP Mot ions  and Loads , . 

S h e a r  S t r e s s  i n  PSI 
a t  Top o f  CWP 

Di sp l acemen t  a t  0 . F e e t  
i n  F e e t  500 

f 650/1750 

2400/2500 .. , 

3000 

L 

Bending S t r e s s  a t  0 feet  
in psi 500 , 

f ' " r .  

1200 .( , . % . 
1700 

' V  

2500 
. T 

P r e s e n t  Nethods . ', Paurl".L5ng'-ROTEC 
' r 

5 . 9  . 7 ,; 
. . " ,..: t 

7 . 1  ' 6;.8 
* 

1.86' ' * 1.61 

- .;, . , . , :f - .  " ' - i i .  , , 

. . 
139 100  



TABLE 8-2 

CALCULATED RlYS RESPONSE AMPLITUDES FOR APL PLATFORE1 WITH 
CONTIIWOUS CONCRETE CUP-EEAD SEAS WITI! 18 FOOT WAVE HEIGET b .  

P l a t f o r m  Mot i o n  

Surge  - F e e t  

Heave - F e e t  

P i t c h  - Degrees 

CWP Motions and Loads 

Shear  S t r e s s  i n  PSI  
a t  Top of  CWP 

Displacement a t  0 f e e t  

i n  F e e t  400 

1100 
1800 

2500 

3000 

Bending S t r e s s  a t  0 feet 
i n  PSI 400 

1100 



TABLE 8-3  
CALCULATED RNS RESPONSES FOR APL PLATFORM WITH . 

CONTINUOUS CONCRETE C?*TP-BEAM SEAS WITH 29  FOOT WAVE HEIGHT 

P la t fo rm Mo t i o n s  

Sway - Feet. 
Heave - F e e t  

R o l l  - Degrees 

C t P  Motions and Loads 

Shear Stress a t  Top 
of  CTJP - P S I  

Displacement a t  0 f e e t  

i n  F e e t  400 
1100 

1800 . . 

2500 

3000 

Bending S t r e s s  a t  0 Feet 
in PSI 400 



C G ,  RMS shear s t r e s s  a t  the t o p  of the CWP and RhfS CVP displacements 

and bending s t r e s s e s  . a t  locat ions  (below the t o p  of the CIJP) of . . 

maximum bending .are  given for  each case .  

It can be seen from Tables 8-1 and 8-2 tha t  moei.ons and CWP 

responses a r e  general ly  much smaller f o r  the lower s + s  s t a t e .  

Surge and heave motion and  bending s t r e s s  a t  the t o p  of the CbJP 

a r e  65 to 75 percent l e s s  with the 18 foot  s ign i f i can t  wave height .  

A comparison of Tables 8-1 and 5-3 indica tes  t h a t  platform motions 

and CWP motions and s t r e s s e s  a r e  generally la rger  i n  beam seas .  

The maximum Cl?P bending s t r e s s  i s  about 25 percent la rger  i n  beam 

seas ,  while heave i s  32 percent l a rge r  and r o l l  i s  more than tu ice  

p i tch .  Calculated CWP na tu ra l  modes occur a t  frequencies of 0 . 3 2  

( fourth  mode), 0.51, 0.72 and 1.07 radians p e r  second; the four th  
mode na tu ra l  frequency i s  c lose  to  the frequency f o r p e a k  energy 

f o r  the  l a rge r  sea s t a t e  (0.349 radians per second) , so t h ~ t  C;iP - 
damping w i l l  b e  particularly important f o r  t h i s  sea s t a t e .  

8.1.5 Comparison of Calculated Results with PaulLing's 
Results  - Table 8-1 compares calculated r e s u l t s  f rcn  

the present methods and a recent  version of J.R. Paul l ing ' s  program, 
"ROTEC." The comparison was l imited,  . . by the ava i lab le  r e s u l t s  from 

. . 
"ROTEC," t o  t h i s  one sea s t a t e  and heading. 

It can be seen from Table 8-1 tha t  the calculated RMS motion 

amplitudes a r e  i n  general ly  good agreement, with four percent d i f -  

ferences i n  surge and heave and a 13 percent dif ference i n  pi tch.  

These differences  a r e  - f e l t  t o  a r i s e  primarily from tvo sources, 

the difference i n  assumed platform mass and the differences  i n  

calculated added mass and damping. , The calculat ions  made using 

"ROTEC" were made fo r  a displacement of 63,500 long t o n s ,  which 

-neglected a l l  on-board water, except b a l l a s t ;  the  present calcula- 

% t ions  were f o r  78,300 long tons,  which includes a l l  on-board' water, 



a s  i t  i s  e x ~ e c t e d  t h a t  most o f  t h i s  water  w i l l  move wi th  t h e  

p la t fo rm.  The d i f f e r e n c e s  i n  added Illass and damping a r e  sornexhat 

s u r p r i s i n g  a s  t h e  same b a s i c  methods a r e  used.  The probable source 

of  d i f f e r e n c e s  i s  t h e  t r ea tmen t  of  t h e  ends o f  the  b a r g e ,  which i s  

e s p e c i a l l y  impor tant  f o r  t h e  low Length-beam raciu uL t l ~ a  ba rge .  

The CIJP motions and loads  a r e  g e n e r a l l y  q u i t e  s i m i l a r ,  w i t h  

t h e  motions and s t r e s s e s  c a l c u l a t e d  u s i n g  t h e  p r e s e n t  methods 
being about  three t o  10 p e r c e n t  and 10 t o  30 pe rcen t  h i g h e r ,  r e -  

s p e c t i v e l y ,  than  the motiorls and sere33e3 c a l c u l a t e d  us ing  "ROTEC. " 
These d i f f e r e n c e s  a r e  probable  due i n  p a r t  t o  t h e  l a r g e r  p i t c h  

motions w i t h  t h e  p r e s e n t  methods, and t o  d i f f e r e n c e s  i n  e q u i v a l e n t  

l i n e a r i z e d  damping. 

8 . 2  MINI-OTEC 50 KW Demonstration P l a n t  

A 50 KW OTEC demonstrat ion p l a n t  c a l l e d  t h e  ?lISI-OTEC i s  cur -  

r e n t l y  being developed f o r  o p e r a t i o n  o f f  t h e  c o a s t  of Hawaii. 
This  p l a n t  i s  being developed as a  j o i n t  e f f o r t  of  t h e  s t a t e  of  

H a w a i i ,  Lockheed and Dill ingham. Ocean engineer ing  work f o r  t h i s  

p l a n t  i s  a l s o  be ing  done by Makai Ocean Engineering,  I n c . ,  which 

provided ehe data used E u r  tl.~Ls example. The p l a n t  uses art exist- 

i ng  104 f o o t  long barge  and a 28 i n c h  diameter  pol~ypropelene CWP. 

The CWP i s  connected t o  t h e  barge through a ,  f l e x i b l e  c o l d  water  

hose and a system of  nylon l i n e s  and a f l o a t i n g  buoy. 

8 . 2 . 1  m e r a t i n s  Environment and CIJP Loading - The o p e r a t i n g  

c u r r e n t  v e l o c i t y  p r o f i l e  i s :  

where 

V i s  c u r r e n t  v e l o c i t y  i n  f e e t  per  second 

z is dep th  i n  f e e t  (always p o s i t i v e )  



Two wave energy s p e c t r a  corresponding t o  extreme and normal opera-  
t i n g  c o n d i t i o n s  were s p e c i f i e d .  The s p e c t r a  have s i g n i f i c a n t  wave - 
h e i g h t s  o f  20 and f o u r  f e e t  and f requenc ies  of maximum energy of  - 

0 . 6 1  and 1 .36  r a d i a n s  p e r  secondJc r e s p e c t i v e l y ,  and correspond t o  

t h e  top  of s e a  s t a t e  s i x  and s e a  s t a t e  t h r e e ,  r e s p e c t i v e l y .  

For  t h e s e  c a l c u l a t i o n s  t h e  fo l lowing load ing  c a s e s  were ."cod;' ' 

s i d e r e d  : 

1. Steady c u r r e n t  l o a d  based on s u b c r i t i c a l  drag c o e f f i c i e n t  

o f  1.1. 
\ . . 

2 .  Regular and i r r e g u l a r  wave loads  corresponding t o  t h e  

s p e c i f i e d  sea  s t a t e s ,  f o r  head s e a s  o n l y .  

I n  a l l  c a l c u l a t i o n s  t h e  e f f e c t  o f  Clan weights ,  bottom mooring and 
top  a t tachment  were cons idered .  

5 . 2 . 2  CWP C h a r a c t e r i s t i c s  - The CIJP i s  made up o f  t k e e  ' s ec -  

tions o f  28 i n c h  d iameter  po lye the lene  tub ing .  The c h a r a c t e r i s t i c s  
and p r o p e r t i e s  o f  t h e s e  s e c t i o n s  a r e  g iven  i n  Table 8-4. The 
nominal CWP u n s t r e t c h e d  l e n g t h  i s  2150 f e e t .  The C W  has weighted 
s e c t i o n s  a t  i t s  top  and bottom, having n e t  weights  i n  water  o f  

3000 and 8800 pounds, r e s p e c t i v e l y .  

The top  of t h e  CWP, which has  a  submergence of  about  100 f e e t ,  
i s  connected t o  t h e  barge  by a co ld  water  hose,  which was assumed 

t o  have a n e g l i g a b l e  e f f e c t  on dynaqic response ,  and by a s e t  of  

nylon l i n e s  and a f l o a t i n g  buoy which provide the  follonring e f -  

f e c t i v e  s p r i n g  s t i f f n e s s e s  between t h e  CIJP and p la t form:  

Heave 240 pounds pe r  f o o t  

Surge 300 pounds per  foot- 

The top  o f  t h e  a c t u a l  CWP was s p e c i f i e d  t o  be 117 f e e t f o r w a r d  o f  

midships and 100 feet: below t h e  w a t e r l i n e .  The connect ion  t o  t h e  

p la t fozm was assumed t o  have zero  s t i f f n e s s  i n  r o t a t i o n  and t h e  
. r  . 



TABLE 8-4 
CHARACTERISTICS OF %,I MINI-OTEC CIJP 

. . 

Tarameter - Upper Section Ffiddle Section 

Length-feet 500 .. 900 , .  

28.03 Outside Diam-inches 28.03 

Inside Diam-inches 24.88 25.64 

Wall Thickness 
ins he s 

Buoyancy-Pounds/ foot 4.21 

Mass Density 1.85 

PIodulus of Elasticity- 120,000 
PSI (at wave fre- 

quenc y.) 

Loorer Sec ticj;, 

750 

28.03 

26.21 



above stiffnesses in heave and surge. 

The bottom of the CWP is moored with a polyetheiene mooring 
line which provides the following approximate eff ectiva spring 
stiffnesses 

Longitudinal 355 pounds per foot 
Transverse 30 pounds per foot 

These values were used in calculating coupled CLP/platc ~ o r m  r'e- 
sponses. The specified tension at the, bottom and top of the CWP 
were 23,900 and 18,500 pounds, raspectively .   he resulting mean 
tension is very large compared with the CIJP stiffness. 

* .  

8.2.3 Platform Characteristics - The important characteristics 
of the MINI-OTEC barge platform supplied by Nakai Ocean Engineering 
are: 

104.5 feet Length on water line 
Beam 33.9 feet 
Draft 3.6 feet 
Height of CG above baseline. 9.5 feet 
Height of CB above baseline 1.8 feet 
Displacement 630,000 pounds 
Transverse GM 26 feet 
Longitudinal 318 feet 

The ?itch/yaw and roll, gyradii were specified to be 30.0 and 13.55 
feet, respectively. The longitudinal center of gravity (LCG) 
was assumed at midships. 

The barge sections are all rectangular, with a section area 

coefficient of about 0.98 and 0.99. 

The nylon l i n e  connecting the barge to the CWP and buoy is 
attached at the bow, 60 feet forward of the LCG and 8.4 feet above 
the waterline. The cold water hose is attached just forward of 



midships and t h e  w a r m  water  i n t a k e  i s  a t t a c h e d  j u s t  a f t  o f  mid- 
s h i p s ;  t h e s e  were assumed t o  have-no e f f e c t  on C W l p l a r f o r n  r e -  

i d  

sponses . 

8 . 2 . 4  Discuss ion  o f  Ca lcu la ted  R e s u l t s  - CaLculat ions were 
c a i r i e d  o u t  f o r  t h e  CWP desc r ibed  i n  Table 8-4 u s i n g  program 
"CWFLX. " The ' r e s u l ' t s  i n d i c a t e d  numerical  e r r o r s  . in  t h e  c a l c u l a t e d  . 

modal f r e q u e n c i e s .  ' The numerical  e r r o r s  a r i s e  from computing d i f -  
f e r e n c e s  between l a r g e  numbers a s s o c i a t e d  w i t h  t h e  l a r g e  ra t i .0  . 

o f  t e n s i o n  t o  s t i f f n e s s ,  as desc r ibed  i n  S e c t i o n  9 .  Thocgh s u c h e r r o r s  

cou ld  be  e l i m i n a t e d  by extensive q o d i f i c a t i o n s  t o  "CWPFtaX", c h e  
MINI-OTEC CIJF work probably could  b e s t  be t r e a t e d  a s  a  c a b l e  w i t h  
f i n i t e  s t i f f n e s s  r a t h e r  t h a n  a beam. 

In  o r d e r  t o  de termine  t h e  a b i l i t y  of  program "CWPFLX" t o  t r e a t  
ve ry  f l e x i b l e  CWPs w i t h  smal l e r  t e n s i o n ,  a second s e t  o f  c a l c u l a -  
t i o n s  were c a r r i e d  o u t  w i t h  a bottom t e n s i o n  o f  5 4 0 0  pounds, vh ich  

i s  e q u a l  t o  t h e  t o t a l  CWP buoyancy. The c a l c u l a t e d  r e s u l t s  f o r  t h i s  
t e n s i o n  i n d i c a t e d  no numer ica l  e r r o r s ,  bu t  i n d i c a t e d  ano the r  pro- 

blem a r i s i n g  from t h e  extremely low s t i f f n e s s .  The h i g h e s t  c a l -  
c u l a t e d  modal f requency,  f o r  t h e  1 5 t h  mode, was on ly  0 .41  r a d i a n s  

p e r  second. It would be necessa ry  t o  cons ide r  modes h igher  than  
t he  30th mode t o  p r o p e r l y  ana lyze  response  f o r  t h e  s p e c i f i e d  s e a  
s t a t e s .  The double p r e c i s i o n  v e r s i o n  of i s  o n l y  a b l e  
accurate1.y ana lyze  about  t h e  f i r s t  20 modes. 

8 . 2 . 5  Conclusions from MINI-OTEC R e s u l t s  .-- Computer program 
"CWPILX" i s  n o t  capab le  o f  ana lyz ing  v e r y  f l e x i b l e  C ~ P ' S  such as 
t h e  MINI-OTEC CWP. It i s ,  however, capable  of  ana lyz ing  l a r g e r  
d iamete r  CWP1s of h i g h l y  e l a s t i c  m a t e r i a l s  such a s  po lye the lene  
and r e i n f o r c e d  rubber .  Severa l  s u c c e s s f u l  c a l c u l a t i o n s  have been 
c a r r i e d  o u t  f o r  30 f o o t  diameter  C W E t s  h a v i n g ~ w a l l ~ t h i c k n e s s e s  and 
modul i i  o f  e l a s t i c i t y  comparable t o  t h a t  of  t h e  MINI-OTEC CWP. 
L i m i t s  on a l lowab le  CWP f l e x i b i l i t y  a r e  d i scussed  i n  S e c t i o n  9. 



9.0 LIMITATIONS ON USE OF.THE METHODS 

There are two factors which may limit the use of the pro- . 

grams, accuracy and cost. Accuracy is clearly the more important 
potential limitation, as discussed below. 

9.1 Computational. Accuracy 

The computational accuracy will not be acceptable if the ratios 
of mass- to-stiffness or tension- to-stiffness become too large; 
both of these cases correspond to excessive CF7P flexibility. It 
is estimated that errors  may occur when the parameters 

where 
m is total mass per unit length, m = mi i m + m a P 

w is frequency 

EI is stiffness 

.N is tension 

L is CWP length 

exceed 16 with the single precision "CIJPFLY" or 32 with the double 
precision "CIJPFLX". For such problems the CTdP is best treated as 
either a non-uniform string on a stiff cable. As ah example, the 
values of these parameters for the MINI-OTEC C I P ,  based on the 
middle section characteris tics of Tabl e 8-4, are: 

a = 80 at w = 1.0 radian per second 

6 = 110 

The existance. of computational errors for this CWP, as described 



in Section 8.2.4, is thus not suprising. 

As an example of the influence of CWP diameter on stiffness 

and accuracy, a 30 foot inside dizmeter ClJP having all other design 
parameters as in the above example was considered. The resulting 
val-ues of a and B are 

a = 2 9 . 6  f o r  = O. 5 radians per second 

Increasing the tension by a factor of 10 to 210,000 pounds, which 
would be nore typical for. a 30 foot diameter CITP, wotlld increase 

6 to 7.2. 'These values of a and indicate that good accuracy 
should be obtained with a double precision versions of "CWPFLX", 
as described in Section 7.4. This conclusion is borne out by 

recent experience with program "CWPFLX." 

9.2 Computational Costs 

Computational costs may limit the number of variables considered 

or the numer of iterations made to match assumed and calculated 

CWP damping. Typical costs for the various programs are: 

1. Complete run .of single precision 
version of C5PFLX (40 CWP segments 
20 frequencies) 

2 .  Complete run of double precision 
version of CIJPFLX (as in 1.) 

3. om lete run of COTEC (8  sections, fo Frequencies) 

4. Complete run of XOTEC (20 frequencies, $15.00 
2 headings) 

5. Complete runof CIJPEXT (40 CWP . 
segments, 20 frequencies) 



These are commercial costs for a united Computing Services CDC 

6600; costs will vary with the computer system used. 



10.0 CONCLUSIONS 

A number of conclusions~arising~f~rom this study seem worthy 
of note. These include: 

1. The programs czn handle a wide range of CtP and platform 

designs and loadings. 

2. The accuracy of the programs has been validated using available 
model test data, analytical solutions and existing EilIDRONAUTICS 
computer programs for typical ,CIJP designs. 

. . . ) I  

3. There exist lower Limits on allowable CtJP stiffness to mass 
and stiffness to tension ratios for accurate analysis of CWP 
dynamics. Allowable lower limits have been approximately 

defined. 

