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- 1.0 ILIPLICATIOBS OF DISSOCIATIOB OF IE-SITU - 
GAS HYDRATE DEPOSITS - 

1 .l I n t r o d u c t i o n  

The p r e s e n c e  o f  n a t u r a l  gas h y d r a t e s  i n  a r c t i c  and s u b s e a  

r e g i o n s  i s  w e l l  documented. Hydra t e  c o r e s  have been o b t a i n e d  

from t h e  Gul f  o f  Mexico, t he  r e s t e r n  c o a s t  o f  Guatemala,  and i n  

1972,  ARC0 and EXXON r e c o v e r e d  a h y d r a t e  c o r e  sample n e a r  Prudhoe  

Bay, Alaska. I n  a d d i t i o n ,  h y d r a t e  d e p o s i t s  i n  t h e  Canadian and  

R u s s i a n  Arc t i c  a re  known t o  e x i s t  ( B i l y  and  D i c k ,  1974: Makogon, 
.- 
* -. 1965). 

Gas h y d r a t e s  are  c r y s t a l l i n e  compounds ( c l a t h r a t e s )  of g a s  

and  water, which are formed a t  r e l a t i v e l y  low t e m p e r a t u r e s  and  

h i g h  p r e s s u r e s .  

u n h y d r a t e d  n a t u r a l  gas and  water. 

These  h y d r a t e s  occupy much less  volume t h a n  t h e  

O n e  hundred percent methane 
s a t u r a t e d  h y d r a t e s  can  c o n t a i n  up t o  181.3 s t a n d a r d  c u b i c  f e e t  of 

methane i n  h y d r a t e d  form i n  j u s t  one c u b i c  f o o t  of p u r e  

h y d r a t e .  form t h a t  n a t u r a l  

gas  h y d r a t e s  have g e n e r a t e d  s u c h  i n t e r e s t  as a p o t e n t i a l  f u t u r e  

e n e r g y  Source ,  and t h a t  p r e c a u t i o n s  must be taken when drilling 

t h r o u g h  hydra t e  b e a r i n g  f o r m a t i o n s .  - - 

-i- 

1.2 D r i l l i n g  Problems 

D r i l l i n g  t h r o u g h  h y d r a t e  f o r m a t i o n  c a n  c a u s e  w e l l  c o n t r o l  

problems due  t o  s e v e r e  mud g a s i f i c a t i o n s  i f  p r o p e r  d r i l l i n g  

p r o c e d u r e s  a re  n o t  fo l lowed .  S i z e a b l e  gas k i c k s  and p o t e n t i a l  

. blowout  c o n d i t i o n s  have been r e p o r t e d  i n  t h e  l i t e r a t u r e  (Davidson 

e t  a l ,  1978; F r a n k l i n ,  1979). Problems o f  well  c o n t r o l  due to 

s e v e r e  mud g a s i f i c a t i o n  were r e p o r t e d  by Imperial  O i l  L t d .  ( B i l y  

1 
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* and D i c k ,  197$), and P a n a r c t i c  O i l s  L t d .  ( F r a n k l i n ,  1979). Other  - - 
h y d r a t e  e x p e r i e n c e s  i n c l u d e  f i z z e d  d r i l l  c u t t i n g s  and  w e l l b o r e  

f r eeze -up  and  c a s i n g  c o l l a p s e  (Makogon, 1965; F r a n k l i n ,  1979). 

Dur ing  d r i l l i n g  t h r o u g h  a n a t u r a l l y  o c c u r i n g  h y d r a t e  zone ,  

h y d r a t e s  a re  exposed t o  a n  i n c r e a s e d  t e m p e r a t u r e  which c a u s e s  

d i s s o c i a t i o n  o f  h y d r a t e s  i n t o  gas and water, p r o v i d i n g  g a s  i n f l u x  c 

i n t o  t h e  w e l l b o r e .  T h i s  gas r e d u c e s  t h e  h y d r o s t a t i c  p r e s s u r e  o f  

t h e  mud column, f u r t h e r  a c c e l e r a t i n g  t h e  h y d r a t e  d i s s o c i a t i o n  i n  

t h e  v i c i n i t y  o f  t h e  we l lbo re .  If t h e  d i s s o c i a t i o n  i s  ' r ap id  and  . 

S i g n i f i c a n t ,  it can  i n t r o d u c e  a large g a s  i n f l u x  from t h e  

d i s s o c i a t e d  h y d r a t e  zone i n t o  t h e  w e l l b o r e  c a u s i n g  a g a s  k i c k .  

The gas k i c k  c o n t r o l  problem has been d i s c u s s e d  by Nickens  (1985) 

and Ekrann and Rommetveit (1985). 

S e v e r a l  s p e c i f i c  examples  of d r i l l i n g  problems e n c o u n t e r e d  

w h i l e  d r i l l i n g  t h r o u g h  h y d r a t e  zones  have been d i s c u s s e d  by .  

F r a n k l i n  (1979). The two most n o t a b l e  examples  he r e p o r t s  a re  

f o r  we l l s  dr i1 , led  a t  Nearne P o i n t  on M e l l v i l l e  I s l a n d  and  i n  

J a c k s o n  Bay. * Problems e n c o u n t e r e d  i n  t h e  Mearne P o i n t  w e l l  

.- 
..I 

i nc luded :  a 22 p e r c e n t  gas c u t  a t  356 meters (1,168 t o ) ;  d r i l l  

stem t o o l s  became f r o z e n  i n  t h e  h o l e  a t  t h e  same d e p t h ;  a 

s i z e a b l e  g a s  k i c k  occured  t 895 meters (2,936 f t .1;  h o l e  

s t a b i l i t y  problems were e n c o u n t e r e d  a t  a d e p t h  of  1,676 meters 

(5,499 f t . ) ;  and w h i l e  l o g g i n g  a t  a d e p t h  o f .  1,676 meters, a gas 

k i c k  occured  and t h e  l o g g i n g  t o o l s  were l o s t  down t h e  hole .  

-=- 

r 

c i d e n t s  r e p o r t e d  a t  the J a c k s o n  Bay w e l l  r e  j u s t  a s  

s i g n i f i c a n t .  A 50 barre l  k i c k  was t a k e n  at a d e p t h  of 1,715 

f ee t .  G a s  f l o w  a f t e r  each c o n n e c t i o n  t o  a d e p t h  o f  4,000 f e e t  

2 



I 

r e s u l t e d  i n  t h e .  l o s s  of  a b o u t  5 b a r r e l s  of mud per  connec t ion .  

A t  a d e p t h  o f  4,000 f e e t ,  th ree  days  o f  c i r c u l a t i o n  w i t h  

i n c r e a s e d  mud d e n s i t y  (14 l b / g a l )  were r e q u i r e d  t o  s u f f i c i e n t l y  

I n  d r i l l i n g  below 

t h i s  d e p t h ,  a background gas c u t  o f .  1 t o  5 p e r c e n t  was n o t e d  

l l e  d r i l l i n g ,  and  a gas c u t  o f  10 t o  12 p e r c e n t  was r e c o r d e d  on 

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

c o n n e c t i o n s .  

C u r r e n t l y ,  two d i f f e r e n t  methods a re  used  t o  d r i l l  t h r o u g h  
h y d r a t e  c o n t a i n i n g  f o r m a t i o n s .  P r e d o m i n a t e l y ,  c o o l  d r i l l i n g  

f l u i d  w i t h  h igher  mud we igh t  a t  h i g h  c i r c u l a t i o n  r a t e s  1s used  t o  

s low or p r e v e n t  hydra t e  d i s s o c i a t i o n  i n  t h e  f o r m a t i o n .  P a n a r c t i c  

O i l s  L t d . ,  a l t e r n a t i v e l y ,  t r i e d  t o  promote t h e  d i s s o c i a t i o n  a t  

e a r l y  t imes  w h i l e  t h e  d r i l l  p i p e  is i n  t h e  h o l e  by u s i n g  low 

w e i g h t  muds w i t h  p r o p e r  d e g a s s i n g  equipment  a t  t h e  s u r f a c e  

( F r a n k l i n ,  1980). 

1 .3 P r o d u c t i o n  o f  . N a t u r a l  Gas From H y d r a t e s  

e amount of n a t u r a l  gas bound i n  h y d r a t e  form has been 

ed t o  be i n  e x c e s s  o f  1020 s t a n d a r d  o u b i o  f e e t ,  a n  

overwhelming q u a n t i t y  when you c o n s i d e r  t h e  w o r l d ' s  c o n v e n t i o n a l  

e s o u r c e s  a re  estimated t o  be  2.9 x 1015 s t a n d a r d  c u b i c  

fee t .  Because t h e  s o l i d  h y d r a t e s  are  immobile and  r e l a t i v e l y  

impermeable, t h e y  need  t o  dissociated into gas and water i n  

o r d e r  t o  produce  n a t u  1 gas from t h e  r e s e r v o i r  i n  a =on?rent ional  

gas w e l l .  

-. - 

T h e  s t a b i l i t y  of n a t u r a l  gas h y d r a t e s  is a f u n c t i o n  of t h r e e  
, v a r i a b l e s ,  namely p r e s s u r e ,  t e m p e r a t u r e ,  and r e s e r v o i r  b r i n e  

3 
i 
~ 
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s a l i n i t y ,  D i s s o c i a t i n g  h y d r a t e s  i n t o  gas and water r e q u i r e d  t h a t  

one of these three parameters be a l t e r e d  i n  such  a f a s h i o n  a s  t o  

a b l l l z e  t h e  hydra tes .  The re  have been s e v e r a l  methods 

s u g g e s t e d  i n  t h e  l i t e r a t u r e  (McGuire, 1981; Holde r  e t  a l ,  1982; 

Holde r  and  Anger t ,  1982; B a y l e s  e t  a l ,  1984; Kamath and Godbole,  

1985; Selim and  S l o a n ,  19 1- These r ecove ry  

t e c h n i q u e s  s u c h  a s  steam I n j e c t i o n  or s t i m u l a t i o n ,  h o t  water 

i n j e c t i o n  and f i r e  f l o o d i n g ,  d e p r e s s u r i z a t i o n ,  and i n j e c t i o n  o f  

. chemicals such  as methanol  o r  g l y c o l  which cause  h y d r a t e  

d e s t a b i l i z a t i o n .  

. 



I n  1984, B a y l e s  e t  a1 p r e s e n t e d  a steam c y c l i n g  model gas 

o d u c t i o n  from a hydra te  r e s e r v o i r .  They found gas p r o d u c t i o n  

t o  vary from 2.5 t o  110 m i l l i o n  s t a n d a r d  c u b i c  f e e t  p e r  year f o r  

a v a r i e t y  gf r e s e r v o f r s .  The  e n e r g y  e f f i c i e n c y  r anged  from a low 

of  4.0 t o  a h igh  o f  9.6 c o m b u s t i b l e  e n e r g y  of  t h e  produced gas t o  

t h e  e n e r g y  o f  t h e  i n j e c t e d  steam. 

Selim and S l o a n  (1985) p r e s e n t e d  a model f o r  d i s s o c i a t i o n  of  

p u r e  h y d r a t e s  and  found t h e  e n e r g y  e f f i c i e n c y  t o  be  13 ,  whtch  is 

c l o s e  to the. thermodynamic e f f i c i e n c y ,  T h i s  s h o u l d  have been 

e x p e c t e d  s i n c e  t h e i r  model d o e s  n o t  c o n s i d e r  heat  l o s s e s  or a 

p o r o u s  r o c k  m a t r i x  s t r u c t u r e  c o n t a i n i n g  t h e  hydra tes .  

A l so  i n  1985, Kamath and  Godbole p r e s e n t e d  a h o t  b r i n e  

s t i m u l a t i o n  model f o r  gas p r o d u c t i o n  from n a t u r a l  gas h y d r a t e s .  

For a 100 f o o t  t h i c k  hydra t e  r e s e r v o i r ,  t h e y  found a n  o v e r a l l  

e n e r g y  e f f i c i e n c y  r a t i o  o f  a p p r o x i m a t e l y  9 t o  13 a f t e r  1,000 days 

f o r  v a r i o u s  b r i n e  ' s a l i n i t i e s .  T h e i r  s t u d y  a l s o  concluded  t h a t  

b r i n e  i n j e c t i o n  r e s u l t e d  i n  h i g h e r  thermal e f f i c i e n c i e s  and 

t h e r e f o r e  h ighe r  gas p r o d u c t i o n  t h a n  steam for t h e  same heat 

i n j e c t i o n  rate.  This c o n c l u s i o n  is, however, based on t h e  -- - 

assumpt ion  t h a t  the d i s s o c i a t e d  zone volume was capable o f  

h a n d l i n g  t h e  p rede te rmined  i n j e c t i o n  r a t e  of  h o t  water, 

H o l d e r  and Anger t  ( t982)  u d i e d  t h e  d e p r e s s u r i z a t i o n  scheme 

o f  d i s s o c i a t i n g  hydr  

t h e  r e s e r v o i r  p r o v i d e s  t h e  e n e r g y  n e c e s s a r y  f o r  h y d r a t e  

d i s s o c i a t i o n .  I n  t h i s  method, t h e  g a s  p r e s s u r e  a d j a c e n t  t o  t h e  

s o l i d  h y d r a t e  must be reduced .  The h y d r a t e s ,  which produce t h e i r  

own vapor  p r e s s u r e ,  w i l l  d i s s o c i a t e  u n t i l  t h e i r  vapor  p r e s s u r e  is 



- r e a t t a i n e d .  I n  d o i n g  t h i s ,  t h e  h y d r a t e s  e x h i b i t  a Joule-Thompson T 

e f fec t ,  becoming c o l d e r  a s  t h e y  d i s s o c i a t e .  A t e m p e r a t u r e  

g r a d i e n t  is t h u s  g e n e r a t e d  between t h e  h y d r a t e s  and t h e  

s u r r o u n d i n g  f o r m a t i o n  and  hea t  must f l o w  t o  t h e  h y d r a t e s .  By 

k e e p i n g  t h e  p r e s s u r e  low by removing g a s ,  t h e  h y d r a t e s  c o n t i n u e  

- t o  d i s s o c i a t e ,  r ema in ing  c o l d e r  t h a n  t h e  s u r r o u n d i n g  media, t h u s  

m a i n t a i n i n g  t h e  t e m p e r a t u r e  g r a d i e n t  and heat f l u x  t o  t he  

h y d r a t e s .  I n  t h e i r  s t u d y ,  a hydra t e  l a y e r  was assumed t o  e x i s t  

i n  a s s o c i a t i o n  w i t h  a c o n v e n t i o n a l  g a s  l a y e r .  They found t h a t  - 
t h e  h y d r a t e s  may a c c o u n t  for up t o  30 p e r c e n t  o f  t h e  t o t a l  gas  

p r o d u c t i o n  unde r  t h i s  scheme. 

- 

.m 

U s e  o f  hydra t e  i n h i b i t o r s  such  as  methanol  or g l y o o l  has n o t  

been  s t u d i e d  i n  d e t a i l ,  b u t  it may. be safe t o  assume t h a t  t h e i r  

u s e  would be governed  by economics s i n c e  la rge  q u a n t i t i e s  o f  

these r e l a t i v e l y  e x p e n s i v e  chemicals may be  r e q u i r e d  t o  e n s u r e  

s u f f i c i e n t  gas p roduc t ion .  

1.4 R e f e r e n c e s  

-2- 
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I 
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e 0  MTHERATICAL MODEL FOR DRILLING I H  THE PRESEECE OF BPDRATES 

2.1 I n t r o d u c t i o n  

T h e  two-dimensional  t r a n s i e n t  hea t  t r a n s f e r  model deve loped  

b o t h  a r c t i c  and  s u b s e a  l o c a t i o n s .  

t h e  w e l l b o r e  hea t  t r a n s f e r  models of Kel le r  e t  a1  

T h i s  model was d e r i v e d  I from 

and  (1973) 

Marsnail and Bentsen  (1982) and t h e  development  of a fundamen ta l  

h y d r a t e  d i s s o c i a t i o n  model. 

2.1 Model C o n s f d e r a t i o n s  and  Assumptions 

F i g u r e  1 r e p r e s e n t s  t h e  p h y s i c a l  model on which t h e  computer 

model 1s based f o r  a r c t i c  r e g i o n s .  The model i n c l u d e s  o p t i o n s  

f o r  a f u l l  w e l l  comple t ion  scheme w i t h  any number of casing 

s t r i n g s ,  or a s i m p l i f i e d  v e r s i o n  which  n e g l e c t s  t h e  w e l l  

comple t ion  and  assumes a uni form h y d r a u l i c  r a d i u s .  For s u b s e a  

l o c a t i o n s ,  a n  o p t i o n  is i n c l u d e d  which e i t h e r  a l l o w s  or n e g l e c t s  

a r i s e r  c a s i n g  to t h e  p l a t f o r m .  

T h e  a s sumpt ions  i n c o r p o r a t e d  i n  t h i s  model for t h e  d r i l l i n g  

f l u i d  and  w e l l b o r e  r e g i o n  i n c l u d e :  

1 .  Heat t r a n s f e r  w i t h i n  t h e  d r i l l i n g  f l u i d  is by a x i a l  

Conduct ion  is n e g l i g i b l e  e x c e p t  when c i r c u l a t i o n  o n v e c t i o n .  

is s topped .  

0 



\ 



2. R a d i a l  t e m p e r a t u r e  g r a d i e n t s  w i t h i n  t h e  d r i l l i n g  f l u i d  are  

n e g l i g i b l e .  

3 .  Radta l  c o n d u c t i o n  i n  t h e  d r i l l  p i p e  wa l l  is n e g l i g i b l e  . 

compared t o  t h e  r a d i a l  c o n v e c t i o n  between t h e  d r i l l i n g  f l u i d  

a n d  p i p e  w a l l .  

Heat g e n e r a t i o n  by v i s c o u s  d i s s i p a t i o n  w i t h i n  t h e  d r i l l i n g  
* 

4.  

- f l u i d  i s  n e g l i g i b l e ,  

5 .  F l u i d  p r o p e r t i e s ,  1.8. d e n s i t y ,  thermal c o n d u c t i v i t y ,  and 

heat  capaci ty ,  a re  independen t  o f  t e m p e r a t u r e .  

