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ABSTRACT

Thi s paper p re sen t s an in t roduc t i on t o the problems
a s s o c i a t e d wi th t h e presence of i n geothermal
f l u i d s and t h e  d e s c r i p t i o n  of a sepa ra to r f o r t he
removal of a t depth. The des ign and ope ra t i ng
c h a r a c t e r i s t i c s of t h e downhole sepa ra to r (DHS) are
presented . The e f f e c t s of i n l e t two-phase flow type
and l o c a t i o n of t h e DHS r e l a t i v e t o t h e po in t of f i r s t
f l a s h i n g are discussed . The a c t u a l des ign of t h e DHS
components, e s p e c i a l l y  t h e  vo r t ex genera tor , and
exper imenta l r e s u l t s obta ined from a model DHS a r e
p re sen t ed i n P a r t s 11 and 111 of t h i s paper. F u l l e r
d e t a i l s of t h i s work a r e given by Grant-Taylor and 
Kanyua (1984).

INTRODUCTION

Carbon d iox ide occurs i n geothermal f l u i d s as a f r e e
gas , as a d i s so lved gas , and as o t h e r r e l a t e d carbon-
ates. Among t h e non-condensable gases i n geothermal
f l u i d s , carbon dioxide is of p a r t i c u l a r i n t e r e s t
because i t occurs i n r e l a t i v e l y high concent ra t ions
and because of i t s e a r l y release from s o l u t i o n , a s
d i c t a t e d by Henry's Law and o t h e r carbonate e q u i l i-
b r i a . Due t o continuous f l a s h i n g a s the geo f lu id
t r a v e l s up t h e w e l l , t h e f l u i d s a r r i v e a t t h e wellhead
as a mixture of l iquid- phase, with
s o l i d s , and a vapour-phase cons i s t i ng of f l a shed
steam, p r a c t i c a l l y a l l of t he carbon dioxide , and some
of t h e o t h e r non-condensables such a s hydrogen sulph-
i d e , and methane. I n state- of- the- art power
p l a n t s t h e gas- rich vapour-phase i s separa ted and
piped to a high pressure tu rb ine , while a d d i t i o n a l
lower p re s su re steam may be obta ined by
f l a s h i n g t h e sepa ra t ed liquid-phase. To maintain t h e

p r e s s u r e necessary f o r high power p l an t ou tpu t ,
t h e non-condensable gases a r e ex t r ac t ed from the
condenser by use of steam e j e c t o r s , c e n t r i f u g a l
exhaus t e r s or r i n g pumps. The e f f e c t of concen-
t r a t i o n on a power plant ope ra t i on is t h e r e fo r e
c h a r a c t e r i z e d by i t s e f f e c t s on ne t work output or
a v a i l a b l e work and the type and c o s t of power p l a n t
equipment.

Seve ra l methods of overcoming the problem have
been proposed, among which a r e the use of downhole
pumps t o p r e s s u r i z e geothermal f l u i d s  t o  r e t a r d
e x s o l u t i o n of i n the w e l l , t h e u s e of back-
pre s su re t u r b i n e s t o expand gas- r ich vapour , and t h e
use of binary p l an t s . The advantages and disadvant-
ages of the se energy e x t r a c t i o n systems a r e covered
Kest fn e t (1980). The problems as soc i a t ed with
downhole pumping a r e discussed by Hanold

mentioned above, p r a c t i c a l l y a l l the Henry's Law
is released i n v i c i n i t y of t h e so- called

" po in t of f l a sh ing" where the vapour-phase
very low q u a n t i t i e s of f l a s h If

vapour-phase liquid- phase were separa ted a t t h i s
dep th , would be t o remove most of
t h e very steam los s . The separa ted

phases may then be t ranspor ted t o the su r f ace a s
p a r a l l e l streams where the gas- rich vapour-phase may
be expanded i n a backpressure set, used for d i r e c t
hea t app l i c a t i ons , exhausted t o t h e atmosphere, or
i n j e c t ed i n t o t h e formation. The steam for the con-
densing sets would then be obta ined by f l a s h i n g the
gas-poor liquid- phase separa ted a t depth. The concep-
t u a l des ign and ope ra t i on of a downhole sepa ra to r
(DHS) is discussed i n t h i s paper. The experimental
r e s u l t s from tests on a hal f- sca le DHS model c a r r i e d
out a t w e l l number BR-22 a t Broadlands, New Zealand,
a r e presented i n P a r t s and

