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A TEMPERATURE DROP MODEL FOR TWO-PHASE FLOW 
I N  GEOTHERMAL WELLBORES 

Donald E. M i c h e l s  

R e p u b l i c  Geothermal ,  I n c .  
Santa  Fr S p r i n g s ,  C a l i f o r n i a  

n m n c i  

This temperature-drop rode l  i s  formulated as an answer t o  the  
question, ‘How r u t h  f u r t h e r  up the  wellbore w i l l  a u n i t  lass of 
f l u i d  be when i t s  t e rpe ra tu re  i s  exact ly  one-deqree cooler than at 
i t s  current  posit ion?’. The repeated ca l cu la t i on  y i e l d s  a 
temperature p r o f i l e  extendinq upwardly from the  bubble point. This 
approach i s  based on a paradigr  t h a t  emphasizes temperature and 
volume f o r  a system t h a t  i s  dominated by one corponent. It has 
only  a small overlap w i th  t h e  nore popular paradiqm f o r  t h i s  t op i c  
which invo lves mrchaniral pressures and mcrpy balances. 

A se t  o f  p l o t s  i s  q i v m  which shows the  e f f r c t s  on temperature 
and p r n s u r r  p r o f i l e s  due t o  changes of sinqle f a c t o r s  when a11 
other fac to rs  are held constant. The fac to rs  inc lude comaon 
wellbore and rese rvo i r  parareters. These l a t t e r  p l o t s  q i r e  
considerable i n s i q h t  i n t o  wellbore processes and the  nature of 
cons t ra in t s  on two-phase flow f o r  an essen t ia l l y  one-component 
substancr. 

INTRODUCTION 

Althouqh the  popular view o f  wellbore dynar ics i s  a mechanical 
one A i c h  emphasizes pressures and enerqy balances, an a l t e r n a t i v e  
paradigr  i s  ava i l ab le  which emphasizes terperatures and volumes. 
Of course, there i s  sow overlap between the  tw approaches because 
they are a l t e r n a t i v e  v i e r s  of t he  sare phenorena. For example, 
both incorporate WT re la t i onsh ips  of qases. However, t he  
contrasts  are w e  profound. 

To a chemist, t he  t o t a l  pressure of a system conta in inq vapors 
i s  t he  sum of a11 t h e  p a r t i a l  pressures, which can be asserbled i n  
terms of  t e rpe ra tu re  and corposi t ion,  i qno r inq  mechanical merpies.  
It i s  such a c h e r i s t ’ s  view t h a t  provides t h e  r a i n  veh ic le  f o r  t h i s  
temperature-drop model, t o  which i s  appendrd a fw  mechanical 
concepts. 

This  lode1 takes advantaqe o f  t h t  phys ica l  f ac t ,  Equation (11, 
t h a t  the pressure i n  a two-phase watery syster  i s  p ropo r t i ona l  t o  
an exponential f unc t i on  o f  t he  rec ip roca l  of t he  absolute 
temperature, wherein vapor volume plays no qreat  ro l c .  This i s  
fundamentally d i f f e r e n t  from the  PVT re la t i onsh ips  o f  single-phaie 
qases, yet  i s  a h iqh l y  accurate view of t he  water-dorinattd 
qcothermal f l u i d .  

lnP12.303 : 6.7028 - 0.00335N - 3712/(1+460) (1) 

The c o e f f i c i e n t s  o f  (1) are based on Ref. ( I ) ,  t h e  u n i t s  on P 
are p l i a ,  T is degrees Fahrenheit, and N i s  t he  neiqht  percent Mac1 
which is equivalent t o  the  mixed s a l t  co rpos i t i on  o f  a brine. 
Because (11 invo lves an r q u i l i b r i u m  between l i q u i d  and vapor there 
i s  no trrm f o r  V O ~ U D ~ ,  