Wi th in  t h e  . fo rma t ion ,  there  a re  f i v e  d i s t i n c t  zones  t h a t  
3 - - 
.-a 

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

and  s o l i d  h y d r a t e  r e g i o n .  T h e  a s s u m p t i o n s  i n c o r p o r a t e d  i n t o  t h e  

model f o r  these  f i v e  zones  i n c l u d e :  

6 .  E f f e c t s  beyond t h e  o u t e r  b o u n d a r i e s  of t h e  sys tem are  

n e g l i g i b l e .  

T n e r e  are  no heat s o u r c e s  or s i n k s .  

Each  zone is i n d i v i d u a l l y  homogeneous and i s o t r o p i c .  

Heat t r a n s f e r  i n  each r e g i o n  is  by c o n d u c t i o n  only.' 

7 .  

8 .  

- 

10. The t h e r m o p h y s i c a l  p r o p e r t i e s  o f  each zone,  1.e. thermal 

c o n d u c t i v i t y ,  heat  capac i ty ,  and d e n s i t y ,  are c o n s t a n t  w i t h i n  

each zone and  d i f f e r e n t  a c r o s s  t h e  b o u n d a r i e s  s e p a r a t i n g  each 

zone . 
The f o r m a t i o n  above and  b 

impermeable. 

-=- 

12. The gas produced from t h e  d i s s o c i a t i o n  o f  hydrates migrates 

r a p i d l y  t o  t h e  w e l l .  

10 



13. The h y d r a t e  zone is c o m p l e t e l y  s a t u r a t e d  w i t h  methane .I 

T 
h y d r a t e s  . 

2.3 Model E q u a t i o n s  

F i v e  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  may be w r i t t e n  t o  

descr ibe e n e r g y  b a l a n c e s  w i t h i n  t h e  system. T h e  heat f l o w  w i t h i n  * 

t h e  d r i l l  s t r i n g  is descr ibed  by Equa t ion  (1). 

2 aTP 
= PmcPmxrpi at + Q p i  

T h e  terms on t h e  l e f t  r e p r e s e n t  t h e  v e r t i c a l  and r a d i a l  hea t  

c o n v e c t i o n ,  r e s p e c t i v e l y .  The e n e r g y  accumula t ion  and  s o u r c e  

terms are  r e p r e s e n t e d  by t h e  r i g h t  s ide terms, r e s p e c t i v e l y .  

E q u a t i o n  ( 2 )  r e p r e s e n t s  t h e  e n e r g y  b a l a n c e  i n  t h e  d r i l l  p i p e  

wall. The l e f t  s i d e  terms r e p r e s e n t ,  r e s p e c t i v e l y ,  v e r t i c a l  hea t  

11 



t 

c o n d u c t i o n  w i t h i n  t h e  wal l ,  r ad ia l  heat  t r a n s f e r  t o  ( f rom) t h e  

p i p e  w a l l  f rom ( t o )  t h e  f l u i d  i n s i d e  t h e  d r i l l  p ipe ,  and  r a d i a l  

hea t  t r a n s f e r  from ( t o )  t h e  p i p e  w a l l  t o  ( f rom) t h e  a n n u l u s  

f l u i d .  

T 

The e n e r g y  b a l a n c e  i n  t h e  f low a n n u l u s  is g i v e n  by E q u a t i o n  

(3). 

(3) 

lk = c, f o r ,  D p ,  DH 

The l e f t - h a n d  terms i n c l u d e  t h e  v e r t i c a l  hea t  c o n v e c t i o n  

w i t h i n  t h e  f l u f d ,  r ad ia l  c o n v e c t i o n  between t h e  p i p e  wall  and  

a n n u l u s  f l u i d ,  and r ad ia l  c o n v e c t i o n  between t h e  a n n u l u s  f l u i d  

, and t h e  f o r m a t i o n  (or c a s i n g ) .  On t h e  r i g h t - h a n d  s ide  a re  t h e  

e n e r g y  accumula t ion  term and t h e  e n e r g y  . s o u r c e  term, 

r e s p e c t i v e l y .  

E q u a t i o n  ( 4 )  e x p r e s s e  

i n s i d e  t h e  f o r m a t i o n  or ca 

a2Tk 1 aTk 82Tk - + - -  + -  
2 

. n  

a z2 ar I: 

2 rw bhwb ( T *- T k 1 + 2 ( 4 )  

2 l  kk[ ( 2 + 1)  - + 

-- - 
12 



I -  1 aTk k = c ,  f o r ,  D p ,  D h  a -at’ k 

The l e f t - h a n d  terms are  t h e  v e r t i c a l  and r a d i a l  c o n d u c t i o n  

terms and t h e  r a d i a l  c o n v e c t i o n  between t h e  a n n u l u s  f l u i d  and  t h e  

f o r m a t i o n ,  r e s p e c t i v e l y .  The ene rgy  accumula t ion  term appears  on 

t h e  r i g h t - h a n d  side.  The s u b s c r i p t  on t h e  t h e r m o p h y s i c a l  

- 

p r o p e r t i e s  i n d i c a t e s  t h a t  t h i s  e q u a t i o n ,  depending  on t h e  

c o m p l e t i o n  scheme and d e p t h  l o c a t i o n ,  may be a p p l i e d  to f o u r  - 
d i f f e r e n t  mater ia ls  or zones ,  i.e., c a s i n g ,  thawed p e r m a f r o s t ,  

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

.I 

* 

The f i n a l  e q u a t i o n  r e p r e s e n t s  t h e  ene rgy  b a l a n c e  elsewhere 

w i t h i n  t h e  comple t ion  scheme or fo rma t ion .  

SH 
( 5 )  

T h i s  e q u a t i o n  is t h e  w e l l  known two-dimensional  c y l i n d r i c a l  - 

c o o r d i n a t e  hea t  c o n d u c t i o n  The s u b s c r i p t  on t h e  -=- 

thermal d i f f u s i v i t y  i n d i c a t  e q u a t i o n  may be a p p l i e d  

t o  s e v e n  d i f f e r e n t  mater ia ls ,  I.B., c a s i n g ,  

material  ( cemen t ) ,  thawed p e r m a f r o s t ,  unthawed p e r m a f r o s t ,  s o l i d  

f o r m a t i o n ,  d i s s o c i a t e d  h y d r a t e  r e g i o n ,  and s o l i d  hydra t e  r e g i o n s .  

c o n d i t i o n s ,  t h e  w e l l b o r e  h y d r a u l i c s ,  a means o f  d e t e r m i n i n g  t h e  

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

13 



.I 

r h e o l o g y  and f l o w  regime, 1.e. t u r b u l e n t  or l a m i n a r ,  and t h e  

e n e r g y  s o u r c e  terms w i t h i n  t h e  w e l l b o r e  r e g i o n .  Due t o  t h e  

l i m i t e d  space a v a i l a b l e ,  t n e  w e l l b o r e  h y d r a u l i c s  w i l l  n o t  be 

p r e s e n t e d  here, b u t  r a the r ,  r e f e r e n c e d  as  be ing  t h e  same a s  

p r e s e n t e d  i n  Bourgoyne e t  a1 (1986) f o r  N e w t o n i a n . f l u f d s ,  Bfngham 

p l a s t i c s ,  and power law f l u i d s .  The c o r r e l a t i o n s  f o r  d e t e r m i n i n g  

'T 

- 
t h e  c o n v e c t i v e  heat t r a n s f e r  o o e f f i c i e n t s  and t h e  method o f  

I 

e v a l u a t i n g  t h e  e n e r g y  s o u r c e  terms a re  p r e s e n t e d  i n  Appendix A. 

T h e  a p p r o p r i a t e  i n i t i a l  an.d boundary c o n d i t i o n s  are  

descr ibed below. T h e  i n i t i a l  c o n d i t i o n  describes t h e  i n i t i a l  

t e m p e r a t u r e  p r o f i l e  as b e i n g  t h e  geo the rma l  g r a d i e n t :  

The upper  and lower  boundary c o n d i t i o n s  are r e s p e c t i v e l y :  

aT = 0 ,  2 = 0 al;- 

.*- - . 

. . . 



T l  ,n* = T m i  

E q u a t i o n  (12 )  expresses t h e  r e q u i r e m e n t  t h a t  t h e  

t e m p e r a t u r e s  be e q u a l  a t  t h e  d r i l l  b i t  dep th  w i t h i n  t h e  we l lbo re :  

n = TJ”, jmax 
T:, jmax = T2, jmax 

Because thawing  o f  permafros t  and d i s s o c i a t i o n  o f  h y d r a t e s  - 

r e p r e s e n t  moving boundary problems,  boundary c o n d i t i o n s  a t  t h e  

moving b o u n d a r i e s  s e p a r a t i n g  t h e  thawed and unthawed p e r m a f r o s t  

r e g i o n s  and t h e  d i s s o c i a t e d  and u n d i s s o c i a t e d  hydra t e  r e g i o n s  are 

r e q u i r e d .  These boundary c o n d i t i o n s  are  o f  t h e  same‘ form f o r  

. e i the r  p e r m a f r o s t  or hydra tes  and so i n d i a a t e d  by s u b s c r i p t s  f o r  

each r e g i o n .  For t h e  p e r m a f r o s t  r e g i o n ,  t h e  f i rs t  moving 

boundary c o n d i t i o n  e x p r e s s e s  t h e  r e q u i r e m e n t  t h a t  t h e  boundary b e  

a n  i so the rm:  
-i- 

TDp(rfp,Zfpet) TSp(rfp*Zfp, t )  (13) 

This is  n o t  t r u e  f o r  t h e  h y d r a t e  moving boundary as  it i s  a 

s t r o n g  f u n c t i o n  of  p r e s s u  



I 

The second se t  o f  moving boundary c o n d i t i o n s  are  i d e n t i c a l  

i n  form and  e x p r e s s  t h e  r e q u i r e m e n t  t h a t  t h e  hea t  f l u x  

t h e  boundary l e s s  t h e  heat  f l u x  l e a v i n g  t h e  boundary be 

t h e  amount of p e r m a f r o s t  thawed or hydra t e  d i s s o c i a t e d :  

- 
e n t e r i n g  

e q u a l  t o  

Equat,ons (15) and (16) ' e x p r e s s  t h e  ra te  of  f r o n t  advance  i n  t h e  

r a d i a l  and v e r t i c a l  d i r e c t i o n s ,  r e s p e c t i v e l y .  

T h e  da t a  u t i l i z e d  i n  t h i s  s t u d y  are  i n c l u d e d  i n  T a b l e s  1 and 

3 .  

The p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  are  w r i t t e n  i n  a f u l l y  . 

i m p l i c i t  f i n i t e  d i f f e r e n c e  form and t h e  t e m p e r a t u r e  d i s t r i b u t i o n s  

are  s o l v e d  by a d i r e c t  s o l u t i o n  method i n v o l v i n g  t h e  LU -2- 

i t i o n  approach.  The s o l u t i o n  o f  t h e -  w e l l b o r e  h y d r a u l i c s  - 
t r a n s f e r  model i n d  mated t h a t  t h e  thermal g r a d i e n t  i n  

he v e r t i c a l  d i r e c t i o n  i n  t h e  w e l l b o r e  f o r  the t h i c k n e s s  of t h e  

t e  zone is n o t  s i g n i f i c a n t .  T h e r e f o r e ,  w e  assumed a 

c o n s t a n t  t e m p e r a t u r e  f r o n t  i n  t h e  w e l l b o r e  and  a n a l y z e d  t h e  

decoup led  h y d r a t e  d i s s o c i a t e  model. The d i m e n s i o n l e s s  form of 

fundamen ta l  h y d r a t e  d i s s o c i a t i o n  model is d i s c u s s e d  i n  d e t a i l .  
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TABLE 1 

Wellbore, Drillling Fluid and Reservoir Parameters 

= 0.2 

= 0.8 - 4. 

se 

Swat 



TABLE 2 

Key P r o c e s s  Parameters 

Parameter Range 

Wellbore Diameter, DWb 6-12 ( Inches )  

Hydrate Zone Thickness ,  HHyd 

Mud Dens i ty ,  p, 10-18 ( l b / g a l )  

20-100 (CP) 

Mud C i r c u l a t i o n  Rate, 9, 100-500 (gal /min)  

Bottom-Hole Mud Temperature, T, 

Geothermal Gradient ,  gG 

40-120 (OF) 

0 mol-0 e 0 5  (OF/ft)  
I 

Sea Depth, zsea 1,000-8,000 ( f t  

r 



TABLE 3 

Base Case Model Parameters 

U Qm 



2.4 Fundamental  Hydra t e  D i s s o c i a t i o n  Model 

2.4.1 Dimens ion le s s  Variables 

The s p a t i a l  c o o r d i n a t e s  are norma l i zed  as 

and 

V =  zIH, 0 < z < H  

Two a d v a n t a g e s  r e a l i z e d  from these t r a n s f o r m a t i o n s  ares 

1. When u i s  d i s c r e t i z e d ,  t h e  c l o s e l y  spaced g r i d  p o i n t s  r e s u l t  

n e a r  t h e  I n n e r  boundary where t h e  s o l u t i o n  changes  r a p i d l y ,  

and 

2 .  t h e  r e c t a n g u l a r  domain (rW < r < r e )  and (0  < z < H) i s  

mapped t o  a s q u a r e  i n  t h e  r e g i o n  ( 0  < u < 1 )  and 

( 0  < v <l). 

Prior t o  d e f i n i n g  a d i m e n s i o n l e s s  time, t h e  thermal 

d i f f u s i v i t i e s  of each zone are de termined .  



The gas d e n s i t y  used  here i s  c a l c u l a t e d  as 

where PR(Z) Is t h e  h y d r o s t a t i c  p r e s s u r e  a t  t h e  h y d r a t e  d e p t h ,  

PR(Z) 0.4352 + 14.7 (24 )  

and Tf(Z)  is t h e  hydra t e  d i s s o c i a t i o n  t e m p e r a t u r e  (methane 

h y d r a t e s ) ,  

-c- - 459.7 + afx (25 1 15360.8 
T f ( Z )  37.05 - I n  (PR(Z)) 

The gas c o m p r e s s i b i l i t y  f a c t o r  is c a l c u l a t e d  u s i n g  t h e  S t a n d i n g  

m o d i f i c a t i o n  of t h e  B r i l l  and  Beggs c o r r e l a t i o n  for c u r v e  f i t t i n g  

t h e  Standlng-Katz 2 - f a c t o r  char t s  ( S t a n d i n g ,  1977). 



Where 6, = KW/KR and 6 e = K g / K R .  

D i m e n s i o n l e s s  t i m e  ( F o u r i e r ’ s  number) can now be d e f i n e d  f o r  e a c h  

r e g i o n ,  i.e. d i s a o o i a t e d  hydrate zone,  s o l i d  hydrate  zone,  and 

t h e  overburden and underburdenz 



, 

p = (r,/HI2 

I 0.435 
[0.435(2 - vH) + 14.7 

0.435 l 2  a(v)  -- ‘ ‘0.435 ( 2 - vH)  + 14.7 

(33 1 

2 . 4  -2 Dimensionless  D i f f e r e n t i a l  Equations and Boundary 

Condlt lons 

The dimensionless  d l f f e r e n t l a l  equation descr ib ing  unsteady- 

S t a t e  heat  conduction i n  an i s o t r o p i c  medium can now be expressed 



where, 1 

I n i t i a l  Condi t ion  

= 0 ,  i = s, 0 
=D 1 

0 < u < 1,  0 < v < 1,  

where, 

and 

= (2 - VH - (37) 

= (30.2 ‘pfb 

I n n e r  Boundary Condi t ion  



O u t e r  Boundary C o n d i t i o n  

Upper  and  Lower Boundary C o n d i t i o n 6  

o < u < l , v = l , 7  > o  
. .  DO 

%DO > O 
0 < u < 1,  v =  0 ,  

Moving Boundary C o n d i t f o n s  -r 

1.  From t e m p e r a t u r e  c o n t i n u i t y  c o n s i d e r a t i o n s ,  

6 D ( U f , v f , T D D  1 = eS(Uf,Vf,.%D 1 = 6f (43 1. 
S - 

re uf and vf are t h e  c 

moving boundary. 

2. From the  e n e r g y  b a l a n c e  c o n s i d e r a t i o n s  a t  t h e  moving boundary,  



t h e  S t e f a n  c o n d i t i o n s  are: 

and  

(44) 

where L f ( v )  is  t h e  l a t e n t  hea t  o f  f u s i o n  of t he  h y d r a t e s  and  1s 

d e t e r m i n e d  by x 

Lf(v )  = 4SH[10743.1 - 1.9204 T f ( v ) ]  (46 )  

2.4.3 G e n e r a l  S o l u t i o n  Method of t h e  Fundamental  H y d r a t e  

D i s s o c i a t i o n  Model 

The s o l u t i o n  o f  t h e  above problem I n v o l v e s  d e t e r m i n a t i o n  of 

t h e  t e m p e r a t u r e  d i s t r i b u t i o n  i n  each zone and t h e  p o s i t i o n  o f  t h e  

d 
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* moving boundary , a t  any t i m e  zDn, n = 0 ,  1 ,  2, .  . . , 8-1 . 
? 

I n  g e n e r a l ,  it is  n e c e s s a r y  t o  s o l v e  f o u r  separate problems 
t o  o b t a i n  t h e  s o l u t i o n  a t  tfme zDn+? f o r  t h e  t i m e  i n t e r v a l  AzDn. 

The f i rs t  three  problems are  boundary v a l u e  problems,  t h e  

s o l u t i o n s  o f  which g i v e  t h e  temDera ture  d i s t i b u t i o n  i n  each of 

t h e  zones.  T h e  f o u r t h  problem c o n s i s t s  of two sets of i n i t i a l  

v a l u e  problems,  t h e  s o l u t i o n s  of  which g i v e  two se t s  of  
- 

- 
.) + v e c t o r s  u , p = 1 , 2 ,  . . ., P and U f q ,  q = 1 , 2 ,  . . , Q d e f i n i n g  

t h e  p o s i t i o n  of t h e  moving boundary. Here P is t h e  number of 

g r i d  p o i n t s  t h a t  t he  i n % e r f a c e  i n t e r s e c t s  g r i d  l i n e s  p a r a l l e l  t o  

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

f P  

- -. 

