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C. 

P R E F A C E  

The  ini t ial  development of geothermal  r e s o u r c e s  fo r  e lec t r i ca l  

However, it power generat ion was  begun in  1904 at Lardere l lo ,  Italy. 

w a s  to be over  half a century  before  i n t e r e s t  in geo thermal  r e s o u r c e s  

in  the United S ta tes  became anything m o r e  than academic .  

the  development of The  Geyse r s ,  the  U. S. ' lone operat ing f ield to  date,  

w a s  accomplished only through r emarkab l e  determinat ion on the  p a r t  of 

two men.  

Even recent ly ,  

In the  light of the  sudden shock of the  1973 A r a b  oi l  embargo  and 

the  continuing t h r e a t  of anothler such occur rence ,  public at tention has  

f i n a l l y  become focused upon the  potential of a l t e rna t ive  energy sources .  

Present o i l  impor t s  exceed 30010 of t h e  to ta l  U. S. consumption. But the 

public m e m o r y  ha s  h is tor ica l ly  been shor t ,  and  to  many  uninformed 

c i t i zens ,  the end of the emba-rgo signaled an end to  the  energy c r i s i s .  

However,  the  development of new energy  r e s o u r c e s  and technological 

advancement  lag sharp ly  behind demand- -a demand which continues t o  

c l imb at unprecedented r a t e s  ,, 

The  road  t o  to ta l  energy  independence involves the  ut i l izat ion of 

a l l  poss ib le  r e s o u r c e s .  

t h e r m a l  energy  a r e  c l e a r .  Rela t ive  to  other energy  sou rce s ,  geo thermal  

energy  is c lean and inexpensive. 

r e s o u r c e s  f o r  heating i s  an  additional benefit, as i s  the  abil i ty of geo thermal  

And cer ta in ly ,  the  advantages  offered by geo- 

The  d i rec t  ut i l izat ion of geo thermal  

- 1- 
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power s ta t ions  t o  be developed economically in s m a l l  units.  

deal  of the  technology is a l r eady  available within the  Amer i can  petroleurn 

indust ry .  Th i s  i s  exempli f ied  bjr the p resen t  NSF-funded r e s e a r c h  p ro-  

g r a m  at Stanford Univers i ty ' s  Depar tment  of P e t r o l e u m  Engineer ing on 

t h e  study of the  r e s e r v o i r  engineering of geo the rma l  r e s o u r c e s .  

t h e r m a l  energy  m u s t  be  given a fair opportunity t o  a id  the nat ion 's  

growing energy  needs .  

And a g r e a t  

Geo- 

- 2 -  



STATEMENT OF TI-IE PROBLEM 

In geo the rmal  r e s e r v o i r s  where in  sa tu ra t ed  steam and water  

coexist ,  wa te r  wi l l  be  the wetting phase-  - re la t ive ly  immobil ized in  

s m a l l  po res  and c rev ices- - and  s t e a m  wil l  be the  non-wetting phase, 

filling the large pores  within the sys tem.  

decl ine in  r e s e r v o i r  p r e s s u r e  r e s u l t s  in a corresponding reduction in  

liquid saturation::: a s  the liquid boils to f o r m  steam. In t e r m s  of two- 

A s  the  s y s t e m  depletes ,  the  

phase flow, the  permeabil i ty  of the system to  steam wil l  i n c r e a s e  while 

the  permeabi l i ty  t o  liquid wa te r  wil l  dec rease .  T h i s  should ul t imately 

lead to  a practical " i r reducib le  liquid wa te r  sa tura t ion ,  I '  commonly 

denoted by Swi. Th i s  t e r m ,  commonly used  within t h e  pe t ro leum litera- 

t u r e ,  r e f e r s  t o  the  point during desaturat ion of the  porous med ium w h e r e  

the d e c r e a s e  in  the  sa tura t ion  clf the  wetting phase i s  ex t remely  s m a l l  

for  fu r the r  l a rge  i n c r e a s e s  in capi l la ry  p r e s s u r e .  In  a petroleum 

r e s e r v o i r ,  th i s  liquid would be non- recoverable  by a n  immisc ib le  d isp lace-  

men t  p rocess  (hence the  term " irreducible" ).  However,  in  a geothermal  

sys t em,  continued p r e s s u r e  decline can lead to  the  boiling of the  remaining  

" i r reducib le"  liquid, a n d  the possible  format ion  of a superheated  "dry t1  

.I. e,- 

When  the t e r m  "saturat ion" i s  used  in this  sense ,  it r e f e r s  to  the volu- 
This  should be m e t r i c  f rac t ion  of po re  space  occupied by the  liquid. 

distinguished f r o m  the  context "saturat ion conditions'l which r e f e r s  to  
liquicl and gas  in equi l ibr ium in the  thermodynamic  sense ,  o r  " g a s  
sa tu ra t ed ,  meaning ;? liquid sa tu ra t ed  with d isso lved  gas.  

J 

3 

J 

J' 

4 

3 

J 

4 

J 
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s t e a m  r e s e r v o i r .  Boiling c2.n bes t  be understood by m e a n s  of a vapor 

p r e s s u r e  curve.  

The vapor p r e s s u r e  curve  ( F i g .  1) r e p r e s e n t s  p r e s s u r e s  and 

t e m p e r a t u r e s  a t  which steam and wate r  coexist  i n  equi l ibr ium (sa tura t ion  

conditions). The  curve  r ep re sen t s  r e su l t s  for a planar liquid-vapor 

in terface .  Within porous media ,  in te r faces  would be  expected t o  be 

curved. 

in  a porous media.  

cu rved  in te r faces  expected a t  liquid sa tura t ions  below the " ir reducible"  

level .  The prac t ica l  r e su l t  of capi l lary  p r e s s u r e  effects ,  then,  would 

be that  the  r e s idua l  l iquid 's  boiling t e m p e r a t u r e  would be  e levated for  

a given p r e s su re .  

In terface  curva ture  should cause  a lowering of vapor p r e s s u r e  

This  effect would be  m o s t  pronounced for  the s t rongly  

It  i s  the  purpose of this study to  investigate the  impor tance  of 

vapor p r e s s u r e  lowering phenomenon, and a s c e r t a i n  whether flat in te r  - 

face  vapor p r e s s u r e  da t a l ,  2 , 3  a r e  appropr ia te  fo r  u s e  in geo thermal  

r e s e r v o i r  engineering.  

a f fo rds  the  opportunity to  investigate the  gene ra l  cha rac t e r i s t i c s  of the  

production of geothermal  r e s e r v o i r s  on a s m a l l  s ca l e .  

The physical model  uti l ized in  th i s  study a l s o  

-4- 
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LITER A T UR E SU.R V E  Y 

C. 

c 

In a liquid- vapor s y s  tern, boiling o r  vaporization occurs  whenever 

the ex te rna l  absolute p r e s s u r e  imposed on the liquid i s  equal to o r  l e s s  

than the vapor p r e s s u r e  of the liquid. Water  can occur  natura l ly  within 

subsur face  aqu i f e r s  in  the liquid s ta te  a t  t e m p e r a t u r e s  f a r  above the 

n o r m a l  su r f ace  boiling t e m p e r a t u r e  of 212 E' due t o  the effect of p r e s s u r e  

on boiling. Fig .  1 ,  r e f e r r e d  t o  e a r l i e r ,  i l l u s t r a t e s  the i n c r e a s e  in  vapor 

p r e s s u r e  with an  i n c r e a s e  in  t e m p e r a t u r e  re la t ive  to  sur face  conditions. 

In o rde r  to unders tand geothermal  r e s e r v o i r  behavior ,  i t  i s  c r i t i c a l  to 

define the vapor p r e s s u r e  curve  f o r  conditions expected in geothermal  

r e s e r voir s . 

0 

Consider  a par t icular  molecule of wa te r  a t  the liquid-vapor i n t e r -  

face.  

a t t rac t ion  f r o m  the  m o r e  d i spe r sed  vapor molecules .  Thus,  i t  follows 

that  the  s u r f a c e  portions of the  liquid have a higher f r e e  energy than the 

bulk liquid. This  ex t r a  f r e e  energy is the sur face  o r  in terfacia l  tension 

between the two fluids. 

in te r fac ia l  f r e e  energy be the min imum which is compatible with the 

volume of f lu ids  p resen t  and the shapes  of the  res t ra in ing  solid su r f ace s ,  

the  liquid sur face  always tends to  contract  to  a min imum a r e a .  

The  a t t rac t ion  toward the liquid i s  not compensated  by  an  equal  

A s  the laws of physical c h e m i s t r y  r equ i r e  that  

This  i s  

the ba s i s  of capi l lar i ty .  4 

- 6 -  



In the 1800s, Lord Kelvin f i r s t  deduced tha t ,  a s  a consequence 

of su r face  tension,  the vapor pressure of a liquid i s  g r e a t e r  when in the 

f o r m  of a small drople t  than when i t  has  a planar sur face .  In physical 

terms, t h e r e  i s  l e s s  net  a t t rac t ion  of the wa te r  molecu les  a t  the in te r face  

f r o m  the  liquid drople t  than in t'he c a s e  of a planar in terface .  

re la t ionship  i s  depicted in Fig.  2b. F o r  the s a m e  r e a s o n s ,  the  i n t e r -  

fac ia l  boundary i s  a l so  curved when two immisc ib le  fluids coexist  in 

pore  space.  

This  

But the  liquid-vapor in terface  is concave toward  the vapor phase.  

Th is  cu rva tu r e  r e su l t s  in a g r e a t e r  net  a t t rac t ion  by the liquid m a s s  on 

the in te r fac ia l  molecule  relative: to  the planar in te r face  c a s e  (F ig .  2c). 

Consequently, a vapor p r e s s u r e  lowering phenomena i s  expected. 

Conveyed in thermodynainiic t e r m s ,  any t r a n s f e r  of wa te r  mole-  

cules  f r o m  the  liquid t o  the vapor i n c r e a s e s  the  area of the  in te r face  

within the pore space  and i s ,  the re fore ,  opposed b y  in terfacia l  tension. 

This  leads  to i nc r ea sed  stabil i ty of the liquid phase re la t ive  to the vapor 

phase in  the pore  space.  

p r e s s u r e  of the liquid. 

p r e s s u r e  m u s t  be lowered fu r ther  before vaporizat ion occurs. Or  con- 

verse ly ,  for  a given p r e s s u r e ,  the boiling t e m p e r a t u r e  wil l  be  elevated 

( F i g .  3) .  

This  effect is e x p r e s s e d  in  a lower vapor 

That  i s ,  fo r  a given t empe ra tu r e ,  the  absolute 

The  curva ture  of an  in terface  in  s ta t ic  equi l ibr ium gives r i s e  t o  

a p r e s s u r e  differential  a c r o s s  the in terface ,  which is  known as the 

cap i l l a ry  p r e s su re .  The express ion  re la t ing cap i l l a ry  p r e s s u r e ,  pc, to  

J 

3 

4 

4 
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Fig .  3 

BASIC E F F E C T  O F  
INTElRFA CIA L TENSION 

ON THE VAPOR PRESSURE CURVE 
FOR WATER WITHIN POROUS MEDIA 

PLANAR 

Temperature -+- 
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in te r fac ia l  tension,  c~ , i s  the well-known L a p l a c e  equation:6 

... 

pc = a W r 1  + Urz)  (1) 

w h e r e  r1 and r2  a r e  the two pr incipal  rad i i  of 

curva ture  a t  any point on the interface': 

4 Leve re t t  noted that  the degree  of cu rva tu r e  of the in te r face  

between two f luids  in  a porous media  depends upon the  s i z e  of the i n t e r -  

g ranu la r  spaces  and the re la t ive  proport ions of the  f luids ( that  i s ,  the 

liquid sa turat ion) .  A s  both the vapor p r e s s u r e  above the curved  in t e r -  

f ace  and the  capi l lary  p r e s s u r e  a c r o s s  it a r e  functions of the  curva ture  

of the sur face ,  it can  be concluded that  both a r e  a l s o  functions of the 

liquid sa tura t ion of the porous media.  In fact ,  with extremely low 

liquid sa tu ra t ions  and correspondingly s t rongly  curved  in te r faces ,  capil-  

l a r y  p r e s s u r e  effects within a porous media  might  r e s u l t  in  a considerable  

degree  of vapor p r e s s u r e  lowering. 

ships  i l lus t ra ted  i n  Fig.  2.  

This  is consis tent  with the  re la t ion-  

A quantitative re la t ionship  between the  vapor  p r e s s u r e  above a 

curved  in te r face ,  pv, and the capi l lary  p r e s s u r e  a c r o s s  i t ,  pc, in  t e r m s  

of m e a s u r a b l e  physical  quantities can be developed by consider ing a poroiis 

-- 
.!. 
"'The ha rmonic  average  of the two principle r ad i i  of cu rva tu r e  is the s a m e  
at eve ry  point on the  equi l ibr ium interface .  
quence of the fact that  the in terfacia l  a r e a  is a t  a minimum.  A l l  methods 
of pore  s ize  determination that make  use of cap i l l a ry  p r e s s u r e  a r e  based  
on the clai in t'hat the  harmonic  average  of the principle r ad i i  of curva ture  

This  i s  a mathemat ica l  conse-  

of the in te r face  can be re la tcd  to the  pore radius .  7 

- 10- 



sys t em containing w a t e r  i n  equi l ibr ium with i t s  vapor  (see Appendix A 

for conlplete der ivat ion) , ,  The simplif ied equation is skiown below: 
J 

w h e r e  

R 

T 
M 

pvo i s  the  equi l ibr ium vapor p r e s s u r e  above a flat  

i s  the ideal  gas  constant (10. 73 p s i  - f t 3 ) / ( l b  - 

i s  the ternperature  ( O  Rankine) 
is  the molecular  weight ( l b / l b  - mole) 

P I  i s  the density of the  liquid phase  ( lb / f t3 )  

mole - OR) 

in terface  between the liquid and i t s  vapor (psi ) .  

