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INTRODUCTION 

. 

E f f o r t s  on the research p ro jec t  "Stimulat ion of Geothermal Aquifers' '  

commenced as an i n t e r d i s c i p l i n a r y  program a t  Stanford Un ivers i ty  dur ing 

the 1972-1973 academic year a t  the  end o f  September, 1972. The p ro jec t  

has as i t s  goal the research1 program described i n  the proposal for  the  

National Science Foundation grant  No. 61-34925. 

The three major ob jec t ives  o f  t h i s  program are: 

1 )  Development of experimental and numerical data t o  evaluate the 

optimum performance of explosion-st imulated geothermal aquifers. 

2) Uevelopment of a geothermal steam reservo i r  model t o  evaluate , 
the many thermophysical, hydrodynamic, and chemical parameters involved. ,  

The basis of the model w i l l  be fluid-energy-volume balances developed 

by basic reservo i r  engineering pract ices.  

I 

The model w i l l  be tested f o r  

three po ten t ia l  steam product ion modes fo l lowing performance matching 

o f  na tura l  geothermal reservoi rs.  Data from two Plowshare experiments 

o f  natural-gas s t imu la t i on  w i l l  be considered. 

3) Development o f  a laboratory model o f  an explosion-produced 

chimney t o  obta in  experimental data on the processes of  in-place b o i l i n g  

moving f l a s h  f ron ts ,  and two-phase f l o w  i n  hot porous media, as we l l  as , 
I 

chemical and radiochemical data f o r  the f l u i d s  production. 

The p ro jec t  commenced as a j o i n t  program between the C i v i l  Engineerirlg 
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Department of the School of  Engineering and the Petroleum Engineering 

Department of the School o f  Earth Sciences. 

p ro jec t  design, assistance was so ' l i c i t ed  from members o f  o ther  depart- 

ments i n  both schools. Personnel now associated w i t h  the pro jec t  include: 

I n  the ea r l y  per iod of 

Prof.  Paul Kruger, C i v i l  Engineering Department, Co-Principal 

I nves t iga t o r  

Prof.  Henry J. Ramey, Jr., Petroleum Engineering Department, Co- 

Pr inc ipa l  Invest igator  

Prof.  W i  11 iam E. Brigham, Petroleum Engineering Department, Faculty 
4 

Associate 

Prof. A. Louis London, Mechanical Engineering Department, Faculty 

Assoc i a te  

M r .  Norio Arihara, Petroleum Engineering Department, Graduate Student 

M r .  Paul G. Atkinson, Petroleum Engineering Department, Graduate 

Student 

M r .  Alan K. Stoker, C i v i l  Engineering Department, Graduate Student 

M r .  Michael 8.  Tessier i ,  Civ i i l  Engineering Department, Graduate 

Student 

Because o f  the long time necessary t o  construct the experimental 

f a c i l i t i e s  associated w i t h  the t lh ird ob jec t i ve  o f  the program, I n i t i a l  

a t t e n t i o n  was devoted l a rge l y  t o  the design o f  the simulated rubble 

chimney. I n  keeping w i t h  the commitment t o  in te r face  t h i s  research 

p ro jec t  w i t h  po ten t i a l  users o f  the resu l t s  as p a r t  of the RANN mission, 

i n i t i a l  contacts were made w i t h  i n d u s t r i a l  concerns, such as Bechtel 



Engineers and Union O i l  Company o f  Ca l i f o rn ia ,  w i t h  regard t o  the design 

o f  the rubble chimney model. The design o f  t h i s  f a c i l i t y  i s  included in1 

t h i s  Progress Report. I 

E f f o r t  i n  the f i r s t  two ob jec t ives  o f  the program a lso  commenced 

w i t h  the  beginning o f  the Stanford Un ivers i ty  1972-73 academic year. 

Design of a bench-scale apparatus f o r  measurement o f  geothermal steam 

f low charac te r i s t i cs  was star ted.  I n i t i a l  considerat ions fo r  the I 

development of the p ro jec t  computational models were a l so  undertaken. 

A study o f  the general environmental aspects o f  geothermal we l l  stimu- 
I 

l a t i o n  was i n i t i a t e d .  From t h i s  has come a general program t o  study 

the emanation o f  na tura l  radon r a d i o a c t i v i t y  from e x i s t i n g  geothermal 

f i e l d s ,  and the water q u a l i t y  aspects o f  s t imulated geothermal f i e lds .  
I 
I 

The progress achieved dur ing t h i s  i n i t i a l  per iod of  the p ro jec t  i s  

reported i n  t h i s  f i r s t  ProgiresS Report. 

3 



THE RUBBLE CHIMNEY MODEL - --- 

Design of the Chimney Model 

During the current  grant period, a considerable - f f o r t  was expended 

on the  design o f  an explosion-produced chimney model. 

items of the model are the simulated-chimney apparatus and the system 

fo r  heat ing i t  t o  reproduce hydrothermal aqu i fe r  condit ions. 

The c r i t i c a l  

The model chimney was designed t o  simulate a large-diameter we l l -  

bore i n  a hydrothermal f l u i d  reservoi r  resu l t i ng  from the detonation 

of a nominal high-energy explosive i n  the aqu i fe r  system. The laboratory 

model must not on ly  be capable o f  withstanding the necessary reservo i r  

pressures and temperatures, but i t  must a lso  have su i tab le  dimensions 

fo r  scal ing t o  actual  s i tua t ions .  

peratures and pressures t o  be considered i s  shown i n  Figure 1, the data 

f o r  which are  from Cady (1969). Table 1 l i s t s  the temperature ranges 

observed i n  several geothermal f i e l d s  around the world. The data 

suggest a model operat ing temperature o f  a t  l eas t  4OO0F, w i t h  capacity 

t o  operate i n  excess o f  50OoF. 

a t  pressures between 400 t o  1200 psia,. 

should be i n  t h i s  range, w i t h  capacity t o  operate a t  the higher end of 

the range. 

The range o f  desired operat ing tem- 

Compressed-1 i qu id  reservoi rs  operate 

The model operat ing pressure 

The shape o f  the model chimney i s  obtained from the experience of 

explosive s t imu l ta t i on  o f  o ther  natura1 resources, p r i m a r i l y  natura l  gas, 

as described by Kruger (1966). For low- yie ld nuclear explosives (e.%. , 5 

t o  50 k t )  detonated a t  containment depths i n  competent rock media, the 

4 
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TABLE 1 

TEMPERATURES OF GEOTHERMAL FORMATIONS 

Reservoir Location 

Matsukawa, Japan 

Kamchatka, USSR 

The Geysers, C a l i f .  

Larderel lo ,  I t a l y  

Wairakei,  N.Z.  

Cerro P r i e t o ,  Mexico 

Salton Sea, C a l i f .  

Approximate 
Reservoi r 

Temperature 
(OF) 

375 
400 

41 0 

475 
510 
575+ 
660 
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rubble chimney i s  approximated by a rounded cy l inder  w i t h  r e l a t i v e  

dimensions given by 

H = KR ( 1  1 

where H = height of  the chimney , 

R = radius of the expanded cav i t y  before col lapse 

K = empir ical  constant, a func t ion  o f  the formation medium. 

I 
Values f o r  K range from 4 t o  6, and thus the  model chimney i s  designed as1 

a cy l i nde r  w i t h  a height  t o  radius r a t i o  o f  approximately 5 t o  1. 
~ 

An important dev ia t ion  i n  the model from an actual rubble chimney I 
i s  imposed by the need t o  use an enclosed chamber f o r  the model. I n  

competent rock medium, the rubble chimney i s  surrounded by the host rock ' 
whose f rac tured  extent  decreases w i t h  the distance away from the ax i s  of  1 
t he  chimney. 

I n  p rac t i ce  f l u i d  and heat can f low i n t o  the  chimney from a thickness 

The f rac tu re  radius may be 3 t o  4 times the chimney radius, 

I 

g reater  than tha t  o f  t h  

can f low from the wa l ls  

the i n l e t s .  The se lec t  

vent ing t h i s  deviat ion.  

aqu i fe r  alone. I n  the s 

of the container, but  f l u  

on o f  a su i tab le  mater ia l  

mulated chimney, heat I 
d can enter only  from 

~ 

was l i m i t e d  i n  circum- ~ 

1 1  

Several mater ia ls  were considered, but because o f  s t ruc tu ra l  proble 

s tee l  was chosen as the model mater ia l .  However, since the volumetr ic 

capacity (pc) and the thermal conduct iv i t y  (k) o f  s teel  are greater than 

the corresponding values f o r  the external l y- f rac tured  rock of a rubble 

7 



chimney, the heat t ransfer  i n t o  the rubble rock from the steel  wa l ls  may 

present too h igh a background value for  the model. For t h i s  case, pro- 

v i s i o n  i s  being made t o  i nse r t  a su i tab le  heat- insulat ing sleeve ins ide 

the model chimney. 

the rubble i n  the chimney t o  the desired formation temperatures. 

t ions  were made o f  the heat t rans fer  by e i t h e r  external heating w i t h  con- 

duct ion i n t o  the rubble o r  a hydrothermal c i r c u l a t i o n  system. 

Consideration was a lso  given t o  the method of heat ing 

Calcula- 

The thickness o f  s teel  required f o r  the model chimney depends on 

the maximum pressure, maximum temperature, and the radius o f  the cy l inder  

and i s  given by the Pressure Vessel Codes (1968) o f  the ASME as 

S x t  
p = m  

where p = maximum 

S = maximum 

pressure, ps i g 

al lowable s t ress value f o r  a given mater ia l  and 

temperature, T, l b / i n 2  

t = cy l inder  wa l l  thickness, inches 

R = ins ide  cy l i nde r  radius, inches 

T = maximum temperature, R. 0 

. 

Figure 2 shows the various sets o f  condit ions which f u l f i l l  Equation (2). 

Other fac to rs  in f luence the choice o f  s ize  i n  the f i n a l  design. The t o t a l  

weight o f  the apparatus should be a minimum t o  reduce i t s  heat content. 

The volume should be large enough t o  reduce wa l l  e f f ec t s  t o  a n e g l i g i b l e  

leve l ,  and o u t l e t s  f o r  a c c e s s i b i l t t y  need consideration. 

laboratory model height o f  5 ft, equation (1 )  indicates a model radius of 

For a convenient 

8 
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1 ft, and a volume of 15.7 ft' which should be s u f f i c i e n t  t o  reduce wa l l  

e f f ec t s  t o  acceptable levels.  

temperature of 5OO0F could be achieved a t  a maximum pressure o f  about 800 ps ia 

w i t h  wa l l  thickness less than 1 inch, making the t o t a l  weight of the chimney 

(wi th flanges), and therefore the t o t a l  heat content, w t t h i n  acceptable 

values. 

From the data i n  Figure 2, a maximum operat ing 

Estimates were made o f  the power and time o f  heating requirements 

t o  b r ing  chimney rubble t o  the desired i n i t i a l  reservoi r  temperature. 

The use of external r e s i s t i v e  heat ing elements was considered f o r  the 

case tha t  an i nsu la t i ng  sleeve would be required dur ing the production 

tes t i ng  period. The heat f low through a c y l i n d r i c a l  body i s  given by 

Holman (1968) f o r  steady-state condit ions as: 

2nL AT k 
= I n  r/rO 

where q = rad ia l  heat f low,  Btu/hr 

L = length, f t  

AT = temperature d i f ference,  ''F 

k = thermal conduct iv i ty ,  B t d h r - f t - O F  

r = outs ide radius, f t  

r = ins ide  radius, ft. 
0 

I 

0 
Values o f  k are approximately 40 Btu /hr - f t -  F for  s teel ,  1 Btu/hr-ft-OF 

f o r  rock, and about 0.3 Btu/hr-ft-"F f o r  an insu la t ing  mater ia l .  

heat conduction i n t o  the rock i s  l i m i t e d  by the heat conduction through 

the insu la to r .  For an i n i t i a l  temperature d i f fe rence o f  AT = 74OoF, and 

The 

(3)  
d 

. 
10 



f o r  a cy l i nde r  of L = 5 f t  and r/rO = 1.16, the heat f low i s  approximately 

q = 47,000 Btu/hr or 13.75 k'W. 

temperature dif ference decre'ases t o  about 3OO0F, the heat f low would de- 

crease t o  about 5.5 kW. 

operat ing temperature i s  estimated t o  be about 16 hours. 

A t  the end o f  the heating period, as the  I 

The time t o  b r ing  the rubble chimney t o  i n i t i a l  ' 

By contrast ,  heat t ransfer  t o  the rubble by c i r c u l a t i o n  o f  hot 

water appears to be more e f f i c i e n t .  The heat t ransfer  t o  the  rubble 

i s  given by I I 

q = hA (T - T,) 
W 

where h = convective heat t ransfer  c o e f f i c i e n t ,  Btu/hr-ft'-OF 

A = surface area, f t2 

Tw = wa l l  temperature o f  the rubble, OF 

T, = temperature o f  the water, OF 

An est imate for heat t rans fe r  i n t o  the rubble can be made w i t h  the 

assumption t h a t  the rubble consists o f  s o l i d  spheres of radius a. For t 

case, the boundary cond i t ion  f o r  equation (4) i s :  

where k = thermal conduct iv i ty ,  Btu/hr-ft-OF 

dT/dr = thermal gradient,  ')F/ft. 

The so lu t i on  t o  the  d i f f u s i v i t y  equation f o r  sph i a1 h t f l o w  u 

cond i t ion  equation (5) i s  given by Carslaw and Jaeger (1959) as: 

1 1  

i s  

(5) 



s i n  aansin r a  +AT 1 n 

Q) -Suit a2a;+(aH-l)' 
2HAT T ( r , t )  = - r e 

[a:[a2ai+aH(aH-l).l 1 

where T ( r , t )  = temperature d i s t r i b u t i o n  o f  sphere 

H e -  r a t i o  of convective heat t ransfer  t o  thermal conduct iv i t y  k '  

t = time 

AT = i n i t i a l  temperature d i f f e r e n t i a l  between rock and water 

s = -  r a t i o  of thermal conduct iv i t y  t o  heat capacity 
PC'  

a = radius o f  sphere 

n a = so lu t i on  t o  aacotaa f aH-1 = 0 

Estimates of the heat t ransfer rates through f rac tured  rock can be 

obtained w i th  the data of Rabb (1970) on rock s i ze  d i s t r i b u t i o n  i n  an 

underground rubble chimney. Assuming the rubble i s  spherical  i n  shape 

w i t h  a mean radius o f  a = 0.25 ft, the value o f  dT/dr a t  r-a i s  obtained 

from equation (6) as: 

aancosaan-sinaan 

a' 

(ana) 2+ (aH- 1 ) - dT = 2HATle * s i n  aan 
dr r=a 1 

and the heat f l o w  i n t o  the rubble i s  given by: 

W 

q=-8kaa2HAT*l [ 3 
1 

where the  sumnation term i s  the i n f i n i t e  ser ies term i n  equation (7). 

