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SUMMARY 

The t r a n s p o r t o f long p i p e l i n e s e c t i o n s from f a b r i c a t i o n s i t e t o an o f f s h o r e 
f i e l d by means o f towing i s introduced. The dynamic analysis of one o f the possible 
towing methods, the C o n t r o l l e d Depth ( o r Mid-Depth) Tow I s discussed i n more 
d e t a i l . The method o f a n a l y s i s I n a l o t o f aspects resembles the a n a l y s i s of 
r i s e r s , but due t o the s p e c i f i c circumstances there are d i f f e r e n c e s as w e l l . 

1. INTRODUCTION 

Most o f f s h o r e p i p e l i n e s are I n s t a l l e d by means o f a lay-barge a t which 
p r e f a b r i c a t e d p i p e l i n e s e c t i o n s o f about 12 a l e n g t h are welded t o g e t h e r t o 
one continuous pipe J u s t before I n s t a l l a t i o n onto the seabed. While f o r l o n g 
b u l k l i n e s from o f f s h o r e f i e l d t o shore there h a r d l y e x i s t a l t e r n a t i v e i n s t a l l a t i o n 
methods, the l i n e s o f smaller l e n g t h , ( g e n e r a l l y I n - f i e l d l i n e s ) can be f a b r i c a t e d 
on-shore and subsequently bc t r a n s p o r t e d t o t h e i r f i n a l l o c a t i o n . 

For small diameter l i n e s the s o - c a l l e d reel-method can be used: the s t e e l pipe 
I s wound on a l a r g e diameter r e e l placed on a barge and i s at the f i n a l l o c a t i o n 
u n - r e e l e d , s t r a i g h t e n e d and lowered t o the seabed I n a s i m i l a r way as a 
c o n v e n t i o n a l p i p e l i n e . 

For l a r g e diameter pip e and bundles o f p i p e s , f l o w l l n e s and c o n t r o l l i n e s the 
reel-method i s not a v i a b l e o p t i o n . I n t h i s case the t r a n s p o r t can take place 
by means o f towing o f the pipe s t r i n g from the f a b r i c a t i o n s i t e a t shore t o 
the o f f s h o r e f i e l d . 

The advantages o f t r a n s p o r t i n g p i p e l i n e s by means o f towing can be summarized 
as f o l l o w s : 

A number o f small diameter f l o w l l n e s and c o n t r o l l i n e s can be enclosed 
by one c a r r i e r p i p e , which prevents congestion i n the f i e l d . 
I f r e q u i r e d the I n d i v i d u a l l i n e s can be prov i d e d by I n s u l a t i o n . 
A l l l i n e s can be t e s t e d e x t e n s i v e l y on shore. 
The method does not r e q u i r e expensive o f f s h o r e i n s t a l l a t i o n equipment. 

L i m i t a t i o n s o f the method are; 

The l e n g t h o f the p i p e l i n e bundles I s g e n e r a l l y l i m i t e d t o say f o u r 
or seven kilometers (although i n one case a s i n g l e l i n e o f 21 k i l o m e t e r s 
l e n g t h has been t r a n s p o r t e d by means o f an o f f - b o t t o m t o w ) . 
A spacious on-shore c o n s t r u c t i o n s i t e and shallow beach and l a n d f a l l 
are r e q u i r e d a t a l o c a t i o n not t o f a r from the f i e l d o f I n s t a l l a t i o n . 
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Thi s paper i n t r o d u c e s the v a r i o u s p o s s i b l e methods o f towing pipe s t r i n g s and 
discusses methods t o analyze the complex dynamic behavior o f the pipe s t r i n g s 
d u r i n g t r a n s p o r t . 

2. TRANSPORT AND INSTALLATION OF PIPELINE STRINGS 

Methods t o tow a p r e f a b r i c a t e d p i p e l i n e or p i p e l i n e bundle t o an o f f s h o r e f i e l d 
can be d i s t i n g u i s h e d as f o l l o w s : 

Bottom tow 
Of f - b o t t o m tow 
Surface tow 
Near-surface tow 
C o n t r o l l e d depth tow 
( a l s o c a l l e d : Mid-depth tow) 

These v a r i o u s tow methods are s c h e m a t i c a l l y shown I n Figure I and are discussed 
b r i e f l y below. 

