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1. INTRODUCTION 

Large- scale development of geothermal energy resources  rests on t h e  

a b i l i t y  t o  e x t r a c t  commercial q u a n t i t i e s  of thermal energy from n a t u r a l  

hydrothermal r e s e r v o i r s ,  o r  from h o t  dry  rock d e p o s i t s  us ing a r t i f i c i a l  

c i r c u l a t i o n  cyc les .  The energy a v a i l a b l e  i n  igneous resources  has  been 

es t imated t o  be  much l a r g e r  than t h a t  i n  hydrothermal r e s e r v o i r s  (White 

and Williams, 1975). 

t h e  f r a c t i o n  o f  t h e  a v a i l a b l e  energy t h a t  can b e  ex t rac ted  need t o  b e  

developed. Since  more than 70 percent  of t h e  a v a i l a b l e  energy i n  a geo- 

thermal resource  r e s i d e s  i n  t h e  r e s e r v o i r  rock,  t h e  development of tech-  

niques t o  enhance t h e  f r a c t i o n  of energy e x t r a c t i o n  from t h e  rock i t s e l f  

i s  imperat ive  t o  e f f e c t i v e l y  i n c r e a s e  t h e  f r a c t i o n  of r ecoverab le  energy 

from geothermal r e s e r v o i r s .  

t i o n  from f r a c t u r e d  geothermal r e s e r v o i r s  h a s  been s t u d i e d  as p a r t  of  t h e  

Stanford  Geothermal Program (SGP) s i n c e  i t s  i n c e p t i o n  (Kruger and Ramey, 

1973).  

For both  types  of r esources ,  means f o r  enhancing 

The enhancemeqt of thermal energy ex t rac-  

The rate  of energy e x t r a c t i o n  from geothermal resources  i s  l i m i t e d  

by t h e  slow h e a t  t r a n s f e r  process  from l a r g e  impermeable rocks  t o  t h e  

convecting f l u i d ,  and by t h e  r e s i s t a n c e  t o  t h e  flow of f l u i d  through t h e  

formation t o  t r a n s p o r t  t h e  e x t r a c t e d  energy t o  t h e  w e l l  heads. I f  t h e  

rock is  n a t u r a l l y  unf rac tu red ,  o r  only l i g h t l y  f r a c t u r e d ,  long conduction 

paths  t o  t h e  s u r f a c e  wetted by t h e  convect ive  f lu id- - usual ly  water--de- 

creases t h e  rate  of h e a t  t r a n s f e r  t o  a n  uneconomically low level.  If t h e  

h e a t  t r a n s f e r  process from t h e  ho t  rock i s  a c c e l e r a t e d  by reducing t h e  

temperature of t h e  surrounding f l u i d ,  t h e  rock mass c l o s e  t o  t h e  wet ted  

1 



surface cools faster than the mass inside the rock. The non-uniform tem- 

perature profile inside the rock results in unexploited energy. 

larger the rock, the larger the amount of recoverable energy that remains 

unexploited. Stimulation techniques, such as hydraulic fracturing, ex- 

plosive fracturing, and thermal stress cracking have been proposed (Ewing, 

1973). 

the rock, increasing the surface area for convection to the geothermal fluid, 

and increasing the permeability of the formation, combine to make the res- 

ervoir a better "heat exchanger ." 

The 

The overall effect of reducing the conduction path lengths within 

Several approaches have been used to analyze the energy extraction 

process from the rock in a geothermal reservoir. Gringarten and Wither- 

spoon (1973) based their analysis on an infinite series of parallel ver- 

tical fractures of uniform aperture, and separated by blocks of homogeneous 

and isotropic impermeable rock with a uniform spacing between fractures. Diadkin 

(1973) used an approximate analytical solution in which the particle size 

is averaged to a spherical shape of a given radius; they also investigated 

the variable particle size using a finite-element method (Diadkin and 

Pariiskii, 1975). 

Experimental studies of fracture-stimulated reservoirs were performed 

by Hunsbedt, Kruger, and London (1975b) with two different rock collections in 

the Stanford Geothermal Program (SGP) Large Reservoir Model. He considered the 

effect of rock sizes on the energy extraction process by lumpiqg the complete 

rock size distribution in three different average size groups; he also 

considered the effect of the shape of the rock segments by empirically 
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averaging t h e i r  temperature t r a n s i e n t  behavior as i f  they were shaped 

l i k e  something i n  between a p l a t e  and a sphere .  

t r a c t i o n  from t h e  rock w a s  found t o  depend mainly on t h e  relat ive magni- 

tudes of t h e  t i m e  cons tan t  of t h e  mean rock s i z e  and t h e  product ion t i m e .  

The degree of energy ex- 

Kuo, Kruger, and Brigham (1976) s tud ied  the  hea t  t r a n s f e r  from s i n g l e  

i r r e g u l a r  shaped rocks .  

a l lows t h e  modeling of t h e  h e a t  t r a n s f e r  from a rock of a r b i t r a r y  shape by 

t r e a t i n g  i t  a s  an equ iva len t  s p h e r i c a l  rock,  and thereby t h e  classical 

s p h e r i c a l  conduction s o l u t i o n s  can be used. 

H e  developed a shape f a c t o r  c o r r e l a t i o n  which 

The purpose of t h e  p resen t  s tudy  is  t o  determine t h e  cond i t ions  under 

which t h e  energy recovery from geothermal r e s e r v o i r s  i s  l i m i t e d  by h e a t  

t r a n s f e r .  

from o t h e r  l i m i t i n g  f a c t o r s ,  t h e  energy t h a t  is  a c t u a l l y  t r a n s f e r r e d  from 

t h e  rock t o  t h e  geothermal f l u i d  is evaluated as a f r a c t i o n  of t h e  energy 

t h a t  would be  e x t r a c t e d  i f  t h e  t o t a l  rock mass w a s  cooled t o  t h e  surround- 

ing  f l u i d  temperature.  An a n a l y t i c a l  model based on observed exper imenta l  

d a t a  i s  developed t o  p r e d i c t  t h e  rock energy e x t r a c t e d  f r a c t i o n  from a 

c o l l e c t i o n  of rocks wi th  given rock s i z e  and shape d i s t r i b u t i o n s ,  and 

under v a r i a b l e  f l u i d  coo l ing- ra te  cond i t ions .  

by formulat ing a model of a r e s e r v o i r  e x p l o i t e d  by t h e  cold-water sweep 

process  t o  f i n d  t h e  r e l a t i o n s h i p  between t h e  energy product ion ra te  and 

t h e  c h a r a c t e r i s t i c s  of t h e  format ion,  such as t h e  rock s i z e  d i s t r i b u-  

t i o n  and poros i ty ,  which determines  when t h e  recoverable  energy from t h e  

r e s e r v o i r  i s  l i m i t e d  by h e a t  t r a n s f e r .  

To c h a r a c t e r i z e  t h e  h e a t- t r a n s f e r  l i m i t a t i o n s  independently 

The a n a l y s i s  i s  completed 

It i s  intended t o  formulate  a simple methodology which can b e  

r e a d i l y  used t o  e v a l u a t e  t h e  importance of t h e  va r ious  phys ica l  parameters 
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on the rock energy extraction process from geothermal reservoirs. Its 

direct application represents an important step in the geothermal field 

development to assess techniques for reservoir stimulation and to esti- 

mate geothermal energy reserves. 

The specific objectives of the present work are: 

1. To develop a model to predict the temperature transient in 

a single irregular shaped rock. This task involves purely 

conductive heat transfer considerations and is achieved in 

the following manner: (a) investigate the validity of the 

one-lump parameter method to describe the temperature tran- 

sient in a spherical rock; (b) apply the shape factor correla- 

tion developed by Kuo, Kruger, and Brigham (1976) to model irregular 

shaped rocks; and ( c )  develop an analytical method to predict the 

temperature transient in irregular shaped rocks under variable 

fluid cooling-rate conditions, 

2. To develop a model to evaluate the "energy extracted frac- 

tion" from a collection of rocks with given size and shape 

distributions. This task involves statistical analysis of 

the geometrical characteristics of the rocks to determine 

the effect of the particle size and shape distribution on 

the overall energy extraction from a rock system. 

To develop a model for the cold-water sweep process based on 

(1) and (2) to predict the rock and fluid temperature tran- 

sients as a function of the production and injection rates, 

the rock size and shape distributions, and other important 

reservoir parameters. 

3. 

This task involves the analysis of 
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the coupled temperature transient behavior of the fluid and 

the rock, and the development of non-dimensional parameters 

that determine the heat-transfer limitations on the effective 

energy extraction from the rock, 

4 .  To verify experimentally objectives (1) through ( 3 ) .  A col- 

lection of rocks consisting of granitic rock from the Pile- 

driver underground nuclear explosion was used for this purpose 

as a representative sample of artificially fractured rock. 

Two in-place boiling experiments and one cold-water sweep 

experiment were performed to verify the models developed. 
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2. EXPERIMENTAL SYSTEM 

2.1  Descr ip t ion  of Experimental Apparatus 

The experiments conducted i n  t h i s  s tudy were performed i n  t h e  Stan- 

fo rd  Geothermal Program Large Reservoir  Model cons t ruc ted  i n  1972-73 t o  

s tudy t h e  energy e x t r a c t i o n  processes  i n  f rac ture- s t imula ted  geothermal 

r e s e r v o i r s .  

Kruger, and London (1975sand 1975b). The phys i ca l  model shown i n  F igure  

2-1 c o n s i s t s  of t h r e e  major components: (1) t h e  r e s e r v o i r ,  ( 2 )  t h e  ex- 

t e r n a l  loop,  and ( 3 )  t h e  in s t rumen ta t ion  and recording  system. 

Deta i led  d e s c r i p t i o n s  of  t h e  model are given by Hunsbedt, 

2.1.1 The Reservoir  

The r e s e r v o i r  is  a c y l i n d r i c a l  carbon s t e e l  vessel approximately 

5 f e e t  h igh  and 2 f e e t  i n  diameter .  It holds  about  one ton  of f r a c t u r e d  

rock and water. The system can be  o p e r a t e l  a t  a maximum pres su re  of  800 

p s i g  ( 5 6  kg/cm ) and a maximum temperature o f  500°F (260°C) t o  simu- 

la te  geothermal r e s e r v o i r  environments.  The vessel ,  w e l l  i n s u l a t e d  t o  

reduce hea t  l o s s e s ,  has  wrapped-around e lec t r ic  t ape  h e a t e r s  w i th  power 

c o n t r o l s  t o  compensate f o r  h e a t  l o s s e s  o r  model e x t e r n a l  h e a t  t r a n s f e r  t o  

t h e  r e s e r v o i r .  

2 

2.1.2 The Ex te rna l  Loop 

The e x t e r n a l  loop noted i n  F igure  2-1, c o n s i s t s  o f  a c i r c u l a t i o n  sys-  

t e m ,  an  i n j e c t i o n  system, and a product ion  system. The c i r c u l a t i o n  system, 

used t o  h e a t  up t h e  system (rock,  water,  and s tee l  vessel) t o  i n i t i a l  reser- 

v o i r  cond i t ions  ( s e e  Figure  2-1 ), c o n s i s t s  of a c i r c u l a t i o n  pump, a n  elec- 

t r i c a l  h e a t e r ,  and two accumulators used t o  p r e s s u r i z e  t h e  r e s e r v o i r  wi th  

an  e x t e r n a l  supply of argon gas a t  h igh  p re s su re .  The 15  gpm (57 l /min)  
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c e n t r i f u g a l  pump provides  9 f e e t  ( 2 .74  m) head f o r  t h e  water  c i r c u l a t i o n  

through the  e l e c t r i c  h e a t e r  ( 2 3  kW i npu t )  which produces a h e a t i n g  ra te  

of approximately 10°F (5.56"C) i n  t h e  water  temperature per  pas s .  The 

water from the  h e a t e r  c i r c u l a t e s  through t h e  r e s e r v o i r ,  where some of  t h e  

thermal energy i s  t r a n s f e r r e d  t o  t h e  rock and t h e  s tee l  vessel. Water i s  

then re turned  via Accumulator 1. 

the  des i r ed  temperature and p res su re  cond i t ions  are achieved and tempera- 

t u r e  equi l ibr ium of  t h e  rock /wa te r / s t ee l  system i s  e s t ab l i shed .  Heat-up 

from room temperature t o  about 480'F (250°C) i s  normally accomplished i n  

about 10 hours .  

Heat-up c i r c u l a t i o n  i s  continued u n t i l  

The production system shown i n  F igure  2-2 c o n s i s t s  of a flow c o n t r o l  

va lve ,  a condenser,  and a weighing tank.  When t h e  r e s e r v o i r  has  reached 

equi l ibr ium a t  t h e  d e s i r e d  temperature,  c i r c u l a t i o n  i s  stopped and produc- 

t i o n  i s  i n i t i a t e d  by opening t h e  flow c o n t r o l  valve. 

rate  is  con t ro l l ed  manually wi th  t h e  f low c o n t r o l  valve. 

f l u i d  flows through t h e  condenser which is  cooled wi th  t a p  water i n  t h e  

cold s i d e .  

densa te  as a func t ion  o f  t i m e .  

F lu id  production 

The produced 

The product ion  mass f low rate  i s  measured by weighing t h e  con- 

The i n j e c t i o n  system, which can be opera ted  simultaneously w i t h  t h e  

production system, c o n s i s t s  of  a metering tank and a p o s i t i v e  d i sp lace-  

ment pump d e l i v e r i n g  a maximum head and i n j e c t i o n  f low of 800 p s i  (57 kg/ 

cm2) and 1 gpm (3.785 l / m i n ) ,  r e s p e c t i v e l y .  

t r o l l e d  continuously by adjustment  o f  t h e  p i s t o n  displacement i n  t h e  

range of 0-1 gpm (0-3.785 l /min ) .  

achieved by p reha t ing  w i t h  t h e  e l e c t r i c  h e a t e r .  

The f low rate  can be  con- 

The d e s i r e d  i n l e t  temperature is  

A feedback automatic  c o n t r o l  system i s  used i n  t h e  c i r c u l a t i o n  and 

i n j e c t i o n  systems t o  c o n t r o l  t h e  temperature v's t i m e  c h a r a c t e r i s t i c s  of 
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FIGURE 2-1. Diagram of SGP Large Reservoir Model--heating mode 
opera tion 

FIGURE 2-2. Diagram of SGP Large Reservoir Model--fluid production 
mode operation 
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centrifugal pump provides 9 feet ( 2 . 7 4  m) head for the water circulation 

through the electric heater (23  kW input) which produces a heating rate 

of approximately 10°F (5.56"C) in the water temperature per pass. 

water from the heater circulates through the reservoir, where some of the 

thermal energy is transferred to the rock and the steel vessel. Water is 

then returned via Accumulator 1. 

the desired temperature and pressure conditions are achieved and tempera- 

ture equilibrium of the rock/water/steel system is established. Heat-up 

from room temperature to about 480°F (25OOC) is normally accomplished in 

about 10 hours. 

The 

Heat-up circulation is continued until 

The production system shown in Figure 2-2 consists of a flow control 

valve, a condenser, and a weighing tank. When the reservoir has reached 

equilibrium at the desired temperature, circulation is stopped and produc- 

tion is initiated by opening the flow control valve. 

rate is controlled manually with the flow control valve. 

fluid flows through the condenser which is cooled with tap water in the 

cold side. 

densate as a function of time. 

Fluid production 

The produced 

The production mass flow rate is measured by weighing the con- 

The injection system, which can be operated simultaneously with the 

production system, consists of a metering tank and a positive displace- 

ment pump delivering a maximum head and injection flow of 800 psi (57 kg/ 

cm ) and 1 gpm (3.785 l/min), respectively. 

trolled continuously by adjustment of the piston displacement in the 

range of 0-1 gpm (0-3.785 l/min). 

achieved by preheating with the electric heater. 

2 The flow rate can be con- 

The desired inlet temperature is 

A feedback automatic control system is used with the injection 

system to control the temperature vs time characteristic of 
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t h e  f l u i d  a t  the  e x i t  of  the  e l e c t r i c  h e a t e r .  Heat l o s s e s  i n  t h e  l i n e  

from t h e  e l e c t r i c  h e a t e r  t o  t h e  r e s e r v o i r  i n l e t  are balanced by h e a t i n g  

wi th  e lec t r ic  t apes  wrapped around t h e  i n l e t  p i p e  l i n e .  

2.1.3 Ins t rumenta t ion and Recording System 

Ins t rumenta t ion f o r  temperature and p r e s s u r e  measurements a t  va r ious  

p o i n t s  i n  t h e  r e s e r v o i r ,  c i r c u l a t i o n ,  and i n j e c t i o n  systems are i n d i c a t e d  

i n  Figures  2-1 and 2-2. A more d e t a i l e d  process  flow and ins t rumenta t ion  

diagram f o r  t h e  model w a s  given by Hunsbedt, Kruger, and London (1975b). 

E l e c t r i c  power i n p u t s  t o  t h e  t a p e  h e a t e r s  on t h e  r e s e r v o i r  and on t h e  

i n l e t  l i n e  are measured as a func t ion  of t i m e .  A s i g h t  g l a s s  i n s t a l l e d  

on t h e  v e s s e l  covering about 60 pe rcen t  of t h e  r e s e r v o i r  he igh t  i s  used 

t o  observe t h e  l i q u i d  level dur ing production.  S imi la r ly ,  a level meter 

i n s t a l l e d  i n  the  i n j e c t i o n  head tank is used t o  measure t h e  flow ra te  of 

f l u i d s  i n j e c t e d .  The tank t h a t  r e c e i v e s  t h e  condensate of the  produced 

f l u i d  i s  i n s t a l l e d  on top of a weighting balance  t o  measure t h e  produc- 

t i o n  flow ra te .  

t h e  condenser. 

An o r i f i c e  meter measures the  cool ing water flow i n  

Most temperature and p ressure  read ings  are recorded au tomat ica l ly  

Temperature measurements can a l s o  b e  read u s i n g  mul t ipo in t  r ecorders .  

d i r e c t l y  i n  a d i g i t a l  meter. 

ment i s  recorded t o  check t h e  e l e c t r o n i c  p r e s s u r e  t r a n s m i t t e r  measure- 

ments. 

General ly ,  a test  p ressure  gauge measure- 

2 . 2  Rock C h a r a c t e r i s t i c s  

To perform t h e  energy e x t r a c t i o n  exper iments , the  c o l l e c t i o n  o f  rocks  

s e l e c t e d  had t o  be  w e l l  cha rac te r i zed .  The c h a r a c t e r i s t i c s  of t h e  rock 

load ing  were obtained i n  t h r e e  forms: (1) Instrumented rocks geometr ica l  
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parameters; 

t h e  rock temperature t r a n s i e n t s .  

t h e i r  d i s t r i b u t i o n s .  These parameters d e s c r i b e  t h e  s i z e  and shape of the  

rocks which govern t h e i r  temperature t r a n s i e n t  behavior. (3) Bulk param- 

eters, which determine t h e  t o t a l  amount of  energy t h a t  can b e  s t o r e d  (or 

recovered) i n  the  rock and t h e  l i q u i d .  

i n  t h e  following s e c t i o n s .  

they are requ i red  t o  s tudy and v e r i f y  a n a l y t i c a l  models f o r  

( 2 )  Mean geometrical  parameters and 

These parameters are desc r ibed  

The c o l l e c t i o n  of rocks  chosen t o  s tudy t h e  energy e x t r a c t i o n  process  

from a f r a c t u r e  geothermal r e s e r v o i r  w a s  obtained from t h e  rubb le  chimney 

formed by c o l l a p s e  of t h e  overburden i n t o  t h e  c a v i t y  c rea ted  by t h e  "Pile-  

d r ive r"  nuclear  explosion.  The P i l e d r i v e r  (61-kt) nuclear  exp los ive  w a s  

detonated on June 2 ,  1966, a t  a depth of 1,500 f e e t  (457 meters)  i n  a 

formation of g r a n o d i o r i t e .  The explos ion produced a c a v i t y  r a d i u s  of 

131.5 f e e t  (40.1 meters)  and a co l l apsed  rubb le  chimney 390 f e e t  (271  me- 

t e r s )  high and 160 f e e t  (49.8 meters)  i n  width ,  measured i n  t h e  re- entry  

tunnel  103 f e e t  (31.4 meters)  above t h e  explosive.  The rubble  chimney is 

es t imated t o  con ta in  about: 67 m i l l i o n  f t 3  (1.9 m i l l i o n  m ) of f r a c t u r e d  

rock wi th  a zone of f r a c t u r e s  c r e a t e d  by t h e  immense shock wave ou t  t o  a 

d i s t a n c e  of more than  1000 f e e t  (305 meters) .  

p l e  of a rock s i z e  d i s t r i b u t i o n  r e s u l t i n g  from a high-energy f r a c t u r e  

mechanism. 

has  been ex tens ive ly  s t u d i e d .  

volume) d i s t r i b u t i o n  of two samples taken and measured d i r e c t l y  a t  t h e  

explosion s i t e ,  as repor ted  by Rabb (1970), and Figure 2-4 shows t h e  esti-  

mated frequency d i s t r i b u t i o n ,  as es t imated  by assuming s p h e r i c a l  shape 

p a r t i c l e s .  The sample  used i n  t h e  p r e s e n t  s tudy w a s  obtained from t h e  

3 

This rock r e p r e s e n t s  a sam- 

The p a r t i c l e  s i z e  d i s t r i b u t i o n  of t h e  P i l e d r i v e r  chimney rock 

Figure  2-3 shows the  weight f r a c t i o n  (o r  
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re- ent ry  tunnel  a t  a d i s t a n c e  of about 100 f e e t  (30.5 meters)  from t h e  

chimney a x i s ,  and was t r anspor t ed  i n  30-gallon drums t o  Stanford Univer- 

s i t y  from t h e  Nevada T e s t  S i t e .  