J 

CaIhoun, Lewis ,  and Ne:wrnan8 conducted a s e r i e s  of exper iments  

designed to  m e a s u r e  the lowering of the vapor p r e s s u r e  of wa te r  within 

.a porous solid. The i r  exper imenta l  data f r o m  s tudies  of synthetic con- 

solidated c o r e  a t  97OF is  shown. in Table 1. F r o m  the  data, two important  

observat ions  m a y  be macle. F i r s t ,  t h e r e  is an  i nc r ea sed  and significant 

lowering of the vapor p r e s s u r e  of wa te r  with d e c r e a s e d  liquid saturation.  

Second, the  effect appea r s  to  become m o r e  pronounced a t  the s a m e  level  
J 

of liquid sa tu ra t ion  in  t ighter  sandstones (i. e . ,  t hose  of lower p e r m e a-  

bil i ty).  The data f r o m  Table  1 h a s  been graphed on F i g .  4 to  i l l u s t r a t e  
J 

t he se  two points. Whereas  the exper imenta l  work  of Calhoun, e t  al . ,  8 

was  conducted a t  a t e m p e r a t u r e  of 97'F and is,  t he r e fo re ,  not appropr ia te  

for  the conditions encountered in  geothermal  r e s e r v o i r  sy s t ems ;  nonethe- J 

l e s s ,  the p r e s e n c e  of the  phenoimena within a porous media  ha s  been 

exper imenta l ly  verif ied.  

R a m e y 9  indicated Calhoun8 and co-worker  s had (apparent ly)  

mi s t a I cen ly  believed capil.lary p r e s s u r e  affected vapor p r e s s u r e  at liquid 

- 11- 



Table  1 

E E: PER IM E N  T -4 L DA T A 
VAPOEi PRESSURE LOWERING 

A T  97OF 

(Data from Calhoun, Ref .  8) 

k = 3000 md, 8 = 0.321 

W 
:; 

0. 0909 
0. 0798 
0. 0676 
0. 0570 
0. 0496 
0 .  0487 
0 .  0375 
0. 0319 

.L 

pC+, cm of mercury 

1.337 
1. 782 
2.941 
3.922 
5.917 
9. 346 

10. 526 
24.096 

31,000 
61,900 

116,000 
147,000 
191,000 
239,000 
252,000 
340,000 

k = 855 nld, @ = 0. 291 

S, .. r 
pcq', cm of mercury 

0 .  0962 1.052 
0 .  0 744 3.289 
(I. 0668 4. 367 
0 .  0560 6.369 
0. 0533 11.111 
0. 0407 20.833 

Pvo/Pv 

0. 103 
0.079 
0. 069 
0 .058 
0. 0536 
0. 0479 
0. 0382 
0.0325 

1.101 
3.344 
4. 796 
7.692 
9. 709 

19. 157 
28.903 
37. 313 

5,430 
127,000 
158,000 
198,000 
257,000 
325,000 

.', 
pc"*, cm of mercury 

10,250 
129,000 
168,000 
217,000 
243,000 
316,000 
360,000 
387,000 

.4, I/. 

pc in cm of Hg ( 1  cm Hg = 0. 193 psi)  

- 12- 
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c 

satura t ions  g r ea t e r  than the pract ical  i r reduc ib le  level ,  S,i. 

h e  felt that  vapor p r e s s u r e  lojvering would be evident only a t  liquid 

contents less  than Swi and would lead to  a hys t e r e s i s  effect below Swi, 

as shown by F i g .  5. 

th i s  speculat ion by Raimey. 

peting adsorpt ion-desorpt ion and the vapor p r e s s u r e  lowering. 

liquid f i lm  on the sand gra ins  becomes  th inner ,  the  liquid- vapor in te r face  

of the film comes  inc reas ing ly  under the influence of the adsorp t ive  

f o r c e s  of the solid sur faces .  

impor tant  adsorpt ion rnay be i s  not completely understood.  

general ly  a s s u m e d  that  the adsorpt ive  field of a sol id  sur face  a r i s e s  

from unsat is f ied  e lec t ros ta t i c  f o r ce s  of the sur face  molecules .  A s  

thc  e lec t ros ta t i c  field surrounding a charged  par t ic le  i s  not appreciably  

a f fec ted  by t e m p e r a t u r e  changes,  Edlefsen and Anderson”  hypothesized 

that  the adsorpt ive  f ield and i t s  effects would not be a l t e r ed  t o  any  g r e a t  

degree  by var ia t ions  in t empe ra tu r e .  

Instcad,  

The  f i g i r e ,  adapted f r o m  Cady,  l o  was taken f r o m  

‘The hys t e r e s i s  would be caused by com-  

A s  the 

A t  exactly what liquid sa tu ra t ion  o r  how 

It  i s  

Since in te r fac ia l  tension between fluids is  d i rec t ly  dependent 

upon in tcrniolecular  cohesive fo r ce s ,  i t s  magnitude dec r ea se s  with 

inc reas ing  t e m p e r a t u r e  ( the  reader  i s  r e f e r r e d  to  F i g .  B1, Appendix B,  

fo r  the qualitative relat ionship).  

i r reduc ib le  wa te r  sa tura t ion for  unconsolidated sands  appeared  to  

i n c r e a s e  marltcdly with inc reas ing  t empera tu re .  

that  cap i l l a ry  p r e s s u r e -  liquid sa tura t ion cu rves  w e r e  t e m p e r a t u r e s  

Poston,  e t  a l . ,  l2 discovered  that  the  

Th i s  led to  speculat ion 

- 14- 



Fig .  5 

CAF’ILLL,AH. Y PRESSURE A S  A F U N C T I O N  
O F  L1:QUTD SATURATION I N  POROUS MEDIA 

( A D A P T E D  F R O M  CADY, Ref .  10) 

0 Sw i 

Liquid saturation, fraction of pore volume 
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Region of Interest 
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-+- pressure has + 

signi f icant  
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good approximation for porous 
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sensi t ive.  

support  of th is  hypothesis a s  a r e s u l t  of s tudies with sandstone cores 

(only minor  effects w e r e  observed for l imestone  c o r e s ) .  Hence,  the 

phenomena of vapor p r e s s u r e  lowering due to  cap i l l a ry  p r e s s u r e  e f fec t s  

is expected to be l e s s  significant a t  the t e m p e r a t u r e s  commonly encoun- 

t e r e d  in  geo the rmal  r e s e r v o i r s .  

Sinnokrot,  e t  al. ,, l 3  presented  exper imenta l  evidence in 

It i s  impor tant ,  t h e r e f o r e ,  to  examine the expected magnitude 

of vapor p r e s s u r e  lowering a t  higher t e m p e r a t u r e s ,  on at l eas t  a 

theore t i ca l  bas is .  By combining eqs .  1 and 2, we obtain: 

c. 

Unfortunately, s t r a igh t fo rward  calculat ions a r e  not possible because  of 

the  r 1  and r 2  t e r m s .  

we  need a range  of values f o r  the pore  radi i  distr ibution,  and we need to  

r e l a t e  th is  s e t  of values t o  the corresponding r a d i i  of cu rva tu re  of the 

s t e a m-  liquid wa te r  in te r face .  

begin with the Calhoun, et a l . ,  

var iables  ( p l ,  T,  and cr ). 

t e m p e r a t u r e  levels  are shown in Fig. 6 ( s e e  Appendix B for  a complete 

set of t h e  calculat ions) .  

is calculated to  be considerably less at higher t e m p e r a t u r e s ,  the effect 

should s t i l l  be evident in the 250°F - 350°F range.  

would appear  to be the degree  to  which liquid sa tura t ion  could be reduced.  

In o r d e r  t o  examine the magnitude of the phenomena, 

The  a l ternat ive  approach would be to 

data and adjus t  the tempera ture-dependent  

The r e s u l t s  of the calculat ions fo r  s e v e r a l  

Whereas  the vapor p r e s s u r e  lowering effect 

T h e  m a j o r  factor  

- 16- 
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C. 

10 
Cady ' s  doctora l  d isser ta t ion  was  the f i r s t  in a sequence of 

s tudies  concerning m o d e l  geothermal  s y s t e m s  a t  Stanford. 

a r e  shown on Fig .  7. 

vapor p r e s s u r e  1owerinLdue to capi l la ry  p r e s s u r e  was not present  in 

unconsolidated sands.  B i lha r t z '  l4 work  appea red  to support  th i s  con- 

ctusion. 

w a t e r  i n  his sand  pack. 

depend l a rge ly  on  the  p rocess  used  to d ra in  the  porous media.  l5  Whereas  

capi l la ry  retent ion (and the corresponding "irreducible" liquid saturat ion)  

becomes  opera t ive  under  the  gravi ty  drainage of a sand, vaporizat ion 

should r e s u l t  in loo$, r e c o v e r y  f r o m  the  sand. 

Hi s  r e s u l t s  

On the bas i s  of this  data ,  Cady" concluded that 

- -- 

-- 

I t  actual ly appea red  that Cady" w a s  ab le  t o  vapor ize  a l l  of t h e  

Th i s  i s  not surpr i s ing .  Retention mechan i sms  

Whereas  Calhciun1s8 work  deal t  with consolidated sands tones ,  both 

10 14 Cady and  Bi lhar tz  invest igated unconsolidated sands.  Capil lary 

p r e s s u r e  phenomena a re  known t o  be  quite different  fo r  consolidated and 

unconsolidated sands .  

r e s u l t s .  

unconsolidated sand (c lose ly  s i zed  par t ic les ) ,  the  wetting phase c o r r e s -  

ponding to the  miniinurn sa tura t ion  is la rge ly  in configurations known as  

pendular r ings .  

tac t  point of two adjacent  gra ins .  

as  in  the  c a s e  of a consolidated sand,  the  magnitude of the  " irreducible" 

liquid Saturat ion i n c r e a s e s .  

e n t i r e  po res  m a y  he  fi l led (funicular  water ) .  

p r e s s u r e  drainage and inlbibition cu rves  for  consolidated and unconsolidated 

sands  a r e  shown i n  F i g .  8. 

P e r h a p s  th i s  could account  for  the  con t ra s t  i n  

M e l r o s e  and Brandner16 observed that,  i n  the case of a typical  

That  i s ,  tho r ings  of liquid a re  wrapped around the con- 

A s  the par t ic le  s i ze  dis tr ibut ion widens,  

This  additional fluid i s  t rapped such that  

The  contrast ing capi l la ry  

- 13- 
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Fig .  8 

CAPILLARY PRESSURE VS. WETTING P H A S E  SATURATION 

FOR 

CONSOLIDATE .D AND UNCONSO LIDA T E D  SA NDS 
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Additionally, t empe ra tu r e  effects  in  unconsolidated and  consoli-  

dated sands  a r e  expected to be different .  Sanyal, e t  a l . ,  l 7  hypothesizi-cl 

that,  whe rea s  unconsolidated sphe re s  wil l  not change p o r o s i t y  ( o n l y  bu lk  

volume) with increas ing tempe:rature,  a n  i nc r ea se  in  t empe ra tu r e  i n  con- 

solidated rock  should cause  an  i nc r ea se  i n  bulk volume, arid a d e c r e a s e  

i n  porosi ty.  T h i s  r e s u l t s  f r o m  the expansion of the cemented g ra ins  

into the pore  space.  

1 4 I S  St robel  As a follow up to  the r e s u l t s  of Cadyl'  and  Bi lhar tz ,  

inves t igated the possibility of vapor p r e s s u r e  lawering in  conso!idated 

sandstones  at high t empe ra tu r e s .  Rese rvo i r  p r e s s u r e  was  graphed 

ve r sus  the m e a s u r e d  t e rnpera tu re  f o r  the two-phase zone of a r e s e r v o i r  

model.  The  resul t ing vapor p r e s s u r e  curve  f o r  l iquid- s team equilib- 

r i u m  i n  a porous media  was  coimpared t o  similar profi les f o r  planar 

in te r faces ,  such as Keenan and  Keyes .  2 St robe l ' s  f igures  A 12 through 

A16 appear  t o  indicate the  p resence  of vapor p r e s s u r e  lowering ( s e e  

F ig s .  8 and 9).  Each  succeeding run,  r epresen t ing  decreas ing  s a t u r s -  

tion, exhibits  a slightly lower curve than the preceding one. 

8 
a p p e a r s  to be  consis tent  with t h e  r e s u l t s  of Calhoun, et al. 

Th is  t r e n d  

However,  Strobe1l8 acknowledged a number  of potential sensing 

e r r o r s  i n  h i s  exper iments .  

extent  of the phenomena in  h is  runs ,  he t r i e d  to  compensate  f o r  each  of 

the m o r e  obvious e r r o r s .  

ing of the vapor p r e s s u r e  curve  by 4 F t o  the  r ight  ( inc reas ing  temp, i* 3 t ur e 

In at tempting t o  quantify the approximate  

. 
After doing s o ,  he r epo r t ed  a tentat ive lowcr-  

0 

- 2 1 -  
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Fig .  9 
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0 f o r  a given p r e s s u r e )  in the 2 5 0 ° F  - 250 F range.  

not of a definitive na tu re ,  c l e a r l y  suggest  f u r t h e r  work on t his phenomena 

i n  o r d e r  to  es tab l i sh  the  validity of the  qualitative na tu re  o i  the  findings. 