The boundary v a l u e  problems,  g i v e n  i n  d i m e n s i o n l e s s  form by 

e q u a t i o n s  ( 3 5 )  t h r o u g h  (43 )  and w r i t t e n  for each zone,  a re  s o l v e d  

u s i n g  a n  i t e r a t i v e ,  semi- implici t  l i n e  s u c c e s s i v e  o v e r - r e l a x a t i o n  

t e c h n i q u e  (LSOR) (Cr ich low,  1977) .  I n  a p p l y i n g  t h i s  t e c h n i q u e  t o  

a p a r t i c u l a r  g r i d  l i n e  in t h e  h y d r a t e  zone,  t h e  t e m p e r a t u r e  

d i s t r i b u t i o n  is de te rmined  f irst  f o r  t h e  d i s s o c i a t e d  zone ,  

f o l l o w e d  by t h e  s o l i d  h y d r a t e  zone ,  and t h e n  t h e  t e m p e r a t u r e s  

a l o n g  t h e  whole g r i d  l i n e  a re  r e l a x e d .  
- 

T h e  two s e t s  of  i n f t l a l  v a l u e .  problems g i v e n  i n  -c- 

d i m e n s i o n l e s s  form by equ ( 4 4 )  ( 4 5 )  by the 

z o i a a l  method. 
To advance  t h e  s o l u t i o n  .from zDn t o  z ~ ~ + ~ #  t h e  a l g o r i t h m  

p r e s e n t e d  by S e n g u l  (1977)  Is used  w i t h  s l i g h t  m o d i f i c a t i o n .  The 

major  d i f f i c u l t y  i n  o b t  n fng  a s o l u t i o n  i s  the e v a l u a t i o n  of t h e  

i n i t i a l  v a l u e  problems because  I t  r e q u i r e s  a n  e s t i m a t i o n  of t h e  

. 

t e m p e r a t u r e  g r a d i e n t s  a t  t h e  moving boundary. To e v a l u a t e  these 
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t e m p e r a t u r e  g r a d i e n t s ,  t h e  t e m p e r a t u r e s  o f  t h e  g r i d  p o i n t s  on 

e i t h e r  s i d e  o f  t h e  i n t e r f a c e  and  t h e  t e m p e r a t u r e  o f  t h e  moving 

boundary are  f i t t e d  t o  a polynomia l  u s i n g  a l ea s t  s q u a r e s  method 

(Gerald and  Nhea t ly ,  1984). T h e  degree of polynomia l  f i t  t o  t h e  

t e m p e r a t u r e  p r o f i l e s  Is a l lowed  t o  vary from degree 1 t o  degree 

8 .  T h e  optimum d e g r e e  o f  t h e  polynomia l  i s  selected by 

i n c r e a s i n g  t h e  degree o f  t h e  polynomia l ,  beg inn ing  w i t h  degree 

one ,  so l o n g  as there  Is a s i g n i f i c a n t  decrease i n  t h e  v a r i a n c e  

( G e r a l d  and Whea t ly , ' l 984) .  

Once these  po lynomia l s  have been de te rmined  for t h e  

t e m p e r a t u r e  p r o f i l e s  i n  each o f  t h e  d i s s o c i a t e d  and s o l i d  hydra t e  

zones  i n  t h e  u d i r e c t i o n  and i n  t h e  v d i r e c t i o n ,  R icha rdson  

E x t r a p o l a t i o n  (Cheney and Kfnca id ,  1985)  is useh  t o  d e t e r m i n e  t h e  

f i rs t  d e r i v a t i v e  o f  t h e  po lynomia l s ,  1.e. t h e  t e m p e r a t u r e  

g r a d i e n t s  a t  t h e  moving boundary. The d e t i a l s  o f  t h e  s o l u t i o n  

method are  d i s c u s s e d  elsewhere ( R o a d i f e r ,  1987). 
/ 

2.4.4 Gas I n f l u x  C a l c u l a t i o n s  

Once t h e  above problem has been s o l v e d  for 8ome time 

p e r i o d ,  A t ,  a s i m p l e  mater ia l  b a l a n c e  is used  t o  c a l c u l a t e  t h e  

gas i n f l u x  i n t o  t h e  we l lbo re .  
.c- 

The volume o f  hyd t e  d i s s o c i a t e d  f a  g i v e n  by 

vH = x4" (Crf(t + A t ) ]  (47) 

T h e  moles  o f  methane gas  o r i g i n a l l y  c o n t a i n e d  i n  t h i s  volume 

i s  
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181.3 
ngH = 'H 

The moles  o f  methane gas t h e  d i s - s o c i a t i o n  volume would 

c o n t a i n  a t  w e l l b o r e  c o n d i t i o n s  is 

P V S  
= J J u  

g w B  z R Tm n 
e 

( 4 9 )  

2.5 Summary and C o n c l u s i o n s  
.- 

A comprehensive w e l l b o r e  h y d r a u l i c s  and heat  t r a n s f e r  model 

and  a fundamenta l  h y d r a t e  d i s s o c i a t i o n  model has been  

developed ,  The model development  a l l o w s  t h e  d e t a i l e d  examina t ion  

O f  t h e  e f f e c t s  o f  a wide r a n g e  of d r i l l i n g  parameters on t h e  

w e l l b o r e  p r e s s u r e ,  w e l l b o r e  t e m p e r a t u r e  and ,  c o n s e q u e n t l y ,  

hydra t e  d i s s o c i a t i o n  r a t e  f o r  a r c t i c  t e r r e s t r i a l ,  a r c t i c  s u b s e a  

and  s u b t r o p i c  subsea  l o c a t i o n s .  
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2.6 NOMENCLATURE 

a fx  = f r e e z i n g  p o i n t  d e p r e s s i o n  of h y d r a t e s  due t o  d i s s o l v e d  
s o l i d s  

= spec i f ic  hea t  (Btu / lb°F)  cP 
D = diameter ( i n c h e s )  or thermal  d i f f u s f v i t y  ( f t 2 / h r )  

Err = f r i c t i o n a l  ene rgy  l o s s e s  ( B t u / f t  h r )  

ErOt = 

f = p o s i t i n  o f  t h e  I n t e r f a c e  

r o t a t i o n a l  e n e r g y  ( B t u / f t  h r )  

g G  = geo the rma l  g r a d i e n t  (OF/f t )  

G f r  = geo the rma l  g r a d i e n t  w i t n f n  p e r m a f r o s t  (OF/100 f t )  

G t h  = geo the rma l  g r a d i e n t  below p e r m a f r o s t  (OF/100 .it) 

.- - 

.. 

h = c o n v e c t i v e  heat t r a n s f e r  c o e f f i c i e n t  (Btu/hr°F f t 2 )  

H = zone t h i c k n e s s  ( f e e t )  

k = thermal c o n d u c t i v i t y  ( B t u / f t  hr°F) - 

Lf = l a t e n t  hea t  ( B t u / l b )  

H = number of space i n t e r v a l s  i n  b o t h  t h e  u and v d i r e c t i o n s  

MU = number o f  g r i d s  i n  t h e  underburden  i n  t h e  v d i r e c t i o n  

I = t o t a l  number o f  time s teps  

N R ~  = Reynold's number 

N N  u = N u s s e l t  number 

P = number of i n t e r s e c t i o n s  o f  t h e  moving boundary w i t h  g r i d  -e- 

P = p r e s s u r e  ' ( p s i a )  

11 p a r a l l e l  t o  t h e  u c o o r d i n a t e  

P r a n d t l  number 

p p r  = n a t u r a l  l o g  of p r e s s u r e  

Q = f l o w  r a t e  (ga l /min )  

Q = heat  e n e r g y  s o u r c e  term ( B t u / f t  hr) 

Q = gas i n f l u x  r a t e  ( s c f / m i n )  

t 
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7 Q = number o f  i n t e r s e c t i o n s  o f  t h e  moving boundary w i t h  g r i d  
l i n e s  p a r a l l e l  t o  t h e  v c o o r d i n a t e  

QP = f o r m a t i o n  p e n e t r a t i o n  r a t e  ( f t / h r )  

r p: r a d i u s  ( f e e t )  

re = r a d i u s  t o  t h e  o u t e r  boundary 

rf = r a d i u s  t o  t h e  moving boundary ( f r o n t )  
2 

’ rn = d i m e n s i o n l e s s  v a r i a b l e  d e f i n e d  as  A.SD/(AU)2 = AzD/(AU) 

8 = w e l l b o r e  r a d i u s  

S = S u r f a c e  

S t  re: S t a n t o n  number 

t = t i m e  ( h o u r s )  

T .  = t e m p e r a t u r e  (OF) 

= t e m p e r a t u r e  a t  t h e  base of t h e  p e r m a f r o s t  Tbpf  

Tin = i n i t i a l  t e m p e r a t u r e  d i s t r i b u t i o n  

U = norma l i zed  r ad ia l  d i r e c t o i n  

uf = d i m e n s i o n l e s s  r a d i a l  p o s i t i o n  of t h e  moving boundary 

V = norma l i zed  v e r t i c a l  d i r e c t i o n  

. v  = Volume 

V = v e l o c i t y  ( f t / s )  

.* - - 
.-. 

vf = d i m e n s i o n l e s s  v e r t i c a l  p o s i t i o n  o f  t h e  moving boundary 
(below i n f l e c t i o n  p o i n t )  

-=- 

2 d e p t h  ( f t . )  

Greek -Symbols 

a = thermal d i f f u s i v i t y  ( f t 2 / h r )  

a = c u r v i l i n e a r  coord  n s f o r m a t i o n  v a r i a b l e  

B = h y d r a t e  gas c o n t e n t  (SCF/ft3 h y d r a t e )  
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d i m e n s i o n l e s s  v a r i a b l e  d e f i n e d  i n  E q u a t i o n  30 

c u r v i l i n e a r  c o o r d i n a t e  t r a n s f o r m a t i o n  v a r i a b l e  

d i m e n s i o n l e s s  v a r i a b l e  d e f i n e d  by Equa t ion  33 

1. a n g l e  
2. d i m e n s i o n l e s s  t e m p e r a t u r e  

d i m e n s i o n l e s s  v a r i a b l e  d e f i n e d  by E q u a t i o n  39 

d i m e n s i o n l e s s  v a r i a b l e  d e f i n e d  by Equa t ion  41 

d e n s i t y  ( l b / f t 3 )  

v i s c o s i t y  ( c p )  

p o r o s i t y  

d i m e n s i o n l e s s  t i m e  ( F o u r i e r '  8 Number) 

= t o r q u e  ( f t  lbf /min.)  

= domain 

= a n g u l a r  v e l o c i t y  (rpm) 

= r e l a x a t i o n  parameter 

S u p e r s c r i p t s  

n = time 

S u b s c r i p t s  

l e v e l  

a = a n n u l u s  

BH = bottom h o l e  

C = c a s i n g  

ce = cement 

D = d i s s o c i a t e d  ( thawed) zone 

DH = d i s s o c i a t e d  hydra t e  zone 

Dp = thawed permafrost zone 

e = e x t e n t  o f  r e s e r v o i r  ( f o r m a t i o n )  

f o r  = f o r m a t i o n  
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f H  = hydra t e  d i s s o c i a t i o n  f r o n t  

f p  = p e r m a f r o s t  thaw f r o n t  

H = h y d r a t e  

i = r a d i a l  g r i d  i n d e x  

i n  = i n i t i a l  

3 = v e r t i c a l  g r i d  index  

jmax = bottom-most g r i d  

k = i n d e x  o f  I t e r a t i o n  

k = r e g i o n  i n d i c a t i o n  (1.e. c a s i n g ,  cement,  thawed 
p e r m a f r o e t ,  unthawed p e r m a f r o s t ,  f o r m a t i o n ,  d i s s o c i a t e d  
hydra t e ,  u n d i s s o c i a t e d  h y d r a t e )  

R = discre te  i n d e x  of v d i r e c t i o n  

m = d i sc re t e  index  o f  v d i r e c t i o n  

meq = e q u i v a l e n t  a n n u l u s  mud 

m i  = mud in 

m s  = mean a n n u a l  s u r f a c e  

o/u = overburden  or underburden  zone 

P = number of p o i n t s  where t h e  moving boundary i n t e r s e c t s  t h e  
g r i d  l i n e s  i n  t h e  r ad ia l  d i r e c t i o n  

P = permafrost  

p i  = i n s i d e  d r i l l  p i p e  

p f b  = p e r m a f r o s t  base .c- 

PO = o u t s i d e  d r i l l  p i p e  

q re number o f  p o i n t s  wher t h e  moving boundary i n t e r s e c t s  t h e  
g r i d e  l i n e s  i n  t h e  v e r t i c a l  d i r e c t i o n  

S = s o l i d  r e g i o n  

S H  = s o l i d  hydra t e  

Sp = unthawed p e r m a f r o s t  

W = d r i l l  p i p e  ( c o l l a r )  wal l  
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wat = water 

w b  P w e l l b o r e  
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2.8 APPENDIX A 

A. D e t e r m i n a t i o n  of  Convect ive  Heat T r a n s f e r  C o e f f i c i e n t  

For l a m l n a r  f low of any t y p e  of f l u i d ,  1.e. Newtonian, 

Blngham P l a s t l e ,  or Power Law, t h e  Newtonian v a l u e  of 4.12 f o r  

t h e  N u s s e l t  is number used: 

Laminar: NNu = 4.12 

For t u r b u l e n t  f l o w  o f  Newtonian f l u i d s  or Blngham P l a s t i c s ,  1- - 
_. 

t h e  Seider-Tate e q u a t i o n  I s  used  w i t h  t h e  f o l l o w i n g  term 

(P/Pw)0014 s e t  e q u a l  t o  1 ( I n c r o p e r a  and  D e w i t t ,  1981) .  For 

Bingham P l a s t i c s ,  t h e  p l a s t i c  v i s c o s i t y  is used t o  c a l c u l a t e  t h e  

Reynold’ s and  P r a n d t l  numbers. 

0.8prO 0333 T u r b u l e n t :  N N ~  = 0.027 N R ~  

Harsha l l  and  Bentsen  (1982)  . recommend t h e  u s e  of a 

c o r r e l a t i o n  developed  by Lakshminarayanan e t  a1  (1976)  f o r  Dower- 

l a w  f l u i d s  i n  t u r b u l e n t  f low: 

-=- 

I n  a n n u l a r  f low,  t h e  h y d r a u l i c  diameter o f  t h e  a n n u l u s  

s h o u l d  be used  i n  these  c o r r e l a t f o n s ,  and  t h e  e q u i v a l e n t  f l u i d  

p r o p e r t i e s  a c c o u n t i n g  f o r  

I n t o  t h e  w e l l b o r e  s h o u l d  a l s o  be used. 



Bo D e t e r m i n a t i o n  of Energy Source  T e r m s  
9. 

? 

The s o u r c e  of heat g e n e r a t i o n  w i t h i n  t h e  w e l l b o r e  sys t em I s  

a r e s u l t  o f  t h e  r o t a t i o n a l  e n e r g y  due t o  t h e  work r e q u i r e d  t o  

r o t a t e  t h e  d r i l l  s t r i n g ,  v i s c o u s  ene rgy  due t o  f r i c t i o n a l  ' l o s s e s  

w i t h i n  t h e  d r i l l  p i p e ,  d r i l l  b i t  and a n n u l u s ,  and t h e  work done 

by t h e  b i t .  
& 

The thermal e n e r g y  g e n e r a t e d  due t o  r o t a t i o n  and work by t h e  

d r i l l  b i t  i s  c a l c u l a t e d  by assuming t h a t  a l l  of t h e  mechan ica l  

e n e r g y  i n p u t  by t h e  r o t a t i n g  d r i v e  is c o n v e r t e d  t o  thermal .'- - 
... 

energy .  T h f s  e n e r g y  f a  t h e n  d i v i d e d  60% t o  t h e  d r i l l  p i p e  and  

40% t o  t h e  d r i l l  b i t .  T h e  r o t a t i o n a l  e n e r g y  i n p u t  may be 

c a l c u l a t e d  by E q u a t i o n  (4A)r 

The t o t a l  thermal ene rgy  g e n e r a t e d  due t o  f r i c t i o n a l  

p r e s s u r e  l o s s e s  i n  t h e  sys tem may be c a l c u l a t e d  as 

T h i s  e n e r g y  i s  t h e n  d i v i d e d  among the d r i l l  s t r i n g ,  d r i l l  

b i t  and  a n n u l u s  by t h e  r a t i o s  'of t h e i r  r e s p e c t i v e  f r i c t i o n a l  

p r e s s u r e  l o s s e s .  
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3-0 DgVELOPHEET OF GUILDELIEES FOR DRILLIEG 
IE THE PRESEECE OF HYDRATES 

P r i o r  t o  e s t a b l i s h i n g  g u i d e l i n e s  f o r  d r i l l i n g  t h r o u g h  

hydra t e  c o n t a i n i n g  f o r m a t i o n s ,  a parametric s t u d y  o f  t h e  

r e e e r v o i r  p r o p e r t y  and d r i l l i n g  parameter e f f ec t s  on h y d r a t e  

d i s s o c i a t i o n  is  r e q u i r e d .  I n  a d d i t i o n ,  p o t e n t i a l  h y d r a t e  

p r e c a u t i o n s  can  be t a k e n  t o  a v o i d  t h e  problems a s s o c i a t e d  w i t h  

d r i l l i n g  t h r o u g h  t h o s e  zones.  