I n i t i a l  tests performed wi th  t h e  P i l e d r i v e r  rock loading  included 

r a d i o a c t i v i t y  l each ing  tes ts  as a func t ion  of convecting f l u i d  tempera- 

ture ,and  radon emanation measurements i n t o  l i q u i d  and vapor f l u i d  as a 

func t ion  of temperature. 

e lsewhere.  

The r e s u l t s  of t h e s e  tests w i l l  be  r epor t ed  

2.2.1 Def in i t i on  of Geometrical Parameters 

2.2.1.1 For i n d i v i d u a l  rocks:  

The s tudy of t h e  energy e x t r a c t i o n  from f r a c t u r e d  geothermal reser- 

v o i r  r e q u i r e s  t h e  a n a l y s i s  o f  t he  h e a t  t r a n s f e r  from i r r e g u l a r l y  shaped 

rocks  t o  t h e  surrounding f l u i d .  Kuo, Kruger, and Brigham (1976) developed 

a shape f a c t o r  c o r r e l a t i o n  t o  model t h e  h e a t  t r a n s f e r  from i r r e g u l a r l y  

shaped rocks  using c lassical  s o l u t i o n s  f o r  s p h e r i c a l  rocks.  A d e s c r i p t i o n  

of t h i s  c o r r e l a t i o n  is  presented  i n  Sec t ion  3.1.3. According t o  h i s  

development, t h e  e f f e c t i v e  r a d i u s  of an  i r r e g u l a r l y  shaped rock i s  given by: 

where t h e  equiva lent  sphere  r a d i u s  Rs is def ined  as: 

Rs A = {radius  of a sphere  of equalvolumd = p] 1/3 

and t h e  s p h e r i c i t y  Jk i s  def ined  as 

(2.3)  S 
A 

A {surface  area of a sphere  of  equal  volume) - - 
Aac tua l  qK = {ac tua l  s u r f a c e  area) 

Thus, t h e r e  are  two important  parameters  r equ i r ed  t o  o b t a i n  the 
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e f f e c t i v e  r a d i u s  of a rock of i r r e g u l a r  shape: 

R and As are c a l c u l a t e d ,  and (2) t h e  s u r f a c e  area, from which t h e  

s p h e r i c i t y  is  ca lcu la ted .  

(1) The volume, from which 

S 

2.2.1 .2  For a c o l l e c t i o n  of rocks:  

A methodology w a s  developed i n  Sect ion 3 . 5  of the  p resen t  s tudy t o  

c a l c u l a t e  the  energy e x t r a c t i o n  from a c o l l e c t i o n  o f rocks .  

e x t r a c t i o n  from a c o l l e c t i o n  of rocks  w a s  found t o  depend on t h e  d i s t r i -  

but ion of s i z e  (R v)  and shape (qK) of i n d i v i d u a l  rocks ,  and t h e i r  

volumetric f r a c t i o n  relat ive t o  the  t o t a l  volume of the  c o l l e c t i o n .  

The energy 

o r  
S 

The volumetr ic  f r a c t i o n  of a group of rocks  of equal  s i z e  can be  

c a l c u l a t e d  from t h e  frequency d i s t r i b u t i o n  of the  rock volume as ( see  

Appendix B . 5  f o r  d e r i v a t i o n ) :  

V 
(B. 17b) - i xi - P(Vi) - - 

V 

where p (v . )  

ume v and i s  given by 

i s  t h e  frequency o r  p r o b a b i l i t y  of f i n d i n g  a rock of vol- 
1 

i 

n i 
N P h i >  = - ( 2  4 )  

Based on t h i s  methodology, i t  w a s  demonstrated (Section 3 . 5 . 2 )  t h a t  i t  is  

p o s s i b l e  t o  c h a r a c t e r i z e  a c o l l e c t i o n  of rocks with a s i n g l e  parameter.  

This parameter, r e f e r r e d  t o  as t h e  bu lk- ef fec t ive  rad ius ,  i s  t h e  r a d i u s  

of a sphere  t h a t  behaves thermally as t h e  t o t a l  c o l l e c t i o n  of rocks .  

w a s  found t o  be given by (Eqs. 3 . 3 2  and 3 . 3 4 ) :  

It 

14 
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where p(R .> i s  t h e  frequency o r  p r o b a b i l i t y  of f i n d i n g  a rock wi th  
S,J 

equ iva len t  sphere  r a d i u s  

t h e  frequency d i s t r i b u t i o n  of t h e  equ iva len t  sphere r a d i u s  Rs . 
, and it can be c a l c u l a t e d  d i r e c t l y  from 

Rs,j 

The measurement of  t h e  s u r f a c e  area of each i n d i v i d u a l  rock i n  a 

c o l l e c t i o n  of rocks ( o r  a r e p r e s e n t a t i v e  sample) i s  not  p r a c t i c a l .  

To s o l v e  this problem, a parameter r e f e r r e d  t o  as the  ''pseudo KUO'S 

s p h e r i c i t y  , " $; , w a s  der ived.  

a t r i- axial  e l l i p s o i d  whose t h r e e  axes are t h e  dimensions of t h e  rock a s  

desc r ibed  i n  Figure  A-1. 

It w a s  de f ined  as t h e  Kuo's s p h e r i c i t y  of  

It i s  given by ( see  Appendix A f o r  d e t a i l s )  : 

where qH i s  t h e  Krumbein S p h e r i c i t y  used by Hunsbedt, Kruger, and London 

(1975b), which i s  def ined as t h e  cubic  r o o t  of t h e  r a t i o  of t h e  rock 

volume, approximated by t h e  one of t h e  t r i- axia l  e l l i p s o i d ,  t o  t h e  volume 

of a c i rcumscr ibing sphere:  

The pseudo Kuo's 

KUO'S s p h e r i c i t y  from 

s p h e r i c i t y  provides  an approximate value  o f  t h e  

t h e  measurement of t h e  t h r e e  dimensions of t h e  rocks .  

This i s  c e r t a i n l y  much s impler  than measuring t h e  s u r f a c e  a r e a  of each 

i n d i v i d u a l  rock. 

t h e  instrumented rocks  by comparing t h e  measured qK and $I; . 
The v a l i d i t y  of t h i s  approximation was demonstrated f o r  

Thus, the  main parameters r equ i red  t o  c h a r a c t e r i z e  a c o l l e c t i o n  of 

rocks  are (1) volume frequency d i s t r i b u t i o n ,  (2) equivalent  sphere  r a d i u s  

frequency d i s t r i b u t i o n , a n d  (3) d i s t r i b u t i o n  of Kuo's s p h e r i c i t y .  
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2.2.2  Instrumented Rocks 

To s tudy the  temperature t r a n s i e n t  behavior of i n d i v i d u a l  rocks ,  s ix  

instrumented rocks  w e r e  i n s t a l l e d  a t  d i f f e r e n t  l o c a t i o n s  of t h e  reser- 

v o i r  a s  shown i n  Figure 2-5. 

of a l l  of them, as i l l u s t r a t e d  in  d e t a i l  i n  F igure  2-6, and on t h e  sur-  

f a c e  of rock number 3 t o  measure convection h e a t  t r a n s f e r  c o e f f i c i e n t s .  

Care was taken i n  t h e  s p e c i f i c a t i o n s  and q u a l i t y  of the  cements used i n  

t h e  thermocouple i n s t a l l a t i o n  t o  avoid t h e  d i s t o r t i o n  of temperature meas- 

urements due t o  steam bubbles and l i q u i d  water p e n e t r a t i n g  the  d r i l l e d  

ho les .  

rocks  and a t  o t h e r  l o c a t i o n s  of t h e  r e s e r v o i r  volume ( s e e F i g u r e  2-51 

t o  measure t h e  temperature t r a n s i e n t  of  t h e  surrounding f l u i d .  

Thermocouples w e r e  i n s t a l l e d  i n  t h e  c e n t e r  

Thermocouples were a l s o  l o c a t e d  next  t o  each of t h e  instrumented 

The s u r f a c e  area measurement technique developed by Kuo, Kruger, and 

Brigham (1976) was employed t o  determine t h e  s u r f a c e  area f o r  t h e  instrumented 

rocks .  The technique involves  t h e  immersion of a rock,  previously  cooled i n  

dry  ice ,  i n  a b a t h  of p a r a f f i n  dur ing f i x e d  t i m e  and temperature cond i t ions .  

Under these  c o n t r o l l e d  cond i t ions ,  t h e  rock is  covered wi th  a uniform 

and reproducible  th ickness  of p a r a f f i n  coa t ing ,  which is  e a s i l y  removed 

from t h e  rock s u r f a c e  because t h e  p a r a f f i n  thermo-cracks a few seconds 

a f t e r  t h e  rock has been e x t r a c t e d  from t h e  bath .  

and t h e  s u r f a c e  area is  r e a d i l y  c a l c u l a t e d  from t h e  th ickness  measure- 

ment and dens i ty  information.  

The coa t ing  is  weighted 

The volume of t h e  s i x  rocks was determined by measuring t h e  volume 

of water d i sp laced  i n  a c a l i b r a t e d  t ank ,  and an average va lue  of 2.64 g /  

cm3 f o r  t h e  g r a n i t e  d e n s i t y  w a s  determined from t h e i r  weight. The t h r e e  

dimensions of the  rocks ( l eng th  a, b read th  b y  and th ickness  c) were a l s o  

measured t o  determine t h e  va lue  of t h e  pseudo KUO'S s p h e r i c i t y .  
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* Thermocouple reference numbers 
O R o c k  number 1 

FIGURE 2-5. Reservoir thermocouple locations (Hunsbedt, Kruger, 
and London, 1975b). 
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Table 2-1 shows a sunnnary of t h e  important  instrumented rock geomet- 

r i c a l  parameters (more d e t a i l e d  information of t h e  measurements is  pre-  

sen ted  i n  Appendix A ) .  

ment r e s u l t e d  from t h e  u n c e r t a i n t i e s  involved I n  t h e  p a r a f f i n  c o a t i n g  

th ickness  measurements. This u n c e r t a i n t y  is  l a r g e r  i n  t h e  b igger  rocks  

where t h e  uniformity  of t h e  coa t ing  w a s  more d i f f i c u l t  t o  c o n t r o l .  

ever ,  i t  w a s  found t o  b e  f 1 0 p e r c e n t  ( f o r  95 pe rcen t  confidence level) 

f o r  a l l  rocks .  It can be  seen i n  Table 2-1 t h a t  a r e l a t i v e l y  l a r g e  va lue  

of t h e  s p h e r i c i t y  r e s u l t e d  f o r  t h e  s i x  rocks.  However, as i t  w i l l  be de- 

monstrated i n  Sect ion 3.5,  t h e  r a t e  of energy e x t r a c t i o n  from a rock is  

p r o p o r t i o n a l  t o  t h e  square  of t h e  s p h e r i c i t y  which results i n  a s i g n i f i -  

c a n t  impact of  a small d e v i a t i o n  of a rock from s p h e r i c a l  shape. 

The r a t i o  of t h e  KUO'S s p h e r i c i t y  

The main u n c e r t a i n t y  i n  t h e  s u r f a c e  area measure- 

How- 

QK t o  t h e  pseudo Kuo's s p h e r i c i t y  

$i i s  a l s o  shown i n  Table 2-1 f o r  t h e  s i x  instrumented rocks .  It can be  

Rock 
Number 

TABLE 2- 1 

Summary of Instrumented Rock Geometrical Parameters 

Actual 
Surf ace 
Area 

A 

( i n 2 >  

137.4 

236.3 

76.5 

109.2 

260.6 

131.8 

Surface Area 
of Equal 

Jolume Sphere 
A 

5 ( i n  1 

i 26 .0  

190.5 

72.4 

101.7 

228.4 

113.4 

Kuo s 
pher i c i  t y  

dim- 1 es s ) 

0.92 

0.8 

0.95 

0.93 

0.87 

0.85 

*K 

Pseudo 
Kuo ' s 

p h e r i c i t y  

dixii-les s ) 

0.89 

0.9 

0.89 

0.9 

0.92 

0.95 

% 

1.03 

0.89 

1.07 

1.03 

0.95 

0.89 

E f f e c t i v e  
Radius 

R = R s $ ~  
e S 

(id 

2.91 

3.11 

2.28 

2.65 

3.71 

2.55 
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seen from these  r a t i o s  t h a t  V i  w a s  w i t h i n  10 percent  of $K f o r  a l l  

cases. The average va lue  of t h i s  r a t i o  was found t o  be: 

= 0.97 rt 0.06 

f o r  95 pe rcen t  confidence l e v e l  ( i . e . ,  f 1.96 times the  s tandard e r r o r  

of t h e  mean of t h e  sample of 6 rocks ) .  Therefore ,  i t  can b e  s a i d  wi th  a 

confidence l e v e l  of 95 percent  t h a t  t h e  expected va lue  of Kuo's spher ic-  

t i y  is  0.97 f 0.06 t i m e s  t h e  value  of t h e  pseudo KUO'S s p h e r i c i t y .  This 

empir ica l  r e l a t i o n s h i p  w a s  used t o  c o r r e c t  t h e  va lue  of t h e  pseudo Kuo's 

s p h e r i c i t y f o r t h e  c o l l e c t i o n  of rocks  as i t  is  descr ibed i n  t h e  follow- 

ing  s e c t i o n .  

2 . 2 . 3  

Before loading t h e  g r a n i t i c  rocks  i n t o  t h e  r e s e r v o i r  model, t h e  rock 

s i z e  d i s t r i b u t i o n  of t h e  c o l l e c t i o n  w a s  determined. I d e a l l y ,  t h e  b e s t  

way t o  perform t h i s  measurement was t o  determine t h e  s i z e  of every s i n g l e  

rock loaded in t h e  model. However, t h i s  w a s  no t  p r a c t i c a l  and only  a 

r e p r e s e n t a t i v e  sample w a s  measured. 

niques were used t o  do t h i s .  

Rock S i z e  and Shape D i s t r i b u t i o n  

Standard s t a t i s t i c a l  sampling tech-  

The number of rocks requ i red  t o  o b t a i n  a r e p r e s e n t a t i v e  sample w a s  

determined by performing an  u n c e r t a i n t y  a n a l y s i s  of t h e  rock t o  f l u i d  

temperature d i f f e r e n c e  f o r  a range of t y p i c a l  rock sizes (see Appendix A 

f o r  a d e t a i l e d  d e s c r i p t i o n  of t h e  method). 

mum al lowable  uncer ta in ty  i n  t h e  rock r a d i u s  f o r  a reasonable  u n c e r t a i n t y  

i n  t h e  rock t o  f l u i d  temperature d i f f e r e n c e  w a s  about 0 .01 f t .  Thus, t h e  

mean ( a r i t h m e t i c )  va lue  of t h e  rock r a d i u s  es t imated from t h e  sample 

had t o  be  w i t h i n k  0.01 f t  of t h e  a c t u a l  mean r a d i u s  of t h e  c o l l e c t i o n  of 

It w a s  found t h a t  t h e  maxi- 
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rocks. 

the arithmetic mean of a population tends to be normally distributed among 

the actual mean, almost independently of the shape of the distribution of 

the original population. Therefore, for a given confidence level (95 per- 

cent in this study) the standard deviation of the mean, which is inversely 

proportional to the sample size, 

value determined by the definition of the normal distribution (0.01 ft/ 

1.96 for 95 percent confidence level). 

According to the central limit theorem of statistical inference, 

had to be equal or less than a given 

A small sample was initially taken and the important parameters were 

measured (a, b, c, and Rs).  

each parameter and the required number of rocks was determined according 

to the desired value of the standard deviation of the mean. This calcu- 

lation was checked as more rocks were measured to account for possible 

changes in the initial estimate of the standard deviation. 

number of rocks was found to be 360. It was assumed that if the mean 

value of the rock radius was within the required limits, the distribution 

of the rock radius (and of other parameters) was also within the allowable 

range of the actual distribution. 

The standard deviation was estimated for 

* 

The required 

The main geometrical parameters were measured for the 360 rocks of the 

cepresentative sample. Their measured mean values and standard deviations are 

listed in Table 2-2 as compared to the first and second rock collections 

utilized by Hunsbedt, Kruger, and London (1975b). The uncertainties for the 

parameters of the Piledriver rock are listed f o r  a 95 percent confidence level. 

* 
The standard deviation of the mean or just standard error is equal to the 
standard deviation (which can be estimated from a small sample), divided 
by the square root of the number of rocks in the sample. 
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Note t h a t  t h e  u n c e r t a i n t i e s  are a l l  w i t h i n  t h e  d e s i r e d  limits of f 0 . 3 c m  

(0.01 f t ) .  

l e n t  sphere  diameter and t h e  pseudo Kuo's s p h e r i c i t y  f o r  t h e  P i l e d r i v e r  

g r a n i t e  are somewhere between t h e  va lues  f o r  t h e  f i r s t  and second rock 

load ings  used by Hunsbedt, Kruger, and London (197513). 

It i s  seen from Table 2-2 t h a t  t h e  mean values  of t h e  equiva-  

The rock s i z e  and shape d i s t r i b u t i o n s  charac te r i zed  by t h e  equ iva len t  

sphere  r a d i u s  and t h e  pseudo Kuo's s p h e r i c i t y  are shown i n  Figures  2-7 and 

2- 8,  r e s p e c t i v e l y .  The d i s t r i b u t i o n  of t h e  equivalent  sphere  r a d i u s  

shown i n  Figure  2-7 is  approximately exponent ia l .  

small rocks can be explained i f  Figure  2-7 i s  compared t o  Figure  2- 4. 

i s  seen from Figure  2-4 t h a t  t h e  frequency of small rocks a t  t h e  explos ion 

s i t e  w a s  several o r d e r s  of magnitude h igher  than t h e  frequency of l a r g e  

rocks .  Thus, i t  was expected t h a t  t h e  sample brought t o  t h e  l abora to ry  

has  a similar s i z e  d i s t r i b u t i o n .  

The high frequency of 

It 

From Figure  2-8 i t  i s  seen t h a t  t h e  d i s t r i b u t i o n  of t h e  pseudo KUO'S 

s p h e r i c i t y  i s  approximate lynormalwi th  t h e  t a i l  end of t h e  high va lues  

c u t  at: the  maximum va lue  of 1.0 imposed by t h e  d e f i n i t i o n  of Kuo's spher ic-  

i t y .  The same type of d i s t r i b u t i o n  (normal) w a s  observed f o r  a l l  t h e  

parameters r e l a t e d  t o  t h e  shape of t h e  rocks ,  such as t h e  Krumbein spher ic-  

i t y  qH and t h e  r a t i o s  of  t h e  rock dimensions b /a  and c/a . This  cha- 

r a c t e r i s t i c  w a s  a l s o  repor ted  by Hunsbedt, KrUger, and London (1975b) - The 

d i s t r i b u t i o n  of t h e s e  parameters are shown i n  Appendix A .  