A value fo r  h i s  estimated from the! empir ical  equation of Vl iet-Leppert  

12 



(Holman, 1968) f o r  f low o f  water over spheres: 

where h = convection heat t rans fe r  c o e f f i c i e n t ,  Btu/hr-ft'-OF 

k = thermal conduct iv i ty ,  Btu/hr-ft-OF 

d = diameter ~ 

p = v i s c o s i t y  o f  water 

I 

I 

1 1  

= v i s c o s i t y  of water a t  surface 
pW 

P r  = P rand t l ' s  number = 

Cp = heat capaci ty  o f  w@ater 

I 

I 
I 

Red = Reynold's number 

I 
To est imate the heat f low i n t o  the  rock, a se t  o f  values was chosen 

f o r  the parameters o f  equatijon (9). The f low r a t e  through the  chimney del 

determines the f l o w  v e l o c i t y  and thus the Reynold's number. A value of 4 gpm 

was adopted f o r  the f low rate,  which y i e l d s  a Reynold's number of 6300. Other 

values f o r  the parameters o f  equation ( 9 )  are: 

k = 0.356 Btu/ft-hr-OF 

d = 0.5 f t  

Cp = 1.13 Btu/lb-OF 

p = 0.26 lbm/ft-hr @ 5OO0F 

= 2.71 lbm/ft-hr @ 6OoF 
WW 

P r  = 0.83 

From these values, the convective heat t rans fe r  coe f f i c ien t ,  h, i s  

13 



20Btu/hr-fta-'F, and the corresponding value o f  H i s  = 56 ft. 

f l o w  i n t o  one sphere i s  estimated by equation (8) ,  and the number of  

equivalent spheres can be estimated #For the 5 f t  long by 1 f t  radius 

cy l inder  loaded w i th  rubble having an assumed packing fac to r  of 0.60 as: 

The heat 

vo l .  cy l inder  x 0.60 - 144 No. spheres = vol .  sphere 

The t o t a l  heat t ransfer  i s  then 144 (1. Figure 3 shows the t o t a l  heat 

f l o w  as a funct ion o f  the c i r c u l a t i o n  heat ing t ime calcu lated by 

equation (8). 

heat a t  a r a t e  o f  a t  leas t  30 kW up to  the po in t  where the rubble heat 

capacity i s  80% f i l l e d .  

come t o  i n i t i a l  operat ing temperature i n  about 6 hours. 

The data ind ica te  tha t  the rubble wohld be able t o  accept 

It i s  therefore estimated tha t  the system would 

Figures 4 A and B present the design o f  the simulated chimney system. 

The spec i f i ca t ions  o f  the model include: 

Maximum operat ing temperature 5OO0F 

Maximum operat ing pressure 800 ps ia 

Ins ide radius o f  cy l i nde r  12 i n  

Ins ide height o f  chimney %5 ft 

Wall thickness <1 i n  

Heater , c i  rcu 1 a t  i ng $30 kW 

Pump capacity 5 gPm 

The pressure vessel has been ordered and the major hardware items are 

being obtained. 

i 
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SECTION A-A 

' NIPPLES 

Figure 4 ~ .  PRESSURE VEISSEL TOP V I E W  
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Experiments -- i n  the Rubble Chimney Model 

It has been noted i n  the sect ion on the design o f  the rubble chimney 

model t ha t  one o f  the features o f  the model t ha t  requires c a l i b r a t i o n  i s  

the wa l l  ef fects of the s tee l  vessel. The e f f e c t s  r e s u l t  from the poten- 

t i a l l y  large heat t ransfer  from the vessel wa l ls  t o  the f l u i d  dur ing 

periods of product ion tes t ing .  

Ca l ib ra t ion  experiments are being designed fo r  ear ly  operat ion 

of the rubble chimney model t o  determine the extent t o  which the heat 

t ransfer  from the s tee l  vessel cart be el iminated o r  determined f o r  back- 

ground subtract ion. Several approaches are being evaluated. One possib le 

method i s  t o  b r ing  the chimney t o  i n i t i a l  pressure-temperature condit ions 

i n  the absence o f  porous media, arid produce the heat from the system by 

pressure reduction. 

be t ransferred t o  the f l u  d i s  t ime dependent and can be compared t o  the 

t o t a l  heat content o f  the water. The experiment ca? be run over a range 

o f  useful  product ion rates t o  determine the time proper t ies of the heat 

t rans fer  from the steel .  The value o f  heat t rans fer  from the vessel as 

a func t ion  o f  product ion r a t e  and time can be used i n  two ways: 

subtracted as a background value f o r  succeeding production tes ts  w i t h  

rubble media, and 2) t o  simulate heat f low from the surrounding rock media 

i n  an actual we l l  bore. 

The f r a c t i o n  o f  heat content of the vessel which can 

1) t o  be 

Upon completion o f  the vessel heat t rans fer  c a l i b r a t i o n  tests ,  the 

heat t rans fer  from the t e s t  rock media can be measured w i t h  a set o f  s im i l a r  

experiments. 

funct ion o f  pressure reduct ion and time. 

I n  these tests ,  the production r a t e  can be determined as a 

The range o f  production rates 
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can be determined t o  optimize: the heat t rans fer  from the rock. Over the 

useful range of product ion tes t ing ,  the pressure-time h i s t o r y  w i l l  be 

examined i n  terms o f  the mass, and enthalpy product ion rates. These c a l i -  

b ra t i on  tes ts  w i l l  be performed f o r  each o f  the aqu i fe r  rocks t o  be examined 

i n  t h i s  program. L i k e l y  candidates are unconsolidated sands, sandstones, 

and explosion f rac tured hard rocks, e.2., P i l e d r i v e r  chimney rock from the 

Nevada Test S i te .  

Upon completion o f  c a l i b r a t i o n  tes t i ng  o f  each rubble materia , 

production tes t i ng  w i l l  be ca r r i ed  out  f o r  a t  l eas t  three potent ia  pro- 

duct ion modes. The water leve l  gauge o f  the rubble chimney vessel can 

be ca l i b ra ted  t o  measure the v e l o c i t y  o f  a receding f l a s h  f ron t .  

of the product ion r a t e  can be: maintained by aqu i fe r  f l u i d  replenishment 

and by heating/cool ing o f  the vessel t o  maintain the desired pressure- 

temperature condit ions. Under a range o f  these condit ions, the receding 

f l a s h  f r o n t  v e l o c i t y  can be determined and examined i n  r e l a t i o n  t o  the  

~ 

I 
mass-energy product ion r a t e  and the f r a c t i o n  o f  heat removable from the 

chimney rock. A second set  o f  such experiments can be used t o  f i x  the 

production- time h i s t o r y  and determine the recharge condi t ions required 

t o  maintain a given v e l o c i t y  o f  the receding f l a s h  f r o n t .  Conversely, 

the a b i l i t y  t o  maintain a s ta t ionary  f l a s h  f r o n t  by e i t h e r  regu la t ion  of 

the recharge o r  dep le t ion  o f  the product ion w i t h  t ime can be evaluated. 

F i n a l l y  the concept o f  cyc l  i c  product ion and recharge can be investigated1 

w i t h  measurements o f  the production- time h i s t o r y  w i t h  no recharge over a 

ha l f- cyc le  fol lowed by ha l f - cyc le  o f  mass-heat res to ra t i on  by recharge. 

~ 

I , 

A second set  o f  experimctnts can be run t o  determine the heat e f fec ts  



on the hydrotherma 

the produced f l u i d  

t ions  and recycled 

aquifer as a r e s u l t  o f  recharge. I n  these experiments 

can be condensed under various f i e l d  operat ion condi- 

through a model porous media heat source p r i o r  t o  re-  

ent ry  t o  the rubble chimney. 

ment can be re la ted  a n a l y t i c a l l y  t o  behavior o f  a real  hydrothermal system 

w i t h  one o r  more recharge wel ls .  

The resu l t s  o f  t h i s  one-dimensional experi-  

A l l  of these empir ical  studies can be examined i n  r e l a t i o n  t o  p r i nc ip les  

of  heat t rans fer  by comparison w i t h  a numerical model being developed under 

the program. A f t e r  c a l i b r a t i o n  o f  the chimney model i s  we l l  established, 

These 

the 

model. 

parameter studies fo r  the basin model constants can be undertaken. 

data can be used t o  v e r i f y  the pressure-temperature condi t ions and 

f l u i d  and energy production- time h i s t o r y  generated by the numerica 

d 
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COMPUTER MODEL I NG 

A major ob jec t i ve  o f  the p ro jec t  i s  the development of a computational 

means f o r  modeling the behavior o f  actual systems. The model w i l l  be baded 

upon a mathematical descr ip t ion  o f  the system using basic p r i n c i p l e s  and 

v a l i d  physical laws. One possib le system conf igura t ion  discussed i n  the  

p ro jec t  proposal i s  t ha t  o f  an explosion- fractured chimney in te rsec t ing  

a hydrothermal aqu i fe r .  

There are  three main energy t rans fer  processes which must be con- 

sidered t o  simulate the ex t rac t i on  o f  geothermal energy from such a syst$(n. 

B r ie f l y ,  they are: 

. 

1 )  The r e t r e a t  o f  a f l ash ing  f r o n t  i n t o  the chimney. As the f l u i d  

b o i l s ,  i t  could be expected 'to obta in  much o f  i t s  l a t e n t  heat of vapori- 
I 

za t ion  from the rock matr ix,  and c l e a r l y  the manner i n  which the f ron t  

recedes w i l l  a f f e c t  energy ex t rac t ion .  
~ 

2) The r a t e  a t  which tlhe rock mat r i x  gives up i t s  thermal energy 

i n  response t o  temperature clhanges o f  the f l u i d .  These changes may be 

associated e i t h e r  w i t h  the f l ash ing  o f  water t o  steam, o r  w i t h  the in-  

j e c t i o n  of a cooler  f l u i d  i n t o  the aqui fer .  Since much o f  the thermal 

energy contained i n  a hydrothermal system i s  i n  the rock mat r i x  as 

sensib le heat, the r a t e  a t  which t h i s  energy can be extracted from the 

rock i s  o f  concern. 

3) Heat losses t o  the surrounding environment from geothermal f l u i d s  

I 

21 



i n  t r a n s i t .  

ava i lab le  energy. 

Wellbore and surface equipment heat losses may reduce the 

These energy t ransfer  processes are not unique t o  the system con- 

f i gu ra t i on  j u s t  indicated. 

mechanisms must be important t o  the success o r  f a i l u r e  o f  energy ex- 

p l o i t a t i o n  of most hydrothermal system conf igurat ions. As a r e s u l t  o f  

t h i s  observation, i n i t i a l  e f f o r t s  w i l l  be d i rec ted  towards modeling and 

studying the thermal and f l u i d  dynamics behavior o f  simple hydrothermal 

systems which include the f i r s t  two e f fec ts  indicated. Modeling of the 

t h i r d  ef fect ,  wel lbore heat losses, w i l l  not be a problem because methods 

t o  account for  these are avai lab le (Ramey, 1962, 1964). 

Thei r  effectiveness as energy t ransfer  

Modeling o f  the f i r s t  two types of behavior does not seem t o  have 
* 

been done before. Therefore, even though the computational model t o  be 

developed w i l l  be based upon valid1 physical laws and p r i nc ip les ,  i t  w i l l  

be expedient t o  conf i rm t h i s  approach by physical modeling. Another main 

ob jec t i ve  o f  physical  experimentalion w i  1 1  be t o  determine the e f f e c t s  of 

the presence o f  dissolved so l i ds  on geothermal f l u i d  productjon. Examples 

o f  such e f f e c t s  are the plugging o f  the formation due t o  p r e c i p i t a t i o n  

(not included i n  the i n i t i a l  modell ing e f f o r t s ) ,  and po ten t ia l  heal th  aod 

environmental hazards. These aspects are discussed i n  a l a t e r  section. 

* 
An exception i s  the existence o f  a hydrothermal model developed by the 
s t a f f  a t  Los Alamos S c i e n t i f i c  Laboratories. 
by F. Harlow and W. Pracht (1972)l p red ic ts  the coupled e f fec ts  o f  l i q u i d -  
phase f l u i d  flow, heat t ranspor t ,  and rock f rac tu re  i n  a hot,  impermeable 
zone tapped by a dry we l l .  

A repor t  o f  the e f f o r t s  
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I n te rac t i on  o f  numerical modeling e f f o r t s  w i t h  the physical  modeling 

e f f o r t s  w i l l  be necessary. 

Program f o r  the  Numerical Model ing - 
With in  the  three year program ou l  ined i n  the main proposal, i t  

seems t h a t  dur ing the  f i r s t  year the basic modeling and v e r i f i c a t i o n  

should be most ly completed. 

ment o f  the  mathematical model and computational techniques should con- 

t inue,  modeling more comp1ic;ated s i tua t ions .  Experimental v e r i f i c a t i o n  

During the  second year, f u r t h e r  develop- 

of the more sophis t icated arid compl icated systems should continue. By 

the end of the second year, eva luat ion o f  the physical  performance of  

the  d i f f e ren t  product ion modes should be we l l  under way. Attempts t o  
, 

develop the scheme o f  technical  and economical eva luat ion should begin 

ear ly ,  such t h a t  they can be! appl ied t o  the  f i r s t  phys i ca l l y  r e a l i s t i c  

r e s u l t s  generated. I n  t h i s  manner a l t e r n a t e  methods of  energy exp lo i ta-  

t i o n  may be suggested from physical ,  numerical, technical  and economic 

data. The economic evaluat ion scheme could a lso  be developed more 

thoroughly by using i t  as solon as possible.  

Basic Model ing Concepts---In add i t i on  t o  the  three energy t ransfer  

processes mentioned, i t  w i l l  be necessary t o  model the f l u i d  f low i n  the 

system. Such phenomena as f l u i d  expansion, interphase mass t ransfer ,  

g r a v i t y  drainage or segregation, and f l u i d s  i n f l u x  must be incorporated 

i n t o  the  model. Under some system conf igurat ions and product ion modes, 

some o f  these e f f e c t s  may become neg l i g i b l e .  But we should a t  l eas t  be 
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able  t o  evaluate the po ten t i a l  inf luence on system behavior. 

A general model which incorporates a l l  o f  these f l u i d  e f f ec t s  becomes 

q u i t e  complicated. I n  order t o  make the i n i t i a l  approach t o  the problem 

manageable, i t  w i l l  be convenient t o  consider f i r s t  a simple model, such 

as the behavior of a l i nea r  ho r i zon ta l  system which i s  closed a t  one end. 

Thus, the i n i t i a l  e f f o r t  w i l l  inoorporate the two main energy t ransfer  pro- 

cesses i n  a porous or f rac tured system, as wel l  as the e f f ec t s  o f  f l u i d  ex- 

pansion and interphase mass t rans fe r .  Actual physical v e r i f i c a t i o n  of such a 

l i n e a r  model could be conveniently ca r r i ed  out  using bench experimental 

appa r a t  us. 

One l i n e a r  physical system tha t  we might want t o  simulate would be 

v e r t i c a l  f l u i d  flow out  the top o f  an explosion chimney. 

g r a v i t y  may have a s i g n i f i c a n t  e f f e c t  on system behavior. 

be included i n  the flow po ten t i a l  model of Hubbert (1956). 