Such r e s u l t s ,  though 

The  e a r l i e r  r e s e a r c h  i n  Stanford 's  Depar tment  of P e t r o l e u m  

Engineer ing in  r e g a r d  to  geo thermal  r e s e r v o i r  modeling w a s  c a r r i e d  out 

with minimal indus t r i a l  funding. 

been ini t ial ly e a r m a r k e d  fo r  non- i so thermal  flow i n  porous media  involved 

i n  t h e r m a l  r ecove ry  studies.  

w a s  supplied by  the  Southern California Edison Company. 

w a s  built wi th  an  emphas i s  on ingenuity, pract ical i ty,  and a low budget. 

The  r e s u l t  left much  r o o m  f o r  improvement  i n  ins t rumentat ion as  the  

budget w a s  expanded in  the  construction of the  r e s e r v o i r  model. With 

the  r ecen t  f inancial  suppor t  f r o m  the  National Science Foundation, it 

has been possible t o  recons t ruc t  the  laboratory  appara tus  with proper  

ins t rumentat ion.  

Most of the funds actually used  had 

The  only significant geo thermal  funding 

Equipment 

- 23- 
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c 

A schemat ic  diagram of the exper imenta l  appara tus  used  i n  

th i s  study i s  shown in  F i g .  10. 

men t  a r e  d i scussed  l a t e r  i.1 this sect ion.  

photographs of the laboratory  setup. 

More  detai led d i ag rams  of the  equip- 

F i g s .  11 through 13 a r c  

A vacuum p u m p  w a s  used t o  withdraw air f r o m  the  w a t e r  sou rce  

p r i o r  t o  inject ion i n  o r d e r  t o  e l iminate  the possibi l i ty of introducing 

dissolved air into the sys tem.  

through the inflow line: and lower shut-off valve into the c o r e ,  a vacuum 

w a s  maintainecl on the outflow end of the s y s t e m  to prevent  the  en t rap-  

men t  of air within the  pores .  

ini t ial  liquid pore  volume was possible. 

While the cold feed wa te r  was  pumped 

In th is  way, a ccu ra t e  calculat ion of the 

T h e  c o r e  w a s  contained in a modification of a Flass ler - type c o r e  

holder designed by Marathon Oil Company. 

(Fig .  

within the  shell ,  the  end plugs f i t ted within the Viton ( to  seal the  c o r e  

ins ide  f r o m  the annulus between the s leeve and she l l ) ,  a n d  the threaded 

end caps  on the s t a in less  shell .  The  two caps held the  plug a t  the out- 

let end and a compress ion  r ing at the inlet  end tightly agains t  o- sea l s .  

The inlet  plug was  adjustable,  sliding through the  cotmpression r ing ,  

s o  that  the ins ide  face  made  good contact  with the core .  

The  ba s i c  c o r e  holder  

14) consis ted  of a n  outer  s t a in less  s t e e l  shel l ,  a Viton s leeve  

The  outer  shell 

-24- 
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F i g .  1 1  

VIEW OF A P P A R A T U S  FROM SENSING/T’RODUCTlON SIDE 

F i g .  1 2  

VIEW OF A P P A R A T U S  F R O M  CONFINING P K E S S U R  E/INJECTION SIDE 
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Fig.  1 3  

CLOSE- UP VIE\\; OF SEI’JSING/PRODUCTIOK SIDE O F  A P P A R A T U S  
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m e a s u r e s  26  inches long, with an  outer  d iamete r  of 3 . 5  inches .  a n d  a 

wal l  thickness of 0.438 inches.  Confining p r e s s u r e  (analogous t o  over-  

burden p r e s s u r e  i n  a na.tura1 s 'ystem) in  the f o r m  of ni trogen g a s  within 

the  annulus was  applied through a t ap  in the s t a in less  s t ee l  shel l .  

fo rced  the Viton s leeve  t o  g r i p  the c o r e  within tightly, thus seal ing off 

flow along the per iphery  of the core .  

Th i s  

The c o r e  holder assem.bly r e s t e d  in  a ve r t i ca l  position on a 

m e t a l  s tand (shown in Fig.  15) within a mechanica l  convection air bath. 

With a control led ambient  t e m p e r a t u r e  surrounding the  c o r e ,  a c c u r a t e  

measure inen t s  could be made  of the heat gain". for  purposes  of a m a t e r i a l -  

energy balance.  

.1. 

20 

T e m p e r a t u r e s  w e r e  moni tored  with eleven i ron-constantan  

0 thermocouples ,  a c c u r a t e  t o  2 F, spaced evenly along the c o r e  length. 

Nine w e r e  i n s e r t e d  radia l ly  into the cyl indr ica l  c o r e  holder ,  and  two 

w e r e  Located in the  end caps .  T e m p e r a t u r e  signals  w e r e  t r ansmi t t ed  

to a multipoint r e c o r d e r .  T h r e e  of the  eleven t e m p e r a t u r e  t a p s  w e r e  

a l s o  ut i l ized for  p r e s s u r e  measurements .  

run  f r o m  the p r e s s u r e  taps  through the wal l  of the air bath t o  p r e s s u r e  

One-eighth inch l ines  w e r e  

gauges a c c u r a t e  t o  0. 5 psi. Fig.  16 i l l u s t r a t e s  the tube fitt ing assembly  

ut i l ized fo r  the t e m p e r a t u r e  arid p r e s s u r e  sensing of r e s e r v o i r  conditions 

through the por ts  in  the shel l  of the coreholder .  

- 
.L *P 

A s  r e s e r v o i r  t e m p e r a t u r e  dropped corresponding to  the p r e s s u r e  decl ine  
such that  two- phase equilibriuim was maintained (while ambient  oven t e m -  
pera tu re  was  constant) ,  we would obse rve  a heat gain. 
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F i g .  15 

CORE HOLDER ASSEMBLY WLTHIN T H E  A I R  B A  TI-I 
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F i g .  16 
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spec ia l  me te r i ng  valve allowing p r ec i s e  control  of f lowrate.  

then e n t e r  an  adiabatic f low device (shown in  Fig.  17) .  

path of flow, the t empe ra tu r e  of the  f luid on e i the r  s ide  of the  inner  wall 

should be vir tual ly the same.  

(no heat  loss )  i n  the  cen te r  cavity whe re  the  incoming fluid hi ts  the wal l  

and  r e v e r s e s  flow. Given a single phase fluid in th is  adiabatic environ-  

ment ,  p r e s s u r e  and  t empe ra tu r e  measu remen t s  within the  cen te r  cavity 

should yield a re l i ab le  value of the enthalpy o r  heat  content of the  fluid 

(Fig .  18). 

enthalpy of fluid in  the  r e s e r v o i r ,  it i s  important  tha t  some type of 

insulat ion ( a s b e s t o s  cloth, g lass  wool, etc.  ) be wrapped  about the p ro-  

duction line f r o m  the  top o f  the  co re  holder to  the ca lo r ime te r .  In th is  

way, heat  gain f r o m  ambient  a i r  conditions t o  the  f luid would be e s sen-  

t ia l ly  prevented. 

T h e  fluids 

Because  of the  

This  then cause s  adiabat ic  conditions 

In o r d e r  to  a r r i v e  at values as  c lose  as possible t o  the ac tua l  

T h e  outflow production valve can  be u sed  i n  conjunction with the  

adiabatic f low device as  a thrott l ing ca lo r ime te r  se tup  fo r  t h e  purpose 

of determining the  s t e a m  quality of the fluid produced f r o m  the  top of 

the  r e s e r v o i r  ( p r i o r  to  forination of d r y  steam cap  as  s y s t e m  evolves) .  

Th is  is  accoinpl i ihed by thrott l ing the sa tu ra ted  s t e a m  f r o m  r e s e r v o i r  

p r e s s u r e  to  a tmospher ic  p r e s su re .  

phase mix ture  f r o m  the  r e s e r v o i r  i s  f a i r ly  high, t h i s  should supcr!’eat 

the  steani. In the  thrott l ing p roce s s ,  enthalpy is conver ted into kinetic 

If the steam quality in the  two- 

energy,  which is  completely reconver ted  by f r ic t ion into heat without 
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do ing  e s t e r n a l  work (adiabat ic  condit ions),  s o  that  enthalpy before and 

a f tc r  the thrott l ing h a s  the s a m e  value. Then,  the enthalpy of the wet  

s t e am,  hw, equals thc enthalpy of the superheated s t e a m  i n  the  ca lo r i -  

m e t e r ,  hs.  A s  

= hf + xhfg 

w h e r e  

hf is  entha1.p r of sa tu ra ted  liquid (BT 
is heat  of evaporation (BTU/lb)  

x is steam. quality, mass f rac t ion  hfg 

(4) 

then 

( 5 )  

The  s t e a m  quality of the sa tu ra ted  s t e a m  can be obtained f rom:  

x = (hs  - hi) / flfg ( 6 )  

w h e r e  

h, cor responds  to the t e m p e r a t u r e  and p r e s s u r e  
n i e s su red  a t  the  ca lo r ime te r  

hf and h cor respond  to the  t e m p e r a t u r e  and 
p r e s s u r e  at the  top of the  r e s e r v o i r  

f g 

The  fluid then pa s se s  along the flow line through the oven wal ls  

to the  heat exchanger.  

ten  f ee t  of tubing coiled within ,a cold water  bath. 

off into a collection beaker  res t ing  on a sca le ,  w h e r e  i t s  to ta l  m a s s  i s  

weighed for  a check on the e n e r g y- m a s s  balance calculat ions.  

H e r e  t h e  fluid is condensed a s  i t  passes  through 

The  fluid then runs 

Note:  F o r  detai led equipment and ins t rumentat ion specifications and 
sou rce s ,  the r e a d e r  is r e f e r r e d  to Appendix C. 
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PRODUCTION CI-TAKACTERISTICS O F  CEOTE-IERhVIAL RESERI’OIRS 

Before  analyzing the operating procedure  f o r  the  physical  model  

d i s c u s s e d  in  the  previous sect ion,  i t  i s  helpful t o  cons ider  the  bas ic  

phenomena involved in the  production of geo the rmal  r e s e r v o i r s .  

The  thermodynamic  path of production of a geothermal  r e s e r v o i r  

i s  dependent upon the  init ial  s t a t e  of the  sys tem.  

steam r e s e r v o i r .  It i s  analogous, in  a gene ra l  s ense ,  to a d r y  na tu ra l  

g a s  r e s e r v o i r  in that  the production mechan i sm is the expansion of i n -  

place gas  with p r e s s u r e  reduction. 

i n  the p rocess ,  t he  path of depletion i s  essent ia l ly  i so the rmal ,  a s  shown 

Consider  a superheated  

A s  t h e r e  is  no phase change involved 

in  Fig.  19. Thus ,  e x i s t i n g  pe t ro leum r e s e r v o i r  engineering techniques 

can  be  used  with re la t ive  ease .  

In a c o m p r e s s e d  liquid r e s e r v o i r ,  production would be  i s o t h e r m a l  

(expansion of in-place  liquid with p r e s s u r e  reduct ion)  until the  p r e s s u r e  

d e c r e a s e d  to the  vapor p r e s s u r e  curve .  

begin vaporizing and the  r e s c r v o i r  would become a two-phase s y s t e m  

with sa tu ra t ed  s t e a m  and liquid wa te r .  

c h a r a c t e r i z e d  by decl ine along the vapor p r e s s u r e  cu rve ,  t he  t e m p e r a -  

t u r e  d e c r e a s e  corresponding to  the p r e s s u r e  decline upon fluid depletion 

such  that two- phase equilibriuin was maintained (F ig .  20).  

m e c h a n i s m  is  similar to  that of solution gas dr ive  in  a petroleiim rc sc rvo i r .  

A t  th i s  point, the liquid would 

F u r t h e r  production would b c  

The d r i v e  
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Thiis, ii knowlcdgc of' the  tlierinodynaniic path of depletion i s  

e s sen t i a l  f o r  production forecas t ing .  

p res sed  liquid s ta te ,  t h i s  r e q u i r e s  an  understanding of the  thermodynalnic 

re la t ionships  governing the  vapor p r e s s u r e  curve .  

exis tence of a vapor p r e s s u r e  lowering phenomenon would r e s u l t  in a 

lower thermodynamic  path of depletion than original ly expected (Fig .  20) .  

Thus ,  at abandonment p r e s s u r e ,  t he  r e s e r v o i r  t e m p e r a t u r e  could be 

considerably higher than ant icipated (depending on the  degree  of lowering),  

resu l t ing  in  an  e r r o r  in predicted energy r e c o v e r y  f r o m  the sys t em.  

ramif ica t ions  of such  a n  e r r o r  could include a se r ious  effect on the ove ra l l  

r e t u r n  on the  investment  i n  Ihe producing field. 