4. For very flexible CWP's, where more than the first 10 modal 
frequencies fall within the range of frequency of important 
wave energy, it is necessary to use a double precision 
CDC 6600 version of the prcgzam (64 b i t  words or 36 significant 
figures) to achieve acceptable accuracy. For other cases a 
single precision version (32 bit words) should be sufficiently 

accurate for most applications. 
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APPENDIX A 

TRANSFER MATRIX FOR GENERAL 
BEAY SOLUTION FROM REFERENCE 13 
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APPENDIX B 

USER'S MANUAL FOR THE PROGRAM CIGFLX 
FOR THE STRUCTURAL ANALYSIS OF 

OTEC COLD WATER.PIPES 
BENDING RESPONSE PROGRAM 



B . 1  General Background 

This  program car r ies  out a  s t ruc tura l  analysis of an OTEC 
power plant cold water pipe (CIJP). The cold water pipe i s  t reated 
as  a genetal beam with up t o  49 sections each of which'can have 
d i f ferent  propert ies ,  supports, and. connections and di f ferent  
loadings. 

B .  2 Program Capabili t ies 

This program has the capabil i ty  of t rea t ing  the following 
cases : 

1. S t a t i c  analysis of current and other a rb i t ra ry  s t a t i c  
loads. 

2 .  Dynamic analysis of current load and other a rb i t ra ry  
harmonic loads. 

3. Responses t o  harmonic wave loads. 
4 .  Responses due to harmonic t rans la t ional  and ro ta t ional  

motions of ehe OTEC plaefom.  

B.3 Description of Inputs to "CWPFLX" Program 

Card or  Line 1 (T i t l e  card) 

Enter : 

TITLE = Any information may be input.  

(Column 1 - 80) 

Card o r  Line 2 

Enter : 

NTERM. = Number of tenns (modal vectors) i n  
se r ies  solutions for  dynamic analysis 
[NFTYPE = 0 , 1 , 2 , 3 , 4  or 5 1  
Note: A se r ies  of 10 terms i's generally 

adequate . 



= 0 for static analysis NFTYPE = 6 or 7 
NLOADS = Number of load cases, seven options of 

loadings (see card 10) may be analyzed 
as many times as users' wish. 

( 

Card - --.IT-- or ~ i i e  3 
I 

- 

Enter: 
-. -- . &.- - -  

I ~ S T S ,  SI, SIGMAY, BMZ (110). 5116.2)l 

NTYPE 

ST 

RIS 

card- or. Line '4 

Pipe w i t h o u t  ring stiffeaers. 
Pipe w i t h '  ring stiffeners. 
Spacing of ring stiffeners. 
If no ring stiffeners 
Moment of inertia of ring stiffener 
cross section 
If. no ring stiffeners. 

Yield stress of CWP-material. 
(Secondary) loop bending moment. 

Enter: [=I, DMW, DMP, ZP, DRAFT (5~10.2)l 

VELI =. ..,Velocity of internal water flow 
(Length/sec) . 

DMW =I . Mass density of water (Force-sec2/ft4). 
DMP = Mass density of CWP-material in air 

(Force-sec2 /lengthb) 
ZP 1 Verticaf.distance between the water 

surface and the top of the pipe 
(attachment). Positive if the pipe 
.attachment is below water surface, 

. . '  . 
negative. if above water surface. 



DRAFT = Vertical distance between the water 
surface and the bottom of the ship. 

Card or Line 5 

Enter: NS, NcP, NM, NBI, NB2, NSUP, NP PPRIYT l o ~ d ~ l  

rr -, --- 2f sections of CW-pipe (ma~. 
- .  

NS 3 NUmDer c 

49). The number of sections is one 
' less than the number of stations. A 

station is a connecting point between 
two sections or a location of an 
occurrence, e.g., change in cross 
section, concent;ated parameter, or 
abrupt change in distributed load. 
Each end of the pipe is considered 
as a station. A section occurs between 
two successive stations. 

NCP = Number of concentrated parameter 
stations. (e.g., lumped masses, con- 
centrated forces, concentrated springs, 
etc.) . 

NM = 1 for dynamic analysis 
= 0 f o r  s ta t ic  analysis 

Nl31 = ; Top end boundary ~ondit~on of pipe. 
NB2 = n; Bottom end boundary condition of pipe 

- .  
[n 1, 2 ,  3, or 43 .  - 1 

I-'fixed. (transverse displacement and 
slope are 'zero.) 

2 =  simply-suppotted (transverse dis- 
placement, and moment are zero). 

3 = free. (moment and shear are zero) . 
4 - guided. (slope and shear are zero). 



NSUP = Number of inspan supports (rigid, 
moment released, guided; and shear 
released supports). 

= 1 to print trace of natural frequencies. 
= 0 otherwise 
= 1 to print natural mode shapes. 
= 0 otherwise. 

Card or Line 6 

Enter: 
-. I S P .  DETE, G ,  (3F10.2) I 

SP =I Estimation of the first natural 
frequency (in cycles/sec). Choose a 
value less than the actual fundamental 
frequency. 

DETE = Frequency increment In cycles/sec 
for natural frequency search. 

G ' = Gravitational acceleration (length/sec2). 

.. . . 
= 0. If an axial tension due to the CTVP . . 

weight is neglected. 

r- . . 
Card gr-.Line 7a 

Enter: 

. + L ,  NR(I) = 1 Elastic section., 

= 2 Rigid section. 

=(I) a Length of section 
A(1)  : = Cross-sectional area .(length2), 

. . required onby if. shear deformation 
effects are to be taken .into account.+ 
This area is obtained by multiplying 
the actual cross-sectional area by 
the shear shape factor. 



= 0 ,  otherwise,.  . . - Xodulus of e l a s t i c i t y ,  ( ~ o r c e / l & ~ t h ~ ) ,  - poi.ssonl s r a t i o  of CWP-material, 

required only i f  shear  deformation ' 

e f f e c t s  a r e  t o  be considered 

a 0.  otherwise.  
= Tota l  mass per  u n i t  l eng th  of t h e  CWP 

(mass of  CWP + mass of i n t e r n a l  water 
+ added mass).  I f  DM(0) i s  set t o  
ze ro ,  CWP of a c y l i n d r i c a l  shape i s  
assumed by the  program and DM(1) i s  
automat ica l ly  ca lcu la ted .  
Cross-sect ional  moment of i n e r t i a  of  
CWP. I f  XI(1) i s  ' se t  t o  zero ,  CWP 
of a c y l i n d r i c a l  shape i s  assumed 
by t h e  program and XI(1) i s  automati- 
c a l l y  ca l cu l a t ed .  

Card o r  Line  7b 

Enter  : . . 

= Modulus o f  e l a s t i c  . . foundation (Winkler) . 

= 0. i f  no foundation. 
; RK(1) = Rotary modulus 'of  e l a s t i c  foundation - 

( force=length/ radian/  length)  . j 

a 0. i f  no foundation. * 

RG (1) = ~ a d i u s  o f  ( l eng th  of t h e  
c ros s  s ec t ion ,  r e q u i r e d  only i f  
r o t a r y  i n e r t i a  e f f e c t s  a r e  t o  be 
considered.  . .  . 

s .  

= 0 .  otherwise.  
. . 

, . 



r C a r d 7 b  (con t 'd )  

Card o r  Line 8 (Concentrated parameter card)  . Skip t h i s  ca rd  

En t 'er : 

i f  no concentra ted  parametets (NCP = 0 in 

Card S ) ,  otherwise,  o& card i s  needed f o r  

each s t a t i o n  wi th  concentrated parameter (s )  . 

Skip t h i s  card  i f  no 

0 i n  Card 5 ) .  ocher- 
for each in-span 

support. 

DIAM(1)  = . Outside diameter of CTQ. 

TH(1) a Wall th ickness  of  CWP. 
FA(%) = .  ,Value of a x i a l  f o r c e  ' i n  the  CWP 

L 
s e c t i o n ,  i n  add i t i on  to  t h a t  due t o  

CWP's o m  weight,  p o s i t i v e  f o r  

compr e s  s ion.  

LNCP ( I )  , CK(I) , BK(I) , CM(1) , CN(1) , SHP (I) , 
RLHSP (I) , (110,5F10.2) 

LNCP (I) = S t a t i o n  number of lumped (concentrated) 

parameters. 

CM(I) = Linear  (extension) spr ing  
cons tan t  ( spr ing  s t i f f n e s s )  . 

BK(1) = ~ o t a i ~  spr ing  cons tan t .  
( r b t a r y  spring s t i f f n e s s ) .  . 

m(f> la Value o f  concentrated mass. 

CN(1) = Value of  r ad ius  of gyra t ion  
o f  cbncentrated mass. 

. ' .  
HSP (1) = . Hinged r o t a r y  spr ing  : . . . . . .  

conk t a n t  . 



Enter: MSUP (I) , PiTYFE (I) (215) 

MSUP (I) 
MTYPE (I) 

= Station number of in-span support. 

= n; Type of supports. 
n  = I ,shear re lease . '  

= 2 moment release.  - , I t  

= 3 guided. support. 
='  4 r ig id  support 7- 

( r o l l e r ) .  -X- 
Card o r  Line 10 

Enter : 

NFTYPE = O* Calculate responses due to  a l l  four 
types of exci tat ion,  i . e . ,  a  un i t  

. . 
t rans la t ion ,  un i t  rp ta t ion  a t ,  the . 
top of the pipe, current force and 
wave .force. 

= 1 Only un i t  t rans la t ion  exci tat ion i s  

. , considered. 
= 2 Only un i t  ro ta t ion  exci tat ion i s  

considered. 
= 3 Only responses due to current load 

a r e  considered. 
= 4 Only responses due to wave load a r e  

considered . 
= 5 Dynamic responses due t o  a rb i t ra ry  

loads, a l l  dynamic loads are to be  
supplied by user .  

= 6 Sta t i c  responses due to a rb i t ra ry  
loads, a l l  applied loads a r e  to be 
supplied by user.  

* If NFTYPE = 0 option i s  selected, the program creates  a t ransfer  
-e named "CWPTF" (TAPE8) for future use by "XOTEC." 



= 7 Static responses due to a static 
part of the current load. The 
current load profile parameters are 
to be supplied by user. 

NFRJIQ = Number of exciting frequencies. 
(max. 30) . 

= 0 for static response analysis CNFTYPY 
= 6 or 71. 

Card or Line 11 (Exciting frequency card) Skip this card if 
static response analysis (NHTYPE = 6 or 
7 in Card 10) 

Enter :, 1 FRQ(l), FRQ(2) J . . . FRQ (NFREQ) (8F10.2) 

FRQ (1) = Values of exciting frequency (in 
radianslsec), number of exciting 
frequencies in this card = NFREQ in ;' 
Card LO. Enter as many cards as 
required. (max. 30.) 

Card or Line 12 (Current load profile coefficietlt card). 
This card is needed if NFTYPE = 7 (in Card 

10) * 

Enter: 

VZ a Coefficient, Vo (see velocity profile - 

def iaition below) . 
VS = 'Velocity of current at water surface. 

Vs (length/sec) . 
A21 Coefficient, a, (see velocity profile 

definition below) . 



, . 
A22 a Coef f i c i en t ,  a, (see  v e l o c i t y  p r o f i l e  

d e f i n i t i o n  below). 
. _: 

. . A K 1  = Coef f i c i en t ,  k tk , ( s ee  v e l o c i t y  p r o f i l e  

d e f i n i t i o n  below). 
. . AK2 . . := ~ o e f f  i c i e n t  ,.' k, ( see  v e l o c i t y  p r o f i l e  

d e f i n i t i o n  below) . 
Current Veloci ty  P r o f i l e  Def in i t i on  

. , . . 

Card o r  Line 13 (Arb i t ra ry  app l ied  s t a t i c  load card ,  ho r i zon ta l  

component).. This set  of  cards i s  needed i f  

1 , NFTYPE = 6 ( i n  Card.10) . 
I 
n Enter  : 
L n  

. ( . F (1) , Fl (I) , BM(I) , B M l  (I) ( 4 ~ 1 0 . 2 )  1 
F(I ) .  = , Applied uniform f o r c e  ( fo rce / leng th)  

p o s i t i v e  i n  t h e  d i r e c t i o n  of p o s i t i v e  

.BM1 (I) 

axis. 
= Gradient o f  l i n e a r l y  varying app l ied  

d i s t r i b u t e d  f o r c e  ( fo rce /  l eng th l leng th)  . 
P o s i t i v e  i f  t h e  magnitude of p o s i t i v e  
app l ied  fo rce .  inc reases  along the  

p o s i t i v e  p ipe  a x i s  (downward). , 

= A p p l i e d  -uniform bending moment 

( fo rce- leng th / leng th) ,  p o s i t i v e  clock- 

w i s e .  
= Gradient of l i n e a r l y  varying app l ied  

d i s t r i b u t e d  bending moment ( force-  

. . length/ lengt ,h /  length)  . ~ o s i t i G e  i f  

t he  magnitude of appl ied  clockwise 

moment increases  along the  p o s i t i v e  

L- pipe  a x i s .  



- T C a r d  o r  Line 1 4  ( A r b i t r a r y  a p p l i e d - s  t a t i c - c o n t r e n t a t e d - l o a d  
n 
vT 

c a r d ,  h o r i z o n t a l  component). This  s e t  of  c a r d s  

U z Enter: 

i s  needed ifr.NF.TYPE = 6 ( i n  c a r d  10) and NCP 
P . 0  ( i n i c a r d i ) .  '. Note: If t h e r e  i s  no a p p l i e d  
c o n c e n t r a t e d  : load ,  e n t e r  ze ro  f o r c e s  a t  any 
s t a t i o n  w i t h '  s p r i n g .  

I LNCP(1) , CP ( I ) .  CBM(1) (I10,2F10.2)  1 
LNCP (I) = S ta~'ion.-n~bmber o f  concen t ra ted  para-  

cp(I) .= . Value :o.f concen t ra ted  h o r i z o n t a l  f o r c e  
( f o r c e ) ,  p o s i t i v e  i n  t h e  d i r e c t i o n  of  

. I_ p o s i t i v e  a x i s .  Y . . - 
. . 

CBM(I)iZ ' = Value of  concen t ra ted  bending uioment 

' ( force- length)  , ' p o s i t i &  clockwise.  

Card o r  Line 15  Skip  t h i s  c a r d  i f  NFTYPE = 6 o r  .7 ( i n  Card 1 0 ) .  ?= 
n 
rr, Ente r :  
d 

I HDC ( I )  , SDC ( I )  , AD (I) (3F10.2) I 
A - 

td 
1 _,\ .I . I' 

u HDC ( I )  = , . Normal q u a d r a t i c  d rag  c o e f f i c i e n t ,  
.5 CD (see the d e f i n i t i o n  below) . 
iii SDC(1) = S t r u c t u r a l  damping c o e f f i c i e n t ,  Cs 

II 
, . .b.  . , (force,-sec/length/length) . 

rn ' . - . .  
r( AD(1) = Assumed ampl i tude  of motion, a 
a 
8 . . 

~ ~ d r o d ~ n a r n i c :  Damping ~ o e f  fi;ienbt D e f i n i t i o n :  
W . '  . A 

0 

Card o r  Line 16 (Current l oad  p r o f i l e  c o e f f i c i e n t  c a r d ) .  * .  . 9 .  

This  c a r d  i s  needed i f  NFTYPE = 0 o r  3 
. . r ,. . .. 

. . ( in '  C a r d ' l O ) .  "' 
, <  ' -  - . .  

. . 



VZ a Coef f i c i en t ,  Vo (see  v e l o c i t y  pro- 
. ,  f i l e  d e f i n i t i o n  below) . 

VS a Veloci ty  of cu r r en t  a t  water sur-  
f a c e ,  Vs ( l eng th l sec)  . 

A21 - - Coef f i c i en t ,  a ,  (see v e l o c i t y  pro- 

f i l e  d e f i n i t i o n  below). 
A22 1l Coef f i c i en t ,  a, ( see  v e l o c i t y  pro- 

f i l e  d e f i n i t i o n  below) . 
= . Coef f i c i en t ,  k, ( see  v e l o c i t y  pro- 

f i l e  d e f i n i t i o n  below). 
= . Coeff ic ien t ,  k, ( see  v e l o c i t y  pro- 

f i l e  d e f i n i t i o a  below). 

Current Veloci ty  P r o f i l e  Def in i t ion :  

Card o r  Line 17 (Wave amplitude card)  ; ' This card i s  needed 
i f  NFTYPE = 0 dr 4 :  ( in  Card 10) 

Enter  

AW a assumed amplitude of wave. 

Card o r  Line 18 (Arbi t rary  dynamic-load card ,  horizontal .com- 
ponent) needed' i f  NFTWE = 5 ( i n  Card '10) . ' 
Otherwise, sk ip  t h i s  ca rd  and Card 19.  

Enter  : FS ( I )  , FSl ( I )  , BMS ( I )  , BMS1 (I) , FC ( I )  , FCl (I) , 
BMC ( I )  , BMCL (I) , (8F10.2) 

The d e f i n i t i o n s  o f  t h e  four  s i n e  components follow. 
The d e f i n i t i o n s  f o r  t he  ' four  cos ine  components a r e  

i d e n t i c a l .  . . 



FS (1) = Sine component of an appl ied  uni- 
form fo rce  ( fo rce / leng th)  , p o s i t i v e  
i n  the  d i r e c t i o n  of p o s i t i v e  a x i s .  
Sine. component of a  g rad i en t  of 
l i n e a r l y  varying appl ied  d i s t r i -  
buted f o r c e  ( fo rce / leng th /  length)  . 
p o s i t i v e  i f  the  magnitude of posi-  
t i v e  app l ied  fo rce  increases  along 
the positive p i p e  axis ( d o m ~ ~ a r d )  . 

= Sine 'componentof  a n a p p l i e d u n i -  
form bending moment ( force- leng  th/ 

l eng th ) ,  p o s i t i v e  cLockwise. 
= Sine component of  a  g rad ien t  of 

l i n e a r l y  varying app l ied  d i s  tri- 

buted bending moment ( force- length/  
l eng th / l eng th ) .  ' P o s i t i v e  i f  t he  
magnitude of app l ied  clockwise 
moment increases  along the  p o s i t i v e  
pipe a x i s  (downward) . 

BMS (I) 

BMS1 (I) 

p a r d  o r  Line 1 9  (Arb i t ra ry  concentrated dynamic-load card ,  
hor izon ta l  component). This card i s  needed 
i s  NFTYPE = S ( i n  Card 10) and NCP # 0 ( i n  
Card 5 ) .  
Note: If t h e r e  i s  no appl ied  concentrated 
load ,  e n t e r  zero  fo rces  a t  any s t a t i o n  wi th  
spr ing .  



LNCP (I) m 

CPS ( I )  P 

.-, 

BMS (I) a 

CPC ( I )  a 

Sta t ion  number of .concentrated para- 
meters. 
Sine component of a concentrated 
force  ( force)  . 
Sine component of a concentrated 
bending moment ( force- length) .  
Cosine component of a concentrated 
force ( force) .  