3 01 Hydrate  S t a b i l i t y  Zones 

With t h e  knowledge of geo the rma l  g r a d i e n t s ,  p r e s s u r e  - d e p t h  

- t e m p e r a t u r e  diagrams can  be c o n s t r u c t e d  t o  i d e n t i f y  t h e  d e p t h s  

a t  whlch gas hydra t e s  may be p r e s e n t .  S e v e r a l  thermodynamic 

s t u d i e s  on t h e  measurement o f  p r e s s u r e - t e m p e r a t u r e  r e l a t i o n s h i p s  

f o r  d i f f e r e n t  gas hydra t e s  have been r e p o r t e d  i n  t he  l i t e r a t u r e  

(Deaton  and  F r o s t ,  1946; Kobayashi  and  Ka tz ,  1955; Holde r ,  1976; 

Wu e t  a l ,  1976; Kamath, 1982; Holde r  and Hand, 1983) and s e r v e  as 

t h e  basis  for d e t e r m i n a t i o n  o f  h y d r a t e  s t a b i l i t y .  Kamath e t  a1  

(1987) h a v e .  s t u d i e d  the  e f f ec t s  o f  various parameters on npd.rate 

s t a b i l i t y  i n  r e g i o n s  o f  p e r m a f r o s t .  The knowledge o f  mean a n n u a l  

t e m p e r a t u r e  # g e o t h e r m a l  g r a d i e n t ,  p r e s s u r e  g r a d i e n t  and  

gaa compos i t ion  is e q u i r e d  t o  f u l l y  e v a l u a t e  p o t e n t i a l  zones  of 

dra te  occur rence .  O the r  f a c t o r s  i n f l u e n c f n g  hydra t e  s t a b i l i t y  

i n c l u d e  s a l i n i t y  o f  PO f l u i d s ,  p o r e  p r e s s u r e  c o n d i t i o n s  and  

s o i l  pa r t i c l e  effects .  Godbole e t  a1  (1987) ex tended  t h e  work of  

Kamath e t  a1  (1987) t o  d e v e l o p  a nomogram ( F i g u r e  1) t o  d e t e r m i n e  

t h e  d e p t h s  o f  p o t e n t i a l  h y d r a t e  zones  f o r  t h e  wide r a n g e  o f  

c o n d i t i o n s  t h a t  e x i s t  on t h e  Nor th  S l o p e  of Alaska and c a n  

-e- 



be e x p e c t e d  t o  o c c u r  i n  o t h e r  a r c t i c  r e g i o n s .  * 
? 

Using  data from McCleod and Campbel l  (1961) for sea 

t e m p e r a t u r e s ,  R o a d l f e r  e t  a1 (1987) ex tended  t h e  work o f  Godbole 

. e t  a 1  (1987) and Kamath e t  a 1  (1987) t o  d e v e l o p  two a d d i t i o n a l  . 
d iag rams  ( F i g u r e  2 & 3 )  f o r  d e t e r m i n i n g  d e p t h s  o f  p o t e n t i a l  

h y d r a t e  s t a b i l i t y  zones  i n  b o t h  a r c t i c  subsea  and s u b t r o p i c  - 
s u b s e a  l o c a t i o n s .  The  o n l y  r e q u i r e m e n t s  f o r  u s i n g  these diagrams 

a re  t h e  sea dep th  and  a n  e s t i m a t i o n  of t h e  geo the rma l  g r a d i e n t  

- 

below the sea f l o o r .  

diagrams are: t h e  p r e s s u r e  g r a d i e n t  1s h y d r o s t a t i c ;  and ,  t h e  

h y d r a t e s  are composed of water and methane only.  

The two main a s sumpt ions  made i n  d e v e i o p i n g  .- - 
= 

3.2 . R e s e r v o i r  P a r m e t r i c  S t u d y  

Using  a two-dimensional  ( r - z )  c y l i n d r i c a l  c o o r d i n a t e  thermal 

h y d r a t e  d i s s o c i a t i o n  s i m u l a t o r ,  R o a d i f e r  e t  a1  (1987) performed a 

parametric s t u d y  of  t h e  e f f e c t s  of v a r i o u s  r e s e r v o i r  and w e l l b o r e  

parameters on h y d r a t e  d i s s o c i a t i o n  r a t e s  i n  a r c t i c  r e g i o n s  

u n d e r l a i n  by permaf ros t .  P a r a m e t e r s  s t u d i e d  inc luded :  mean 

a n n u a l  s u r f a c e  t e m p e r a t u r e ;  d e p t h  t o  p e r m a f r o s t  base; g e o t h e r m a l  

g r a d i e n t  w i t h i n  p e r m a f r o s t ;  geo the rma l  g r a d i e n t  b e l o  permafrost; -=- 

h y d r a t e  zone depth ;  h y d r a t e  zone t h i c k n e s s ;  r e s e r v o i r  p o r o s i t y ;  

w e l l b o r e  r a d i u s ;  bo t tomhole  t e m p e r a t u r e ;  and e q u i v a l e n t  

c i r c u l a t i n g  mud d e n s i t y  e f f ec t s  on gas i n f l u x .  . 

r 
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Zone o f  Hydrate S t a b i l i t y  i n  the Subtrop ic  
Subsea Region 
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3 .2.1 , Geothermal  C o n d i t i o n s  

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

zones ,  t h e  geo the rma l  parameters, i.e., mean a n n u a l  s u r f a c e  

t e m p e r a t u r e ,  d e p t h  t o  p e r m a f r o s t  base, and geo the rma l  g r a d i e n t s  

w i t h i n  and below t h e  p e r m a f r o s t ,  were found t o  have n e g l i g i b l e  

e f f e c t s  on t h e  h y d r a t e  d i s s o c i a t i o n  rate.  T h i s  w a s  s e e n  t o  

i n d i c a t e  t h a t  heat t r a n s f e r  o c c u r s  p redomina te ly  i n  t h e  

d i s s o c i a t e d  h y d r a t e  zone w i t h  t h e  s e n s i b l e  heat r e q u i r e d  t o  r a i s e  

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

3.2.2. Hydra te  Zone Depth 

The e f f ec t  o f  t h e  h y d r a t e  zone dep th  on t h e  ra te  o f  h y d r a t e  

d i s s o c i a t i o n  i s  i l l u s t r a t e d  i n  F i g u r e  4.  The n o n - l i n e a r i t y  o f  

t h e  r e l a t i o n s h i p  i s  e x p l a i n e d  by t h e  n o n - l i n e a r  e f f ec t  of 

p r e s s u r e  on the h y d r a t e  d i s s o c i a t i o n  t e m p e r a t u r e ,  i.e., a 

h y d r o s t a t i c  p r e s s u r e  ' '  g r a d i e n t  was assumed and t h e  h y d r a t e  

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

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

t e m p e r a t u r e  i n c r e a s e s  w i t h  a n  i n c r e a s e  i n  p r e s s u r e  ( d e p t h ) ,  t h e  

r a t e  of heat  t r a n s f e r ,  and t h e r e f o r e ,  h y d r a t e  d i s s o c i a t i o n  r a t e  

decreases f o r  a f i x e d  w e l l b o r e  t e m p e r a t u r e .  

Hydra te  Zone T h i c k n e s s  

Hydra t e  zone t h i c k n e s s  shows n e g l i g i b l e  e f f e c t  on t h e  r a t e  

of h y d r a t e  d i s s o c i a t i o n  p r o b a b l y  due t o  n e g l i g i b l e  hea t  t r a n s f e r  

from t h e  overburden  and underburden  f o r  t h e  t h i c k n e s s  r a n g e  

c o n e i d e r e d .  T h e  t o t a l  h y d r a t e s  d i s s o c i a t e d ,  however, and  
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t h e r e f o r e ,  t h e  s u r f a c e  gas r e a l i z e d  are affected d i r e c t l y  by t h e  

hydra t e  zone t h i c k n e s s  as i n d  

3.2.4 P o r o s i t y  

The r e l a t i o n s h i p  between p o r o s i t y  and hydra t e  d i s s o c i a t i o n  

r a t e  as i n d i c a t e d  by t h e  s u r f a c e  gas r a t e  is shown i n  F i g u r e  60 

whi le  s i g n i f i c a n t ,  t h i s  r e l a t i o n s h i p  is s l i g h t l y  e x a g g e r a t e d  due 

t o  t h e  expanded y-ax18 scale. The maximum d i f f e r e n c e  i n  h y d r a t e  

d i s s o c i a t i o n  ra tes  i s  a b o u t  22 p e r c e n t  between t h e  l o w e s t  r a t e  a t  

45 p e r c e n t  p o r o s i t y  and t h e  h i g h  a t  20 p e r c e n t  p o r o s i t y .  

T h e  I n c r e a s e  i n  t h e  h y d r a t e  d i s s o c i a t i o n  r a t e  w i t h  a 

decrease i n  p o r o s i t y  (down t o  a p p r o x i m a t e l y  20 perce t r t )  is due t o  

an i n c r e a s e  i n  t h e  thermal c o n d u c t i v i t y  of the  d i s s o c i a t e d  zone 

which, because  of t h e  f i x e d  w e l l b o r e  t e m p e r a t u r e ,  r e s u l t s  I n  an 

i n c r e a s e  i n  t h e  heat t r a n s f e r  r a t e  from t h e  w e l l b o r e  i n t o  t h e  

d i s s o c i a t e d  zone. 

A t  t h e  same t i m e ,  however, t h e  s e n s i b l e  heat r e q u i r e d  t o  

hea t  t h e  r e s e r v o i r '  r o c k  a l s o  i n c r e a s e s ,  b u t  a t  a d i f f e r e n t  

r e d u c t i o n  i n  p o r o s i t y  t h e  i n c r e a s e  5n t h e  heat  t r a n s f e r  r a t e  j u s t  

e q u a l s  t h e  a d d i t i o n a l  s e n s i b l e  h e a t  r e q u i r e d  t o  hea t  t h e  

r e s e r v o i r  rock. For p o r o s i t i e s  l ower  t h a n  t h f s  maximum t h e  

a d d i t i o n a l  heat  r e q u i r e d  t o  hea t  t h e  r e s e r v o i r  rock  is grea ter  

t h a n  t h e  a d d i t i o n a l  hea t  s u p p l i e d  t o  t h e  sys tem.  

3.2.5 D r i l l i n g  Parameter A n a l y s i s  

- t  

i 
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Figure  5 :  E f f e c t  o f  Hydrate Zone Thickness  on Gas I n f l u x  Rate 
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w e l l b o r e  t e m p e r a t u r e  and t h e  p r e s s u r e  e x e r t e d  a t  t h e  h y d r a t e  -- 
d i s s o c i a t e d  zone i n t e r f a c e  ( b o t h  t h e  d i s s o c i a t i o n  t e m p e r a t u r e  and 

l a t e n t  heat  o f  d i s s o c i a t i o n  a r e  f u n c t i o n s  o f  p r e s s u r e ) .  The 

r e l a t i o n s h i p  between these two v a r i a b l e s  and t h e  h y d r a t e  

i s s o c i a t i o n  r a t e  (as  showh by t h e  s u r f a c e  gas r a t e )  is shown i n  

F i g u r e  7 .  It  s h o u l d  be n o t e d  t h a t  i n  a d d i t i o n  t o  a f f e c t i n g  t h e  

h y d r a t e  d i s s o c i a t i o n  r a t e , . t h e  w e l l b o r e  p r e s s u r e  also a f f e c t s  t h e  

gas i n f l u x  r a t e  from t h e  f o r m a t i o n  i n t o  t h e  we l lbo re .  T h e  

p r e s s u r e  e f f e c t s  no ted  i n  F i g u r e  7 i n c l u d e  b o t h  t h e  d i s s o c i a t i o n  

ra te  e f f e c t  and  t h e  gas i n f l u x  effect .  

The e f f ec t  o f  p r e s s u r e  on t h e  gas i n f l u x  ra te  can be i m p l i e d  

from F i g u r e  8 which i n c l u d e s  o n l y  t h i s  e f f e c t  for v a r i o u s  mud 

d e n s i t i e s .  T h i s  f i g u r e  i n d i c a t e s  t h a t  t h e  p r e s s u r e  e f fec t  o n . t h e  

gas i n f l u x  r a t e  i s  minimal ,  c a u s i n g  o n l y  a minor r e d u c t i o n  i n  t h e  

gas i n f l u x  r a t e  N i t h  i n c r e a s e d  mud d e n s i t y  and ,  t h e r e f o r e ,  

p r e s s u r e .  

3 -2.6 Wellbore  Radius 

I n  a d d i t i o n  t o  t h e  w e l l b o r e  t e m p e r a t u r e  and p r e s s u r e ,  t h e  

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

i n d i c a t e d  by F i g u r e  9 .  The e c t  of  t h e  w e l l b o r e  r a d i u s  on t h e  

h y d r a t e  d i s s o c i a t i o n  r a t e  i s  due t o  a n  i n c r e a s e  i n  t h e  heat 

t r a n s f e r  r a t e  w i t h  a n  i n c r e a s e  i n  t h e  w e l l b o r e  r a d i u s .  While 

v a r i a t i o n s  i n  t h i s  parameter are u s u a l l y  n o t  a* t h e  d i s c r e t i o n  o f  

t h e  d r i l l i n g  e n g i n e e r ,  t h e  w e l l b o r e  r a d i u s  does  have a 

.c- 

s i g n i f i c a n t  e f f ec t  on t h e  h y d r a t e  d i s s o c i a t i o n  rate.  
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Figure 7:  Ef feo t  of  Temperature and Pressure on the 
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3.2 07 P r e s s u r e  

The d r i l l i n g  and mud e n g i n e e r s  have c o n t r o l  o v e r  th ree  

v a r i a b l e s  which a f f e c t  t h e  p r e s s u r e ’ e x e r t e d  a g a i n s t  t h e  f o r m a t i o n  

i n  t h e  we l lbo re .  These v a r i a b l e s  are t h e  mud d e n s i t y ,  v i s c o s i t y ,  

and  c i r c u l a t i o n  rate.  T h e  a b s o l u t e  b e n e f i t s  and d i s a d v a n t a g e s  

(eg, ,  economics,  c u t t i n g ,  removal ,  e t c , )  o f  v a r y i n g  each of  t hese  

parameters are beyond t h e  scope  o f  t h i s  s t u d y ,  b u t  t h e y  are  

cove red  a d e q u a t e l y  i n  most any d r i l l i n g  or mud e n g i n e e r i n g  

t e x t .  We o n l y  conce rn  o u r s e l v e s  here. w i t h  t h e  r e l a t i v e  e f f e c t s  

each of these parameters has on t h e  w e l l b o r e  p r e s s u r e .  

I n c r e a s e  I n  any  one o f  these parameters w i l l  i n c r e a s e  t h e  

w e l l b o r e  p r e s s u r e .  I n c r e a s i n g  mud w e i g h t  has t h e  d i r e c t  e f f e c t  

of i n c r e a s i n g  t h e  h y d r o s t r a t i c  p r e s s u r e  and though less obv ious ,  

t h e  f r i c t i o n a l  . T h e  c i r c u l a t i o n  r a t e  and mud 

v i s c o s i t y  o n l y  a f f e c t  t h e  f r i c t i o n a l  p r e s s u r e  drop.  

F i g u r e  10 shows t h e  r e l a t i v e  e f f e c t s  of mud d e n s i t y  and  

c i r c u l a t i o n  r a t e  on t h e  bo t tomhole  p r e s s u r e .  The  f i g u r e  

‘ i n d i c a t e s  t h a t  a d r a s t i c  

r e q u i r e d  t o  a c h i e v e  t h e  8 p r e s s u r e  as t h e  one a t t a i n e d  by 

i n  mud weight.  

i s  a n  a d d i t i o n a l  a d v a n t a g e ,  however, t o  i n c r e a s i n g  t h e  

te .  When t h e  h y d r a t e s  d i s s o c i a t e  i n t o  gas and  

some of t h e  gas w i l l  e n t e r  t h e  w e l l b o r e ,  t h u s  r e d u c i n g  t h e  

h y d r o s t a t i c  p r e s s u r e  o f  t h e  mud column. The amount o f  gas 

e x i s t i n g  i n  the  mud column w i l l  be r educed  and,  t h e r e f o r e ,  t h e  

h y d r o s t a t i c  p r e s s u r e  maximized i f  t h e  gas  e n t e r i n g  t h e  w e l l b o r e  

is c i r c u l a t e d  o u t  as f a s t  as p o s s i b l e .  A q u a n t i t a t i v e  a n a l y s i s  

5 0  



... 



. 

I 

I 
1 

- i  o f  t h i s  phonomenon has n o t  been performed a t  t h i s  t i m e .  
' i  

1 
1 

F i g u r e  11 compares t h e  e f f ec t s  of i n c r e a s i n g  t h e  mud i 

v i s c o s i t y  and t h e  mud d e n s i t y .  Noted here is t h a t  l a rge  I 

V a r i a t i o n s  in v i s c o s i t y  a re  r e q u i r e d  t o  a c h i e v e  t h e  same w e l l b o r e  

p r e s s u r e  as moderate  i n c r e a a e s  i n  t h e  mud weight .  

3.2.8 Tempera ture  

many v a r i a b l e s .  As w i t h  t h e  w e l l b o r e  p r e s s u r e ,  w e  c o n c e r n  

o u r s e l v e s  here o n l y  w i t h  t h o s e  parameters t h a t  may be  c o n t r o l l e d  

d i r e c t l y  by the  d r i l l i n g  or mud e n g i n e e r s .  A d i s c u s s i o n  o f  o t h e r  

v a r i a b l e s  is a v a i l a b l e  in .  t h e  l i t e r a t u r e  (Edwardson e t  a l ,  1962; 

Tragesser e t  a l ,  1967; Holmes and  S w i f t ,  1970; .Keller e t  a l ,  

1973; Marshall and Bentsen ,  1982; C o r r e  e t  a l ,  1984; and 

Thompson, 1985). 

- 1  

The p r imary  para conce rn  are t h e  mud i n l e t  

t e m p e r a t u r e ,  d e n s i t y ,  c i r c u l a t i o n  r a t e ,  and  whether  or n o t  t h e  

hole has been cased. g u r e  12 shows a comparison of the 

bo t tomhole  t e m p e r a t u r e s  g e n e r a t e d  due t o  i n l e t  mud t e m p e r a t u r e  

for a n  uncased  w e l l  and a w e l l  cased to the p e r m a f r o s t  base. Two 

no tewor thy  e f f e c t s  are  s e e n  i n  t h i s  p l o t .  F i r s t ,  t h e  change i n  

t h e  bo t tomhole  t e m p e r a t u r e  is much l e s s  t h a n  t h e  change i n  the 

mud i n l e t  t e m p e r a t u r e .  Second,  c a s i n g  t h e  p e r m a f r o s t  zone 

-=- 

r e s u l t s  i n  s i g n i f i c a n t l y  h i g h e r  bot tomhole  . t empera tu res .  
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hydra t e  d i s s o c i a t i o n .  If t h e  g o a l  is t o  l i m i t  hydra te  

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

hydra t e  b e a r i n g  dep ths  have been d r i l l e d ,  assuming t h i s  w i l l  not 

c a u s e  s i g n i f i c a n t  new problems in t h e  p e r m a f r o s t  r e g i o n .  I n  

- s u b s e a  l o c a t i o n s ,  t h e  c o r a l l a r y  t o  t h i s  is n o t  t o  u s e  a riser 

c a s i n g  so t h e  c o o l i n g  e f f e c t  o f  t h e  sea can  be t a k e n  a d v a n t a g e  

of. If the  g o a l  i s  t o  promote hydra t e  d i s s o c i a t i o n  w h i l e  

d r i l l i n g ,  t h e  c u r r e n t  pract ice  o f  c a s i n g  o f f  t h e  p e r m a f r o s t  zone 

a8 goon a s  It has been p e n e t r a t e d  s h o u l d  be fo l lowed.  