Tra other t roublesore fac to rs  i n  wellbore f l ow  modeling are 
q r i a t l y  s i m p l i f i e d  throuqh t h i s  approach. Tht e f f e c t s  o f  d i sso l v td  
s a l t 5  art essen t ia l l y  l inear i n  the  lopP-T(abs1 f i e l d ,  and the  
r o l t s  of d issolved qases can be accu ra t t l y  accounted fw by s imp l t  

addit ion. 
The new vapor vo lu re  15 essen t ia l l y  tLt o f  new s tea r  due, 

approximately, t o  adiabat ic  bo i l i ng ,  and t o  lexpansion of steam 
formed e a r l i s ,  The exact volume i s  lerv than what one would 
ca l cu la te  f o r  simple cu ru la t i ve  rteam f lash.  Oarputinq the  e f fec ts  
o f  several non - idea l i t i es  is one essence o f  t h d  model. This q ives 
f o r i  t o  the  rode l  which mab les  i t  t o  i r i t a t e  nial and hypothet ica l  
wellbore condi t ions i n  terms of f a m i l i a r  phys iqal  concepts. 

CONSTRUCTION OF THE MODEL 

The main mathematical task is t o  computd 21. t he  l onq i tud ina l  
distance i n  an i dea l  wel lbore between two po iq ts  t h a t  are exact ly  
one d ipfee d i f f e r e n t  i n  terpcrature,  That i nvo l ves  f i n d i n q  the 
mass o f  f l u i d  and i t s  s p e c i f i c  volume, VF, w i t h i n  the  i n t e r v a l  t h a t  
has a cross-sectional area A, as in (2) .  

ZI = [(DP/6II[YFIIA (21 

To a f i r s t  approx i rat ion,  t h e  mass is p r o p o r t i a i l  t o  t he  pressure 
d i f ference,  DP, between the  two po in ts  d iv ided by t he  q rav i ta t i ona l  
constant 6, DP can be calcu lated from the  suw o f  water vapor and 
non-condensable gas pressures, The speci f  i c  vdlume can be obtained 
f r o r  t he  f l a s h  f r a c t i o n  and the  weiqhted avers@ s p e c i f i c  vo lures 
o f  water vapor and l i q u i d ,  which are exdrcss ib le as e x p l i c i t  
funct ions o f  ttmperature and corposi t ion.  Nontondensable qases do 
no t  con t r i bu te  t o  vapor volume. Thus, i t  is the same as l i s t i n q s  
in steam tab les  f o r  pure water vapor. Dis4olved Sol id5 cause a 
w a l l  increase in vapor voIume, r e l a t i v e  t o  saqurat ion condi t ions,  
due t o  t h e i r  e f f e c t  on b o i l i n q  pressures. Tlle e f f e c t  is manifest 
i n  the v lpo r  as a k ind  o f  wperhrat .  

Tewerature E f f e c t s  

The actual  distance, ZA,  between two p o i n t s  exact ly  one 
deqree d i f f e r e n t  i n  temperature i s  l ess  qhan 21  f o r  several 
reasons, Heat losses t o  the  rocks, s e l f - l i f t  df the  f l u i d  i n  the 
wellbore, and increased k i n e t i c  merqy o f  t h l  explndinq f l u i d  a l l  
reduce the arount o f  new steam, compared t o  what would be qenerated 
by an i dea l  process. S i q n i f i c a n t l y ,  t he  com#uted pressures are 
e5sen t i  a l l y  unaf f ected. 

Enthalpy loss t o  surroundinq rocks occurs i n  propor t ion t o  the 
l enq th  of ZA. Thus, t he  res idua l  par t ,  fh, o f  the one-deqree 
teepera twe  drop t h a t  rerains ava i l ab le  f o r  stern generation, is 
given by (31. L i s  t he  l onp l tud ina l  r a t e  o f  h)at 1 0 s  (Btu/hr . f t l ,  
R is t he  f l u i d  mass r a t e  o f  f low,  and C i s  the  f l u i d  heat capacity. 

i n  = I - zimimc (31 

An e x p l i c i t  expression f o r  211, (41 ,  can then be derived. 

zn : z ~ i  + z i ( L i / R c i  01 
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The bracketed term i n  ( 4 1  can be expanded t o  i n c l u d r  the other 
corponents of terperature drop t h a t  det ract  f r o r  s tear  developrent. 
These are s e l f - l i f t ,  11, and k i n e t i c  enerqy increases, TK, which 
are addi t ive,  as i n  ( 5 ) .  