U 
BMC ( I )  =I Cosine component of a concentrated 

4 + bending moment (force-length).  

Closing: Repeat Card 10 through'card 19  as many s e t s  a s  
NLOADS ( i n  Card 2 ) .  

- B.4  Input Preparation 

The input f o r  the  bending program a r e  divided in to  three  
sec t ions ,  namely, the  cont ro l  section, the geometry sect ion,  
and the loading sec t ion .  I n  order to b e t t e r  i l l u s t r a t e  input pre- 
parat ion,  the  following th ree  examples a r e  presented a s  sample 
problems. ~ o t e  t h a t  sample inputs i l l u s t r a t e d  here a r e  in un- 
formatted f  o m s .  

B.4.1 ~xample  1 -  o or a  3.,000 foot  long CWP wi th -32 '  diameter and 
one foot  wall thickness,  we wan; t o  f ind:  . 

. .  
1. Response due to  an ocean current  with a ve loc i ty  p r o f i l e  

a s  follows: 

2. Response to  a harmonic wave with a wave height of L O ' .  



3 .  Response due t o  a u n i t  r o t a t i o n  of OTEC platform. 

4 .  ~ e s p s n s e  due t o  a  u n i t  t r a n s l a t i o n  of OTEC platform. 

I n  o rde r  to  s impl i fy  t h i s  example, i t , i s  as'sumed t h a t  th&'-cWP 

has uniform diameter and wa l l  th ickness .  This i s  no t  nec'essary 

since t h e  geometry of  t h e  co ld  water pipe can be made d i f f e r e n t  

from s e c t i o n  to sec t ion .  For i l l u s t r a t i v e  purposes t h e  CTdP i s  
divided i n t o  LO s e c t i o n s .  The CWP can, i f  de s i r ed ,  be separa ted 

i n t o  as many as 49 s e c t i o n s .  The following CWP mate r i a l  p rope r t i e s  

a r e  assumed: 

Pfodulus o f  e l a s t i c i t y  = lo6 p s i  
Mass dens i ty  of CWP 

m a t e r i a l  = 2.64  l b - s e c 2 / f t 4  
Mass d e n s i t y  o f  water = 1.9905 I b - s e c 2 / f t 4  

I n t e r n a l  f l o w  v e l o c i t y  - 0. 
No r i n g  s t i f f e n e r s  

A r o t a t i o n a l  spr ing  connection a t  t he  t o p  of the  CWP ( z  = 0) 
w i t h  s t i f f n e s s  = l o " +  f t - l b s  per  rad ian  i s  assumed. 

W.4.2 Example 2 - a 3,000 f o o t  long CIJP wi th  30 f o o t  diameter 

and 0.2 f o o t  th ickness  subjected to  s t a t i c  cu r r en t  load wi th  t he  

same c u r r e n t  p r o f i l e  as in example 1. Tile cold  water pipe a l s o  

has a r o t a t i o n a l  spr ing  connection a t  z '3 0 wi th  a  s t i r f n e k s  of 

1Q" f t - l b s  per  radian.. For t h i s  example, only t he  s t a t i c  response 

due t o  t h e  ocean cu r r en t  i s  des i red .  

B . 4 . 3  Example 3 - The same CWP a s  i n  Example 2 i s  assumed. It 

i s  d e s i r e d  t o  f i n d  the  response of  t he  co ld  water  p ipe  due to 

propuls ion o r  grazing of  OTEC I n  calm water wi th  a speed 'of four  

f e e t  per  second. 

B.4 .4  Control  Inputs  - The con t ro l  inpu ts  spec i fy  t h e  type of 
ana%ysis, the  t i t l e  of the  problem, the number s f  CW sec t ion ,  
the iwgues requ i red ,  t h e  number s f  supports  and concentrated loads ,  



the number of terms, the number of loading, conditions, the nynber 

of excitation frequencies, etc. , 

This program has been formulated so that many loading con-. 

ditions and excitation frequencies can be .included in one run. 
This is economical both in terms of, manpower and computer cost. 



Control  Input  f o r  Example 1 

RESPaHSE OF COLD UATER PIPE DUE TO PLAfFORn dOT'1OHS AND CURRENT AND WAVE 
1 0 , l  

Control  Input  f o r  Example 2 - 
RESPONSE DUE TO CUR?E!lT 

1 0 , l .  
l,O.,O. ,O.,S!S468.,6. 
O.,f.9905,2.9347,0.,0. 
96,l , I  ,2,3,0,0i0 
0.0001,0.005,0. 

Control  Input f o r  Example 3 

Same a s  those  f o r  Example 2 .  

Explanat ion 

.The  f i r s t  l i n e  i s  t h e  t i t l e  of  t he  problem. Any n m b e r ' o f  

a l p h a n m e r i c  cha rac t e r s  up t o  80 charac te rs  can be entered.  
' 

The second l i n e  s p e c i f i e s  t h a t  t e n  terms (modal vec tors )  
o f  a series s o l u t i o n  (modal superpost ion) a r e  needed i n  the  dynamic 

a n a l y s i s - a n d  onby one loading condi t ion i s  considered i n  t h i s ' r u n .  
Note t h a t  i n  Example 1, f i v e  d i f f e r e n t  type of ca l cu l a t i ons  a r e  

t o  be'made but  only  one loading condi t ion i s  included f o r  each type 

of  . ca lcu la t ion .  

The t h i r d  l i n e  i s  f o r  speci fying r i n g  s t i f f e n e r s  and the  y i e l d  

stress of  t he  p ipe  ma te r i a l  (See Sect ion B . 3 ) .  The f o u r t h  l i n e  

s p e c i f i e s  mass dens i ty  of t he  water and pipe  m a t e r i a l s ,  t he  depth 

of t he  top sf t h e  CWP below the  water sur face  and the  v e r t i c a l  
d i s t a n c e  between the  bottom of t he  OTEC platform and the  water 

su r f ace  (platform d r a f t ) .  The zeros i n d i c a t e  t h a t  the  top of the  

p i p e  i s  a t  the  water su r f ace  and t h a t  t he re  i s  no submerged platform. 



The f i f t h  l i n e  speci f ies  tha t  there a re  10  'pipe sections,  

one concentrated connection, t h a t  computed modeshape of t h e  pipe 

are required, and tha t  the boundary a t  the upper and lower ends 
of the CWP are  hinged and f r e e .  The l a s t  three zeros indicate  . ,.: the 

. . 
following : 

1. NSUP = 0. There a re  no inspan supports such as mooring 
l i n e  e tc .  

2 .  NP = 0. No printout  of t race  of the natural  frequency 
calculat ion.  

The program determines the CWP modal or  natural  frequencies 

by i t e r a t i on .  If NP i s  greater  than zero, the program'prints out 
the calculzted values of the frequencies a f t e r  each i t e r a t i on .  

4 .  NPRINT = 0. Modeshape output i s  not wanted i f  desired 

s e t  NPRINT = 1. 

The f i f t h  l i n e  speci f ies  an i n i t i a l  estimated value, and 
an as  smed increment fo r  , the f i r s t  mode (fundamental) frequency. 
For most problems these two values can be used. I f  f o r  a par t i -  

cular CWP, no frequency i s  obt.ained a f t e r  80 i t e r a t i ons ,  the com- 
puter w i l l  provide a sui table  message. In t h i s  case the 
increment value of 0.005 should be increased to 0.01. For exceed- 

i n g l y  f l ex ib l e  CWPs i t  may b e  necessary t o  use a value l e s s  than 
0.0001 f o r  the . f i r s t  value. . , . 

B . 4 . 5  Geometric Input - The geometric input includes the pro- . :  

per t ies  of  a l l  pipe. sections an'd the concentrated sGpports -i and 

connections. .. . 



Geometry of  CWP f o r  Example 1 

Geometry of CWP f o r  Example 2 



Geometry of ClJP f o r  Example 3 

These a r e  the  same a s  those f o r  Example 2 .  

Explanation 

Explanation of these  inputs  a r e  given i n  Sect ion 8 . 3 .  Only 

the  f i r s t  parameter needs t o  be explzined he re .  This parameter.  

NR(1). allows t h e  user  t o  s p e c i f i y  t h a t  the  xCh sec t ion  i s  r i g i d  

by s e t t i n g  M(1) = 2 .  This i s  a use fu l  op t ion  f o r  the  modeling 
of some p r a c t i c a l  CIJP des igns .  

Note t h a t  each sec t ion  r equ i r e s  two l i n e s  of input  and the  

t o t a l  l i n e s  must be cons i s t en t  wi th  the  con t ro l  number NS = 10. 

For t h i s  example, t he  s e c t i o n  p rope r t i e s  have been spec i f i ed  t o  

be the  same f o r  a l l  s e c t i o n s .  bu t  t h i s  i s  no t  necessary.  A l l  

these  p r o p e r t i e s  can vary from sec t ion  to  s ec t ion .  

B . 4 . 6  CldP Loadings 

Example.. - 1 
091 
0,0303 
0.12,3.,100. 
0 .12~0 .~100 .  
0.12t0.,180. 
C.12,0.,100. 
0.12,O. ,100. 
0.12)O. ,100. 
0.12,o. ,:oo. 

.0.12,0.,100. 
a.12,o. ,100. 
0.12t0.,100. 

. 0~l~4~p0~9~0~03?3~0~001?,0~002 
10.  

Example 2 - 
7,o 
0.1,4.,0.9,0.0023,0.0012,0.002 



Explanation 

The f i r s t  l i n e  i n d i c a t e s  t h e  type of ana lys i s  and number of 

e x c i t a t i o n  f requencies .  For Example 1 ,  the  f i r s t  number, equal 

t o  ze ro ,  i nd i ca t e s  t h a t  the  four  bas i c  analyses a r e ,  o r  a s  i s ,  

namely, responses due t o  OTEC platform t r a n s l a t i o n ,  and r o t a t i o n  

t o  waves, and due t o  cu r r en t .  The second number, equal  to  1 ,  

i n d i c a t e s  one exc i th t i on  frequency f o r  each ca l cu l a t i on .  For 

Example 2 and 3 ,  the  f i r s t  n ~ b e r ,  equal t o  7 ,  i nd i ca t e s  t h a t  

s t a t i c  response due t o  c u r r e n t  i s  requ i red .  The second number, 

equal  t o  zero,  i n d i c a t e s  t h a t  no frequency input  i s  requ i red .  

The second l i n e  i n d i c a t e s  the  ' exc i ta t ion  fraquency, equal  t o  

0.0308 rad ian /sec  ' f o r  Example 1. This l i n e  i s  no-t required f o r  

Example 2 and 3 .  

Lines 3 through l i n e  12 spec i fy  the  damping c o e f f i c i e n t ,  

C, and t h e  est imated amplitude of de f l ec t ion .  This allows the  

u se r  t o  a d j u s t  the  damping according t o  the  following equivalent  

l i n e a r i z e d  expressions (see  Sect ion 4.5) : 

where 
p i s  dens i ty  of water .  . . 

. . w i s .  e x c i t a t i o n  frequency. . 

CD i s  cy l inder  drag c o e f f i c i e n t .  

, .  a i s  the  amplitude of motion o r  de f l ec t ion .  

. . , $ . . i s  hydrodynamic damping. 
C i s  s t r u c t u r a l  damping. 

'. S. 

For s t a t i c  a n a l y s i s ,  such a s  those of Example.2 and 3 ,  these  

input  da t a  are not  required.  



The next  l i n e ,  . l i n e  13 f o r  Example 1 and l i n e  2 f o r  Example 2 

and 3 , .  . spec i f iks  t h e  . .  c o e f f i c i e n t s  . def ining the  cu r r en t  p r o f i l e  

and hence t h e  following s p e c i f i c  v e l o c i t y  p r o f i l e .  

- 0.0022 
V(z) = V(o) -000012z + 0.0023ze 

The las t  l i n e  f o r  Example 1 ,  l i n e  14 ,  i s  the  wave he igh t .  

B.5 Data Input  Using a Remote-_,Keyboard - Terminal 

B .  5 . 1  Prompt Entry Method - The input  da t a  can be loaded i n t o  

the  computer a s  fol lows:  

a.  C a l l  t he  co ld  water  p ipe  program by typing 

"FOR, OLD, cwpnxlV 

b.  Run the  program a f t e r  the  computer responds wi th  *RDY* 

by typing 
. . 

RUN, CM = 10000. 
. . 

c .  Type the  lst input  l i n e  after the  computer responds- wi th  

For ~ x & n ~ l e  2 type 

"RESPONSE DUE TO. CURRENT" 

a f t e r  the  mark "?"  

d.  Type t he  next  l i n e  a f t e r  the'  computer accepts  t he  f i r s t  

l i n e  of i npu t  and again responds  wi th  the  mark If?" 

This process i s  continued u n t i l  a l l  da t a  have been 

inputed .. 
This method has s&ersl disadvantages.  It is rime corn- 

suming. If the  user  makes any e r r o r s  before  a l l  inpu t  has been 

loaded., t h e  whole input  may be l o s t  and the  whole input  process 

must be repeated.  . 



B. 5.2 Remote Job Entry  Method - The . input . can be typed.  and 

s t o r e d  i n  a  f i l e  a s  f o l l ows :  
. . 

a.  Give the d a t a  fils a  name by typing 

"FOR, NEW, DATIN" . . 

The 'computer then  responses  w i t h  *RDY* 

b. Type 

i n d i c a t e  t h a t  t h e  d a t a  will be typed. 

c .  Type t h e  i n p u t  d a t a  l i n e  by l i n e  a f t e r  t h e  computer 
responses w i t h  *RDY* , . + 

/RESPONSE DUE TO CURRENT 

0.1,  4 . ,  O., 9., 0.0023, 0.0012, '0 .002/  

d. Save t h e  f i l e  DATIN by typ ing  



. . 
e .  Se t  up a  con t ro l  f i l e  f o r  running the  program a s  fol lows:  

. . . .  . 
j . .  

. 0 

ooi oo J O ~ ~ E M ,  c w  1~0000, T t 00. 
00113 ACCOUST, X]LY.YXY.Y,wW 
031 20 CiT,CYtiiiEPY, I!~PUT=D;ITIN. 
001 30 RFL, 103000. " .. :. 

001 40 TSRU2 ( E ,  CWPFLX 
03150 RFL,10033. 
00160 SEUIj3,OUTPUT. . 
00170 SAVEtC2TPUT=BEA80UT. 
00175 COST. 
001 80 liFB., BEAAS~Y,  R .- : 3 1  1 - z 

00200 EXIT. 
. . 

% - . 0021 0 RFC, t0000> . . .  . .. 

00220 REYIS3,OUTPUT. . .  , . . .  * .> . . 
00230 SAVE,OUTPUT=EEAilOUT. 
00235 COST. 
00240 DF9, BEAXDAY, R,  
00260 E X I T .  
00280 RFL,Id000. 
00265 C2ST. 
'00290 DFD,BEBaDAY ,R. 
0031 0 EGF. 

It i s  necessary f o r  the  u se r  to  iave somg'knowledge bf t he  

t i m e  shar ing system i n  o rder  t o  understand, ' the funct ions  of a l l  

l i n e s  i n  the  above program. For the  UCS system the  user  can 
copy and use t h i s  program by p u t t i n g  t h e  account number i n  the  

spaces shown a s  . D , Y Y Y Y .  

I n  gene ra l ,  t h i s  con t ro l  f i l e  o r  program run the  program 

CWPFLX using the  input  da t a  s t o r e d  i n  DATIN. Af ter  the  ca lcu la -  

t i o n  i s  completed, t he  output  is  s to red  i n  the  f i l e  "BEAYOUT" 

and t h e  day f i l e  i s  s to red  i n  "BEAMDAY". 

I n  l i n e s  00175 and 00235 the  c o s t  of each run i s  des i red .  

The use r  can use o t h e r  names f o r  t h e  input  f i l e ,  o u t f i l e ,  and 

day f i l e .  
f. Run the  con t ro l  program as described i n  e ,  by typing 

OLD, BEAMDO (The name of t he  con t ro l  program) 

*RDY* 
R E ,  (Remote job e n t r y ) .  



g. To o b t a i n  t h e  o u t p u t ,  type 

a f t e r  JcRDY*, type i'LIST" 

I n  case  t h e  c a l c u l a t i o n  i s ' n o t  y e t  completed, t h e  computer 

w i l l  respond wi th  "NOT-FOUND". The u s e r  should then wa i t  a 

reasonable  t ime before again  e n t e r i n g  "OLD BEMIOUT" aga in .  

Nnte t h a t  user must purge any previ.n~ls nt1tp11.t hy typing 

"UNSAVE BEAMOUT" be fo re  a new run  can be made and the  r e s u l t s  

saved. Other BEAMOUT con ta ins  only t h e  output  f o r  t h e  previous 

run. 

h. The c o s t  of each run can be  obtained by typing 

"OLD, BEAMDAY" 

*my* 

"LIST". 

For Example 1, t h e  day f i l e  is  as fol lows:  

12.40.44.JJObOEAH, C l l  t.9030,T 100. 
t2,40,.\4SitC X.wxxxX- 1 G 
12.i0.43. i 1/93/78 .LtI32GJV 
12.43.J4.GET,5YIIAdP:,Ii1FUr=3i5I~Ii.  
12.40.45.kEADY - G I ~ C ~ P Y  
12.4O.JS.REAbY - DATIN 
i2.40.C5.RiL9; GG000. . 
1:'.4Oe4?.3fL 4096 0.001 9. 0 0 

02.48.45CFI 0 2 
IZ.i3.46.TSR!JII(O, CWPFLX , 
12.40.55.55EhH --336336 
12.40.55SFL 32758 4 . 0 2 3 .  107 25 
12.50.33.4FL,10090. 
12050038SFl 2?6?8 13.S3J 4 89 322, . 

12.50.331FI 0 I 
12.5C.33.REUICD,OUTPUP. 
t2,S3.39.SCVE, O U T t U  I=EEAi:ijU?. 
12.50.40.REASY - Cf*'a  ~ ~ L L T  ' 
12.58.~10.C0Sf~ 
12.50.SOSFL , 4336 13.505 0 6, 
92.50.40SfI 0 1 
12.53.41 SEFtV. UiIITS-I = 53 
12.50.51. JCB COST=$ 15.'10 
12.55.C?.DFD,BEAHDAY,R. 
12.SOe4t4fL 12280 13.519 6 3 



' The cos t  of t h i s  run, inlcuding four types of calculat ions  , 
10 na tura l  frequencies,  and one exc i ta t ion  frequency, i s  $15.90. 

This i s  considerably cheaper than other methods, such as the 

f i n i t e  element o r  f i n i t e  dif ference methods. 