It w a s  i n f e r r e d  from t h e s e  d i s t r i b u t i o n s  t h a t  t h e  shape of t h e  rock 

This  was v e r i f i e d  by assuming tends  t o  be  independent of t h e  rock s i z e .  

t h a t  t h e  pseudo Kuo's s p h e r i c i t y  i s  a l i n e a r  func t ion  of t h e  equ iva len t  

sphere  r a d i u s .  Inmathemat ica l  form: 
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$ i = C l + C  2 s  R (2.9a) 

The dependence of t h e  pseudo KUO'S s p h e r i c i t y  on the  equ iva len t  sphere  

r a d i u s  i s  measured by t h e  va lue  of t h e  c o e f f i c i e n t  

r egress ion  a n a l y s i s  was performed f o r  t h e  360 rocks of the measured sample 

t o  estimate t h e  va lues  of t h e  c o e f f i c i e n t s  C1 and C2 . They were found 

t o  be:  

C2 . A l eas t- squares  

$; = (0.838 + 0.005 Rs) 2 0.16 (2.9b) 

Figure  2-9 shows t h e  observed va lues  of t h e  pseudo Kuo's s p h e r i c i t y  

as a funct ion of t h e  equ iva len t  sphere  r a d i u s ,  and t h e  p r e d i c t e d  va lues  

u s i n g  t h e  regress ion  equat ion,  E q .  2.9b. It can be seen t h a t  $'  is  

s l i g h t l y  dependent on Rs . 
mination r2 

K 
However, t h e  v a l u e  of t h e  c o e f f i c i e n t  of de te r-  

equal  t o  0.0195 i n d i c a t e s  t h a t  only  1.95 percent  of t h e  varia- 

t i o n s  of $i f rom i t s  mean value were expla ined by v a r i a t i o n s  on Rs . 
This i n d i c a t e s  t h a t  t h e  r e l a t i o n s h i p  determined by t h e  r e g r e s s i o n  is  no t  

s t a t i s t i c a l l y  s i g n i f i c a n t .  Therefore ,  i t  was  concluded t h a t  for pract ical  

purposes t h e  pseudo KUO'S s p h e r i c i t y  i s  independent on t h e  rock s i ze ,  and 

t h a t  i ts  mean va lue  can be used t o  c h a r a c t e r i z e  t h e  shape of a c o l l e c t i o n  

o f  rocks .  

The mean v a l u e  of t h e  pseudo KUO'S s p h e r i c i t y  was cor rec ted  t o  f i n d  

t h e  expected mean va lue  of t h e  RUO'S s p h e r i c i t y  us ing  Eq.2.8 and t h e  mean 

va lue  of from F i g u r e  2.8: 
qK = 0.97 x 0.86 = 0.83 

From Figure  2-7 and t h e  mean va lue  of t h e  s p h e r i c i t y  TK , t h e  bulk- 

Note e f f e c t i v e  r a d i u s  w a s  r e a d i l y  c a l c u l a t e d  from E q .  2.5 t o  be 4.63 cm. 

t h a t  i f  a l l  t h e  rocks were s p h e r e s ,  t h e  bu lk- ef fec t ive  r a d i u s  would be 
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5.58 cm which i s  approximately t h r e e  times t h e  mean va lue  of t h e  equiva- 

l e n t  sphere  r a d i u s  (2.05 cm). 

t i o n  of rocks  wi th  t h e  equ iva len t  sphere  r a d i u s  exponent ia l ly  d i s t r i b -  

This i s  a p a r t i c u l a r  p roper ty  of a co l l ec-  

u t e d  which i s  analyzed i n  Sect ion 3.5.3. 

The volumetr ic  ( o r  weight)  f r a c t i o n  d i s t r i b u t i o n  i s  shown i n  Figure  

I t  w a s  c a l c u l a t e d  us ing Eq. B-17b from t h e  frequency d i s t r i b u t i o n  2-10. 

of t h e  rock volume shown i n  Appendix A .  

a r e  i n d i c a t e d  t o  f a c i l i t a t e  t h e  c a l c u l a t i o n s  i n  Sect ion 4 .  Note t h a t  t h e  

The mean values  f o r  each group 

mean v a l u e  of each group i s  d i f f e r e n t  from t h e  midpoint of t h e  s e l e c t e d  

s ize  i n t e r v a l  f o r  each group. Comparison of Figures  2-10 and 2-3 shows 

t h a t  t h e  volume f r a c t i o n  d i s t r i b u t i o n  of t h e  c o l l e c t i o n  of rocks  used i n  

t h e  l abora to ry  model d i f f e r  from those  repor ted  by Rabb (1970).  The d i s-  

t r i b u t i o n  i n  Figure  2-10 i s  only a small p o r t i o n  of t h e  a c t u a l  s i z e s  

covered i n  F igure  2-3. 

which p r e f e r e n t i a l l y  "selects" t h e  small s izes .  

This w a s  t h e  e f f e c t  of sampling wi th  a shovel  

On t h e  o t h e r  s i d e  of t h e  

d i s t r i b u t i o n ,  t h e  ve ry  small p a r t i c l e s  were d e l i b e r a t e l y  e x t r a c t e d  from 

t h e  rock load ing  t o  p r o t e c t  t h e  c i r c u l a t i o n  system. The d a t a  i n  Figure  

2-3 a l s o  show a higher  volume f r a c t i o n  of l a r g e r  rocks compared t o  t h e  

d a t a  i n  Figure  2-10, aga in  probably due t o  t h e  e f f e c t  of t h e  shovel  

" se lec t ing"  t h e  smal le r  s i z e d  by dropping t h e  l a r g e r  ones. 
- 

2 . 2 . 4  Bulk Parameters 

me major bulk  parameters of t h e  rock loading used i n  t h i s  s tudy and t h e  

two loadings  from p r i o r  s t u d i e s  are l i s t e d  i n  Table 2-3. 

t h e s e  parameters and t h e  methodology f o r  t h e i r  measurement are as repor ted  by 

Hunsbedt, Kruger, and London (197%). 

t h e  t o t a l  chimney volume occupied by rock.  

The d e f i n i t i o n  of 

The rock mat r ix  volume r e f e r s  t o  

The void  volume f r a c t i o n  w a s  

28 



89'0 I 
01'01 

02 .I I 

Sl7'6 

L S ' 9  I- 

1 
- - (o  z 

w 

1- 
I I l 1 l 1 l l l l l I l l l l l l l l l l l l l l  

0 0 0 0 0 0 
0 
(u 

0 0 
G- m 0 - 

0 
rl 

1 
N 

W 

29 



TABLE 2-3 

Comparison of Major Bulk Parameters 

Total Rock Mass (lbm) 

Mean Rock Density (g/cm ) 3 

Rock Matrix Volume (ft 3 ) 
2 Rock Matrix Surface Area (est.) (ft ) 

Void Volume (ft3) 

Void Fraction (dimensionless) 
Drainage Porosity (dimensionless) 
Dead Volume between Valves (ft 3 ) 

Rock Thermal Diffusivity (ft 2 /hr) 

Rock Specific Heat (Btu/lbm-'F) 

Rock Thermal Conductivfty (Btulhr-ft-Oa 

Gabbro 

1640 

2.79 

16.57 

748 

7.25 

0.437 

0.44 

8.15 

0.216 

1 .2  

0.032 

Granite 

1818 

2.61 

16.57 

546 

5.72 

0.345 

0.35 

8.15 

0.218 

1.4 

0.039 

Piledriver 
Granite 

1556 

2 .64  

16.57 

690 

7.2 

0.43 

0.42 

8.15 

0.218 

1.4 

0.039 

found from the total rock mass and density measurements. 

porosity was measured by water displacement and differs from the pore 

The drainage 

fraction because of the irreducible water saturation. The thermal proper- 

ties of the rock reported by Hunsbedt, and London (1975b)  for granite were used 

for the Piledriver granite. They were assumed to be constant with tempera- 

ture and pressure, and homogeneous throughout the collection of rocks. 

An important characteristic of these three fractured rock loadings 

is very large porosity, on the order of 35 to 44 percent, and therefore 

an almost infinite permeability. A consequence of the high permeabili- 

ties is a negligible pressure drop through the rock matrix. 

Another important characteristic is the rock size distribution 

which affects the total surface area. 

loading which has a rock matrix surface area lower than the first loading 

The effect is noted for the third 
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b u t  h igher  than t h e  second one,  i n  s p i t e  of t h e  s i m i l a r i t y  i n  s i z e  and 

i t s  h igher  void  f r a c t i o n .  

i n  Figure  2-11 has  most of t h e  area f r a c t i o n  i n  t h e  smaller s i z e s .  

similar c h a r a c t e r i s t i c  is  a l s o  observed by comparing t h e  void f r a c t i o n  

of t h e  Gabbro and P i l e d r i v e r  g r a n i t e .  The high volumetr ic  f r a c t i o n  o f  

t h e  smaller s i z e s  shown i n  Figure  2-10 makes t h e  P i l e d r i v e r  rock very 

s i m i l a r  t o  t h e  Gabbro i n  t h e  volumetr ic  c h a r a c t e r i s t i c s  i n  s p i t e  of t h e  

f a c t  t h a t  t h e  mean va lue  of t h e  P i l e d r i v e r  rock volume is  almost e i g h t  

t i m e s  l a r g e r  than t h a t  of t h e  Gabbro. 

The s u r f a c e  area f r a c t i o n  d i s t r i b u t i o n  shown 

A 
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3 .  ANALYSIS 

The a n a l y s i s  of t h e  h e a t  t r a n s f e r  l i m i t a t i o n s  on t h e  energy recovery 

from geothermal r e s e r v o i r s  r e q u i r e s  a mathematical model t h a t  can p r e d i c t  

t h e  temperature of t h e  r e s e r v o i r  rock re la t ive  t o  t h a t  of t h e  geothermal 

f l u i d .  The temperature t r a n s i e n t  behavior of i n d i v i d u a l  rocks w a s  f i r s t  

considered i n  developing such a model. 

f e r e n t  rock s i z e s  and shapes i n  t h e  r e s e r v o i r ,  t h e  s i n g l e  rock model w a s  

app l i ed  t o  a c o l l e c t i o n  of rocks  wi th  given s i z e  and shape d i s t r i b u t i o n s .  

Based on t h i s  model, t h e  energy e x t r a c t i o n  process  f o r  t h e  cold  water  

To inc lude  t h e  e f f e c t  of t h e  d i f -  

sweep w a s  analyzed,  and a c r i t e r i a  w a s  e s t a b l i s h e d  t o  determine when t h e  

energy recovery may b e  h e a t  t r a n s f e r  l i m i t e d ,  and how t h i s  l i m i t a t i o n  can 

b e  measured. 

3.1 Rock Temperature Trans ien t  So lu t ions  

The p r e d i c t i o n  of t h e  temperature t r a n s i e n t  behavior i n  the  individ-  

u a l  rocks must inc lude  conduction hea t  t r a n s f e r  i n s i d e  t h e  rock and con- 

v e c t i o n  t o  t h e  geothermal f l u i d  a t  t h e  rock s u r f a c e .  C l a s s i c a l  exac t  

a n a l y t i c a l  s o l u t i o n s  and s i m p l i f i e d  one-lump parameter s o l u t i o n s  w e r e  

formulated f o r  s p h e r i c a l  rock assuming cons tan t  f l u i d  cool ing rate condi- 

t i o n s .  The i r r e g u l a r  shape of a c t u a l  f r a c t u r e d  rocks i s  accounted f o r  by 

u t i l i z i n g  t h e  shape f a c t o r  c o r r e l a t i o n  developed by Kuo, Kruger, and 

Brigham (1976) .  

comparing i t s  accuracy t o  p r e d i c t  t h e  energy e x t r a c t e d  from a s i n g l e  rock 

t o  t h e  exac t  a n a l y t i c a l  s o l u t i o n s ,  and even tua l ly  by comparing i t  t o  exper- 

imenta l  rock temperature t r a n s i e n t s .  

The v a l i d i t y  of t h e  one-lump s o l u t i o n  w a s  determined by 

The h e a t  t r a n s f e r  model f o r  i n d i v i d u a l  
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rocks was completed by formulating a solution for variable fluid cooling- 

rate conditions. 

rate was used for this purpose. 

Superposition of the solutions for constant fluid cooling 

3.1.1 Exact Solution for Spherical Rock under Constant Fluid 

Cooling-Rate Conditions 

A graphical representation of the temperature profile of a spherical 

rock and the surrounding fluid is shown in Figure 3-1. 

the surrounding fluid are initially at a uniform temperature 

3-la). 

rate as (F ig .  3-lb) 

Both the rock and 

T1 (Fig. 

The fluid temperature starts to decrease with time at a linear 

After a given time t = t the fluid temperature has dropped to P 
Tf(tp) , and a temperature profile 

rock as indicated in Figure 3-lc. 

that governs the temperature inside the rock, the following idealizations 

were made: (a) The rock material is impermeable, homogeneous, and iso- 

tropic, with constant properties; (b) the fluid surrounding the rock is 

at a uniform temperature 

transfer coefficient constant with time and uniform throughout the rock 

surface. 

Tr(r,t ) has developed inside the P 
In developing the mathematical model 

Tf ; (c) there is a finite convection heat 

The governing partial differential equation resulting from conserva- 

tion of energy and heat transfer rate equations and its solution are given 

by Carslaw and Jaeger (1974) and by Hunsbedt, Kruger, and London (1975b). 

Heat transfer is initiated by the fluid temperature cooldown described as 

a non-homogeneous boundary condition at the rock surface. 

for the partial differential equation is given in Appendix B.1. 

The solution 
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The s o l u t i o n  f o r  t h e  rock c e n t e r  temperature f o r  comparison t o  meas- 

ured rock temperature t r a n s i e n t s  i s  of p a r t i c u l a r  i n t e r e s t .  This solu-  

t i o n  i s ,  i n  non-dimensional form, 

2 
Tr(O,t) - T f ( t )  (1/2 + l /NBi> co 2 N B i  e -fin NFo 

- - - 1  2 (3.2) 
l”lR2/a 3 n=l  Bn[ fin + NBi(NBi- 1) ] s i n  en 

It i s  important  t o  analyze  t h e  phys ica l  meaning of t h e  Bio t  number, 

= (hR/k) . A l a r g e  Biot  number can r e s u l t  e i t h e r  from a b i g  rock o r ,  N B i  

when t h e  r a t i o  of t h e  convection h e a t  t r a n s f e r  c o e f f i c i e n t  t o  t h e  thermal 

conduc t iv i ty  of t h e  rock (h/k) i s  l a r g e .  Thus, f o r  two rocks  of t h e  same 

s i z e  b u t  of d i f f e r e n t  material, t h e  one which has the  h igher  r e s i s t a n c e  

t o  h e a t  t r a n s f e r  i n s i d e  t h e  rock as compared t o  t h a t  a t  t h e  rock s u r f a c e  

(a l a r g e r  h/k) w i l l  have t h e  h igher  Biot  number. 

For purposes of eva lua t ing  t h e  energy e x t r a c t e d  from a rock,  i t  i s  

convenient  t o  d e f i n e  a mean rock temperature as: 

Its phys ica l  meaning can be  thought of as t h e  temperature t h a t  would re- 

s u l t  i f  a rock i n i t i a l l y  a t  a non-uniform temperature,  w a s  l e f t  completely 

i n s u l a t e d  f o r  s u f f i c i e n t  t i m e  t o  ach ieve  a uniform temperature throughout 

t h e  rock m a s s .  S u b s t i t u t i n g  Eq. B.la ( i n  Appendix B) i n t o  Eq.  3.3, t h e  

mean temperature r e s u l t s :  
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Numerical r e s u l t s  of Eqs.  3.2 and 3.4 a r e  given i n  Figures  3-2 and 

3-3, r e s p e c t i v e l y .  The fol lowing p o i n t s  a r e  noted from these  r e s u l t s :  

(a) A f t e r  a given t i m e  (expressed non-dimensionally as t h e  Four ier  

number) , t h e  rock mean-to-fluid and rock- center- to- fluid temperature d i f-  

fe rences  reach  a s teady va lue  equal  t o  

(3.5) 

and 

I t  is r e a d i l y  seen  from these  equat ions  t h a t ,  f o r  a given va lue  of 

t h e  Biot  number , t h e  rock- to- fluid temperature d i f f e r e n c e  depends on t h e  

f l u i d  cooling r a t e  ( charac te r i zed  by p >, t h e  square  of the  rock r a d i u s ,  

and t h e  rock thermal p r o p e r t i e s  ( charac te r i zed  by t h e  thermal d i f f u s i v i t y  

a 1 .  

(b) The rock- to- fluid temperature d i f f e r e n c e  is  very s e n s i t i v e  t o  

changes i n  Biot  number when i t  i s  less than 10.  For values  of Biot  num- 

b e r  l a r g e r  than 10 ,  t h e  s o l u t i o n  f o r  rock-,fluid temperature d i f f e r e n c e  i s  

= . Phys ica l ly ,  th ismeans  t h a t  f o r  approximately t h e  same as i f  

B io t  numbers l a r g e r  than  10, t h e  thermal r e s i s t a n c e  a t  t h e  rock s u r f a c e  

i s  n e g l i g i b l e  as compared t o  t h e  thermal resistance i n s i d e  the  rock mass. 

NB i 

(c) The d i f f e r e n c e  between t h e  magnitudes of t h e  rock cen te r  to- f lu id  

and mean rock t o  f l u i d  temperature d i f f e r e n c e s  becomes g r e a t e r  f o r  l a r g e r  

B io t  numbers. 

number w i l l  produce l a r g e r  non- uniformities i n  the  temperature p r o f i l e s  

i n s i d e  t h e  rock mass, and consequently a l a r g e r  d i f f e r e n c e  between the 

rock c e n t e r  and t h e  mean temperatures w i l l  r e s u l t .  

The p h y s i c a l  exp lana t ion  of t h i s  i s  t h a t  a l a r g e r  B io t  
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(d) It was noted i n  the  computational procedure t h a t  t h e  rock center-  

i n  t h e  sec-  t o  f l u i d  temperature s o l u t i o n  converges t o  a p r e c i s i o n  of 

ond term of t h e  series expansion, whereas t h e  mean rock t o  f l u i d  tempera- 

t u r e  d i f f e r e n c e  s o l u t i o n  needed from 8 t o  16 terms t o  converge t o  the  

same prec i s ion .  

3 .1 .2  One-Lump Parameter So lu t ion  

The exact  a n a l y t i c a l  s o l u t i o n s  r e q u i r e  a computer t o  e v a l u a t e  t h e  

This i s  imprac t i ca l  i n  the  i n f i n i t e  series t o  an  accep tab le  accuracy.  

p resen t  s tudy ,  because double summations r e s u l t  when the  s ingle- rock 

s o l u t i o n s  are app l ied  t o  a c o l l e c t i o n  of rocks .  

superpos i t ion  method t o  model v a r i a b l e  f l u i d  cool ing ra te  cond i t ions  

would be p r a c t i c a l l y  impossible wi thout  the  u s e  of a simple closed-form 

s o l u t i o n .  