I t w i l l be c l e a r t h a t the bottom tow method can on l y be a p p l i e d when the l e n g t h 
o f the p i p e l i n e I s l i m i t e d , otherwise the r e q u i r e d p u l l f o r c e becomes excessive 
Furthermore the seabed along the r o u t e must be f l a t and c l e a r from even the 
smallest obstacle and manoeuvering w i t h the pipe s e c t i o n I s v i r t u a l l y Impossible 
The bottom tow l a i n p r a c t i c e only used f o r the I n s t a l l a t i o n o f l a n d - f a l l p i p e l i n e s 
o f s m a l l l e n g t h . 

I n case o f the o f f - b o t t o m tow the p i p e l i n e ( o r p i p e l i n e bundle) I s p r o v i d e d 
w i t h buoyancy J u s t i n excess o f i t s own weight. This buoyancy can e i t h e r be 
achieved by t y i n g separate buoyancy cans a t r e g u l a r I n t e r v a l s t o the p i p e l i n e 
or by p u t t i n g the p i p e l i n e I n t o a l a r g e r diameter c a r r i e r pipe, which then provides 
continuous buoyancy along the t o t a l l e n g t h . Small s e c t i o n s o f b a l l a s t c h a i n 
p r e v e n t the p i p e l i n e from f l o a t i n g t o the su r f a c e , the s t r u c t u r e hovers a t a 
few.meters above the seabed (see Figur e 2 ) . I t goes w i t h o u t s a y i n g t h a t a l s o 
I n t h i s case the seabed along the r o u t e must be reasonably f l a t and sh o u l d be 
surveyed e x t e n s i v e l y f o r ( l a r g e r ) obstacles l i k e ship wrecks, rocks, etc P i p e l i n e s 
have been towed s u c c e s s f u l l y i n the pa s t f o r hundreds o f k i l o m e t e r s i n t h i s 
way. Advantages w i t h respect t o the bottom tow are the s m a l l e r towing r e s i s t a n c e 
the I n c r e a s e d m a n e u v e r a b i l i t y and the clearance from the seabed. 

When the p i p e l i n e I s p r o v i d e d w i t h excess buoyancy which I s not compensated 
by b a l l a s t c h a i n s e c t i o n s , the system w i l l f l o a t to the s u r f a c e . I t can e a s i l y 
be shown t h a t r e l a t i v e l y s m a l l waves w i l l cause unacceptable s t r e s s e s I n the 
pi p e . T h e r e f o r e s u r f a c e tow can o n l y take place I n areas w i t h a v e r y m i l d c l i m a t e 
and even then the towing d i s t a n c e must be l i m i t e d I n o r d e r t o be sure o f v e r y 
calm sea c o n d i t i o n s . 

A t r a n s p o r t mode which I s l e s s v u l n e r a b l e t o sea waves I s the n e a r - s u r f a c e tow 
I n t h i s case the buoyancy p r o v i d e d along the p i p e l i n e i s J u s t I n s u f f i c i e n t t o 
l e t the pipe f l o a t . Buoys are connected a t r e g u l a r I n t e r v a l s t o the pipe by 
means o f a s t e e l or nylo n w i r e o f say 25 m l e n g t h , from which the p i p e l i n e I s 
supported. As a r e s u l t the p i p e l i n e i t s e l f w i l l remain f r e e o f the most severe 
wave l o a d i n g , although the buoys I t s e l f Introduce dynamic loadings t o the p i p e l i n e 
when s a i l i n g i n waves. Therefore the buoys should be kept as s m a l l as p o s s i b l e 
which c a l l s f o r a v e r y accurate weight and buoyancy c o n t r o l o f the p i p e l i n e 
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system. 