B .  6 Program Output 

The input and output f o r  Example 1, 2 ,  and 3 a r e  given i n  
the following pages : 



Input/Output f o r  Example .l 

Input 

RESPONSE QF COL3 WATER PIPE. DUE TO PLAT.FOF;n ; fOt iOHS AND CURF:ENT AND UAVE 
14,l 
1 10.~0sp8.t51843b.t0a 
0.,1.9805,2,64,0.,0. 
10,9,1,2,3,0,0,0,0 
O ~ O Q O 1 ~ O ~ O O S p O o  
1,3CO.,0.,1.44E+08,0.3 
O ~ p 0 . ~ O ~ p 5 2 ~  0 1  .PO. 
1 , S O O . p O 1 ,  1 .49E+08,OQ3 
o.po.,o*,~2.~1~,o. 
1,300., O., 1 .44€+08,0.3 
0~,0.,0.,32.,1.,0. 
1,380., 0 ., 1.44E+38,3.3 
0.,0..0.,32.,1..0. 
0,305.,0.,1.44E+09,0.3 
0.,0.?0. 132. , 1  
1,30il. , Q., I.. C4E+08,0 -3 
0a90.10s,32a11sp0. 

, 1,300.,0.,1.49E+08,0.3 



Contro l  Program BEAMDO 

03 1 GO J O Z ~ E A ~ ~ ,  ~21,0030, T 100. 
001 1 0  AL'COGST, % X  Y i X Y .YYX, 
O d  I20 SET, iiYti;ii.',PY ,~Ih'PUT=I~I;TINa~. 
00130 ?FL,lOOCOO. 
001 SO TShU2(C, CIJPE'LX 
GQ150 3iL,10030. 
001 60 PEV1~i3,ilUT?UTe 
001 70 SAVE, G3TPUT=BEAHOUi'. 
04175 COST. 
00180 GFD,SEAk!DAY,R. 
002GO EXIT'. 
00210 PFL,tGCOO. 
00220 PEUIND,OUT?UT. 
00220 SAVE,OliTPUi=LE~iiODT. 
00235 COSY. 
00230 DFD,PES3DAY,Ro 
00250 E X I T .  
00230 XFL,10300. 
00265 C 5 5 0 .  
00290 DFD, ~ E A ~ ! D A Y , R .  
80313 ECF. 

Execution Statements 

OLD,BEAHDO 
: b G D Y - F C z : t  
RJE 

KJE CUEPLEfEpPD = LHSIlGCV 
:ckBY* 

Request f o r  Output 

OLD BEAflOld~ 
: k t 1 1 9  -F O R $  



LIST OF BEkNOUl 

Output Lis t in& 

. : F : # t : $ : : 3 : + : ~ $ $ : & $ : 1 : ; j : ~ * : t : : & * : t : $ : ~ + ~  

FLEXURAL VIBRATIUrl OF A COLD-WAlER PIPE 
: L ~ $ * $ $ ~ $ * $ $ $ $ ~ * $ ~ $ ~ ~ ~ ~ : ~ : Y : C L ~ ~ : ~ : F : I : ~ : # ~ : C : ~ ~ : C : # ~ : C ~ $ : # : F ~ : & : : #  ' 

RESPOfiSE OF COLU WkTER PIPE L L l i  TO PLATFi?fin !lOTIONS AHD CURRENT AH3 UAVE 

VELOCITY OF- INTERNAL WATER FLOW = 0.. . LENGTHfSECONB 

NO, OF SECTIOtlG 'i 0. 
fl0. OF LBHPED STATIOHS = 1 
80. OF INSPAN B3UddAP'Y CUNUlllUNS = 0 

CROSS-SECTIObiAL FROPE~TIES OF THE COLD-WATER PIPE 

SFCT7W .!.EEJGTH not. OF ELAS. H0. INERTIA 

SECTION OUTSIDE DIkH UALL THICKNESS 

SECTION ELAS. FDN ' ROT. ELAS. FDN SliEAir AREA 







HODE NUk'JER OF FfEOUENCIES I N  
ITERA7IOttS CYCLES PER SECOND 

COLD UATER PIPE RESPONSE 

STRUCTURAL DAMPING HYDRO DAHPING ASSUMED AnPLITUDE 

.......... FORCES DCE TO A UNIT TRANSLATION OF THE PLATFONH .......... 
EXCITING FREQUENCY .. . .a  .03080 RID!ANS/SEC 

S I N E  F0fiC:NS ailPLITUDES 

SECTIOM UNIFOllH FDIiCE FORCE GRAD. Uliii-ORH ilOilENT HDHENI GRAD. 



COSINE FORCIH? AHPLITUDES 

SECTION UNIFORH FORCE FORCE GRAD. UNIFOKW WOlIENT WOHENT GRAD. 

.. , .. . .... Ffl;icES I f U E  TO A UNIT RL i ATION OF THE PLATFORM .... .. .. .. 
EXCITING FAEOUENCY . :. . . .03080 HADIANS/SEC 

SINE FURCING A~PLITUDES 

SECTIqN UNIFORH FORCE FORCE GRAD. UNIFORM hOhEf4T MOMENT GRAD. 

COSINE FORCING AnPLITUDES 

SECTION UNIFORM FORCE FORCE GRAD. HbfiENT GRAD. 
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,......... FORCES DUE TO OCEAN NAVES ....,...,. 
NAVE FREOUEUCY ,.... ,03080 liADIAtlS/SEC 

SINL PORCINO AMPLITUPE3 

SECTION UNIFORM FORCE FORCE GRAD. UdlFOk# HOMENT HOi4ENl GRAD. 





COLD U A t A R  PIE RESPONSE TO UNIT PLA;FORfl.IRANSLATION 

EXCITING FREQUENCY = .0.305 RC1DIhHS;SECOHD 

DAHFING COEFFICIENT + 9.99 155 f CICE-SEC/LEHGTH? 

STATIOH DISTANCE DI 3PLACE)lENl' PHASE SLOPE PHASE SHEAR STRESS 
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Day F i l e  f o r  Cost o f  the  Run 

12.40.44~?0bDE~H,CMtOO3O,TlOO. 
I2.40.4iSAC2~00J310001, A 
1 2 . 4 3 . 4 4 .  11/38/78.LH30GPV 
12.40.44.GET,OY!!AnPf,I~iPUT=OATIl1. 
1?.4O.JS.RE;t[rY - ''JYririHPY 
IZ.4O.JS.READY - DATIN 
12.40.4S.Rf l,:00000. 
12.40.95aFL 4096 0.001 0 0, . 

12.40.4fCFI 0. 2 - 
12.;3.46.TSRUN(O,DYNAi'IPY; 
12.40.55.B3EA# --Oh6000 
12.40.5SCit 32768 4.023 109 2 5 
12.50.38.hf1,10000. 
12.50.38bfL 27648 13.506 489 322, 
12.50.3SSFI 0 .  I .  
12,50.39.PEUI!iD,CUTPUI. 
12.50.39. SAVE, 0ldTPUT=bEAK3UTq 
1'2.50.40. REA3Y - BiAZUCT 

This i n d i c a t e s  t h a t  this run c o s t s  $15.90. 



B. 5 . 2  Input/Output Ear Example 2 

Inpu t  

RBSPOEISE DUE TO CUil2E#T 
. . l o l l .  
1,O.~O.,G.,S18400.,0. 
0.~1.8?05,2.9347,0.,8. 
18,1+ 1,2,3,o,g,o,9 
0.0001,0~005~0~ 
1,30Oa,8.,2.b3E+08,0.3 
Oe9O,,0.,3OO,0.2,C, 
11300.,0.,?.88E+3610e3 
o.90.,o.,~o.,~.?,~. 
1,300.,0.,?.8aE+Q8,0.3 ' 

0.,5.,0,,30.,3.2,0, 
1 , 3 0 0 . , G . , 2 . 3 3 E + C S 1 3 , J  
O~,0.100130.,0.L?~0. 
1,300.,0.,2.88E+08,0.3 
0.,3.,0.1.30.,0,2p0. 
1,300. ,0, ,? .38i:.03,0.3 
0.,0.10.,30.,0.2,0.- 
1,JOO.,u.,?.88E+33,0.3 
0.,0..,0. ,30. ,0.2;0. 
1.,300., 0. ,? .d3E+08,0.3 
0.,0.,0.,30.,0.2,5. 
l~300a10.,2.8bEt08,0.3 
0.p0.,0.,30,,0.2p0. 
1,3Q0.,0.,2.8SE+ObI0.3 
Q014.90.,30.,0.2,0. 
1,0.,1.0%+14,0.100 
7,o 
0.1,4.,0~9,0.90?9,9,061Z,QliOQ2 
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SECT, IGN A X I A L  FORCE R A D I Y S  OF GYRiATN THERHAL XOEEHT TH MOtlE!iT G R A D *  

S T A T I O H  MASS L I N E A R  SPRING ROT SPSIIG S 'AQIUS  GYaATN 

L E F T  END 8UUNDARY CCidCITION 
. . 

. . . . . 60UNDAPY S I i l P L Y  S U P F J S T E J  

3 I G H T  END B J C N D A I Y  C O N D I T I O N  

. . . . . 80UHBARY FREE 

CURRENT P R O F I L E  

S T A T I C .  FORCE 
' .  . 

S E C T I G N  FdRtE FGP G a A D t E N T  HOMENT MUnENT S R ~ D I  ENT 
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APPENDIX C 

USER'S WNUAL FOR THE COMPUTER PROGRAM 
CNPEXT FOR THE STRUCTUEUL ANALYSIS OF 

OTEC COLD WTER P I P E S  

EXTENSION AND TORSION PROGRAM 





c'.n 
The 
havi  

by j 

General  Background 

Th i s  program i s  f o r  t h e  c a l c u l a t i o n  o f  t h e  responses of  t h e  
t o  a x i a l  loads  o r  t o  v e r t i c a l  motion o f  t h e  OTEC p la t fo rm.  
CWP i s  t r e a t e d  a s  a g e n e r a l  b a r  wi th  up t o  50 s e c t i o n s  
.ng d i f f e r e n t  p r o p e r t i e s .  A l l  t h e  s e c t i o n s  can be connected 
o i n t s  w i t h  s p e c i f i e d  a x i a l  s t i f f n e s s .  

S i n c e  t h e  d i f f e r e n t i a l  equa t ions  f o r  t h e  t o r s i o n a l  responses  
of CWP a r e  s i m i l a r  t o  those  f o r  e x t e n s i o n ,  t h i s  program can 
a l s o  b e  used f o r  c a l c u l a t i o n  of CWP t o r s i o n a l  r e sponses .  S e c t i o n s  
can be  connected by j o i n t s  w i t h  s p e c i f i e d  t o r s i o n a l  s t i f f n e s s  . 
C .  2 Program C a p a b i l i t i e s  

C .  2 . 1  Extens ion  - For  e x t e n s i o n  o r  l o n g i t u d i n a l  motions of  t h e  
CWP, t h e  program has  t h e  c a p a b i l i t y  of t r e a t i n g  t h e  fo l lowing 
c a s e s .  

S t a t i c  a n a l y s i s  of  a r b i t r a r y  l o n g i t u d i n a l  l o a d s .  

Dynamic a n a l y s i s  of a r b i t r a r y  l o n g i t u d i n a l  l o a d s .  
Dynamic a n a l y s i s  of CWP l ong i tud ina l  motions due t o  v e r -  

t i c a l  motion of  OTEC platfolrm. 

C.2.2 Tors ion  - For t o r s i o n  a t , o r  yawing motions of t h e  CWP, . . . 

t h e  program has'  t h e  c a p a b i l i t y  of t r e a t i n g  t h e  fo l lowing cases :  

S t a t i c  a n a l y s i s  of  t h e  a r b i t r a r y  S t a t i c  t o r s i o n a l  loads .  
Dynamic. a n a l y s i s  of  a r b i t r a r y  t o r s i o n  l o a d s .  
Dynamic a n a l y s i s  of.CWP t o r s i o n a l m o t i o n  due t o  p la t fo rm ' 

yawing o r .  CWP , r o t a t i o n .  .' 



C. 3 Descr ipt ion of  Inputs  t o  "CIJPEXT" Program 

Card o r  Line I 
T i t l e  ca rd  

Format . Entry  

Card o r  Line 2  
Con t ro i .  card 215 

A T i t l e  o r  any o the r  fn fo r -  

Card o r  Line 3 
Control  card  

mation e a g l  problem number 
o r  b r i e f  desc r ip t ion .  
(Column 1-72) 

Type of mu te r  
1 = t o r s ion  
2  = extension 
Type o f  ana lys i s  

) 

1 = s t a t i c  
2 = u n i t  heave 
3 = dynamic 

15 . 1 ,  a con t ro l  number. 

15 Type of response 

1 = s t a t i c  
, 2  = steady s t a t e  

3 = f r e e  v i b r a t i o n  

15. Number o f s s e c t i o n s .  The 
. , .  r .  ' ,  . number of s ec t ions  i s  one 
, , . , . -  . l e s s  ,,thane the  number o f  

. . .  * 
L a . -  . s . .  s t a t i o n s .  A s t a t i o n  i s  a 

L C _ *  . . I loca t ion .  of an occurrence, 
" , , ,  , . . .  . . . 

, . . ,  . - ' .  ev.g. ,- change i n  c ross  'sec- 
, . ' . . - - t i o n , '  concentrated para-  

met'er., o r  abrupt  change i n  

Variable 
i n  Program 

TITLE 



Card 3 
(con t ' d) 

Entry 

d i s t r ibu ted  load. Each ' 

end of the  ClJP i s  con- 

sidered as  a s t a t i o n .  A 

sec t ion  occurs between two 
successive s t a t i o ~ ~ s .  . (max. 
50). 

Number of s t a t i o n s  with 
concentrated parameters 

.(e;g. 'bumped masses, con- 
centrated forces o r  to r -  

ques).  (max. 50). 

Variable 
i n  Program 

I 5  Number of n a t u r a l  Ece- 

quencies desired f o r  f r e e  
v ibra t ion .  0 i f  I D  + 3 
( s t a t i c  o r  steady s t a t e ) .  

15 Boundary conditions (top-bo t tom) 

% = f ixed-fixed 

. . 
4' = fkee-fixed 

. I 

Ends with .applied loads a r e  
- .- t r ea ted .  as f r ee ,  boundaries 

- .  
. . . . .  s ince : the . loads  a r e  entered 

, . - ,  . . . -: - as  applied loadings and not 
,. . - 

s . .  . - . . . a s .  boun.dary conditions. 
" , .  . .  . , - l . . . b . * , .  :: *..SimFba-r-l~y; ends with concen- 
. . " - .  . , .  . . - ,  . . ..::trated. masses o r  spring s t i f f  - 

" .  . .  . *  - .  . . . . .:. n,esseo::are a l so  t r ea ted  as 



Card 3' 
(cont ' d) 

Format Entry 

' 1-for  mode shape; p + i n ~ -  
out f o r  f r e e  v ibra t ions .  
0-for s t a t i c  o r  steady 

s t a t e  o r  i f  no mode shape 
pr in tout  f o r  f r e e  'v ibra-  
t i o n s .  

I - t o  p r i n t  t r ace  of f r e -  
quency search. A ch'arac- 
t e r i s t i c  determinant i s  
searched f o r  i t s  roo t .  
0-for s t a t i c ,  steady s t a t e  
o r  no t r ace  of frequency 
search f o r  f r e e  v ibra t ion .  

VarXable 
i n  Program 

Number of points for prine TYA 
t i n g  out. r e s u l t s  between s t a -  

t ions .  

Card o r  Line 4 
Control card,  I10 . . 5,  a control  number. IC 
not needed f o r  ' Estimate i n  cps of f i r s t  SP 
s t a t i c  problem 

+ '  .. 
na tu ra l  frequency desired ' 

(ID=l) . . -  . f o r  f r e e  v ibra t ion  (ID=3) . 
. 1 

choose a value l e s s  than . - 

the ac tua l  frequency. , 
: value df frequency of 

a p p l i e d  ~ o a d i n ~  f o r  steady 
s t a t e  (ID=2) . 



Card 4 . .  
(cont ' d) 

Format 

F10.2 

Entry i n  Program 

Frequency increment f o r  , DETE 

n a t u r a l  frequency search 

(ID=3). 

0. f o r  s teady s t a t e  (ID=2) . 
Card o r  Line 5a 
Sect ion card ,  one ca rd  needed f o r  each sec t ion .  

The deck should be arranged wi th  cards Sa, b f o r  the  f i r s t  

s ec t ion  followed by Sa, b f o r  t h e  s econd  sec t ion ,  and so on. 
Move from top to ,bo t tom'a long  t h e  CWP with  the  f i r s t  s ec t ion  

beginning a t  t h e  top.  

2 ,  a  con t ro l  number 

I = e l a s t i c  s e c t i o n  

2 = r i g i d  o r  lumped 

(spr ing o r  massless bar  

represented by a spr ing  con- 

s t a n t )  s ec t ion .  

3 = sec t ion  wi th  t r a n s f e r  
matr ix  suppl ied  by use r .  

Po la r  moment of i n e r t i a  A (1 

( length  ) f o r  t o r s i o n  of 

e l a s t i c  s ec t ion  (NR=l) . 
Cross-sect ional  a r ea  ( l eng th  ). ., 

f o r  extension of e l a s t i c  sec- 
tion (NR=r) . 

. , . . ~  
0. otherwise , inc luding 

< G O "  . 6 L '  

, ) . .  . "  tumipeh . . se&,tion (NR-2) . 
. . . . .  0 .  . 



Card 5a 
(cont  'd)  

Entry  
Variable 

i n  Proerram 

F10.2 Modulus of e l a s t i c  found- 
a t i o n  (force-leng tis,/ l e u g t l ~  

f o r  t o r s i o n ,  fo rce / l cng th2  

for .  extension) . 
0. i f '  no foufidation o r  f o r  
f d p e d  section. " ' 

Fl0.2 Length of s e c t i o n ,  I n  t he  = ( I >  
ease  o f  a  lumped sec t ion  t h i s  

" a r t i f i c i a l "  length  se rves  a s  

a coordinate  t h a t  w i l l  iden- 

t i f y  t h e  response a t  t he  r , ight  

end of t he  s ec t ion .  

F10.2 S e t  to  0, 

F10.2 Modulus sf e l a s t i c i t y  ( force/  

l eng th  * )  - G f o r  t o r s ion ,  E 

f o r  extension, 

0, for lumped ceet fon.  

Card 5b 
. % 

Sec t ion  card ,  110 2 ,  a c o n t r o l  number 

one ca rd  Ff 0.2 Unlfom%y d i s t r i b u t e d  app l ied  
needed f o r  torque (force-.length/ Length) ., . 
each sec t ion .  - f o r  t o r s ion  probf em.  (NCON=l) . 