Descr ip t ion of DHS

The conceptual des ign of t h e DHS is shown on f i g u r e
The vor t ex  gene ra to r  c o n s i s t s of a hub and s e v e r a l
blades. The vor tex  genera tor  is i d e a l l y designed t o
induce w h i r l whi le r e s t r i c t i n g i t s p re s su re drop t o a

so as t o avoid f u r t h e r f lash ing . I d e a l l y , the
blade cu rva tu r e should be very  gradual  t o avoid sudden
changes i n the d i r e c t i o n of flow, e l im ina t e  c i r cu l a-
t i o n around t h e blades , and maintain a nea r ly cons tan t
blade passage cross- sec t iona l area. The blade i n l e t
ang l e measured from t h e r a d i a l axis should be
whi le t h e blade e x i t angle should be of such a magni-
tude as t o genera te s u f f i c i e n t l y high vo r t ex s t r e g t h
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Figure 1: Conceptual des ign of t h e
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t o s e p a r a t e t h e phases w i t h i n a reasonable s e p a r a t i o n
chamber h e i g h t . Phase s e p a r a t i o n will i n v a r i a b l y
s t a r t in t h e v o r t e x  g e n e r a t o r  because of b lade curva-
t u r e .  T h i s  i s advantageous because i t reduces t h e
r e q u i r e d h e t g h t of t h e s e p a r a t o r . In t h e  s e p a r a t i o n  
chamber t h e vapour-phase flows as a c e n t r a l c o r e w i t h
e n t r a i n e d l i q u i d d r o p l e t s , w h i l e t h e l iqu id- phase
f l o w s as a n annulus which may c o n t a i n e n t r a i n e d vapour
i n t h e form of small diameter bubbles. The vapour
c o r e f lows i n t o a bellmouthed g a s tube which t rans-
p o r t s  t h e  s e p a r a t e d vapour-phase and c a r r y o v e r l i q u i d
t o t h e wellhead. The s e p a r a t e d l i q u i d annulus and
c a r r y o v e r vapour flow a l o n g t h e v o r t e x s t a b i l i z e r
th rough a n a n n u l a r d i f f u s e r and are t r a n s p o r t e d t o t h e
wel lhead through t h e a n n u l a r condui t between t h e w e l l
c a s i n g and t h e g a s tube . The v o r t e x s t a b i l i z e r
i n c r e a s e s t h e w h i r l v e l o c i t y of t h e l iquid- phase t o
overcome f l o o d i n g o r backflow due t o t h e a c t i o n of
v i s c o u s and g r a v i t y f o r c e s . The purpose of  t h e
d i f f u s e r ex i t p i e c e is t o recover some of t h e p r e s s u r e
d r o p i n c u r r e d i n t h e DHS and a l s o t o i n c r e a s e t h e
a n n u l a r c o n d u i t d iameter from t h a t of t h e  t h r o a t  t o
t h a t of t h e w e l l cas ing .

E f f e c t of i n l e t flow type on DHS performance

The model DHS t e s t e d a t BR-22 was made of mild steel
components w i t h  t h e  e x c e p t i o n of p a r t of t h e g a s tube
which was made of g l a s s . Two viewing g l a s s e s were
a l s o provided a t t h e level of t h e g l a s s tube , one f o r
i l l u m i n a t i n g  t h e  f low and t h e o t h e r f o r viewing t h e
flow. T h i s arrangement d i d n o t prov ide t h e in tended
v i s u a l o b s e r v a t i o n of t h e f low i n t h e DHS and was
abandoned a f t e r a few runs. The fo l lowing d e s c r i p t i o n
of t h e e f f e c t s of i n l e t f low c o n d i t i o n s on t h e perform-
ance of t h e DHS is t h e r e f o r e based on i n t u i t i o n and on
o b s e r v a t i o n s from a l a b o r a t o r y air-water r i g c o n s t r u c t-
e d o u t of  perspex  tubes .  The a i r - w a t e r is be ing
u s e d to i n v e s t i g a t e  t h e  e f f e c t s of DHS geometry on
s e p a r a t i o n e f f e c t i v e n e s s .