The e f f e c t  o f  mud d e n s i t y  and  c i r c u l a t i o n  ra te  on bo t tomhole  

t e m p e r a t u r e  i s  a much more complex problem as  i n d i c a t e d  by F i g u r e  

130  To u n d e r s t a n d  t h e  i m p l i c a t i o n s  o f  this f i g u r e ,  a d i s c u s s i o n  

. o f  t h e  hea t  t r a n s f e r  meChani8mS p r e s e n t  i n  t h e  w e l l b o r e  i s  

r e q u i r e d .  

Wi th in  t h e  w e l l b o r e ,  heat  t r a n s f e r  o c c u r s  due t o  v e r t i c a l  

c o n v e c t i o n  down t h e  d r i l l  s t r i n g  and  up t h e  a n n u l u s ,  r a d i a l  .. 

c o n v e c t i o n  between f l u i d ,  p i p e  wall  and fo rma t ion ,  and l a s t l y  due 

t o  heat g e n e r a t i o n .  When t h e  mud c i r c u l a t i o n  i s  i n c r e a s e d ,  

v e r t i c a l  c o n v e c t i o n  creases, t e n d i n g  t o  i n c r e a s e  t h e  bot tomhole  

t e m p e r a t u r e ;  because  t h e  boundary layer  c o n v e c t l o  

i n c r e a s e s ,  r ad ia l  t i o n  i n c r e a s e s ,  t e n d i n g  t o  decrease 

he bot tomhole  tern t l ~ ,  t h e  f r i c t i o n a l  e d r o p  

coefficient -c 

empera tu re .  

11 h e l p  t o  c l a r i f y  these  mechanisms. C o n s i d e r  

t h e  case o f  t h e  1 4  l b / g a l  mud i n  F i g u r e  13. A t  a c i r c u l a t i o n  

r a t e  of 100 gal /min ,  t he  f l o w  regime is  l a m i n a r  i n  bo th  t h e  d r i l l  
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L s t r i n g  and  t h e  annu lus .  When t h e  f low r a t e  Is i n c r e a s e d  t o  200 

ga l /min ,  the f l o w  i n s i d e  t h e  d r i l l  s t r i n g  becomes t u r b u l e n t ,  and  

t h e  c o n v e c t i v e  hea t  t r a n s f e r  c o e f f i c i e n t  i n c r e a s e s  from 8.4 t o  

146 (B tu / f  t2-hr-F). The f l o w  i n  t h e  a n n u l u s ,  however, has 

remained l a m i n a r  w i t h  no change i n  t h e  c o n v e c t i v e  heat  t r a n s f e r  

- 

c o e f f i c i e n t .  The hea t  t r a n s f e r ,  t h e r e f o r e ,  has remained c o n s t a n t  

between t h e  f o r m a t i o n  and t h e  a n n u l a r  f l u i d ,  whereas heat  

t r a n s f e r  has i n c r e a s e d  markedly between t h e  c o o l e r  a n n u l a r  f l u i d  

- 

and  warmer d r i l l  s t r i n g  f l u i d ,  r e s u l t i n g  i n  t h e  obse rved  1. - 
1 

t e m p e r a t u r e  drop. 

I n c r e a s i n g  t h e  f low r a t e  t o  300 gal /mfn r e s u l t s  i n  a n  

a d d i t i o n a l  i n c r e a s e  i n  t h e  d r i l l  s t r i n g  c o n v e c t i o n  c o e f f i c i e n t  

( t o  200 Btu/ft*-hr-F, a 38% i n c r e a s e ) ,  b u t  I s  c o u n t e r a c t e d  by a 

38 p e r c e n t  i n c r e a s e  i n  t h e  hea t  g e n e r a t i o n  or s o u r c e  term ( f rom 

40.3 t o  55.6 B t u / f t - h r  and  a n .  i n c r e a s e  i n  t he  v e r t i c a l  

convec t ion .  T h i s  r e s u l t s  a s l i g h t  i n c r e a s e  i n  t h e  bo t tomhole  

t e m p e r a t u r e .  As t h e  f low ra te  i s  i n c r e a s e d  t o  400 gal /mln ,  t h e  

bot tomhole  t e m p e r a t u r e  i s  d r a m a t i c a l l y  reduced.  The r e a s o n  f o r  

s h a r p  d r o p  is  q u i t e  s imple ;  t h e  f low regime i n  t h e  a n n u l u s  

has  become t u r b u l e n t ,  r e s u l  ng i n  a n  i n c r e a s e  i n  t h e  w e l l b o r e  

- 

-c- 

heat  t r a n s f e r  o o e f f i c f e n t  from 28 t o  348 

c o r r e s p o n d i n g  i n c r e a s e  i n  t h e  hea t  8 t o  t h e  

fo rma t ion .  As t h e  f l o w  r a t  i s  a g a i n  i n c r e a s e d ,  t h e  e f f ec t s  of 

c o n v e c t i o n  a t  g e n e r a t i o n  once  a g a i n  become 

s i g n i f i c a n t .  

T h e  above d i s c u s s i o n  p r o v i d e s  g u i d e l i n e s  f o r  s e l e c t i o n  of a 

f l o w  reg ime f o r  t h e  d r i l l i n g  f l u i d .  If t h e  g o a l  is  t o  p r e v e n t  

h y d r a t e  d i s s o c i a t i o n ,  t h e  d r i l l i n g  f l u i d  s h o u l d  b e  i n  t h e  
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t u r b u l e n t  f l ow regime i n  t h e  annu lus .  I f  t h e  g o a l  is t o  promote 

hydra te  d i s s o c i a t i o n ,  a l a m i n a r  f low regime is des i red  i n  t h e  

annu lus .  

. 3.3. S e l e c t i o n  o f  Parameters 

The r e l a t i v e  e f f ec t s  of many d r i l l i n g  and mud parameters on 

t h e  w e l l b o r e  p r e s s u r e s  and  t e m p e r a t u r e s  ( a n d  t h e r e f o r e  h y d r a t e  

d i s s o c i a t i o n  r a t e  and  gas i n f l u x  r a t e )  have been shown and 

d i s c u s s e d .  The precise  combina t ion  o f  these parameters t o  be  

used  t o  a c h i e v e  t h e  des i red  r e s u l t s  canno t  be s t a t e d  as each new 

w e l l  is un ique  and  c o n t r o l l e d  by many f a c t o r s ,  e.g., economics,  

l e g a l  r e s t r i c t i o n s ,  equipment  a v a i l a b i l i t y ,  etc. What can  be 

s t a t ed ,  however, is t h e  t e m p e r a t u r e  and p r e s s u r e  n e c e s s a r y  t o  

. keep hydra t e  d i s s o c i a t i o n  w i t h i n  e l i m i t s  of t h e  d r i l l i n g  

equipment ,  or v i c e  v e r s a ,  d e s i g n  c r i t e r i a  f o r  t h e  s u r f a c e  

d e g a s s i n g  equipment  can  be es tab l i shed  f o r  t h e  maximum 

t e m p e r a t u r e s  and minimum p r e s s u r e s  e x p e c t e d  t o  ocour  o v e r  t h e  

h y d r a t e  zone. T h e s e  r e s u l t s  a re  p r e s e n t e d  i n  nomogram form i n  

F i g u r e  14-16, which r e p r e s e n t  t h  
of t h e  

nomogram. Example u s e s  of  t h e  nomogram are p r e s e n t e d  i n  the 

appendix .  
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EXPBR1116ENTAL STUDY OF UNCONSOLIDATED GAS HYDRATE CORPS 

1. Objective: 

The experimental research on unconsolidated gas hydrate cores has the 

following major goals: 

a. Development of experimental techniques to form gas hydrates in the 

unconsolidated sand cores. 

b. Meas&ement of permeability of gas through these unconsolidated gas hydrate 

cores as a function of hydrate saturation. 

c. Study of hydrate formation mechanism. 

d. Study of dissociation of the hydrate cores under various conditions such as 

depressurization, hot brine and steam injection and measurement of gas 

production rates. ~ 

e. Study of hydrate dissociation mechanism under above conditions to determine 

conduction and convection heat transfer and mass transfer phenomena. 

8. Pepspec tive: 

So far, very few studi have been done on hydrate formation and dissociation 

in porous media, and no experimental data is available on gas production rates 

during injection of hot brine 

hydrates in the porous media 

effects would be helpful in modelling hydrate production methods so that some of 

these techniques can be developed commercially. Data gathered'in this study will 

be helpful in evaulating these production methods. 

Work Performed Dmng TheFirstYear 

Although this task had no deliverables for the first year and, according to the 

work plan provided in the propal ,  experimental work was proposed to begin in the 
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. second year, we did start experimental work which is reported in this section. ? 

During the first quarter of the first year, we completed the design of our 

experimental set up and ordered the equipment components. During the second 

quarter, we began receiving the equipment components. Late in the second and 

third quarters we completed the assembly of all the equipment components and 

necessary piping and fittings. After completion ,of the experimental set up, we 

completed preliminary testing of various components, calibration of flow meters, 

wet test meters, pumps, pressure and temperature measurement devices, and 

. - 
- 

measurement of volumetrics of various components. .*- - 
= 

In the last quarter, we began the experimental work. Initially, we tested 

several methods of forming hydrate cores to  suit our experimental needs. Then we 

conducted several runs to measure permeability of gas through hydrate cores as a 

functfon of hydrate saturation. Currently, we are in the process of gathering more 

experimental data on hydrate permeability measurements. The next section 

provides the experimental set up description, experimental methods employed, and 

problems encountered during data gathering. 

taps at 3, 6, and 9 inch distances from the bottom. Pressure transducers 
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TABLE 1 

List of Equipment for Experimental Study of Hydrate Cores 

Quantity Model No Equipment Received Company 

2 3270 Mass  Flow Meter Cole-Parmer 

1 BA-32-00 Flow Controller Cole-Parmer 

1 - Sample Cylinder D.B. Robinson 

3 PK-3 01-2KGV Pressure Transducers OMEGA Erg. 

1 PRC-3500-PB . Pressure Monitor OMEGA Eng. 

1 BP-1-V Back Pressure Regulator TEMCO 

1 RTE-4 Bench .Top Refrigerated - Neslab 

3 . CM Heise Pressure Gauges Hehe 

Bath Circulator 

1 63115 Wet Test Gas Meter Percision Sc. 

1 17-T-40 Water Gas Sample Jerguson 

1 - Core Holder Centra 

1 3G Const Metric Pump LDC Milton Roy 

AGD-15 Gas Compressor Haskel 1 

1 1397 Vacuum Pump Welch 

1 AC-52 3 Air Compressor National Air 

1 651 Resistance Thermometer OMEGA Eng. 

1 DV-6 Vacuum Pump Gauge Hasting 

1 205-002 Flow Meter/Water Headland 

4 
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are hooked up at these three pressure ports to monitor pressure drops within the 

core during permeability experiments. On the opposite side, there are three 

thermocouple ports through which thermocouples are inserted to measure 

temperature profiles within the core. The top flange of the core holder has three 

ports for gas outlet, water inlet and temperature sensor. The bottom flange has 

one port for gas inlet. W i t h  anticipation of plugghg of core due to hydrate 

formation causing no gas flow and increase in inlet pressure, we decided to use a 

specially designed system for gas inlet. This specially designed gas inlet system 

consisted of three gas spargers located at three different positions within the core 

and hooked up to gas inlets through three concentric tubes. This system allowed 

inlet of gas at three different locations of the core so that if the bottom sparger 

plugs up due to hydrate formation the top one can allow gas flow This gas inlet 

assembly was discontinued.in the later experiments due to change in experimental 

procedures. 

Bench top refrigerated bath circulator (Model RTE-4) manufactured by 

Neslab, Inc., is used for cooling methanol, controlling the temperature of methanol 

and circulating it through the jacket of the hydrate core holder at desired 

emperatures. Three pressure transducers (Model gPK-301-2KGV) are hooked to . 

r ports at the side connected to digital pressure monitor (Model 

#PRC-3500-P3), all manufactured by Omega Engineering, and have a range of 0- 

2000 psia pressure. All three inum resistance thermometers are inserted at 

three temperature ports of th  e holder and connected to digital temperture 

indicator (+ - O.l°C divisions). 

The gas inlet line has flow meter (0-1000 cc/min, Model lf3270, Cole 

and a gas flow corkroller (0-100% range, Model # BA-3275-00, Cole- 

Parmer, 0.1% flow accuracy). The Met gas line was passed through a series of 

coils inserted in the methanol bath for precooling of inlet gas prior to core holder. 



The gas outlet line also has a gas flow meter to  measure the outlet gas flow during 

permeability measurements. (In addition, a wet test flow meter was also hooked up 

to  the gas outlet line.) 

To achieve continuous gas flow in the core holder without loss of significant 

amounts of gas, a gas compressor was connected to the gas outlet line. This is a air 

driven gas compressor (Haskel Model #AGD-15) and is driven by an air compressor 

(100 psi air supply pressure). The compressed outlet gas is recycled back to  the 

core holder. 'This compressor and recycling procedure was discontinued in the later 

experiments due to  severe pressure and gas flow fluctuations in the inlet line. Also 

installed in the inlet and outlet line for gas are the Heise pressure gauges (Model M, 

0-2000 psig). 

The water inlet line of the.core holder is hooked to a constant rate high 

L 

? 

pressure water pump (0-1.6- lit/min capacity, LDC Milton Roy Co.). This pump is - 

ked for injecting hot brine or water in the hydrate core holder during dissociation 

experiments. The hot water or brine supply to the pump comes from a high 

pressure vessel termed as hot water or brine tank. In this vessel the brine is heated 

The thermocouples, pressure transducers, water pump, methanol bath, wet 

test meter, gas flow meter, and gas flow controllers were calibrated prior to the 

6 



start of the experiments. 

5. ExperhlentaI Techniques 

a. Hydrate Formation: 

We tried several methods and variations of hydrate formation. These methods 

. are summarized as follows: 

Method i: 
In this method we used a gas sparger system within the core. Initially, 

20 mesh Ottawa sqnd was charged by the core holder and then packed using a 

vibrator assembly. The porosity was determined and then the core was 

saturated completely with water. After closing the core holder and 

evacuating it for 15-20 minutes, the temperature of the core holder was 

dropped and held at. a constant. value of 2 to 3OC. Methane at  an inlet 

pressure of 1,000 psi (6.7 MPD) and flow rate of 50-60 cc/min was 

continuously supplied from the bottom of the core holder. The compressor 

assembly was also used in this method to recycle the outlet methane gas back 

to the core holder. In this method we did succeed in the formation of 

hydrates in the pores of the core and, we also observed in one experiment, 

I 

i 
. 

.*- - 

.- -.. 

plugging of the sparger opening due to hydrate formation. In this case we 

changed the gas supply to the next sparger to continue the flow. Several 

problems encountered led us to discontinue this method. problem was 

that due to the upward flow of gas, the water from the Core was displaced by 

the gas and large amounts of hydrates also formed on the top (outside of the 

core) which was undesirable for the experimental measurements. Other 

problems were that the sparger assembly caused problems of cleaning the core 

and charging sand and compaction. 

Another variation of this method was to remove gas sparger assembly 

7 
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and injecting gas from the top instead of the bottom. However, this method 

also was discontinued due to entrainment of water in the lines and in the flow 

meter which resulted in erroneous gas flow measurements. 

- 

Due to problems ater entrainment in the Unes, we decided to switch 

to another variation this method. In this variation, we installed 

semipermeable plates on the gas outlet line so that no water can flow through 

the lines but allow gas to flow through. Although this method was partially 

successful in not allowing water beyond semi-permeable plates, the problems 

of material balance were encountered due to large amounts of water that 

were displaced from the core holder and remained in line between core holder 

and semipermeable plate. Thus, this method can be successfully used by 

placing the semipermeable plate within the core holder itself. This will 

provide all of the water h the core to remain within the core. This variation 

will be tried later during the next quarter. 

Method 2: 

In this method, we used finely divided crystal of ice (frost, 

approximately 400 micron size) instead of saturating the core with water. 

The sand and frost were thoroughly mixed and compacted. This is the same 

method as discussed by Hamath (1984). Prior to charging sand and frost, the 

. core holder was cooled to -15OC so that no melting of the frost would take 
-i- 

place during charging. 

be high 6.e. no wet fro 

hydrate formation rates. 

that we could make reli 

is very essential to maintain the quali 

method very successful in terms of 

we tried several variations of this method so 

measurements of permeability of the core. 

One variation, was to continuously inject gas at a desired rate. This 

method was discontinued due to problems of pressure and flow fluctuations 

from the compressor. Instead of recycling the gas we tried a continuous fresh 



b. 

supply of gas so that pressure and flow fluctuations could be eliminated. This 

procedure required a large consumption of gas and also posed problems of 

material balance. We also varied the direction of the gas injection. Instead 

of upward gas flow we used downward gas flow. 

The most economical, as well as successful method, was forming 

hydrates in batch gas injection process. The procedure was exactly the same 

as described by Hamath (1984). The only modifications were permeability 

measurements as described later. 