DT(I) 

EY (I) 

. . Using the  r i g h t  hand r u l e ,  a 

- torque. i s  pos i t i vk  i f  i t  points 

- toward, the. bottom of the  C W .  



Card 5b 
(cont ' d) 

Format ' Entry 

~nifonnl; distributed axial 
, force (force/length) , ,. . for ex- 

tension problem (NCON=2) , 

Variable 
in Program 

positive toward the bottom. 

F10.2 Gradient of llnearly verying F W )  

applied $is tributed torque 
(f orce-length/ length2) for 
torsion. Positive if the 
magnitude of applied positive 
torque increases from . 

top to bottom along the sec- 
t ion. 

Gradient of iinearly varying 
applied distributed force 
(force/ length2) for extension. 
Positive if the magnitude of 
applied positive axial force in- 
creases from top to bottom along 
the section. 

F10.2 FOP free vibration (IDa3) or DM (I) 
. . 

steady state (ID=2) : 

P r ~  (mass-length2/length) for . % . .  
torsion. . . .  

, & 

pa mass per unit length, * +  
. 

' . .  - polar radius of gyration. 
For- circular cross section 

prp * = p*J.,:ithere J is the polar . I , ' o  rndment of inirtik',And p*  is the 
* , *  , . # .  

mkssrdensit$ (mass/length3). 



,Card Sb 

(con t ' d) 

Format - En t r y  
Variable 

i n  Program 

(massllength) f o r  exten- 
'. . 

s ion .  .. 
. f s t a t i c  prgblem, lumped. 
s ,ec t ion,  o r  otherwise.  

F10.2 Coef f ic ien t  of  thermal ex- ALFA(1) 
pansion (length/ ' length-degree) , . 

requ i red  i f  t h e r e  1s chermal 
loading f o r  extension 'problem. 
0, f o r  t o r s ion  o r  no" thema l  
loading.  

Caxd  o r  Line 5c 
Sec t ions  ca rds ,  a set  o f  cards  def in ing a user-supplied t r ans -  
f e r  matr ix  i s  needed f o r  each appropr ia te  secr ion .  No cards 
a r e  needed if t r a n s f e r  matr ices  a r e  not  suppl ied  by user .  (max.' 

SO) . 
The fol lowing card  i s  employe,d f o r  each row of the  t r a n s f e r  
matrix. Begin wi th  row 1 and end wi th  row 2 .  

F10.2 Angle of t w i s t  ( a x i a l  d i sp lace-  S ( I , J ,  1)  
ment) element of t r a n s f e r  mat r ix  
f o r  t o r s ion  (extension) . 

F10.2 Twisting moment (axial fo rce)  S ( I ,  J ,  2 )  
element of t r ' ansfer  matr ix f o r  

- -- t o r s  ion (extens ion) . 
F10.2 Loading element o f  t r a n s f e r  

matrix. 
1 ~ 1 t h  sec t ion  
J = J t h  row of 
the  input t r ans -  
f e r  matrix. 



Format Entry i n  Program . . . .. . . . 

Card or Line 6 
Concentrated parameter card. One card needed f o r  each concen- 

t r a t ed  parameter s t a t ion . '  No number 6 cards a re  requited i f  there i s  

no concentrated parameters. 'The deck should be arranged with 

card 6 f o r t h e  f i r s t  concentrated parameter s t a t ion  fbllowed by 6 f a r  
the second such parameter stati0.n and so on. (max. 50 ) .  

15 3 ,  a control number. I C  

15 s t a t i o n  number of lumped para- LNCP(1) 

meter. Each s t a t i o n  should be 
given a number from top to  
bottom along the pipe. The top 

end i s  s t a t i o n  number 1. There 

can be more than one .lumped 
parameter a t  a s t a t ion .  

F10.2. Torsional spring s t i f f n e s s  

. (force-lengthlradian) . 
Stiffness of extension spring 
(force/ length) . , s 

These a re  lumped sect ion ent r ies  

tha t  r e f e r  to  sha f t . sec t ions  and 
springs tha t  occur jus t  above . 
t h i s  s t a t ion .  

F10.2 Branch spring constant (force- BK(1) 

length f o r  tors ion,  forcellength 
_C__ 

- 

f o r  extens ion) . 
F10.2 Valueof polarmassmomentof CM(1) 

i n e r t i a  fo r  tors ion (mass- 



Card 6 
, (qn t  ' d) 

Format - Entry 
Variable 

i n  Program 

. lengtl12).  Value of concan- 
t r a t e d  mass (mass) f o r  ex- 

F10.2 Value of  concentrated torque 
( force- length)  f o r  t o r s ion .  
~ o s t t & e  i f  i t  points toward 
t h e  bottom using ,the r i g h t  .. . 
hand r u l e .  
Value of  concentrated fo rce  
( fo rce)  f o r  extension.  Posi -  
t i v e  toward t h e  bottom. 

Card o r  Line 7a 
Control. ca rd ,  I10 Use NG = 0 

required Fl0 .2  Radius of CWP 
for torsion pro- 

CN (I) 

NG 

RAD 

b 1 ems (NCON==l) 



, . 
Example o f  Input Preparation 

The step-by-step procedure f o r  inppt preparation i s  given 
i n  Section C .  3 .  F O ~  i l lus t ;a t ion purposes the cold wafcr. p.i.pe 

fo r  Example 1 i n  Appendix B i s ' u s e d  as an example. 

(2.4.1 Example 4 - Find the response bf the  CCJP i n  Esample 1 of 

Appendix B due to  unik yawing of the  OTEC platform. 

From the  data  i n  Exam?le 1 we have 

3 ,  The polar moment of iner,tia = 23397 - 8  fc ' .  

IP ' 
Mass polar moment of i n e r t i a  = 61770 1b-sec2.  

G ,  Shear modulus of e l a s t i c i t y  = 5 . 5 4 ~  1 0 7 p s f  

Input Data ( i n  unformatted form) 

COLD UATER PIPE RLSlOHSE DUE, UNlT YAWING 
n a 



Ourput C-12 

COLD UATid PIPE RESPONSE DUE UNIT YAWINGOF THE PLATFORM 

FORCED VIBRATION 

SECTIO!I PROPERTIES AND FORCES 

LENGTH ELASTIC FDH BOSSOH.*S K A C I O  TEHPERATURE COEF.UF EXPSI . . \. . 

P O L A R  HOHENT SHEAR B O D U L U S  
OF t N E H T l A  OF E L A S T I C I T Y  

UNSFORH TORQUE TO2QUE GRAD. MSS MOMENT 
OF IAERTIA 

BOUNDARY FIXED-FREE 

COLD U A T E R  PIPE TORSIOW PROBLEA 

EXCITAf%BM FRQUENCY : 1 , 8000Et80RAB./SEC 



STATION LOCATION ANGLE 

1 
2 
3 
4 
5 
6 
9 
8 
9 

10 
11 
12 
13 
14 
15 
15 
17 
18 
19 
2 0 
2 1 

STOP* 
:bRf!Y* 

SHEAR STRESS 



E x ~ l a n a t i o n  of I n ~ u t  Data 

The use r  should 'have no problem i n  understanding' t he  abbve 

Fnpuc which fol lows Section B.3. 

C . 4 . 2  Example 5 - Find the response of the C b P  of example 1, 
Appendix B dve to w i t  heave of the OTEC platform. 

Because of t h e  similaficy be~wccn t h o  Corsl:.nn ,and t he  ex- 
t ens ion  problems, t he  same program i s  used f o r  the ana lys i s  of 
both  problems. From the data in Example 1 we have 

. - . .  
A ,  s e c t i o n a l  area = 90.0: f c 2 .  . . 

m~ ' 
The. mass p e r  un i t  l eng th  = 258.44 1b-sec2/ft2 

E, The modulus of e l a s t i c i t y  = 1 . 4 4 ~ 1 0 ~  psf. 

Input Data. 

COLD MATER PIPE RESPB?ISE oue UNIT HEAVE OF THE P L A T F G R ~ ~  
212 
9 , ~ , ~ 0 1 0 , ~ 9 2 9 9 , 0 1 0 ,  1 
5,O.S591519,0. 
2,I ,89. p300.p0e mJ4E+88POe5 
2,0.,0.,258.44;8. 
2,1,913.,0.,303.~0~,1 A - + ~ E + o ~ , o J  
2,O. ,258.44,O. 
251 pP$.  ,0,, .?00. , 0 . ,  1 .44E+0gIO.3 
2,0.10.9ZS8.4J,0. 
2 ,1v98wJ0~~306~~0~11044E+0E3~003  
210.10.,?58.44,0. 
2, I19a0,0. ,308.,0.,1 D44E+0810w3 
2,8,,0.,258.44,0. 
%,1098.,0.,300.,0.,1.44E+08D6)03 
%p0.~6w,258.4410w 
211 ,98. t0.,300018. pL44E+r)%D8W3 
2,8.08.a1258.44,3. 
211~98010e9300~10e ,0044~+0818e3  
2,8.,O.,%S8.44,0. 
2,1,90.,0. p300.,0. ,! .44€+08,8.3 
2,0.,0.,256.44,0. 
2 , 1 1 9 8 ~ ~ 0 0 , 3 0 0 . ~ 0 . 1 1 ~ 4 4 E + 0 Q 1 0 ~ 3  
2,0.,0.8258.14,0. 



* : L * : ~ * : ~ * : ~ Q : ~ * : L * * * : ~ : ~ * * : C : C * ; C * : C * : ~ * : ~ * ; C * . ~ * * * : L * : ~ * : ~ * : C ~ : ~ * : ~ * : ~ *  

. COLD UATER PIPE RESPONSE OUE UNIT HEAVE 01: THE PLATFOR# 

FCICEO VIaWATION 

S E C T I O ~  PROPER T I E S  AND FORCES 

LENGTH ELASTIC 
FDN 

0. 
0. 
0 l 
0 l 
o m  
0.  
0. 
0. 
0 . 
0. 

CROSS- NODULAS OF 
SECTIONAL ELASTICITY 
AREA 

. POSSON'S 
" - RATIO- 

UNIFORM' 
FORCE 

FORCE 
GRADIENT 

0 
0 m 

0 l 
0. 
o m . .  

0 a 

0. 
0 
0. 
0 

COEF. OF 
EXPSN 

BOUNDARY FIXED-FREE 



:b:(:#* $:#:#$:C**:::lr*:b*:$l:t*:.h$:L::P::#$:#::r*:#~:+*:#::K$$$:(;:lr:~SS:@:$ 

COLD UATER PIPE E X T E N S I O ~  PROBLEH 

EXCITATION FREUUENCY = 1 . OOOQE+OORAD ./SEC 

LOCATZOE( EXTENSION AXIAL FORCE STRESS 



Day F i l e  

07.56.46LJO3SEA~,TIOO,CHIOOOO~ 
07.56.46SAC. XXXLYXX , A 
07.56.46. 11/15/79.LH3TAHZ 
07.56.46.GEi,CWPEXT,IHPUf=DAT. 

, .07.56.46.REkDY - C!JPEXT. 
07,.58,47,READY - DAT 
07.56.47.RFL,100000. 

. , 07.56.47SFL 4096. 0.002 0 ' 0,  
07.56.17SFI 0 2 
07.56.47.TShUN(O, 
07.56.52.CWPIPE --017100 
07.56.525FL 32768 1.184 3 4 8 - 
07.56.~3.RFL110000. 
07.56.53~~1 7744 . 1.255 10 8 
07.56.53.KEUI?lD,OUT?UT. 
07.56.53 .SAVE, OUTPUr=~EAflOUT. 
07.56.53.hEADY - BEAHOUT 
O7.5d.53 .COST. 

" 07.56.53)F.L 4096 1.255 0 0 ,  
07.56.535FI ' 0 1 
07.56.54. SERV. UNITS-! a 4 
07.56.54. . J O B  C O S T = $  1 .20 

. . . 07.56 .54 ,DFDl~EAn'DAY,h,  
07.56.f4$Ft 12283 1.270 . 6 S 

This run' c o s t s  $1.20. 



A P P E N D I X  B 

USER' S, M U A L  F O R  T H E  COMPUTER 
PROGMN "COTEC" F O R  CALCULATION OF 

P&ATFORM S E C T I O N A L  HYDRODYNAMIC F O R C E S  



D . 1  General  Background 

Program "COTEC" i s  used i n  con junc t ion  wi th  program "X3TEC" f o r  

a l l  s l e n d e r ,  f l o a t i n g  and submerged h u l l s .  Program "COTEC" 

g e n e r a t e s  t h e  hydrodynamic f o r c e s  (added mass, damping and vave 
e x c i t i n g  f o r c e s )  f o r  s p e c i f i e d  h u l l  s e c t i o n s  and s t o r e s  t h e s e  

f o r c e s  i n  a f i l e  which i s  accessed  by prograrn"XOTEC" ( see  Appen- 

d i x  E )  , which uses  t h e  v a l u e s  t o  determine hydrodynamic f o r c e s  

f o r  t h e  complete h1.11.3.. 

Program "CO'PEC" u ses  t h e  c l o s e - f i t  method developed by Frank 
( 2 2 ) ,  a s  d e s c r i b e d  i n  S e c t i o n  5 .  This  nethod permi ts  cons idera-  

t i o n  of  r a t h e r  a r b i t r a r y  s e c t i o n  geometr ies .  

D .  2 Program C a p a b i l i t i e s  

~ r d g r a r n  "COTEC" can be used t o  compute s e c t i o n  added mass, 
damping and wave e x c i t i n g  f o r c e s  f o r  heave, sway and r o l l  f o r  

s e c t i o n s  having r a t h e r  a r b i t r a r y  geometry de f ined  i n  one of two 

ways : 

The s e c t i o n  beam, d r a f t  and s e c t i o n  a r e a  c o e f f i c i e n t  

. ( s e c t i o n  a r e a  d iv ided  by beam t imes d r a f t )  a r e  s p e c i -  

f i e d  and t h e  program uses  a Lewis form o r  a bulb £ o m  

t o  d e s c r i b e  s e e t i o n  shape.  

A s e t  of x and y coord ina tes  f o r  t h e  s e c t i o n  are 
s p e c i f i e d .  

For normal s e c t i o n  shapes it i s  recommended t h a t  the' s e c t i o n  be  

rep resen ted  by a Lewis form. This. saves  cons ide rab le  t ime i n  

g e n e r a t i n g  r e q u i r e d  i n p u t  d a t a .  FOP unusual s e c t i o n  shapes i t  

i s  d e s i r a b l e  t o  s p e c i f y  a s e r i e s  of  s e c t i o n  c o o r d i n a t e s .  

Added mass and damping depend o n l y  on frequency whi le  wave 

e x c i t i n g  f o r c e s  depend on frequency and wave heading ang le .  

Up t o  30 f requenc ies  and 10 wave heading ang les  can b e  con- 



s i d e r e d  f o r  any s e c s i a n .  Heave and p i t c h  f o r c e s  f o r  t h e  h u l l  are 

determined i n  program"X0TEC" from heave v a l u e s ;  sway an'$ yaw 

f o r c e s  a r e  d e t e m i n e d  from sway v a l u e s .  Program "COTEC" does n o t  

c a l c u l a t e  any f o r c e s  f o r  s u r g e .  

A s  i t  i s  p o s s i b l e  t o  s imul taneous ly  s t o r e  d a t a  f o r  a l a r g e  

number of  s e c t i o n s  i n  t h e  d a t a  f i l e ,  i t  i s  g e n e r a l l y  p o s s i b l e  t o  

s imul taneous ly  store s e c t i o n a l  d a t a  c h a r a c t e r i z i n g  several  h u l l s  

i n  t h e  f i l e .  The number of  s e c t i o n s  f o r  which d a t a  can be s t o r e d ,  
i s  g iven  by 

where 
NS i s  the  number o f  s e c t i o n s .  

NU i s  t h e  number o f  wave f requenc ies  (20 o r  l e s s ) .  

Ng i s  t h e  number. o f  wave heading ang les  (10 o r  l e s s ) .  

Each s e c t i o n  i s  a s s i g n e d  a s e c t i o n  number,' and t h i s  s e c t i o n  nun- 
v f 

b e r  i s  used by program XOTECWto access  t h e  d a t a  genera ted  by 

B . 3  Program Organiza t ion  

Program "COTEC" c a l l s  a number o f  subrour ines ,  whose Puns- 

t i o n s  a r e  o u t l i n e d  i n  F igure  D - 1 .  The program c a l l s  these sub- 

r o u t i n e s  in t h e  o r d e r  shown i n  t h e  F igure .  h b l  subrou t ines  a r e  called 
once,  except  for s u b r o u t i n e  GELG, which s o l v e s  t h e  equa t ions  f o r  

p r e s s u r e  d i s t r i b u t i o n s  on t h e  s e c t i o n .  Program GEEG i s  called 
t h r e e  t imes ,  once each f o r  heave,  sway and r o l l .  

B. 4 Program Output 

The program o u t p u t  i s  d iv ided  i n t o  two b a s i c  p a r t s .  The 

f i r s t  d e s c r i b e s  t h e  s e c t i o n  geometry and i n c l u d e s :  

S e c t i o n  off  sets (ca lcufaeed  o r  i n p u t ) .  

A p l o t  o f  t h e  s e c t i o n  shape ( u s e f u l .  f o r  checking accuracy 

s f  i n ~ u t  d a t a ) .  



The second p a r t  de sc r ibes ,  f o r  each s ~ e c i f f e d  frequency and corm 
responding wave leng th ,  WIBDA, and wave number, K ,  t h e - c a l c u l a t e d  
dimensiqnal added mass, damping and wave exc i t i ng  f o r c e s ,  where: 

A i s  added mass. 
B i s  hydrodynamic damping. . 

ZDV i s  heave wave e x c i t i n g  force .  
ZDA i s  sway wave e x c i t i n g  fo rce .  
ZDR i s  r o l l  wave e x c i t i n g  moment. 

and where the  subsc r ip t s  2 ,  3 and 4 r e f e r  t o  sway, heave and r o l l  
a s  described i n  Sect ion 5 of the  r e p o r t .  Thus A33 i s  heave added 
mass due t o  heave motion, BZI, i s  sway damping due to  r o l l  motion, 
e t c .  The wave e x c i t i n g  f o r m s  a r e  given f o r  a l l  spec i f i ed  wave 
heading angles ,  and c o n s i s t  of the  in-phase ( r e a l )  p a r t ,  given 
f i r s t ,  and the  out-of-phase (imaginery) p a r t .  . Phase i s  def ined,  
un l ike  the  d e f i n i t i o n  used i n  program "XOTECtl, with r e spec t  t o  
wave s lope.  