The most I n t e r e s t i n g p i p e l i n e t r a n s p o r t method, c e r t a i n l y from the e n g i n e e r i n g 
p o i n t o f view i s the c o n t r o l l e d depth ( o r mid-depth) tow. The c o n f i g u r a t i o n 
o f the system i s s i m i l a r t o the o f f - b o t t o m tow, however care i s taken t o keep 
the submerged weight o f the p i p e l i n e ( o r p i p e l i n e b u n d l e ) , i n c l u d i n g the chains 
v e r y s m a l l and w i t h i n narrow l i m i t s . At zero f o r w a r d speed the p i p e l i n e f l o a t s 
a t a few meters above the seabed, w i t h a few l i n k s o f each chain s e c t i o n r e s t i n g 
on the seabed, J u s t as I n case o f the o f f - b o t t o m tow method. When the l e a d i n g 
tug s t a r t s moving the p i p e l i n e the drag f o r c e on the c h a i n w i l l cause the c h a i n 
to hang s l i g h t l y out o f the v e r t i c a l plane (see Fig. 3 ) . As a r e s u l t the same 
drag f o r c e no longer w i l l a c t I n the h o r i z o n t a l plane, b u t i t w i l l get a ( s m a l l ) 
component I n the v e r t i c a l (upward) d i r e c t i o n . This l i f t f o r c e w i l l decrease 
the v i r t u a l weight o f the p i p e l i n e and, when the submerged weight I s s u f f i c i e n t l y 
s m a l l , a t a c e r t a i n s a i l i n g speed the p i p e l i n e w i l l l i f t o f f the seabed. The 
system now looks l i k e shown i n Fig.4 . By v a r y i n g the s a i l i n g speed, the p a i d - o u t 
l e n g t h o f the towing l i n e s and the t e n s i o n I n the towing wires f o r e and a f t . 
the v e r t i c a l p o s i t i o n o f the towheads o f the p i p e l i n e depth o f the m i d s e c t i o n 
o f the p i p e l i n e can be c o n t r o l l e d . With the c o n t r o l l e d depth tow de s c r i b e d here 
the disadvantages o f the (near)-bottom tow and the (near)-surface tow are avoided: 
the p i p e l i n e remains w e l l c l e a r o f the seabed and the t r a n s p o r t I s not h i n d e r e d 
by o b s t a c l e s such as p i p e l i n e s or shipwrecks, on the o t h e r hand the p i p e l i n e 
can be kept s u f f i c i e n t l y below the water surface t o avoid excessive wave loading. 

3. STATIC BEHAVIOR OF PIPELINES DÜRING TOW 

The most Important s t a t i c e n g i n e e r i n g c a l c u l a t i o n s and checks which have t o 
be made f o r a c o n t r o l l e d depth tow are I n d i c a t e d below ( " s t a t i c " i n the present 
c o n t e x t means the e x c l u s i o n o f wave e f f e c t s ) : 

Towine f o r c e s and a x i a l t e n s i o n . 

The a x i a l t e n s i o n I n the p i p e l i n e a t an a r b i t r a r y s e c t i o n i s c a l c u l a t e d from 
the tow w i r e t e n s i o n ( f o r e and a f t ) , the f r i c t i o n a l r e s i s t a n c e o f the pipe and 
of the chain sections, and tho end-cap forces due t o I n t e r n a l pressure and e x t e r n a l 
water head. I n the s t a t i c towing s i t u a t i o n the tow f o r c e s o f the l e a d i n g and 
t r a i l i n g t u g are I n e q u l l l b r l u n i w i t h the f r i c t i o n a l r e s i s t a n c e . For the dynamic 
a n a l y s i s o n l y the t e n s i o n caused by the tow w i r e s ( t h e e f f e c t i v e t e n s i o n ) I s 
o f Importance. Tension due t o end cap loads caused by e x t e r n a l and i n t e r n a l 
h y d r o s t a t i c pressure does not e f f e c t the dynamic behavior. 

H y d r o g t a t i c pressure and hoop s t r e s s e s . 

I t must be checked t h a t the h y d r o s t a t i c pressure does not exceed the tube b u c k l i n g 
(a l s o c a l l e d : c o l l a p s e ) pressure or the buckle propagating pressure o f the c a r r i e r 
p i p e . Because o f weight c o n s i d e r a t i o n s the w a l l t h i c k n e s s o f the c a r r i e r p i p e 
i s l i m i t e d and b u c k l i n g may become a governing f a c t o r , e s p e c i a l l y f o r deep water 
a p p l i c a t i o n s . As a p r e c a u t i o n the c a r r i e r p i p e I s g e n e r a l l y p r e s s u r i z e d w i t h 
n i t r o g e n a t a pressure equal t o the e x t e r n a l waterhead a t the f i n a l l o c a t i o n . 
However I f I n s u l a t e d f l o w l l n e s are present I n s i d e the c a r r i e r p i p e , the t h i n 
w a l l sleeve pipe around I n s u l a t i o n may c o l l a p s e due t o e x t e r n a l pressure. An 
o t h e r p o i n t o f concern I s t h a t the I n t e r n a l pressure may cause excessive t e n s i l e 
hoop s t r e s s e s I n the c a r r i e r pipe when the pipe i s s t i l l a t o r near the water 
s u r f a c e . 



