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ABSTRACT 

A we l l  i n  the Roosevelt Hot Springs, -Utah 
KGRA was flowed i n  1978 and 1979 t o  obta in  pres- 
sure and temperature p r o f  i 1 es i n  the two-phase 
(steadwater)  zone. Both parameters were mea- 
sured simultaneously and i n  r e a l  time, as a 
func t i on  o f  depth. Under f lowing condi t ions,  
t he  maximum temperature recorded was 503OF 
(262OC) and maximum pressure, 954 ps ia  (6.58 
MPa). Flow rates as high as 580,000 lb /h r  (73.3 
kg/sec) t o t a l  f low were measured using a modi- 
f i e d  James method. 

Comparison o f  t e s t  r e s u l t s  w i t h  output o f  a 
two-phase f low computer model was performed. 
Model resu l t s  matched t e s t  data q u i t e  we l l  a t  
f l ow  rates below 300,000 lb /h r  (38 kg/sec); 
above t h a t  l eve l ,  increasing dev iat ion from t e s t  
data was noted w i t h  increasing flowrate. The 
computer model was used t o  invest igate the 
e f f e c t s  o f  casing diameter and Produc t i v i t y  
Index on the f lowrate t h a t  could be sustained 
f o r  a f i x e d  wellhead pressure. For example, a 
we l l  w i t h  13 3/8 inch diameter casing i s  pre- 
d i c ted  t o  have a 24% greater f lowrate than can 
be sustained i n  the current  9 5/8 inch diameter 
wel l .  The impacts o f  both diameter and P I  are 
s i g n i f i c a n t ,  and r e s u l t s  show t h a t  we l l  design 
can be optimized t o  maximize product ion when 
rese rvo i r  parameters are known. 

INTRODUCTION 

As p a r t  o f  the Department of Energy 
'I Industry-Coup1 ed" Program t o  promote the 
development o f  geothermal resources, t he  Denver 
Research I n s t i t u t e  (DRI )  has peformed a case 
study o f  two-phase f low i n  a we l l  a t  t he  
Roosevel t 
Resource 
j e c t  i ves : 

0 

0 

Hot Springs, Utah Known Geothermal 
Area (KGRA). The p r o j e c t  had two ob- 

t o  obta in  pressure and temperature 
logs as a funct ion o f  depth from a 
geothermal we l l  f lowing i n  a two-phase 
mode ; 

t o  use the  acquired data f o r  val ida- 
t i o n  of a two-phase f l ow  p red ic t i ve  
computer model and i n  the d e f i n i t i o n  
o f  rese rvo i r  condi t ions f o r  use i n  an 

opt imizat ion o f  the casing schedule by 
analys is  w i t h  the  computer model. 

Although there were problems w i th  several com- 
ponents i n  the logging and f low measuring equip- 
ment, s u f f i c i e n t  data was obtained t o  perform 
the analyses noted above. 

Research on two-phase f low i n  v e r t i c a l  
geothermal wellbores has been under way a t  D R I  
f o r  the past  f ou r  years. Because o f  the unique 
nature o f  t he  i n t e r a c t i o n  between physical ,  
chemical and thermodynamic parameters, two phase 
f low has been character ized emp i r i ca l l y  ra the r  
than theo re t i ca l l y .  Further, the equations used 
t o  describe the  pressure drop are a func t i on  o f  
the r e l a t i v e  volumetr ic f rac t i ons  o f  l i q u i d  and 
gas as we l l  as o f  the flow regime. A computer 
model t o  t e s t  appropr iate corre la t ions from the 
l i t e r a t u r e  has been developed by Coury and 
Associates as a p a r t  o f  t h i s  research. Data 
from several f i e l d  t e s t s  has been compared t o  
output o f  t he  model, and corre la t ions which 
provide the best match o f  computer s imulat ions 
t o  t e s t  data have been iden t i f i ed .  The 
Roosevelt Hot Springs t e s t s  presented an oppor- 
t u n i t y  t o  obta in  f u r t h e r  data f o r  v a l i d a t i o n  o f  
t he  computer model as we l l  as t o  extend the 
analysis t o  study the e f f e c t  o f  casing diameter 
and p r o d u c t i v i t y  index on the f lowrate t h a t  
could be sustained f o r  a given set  o f  rese rvo i r  
and wellhead condi t ions.  This app l i ca t i on  
represents the  i n i t i a l  use o f  the computer model 
f o r  the type o f  opt imizat ion envisioned when the 
research was begun. Certainly,  upon review o f  
the resu l t s ,  t he  s ign i f icance o f  such an exer- 
c i se  can be e a s i l y  seen. 