D .  5 . Inputs  t o  Program "COTEC" 

The requ i red  inputs  t o  the  program a r e  described bebow. The 
t o t a l  number of inpu t  l i n e s  o r  cards depends bn the  means used to  
spec i fy  the  s ec t ion  shapes. The t o t a l  number of cards  a r e :  

Lewis o r  h u l l  forms - 5 + 2 x Ns 

Deta i led  s ec t ion  o f f s e t s  - 5 + 2 x N x No S 

where NS and No a r e  the  numbers of  d i f f e r e n t  s ec t iohs  and the  
number of o f f s e t s  per  s e c t i o n ,  r e spec t ive ly .  The s p e c i f i c  inputs  
requ i red  a r e :  

Variable 
Format Entry  i n  Program 

Card o r  Line L 315 Number of wave frequencies NK 

(maximum of 20) 
Number of  wave heading angles NENC. 



Format Entry 

Card'or Line 1 Number of non-zero stations 
(cant. ) Number of ship speeds (er'ltel- 

"1'') 
Card or Line 2 3F1-(I. 6 Computational tolerance (use 

0.001) .. 
Computational tolerance (use 
0.001) ,. 
Computational tolerance (use 
0.001) . 

Card or Line 3 8F10.4 Frequencies (maximum of 30 
(up to four values). 
cards) 

Card'or Line 4 8F10.4 Wave Heading angles (maxiinum 
Up to 2 cards of 10 values) 

Card or Line 5 Blank Reserved for future use with 
forward speed. 

Card or Line 6 215 Section number 
(number of 17A4 
cards or lines Number of seerion offset 
equal to MSTA points; 

Alphanumeric identification 
1 8 ~ 4  (Columns 11-80) 

Note: N = 0 Lewis form is used. 
N = 1 Bulb form is used. 
N > .1 Section offsets are used. 

Card or Line 7 3F10.4 If: N = 0 or 1, one card 7 
for each card 6 
- Section Beam 
- Section Draft 
- Section Area Coefficient 

Variable" 
in Program 

NSTA 

NSPD 

TOL 1 

TOL 2 

TOL 3 

OMEGA 

BETA 

ISTA 

NO 

X N M  

SIG 



Format , En t r y  

I f :  N > I ,  NO c a r d s  7 f o r  

each c a r d  6 
Half beam o r d i n a t e  
X I  = i? (ZZ(1)) 

Var iab le  

Depth o r d i n a t e  
Y I  = I (ZZ(1)) 
( f o r  f i r s t  c a r d  X I  = - B / 2 ,  
YI = 0 ,  f o r  l a s t  c a r d  - X I  
and YI a r e  f o r  t h e  p o i n t  
n e a r e s t  b u t  n o t  - a t  t h e  k e e l ,  
where X I  p 0 ,  Y I  = -T.  Other  
o f f s e t s  a r e  given i n  t h e  proper  
sequence from t h e  f i r s t  
p o i n t  a t  water  ; l i n e  t o  t h e  
l a s t  p o i n t  which i s  t h e  p o i n t  
n e a r e s t  t h e  k e e l .  

D .  6 Sample Inpu t  and Output 

Tables  D l  and D 2  show t y p i c a l  i n p u t  d a t a  and o u t p u t  f o r  pro- 
gram "COTEC". These d a t a  a r e  f o r  t h e  APL modular experiment p l a n t  
which i s  used a s  an  example i n  Sec t ion  8 .  The b a s i c  i n p u t  d a t a ,  
as conta ined  i n  d a t a  c a r d s  o r  l i n e s  1 - 7,  a r e  given i n  Table D l .  

The c a l c u l a t e d  ou tpu t  f o r  t h e  s i n g l e  h u l l .  s e c t i o n ,  .as desc r ibed  
by d a t a  line 7,  are g iven  i n  Table D2. These ou tpu t  fo l low the 
d e s c r i p t i o n  g iven  i n  S e c t i o n  D . 4 .  



TABLE D-1 INPUT DATA FOR PROGRAM COTEC 

q + . * r r + * b a + * a s + + + r +  COTEC - (;urpu C * Y Y Y ~ Y + + " O W @ * * ~  m S P  

NY NEKC NSTk NSPO NPCH Printed by 
2 3 2 b 0 0 Program 

? C L L =  . O O I G C C O  9 TOL2= e G U L O O O ! J  TOL3= e O C , L O O U O  

FREQUENCIES '7 
0.2 0.25 0.30 0.35 ,etc. Not Printed 

WAVE HEADING ANGLES . 
by Program 

180. 90. 

S T A T I O N  1 3  APL OTEC P I L O T  .PLA  ~f I Printed by BEAM O G A F  P S I G M A  Program 



.TABLE D-2 TYPICAL COMPUTED OUTPUT OF PROGRAM COTEC 

ZETA E A t  D S 

f -e605JOE*02  0. - .6067tE+CZ - .12245EtOZ - . 1 5 8 4 7 E + 0 1  . 2 4 4 9 1 E t 0 2  
.. ... . . . .  ..... 2 - 0 6 0 8 3 9 E t G Z  - . 2 4 4 8 9 E t C 2 . . - . 6 0 6 3 4 E + O Z  -. 3 4 2 C 2 E t 0 2  - . 1 5 4 9 6 f  t o 1  . 1 9 4 2 9 i * d 2  - :... 

3 - .6042BE+C2 - . 4 3 9 1 4 E t C 2  - . 5 3 1 6 3 i * 0 2  . - .49729EtCZ - . i t 1 I ' ) 4 f + 9 1  . l Z l r d Z i + S Z  
4 - .55399E+02 -eSSSSSEtCZ - o 5 0 0 3 i E + C 2  - .57770E+C2 - .362;9<*00 .12550E+CP 

......... 5 -~44164C,+G2. . - .59995E*C2. . . - .34392E*C2 -.6E170E*OZ - e 1 8 4 9 5 P - 0 1  . - * 1 ¶ 5 4 9 E * C 2 .  -.-.--..- 
6  - .24619E*  f 2  - .60356E+GZ -. 123G¶E+OZ - .6C178€+02 .14675E-01  .24621E*U2 

MON-0IflEb:SIONAL PLOT OF SECT ION SHAPE 

- - -..-.CENTER. LWF -)(/.BEAH . . . U E A ~ L = - . B & L S . L - -  
0 O D # O ~ 0 0 ~ 8 0 ~ ~ O 0 O ~ ~ O ~ ~ ~ 0 ~ 0 0 ~ ~ ~ 0 0 ~ ~ ~ . 0 0 ~ ~ 0 0 ~ ~ ~ 0 0 ~ 8 ~ S *  

0 

(381FT= 60 o 48---- - ----------- - - - - . - - - - - - - . 
CALL COFO 

~ + s e ~ b ~ ( ~ ~ ~ m ~ ~ C ~ i l v b + ~ ~ e b ~ ~ ~ q q ~ Q c r o ~ ~ o o r , o o ~ p ~ e ~ o ~ s ~ r o s e o . q + s ~ s o q ~ ~ p y q s _ c r p ? ~ , ~ ? o ~ v ~ a w ~ r ~ ~ o e c r ~ ~ ~ w ~ ~ ~ r  . . . .  
K LANBOA OMEGA 

0 OCPZ 5053 .879% . o2COO - -  . . . . . .  .- . .- . . . . . . . . . . . . . . .  -.... .. ..- . - ... -... ... - . . . . . . .  - - ..- --.  
CALL H'IEL 
CALL C O F l  

. . . .  E X C I T I N G  FORCES . . . . . . . . . . . . . . . .  . . . . . . . . .  .... ........ .-. -. . . . .  . .  .- . . . .  

BETA . UK OMEGA . ZDW ZOt4 ZDR 



TABLE D-2 (Continued) 

K LAMFOA ONEGA 

- 0 0 1 9  3234 e4826  82500  
CALL NVEL . . . . . .  . . . . . .  - .. - . - . - . . . .  
CALL C O F  1 
CALL C O U T L  

E X C l T l N C  F O R C E S  
...... . . . . . . . .  .... - . . . . . . . . . . . . . . . . . . . . .  - - .... - - ............ - - . .. -.-.-.---.. - -  ........ ----.--- 

BETA UK OIIEGA zov ~ o n  ?OR 
*I.,. . 

~ ~ I ~ P ~ * * ~ ~ ~ + V V + * * * * O * O * * * C ~ ~ ~ W ~ ~ ~ Y * * ' C ~ ~ I * ~ * + V ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ + V ~ ~ ~ ~ V ~ + S V ~ W ~ ~ ~ * ~ ~ S S ~ ~ V V ~ # V ~ * ~ ~ W +  -.. ....... . .............-... - . - - - ............. .- - ... -- - - ........... - . - ..... .- - . - - . -- . - -- .. - - - - ... - - ... - 
K LAtlDOA OHEGA 

r 0024. 2.673 .a 1 . 2 6 L - e . 2 B . Q  
CALL MVEL 
CALL COFl 

.. E X C  1TING.-EORCES 

OE TA UK OMEGA Z OV Z O H '  - ZO R 

... . . . . . . . . . . . . . . .  ....... - . .  . .  - . . . . . .  . . - .  . . . . . . . .  
B 9 . 4 ~ + + P C l ~ + + ~ ~ V * * S l ~ P ~ O O C C 1 ) 1 ) O * * 4 ~ 4 V V P i ~ ~ ~ @ ~ * ~ ~ 4 * ~ * * ~ W ~ ~ * 4 4 P ~ 4 ~ Q 4 4 W ~ * ~ ~ ~ W ~ ~ ~ V ~ 4 V ~ * W * Q 6 ~ ~  

K LAMBDA OMEGA 
........ . ............ - --..- .---.--..- .---.------ .-- .---.-. . -- -...-.---- .-- .--- . -- 

a 0028  2 2 4 6 . 1 6 8 5  s30CO , 

CALL NVEL 
. C A L L  COFI ...--.-.---,----. -- ---.- ----.- -..-....---.-- - ---.- ----- 

CALL COUT.1 

... .. .................. ------ ----- - ----.---.--- ...... -. .-- -.-. -----. - 
E X C  IT I N G  F O R C E S  

BE fA ... UK . . . .  OHEGR ..--....- EOV . ...--. ............... ZOH . . .  .-,---- ... - . -... 205 . . . . . . . .  .--, . 



APPENDIX E 

~ - - - -  

"XOTEC" FOR CALCULATION OF THE COUPLED NOTIONS 
AND STRUCTURAL LOADS OF AN OTEC .PLATFORM 

AND COLD WATER PIPE 



E.1  General  Background 

Program "XOTEC" c a l c u l a t e s  t h e  coupled responses  of  OTEC p l a t -  

forin and Cold Water P ipe  (CIJP) t o  r e g u l a r  and i r r e g u l a r  waves. 

The response  ampli tude o p e r a t o r s  ( M 0 ) s  f o r  p l a t f o r n  motions and 

CVP motions,  s h e a r s  and bending moments f o r  t h e  coupled p la t fo rm/  

CWP system a r e  f i r s t  computed. S tandard  seakeeping s p e c t r a l  tech-  

nFques a r e  then  used t o  determine the  system response  i n  one o r  

s e v e r a l  random seaways from t h e s e  R A O s .  

Program "XOTEC" r e q u i r e s ,  as i n p u t ,  t r a n s f e r  f u n c t i o n s  des- 

c r i b i n g  t h e  response  a t  t h e  top o f  t h e  CIsP t o  u n i t  t r a n s l a t i o n  o f  

t h e  p i p e  a t tachment  p o i n t ,  u n i t  r o t a t i o n  of the  p ipe  a t tachment  - - 

p o i n t  and a u n i t  ampli tude wave. These f u n c t i o n s  a r e  genera ted  

by Program "CWPFLX" d e s c r i b e d  i n  Appendix B and s t o r e d  by "C!dPFLX" 

i n  a f i l e  named W T F  (TAPE8 i n  CbTPFLX, TAPE11 i n  XOTEC). There- 

f o r e ,  b e f o r e  execu t ing  "XOTEC" , l'CVI'FLX" must always be .  executed ,  
even when no CWP i s  t o  be used.  

Program "XOTEC" a l s o  r e q u i r e s ,  a s  i n p u t ,  d a t a  d e s c r i b i n g  t h e  

hydrodjmamic f o r c e s  f o r  t h e  OTEC pla t form a l o n e .  I f  t h e  p la t fo rm 

i s  composed o f  a s l e n d e r  f l o a t i n g  o r  submerged h u l l  o r  twin h u l l s ,  . 

.program "COTEC", d e s c r i b e d  i n  Appendix D ,  i s  used t o  compute t h e  

s e c t i o n a l  added mass, damping and wave e x c i t a t i o n .  The two- 

dimensional  d a t a  f o r  a v a r i e t y  o f  s e c t i o n s  from d i f f e r e n t  p la t fo rms  

may be s t o r e d  s imul taneous ly  and s e l e c t e d  from t h e  d a t a  f i l e  by 
XOTEC. S t r i p  theory  i s  used by "XOTEC" t o  compute.the t h r e e -  

dimensional  hydrodpamic  p r o p e r t i e s  o f  t h e  p l a t f o r n  from t h e  sec -  

t i o n a l  data. I f  t h e  p l a t f o r n  is  axisymmetric three-dimensional  

hydrodynamic d a t a  a r e  r e a d  a s  i n p u t  by "XOTEC". These a x i s y m e t r i c  

d a t a  can be ob ta ined  from a number of  computer programs inc lud ing  
t h o s e  of Garr i son  (8) and Bai (16) .  

E;2 Program C a p a b i l i t i e s  

Program "XOTEC" can t r ea t  t h e  fo l lowing c a s e s :  



1. Four g e n e r a l  p l a t f o r m  c o n f i g u r a t i o n s  can be  t r e a t e d .  

Thase a r e  s h i p - l i k e  h u l l s ,  submarines,  semi- 

submers ib les  and axisymmetric b o d i e s .  

2 .  Any CNP which can be analysed  us ing  program ' C ! ~ F L X  

i s  al lowed.  

3 .  Arhicraty p i p e  at tachment  c t i f f n e s s e s  i n  surge, 
sway,' heave,  p i t c h  and r o l l  a r e  al lowed.  

4 .  Up t o  38 a r b i t r a r y  r e g u l a r  wave f r e q u e n c i e s ,  up t o  
s ix  combinations of  s i g n i f i c a n t  wave h e i g h t s  and 

frequency f o r  peak wave energy and up t o  L O  wave 
heading a n g l e s  a r e  al lowed.  

E.3 Program Organ iza t ion  

F i g u r e  E - 1  p r e s e n t s  a b r i e f  f low c h a r t  f o r  program "XOTEC". 
Each l i n e  o r  c a r d  o f  i n p u t  d a t a  i s  p r i n t e d  immediately a f t e r  i t  i s  

r e a d  s o  t h a t  any i n p u t  e r r o r  can be  r e a d i l y  d e t e c t e d  and c o r r e c t e d ,  

Subrout ines  "INPUT", FORC21t, and "OUTP2" r e a d  i n p u t  d a t a  from 

f i l e s  p r e v i o u s l y  c r e a t e d  and s t o r e d  by programs "COTEC" and /o r  > .  

"CWPSLX" . Program "COTEC" , desc r ibed  i n  Appendix D ,  s t o r e s  see- 

t i o n a l  hydrodynamic d a t a  
- - 

random f i l e  w i t h  a  r e c o r d  number 
which depends on t h e  i t a t i o n  l a b e l ,  t h e  number of  headings,  and 
the  number of f r e q u e n c i e s .  A l l  s e c t i o n  hydrodyynamic d a t a  s t o r e d  

. . 
by "COTEC" must, t h e r e f o r e ,  have t h e  same number of  f r equenc ies .  

and heading a n g l e s ,  and t he  number of f r equenc ies  and headings 

used i n  "XOTEC" must be t h e  same as t h a t  used i n  "coT%c". I n  

a d d i t i o n ,  t h e  number and v a l u e s  of t h e - f r e q u e n c i e s ,  used i n  

"CWPFLX" must be i d e n t i c a l  t o  t h e  s c a l e d  f requenc ies  p r i n t e d  o u t  

by "XOTEC". These s c a l e d  f requenc ies  a r e  equa l  t o  t h e  i n p u t  

f r e q u e n c i e s  d iv ided  by t h e  s q u a r e  r o o t  of  t h e  s c a l e  r a t i o .  

Usual ly  t h e  s c a l e  r a t i o  w i l l  be one and t h e  i n p u t  and s c a l e d  

f r e q u e n c i e s  w i l l  be equa l .  

The f u n c t i o n  o f  o t h e r  subrou t ines  us,ed by ';XOTEC1' a r e  des- 

c r i b e d  . in  F igure  E - 1 .  



E .  4 Program Output 

Program XOTEC p r i n t s  o u t  the  following information:  

1. A l l  inpu t  d a t a  read  from cards  o r  a t e rmina l .  

2 .  CWP t r a n s f e r  funct ions  a t  the  top of the  CWP f o r  a l l  
f requenc ies .  

3 .  For eaeh frequency,  p l a t f o n  added mass, damping, and 
s t i f f n e s s  matr ices  and the  combined pla t form response 
matr ix .  

4 .  For each frequency t h e  responses of CIJP and platform of a 
u n i t  amplitude wave-. a r e  p r in t ed .  

5 .  For each sea  s t a t e  the  s i g n i f i c a n t  (average of one- th i rd  
h ighes t )  amplitude of p la t form motions and CWP motions, 
loads and stresses. 

E . 5  ~ e s c r i p t i o n  of Input  
. . 

The requ i red  input  f o r  each da t a  card  -or l i n e  of keyboard . , ,  

inpu t  a r e :  

Format En t r y  
Variable i n  . 

Program 

Card o r L i n e s  1 20A4 T i t l e  o r  any'other information, "TITLI ' 

e .  g .  problem number o r  hescr ip-  . TITL2 
t i o n .  (Repeat 2 l i n e s q o r  cards)  

' 

. .  * . , 

Card o r  Line 2 715 Number o f  f requencies  (max. -30). -:.   OM" ' . * .  ' . '  

Number of headings. (ma: u lo).:  + 
. N E N C  ' . .  

NENC = 1 f o r  NSTA =. 1 < ,  

. > *  

Number of  . s t a t i o n s  on . h u l l s  ' s e t  ' ' . .  :NSTA . . >  

(max. 25 ) .  . ,  
. , ,  . ~ " ,  0 

. 1 -  ' NSTA = 1 i f  p la t form i s  - i i i . sym-  - . . .. , . . . I S  

metr ic .  , ,, 

, . , .  , 
. . . . . 

, - . ,wq( 
* . . . . ,  , Number of surface-  p ie rc ing  - ' . . 

; O i .  
* ,  

<. . ,. . . l e g s  of semi-submersible o r  sub- , . .  . * ... . '  

_ . . "  . . ) . .  . . 
marine type platform: ' NL'* O ' % i f  0 .  