Also ,  u t i l i z a t i o n  of t h e  

The one-lump parameter s o l u t i o n  w a s  r epor ted  by ~ u n s b e d t y  Kruger, and 

~~~d~~ (1g75b) and is  der ived i n  Appendix B .2  by considering the 

rock mass concentrated i n  a s i n g l e  p o i n t ,  which i s  loca ted  at Some distance 

(canduction p a t h  l eng th)  from t h e  rock s u r f a c e .  It i s  given by 
'cond 

- t / R  C TI: - Tf = p R o C ( l  - e 0 ) ( 3 . 7 )  

where t h e  product  R C i s  c a l l e d  t h e  t i m e  cons tan t  T . It is  a measure 

of t h e  t i m e  needed t o  achieve 63.2 pe rcen t  o f  t h e  s t eady- s ta te  va lue  of 

0 

t h e  rock t o  f l u i d  temperature d i f f e r e n c e .  

t h e  o v e r a l l  thermal r e s i s t a n c e  Ro 

thermal conduc t iv i ty  t i m e s  the  rock s u r f a c e  area A , i . e . ,  

A s  i l l u s t r a t e d  i n  Figure  3-4 

i s  t h e  r e c i p r o c a l  o f  t h e  o v e r a l l  

A 1  
Ro UoA 

(3.8a) 
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where 

( 3 . 8 b )  

The rock thermal capaci tance  C r e p r e s e n t s  t h e  energy t h a t  can be  

e x t r a c t e d  from the  rock mass f o r  a temperature drop of one degree.  

g iven by 

It is 

c = p c v  A 
r r  

Then, t h e  t i m e  cons tan t  of t h e  rock i s  given by 

o r ,  s impl i fy ing ,  

(3.9) 

(3. loa) 

(3.10b) 

It i s  observed from Eq. 3.10~1 t h a t  t h e  s u r f a c e  area t o  volume r a t i o  

is  t h e  geometr ica l  parameter t h a t  governs the  temperature t r a n s i e n t  be- 

hav ior  i n  t h e  rock.  I f  t h e  express ion €or t h e  t i m e  cons tan t  is s u b s t i-  

t u t e d  i n t o  Eq.  3.7,  t h e  rock- to- fluid temperature d i f f e r e n c e  becomes: 

&ond 
_I_ ‘cond R + l /Ns i  ][ 1 - e - N F o ’ [ F  -+ 1’5il] . ( 3 .  l l a )  

By comparing Eq. 3.11a t o  t h e  exact  s o l u t i o n s  given by E q s .  3.5 and 

3 . 6 ,  approximate va lues  f o r  t h e  magnitudes of t h e  conduction path  l e n g t h s ,  

can be  determined. These magnitudes a r e  taken such t h a t  Eq .  3.11a ‘cond ’ 
reproduces t h e  q u a s i  s t eady- s ta te  v a l u e  of t h e  exact  s o l u t i o n s .  Thus, 
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the magnitudes of the conduction path length that should be used in E q .  

3.11 become (Hunsbedt, .Kruger, and London, 1975b) . 

cond 1 R 
R =-2  

for the rock center temperature solution and 

cond 1 
R 5 

R 
---zI=- 

(3. llb) 

(3. llc) 

for the mean rock temperature solution. 

The one-lump parameter solution can be considered as an interpola- 

tion formula for the exact solution of t h e  rock to fluid temperature d i f -  

ference from its zero initial value to its quasi steady-state solution. 

Its validity t o  predict intermediate values will be investigated in 

Section 3.2. 

The conduction path length measures the internal thermal resistance 

of the rock. The larger it is, the larger the internal resistance for 

heat transfer is, and the larger the rock to fluid temperature difference 

will be. Clearly, large rocks represent long conduction path lengths and 

slow transfer of the stored thermal energy. 

The one-lump parameter solutions represent simple and closed-form 

They are also mathematical models for the rock temperature transient. 

powerful "thinking tools" to understand the rock energy extraction process. 

3.1.3 Shape Factor Correlation 

The shape factor correlation developed by Kuo, Kruger, and Brigham 

(1976 )  is used to model the temperature transient for rocks of irregular shape. 

A summary of this correlation is presented here to provide some understanding 

o f  its physical meaning and to express it in an operationally convenient 
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form f o r  i t s  d i r e c t  u se  i n  t he  temperature  t r a n s i e n t  p r e d i c t i o n s  as 

given by Eq.  3.11. 

The shape f a c t o r  c o r r e l a t i o n  is based on t h e  obse rva t ion  t h a t  t h e  

s u r f a c e  a r e a  t o  volume r a t i o  i s  t h e  geometr ica l  parameter t h a t  governs 

t h e  h e a t  t r a n s f e r  from a s o l i d  of any shape t o  t h e  surrounding f l u i d .  

The more s u r f a c e  a r e a  f o r  convect ion t o  t h e  surrounding f l u i d ,  t h e  f a s t e r  

the  s t o r e d  energy i n  i t s  volume w i l l  b e  e x t r a c t e d .  This w a s  c l e a r l y  seen 

i n  E q .  3.10a f o r  t h e  sphere .  The l a r g e r  t h e  A/V r a t i o ,  t h e  smaller t h e  

t i m e  cons t an t  w i l l  be .  

i ts  s t e a d y- s t a t e  rock  t o  f l u i d  temperature  d i f f e r e n c e  i n  a s h o r t e r  per iod  

of t i m e .  

hav ior  of a s o l i d  w i th  i r r e g u l a r  shape w i l l  be  s imi lar  t o  t h a t  o f  a 

sphere  having t h e  same s u r f a c e  area t o  volume r a t i o .  Kuo (1976) def ined  

the  s p h e r i c i t y  parameter f o r  an i r r e g u l a r l y  shaped s o l i d  ( r e f e r r e d  t o  i n  

Sec t ion  2 . 2 . 4 ) ,  as t h e  s u r f a c e  area of an  equal  volume sphere  (Eq.  2.3) 

d iv ided  by the  a c t u a l  s u r f a c e  of t h e  s o l i d  as 

Thus, t he  rock w i l l  r each  a lower magnitude of 

Accordingly, i t  is  expected t h a t  t h e  temperature  t r a n s i e n t  be- 

4nRs 2 
- As - - (A/W - A i, = 

(A’V)actual ‘actual Aac tua l  
( 2 . 3 )  

Since a s p h e r i c a l  s o l i d  has  t h e  minimum s u r f a c e  a r e a  t o  volume r a t i o ,  t h e  

s p h e r i c i t y  of a s o l i d  of any o t h e r  shape w i l l  always be  less  than  u n i t y .  

Kuo found t h a t  t h e  temperature  t r a n s i e n t  of  an  i r r e g u l a r  shaped s o l i d  

can be  modeled as an  equa l  volume sphe re  w i th  r a d i u s  

r a d i i  used i n  the  B io t  and Four ie r  numbers de f ined  by 

Rs , and w i t h  t h e  

* 

~- 

* 
Primes are used on K 
K used by Kuo i n  h i s  o r i g i n a l  development. 

t o  d i f f e r e n t i a t e  i t  from t h e  s l i g h t l y  d i f f e r e n t  
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Rsi - = si 
RS 

RFo 
- = 50 
RS 

(3.12) 

( 3 . 1 3 )  

where si and I$, are t h e  c o r r e l a t i o n  f a c t o r s  given i n  F igures  3-4 

and 3-5 as a func t ion  of  t h e  s p h e r i c i t y  and t h e  length- to-width r a t i o  of 

t h e  rock a /b  . In spec t ion  of F igures  3-5 and 3-6 show t h a t  t h e  co r r e l a-  

t i o n  f a c t o r s  can be approximated with a f a i r  degree of  accuracy as 

( 3 . 1 4 )  

An e f f e c t i v e  r a d i u s  Re i s  def ined  t o  replace RBi and RFo i n  

t h e  temperature  t r a n s i e n t  s o l u t i o n s  f o r  s p h e r i c a l  rocks .  From E q s .  3.12, 

3.13, and 3.14 t h e  e f f e c t i v e  r a d i u s  is  given by 

Re 
- = QK 
RS 

(3.15) 

This s i m p l i f i e d  c o r r e l a t i o n  shows t h a t  t h e  lower the  s p h e r i c i t y  i s ,  the  

smaller the  e f f e c t i v e  r a d i u s ,  and t h e  b e t t e r  t h e  h e a t  t r a n s f e r  charac- 

t e r i s t i c s  of rock a r e ,  from t h e  energy e x t r a c t i o n  po in t  of view. 

3 . 1 . 4  Var iab le  F lu id  Cooling Rate So lu t ions  

The a n a l y s i s  of t h e  rock  temperature  t r a n s i e n t  has  been done f o r  

cons t an t  f l u i d  cool ing  rate .  Only very  s p e c i a l  condi t ions  w i l l  r e s u l t  i n  

l i n e a r  cooldown of an a c t u a l  geothermal r e s e r v o i r .  The thermodynamics of 

t h e  f l u i d  cool ing  is governed by t h e  product ion  and recharge c h a r a c t e r i s-  

t i c s  of t h e  r e s e r v o i r ,  and by t h e  h e a t  t r a n s f e r  from t h e  hot  rock .  The 

h e a t  t r a n s f e r  from t h e  rock ,  i n  t u r n ,  depends on t h e  cool ing  r a t e  of t h e  
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f l u i d .  

a b l e .  

parameters  c o n t r o l l e d  by t h e  geothermal f i e l d  deve loper ,  i . e . ,  t h e  inde- 

pendent v a r i a b l e s .  

Therefore ,  t h e  f l u i d  cool ing  ra te  is a c t u a l l y  a dependent vari- 

Thus , i t  can va ry  cont inuously i n  any manner as a func t ion  of  t h e  

The cons t an t  cool ing  rate s o l u t i o n  i s  appl ied  t o  v a r i a b l e  coo l ing  

r a t e  by superimposing a series of cons tan t  cool ing  r a t e  s o l u t i o n s  as in-  

d ica t ed  i n  F igures  3-7a and b. 

series of s t e p s .  The rock temperature  a t  any t i m e  t can then be  d e t e r-  

mined by summing t h e  c o n t r i b u t i o n  of each of  t h e  s t e p s ,  e i t h e r  i n f i n i -  

tesimal o r  f i n i t e .  The t i m e  v a r i a b l e  t is  t r e a t e d  as a cons t an t  and a 

dummy v a r i a b l e  5 is  used t o  des igna t e  t he  l o c a t i o n  of  each s t e p ;  5 

thus  varies from 0 t o  t . 

Then t h e  coo l ing  ra te  w i l l  behave as a 

The d e r i v a t i o n  f o r  t h e  s u p e r p o s i t i o n  technique i s  given i n  Appen- 

d i x  B . 3 .  

f e rence  i s  given by 

The r e s u l t i n g  equat ion  f o r  t h e  rock t o  f l u i d  temperature  d i f -  

n 

i=l 
Tr - Tf = 1 ~ [ l  - e (3.16a) 

where 

and 

( 3 . 1 6 ~ )  

This  equa t ion  can b e  eva lua ted  i n  t a b u l a r  form as i n d i c a t e d  i n  Appendix 

C . 1 .  A computer program given i n  Appendix B . 4  was used when many s t e p s  

were involved.  The use  of t h e  one-lump parameter s o l u t i o n  g r e a t l y  s i m p l i -  

f ies  the  c a l c u l a t i o n s  as compared t o  t h e  u se  of t h e  exac t  a n a l y t i c a l  solu-  

t i o n s .  
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FIGURE 3-7. Superposition of constant fluid cooling rate to 
model variable fluid cooling rate conditions 
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3 . 2  Ind iv idua l  Rock E n e s y  Ext rac ted  F rac t ion  

The energy e x t r a c t e d  f r a c t i o n  from a s i n g l e  rock is  def ined  as t h e  

r a t i o  o f  t he  thermal energy t h a t  i s  a c t u a l l y  t r a n s f e r r e d  from t h e  rock  t o  

the  surrounding f l u i d  t o  t he  thermal energy t h a t  would be e x t r a c t e d  i f  

t he  rock w e r e  cooled uniformly t o  t h e  f l u i d  temperature  a t  a given t i m e  

It can be expressed i n  mathematical form as 

t . 

(3 .17)  

where X i n d i c a t e s  t he  p o s i t i o n  a t  which Tf is  being considered i n  a 

g iven  r e s e r v o i r ,  and i t  can be expressed i n  one, two, o r  t h r e e  dimensions.  

For example i n  two dimensions,  t h e  f l u i d  temperature  would be  expressed 

as T f ( x , y ,  t )  . Performing the  i n t e g r a t i o n  y i e l d s  

The second term i n  t h e  numerator i s  t h e  d e f i n i t i o n  o f  mean rock 

temperature  given i n  Eq. 3 . 3 .  Then, 

(3.18) 

The i n d i v i d u a l  rock energy e x t r a c t e d  f r a c t i o n  FE changes 'with t i m e  and 

and Tf change wi th  t i m e  and p o s i t i o n .  It can b e  p o s i t i o n  because 
.- 

Tr 
seen t h a t  

t h e  f l u i d  temperature.  

measures d i r e c t l y  t h e  f r a c t i o n  of energy mined from the  rock a t  a g iven  t i m e  

and i t  can vary from zero  t o  one. C lea r ly ,  1-FE r e p r e s e n t s  t h e  amount of energy 

l e f t  i n s i d e  t h e  rock because of temperature  non- uniformit ies  i n s i d e  i t .  

FE approaches u n i t y  when t h e  mean rock temperature  approaches 

The i n d i v i d u a l  rock energy e x t r a c t e d  f r a c t i o n  

t 
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This non- exploited energy is  p ropor t iona l  t o  t h e  mean rock  t Q  f l u i d  tempe- 

r a t u r e  d i f f e r e n c e  and is  given by 

An expres s ion  f o r  t h e  energy e x t r a c t e d  f r a c t i o n  w a s  der ived  assuming 

t h a t  t h e  f l u i d  i s  cooled a t  a cons t an t  rate.  The non-dimensional tempe- 

r a t u r e  d i f f e r e n c e  i s  expressed as 
- 
T ( t )  - Tf(X, t )  

AT*!! - 
m W e 2 b  

where f o r  cons t an t  coo l ing  r a t e ,  p is ,  by d e f i n i t i o n ,  

(3.20) 

(3.21) 

S u b s t i t u t i n g  Eqs. 3.21 and 3.20 i n t o  3.18 and r ea r r ang ing  r e s u l t s  i n  

a non-dimensional exp res s ion  f o r  t h e  energy e x t r a c t e d  f r a c t i o n  a t  a t i m e  

t f o r  cons t an t  coo l ing  rate cond i t i ons :  

AT,* F E = l - -  1U 

NFo 
(3.22) 

The i n d i v i d u a l  rock  energy e x t r a c t e d  f r a c t i o n  us ing  t h e  exac t  

a n a l y t i c a l  s o l u t i o n  f o r  t h e  temperature  t r a n s i e n t  given by Eq .  3.4 f o r  

t h e  rock t o  f l u i d  temperature  d i f f e r e n c e  i n  Eq. 3.20 i s  given i n  F igure  3-8 

( s o l i d  l i n e s )  f o r  a range  of Bio t  numbers. 

t h e  Bio t  number, t h e  h igher  t h e  energy e x t r a c t e d  f r a c t i o n  w i l l  be  f o r  a 

given va lue  of t he  Four ie r  number. It i s  a l s o  observed t h a t  f o r  a l l  

It i s  observed t h a t  t h e  l a r g e r  

Bio t  numbers and f o r  Four i e r  numbers g r e a t e r  than about 10 the  energy ex- 

t r a c t e d  f r a c t i o n  is  g r e a t e r  than  0.9. For Bio t  numbers g r e a t e r  than 10 

most of t h e  energy i s  e x t r a c t e d  be fo re  t h e  Four i e r  number reaches u n i t y .  

I n  o t h e r  words, t h e  time necessary  t o  e x t r a c t  most of t h e  energy from a 

rock,  when t h e  Biot  number i s  g r e a t e r  than 10 ,  i s  given approximately by 

5 1  

(3.23) 



lo-' I .o IO' 
FOURIER NUMBER, NFo 

FIGURE 3-8. Rock energy extracted fraction for a single rock 
under constant fluid cooling rate conditions 
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3 . 3  Comparison o f  One-Lump Parameter and Exact S o l u t i o n  

The one-lump parameter s o l u t i o n s  were der ived  f o r  t h e  rock center 

and rock  mean temperature  t r a n s i e n t s .  

was t o  provide s imple  and closed- form mathematical  approximate s o l u t i o n s .  

S i m p l i c i t y  makes t h e  one-lump parameter s o l u t i o n  a very powerful think-  

i n g  t o o l .  

The purpose of t h e i r  d e r i v a t i o n s  

The one-lump parameter s o l u t i o n  i s  exac t  f o r  t h e  i n i t i a l  and steady-  

s ta te  v a l u e s  f o r  t h e  rock  t o  f l u i d  temperature  d i f f e r e n c e s  because i t  w a s  

d e r i v e d  as a n  i n t e r p o l a t i o n  formula between t h e  i n i t i a l  and t h e  s teady-  

s ta te  va lues  of the e x a c t  a n a l y t i c a l  s o l u t i o n .  Its v a l i d i t y f o r i n t e r -  

mediate v a l u e s  was i n v e s t i g a t e d  by comparing t h e  i n d i v i d u a l  rock energy 

e x t r a c t e d  f r a c t i o n s  based on t h e  one-lump parameter t o  t h e  rock energy ex- 

t rac ted  f r a c t i o n s  based on t h e  exact s o l u t i o n s .  

comparison f o r  cons tan t  f l u i d  c o o l i n g  r a t e  cond i t ions .  

Figure  3-8 shows t h i s  

It i s  observed t h a t  t h e  one-lump parameter s o l u t i o n  can b e  used t o  

p r e d i c t  t h e  energy e x t r a c t e d  f r a c t i o n  provided t h a t  t h e  fol lowing " r u l e s  

of thumb" are kept  i n  mind: 

( a )  It can be used f o r  t h e  complete range of Four ie r  numbers f o r  Bio t  

numbers less  than  2 w i t h  an accuracy b e t t e r  than  1 0  percen t .  This  i s  ex- 

pla ined  by t h e  f a c t  t h a t  a l o w  B i o t  number means a l o w i n t e r n a l  thermal 

r e s i s t a n c e ,  which i s  c o n s i s t e n t  w i t h  lumping t h e  rock mass i n  a s i n g l e  

p o i n t  a t  uniform temperature .  

(b)  The one-lump parameter s o l u t i o n  can b e  used f o r  t h e  complete 

range of  B i o t  numbers i f  t h e  F o u r i e r  n,umber is  g r e a t e r  than 0 .3  wi th  an 

accuracy b e t t e r  than 10 p e r c e n t .  

( c )  An approximation f o r  t h e  t i m e  dependence o f  t h e  conduction p a t h  

l e n g t h  f o r  B i o t  numbers g r e a t e r  than  1 0  and f o r  Four ie r  numbers g r e a t e r  

than  0.04 i s  
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%* - ‘cond 1 1 - e -8NFo _--.- 
e ’ [ I  - e-liNFa] 

( 3 . 2 4 )  

The r e s u l t s  of u s i n g  t h i s  express ion  f o r  t h e  conduction pa th  l e n g t h  i n  

E q s .  3.11 and 3.16 are given i n  F i g u r e  3-8. 

(d) However, f o r  i n f i n i t e  B i o t  numbers and f o r  F o u r i e r  numbers 

g r e a t e r  than  0.04 i t  i s  s impler  t o  use  t h e  exact s o l u t i o n  which w i t h  

on ly  one term has  t h e  same accuracy as E q .  3.24: 

The p r e d i c t e d  energy e x t r a c t e d  f r a c t i o n  ob ta ined  by us ing  t h i s  express ion  

are a l s o  given i n  F i g u r e  3-8 f o r  comparison. 

3.4 Flu id  Temperature Drop F r a c t i o n  

To measure t h e  degree  t o  which t h e  f l u i d  temperature  approaches a 

given temperature  T2 , t h e  f l u i d  temperature  drop f r a c t i o n  i s  def ined  as 