P i p e l i n e s which are t o be towed t o the f i n a l l o c a t i o n by means o f o f f - b o t t o m 
tow, c o n t r o l l e d depth tow or near surface tow are v e r y weight s e n s i t i v e . Therefore 
d u r i n g design, b u t also d u r i n g f a b r i c a t i o n the weight must be monitored c a r e f u l l y . 
A s m a l l amount o f under-weight can be compensated by adding some a d d i t i o n a l 
shackles o f c h a i n b u t over-weight i s d e t r i m e n t a l because t t w i l l hamper l i f t - o f f 
from the seabed. 

V e r t i c a l p o s i t i o n i n g o f the p i p e l i n e dur<n(r f n u 

By a c a r e f u l c a l c u l a t i o n of tow w i r e f o r c e s , e f f e c t i v e weight o f the p i p e l i n e , 
and l i f t f o r c e s a c t i n g on the c h a i n s e c t i o n s due t o f o r w a r d speed, the s t a t i c 
p o s i t i o n o f the p i p e l i n e as shown i n F i g 6b can be p r e d i c t e d . 

4. DYKAMIC ANALYSIS OF PIPELINES DURING TOW 

For a d e s c r i p t i o n o f the dynamic a n a l y s i s ( i . e . the e f f e c t s caused by waves) 
o f towed p i p e l i n e s , we w i l l c o n c e n t r a t e on the c o n t r o l l e d depth tow. as t h i s 
i s the most c o m p l i c a t e d s i t u a t i o n . Rather than g i v i n g one p o s s i b l e method o f 
a n a l y s i s , the b a s i c aspects w i l l be discussed, paying a t t e n t i o n on how a r a t h e r 
c o m p l i c a t e d problem can be s i m p l i f i e d by e n g i n e e r i n g Judgement t o a mathematical 
d e s c r i p t i o n which can be t a c k l e d w i t h computational t o o l s known from s i m i l a r 
e n g i n e e r i n g problems. The p i p e l i n e (and a l s o the tow w i r e s ) can be modelled 
by means o f a F i n i t e Element Method (FEM) or a Lumped Mass Method (LMM) the 
s o l u t i o n can be found a n a l y t i c a l l y (which r e q u i r e s a l o t o f s i m p l i f i c a t i o n s ) , 
n u m e r i c a l l y I n the frequency domain (which r e q u i r e s l i n e a r i z a t i o n o f the f l u i d 
l o a d i n g ) , o r n u m e r i c a l l y i n the time domain (which c a l l s f o r a l o t o f computer 
t i m e ) . For v a r i o u s methods of a n a l y s i s and d e s c r i p t i o n s o f p i p e l i n e towing methods 
r e f e r e n c e i s made t o papers by Verner { 1 ) . U n g l e y [ 2 ) . Rooduyn and Boonstra 
[ 3 , 4 ] , Van den Boom (5] and De Boef ( 6 ) . 

The problem. > 

Fi g u r e 4 shows s c h e m a t i c a l l y the components of the system. 

There I s a v e r y l o n g ( s e v e r a l k i l o m e t e r s ) pipe w i t h a r e l a t i v e l y s mall diameter 
(say 0.4 m t o 1.0 m) a t some 30 t o 60 m below the water s u r f a c e . The pipe i s 
p r o v i d e d w i t h s m a l l s e c t i o n s o f c h a i n each 20 m or so. A towhead a t the f o r e 
and a f t end o f the pipe f a c i l i t a t e s the connection o f tow w i r e s . These towheads 
have c r o s s - s e c t i o n a l dimensions and a mass per u n i t l e n g t h which I s a magnitude 
h i g h e r than the p r o p e r t i e s o f the p i p e l i n e . The tow w i r e s c o n s i s t o f a s t e e l 
b r i d l e , a n y l o n hawser ( t o Increase the e l a s t i c i t y ) and a s t e e l w i r e rope which 
I s run from the winch a t the t u g . 