F o r  a s y s t e m  initially in  the  com-  

Quite obviously, the  

The  

Upon the  t r ans i t ion  f:rom a compressed  liquid s y s t e m  to  a two- 

phase sys t em,  gravi ty  segregat ion of the fluids can be expected due t o  

the  density con t ra s t  of the  steam and the liquid w a t e r .  Analyses of 

r e s e r v o i r  per formance  indic:ate that ,  i n  many  c a s e s ,  gravi ty segregat ion  

o c c u r s  rapidly in two-phase pe t ro leum r e s e r v o i r s .  21'22 Simi la r  rap id  

segregat ion  should occur  in geothermal  r e s e r v o i r s .  

steam would ga ther  at the  high point of the  s t r u c t u r e  while the liquid 

d ra ins  downward (analogous to  the formation of a secondary  gas  cap  in  

a hydrocarbon r e s e r v o i r  a f t e r  the ga s  comes  out of solut ion).  

t he  upper  zone then, gravi ty dra inage  would r educe  the liquid sa tura t ion  

to  the "irreduc:ible" level.  The subsequent boiling off of this  r e s idua l  

liquid could r e s u l t  i n  r2 snpe:rheated s t e z m  cap. If the  ver t ica l  e.;tctIi of 

th i s  d r y  s t e a m  c a p  i s  s izable  rc la t ive  t o  that  sect ion of the r e s e r v o i r  

An accumulat ion of 

Within 

1 5 
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being observed by producing wclls, then it  is r e f e r r e d  to a s  a "dry steal11 

field. 

l eve l ' s  t e m p e r a t u r e  jus t  exceeds the absolute p r e s s u r e ,  s a tu r a t ed  s tean l  

would be boiling off f r o m  the wa te r  table. 

At some  depth, where  the vapor p r e s s u r e  corresponding to that  

It should be  noted, however, that  a d ry  s t e a m  or vapor-dominsteci 

s y s t e m  (ta u s e  the  c o r r e c t  terminology in  the geologic s ense )  begins to  

evolve only in  the  event  that  the heat  supplied to  a two-phase r e s e r v o i r  

becomes g r e a t  enough to  boil  off m o r e  w a t e r  than is being rep laced  by 

r e c h a r g e  ( for  the  physical  model  used in  this  study, no r e c h a r g e  was 

involved for  th i s  reason) .  

a special  s e t  of geologic and physical  r equ i r emen t s ,  

ingly expect commerc ia l ly  a t t rac t ive  d ry  steam s y s t e m s  to  be r a r e  

re la t ive  t o  the o c c u r r e n c e  of those  that a r e  ins tead l iquid-dominated o r  

two- phase. White
Z4 

es t imated  that  l iquid-dominated s y s t e m s  w e r e  prob-  

ably over twenty t imes  m o r e  f requent  than vapor-dominated sy s t ems .  

Because  a vapor-dominated s y s t e m  r e q u i r e s  

2 3  we can accord- 

If m e a s u r e m e n t s  of t e m p e r a t u r e  and p r e s s u r e  in  a superheated 

r e s e r v o i r  indicate conditions re la t ively  c lose  to  the  vapor p r e s s u r e  curve ,  

i t  i s  possible that  liquid wa te r  coexist  in thermodynamic  equi l ibr ium with  

the  so- ca l led  dry  s team.  This  r e l a t e s  to the p resence  of vapor p r c s s u r e  

lowering when it is,  in fact ,  not expected. With th i s  phenomenon, steam 

which, in t e r m s  of f lat  irtterfacle sa tura t ion conditions, fa l l s  within the 

superheated regime, m a y  actually lie on the  vapor p r e s s u r e  cu rve  f o r  

curved  in te r faces .  Hence, the s t e a m  cap  may not be loo'?', s t e a m ,  a s  is 

J 

J 

J 

d 

d 
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coimmonly taken for  granted.  

liquid would be  nou- iso thermal  p r e s s u r e  depletion. 

An iriiportant clue t o  the p resence  of 

In r e g a r d  to  the various types of geo the rmal  r e s e r v o i r s ,  the 

li quid - domina t e d o r  two - p ha s e s y s tern s c on t a in  s ub s tan t i  a 11 y mor e a vai 1 - 

able  energy than those  that  a re  vapor-dominated ( supe rhea ted  s team) .  

Ramey,  et a l . ,  

steam is high with r e s p e c t  t o  the  sens ib le  hea t  of l i q u i d  w a t e r  of the 

2 5  noted that,  although the  la tent  hea t  of vaporizat ion of 

same t e m p e r a t u r e ,  the dense liquid has a much  l a r g e r  m a s s ,  thus p ro-  

viding g r e a t e r  avai lable  heat .  But, even more significantly,  the  mass 

of the rock  will  a lways be much g r e a t e r  than that  of the total  fluid and 

thus the r o c k  contains mos t  of  the  avai lable  heat.  This  t h e r m a l  energy 

can only be  r e c o v e r e d  f r o m  the  rock  by a production p rocess  that red\*: T r  e s  

t he  t e m p e r a t u r e  of the  rock  significantly. A s  the  f lashing of l i qu id  w a t c r  

to  steam upon p r e s s u r e  reduction i s  a non- iso thermal  p rocess ,  the 

r ecovery  of this  energy i s  possible in the  c a s e  of a two-phase r e s e r v o i r .  

Because  of t h i s  considerat ion,  f r o m  a n  ene rgy  r e c o v e r y  stand- 

point, the  liquid-dominated s y s t e m s  a re  m o r e  in teres t ing  t a r g e t s  (of 

c o u r s e ,  heat  scavenging, in the f o r m  of a cold w a t e r  injection progrF-in, 

would substant ial ly  boost  energy r e c o v e r y  in  the vapor-dominated 

sys t ems) .  However,  due to  production and environmental cons iderz t ions ,  

steam r e s e r v o i r s  a r e  s t i l l  thought of as m o r e  a t t rac t ive  to development 

groups.  

posal of condensate i s  minimal .  

The  to ta l  fluid cart be piped d i rec t ly  t o  the turbine and fluid d i s -  

In con t ra s t ,  the exploitation of Iiquiti- 

dominated r e s e r v o i r s  involves s taarn-water  inixture s requir ing niccliani.ca1 

s e par  at i on and cons i de 1' ab le in j e c t i  on. 
- 40 -  



OPEfiATIOjV O F  THE PHYSICAL hlODEI, 

Initially, wa t e r  was in jected into the  c o r e  t o  a t ta in  100% liquid 

sa tura t ion.  

flow end in  o r d e r  to  prevent the en t rapment  of air in  the  pores .  

At the  same t ime ,  a vacuum was mainta ined f r o m  the  out- 

The  

inflow and  outflow valves at e i the r  end oE the c o r e  w e r e  then c 

shutting in  the  sys tem.  A s  th.e air bath heated up t o  operating 

t u r e  ( 300°F), the  liquid expanded, fo rming  the  d e s i r e d  compr  

osed,  

tempera - 

ssed 

liquid r e s e r  voir. 

In  o r d e r  to  p e r m i t  d i rec t  observation of the  production cha rac-  

t e r i s t i c s  of the var ious  f o r m s  of geo thermal  r e s e r v o i r s ,  it is  n e c e s s a r y  

t o  deplete the  system as  c losely  as possible with a hydrosta t ic  p r e s s u r e  

gradient .  

ab le  p r e s s u r e  drawdown throughout the  sy s t em,  the scale of the  mode l  

would b e  c l o s e r  to t h e  vicinity of a wel lbore  than that  of a ve r t i ca l  sect ion 

of a gravi ty  segrega ted  geo thermal  r e s e r v o i r .  

If the production out the  top  of the  c o r e  r e su l t ed  i n  a cons ider-  

While p r e s s u r e  and t e m p e r a t u r e  along the  length of the  c o r e  

w e r e  recorded ,  the  production valve at the top was opened and  the resey- 

voir depleted t o  a tmospher ic  conditions. 

th i s  would normal ly  b e  the  t e rmina l  situation. 

the  r e s e r v o i r  would still r e ta in  a high liquid sa tura t ion.  As mentioned 

e a r l i e r ,  in  o rde r  to  observe  the vapor p r e s s u r e  lowering phenomenon,  

liquid sa tura t ion m u s t  be dec rea sed  to  low levels .  

In a n a t u r a l  geo thermal  f ield,  

However,  at th is  point 
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F o r  this reason ,  a cyclical  procedure  was  Lised. Following each 

production run ,  the outflow valve was  again closed.  

r e s e r v o i r  t e m p e r a t u r e  was  allowed to  re- equ i l ib ra te  with the ambient  ' 1  
In this way, the  

t e m p e r a t u r e  of the  bath. With this  reheat ing of the  co re ,  the  liquid on 

again expanded. However,  the sy s t em,  having been par t ia l ly  depleted by 

I 

production, would not expand to a degree  sufficient t o  supp re s s  boilingkl 

I 
Thi s  cycl ical  production and reheating of the  r e s e r v o i r  without 

liquid r e c h a r g e  i s  somewhat analogous to the evolution of a superheate  

s t e a m  sys tem,  d i scussed  in  the previous section.  Each  cyc le  was  con 
1 
1 

ducted at a lower liquid sa tura t ion level  than the preceding run .  G r a d y  

dra inage would reduce  liquid sa tura t ion in  the upper  portion t o  t t irredi:a-  

ible" sa tu ra t ions  beyond which the boiling off of t h i s  1.vould r e s u l t  in a 

dry  s t e a m  cap. The liquid remaining a f t e r  each r u n  migra ted  toward 

the  lower port ion of the co re ,  confined to an  eve r  s m a l l e r  pore  volume 

during succeeding runs. 

, I 

1 1  

A s  th i s  migra t ion  of liquid downward will ,  fop 

a t ime ,  mainta in  the  liquid :saturation in  the  two-phase zone above the  1 

l eve l s  at which vapor p r e s s u r e  lowering i s  expected,  the c o r e  must  be 

nea r ly  d ry  before  the effect can be espected.  

P r e c i s e  t e m p e r a t u r e  and p r e s s u r e  m e a s u r e m e n t s  within the twd- 

phase  zone (identif ied f r o m  a t e m p e r a t u r e  profile of the c o r e )  during 

both the production and heating cycles  should def ine  the vapor p r e s s u r e /  

curve  fo r  wa te r  within the porous media  a t  various levels of liquid 

sa turat ion.  

I 

F r o m  this data,, compar ison can be made  with s t e a m  table, 
, 
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data t o  a s c e r t a i n  whether  o r  not  vapor p r e s s u r e  lowering due t o  capi l lary  

p r e s s u r e  effects in  a p o r o u s  media is an observable  phcnoniena. 
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DES IGN C ONSIDE €7 A T IONS IN VOLVE D I N  C OKST R IT C T INTG 

THE A P P A R A T U S  

A g r e a t  dea l  of time was devoted t o  render ing  the s y s t e m  ope ra-  

t ional  through the  n e c e s s a r y  ~modifications. In many c a s e s ,  t h e  need f o  

t he se  changes  was  not apparent  until  t e s t  r uns  w e r e  made  with the e s i s t  

setup. A br ief  descr ip t ion of the  design considera t ions  follows. 
I 

C onfining Pr e s s u r  e 

Thi s  was  the most  difEicult problem to overcome.  The  gene ra l  

des ign of the  Hass le r- type  c o r e  holder r equ i r ed  considerable  modifi-  

cation. 

In o r d e r  tha t  the Vitori s ea l ed  off the  ni t rogen i n  the  annulus f rom 
~ 

the  c o r e ,  i t  was  very  important  that  the  s leeve r eached  as  far up onto td  

l i p  of the  end plugs as  possible. It was found that  the  length of the  Vito 

s l eeve  was i r r e v e r s i b l y  reduced to  a small degree  when c o m p r e s s e d  i n  

n 
the  p roces s  of r amming  the c o r e  into the  tight fitting sleeve.  For this  

and other r e a sons ,  it i s  recommended  that  the  Viton s leeves  be  o r d e r e d  

i n  longer lengths than needed,  then be cut t o  the de s i r ed  length when the  1 

c o r e  is  ins ta l led  and the  end plugs'  position noted. In the  c a s e  of s leevdb 

that  w e r e  marg ina l ly  long enough, expansion- contraction f r o m  heating 

runs  and snbsequent cool clown resu l t ed  in  the l cakagc  o f  n i t rogen into 

the c o r e  throiigh the  end piece contacts  after in i t ia l  p r e s su re - t i gh t  r u n s .  

, 

-44- 



Smooth su r faces  a re  e s sen t i a l  f o r  the Viton s leeves.  Ridged 

su r face  Viton, such as  rece ived  in e a r l y  purchasing,  caused  g r e a t  p rob-  

lems with ni t rogen leakage into the c o r e .  

considcrably in seal ing any su r face  of contact.  

Silicone vacuum g r e a s e  he!!wd 

A piece of one-eighth inch d iamete r  tubing, sha rpened  on a fi le,  

w a s  used  to  d r i l l  the  holes  through the Viton for  the p r e s s u r e - t e m p e r a t u r e  

taps .  

t h readed  ports .  

Viton a f t e r  the c o r e  has  been placed within it. 

he  shifted by the placement  of t h e  core .  

G r e a t  care must be taken in center ing the  holes  d i r ec t ly  below the  

F o r  th is  r eason ,  the holes m u s t  be  dr i l led  through the  

Otherwise ,  t he  Vitoa m a y  

The  confining p r e s s u r e  should jus t  exceed the  pore p r e s s u r e .  

L a r g e  p r e s s u r e  different ials  between t h e  annulus and the c o r e  could 

promote  leakage. 

gradual .  

suck Viton into the tubing line that  conducts ni t rogen into and out of the 

annulus,  blocking the line. The  r ap id  inc rease  of confining p r e s s u r e  

Adjustments  to the  confining p r e s s u r e  should be 
I 

The  rap id  r e l e a s e  of ni t rogen f r o m  the annulus can actually I 
I 1  

I 

can tear O-rings from the s m a l l  b r a s s  t aps  that  s e a l  the  ni t rogen off 

but allow r e s e r v o i r  sensing. 