The s e p a r a t i o n  e f f e c t i v e n e s s  of t h e DHS w i l l depend on
t h e t y p e of  f low rece ived  by the DHS. The i n l e t f low
t y p e depends on t h e k i n e t i c s o f steam f l a s h i n g and g a s
e x s o l u t i o n p r o c e s s e s , t h e Concent ra t ion of
condensab le g a s e s , and t h e  l o c a t i o n  of t h e DHS rela-
t i v e t o t h e p o i n t of f i r s t f l a s h i n g and e x s o l u t i o n .
I n a h i g h c o n c e n t r a t i o n w e l l where i n i t i a l
e x s o l u t i o n and f l a s h i n g o c c u r i n t h e w e l l , t h e DHS
w i l l r e c e i v e a form of s l u g flow. I n a w e l l where t h e
f e e d zone f l u i d is a l r e a d y a two-phase m i x t u r e , t h e
DHS i n l e t c o n d i t i o n is a l s o l i k e l y t o be s l u g flow.
The t h i r d c o n d i t i o n l i k e l y t o cause s l u g f low a t t h e
DHS i n l e t is t h e case where t h e  d i s t a n c e  between t h e
DHS and t h e p o i n t o f i n i t i a l e x s o l u t i o n and f l a s h i n g
is s u f f i c i e n t l y l a r g e t h a t , even f o r a r e l a t i v e l y l o w
C02 c o n c e n t r a t i o n w e l l , t h e  f l a s h i n g  and/or bubble
c o a l e s c e n c e has proceeded t o such a n  e x t e n t as t o
c a u s e s l u g flow. For a r e l a t i v e l y l o w concen-
t r a t i o n w e l l where t h e DHS is l o c a t e d c l o s e t o t h e
p o i n t i n i t i a l e x s o l u t i o n and f l a s h i n g ,  t h e  DHS w i l l
r e c e i v e a two-phase mix ture o f  t h e
c o n t i n u o u s type (HLC) w i t h e n t r a i n e d vapour bubbles.

For t h e HLC t n l e t flow t y p e , t h e degree of vapour
c a r r y o v e r w i l l be inf luenced by t h e s i z e and s i z e
d i s t r i b u t i o n of t h e vapour bubbles.  The vapour
c a r r y o v e r w i l l be h igh i f t h e c o n c e n t r a t i o n of small
d i a m e t e r bubbles is h i g h , and low i n t h e c a s e of
r e l a t i v e l y l a r g e r bubbles. The e f f e c t of t h e l i q u i d-
phase c e n t r i f u g a l f o r c e on t h e r a d i a l migra t ion of
s m a l l d i a m e t e r bubbles is small whi le t h e a b i l i t y of
t h i s f o r c e t o squeeze or e x t r i c a t e l a r g e r- s i z e d
bubbles from t h e l i q u i d body is h i g h e r .  T h i s  a l s o
means t h a t t h e c e n t r i f u g a l f o r c e r e q u i r e d t o s e p a r a t e
t h e phases in HLC-type flow w i l l be much h i g h e r than
f o r s l u g flow or, o t h e r words, t h e r e q u i r e d blade

s m a l l e r . The vapour c o r e formed in t h i s
w i l l be u n s t a b l e and wavy and w i l l c o n s i s t of

vapour- bubbles in a inuous l iqu id- phase so t h a t
l i q u i d c a r r y o v e r w i l l be h igh .

t h e c a s e where flow 3t t h e i n l e t is s l u g f low,
t h e major modes of both Liquid-phase and vapour-phase
c a r r y o v e r change d r a s t i c a l l y t h e modes descr ibed

through t h e DHS t h e vapour c o r e d iameter i n c r e a s e s
v e r y suddenly. Depending on t h e s i z e of t h e  s l u g ,  t h e  
c o r e d iameter may exceed t h e gas tube bellmouth
e t e r so t h a t t h e vapour-phase car ryover i n c r e a s e s
momentarily and a t t h e same t i m e t h e l i q u i d c a r r y o v e r

reduced. During t h e passage of  t h e subsequent
l i q u i d plug, t h e c o r e d iameter c o n t r a c t s and some of
t h e l i q u i d  e n t e r s  t h e  g a s tube t h u s momentarily
i n c r e a s i n g  t h e  l i q u i d car ryover . During t h i s s t a g e
t h e vapour c a r r y o v e r is due t o t h e  e x i s t e n c e  of t h e
small vapour bubbles e n t r a i n e d i n t h e . l i q u i d plug.
During t h e passage of t h e  l i q u i d  p lug t h e v o r t e x
s t r e n g t h is reduced because of  t h e  d i f f e r e n c e  between
t h e l i q u i d and vapour v e l o c i t i e s . Some of t h e  l i q u i d  
i n t h e s e p a r a t i o n chamber and i n t h e v o r t e x s t a b i l i z e r
zone f lows . b a c k under t h e  a c t i o n  of g r a v i t y f o r c e .
T h i s backflow tends t o spread o u t towards t h e DHS
a x i s . The next vapour s l u g sweeps some o f t h i s l i q u i d
i n t o t h e gas  tube  bel lmouth and thus c o n t r i b u t e s t o
t h e dropwise l i q u i d car ryover . There a l s o  e x i s t s  two
o t h e r s o u r c e s of dropwise l i q u i d car ryover . The f i r s t
s o u r c e o r i g i n a t e s from t h e l i q u i d flowing on t h e hub
of t h e v o r t e x  g e n e r a t o r  which becomes e n t r a i n e d i n t h e
vapour phase c l o s e t o t h e DHS axis where t h e circum-
f e r e n t i a l v e l o c i t y is low and t h e r e f o r e n o t s u f f i c i e n t
t o f l i n g t h e  d r o p l e t s  t o t h e o f t h e
t f o n chamber. The o t h e r s o u r c e of dropwise l i q u i d
c a r r y o v e r is due to t h e h i g h vapour-phase v e l o c i t y
sweeping some l i q u i d from t h e wavy annulus- core
i n t e r f a c e .