FIELD TESTS 

Tests w i t h  the D R I  presSure/temperature 
probe were conducted i n  May 1978 and May 1979. 
Wire l ine services were provided by the USGS 
Water Resources D iv i s ion  Borehole Geophysics 
Group which operates a seven conductor r i g  out  
of Denver. The we l l  was opened and logged 
dur ing about three days o f  f low f o r  each of the 
two t e s t  periods. Several organizations took 
surface samples o f  t he  f l u i d  whi le  the 1978 
t e s t s  were under way. Thermal Power personnel 
acted as operators, and con t ro l l ed  we l l  f l ow  a t  
a l l  times; they a lso ca lcu lated we l l  t o t a l  mass 
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f lowrates by use o f  the James method. Other 
companies provided support services i n  f low l i n e  
modif icat ion,  p i t  reconstruction, mast service 
t ruck  and equipment rentals.  Coordination and 
d i r e c t i o n  o f  a l l  the organizations involved was 
ca r r i ed  out j o i n t l y  by D R I  and Thermal Power. 

The s i t e  f o r  these tes ts  was wel l  "Utah 
State" 14-2, operated by Thermal Power Company 
and owned j o i n t l y  by Thermal Power, AMAX Explor- 
a t i o n  and O'Brien Resources. This wel l  i s  
d r i l l e d  t o  a t o t a l  depth o f  6100 ft. (1860 m), 
and i s  cased w i t h  9 5/8 inch (24.4 cm) diameter 
grade K-55 s tee l  t o  1805 fee t  (550 m). Below 
t h a t  l eve l ,  the wel l  completion i s  open hole, 
d r i l l e d  w i t h  an 8 4 inch (21.6 cm) b i t .  

Logs were made w i t h  the D R I  pressure/ 
temperature probe, which uses resistance-type 
elements i n  the sensors. De ta i l s  o f  design and 
operation o f  t h i s  t o o l  are presented i n  Butz 
(1979). The probe provides a simultaneous, r e a l  
t ime record a t  t h e  surface o f  downhole pressure 
and temperature as a func t ion  o f  depth. 

During the 1978 tests ,  a problem was ex- 
perienced w i t h  the e l e c t r i c a l  performance o f  the 
logging cable. A t  temperatures above 45OoF 
(232OC) conductor i nsu la t i on  r e s i  stance dropped 
t o  200 ohms. This e f f e c t i v e l y  short  c i r c u i t e d  
the resistance elements o f  the pressure and 
temperature sensors. Temperature data was l o s t ;  
pressure data was recovered because the step 
changes i n  output o f  the wire-wound potent io-  
meter were seen on the s t r i pcha r t ,  and could be 
t rans la ted  back t o  pressure values. This per- 
m i t t ed  a l i m i t e d  amount o f  informat ion t o  be 
salvaged, and a decis ion was made t o  conduct 
f u r t h e r  tes ts  a f t e r  scheduled replacement o f  the 
logging cable. 

The second ser ies o f  t es ts  was run i n  May 
1979, and proved t o  be q u i t e  successful i n  the 
acqu is i t i on  o f  both temperature and pressure 
data a t  several f 1 owrates. Some operational 
problems w i th  the connector i nse r t s  i n  the cable 
head remained, and f i e l d  replacement was neces- 
sary several times. An improved version o f  the 
probe was tested, and ha4 t o  be replaced when 
mater ia l  s f a i  1 ed under the extreme temperature 
o f  the geothermal f l u i d .  

Data from the pressure and temperature 
sensors was recorded on a s t r i p  chart  where the 
char t  d r i ve  was slaved t o  a depth counter on the 
cable. The output was a record o f  pressure and 
temperature resistance values p l o t t e d  as a func- 
t i o n  o f  depth. Logs were run a t  25 ft. per 
minute (7.6 m per min.) w i t h  per iod ic  stops t o  
assure t h a t  sensor response was not lagging 
actual  parameter changes i n  the wellbore. 
Temperature sensors were purchased w i t h  a fac- 
t o r y  ca l i b ra t i on ,  and pressure transducers were 
ca l i b ra ted  in-house p r i o r  t o  each f i e l d  tes t .  
Data reduct ion consisted o f  obtaining res! stance 
values o f f  the s t r i p  char t  f o r  po in ts  a t  regular 
i n t e r v a l s  , then f i nd ing  the corresponding engi- 
neering value on the c a l i b r a t i o n  curves. This 
reduced data i s  presented i n  both tabu la r  and 

graphic form i n  the p ro jec t  f i n a l  repor t  (Butz 
and P1 ooster , 1979). 