Whereas  it i s  difficult to  seal ni t rogen gas  in  the  annulus with 

nine sensing t a p s  to  the  c o r e  as we l l  as the two end p ieces ,  t h e r e  is a 

dis t inct  advantage. In the event of a ga s  leak to  the co re ,  t he  gas  can 

be r emoved  by injecting wa te r  and evolving superheated  s t e a m  in  the 

co re .  

detection a s  the 'lsnoopll leak detector  solution works  only for gases .  

Nitrogen is commonly in the c o r e  and l iner  anyway i o r  leak 

.J 

r' 

J 

J 

d 

J 

J 

d 

, 
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c 

The  u s e  of oil, fo r  example ,  f o r  the confining p r e s s u r e  wou ld  be d i sas t rous  

in the event  of a leak t o  the c o r e ,  introducing sur fac tan t s  into the sys tem.  

The c o r e  would be ruined f o r  the purposes  of t h e  s t u d y ' s  objectives. 

T h e  small b r a s s  f i t t ings which sealed off t h e  nitrogen gas  f r o m  

p r e s s u r e  taps  into the  c o r e  w e r e  difficult to work with. 

point w a s  the amount of c lea rance  between the outer  su r face  of the  Vitan 

s leeve  and the  inner  su r f ace  of the  s t a in less  s t ee l  shel l .  Under n o r m a l  

conditions, the b r a s s  fitt ings each had two s m a l l  O-rings,  one fo r  the 1 1  

contact  with the ba se  of t h e  o - sea l  s t ra ight  t h r e a d  connector and one fo 

the  contact  with the sur face  of t h e  Viton sleeve.  However,  i f  the c lea  

is tight,  expansion of the Viton in the  ini t ial  heat  LIP of the c o r e  ma); f 

the  upper  O-ring into the threading fitting, t ea r ing  it. 

The  c r i t i c a l  

Th is  s i tuat ion is 

apparen t  when the confining p r e s s u r e  holds tight a t  r o o m  t empe ra tu r e  

but leaks  out immediate ly  upon the  heat  up. 

been used i n  e a r l i e r  runs ,  t h e  bottom O-ring leaves  a deep impre s s ion  

the  sleeve.  Subsequent atte-mpts at holding the confining p r e s s u r e  may 

fail until  a second O-ring is  added to the bottom p a r t  of t h e  b r a s s  fittin: 

to snug up the f i t .  

When Viton s leeves  have ~ , 

Whereas  the p resen t  a r r angemen t  with the b r a s s  fitt ings has ,  ai 

times, been success fu l  in  holding the  confining p r e s s u r e ,  t!iis accornpl 

men t  ha5 always been sporad ic .  Th is  seems t o  be ,  a t  leas t  in  par t ,  clu 

1 

h- 

to the ever  changing amount of c lea rance  in  the annulus.  

that  s o m e  type of adjus table  fitting be designed. 

It is  rCcomm$n~led 
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T her inoc oupl  e s and T e x e r a t u r  e Svnsing - 
The one-sixteenth inch d iamete r  thermocouples  u s e d  in  the setLLp 

a r e  very susceptible to damage and mus t  be handled with c a r e .  

continua1 inse r t ion  and withdrawal of the thermocouples  into ancl out of 

the c o r e  (that  is r equ i r ed  whenever the  confining p r e s s u r e  l eaks  into the  

c o r e )  compounds the problem. 

The 

When the s ta in less  s t ee l  f e r r u l e s  a r e  c r i m p e d  too tightly around 

the  thermocouples ,  the continuity of the  MgO powder insulat ion m a y  be 

broken. 

point. 

r a t h e r  than t h e  c o r e  t e m p e r a t u r e  a t  the t ip of the thermocouple  where  

In th i s  event,  the t e m p e r a t u r e  reading would be m a d e  a t  th i s  

That  i s ,  the t e m p e r a t u r e  r e a d  would be the ambient  t e m p e r a t u r e  

I 

the sensing i s  supposed to be.  

to teflon f e r ru l e s .  

This problem was  a l levia ted by switching 

Continual bending of the thermocouple will  u l t imate ly  b r e a k  the i 

sensing wi re ,  causing an  open ci rcui t .  Due to the  spa t ia l  l imi ta t ions  

in the oven, t h e r e  i s  l i t t le ver t i ca l  c lea rance  at the  top and  bottom of the  

c o r e  holder.  F o r  th i s  reason ,  the thermocouples placed in t he  end p ieces  

m u s t  be bent as they a re  inse r ted .  The regu la r  loss of thermocouples  

can only be avoided by  switching from one-sixteenth inch to one-eighth 
, 

J 

J 

J 

4' 

J 

J 

inch thermocouples.  
J 

Whereas  mechanical  contact of the  t i p  of t h e  thermocouple  with 

the  c o r e  m a y  be sufficient, it is bes t  to  dril.1 into t he  c o r e  fo r  the ther1-n')- 

couple sett ing in  o rde r  to  avoid sensing some a v e r a g e  :If ambient  and c q r c  
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t o  p r e s s u r e ,  even at high levels of resolution. F a c t o r y  specifications 

set combined e r r o r  due to  non- l inear i ty  and h y s t e r e s i s  a t  0. 5% of fu l l  

. 

t empera tu re .  F o r  consolidated c o r e s ,  i t  is  n e c e s s a r y  to  use  carbide  

dr i l l  bi ts .  

was  used.  

Because  of the br i t t l e  na tu re  of the b i t s ,  a sma l l  hand dr i l l  
I 
I 

I 

P r e s s u r e  Sensing 

T h e  p r e s s u r e  gauges used in the t e s t  runs  w e r e  ini t ia l ly  planned 

How- only as a c rude  check on the  output of the  p r e s s u r e  t r ansduce r s .  

eve r ,  due to  unforeseen equipment problems and subsequent  delays i n  

shipping rep lacements ,  both the p r e s s u r e  t r a n s d u c e r s  and r e c o r d e r  wer  e 

. 

c 

The  p r e s s u r e  r e c o r d e r  offers  a g r e a t  deal  of versa t i l i ty  with 

t o  handling the  t r an sduce r  output. The full  s ca l e  span on the  printout 

~j 
cha r t  can be var ied  f r o m  lOOmV (maximum output of the t r ansduce r ,  

roughly equivalent t o  300 psi) down to  0. 5mV (for  a resolution of 0. 015 

bility of the r e c o r d e r ,  the full s ca l e  can be displayed e i ther  as  0 to 50m 

psi  per cha r t  paper division). With the  substant ia l  z e r o  suppress ion  c a  

but a l s o  a s  50 to 50. 5nlV. 

, 

1: 
This  a r r a n g e m e n t  wil l  allow high precis ion in  the m e a s u r e m e n t s  ~ 1 

made with the p r e s s u r e  sensing sys tem.  The only uncertainty with regaTd 
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to  the Observation of r e s e r v o i r  behavior l i es  in  the  2 2 O F  e r r o r  range of 

the thermocouples.  

shift g r e a t e r  than 2'F f o r  a given p r e s su re ,  then vapor p r e s s u r e  lowering 

can be r epo r t ed  a s  essent ia l ly  cer ta in .  

be  used  to introduce m o r e  suitable conditions for  the  observation of the 

phenomenon. 

If the  lowering of the curve  r e s u l t s  in a t e m p e r a t u r e  

If not, then a t ighter  c o r e  might  

Because  the r e s e r v o i r  s y s t e m  is closed,  once fluid has  been 

admit ted  to  the  t r ansduce r ,  the z e r o  setting on the r e c o r d e r  cannot be 

checked during the  runs .  

on the  r e c o r d e r  fo r  the four  t r an sduce r s  (each  with different  outputs at 

z e r o  p ressure ) .  

based on the z e r o  sett ing of one t r ansduce r  (set on the  sma l l e s t  span,  

0. 5n iV,  so  that  sl ight  e r r o r s  in the sett ing will  be  lost  with span changed). 

Th is  t r an sduce r  is  then the ba s i s  fo r  set t ing the z e r o  fo r  exper imenta l  

runs .  

I 

F o r  this reason ,  only one z e r o  sett ing is possljble 

Thus ,  the  cal ibra t ion of all four t r a n s d u c e r s  should be"  

~ 

Injection Setup 

A s  the  model  was  designed for batch- type exper iments ,  the  func- '  

t ion of the pump was  s imply to s a tu r a t e  the  core pr io r  to  the  actual  

exper iment  ( the  production-heating cycling of the r e s e r v o i r  without 

r echa rge ) .  F o r  th is  reason ,  two pieces of equipment commonly found 

in flow s y s t e m s  w e r e  Left out. 

be recons idered  in  future  work.  

the overa l l  heat  t r a n s f e r  coefficient both r equ i r e  flowing exper iments .  

Their determinat ion is important .  

Exper ience  has  shown that  t h i s  point m i g t t  

The m e a s u r e m e n t  of permeabi l i ty  and 
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An accuniulator  is needed downst ream of the  pump in o rde r  to  

e l iminate  flow pulsations rcsu l t ing  f r o m  the  working act ion of the purnlh's 

diaphraghni.  Without i t ,  a c c u r a t e  p r e s s u r e  d rop  de terminat ions  are 

difficult. 

with the r ap id  fluctuations i n  pore  p res su re .  

In addition, it becomes  difficult t o  set the confining p r e s s u r e  

P r e s e n t  f lowrate  i s  de termined by measur ing  production into the 

collection beaker  with time. A f lowrate meter might  s e r v e  as  a check '  

on the values obtained in this  manner .  

- Heat  Exchanger 

The  heat  exchanger  w a s  designed so  that  t h e  cooling wa te r  w a s ' )  

I 
introduced a t  the bo t tom and removed  by runoff at the  top. 

t he  w a r m e s t  wa te r  was  always removed,  allowing fo r  max imum heat 

In this  w a q  

exchange between the  hot produced fluids in  the outflow line and the 

cooling fluid. I 
~ 

, 

It was c r i t i c a l  that  the  length of coiled production line in  the  col 1- d I 

ing bath be long enough to  allow complete  condensation of the produced,!  

s t e a m  and yet not s o  long as t o  cause  a g r e a t  time lag between the  actdfl 

production f r o m  the  top  of the  c o r e  and its m e a s m e r n e n t  a t  the scale. 

I 

Prodiiction Line -- 

In o r d e r  to avoid plugging of the  flow line due to  m i n e r a l  deposition, 

t he  l ines  used f r o m  the  top of the c o r e  to  the ca lo r ime te r  w e r e  one- 

q u a r t e r  inch in d iamete r .  
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GEOCIiEMICAL CONSIDERATIONS 

For the purpose of investigating the effect of in te r fac ia l  tension 

on the vapor p r e s s u r e  of wa te r ,  dist i l led wa te r  w a s  used in  the  labora-  

t o ry  sys tem.  In th i s  way, the introduction of sur fac tan t s ,  which might  

lower the  in te r fac ia l  tens ion,  was  avoided. However, because  of the  

chemica l  d isequi l ibr ium between the  dist i l led w a t e r  and the mine ra l s  

in  the sandstone,  dissolution had t o  be expected. 

level  a t  which the s y s t e m  w a s  mainta ined promoted a tendency toward 

T h e  high t e m p e r a t u r e  

chemical  equi l ibr ium a s  the r a t e s  of reac t ions  w e r e  substantial ly increaa 'ed.  

F u r t h e r ,  the ve ry  na tu re  of t h e  exper iment  ( r epea t ed  cycles  of production 

and reheat ing without r e cha rge )  with the  long r e s idence  t i m e s  of the w a t e r  

i n  the c o r e  allowed for  a n  inc reas ing  tendency toward  equi l ibr ium with 

t ime.  

This  b e a r s  a s t rong s imi la r i ty  to  the evolution of b r i ne  i n  na tu r a l  

Isotopic ana lyses  by Cra ig26  demons t ra ted  that  the  sou rce  sy s t ems .  

w a t e r  of mos t  geothermal  s y s t e m s  i s ,  to  a g rea t  extent ,  the  local  meteorkc 

wate r  of the  a r e a .  The deuter ium contents of most t h e r m a l  w a t e r s  is  

nea r ly  ident ical  with that  of the sur face  r echa rge  w a t e r  of t he  a r e a  while11 

the 0 

exchange between the  w a t e r  and rocks .  

I 

18 contents a r e  higher,  the  r e su l t  of high t e m p e r a t u r e  isotope 

The chemical  composition of mos t  t h e r m a l  w a t e r s  a p p e a r s  to  be,  

I 
to  a l a rge  par t ,  dominated by wate r- rock  in teract ion.  Th is  w a s  c l ea r ly  I 
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ckmonstrntecl b y  the  exper imenta l  studies of Ellis and Mahon. 2 7 ' 2 8  They 

noted that chemical  equi l ibr ia  between rock mine ra l s  and aqueous solution 

w e r e  responsible  for  the corripositions of t h e r m a l  wa te r  and that  the 

concentra t ions  of the m a j o r  solub 

t erriper a t ur  e de pendent reac t ions  

control led  by the available supply 

e e lements  w e r e  controlled largely  bg 

minor  consti tuents would obviously 
I 
1 
I 
~ 

in the  sou rce  rocks) .  
I 

P e r h a p s  the bes t  approach toward a n  investigation of the  sole 

effects of in te r fac ia l  tension on the vapor p r e s s u r e  of wa te r  would be 

the u se  of R1203 beads to  f o r m  an  essent ia l ly  non- react ive  porous mediq.  