S e p a r a t i o n e f f i c i e n c y

The DHS vapour-phase and l iquid- phase s e p a r a t i o n
e f f i c i e n c i e s are d e f i n e d r e s p e c t i v e l y as:

Vapour-phase s e p a r a t i o n  e f f i c i e n c y :  

mass of vapour

t o t a l mass of vapour in DHS

Liquid- phase s e p a r a t i o n  e f f i c i e n c y :  

mass of s e p a r a t e d l i q u i d

t o t a l mass of l i q u i d i n DHS

The vapour and l i q u i d masses are e s t i m a t e d t o account
f o r a d d i t i o n a l  f l a s h i n g  i n t h e DHS. F i g u r e 2 shows a

q u a l i t a t i v e v a r i a t i o n of and as f u n c t i o n s of
vapour mass f r a c t i o n .

I

traction

A t 0 , is not d e f i n e d but has a va lue o t h e r
than 1.0 or 0.0 because t h e l iqu id- phase is d i v i d e d
between t h e g a s tube and t h e annulus . T h i s d i v i s i o n
of l i q u i d f low is governed by t h e r a t i o of t h e gas

tube i n l e t d iameter t o t h e d iameter of t h e  s e p a r a t i o n  
chamber. A t very low v a l u e s of when the vapour-
phase is d i s t r i b u t e d a s s m a l l d iameter bubbles
cont inuous l i q u i d medium, t h e vapour separation
e f f i c i e n c y is l o w . As i n c r e a s e s , and

i n c r e a s e very r a p i d l y due t o t h e l a r g e d i f f e r e n c e
between t h e vapour phase and 1
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maximum v a l u e s a t t h e v a l u e of which makes t h e
vapour c o r e d iameter e q u a l t o t h e tube bel lmouth 
d iameter . The maximum v a l u e s of and are less
t h a n u n i t y because of t h e and d r o p l e t c a r r y o v e r
mentioned prev ious ly . c a r r y o v e r is small
compared t o t h e t o t a l l i q u i d flow SO t h a t a t t a i n s a
maximum v a l u e  v e r y  c l o s e t o uni ty . I d e a l l y , may
a l s o a t t a i n a v a l u e very c l o s e to u n i t y , b u t  s l u g g i n g  
makes less than F u r t h e r i n c r e a s e in
beyond t h i s p o i n t r e s u l t s in h i g h e r vapour c a r r y o v e r
as t h e c o r e d iameter becomes l a r g e r than t h e bellmouth
d i a m e t e r , and drops. Beyond remains p r a c t i-
c a l l y c o n s t a n t a t The crit ical v a l u e of vapour-
phase mass f r a c t i o n , cor responding t o

is r e l a t i v e l y low because  of  t h e
l a r g e d i f f e r e n c e between t h e s p e c i f i c volumes o f  t h e
t w o p h a s e s , and t h e r e f o r e t h i s c o n d i t i o n  a p p e a r s  on
t h e ex t reme left- hand s i d e of F i g u r e 2.

A s i m p l e t h e o r e t i c a l a n a l y s i s of t h e r e l a t i o n s h i p
between t h e two s e p a r a t i o n e f f i c i e n c i e s and t h e DHS
geometry, and o p e r a t i n g c o n d i t i o n s (phase
d e n s i t i e s ) is g i v e n by Grant-Taylor and Kanyua (1984).
The vapour s e p a r a t i o n e f f i c i e n c y is given as:

+’]

where and a r e t h e vapour and l i q u i d d e n s i t i e s
r e s p e c t i v e l y ; and are t h e bellmouth and separa-
t i o n chamber d iameters r e s p e c t i v e l y , and is a s l i p
r a t i o d e f i n e d as t h e r a t i o of c o r e mean a x i a l v e l o c i t y
t o a n n u l u s mean a x i a l v e l o c i t y .

F o r a g i v e n DHS d e s i g n ( f i x e d and and o p e r a t-
i n g  c o n d i t i o n s  and f i x e d ) , e q u a t i o n 2 shows
t h a t is a f u n c t i o n of and only. is i t s e l f
a of and t h e r e f o r e is a f u n c t i o n of
only .  Equa t ion  2 may b e used f o r p r e l i m i n a r y d e s i g n
i f t h e  r e l a t i o n s h i p  between and is known.
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