The dynamic l o a d i n g o f the p i p e i s caused by: 

d i r e c t f l u i d l o a d i n g on the p i p e I t s e l f (and on the c h a i n s e c t i o n s ) 
d i r e c t f l u i d l o a d i n g on the towheads 

v a r y i n g f o r c e s i n the tow w i r e s caused by wave Induced motions o f the 
tugs 

I t I s n o t easy t o f i n d o u t which o f these e f f e c t s are the most Important, so 
b a s i c a l l y a l l l o a d i n g s should be i n c l u d e d i n an e n g i n e e r i n g model, i f p o s s i b l e . 



The b e havior o f the p i p e l i n e under dynamic l o a d i n g and the r e s u l t i n g s t r e s s e s 
depend on I t s f l e x u r a l r i g i d i t y ( E I ) and the t e n s i o n i n the p i p e caused by the 
p u l l f o r c e s a p p l i e d by the two tugs, the s o - c a l l e d " e f f e c t i v e t e n s i o n " This 
tensxon v a r i e s along the p i p e l i n e due t o the v i s c o u s r e s i s t a n c e o f the p i p e l i n e 
and the c h a i n s e c t i o n s . Please note t h a t the a x i a l s t r e s s i n the p i p e due t o 
i n t e r n a l o r e x t e r n a l pressure does n o t c o n t r i b u t e t o the bending s t i f f n e s s ! 

From the d e s c r i p t i o n above I t f o l l o w s t h a t the system o f a towed p i p e l i n e i n 
a l o t o f aspects resembles a r i g i d or a f l e x p i p e r i s e r system, where a tensioned 
p i p e , w i t h f l e x u r a l r i g i d i t y i s suspended from a f l o a t i n g p l a t f o r m . There are 
d i f f e r e n c e s as w e l l o f f course, the most i m p o r t a n t probably I s caused by the 
enormous l e n g t h o f the p i p e l i n e , which makes any phase r e l a t i o n between f l u i d 
l oadings on the f o r e and a f t p a r t o f the pipe and between d i r e c t f l u i d l o adings 
and dynamic tow w i r e f o r c e s s p e c u l a t i v e . S t i l l the experience gained i n the 
a n a l y s i s o f r i s e r systems i s w o r t h w h i l e when a n a l y z i n g p i p e l i n e s d u r i n g tow. 

Kethods o f analysis.-

The d i f f e r e n t i a l e q u a t i o n the motion I n the v e r t i c a l plane o f a segment o f the 
p i p e l i n e may be w r i t t e n as: 

dt' dx* "dx^ * 

I n which: 

m - mass per u n i t l e n g t h 
z - v e r t i c a l displacement 
x - c o o r d i n a t e along the p i p e l i n e 
E I - f l e x u r a l r i g i d i t y 
I j f - a x i a l t e n s i o n 
^X" f l u i d l o a d i n g per u n i t l e n g t h 
t - time 

The mass, the f l e x u r a l r i g i d i t y , the t e n s i o n and the f l u i d l o a d i n g w i l l g e n e r a l l y 
v a r y along the p i p e l i n e . 0 B j -

The f l u i d l o a d i n g on the p i p e l i n e can be approximated by t h e g e n e r a l i z e d Morison 
equ a t i o n , which, again f o r f o r c e s and motions i n the v e r t i c a l plane o n l y , reads: 

I n which: 

p - s p e c i f i c d e n s i t y o f seawater 
Cd- drag c o e f f i c i e n t 
Cm- i n e r t i a c o e f f i c i e n t 

V - v e r t i c a l component water p a r t i c l e v e l o c i t y 
D - diameter o f the p i p e l i n e 

For f l u i d l o a d i n g s I n the h o r i z o n t a l plane, p e r p e n d i c u l a r t o the p i p e l i n e , and 
the r e s u l t i n g displacements s i m i l a r equations can be f o r m u l a t e d . The h i g h e s t 
s t r e s s e s I n the p i p e l i n e are however caused by waves t r a v e l i n g ( a p p r o x i m a t e l y ) 
along che l o n g i t u d i n a l a x i s o f the p i p e l i n e and i n t h a t case loadings and motions 
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i n the v e r t i c a l plane are dominant. For most p r a c t i c a l cases the e f f e c t s i n 
the h o r i z o n t a l plane can be n e g l e c t e d t h e r e f o r e . 