Permeability Measurements: 

In order to measure permeability of gas. through the hydrate core we 

implemented the following method: 

After charging frost and sand, compacting the core and evacuation, the 

core holder pressure was raised to 600 psia and at constant temperature of 

0.5Oc. The initial permeability when no hydrates are formed was 

measured by conti wing gas from the top at a rate of 400-500 

cclmin for 15 minu these 15 minutes of gas flow, at every minute,. 

the gas flow rate and pressure drops were measured. From these readings, 

initial core perm determined using Darcy's law. Precautions were 

taken to make were within the range for which Darcy's law - 

is valid. After that, the gas flow was stopped and systems pressure was raised 
-i- 

to '100 psia. H 

the core dropping 

of conversion of frost to hydrates was determined. 

were allowed to form as observed by pressure within 

time. When pressure dropped to 600 psia, the amount 

6. Preliminary Results 

W e  observed significant increases in pressure drops and decreases in 

permeability due to hydrate formation. Typically, starting wtih 700 MD 

9 



Tables 2 and 6 give the experimental conditions of our experiments. 

Figure 2 shows various runs for which hydrate conversion (or saturation) 

versus time is plotted. Figure 3 shows permeability of the core versus hydrate 

. saturation. 

Note that, although the initial permeability varies from run to run 

depending upon the properties of the core, the ratio of core permeability at 
2- any hydrate saturation to initial permeability can be correlated 8s a function. - 
c 

of hydrate saturation. 

Currently, we are in the process of collecting more data and obtaining 

more reliable, reproducibility of the data. 



. 
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RESL'LTS OF !4ETWM HYDRATE F O W T I O N  RLYS 
---__I-- - n e m e  m u m  FORMATION RUN u I 

DATZ RUN STaTZD:10-19-1987 
DATE RUB tBDtD:10-22-1987 
G U S  OF E200 819.400 
tXAW OF S D  831.800 
I f E I a  OF I l iE  CORE- 22.35CU. 
loon ?wpmATuRE- 21.000oDeC.C 
-.OF CAS LUVIRC NET TEST METER- 
UVHEBLC OBESSUW- 742.800M.HC 

ICL TO SAND ML.BATIOI 2.782 
ICL ?O S M D  U S  RATIO- 
PLBCZBTICt MI= IR Rlt CORE- 

16.7000Dffi.C 

VAP.OBESSuBe OF UATER AT TUT& 16.100M.tIC 

0.985 
32.962 

a.kETRA6I rOR 100 P Q C M  C O m I O R -  7.909881 
nxnun ~OBYTIOU IIR WPUI UTA 

tm PI I3 PL R1 P5l TllTD TZBTD ClMbD VW'M 
(8R) (PSIA) (PSIA) (PSIA) (MIA) (PSIA) (m.~)  (DU;.C) - (L IT)  

0.00 593.00 . 594.00 595.00 593.00 594.00 4 .20  -0.80 0 .oo 0 .oo 
0.17 586.00 584.00 587.00 585.00 586.00 9 - 2 0  -0.80 0 .oo 0 .00 
0.18 586.00 584.00 587.00 585.00 586.00 4.20 4.80 18.60 0.13 

0.66 
0.98 0.20 582.00 582.00 584.00 582.00 583.00 4.20 9 . 8 0  11-30 
2.30 0.22 180.00 578.00 581.00 579.00 M1.00 -O-ZO -oAO 16*70 

0.27 575.00 572.00 576.00 571.00 575.00 $1: 1:::: :",:: 2.79 
0.30 573.00 568.00 574.00 572.00 573.00 -0-u -1.10 36.m 3.42 
0.33 572.00 566.00 572.00 570.00 571.00 -0.M -1.10 0 .oo 3.42 
0.42 794.00 792.00 796.00 793.00 795.00 4 . 3 0  -0.80 0 .oo 0 .oo 
0.75 167.00 764.00 770.00 766.00 768.00 -0.30 4.80 0.w) 0.00 
0.92 756.00 751.00 760.00 757.00 759.00 4.30 4.80 0.00 0 .00 
1.42 718.00 709.00 721.00 717.00 719.00 0.30 4-90 0.00 0 .00 
2.83 612.00 614.00 645.00 655.00 616.00 0.40 -1.00 0.00 0.00 
3.42 586.00 586.00 645.00 654.00 583.00 0.00 -1.00 0.00 8.15 
4.00 554.00 556.00 642.00 650.00 653.00 0.40 -1.00 17.10 9.20 
4.03 554.00 556.00 642.00 650.00 653.00 0.00 -1.00 17.50 11.30 
4.10 530.00 530.00 642.00 612.00 632.00 0.40 -1.00 17.50 12-10 

0.00 14.30 4.13 524.00 . 52b.00 642.00 592.00 631.00 0.30 -0.90 
4.11 610.00 535.00 642.00 576.00 644.00 0.30 4 - 9 0  0 .w) 0.00 
4. i2  7.93.00 783.00 733.00 783.00 783.00 0.30 4-90 0.00 0.00 
4.92 706.00 746.00 :44.00 b14.00 761.00 4 .10  0.40 0 .oo 0.00 
12.58 198.00 iOO.00 iO1.00 ibO.00 )99.00 0.30 0.00 0.00 14.10 
15.42  401.00 &Oo?.OO 44.00 461.00 ~ 0 0 . 0 0  4.50 4.40 0.00 31.60 
15.50 602.00 bO).OO 601.00 ie2.00 ~ 0 0 . 0 0  3.00 3.80 36.00 31.60 
lj.Y',? 570.00 j72.00 502.00 i i Y . 0 0  >hr.OO 3.20 3.70 36.00 32.25 
15.95 jhb.00 568.00 i37.00 Z . 0 0  jb i .30  2.80 3.20 36.00 12.80 
15.99 564.00 5b5.00 695.00 4Ae.00 h ? . O O  3.00 3.60 36.00 33.03 
16.02 563.00 5bu.00 49u.00 145.00 ie0.0C 4.40 9.10 0.00 3 3 . 4 0  
1b. j )  Yf5.00 '475.00 570.00 459.00 3Ob.00 2.70 2.50 0 .oo 0 .oo 
19.42 986.00 586.00 319.00 933.00 f9b.00 0.70 I .20 0.00 0 .oo 
19.17 968.00 968.00 ni7.00 w.oo 765.00 -0.40 0.40 0.00 36.81 
19.45 602.00 b02.00 603.00 456.00 4-10 34-50 38.65 
19.58 596.00 596.00 598.00 050.00 
19.61 594,OO 593.00 595.00 
19.65 591.00 591.00 593.00 
19.69 588.00 589.00 590.00 515.00 0.10 4 . 2 0  0.00 0 .oo 
19.92 702.00 702.00 703.00 440.00 532.00 4-20 4.40 0 .oo 0.00 
21.42 681.00 682.00 683.00 309.00 533.00 -0.40 4.70 0 .oo 0 .oo 
22.58 670.00 671.00 675.00 509.00 558.00 0.00 4-20 0 .oo 0 .oo 

663.00 664.00 667.00 5o9.00 5~6.00 1.10 4.30 0 .oo 9.50 
600 .OO 603 .OO 5o9.00 555.40 -0.90 4 . 8 0  29.70 10.50 
592.00 594.00 509.00 554AO - O * ) O  4-40 38.90 11.22 
590.00 593.00 509.00 554.00 - O * j O  -0.60 15.10 11-92 

590.00 592.00 503.00 553.00 4*20 4 . 3 0  14.00 12.22 
23.60 592.00 594.00 13.00 12.92 
23.63 595.00 596.00 0 .oo 0 .oo 
23.67 766.00 ' 768.00 0 .oo 0 .oo 
21.67 754.00 755.00 0 .oo 0 .oo 
25.92 747.00 748.00 752.00 508.00 543.00 0.00 4 . 3 0  0 .oo 0 .oo 
27.42 740.00 741.00 743.00 507.00 519.00 4 - 1 0  -0.40 0 .00 0.00 
29.17 736.00 734.00 737.00 507,OO 504.00 4-20 4.60 0.00 0.00 
39.92 707.00 708.00 711.00 505.00 472.00 -0.20 4.60 0.00 0.00 
45.12 698.00 ?OO.OO 701.00 505.00 499.00 -0.20 4.60 0.00 0.00 
15.83 740.00 740.00 742.00 505.00 503.00 -0.60 4 - 7 0  0.00 19.18 
46.33 599.00 600.00 603.00 505.00 514.00 +*lo 4.40 I6.SO 21.70 
46.55 185.00 586.00 588.00 505.00 505.00 4-40 -0.10 15.60 22.16 
46.58 584.00 585.00 587.00 505.00 504.00 4-40 4-70 16.60 22.75 
46.62 582.00 584.00 586.00 505.00 504.00 O*Oo 0.30 0.00 22.79 
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0.300 570.500 
0.333 569.000 
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403.221 2.579 0.3330 3.6771 3.4737 0.0454 0.0266 
O*000 2.579 0.4170 5.0452 4.8412 1.3675 0.0000 

0.000 5.670 0.9170 5.0452 4.5967 0.0000. 0.0000 
0.000 8.755 1.4170 5.0452 4.3527 0.0000 0.0000 

370.151 '2.225 o . m o  3.6518 3.4829 0.0414 o.0201 

0.w 4.144 0.1500 5.0451 4.6699 0.0000 O.OOOO 

0.000 16.549 2.8330 5.0452 3.7362 0.0000 0.0000 
0.000 18.630 3.4170 5.0052 3.5116 0.0000 0.0000 

367.214 20.728 4.0130 . 5.0222 3.3827 0.0213 0.0443 
618.030 21.810 4.1000 4.9554 3.2303 0.0218 0.0885 
381.813 21.961 4.1330 4.9308 3.1931 ,0.0218 0.0464 

0.000 21.018 4.0000 5.0452 3.3827 O.oo00 0.0000 

0.000 21,961 4.3330 5.3188 3.6417 O e b 4 8 0  O.oo00 
0.000 21.961 4.4110 6.5094 4.1723 1.1306 0.0000 
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452.lia 62.5?? 19.6100 8.5631 3.6140 0.0386 0.0422 
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, . Y R  *+.;i'j 12.5800 9.2602 4.0904 0.0000 0.0000 
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OOI'O 
0000'0 
0000'0 
9Ml'l 
Wlt'O 
OltU'O ' 
8128'0 

000'11C 
OOt'tD9 
OOS'lDl 
BOO' 661 
000'9tL 
000'tUl 
OOC'LII 
BOO'#L% 

iivo 011'0 
1 wo 
tCt'O 
Dot'# 
m'0 
rtt'0 



TXW ?I PI Dt en ?R TIBTD T2BXD T l W  WTbt 

0.00 750.00 750.00 749.00 750.00 741.00 4.60 4.60 0 .oo 0 .oo 
0.03 738.00 737.00 737.00 735.00 730.00 4.60 4.60 3.90 . 0.62 
0.07 727.00 726.00 725.00 727.00 720.00 4.60 4.60 4.10 1.40 
0.10 718.00 718.00 715.00 716.00 709.00 4.50 4.60 4.50 2.00 
0.17 690.00 690.00 689.00 690.00 688.00 9.50 4.60 7.80 5.20 
0.18 678.00 678.00 678.00 676.00 678.00 4.50 4.60 6.90 6.31 
0.35 668.00 668.00 667.00 668.00 665.00 4.50 -0.60 6.80 7.39 
2.07 438.00 438.00 135.00 437.00 438.00 4.40 4.30 0.00 0 .a3 
2.12 610.00 610.00 609.00 611.00 467.00 4.40 4.30 0.00 7.19 
2.19 625.00 625.00 626.00 628.00 526.00 4.40 4 .30  4.10 8.72 
2.22 623.00 623.00 623.00 625.00 539.00 4.40 4 . 3 0  3.80 9.04 

2.32 597.00 597.00 595.00 597.00 560.00 A.40 -0.30 11.W 12.54 
2.34 581.00 591.00 j80.00 583.00 561.00 4.10 4.30 10.90 14.10 

2.39 660.00 660.00 661.00 0.00 16.11 663.00 571.00 4.40 4.30 
6.39 556.00 556.00 445.00 531.00 441.00 4.20 4.60 0.00 16.11 
6.41 543.00 543.00 461.00 437.00 446.00 4.20 4.60 5.90 17.34 
6.14 532.00 543.00 468.00 440.00 450.00 4.20 -0.60 5.60 18.30 
6.51 524.00 524.00 471.00 442.00 452.00 4.20 4.60 5.50 19.14 
6.52 508.00 508.00 475.00 445.00 455.00 -0.20 4.60 14.90 21.10 
6.56 480.00 480.00 474.00 445.00 455.00 4.20 -0.60 17.60 24.20 
6.79 650.00 650.00 543.00 492.00 519.00 4.20 4.60 0.00 0.00 
17.90 392.00 393.00 390.00 907.00 392.00 0.10 0.20 0.00 0 .00 
18.00 696.00 697.00 695.00 421.00 572.00 6.80 5.w 0.00 0.00 
20.25 576.00 575.00 562.00 510.00 525.00 3 .OO 1.10 0.00 24.20 
20.36 558.00 558.00 562.00 519.00 519.00 2.30 0.70 6.00 26.41 
20.39 554.00 555.00 562.00 119.00 518.00 2.30 0.10 . 6.00 27.22 
20.43 550.00 551.00 562.00 519.00 517.00 2.30 0.70 6.00 28.35 
20.50 519.00 549.00 562.00 518.00 516.00 2.30 0.70 0.00 0.00 
20.68 792.00 792.00 589.00 516.00 583.00 2.70 1.20 0.00 0.00 

0.00 . 28.50 29.80 718.00 718.00 662.00 469.00 706.00 4 .40  -0.70 
6.00 30.10 29.83 711.00 713.00 662.00 469.00 706.00 4.40 4.70 

29.87 704.00 703.00 662.00 469.00 706.00 -0.M 4.70 6.10 31.72 
29.90 696.00 696.00 662.00 469.00 706.00 4.10 4.70 5.90 32.99 

(BI) (PSXA) (MIA) (?Sub (PSXA) (Du;.C) (DLG-C) - ( L f t )  

2.29 622.00 62?.00 619.00 621.00 538.00 4.40 4.M 3.70 9.41 

2.36 569.00 569.00 567.00 568.00 561.00 4.40 4.30 9.80 15.72 

29.95 692.00 692.00 662.00 469.00 706.00 9-40 4.70 0 .oo 0 .oo 
42.03 669.00 670.00 466.00 479.00 -0.50 -0.70 0.00 0.00 
46.03 661.00 665.00 466.00 679.00 -0.70 4-90 0.00 32.99 

42.08 647.00 648.00 652.00 166.00 679.00 4 . 3 0  -1.00 28.80 15.73 
42.12 645.0 645.00 466.00 679.00 4-50 4.80 30.00 16.62 
45.20 600.00 600.00 652.00 466.00 679.00 -0.50 4.80 0.00 42.12 

42.95 650.00 652.00 652.00 166.00 679.00 -1.50 -1.40 27.90 14.94 
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O.Oo0 750.000 4.100 0.000 0.000 o*oooo 4.2788 4.2788 O.oo00 O.Oo00 0.0000 0 . 0 0 ~  
0.033 737.500 4.100 173.693 0.602 0.0330 4.2575 4.2075 0.0049 0.0262 0.0500 0.6017 
0.066 726.500 -0.100 212.896 1.022 0.0660 4.2297 4.14411 0.0051 0.0329 0.0850 1.0222 
0.099 118.000 4.050 173.149 1.378 0.0990 4.2100 4.0955 0.0056 0.02!33 0.1145 1.3775 
0.166 690.000 -0.050 810.147 1.792 0.1657 4.0818 3.9358 0.0097 0.1350 0.1490 1.7919 

0.350 668.000 4.050 302-607 2.395 0.3500 4.0094 3.8103 0.0085 0.0456 0.1991 2.3954 
2.070 438.000 0.150 O.OO0 18.200 2.0700 4.0099 I 2.4965 0.0000 O.OoQ0 1.5129 18.2002 
2.120 610.000 0.150 0.000 18.200 I.1200 4.9898 3.4769 0.9804 O~oooO 1.5129 18.2002 
2.190 625.000 0.150 342.865 16,558 2.1900 4.9388 3.562b 0.0051 0.0561 1.3764 16.5581 
2.220 623.000 0.150 106.830 16.580 2.2200 4.9292 3.5510 0.00b7 0.0143 1.3782 16.57%. 
2.290 622.000 0.150 108.496 16.526 2.2900 4.9190 3.5453 0.0046 0.0148 1.3737 16.5260 
2.320 597.000 0.150 820.491 16.826 2.3100 4.8014 3.4028 0.0144 0.13#) 1.3986 16.8256 
2.340 581.000 0.150 444.611 17.294 2.3400 4.7492 3.3116 0.0136 0.0658 1.4376 17.2943 
2.360 569.000 0.150 651.123 17.442 2.3600 4.6931 3.2432 0.0122 0.0683 1.4498 17.4418 
2.390 660.000 0.150 0.000 17.442 2,3900 5.2118 3.7619 0.5187 O.OO00 1.4498 17.4418 
6.390 556.000 0.100 0.000 24.566 6.3900 5.2118 3.1697 0.0000 0.OOOO 2.0420 24.5662 
6.410 543.000 0.100 331.780 24.922 6.4100 5.1672 3.0956 0.0073 0.0519 2.0716 21.9219 
6.440 537.500 0.100 265.886 24.896 6.4400 5.1337 3.0642 0.0070 0.0405 2.0694 24.8958 
6.510 524.000 0.100 236.832 25.478 6.5100 S.1051 2.9873 0.0068 0.0354 2.1178 25.4778 
6.523 508.000 0.100 563.529 25.796 6.5230 5.0404 2.8961 0.0179 0.0827 2.1443 25.7961 
6.560 480.000 0.100 855.222 26.407 6.5600 4.9315 2.?364 0.0219 0.1308 2.1950 26.4069 
6.790 650.000 O * l 0 0  0.000 26.407 5.9086 3.70S6 0.9692 O.oo00 2.1950 26.4069 

17.900 392.500 0.650 0.000 44.121 5.9006 2.2331 0.0000 0.0000 3.6675 45.1211 
18.000 696.500 6.850 0,000 44.121 7.5425 3.8750 1.6419 0,0000 3.6675 44.1211 
20.250 575.500 2.550 0.000 51.619 7.5425 1.2517 0.OOOO 0.0000 4.2908 51.6189 
20.360 258.000 2.000 564.057 51.101 20.3600 7.4568 3.1591 0.0075 0.0932 1.2916 51.7010 
20.393 554.500 2.000 233.228 51.618 20.3930 7.4301 3.1393 0.0075 0.0362 4.2907 51.6182 
20.430 550.500 2.000 308.846 51.M7 20.4300 7.3899 3.1167 0.0075 0.0477 4.2732 5l.uO;O 
20.500 549.000 2.000 0.000 51.509 20.5000 7.3S94 1.1082 0.0000 0.0000 6.2817 j l . j O * j ?  
20.680 792.000 2.450 0.000 51.509 ‘20.6800 8.7583 4.476b ; . l b * a  0.0000 4.2817 jl.5092 