I -  

T1 - T2 C 
(3.26) 

The temperature  T2 can b e  any reference temperature ,  such as 

(1) Local f l u i d  temperature  a t  t h e  end of t h e  product ion per iod  ( t h e n  

Fc = 1). 

sweep. (3) Temperature r e f e r e n c e  f o r  r e s o u r c e  base  e v a l u a t i o n  T . 
( 4 )  S a t u r a t i o n  temperature  a t  t h e  end of t h e  product ion period.. 

( 2 )  Temperature of  t h e  f l u i d  be ing  i n j e c t e d  i n  t h e  c o l d  water 

0 

3.5 Local Energy Ext rac ted  F r a c t i o n  f o r  a C o l l e c t i o n  of Rocks 

3.5.1 D e s c r i p t i o n  of  t h e  Model 

The a n a l y s i s  i n  S e c t i o n s  3.1 through 3.4 concentra ted on a single 

rock o f  i r r e g u l a r  shape surrounded by a f l u i d  t h a t  is  be ing  cooled a t  an 
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a r b i t r a r y  rate .  

s chema t i ca l ly  i n  F igure  3-9. 

ments of d i f f e r e n t  s i z e s  and shapes.  

t i o n"  of  rocks  b e  d i s t r i b u t e d  accord ing  t o  a given p r o b a b i l i t y  func t ion  

f(?l,a-, i n  which t h e  mean va lue  X can be  e i t h e r  t h e  rock volume o r  t h e  

equ iva l en t  volume sphere  r a d i u s ,  i . e . ,  

L e t  us now cons ider  a f r a c t u r e d  r e s e r v o i r  as i n d i c a t e d  

The rock formation c o n s i s t s  of rock seg- 

Also ,  l e t  t h e  s i z e s  of t h i s  " col lec-  

- 
x 

(3.27a) 

o r  

P(V> = f (T,a,) (3.27b) 

where t h e  s tandard  d e v i a t i o n  oE and 0- measures d i r e c t l y  t h e  d i s -  

pe r s ions  o f  R and v from t h e i r  a r i t h m e t i c  mean va lues  R S and v . 
P - - S 

S 

Lt 
PHYSICAL MODEL LABORATORY MODEL 

FIGURE 3- 9. Phys i ca l  and l a b o r a t o r y  models of a f r a c t u r e d  
geothermal r e s e r v o i r  
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The l o c a l  energy e x t r a c t e d  f r a c t i o n  f o r  a c o l l e c t i o n  of rocks 

measures t h e  energy t h a t  has  been e x t r a c t e d  from a c o l l e c t i o n  of rocks  a t  

a given l o c a t i o n  of t h e  r e s e r v o i r ,  as compared t o  t h e  energy t h a t  would 

be  e x t r a c t e d  i f  a l l  t h e  rocks i n  t he  l o c a l  sample were cooled uniformly 

t o  t h e  l o c a l  f l u i d  temperature.  From t h e  d e f i n i t i o n  of t h e  i n d i v i d u a l  

rock energy e x t r a c t e d  f r a c t i o n  and from conserva t ion  of energy, t h e  l o c a l  

energy e x t r a c t e d  f r a c t i o n  f o r  a c o l l e c t i o n  of rocks is  def ined  as 

N 

( 3 . 2 8 )  

where t h e  terms of t h e  summation i n  t h e  numerator are t h e  a c t u a l  energy 

e x t r a c t e d  from each i n d i v i d u a l  rock as expressed by Eq. 3.18. The summa- 

t i o n  i s  performed from i = 1 t o  N where N i s  t h e  t o t a l  number of  

rocks  i n  t h e  sample. 

The fo l lowing  i d e a l i z a t i o n s  were made i n  d e f i n i n g  the  l o c a l  energy 

ex t r ac t ed  f r a c t i o n  f o r  a c o l l e c t i o n  of rocks :  

( a )  The volume of  t h e  r e s e r v o i r  be ing  considered is  very  l a r g e  as 

compared t o  the  space occupied by a r e p r e s e n t a t i v e  c o l l e c t i o n  of rocks .  

(b) Thehea t  t r a n s f e r  by conduct ion a t  con tac t  p o i n t s  between ad jacen t  

rocks i s  neg lec t ed .  The reason  f o r  t h i s  i s  t h a t  t h e  temperature  d i f f e r -  

ence of rock s u r f a c e s  w i l l  b e  n e g l i g i b l e  a t  con tac t  p o i n t s  and conse- 

quent ly  t h e  hea t  t r a n s f e r  is  n e g l i g i b l e .  

( c )  A t  t h e  end of t h e  e x t r a c t i o n  per iod  being cons idered ,  t h e  f l u i d  

temperature  T (X,t)  i s  uniform through t h e  space occupied by t h e  repre- 

s e n t a t i v e  sample of  t h e  c o l l e c t i o n  be ing  analyzed.  

f 

(d) The i d e a l i z a t i o n s  made i n  modeling the  temperature  t r a n s i e n t  f o r  

i n d i v i d u a l  rocks ,  as l i s t e d  i n  Sec t ion  3.1.1, are a l s o  made he re .  
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Simpl i fy ing  Eq. 3.28 y i e l d s  

N 

of t h e  rock i i s  def ined  as X i  where the  volumet r ic  f r a c t i o n  

V A i  = -- 
X i  N c v i  

i=l 

(3.29a) 

(3.29b) 

The l o c a l  energy e x t r a c t e d  f r a c t i o n  f o r  a c o l l e c t i o n  of rocks  i s  seen  t o  

be  the  summation of t h e  energy e x t r a c t e d  f r a c t i o n s  of t h e  i n d i v i d u a l  rocks  

weighted by t h e i r  vo lumet r ic  f r a c t i o n .  An express ion  f o r  t he  vo lumet r ic  

f r a c t i o n  as a func t ion  of  t h e  frequency d i s t r i b u t i o n  of  volumes i n  a col-  

l e c t i o n  of rocks  is  der ived  i n  Appendix B . 5 .  I f  N i s  t h e  number of 

groups of d i f f e r e n t  rock  volumes, t h e  l o c a l  energy e x t r a c t e d  f r a c t i o n  f o r  

L 

a c o l l e c t i o n  of rocks can b e  expressed as: 

(3.30) 

where j i n d i c a t e s  t h e  volume group j . From t h i s  summation i t  can b e  

seen  t h a t  i f  t h e  p r o b a b i l i t y  of having a rock s i z e  i s  very h igh ,  b u t  i t s  

volume i s  s m a l l  wi th r e s p e c t  t o  t h e  mean volume, i t s  e f f e c t  on t h e  t o t a l  

energy e x t r a c t e d  f r a c t i o n  i s  small.  

3.5.2 Bulk-Effective Radius and T i m e  Constant f o r  a Co l l ec t ion  

of Rocks 

I n  Sec t ions  3.1.2 and 3.1.3 i t  w a s  observed t h a t  t h e  surface- area- to-  

volume r a t i o  i s  the  main geometr ica l  parameter t h a t  governs t h e  h e a t  

t r a n s f e r  from a rock segment. Therefore ,  a c o l l e c t i o n  of rocks of 
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i r r e g u l a r  shape can be  modeled thermal ly  as a group of  s p h e r i c a l  rocks  of  

equal  s i z e ,  provided t h a t  t h e  t o t a l  s u r f a c e  area t o  volume r a t i o  of t h e s e  

spheres  i s  equal  t o  t h a t  of t h e  a c t u a l  rock c o l l e c t i o n .  

The surface-area- to-volume r a t i o  of a c o l l e c t i o n  of rocks  i s  given 

by : 

N ( 4 ~  R2 ) s , i  c 
(A/V>c = i=l 'K, i  

N 4  3 
1 3 Rs,i i=l 

N R2 s , i  

= 3 x  i=l 'K,i  

C R  s , i  

e - - -  
N 3  

i= 1 

( 3 . 3 1 )  

This equat ion can b e  rearranged a f t e r  i n t r o d u c i n g  t h e  p r o b a b i l i t y  func t ion  

p(R ) s imilar  t o  what w a s  done i n  S e c t i o n  3.5.1 and Appendix B . 3  as: s ,i 

( 3 . 3 2 )  

For a sphere  t h e  surface- area- to-volume r a t i o  is given by 

( 3 . 3 3 )  

Therefore ,  t h e  "bulk e f f e c t i v e  rad ius"  f o r  a c o l l e c t i o n  of rocks can be  

def ined as t h e  r a d i u s  of a sphere  having t h e  same surface-area- to-volume 

r a t i o  as t h e  c o l l e c t i o n ,  

( 3 . 3 4 )  

Equiva len t ly ,  t h e  bu lk  t i m e  c o n s t a n t  f o r  t h e  c o l l e c t i o n  i s  obta ined 
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by r e p l a c i n g  R i n  Eq.  3.10b o r  3 . 1 6 ~  
e,c 

(3.35) 

The bulk  time cons t an t  i s  t h e  t i m e  necessary  t o  ach ieve  63.2 pe rcen t  

of t h e  q u a s i  s t e a d y- s t a t e  rock  mean t o  f l u i d  temperature  d i f f e r e n c e .  

Thus, Eq.  3 .35  can b e  rep laced  by Eq. 3 . 1 6 ~  and s u b s t i t u t e d  i n t o  E q .  3.11 

o r  3.16a t o  c a l c u l a t e d  t h e  o v e r a l l  mean rock t o  f l u i d  temperature  d i f f e r -  

ence of t h e  c o l l e c t i o n ;  t h e  mean rock t o  f l u i d  temperature  d i f f e r e n c e  can 

be  s u b s t i t u t e d  i n t o  Eq.  3.18 t o  o b t a i n  t h e  l o c a l  energy e x t r a c t e d  f r a c t i o n  

f o r  a c o l l e c t i o n  of rocks .  The thermal  t r a n s i e n t  computational procedure 

i s  l a r g e l y  s i m p l i f i e d  by us ing  t h e  bu lk- e f fec t ive  r a d i u s  because t h e  over- 

a l l  mean temperature  of  t h e  c o l l e c t i o n  of  rocks  and t h e  energy e x t r a c t e d  

f r a c t i o n  a r e  those  of  a s i n g l e  rock of r a d i u s  R 
e,  c 

The v a l i d i t y  o f  t h e  procedure descr ibed  above i s  i n v e s t i g a t e d  i n  

Sec t ion  3.5.3 by comparing i t  t o  t h e  r i go rous  procedure developed i n  

Sec t ion  3.5.1 t o  c a l c u l a t e  t h e  l o c a l  energy e x t r a c t e d  f r a c t i o n  f o r  a 

c o l l e c t i o n  of rocks .  

3.5.3 V a l i d i t y  of  t he  Bulk- Effect ive Radius as a S ing le  Parameter 

t o  Cha rac t e r i ze  a C o l l e c t i o n  of Rocks 

The bu lk- e f fec t ive  r a d i u s  f o r  a c o l l e c t i o n  of i r r e g u l a r l y  shaped 

rocks  w a s  def ined  i n  Sec t ion  3.5.2 as t h e  r a d i u s  of a c o l l e c t i o n  of 

s p h e r i c a l  rocks t h a t  has  an equ iva l en t  thermal behavior .  It w a s  der ived  

by f i n d i n g  t h e  r a d i u s  of  a s p h e r i c a l  rock having t h e  same surface- to-  

volume r a t i o  as a c o l l e c t i o n  o f  rocks w i th  given s i z e  and shape d i s t r i b u -  

t ions .  This  g r e a t l y  s i m p l i f i e s  t h e  computations because Eq. 3.18 f o r  a 
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s i n g l e  s p h e r i c a l  rock can be  used i n s t e a d  of Eq. 3.29 t o  p r e d i c t  t h e  

l o c a l  energy e x t r a c t e d  f r a c t i o n  f o r  a c o l l e c t i o n  of rocks .  

The v a l i d i t y  of  t h e  bu lk- e f fec t ive  r a d i u s  w a s  eva lua ted  by comparing 

t h e  l o c a l  energy e x t r a c t e d  p red ic t ed  from Eq. 3.30 t o  t h e  one us ing  Eq. 

3.18. 

t o  c a l c u l a t e  t h e  mean rock temperature  t r a n s i e n t  i n  Eq. 3.18. 

t i o n  2 .2 .5  i t  w a s  shown t h a t  s p h e r i c i t y  t) 

on t h e  rock s i z e .  

according t o  a normal d i s t r i b u t i o n ,  and, as such,  i t  can b e  a p p r o p r i a t e l y  

def ined  by i t s  mean va lue  and s t anda rd  dev ia t ion .  

p r o b a b i l i t y  of f i n d i n g  a rock wi th  a given s p h e r i c i t y  i s  t h e  same f o r  any 

p a r t i c u l a r  rock s i z e  (volume), and t h e r e f o r e ,  i f  a l a r g e  number of  rocks  

w i th  t h e  same s i z e  were taken from a given c o l l e c t i o n ,  a complete range 

of s p h e r i c i t y  va lues  would be  found wi th  a frequency given by a normal 

d i s t r i b u t i o n .  Thus, i n  t h i s  and t h e  fo l lowing  s e c t i o n s ,  t h e  rock col-  

l e c t i o n s  w i l l  be considered as completely cha rac t e r i zed  by i t s  s i z e  d i s-  

t r i b u t i o n  (volume o r  equ iva l en t  sphere  r a d i u s )  and t h e  mean va lue  of t h e  

s p h e r i c i t y .  

Equation 3.35 was used f o r  t h e  bu lk- ef fec t ive  t i m e  cons t an t  needed 

In Sec- 

does not depend s i g n i f i c a n t l y  K 

It w a s  a l s o  shown t h a t  t h e  s p h e r i c i t y  i s  d i s t r i b u t e d  

In o t h e r  words, t h e  

Severa l  d i f f e r e n t  s i z e  d i s t r i b u t i o n s  a r e  p o s s i b l e  f o r  a c o l l e c t i o n  

of  rocks depending on which f r a c t u r i n g  technique i s  used t o  produce i t .  

Three hypo the t i ca l  frequency d i s t r i b u t i o n s  were assumed i n  t h i s  s tudy ,  

namely volume v normally d i s t r i b u t e d ,  and equiva len t  sphere  r a d i u s  R 

both normally and exponen t i a l l y  d i s t r i b u t e d .  

given by 

S 

The normal d i s t r i b u t i o n  is  

(3.36) 
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where z can b e  e i t h e r  Rs o r  v . The normal d i s t r i b u t i o n  w a s  selec- 

t e d  because i t  i s  c h a r a c t e r i z e d  by a mean v a l u e  ( a r i t h m e t i c  mean) and a 

s tandard  d e v i a t i o n  (5- . The s t a n d a r d  d e v i a t i o n  measures t h e  d i s p e r s i o n  

of z from t h e  mean v a l u e  z . 
Z 

I 

The exponent ia l  d i s t r i b u t i o n  i s  given by 

( 3 . 3 7 )  

- 
where z = y and 0- = y . So i t  i s  c h a r a c t e r i z e d  by a s i n g l e  v a l u e  

y 

p e r s i o n  of  s i z e s  w i l l  a u t o m a t i c a l l y  mean a h igher  mean v a l u e  and vice 

v e r s a .  

Z 

which i s  bo th  t h e  mean and t h e  s tandard  d e v i a t i o n ,  i . e . ,  a l a r g e r  d i s-  

The v a l i d i t y  of t h e  b u l k- e f f e c t i v e  r a d i u s  w a s  evaluated f o r  two col-  

l e c t i o n s  of rocks  wi th  d i f f e r e n t  shapes .  

d i s t r i b u t e d  i n  R 

1 . 0 )  and t h e  o t h e r  of s l a b s  w i t h  a n  average s p h e r i c i t y  of 0 .7 .  

equ iva len t  sphere  r a d i u s  w a s  100 f t  and t h e  s t a n d a r d  d e v i a t i o n  was 30.7 

f o r  both  c o l l e c t i o n s .  

f o r  the spheres  i s  116.4 f t  and 81.48 f o r  t h e  s l a b s .  

Both c o l l e c t i o n s  were normally 

, b u t  one c o n s i s t e d  of  s p h e r i c a l  rocks  ( s p h e r i c i t y  = 
S 

The mean 

* 
From Eqs.3.32 and 3.34 t h e  b u l k- e f f e c t i v e  r a d i u s  

The energy e x t r a c t e d  f r a c t i o n  was eva lua ted  f o r  both  c o l l e c t i o n s  us- 

i n g  t h e  two computational methods and assuming c o n s t a n t  f l u i d  coo l ing  

r a t e  ( s e e  Appendix C.2 f o r  a sample c a l c u l a t i o n ) .  Figure3- 10 shows t h e  

r e s u l t s .  The maximum d i f f e r e n c e  between p r e d i c t e d  r e s u l t s  i s  less than- 

3 p e r c e n t  f o r  t h e  two rock c o l l e c t i o n s .  The d i f f e r e n c e  tended t o  b e  

* 
A v a l u e  of  30.7 f o r  t h e  s tandard  d e v i a t i o n  w a s  s e l e c t e d  t o  s i m u l a t e  
m a x i m u m  d i s p e r s i o n .  (A d i s p e r s i o n  o f  approximately +3 X 0- covers  
about  99.9 pe rcen t  of t h e  popula t ion . )  RS 
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propor t iona l  to  t he  number of groups o f  equal  s i z e  rocks t h a t  t h e  normal 

d i s t r i b u t i o n  w a s  d iv ided  i n t o  i n  t h e  numerical computation. I n  t h i s  par-  

t i c u l a r  example, 1 7  groups were used. 

t a ined  with fewer groups. 

t r a t e d  by eva lua t ing  t h e  bu lk- e f fec t ive  r a d i u s  f o r  two d i s t r i b u t i o n s  both  wi th  

qK = 1.0  , 

S a t i s f a c t o r y  resu l t s  can  be  ob- 

The e f f e c t  of t h e  number of groups was i l l u s -  

- 
Table 3-1 shows t h e  r e su l t s  f o r  t h e  exponent ia l  and normal 

d i s r r i b u t i o n s .  I f  an i n f i n i t e  number of groups ( i n f i n i t e s i m a l  s i z e  i n t e r -  

v a l s )  i s  taken,  t h e  bu lk- e f fec t ive  r a d i u s  of an exponent ia l  d i s t r i b u t i o n  

i s  given by ( see  Appendix C . 3  f o r  d e r i v a t i o n ) :  

and f o r  t h e  normal d i s t r i b u t i o n :  

(3.38) 

( 3 . 3 9 )  

Note from Table 3-1 t h a t  t h e  exponen t i a l  d i s t r i b u t i o n  i s  more s e n s i t i v e  

t o  t h e  marginal  i n c r e a s e  i n  number of groups when t h e  number of groups i s  

small, but i t  is  n o t  as s e n s i t i v e  as t h e  normal d i s t r i b u t i o n  when t h e  

number of groups i s  l a r g e .  

i s  c l e a r l y  seen i n  Eq. 3 .39 .  

f a s t e r  t han  t h e  denominator,  r e s u l t i n g  i n  a l a r g e r  bu lk- e f fec t ive  r ad ius  

and consequent ly lower energy e x t r a c t e d  f r a c t i o n s .  This s u b j e c t  w i l l  be  

cons idered  i n  more d e t a i l  i n  Sec t ion  4 .  

Note a l s o  t h a t  t h e  e f f e c t  of t he  s i z e  d i s p e r s i o n  

A h ighe r  d i s p e r s i o n  inc reases  t h e  numerator 
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TABLE 3-1 

E f f e c t  of theNumber  o f  Groups on t h e  Ca lcu la ted  Bulk- Effect ive  Radius 

Normal, = 100 and 0- = 30.7 

Number of Groups ( f t )  

RS 
S 

5 112.35 

1 7  116.4 

131.7 OD 

- 
Exponent ia l ,  Rs = 100 

Number o f  Groups Re,, ( f t )  

6 247.4 

1 2  283.6 

00 300.0 

3.5.4 

The main o b j e c t i v e s  of cracking l a r g e  rocks  are t o  conver t  them t o  

E f f e c t  o f  Microf ra tu res  on t h e  Energy Ext rac ted  F r a c t i o n  

smaller ones and t o  increase t h e  format ion permeabi l i ty  t o  enhance t h e  

energy e x t r a c t i o n  p rocess .  I n  a d d i t i o n ,  high-energy f r a c t u r i n g  tech- 

niques  might a l s o  produce m i c r o f r a c t u r e s  i n  i n d i v i d u a l  rocks  which might 

b e  f i l l e d  w i t h  geothermal f l u i d ,  and which might provide a d d i t i o n a l  f low 

pa ths .  The e f f e c t  on t h e  h e a t  transfer process  w i l l  depend on t h e  ther- 

mal p r o p e r t i e s  of t h e  f l u i d  as compared t o  those  of t h e  rock ,  and on t h e  

amount of f l u i d  flow through the microcracks.  

A s imple  one-dimensional model w a s  developed t o  ana lyze  t h e  effect  