Otherwise ,  the t e m p e r a t u r e  level  (300'F) is  such that  w a t e r - r o c k  i n t e r t  

ac t ion wil l  always produce a br ine  solution to  some degree  in non-rechd ge  

o r  batch- type physical modets .  Boiling will,  in fact ,  r e su l t  in i nc r ea sdb  

I 

I 

, 
I 

1 1  

'I 
salt concentrat ions in  the  liquid as the s team/ l iqu id  wa te r  r a t i o  of the  

' I  

s y s t e m  r i s e s  with p r e s s u r e  (decline. 

the magnitude of vapor p r e s s u r e  lowering expected due to  in te r fac ia l  

tension effects (shown in  an  e a r l i e r  section) indicate that  the  expected 

lowering due to  s a l t s  in  solution 2 9 ,  30 will be significantly less. 

unlike in te r fac ia l  tens ion effects ,  which cannot be expected until low vol - 

m e t r i c  liquid sa tura t ions  have been reached,  s a l t s  effects could be s ig-  

nificant ea r l i e r .  

However, calculat ions concerningi /  

1 i  
But 

U 

Sil ica deposition i s  p:robably the most significant p rocess  due to 1 1  
the ready  availabil i ty of s i l i ca  t o  solution f r o m  quar tz  in  the sandstone 

core. The  existing data o n  the compositions of hot spr ing solutions and 
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the solubil i t ies of s i l i ca  phases strongly suggest  that  the amounts  of s i l i ca  

in  solntion a r e  controlled by the solubility of quar tz  a t  depth (and  not of 

amorphous  s i l ica ,  the precipi ta ted phase).  31 The  solubility of quar tz  

i n c r e a s e s  rapidly  with t empera tu re .  At 300°F the solubility of quar tz  in, 

liquid w a t e r  in  the  p resence  of w a t e r  vapor is about 170 parts per rnillian. 32 

Any calc i te  precipitat ion will  probably be the  r e su l t  of the  lowering 

of the par t i a l  p r e s s u r e  of C 0 2  in  the  sys tem.  

vaporizat ion upon sudden p re s  s u r e  reduction,  much C 0 2  is se lect ively  

lost  to the  vapor phase. T h e  carbonate  equil ibria is shifted and  b i ca r -  

bonate ion, H C O Y ,  is conver ted  to  carbonate,  GO3= 

pH of the solution), resul t ing i n  the  deposition of ca lc ium carbonate ,  

CaC03.  

A s  t he  r e su l t  of rapid  

I 
I 

( inc reas ing  the 

The impor tance  of considering the  exis tence of b r ine  within the  

c o r e  was  emphasized in one of the e a r l y  t e s t  runs .  

in jected into the c o r e  and the  s y s t e m  was  heated up  ( for  approximate ly  

seven hours ) ,  resul t ing in a c o m p r e s s e d  liquid r e s e r v o i r .  F lu ids  w e r e  

Dist i l led wa te r  was  

then produced for  s e v e r a l  hours  while the s y s t e m  remained  within the  

c o m p r e s s e d  liquid r e g i m e  (F ig .  21). 

, 

For  the  durat ion of t h i s  period,  th# 

boiling f ront  r e m a i n e d  jus t  within the production port  of the  e n d  piece,  ~~ 

th is  being the location of the  p r e s s u r e  d rop  f r o m  r e s e r v o i r  t o  a tmosphedic  

p r e s su re .  

cen t ra te  the w a t e r ' s  non-volat i le  consti tuents in the  remaining liquid phqBe 

until the i r  solubil i t ies w e r e  exceeded and they w e r e  deposited along the 

1 1  
The rap id  eruption of s t e a m  within the  por t  continued t o  con-  
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Fig.  21 

EXPT;:RIR/l:ZN’I’AL DATA - SCALING R U N  
THERMODYNAMIC PATH O F  PRODUCTION 

200 

150 cd 
.r( 

Ul 

a, 
k 

01 
01 

3 

a, 
&I . 100 pc 

-4 
C: ompr  e s sed 

Liquid 
- 

Cumulative 
Product ion 

’ ( g m d  

280 3 0 0  320 340 360 

T e m p e r a t u r e  ( O F )  

F i g .  22 

EXPERIMENTAL DATA - SCALING RUN 
CUMULATIVE PRODUCTION AND RESERVOIR 
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of the port.  

of fluid and  the p r e s s u r e  decline in the r e s e r v o i r  is shown in  Fig.  22. 

TJltimately production c e a s e d  and r e s e r v o i r  p r e s s u r e  at tained a s ta t ic  

level .  

The effect of th is  continuing deposition upon the production 

Upon disassembl ing the c o r e  holder,  the  one-eighth inch d iamete r  

production port  was  d i scovered  to be completely plugged with a fine 

yellow powdery substance.  1 

b road h u m p  which cha rac t e r i z e s  amorphous  ma te r i a l .  However, minor  , 

peaks s e e m e d  to indicate the  possible p resence  of s i l i ca  and s o m e  type 

of ca lc ium sulfate.  In o r d e r  to m o r e  c lea r ly  define the  na tu re  of the  

amorphous  substance,  a mic roprobe  analys is  was  run  on a collected 

An x - r a y  diffraction sweep  showed the  low 

sample .  3 3  The r e s u l t s  a r e  shown in  Table  2. ~l 

A net  reac t ion  cannot be deduced only f r o m  the  minera logy of an  

a l tera t ion/deposi t ion assemblage  o r  only f r o m  the composit ion of wa te r  

flowing from the core .  Both a r e  necessa ry .  F u r t h e r ,  the  mic roprobe  

ana lys i s  is only a n  e lementa l  analys is .  

the  r e s u l t s  of the diffraction study w e r e  nebulous. 

As t he  substance  w a s  amorphous  

In a genera l  sense ,  it appea r s  f r o m  Table  2 that  the deposited 

I Substance consis ted  mainly of silica SiOz, anhydr i te  CaS04, f luor i te  

CaF2,  and some  kind of carbonate ,  ca lc i te  CaC03,  dolomite CaMg (CO3) 

o r  magnesi te  MgC03.  This ,  of course ,  r ep re sen t s  speculation. E lements  

in minor  quanti t ies w e r e  ignored and  the  semi-quanti tat ive na tu re  of t h e  

ana lys i s  makes any s to ichiometr ic  calculat ions difficult, i f  not impossible .  
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Table  2 

MICROPROBE ANA LYSIS 

Oxygen, 0 

Calcium, Ca 

Magnesium, Mg 

Silicon, Si 

Sulfur,  S 
Fluor ine ,  F 

Po tass ium,  K 
A lumiuum, A 1 
Manganese,  Mn 
Lead, Pb 
Chlorine,  C1 

I ron ,  Fe 

Phosphorous ,  P 
Sodium, Na 

Carbon,  C 

Brass Derivat ives - 

Zinc, Zn 

Copper,  C u  

20 - 30 '$0 

18 - 2 0  % 
13 - 15 70 
11 - 13 70 

3 - 4 70 
3 - 4  % 

0. 5 - 0.7 70 
0 .2  - 0 .4  yo 
0.25 - 0.35  % 
0. 15 - 0.25 yo 
0 .1  - 0.2 yo 
0. 1 - 0. 15 7 0  

0.5 70 (possibly)  

possibly, but too m u c h  

too light a n  element for 
in t e r fe rence  

detection 

3 - 4  70 
.7  - 1 . 5  7 0  

Tota l  72.60 - 94.95 70 
I 
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The data exemplif ies the degree  to  which leaching can occur in 

rock /ho t  wa te r  interaction.  B e r e a  sandstone is a re la t ively  i m m a t u r e  

f ine-grained sandstone with a high percentage of clay m a t e r i a l  and kao-  

l inite r ep lacement  of fe ldspars  (2070). The quar tz  (about 60% of the 

rock  volume) i s  an  unlimited sou rce  of si l ica.  The  f e ld spa r s  ( in  minor  

amounts -  - l e s s  than 570) would r e l e a s e  calcium, sodium, and potassium. 

The  main  ca lc ium contribution would probably be f r o m  the abundant 

amount of ca lc i te  (10%) in the sandstone. The  c lays  a r e  a poss ible  sou rce  

for  j u s t  about anything. The p resence  of sulfa te  could be a t t r ibuted to 

the  oxidation of pyri te ( s o m e  of the  opaque m i n e r a l s  observed in  thin 

sect ion may- have been pyrite) .  

The  v i r tua l  absence  of the element chlor ine  (0. 1 to  0. 2%) is 

1 1  

puzzling. Chloride i s ,  in  fact ,  the single m o s t  c r i t i c a l  constituent i n  

23  di s ting ui  s hi ng hot - w a t e r f r om va po r - dominate d g e o t h e r ma 1 s y s t e m  s . 
T h e  chlor ide  content of m o s t  r ocks  is e a s i l y  leached by high t e m p e r a t u r e  

w a t e r  and m o s t  m e t a l  chlor ides  a r e  highly soluble in  liquid wate r .  

A s  the common m e t a l  chlor ides  have negligible volatility even at 

e x t r e m e l y  high t e m p e r a t u r e s  and a r e  not soluble i n  Low p r e s s u r e  steam, 

ch lor ides  should be increas ingly  concentra ted  at the  boiling front.  

I 

27,28 , 

1~ 

34 

The  

only possible explanation s e e m s  to be  that  chlor ine  w a s  p resen t  i n  the i 

sou rce  rock i n  minute amounts.  

with many geothermal  s y s t e m s  a r e  bet ter  sou rce  rocks  for  chlorine.  

Cer ta inly  the  volcanic rocks  assoc ia ted  

To counteract  th is  scaling problem-- the  same problem which ha s  

I 
plag'iecl t h e  e a r ly  development of b r ine  f i e lds- - the  production port  was 
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widened t o  a one-quar ter  inch d iamete r .  A l s o ,  a s  the production data 

c l e a r l y  verif ied the i s o t h e r m a l  path of production of a c o m p r e s s e d  liqi 

c 

c 

c 

L 

r e s e r v o i r  ( F i g .  Zl), it was decided that  the in i t ia l  s t a te  not be s e t  nea  

as far above the sa tura t ion  curve  i n  fu ture  runs .  

It should be pointed out that  th i s  s a m e  phenomenon a l s o  occurs  

within the  flow channels  of a porous media.  

m a y  be due t o  a sudden widening a f t e r  a tight flow constr ict ion.  Other 

possible c a u s e s  of precipi tat ion might include the reduction of the hyd: 

s t a t i c  head,  decreas ing the absolute p r e s s u r e  on the liquid t o  the  poinl 

of allowing vaporizat ion t o  begin o r  the mixing of hot br ine  with cooler 

downward-flowing wa te r .  All of these  p rocesses  m a y  help to  originat1 

an  effect ive c a p  r o c k  i n  a portion of a permeable  formation.  T h i s  the. 

f o r m s  a t r a p  f o r  the  convection c u r r e n t s  of m e t e o r i c  w a t e r  heated  at 

depth and the hydrothermal  s y s t e m  may  evolve into a se l f - sea led  

geothermal  sys tem.  

A sudden p r e s s u r e  d rop  

35 

The p resen t  labora tory  se tup offers  innumerable  possibi l i t ies  

fu ture  geochemical  r e s e r v o i r  r e s e a r c h .  Among the m o r e  in te res t ing  

the r e s e r v o i r  engineer  is the evolution of the content of va r ious  volati 

const i tuents  within the clevetoping d r y  s t e a m  cap. F o r  example ,  Cela 

F e r r a r a ,  and P a n i ~ h i ~ ~  repor ted  ext remely  high concentrat ions of bo: 

i n  e a r l y  steam production a t  the Lardere l lo  F ie ld  in Italy followed by 

rapid d c c r e a s e  the rea f te r .  Finlayson and M a h ~ n ~ ~  c o r r e l a t e d  i n c r e a  
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in the  C 0 2 / H 2 S  r a t i o  i n  the Broadlands F ie ld  in New Zealand with d i s -  

charge enthalpies.  Ellis38 and Mahon had e a r l i e r  done s i m i l a r  work 

at Wairakei  in New Zealand. 