Format 

p la t form i s  ship' shape o r  

axisymmetric (max. 6) . 
Number o f  POFPLCS bn pla t form a t  

which motions a r e  des i r ed .  (max. 

4 )  . 
Flag f o r  output  of CFTP loads 
and motions. Se t  Z 0 i f  and 

only  if output  of CWP loads and 

motions a t  each CIJP segment 
boundary given i n  ClJPFLX pro- 

gram a r e  des i r ed .  

Number of s ea  s t a t e s  (ma. 6 ) .  

Card o r  Line 3 8F10 Heading angles i n  degrees.  0" i s  
(up t o  2 cards)  s t e r n  seas  180° i s  head seas  

Card o r  Line 4 8FLO , Wave exc i t i ng :  frequencies 

(up t o  -4 cards)  i n  rad ians  per  second. (sax. 30) . 
Card o r  Line 5 8 F 1 0  Distance from amidships to '  each 

(up t o  4 cards  - . s t a t i o n  ( p o s i t i v e  Fwd). Enter  

depending on va lue  . . bow s t a t i o n  f i r s t  and proceed 

of NSTA) - t o . s t e r n .  Use blank card  o r  

l i n e  i f  platforin i s  axisym- 

. . . . .  met r i c  (max. 2.5) . 
Card o r  Line '6 .:I615 S t a t i o n  l a b e l s  assigned i n  i n -  
(up es 2 ca rds  .'- .. - pu t  t o  program COTEC. Program 

depending on value COTEC stores each s t a t i o n  by i t s  
of NSTP;" .' l a b e l .  ' The l a b e l  i s  an i n t e r g e r  

, . which ind i ca t e s  the  s t o r e d  loca- 

t i o n  of the s ec t ion  hydrodynamic 

Variable i n  
Program 

NZMOM 

NH13 

BETA 

OM 

XSTA 

NST 



Format 

Card o r  Line 7 8F10.4 

(up t o  4 e a r d s  de- 

pending on v a l u e  

of  NSTA) 

Card o r  Line 8 8F10.4 

(up t o  4 c a r d s  

depending on 
value sf NSTA) 

Card o r  Line 9 8Fi0 .2  

(N, eards) 

En t ry  

d a t a .  Labels a r e  r epea ted  if 

t h e  same s e c t i o n  reappears  

a long t h e  s h i p  a s  i n  t h e  c a s e  

of p a r a l l e l  rnidbody. Labels  

are i n p u t  i n  the  same o r d e r  as 

t h e  l o n g i t u d i n a l  l o c a t i o n s .  A 

zero  s t a t i o n  l a b l e  automati-  

c a l l y  denotes  a s t a t i o n  w i t h  

zero  f o r  a l l  hydrodynamic pro- 

p e r t i e s  a s  a t  t h e  ends o f  t h e  

p la t fo rm.  Use a blank c a r d  if 

p la t fo rm i s  a x i s m e t r i c .  (max. 

25 ) .  

Var iab le  i n  
Program 

S t a t i o n  s e c t i o n  a r e a  f o r  each SA 

s t a t i o n  l a b l e .  Inpu t  zero  f o r  
s t a t i o n s  l a b e l e d  zero .  Use 

b lank c a r d  i f  p l a t fo rm i s  a x i -  

BEAM S t a t i o n  beam f o r  each s t a t i o n  

given a Label. Inc lude  ze ro  
f o r  s t a t i o n s  wi th .  a  l a b e l  of  

z e r o .  En te r  p1atfo.m diameter  . . . . . . 

i f  p la t fo rm ,axisynrmetric. 

Inc lude  one. c a r d  of type  9 f o r  

each v e r t i c a l ,  s u r f a s e  piercing 

l e g  of submarine. o r  semi.-submer- . 

s i b l e .  h i t ,  c a r d  i f  NE, number, . . 
of l e g s ,  e q u a l s .  ze ro .  E n t e r  .: . 

 diameter of l e g  at .  s u r f a c e  DL. 
submerged . l e n g t h  s f  l e g  



Card or 
Line LU 

Card or 
Line 11 

Format Entry 

longitudinal location of leg 

Variable in 
Program 

transverse location of leg. 

parameters describing the 
semi-submers ib2e  or submarine 
hull . Enter hull diameter 
and separation between hulls. 
If separation is zero a single- 
hull submarine configuration is 
assumed. If separation is 
greater than DS a twin hulled . 
semi-submersible is assumed. 
1 f  SEP is greater than zero 
and less than DS incorrect re- 
sul ts are obtained. If NL = 0 
omit this card. 

E10.3, Hull parameters. If platform is 
7FE0.3 a semi-submersible use properties 

for the entire platform including 
vertical colums . Enter platform 
mass (slugs), 
Radii of gyration about x, y .and 
z axes respectively. 

. , Helght of vertical center of: 
. . . . gravity above waterline (posi- 

+ . .  tiveup). 

. . . ,  . . ~ocation of longitudinal center 
of gravity measured from midships 
(positive Fwd) . . . 
Estimatede transverse metocentric 
height:. ' + . 

YYL 

DS 
SEP 

RXX , RYY , 
RZZ 

VCG 

XLCG 



Format 

Card or 
Line 12 

. . 
Card or 3E10.3 
Line 13 

Card or 
Line 14 ., 8F10 :4 

Entry 

Hull block coefficient (one 

hull if semi). 
Note: The program uses a GH 

calculated from the station 
beams, input value is for com- 
parison purposes only. 

Hull parameters: 
Length between perpendiculars. 
Beam (set equal to zero for 
semi-submersible) . 
Draft . 
Height of center of buoyancy 

Variable in 
Program 

DRAFT 
VCB 

above water surface (positive 

up) 
Linear scale ratio relative to SCALE 
that for which the two-dimen- 
sional.sectional: properties were 
computed and frequencies specified. 

Current velocity (not used) . VCUR 
Linear empirical viscous roli B44V 
damping coefficient. 

CWP attachment stiffness in .heave. 'XKP1 
(Force per unit displacement) 

CTJP attachment stiffness in XKP2 
rotation (moment per radian) . 
Youngs M O ~ U ~ U ~ '  of pipe material YMOD 

(PSI) 
. . b  

CWP parameters: , 

CWP diameter. DP 



Format En t ry  

CTJP l e n g t h .  
Mass d d n s i t y  o f  CWI] material 
Waf 1 th ickness  

L inea r  normal vicaus d r a g  ca- 

e f f i c i e n t  ( l b / f t )  . 
Drag = Xmwp (DS) '27r 

Linear  p ipe  heave drag  c o e f f i -  

cient 

Drag = ~ K ~ 7 p w '  
Card 15  8F10.4 Locat ion  o f  p i p e  a t tachment  

X , Y , Z  
Card 1 6  8F10.4 Locat ion  of  p ipe  top  

x, 'f, 
Card o r  3Ff0.2 Locat ions  on p la t fo rm a t  which 

L ine  1 7  motiocs a r e  d e s i r e d .  One ca rd  

Var iab le  i n  
Program 

Xip 

WOP 

TI? 
XKD 

ATACM (1) 

(1 = 1 , 3 )  
PTOP (I) 

(up t o  4 ca rds  r e q u i r e d  f o r  each l o c a t i o n s .  
o r  l i n e s  de- Ente r  

pending on Longi tudina l  l o c a t i o n  - XNOT 

value of HMQT) r r a n s v g r s e  l o c a t i o n  - YMOT 

Card o r  . 8F10.8 S i g n i f i c a n t  wave h e i g h t s  - f e e t  xHf3 

Line  18 
. . O m i t .  t h i s  c a r d  if .no sea s t a t e s ,  

< .  

NH13 = 0 i n  Card 2)  
Card o r  8F10.8 Peak energy f requenc ies  o f  wave O W  . .  , 
Line 19 s p e c t r a  - r a d i a n s  p e r  second. 

(Omit t h i s  c a r d  i f  no sea  s t a t e s ,  

MI13 =I 0 in Card 2 ) .  
Card or 

+ 3 ~ 1 0 . .  5 . The program c a i c u l a r e s  the 
Line  20 I5 wate rp lane  a r e a ,  G% dnd C 3 $  

based on t h e  beams r e a d  from 



Format Entry 
Variable i n  

Program 

~ a k d  8 .  The presence of a moon 

pool o; other free flobding areas  

i n  the h u l l  may'require reduc- 

t ions  to  the computed waterplane 

area and moment. 

The computed area or  rn0rnent.i~ 

mult ipl ied by the  appropria te  

correct ion f a c t o r  t o  y ie ld  the 

area o r  moment consis tent  with 

' t h e  presence of the  moon pool. 
Enter: 

Waterplane area  correct ion f a c t o r .  CPF33 
Transverse i n e r t i a  correct ion IJPF44 
f ac to r .  

Longitudinal i n e r t i a  cbrrect ion 
f a c t o r .  

I f  NVCB i s  zero the  computed 
v e r t i c a l  center of byouancy i s  

C.JPF55 

NVCB 

used . 
If  NVCB i s  grea ter  than zero the  
VCB read from Card 1 2  i s  used. 

I f  NSTA=l the program assumes 

tha t  the platform ' i s  axisymmetric. 

"COTEC" cannot compute accurate  
hydrodynamic data  f o r  an axisym- 

metric shape; therefore ,  the * 

three-dimensional hydrodynamic 

coe f f i c i en t s  must be entered.  A 

6 x 6 added mass matrix and 6 x 6 . b 

damping matrix is' required f o r  each 
. , .  

frequency. .. 
. . 



0 

$ .  Card or 
. gbT-,l.n~! 21 

cuC a 
a 3  ., 
ug. 
E '.u 
O$ Card OH 

Card or 
Line 23 

Format . Entry 

6113.6 Enter six cards .containing added 
maoo m a t r i x ,  six data items'per 
card or line. 

6E13.6 Enter six cards containing 
damping matrix, six data items 
per card or line. 

6E13.6 Wave-exciting forces on axisym- 
metric hull. Each wave-exciting 
force is a complex quantity (2E10.2). 
One card or line is required for 
each frequency. Enter : 
Wave induced horizontal force. 
Wave induced vertical force. 
Wave induced pitching moment. 



1 ENTER 
I 1, 

SUBROUTTh? INPU2 

Rcad and w t i t c  card  o r  keyboard input  d a t a .  
Rcad and  w r i t e  CLT t r a n s f e r  funct ions  f o r  

r CALL SUBROUTIHE attnchmcnt p o i n t .  

SUSROUTTXE XBCX 

CALL. SUBROUTINE Devclop c o e f f i c i e n t s  f o r  ,frcqucncy domain 
ABCX equclcions which descr ibe '  the fo rces  pro- 

duccd by a p l a t f o n ~ r  rr,otion. These f o r c e s  
include-added mass, damping, pipe r e s -  

B E G I N  ponse and h y d r o s t a t i c  r e s t o r i n g  f o r c e s .  
HEADING LOOP 

4 .  v 

SUBROUTI?!E FORC2 
BEGIN 

FREQ. LOOP Compute the wave e x c i t i n g  fo rces  on p l a t -  

J. 
f o r n  and p ipe  f o r  a r e g u l a r  wave. 

CALL SUB. 
FORC2 SUSROUTIPJE GELC 

r, GELC so:ves Linear equat ions  which have 
coaplex c o e f f i c i e n t s .  The pla t form 

I I  CALL SUB. motions a r e  obta ined by eqxating the 
GELC I f o r c e s  produced by t h e  p la t form motions 

J, 
t o  tho wave genera ted fo rces  and solving 

' f o r  the p la t form motions.  
CALL SUB. 
OUTP L !  + SUaROUTINE OUTP2 

- EPlDFREQ. P r i n t  no t ions  obta ined by GELC. - 
LOOP Read pipe t r a n s f e r  funct ions  From f i l e .  

compute and p r i n t  p ipe  d i s p l a c c n r n t s  and 
5. loads  due t o  t e g u l a r  waves. 

, . 

C Compute and p r i n t  p la t form motion, p ipe  
IF HI l o a d s ,  p ipe  s t r e s s e s  and pipe i i isplace- 
R E A ~  . ments f o r  s p e c i f i e d  i r r e g u l a r  

-. CALL SPEC2 
I 

. 

I 
- -- 

A EXD HEADING 
LOOP 1 

I 

Figure E-1 FLOW CIURT OF PR0GRN.I "XOTEC" 



APPENDIX F 

CWP Notes 1-4: 

Revisions-and Updates to 
NOAA/DOE Code 



F . 1  BACKGROUND 

~ f t e r  r e c e i v i n g  and implementing t h e  code i n  January 1979,  
O R I ,  I nc .  i d e n t i f i e d  a number of a r e a s  i n  which t h e  code could 

be improved, bo th  from a s t a n d p o i n t  of o p e r a t  i o n a l  e f f i c i e n c y  , 
and a l s o  from t h e  po in t  of view of making t h e  program a p p l i c a b l e  
t o  a b roader  r a n g e o f  CWP a n a l y s i s  c a s e s .  ttCWP Notest t  1 through 
4 were developed a s  addenda t o  t h e  u s e r ' s  manual (Appendices 
A through E ) .  These documents f o l l o w ,  and add res s  t h e  p o i n t s  
which OR1 i d e n t i f i e d  a s  problem a r e a s  du r ing  t h e  o p e r a t i o n a l  
implementation o f  t h e  code. ~ ' 



CbJP NOTES #1 

Th6 fo l l ow ing  changes o r  addi t ions are for  improvement i n  

the aperat ional  ef f ic iency of the. NOAA/DOE Code. ( revised 5-1-79) 

L ine 61 -- 
Change : 

BMtvll(1 Q )  

To : 
BMMI (SO) 

Reason: Erroneous dimension. Pipe w i t h  more than 18 sect ions w i l l  overwr i te  
i n t o  next  array.  

. . 
L ine  137 -- . - 

Rep1 ace : 
905 XC = 8.  

With: 
905 XC = ZP 

L ine  139 -- 
Inse r t :  

IF ( X C  .bf. BMFT') VX=O. 

L ine  1141 -- 
Insert : 

I F  (\(I .EQ. 0.) .VF=O. 

Reason: The preceeding th ree  changes take i n t o  account t h a t  the top o f  the 
p ipe  may not be loca ted  a t  the water surface and sets the current 
fo rce  equal t o  zero i f  the top sec t ion  o f  the p ipe i s  l o c a t e d  i n s i d e  
t h e  plat form. 

L ines 292-294 -- . , 

Del ete  : 
IF (LRflflT .EQ. 0) GB Tfl 9002 ' 
af (DADA - DABS ( B )  ) 9o01,~002,9002 

9001 DEL = DEL/2 

Reason: These statements seem t o  be l e f t  over Prom a  binary  search a l g o r i t h m  
and do no t  belong i n  the  present s t r a i g h t  1 i ne  search a lgor i thm.  



Lines 58-59 -- 
No change; should remain as fo l l ows :  

115 I F  (ID-2) 116,116,209 
. . 

116 I F  [D) 209,117,209 

Reason: Program should proceed t o  statement 209 ( e r r o r  message and program 
k ickou t )  on l y  i f  I D  i s  l ess  than 2 ( s t a t i c  case) and D (motion m a t r i x  
determinant) i s  no t  equal t o  zero. 

SUB .HDFgRCE 
. . 

L ines 75-76 -- 
I n s e r t  : 

I F  ( Z I  .LT. DRAFT) VI=O. 

A f t e r :  
V I  = VS * (VZ + AZ1 * DEXP . . . ) 

I n s e r t  : 
I F  ( V I  .EQ. 0.) VF=O. 

A f t e r :  
VF = VS * (VZ + AZ1 * DEXP . . . ) 

Reason: Same as 1 ines 137-141 

A l l  f i l e  manipulat ions must be. changed t o  conform t o  t he  user ' s  s p e c i f i c  
computer c o n f i  guratlon. 

MAIN. DTEC ( . XPTEC) 

SUB. INPU2 

A f t e r  l i n e  152 (XM(2,4) = -XM(1,5)) 7 -  
. . 

I n s e r t  : 
, XM(2,6) = XMASS * XLCG , . 

Before l i n e  159 (100 F 0 W T  . . . ) -- 
I n s e r t :  

XM(4,6) = %  XM(3,5) * VCG 
XM(6,4) = XM(4,6) 



SUB. FgRC2 

Lines 111-112 -- 
Rep1 ace : 

With : 
ZS 90.1 
IF .NE. 0.1 ZSTI ( I )  = ZST1 (I) / CMPLX (XSTA(I),O.) 

Reason: Prevents possibl e divide-by-zero. 



IMPROVEMENTS TO PROGRAM XBTEC 

1  . The f o l  lowing i nse r t i ons  w i  11 a1 low the  desi gner t o  i npu t  a  l ong i t ud i na l  
sp r ing  a t  the  bottom o f  the  CWP. Th is  con f igu ra t ion ,  which was n o t  p rev ious ly  
ava i lab le ,  permits bottom mounted pipes w i t h  heave compensation devices.  o r  t he  
Gibbs & Cox tension-moored SPAR p la t f o rm  t o  be model1 ed. Since. many , o f  the- 
proposed CWP con f igu ra t ions  conta in  some form o f  tens ion mooring, t h i s  add i t i on  
g r e a t l y  increases t he  f l e x i b i l i t y  o f  the  program. 

SUB. INPU2 

I n s e r t  : 
C0b,IM@ XKPBOT 

L ine 119 -- 
Repl ace : 

READ(IR,114) XKPl ,XKP2,YMBD 

With: 
READ(IR,114) XKPl ,XKP2,YMfOD,XKPBBT 

Where: XKPBBT i s  the  sp r ing  s t i f f n e s s  i n  fo rce  per u n i t  length.  

A f t e r  l i n e  120 -- 
I n s e r t  : 

WRITE (IW ,301 ) XKPBBT 
301 FBRMAT(/, 1  X, 'AXIAL BfOTTfOM MBBR SPRING ST1 FFNESS ' , 

1 (F&CE/LENGTH)= , EI 2.5) 

SUB. ABCX 

I n s e r t  : 

CBMMfl XKPBPT 

L ine 169 -- 
Repl ace : 

ZLHS(7,7) = CMPLX(XKP~ -$M(IBM)"~*xM~~*xLP, XKD7*RHg* 

With : 
ZLHS(7,7) = CMPLX(XKP1 + XKPBfOT - fOM(IfOM)**2 * XM77 * XLP , XKD7 * RHO * 



2. The f o l l o w i n g  changes w i l l  permi t  t h e  designer t o  run a spec i f i c  p la t form 
-w i t hou t  the  CWP attached. Th is  type o f  ana lys is  would be appl i c a b l e  t o  any 
case where t he  CWP would be disconnected dur ing  extreme storm condi t ions o r  
maintainance operat ions and the re  would be a need t o  know sh ip  motio.ns wi thout  
t he  pipe. It would a lso be o f  importance t o  t he  d e f i n i t i o n  of sh ip  motions 
dur ing  i n i t i a l  CWP i n s t a l  l a t i o n  planning and t o  v a l i d a t i n g  model t e s t  r e s u l t s  
f o r  var ious barge o r  SPAR designs. 

