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T h i s  p a p e r  r e p o r t s  part of a n  
ongo ing  program t C J  s t u d y  t h e  f l o w  i n  a 
g e o t h e r m a l  we1.1. I n  t h i s  p a y e r  w e  l o o k  a t  
t h e  f l u i d  p 1 T ~ ~ e S S e s  t h a t  o c c u r  i n  t h e  
l i n e r  of t h e  w e l l  arid a re  p a r t i c u l a r l y  
i n t e r e s t e d  i n  t h e  p r e s s u r e  l o s s e s  t h a t  
a re  a s s o c i a t e d  w i t h  t h e  s l o t t e d  
( p e r f o r a t e d )  1 i n e r .  A d a t a  bank of  w e l l  
measurements  h a s  b e e n  a n a l y s e d  t o  g i v e  a 
r e p r e s e n t a t i v e  val.ue of t h e  3 i n e r  
roughrles  s and a l a b o r a t o r y  e x p e r i m e n t  was 
b u i  I t  t o  i n v e s t i g a t e  t h e  complex n a t u r e  
of t h e  f low i n  the l i n e r  and a n n u l u s .  
F i n a l  15; A computer. s imul.at- ion was 
d e v e l o p e d  which a1 lowed an i n v e s t  i ga t  ion  
of t h e  e f f e c t  of some of t h e  v a r i a b l e s  on 
t h e  f l u i d  f low.  These  s t u d i e s  are 
r e p o r t e d  t o g e t h e r  w i t h  some d i s c u s s  iori 
and recommendat ions of v a l u e s  €or l i n e r  
r o u g h n e s s  t o  u s e  i n  w e l l b o r e  s i m u l a t i o n s .  

A geo the rma l  w e l l  c o n t a i n s  a c a s i n g  
s tr i. ng . T h  i s w i 1 1 i n c  l u d e  a p r o d u c t  i'on 
cas i n g  cemented t-ci sorile compe ten t  
f o r m a t  i o n  j u s t  above t h e  known r e s e r v o i r .  
A f t e r  d r i l l i n g  t h e  l e n g t h  of t h e  
r e s e r v o i r  most, wells wil.1 i n c l u d e  a 
l e n g t h  of s l o t t e d  ( p e r f o r a t e d )  c a s i n 8  
which i s  known as t h e  l i n e r  which e x t e n d s  
be tween  t h e  p r o d u c t i o n  c a s i n g  shoe and 
t h e  bot tom of t h e  w e l l .  I t s  f u n c t i o n  is  
t o  p r o v i d e  a c lear  p a s s a g e  f o r  t h e  
r e s e r v o i r  f l u i d  t o  e n t e r  t h e  p r o d u c t i o n  
c a s i n g  and hence  f i n d  i t s  way t o  t h e  
s u r f a c e .  Some wells are  l e f t  open below 
t h e  c a s i n g  s h o e  when ' *cav ing"  i s  t h o u g h t  
t o  b e  u n l i k e l y  or t h e  l e n g t h  o f  t h e  open 
h o l e  i s  r e l a t i v e l y  s h o r t . I n  t h i s  s t u d y  w e  
l ooked  a t  wells w i t h  l i n e r s .  

T h e r e  are  many v a r i a b l e s  which c a n  
c o n t r o l  t h e  f l o w  of f l u i d  i n  t h e  w e l 1 . A  
w e l l  can c o n t a i n  s e v e r a l  f e e d  zones  
l o c a t e d  a t  d i f f e r e n t  d e p t h  i n t e r v a l s  
s u p p l y i n g  f l .uid a t  d i f f e r e n t  p r e s s u r e s  
arid e n t h a l p i e s .  F l u i d  from t h e s e  f e e d  
zones may f l o w  r a d i a l l y  i n t o  t h e  l i n e r  or 

U n i v e r s  i t y  of Auckland 

u p  ( o r  dc~wri) t h e  a n n u l u s  between t h e  'open 
h o l e  and the 1 i n e r .  The annul i is  arid t h e  
s lo t s  c o u l d  be  o b s t r u c t e d  by c a v i n g  o r  
d e p o s i t i o r r  o f  c a l c i t e  or s i l i c a .  The 
s l o t s  o r  p e r f o r a t i o n s  u s u a l l y  have  v e r y  
r o u g h  s u r f a c e s  caus in8 h i g h  p r e s s u r e  
1osses.l 'f  t h e  f l u i d  i s  two phase  i n  t h e  
liner the u n c e r t a i n t i e s  i n c r e a s e .  