ZR = 21/11 + ZI(lJ/RC + TK + T U  ( 5 )  

Beyond the wellhead, where the  f l u i d  slows down, as i n  a s tear  
separator, t he  TK t e r n  t rans la tes  t o  a small, but  r e a l  increment of 
stFar, which i s  not t he  case f o r  t he  other  factors.  

Hechanical-Dynaric E f f e c t s  

A f i r s t  approx i rat ion f o r  t he  mass o f  r a t e r i a l  between two 
reference po in ts  i s  given i n  ( 2 ) .  Honever, t he  real pressure 
d i f f e rence  r u s t  incorporate a pressure tha t  accelerates the f l u i d  
by l u s t  t he  arount requi red t o  susta in the  ra55 f low r a t e  i n  the  
face of increasing s p e c i f i c  volume tha t  occurs over the  d is tance 
M. Because the speeds a t  each end o f  t h e  i n t e r v a l  can be 
ca lcu lated d i r e c t l y  f r o r  t he  casinq d e t a i l ,  aass ra te ,  and s p e c i f i c  
volume, the ais5 accelerat ion,  RK, can a lso be calculated, 
S i r i l a r l y ,  f l u i d  f r i c t i o n  ( d r i p  against t he  p ipewa l l ) ,  RF, i s  an 
add i t i ve  accelerat ion fo rce  ac t i ng  i n  the  sare d i r e c t i o n  as the 
others. 

An accurate e s t i r a t e  o f  t he  f l u i d  mass, R, between the 
reference po in ts  i s  qiven by ( 6 ) .  

Hf = DP/16 + RK + RFI (61 

The accelerat ion used i n  t h i s  nay provides a b r i dge  between 
t h e  conceptually mechanical pressures of f r i c t i o n  and the  
conceptually che r i ca l  pressures o f  t he  vapors which support t he  
f l u i d  rasses i n  t he  wellbore. This  e x p l i c i t  connection between the  
rechanical and che r i ca l  aspects of two-phase f l ow  appears t o  be 
absent f r o 8  pressure-drop rodels. The s iqn i f i cance  o f  the 
c h e r i s t ' s  view i n  t h i s  r a t t e r  15 t h a t  the pressures i n  the  wellbore 
are def inable by the  p r i n c i p l e s  of phys ica l  che r i s t r y ,  This i s  the  
p r i n c i p a l  pa rad iq ra t i c  contrast  w i th  the  t r a d i t i o n a l  pressure-drop 
approach. 

The Complete Nodel 

The complete rodel  cons i s t s  of four  k inds o f  factors;  
pressure, s p e c i f i c  volure, t e rpe ra tu rc  e f fec ts ,  and accelerat ion 
ef fects .  The f i r s t  two de f i ne  an i dea l  case, t he  others account 
f o r  non- ideal i ty .  They can be cwbined as i n  (7) which i s  based on 
15) and IbJ, wi th  11 def ined by ( 2 ) .  

211 = Z I l [ ( l  i ZI(L)IRC t TK + T Z ) ( 6  + RK + (IF)] (7 )  

The terms i n  (71 can be computed by a l t e r n a t i v e  aethods. The 
r o s t  convenient i nvo l ve  temperature as the independent variable. 
Then, b u i l d i n q  a terperature p r o f i l e  f o r  a wel lbore becoaes a 
s t ra iqht forward ca l cu la t i ona l  sequence wi thout  i t e ra t i ons .  
P r o f i l e s  of a11 other  fac to rs  and computed q u a n t i t i e s  can be 
constructed as wel l ,  

In  t h i s  fora,  t he  rode l  appl ies t o  s u b s t a n t i a l l y  v e r t i c a l  
wellbores without s l i p .  

RESULTS 

Parametric Studies 

The d e t a i l s  of two-phase f low i n  wellbores a re  af fected by 
several factors. Sore are resource s p e c i f i c  such as temperature 
and co rpos i t i on  of t h e  f l u i d ,  rese rvo i r  pressure, and depth. 
Dthers are design parameters for a wellbore, such as casinq 
diaaeters, casing p r o f i l e ,  and wellhead pressure. How these 
fac to rs  i n t e r a c t  co rp r i se  the  basis  f o r  engineering desiqn of 

we1 1 bores. 
R complete study o f  how a l l  the f a c t w s ,  i n  t h e i r  r u l t i p l e  