The s o l u t i o n o f e q u a t i o n <1) y i e l d s the d e f l e c t i o n ( i n the v e r t i c a l plane) o f 
each element o f the pipe out o f the n e u t r a l p o s i t i o n . From the r e s u l t i n g curvature 
o f the p i p e the shear f o r c e s and bending moments can e a s i l y be deducted, which 
are, w i t h g i v e n s e c t i o n a l p r o p e r t i e s , t r a n s l a t e d i n t o dynamic s t r e s s e s i n the 
p i p e l i n e . F i g u r e 6 shows the general c o n f i g u r a t i o n o f the system, the s t a t i c 
d e f l e c t i o n o f the p i p e l i n e d u r i n g tow and the c h a r a c t e r i s t i c dynamic d e f l e c t i o n 
o f the p i p e l i n e when loaded by r e g u l a r waves. The envelope o f the d e f l e c t i o n s 
shows "humps" and " h o l l o w s " a t both ends o f the p i p e l i n e . P a r t i c u l a r l y a t the 
t r a i l i n g end, where the t e n s i o n i s low, the " t a l l - w a g g i n g " i s v e r y d i s t i n c t . 
I n t h i s graph a l s o a snapshot o f the p i p e l i n e d e f l e c t i o n a t an a r b i t r a r y moment 
I s shown. A v e r y simple c a l c u l a t i o n model o f the p i p e l i n e l a shown i n f i g u r e 
7. Methods t o achieve such a s o l u t i o n are discussed below. 

A n a l y t i c a l s o l u t i o n . 
« 

One can t r y t o s o l v e the equation (1) I n an a n a l y t i c a l way, as has been done 
by Langley [ 2 ] . This r e q u i r e s a d r a s t i c s c h e m a t i z a t i o n o f the system however. 
S e c t i o n a l p r o p e r t i e s and the a x i a l t e n s i o n must be kept constant over the l e n g t h 
o f tho p i p e l i n e , the complete p i p e l i n e must be a t the same depth (whereas I n 
r e a l i t y the c e n t r a l p a r t I s o f t e n 20 t o 40 m lower Chan che tow heads), and 
the f l u i d l o a d i n g must be l i n e a r i z e d , \ which appears t o be not a s e r i o u s 
r e s t r i c t i o n . The g r e a t advantage o f t h l j s method o f a n a l y s i s i s the l i m i t e d 
c o m p u t a t i o n a l time r e q u i r e d . Langley/ [ 2 ] has shown t h a t , d e s p i t e the 
s c h e m a t i z a t i o n , an a n a l y t i c a l s o l u t i o n ' y i e l d s reasonable r e s u l t s and I t can 
be o f value f o r a f e a s i b i l i t y study o r a parameter study I n the p r e l i m i n a r y 
phase o f a p r o j e c t . 

Numerical s o l u t i o n . 

I n o r d e r t o s o l v e the e q u a t i o n (1) f o r a more complicated model o f the p i p e l i n e 
a n u m e r i c a l s o l u t i o n has t o be sought. J u s t as I n case o f r i s e r systems che 
p i p e l i n e i s s p l i t up i n t o d i s c r e t e elements, each w i t h t h e i r own mass, f l e x u r a l 
r i g i d i t y , a x i a l t e n s i o n , hydrodynamic p r o p e r t i e s e t c . 

One p o s s i b i l i t y I s t o d e s c r i b e the p i p e l i n e w i t h F i n i t e Elements (FEM), see 
e.g, Verner [2) and Rooduyn and Boonstra [ 4 ] . Two dimensional t e n s i o n e d rod-
elements w i t h f o u r degrees o f freedom are the most s u i t a b l e s e l e c t i o n as s t r u c t u r a l 
e l o n g a t i o n o f the pipe and t o r s i o n do not play a s i g n i f i c a n t r o l e and are neglected 
I n the a n a l y s i s . This method o f s o l u t i o n resembles conventional s t r u c t u r a l a n a l y s i s 
methods. 