S t u d i e s  of  f l u i d  f low i n  a w e l l  must 
t- here fore i n c  1 ud e t h e  s 1 o t t ed 1 .i ne 1- . The. 
l i n e r  i s  riot cemented t o  t h e  forinat i o n ,  
i t  e i t k e r  hangs u ~ i d e r  t e n s  iori i f  a n c h o r e d  
a t  t h e  casing s h o e  o r  rests l o o s e l y  or1 
t h e  bottoni of t h e  w e l l .  I t  c o ~ l d  be 
s l o t t e d  a l o n g  a l l  i t s  l e n g t h  or o n l y  n e a r  
peymeable  zones .  T h e r e  a r e  a l s o  d i f feu-ent 
s h a p e s  and s i z e s  of t h e  h o l e s  i n  t h e  
l i n e r ,  souie a r e  r e c t a n g u l a r  which w e  have  
c a l l e d .  s l o t s ,  o t h e r s  niay be  c i r c u l a r  
( p e r f o r a t e d ) .  

When t h e ,  f l u i d  e n t e r i n g  t h e  liner a t  
the feed zones  i s  l i q u i d  and f l h s h i n g  
occurs i n  the p r o d u c t i o n  c a s i n 8  above t h e  
l i n e r ,  t h e  p r e s s u r e  d r o p  i n  t h e  l i n e r .  i s  
u s u a l l y  dorrrinated by g r a v i t y  and 
d e t a i l i n g  the f l o w  i n  t h e  l i n e r  may n o t  
be  v e r y  i m p o r t a n t .  However i f  t h e  f l u i d  
i n  t h e  l i n e r  is steam o r  two phase, t h e n  
f r i c t i o n a l  l o s s e s  become i i r iportant .  I t  is 
t h e n  n e c e s s a r y  t o  b e  a b l e  t o  c a l c u l a t e  
t h e  f r i c t i o n a l  l o s s e s  i n  t h i s  p a r t  of . t h e  
w e l l .  Gou ld (1974)  r e p o r t e d  t h a t  h i s  
c a l c u l a t e d  p r e s s u r e  drops were s e n s i t i v e  
t o  t h e  r o u g h n e s s  v a l u e s  assunled for t h e  
s l o t t e d  l i n e r . &  s u g g e s t e d  a v a l u e  o f  
1.37*10-4n~. T h i s  number was a l s o  u s e d  by 
C a t i g t i g ( l 9 8 3 ) .  

For t h i s  stud?: w e  a n a l y s e d  o u r  d a t a  
bank t o  o b t a i n  a r e p r e s e n t a t i v e  v a l u e  o f  
t h e  l i n e r  r o u g h n e s s .  A l so  w e  d e s i g n e d  a n  
e x p e r i m e n t  t o  s t u d y  t h e  flow i n  t h e  l i n e r  
and a n n u l u s  and f i r i a l l y  a computer  
s i m u l a t i o n  of  t h e  f l o w s  was a t t e m p t e d  t o  
look a t  t h e  e f f e c t  on t h e  f low 
d i s t r i b u t  i o n  when some o f  t h e  key 
v a r i a b l e s  were changed .  T h i s  paper. 
r e p o r t s  t h e s e  s t u d i e s .  
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REVIEW 01- WELI, DATA 

To make a compari  son of t-he l a b o r a t o r y  
and f u l l  scale  res111 t.s a r-e\  i c w  ot OIJ? 
w e l l  d;it-a kxnh w i i s  made. F o l .  t h e  
compar i son  i t. w a s  d e c  i d e d  t u  ana 1 y s e  t-he 
d y n a n l i  c measuremeri1.s o b t a i n e d  f r o n i  a w e 1  1 
and t o  e s t . ima te  a L d l u e  for t.he s1n.isc.c. 
r -oudir icss  of the 1 iner- ,  u s  irig the 
a s s i i m p t i o ~ i  t h a t  , ~ l l  t h e  flow i s  on the 
i n s i d e  of  t.he l i n e r - .  T h i s  i s  i n  1.ine w i t h  
t h e  ci i r rent .  u s e  of r o u g h n e s s  v a l i i e s  i n  
most of t-he e x i s t i r i K  s i m u l a t o r s .  