I n  t h i s  case 

This c o i l d  

Other geometries, such as a r ad ia l  system f o r  a s ing le  we l l  i n  a 

la rge  hydrothermal aqu i fer ,  o r  a Cartesian system f o r  a mu l t i p le- we l l  

f i e l d ,  could a lso  be developed. 

f l u i d  i n f l u x  a t  outer !  boundaries, because t h i s  w i l l  be a major cause of  

energy t rans fe r  f o r  same conf igura t ions and modes o f  production. 

i n f l u x  a t  outer  boundaries can be: simulated by us ng aqui fer  response 

funct ions,  as i s  discussed i n  the! p ro j ec t  proposa . 
water i n f l u x  on heat ex t r ac t i on  from the hot  f rac tured rock can be 

considered by using an appropr iate temperature response funct ion fo r  the 

rocks 

We may want t o  inc lude the e f fec ts  of 

Mass 

The e f fec t  of co ld  

The general approach t o  modeling t ha t  w i l l  be taken w i l l  be t o  
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w r i t e  a ser ies of equations descr ib ing mass and energy balances, and 

inc lud ing statements of t ranspor t  laws, equations o f  s ta te ,  thermodynamic 

phase equi l ib r ium,  and other  e f fects .  This ser ies o f  equations w i l l  then 

be solved numerical ly fo r  temperature, pressure, and f l u i d  content d i s-  

t r i b u t i o n s  as funct ions of time. 

schemes fo r  so lv ing  systems o f  p a r t i a l  d i f f e r e n t i a l  equations have been 

used extensively,  i t  may prove advantageous t o  use the f i n i t e  element 

approach. 

Although f i n i t e  d i f f e rence  numerical 

I n  add i t i on  t o  developimg a numerical scheme fo r  p red i c t i ng  the 

two-phase single-component f low o f  a f l u i d  (water) i n  a f ractured rock 

o r  porous medium system, we w i l l  a l so  attempt t o  develop a l t e r n a t i v e  

methods of so lu t ion .  Througlh the  use o f  s imp l i f y ing  assumptions, and 

techniques used i n  o ther  f i e l d s ,  i t  i s  hoped tha t  a convenient scheme 

can be found. 

r e s t r i c t i v e  condi t ions,  i t  s t i l l  may prove t o  be useful. 

Even though such a scheme may on l y  remain v a l i d  under 

I n i t i a l  Modeling E f f o r t l s - - I n i t i a l  - e f f o r t s  w i l l  be d i rec ted  towards 

so lv ing  the t rans ien t  l i n e a r  hor i zon ta l  behavior o f  an i n i t i a l l y  compresbted 

hot l i q u i d  i n  f rac tu red  rock o r  porous media. One end o f  the  system w i l l  

be considered closed, the other  w i l l  be spec i f ied a t  constant producing 

pressure o r  poss ib le  constant mass f lowrate.  

cond i t ion  along the physical  system (defined as f l u i d  p lus loca l  rock) i$ 

t h a t  o f  an ad iabat ic  surface. Thus, conceptually, heat from loca l  rocks 

The most reasonable boundary 

w i l l  be included, whereas the e f f e c t  o f  sensible heat from rocks near 

the f low regime w i l l  not  be included. I n  p rac t i ce ,  t h i s  may be unnecessary 

25 



because both ef fects  could be included i n  a rock source term drock(x,t). 

Fundamental considerat ions lead t o  the mass balance: 

and the appropr ia te  heat balance: 

r 

Symbols are defined i n  the Nomenclature sect ion.  

More simply: 

and : 
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where K1, K2 ,  K,, and K4 are known funct ions o f  P, T, and SL. 

A1 though there appear t o  be three unknowns p(x, t), T(x, t ) ,  and 

S (x, t ) ,  when two phases a re  present pressure and temperature are de- 

pendent as defined by a vapor pressure curve f o r  the system (which may 

L 

depend on SL) . 
and from a mathematical po in t  o f  view a so lu t i on  should be determinable. 

Thus we have a system o f  two equations i n  two unknowns, 

From a p r a c t i c a l  po in t  o f  view, i n  order t o  ob ta in  a so lu t i on  we w i l l  

have t o  se lec t  the co r rec t  S fo r  a given t ime by t r i a l  and e r ro r ,  such 

t h a t  the two equations g ive  the same pressure d i s t r i b u t i o n  as a so lu t ion.  

A l t e r n a t i v e l y  we might assume some i n i t i a l  p(x)  (o r  SL(x)), and then 

subs t i t u te  the r e s u l t i n g  S (x) so lu t i on  i n t o  the second equation. The 

r e s u l t i n g  p(x)  so lu t i on  coulcl be placed back i n t o  the f i r s t  equation, 

and the process continued u n t i l  the two p(x) and SL(x) so lu t ions  do not  

change. i 

1. 

L 

= 0) the two equations become (‘rock 

i den t i ca l  and reduce t o  the f low equation for a s l i g h t l y  compressible 

For isothermal l i q u i d  f low only ,  

l i q u i d  i n  porous media: 

Because o f  the mathematical s i m i l a r i t y  of the f low equations f o r  isotherqgl  

single-phase 1 i qu id  f low, and two-phase f low, the development of a f lash ihg  

f r on t  from compressed l i q u i d  can be simulated. I n i t i a l  e f f o r t s  w i l l  be i n  

t h i s  d i r ec t i on .  I 

27 
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Nonisothermal liquid flow may be descr 

a - 
ax 

and the 

bed by the mass equation: 

heat balance: 

These equations do not include the effect of temperature on liquid density, 

although it will be necessary to do so later. Whatever mathematical form 

more accurate representation of compressed nonisothermal liquid flow takes, 

it should be noted that pressure and temperature will be independent variables. 

The numerical approach for solving these equations will be similar to that 

used for equations 10 and 1 1 .  Because of different sets of independent 

variables for the two systems equations 10 and 1 1 ,  and 15 and 16, it will not 

be convenient to simulate flashing from nonisothermal liquid flow. For this 

reason, initially it will not be attempted. Because one of the major energy 

extraction processes is caused by the injection of cooler water causing 

nonisothermal flow, it will be necessary to study equations 15 and 16. 

For isothermal ideal gas flow only, equations 10 and 1 1  reduce to an 

equation commonly encountered in natural gas engineering: 
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For nonisothermal rea l  gas flow, two equations i n  two unknowns, 

p (x , t ) ,  and T(x,t)  r e s u l t :  

and 

I f  a dry  steam zone developed adjacent t o  a f l ash ing  zone, then cooler  d ry  

steam from the coo l ing  b o i l i n g  zone would be enter ing  the gas flow regime. 

As a r e s u l t  o f  t h i s  cooler  gas i n f l u x ,  the assumption o f  isothermal gas 

f low would not  be cor rec t ,  and equations 18 and 19 should be used t o  desctfibe 

behavior i n  a developing dry  steam zone. 

Nonlinear Coef f i c ien ts  -- i n  - the - Basic Equations--Most of the nonl inear  

c o e f f i c i e n t s  are  reasonably we1 1-known thermodynamic and physical properth) 

funct ions o f  pressure and temperature. 

discussion. 

Two o f  these terms deserve furthe,d 

The f i r s t  i s  the  permeabi l i t y  o f  the medium t o  both l i q u i d  and gas 

(kl, Kg). 

i s  assumed tha t  Darcy's Law i s  appl icable,  and t h a t  su i tab le  permeabi l i t y  

I n  the case o f  s imulat ing f l ow  behavior i n  f ractured rock, i t  

29 



re la t ionsh ips  fo r  such systems are  ava i lab le .  

cases t o  use a r a t e  equation appropr iate fo r  non-Darcy flow. 

happen if scaled r e a l i s t i c  model condi t ions r e s u l t  i n  f lowrates h igh  

enough t o  cause " turbulent"  flow. 

It may be des i rab le  i n  some 

This  would 

K1 and K a re  l i s t e d  i n  the f irst equation as funct ions o f  S only.  

It may be des i rab le  t o  include recent experimental r esu l t s  which include 

an important e f fec t  of temperature on permeabi 1 i t y  (Poston, 1970; Weinbrandt, 

1972) 

9 L 

One of the most  s i g n i f i c a n t  terms i n  the main equations i s  the term 

(x, t ) .  
e 

This term i s  included t o  descr ibe heat added t o  the f l u i d  

For a porous 

Qrock 

from the rock ma t r i x  as the  f l u i d  and rock surface cool. 

formation, i t  can be assumed t h a t  the average temperature o f  the rock 

f a l l s  w i t h  f l u i d  temperature, and brock i s  equal t o  the  sensible heat 

released. For a rubble chimney conta in ing a large range o f  f rac tu red  

rock sizes, t h i s  assumption i s  not  su i tab le .  I t  w i l l  be necessary t o  

consider the temperature d i f f e rence  between the f l u i d s  and rock. 

experiments w i t h  the chimney mode! wii11 prov ide data for computer matching, 

and q u i t e  l i k e l y  very important co r re la t i ons  f o r  b o i l i n g ,  two phase, and 

s i n g l e  phase f low i n  such geothermal systems. 

Physical 

It should a l so  be noted t h a t  the e f f e c t i v e  thermal conduc t i v i t y  o f  

the r o c k / f l u i d  system i s  a func t ion  o f  temperature, l i q u i d  sa tu ra t  

f l o w  d i r e c t i o n  (Kuni i ,  -- e t  al . ,  1961; Adivarahan, -- e t  a l . ,  1962; W i l  

e t  a l . ,  1963). 
-7 

F i n a l l y ,  r esu l t s  o f  computer modeling w i l l  a l so  be used i n  an 

on, and 

h i  te,  

l y s i s  

o f  bench scale f low experiments. Although much i s  known concerning 
i 



mu1 tiphase flow through porous media, recent studies (see Poston, 1970; 

Weinbrandt, 1972) i n d i c a t e  the p o s s i b i l i t y  of temperature s e n s i t i v i t y .  
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BENCH-SCALE FLOId - - -- EXPERIMENTS 

I n  order  t o  inves t iga te  basic phenomena i n  the f low of hot water 

through porous media, a l i n e a r  flow system can be considered. 

hot  water flows through a column o f  porous rock, the dec l ine  i n  f l u i d  

pressure causes vapor izat ion of water t o  begin a t  a section. 

from t h i s  sect ion the  f l u i d  moves ent : i re ly  as a l i q u i d  and downstream 

from it, a mix ture o f  steam and l i q u i d  f lows. This two-phase f low 

should be character ized by temperatures and pressures which f o l l ow  

some s o r t  of a vapor pressure curve. 

volumetr ic steam-water r a t i o  would increase. Correspondingly, the 

permeabi l i ty  t o  steam would increase and the permeabi l i ty  t o  l i q u i d  

decrease. On the other  hand, the  pressure-enthalpy diagram f o r  water 

ind icates t h a t  the enthalpy o f  steam i s  much la rger  than the  enthalpy 

o f  l i q u i d  a t  the same temperature. Therefore, the r e l a t i v e  amount of 

steam and water a f f e c t s  heat loss, and t o t a l  ava i l ab le  energy of the flow. 

I n  these senses, the  r e l a t i v e  permeab i l i t i es  of porous media t o  steam 

and water must be important fac to rs  ffor study o f  two-phase f low of water. 

Another important f a c t o r  i n  two-phase f low i s  the appropr iate vapor 

pressure. 

gas and l i q u i d  can co- ex is t  i n  thermodynamic equi l ib r ium.  

may vary w i t h  the shape o f  the gas- l iqu id  i n te r f ace  due t o  surface ten- 

sion. 

lowering o f  t he  f l a t  surface vapor pressure a t  a given temperature. Th is  

could tend t o  prevent b o i l i n g  o f  l i q u i d  a t  low pore-space l i q u i d  contents 

When 

Upstream 

As the pressure decreases, the 

Vapor pressure i s  the pressure a t  which a s i ng le  component 

Vapor pressure 

This  surface tension e f f e c t  ( c a p i l l a r y  pressure), may r e s u l t  i n  a 



* 
(sa tura t ion) .  

Pre l iminary l i t e r a t u r e  study indicates tha t  three kinds o f  experiments 

might be performed t o  ob ta in  the necessary data f o r  study of the factors 

s ta ted  above. They are: 

1 )  dynamic displacement experiment 

2) steady f low experiment 

3)  pressure dep le t ion  experiment. 

Dynamic Displacement Experiment 

F igure 5 i s  a schematic diagram o f  an apparatus f o r  the experiment. 

F i r s t ,  a core i s  saturated w i t h  the d isp lac ing  f l u i d  (wet t ing  phase). 

e n t i r e  system i s  allowed t o  reach run temperature i n  an a i r  bath. Then, 

the core i s  f looded w i t h  the displaced f l u i d  (non-wetting phase), t o  ob td in  

an i r r e d u c i b l e  sa tu ra t i on  o f  d isp lac ing  phase, which becomes the i n i t i a l  

1 i q u i d  saturat ion,  S i .  

The 

This procedure y i e l d s  drainage r e l a t i v e  permeabiFity 

data. Next, the i n j e c t i o n  o f  d isp lac ing  f l u i d  provides imb ib i t i on  r e l a t i v e  

permeabi l i t y  data. During each run, cumulative i n j e c t i o n  and product ion 

volume, i n j e c t i o n  ra te ,  pressure d i f f e rence  between i n l e t  and o u t l e t  faces 

o f  the core, and volumetr ic  f r a c t i o n  o f  each phase i n  the produced f l u i d  

1 

a re  measured. 

By t h i s  method, the permeabi l i ty  r a t i o  and ind iv idua l  r e l a t  

meab i l i t y  curves o f  d isp lac ing  and displaced phases may be calcu 

The method was described by Johnson, Bossler, and Nauman (1959). 

ve per- 

I ated. , 

~~ ~~ ~ * 
The term " saturat ion"  can be confusing. I n  thermodynamics the term i s  used 

I n  petroleum engineering, the term means the volume f r a c t i o n  of 
t o  mean a l i q u i d  o r  gas a t  temperatures and pressures along the vapor pras- 
sure curve. 
pore space f i l l e d  by a given phase. 
one quarter  by volume o f  the pore volume i s  f i l l e d  w i t h  l i q u i d .  

A l i q u i d  " saturat ion"  o f  25% means 
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Production of the displaced phase i n  pore volumes, N i s  converted 
P '  

t o  the average d isp lac ing  sa tura t ion  as fo l lows:  

S = S i + N  
av P 

where Si  i s  the i n i t i a  

S i s  p l o t t e d  vs. cumu av 

(203 

sat  iura t ion. 

a t i v e  displacing-phase i n j e c t i o n  i n  pore volume, yi. 
Then, the f lowing f r a c t i o n  o f  displaced phase i s  equal t o  the d e r i v a t i v e  

o f  the displaced-phase product ion w i t h  respect t o  the i n jec t i on ,  i .e.  

f 0 dNp/dWi = dSav/dWi (21 1' 

The out f low face sa tu ra t i on ,  S,, i s  given by: I 

S2 = S i  + N - W i f o ,  o r :  S = s z  + W i f o  P av (22) I 
From the f r a c t i o n a l  f low equation f o r  the displaced phase: j 

and the permeabi l i ty  r a t i o  iis obtained as: 

where k, f ,  and p are  permeabi l i ty ,  f r a c t i o n a l  f low, and v i s c o s i t y  resp$ 1 t- 
i v e l y ,  and subscr ipts  w and o mean the d isp lac ing  and displaced phase I 

respect ive ly  i n  the context o f  t h i s  discussion. For the c a l c u l a t i o n  o f  khe 

i nd i v idua l  r e l a t i v e  permeab i l i t ies ,  the Johnson, Bossler, Naumann equatl  b n 

might be used: I 
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fo lkro = Wid(l/Ir)/d(Wi) + 1/1 r 

The i n j e c t i v i t y  r a t i o ,  Ir, i s  given by: 

= ( u / A ~ ) / ( u / A ~  a t  s t a r t  o f  i n j ec t i on )  I r  

where u i s  the i n j e c t i o n  v e l o c i t y  a t  the i n l e t  and Ap i s  the pressure 

d i f fe rence  between the i n l e t  and o u t l e t  faces o f  the core. 

a b i l i t y  t o  the displaced phase i s  givlen by: 

The perme- 

k = f / ( fo/kro)-  
r o  0 

If steam and water are  used as tlhe d isp lac ing and displaced phases 

respect ively,  o r  vice-versa, then vapor izat ion o r  condensation occurs 

a t  the inter face,  and heat and mass t rans fe r  occur continuously between 

the two phases. l m m i s c i b i l i t y  cannot be guaranteed, and i t  i s  impossible 

t o  have exact isothermal condi t ions.  For these reasons, the experiment 

described prev ious ly  cannot be appl ied d i r e c t l y .  

poss ib le  t o  develop an analogous non-isothermal theory. This matter i s  

worth considerat ion as i t  would have broad app l i ca t ion  t o  f l o w  i n  porous 

media. 