of  t h e  m i c r o f r a c t u r e s  on t h e  o v e r a l l  thermal behavior  o f  a rock.  The 

e f f e c t  on t h e  h e a t  t r a n s f e r  w i l l  depend on t h e  d i r e c t i o n  of  t h e  micro- 

f r a c t u r e s  re lat ive t o  t h e  d i r e c t i o n  o f  the temperature  g r a d i e n t .  

c racks  are perpendicu la r  t o  t h e  temperature g r a d i e n t  and t h e r e  i s  no flow 

of  f l u i d  through them, t h e  e f f e c t i v e  thermal c o n d u c t i v i t y  i s  given by 

( s e e  Appendix B.6 f o r  d e t a i l s )  : 

If  t h e  

(3.40) 
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where ke i s  t h e  e f f e c t i v e  thermal conduc t iv i ty ;  1? is  t h e  number of 

c racks  per  u n i t  l eng th ;  tc is  t h e  c rack  width;  and k and kf a r e  

t h e  thermal c o n d u c t i v i t i e s  of t h e  rock  and f l u i d ,  r e s p e c t i v e l y .  I f  t h e  

c racks  are p a r a l l e l  t o  t h e  d i r e c t i o n  of  t he  temperature  g r a d i e n t ,  t h e  

thermal conduc t iv i ty  is  given by: 

r 

ke = kr[l  - n t c  
- ‘11 r ( 3 . 4 1 )  

S i m i l a r  express ions  a r e  der ived  i n  Appendix B.6  f o r  t h e  rock e f f e c-  

t ive s p e c i f i c  h e a t ,  e f f e c t i v e  d e n s i t y ,  and e f f e c t i v e  thermal d i f f u s i v i t y  

f o r  t he  two cases .  
* 

Table 3-2 shows t h e  c o r r e c t i o n  f a c t o r s  (Xe/Xr) f o r  t h e  rock proper-  

t i e s  when t h e  rock is  g r a n i t e ,  t h e  f l u i d  i s  water, and t h e r e  i s  no flow 

through t h e  microcracks.  A s  expected,  t h e  c o r r e c t i o n  f a c t o r s  f o r  t h e  

thermal conduc t iv i ty  and d e n s i t y  are less than u n i t y ,  s i n c e  t h e  correspond- 

ing  water  p r o p e r t i e s  are less than f o r  t he  g r a n i t e .  However, water has 

b e t t e r  volumetr ic  h e a t  capac i ty  c h a r a c t e r i s t i c s  than the  g r a n i t e ,  r e s u l t -  

ing  in’  a c o r r e c t i o n  f a c t o r  g r e a t e r  than u n i t y  f o r  t h e  s p e c i f i c  h e a t .  

The combined e f f e c t  of thermal  conduc t iv i ty ,  s p e c i f i c  h e a t  and d e n s i t y  

y i e l d s  a c o r r e c t i o n  f a c t o r  l e s s  than un i ty  f o r  t h e  thermal d i f f u s i v i t y .  

Consequently the  conduction h e a t  t r a n s f e r  from t h e  rock w i l l  be reduced 

and so  w i l l  t he  energy e x t r a c t e d  f r a c t i o n  f o r  a microf rac tured  rock r e l a -  

t ive t o  a s o l i d  rock, provided t h a t  t h e  f l u i d i s  s t agnan t  i n  t h e  micro- 

f r a c t u r e s .  

* 
The symbol X e  s t ands  f o r  e f f e c t i v e  p r o p e r t i e s  of t he  microcracked 
rocks,and X r  s t ands  f o r  p r o p e r t i e s  of  t h e  s o l i d  rock.  
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The p a r a l l e l  c rack  model w a s  modified t o  i n c l u d e  f l u i d  flow through 

t h e  c racks .  For s i m p l i c i t y ,  t h e  f l u i d  w a s  assumed t o  be  i n  thermal equi-  

l i b r i u m  wi th  t h e  rock s u r f a c e  (N  = a). The c o r r e c t i o n  f a c t o r  f o r  t h e  B i  

thermal conduc t iv i ty  when t h e  f l u i d  f lows a t  a v e l o c i t y  

c r a c k s  and i n  t h e  same d i r e c t i o n  as t h e  h e a t  t r a n s f e r  i s  given by ( see  

Appendix B.6 f o r  d e t a i l s ) :  

u through t h e  

r 
(3.42) 

F igu re 3 - l l shows  t h e  e f f e c t  of  l i q u i d  water v e l o c i t y  through t h e  

microcracks  i n  g r a n i t e  r o c k  on t h e  e f f e c t i v e  thermal  conduc t iv i ty  a s  given 

by E q .  3 . 4 2 .  The c o r r e c t i o n  f a c t o r  (k /k ) exceeds u n i t y  f o r  v e l o c i t i e s  

h i g h e r  than  approximately 0.002 f t / h r  and exceeds u n i t y  s i g n i f i c a n t l y  f o r  

l a r g e r  v e l o c i t i e s  and h igh  va lues  o f  r l t c  . The parameter q t c  can b e  

thought of as a m i c r o f r a c t u r e  p o r o s i t y  and i t s  va lues  are expected t o  be  

no l a r g e r  than  about 0.01. A s i g n i f i c a n t  p r e s s u r e  g r a d i e n t  i s  requ i red  

t o  d r i v e  t h e  water through t h e  microcracks  and i n  t h e  same d i r e c t i o n  as 

t h e  h e a t  t r a n s f e r .  P o i s e u l l e s '  l a w  w a s  a p p l i e d  t o  estimate t h e  requ i red  

p r e s s u r e g r a d i e n t  as i n d i c a t e d  i n  Appendix B . 6 .  From Figure3-11 the  ve- 

l o c i t y  r e q u i r e d  f o r  a 10- percent i n c r e a s e  i n  thermal conduc t iv i ty  is  ap- 

proximately  0.3 f t / h r ;  

mately  1 7  p s i / f t  i s  r e q u i r e d  t o  ach ieve  a v e l o c i t y  of 0 .3 f t / h r  assuming 

e r  

R e s u l t s  show t h a t  a p r e s s u r e  g rad ien t  of approxi-  

a c rack  width  of  0.01 em and one c rack  per  ern ( n t c  = 0.01). 

t u d e s  of  p r e s s u r e  g r a d i e n t s  might n o t  b e  d i f f i c u l t  t o  achieve i n  t h e  

v i c i n i t y  of  t h e  wel lbore .  However, f o r  h i g h l y  f r a c t u r e d  r e s e r v o i r s  l i k e  

t h e  one be ing  considered,  thesemagni tudes  of p r e s s u r e  g r a d i e n t s  w i l l  n o t  

These magni- 
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be found away from t h e  wel lbore .  This means t h a t  t h e  e f f e c t  o f  t h e  m i -  

c r o f r a c t u r e s  on t h e  rock energy ex t r ac t ed  f r a c t i o n  can be  neglec ted  com- 

pared t o  t h e  rock coo l ing  e f f e c t  produced by f low i n  t h e  much l a r g e r  

macrof rac tures .  

3 . 6  Energy Balance o f  a Frac tured  Geothermal Reservoir  

3.6.1 

The r e s e r v o i r  rock  energy e x t r a c t e d  f r a c t i o n  i s  a r e s e r v o i r  param- 

Reservoi r  Rock Energy Ext rac ted  F r a c t i o n  

eter, and relates t h e  thermal  energy t h a t  has  been ex t r ac t ed  from t h e  

rocks i n  t h e  r e s e r v o i r  t o  t h e  thermal energy t h a t  would be ex t r ac t ed  i f  

t he  t o t a l  rock mass w a s  cooled uniformly t o  a mean f l u i d  temperature.  

i s  given by 

It 

- 
F - 4 thermal  energy e x t r a c t e d  from rock 

where, 

( 3 . 4 3 )  

( 3 . 4 4 )  

The r e s e r v o i r  rock energy e x t r a c t e d  f r a c t i o n  measures t he  h e a t  t r ans-  

f e r  l i m i t a t i o n s  on the  energy recovery from geothermal r e s e r v o i r s .  A s  

approaches u n i t y ,  t h e  h e a t  t r a n s f e r  l i m i t a t i o n s  decrease  and t h e  FE,c 

rock reaches thermal equ i l i b r ium wi th  t h e  surrounding f l u i d .  

- 

3.6.2 

To measure the  f l u i d  flow and thermodynamic l i m i t a t i o n s  on the  energy 

Reservoi r  Mean F l u i d  Temperature Drop F r a c t i o n  

recovery from geothermal r e s e r v o i r s ,  t h e  r e s e r v o i r  mean f l u i d  temperature  

drop f r a c t i o n  was def ined  as: 
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It measures t h e  degree  t o  which t h e  mean r e s e r v o i r  f l u i d  temperature  

approaches a given temperature  

p e r a t u r e  T2 can b e  any r e f e r e n c e  temperature.  The degree  t o  which the 

r e s e r v o i r  mean f l u i d  temperature  drop f r a c t i o n  approaches u n i t y  i s  l i m i t e d  

by: (a)  t h e  format ion permeabi l i ty  needed f o r  adequate  f l u i d  c i r c u l a t i o n ,  

(b)  t h e  c r e a t i o n  o f  "hot spo t s"  produced by f i n g e r i n g  of  t h e  co ld  i n j e c-  

ted  f l u i d  t o  t h e  product ion w e l l s  ( i n  t h e  cold  water sweep p r o c e s s ) ,  

( c )  t h e  format ion of a superheated steam zone ( i n  t h e  in- place b o i l i n g  

p r o c e s s ) ,  (d) t h e  minimum temperature  level  requirement on t h e  product ion 

temperature  f o r  c o r r e c t  o p e r a t i o n  of the energy conversion system, such 

as an e l e c t r i c  power p l a n t  o r  a space h e a t i n g  f a c i l i t y .  Items (a )  and 

(b)  are e s s e n t i a l l y  f l u i d  f low l i m i t a t i o n s ,  whereas (c) and (d)  are 

thermodynamic l i m i t a t i o n s .  

T 2 .  A s  descr ibed  i n  Sec t ion  3 . 4 ,  t h e  tem-  

3.6.3 Reservoir  Energy F r a c t i o n  Produced 

The r e s e r v o i r  energy f r a c t i o n  produced relates t h e  amount of energy 

t h a t  has  been produced t o  t h e  energy t h a t  would b e  produced i f  both  f l u i d  

and rock were cooled uniformly t o  the r e f e r e n c e  temperature  

de f ined  as 

T2 . It i s  

( 3 .46 )  

where t h e  denominator i s  t h e  thermal energy ( rock and l i q u i d )  resource  

base  re fe renced  t o  a temperature  datum e q u a l  t o  T2 - 
3.6.4 Energy Balance 

L e t  us  cons ider  t h e  r e s e r v o i r  shown i n  F igure  3-9. Hot water o r  

steam i s  produced a t  some ra te  6 ( t )  w i t h  a n  en tha lpy  i p ( t )  . F l u i d  
P 

i s  a l s o  i n j e c t e d  a t  a r a t e  h . ( t >  w i t h  a n  en tha lpy  i i ( t )  . If t h e r e  i s  
1 
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no h e a t  t r a n s f e r  from the  bottom o r  t he  surrounding of  t he  r e s e r v o i r ,  

conserva t ion  of energy y i e l d s  t h e  fol lowing express ion  i n  non-dimensional 

form (see Appendix B.7 f o r  d e t a i l s ) :  

( 3 . 4 7 )  

where y 

i n  t he  f l u i d  t o  t h e  energy s t o r e d  i n  the  rock,  i .e . ,  

i s  t h e  "s torage  r a t i o "  def ined  as the  r a t i o  of t h e  energy s to red  

A PfCf @ 

r r  
( 3 . 4 8 )  

When t h e  p o r o s i t y  @ i s  smal1, the s t o r a g e  r a t i o  approaches zero .  

I f  besides,  t he  energy i n j e c t e d  i s  zero ,  E q .  3.43  becomes 

F - F  ( 3 . 4 9 )  p E , c  Fc 

From E q .  3.45,  i t  i s  seen  t h a t  t he  f r a c t i o n  of energy produced can 

be  small when t h e  h e a t  t r a n s f e r  l i m i t a t i o n s  are high (? 

when t h e  r educ t ion  of t h e  mean f l u i d  temperature  of t h e  r e s e r v o i r  i s  

l i m i t e d  (F s m a l l ) .  

sma l l ) ,  o r  
E,c 

C 

3.7 One-Dimensional Model of a Cold-Water Sweep Process  

Ana ly t i ca l  models f o r  t h e  rock temperature  t r a n s i e n t  and rock energy 

It was assumed e x t r a c t e d  f r a c t i o n  were developed i n  Sec t ions  3 . 3  t o  3.5. 

t h a t  t h e  product ion and recharge  c h a r a c t e r i s t i c s  of t h e  r e s e r v o i r  w e r e .  

such t h a t  a given i n s t a n t  a v a r i a b l e  f l u i d  cool ing  r a t e  r e s u l t e d .  I n  

t h i s  s e c t i o n ,  t he  product ion  and recharge  c h a r a c t e r i s t i c s  of t he  reser- 

v o i r  a r e  f ixed,and a model i s  developed t o  

ma t r ix  temperature  d i s t r i b u t i o n  throughout 

c a l c u l a t e  t h e  f l u i d  and rock  

t h e  r e s e r v o i r  as a func t ion  of 

7 1  



t i m e .  

water i s  i n j e c t e d  a t  one l o c a t i o n  of  t h e  r e s e r v o i r ,  and h o t  w a t e r  i s  pro- 

duced a t  some d i s t a n c e  from t h e  i n j e c t i o n  p o i n t .  

r e f e r r e d  t o  as t h e  cold-water sweep process .  

This  model i s  a p p l i c a b l e  t o  compressed l i q u i d  systems, where co ld  

This  p rocess  i s  o f t e n  

The r e s e r v o i r  model considered (shown i n  Figure  B-2) i s  i n i t i a l l y  a t  

a temperature  T1 . Cold water is  i n j e c t e d  a t  a temperature T through 

a l i n e  o f  w e l l s  B . 
The d i s t a n c e  between w e l l s  i s  L , and t h e  c r o s s  s e c t i o n  of  t h e  r e s e r v o i r  

i s  S . I n  t h i s  arrangement t h e  flow isone-dimensional. The s i z e  d i s t r i -  

b u t i o n  of  t h e  rocks  i s  assumed t o  be  t h e  same a t  d i f f e r e n t  l o c a t i o n s  of  

t h e  r e s e r v o i r  volume. 

c h a r a c t e r i z e d  by t h e  bu lk- ef fec t ive  r a d i u s  de f ined  by Eq.  3 . 3 4 ,  and t h e  

rock mass w i l l  behave a t  each l o c a t i o n  of  t h e  r e s e r v o i r  as a c o l l e c t i o n  

o f  s p h e r i c a l  rocks  w i t h  a t i m e  c o n s t a n t  g iven by Eq. 3.35. Heat t r a n s f e r  

pe r  u n i t  l e n g t h  (Btu/hr-f t  ) q '  from t h e  bottom of  t h e  r e s e r v o i r  i s  as- 

sumed t o  b e  cons tan t .  

t h e  r e s e r v o i r  is  neg lec ted .  

i n  

A , and produced a t  t h e  same rate  i n  a l i n e  o f  w e l l s  

Then, t h e  c o l l e c t i o n  of rocks  can b e  completely 

Segregat ion of t h e  co ld  f l u i d  t o  t h e  bottom of 

It i s  important  t o  p o i n t  o u t  t h a t  t h i s  a n a l y s i s  t akes  i n t o  account 

t h e  temperature  non- uniformit ies  i n s i d e  t h e  rock segments produced by t h e  

long conduction pa th  l e n g t h s  and low rock thermal conduc t iv i ty .  

f o r e ,  it i s  v a l i d  f o r  any v a l u e  of t h e  Biot  number. 

done by Schuman (1929) and LGf (1948) f o r  a i r  flowing through a r a c k  ma- 

t r ix ,  have neg lec ted  t h e  thermal r e s i s t a n c e  i n s i d e  t h e  rock i t se l f ,  which 

makes them a p p l i c a b l e  on ly  f o r  low B i o t  numbers. 

There- 

Previous ana lyses  

The governing equa t ion  f o r  t h e  f l u i d  temperature as a f u n c t i o n  of  

t i m e  a t  d i f f e r e n t  l o c a t i o n s  of  t h e  r e s e r v o i r  is  der ived i n  Appendix B.9 .  
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Solution of this equation (B.59a) was done by the Laplace transform method. 

The inversion of the non-dimensional fluid temperature from the Laplace to 

the real space was performed numerically. 

of 

It was found to be a function 

(3.50) 

The non-dimensional parameters are defined and discussed separately to 

provide understanding of their physical meaning. 

parameters are powerful analytical tools and useful parameters to 

These non-dimensional 

extrapolate the results obtained from the laboratory model (see Section 

4 . 3 )  to actual geothermal reservoir scales. 

The non-dimensional' distance from the injection point; 

* X  x = -  
L (3.51) 

expresses the distance as a fraction of the reservoir length L . Simi- 

larly, the non-dimensional time, 

(3.52) * t  t = -  
tre 

measures the time as a number of residence times (t ) . The meaning of 

the 

the production wells, and is given by 

re 

tre is the time that an element of injected fluid takes to get to 

(3.5.3) 

where w is the velocity at which the injected fluid front moves. It is 

equal to the Darcy velocity vf divided by the porosity (I . Note that 

the Darcy velocity is defined so that 5 = pfvf S . The non-dimensional 

7 3  



f l u i d  temperature ,  

(3.54) 

i s  equa l  t o  one, when t h e  f l u i d  is  a t  t h e  i n i t i a l  temperature  

approaches zero when t h e  f l u i d  r eaches  t h e  i n j e c t i o n  temperature .  

T1 , and 

The number of t r a n s f e r  u n i t s  f o r  t h e  r e s e r v o i r  i s  

t 'oAe = - .  - -  tre = tre - 
re 

N t u  -re 'e/'oAe 'e 
(3.55) 

and A are t h e  e f f e c t i v e  rock  thermal  capac i t ance  (given by 
'e e 

where 

Eq.3.9) and s u r f a c e  area, r e s p e c t i v e l y ,  and where 

time cons t an t  g iven  by E q s .  3.10a and 3.35. The number of t r a n s f e r  u n i t s  

i s  a parameter  very  similar t o  t h e  

(Kays and London, 1969). 

l a r g e r  t h e  s u r f a c e  area f o r  convect ion of t h e  energy s t o r e d  i n  t h e  

rock as measured by C 

Also, t h e  l a r g e r  t h e  r e s idence  t i m e  t 

cons t an t  T t h e  h ighe r  t h e  N ' s  w i l l  be ,  and t h e  more t i m e  t h e  

rock w i l l  have t o  a d j u s t  t o  f l u i d  tempera ture  changes.  

number of t r a n s f e r  u n i t s  w i l l  r e s u l t  i n  h igh  rock  energy e x t r a c t e d  

f r a c t i o n s .  

i s  t h e  e f f e c t i v e  rock  'e 

used t o  s i z e  hea t  exchangers 
NtU 

The smaller t h e  bu lk  e f f e c t i v e  r a d i u s ,  t h e  

, and t h e  h ighe r  t h e  number of t r a n s f e r  u n i t s .  e 

w i th  respect t o  t h e  t i m e  re 

e '  t u  
Therefore ,  l a r g e  

The s t o r a g e  r a t i o  y de f ined  i n  Eq. 3.48 r e p r e s e n t s  t h e  energy s t o r e d  

i n  t h e  f l u i d ,  as compared t o  t h e  energy s t o r e d  i n  t h e  rock volume.' The 

e x t e r n a l  h e a t  t r a n s f e r  parameter ,  

* ' L  ' fi c,-(:~ - Tin) (3.56) 

measures t h e  h e a t  t r a n s f e r  from t h e  bottom o r  t h e  surroundings of t h e  
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r e s e r v o i r  as a f r a c t i o n  of t h e  energy produced (wi th  T as datum), i f  

t h e  temperature  of t h e  produced water w a s  

i n  

T1 * 

With t h e  f l u i d  temperature  d i s t r i b u t i o n  as a f u n c t i o n  of t i m e ,  t h e  

temperature  t r a n s i e n t  of t h e  " e f f e c t i v e "  rock ( o r  any rock s i z e  i n  t h e  

c o l l e c t i o n )  can be c a l c u l a t e d  us ing  E q s .  3.16 o r  B.46 f o r  any l o c a t i o n  of 