ANALYSIS 

I n  a s ing le phase ( a l l  l i q u i d )  f low, the  
pressure gradient as a func t ion  o f  depth i s  
constant and consists p r i m a r i l y  o f  hydros ta t i c  
head w i t h  the f r i c t i o n  term con t r i bu t i ng  up t o  
about 3% o f  the t o t a l .  On the other hand, i n  a 
two-phase f low, there are three terms--holdup 
(head), f r i c t i o n  and accel e r a t i  on--whose re1 a- 
t i v e  cont r ibu t ions  t o  the gradient vary as a 
func t ion  o f  the amounts o f  gas and l i q u i d  i n  the  
flow. U n t i l  r e l a t i v e l y  large volumes o f  gas 
have evolved i n  the flowstream, the two-phase 
gradient i s  smaller than the s ing le phase grad i -  
ent, and i s  not constant. A t  the p o i n t  o f  
t r a n s i t i o n  t o  two-phase f low, a decrease i n  the 
pressure gradient can be c l e a r l y  i d e n t i f i e d ,  
which gives a sure i nd i ca t i on  o f  the l oca t i on  o f  
the f l a s h  horizon. 

Analysis o f  the 1978 data revealed a pres- 
sure gradient anomaly. A t  pressures greater 
than the sa tura t ion  l eve l  f o r  pure water, the 
gradient was s i g n i f i c a n t l y  smaller than t h a t  
expected f o r  s ing le  phase flow. An explanat ion 
f o r  t h i s  e f f e c t  would be the i n i t i a t i o n  o f  
two-phase f low a t  much higher pressures due t o  
the dissolved gas content o f  the geothermal 
f 1 u i  d. Data obtai  ned from surface sampl es 
confirmed a carbon dioxide content o f  0.8% by 
weight. Calculat ions then showed t h a t  the f l a s h  
pressure i s  ra ised about 200 ps i  (1.4 MPa) a t  
t h a t  concentration. The measured gradients were 
d e f i n i t e l y  r e f l e c t i n g  the e f f e c t  o f  the d i s -  
solved gas content. 

The i n i t i a l  use o f  the data was t o  provide 
a base o f  informat ion against which t o  va l i da te  
the pred ic t ions  o f  the computer model. I npu t  
condi t ions as measured a t  some po in t  i n  the we l l  
were used, along w i t h  the known casing schedule. 
I n  order t o  pu t  a l l  comparisons on a s i m i l a r  
basis, the production hor izon was chosen as 2950 
ft. (900 m). This l eve l  was thought t o  be a 
source o f  a t  l eas t  a s i g n i f i c a n t  po r t i on  o f  the  
f low, from previous l og  informat ion contained i n  
Glenn and Hulen (1979) as wel l  as from ind ica-  
t i ons  i n  several o f  the pressure/temperature 
logs. Flowrates as measured by the James method 
f o r  each o f  the t e s t  cases were also i npu t  t o  
the model, which then predicted wellhead pres- 
sure, temperature and qua l i t y .  

Runs were made w i t h  and without considera- 
t i o n  o f  the dissolved gas content, which had a 
s i g n i f i c a n t  impact on the resul ts .  With d i s -  
solved gas included, computer p red ic t ions  a t  
selected f lowrates up t o  300,000 l b / h r  (38 
kg/sec) compared qu i te  we l l  w i t h  the t e s t  data, 
showing a maximum dev ia t ion  o f  5%. A t  h igher 
f lowrates, the model predicted pressure drops 
much higher than those measured i n  the wellbore. 
The e r r o r  increased w i t h  increasing f lowrate,  
and appeared t o  a r i se  i n  the ca l cu la t i on  o f  the 
f r i c t i o n  component o f  the  two-phase pressure 
drop. 
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The second object ive o f  t h i s  p r o j e c t  was t o  
produce a comparison of maximum f lowrate t h a t  
could be sustained from a given reservo i r ,  as a 
funct ion of casing diameter. Upon considerat ion 
o f  the equations which def ine pressure drop i n  
the  reservo i r  as wel l  as t h a t  i n  the wellbore, 
an approach was developed. We1 1 head pressure 
could be f i x e d  along w i t h  a f lowrate,  tempera- 
t u r e  and casing diameter. Computer model 
r e s u l t s  could then be manipulated t o  ca lcu late a 
P roduc t i v i t y  Index capable o f  producing the  
i n p u t  f lowrate under the given conditions. This 
can be expressed as: 