However, i t  may we l l  be 

Steady Flow Experiment 

A schematic diagram o f  an apparatus t o  perform a steady f l o w  experiment 
* 

i s  i l l u s t r a t e d  i n  Figure 6 . Because the steady f l o w  o f  hot  water which leads 

t o  a two-phase f low o f  steam and l i q u i d  is non-isothermal flow, an ad iaba t i c  

cond i t i on  w i l l  be assumed. 
* 
This experiment i s  re la ted  t o  t ha t  o f  F. G. M i l l e r  (1951) who studied 

bo i  1 ing propane f low.  
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The system may be operated f i r s t :  by c i r c u l a t i n g  water and es tab l i sh ing  

a predetermined air- temperature d i s t r i b u t i o n  i n  the ducts enveloping the 

core holder. 

adjusted, water withdrawn as necessary from the c i r c u i t  t o  the accumulators, 

and the pump speed regulated. Steady f low can be a t ta ined  by ad jus t ing  

the air- temperature d i s t r i b u t i o n  i n  the ducts t o  the flow temperatures. 

The i n l e t  and o u t l e t  t o t a l  weight ra tes o f  flow, and temperature and 

pressure d i s t r i b u t i o n s  along the core would be measured. The o u t l e t  

enthalpy and water sa tu ra t ion  d i s t r i b u t i o n  along the core could be measured 

w i t h  a calor imeter,  and a capacitance probe respect ive ly .  

Then, the temperatures of the hot and co ld  baths could be 

For steady, two-phase, ad iabat ic  f low of water through a hor izon ta l  

column o f  core: 

dW/dx = dW /dx + dWl/dx 0 (28) 
9 

where W, W 

water respect ive ly .  

process i s  considered, !.e., 

W1 a re  t o t a l  weight r a te  o f  f low, weight ra tes o f  steam and 
g' 

Assuming small changes o f  k i n e t i c  energy, an i sen tha lp ic  

WIHl + WgHg = WH = constant (29) 

where H1, H 
9' 

two-phase respect ive ly .  

and H are  enthalpy per u n i t  weight o f  water, o f  steam, and of 

Introducing the weight f r a c t i o n  o f  steam as: 

f = wg/w 

the previous equation becomes: 



( 1  - f ) H l  + fHg H (31 3 

Hence : 

f = (H - Hl) /Hg- H 1 )  

Darcy's law i s :  

from which: 

where k, 1-1, and 3 are  permeabi l i ty ,  v i s c o s i t y  and spec i f i c  volume re- 

sepct ive ly  and the subscr ipts  g and 1 pe r ta in  t o  steam and l i q u i d  phase 

respectevely. F i n a l l y :  

~ 

1 Therefore, us ing the data o f  temperature and pressure d i s t r i b u t i o n s  along 

the core, the permeabi l i t y  r a t i o ,  k,/kg, can be determined as a func t ion  bf 

water sa tura t ion .  Fur ther ,  

o r  i n teg ra t i ng  w i t h  respect t o  x: 
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where pl and p a re  f l u i d  pressures alt the upstream end o f  core and a t  a 

d is tance x from the  i n l e t  face respect ive ly .  Because the pressure d i s-  

t r i b u t i o n  o r  pressure gradient,  and kl/k 

i n  the  two-phase region, the  r e l a t l v e  permeabi l i t ies ,  k /k, and k /k can 

be determined. 

values along the core are known 
9 

1 9 

The preceding disciussion has been made wi thout  considerat ion of 

c a p i l l a r y  pressure e f fec ts .  

t he  temperature and pressure data co l lec ted  i n  the two-phase f l u i d  po r t i on  

may be p l o t t e d  on the vapor-pressure curve f o r  a f l a t  surface l i q u i d .  

Then, a c o r r e l a t i o n  between vapor pressures and l i q u i d  saturat ions, o r  

between vapor pressures and r e l a t i v e  permeabi l i ty  curves may be obtained. 

To inves t iga te  c a p i l l a r y  pressure ef fects,  

Pressure Deplet ion Experiment 

I n  t h i s  experiment, dep le t ion  types o f  geothermal reservo i rs  and 

pe r t i nen t  recovery mechanisms may be simulated. 

v o i r  pressures and temperatures, sevleral types o f  geothermal reservo i rs  

may ex i s t ,  - e.s. compressed l i q u i d  reservoirs,  steam reservo i rs ,  and 

two-phase reservo i  rs.  

Depending upon reser- 

Compressed l i q u i d  reservo i rs  have i n i t i a l  temperatures and pressures 

above the sa tu ra t ion  curve on a pressure-temperature diagram fo r  water. 

A t  e a r l y  product ion stages, pressure decreases a t  essen t i a l l y  constant 

temperature. 

a t  reservo i r  temperature, l i q u i d  begins to  b o i l  and l i q u i d  and steam 

phases e x i s t  i n  equi l ib r ium.  A two-phase reservo i r  may be character ized 

by a decrease i n  temperature w i t h  pressure dec l ine  i n  order t o  mainta in  

When the  reservo i r  pressure reaches the  sa tu ra t ion  pressure 
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phase equ i l ib r ium.  

some s o r t  of vapor pressure curve. 

This means t h a t  temperatures and pressures f o l l o w  

A steam reservo i r  i n i t i a l l y  contains superheated steam as the on ly  

A steam reservo i r  may be character ized by constant system temp- f l u i d .  

era ture  and by a s igni f icant :  increase o f  the reservo i r  f l u i d  enthalpy 

dur ing pressure deplet ion.  

I n  regard t o  physical  experimentation, a model geothermal rese rvo i r  
I 

might be constructed t o  studly the energy production. 

schematic diagram of an experimental apparatus (see Cady, 1969). Water 

i s  pumped i n t o  the core, and the core holder i s  heated to  the desired 

i n i t i a l  temperature. The i n i t i a l  pressure should be w e l l  above the 

sa tu ra t ion  pressure. Turning o f f  the heater, f l u i d s  are  produced u n t i l  

some pressure drop i s  a t ta ined.  The temperature and pressures along the 

core as w e l l  as mass and steam q u a l i t y  o f  the produced f l u i d s  are  measured 

dur ing the production. 1 
core a t  the end o f  each run wi thout  l i q u i d  recharging, the l i q u i d  saturaq 

t i o n  decreases u n t i l  no more f l u i d  can be produced from the core. The 

temperatures and pressures dur ing the reheating per iod are  a l so  measured1 

For three kinds o f  experiments, both natura l  rese rvo i r  rock and 1 

F igure 7 i s  a 

I 

I 

I f  t h i s  procedure i s  repeated by reheating the 

I 

I 

a r t i f i c ia l l y- cemented  core might be used. D i s t i l l e d  water might be used 

as the f l u i d  a t  f i r s t ,  then b r i n e  could be used. Because chemical compo 

s i t i o n  o f  rese rvo i r  f l u i d  i s  an important fac to r  t o  both thermodynamics 

and r e l a t i v e  permeabi l i ty  f low studies,  the e f f e c t s  o f  chemical so lu t i on  

and p r e c i p i t a t i o n  on the ava i lab le  energy, and vapor-pressure lowering 

should be studied. 
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A review of the benefits and problems associated with a1 three 

experimental methods indicated significant promise in each. n view of 

the time limit (three years) for the project, the steady-flow method 

appears best suited for initial experiments. Appropriate equipment i s  

currently being selected and ordered. 

The final phase of the project currently under study involves water 

quality aspects of geothermal well stimulation. 
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ENVIRONMENTAL @AL ITY ASPECTS 

Geothermal energy i s  considered t o  be one of the leas t  p o l l u t i n g  

of the several forms of energy ava i lab le  t o  man. 

i s  expected t o  i n s i s t  t ha t  p o l l u t i o n  from a l l  energy sources be i nves t i -  

gated, and the environmental impacts be assessed i n  accordance w i t h  

soc ie ta l  goals. 

resources w i l l  a l so  be preceded by the environmental impact statements 

required under the  National Environmental Po l i cy  Act. I t  i s  a l so  evident  

t ha t  i nves t iga t ion  of operat ional  aspects o f  geothermal energy product ion 

w i l l  be required t o  assess safety o f  personnel and maintenance of p l an t  

fac i  1 i t i e s .  

t o  fos ter  the u t i l i z a t i o n  o f  geothermal energy i s  the examination of the 

environmental impacts and operat ional  hazards both fo r  natura l  and stimu- 

la ted  geothermal resources. The types o f  environmental aspects t ha t  

have been enumerated (e.g., - Bowen, 1973) include: contamination of the 

atmosphere, contamination o f  surface waters and ground waters, explosive 

seismic e f fec ts ,  induct on o f  earthquakes, land subsidence, thermal re-  

leases, mod i f i ca t ion  o f  l oca l  cl imatology, land and energy u t i 1  i za t ion ,  

and v isua l  and noise PO l u t i on .  

Nonetheless, the pub l i c  

It i s  required by law t ha t  the development o f  geothermal 

Thus an important p a r t  o f  the research and development needed 

It i s  apparent t ha t  these e f f e c t s  w i l l  be examined i n  d e t a i l  fo r  

s p e c i f i c  resource developments by a va r i e t y  of experts i n  various d is-  

c i p l i nes .  Many o f  the e f f e c t s  are  soc ia l  i n  nature, and decisions re-  

garding accep tab i l i t y  may requ i re  lengthy considerat ion. Common t o  a l l  

geothermal resources are  considerat ion o f  water qua l i t y .  Water q u a l i t y  
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has long been considered a v i t a l  f ac to r  o f  man's environment, and concern 

about water q u a l i t y  has resu l ted i n  s i g n i f  cant research and q u a l i t y  

con t ro l  study. 

special  inves t iga t ion  under t h i s  p ro jec t .  This i s  not meant t o  imply 

t ha t  o ther  environmental e f f e c t s  (contamination o f  the atmosphere, seismic 

ef fects,  etc.)  are not  important. 

p ro jec t ,  water q u a l i t y  was deemed most important f o r  i n i t i a l  study. Water 

q u a l i t y  aspects are o f  importance not  on ly  f o r  the natura l  mater ia l  e f f l  ents 

from a geothermal resource, but a l so  f o r  the  add i t iona l  mater ia ls  t h a t  r i ~  I y 

be introduced by s t imu la t i on  techniques. Water q u a l i t y  aspects are also1 

of importance f o r  assessing aspects o f  safe and e f f i c i e n t  operat ion of 1 

the  resource and the  accompanying power p lants .  

I 

Water q u a l i t y  concerns have been s ing led out as deserving 

But w i t h i n  the cons t ra in ts  o f  the 

A mat r i x  o f  na tu ra l  and introduced mater ia ls  i n  the environmental 

and operat ional  aspects i s  ou t  

condensible gases i s  already a 

reservo i rs  (e.n., - Budd, 197.3). 

ined i n  Figure 8. The release of non- 

wel l- s tud ied problem i n  e x i s t i n g  geotheri 

The release o f  heavy and t o x i c  elements 

as p a r t i c l e s  i n  the water o r  steam phase requires a t ten t ion .  Also re- 

q u i r i n g  a t t e n t i o n  i s  the e f f l u e n t  o f  natura l  rad ioac t i ve  nucl ides w i t h  

must be considered i n d i v i d u a l l y  

the atmosphere must be 

the reservo i r  f l u i d s .  These e f f l u e n t s  

i n  both surface and ground waters. Re 

considered. 

Releases -- t o  the Hydrosphere 

i n  consider ing the hydrosphere by 

eases t o  

the m a t r  x o f  Figure 8, the 

11 

releases o f  both na tu ra l l y- occur r ing  and stimulation-produced contarnina,,8Ls 
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NATURAL 
RESERVOIRS 

S T IMUTATED 
RESERVOIRS 

Additional Effects :  

Thermal Fractur ing 

Chemical Explosives 

Nuclear Explosives 

ENV I RONMiENTAL 
EFFECTS 

Sol i d  Effluenlts; 
B ,  Hg, As, NaCl, 
Se, Pb, Ba 

Gaseous Eff luients: 

Radioactive E f f luen ts :  

H2S, SO29  NHs 

2 2 2  Ra, R,n 2 2 6  

Combustion Products, 
Heavy Metals 

Radioactive E f f luen ts :  
V o l a t i l e  f i s s i o n  

Soluble a c t i v a t i o n  

HTO 

products 

products 

OPERATIONAL 
ASPECTS 

So l id  E f f luen ts :  
SiO,, CaCO,, CaS04 

Reservoir P rec ip i t a t i on :  

Corrosive Eff luents:  

Si02, CaCO, 

H2S04, NaCl, H2,  Con, 
H2S, NHs 

Land Subsidence 

Ground Shock 

Radiat ion Safety 

Ground Shock 

Figure 8. A mater ia ls  mat r i x  f o r  natura l  and st imulated geothermal 
reservo i rs  and theitr environmental and operat ional  impacts. 
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may be examined f o r  both surface and ground water e f f ec t s .  

Natura l ly- occurr ing - contaminants-- 

1 )  Surface water eff 'ects: 

Surface waters may be a f fec ted  i n  several ways. The most importanit 

e f fect  associated w i t h  vapor-dominated f i e l d s  resu l t s  from the use of 

surface waters t o  receive the condensate. For example, boron, ammonia, 
1 

bicarbonate, and su l fa tes  ,and elemental p a r t i c u l a t e  s u l f u r  ( r esu l t i ng  

from the ox ida t ion  o f  H2S) are found i n  the condensate a t  The Geysers. 
I 

T reat ing the condensate was impract ica l  as a means t o  meet water qua l i  y ti 
standards, and r e i n j e c t i o n  o f  the f l u i d  i s  now used as a successful 

disposal method (Finney, 1973). 

Contaminant concentrat ion ranges depend on many fac to rs  inc lud ing  1 

the parent compound's steaim s o l u b i l i t y ;  pH, temperature, and ox id iz ing-  

po ten t i a l  e f fec ts  on e q u i l i b r i a  and r a t e  processes; and the  turb ine-  ~ 

condenser-cooling system charac te r i s t i cs .  Though the general features ~ 

w i l l  be s im i l a r ,  the s p e c i f i c  values o f  these fac to rs  a re  a l l  s i t e  

dependent, and must be evaluated i nd i v i dua l l y .  