t h e  r e s e r v o i r .  A l so ,  i f  t h e  r e f e r e n c e  temperature  f o r  energy f r a c t i o n  

t h e  res- T i n  9 
c a l c u l a t i o n s  i s  s e l e c t e d  t o  be  t h e  i n j e c t i o n  temperature  

e r v o i r  mean f l u i d  temperature  drop f r a c t i o n  i s  given by ( see  Appendix 

B . 9  f o r  d e t a i l s )  : 

* *  * 1 - *  
F c ( t  ) = 1 - J Tf(X , t  ) dX 

0 

S i m i l a r l y ,  t h e  r e s e r v o i r  energy f r a c t i o n  produced i s  given by: 

1 + l l y  F =  
P 

From Eq .  3.43 t h e  r e s e r v o i r  rock  energy e x t r a c t e d  f r a c t i o n  i s  

F 

F E , c  - 
- 

( 3 . 5 7 )  

(3.58) 

(3.59) 

I n  Sec t ion  4.4 t h i s  model is  v e r i f i e d  exper imenta l ly ,  and an  analy-  

s is  of t h e  e f f e c t  of t h e  non-dimensional parameters de f ined  above on t h e  

energy e x t r a c t i o n  p rocess  is  a l s o  performed. 
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4 .  RESULTS 

4 . 1  Desc r ip t ion  of Experiments 

Three v e r i f i c a t i o n  experiments  were performed i n  t h e  r e s e r v o i r  model 

The correspond-  t o  v e r i f y  t h e  a n a l y t i c a l  models developed i n  t h i s  s tudy .  

i n g  measured f l u i d  and rock  tempera tures  were compared t o  t h e  p r e d i c t e d  

r e s u l t s .  Each experiment  i s  desc r ibed  i n  t h e  fo l lowing  paragraphs .  The 

impor tant  parameters  o f  t h e  t h r e e  experiments  are  given i n  Table 4-1. 

4 .1 .1  In- Place B o i l i n g  Experiment 

The f i r s t  experiment  was of t h e  in- p lace  b o i l i n g  type .  

produced from t h e  top  of t h e  r e s e r v o i r  and t h e r e  w a s  no r echa rge .  

purpose of  t h i s  experiment  w a s  t o  v e r i f y  t h e  rock  tempera ture  t r ans ien t  

model i n  bo th  l i q u i d  s a t u r a t e d  and supe rhea t  steam environments .  

4-1 shows t h e  tempera ture  d i s t r i b u t i o n s  throughout  t h e  r e s e r v o i r  f o r  d i f -  

f e r e n t  times. The dashes  i n d i c a t e  t h e  p o s i t i o n  o f  t h e  l i q u i d  level .  

can b e  seen  t h a t  a f t e r  some t i m e  t h e  l i q u i d  l eve l  has  dropped i n  t h e  

rock  m a t r i x  and t h e  i n i t i a l l y  s a t u r a t e d  steam above t h e  l i q u i d / s t e a m  

i n t e r f a c e  h a s  become superhea ted .  

t h e  rocks .  

o f  t h i s  t ype  of experiment  were r e p o r t e d  by Hunsbedt, Kruger, and London (1975b). 

Steam w a s  

The 

F i g u r e  

It 

T h i s  i s  due t o  t h e  h e a t  t r a n s f e r  from 

Details on t h e  l i q u i d  level  and p r e s s u r e  d e p l e t i o n  behav io r  

4 . 1 . 2  Cold-Water Sweep Experimgent 

A cold-water sweep experiment  w a s  performed t o  v e r i f y  t h e  rock  t e m-  

p e r a t u r e  t r a n s i e n t  model under h igh  and d r a s t i c a l l y  v a r y i n g  f l u i d  c o o l i n g  

r a t e s .  

S e c t i o n  3.7 f o r  t h e  f l u i d  t empera tu re  d i s t r i b u t i o n  i n  t h e  r e s e r v o i r  as a 

f u n c t i o n  of t i m e  which develops when c o l d  water i n  i n j e c t e d .  

It i s  a l s o  used t o  v e r i f y  t he  one-dimensional model de r ived  i n  

Water a t  
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TABLE 4-1 

Main Parameters  of Experiments - 

Parameter 

I n i t i a l  Temperature (OF) 

I n i t i a l  P r e s s u r e  ( p s i a )  

F i n a l  P r e s s u r e  ( p s i a )  

F i n a l  Mean F l u i d  Temperature (OF) 

Dura t ion  of Experiment ( h r )  

Mean F l u i d  Cooling Rate (OF/hr) 

Mass of F l u i d  Produced (lbm) 

Mean F l u i d  Product ion  Rate (lbm/hr) 

Mass of F l u i d  I n j e c t e d  (lbm) 

Mean F lu id  I n j e c t i o n  Rate (lbm/hr) 

Ex te rna l  Heat Trans fe r  Parameter (Btu) 

Drainage P o r o s i t y  (d imens ionless)  

Mass of Rock i n  The Vessel (lbm) 

Temperature of I n j e c t e d  F l u i d  (OF) 

In- Place 
B o i l i n g  

(No 
I n  j ec t i o n )  

485 

625 

82 

341 

3 .O 

48 

180 

60 

0 .0  

0.0 

31 ,O 

- 

5 

0.422 

1556 
- 

Cold- 
Water 
Sweep 

461 

531 

520 

182 

7 .O 

40 

900.0 

133.3 

892 

127.4 

115,111 

0.422 

1556 

70 

In- P 1 ace 
B o i l i n g  

(Ho t-Wat er 
I n j  e c t i o n )  

443 

487 

130 

349 

2.75 

34 

187 

68 

212 

77 

17,915 

0.422 

1556 

Ts a t (PI 

approximately 70°F was i n j e c t e d  from t h e  bot tom of t h e  r e s e r v o i r  and f l u i d  

w a s  produced from t h e  top  a t  approximate ly  t h e  same rate .  The p r e s s u r e  i n  

t h e  r e s e r v o i r  w a s  main ta ined  h ighe r  t han  t h e  s a t u r a t i o n  p r e s s u r e .  

u r e  4-2 shows t h e  water and rock tempera ture  d i s t r i b u t i o n s  throughout  t h e  

r e s e r v o i r  as a f u n c t i o n  o f  t i m e .  It can be observed t h a t  t h e  tempera ture  

g r a d i e n t s  throughout  t h e  r e s e r v o i r  space  as w e l l  as t h e  r o c k / f l u i d  tempe- 

r a t u r e  d i f f e r e n c e s  are much h i g h e r  i n  t h e  cold-water sweep p rocess  t han  

i n  t h e  in- place  b o i l i n g  process .  

Fig- 
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4.1 .3  In- Place B o i l i n g  Experiment w i th  Hot-Water I n j e c t i o n  

I n  t h e  t h i r d  experiment water a t  t h e  i n i t i a l  s a t u r a t i o n  tempera ture  

w a s  i n j e c t e d  a t  the bottom of  the model t o  maintain t h e  l i q u i d  level n e a r  

t h e  top  and a uniform f l u i d  tempera ture  d i s t r i b u t i o n  throughout t h e  reser- 

v o i r ,  as i l l u s t r a t e d  i n  F igure  4-3. The purpose o f  t h i s  experiment was t o  

v e r i f y  t h e  model f o r  t h e  r e s e r v o i r  rock  energy e x t r a c t e d  f r a c t i o n  de r ived  

i n  Sec t ion  3.6.  

r e a d i l y  eva lua t ed ,  because t h e  f l u i d  tempera ture  i s  uniform throughout  

t h e  r e s e r v o i r  space  which l a r g e l y  s i m p l i f i e s  t h e  computat ional  procedure.  

I n  a d d i t i o n ,  i t  does n o t  r e q u i r e  t h e  assumption of equa l  rock  s i z e  d i s t r i -  

The r e s e r v o i r  rock  energy e x t r a c t e d  f r a c t i o n  can be  

b u t i o n  a t  d i f f e r e n t  l o c a t i o n s  i n  t h e  r e s e r v o i r .  

4 . 2  Experimental Rock Temperature Trans i en t  

The tempera ture  t r a n s i e n t  d a t a  were compared t o  t h e  t r a n s i e n t s  pre-  

d i c t e d  by t h e  model developed i n  S e c t i o n  3 . 1 .  

t r a n s f e r  c o e f f i c i e n t  of 300 Btu/hr - f t  -OF r e p o r t e d  by Kuo, Kruger, and 

Brigham ( 1976 )  w a s  used f o r  t h e  p r e d i c t i o n s  i n  l i q u i d  environment. 

one-lump parameter  s o l u t i o n  and s u p e r p o s i t i o n  technique  developed i n  Sec- 

t i o n  3.1.4 ( E q .  3.16) were used t o  model several rock  tempera ture  t r a n s i e n t s  

under d i f f e r e n t  f l u i d  c o o l i n g  rates. 

coo l ing  rate w a s  t r e a t e d  as t h e  independent  v a r i a b l e ;  t h e r e f o r e ,  t h e  f l u i d  

tempera ture  w a s  f i r s t  measured as a f u n c t i o n  of t i m e ,  and t h e s e  d a t a  were 

provided as i n p u t  t o  p r e d i c t  t h e  rock  c e n t e r  temperature.  

An average  convect ive  h e a t  

2 

The 

The f l u i d  tempera ture  o r  f l u i d  

F igu res  4-4 through 4-7 show t h e  p r e d i c t e d  and measured rock  c e n t e r  

The and f l u i d  tempera tures  f o r  f o u r  d i f f e r e n t  f l u i d  cooldown h i s t o r i e s .  

d a t a  i n  F igu res  4-4 and 4-5 are f o r  Rock 81. I n  t h e  former t h e  r e l a t i v e l y  

uniform and low f l u i d  c o o l i n g  ra te  of t h e  in- place  b o i l i n g  test r e s u l t s  i n  
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l owrock  c e n t e r  t o  f l u i d  tempera ture  d i f f e r e n c e s .  

f l u i d  c o o l i n g  rate of  t h e  cold-water sweep experiment ,  when t h e  cold-  

water f r o n t  pas ses  through t h e  rock ,  r e s u l t s  i n  r a t h e r  h igh  rock c e n t e r  

t o  f l u i d  tempera ture  d i f f e r e n c e s .  

p r e d i c t e d  rock  c e n t e r  tempera ture  i s  w i t h i n  5 pe rcen t  o f  t h e  measured 

ones.  However, t h e  d iscrepancy between t h e  measured and p r e d i c t e d  rock  

c e n t e r  t o  f l u i d  tempera ture  d i f f e r e n c e s  i s  s u b s t a n t i a l  ( a s  h igh  as 60 

pe rcen t  of  measured). 

and measured rock  c e n t e r  tempera ture  i s  about  20 pe rcen t  i n  t h e  wors t  

cases. 

t h e  m i s l o c a t i o n  of  t h e  thermocouple used t o  measure t h e  f l u i d  tempera ture .  

The e f f e c t  of  such a m i s l o c a t i o n  can be  observed i n  F igure  4-2. The f l u i d  

tempera ture  g r a d i e n t s  a t  t h e  l o c a t i o n  of Rock #1 (X = 0.08) are on t h e  

o r d e r  of  25'F/in. The u n c e r t a i n t i e s  i n  t h e  l o c a t i o n  of t h e  f l u i d  thermo- 

couple are as h i g h  as k l i n c h e s  due t o  probable  r ead jus tmen t s  of t h e  r o c k  

m a t r i x  as t h e  r e s e r v o i r  w a s  f i l l e d  w i t h  rocks ,  o r  t h e  p r o b a b i l i t y  t h a t  

t h e  thermocouple w i r e  could have been p u l l e d  by t h e  rocks  du r ing  t h e  

load ing  p rocess .  Therefore ,  t h e  measured rock  c e n t e r  tempera ture  p red ic-  

t i o n s  are w i t h i n  t h e  u n c e r t a i n t i e s  o f  t h e  p r e d i c t e d  ones (which can be  as 

h igh  as r t25"F).  

In t h e  la t ter ,  the h igh  

It can be  seen  i n  F igure  4-4 t h a t  t h e  

In  Figure  4-5 t h e  d i f f e r e n c e  between t h e  p r e d i c t e d  

The i n c o n s i s t e n c i e s  i n  t h e  r e s u l t s  are b e l i e v e d  t o  b e  caused by 

* 

Figures  4-6 and 4-7 show two cases where t h e  p r e d i c t e d  rock  c e n t e r  

These tempera tures  w e r e  w i t h i n  2 p e r c e n t  of  t h e  measured tempera tures .  

cases had cons ide rab ly  h i g h e r  f l u i d  c o o l i n g  rates of 60°F/hr and 50°F/hr ,  

r e s p e c t i v e l y .  A similar agreement between the exper imenta l  and p r e d i c t e d  

r e s u l t s  w a s  observed f o r  Rocks #4, 5, and 6. 

It is  impor tant  t o  mention t h a t  t h e  t i m e  dependence c o r r e c t i o n s  f o r  
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t h e  conduct ion pa th  l e n g t h s  g iven by Eq. 3.24 were n o t  used s i n c e  t h e  

small c o n t r i b u t i o n  of  t h e  f i n a l  coo l ing  ra te  s t e p s  ( i .e .  , when ( t -g)  + O )  

made n e g l i g i b l e  t h e  e r r o r s  i n c u r r e d  by t h e  one-lump s o l u t i o n  a t  t h e  e a r l y  

s t a g e s  of t h e  c o o l i n g  p rocess .  

more a c c u r a t e  than  expected when i t  w a s  used w i t h  t h e  s u p e r p o s i t i o n  tech-  

n ique  f o r  v a r i a b l e  f l u i d  c o o l i n g  rate  c o n d i t i o n s .  

This  e f f e c t  made t h e  one-lump s o l u t i o n  

A sample c a l c u l a t i o n  of  t h e  s u p e r p o s i t i o n  technique u s i n g  the  one- 

The s i m p l i c i t y  of t h e  one-lump lump s o l u t i o n  i s  shown i n  Appendix C . l .  

s o l u t i o n  makes t h e  computa t ional  procedure easy enough t o  do wi th  a hand 

c a l c u l a t o r .  

p u t e r  program is  a v a i l a b l e  i n  Appendix B.4. 

I f  a c o n s i d e r a b l e  amount of c a l c u l a t i o n s  is  needed, a com- 

4 . 3  Parametric S t u d i e s  of t h e  Local  Rock Energy Ex t rac ted  F r a c t i o n  f o r  

a C o l l e c t i o n  of Rocks 

The purpose of t h i s  s e c t i o n  i s  t o  s tudy  t h e  e f f e c t  of impor tant  pa- 

rameters on t h e  l o c a l  rock energy e x t r a c t e d  f r a c t i o n  f o r  a c o l l e c t i o n  of 

rocks .  I n  performing t h e  pa ramet r i c  s t u d i e s ,  t h r e e  h y p o t h e t i c a l  frequency 

d i s t r i b u t i o n s  were assumed, namely, rock volume v normally d i s t r i b u t e d ,  

and e q u i v a l e n t  sphere  r a d i u s  

t r i b u t e d .  

S e c t i o n  3.5.3 and given by E q s .  3.36 and 3.37 ,  r e s p e c t i v e l y .  

Rs , both  normally and e x p o n e n t i a l l y  d i s-  

The normal and exponen t i a l  d i s t r i b u t i o n s  were desc r ibed  i n  

A c o n s t a n t  f l u i d  c o o l i n g  rate w a s  assumed i n  e v a l u a t i n g  t h e  l o c a l  

rock energy e x t r a c t e d  f r a c t i o n  f o r  t h e  h y p o t h e t i c a l  d i s t r i b u t i o n s  selec: 

t e d .  It w a s  a l s o  assumed t h a t  t h e  f l u i d  temperature  is  uniform throughout 

t h e  space occupied by a r e p r e s e n t a t i v e  sample of  t h e  c o l l e c t i o n  of  rocks  

b e i n g  cons ide red .  Equation 3.22 w a s  used f o r  t h e  i n d i v i d u a l  r o c k s ,  and 

Eq. 3.30 f o r  the  c o l l e c t i o n  of  rocks .  A sample c a l c u l a t i o n  i s  given i n  

Appendix C . 2 .  
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4 .3 .1  E f f e c t  of Rock Mean S i z e  

A c o l l e c t i o n  of  s p h e r i c a l  rocks  wi th  volume normally d i s t r i b u t e d  w a s  

s e l e c t e d  t o  s tudy  t h e  e f f e c t  of t h e  rock  mean s i z e  on t h e  energy extrac- 

t e d  f r a c t i o n .  F igu re  4-8 shows t h e  r e s u l t s  f o r  t h r e e  d i f f e r e n t  mean 

s i z e s  ( a r i t h m e t i c ) .  A s  expla ined  i n  Sec t ion  3.5.3, t h e  va lues  o f  t h e  

s t anda rd  d e v i a t i o n  w a s  s e l e c t e d  t o  s i m u l a t e  maximum d i s p e r s i o n .  

lowing main p o i n t s  can b e  observed: 

The f o l-  

( a )  The t i m e  r e q u i r e d  t o  ach ieve  a c e r t a i n  energy e x t r a c t e d  f r a c t i o n  

is  p r o p o r t i o n a l  t o  t h e  squa re  o f  t h e  mean rock  r a d i u s .  Thus, t o  ach ieve  

a va lue  of  t h e  energy e x t r a c t e d  f r a c t i o n  equa l  t o  0 . 7 8 ,  t h e  c o l l e c t i o n  of  

rocks  w i t h  mean s i z e  equa l  t o  10  f t  r e q u i r e s  1,000 hours ,  whereas t h e  one 

w i t h  a mean s i z e  o f  100 f t  r e q u i r e s  100,000 hours .  

w a s  c l e a r l y  seen  i n  Sec t ion  3 .2  f o r  i n d i v i d u a l  rocks .  From F igure  3-8 i t  

i s  seen  t h a t  f o r  a given v a l u e  of  t h e  B io t  number, t h e  energy e x t r a c t e d  

f r a c t i o n  depends on t h e  F o u r i e r  number, which is  i n v e r s e l y  p r o p o r t i o n a l  

t o  t h e  square  o f  t h e  rock  r a d i u s .  

This  p r o p o r t i n a l i t y  

(b) I f  enough f r a c t u r i n g  can be achieved t o  produce a mean v a l u e  of 

t h e  rock  r a d i u s  on t h e  o r d e r  of  10  f t ,  t h e  energy s t o r e d  i n  t h e  rock  col-  

l e c t i o n  can be t o t a l l y  e x p l o i t e d  i n  one t o  two y e a r s  under t h e  i d e a l i z e d  

cond i t ions  assumed. However, i f  t h e  f r a c t u r i n g  produced a mean rock  ra- 

d i u s  on t h e  o r d e r  of 100 f t ,  t h e  t i m e  r e q u i r e d  t o  e x p l o i t  e f f i c i e n t l y  t h e  

energy s t o r e d  i n  t h e  c o l l e c t i o n  of  rocks  ranges  from 30 t o  100 y e a r s .  No- 

t i ce  t h a t  w i t h a r o c k  mean r a d i u s  of  about  0 . 1  f t ,  which i s  t h e  range  of 

s i z e s  i n  t h e  SGP r e s e r v o i r  model, t h e  r o c k  energy can b e  completely ex- 

t r a c t e d  i n  less than  one day ( see  top  l e f t  co rne r  i n  F igu re  4- 8 ) .  Not ice  

a l s o  t h a t  i f  t h e  geothermal  f l u i d  i n  a r e s e r v o i r  w i th  a rock  mean s i z e  on 
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t h e  o r d e r  of 1000 f t  is  cooled i n  30 y e a r s ,  less than  10 p e r c e n t  of t h e  

energy s t o r e d  i n  t h e  rock would be e x t r a c t e d .  

4.3.2 

The e f f e c t  of t h e  rock mean s i z e  on t h e  l o c a l  energy e x t r a c t e d  f r a c-  

E f f e c t  of Rock S i z e  D i s t r i b u t i o n  and Dispers ion  

t i o n  w a s  observed i n  Sec t ion  4.3 .1 .  

on t h e  mean rock s i z e .  

s i z e s  from t h e  mean v a l u e ,  t h r e e  d i f f e r e n t  s i z e  d i s t r i b u t i o n s  were s t u-  

d i e d ,  a l l  of them wi th  a mean e q u i v a l e n t  sphere  r a d i u s  of  100 f t  and 

s p h e r i c i t y  equa l  t o  one: rock volume normally d i s t r i b u t e d ,  and equiva-  

l e n t  sphere  r a d i u s  both  normally and e x p o n e n t i a l l y  d i s t r i b u t e d .  

s u l t s  are shown i n  F igure  4-9, and t h e  d i s t r i b u t i o n s  are schemat ica l ly  

desc r ibed  i n  t h e  top l e f t  c o r n e r .  

served:  

a f f e c t s  t h e  energy e x t r a c t e d  f r a c t i o n .  The d i f f e r e n c e  between Rs nor- 

mally d i s t r i b u t e d  and v normally d i s t r i b u t e d  is  t h a t ,  a l though t h e  rock  