Much of t-ha d a t a  gat-hered f r o m  wclls 
d u r i n R  dynarrric test.s have: heen  fourid 
i n c o m p l e t e .  T h i s  can be part13 a t t r j b u t e d  
t o  t h e  d i f f i c u l t i e s  i n  pe r fo rn i ing  t h e  
tes ts .  The r e q u i r e d  set of d a t a  f o r  the 
ana 1 y s  i s was : 

1 i ner 

1 i n p r  

- w e  1 1 s w i t-h s 1 o t t ed/pt?r i o r a  t. ed 

- s i n K l e  p h a s e  f l u i d  i n  t-1if-b s l o t t e d  

- l o c a t  i o n  of f e e d  zorws 
- dynamic t emper -a tu re  arid j)rc:bsure 

- wel l  geometry 
- n i a s s  f low r a t e  
- er l thal])y 
- d i s s o l v e d  sol i d s  arid g a s c s  
W e  1 1 s w i t 11 i ri s 1 i f f j c i e I i t i 11 f orrim t i on 

measurement s 

w e r e  exc luded  frunl the a n a l y s i s .  In the 
case of u i u 1 t i I ) l e  feed w e l l s  Chc f l u s  r a t e  
measured a t  t h e  surface is  c u m u l a t i v e .  I t  
w a s  t.hus found a p 1 ) r o p r i a t e  t o  c o n c e n t r a t e  
on tlie l e n g t h  of t h e  s l o t t e d  I i n e r  d m v e  
t h e  s h u l l o w c s t  feed 7one. Also  ntaiiy of  
t h e  w e l l s  i n  the d a t a  bank are from 
l i q u i d  dornina+-erl f i e l d s .  so w c  have  o n l y  
u s e d  wells wit.h f l a s h i n g  z o r i e ~  &ijve t h e  
area of  int-erest . .The steps f o l l o w e d  t.o 
e v a l u a t e  A r e p r c s e r i t i i t  i v e  r o u g h n e s s  v a l u e  
a r e  given below. 

( d p / d z ) ,  , + ,,,, = t' rho,,.  .V2 /2 D i .  

Where f .  = f r i c t i o n  far:t.or assuming a11 
t.he i - l m  i s  i 11 t l i t ?  I int?r..  

D i - i n s  ide d i a m e t e r  of t he  1 i n e r  
r h o , ,  = average d e n s  it-y which is  a 

V = t o t a l .  mass 
funct ,  i o n  of t h c  a v e r a R e  t.eniperat.ure 

f low/ ( r -ho i ,v  . m .  ( l l i L / 4 ) )  

(c/l)) = r e l a t . i v e  rouRhness  which is  
a f u n c t i o n  of Re>molds Il'umber and t.he 
f r i c t .  i n n  fact-:,r* i s  o b t a i n e d  from the 
?Ioody d i af:r*aui. 

Tabu 1 a1 e r l  v a l u e s  * Tables 1 , bhoh t.h.-j t 
tlre r.*rige of  rouR1irii:ss \ b1ue.s for the 
well seleci.ed is  k i t h i r r  t w c )  c l i - r l e r s  of  
ii i . i t{r i i  luclc. A11 the \-,-ilues 1 ie  i r i  t h e  
r*4m#c 1 . 1 * 10- UI to 1. .5 10 111. A 
stat is?, iciil a n a l y s  i s was d o r i c t  o r 1  Ihcc 
du 1 a . T h e  V;;L 1 tie (J f' 1 . 5 10- 111 xiis 
e l i n i i n a t e d  sirice it .  w a s  fouiid o u t s i d e  a n  
a c c e p t a b l e  d e v i a t . i o r i . A r ~ a l y s i s  of' t h e  rest 
of t h e  d a t a  g i v e s  a uieari of 4 . 3  *IO : iir 

w i t . h  A s t a n d a r d  d e v i a t i o n  of 3 . 9 .  The 
h i g h  v a l u e  of  t h e  standard d e v i a l - i o n  
shows t h e  d i v e r s i t y  of t h e  rougl i i iess  
vi3 l u e s  . R ( J U K ~ I I ~ S S  va 1 lies i n  t h e  r , m R e  
1.0*10-- TU t o  7.0*10 I 

have ;A h i g h  p r o b a b i  1 i t )  wi?lr rrspect 1-0 
t.he rrw*3n, Accuracb- of the d a t a  acqu i s i t  ior i  
syst-em is very i tuportari t  f o r  t h i s  
eserc ise. SI iHht e r r o r  s i n irwasur'culcrit o r  
readiriK uf K;.iuge c h a r t s  l e a d s  t o  
l i r l a c ( ~ ( ? f r t - , l } J l c ?  \-.A lues o f  r o u g h l e s s  . Wliat i s 
needed  is  a ser ies  o f  desig:rir?d downhole 
experiiiielits t o  d e t a i  1 w i t h  hiHh accurac ) .  
t h e  r o u g h n e s s  \.slues urider corlt-rol  led 
c o r d  i t- i o n s  , 