Possible e f f e c t s  on surface waters from product ion of hot water 

d i f f e r  mainly i n  extent.  

mass o f  f l u i d  must be ext racted from hot-water reservo i rs  per u n i t  of 

e l e c t r i c i t y  produced, but  also, the hot water w i l l  normally contain higher 

Compared t o  dry-steam reservo i rs ,  a la rger  

I 

concentrat ions o f  contaminants. On f l ash ing  and separation, these con* 

cen t ra t ions  w i l l  be f u r t h e r  increased. When the water loses heat and ~ 

i t s  temperature i s  lowered, many substances w i l l  become less so lub le  add 
1 
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and p r e c i p i t a t i o n  may occur. 

bonate, whose s o l u b i l i t y  increases w i t h  decreasing temperature. 

An important exception i s  calcium car- 

Table 2 summarizes a range of mater ia ls  and t h e i r  observed con- 

cent ra t ions i n  a v a r i e t y  of geothermal f l u i d s .  C r i t e r i a  concentrat ions 

app l icab le  t o  spec i f i c  benef ic ia l  water uses are a lso  given f o r  com- 

parison. Various disposal techniques include d i l u t i o n  w i t h  low concen- 

t r a t i o n  na tu ra l  waters, chemical recovery and treatment, r e i n j ec t i on ,  

ponding for  coo l ing and euaporation, seepage i n f i l t r a t i o n ,  and con- 

t r o l  l ed  p r e c i p i t a t i o n  o f  so l  ids before r e i n j ec t i on .  

t o  be evaluated f o r  compa t i b i l i t y  w i t h  ind iv idua l  s i tua t ions .  

These methods need 

The occurrence of heavy metals such as mercury, arsenic, and lead 

i n  thermal waters i s  o f  concern witlh respect t o  b i o l og i ca l  uptake and 

ecological  magni f ica t ion i n  aquat ic  systems. They may have t o  be 

monitored and con t ro l  l ed  (White, 19'73). 

One contemplated means o f  u t i l i z i n g  energy from a hot-water reser-  

v o i r  i s  i n  a closed cycle,  i n  which energy i s  t rans fe r red  i n  a heat 

exchanger t o  a secondary f l u i d ,  suclh as f reon o r  isobutane, i n  the 

water would be 

na t ion  problems. 

remove heat 

tu rb ine  cycle.  The p a r t l y  cooled and s t i l l  pressurized 

re in jec ted  t o  the ground, avoid ing surface water contam 

However, add i t i ona l  coo l ing water would be necessary t o  

from the secondary f l u i d  condenser. 

Na tu ra l l y  occur r ing r a d i o a c t i v i t i e s  are  present i n  geothermal) 

f l u i d s .  Most important are those o f  the natura l  uranium and thorium 

decay chains. These nuc l ides a re  commonly observed a t  above average 

concentrat ions i n  geologic formatioins associated w i t h  volcanic 
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E 1 emen t 

B 

L i  - 
N ( N H ~  
F 

Na 

S i  

s (SOT) 
c1 
Ca 

Mn 

HCO; 

Fe 

N i  

cu 

As 

B r  

Mo 

cs 

Hg 

Pb 

TABLE 2 

WATER QUALITY CONSTITUENTS 
( a l l  values i n  rng/l) 

1 /  
C r i t e r i a  

Concentrations- 

0.5-1 . O  

- 

-- 
0.7-1.7 

various 

50 

250 

various 

100 

0.01-2 
-- 

0.05-0.3 

0.5 
0.,2-1 .o 

0.01-1 
-- 
0.005 

-- 
-- 

0.05-50 

Vapor 

Dominat59 Systems- 

3-15 

1 1  1-1900 

12-18 

66-225 

766-5710 

0.5-1.5 

-- 

-- 

~ 5 0  
1.4 

0- 176 

63 
-- 
-- 
-- 
-- 
-- 
-- 

detected 
-- 

Water 
Dominaty) Systerns- 

1-4000 

12-320 

0.9 

0.7-8 
75-55000 

0.7 

35-750 

30- 185000 

0.5-40000 

0.02-2.11 

19-165 
0.1-2500 

0.00 1 -2.0 

0.003-6.0 

0-4 .8  
0.4-700 

0.001-0.07 

0.02-20 
-- 

0.00 1 -85 

!- 'Criteria Concentrations r e f e r  t o  water t h a t  may be used f o r  
various municipal and pub l i c  water suppl ies. I ndus t r i a l  uses 
may be even more s t r i ngen t  i n  s p e c i f i c  cases. 
r e f l e c t  USPHS Dr ink ing Water Standards, W.H.O. standards and 
Water Q u a l i t y  C r i t e r i a  recommendations. 

The given values 

/Observed Values are  cornpi led  from various sources inc luding:  
Finney, 1973; White, -- e t  - al. ,  1971; Barnes, 1967; Summers, 1972; 
L iv ingston,  1972; Hewit t ,  -- e t  a l . ,  1972; Consortium, 1971. 
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o r  orogenic a c t i v i t y .  I n  terms of po ten t ia l  r ad ia t i on  exposure, 

226Ra (Ti = 1620 years) and i t s  daughter products, "*Rn (Tt = 3 .8  days) 

and '"Pb (Ti = 20 years), are  o f  p a r t i c u l a r  s igni f icance.  Radon i s  

unique because i t  i s  an eas i ly - t ranspor ted noble gas, and lead i s  o f  

b i o l og i ca l  importance. Radium i s  s u f f i c i e n t l y  so lub le  i n  water t ha t  

i t  can exceed the recommended maximum permissib le concentrat ion i n  

water, (MPC)w = 0.01 pCi/ml (Eisenbuid, 1963; Hol tman, 1964). 

Thermal waters from hot mineral springs f requent ly  contain la rge 

concentrat ions of radium. 

towards adsorpt ion and by chemical react ions w i t h  H2S and sul fates.  

T r i t i u m  (T = 12.3 years) produced by cosmic ray in te rac t ions  i n  the 

atmosphere and r e s u l t i n g  from nuclear weapons t es t i ng  i s  present i n  

natura l  water. 

depending on ra tes  o f  recharge of  meteoric water. 

o f  natura l  t r i t i u m  i s  not  o f  concern as a contaminant, i t  can be useful 

as a means o f  studying c i r c u l a t i o n  processes. 

Lead concentrat ion i s  l i m i t e d  by i t s  tendency 

3 

Geothermal water contains varying concentrat ions o f  'H 

Although Concentration 

2) Groundwater e f f ec t s :  

Geothermal reservo i r  development i s  c lose ly  re la ted  t o  groundwater 

recharge. Only a small f r a c t i o n  of thermal water i s  thought t o  be juven i le .  

Questions o f  e f f ec t i ve  economic l i f e t i m e  of geothermal reservo i rs  depend 

on the ra tes  and nature o f  meteoric 'water recharge through ground water 

aqu i fe rs  and in te rac t ions  w i th  convection currents t ha t  are  probably 

responsible f o r  heat t rans fe r  from deep magma. 

Rein jec t ion i s  cur rent  y considbered to  be a probab 

5 0 

e means of  

. 

. 



extending the usefulness o f  a geothermal f i e l d  by replenishing f l u i d  

as we l l  as a convenient mecms o f  disposal o f  the mineral ized water 

e f f l u e n t  from a power p lant .  

reservo i r ,  o r  i n t o  o ther  groundwater reservoirs.  Well casing leaks and 

induced f rac tures may provide commun ca t ion  paths f o r  unwanted contamina- 

t ion .  

reservo i r  i t s e l f .  

F lu ids  may be re in jec ted  i n t o  the producihg 

More probable d i f f i c u l t i e s  r e  a te  t o  e f f ec t s  on the geothermal 

Reinjected water w i l l  be modi f ied according t o  the p l an t  cycle. 1 

Energy and mass exchanges may increase the p r o b a b i l i t y  o f  p r e c i p i t a t i o n  

of so l ids .  Increasing s a l t  concentrat ions i n  a reservo i r  may a l t e r  the, 

thermodynamics of heat t rans fe r  and steamproduction. 

the vapor pressure and increases the b o i l i n g  po in t  of a solvent  i n  d i r $  t 

propor t fon t o  the  mole f r a c t i o n  o f  solute. 

S a l i n i t y  reduces 

I Changes i n  concentrat ion o f  carbon d iox ide can change the pH of 

the f l u i d s .  If s u f f i c i e n t  COz i s  l os t ,  the pH w i l l  r i se ,  r e s u l t i n g  

i n  supersaturat ion o f  carbonate so l i ds  such as CaCOs. 

been observed i n  we l l s  a t  Inlairakei (White, 1972). 

This e f f e c t  has 
I 

Contact w i t h  the atmosphere o r  less o f  Hz from so lu t i on  could resul l t  

i n  changed ox ida t ion  po ten t i a l ,  r e s u l t i n g  i n  increased capaci ty t o  d i sc  

solve some compounds, o r  a f f e c t  so l i ds  p rec i p i t a t i on .  

Deposit ion o r  so l u t i on  processes can a f f e c t  poros i ty ,  permeabil i t y ,  

and surface heat conduction cha rac te r i s t i c s  o f  geothermal reservo i r  , 

rock, thereby a l t e r i n g  prolduction ra tes  o r  usefu l  1 i fet imes. I 

Other closely-associated water q u a l i t y  problems r e l a t e  t o  the ope r a- 

t i o n  o f  a geothermal power p lan t .  Most studied thus far  i s  the group df 



v o l a t i l e  mater ia ls  tha t  may be present i n  the steam. 

of s i 1  ica, chlor ides,  carbonates andl s u l f u r  compounds are considerably 

h igher i n  geothermal steam than those produced i n  a conventional thermo- 

e l e c t r i c  b o i l e r .  

sca l ing  and corrosion i n  the steam handl ing equipment and turbines. 

Chlorides, a m n i a ,  carbon d iox ide  and hydrogen s u l f i d e  may be 

Deposits may be formed on tu rb ine  blades by NaCl, NaOH, 

The concentrat ions 

These mater ia ls  can r e s u l t  i n  serious problems of 

corrosive.  

Na-si 1 icates, Na2COs and Na2S04. S i 1  i c i c  acid, amorphous s i  1 ica, i r on  

oxides and calcium carbonate may form scale inso lub le  i n  wash water. 

Scale formation w i t h i n  the porous rock media o f  the reservo i r  may be 

a l i m i t i n g  f ac to r  f o r  production by in rp lace  bo i l i ng .  

water i n t o  steam w i t h i n  the w e l l  borle i s  known t o  deposi t  S i 0 2  and 

CaCO, (White, 1973). The permeabi 1 i t y  and hence p roduc t i v i t y  could be 

severely r e s t r i c t e d  i n  the formation adjacent t o  the we l l  bore or I n  

a rubble chimney, although there i s  mo p o s i t i v e  evidence o f  t h i s  

phenomena. 

Flashing of hot 

Refractory scale has been formed on the sides of a labora- 

n9 

d be disso ved 

ac i d  (Char o t ,  

t o r y  vessel s imula t ing geothermal steam production from water boi  1 

on rock media. The scale was 90 percent s i l i c a  and cou 

on ly  by 3 t o  5 hour exposure t o  48 percent hydro f luo r i c  

- e t  _* a1 ’ 1971). 

Stimulation-produced contaminanlts--The L e f f e c t s  on the hydrosphere 

r e s u l t i n g  from geothermal reservo i r  s t imu la t ion  must be considered by re-  

l a t i n g  s p e c i f i c  techniques t o  speci f i ic  s i tua t ions .  

Hydraul ic  and thermal f rac tu r ing ,  app l icab le  t o  hot  water and dry  

. 
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rock systems, could be expected t o  r e s u l t  mainly i n  e f f e c t s  such as 

increased d i sso lu t i on  and t ranspor t  o f  na tura l  mater ia ls .  

1) Chemical explosion s t imu la t ion :  

Effects of chemical explos ive f r a c t u r i n g  may be evaluated by 

consider ing the product ion and i n i t i a l  d i s t r i b u t i o n  o f  residues by the  

detonation. The residues may include r e l a t i v e l y  small amounts 

ducts from the primary explosives const i tuents such as lead a r  

mercury fu lminate and lead styphnate, commonly used i n  i m i t i a t  

devices. The major residues w i l l  come from ox ida t ion  products 

of  pro- 

ng 

o f  the 

h igh explosives. 

oxygen-nitrogen compounds; s l u r r y s  tha t  may conta in f u e l  o i l ,  aluminum; 

and nitrocarbonitrateoxiditingagents (Johnson, 1971). 

Common high explosives are mainly carbon-hydrogen- 

Primary data on 

the nature and d i s t r i b u t i o n  of explosion products may be obtainable 

from experimental programs being conducted by the U.S. Bureau of Mines, 

and the Naval Weapons Center. From such data o r  t heo re t i ca l  estimates, , 
p red ic t ions  can be made regalrding the t ranspor t  of var ious chemicals , 
using such fac tors  as the d i s t r i b u t i o n  coef f i c ien ts  f o r  i o n i c  species , 

and s o l u b i l i t y  products fo r  so l i ds  t o  est imate the concentrat ion o f  the ~ 

I 
products i n  the thermal f l u ids .  Evaluations o f  po ten t i a l  f o r  corrosion, 

contamination and t o x i c i t y  can then be made. 

2) Nuclear explosion st imulat ion:  

A p r i n c i p a l  pub l i c  concern over the use of nuclear explosives i s  , 

contamination by radioact ive explosion products. As w i t h  chemical 
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explosives, i t  i s  necessary t o  consider the production o f  the contaminants, 

t h e i r  i n i t i a l  d i s t r i b u t i o n  i n  the explosion environment, and t h e i r  be- 

hav ior  i n  a geothermal f l u i d  reservo i r .  Estimates o f  the f i r s t  two fac- 

t o r s  may be made from e x i s t i n g  data from several underground nuclear 

explosion experiments. The presence of geothermal f l u i d s  must be 

evaluated separately. 

processes i n  a nuclear explosion: nuclear f i ss ion ,  thermonuclear fusion, 

and rad ioac t i va t ion  reactions. F iss ion products include several iso- 

topes of each of about 30 chemical elements, p r i m a r i l y  neutron- r ich 

nucl ides t ha t  decay by sequential  be ta- par t i c le  emissions, g i v i ng  r i s e  

t o  chains o f  daughter products w i t h  constant mass number but  d i f f e r e n t  

chemical i den t i t y .  

Radioactive mater ia ls  are produced by three 

Radioactive nucl ides a re  a lso  produced by rad ioac t i va t ion  by the 

excess neutrons w i t h  the s tab le  nucl ides i n  the mater ia l  surrounding a 

nuclear explosion. 

explosive, the composition o f  the surrounding s o i l  media, and the degree 

o f  sh ie ld ing  (Green and Lessler, 19:71). 

Ac t i va t i on  depends on the type and s i ze  of the 

Table 3 presents a compi lat ion o f  examples o f  predicted production 

o f  major r a d i o a c t i v i t i e s  remainihg Cj months a f t e r  detonation. 

w i l l  a l so  be o ther  a c t i v a t i o n  products from the  container fo r  the ex- 

plosive.  

and 0.53 C i / k t  o f  "'Fe (T3 = 2.60 y) 6 months a f t e r  detonation of a 

100 k t  device (Kruger, 1970). 