Another d e s c r i p t i o n o f the p i p e l i n e I s achieved by reducing each element t o 
a concentrated mass, which I s connected t o the adjacent masses by means of springs. 
The springs represent a x i a l s t i f f n e s s (which I s of no Importance f o r che p i p e l i n e , 
b u t a l s o can be used t o s i m u l a t e e l a s t i c i t y I n the tow w i r e ) , bending s t i f f n e s s 
and shear. T h i s approach Is f o l l o w e d by Van den Boom e t . a l . |S], and De Boef 
( 6 ) . T h i s method o f m o d e l l i n g , g e n e r a l l y r e f e r r e d t o as the Lumped Mass Method 
(LMM), o r i g i n a l l y I s developed f o r the a n a l y s i s of mooring l i n e s t o which bending 
s t i f f n e s s I s l a t e r added. The method r e s u l t s I n v e r y e f f i c i e n t use o f computer 
time as o n l y the d i a g o n a l o f the matrices f o r mass and s t i f f n e s s are f i l l e d , 
whereas i n case o f the FEM a band around the d i a g o n a l o f the matrices i s c r e a t e d . 
Tests have shown t h a t the accuracy o f the LMM I s not I n f e r i o r t o the FEM (see 



De Boef ee.aL. [ 6 ] ) . 

Time Domain Ana l y s i s versus Frequency Domain Analysts 

J u s t as I n p r a c t i c a l l y a l l e n g i n e e r i n g problems I n the marine f i e l d i n which 
wave l o a d i n g p l a y s a r o l e , the s o l u t i o n can be sought e i t h e r i n the frequency 
domain or i n the time domain. For the a n a l y s i s i n the frequency domain i t i s 
r e q u i r e d t h a t tho r e l a t i o n s h i p between wave amplitude and r e s u l t i n g e f f e c t s 
such as motions and stresses i s l i n e a r { o r can be l i n e a r i z e d ) . As can be seen 
from e q u a t i o n (2) the wave l o a d i n g c o n t a i n s the w e l l known q u a d r a t i c drag p a r t 
t h e r e f o r e a t l e a s t t h e o r e t i c a l l y t h e r e e x i s t s no l i n e a r r e l a t i o n s h i p between 
the wave amplitude and the f l u i d l o a d i n g . 

I n most cases r e p o r t e d i n the l i t e r a t u r e (e.g. Verner (1). De Boef (61) the 
s o l u t i o n i s d e r i v e d i n the time domain. Apart from the f a c t t h a t no l i n e a r i z a t i o n s 
are r e q u i r e d , i t I s a l s o p o s s i b l e t o analyze i n the time domain c o n d i t i o n s which 
are by d e f i n i t i o n non-harmonic, such as the behavior o f the p i p e l i n e a f t e r r u p t u r e 
o f a tow w i r e o r the t r a n s i e n t e f f e c t s due t o changing towing speed, tow w i r e 
l e n g t h e t c . . The major disadvantage o f the time domain a n a l y s i s i s the computer" 
time r e q u i r e d , e s p e c i a l l y when i r r e g u l a r wave c o n d i t i o n s are t o be I n v e s t i g a t e d 
and a s i m u l a t i o n time o f a t l e a s t t e n or twenty minutes ( r e a l time) I s r e q u i r e d 
i n o r d e r t o make a r e a l i s t i c e s t i m a t e o f extreme responses. 

However I t can e a s i l y be shown t h a t f o r a p i p e l i n e w i t h a diameter o f 0 5 m 
t o 1 m a t a depth o f say 30 m below the s u r f a c e I n r e l a t i v e l y severe waves of 
a m h e i g h t and 8 s p e r i o d the f l u i d f o r c e I s dominated by I n e r t i a ( t h e drag 
term I n the formula o f Morison c o n t r i b u t e s I n t h i s c o n d i t i o n f o r l e s s than twenty 
percent t o tho t o t a l l o a d i n g , f o r s m a l l e r waves t h i s percentage decreases) 
This means t h a t the drag term can be l i n e a r i z e d w i t h o u t i n t r o d u c i n g unacceptable 
approximations. I n f a c t I n most cases the drag term I n the f l u i d - s t r u c t u r e 
I n t e r a c t i o n formula acts as a damping f a c t o r , which U m i t s a m p l i f i c a t i o n o f 
motions o f the p i p e l i n e , r a t h e r than a c t i n g as an e x c i t a t i o n f o r c e . T his can 
be shown by s e l e c t i n g an u n r e a l l s t i c a l l y s m a l l value o f the drag c o e f f i c i e n t 
Cd I n the c a l c u l a t i o n : the motions o f the p i p e l i n e and che r e s u l t i n g dynamic 
st r e s s e s w i l l increase i n s t e a d o f decrease. 