29.833 713.500 -0.050 419.910 55.681 29.8330 8.6983 4.0698 0.0075 0.0675 0.6234 5j.b$04 
29.870 703.500 -0.050 425.334 55.636 29.3700 8.6375 4.0128 0.0076 0.0683 4.b267 i 5 . b h s  

4.050 341.232 55.595 ?9.9000 8.5913 3.9700 0.0073 0.0536 4.6213 5 5 . i r r r v  
4.050 0.000 55.869 29.9500 8.5913 3.9472 0.0000 0.0000 4.6441 5i.snJu 

57.715 46.0300 3.591) 3.7938 0,0000 0.0000 6.7975 57.il07 

0,182 678.000 4.050 310.393 2.155 0.1824 4.0465 3.8673 0.0086 0.0468 0.1792 2.1554 

29.800 718.000 -0.050 0.000 56.094 29.8000 6.7583 4.0955 0.0000 0.0000 7.5628 55.0442 

57.405 42,0300 9.5913 3.8196 0.0000 0.0000 b.7717 57.444 

58.014 42.0500 8.5b80 3.7256 0.0347 0.0780 4.3224 56.0140 
58.365 42.0830 3.5463 3,6947 0.0358 0.0375 L.8515 58.1650 
58.534 42.1200 8.5461 3.6805 0.0373 0.0375 is3656 58.5340 
58.832 45.2000 8.3141 3.4231 0.0000 0.2320 6.8904 58.8323 



J 

T u .  PI P3 R en n Tlm nrr0 flllllll WXti 
(111) (nu) (nu) (PSU) (HU) (DIc*C) (oU;&) - (LIT) 

0.00 696.00 696.00 694.00 694.00 691.00 4 . 7 0  4.50 0.00 0.00 
0 .00 - Oil7 664.00 664.00 662.00 662.00 664.00 4.60 4.50 0.00 
1.67 0.33 644.00 644.00 643.a 643.00 645.00 4 - 6 0  4.u) 0.00 
2.30 0.37 637.00 637.00 636.00 636.00 636.00 4 . 7 0  4.m 19.10 
2.70 0.10 636.00 636.00 635.00 635.00 636.00 4.60 4.90 18.50 
2.w 0.43 635.00 635.00 634.00 634.00 636.00 4.10 4.u) 1O.m 

0.00 1.07 707.00 706.00 706.00 705.00 707.00 4.m 4-50 0.00 

0.00 2.91 
4.96 
5.27 
5.93 

0.00 0.00 
0.00 0.00 
0 .oo 0 .00 
0.00 5.93 

6.30 
6.57 
7.41 
0.00 15.65 776.00 776.00 774.00 762.00 eS7.00 3.30 4.30 0.00 

2.60 0.00 0.00 20.04 678.00 680.00 678.00 670.00 654.00 3.10 
0.00 7.41 21.85 640.00 540.00 637.00 641.00 092.00 0.30 -1.40 

9.39 21.89 630.00 630.00 627.00 b41.00 192.00 0.20 -1.30 19.90 
21.92 623.00 623.00 620.00 641.00 bY1.00 0.20 -1.30 19.80 10.48 

21.38 604.00 601.00 603.00 601.00 
22.20 752.00 752.00 749.00 e40.00 

26.73 670.00 670.00 668.00 708.00 
26.77 665.00 665.00 663.00 708.00 2.50 17.50 18.30 

26.84 655.00 655.00 657.00 708.00 
27.08 805.00 804.00 802.00 708.00 

0.45 736.00 735.00 735.00 735.00 737.00 4.70 4.u) 0.00 0.00 

1.57 693.00 692.00 692.00 691.00 693.00 4 - 6 0  4 - 3 0  0.00 0.00 
2.07 667.00 666.00 656.00 655.00 655.00 4.u 4.a 
2.10 651.00 651.00 650.00 649.00 672.00 4.a 4.50 20.70 

2.17 644.00 644.00 644.00 644.00 672.00 4-60 -0.50 19.60 
2.20 756.00 754.00’ 754.00 754.00 698.00 4 . 7 0  4.1)o 
3.59 ’ 717.00 716.00 716.00 716.00 717,00 4 . 5 0  4-60 
5 . 1 7  684.00 684.00 694.00 713.00 686.00 4.a 4 - 7 0  

2.14 648.00 648.00 648.00 641.00 672.00 4.60 4.50 10.70 

14.92 107.00 404.00 402.00 102.00 402.00 4 . M  4 . 7 0  
14-91 402.00 404.00 400.00 399.00 100.00 4.10 4.30 17.80 
14.98 397.00 397.00 398.00 396.00 397.00 4 . 1 0  4.30 17.80 
15.02 395.00 395.00 395.00 395.00 395.00 4.10  4.30 19.W 

21.95 614.00 614.00 Cl1.00 641.00 

23-45 743.00 745.00 764.00 717.00 
0.00 676.00 676.00 676.00 708.00 

26.83 661.00 661.00 659.00 708.00 2.40 18.20 18.70 

41.08 701.00 701.00 699.00 
44.58 676.00 676.00 675.00 0.00 19.30 
44.61 667.00 667.00 664.00 0.00 4.60 2.20 18.82 23.50 ‘ 

47.36 648.00 648.00 646.00 612.00 363.00 -1.60 -2.10 0 .a0 0 .oo 

44.65 657.00 656.00 654-00 
44.H 650.00 649.00 649.00 610.00 
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o.Wo0 4.5 
0.1670 4.1 
0.3330 4.4 
0.3610 4.4 
0.3990 4.4 
0.4310 4.4 
0.4500 5.1 
1.0100 5.1 
1.1700 1.1 
2.0100 5.1 
1.1030 5.0 
2.lLoo 5.0 
2.1700 5.0 
2.2OOo 5.1 
3.5900 5.1 
5 . 1 m  5.1 

14.9100 5.1 
14.9500 5.1 
14.9800 5.8 
15.0200 5.1 
15.6500 8.2 
20.0400 8.2 
21.8500 8.2 
21.8900 8.1 
21.9200 8.1 
21.9Mo 8.1 
21.9800 8.0 
22.2000 9.0 
23.0500 9.0 
0.0000 9.0 

26.1330 8.9 
26.1100 8.9 
26.8300 8.9 
26.8400 8.9 
27.0800 9.8 

44.5800 9.8 
44.6100 9.7 
46.6500 9.6 
44.6830 9.6 
41.3600 9.6 

41.oaoo 9.8 

a 
I 

1 
1 
4 
4 
6 
5 
1 
1 
1 
t 
5 
6 
6 
8 
8 
8 
8 
9 
0 
9 
2 
2 
2 
6 
4 
0 
6 
18 
18 
18 
19 
13 
13 
13 87 

' I  la 

87 
I7 

17 
I1 

B 
I 

3 
3 

4 
6 
9 

.a 

a 
a 
2 
1 
1 
4 
0 
3 
3 
3 
3 
0 
II 
10 
6 
'6 :6 

I 7  

6 
I9 
16 I 7  

J 
b 7  
14 
II 17 

I5 
'1 
' I  
'1 
16 6 

'3 
'1 

IS 4.5 
15 4.3 
19 4.1 
0 4.1 
I 1  4.1 
19 4.1 
!4 4.7 
14 4.1 
!4 b i b  
!4 4.3 
4 4.2 

t l  4.1 
16 4.1 
I8 4.8 
18 4.6 
I8 4.b 
18 2.6 
13 2.6 
1 2.5 
13 2.5 
I0 4.9 
14 4.3 
14 4.1 
'4 4.0 
10 4.0 
16 3.9 
I8 3.9 
'0 4.9 
'0 4.8 
'0 4.3 
I5 4.2 
8 4.2 

I1 4.1 
0 5.1 
0 4.4 
0 4.3 
18 0.3 
lo 4.2 
I6 4.1 
16 4.1 

'5 4.1 

L - 
1 
0 
7 
3 
2 
1 
6 
8 
8 
2 
2 
0 
7 
9 
4 
3 
2 
0 
1 
5 
9 
4 
4 
1 
13 
18 
II 
13 
2 
I 
7 
4 
1 
a 
1 
9 
9 
3 
17 
!a 
!a 

G - 
3 
5 
5 
3 
a 
7 
9 
1 
a 
D 
D 
I 
5 
18 
3 
4 
9 
9 

7 
13 
17 
19 
14 
I9 
11 
6 
6 
!1 

5 
14 
9 
t1 
6 
I7 
I9 
la 

!I 
! I  

a 

a 

'a 

I5 0.0 
2 0.0 
5 0.0 
I1 0.0 
12 u.0 
'2 0.0 
16 0.6 
6 0.0 
t3 0.0 
16 0.0 
I9 0.0 
4 0.0 
15 0.0 
88 0.1 
19 0.0 
t9 0.0 
It 0.0 
16 0.0 
I1 0.0 
'8 0.0 
I9 2.4 
'5 0.0 
16 0.0 
17 0.0 
I3 0.0 
0 0.0 
I2 0.0 

!1 0.0 
I4 0.0 
12 0.0 
I1 0.0 
I3 0.0 
0 0.0 
18 0.9 
'3 0.0 
I1 0.0 
I1 0.0 
I6 0.0 

14 1.0 

14 0.0 
,s  0.a 

L - 
0 
0 
0 
2 
2 
2 
5 
0 
0 
0 
2 
2 
2 
2 
0 
0 
0 

2 
12 
3 
0 
0 
2 
12 
2 

2 
0 
0 
2 
11 
11 
11 
13 
0 
0 
12 

I2 

a 

la 

la 

la 

00 0.0000 0.0000 o.oo00 
00 0.0000 0.2083 *2.9123 
00 0.0106 0.2614 3.8151 
38 0.0266 0.3069 4.3185 
30 0.0169 0.3119 4.1166 
26 0.0089 0.3421 b.8902 
25 0.0000 0.3421 4.8902 
00 0.0000 0.1308 1.5136 
00 0.0000 0,6210 8.9042 
00 0.0000 0.1918 11.291s 
58 0.0861 0.8301 11.8509 
18 0.0131 0.8626 ' 12.3089 
44 0.02T9 0.8851 12.6281 

00 0.0000 1.1400 16.2660 

0.0000 1.1541 45.0139 
0.0156 3,1801 45.3851 
0.0114 3.2303 46.0932 

'48 0.0355 3.2325 46.1215 
61 0.0000 3.2325 46.1245 

33 0.0000 0.8851 12.6281 

00 0.0000 1.3490 19.2485 

100 o.oooo 3.8ia9 55.3412 

100 0.0000 4.2649 60.8551 

'18 0.0846 4.6811 66.8aao 

00 0.0000 4,1166 68.1569 
55 0.1180 4.1193 67.33% 

126 .0.0169 4.J182 61.3232 
!30 ,0.0250 4.1501 61.3361 
68 0.0000 4.1541 61.8361 
00 0.0000 5.3136 16.6159 
100 0.0000 5.4719 19.0175 

100 0.0000 5.1510 11.1:99 

0. 
0 .  
0 .  
0 .  
0. 
0. 
0. 
1. 
1. 
2. 
2. 
2. 
2. 
2. 
3. 
5. 

14. 
14. 
14. 
15. 
15. 
20. 
21. 
21. 
21. 
21. 
21. 
22. 
23 
0. 

26. 
26. 
26. 
26. 

41. 
44. 
41. 
44. 

21 e 

+4. 

* 

1 
W - 
a 
I 
3 
3 
3 
4 
4 

5 

1 
1 
1 
1 
5 
I 
9 
9 
9 

6 

a 
a 

a 

a 
a 
a 
9 
9 
9 

4 

1 
1 
I 

a 
a 

a 
a 
a 
5 
6 
6 

I 

E P n u l % n Q n u c Q v  
1) (nu) (0lE.C) (Ccllcfl) (I)- 

m 696.000 4.100 0.000 0.m 
61 664.000 4.050 0.040 2.912 

I61 631.000 4.150 282.359 4.318 
199 636.W 4.350 223.695 4.537 
132 635.000 4.050 116.198 4.890 

I10 106.500 4.100 0.OOO 1.174 
110 692.100 0.050 0.OOO 8.904 

803 651.000 4.050 629.815 11.851 
40 648.000 4.050 217.111 12.309 
t70 644.000 4.050 292.950 12.629 
00 155.000 + . S O  O.OO0 12.629 
190 716.500 0.050 O.OO0 16.266 
10 684.000 4.0% 0.000 19.248 
I20 405.500 4.050 O.OO0 45.014 

180 397.000 0.100 188.022 66.093 
I20 395.000 0.300 331.619 46.124 
150 716.000 2.000 O.OO0 46.1:. 

I50 640.000 -0.050, 0.000 58.112 

120 623.000 9.050 396.201 58.591 
I50 614.000 4,050 418.010 58.911 
180 604.000 -0.050 513.245 59.224 
!OO 752.000 -3.405 0.000 59.224 
150 144.000 0.050 0.000 60.855 

616.000 . b.550 - 0.000 68.157 !% 610.000 4.350 803.169 61.340 
'10 665.000 &.JOO ' 595.121 66.888 
I30 661.000 4.250 221.604 61.321 
140 655.000 4.250 271.071 61.816 
I80 804.500 5.250 0.000 $1.936 
I80 701.000 2.850 0.000 t6.676 
180' 616.000 -1.050 0.000 18.078 
110 661.000 -0.900 1126.054 16.148 
150 b56.500 -0.950 643.151 71 .271  

-1.100 151.194 17.696 
-1.350 0.000 il .180 

133 644.000 4.010 0.OW 3.815 

150 135.500 4.100 O.OO0 4.890 

110 666.500 0.000 0.O00 11.291 

I50 403.000 0.300 211.710 45.386 

I40 619.000 3.100 0.000 55.34: 

190 630.000 -0.050 601.111 58.256 

- 

.- 
e 

.m 
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I I I m l !  trrDna2 roRMTIoII urn 0 4 
Ma llutl S-11- 2-1981 
Mm ulll QDpttl- 4-1981 
GaAw or uzo- 1 1 9 . m  
CIIdW 01 SAuD- 714.800 
mm or niE CORE- uI.4LQI. 
PMdl TRmSAm- 20.9oooDeG.c 
'R1B.m W LGAVIK WET N 7  IIEm- 
m C w w u B t r  714~1Oom.0G 
V A P . p B I s m  O? UteB AT 14.07m.W 
xcc To SMD M)L.uATIol 2.8bb 
ICE Ta sA8n 1ws U t x O I  ' 1.001 

QIIL.XTEUl! IQ 100 m m  -1- 

16.5000DEC.C 

VOIDS 111 lRE COW- 53.%7 
6.948&11 

lmrrrn rmwrnarr mm ~lpm DATA 

ma PI ?3 n RI n TlR'ZD TZBm c l w  rn 
(111) (mu) (nu) (ma) (nu) (nu) ( m . c )  (m.c) - (LIT) - 
0.00 ~49 .00  747.00 74a.00 746.00 t4a.m -1.20 -1.60 0.00 0 .00 
0.03 128.00 726.00 121&0 725.00 727.00 -2.10 4 . 1 0  18.00 1.68 
0.07 719.00 718.00 119.00 117.00 719.00 -2.10 -1.00 11.90 2.51 

0.13 106&0 705.00 106.00 704.00 706.00 -1.60 4.70 1 7 . 0  4.14 
0.23 169.00 768.00 169.00 161.00 tm.w -I.% 4.m 0.00 4.30 
4.02 607&0 607.00 621.00 607.00 608.06 4.70 4.30 0.00 4.30 

4.08 599.00 5 9 8 e 0 0  621.00 599.00 599.00 4-80 4.30 19.80. , 5.82 
4.11 594.00 593.00 62O&O 594.00 594.00 4.80 4.60  19.80 6.54 

4-21 1220.00 121.00 622.00 721.00 121.00 4-10 . 4.50 0.00 0.00 
7.41 602.00 602.00 603.00 601.00 689.00 4 . 6 0  4 . 7 0  0.00 1 A 2  
1.45 596.00 596.00 591.00 689.00 4.80 4.50 15.00 9.22 
7.48 590.00 5w.m 588.00 689.00 -0.10 4.30 - 19.80 10.01 
7.55 584.00 582.00 583.00 689.00 4.70 4.50 19.50 10.71 
7.58 5ao.00 519.00 ~81.00 580.00 688.00 4.80 4.30 19.50 11.32 
7.80 888.00 886.00 872.00 869.00 756.00 -1.00 4.80 0.00 0 .00 

0.10 112.00 711.00 712.00 709.00 1 i i .m -1.10 a.80 11.80 1.49 

4.05 602.00 601.00 621.W 602.00 601.00 **m **SO 19.80 5.09 

4-11 589.00 589.00 620.00 589.00 569.00 -1.10 4.50 19.90 7.52 

16.63 693.00 694.00 696.00 698.00 169.00 0.50 4-40 0.00 11.32 
11.05 592.00 592.00 597.00 596.00 735.00 0.50 4-40 0.00 24.11 
17.08 581.00 5ar.00 594.00 593.00 736.00 1.10 4 . 4 0  19.80 25.04 
17.12 583.00 583.00 591.00 590.00 715.00 1.00 4.40 19.60 25.91 
17.15 580.00 580.00 588.00 586.00 116.00 l .M 4 .40  19-60 26.60 
17.25 754.00 151.00 151.00 153.00 744.00 2.40 4.30 0 .00 0.00 
19.15 701.00 700.00 699.00 699.00 712.00 1.40 4 . 4 0  0 .00 0.00 
21.32 601.00 601.00 607.00 618.00 728.00 0.20 1.10 0.00 26.60 
23.35 599.00 599.00 605.00 615.00 721.00 2.20 4.50 20.00 27.12 
21.39 294.00 593.00 601.00 4.4 19.90 28.47 