where P i s  the rese rvo i r  shut - in  pressure; 
Pwh i s  %he f i x e d  wellhead pressure chosen f o r  

the comparison ( the d i  f ference o f  these two 
pressure i s  a constant f o r  a l l  cases); 

AP i s  the calculated pressure drop due t o  
flo!!wo phase f low over the known i n t e r v a l  from 

the production hor izon t o  the wellhead; 
Q i s  the i npu t  mass f lowrate.  

Since a l l  o ther  elements o f  the equation are 
known, the Product iv i ty  Index J can be found. 
For other i nput f 1 owrates , corresponding val  ues 
o f  J can be calculated. The r e s u l t s  can then be 
graphed f o r  each o f  several casing diameters, as 
shown i n  Figure 1. 

Since maximum f lowrate as a funct ion o f  P I  
was known, the  determination o f  t he  P I  o f  t he  
t e s t  wel l  would permit  the preparat ion o f  a 
comparison o f  maximum f lowrate as a funct ion o f  
casing diameter. A l i n e a r  least-squares f i t  was 
appl ied t o  f lowrates and corresponding pressures 
a t  the product ion hor izon t o  determine the P I .  
Some o f  the product ion hor izon pressures used 
were projected from values f u r t h e r  up the  wel l -  
bore because l o g  data d i d  not  extend t o  the  
necessary depth. The r e s u l t  was a P I  o f  589 l b  
pe r  hour per p s i  (5.22 X 10 kg/sec - kPa), 
w i t h  a c o e f f i c i e n t  o f  determination o f  -0.9257. 

RESULTS AND CONCLUSIONS 

The dev iat ion o f  model r e s u l t s  from t e s t  
data a t  h igh f lowrates was o f  concern. Several 
causes were postulated f o r  t h i s  phenomenon. It 
i s  possible t h a t  under condi t ions o f  h igh flow- 
r a t e  and r e l a t i v e l y  large volumes o f  gas i n  the 
f l u i d ,  the chosen co r re la t i ons  f o r  ca l cu la t i on  
o f  two phase pressure drop are not  sui table.  
Computer runs t o  be compared w i t h  addi t ional  
data from other high temperature reservo i rs  may 
help determine i f  t h i s  i s  the case. 

It should be noted t h a t  a t  the higher flow- 
ra tes  where the  dev iat ion was most severe, the 
pressure a t  t he  product ion hor izon was we l l  
below the saturat ion l eve l .  This impl ies t h a t  
f l ash ing  and two-phase f low occur i n  the  reser- 
v o i r .  There are two mechanisms which should 
cause a r i s e  i n  f l u i d  enthalpy under such con- 
d i t i ons .  The f i r s t  i s  the p re fe ren t i a l  migra- 
t i o n  o f  steam t o  the wellbore, which promotes a 
greater steam f r a c t i o n  i n  the  f l u i d  than would 

1 %  
0 7-5/8" Outside Diameter 

300 400 500 600 700 800 900 
Productivi ty  Index, J,  lb/hr/psi 

' Figure 1 .  Computer Model Results o f  Flowrate 
vs.  Product ivi ty  Index. 

r e s u l t  i f  the  f l a s h  occurred i n  the bore i t s e l f .  
The second i s  the  add i t i on  o f  heat t o  the two- 
phase f l u i d  from the reservo i r  rock matr ix,  . 
which i s  now a t  a temperature above t h a t  o f  t he  
f l u i d ,  due t o  the drop i n  f l u i d  temperature t h a t  
dr ives the phase transformation process. Sev- 
e r a l  runs were made w i t h  the computer model w i t h  
inputs  adjusted t o  account f o r  a 7% increase i n  
f l u i d  enthalpy. Results were no b e t t e r  i n  t h e i r  
p red ic t i ve  c a p a b i l i t y  than e a r l i e r  runs; how- 
ever, t he  mechanisms pu t  f o r t h  f o r  an increase 
i n  enthalpy seem qu i te  reasonable, and the  
impact on two phase f low warrants f u r t h e r  study. 