I n  order t o  o b t a i n  id b e t t e r .  
uridersLandinM of t h e  f low i n  t h e  s 1 o t  ted 
1 i r i c r  a t h e o r e t i c a l  s t u d y .  d e s c r i b e d  i r i  
t h e  nest sect iuii ,  ,Arid an esyer-iTirerit-al 
s t u d y  w a s  uridtlrlnkcii. I n  ~ e n e r a l  , 
p r o d u c t  iori geo the rn la l  f l o w s  i n  t h e  1 irier. 
w i l l  be t .ur .bi i lcnt ,  a l s o  many wells use 
~eoule  t r*.b which ha\-e a 1 i rier 1 *' S U i i A  11 el- i n  
d i a i i i e t e r  than t h e  operi h o l e ,  cg 8" open 
h o l e  diarr ie ter  w i t h  7 "  liiier. It. i s  a l s o  
we1 I kIiOWIi t h a t  liiiers may not- be set 
conceri t r-i  c' i n  t he ho 1 e and opcn ho 1 e 
dii . i luetcrs may no1 reiiiain coristarlt- 
t-hrouRiiout t h e  1ent:l.h due t u  c a v i n g  et-c, 
w i t h i n  t h e  forri iatioris .Many Keotherrri.31 
wells c o n t a i r i  l i n e r s  w i t h  s l o t s  wit-h a 
Reomet.ry of 50uinr * 20um s1ot.s a t  52 s l o t s  
per n i e t r e .  Sumtb 1 i r l e r s  are per lor-aCed 
i n s t e a d  o f  s l o t t e d  using a d r i l l i n g :  
( b o r i n H )  iuach irre, 1 t was irrIyortant 
t h e r e f o r e  that .  t h e  eXpcrilucnta1 r i g  
shoiild a1 low ideril- if  i ca t - ion  of t h e  i l o w  
d i s t r i b u t i o r i  i r i  t h e  duct.  and to s u p p l y  
i n f o r m a t i o n  on the e f f e c t s  of t h e  slots 
ori the p i p e  rwuHhness.The t es t  r i g  w a s  
des ir:ricd w i t h  the iibO\-(+ cor13 i d c r n t  i oris i r i  
111 i rid . 

A 50.8nim ( 2" ) d i aniet er PVC p i pc f o r  
t.he l i n e r .  w i t h  a 70.2mm(3") pipe 
r e y r e s c n t  i ng  the open h o l e  w c r c '  select.e!d 
The 76. Z n r n l ( 3 " )  pipe was c o n s t r u c t e d  w i t h  
an A c r y l i c  s e c t . i o n  which a l l o w e d  f l o w  
v i s u , i l i s s t i o n .  A i r  was C h c  workin(: f l u i d  
so f;:ravit.y was riot important ,  and the r-iR 
w a s  b u i  I t  h u r * i z o n t a l ,  The YVC 1 iner w I d s  
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TEKLU et a1 
c a l c u l a t e d  for i h e  c e n t r a  s e c t  ion of t h e  
d u c k  and , the  f low rneasurement s t akeri a t  
t-he S t i a t ion  3. 5m from t h e  i n l e t .  The mean 
v e l l o c i t y  and  mass f low were c a l c u l a t e d  
froin t h e  v e l o c i t ~ 7  p r o f i l e s .  Using a 
r e p r e s e n t a t i v e  p re s su re  g r a d i e n t  and t h e  
N I ~ S S  f l o w ,  Reynolds  numbers arid f r i c t i o n  
f a c t o r  were c a l c u l a t e d  and e s t  irirates o f  
e q u i v a l e n t  r o u g h n e s s  v a l u e s ,  as g i v e n  by 
the ?Ior~dy d i agrdrn , were riIa.de f o r  t h e  
inr ier  d u c t  and  a n n u l u s .  The r e s u l t i n g  
v a l u e s  are g i v e n  i n  T a b l e  2.The 
e x p e r i i n e n t a l  pipes are  PVC and- A c r y l i c  
and have  smoqth w a l l s . T h e  e f f e c t  of t h e  
p e r f o r a t  i o n s  is  to i n c r e a s e  el I, + ,. hnd 
e.> , , , ter  1:o 8*10-"m and 3.5x10-5.m 
r e s p e c t i v e l y .  The a n n u l u s  c o n s i s t s  f o r  
the esperimerit, o f  a smooth o u t e r  wall. 
and a p e r f  o r a t e d  i n n e r  wa 11 g: i v i n g  a 
lower r o u g h n e s s  than  t h e  i n n e r  pipe. 