There 

For example, one est imate includes 17 C i / k t  o f  '"'W (Th = 75d) 

The s h g l e  most important rad ionuc l ide from thermonuclear fusion i s  
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TABLE 3 

RADIOACTIVE PRODUCTS FROM NUCLEAR EXPLOSIVES 

Tel l e r  Tewes d 
e t  a l . ,  Kruger Taylor, N.V.O., Charlot, e t  a l . ,  

Tf 1968 1970 1971 1969 1971 
* 

Nucl ide 

Fission Products 

33Y 
28Y 

1 l Y  

2.7y 

2 . 6 ~  

1.7y 

1 .oy 

290d 

131d 

90d 

63d 

58d 

54d 

43d 

41 d 

33d 

32d 

190 190 

67 64.1 
13 

35.7 
594 
102 

2800 

2253 

7.5 
61.9 

301 7 

925 

1.65 2.1 

57.4 
971 

21 30 

182 

150 

22 

60 

680 

30 

380 

3600 

6.2 

70 

4400 

2200 

1.08 

1020 

16.6 
1280 

188 180 I I 

147 
24-25.8 19 

60 

700 

3750 1000 

3680 

90 
4800 

2280 

1020 1150 

1300 

Ac t i va t ion  IProducts from Soil Media 
------------_-----____________L______ 

4c 1620y 0.0025- 
1 0.025 

'Ar 2 6 0 ~  0.05-0.5 

22Na 2 . 6 ~  0.6 

l S 4 C S  2Y 14 18.3 

5s 88d 29 40 

'Ar 35d 0.25-2.5 

* 
A l l  values i n  cur ies /k i lo ton a t  180 days a f t e r  detonation; var ia t ions are 
based on assumed condi t ions o f  the f i s s i o n  neutron environment. 
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12.3 year t r i t i um ,  an isotope of  hydlrogen. 

duction from thermonuclear explosives range from about 5,000 t o  20,000 

Ci /k t  (Green and Lessler, 1971). I n  add i t ion t o  the amount from fusion 

already mentioned, about 1 C i /k t  resu l t s  from ternary f i s s i o n  (Lessler, 

- e t  _ *  a1 9 1971) and some i s  produced by ac t i va t i on  reactions w i t h  l i t h i u m  

and boron i n  the geologic media. Development of special explosives for  

commercial app l ica t ions i s  expected t o  reduce the production of t r i t i u m  

substant ia l ly .  The p red ic t ion  o f  a t o t a l  of about 12 Ci/kt f o r  the 80 k t  

Plowshare Miniata Event (Lessler, e t  al. ,  1971), one o f  the Diamond fami ly  

of exp osives being s p e c i f i c a l l y  designed f o r  peaceful underground en- 

geneer ng appl icat ions,  w i l l  serve as an estimate o f  t r i t i u m  t o  be ex- 

pected i n  a geothermal s t imula t ion s i tua t ion .  T r i t i um i s  espec ia l ly  

important f o r  proposed geothermal app l ica t ions because i t  read i l y  forms 

t r i t i a t e d  water (HTO) which w i l l  be incorporated i n  any produced f lu ids .  

Estimates o f  t r i t i u m  pro- 

The radionucl ides from a s t imula t ion explosion w i l l  be d i s t r i bu ted  

throughout the explosion environment i n  a complex manner depending on the 

chemical nature o f  a given nucl ide arid i t s  precursors, and the physico- 

chemical nature o f  the explosion environment, both being functions of 

time. 

nucl ides and the gases w i l l  be d i s t r i bu ted  throughout the vo id  space. 

Table 4 l i s t s  some o f  the radionucl ides tha t  are p o t e n t i a l l y  v o l a t i l e  

and the condi t ions tha t  inf luence t h e i r  v o l a t i l i t y  (Krikorian, 1973). 

As chimney col lapse occurs, quenching the melt, the more v o l a t i l e  

When the pressure i n  the chimney i s  less than tha t  i n  the surrounding 

formation, water w i l l  begin t o  f i l l .  Conceptual models have been developed 
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TABLE 4 

RELATIVE VOLATILITIES I N  STEAM 

FOR GAMMA EM ITT I NG PRODUCTS 

V o l a t i l i t y  i n  Steam 
80 atm., @ 623OK Nucl ide 

*'Kr Permanent Gas 

103Ru, "'Ru High under ox id iz ing conditions 
Low under reducing conditions 

"'Sb Probably high 

1 2  7mTe High 

l s 7 C S ,  13*CS High i n i t i a l l y ,  decl ine wi th  time 
COz w i l l  decrease, C1'  w i l l  increase 
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mOV 

rad 

t o  p red ic t  t h i s  process (Fenske and Charnell, 1971). 

o r  be displaced v e r t i c a l l y  and l a t e r a l l y .  

solve o r  be transported as par t icu la tes.  

nucl ides may p l a te  out  on surfaces o r  be dissolved. 

centrat ions of mobile mater ia ls are expected t o  be a t  the r i s i n g  water 

f ront  (Castagnola, 1969). An estimate of the concentrations can be 

made by assuming uniform i n i t i a l  d i s t r i bu t i on ;  data o f  the s o l u b i l i t y  

of various nucl ides for  the P i l ed r i ve r  event are summarized i n  Table 5 

(Rabb, 1970). 

Gases may dissolve 

Condensed nucl ides may d is-  

Some o f  the more v o l a t i l e  

The highest con- 

Many p o t e n t i a l l y  troublesome radionucl ides are adsorbed t o  some extent  

as ion ic  species, w i t h  two p r inc ipa l  e f fec ts :  1) the concentration i n  

pore water i n  the region o f  deposi t ion may be l im i t ed  by the d i s t r i b u t i o n  

coe f f i c i en t ,  and 2) the apparent ve loc i t y  o f  the ions may be retarded i n  

r e l a t i o n  t o  the ve loc i t y  o f  the water i t s e l f .  These factors can l i m i t  

the t ransport  o f  radioact ive mater ia ls i n  produced geothermal f l u i d s  o r  

away from the s t imula t ion s i t e  by water flow i n  the thermal aquifer. 

The concentrat ion i n  pore water can be estimated f o r  a given radio- 

nuc l ide from empir ical  formulae (Charnell, e t  al., 1967 as c i t e d  i n  

Kruger, 1970). 

from a 100 k t  f i s s i o n  explosive detonated a t  1000 m i s  10.3 pCi/ml. 

This value i s  comparable t o  i t s  (MPC)lw, i.~., 20 pCi/ml. 

As an example, the predicted concentration for  '"CS 

A f t e r  the rubble chimney i s  f i l l e d  and before production of geothermal 

f l u i d s  i s  i n i t i a t e d ,  t ransport  o f  contaminants away from the s i t e  I n  

ng groundwater can be estimated using a model that  includes dispersion, 

oact ive decay and ion ic  re tardat ion effects (5.3. , Hol l y  and Fenske, 



A c t i v i t y  

TABLE 5 

SUMMARY OF DATA FROM PILEDRIVER ANALYSES 

Percolation 
Leach Tests 

Amount 
Trapped 
i n  Melt  

Amount 
Depos i ted 
E 1 sewhere 

Gross gama 

"'Ru, losRu 

lS7CS 

Sr 

Ce 

'"Sb, "Zr, 
14'Prn, 1 S S W  

A l l  nuclides 
not specif ied 

2 5% 

12% 

? 

? 

95% 

75% 

88% 

? 

? 

some 

Amount Amount 
Leached Leached 
by ac id  by water 

40% 25% 

20% 

60% 

15% 
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1968 as c i t e d  i n  Nork, 1970). 

The d i s t r i b u t i o n  of t r i t i u m  must be considered separately. Although 

i t  may i n i t i a l l y  be present predominantly as a gas (HT), i t s  exchange 

w i t h  water w i  11  qu ick ly  convert the t r i t i u m  t o  the form o f  water (HTO). 

Other exchanges may occur w i t h  H2S, CH,,, HC03, and NH,, but t r i t i u m  i s  

expected t o  be present mainly as t r i t i a t e d  water i n  st imulated geothermal 

reservo i rs  (Smith, 1970; Jacobs, 1968). 

T r i t i um  d ispos i t i on  i s  uncertain because o f  sampling d i f f i c u l t y  

(Smith, 1971) and the p o s s i b i l i t y  tha t  much t r i t i u m  may be trapped i n  

the me1 t o r  bound t o  rock surfaces by hydration o r  exchange (Power and 

Bowman, 1970). 

The s ign i f icance o f  t r i t i u m  can be estimated i n  two ways: the t o t a l  

amount involved and the possib le conc,entrations i n  produced f lu ids .  An 

estimate o f  expected concentrations c:an be made using the assumption 

tha t  t r i t i u m  i s  uni formly d i s t r i bu ted  throughout the water which com- 

p l e t e l y  f i l l s  the void space producedl by the explosion. 

Using appropriate chimney scaling1 laws and se lect ing reasonable 

physical constants, the t r i t i u m  concentration resu l t i ng  from a f i ss ion  

device producing 12 Ci /k t  would be on1 the order o f  0.002 uCi/ml. This 

value compared w i t h  the (MPC)w f o r  unlcontrolled releases o f  0.001 uCi/ml 

suggeststhat t r i t i u m  w i l l  requ i re  carefu l  a t tent ion.  

As steam i s  vaporized from t r i t i a t e d  water, f rac t iona t ion  occurs, 

the p a r t i a l  pressure o f  the heavier HITO form o f  water i s  somewhat lower 

than H20. However, t h i s  e f fec t  i s  small and decreases w i t h  temperature. 

60 



Experimental data concerning the behavior o f  some rad onuclides 

i n  a simulated geothermal environment are given i n  Table 6 (from Charlo:, 

- e t  _ * a1 ’ 1971). 

water system i s  complex and cannot be predicted adequately from knowledbe 

The study concluded tha t  the chemistry o f  the hot rock- 

61 

I 



* 
v) + z 
W 

u 
LL 
LL 
W 
0 u 

- 

z 
0 

5 m 

rz 
W 

in -. 
W 
A I -  
m z  

*.I 4 J 4 4 N N  

n . 1  I I I I II I *-u- O O O O O r n  I30 
Iu- c - - c - l  . - -  
w Q )  0 I 1 1 1 1 1 1 1 1 1  

n l n O  X X X X X - : K X i  I I I I I I I I I u *- u 
m m ( v 4 - 0 0  (N 4- _ -  

SI 
u n  

L E  
o i a  
0 C Y  co - m a  . .  4 - u c 0 0 0 0 0 0 - ~ 3 0  

C O O \ O M N  
0 *- \D u u  m 
I 
u 

m m N  
F r \ - - o o o N N N  
0 0 0 0 0 0 0 0 0  . . . . . . . . .  
0 0 0 0 0 0 0 0 0  

v v v v v v v  

4 - J  4 N N r l  4 
A . 1  I I I I I I I 0-u- o o o o o o < > o  Iu- - c - c - c . - ~  

w Q )  1 1 1 1 1 1 1 1 1 1  
n l n O  X X X X X X : < X i  I I I I I I I I I 

m a O N Q o - t * c * \ m  

- n  

L L E  m m N  
O I P  M - - 0 0 0 N N N  
0 s- rN - 0 0 0 0 0 0 0 0 0  m Q )  . .  . . . . . . . . .  
m n u c  o o o 4 - \ D - < > o  0 0 0 0 0 0 0 0 0  c o o m h l -  v v v v v v v  

0 -  a0 u u  m 
I 
w 

W 2 r z  
d 
n a 

W 
0 z 
0 
0 

L E  m m N  
00 :v" 0 - 0 0 0 0 0 0 0 0 0  
\ D u c  0 0 0  N m ( u - - d  d d d d d  d d o  0 0  

Qo m N - o o o h l N N  
m a  . . .  

C O O N - -  v v v v v v v  
0 0- 0 
o w  - m 
I 
u 

n 
n 
0 
v) 
.- 
Y 5 
C s .- 
c .- 
v) 

5 .- 
'0 
0 
v) 

.- 
ln 
ln m 
w 
0 n 

Q) 
C 

I 
0 
r 
V 

.- 
- 

5 
C 

a 
ln 
9) u 

C 

2 

x u 
c 

a, 
ln 
Q) 
C 
m 

m 
0 u 
n 

s .- 
u 
c 

m 
u 

I 
Q) 
P 

0 u 
n 

5 .- 
U 
C 
0 
I 
u 
v) 

5 .- 
ln 
Q) 
C 
m m x 

x s .- 
I 
9) u 

.- x 
5 .- 
n 
0 
I 
J 

W 

al u 
m 
L 
u 
C 

I 
0 

0) 
'0 

X 
0 
ln 
m 

.- 

.- 

U 

u 
Q) 
P 
ln 

u- 
- 0  
c 

W 

0 - m  

c .- 
L . n  
m l n  r z  
V u 
E C  
e g  

62: 



s ign i f i can t  f rac t ions of Cs and Sb radionucl ides are leached by ac id  

so lu t ion  but adsorption s t rong ly  1 im i t s  t h e i r  t ransport  (Crouse, e t  a l .  

1970) 

Other indicat ions of the t ransport  o f  nucl ides i n  water vapor are 

given by Gasbuggy data (Smith, 1971). 

the Gasbuggy chimney are d i f f e r e n t  from those expected i n  a geothermal 

reservo i r  chimney, the t o t a l  amount o f  non- t r i t ium radioact  v i t y  ca r r ied  

by water vapor may be ant ic ipated t o  be o f  the same order as the (MPCU)vd 

of 0.1 pCi/ml appl icab le  t o  un iden t i f i ed  radionucl ides. 

Even though the cond t ions  i n  

I 

I 

I 
~ 

One potent ia l  d i f f i c u l t y  i s  the p o s s i b i l i t y  tha t  r a d i o a c t i v i t y  

ca r r ied  by the steam may colprecipitate on the generating equipment. 

Concentrat ions o f  r a d i o a c t i v i t y  may thus bui  I d  up under normal operat in$ i 
condit ions (Krikorian, 1973). 

A t  least  some rad ioac t i v i t i e s  can be expected t o  be present i n  

produced f l u i d s  i n  s i gn i f i can t  concentrations. Therefore i t  can be 

ant ic ipated tha t  cont ro l  technologies w i l l  have t o  be provided for  any 

geothermal power p lan t  based on nuclear explosion st imulat ion.  Experi- 

ments may be able t o  i d e n t i f y  c r i t i c a l  nucl ides and condit ions. 

Releases -- t o  the Atmosphere 
I 

Effluents from geothermal power production may u l t ima te ly  be re- 

Commonly 

1 

c i t e d  mater ia ls include the various gases tha t  occur i n  geothermal f l u i d  , . leased t o  the atmosphere depending on the operating cycle. 