The informat ion shown i n  Figure 1 can now 
be used t o  construct  a graph which quan t i f i es  
the e f f e c t  o f  casing diameter on maximum sus- 
ta inable f lowrate f o r  a f i x e d  wellhead pressure 
o f  100 p s i a  (689 KPa). This value o f  wellhead 
pressure was chosen as s u f f i c i e n t  t o  move f l u i d  
from the  wellhead through gather ing l i n e s  t o  a 
cen t ra l  power s tat ion,  y e t  low enough t o  present 
minimal back pressure t o  f low i n  the  wel l .  By 
tak ing  a v e r t i c a l  s l i c e  a t  the ca lcu lated P I ,  
maximum f lowrate values f o r  the various casing 
diameters can be found, and are rep lo t ted  i n  
Figure 2. Two other P I ' S  are a lso shown. 
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Figure 2. Flowrate as a Function of Casing 
Diameter 5 Productivity Index. 

The e f f e c t  o f  casing diameter i s  seen t o  be 
qu i te  dramatic. For example, i f  13 3/8 inch 
diameter (3.40 cm) cas i  g were speci f ied i n  
place o f  t he  e x i s t i n g  9 !/8 inch (24.4 cm), a 
24% increase i n  f lowrate i s  predicted. This 
opt imizat ion could e a s i l y  lead t o  a requirement 
for  fewer we l l s  i n  the development o f  a given 
f i e l d ,  and therefore has a s i g n i f i c a n t  impact on 
the economics o f  development. I n  some cases, a 
l a rge r  diameter we l l  may be cheaper t o  d r i l l  
because o f  higher d r i l l  s t r i n g  weights and 
subsequent i ncreased d r i  11 i ng rates.  

The r e s u l t s  here are s i t e -spec i f i c  and i t  
should be noted t h a t  increased diameter does not  
always lead t o  increased f lowrates i n  two-phase 
systems. Because o f  the nature o f  t he  two phase 
pressure drop mechanisms, 1 arger diameter casing 
may cause a drop i n  maximum sustainable f low- 
rate;  a determination must be made on a case by 
case basis. 
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The e f f e c t  o f  P roduc t i v i t y  Index on the  
maximum t o t a l  mass f 1 owrate i s a1 so i n t e r e s t i  ng. 
An improvement i n  the s ign i f icance of the e f f e c t  
o f  diameter changes a t  a higher P I  would be 
expected due t o  the f a c t  t h a t  under such con- 
d i t i o n s  a lower f r a c t i o n  o f  the avai lab le pres- 
sure drop would be a t t r i b u t e d  t o  the rese rvo i r  
component. This means t h a t  a greater p o r t i o n  o f  
the pressure drop i s  tak ing place i n  the wel l -  
bore and thus can be inf luenced by a change i n  
the f low pat terns due t o  diameter di f ferences. 

A h igher P I  was included i n  the resu l t s  t o  
present t he  performance t h a t  would be predic ted 
i f  s t imu la t i on  o f  the we l l  caused an increase t o  
750 l b  per  hour per p s i  (6.65 X 10 kg/sec - 
KPa). The e f f e c t  o f  scale due t o  f l a s h  on 
reduced permeabi l i ty  o f  the formation could be 
r e f l e c t e d  i n  a P I  o f  400 l b  per hour per  p s i  
(3.54 X 10 kg/sec - KPa) as also shown on the 
graph. 

Because o f  t he  problem encountered w i t h  the 
computer s imulat ions a t  h igh flowrates, a com- 
ment on t h e i r  use i n  the parametric cases which 
form the basis f o r  the performance predic t ions 
i s  i n  order. Pressure gradients ca lcu lated f o r  
the parametric computer cases were wel l  behaved 
i n  comparison t o  those i n  the deviant simula- 
t ions.  The second de r i va t i ve  o f  the parametric 
runs was pos i t i ve ,  as were those o f  the t e s t  
data; therefore greater confidence can be placed 
i n  the  model's representat ion o f  the physical  
process occurr ing i n  the wellbore f o r  these 
runs. 
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Coury and Associates, Inc. o f  Lakewood, CO. 
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