var ia t ions,  detern ine the  pressure and t e r p e r t u r e  p r o f i l e s  in a 
w l l b o r e ,  would be a rodes t l y  extensive work. R l ess  a r b i t i o u s  
presentat ion i s  Qiven i n  F igures I throuph B which show the the 
e f f e c t s  of chanqing one f ac to r  through a broad ranqe whi le  hold inp 
a l l  others constant. The fac to rs  and t h e i r  r rnqes o f  values are 
qiven i n  Table 1. R se t  o f  standard values was used f o r  t he  
fac to rs  which were no t  var ied i n  the corputat ions f o r  t he  f igures.  
thus, curves i n  the  f i gu res  are i d e a l - l i k e  because in te rac t i ons  are 
genera l ly  absent. 

Table I :  Factors For Construction Of Figures 1 t o  E 

Fiq. Factor 
I .  Resource Terperature 
2. Production Rate 
3. Y t l l b o r e  Diameter 
4. F l u i d  F r i c t i o n ,  re. 

S. Produc t i v i t y  Index 
6. S a l i n i t y  
7. Carbon Dioxide 
8. Enthalpy Losses 

roren turn t rans fe r  

Range S tan dard 
300 t o  600 deg.F 500 
0.2 t o  1.2 r i l l i o n  l b l h r  0.35 
2 t o  6 incher  ID 8 

3 t o  100 0 
125-4000 l b / h r  p s i  400 
0 t o  25 wt. percent NaCl 0 
0 t o  2.1 wt. percent 0 
1 t o  3000 Btu7hr f t  1 

A I 1  o f  these p a r a r c t r i c  s tudies u5e a reference depth o f  
10,000 fee t  and s t a t i c  rese rvo i r  pressure of  4000 psia. The 
computer rodel  begins f r o r  t h a t  reference, Uorputinq the f l a s h  
depth by corpar inq computed vapor pressure w i th  co lu rn  pressure a t  
successively shallower l eve l s ,  as described i n  Ref. ( 2 ) .  An 
accounting i s  r i d e  f o r  heat losses between the  reference depth and 
f l a s h  po in t  and t h e i r  e f f e c t  on b r i ne  densi ty  and vapor pressure, 
Sore r e t s  o f  t he  parametric curves show an i n t e r a c t i o n  w i th  t h i s  
se lec t i on  o f  re fwence  depth. 

Sore o f  t he  fac to r  ranges were chosen t o  inc lude values which 
lead t o  i r poss ib le  condit ions. For e x u p l e ,  F iqure I shows t h a t  
f l u i d  cannot reach the  l e v e l  o f  t he  ground $urface i f  f l ash ing  
begins too  deeply, compared t o  the  f l u i d ' s  i n i t i a l  temperature. The 
l e f t - r o s t  curve shows t h a t  a 300-deqrn salt- and gas- free f l u i d  
appears t o  be l i r i t e d  t o  a production depth of about 1400 feet ,  
even i n  t h e  absence o f  enthalpy losses and f r i c t i o n a l  factors.  In 
pr inc ip le ,  f l u i d  o f  any terperature has such a l i r i t a t i o n .  More 
curves would have shown i t  i n  Fiqure 1 i f  t he  I l a s h  depths had been 
se t  deeper. The v a r i a t i o n  of f l a s h  depths shorn i n  F igure I i s  due 
mainly t o  the  temperature e f f e c t  on f l a s h  preslure. 

Other i n t e r e s t i n q  l i r i t r t i o n s  i nvo l ve  dynar ic  factors.  I n  
Figure 2 ,  production r a t e s  were modeled f o r  a w e l l  of constant P I ,  
thus h igher  rates i nvo l ve  increased drawdown$ and deeper f l ash  
points. A l l  curves i n  the  f i g u r e  have the  same shape, a 
consequence of s e t t i n g  enthalpy losses and f r i c t i o n a l  f ac to rs  t o  
zero f o r  t he  corputations. Chokinq o f  f l ow  i$ due t o  requirements 
for increasing k i n e t i c  cnerqy o f  t he  t w p h a s e  f l u i d  as expansion 
proqrisses. This  i s  t h e  s a w  aspect which, i n  F iqure 3 ,  i s  
enpressed by wellbores o f  d i f f e r e n t  d ia re te rs  ca r ry ing  the w e  
f l u i d  product ion rates. 