39 
J 

J 

J 
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O V E R A L L  HEAT TRANSlFER COEFFICIENT FOR THE CORE HOLDER 

then: 

If w e  a s s u m e  a s teady s t a t e  t e m p e r a t u r e  dis tr ibut ion in  the co re ,  

Heat  into - Heat  out of = Heat  t r a n s f e r r e d  between the  ( 7 )  
t he  c o r e  the c o r e  c o r e  and its sur roundings  

If w e  fu r the r  a s s u m e  that U, the  overa l l  hea t  t r a n s f e r  coefficiedt 

(BTU/hr  - f t  2 - OF), i s  not a function of t e m p e r a t u r e  (a good a s s u m p-  

t ion fo r  s teady state), then,  f r o m  bas ic  heat  t r a n s f e r ,  we know that: 

(8) Heat  t r a n s f e r r e d  = S U  (T, - Tf)  dA 

w h e r e  

T, is  ambient  t e m p e r a t u r e  ( O F )  

Tf  i s  flowing t e m p e r a t u r e  in  the  c o r e  at various 
points along the length ( O F )  

I 
A i s  c ross- sec t iona l  su r face  area ( f t  2 ) I 

Note :  

w h e r e  

R i s  the radius  of the c o r e  s y s t e m  ( f t )  
( 2  T R is ,  thus,  c i rcumference)  
i s  dis tance along the c o r e  length ( f t )  x 

Now Q, the  heat  f low in  o r  out of the c o r e  ( B T U / h r ) ,  can be 

r e p r e s e n t e d  a s  follows: 

Q = q p C  A71 

where  
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obtain: 

q 
p 
C 

i s  the volumetric liquid flow r a t e  ( f t  3 / h r )  
is  the density of the  liquid ( l b / f t  3 ) 
is the specif ic  heat  of the  liquid (BTU/ lb  - O F )  

AT is the  t empera tu re  gradient  along the  c o r e  length ( 0 F) J 

where  

m is mass flow r a t e  ( l b /h r )  
(m = 9 P )  

Rear ranging  equation (1  1) for  U, we get: 

u =  
1 

2 T R of (Tco - 

W e  can evaluate the  i n t eg ra l  along the  length of the  c o r e  using i l  
Simpson ' s  Rule. 

I 

The ove ra l l  heat t r a n s f e r  coefficient  was  m e a s u r e d  by injecting 

cold wa te r  into a hot, dry,  i so the rma l  c o r e  equi l ibrated with the  air 

ba th ' s  ambien t  t empera tu re ,  

profi le with time i s  shown in  Fig.  23. 

The  development of t h e  tempera ture- d is tance  

With a constant f lowrate  maintained throughout the  run ,  cold 

liquid wa te r  en te red  the  lower end of the  c o r e  and moved up  the  length, 

gaining heat f r o m  the rock  as  i t  passed  through t h e  pore  channels.  

longer dis tances  t r ave l ed  up the co re ,  g r e a t e r  contact  with the  rock  

r e su l t ed  in  m o r e  heat  t r a n s f e r  and higher t e m p e r a t u r e s .  

the  liquid s t a r t ed  boiling- -with the lower p r e s s u r e  and the  higher 

With 

A t  some  point, 
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Substituting the appropr ia te  express ions  into equation (7), we 
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tei-riperaturc--flowing through the r e s t  of the  c o r e  a s  a two-phase 

mix tu re  of sa tu ra ted  s t c a m  and Liquid water .  

The  t empera tu re- d i s tance  profile of the s ingle  phase region 

continued to  d r o p  with r e s p e c t  t o  the  init ial  c o r e  t e m p e r a t u r e  until  

s teady s t a t e  w a s  attained. 

fixed with time as  the  heat  flow into the  c o r e  b y  r a d i a l  conduction 

equaled the heat  flow u p  the length of the c o r e  b y  mass  t r anspor t .  

A t  th i s  point, the t e m p e r a t u r e  profi le  was  

F r o m  t h i s  s teady state profile, the overa l l  hea t  transfer coefficient 

was  calculated (Table  3 ) .  
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Table 3 

I 
I 

CALCULATION O F  O V E R A L L  HEAT TRANSFER COEFFICIENT ~' 

T h e r m o-  
couple No. 

Dis tance 
f r o m  inlet 

( inc  h e  s ) 

TOO - T i  
Difference 
from 300°F 
Ambient 

-- Tf ( O F )  T e m p  ( O F )  

2,2 9 71 

2.6 1 39 
2,67 33 

275  25 

2.8 2 18 
2.87 13  

2.90 10 

293 7 
293 7 

i 

Multi plica ti on 
F a c t o r  (us ing 1 1  
Simpson's Rule)  I I  I 

x l  = 71 

x 4  = 1/56 
x 2  

x 4  
x 2  
x 4  
x 2  

x 4  = E8 
I 

x l  = +  
== T6 

p Using Simpson's Rule, 
1 
f (Tm - T f ) d x  = h " / 3 [  T I  t 4 T2 f 2 T 3  f ... t 4 T8 f ] 0 

= (0.2188 f t / 3 )  (536OF) 

= 39.08OF - f t  

2 K R  $' (Ta - Tf)  dx 
0 = (2. 3625 l b / h r )  (1. 01 BTU/lb  - F) (293OF - 229OF) 

( 2 )  (3. 1416) (. 0848 f t )  (39.08OF - f t )  

= 7 . 3  B T U / h r  - f t 2  - O F  (with b r a s s  end plugs) 

::: S 1 )a c in g b e t w c en t h e r m o c o ti p 1 e s 
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E X P E R I M E N T A L  RES'CJLTS AND DISCUSSION 

Runs 1 through 4 (each  consist ing of a heating period and  a produ(;tion 

period,  as  d i s cus sed  earlier) w e r e  made  i n  depleting t h e  c o r e  f r o m  a volu- J 

metric liquid sa tura t ion of 100% t o  0%. Expe r imen ta l  data f o r  the therrnb-  

dynaniic paths of production for  each  run  (for  t ap  No. 6 in the  middle  of &e 

c o r e  length) is shown i n  Fig .  24,  r e l a t i v e  to  the  vapor  p r e s s u r e  cu rve  fo r  a 

planar in te r  face. lY 2 ,  

J 

The  data is  tabulated i n  Appendix D. 

J A s  expected f r o m  theore t i ca l  considera t ions ,  a lowering of the  vapor 

pres sure  c u r v e  does  occur  at liquid sa tu ra t ions  below the  " i r reducible"  lkvel 

of immisc ib le  d isplacement .  

- 
I 

Each  succeeding run ,  with a lower liquid 1 

sa tura t ion,  exhibits  a lower path of production. T h e  degree  of lowering 

is c l e a r l y  beyond the  range  of sensing e r r o r .  

T h e  liquid sa tura t ion f o r  each  r u n  w a s  calcula ted f r o m  t h e  steam 

quality obtained through a volumetr ic  balance on the  two-phase zone (see  

Appendix E). T h e s e  values r ep re sen t  only an overa l l  ave rage  for  the  

J 

two- phase zone. Gravi ty  segregat ion could account f o r  some ver t i ca l  safura- 4 

tion gradient  within the  c o r e .  In addition, s o m e  e r r o r  might be  expected, (  
I 

f r o m  evaporat ion tosses f r o m  the  collect ion beaker ,  loss  of uncer ta in  

amounts  of wa te r  when checking p r e s s u r e  gauge cal ibra t ions  in  between 

, 
1 1  d 

r u n s ,  and uncertainty concerning the  amount of wa te r  in the  production 

Zincs between the shut-off valves and the core .  
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This  se t  of e spe r imen ta l  r u n s  was  acconiplishcd with a negligible 

P r e v i o u s  problems in  1O:jS of confining p r e s s u r e  over  a two-day period. 

th is  r e g a r d  w e r e  solved when i t  was  d i scovered  tha t  t h e  small b r a s s  

f i t t i ngs  which s ea l ed  off the nitrogen confining p r e s s u r e  f r o m  the pressure  

taps  w e r e  too long. 

top o-seals w e r e  c o m p r e s s e d  between the s m a l l  b r a s s  fittings and the 

o- sea l  s t ra igh t  t h r e a d  connectors  above (with the  expansion of the  Viton 

s leeve  upon heating) unti l  they finally shredded,  causing a ni t rogen leak 

into the  co re .  

t o  the th icker  c o r e  d i ame te r  a t  that  location. 

d i ame te r ,  nea r ly  impercep t ib le  a t  a glance,  was  the  determining fac tor .  

Ti- 

that  they didn't bottom out. 

With t he se  fi t t ings bottoming out into the  co re ,  the 

I 

The fac t  that  s o m e  t aps  Leaked m o r e  often was  due so le ly  

Th i s  var ia t ion in c o r e  

problem was solved by  shortening all of t he  small b r a s s  fittings so 

The physical  model  is  now functioning propei ly t.' 
without s e r i o u s  problems.  F u r t h e r  data should be obtained with re la t ive  

ease. 
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CONCLUSION 

T h e s e  ini t ia l  exper imenta l  runs  indicate  that  vapor p r e s s u r e  

lowering due to in ter fac ia l  tension e f fec t s  does exist t o  a s ignif icant  

I 
I 
I 

f g r e e  

i n  consolidated sandstones ixt high t empera tu res .  Such a phenomena, \vith 

its d r a s t i c  implicat ions toward  the  production forecas t ing  and  numeric141 

simulat ion of geo the rmal  r e s e r v o i r s ,  m u s t  be  s tudied m o r e  extensivehi.  

F u t u r e  invest igat ions should involve r epea ted  exper iments  ove r  a wide ~ 

r a n g e  of rock  permeabi l i t ies  and poros i t ies  at higher t e m p e r a t u r e  leve ls  

than those  at which th i s  study w a s  conducted. 

ut i l ize  the capaci tance probe cu r ren t ly  being developed within this  pro jec t  

for a n  a c c u r a t e  determinat ion of the  local levels  of liquid sa tura t ion  at 

which the effect i s  significant. 

Th i s  work  wi l l  be ab le  t Q  

~ 

, I  
1 1  

? The physical model  designed and cons t ruc ted  in  conjunction wit 

t h i s  study provides a unique opportunity to  examine the production chaapc-  

t e r i s t i c s  of geo the rmal  r e s e r v o i r s - - i n  both a physical  and a chemica l  

sense .  

of th i s  readi ly  avai lable  source  of energy. 

, 

(1 Such work  i s  of g r e a t  impor tance  toward  a be t te r  understandin 

I 
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A P P E N D I X  A 

DERIVATION O F  THE EQUATION 
RELATING 

VAPOR PRESSURE TO CAPILLARY PRESSURE 

( f r o m  Calhou.n, Lewis ,  and Newinan, Ref. 8) 

The  cap i l l a ry  p r e s s u r e ,  pc, at any height within the  s y s t e m  is 

defined as: 

- P, - P, - PI 

w h e r e  

p, 
pI 

i s  the  p r e s s u r e  in  the  vapor phase  ( p s i )  
i s  the  p r e s s u r e  in  the  liquid phase  (p s i )  

It i s  impor tan t  t o  consider  th(3.t both the  wa te r  phase  and its vapor  are 1 

continuous phases  within the  s y s t e m  and  that ,  at any  point, the  two phases  

a re  i n  equi l ibr ium.  I 

The  grad ien t s  i n  the  liquid and vapor columns within t h e  porous  , 

s y s t e m  a r e :  
I 

P and p a r e  the  densi t ies  of the  l iquid and vapor 

g i s  gravi ty  ( f t / s e c  ) 
h 

V 3 phases ,  r espec t ive ly  ( lb / f t  ) 
2 

is the  height within the  s y s t e m  ( f t )  

1 

By inte;;rating these  g rad ien t s  f r o m  h -- o ( the  height at which pc = o) 1 

t C J  the  height,  h ,  we can  evaluate  p1 a n d  pv a t  height h. Note tha t  when 
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1 

pC = 0 ,  

a f la t  in te r face .  

- - p, and p, the  equi l ibr ium vapor p r e s s u r e  above 
P V , 3 ,  

F o r  p , ,  eqn. A - 2  becomes  

A s  p 1 is  independent of height,  we  find that  

(A-51 

However,  fo r  the  vapor phase,  we  must cons ider  the  relat ionship:  

P V  = pvM/R?' 

w h e r e  

M i s  the  molecu la r  weight ( lb / lb  - mole) 
R 
T is  the t e m p e r a t u r e  ( R )  

3 I 

i s  the  ideal gas  constant  (10. 73 psi  - f t  ) ( lb  - mol$ - OR) 
0 

I 
T h u s ,  f o r  p,, eqn. A - 3  becc 'mes :  

h P V  f dpv = pvM/RT g f dh 
P V O  0 

o r  

By in tegra t ing  eqn. A- 8 ,  we  get  

(A-73 

~ 1 (A-81 

In Pv/Pvo = Mgh/RT (A-91 

By  combining eqns.  A - 5  and A- 9 ,  the expres s ions  for  p1 and  p,, r e s p e c -  

t ively,  we can  eliminate the  height term h and obtain: 

P1 = R T  P,/Iv[ In Pv/P,, -t Pvo 

.. 

- p c  Substituting p1 - p, 

a.tl ti 

in to eqn.  A - 1 0 ,  w e  gct :  

- RT,/hT pv - p v  

R T / M  - R T P ~  lnp , /~ , ,  - P,, ( A - 1 1 )  pc - p, 
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A S  

o r  

and  

= R T  fi),lh? [ l  - p t /  p, In P,/P,,l - P,, 

R T  P1IM 1nPvo/Pv > >  P,, 

we cat1 approximate  eqn. A -  11 by: 

~ 

( A -  12): 

Th i s  equation r e l a t e s  p,, the  vapor p r e s s u r e  above a curved  

in t e r f ace ,  to  p,, the cap i l la ry  p r e s s u r e  across that  in te r face ,  i n  t e r m s  ' 

l l  
of the  m e a s u r a b l e  quant i t ies ,  T ,  h/l, a n d P I .  
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and  

A P P E N D I X  B 

CALCUL,ATION O F  THE MAGNITUDE 
O F  VAPOR PRESSURE LOWERING 

TO BE E X P E C T E D  AT HIGHER TEMPERATURES 

Given : 

= u ( l / r .  t I / r 2 )  
P C  1 

P, = R T  q / M  In pv0/p, 

combining eqns. B - 1  and  B- 2 ,  we  get: 

In P,,/P, = h 4 / p l R T  u ( l / r l  t 1 / r 2 )  

o r  

T h e  values of the  constants :  

M, the  m o l e c d a r  weight  of water = 18. 015 lb / lb  - mold1 

and  ~ 

R ,  the  idea l  g a s  constant  = 10. 73 p s i  - f t  3 / l b  - m o l e  -  OR 

pvo/p, - e s p [  1 .68 U /  p l T  ( l / r l  t 1 / r 2 ) ]  

can be  i n s e r t e d  in to  eqn. €3-:3 resu l t ing  in: 

( B  -41 

T he t e r 11 p e r a t  u r e - de pendent va r ia b 1 e s a r e : 

T ,  t e m p e r a t u r e  in OR ( O F  t 460') 

u , i n t e r f ac i a l  tension in  lb / in  
( d y n e s / c r r i  x 2.248 x lO-'lb/dyne x 2 .54cm/ in )  

densi ty  o f  the liquid h a s e  ( in  equi l ibr ium with the  
vapor phase)  in  lb/f t  ti 
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I l l terfacial  tens ion  values w e r e  obtained f r o m  T r u e s d e i l  and White, 40 

J 
Liqu id  densi ty  values  w e r e  obtained from sa tu ra t ion  data f r o m  the s t e a m  

2 tables . 