Table 7 presents a compilat ion o f  some o f  the more important gases. As 1 

an atmosphereic po l lu tan t ,  ,the amount o f  COz would be ins ign i f i can t  i n  ~ 

I 



TABLE 7 

GASEOUS CONSTITUENTS I N  GEOTHERMAL FLUIDS 

F i nney , 
1973 

Geysers 
w t %  

~~ 

0.79 

0.05 

0.05 

0.07 

0.03 

0.01 

<o. 002 

White, e t  al., 1971 Barnes, 1967 

vol% vol% (mo 1 e%. exc 1 udes H %O) 

- 
Geysers Larderel l o  Wai rakei Geysers Larderel l o  

- 
1.24 1.79 92.2 

0 033 0.049 4.2 

0.299 0.9 

0.025 0.033 0.6 

0.3 
(Nz + A) 

0.01 1 0.069 
(Nz + A) 

0.29 0 037 0.18 

0.05 

69.3 

3-0 

11.8 

1.6 

1.6 
(N2 + A) 

12.7 

0.1 

Total  gases i n  
steam a t  1 atm. 
pressure separation 

, i n  steam i n  steam i n  steam 
which i s  which I S  which (IS 

30% of 100% o f  190% of 
, t o t a  1 t o t a l  t o t a l  

discharge discharge discharge 
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comparison t o  that  released by burning f o s s i l  fue l  i n  a conventional 

power plant .  I 

1 Hydrogen su l f i de  i s  probably the most important gas as a po l lu tan t  

and corrosive agent. 

t o  elemental sulfur, o r  su l fa te .  The f r a c t i o n  released t o  the a i r  i s  

probably of greatest concern t o  humans because o f  i t s  odor. 

A large amount can dissolve i n  water and be ox id i d  d e 
The San 

Francisco Bay Area A i r  Po l l u t i on  Control D i s t r i c t  set H2S standards a t  

0.03 ppm based on odor. Although H2S i s  t ox i c  a t  concentrations o f  

20 ppm, a t t a i n i ng  a t ox i c  leve l  would probably be l im i t ed  so le ly  t o  

confined spaces o r  bui ld ings.  H2S can induce corrosion and embrittlemen 

of metal resu l t i ng  i n  equipment f a i l u r e  a t  a l l  operational stages from 

d r i l l i n g  through power production. Thus the problem would be one o f  

i ndus t r i a l  safety and e f f i c i ency  rather than one o f  pub l i c  health. 

Some geothermal f l u i d s  contain large amounts o f  ammonia which could 

r esu l t  i n  nuisance odors. Elecause a m n i a  read i l y  dissolves i n  water, 

an environmental q u a l i t y  problem may occur i n  surface waters. 

The ni t rogen and argon contents are neg l i g i b l e  except as they 

a f f e c t  turb ine e f f ic iency.  

less and are not considered as po l lu tan ts  i n  the expected low concentra- 

t ions.  

cannot be considered a p o l l u t i o n  problem. 

i n  water and probably would not be an atmospheric problem. 

Methane and ethane are co lor less and odor- 

Hydrogen content shows considerable v a r i a b i l i t y  but probably 

Bor ic ac id  tends t o  d issolve 1 

Some mater ia ls are solublle t o  varying extents i n  steam. 

t o  the atmosphere v i a  a cool ing tower o r  venting, they might u l t ima te ly  

If released 



r esu l t  i n  par t i cu la tes  a f t e r  fu r the r  evaporation takes place. 

l iminary  study done a t  The Geysers showed small but  measurable increases 

i n  pa r t i cu l a te  matter concentrations of S, C1, K, Ca, and Fe a t  sampling 

s i tes .  

aerosols (Cah i 1 1 , 1972). 

One pre- 

No s ign i f i can t  amounts of heavy metals were detectable i n  the 

Gaseous emissions may contain sme rad ioac t i v i t y  resu l t i ng  from 

na tu ra l l y  occurr ing radionucl ides or, i n  the case o f  a st imulated 

reservoir ,  from the debr is o f  a nuclear explosion. 

Radon-222 i s  the most important olf the natural  a c t i v i t i e s .  Radon 

has been observed i n  natural  waters a t  widely varying concentrations. 

It i s  general ly  present i n  much larger concentrations than would be 

indicated for  secular equ i l ib r ium w i t h  226Ra dissolved i n  the water. 

This resu l t s  from the r e l a t i v e  s o l u b i l i t y  o f  radon and the d i r e c t  

migrat ion o f  radon i n t o  water from the host rock. 

water i n  a porous rock increases the e f fec t i ve  emanation of radon 

because during the formation process the radon ions lose t h e i r  r eco i l  

energy over small distances i n  water. The emanation of radon may be of 

pa r t i cu l a r  consequence i n  s t imula t ion o f  geothermal reservoirs. Frac- 

tu r i ng  and cracking rock reduces the average g ra in  size. 

t i o n  o f  pa r t i c l es  i n  the s ize o f  about lo-’ cm i s  increased and water 

i s  allowed t o  penetrate in ters t ices,  radon emanation would be increased. 

The presence of 

If the propor- 

As geothermal f l u i d s  are produced, advective t ransport  could br ing 

a s i gn i f i can t  amount o f  radon t o  the surface. An important parameter 

would be the mean transport  time through the reservo i r  as compared to 
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the 3.8 day h a l f - l i f e  o f  radon. 

The release of radon t o  the environment w i l l  be predominantly i n  the 

~ 

gas phase. Some estimates o f  the possible s igni f icance o f  radon from 

geothermal resources can be made from l i m i t e d  ava i lab le  data. Measure- 

ments made on natura l  fumaroles i n  New Zealand show a range of radon 

concentrations i n  the non-condensable gases (>85 percent C02) from 

320 t o  340,000 pCi / l  (Belin:, 1959). One reported value for  the t o t a l  

alpha a c t i v i t y  of steam a t  The Geysers i s  150 pCi/ l  of condensate 

(Bowen, 1973). An estimate o f  radon concentration i n  non-condensable 

gas a t  The Geysers can be assumed on the order o f  5 t o  50 pCi / l .  
' 

Using t yp i ca l  operat ional data from The Geysers a value can be 

estimated o f  t o t a l  radon release f o r  various assumed concentrations: 

2 2 2  Rn a c t i v i t y  i n  
non-condensabll es 

Da i ly  release for  
1000 MWe p lan t  

(PCi/l) - ( c i )  
50 0 055 

1,000 1.1 
300,000 33 1 

Though not d i r e c t l y  comparable, the d a i l y  r a d i o a c t i v i t y  releases from 

f o s s i l  fuel and nuclear p lants have been estimated by Hu l l  (1971) as: 

Da i ly  Releases f o r  1000 MWe 
( c i )  

A c t i v i t y  Coal F i red O i l  F i red Nuclear 
0.0000004 1 -- 

-- 6Ra 0.000047 
28Ra 0.000029 o.00000096 

"Kr, ls3Xe -- -- 1.6 - 3000 
1311 -- -- O - 0.85 

These values may be contrasted w i t h  natura l  world-wide production 
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rates of radon estimated by Junge (1963) t o  be 5 x l o 6  Ci/day. 

One means of determining the s ign i f icance o f  any release i s  t o  

estimate the ef fect  on steady s ta te  concentration o f  radon i n  the 

atmosphere. 

The background ambient leve ls  of radon i n  the ground leve l  atmos- 

phere over cont inental  areas i s  on the order o f  0.5 pCi/ l  (Gold, e t  al. ,  

1964). 

gases, i t  would take something on the order o f  l o 5  p lants  t o  doub e the 

radon concentrat ion i n  the atmosphere, which would r e s u l t  i n  leve s j u s t  

about equal t o  the (MPC)a. On a world-wide scale the prel iminary con- 

c lus ion i s  tha t  radon release from a reasonable number o f  p lants would 

not  be s i gn i f i can t .  

Based on an assumed concentrat ion o f  1000 pCi / l  i n  released 

However, on a loca l  basis, concentrations o f  radon could f a l l  i n  a 

range from one percent t o  several times (MPC)a as esti'mated by a simple 

box model and Sutton's plume dispersion equation. More deta i led i n fo r -  

mation on actual  release rates t o  be expected from geothermal reservoirs 

w i l l  be required. 

d ispersion can be made f o r  a va r ie ty  o f  meteorological s i tua t ions  (Slade, 

1968). 

From f i e l d  and laboratory data, estimates of radon 

Evaluation o f  the importance o f  radon release t o  the atmpsphere 

must a lso include considerat ion o f  the u l t ima te  deposit ion o f  the various 

daughter products. 

r esu l t i ng  from the daughter decays i s  about 500 times, t ha t  o f  radon i t s e l f  

(Eisenbud, 1963). 

The overa l l  explosure t o  the lungs, f o r  example, 

The t ransport  and f a t e  o f  the datughter ions depend on many fac tors  



inc luding the concentration o f  pa r t i cu la tes  i n  the a i r ,  the e e c t r i c  

f i e l d ,  eddy d i f f t i s i on  and convection e f fec ts  (Roffman, 1972). The de- 

pos i t i on  o f  2'oPb, the lon!iest l i v e d  daughter (T = 22 years) 

termined mainly by the atmospheric c i r c u l a t i o n  processes for par t icu-  I 

la tes.  Because o f  the 3.8 day h a l f - l i f e  o f  222Rn i t  i s  v i r t u a l l y  im-  

possible t o  co r re la te  the ' location o f  production of 'loPb w i t h  a par- 

titular source of radon. 

l 

i s  de- f 

' 

One would expect a very small e f fec t  on 

Pb concentrations o r  deposi t ion i n  the v i c i n i t y  o f  a geothermal 2 1 0  

p lant .  This conclusion can and should be checked by actual measure- 

ments around sources o f  known strength. 

t o  estimate any increased ""Pb deposit ion over a large area which coul 

Such data would provide grounds 

then be re la ted t o  t ransport  i n t o  and through natural  water systems 

(Huff and Kruger, 1970). 
~ 

I I  

With pa r t i cu l a r  refererice t o  st imulat ion,  estimates can be made of ~ 

the release of explosion-produced contaminants i n  the atmosphere. For ' 
chemical explosions the priimary information would be amounts and naturg '  

of residues produced f o r  a given type and y i e l d  o f  explosive. Then t h d ~  

s o l u b i l i t i e s  and v o l a t i l i t i e s  can be determined by chemical thermodynaq cs 

gases. Atmospheric d ispersion models can be used t o  estimate environmd t t a l  

t o  estimate possib le concentrations i n  e f f luenh vapor o r  non-condensabll 

impact. 

Nuclear s t imula t ion w i l l  r esu l t  i n  the production of radioact ive 1 

8 S  3s gases, notably K r ,  Ar,, and "AT, and t r i t i um ,  which w i l l  be associl 

mainly w i t h  water vapor rel'eases. Some t r i t i u m  might a lso be released'  

the form o f  CHsT, NH2T, HT,, and HTS, depending on exchange equ i l i b r i a .  I 



Other radioact ive products may be present t o  extents determined by t h e i r  

v o l a t i l i t i e s  i n  steam. Depending on t h e i r  i n i t i a l  d i s t r i b u t i o n  w i t h i n  

the nuclear cav i t y ,  the noble gases t w i l l  probably present the most  severe 

problem during ea r l y  operations. The shor t- l ived ones w i l l  decay in-place 

during the shut- in period. 

dur ing i n i t i a l  operations from the chimney. 

L im i ts  6n other r ad ioac t i v i t i e s  present i n  gases can be estimated 

The others might be condensed and contained 

from Gasbuggy data. 

days), was present i n  concentrations (extrapolated t o  time of detonation) 

o f  0.04 pCi/cmg o f  gas (Smith, 1971). 

concentrat ion can be estimated. 

production, upper l i m i t s  f o r  v o l a t i l i t y  could be established. The bio-  

l o g i c a l l y  important f i s s i o n  products '"CS o r  "Sr were not detectable 

i n  the gas. 

The most v o l a t i l e  expected nucl ide, "'1 (Tt = 8.05 

From these data the atom volumetric 

By comparison wi th the expected "'I 

Tr i t i um  can be expected t o  be produced a4ong w i t h  the steam o r  hot 

water; there i s  v i r t u a l l y  no way t o  separate HTO from H20 on a large 

scale. Thus i t  w i l l  be necessary t o  p red ic t  accurately the ra te  of tr i-  

t i a t e d  water production from a st imulated reservo i r  and make provisions 

f o r  cont ro l  o f  f l u i d s  w i t h  t r i t i u m  concentrat ion greater than tha t  allowed. 

Development -- o f  the Experimental Program - 
I n  fo l lowing the survey o f  e f fec ts  on water qual i t y  (and atmospheric 

releases) from natural  and st imulated geothermal reservo i r  production, 

several p o t e n t i a l l y  worthy areas o f  research become evident. An important 

category of the natural ly- present mater ia ls include those tha t  can af fect  

7 0 



environmental q u a l i t y  as e f f l uen ts  i n t o  surface waters, ground waters, 

o r  the atmosphere. 

reservoir  development. 

mater ia ls during in-place lboi l ing i n  the simulated rubble chimney. 

Laboratory-scale experiments can be read i l y  achieved for  such po ten t ia l  

contaminants as B, Se, Pb, As, Hg, and Ba w i t h  apprbprlate rad ioact ive 

tracers. The d isso lu t ion,  transport,  deposition, and ef f luent  behavior 

can be examined under various pressure, temperature, f lowrate, and 

These mater ia ls are o f  concern i n  a l l  types of 

Exlperiments are being planned t o  study these 

b o i l i n g  condit ions. The production h i s t o r y  can be determined. 

Radon release should be studied extensively. A radon measurement 

system i s  under construct ion. 

t rap  concentrates the radon from gas samples obtained d i r e c t l y  o r  

bubbled from so lu t ion.  Thts concentrated radon I s  transferred t o  sc i n t  

l a t i o n  f l asks  f o r  measurement w i t h  a photomul t ip l ie r  tube-scaler systei 

(Lucas, 1957). 

radium concentrations i n  water solut ion.  Arrangements are being made 

obta in  e f f l uen t  samples a t  several ex i s t i ng  geothermal i ns ta l l a t i ons ,  

such as the Geysers, the Jtsmez Mountains area o f  the Los Alamos Scient 

Laboratory pro jec t ,  the Imperial Valley, Cerro Pr ieto,  Mexico, geotheri 

f i e lds ,  and possib ly from the Wairakei and Lardarel lo f ie lds .  A range 

of  laboratory scale studies are being planned t o  determine if any sign 

f i c a n t  change i n  the radon emanation occurs as a funct ion of the exten 

of f rac tu r ing ,  a pressure-temperature-flowrate condit ions for  various 

radium bearing rocks. Such resu l t s  should permit evaluations regardin! 

I n  t h i s  system, a carbon adsorption 

This system w i l l  a lso  be used t o  measure low- level 

I 

1- 

Q 
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the importance of radon i n  geotherm(a1 resource development. The behavior 

of 210Pb and radium might a lso requlre some experiments i n  the rubble 

chimney model t o  es tab l ish  t yp ica l  concentrations and d i s t r i b u t i o n  under 

production condit ions. 

Other rad io log ic  f i e l d  data w i l l  be obtained t o  provide base- l ine 

measurements for  natural  r ad ioac t i v i t i e s  including '"Pb, 226Ra, 'H and 

gross gama rad ia t ion.  Such measurements w i l l  be necessary f o r  compari- 

son w i t h  projected a c t i v i t i e s  from nuclear st imulat ion,  evaluat on of 

normal releases t o  sa t i s fy  questions of possible hazards, and P arming 

any i n - s i t u  t racer  experiments. 