I n  both 2 and 3,  choking i s  due t o  the i f l a b i l i t y  o f  the b r i ne  
t o  convert enough i n t e r n a l  ( t h e r r a l l  energy i n t o  k i n e t i c  energy as 
requi red by t h e  expansion and higher speeds i n  t he  upper pa r t s  of 
t he  wellbores. That l i r i t a t i o n  i s  d i s t i n c t  f r o r  L f r i c t i o n a l  
l i r i  t a t  ion. 

The f r i c t i o n a l  study of F iqure 4 i s  based on a concept of r i s t  
f low i n  which s M e  l i q u i d  droplets  rove alqng the  p ipewal l  i n  a 
s a l t a t i o n a l  way. The s a l t a t i o n  involves a d r q  due t o  ro ren tu r  
t rans fe r  when the  r a i n  f l u i d  s t rea r  accelerates d rop le ts  upon t h e i r  
re lease from the  pipewall.  The fac to r  v a l u s  r e f e r  t o  the  rein 
lenqths of paths taken by d rop le ts  dur ing tkir b r i e f  f l i q h t s .  
Since the  standard wel lbore d ia re te r  and produution r a t e  chosen f o r  
th is  f i qu re  avoid k i n e t i c  factors,  a l a  Figs, 2 and 3, F iqure 4 
shows a k ind  of choking due pure ly  t o  f r i c t i o n a l  i roaentur  
t rans fe r )  e f fects .  
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I n  Fiqure SI as i n  F iqure 2,  a l l  t he  curves are the same 
shape, d i f f e r i n g  only  i n  regard t o  f l a s h  depth. This ra the r  s ta id  
r e s u l t  i s ,  i n  a minor way, due t o  the  a r t i f i c i a l  zeroing of 
enthalpy losses and f r i c t i o n .  But, more impor tant ly ,  the sareness 
o f  shape expresses a fundamental bas is  o f  t he  model. Namely, t ha t  
t he  f l u i d  expansion, hence the  wellbore p r o f i l e ,  i s  f i r s t l y  a 
r e s u l t  of f l u i d  proper t ies,  and i s  only m d r r a t e d  by t h e  mechanical 
aspects o f  wellbores. 

The pressure-drop models have i t  the  other way around. This 
aspect, nore than any other , shows the  temperature-drop paradigm t o  
be fundatenta l ly  d i f f e r e n t  from the  pressure-drop approach. They 
decidedly are not  a l t e r n a t i v e  expressions o f  the same concepts. 

F igure b shows e f f e c t s  of b r i n e  s a l i n i t y  on the  p ro f i l es .  
Depths of i n i t i a l  f l ash ing  are d i f f e r e n t  f o r  two reasons. The 
bubble po in t  pressures, which are moderated by the  s a l t  contents, 
cause incremental d i f f e rences  i n  the drawdown-PI re la t i onsh ip  fo r  
t he  u n i f o r r  production r a t e s  used. 

More sub t le  are t he  e f f e c t s  of choices f o r  rese rvo i r  s t a t i c  
pressure and reference depth, 4000 ps ia  a t  10,000 feet .  Because 
pressure pradients i n  the rodeled l i q u i d  columns are a lso funct ions 
of s a l t  content, t he  bubble po in ts  f o r  s a l t i e r  water appear 
successively deeper, i n  F iqure 6 ,  due t o  the  long distances fram 
the  reference depth. I f  a shallower reference depth were chosen, 
t he  d i f f e r e n t  pradients would operate on shor ter  lenqths of one- 
phase f l u i d  c o l u s s .  The r e l a t i v e  distances between bubble po in ts  
f o r  succesrive curves w u l d  then be d i f f e r e n t  than shown i n  F iqure 
6.  The order of curves i n  t h e  f i q u r e  could even be reversed. 

Carbon d iox ide  has two mani festat ions which are shown :in 
F igure 7. Higher bubble po in t  pressures due t o  larqer amounts o f  
carbon d iox ide  cause i n i t i a l  f l ash inq  t o  be deeper i n  a wellbore. 
The carbon d iox ide’s  con t r i bu t i on  t o  f l u i d  s e l f - l i f t  r e s u l t s  :in 
higher trmperatures a t  shallow depths. Those e f f e c t s  are un 
opposit ion, so a greater  n i t  temperature a t  t he  wellhead r e s u l t s  
only nhen the  bubble po in t  i s  su i tab l y  deep. 