pe r fo ra t - ed  w i t h  20mm h o l e s  a t  50 holes 
p e r  metre. The t o t a l  1enKtti of t h e  r i g  
was 5. 4m m-icl t h e  i n n e r  pipe was 
. c e n t r a l i s e d  a1.ong i t s  length by 
s u p p o r t s . A i r  i s  f e d  r a d i a l l y  i n t o  one  end 
by f o u r  25 .  4mm ( 1" ) hoses c o n n e c t e d  t:o t h e  
a i r  supply.At- t h e  e x i t .  from t h e  d u c t  t h e  
a n n u l u s  w a s  b l o c k e d  t:o r e p r e s e n t  the 
p r o d u c t  ion cas i.rig s h o e .  The masimum 
a i r f l o w  r a t e  w a s  0.25kg/s a t  a p r e s s u r e  
CJf 41kP.a gauge .  

- _ -  
1nst . runlentat  i o n  i n c l u d e d  wal l  

p r e s s u r e  t a p p i n g s  a l o n g  t h e  l e n g t h  and 
a round  t h e  c i r c u m f e r e n c e  of t h e  o u t e r  
and on t h e  i n n e r  wal.1 of t h e  a n n u l u s  a t  
s e l e c t e d  p o i n t s  . P r e s s u r e  measurement-s 
were t a k e n  on a m u l t i t u b e  manometer open 
t o  a tmosphe re  a t  o n e  end.An o r i . f i c e  p la te  
manufac tu red  t o  BS 1042 and f i t t e d  
u p s t r e a m  of t-he r i g  was u s e d  t c r  monitor. 
massf low r a t e  w i t h  upst , reaw p r e s s u r e ,  
temperak lire a n d  r e  1 a t  i v e  hum i d i t y  
r e c o r d e d  i n  o r d e r  t o  c a l c u l a t e  r i g  air 
d e n s i t y .  To o b t a i n  t h e  flow d i s t r i b u t i o n  
a small diamet-er  p i t o t ,  s t a t i c  t u b e  w a s  
t r a v e r s e d  a c r o s s  t h e  a n n u l u s  a n d  ha l fway  
a c r o s s  t h e  i n n e r  t u b e  (1  i n e r )  a t  s e l e c t e d  
pos i t i oris. 

The pressure G r a d i e n t s  are 
i l l u s t r a t e d  o n  F i g u r e  1 f o r  d i f f e r e n t  
f l o w  rates.  F o r  most- o f  the l e n g t h  o f  t h e  
d u c t  t h e  g r a d i e n t  is  c o n s t a n t  as might  
have been e x p e c t e d ,  i n d i c a t i n g  a simple 
r e l a t i o n s h i p  between l e n g t h  and p r e s s u r e  
d r o p .  However the p r e s s u r e s  on t h e  ' o u t e r  
and i n n c r  w a l l  of  the  a n n u l u s  are e q u a l ,  
apar t  f r o m  t h e  two e n d s ,  i n d i c a t i n g  no 
mass t r a n s f e r  r a d i a l l y  a l o n g  the 
l e n g t h .  At t h e  e n d s  f low enters and l e a v e s  
t h e  a n n u l u s ,  t h e  e f f e c t i v e  1engt.h b e i n g  
a b o u t  14 d i a m e t e r s .  

T h r e e  pos i t  i o n s  were s e l e c t e d  f o r  
t h e  f low d i s t r i b u t i o n  a n a l y s i s ,  .35m, 
1.78m, and 3 . S m  from t h e  i n l e t .  The 
v e l o c i t y  p r o f  i les were t h e n  a n a l y s e d  t o  
g i v e  t h e  mass f l o w  r a t e s  i n  each d u c t ,  ie  
the 1 i n e r  and  the a n n u l u s .  