Prec ip i ta t ion,  scal ing, and dissolved s a l t  concentrat ion problems 

seem among the most c r i t i c a l  i n  r e l a t i o n  t o  geodrhermal p lant  operation 

and reservo i r  l i f e .  Furthermore, data f o r  these e f f ec t s  are required 

for  implementing and ve r i f y i ng  the clomputer modeling effort., as they 

may inf luence energy t ransfer  and f l u i d  flow. The in-place b o i l i n g  and 

re i n j ec t i on  processes are expected ieio be most c r i t i c a l  i n  so l ids  bu i ld-  

up. 

pa r t i cu l a r  mater ia ls under varying condit ions. 

calcium carbonate and s i l i c a t e s  are probably the most important. Measure- 

ment of rates o f  deposi t ion and bui ldup could u t i l i z e  radioact ive isotopes 

o f  mater ia ls such as carbon, calcium and su l fur .  Act fvat ion analysis 

might a lso be appropriate. Beta emi t t ing isotopes ('*C, "'Ca and "S) 

can be measured i n  the l i q u i d  phase i n  the l i q u i d  s c i n t i l l a t i o n  counter 

and i n  the s o l i d  phase (except "C) i n  our proport ional  beta detectors. 

Deplet ion o f  spec i f i c  a c t i v i t y  i n  o u t l e t  f l u i d s  could be monitored t o  

Experiments w i l l  be pergformed t'o estimate the ra te  o f  bui ldup of 

Calcium sul fates,  
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I 

determine loss by deposition. Measurements of rock mater ia l  a f t e r  the 

f l o w  experiment could i d e n t i f y  s i t es  o f  deposition. 

d i sso lu t ion  may be studied by t rac ing a c t i v i t i e s  leached from P i l ed r i ve r  

rock which w i l l  be procured from the Nevada Test Si te.  

r e i n j ec t i on  can a lso be investigated. 

under r e i n j ec t i on  i n t o  the! reservo i r  i s  found t o  be s ign i f i can t  i t  

might suggest a modif ied alpproach t o  s t imula t ion whereby a second, 

smaller cracked rock chimnley i s  created spec i f i ca l l y  w i t h  the idea of ~ 

permi t t ing the formation and entrapment o f  p rek ip i ta tes  before they ca 

reduce permeabi l i ty  i n  the more vulnerable porous media. Also s i l i c a t  

deposition, d issolut ion,  and t ransport  i n  cracked rock media could be 1 1  

t raced w i t h  the short  h a l f - l i f e  " S i  (Ti = 2.62 hours) produced i n  our ' 
a c t i va t i on  f a c i l i t i e s  on campus. 

Some aspects of 

Problems due td  

I f  depostt ion i n  cracked rock 
I 

1 
I 

I 

A second major c lass o f  chemical consti tuents, those introduced by 1 

~ 

an explosive, can be div ided i n t o  the obvious categories o f  chemical 

explosives and nuclear explosives. 

The potent ia l  f o r  d i sso lu t ion  and t ransport  w i l l  depend on the 

chemical form o f  each mater ia l .  The f i r s t  step regarding chemical 

explosives should be an attempt t o  determine i f  any actual f i e l d  data 

are ava i lab le  f o r  the residues o f  chemical explosives i n  systems s im i l r  

t o  geothermal aquifers. 

The radioact ive residues from a nuclear explosive can be t reated ii 

several ways. Avai lable data regarding the amounts and d i s t r i b u t i o n  ol 

rad ioact ive mater ia ls i n  a chimney (such as the P i l ed r i ve r  data) could 

r 
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be used along w i t h  accepted mathematical models for  t ransport  o f  d is-  

solved and ion ic  substances i n  water t o  make predict ions o f  important 

radionuclides. Another approach w6utld be t o  use analogous data f o r  the 

behavior of t h e i r  chemical homologs. For example, strontium and cesium 

behavior can be expected t o  pa ra l l e l  tha t  o f  calcium and potassium 

respectively. 

i n  terms of adsorption through the aquifer and cracked rock system, and 

the d i s t r i b u t i o n  coef f ic ients  i n  steam can be implemented. A study o f  

the behavior of f i ss ion  products and ac t i va t i on  induced rad ioac t i v i t y  

would appear t o  be j u s t i f i e d  as a fur ther ob ject ive  o f  t h i s  pro jec t .  

S ign i f icant  information and p red ic t i ve  models are avai lable,  but the 

behavior i n  a hydrothermal aqu i fer  system would require invest igat ion.  

Simple t racer  experiments to  ve r i f y  the expected behavior 

T r i t i um  i s  being considered separately because of i t s  probable 

occurrence i n  the chemical f o r  HTO. Fract ionat ion ef fects as the steam 

i s  produced and exchange e f fec ts  t ha t  might re ta rd  the f low of t r i t i a t e d  

water w i t h  respect t o  bu lk  water are expected t o  be small but should be 

measured. Such experiments can be performed i n  the chimney model or 

non-flow experiments which attempt t o  es tab l ish  maximum values for  

exchange e q u i l i b r i a  w i t h  various types o f  f ractured rocks under geo- 

thermal pressure-temperature condit lons. 

The t r i t i u m  experiments w i l l  be conducted w i t h  the p r inc ipa l  goal 

o f  es tab l ish ing the occurrence o r  non-occurrence o f  a y unique behaviors 

inf luencing i t s  behavior i n  geothermal systems. This knowledge could 

be used t o  p red ic t  t ransport  o f  explosion produced tr t ium o r  natural  

o r  in jec ted t r i t i u m  as a t racer.  
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Consideration w i l l  be given to  the p o s s i b i l i t y  o f  making f i e l d  

t racer  studies us ng t r i t i u m  i n  an actual geothermal system, perhaps 

even an operating system such as The Geysers. This could be par t ic -  

u l a r l y  useful i n  determining the paths and f a t e  o f  re in jected f lu ids .  

I 

~ 
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NOMENCLATURE - 
-- For the Mathematical Model, Computer Modeling 

A -- cross-sectional area o f  flow, unless otherwise indicated 

c = isothermal compress ib i l i ty  o f  the l i q u i d  

h = u n i t  enthalpy of f l u i d ,  unless otherwise indicated 

k = e f f e c t i v e  thermal conduct iv i ty  o f  the rock / f l u id  medium 

K = e f f e c t i v e  permeabi l i ty  o f  the medium t o  the indicated phase 

M = molecular weight of the gas 

p = pressure 

ra te  o f  heat flow from rock to f l u i d s  ‘rock 

Qrock = thermal energy stored i n  rock 

4 = overa l l  energy t ransfer  along system as heat conduction 

R = universal gas constant 

t = time 

T = temperature 

x = l i near  distance 

z = rea l  gas compress ib i l i ty  fac to r  

SL = l i q u i d  saturat ion,  f rac t iona l  pore volume 

1-SL = gas satura t ion 

\j = mass f low ra te  

4 = porosi ty,  f rac t iona l  bu lk  volume 

p = f l u i d  v i scos i t y  

p = f l u i d  densi ty 

Subscripts-- g = gas L o r  1 = l i q u i d  

s t  = steam (synonymouis o = datum condi t ion f o r  l i q u i d  
w i t h  gas) 
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For Two-Phase Bo i l i ng ,  Bench-Scale F l o w  Experiments 

f 

fw = f r a c t i o n  o f  d i sp lac ing  phase In produced f l u i d  

Ir = i n j e c t i v i t y  r a t i o ,  see Eq. 26 

= f r a c t i o n  o f  displaced phase i n  produced f l u i d  
0 

kw,kl = e f f e c t i v e  permeabi l i ty  t o  wet t ing phase, md. 

ko,kg = e f f e c t i v e  permeabi l i ty  t o  non-wetting phase, md. 

N = cumulative production of displaced phase, pore volumes. 

pz  = pressure a t  core i n l e t ,  ps i  

P 

S = pore volume satura t ion,  f r ac t i on  

S = average d isp lac ing  phase satura t ion,  f r a c t i o n  of  pore volume av 

Si = i n i t i a l  d i sp lac ing  phase saturat ion,  f r a c t i o n  of pore volume 

S z  = ou t f l ow face saturat ion,  volume f r a c t i o n  of pore volume 

u = ve loc i t y ,  f t /day 

ii = spec i f i c  volume, f t 5 / ’ l b  

W = t o t a l  weight f l ow rat:e, lb/day 

= weight gas f l o w  rate,  lb/day 
wg 
W1 = weight l i q u i d  f l o w  ralte, lb/day 

Wi = cumulative displacing1 phase ,injected, f r a c t i o n  of pore volume 

= v i scos i t y  o f  we t t i ng  phase, cp. 

= v i scos i t y  of non-wetting phase, cp. 

uW 

Ap = pressure d i f fe rence,  ps i .  
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APPENDIX A - 
MATHEMATICAL DESICRIPTION OF LINEAR HORIZONTAL - - 

TWO-PHASE SINGLE-COMPONENT FLOW I N  POROUS MEDIA -- - -- 

Physical Considerations 

F 1 ow Reg i mes - 
1 .  , 1 1 .  , 1 1 1 .  , 

t 1 I 1 
1 i q u i d f  l i q u i d  + 
on ly  I f l ash ing  gas . 

l i q u i d  i n  

dista,nce along system + 

I pressure gradients 1 f o r  one-phase 
l i q u i d  o r  gas f l o w  
can be ca lcu la ted 

pressure 

I I 

ow w i  1 1  tend 
isothermal 

ve l i q u i d  1 
sa tu ra t ion  grad i ent  ' 
as l i q u i d  b o i l s  o f f  sa t u ra  t ion 

I 

wavy l i n e s  on graphs are supposed 
t o  suggest unknown shape 

I n  order for a l l  three flow regimes t o  ex i s t ,  a very long system 

of special  surface and boundary condi t ions might be necessary. 

I n i t i a l l y  we w i l  be concerned on l y  w i t h  the behavior of a l i q u i d  

f lash ing f r o n t .  

t h i s  time. 

Deve opment o f  a d ry  gas zone w i l l  no t  be studied a t  
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Thermodynamic Considerations 

L i qu id  Flow Only (1) -+ (Z) - -U i l l  be essen t i a l l y  isothermal 

Two-Phase Single-Component Flaw (Flashing Front) (2) -+ ( 3 ) - - l f  thermo- 
7- -- 

dynamic equ i l i b r i um  ex i s t s  a t  every cross-section, then t h i s  f l o w  regime 

has on ly  one degree o f  freedom ( a f t e r  Gibb's phase ru le )  and must fo l low 

the vapor pressure curve f o r  the f l u i d  i n  the system. 

Steam Only (4) -+ (5)--Flow w i ' t l  tend t o  be essen t i a l l y  isothermal. - 
Trans i t i on  from F lash ing  Front  t o  5 - Gas (3) -+ (6)--The dry  gas w i l l  
7 -- 

tend t o  f l ow isothermally, but  i n f l u x  o f  cooler  gas as the f tash ing  f r o n t  

pressure and temperature drop w i l l  tend t o  lower f lowing gas temperature. 

If severe vapor pressure lowering e f f e c t s  are encountered, then t h i s  stage 

may never be reached. 

C r i t i c a l  
Point  

- ~ 

Temperature 

Gas Regime I 
-~ 

Enthalpy 



When on ly  one phase 

pendent . 
s present, pressure and temperature are inde- 

When two phases coex is t  and are  i n  equi l ibr ium, pressure and tem- 

perature are  dependent. 

Although considerat ion o f  i sen tha lp lc  flow leads t o  a pseudo- 

ana l y t i c  so lu t ion  f o r  steaidy s ta te  f l o w  (M i l l e r ,  1951), ad iabat ic  f low 

f o r  the core system i s  a more r e a l i s t i c  i dea l i za t ion .  

Mathematical Development -- o f  7 Flow Equations 

Apply basic p r i nc i p l es  on a - r a t e  basis t o  the system def ined as 

f l u i d  p lus  rock matr ix .  

1. Mass Balance-- 

Mas; Out - Mas; I n  + 'Storag: = 0 

- 

a +\j ) + - (Total Mass) = 0 - (\j l s t  x B t  ' + i 4  ) (wl s t  x+6x 

r 1 

Elemental f l u i d  volume = A46x 

r 1 

Total  Mass = A4Ax + pst( l-SL) 1 
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2. Energy Balance-- 

Energ; Out - Energ; I n  + Energ); Storage = 0 

e 0 

Energy Transfer = Mass Associated + Heat Conduction 

Considering thermal energy storagle i n  an element: 

Energy Stored = Energy i n  F lu ids  + Energy i n  Rock Mat r i x  

r 7 

Thus : 

0 = [ \J,hl+isthst+{ ] x+6x- p 1  1 +is t hS t+j ; i + J d X  [ s t hS t 
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3. Equa t ions o f  - S t a  te-- -- 
Real Gas: P = $ , where z(p,T) is tabulated (3)  

h = h(p,T) i s  tabulated 
c (P-Po) 

S l i g h t l y  Compressible Liquid:  p = po e (4) 

h = h(p,T) i s  tabulated (4) 

This form for t:he l i q u i d  i s  f a i r l y  accurate on ly  f o r  isothermal 

expansion. A d i f f e ren t  form o f  p(p) w i l l  u l t ima te l y  be used i n  

two-phase flow. 

4. - Rate Equations--- 

F l u i d  Flow i n  Porou!; Media o r  Fractured Rock: Darcy's Law i s  

assumed t o  be va l i d .  A t  a l a t e r  t ime modi f icat ions can be made t o  account 

f o r  non-laminar f low i f  necessary. , 

For hor izon ta l  flow, assuming 1 i qu id  pressure equals gas pressurk: 

so : I 1  

K A  
= 'p L a  

"1 1 Ul ax 

and 

K S t A  2 fst = -p - ax st "t 



5. Statement o f  Thermodynamic Equi l ibr ium--At any po in t  along the - 
system phase equ i l i b r ium has been rekached. This means t ha t  if two 

phases are  present, they are  a t  the same pressure and temperature. 

I t  i s  not  being assumed tha t  the rock mat r i x  i s  a t  uniform temperature; 

on ly  tha t  i t s  surface temperature i s  tha t  of the surrounding f l u i d s .  

- 

6. Algebra-- 

Mass Balance: 3 ,  4, 5, 6 i n t o  1 

where Ap = p-po. 

Energy Balance: 3 ,  4, 5, 6, 7 i n t o  2 

L 

+ sL 

J L 

Pol e cAph L - & 2RT s t  1 - droc,k = 0 

These equations are expressed i n  greater  d e t a i l  i n  the next page. 

- 0  
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Two simultaneous nonl inear p a r t i a l  d i f f e r e n t i a l  equations i n  p(x, t ) ,  SL(x,t) I 

and T(x, t ) :  

I 

Note t h a t  f o r  0 < SL < 1, p = f ( T ) .  i 

I 

~ 

~ 
L i m i t i n g  Condit ions 

A .  

B.  

I 

SL = 1, isothermal f l o w :  both equations can be reduced t o  

SL = 0, isothermal f low: both equations can be reduced, f o r  a pe r fec t  g b s ,  to :  



2 a2p2 I 911 aP 
a x  2 kp a t  , [ Qrock 3 

C .  SL = 0, non-isothermal f l o w :  

energy balance: 

This y i e l ds :  

and 

There are two equations 

var iab les now. 

n two unknolwns; p(x, t ) ,  T(x, t )  a re  

= o  

ndependent 

D. SL = 1, Kg = 0, non-isothermal l i q u i d  f low, f o r  P = p(p) only:  

__  

e o  
“ K  

ax mass balance: 
i I 
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energy ba 1 ance : 

' 

4 
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