I n a paper by Rooduyn and Boonstra (AJ i t i s shown t h a t f o r a t y p i c a l case the 
r e s u l t s o f a time domain a n a l y s i s and a frequency a n a l y s i s the r e s u l t i n g s t r e s s e s 
are almost the same. 

The frequency domain a n a l y s i s has one disadvantage: I t I s d i f f l c u l t t o take 
I n t o account I n a r e a l i s t i c way the e f f e c t o f dynamic f o r c e s I n the tow w i r e s 
caused by motions o f che t u g i . 

Because the frequency a n a l y s i s l a v e r y e f f i c i e n t I n usage o f computer time I t 
I s w e l l s u i t e d t o I n v e s t i g a t e a l a r g e number o f d i f f e r e n t c o n d i t i o n s such as 
v a r i a t i o n s i n towing speed, t e n s i o n t n the p i p e l i n e , depth o f the p i p e l i n e below 
the sea s u r f a c e , wave d i r e c t i o n , seastate e t c . The r e s u l t s are used t o I n d i c a t e 
o p t i m a l c o n d i t i o n s f o r those aspects which can bo chosen by man. The most severe 
weather c o n d i t i o n s can than be s i m u l a t e d by a time domain a n a l y s i s . 



5. SOME EXAMPLES AND RESULTS 

Figure 6 shows a t y p i c a l dynamic d e f l e c t i o n o f a towed p i p e l i n e i n r e g u l a r waves. 
The d o t t e d l i n e i n the graph r e p r e s e n t s the envelope o f the d e f l e c t i o n s , the 
s o l i d l i n e shows one a r b i t r a r y p o s i t i o n o f the p i p e l i n e . The r e s u l t i s achieved 
w i t h a r e l a t i v e l y simple model o f the p i p e l i n e as shown i n F i g 7. 

Figure 8 shows a more d e t a i l e d p i c t u r e o f the d e f l e c t i o n s when c a l c u l a t e d i n 
the time domain. I t appears t h a t the r e s u l t i s n o t e x a c t l y h armonical: there 
i s a s t a t i c o f f s e t from the o r i g i n a l p o s i t i o n o f the p i p e l i n e . 

G e n e r a l l y one i s n o t p a r t i c u l a r l y i n t e r e s t e d i n the d e f l e c t i o n o f the p i p e l i n e ; 
shear f o r c e , bending moment and r e s u l t i n g s t r e s s e s are o f g r e a t e r importance 
I n F i g u r e 9 the envelopes o f d e f l e c t i o n , shear f o r c e and bending moment are 
p l o t t e d , again f o r r e g u l a r waves. I n t h i s case the c a l c u l a t i o n s have been performed 
I n the frequency domain. 

By a s y s t e m a t i c v a r i a t i o n o f one parameter i n the c a l c u l a t i o n s i t i s p o s s i b l e 
t o I n v e s t i g a t e the e f f e c t o f t h a t parameter on the behavior o f the p i p e l i n e . 
As an example the e f f e c t o f the v e r t i c a l p o s i t i o n o f the towheads below the" 
water s u r f a c e on maximum bending moment I n the p i p e l i n e I s shown I n F i g 10. 
For t h i s a n a l y s i s the frequency domain I s t o be p r e f e r r e d over the time domain 
because o f the s m a l l e r computation time r e q u i r e d . 

I n F i g 11 and 12 the behavior o f the p i p e l i n e i s p l o t t e d a f t e r r u p t u r e o f a 
tow w i r e . T h i s type o f a n a l y s i s can o f course o n l y be made I n the frequency 
domain. ' 
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FIG 1. VARIOUS PIPELINE TOWING METHODS 
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FIG 4, GENERAL ARRANGEMENT OF THE CONTROLLED DEPTH TOW CONFIGURATION 
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