The g r a d i e n t  and f l o w  d i s t - r i b u t - i o n  
measurements  were then u s e d  t o  o b t a i n  
some c h a r a c t e r i s t i c  duct-, r o u g h n e s s  v a l u e s  
f o r  t h e  i n n e r  pipe and  a n n u l u s .  
Assumptions made were : 

1) One Dimens iona l  s t e a d y  h o r i z o n t a l  

2 )  Only f r i c t i o n a l  p r e s s u r e  drop is  
f l O W  

o f  impor t ance  

As s e e n  from t h e  p r e s s u r e  g r a d i e n t  
r e s u l t s .  t h e  f l o w  s tabi l ises  a f t e r  a s h o r t  
d i s t a n c e  from t h e  i n l e t ,  ' t h i s  was also 
c o n f i r m e d  by t h e  f l o w  d i s t r i b u t i o n  
measurements  .The a n a l y s i s  was t h e r e f o r e  
done  us  irig t h e  p r e s s u r e  g r a d i e n t  

Assuming a s t e a d y  one d in i ens iona l  f l ow 
t h e  e q u a t  i o n s  f o r  pressure g r a d i e n t  i n  
ho r i to r i t - a1  f low a r e  : 

F o r  i n n e r  p i p e  
dp, / d s  = r h o  f ,  . V, /2. D, 

The r e l a t i o n s h i p s  f o r  InisSS t r a n s f e r  
between t h e  a r i r i u l u s  and t h e  i n n e r  pipe 
used were : 

d?l' /dx = u. (p. - p 1  ) 

where a. is a f l o w  c o e f f i c i e n t  which i s  a 
f u n c k i o n  of, ainongst o t h e r  t h i n g s ,  t h e  
area O Z  t h e  p e r f o r a t i o n s  . A  simi.ilt.aneous 
s o l u t . i o n  of t h e s e  e q u a t i o n s  w i l l  g i v e  the 
f l aw  d i s t r i b u t i o n  betwee11 t h e  a n n u l u s  arid 
1 i n e r  and t h e  c o r r e s p o n d i n g  p r e s s u r e  
g r a d i e n t s .  

To s o l v e  t h e  nor1 l i n e a r  o r d i n a r y  
d i  f f e r e r i t  i a l  ecluat i o n s  a cgulpul.er program 
w a s  d e v e l o p e d  c o u p l e d  t o  DOZRAF, a XAG 
F o r k r a n  1 i b r a r y  r o u t  i r i e .  Boundary values 
have t o  b e  s u p p l i e d  and i n  ou'r case w e  
chose to u s e  t h e  inlet t o t a l  mass f low 
r a t e  and  t h e  e x i t  p r e s s u r e  of t h e  i n n e r .  
d u c t  ( 1 i n e r )  .The s o l u t i o n  i s  coriiputed 
u s i n g  a f i n i t e  d i f f e r e n c e  t e c h n i q u e  w i t h  
d e f e r r e d  c o r r e c t  i o n  c o n n e c t e d  t o  a Newton 
i t e r a t i o n  t o  s o l v e  t h e  f i n i t e  d i f f e r e n c e  
e q u a t i o n s .  The Xewton i k e r a t i o n  u s e s  
J a c o b i a n  matrices. The method r e q u i r e s  a n  
a b s o l u t e  e r r o r  t o l e r a n c e  and a n  i n i t - i a l  
mesh a n d  a p p r o x i m a t e  s o l u t i o n .  The 
a p p r o x i m a t e  s o l u t i o n  is  c o r r e c t e d  u s i n g  
Mewton i t e r a t i o n  and  d e f e r r e d  c o r r e c t i o n .  
I f  a s o l u t i o n  is n o t  o b t a i n e d  w i t h  t h e  
i n i t i a l  mesh, a d d i t i o n a l  p o i n t s  a re  added  
t o  t h e  mesh a n d  t h e  s o l u . t i o n  is 
recomputed u n t i l  t h e  e r r o r  everywhere is  
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w i t h i n  the s p e c i f i e d  t-oler.ini:e. The e r r o r  
i s ,A j q r o x  i m a t .  e 1 y d i s t r i but  erl equa  1 1 y on 
Lhc f i n a l  mesh.Thc s o l i l t  i o n  is dis~)la:erl  
u ~ i  t he f in;i 1 riwsh. 

T h e  program w d s  f: i r s t  Iwri k i C h  irlpiit. 
v a l u e s  from the  l a l m r a t  or\- 
cxpcwiruent , inc:ludi,ig the rouKhncss  \.aJ 11ers 
d c f i c . 1  r n i t l e d  as e x p 1 , ~ i r i e d  al )ova .  F l u i d  
p r o p e r t - i e s  w e r e  ;.isslimed cons tan t -  ,And 
i n i t . i a l  va1.ues f o r  t he  iinknowri p i * c s s u r e s  
wen! t.i*keri L u  be the meas~ir-ed c x i  t 
p r e s s u r e  i n  t h e  i n n e r  p i p e .  A so ia11  \-slue 
W A S  f i r s t  s e l c c t c d  tor a arid r e s u l t - c d  i n  
u n s  Lab1 i sed f low Lhrczughout the d u c t s  . I t  
w a s  t-hen i n c r e a s e d  u n t - i l  a s t a b l e  f l o w  
w i d s  ol~t-aiocA i n  t h e  c e n t r a l  1)srt of t h e  
d u c t .  