SUB. INPU2 

I n s e r t  : 
C0MM KEY CWP 

L ine 40 -- . . 
L .  

Rep1 ace: 
READ(IR,100) NBM,NENC,NSTA,NL,NMflT,NZMfJM,NH13 'I 

With : 
READ(IR,100) N@M,NENC,NSTA,NL,NMfJT,NzMflM,NH13,KEYCWP 

Note: If KEYCWP i s  anything o ther  than zero, the  program w i l ' l ' . t r ea t  i t  as i f  
t he re  i s  no pipe. 

A f t e r  1 i n e  40 -- 
. , 

I n s e r t  : 
f F (KEYCWP .NE. 0) GO T0 12 

A f t e r  l i n e  60 (Dp 10 ...) -- 
I n s e r t :  

I F  (KEYCWP .ME. 0)  G0 T0 303 

Before 1 i n e  75 (10 C0Nf INUE) -- 
I n s e r t ;  

G0 Tld 10 
303 CBNTINUE 

ZFP(I0N) = 0. 
zMP(I0M) = 0. 
ZFPP(1BM) = 0. 
ZMPP(1BM) = 0. 
ZFPW(I0M) = 0. 
ZMPW(1BM) = 0. 

I . .  

*. . . 

I n s e r t  : 
COMM0 KEY CWP 



Af ter  l i n e  23 ( I l l  = ...) -- 
I n s e r t  : 

I F  (KEYCWP .NE. 0) 'GO TO 66 . , 

Before l i n e  37 ( C  CALL DATSS . . .) -- 
I n s e r t  : 

I F (  KEYCWP .EQ. 0)- GO TIB 67 
66 CPNTINUE 

ZFP(I0M) = 0. 
ZMP(1rn) = 0. 

67 CPNTINUE 

SUB. flUTP2 

KEY CWP 

A f t e r  l i n e  19 (Ill = ...) -- 
I n s e r t  : 

I F  (KEYCWP . NE. 0) GD T0 66 

I F  (KEYCWP . EQ. 0) Gf?l Tfl 67 
66 CBNTINUE 

ZFP(1tPl) = 0. 
ZMP(I0M) = 0. 
ZFPP(IBIPI) = 0. 
PMPP(I0N) = 0. 
zFpw(am) = o. 
ZMPN(Irn) = 0. 

67 CflNTINUE 

A f t e r  l i n e  113 (C PIPE MgTIflNS AND LPADS) -- 
Inser t :  

I F  (KEYCMP .NE. 0) Gfl Tfl 68 
IF (NZMgM .EQ. 0 )  G@ Tfl 68 

A f t e r  1 i n e  137 (10 C@Nf IQIUE.) -- 
I n s e r t  : 

68 CBNTfNUE 



CWP NOTES #2 

ERRATA - .~ TO USER'S MANUALS 

The fo l lowing changes t o  the.  user.'^ Manual' aiid d l  scussion of CWPFLX 

were forwarded t o . 0 ~ 1  on 28 March b y  Dr.  Chirasik Thisanatorn o f  Hydronautics, 
Inc .  

" ~ d d e n d a  and E r r a t a  t o  Report 7825-2" 
(03/28/1979) 

Technical  Report 7825-2 Vol. I ' 

The fo l lowing  ' c o r s e c t i o n , ~  should be made. t o  t h e  o r i g i n a l  
r e p o r t  (dated November 1978) : 

Page 53,  ' r ight-hand s i d e  of equat ion  [ 4 3 ] .  Should read  

-% -kDp "1.1 e . .  ...I1 i n s t e a d  o f  "1.1 e *I  ..... 

Page 85,  Table 7-2, l i n e  2 of  shea r  r e s u l t s .  Should read  

"0.013 0.013" i n s t e a d  of  ."0.13 0.13". 

Technicai  Report 7825-2 Vol. I1 

Page B-6, inpu t  i n  c a r d  8 should read:  

LNCP ( I )  , CK(1) , BK(1) , CM(1)  , CN(1) , HSP ( I )  
(110,4F10.2) 

i n s t e a d  of 

I RLHSP (I) (110,5FlO. 2)  , - -  I 



Page B-9, line 3 from, top. . - Should read kl instead of klky 
line 8 from top. Definition of current velocity 

profile should read ". . . ...+ a2z e instead of 
I I -kzzrc . . .  ...+a ze *. 

Comments on ' "CWPFLX" 

In order to imp'rove the accuracy of a shear result in a 
vicinity of the pipe attachment, shear forces in an upper 
one-quarter of the pipe length are obtained by directly 
integrating the equation of motion taking into account only 
distributed pipe characteristics and transverse (horizontal) 
distributed forces. Therefore, any concentrated parameters, 
i.e., lumped masses, concentrated forces, any spring supports 
(mooring lines'), are not p&mitted in the upper one-quarter 
of the pipe. However, the program can easily be modified 
to allow the concentrated parameters in this portion of,the. 
pipe. 

At line ndber 111 in the main program, "NSEG = RNS14." 
where RNS = total number of CWP sections, and NSEG - number of 
CWP sections (range of integration) from pipe top which shear results 
are. obtained by integration. This range of integration or NSEG 
should be decreased such that any. concentrated parameters are .. 
outside this range. For example, if the integration is to be 
performed in the upper one-sixth of the total 'number pipe .; ' 

sections, line 111 should be changed. to "NSEG = RNS/6." instead 
of "NSEG = RNS/4.1f 

.. , -  . . -. - 

. - .  ,.. . 
" I .  . . 



Note on Limi ta t4  ons on CWP Conf i gura t i  ons 

Due t o  the n~att\emat.Ecal approach used i n  the NUAA/DOE model, i t  i s  

impossible t o  analyze ce r t a i n  Cold Wafer Pipe (CWP) con f i  gu ra t i  ons . In .  

pa r t i cu l a r ,  a number of n e u t r a l l y  buoyant cases w i  11 r e s u l t  i n  e i t h e r  unstable 

o r  n e u t r a l l y  s tab le  so lu t ions.  This i s  due t o  the f a c t  t h a t  the so lu t i on  technique 

re1 i e s  on the determination of natura l  frequencies. For neut ra l  l y  buoyant 

pipes, natura l  frequencies cannot be computed f o r  cases. such as the fo l lowing:  
1 

e Neut ra l l y  buoyant, simply supported 'pipe w i t h  no hinge 

s t i f f n e s s  a t  attachment po in t .  (Pipe w i l l  be i n  

equi 1 i b r i  um a t  any angle t o  the v e r t i c a l  . ) 
Neu t ra l l y  buoyant, hinged pipe w i t h  no hinge s t i f f ness .  

Q 6Ykgat-i ve ly  .busyant pipe, simply supported o r  hinged, 

ax i a l  fo rce  inc lud ing  i n te rna l  water f low i s  upward. 

Note t h a t  i n  each o f  these cases, the so lu t i on  could be made s tab le  by adding 

a downward tension, ex t ra  weight o r  reduced buoyancy, non-zero hinge spr ing 
I 

s t i f f n e s s  o r  mooring I i nes. 

Obviously, t he ,  u l  t irnate goal of the design being t o  minimize def lec t ions,  

one or  more of these so lu t ions w i  11 natura l  l ,~ be incorporated i n t o  the design, 
The th ree  cases noted above are no t  feas ib le  designs. We b r i n g  a t t en t i on  t o  

these c ~ n f i g u r a t i o n s  on ly  because one of the users attempted t o  analyze one 

o f  these s i tua t ions  and encountered the obvious problems. 

Ghan~e t o  Proqram XOTEC 

The fol'lowing change increases the genera l i t y  o f  program XOTEC. As 

present ly  programmed, the code w i l l  handle only the case"of XCG (Center. o f  

Grav i t y )  equal t o  zero. by making the  fo l lowing change, a non-zero XCG f o r  

the p la t fo rm may be implemented, The change noted a l t e r s  the general ized mass 

ma t r i x  t o  account f o r  t h i s  case. 

Subroutine ENPU2 

L ine 153 Replace: XM(3,5)=-XM(2,6) 
W i  t h  : XN (2,6)=XMSS*XLCG 

Line 158 



CWP NOTES # 3  

Attached i s  t h e  most recent  l i s t i n g  o f  t h e  NOAA/DOE computer code f o r  

. programs CWPFLX and XOTEC. A l l  of the  changes t h a t  have been made t o  the  

o r i g i n a l l y  publshed code have been de l ineated and b r i e f  comments have been 

placed near the a1 te red  1 ines. A number o f  changes have been made t o  c o r r e c t  

l o g i c  o r  FORTRAN r e l a t e d  er rors ,  b u t  several  improvements t o  t h e  code have 

a l so  been added. The f o l  low ing summaries con ta in  In fo rmat ion  p e r t a i n i n g  t o  

these model ing changes. 

Proqram CWPFLX 
(.. - .  

Improved n a t u r a l  f requency search a lgor i thm:  The o r i g i n a l  search 

r o u t i n e  was a f a l s e  p o s i t i o n  search. Th is  type o f  search may cause numerical 

i n s t a b i l i t i e s  o r  o s c i l l a t i o n s ,  p revent ing  a s o l u t i o n  o r  g r e a t l y  decreasing t h e  

e f f i c i e n c y  o f  the rou t i ne .  The improved f a l s e  p o s i t i o n  search w i l l  prevent 

these i n s t a b i l i t i e s  as long as  s u i t a b l e  search increments are used, 

Recommended i n i t i a l  increments are about 1/2 t he  value o f  the  est imated f i r s t  

modal frequency. 

Frequency search bypass: The op t i on  w i l l  now be a v a i l a b l e  t o  bypass 

t h e  frequency. I f  t h e  p ipe modal f requencies are a l ready  known ( ie . ,  t h e  

i d e n t i c a l  p ipe  has p rev ious l y  been analyzed), t he  frequency search can be 

bypassed by read ing  i n  t he  n a t u r a l  f requencies as input .  This  o p t i o n  saves 

cons iderab le  computation o f  t ime and money. See use r ' s  guide update ( l a s t  

page o f ,  t h i s  document) f o r  d e t a i l s .  When t h e  i t e r a t i v e  damping scheme 

p r e s e n t l y  being developed by Hydronautics, Inc. i s  implemented, t h i s  bypass 

w i 11 no 1 onger b y  necessary. 
I 

I n c l u s i o n  of concentrated parameters i n  subrout ine  CORREC: 

Subrout ine CORREC recomputes t h e  shear f o r c e  by  i n t e g r a t i n g  t h e  p ipe  
response. The o r i g i n a l  subrout ine cou ld  no t  handle segments t h a t  conta ined 

at tached spr ings  o r  concentrated masses. This  d e f i c i e n c y  has now been 

corrected. See use r ' s  guide update. Shear s t r e s s  i s  now computed 

a f t e r  CORREC i s  c a l l e d ,  n o t  before.  



Current  f o r c e  on p i p e  i n s i d e  plat, form: .- Current  f o rces  on p ipe  

segments i n s i d e  the  p l a t f o r m  moon pool are now s e t  t o .  zero. 

3 '  

Bottom mounted p ipe:  S e t t i n g  the . l ower  end boundary c o n d i t i o n  t o  

s imp ly  supported r e s u l t s  i n . a  bottom mounted pipe. Previous e r r o r s  r e s u l t i n g  

i n  mot ion o f  the bottom end have been co r rec ted  and the  present code produces 

no l a t e r a l  mot ion  a t  a  s imply supported bottom mount. 
. > 

, - -. T- 

Shape f a c t o r  f o r  bottom mou.nted o r  hinged p la t fo rm/p ipe  c o r r e c t i o n :  

The a n a l y t i c  approach t o  p ipe  bending ana lys is  assumes r i g i d .  body mot ion f o r  

computing hydrodynamic loads on the pipe. The approach a l so  necess i ta tes  

adding an o f f s e t  t~ t h e  s t a t e  vec tor  t o  t rans form t h e  bending response f rom 

the  p ipe  coord ina te  system t o  the i n e r t i a l  frame o f  reference.  I n  t he  bottom 

mounted case, t h e  o f f s e t  i s  computed by  assuming a  s t a t i c  p ipe  shape based on 

the  boundary cond i t i ons  and the p ipe m a t e r i a l  and geometry. The f r e e l y  hung, 

case w i t h  a  t o p  hinge i s  analyzed dynamicaly as a  r i g i d  body-spring system 

w i t h  damping. This m o d i f i c a t i o n  co r rec ts  the  prev ious asssumption t h a t  the  

p ipe  r o t a t e d  one rad ian  i n  response t o  a  u n i t  p l a t f o r m  r o t a t i o n  f o r  a l l  t o p  
boundary cond i t ions .  Th is  assumption i s  o n l y  t r u e  f o r  f i x e d  connections. The 

co r rec ted  response now r e s u l t s  i n  zero p ipe mot ion due t o  p l a t f o r m  r o t a t i o n  

f o r  a  pure hlnged c o r r e c t i o n  and increas ing  response as the  s p r i n g  constant  i s  

increased. I n  the  l i m i t ,  an i n f i n i t e  sp r i ng  does reduce t o  the  f i x e d  case. 

Diameter and th ickness  added t o  t r a n s f e r  f i l e :  The diameter and 

th i ckness  a t  each segment have been added t o  t h e  t r a n s f e r  f i l ' e .  This  change 

i s  necessary so t h a t  XOTEC w i l l  p rope r l y  compute p ipe  st resses f o r  

non-pr i sma t i c  pipes. 

PROGRAM XOTEC 

No-Pipe opt ions:  .An o p t i o n  t o  r u n  t h e  p l a t f o r m  w i thou t  a  p ipe  has 

been added t o  a l low the user t o  run  XOTEC w i thou t  having t o  r u n  CWPFLX f o r  a  

zero p ipe  case. See use r ' s  guide update f o r  d e t a i l s  on i npu t .  



F-13 
XMASS computat ion: Co r rec t i ons  have been made t o  t he  mass m a t r i x  

computat ion t o  p r o p e r l y  handle cases when t h e  l o n g i t u d i n a l  and v e r t i c a l  

cen te r s  of g r a v i t y  are non-zero., Transver5e cen te r  o f  i s  assumed t o  

be on t h e  c e n t e r l i n e .  

Bottom p i p e  a x i a l  sp r i ng :  A v a r i a b l e  has been added t o  s imu la te  a 

bot tom a x i a l  moor ing l i n e  by read ing  i n  i t s  s p r i n g  constant .  c his e f f e c t  can 

a l s o  be i nc l uded  i n  CWPFLX by  assuming an average t e n s i o n  and e s t i m a t i n g  t h e  

t r ansve rse  r e s t o r i n g  f o r c e  due t o  t h e  a x i a l  sp r ing .  See u s e r ' s  gu ide update 

f o r  d e t a i l s .  

S t ress  i n  p i p e  segments: I n d i v i d u a l  p i p e  s e c t i o n  d iameters  and 

th icknesses  a re  passed f rom CWPFLX v i a  t h e  t r a n s f e r  f i l e  t o  ensure p roper  

computat ion o f  s t resses.  Th i s  change i s  necessary t o  p r o p e r l y  handle 

non-prismatic pipes. 



User ' s  Manual. Cor rec t ions  
( I n p u t  Data Cards) 

CWPFLX 

Card 2  - NTERM, NLOADS, NWR ITE, NOSRCH (415) 

NWRITE = 0  - no debug ou tpu t  

1 - debug output  

NOSRCH = 0  - use frequency search 

1 - read I n  known n a t u r a l  frequencies 

Card 2A- i f  NOSRCH = 1, read NTERM cards w i t h  n a t u r a l  f requencies i n  

i nc reas ing  order (magnitude) 

FQN(1)- n a t u r a l  f requency i n  cycles/sec (E22.14) 

XOTEC 

Card 2- (815) - NOM,NENC,fjSTA,NL,NMOT,NZMOM,NH13,KEYCWP 

Set NZMOM=O and KEYCWP = 1 i f  no p ipe  

Card 13-(4F10.3)XKPl,XKP2,YMOD, XKPBOT 
I ' - , *  

XKPBOT i s  an a x i a l  bottom sp r ing  s t i f f n e s s ,  l b / f t  

Card 14- RHOP i s  t he  mass dens i t y  o f  p ipe  ma te r ia l s ,  i n c l u d i n g  e f f e c t  o f  

average d e n s i t y  lower ing due t o  i n t e r n a l  .bouyancy pods. (RHOP x p ipe  
volume x  32.2 = t o t a l  weight o f  p ipe  i n  a i r )  



CWP NOTES #4 

USER'S GUIDE CHANGES/ADDITIONS 

The ' f o l l o w i n g  changes o r  add i t i ons  apply t o  the  most recen t  vers ion  

o f  the  NOAA/DOE Code. 

PROGRAM CWPFLX 

Page 0-1 Card 2 - Read NTERM, NLOADS, NWRITE; NOSRCH' (415) 

NWRITE = 0, no debug output  

1, debug ou tpu t  

NOSRCH = 0, per form frequency search 

1, do n o t  per form search, use read- in  f requencies 

Card 2A - n a t u r a l  frequencies, one t o  a card, lowest  t o  h ighest ,  

cycles/sec, a t  l e a s t  8 s i g n i f i c a n t  d i g i t s ,  !4TER!.! cards 

(E20.10) 

Page B-5 Card 76 - Read XK(I), RK(I), RG(1), DIAM(I), fH(I), FA( I ) ,  CDSTAT(1) 

(7F10.2). 

CDSTAT(1) = Steady drag c o e f f i c i e n t  f o r  sec t ion .  I f  l e s s  

than .0001, uses de fau l t  value o f  .8. 
PROGRAI"4 XOTEC 

Page E-3 Card 2 - Read NOM, NENC, NSTA, NL, FIMOT,'MZMOM, NH13, KEYCWP 

(815) 

KEYCWP = 0, p l a t f o r m  w i t h  p ipe  

1, p l a t f o r m  w i thou t  p ipe  

I f  no pipe, s e t  NZ!.IOPI=O, DP=.P, XLP=.1, TP=.O'I, RHOP=2. 

CWPFLX need n o t  be run.  

Page E-8 Var iab le  RHOP i s  the  average mass d e n s i t y  o f  t he  p ipe  ( n o t  

necessarily equal t o  t h e  p ipe  m a t e r i a l  dens i t y  i f  t h e  p ipe  

conta ins  buoyancy chambers). RHOPopipe volume.32.17= p ipe  

weight  i n  a i r .  
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