Enthalpy losses, Fiqure 8, cause a qeneral saqginq o f  t he  
p r o f i l e s  toward loner  temperatures and pressures. F igure 8 i s  
coni t ructed as i f  there were no losses below the  po in t  o f  i n i t i a l  
f lashinq.  I f  losses i n  t he  one-phase zone were t o  be added, po in t s  
of i n i t i a l  f l ash inq  would be proqress ive ly  shallower f o r  greater 
heat loss assiqnments and pressures would be less. The curves 
could cross, as i n  Fiqure 7, dependinq on the extent  o f  i n t e r a c t i o n  
between the  one-phase pressure gradient  and d is tance between the 
deep reference leve l  and f l a s h  point .  

Real Yellborer 

Good f i t s  t o  d o w n r l l  data f r o r  real wel ls  can be obtained by 
manipulatinq the  hard- to-quantify f ac to rs  o f  heat loss and 
f r i c t i o n .  F iqure 9 i s  an example. 

D1 SCUSS 1 ON 

The computational s i m p l i c i t y  of the terperature drop model i s  
much improved by expressing the  terms of equatqons (2) and (7\ as 
e x p l i c i t  funct ions of temperature and s a l t  conUent, as done i n  (11, 
thereby avoiding tab les.  For sore factors,  suUh as f l u i d  speed and 
k i n e t i c  energy ca l cu la t i ons ,  a second lntl of computation i s  
required. I t  i s  based on s p e c i f i c  volumes of t he  phases and weight 
f r a c t i o n s  t h a t  are e x p l i c i t  f unc t i ons  o f  tempedature, etc. 

Once the  che r i ca l  equations are a v l i l a b l e  f o r  b r i ne  
proper t ies,  t he  equations f o r  p r o f i l e  compubations can be easily 
der ived from qeometrical considerations. Thus, t o  a very l a rge  
degree, t he  model is based on f i r s t  p r i nc ip l r s .  

Two-Phase F l u i d  F r i c t i o n  

The f r i c t i o n  term, AF i n  ( 6 )  and (71 ,  can be computed on any 
basis  one pleases. Since f r i c t i o n  i s  not  an atlor-scale phenorenon, 
t h i s  chemically i nc l i ned  author p re fe rs  t o  v ie9  t h a t  draq fo rce  as 
a momentum t rans fe r  occurr inq from the  fas te r  two-phase stream t o  
d rop le ts  04 l i q u i d  t h a t  tear  loose from the  slclwer f i l r  t h a t  covers 
the  p ipe  wal l .  Downstream, the  accelerated d rdp le ts  impact on the 
pipe wall and t h e i r  momentum i s  l os t .  

The e f f e c t  i s  l i k e  s a l t a t i o n  (ref. S) ,  The result i s  a drag 
force d i r e c t l y  propor t ional  t o  the  amount o f  l i q u i d  p a r t i c i p a t i n q  
in t h e  s a l t a t i o n  and a lso t o  t h e  d i f f e rence  i~ speed between f l u i d  
stream and l i q u i d  filr. I t  i s  i nve rse l y  propor t ional  t o  the  
averaqe lenqth of t he  s a l t a t i o n a l  paths taken by t he  droplets. 

BKiUSC t h i s  concept o f  draq r e l a t e s  t o  Mmentum of t he  
droplets ,  not  t h e i r  k i n e t i c  enerqy, i t  involves the  f l u i d  speed t o  
the  f i r s t  power, not  t he  second. A concept of f r i c t i o n a l  heatinq, 
dependent on t he  square o f  f l u i d  speed, may be appropr ia te f o r  
cooler  l i q u i d s  wherein heat inq represents a lass o f  use fu l  energy, 
However, i n  t he  qeothermal case, f l u i d  heat i s  the  s ine qua non. 
Since most o f  t he  work of movinq the  f l u i i d  through and up the  
wellbore d a i v e s  from i t s  own i n t e r n a l  enerqy, a speed-squarred 
concept of f r i c t i o n  seems less  appropriate. 
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