0.0161 0.0170 0.0174 3 
vl(ft  / lhb 
p1(1b/ f t  ) 6 2 . 0 3  58.82 57.31 

(T ( 10-41b/in) 3.99'7 3.083 2. 798 
u (dynes / cm) 7 0 51 49 

at 97'F 

9 7  
557 

250 300 
7 10 760 

and, as 

at  250°F 

pvo/pv = exp  [ l .  240 :Y l o e 8  ( l / r l  t l / r2) ]  

at 300°F 

pvo/pv - - exp c1.079 :Y l o W 8  ( l / r l  + l / rZ) ]  

at 350°F 

- 8  pvo/pv = exp [0.9380 x 10 ( l / r l  t l /rZ) 

350 
810 

J 

0.0 180 
55.59 I 

44  .J 

2.512 

(B  - 8) 

At th i s  point, we  can now ca lcu la te  the magnitude of vapor  press i  

F r o m  the  data oj lowering, pv,/p,, a t  the  different  t e m p e r a t u r e  levels .  

Calhoun, et a l . ,  we can subst i tute ,  f o r  each  value of liquid sa tura t ion ,  1 -- 

i the cor responding  pvo/pv  into eqn. B- 5  and  ca lcu la te  the value for  

i 

3 

d 

.J re 
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( I / r l  t l / r Z ) .  

stituted into equations €3-6, B-7,  and €3-8 i n  o r d e r  t o  ca lcula te  pvo /pv  

for 250°F, 30O0F, and 350°F, respect ively.  

ad jus tment  i s  accompl ished .  

S u b s e q u e n t l y ,  t h i s  value of ( l / r l  t l / r 2 )  c a n  be sub- 

I 

~ 

T ~ L I S ,  the  t e m p e r a t u r e  

The r e s u l t s  a re  tabulated in Table  B1. 
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Fig .  B1 

Interfacial Tension 
Between Steam and Liquid Water 

As a Function of Temperature 
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APPENDIX C J 

EQUIPMENT SPECIFICATIONS 
AND LIST OF hlANUFACTURERS/SUPPLIES 

J 

P r e s s u r e  T r a n s d u c e r s  

Pump 

Series 6000, l i nea r  in tegra ted  c i r cu i t  s ens ing  element 
1 0 0 m v  = 300 p s i  
Combined e r r o r  ( l i nea r i ty  t h y s t e r e s i s ) :  2 . 570 f u l l  scale 1 

I 

P e r r y  Wall ia ,  Monolithic T r a n s d u c e r s ,  Inc.  
1954-Q Old Middlefield Way 
Mountain View, Cal i fornia  94040 
(415) 967-0953 

Control led volume d iaphragm pump 
Maximum ra t e :  2 .  8 g a l / h r  
Model  R 11 1A 

Milton Roy Company 
1243 Alpine Road,  Suite 108 
Walnut Creek ,  Cal i forn ia  94598 
(415) 937-6771 

Mass Balance 

Ohaus T r i p l e  B e a m  Balance  
Capacity: 2610 gin 
Accuracy:  0. l g n n  

c / o  Peninsula Scientific 
2185 Park f3oulevard 
Palo Alto, Cal i fornia  94306 
(415) 326-4136 
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T 11 c r rno c o 11 p 1 e s 

X a  c t pak a s s e m'b 1 y 
J r  on- cons tantari 
Accuracy:  ? 2 O F  
~76w~! !& <\&%\\<n 
Trans i t i on  fitting 

Claud S. Gordon Co. 
916 A m e r i c a n  S t r e e t  
San C a r l o s ,  Cal i fornia  
(415) 591-7070 

T e m p e r a t u r e  Rec  or d e r  

.- 

e 

Speedomax W mode l  
12-point sweep r e c o r d e r  
Range: 0 - 500°E' 

L e e d s  and Nor thrup  Co. 
700 S. El Caniino R e a l  
San Mateo ,  Cal i fornia  
(415) 349-6656 

Pressure  Gauee 

Ashcroft  Duragauge 
Range: 0 -  100 ps ig  
P r e c i s i o n  reading  to  one-half ps i  
316 SS tube and  socket  

c / o  N. J. Hat te r  and  G o .  
330 Hatch D r i v e  
F o s t e r  City, Cal i fornia  
(415) 574-1300 

A i r  Bath 

Blue M mechanica l  convection oven 
F loor  mode l  P O M  - 1406C - 1 
T e m p e r a t u r e  range:  t o  650°F 
Inside dimensions:  48" (w )  x 24" ( d )  x 36" (h)  
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Blue M E l e c t r i c  Company 
Blue Is land, Il l inois 

I 1  

J 

4 

J 

J 

J 

J 

J 

d 

J 

2 

J 

c / o  Van W a t e r  and R o g e r s  
3745 Bayshore  Boulevard 
B ri sbane, Cal i fornia  
(415) 369-5561 

P r e s s u r e  R e c o r d e r  

C h e s s e l  f la tbed recorder 
Single pen with l o w  t h e r m a l  effects  swi tch  
17 r a n g e s  f r o m  0. 5mV t o  lOOV 
Z e r o  suppress ion  capabi l i ty  of 1, 2 ,  or 3 times the  r ange  ~ 

Continuously adjustable  z e r o  from -50 t o  $150 scale divis ions 
Event  marker optiion I 

i 

in use  

c / o  N i c k  Humeny Ins t rumen t s  
P. 0. BOX 634 
B elmont ,  Cal i fornia  9400 2 
(415) 593-8392 

Pr e s sur e R e pula t o r  

Model  2 - 580 (for nitrogen) 

Matheson Gas  P r o d u c t s  
6775 C e n t r a l  Avenue 
Newark,  C a i if  or nia 
(415) 793-2559 

Viton Sleeve  

70 du ro  Viton s l eeve  
2.062" ID x 0.250" w a l l  x 26" Long 
Smooth su r face  

W e s t  Amer ican  Rubber  Co. 
750 N. Main S t r ee t  
Orange ,  Cal i fornia  92668 
(714) 532-3355 
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Natura l  C o r  e - 

Berca sandstone 
2 ' ' diame t e r 
Permeabi l i ty :  1 OOmd 
Poros i ty :  18% 

Cleveland Q u a r r i e s  Co. 
Amher s t ,  Ohio 44001 
(216) 986-4501 

Modular P o w e r  Supply Un i t s  ( f o r  t r a n s d u c e r s )  a 

Model MMS/O - . 120 
Output voltage: 1OV 
Output cu r r en t :  12OrrA 

Sorensen Company 
676 Is land Pond Road 
Manches te r ,  Nlew I h m p s h i r e  03103 

c / o In s t r urn eint S p e c i a li s t s , Inc . 
2359 De L a  Cruz  Boulevard 
Santa C la r a ,  Cal i fornia  
(408) 244-1505  

Swagelok Tube F i t t ings ,  Whi tey ,  and Nupro  Valves 

Van Dyke Valve and Fitt ing Co. 
1240 Eirchwood Drive 
Sunny va le, C a li f o r n i  a 
(408) 734-3145 

Tubing - 

Tube sales 
1730 G e a r y  Boulevard 
San F r a n c i s c o ,  Cal i fornia  
(415) 361-1919 
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Viton 0 - R i n g s  -_-- 

P a r k e r  o-sea ls  

c / o  McDowell  and C o m p a n y  
26203 Production Avenue, Building 2 
Hayward, Cal i fornia  
(415) 785-7744 

Carb ide  Dri l lb i t s  (No- 511 

Kobb- Jack Gorp .  
1130 Independence Avenue 
Mountain View, Ca l i fo rn ia  
(415) 961-3100 
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APPENDIX E 

CALCIJLATION O F  LIQUID SATURATION IN THE CORE 

Development - of the  Equations - 

A volumetr ic  balance i s  used to  obtain an  expres s ion  fo r  the s t eam 

quality within the  co re .  

t v = [ V 1 ( l - X )  t v x] w P S 

where  

3 
3 vp 

V I  

vs 
wt 
X 

is the pore volume of two-phase zone ( f t  ) 
is  the  specif ic  volume of liquid w a t e r  ( f t  / lb)  

3 i s  the  specif ic  volume of sa tu ra t ed  s t e a m  ( f t  / lb)  
i s  t he  to ta l  fluid m a s s  (lb) 
i s  the f rac t ion  of the to ta l  fluid m a s s  which is s t e a m  

Solving eqn. E-1 fo r  X,  we : ;et :  

This  calculated value of X f r o m  eqn. E-2 g ives  us the ra t io :  

whe re  

ws 
w1 

i s  the  weight of s t e a m  (lb) 
is the  weight of liquid wa te r  (lb) 

This  g i v e s  us one equation and two unknowns. 

of rriass f o r  the second equation. 

We can  use the  conserva t ion  

(E-4)  WtP \vt = ws t w1 = Wti - 
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wher  c3 

wti i s  the  initial fluid mass ( l b )  
is  t he  mass of p roduced  fluid (lb) 

W t P  

1' Thus, we  can ca lcu la te  ws and w 

Knowing ws and  w we can calcula te  SL, t he  a v e r a g e  volumetr ic  1' 

l iqu id  sa tu ra t ion  fo r  the  two- phase zone: 

SL = w v / W I V 1  -k ws v 1 1  S 
(E-5) 

J 

I? e r t i n e  n t  Information 

Expected p o r e  volume = @ v  

2 
= g i r l ?  1 

2 
= (0. 182) ( 3 .  1416) (1.009 in) (23. 188 in) 

= 13. 378 i n  3 

= 219 crn3 ( cc )  

Actual  mass produced: 

144.9 g m  Run 1 

29. 3 

17. 2 Run 2 

11.5 Run  3 

18.1  Run 4 

lost in cal ibra t ion check 

J 

221. 0 grn 

T h e  above seem to  check  (1  gnn/cc at room t e m p e r a t u r e ) .  
J 

C a 1 c 11 la t i on s 

3 Given:  v = 2 2 1 c c  = 0.0078045 f t  P 

W .  = 2 2 1 g  = 0.4872 lb 1 
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c 

3 v1 (294OF) = 0. 01739 f t  / l b  

v S (294OF) = 7.048 f t3 / lb  

Run 1: initial ave rage  SI> = loo‘’,; 

Run 2: X = 1.0078045 f t  3 / ( 2 2 1 g  - 174.2g)  ( l l b / 4 5 3 . 6 g ) J  - 0.01739ft3/lb 

7 .048 f t3 / lb  - 0,01739 ft3/lb 

.00829 = ws/wt  1: ws/ .  103175 lb 

ws  = 0.000855 Lb 

~1 = wt - \vS = . 103175 lb - .000855 lb = . 10232 Lb 

In i t ia l  average S, = (. 10232 lb) ( .01739 f t3 / lb )  
----c 3- ( .  10232 Lb) ( .01739 f t3/ lb)  t ( .000855 lb) (7.048 flt / Ib) 

- ~ -  

= 22.7970 

Run 3: X = [. 0078045 f t3 / (221  g - 191 .4g)  ( 1  1b/453.6 g)] - 0.  0173g,ft3/Ib - I 

c 
, 

I 7.048 ft3/Lb - 0.01739 f t  3 / lb  

= 1.45% 

.01454 \vs/wt ws / .06526  

ws = 0.0009488 Ib 

w1 w - w .06526 Ib - .0009488 lb = 0.06431 lb t S 

- (. 06431 lb) (. 01739 f t3/ lb)  Ini t ial  a v e r a g e  SL = 
(.064‘31 lb) ( .01739 ft3/lb) t ( .0009488 lb) (7 .048 ft3/lb) 

= 1 4 .  34’0 

I 
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Rut1 4: X [. 0078045 ft 3 / ( 2 2 1  g - 2 0 2 . 9 g )  ( 1  l b / 4 5 3 . 6 g ) ]  - .01739  f t  3 / Ib 
I ---- -- 

d 
7.048 f t3 / lb  - .01739 f t3/ lb 

= 2.5370 

J 
ws = .00101 lh  

w1 = w - w = .03990 lb - .00101 lb = . 03889  lb 
S 

(. 03889 lb )  (. 01739 f t 3 / l b )  Initial average sL = -- J 

(. 03889 1.b) (. 01739 f t 3 / l b )  + (. 00101 lb) (7.048 ft3/&) 

= 13. 7% 
d 
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