23.64 150.00 150.00 719.00 0.00 0 .00 

21.42 589.00 588.00 595.00 4.30 19.90 29.08 
4.30 19 .0  29.93 23.45 584.00 583.00 591.00 

21.64 649.00 648.00 628.00 0.00 29.93 
21.10 602.00 601.00 613.00 0.80 4 . 6 0  0.00 39.00 
21.14 599.00 598.00 600.00 0.80 4 .50  19.30 39.10 
21.77 593.00 593.00 591.00 0.80 4 . 6 0  19.10 40.61 
2 1 . 0  589.00 588.00 586.00 0.70 4 . 5 0  18.90 41.42 
28.00 842.00 841.00 803.00 0.00 0.00 

752.00 151.00 689.00 1.10 4.30 0.00 0 .oo 
846.00 805.00 758.00 0.00 0.00 
106.00 706.00 604.00 0.00 41.42 

44.61 600.00 600.00 606.00 0.00 - 55,62 
44.64 596.00 585.00 606.00 1.00 4 . 4 0  19.10 56.56 
44.68 592.00 591.00 606.00 592.00 687.00 4 . 5 0  4 .40  19.60 51.42 
44-71 581.00 587.00 606.00 587.00 687.00 4.60 4 .50  19.10 58.16 
44.14 584.00 583.00 606.00 584.00 667.00 4 . 6 0  4 .40  19.00 59.01 



TIN 
(I; 

0 .o 
0 .o 
0 .o 
0.0 
0.1 

4.0 
4.0 
4 .o 
4.1 
4.1 
b.2 
7.4 
7.4 
7.4 
7.5 
7.5 
7.7 
16.6 
17.0 
17.0 
17.1 
17.1 
17.2 
19.7 
23.3 
23.3 
23.3 
23.4 
23.4 
23.b 
27.b 
27.7 
27.7 
27.7 
27.8 
28 .o 
32.3 
32.6 
43.6 
44.6 
44.6 
44.6 
ia.7 
4 . 7  

- 

0.1 

- 

I! 
) 

0 
3 
6 
5 
3 
3 
1 
4 
a 
1 
5 
1 
1 
5 
8 
4 
8 
9 
3 
5 
8 
2 
4 
4 
4 
2 
5 
8 
2 
5 
3 
3 
0 
3 
7 
0 
0 
9 
2 
7 
d 

I 

11 4 

1 
1 - 

P M U N I Q M A C O S V  TWF GMOLO QIOLC QloLIW U&OL'T G" UMV 
(mu) IDLC.E) ccc/nm, ( X I  

0 7U.000 -1.400 0.000 O.Oo0 0.0000 4.6559 4.8559 0.0000 0.0000 O.oo00 O.oo00 
3 m.OO0 -1.100 523.462 1.337 0.0330 4.8072 4.7143 0.0224 0.0710 0.0929 1.3366 

I) 711~500 4.750 356.234 2.406 0.0990 4.7751 4.6079 0.0221 0.0414 0.1672 2.4064 

2 766.500 4.600 0.000 2.913 0.2320 5.1767 4.9743 0.4069 0.0000 0.2024 2.9129 
5 607.000 0.OOO 0.OOO 18.082 4.0150 5.1767 3.9203 0.0000 0.0000 1.2564 18.0615 
1 601.500 4.150 325.162 18.436 4.0480 5.1679 3.6869 0.0246 0.0334 1.2810 18.4358 
1 598.uK) 4.050 310.947 18.645 4.0810 5.1617 3.6661 0.0246 0.0309 1.2956 18.b454 

593.50(1 4.300 308.518 18.996 4.1150 5.1559 3.6360 0.0246 010304 1.3199 18.9963 
589.000 4.300 370.671 19.155 4.1500 5.1392 3.6083 0.0248 0.0414 1.3309 19.1547 

-350 0.000 19;155 4.2100 6.0139 4.6830 0.6747 0.0000 1.3309 19.1547 
.uo o.oO0 30.344 6.0139 3.8916 0.0000 0.0000 2.1223 30.5440 

1 738.500 -1.050 321.395 1.958 0.0660 4.7944 . 4.6584 0.0223 0.0351 0.1360 1.9578 

2 705.500 9.650 21a.055 2.913 0.1320 c.7698 4.5674 0.0221 0.0275 0.2024 2.9129 

507.290 30.357 5.9607 3.6514 0.0187 0.0719 2.1093 30.3565 
.OOO 325.162 30.618 5.9519 3.8105 0.0246 0.0334 2.1414 30.8184 

315.963 31.336 5.9441 3.7667 0.0243 0.0321 2.1773 31.3358 
0 579.W)o 9.050 266.213 31.686 7.5800 5.9451 3.7434 0.0243 0.0233 2.2016 31.6856 
5 687,000 4.100 0.000 31.686 7.7950 7.9388 5.7371 1.9937 o.0000 2.2016 31.6856 
0 693.W)o 0,550 0.000 49.922 6.6300 7.9388 4.4100 0.0000 0.0000 3.4688 49.9218 
0 592.000 0.550 0.000 51.542 17.0500 7.3971 3.8158 0.0000 0.5417 3.5813 51.5415 
3 587.000 0.850 353.590 51.666 17.0830 7.3832 3.7794 0.0246 0.0385 3.6038 51.8657 

9 580.000 0.950 300.077 52.286 17.1490 7.3660 3.7330 0,0244 0.0292 3.6331 52.2864 
0 583.000 0.600 342.720 52.046 17.1200 7.3708 3.7543 0.0244 0.0368 3.6165 52.0480 

9 752.500 1.550 0.000 52.286 17.2490 6.4657 4.8326 1.0997 0.0000 3.6331 52.2864 

0 607,000 2.150 0.OOO 65.657 23.3200 8.4657 3.8897 0.0000 0.0000 4.5760 65.8566 
3 599.000 1.850 404.734 66.610 23.3530 8.4432 3.6149 0.0249 0.0474 4.6283 66.6099 

0 588.500 3.700 283,216 67.428 23.4260 8.4352 3.7SOl 0.0148 0.0258 4.6852 67.4260 
2 583.500 3.900 339.376 67.762 23.4520 6.4239 3.7155 0.0246 0.0359 4.7084 67.7624 
6 750.000 5.150 0.000 67.762 23.6360 9.4627 4.7543 1.0388 0.0000 4.7084 67.7624 
6 648.500 0.800 0.000 76.083 27.6360 9.4627 4.1761 0.0000 0.0000 5.2865 76.0828 
3 601.500 0.600 0.000 74.878 27.7030 9.0792 3.6763 0.0000 0.3835 5.2029 74.8783 
6 598.500 0.650 300.355 75.066 27.7360 9.0736 3.8563 0.0240 0.0296 5.2173 75.0862 
0 593.000 0.600 353.449 75.362 27.7700 9.0580 3.6215 0.0238 0.0393 5.2365 75.3622 
3 588.500 0.600 27.8030 9.0481 3.7925 0.0235 0.0334 5.2556 75.6372 

28.0000 10.6511 5.3986 1.6060 0.0000 5.2556 75.6372 

9 700.500 1.~00 0.000 56.963 19.7490 a . w t  4.5077 o.0000 o.0000 3.9580 56.9627 

6 593.500 3.750 316.362 66.994 23.3060 8.4363 3.7812 0.0248 . 0.0317 4.6550 66.9943 

32.3900 10.6541 4.8377 0.0000 0.OOOO 
32.6200 11.2395 5.4230 0.5853 0,0000 
43.8700 11.2395 4.5514 0.0000 4.0000 

17 600.000 0.000 64.6070 10.6390 3.8751 0.0000 0.6005 
13 590.500 0.800 360.000 98.168 44.6430 10.6238 3.8026 0.0245 0.0397 6.8211 98.1683 
'6 591.540 0.050 340.351 .97*753 44.6760 10.6118 3.8195 0.0214 0.0364 
0 587.000 40.050 309.831 98.046 **.7100 10.6045 1.7919 0.0260 0.0313 
13 583.500 0.OOO 333.800 98.204 **.:~30 10.5922 3.7686 0.0236 0.0159 b.823b 9y.20~~ 
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! i E W E  HYDRATE FOWTION Rull # 5 
DATE RUU STARTED:l1- 8-1981 
DATZ RUE ~ : l l - L O - 1 9 8 1  
GRAMS OFlflo- 907.900 
CBWS OP S m  920.200 
llEIGHT OF TRt CORE- 29.84CU. 
Boon IMPeR4n.- 21.0000DeG.C 
TMP.0F &IS LEAVING UET TZST ?(ET=- 
BAROMETRIC WeSSuBE- 744.600tQ4.iIC 

IC2 TO SAND VOL.EAT10- 2.787 

16.1000Dffi.C 

VAP.pBEsSURE OF UAm AT TIiTH- 

IC2 TO WID W S  BATIOI 

QIILeWZHML rGU 100 P m Q I  m m -  

14.1OOtWHC 

0.987 
eLacnrzy;t VOIDS In '~gc unt- 44.388 

8.764191 
=TE -TI011 WR ISPUT DATA 

nna P1 93 ?L 
(HI (mu) (nu) (nu, ( 

0.00 634.00 632.00 629.00 6 
0.15 614.00 614.00 620.00 6 
0.18 580.00 580.00 58¶.00 5 
0.22 360.00 560.00 565.00 5 
0.25 546.00 514.00 550.00 5 
0.28 532.00 530.00 537.00 5 

1.32 654.00 653.00 582.00 
2.40 594.00 583.00 654.00 

0.46 a18.00 871.00 as.00 

582.00 581.00 654.00 5 
571.00 571.00 654.00 5 
564.00 563.00 654.00 5 

2.72 841.00 860.00 170.00. 5 
4.11 106.00 705.00 693.00 5 
4.19 610.00 609.00 619.00 5 
4.82 602.00 602.00 657.00 5 
4.85 593.00 593.00 644.00 5 

588.00 587.00 642.00 5 
0.32 583.00 583.00 640.00 5 
1.22 868.00 859.00 821.00 5 

11.97 617.00 615.00 599.00 5 
13.22 590.00 590.00 564.00 5 

582.00 582.00 564.00 
516.00 576.00 . 560.00 
571.00 510.00 557.00 

11.15 561.00 567.00 552.00 5 
11.55 940.00 839.00 789.00 5 
16.65 792;OO 790.00 715.00 j 

:i?.OO 110.00 670.00 5 
649.00 C48.00 547.00 5 
607.00 606.00 544.00 5 
604.00 603.00 537.00 5 
598.00 598.00 534.00 5 

26.92 589.00 588.00 529.00 5 
27.42 857.00 857.00 737.00 . 5 
37.11 767.00 766.00 609.00 

593.00 592.00 532.00 5 

40.17 115.00 685.00 563.00 
41.07 654.00 654.00 525.00 
47.14 602.00 602.00 525.00 6 
41.17 398.00 191.00 525.00 5 
47.23 589.00 588.00 525.00 5 
41.24 583.00 562.00 525.00 3 
47.27 579.00 578.00 525.00 3 

m n TU= llW 
'Sa) (?Sa) (DUX) ( W a c )  - (LIT) 

0.00 633.00 -1.90 -1.10 0.00 0.00 
1.00 613.00 -1.00 4.50 0.00 1 .a9 

O.00 544.00 9-90 -0.30 18.60 5.47 

18.00 877.00 -0.90 4.30 

'b.00 576*@ 4.80 4.50 20.40 3.55 
10.00 56O.W 4-80 4.30 19.10 4.76 

0.00 531*00 4.90 -0.10 18.40 6.25 
0.00 0.00 

14.00 61b.00 4.80 0.00 0.00 6.25 
12.00 564.00 4 - 1 0  0.10 19.70 8.46 
12.00 564.00 4.70 0.00 20.00 9.43 
12.00 564.00 4 - 1 0  - 0.10 18.60 10.23 

0.00 0.00 
0.00 11.12 
0.00 29.00 
20.60 m.50 
20.10 31.49 
19.10 32.51 

19.00 563.00 -0.60 0.10 19.50 33.38 
0.00 0.00 
0.00 0.00 
0.00 33.38 

19.70 34.00 
15.00 562.00 -0.60 0.10 19.70 35.06 
15.00 562.00 -0.50 0.10 19.60 36.46 
15.00 Sb2*00 -0.40 0.70 19.40 17.31 

0.00 0 .oo 
0.50 0.00 + 0.00 

0.00 0.70 . 0.00 
0.80 0.00 37.31 
0.80 0.00 42.15 

11.00 561.00 4.50 0.90 19-50 42.91 

13.00 561.00 4 . 5 0  

0.20 18.70 11.12 

15.00 iCL.00 -0 .70 -0.10 

13-00 561.00 -0.70 0.90 20.30 t 3 .n  

13.00 561.00 4.50 
13.00 859.00 -0.70 

0.00 50.35 

0.30 19.60 52.11 
0.40 19.60 53.59 

f9.00 584.00 -0.70 0.30 19.50 54.36 

2 1  



~~~ ~ ~~~ 

O ~ O O O  633.000 -1.000 o*ooo 0.000 0.0000 3.5603 3.5603 O.OOO0 0.0000 O.OoQ0 O.oo00 
0.1% 614.000 -0.250 0.000 00416 0.1503 3.4804 3.4440 0.0000 0.0799 0.0365 0.4161 

0.216 56Q.000 -O+O50 4239837 1.083 0.2163 3.4090 3.1388 0.0245 0.0511 0.2702 3.0835 
0.363 =.ooo 9.150 535.276 2.095 0.1833 3.4356 3.2521 0.0254 0.0702 0.1836 2.0947 

0.249 -5U.000 -0.100 297.770 3.958 0.2493 3.4021 3.0552 0.0231 O.OMO 0.]&9 3.9560 
0.282 531.000 0.000 312.952 4.751 0.2823 3.3921 2.9757 0.0229 0.0330 0.4164 4.7510 
0.399 877.500 4.100 0.000 4.751 0.3990 5.3356 4.9192 1.9436 0.0000 0.4164 4.7510 
1.316 653.500 0.100 0.000 19.110 1.3160 5.3356 3.6608 0.OOOO 0.0000 1.67u) 19.1096 
2.399 588.MO 0.200 660.637 22.492 2.3990 5.2667 3.2955 0.0245 0.0934 1.9712 22.4918 
2.432 581*500 0.150 369.096 32.748 2.4320 5.2506 3.2569 0.0249 0.0410 1.9937 22.7u)b 
2.465 571.000 0.200 319.082 23-304 2.4650 5.2399 3.1975 0.0131 0.0338 2.0424 23.3043 
2.498 563.500 0.250 341.091 23.626 2.4980 5.2256 3.1549 0.0233 0.0376 

609.500 0.250 0.OOO 29.800 4.7880 6.0241 3.4125 0.OOOO 0.7557 

8bO.500 0.050 0.000 23.626 2.7150 6.7799 1.1092 1.5543 O.OOOO 
705.500 0.350 0.000 32.306 4.7150 6.7799 1.9485 0.0000 0.OOOO 

4.821 b&2.000 0.300 498.782 29.855 4.8210 5.9864 3.3699 0,0256 0.0634 2.6165 29.8507 

4.887 587.500 ' . 0.350 376.057 30.378 4.8810 5.9504 3.2881 0.0240 O.Ob31 2.6624 30.3176 

3.220 863.500. , 0.250 0.006 30.509 3.2200 7.5084 4.8345 1.5705 0.0000 2.6738 30.5086 
11.970 616.000 0.400 0.000 46.341 11.9700 1.5084 3.4470 0.0000 0.0000 0.0614 46.3411 
13.220 590.000 0.400 0.000 48.001 13.2200 7.5084 3.3015 0.0000 0,OOOO 4.2069 48.0011 

13.286 576.000 0.550 198.877 48.664 13.2860 7.4864 3.2214 0.0245 0.0110 4.2650 16.6642 
13.391 570.500 0.600 468.132 48.625 13.3910 7.4516 3.1900 O.O2# 0.0592 
13.352 567.000 0.650 336.498 48.720 13.3520 7.4398 3.1699 0.0241 0.0359 
13.552 839.500 4.050 0.000 u1.720 13.5520 8.9753 4.7053 1.5355 0.0000 

19.642 141~000 0.550 O.Co0 55.123 19.4020 8.9153 4.1442 0.0000 0.0000 4.8311 55.1235 
26.625 648.500 - 0.600 0.000 61.034 2646250 8.9753 3.6262 0.0OQO 0.0000 5.3491 61.0337 

606.500 0.600 0.000 61.379 26.1850 8.7707 3.3913 0.0000 0.1046 5.3794 61.3792 
603.500 0.700 315.883 61.495 26.8200 8.7628 3.3733 0.0243 0.0321 5.1895 61.4949 
598.000 0.600 333.299 61.729 26,8530 8.7539 3.3418 0.0253 0.0342 5.4101 61.7293 
592.500 0.700 330.091 61.975 26.8870 8.7435 3.3118 0.0243 0.0347 5.4316 61.9753 
588.500 0.700 315.186 62.139 26.9200 8.7355 3.2895 0.0211 0.0321 

62.139 27.4200 10.2372 4.7911 1.5017 0.0000 

4.854 593.000 0.350 374.529 30.244 4.8540 5.9695 3.3189 0,0250 0.0418 2.6507 30.2443 

4.920 583.000 0.250 341.931 30.509 4.9200 5.9379 3.2641 0.0243 0.0368 2.6738 M.5086 

13.253 582.000 0.450 413.565 WB.L1b 13.2530 7.4129 3.2561 0.0245 0.0600 4.2168 LE).1135 

16.612 .?91.000 0.350 0.000 51.896 16.6520 8.9753 4.4~70 0.0000 o.oooo 

37.170 766.500 67.894 17.1100 10.2372 2.2866 0.0000 0.0000 
40. 170 700 .OOO 72.032 640.1700 10.2372 3.9242 0.0000 0.0000 
47.070 654.000 3.6616 0.0000 0.0000 6.5156 75.0213 
47.140 602.000 3.2111 0.0000 0.2134 6.6526 75.90b9 

1.3441 0.0246 0.0554 b.6481 ?S.SSll 
J.2937 0.0244 0.0444 6.6193 76.2112 

9.9602. 1.2601 0.0144 0.0372 6.7001 16.4482 
9.9Sl9 1.2383 0.0243 0.0325 6.7136 76.6021 

.- 
I -. 
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