We11 I . D .  = 0.1937m ( 7 ' / 8 " )  
I n n e r  p i p e  O.D. I) . OOOni 

0 1 1  t -er  pipe I .  D .  0.07Hm 

Irinor pipe r o u g h n e s s  I . ) *  l o - '  m 
Arinu1.u~ r o u g h n e s s  3.5" 1 0 - 5 m  

Duct Length 5 .  4Ni 

I r i i t i & l  mesh p o i n t s  3.51 

Flow c o e f f i c i e n t -  a 0 .  016 

The sirniilat.ed and c x p e r i m e n t . a l l y  
d e  t c r m  i ned pres s u r e  arid f 1 ow d i s t x  i h i  1- i on 
a r e  i l l u s t - r a t e d  i n  f i g u r e s  2 arid 3. The 
simiilat-ed rcsiilt-s a r e  i n  [rood am-eement- 
w i t h  t h e  e x p e r i m e n t .  At i n l e t ,  pressures 
i n  the  a n n u l u s  are hiWher t h a n  i r i  the  
l i n e r  s u  f l u i d  flows r a d i a l l q -  i n t o  t h e  
i r iner  jlipe. A t  about 0. 7m from t h e  i n l e t  
( 1 4 * I . D . o f  i n n e r  pipe) t-he p r - c s s u r e s  
between i n n e r  and o u t e r  e y u a l i s e  ,snd t-he 
mass t r a n s t ' e r  s t o p s .  The u a s s  f l o w s  i n  
e a c h  o f  t h e  p a s s a g e s  ruma in  c o n s t a n t  
u n t i l  the e s i t  zone which occ i i r s  a t  a b o u t  
t h e  same d i s t a n c e  from t h e  exit., when the 
p r o c e s s  is  r e p e a t e d  w i t h  mass b e i n g  
t r a n s f e r r e d  from t h e  a n n u l u s  t o  t h e  i n n e r  
p i p e .  The s i m u l a t e d  r e s u l t s  show t h a t  
t h e r e  is n o  massflow krom t h e  i n n e r  11ipe 
t o  t h e  a n n u l u s .  

The  tuethod and a s su inp t ions  u s e d  f o r  
t h e  s i m u l a t i o n  are  assumed t.o he 
v a l i d a t . e d  hy the experiment-a1 r e s u l t s .  We 
t.hen s t .udied us i r i a  t h e  computer. yr-oRram 
t-he s e n s i t i v i t y  of the d i s t r i b u t i o n  of 
f low between ar inulus  and l i n e r  t o  changes  
i n  sortie o f  t h e  psramet.ers . I t  can be 
shown that t h e  r a t i o  of ruass flows is a 
f u n c t i o n  of t.he f low areas, i n n e r  

A s e l e c t i o n  o f '  t h e  r c s u l t s  is showri 
i n  f i g u r e s  4 t o  7 . F i g u r e s  4 and 5 show 
t h e  dependence  of f r i c t i o n a l  p r e s s u r - c  
drop on t h e  r o u g h n e s s  of t h e  i n n e r  
pipe(el  ) .  As i s  shown the p r e s s u r e  
wr.adient, is  h i g h l y  s e r i s i t  i v e  t o  Lhe v a l u e  
of e, . The dependence  o f  f l o w  
d i s t r i b u t  ivri i r i  t h e  inner-  pifje atid 
a n n u l u s  on  t h e  t o t a l  mass flow and 011 e ,  
is shown i n  f i g u r e  6. . Is  w i t h  t h e  
p r e s s u r e  g r a d i e n t  t h e  f ].ow is  scns  i t  i v e  
to e, . Ifowever- i t  is  n o t  as s e n s i t i v e  to 
total mass f l o w .  T h i s  is  b e c a u s e  f o r  
c o n s t a n t  f l o w  gcometry and clucf- rO11ghneS.S 
the mass ra t -  i o  depends  on Reynolds riumher 
( a  f u n c t i o n  of t o t a l  mass) which loses 
i t s  importar ice  a t  v e r y  h i g h  Reynolds  
numbers.  F i g u r e  7 shows ttie e f f e c t  uf 
v a r y i n i j  d u c t  r o u g h n e s s  on t h e  ronfitiriess 
o b t a i r i e d  hy assuming a l l  the f l o w  is  i n  
khe i r i r i c r  pipe ( e t G t  I 1 ,  As is shown, f o r  
t t ie  se t  of  d a t a  u s e d  t h e  s e l e c t i o n  of e: 
is more i m p o r t a n t  thari e:. T h i s  is d u e  t:o 
t h e  larger  p ropor i - ion  of  f low i n  t h e  
i n n e r  pipe. 

D e t e r m i r i a t  i o n  o f  1 i r i e r  r o u g h n e s s  
v a l u e s  from w e l l  data r e q u i r e s  h i g h  
q u a 1  i t y  measurement-s arid c a r e f u l  
selec.Liori  i f  meariiriUfu1 r e s u l t s  a r e  t o  Le 
o l t a i r i e d . , ~ n a l y s i s  of  o u r  da ta  hank Rave 
v a l u e s  over- L w u  o r d e r s  a t  magrii tudc.  
tlowever w e  would recowmend t h a t  a 
r e a s o n a b l e  r o u g h n e s s  h e i g h t  f o r  a l i n e r  
would bc i n  the r a n g e  1*10-' t o  7*10 
m e t r e s . T h i s  compares  w i t h  t h a t  used by 
Gould (  1974)  of 1.37* l o e 4  m. 

I, a b o r a  t ory exper i merita 1 res u 1 t. s 
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validated the computer simulation. They 
showed that the pressure gradient was 
constant in the central part of the duct 
away from the ends. The measurements also 
showed that there was no mass transfer in 
this sect ion, mass transfer from annulus 
to inner pipe only occurred at the two 
ends, there was no indication of flow 
from inner to annulus. 

The experiment used PVC and' Acrylic 
pipes which are considered smooth. The 
high roughness values obtained, 8*1OqJ 
arid 3.5*10-5 metres, is attributed to the 
perf orat i CJXIS . 

The computer. program allowed a study 
to be made of the sensitivity of a liner 
performance to variation in a number of 
parameters. 
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TABLE 1 Roughne'ss Values for selected wells 

1 Wa i rake i 

2. Broadlands 

3 Droadlands 

4 Kawerau 

5 Yangbaj ing 

6 . Yangbaj ing 

7 Tongonan 

8 Tongonan 

9 Tongonan 

10 Tongonan 

11 Tongonan 

12 Ton.gonan 

13 Torrgorian 

14 Tongonan 

15 Tongonan 

207 

23 

27 

27 

327 

328 

105D 

106 

1R3 

409 

WB2 

MB9 

1R5D 

2R3D 

2R4D 

9.72 

40.8 

10.28 

60.83 

21.39 

32.78 

12.0 

13.5 

13.0 

22.0 

10.6 

19.7 

8.7 

35.0 

20.8 

0.1504 

0.1504 

0.1504 

0.1504 

0.2245 

0.2245 

0.1594 

0.1594 

0.1594 

0.1594 

0.1594 

0.1594 

0.1594 

0.1594 

0.1594 

8100 

8508 

7674 

8575 

.goo0 

9080 

7425 

7G00 

7667 

7200 

7617 

7900 

7750 

ROO0 

7800 

238-240 0.086 

260 0.037 

264 0.08 

262 0.018 

152 0,031 

156 0.083 

266-267 0.052 

272 0.054 

270 0.078 

296 0.025 

266 0.019 

255 0,007 

247 0.077 

264 0.061 

260 0.045 

11*10-3 

1.4* 10- 

9. 6* 10- 

. ii*10-3 
1.2* 10- Shallow 

lS* 10- 3 Shallow 

3.7* 10- Deviated 

4.3*1(F3 

9.5* 10- 

0.43 * 10- 

0.13*10-3 

1.1*10-3 

9, 6 * 10- Dev i ated 

5.3 * 10- Dev iated 

2.2*lO-3 Deviated 

465 



TEKLU et a1 

'l.AI-3l'r. 2 I lx  

. _ _ .  . -  

1 

FIG.1 MEASURED PRESSURE GRADIENT -AIR FLOW 
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flG.5 EFFECT OF E l  ON FRICTIONAL PRESSURE DROP 
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FIG.6 EFFECT OF TOTAL MASS FLOW - STEAM FLOW 
ON FLOW DISTRIBUTION 
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FIG.2 COMPARISON OF EXPERIMENTAL AND MEASURED 
PRESSURE GRADIENT-AIR FLOW 
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FIG.3 SIMULATED FLOW DISTRIBUTION 
AIR FLOW (RUN3) 
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