volumes can be h i g h l y  d i s p e r s e d  from i ts  mean v a l u e ,  t h e  d i s p e r s i o n  i n  

terms of t h e  rock r a d i u s  i s  p r o p o r t i o n a l  t o  t h e  cub ic  r o o t  of t h e  d i s p e r-  

s i o n  i n  volume. There fo re ,  a c o l l e c t i o n  of rocks  w i t h  t h e  normal d i s t r i -  

bu t ion  i n  rock r a d i u s  h a s  t h e  g r e a t e s t  p r o p o r t i o n  of l a r g e  r o c k s ,  as com- 

pared t o  t h e  normal d i s t r i b u t i o n  i n  volume. Accordingly,  t h e  former 

It w a s  seen  t o  depend s i g n i f i c a n t l y  

To s tudy  t h e  e f f e c t  of  t h e  d i s p e r s i o n  of  rock 

The re- 

The fo l lowing  main p o i n t s  can be ob- 

Rs , t h e  s i z e  d i s t r i b u t i o n  s t r o n g l y  f o r  a g iven mean v a l u e  of 

d i s t r i b u t i o n  r e s u l t s  i n  lower energy e x t r a c t e d  f r a c t i o n s  than  t h e  l a t t e r  

a t  a given t i m e .  

d i s t r i b u t i o n  i n  which t h e  p r o b a b i l i t y  of  having more and b igger  rocks  i s  

l a r g e r  than  i n  t h e  normal d i s t r i b u t i o n  ( t h e  f requency of l a r g e  rock r a d i u s  

decays on ly  wi th  t h e  f i r s t  power of t h e  radius- - see  Eq. 3.37--whereas i n  

t h e  normal d i s t r i b u t i o n  i t  decays w i t h  t h e  second power, Eq. 3 . 3 6 ) .  

The same s i t u a t i o n  is  observed w i t h  t h e  e x p o n e n t i a l  
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The e f f e c t  of t h e  rock  s i z e  d i s t r i b u t i o n  on t h e  energy e x t r a c t e d  

f r a c t i o n  can  b e  c l e a r l y  seen  i n  terms of  the s i z e  d i s p e r s i o n  as measured 

by t h e  s t anda rd  d e v i a t i o n .  I n  t h e  c a s e  of t h e  equ iva len t  sphe re  r a d i u s  

t h e  s t anda rd  d e v i a t i o n  is 0- = 30.7 f t  whereas i n t h e e x p o n e n t i a l  d i s -  
RS - 

t r i b u t i o n  0- = Rs = 100 f t  . A s  i t  was d i scussed  i n  Sec t ion  3.5.2, t h e  

h ighe r  d i s p e r s i o n  of t h e  exponen t i a l  d i s t r i b u t i o n  r e s u l t s  i n  a l a r g e r  
RS 

bu lk- ef fec t ive  r a d i u s  f o r  t h e  c o l l e c t i o n  o f  rocks ,  and t h e r e f o r e  longe r  

conduction p a t h  l e n g t h s ,  . i . e . ,  lower rock  energy e x t r a c t e d  f r a c t i o n s .  

4.3 .3  E f f e c t  of S p h e r i c i t y  

A normal d i s t r i b u t i o n  ( i n  Rs ) wi th  mean equ iva len t  sphe re  r a d i u s  

equa l  t o  100 f t  and a s t anda rd  d e v i a t i o n  of  30.7 f t  w a s  s e l e c t e d  i n  analyz-  

i n g  t h e  e f f e c t  of rock  shape  on t h e  l o c a l  energy e x t r a c t e d  f r a c t i o n  f o r  a 

c o l l e c t i o n  of  rocks .  

complete rock  c o l l e c t i o n .  

A mean v a l u e  of t h e  s p h e r i c i t y  w a s  assumed f o r  t h e  

The components of  t h e  c o l l e c t i o n  wi th  equiva- 

l e n t  sphe re  r a d i i  

equa l  t o  (Eq. 3.18) : 

RsYi w i l l  have a n  e f f e c t i v e  r a d i u s  f o r  h e a t  t r a n s f e r  

S ince  t h e  t i m e  r e q u i r e d  t o  ach ieve  a g iven  energy e x t r a c t e d  f r a c t i o n  i s  

p r o p o r t i o n a l  t o  t h e  squa re  of  t h e  mean r a d i u s ,  t h e  curves  o f  F v s  
EYC - 

t i m e  w i l l  be d i sp l aced  i n  t i m e  from t h e  curve  of 

t h a t  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  squa re  of t h e  s p h e r i c i t y .  

t h i s  e f f e c t ,  t h r e e  rock  c o l l e c t i o n s  were cons idered .  A l l  of them are 

normally d i s t r i b u t e d  i n  Rs 

t i o n  0- = 30.7 f t .  One of  them i s  a c o l l e c t i o n  of  s p h e r i c a l  rocks ,  i.e., 

s p h e r i c i t y  equal  t o  u n i t y ,  and t h e  o t h e r  two are s l a b s  wi th  s p h e r i c i t i e s  

$K = 1.0 i n  an  amount 

To s tudy  

equal  t o  100 f t  and t h e  same s t anda rd  devia-  

RS 
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of 0.7 and 0 . 4 2  r e s p e c t i v e l y .  

t o  a p ropor t ion  of t h e  t h r e e  dimensions as i l l u s t r a t e d  i n  t h e  top l e f t  

co rne r  of F igu re  4-10. 

ach ieve  a given v a l u e  of  t h e  energy e x t r a c t e d  f r a c t i o n  i s  p r o p o r t i o n a l  t o  

t h e  squa re  of t h e  s p h e r i c i t y .  Not ice ,  f o r  example, t h a t  t h e  t i m e  r equ i r ed  

t o  ach ieve  a n  energy e x t r a c t e d  f r a c t i o n  of  0.6 f o r  a s p h e r i c i t y  o f  0 .7  i s  

approximately one-half of that: f o r  a s p h e r i c i t y  of  1 .0 .  

These v a l u e s  of  t h e  s p h e r i c i t y  correspond 

A s  s een  i n  F igu re  4-10 t h e  t i m e  r e q u i r e d  t o  

The p h y s i c a l  s i g n i f i c a n c e  of  t h e  s p h e r i c i t y  w a s  d i scussed  i n  Sec t ion  

3 .5 .2  when t h e  concept  of b u l k- e f f e c t i v e  r a d i u s  w a s  in t roduced .  A low 

v a l u e  of  t h e  s p h e r i c i t y  means s h o r t e r  conduct ion  p a t h  l e n g t h s  ( sma l l e r  

b u l k- e f f e c t i v e  r a d i u s ) ,  and t h e r e f o r e  h ighe r  rock  energy e x t r a c t e d  f r ac-  

t i o n s  f o r  a g iven  t i m e .  

4.3.4 

The parametr ic  s t u d i e s  eva lua t ed  t h e  e f f e c t s  of  t h e  rock s i z e ,  s i z e  

E f f e c t  of  Var i ab le  F l u i d  Cooling Rate 

d i s t r i b u t i o n  and d i s p e r s i o n ,  and rock  shape  f o r  c o n s t a n t  f l u i d  coo l ing  

ra te .  A geothermal f l u i d  cools  acco rd ing  t o  t h e  ba lance  of t h e  energy 

o f  t h e  produced and recharge  f l u i d s  and t h e  h e a t  t r a n s f e r  from t h e  h o t  

rock .  

f l u i d  cooldown h i s t o r y .  

s i z e  of  t h e  rocks  and by l e t t i n g  t h e  product ion  and recharge  rates be  

such t h a t  given f l u i d  cooldown h i s t o r i e s  are ob ta ined .  

Three d i f f e r e n t  f l u i d  cooldown h i s t o r i e s  were s e l e c t e d  f o r  t h i s  s tudy  

The t o t a l  h e a t  t r a n s f e r  from t h e  rock ,  i n  t u r n ,  depends on t h e  

This  e f fec t  w a s  s t u d i e d  s e p a r a t e l y  by f i x i n g  t h e  

as shown i n  t h e  r i g h t  bot tom co rne r  of  F i g u r e  4-11. The i n i t i a l  tempera- 

t u r e  ( rock  and f l u i d )  was assumed t o  be 500'F and t h e  f i n a l  f l u i d  tempera- 

t u r e  200'F. 

c a l c u l a t i o n s .  

Constant  coo l ing  r a t e  i n t e r v a l s  were used t o  s i m p l i f y  t h e  

The l o c a l  energy e x t r a c t e d  f r a c t i o n  was evalua ted  f o r  a 

9 3  
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c o l l e c t i o n  of s p h e r i c a l  rocks  wi th  a r a d i u s  e q u a l  t o  100 f t  ( t ime  con- 

s t a n t  T = 2 y e a r s ) .  F igu re  4-11 shows the r e s u l t s  of t h e  energy ex- 

t r a c t e d  f r a c t i o n  as a f u n c t i o n  of t i m e  f o r  t h r e e  f l u i d  coo l ing  pa ths .  

fo l lowing main p o i n t s  can be observed: 

e 

The 

( a )  The energy e x t r a c t e d  f r a c t i o n  does n o t  depend on t h e  f l u i d  cool-  

i n g  ra te  i t s e l f  b u t  r a t h e r  on changes i n  t h e  coo l ing  rate. 

seen  t h a t  t h e  energy e x t r a c t e d  f r a c t i o n  i s  t h e  same f o r  t h e  t h r e e  f l u i d  

cooldown pa ths  f o r  times less than  10 yea r s .  A f t e r  10 y e a r s  i t  i s  ob- 

served  t h a t  when t h e  f l u i d  coo l ing  ra te  dec reases  i n  curve  number (11, 

t h e  energy e x t r a c t e d  f r a c t i o n  i n c r e a s e s .  The reason f o r  t h i s  i s  t h a t  t h e  

rocks  have more t i m e  t o  a d j u s t  t o  changes i n  t h e  f l u i d  temperature.  

oppos i t e  occurs  when t h e  f l u i d  c o o l i n g  r a t e  increases i n  curve  number ( 2 )  

a f t e r  20 y e a r s .  I n  t h i s  case, t h e  rock  does n o t  have as much t i m e  t o  ad- 

j u s t  t o  f l u i d  tempera ture  changes. Not ice  t h a t  i t  t akes  about  f o u r  y e a r s  

(two t i m e  c o n s t a n t s )  f o r  t h e  rocks  t o  a d j u s t  t o  a quasi- steady s t a t e  of 

t h e  energy e x t r a c t e d  f r a c t i o n  fo l lowing a change i n  f l u i d  coo l ing  rate .  

It can be  

The 

(b) To o b t a i n  a h ighe r  energy e x t r a c t e d  f r a c t i o n ,  a dec reas ing  f l u i d  

coo l ing  ra te  i s  p r e f e r r e d  t o  an i n c r e a s i n g  one. 

f r a c t i o n  i s  about  0.87 f o r  p a t h  number ( 2 ) ,  whereas i t  i s  0.97 f o r  p a t h  

number (1) a t  a t i m e  equa l  t o  30 y e a r s .  The tempera ture  of  t h e  rock  ac- 

The energy e x t r a c t e d  

cumulat ive l a g s  from t h e  f l u i d  tempera ture  when t h e  f l u i d  coo l ing  r a t e  

i n c r e a s e s ,  and consequent ly  low rock  energy e x t r a c t e d  f r a c t i o n s  r e s u l t .  

4.4 E f f e c t  of  t h e  Var i ab le  F l u i d  Cooling Rate on t h e  Reservoi r  Energy 

F r a c t i o n  Produced 

To s tudy  t h e  e f f e c t  o f  t h e  v a r i a b l e  f l u i d  coo l ing  rate on t h e  reser- 

v o i r  energy f r a c t i o n  produced, t h e  same procedure fol lowed i n  Sec t ion  
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4.3.4 w a s  used. 

of a c o l l e c t i o n  of  rocks  t o  perform t h e  a n a l y s i s ,  t h e  t o t a l  r e s e r v o i r  

volume w a s  cons idered .  To s i m p l i f y  c a l c u l a t i o n s ,  i t  w a s  assumed t h a t  t h e  

However, i n s t e a d  of c o n s i d e r i n g  a r e p r e s e n t a t i v e  sample 

rocks  are s p h e r i c a l  w i t h  a r a d i u s  e q u a l  t o  100 f t ,  and t h a t  t h e  f l u i d  t e m-  

p e r a t u r e  is  uniform throughout  t h e  r e s e r v o i r  volume. Thus, t h e  l o c a l  rock  

energy e x t r a c t e d  f r a c t i o n  becomes t h e  same as  t h e  r e s e r v o i r  rock  energy 

e x t r a c t e d  f r a c t i o n ,  and t h e  mean f l u i d  tempera ture  i s  equa l  t o  t h e  f l u i d  

tempera ture  a t  any l o c a t i o n .  

i s  s m a l l ,  and t h a t  t h e r e  i s  no r echa rge  o f  f l u i d .  Therefore ,  t h e  s t o r a g e  

r a t i o  is  small and Eq .  3.49 can b e  used t o  c a l c u l a t e  t h e  r e s e r v o i r  energy 

f r a c t i o n  produced. The r e f e r e n c e  tempera ture  T2 w a s  s e l e c t e d  as t h e  

f i n a l  f l u i d  tempera ture ,  i .e .  200°F. 

Bes ides ,  i t  w a s  assumed t h a t  t h e  p o r o s i t y  

F i g u r e  4-12 shows t h e  r e s u l t s  f o r  t h e  t h r e e  f l u i d  cooldown h i s t o r i e s  

cons idered  i n  Sec t ion  4 .3 .4 .  The fo l lowing p o i n t s  can be observed:  

(a) The r e s e r v o i r  energy f r a c t i o n  produced depends on t h e  magnitude 

of t h e  f l u i d  coo l ing  rate mainly because  t h e  f l u i d  tempera ture  drop f r a c-  

t i o n  i s  a f f e c t e d  by t h e  coo l ing  rate i t s e l f .  

f r a c t i o n  w i l l  i n c r e a s e  wi th  t h e  c o o l i n g  rate r e s u l t i n g  i n  h ighe r  energy 

f r a c t i o n  produced, acco rd ing  t o  Eq.  3 .49 .  

The f l u i d  tempera ture  drop 

(b) The r e s e r v o i r  energy f r a c t i o n  produced a l s o  depends on t h e  varia- 

t i o n s  i n  t h e  f l u i d  c o o l i n g  rate because  t h e  energy e x t r a c t e d  f r a c t i o n  de- 

pends on t h e  v a r i a t i o n s  i n  f l u i d  c o o l i n g  r a t e .  For example, a t  a t i m e  

e q u a l  t o  24 y e a r s  pa th  number ( 2 )  has  reached a f l u i d  temperature drop 

f r a c t i o n  of 0 .6 ,  whereas t h e  increase i n  f l u i d  c o o l i n g  ra te  reduced t h e  

rock  energy e x t r a c t e d  f r a c t i o n  from about  0.92  t o  0.8,  i . e . ,  1 3  p e r c e n t  

l e s s  than  i f  t h e  coo l ing  ra te  had n o t  changed. 
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(c)  A t  t h e  end of the  product ion pe r iod ,  t h e  r e s e r v o i r  energy f r a c-  

t i o n  produced i s  e q u a l  t o  t h e  r e s e r v o i r  rock energy e x t r a c t e d  f r a c t i o n ,  

because t h e  f l u i d  h a s  been cooled t o  t h e  r e f e r e n c e  temperature 

e q u a l  to 200°F. 

T2 

4.5 Experimental  Reservoir  Rock Energy Ex t rac ted  F r a c t i o n  - 

The r e s e r v o i r  rock energy e x t r a c t e d  f r a c t i o n  eva lua ted  from exper i-  

menta l  d a t a  obta ined dur ing  t h e  t h i r d  experiment w a s  compared t o  t h e  pre- 

d i c t e d  r e s u l t s  from t h e  model developed i n  Chapter 3 .  The temperature  o f  

t h e  f l u i d  was maintained uniform throughout t h e  r e s e r v o i r  ( s e e  F i g .  4- 3 )  

d u r i n g  t h i s  experiment t o  enab le  t h e  r e s e r v o i r  rock energy e x t r a c t e d  f r a c-  

t i o n  t o  be r e a d i l y  c a l c u l a t e d  f o r  t h e  c o l l e c t i o n  of rocks  w i t h  known 

c h a r a c t e r i s t i c s  conta ined i n  t h e  SGP l a r g e  r e s e r v o i r  model. 

Table 4-2 shows t h e  p r e d i c t e d  and measured r e s e r v o i r  rock energy ex- 

t r a c t e d  f r a c t i o n s  f o r  t h e  l a s t  t h r e e  measurements of t h e  experiment assum- 

i n g  a n  average  product ion steam q u a l i t y  of 65 p e r c e n t .  

t h a t  t h e  es t ima ted  u n c e r t a i n t i e s  f o r  t h e  exper imenta l  r e s u l t s  a r e  substan-  

t i a l ,  whi le  t h e  u n c e r t a i n t i e s  i n  t h e  p r e d i c t i o n s  are r e l a t i v e l y  small. 

The procedure  fol lowed i n  e v a l u a t i n g  the  exper imenta l  r e s u l t s  and cor re-  

sponding u n c e r t a i n t i e s  is d e s c r i b e d  i n  Appendix C . 4 .  The u n c e r t a i n t i e s  

i n  t h e  p r e d i c t e d  r e s e r v o i r  rock  energy e x t r a c t e d  f r a c t i o n  are eva lua ted  

i n  Appendix C.6. 

It is  observed 

Table 4- 3 shows t h e  exper imenta l  u n c e r t a i n t i e s  f o r  each one of t h e  

measured v a r i a b l e s  involved i n  e v a l u a t i n g  t h e  exper imenta l  r e s e r v o i r  rock 

energy e x t r a c t e d  f r a c t i o n .  Not ice  t h a t  t h e  major c o n t r i b u t o r s  t o  t h e  

l a r g e  u n c e r t a i n t y  are t h e  p roduc t ion  f l u i d  en tha lpy ,  t h e  i n j e c t i o n  f l u i d  

en tha lpy ,  and the  s p e c i f i c  heat of t h e  rock.  
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TABLE 4-2 

Measured and P red ic t ed  Reservoi r  Rock Energy Ext rac ted  F r a c t i o n  
- 
F Measured T ime  

E,c 
- 
F Pred ic t ed  

EYC 

0.98 t 0 .03  

0.99 5 0.02 

0.98 * 0.03  
r - 

1 . 7 5  0 .64  1.3 

2.25 0.93 f 1 . 4  

2.75 0.92 t 1 . 5  

J 

The r e l a t i v e l y  n e g l i g i b l e  u n c e r t a i n t y  i n  t h e  p r e d i c t e d  energy ex- 

t r a c t e d  f r a c t i o n  i s  c o n t r o l l e d  by t h e  u n c e r t a i n t y  i n  t h e  mean rock  t o  

f l u i d  tempera ture  d i f f e r e n c e ,  as i l l u s t r a t e d  i n  Appendix C.7.  

given  by 

It i s  

i 

6AT (1 - F ) 
m EYC - X 

AFE,c  ~ 

F AT - 
F m 

E,c E , c  

2 - 

Parameter  k 6x [* x 4 
t 

50 1 .0  ~ 

Product ion  en tha lpy  (Btu/lbm) 

I n j e c t i o n  en tha lpy  (Btu/lbm) 10 0 .14  

Rock s p e c i f i c  h e a t  (Btu/OF-lbm) 0.02 0 .74  
Time  ( h r )  0.02  0.1 

0.2 Rest of parameters  - 

C l e a r l y ,  even i f  t h e  p r e d i c t i o n  o f  AT 

t a i n t y  i n  AT 

s i n c e  F is some number c l o s e  t o  u n i t y ,  t h e  u n c e r t a i n t y  i n  F 

s e l f  i s  ve ry  l o w .  

i s  n o t  very  c e r t a i n  ( t h e  uncer-  m 

i s  about  t 3 0  p e r c e n t ,  as eva lua t ed  i n  Appendix A.31, m 
- - 

it- 
EYC E , c  
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The r e s u l t s  of t h i s  e v a l u a t i o n  show t h a t  complete v e r i f i c a t i o n  of h e a t  

t r a n s f e r  model u s ing  t h i s  procedure w i l l  r e q u i r e  improvements i n  t h e  equip- 

ment such t h a t  product ion  and i n j e c t i o n  f l u i d  e n t h a l p i e s  can be  measured 

wi th  an accuracy  of  ? 5 p e r c e n t .  

measured and c a l c u l a t e d  rock  tempera ture  t r a n s i e n t s  showed good agreement 

and t h e r e  is  no r eason  why t h i s  p r e s e n t  comparison should n o t  be  e q u a l l y  

good if adequate  d a t a  were a v a i l a b l e .  

4.6  Cold-Water Sweep Process  

However, t h e  earlier comparison of  

4.6.1 

The one-dimensional a n a l y t i c a l  model f o r  t h e  cold-water sweep pro-  

Experimental  V e r i f i c a t i o n  of t h e  Model 

cess as de r ived  i n  S e c t i o n  3 . 7 ,  w a s  compared t o  exper imenta l  d a t a  ob ta ined  

d u r i n g  t h e  second experiment .  

approximately one-dimensional and t h e  tempera ture  can b e  cons idered  uni- 

form i n  t h e  h o r i z o n t a l  p l ane .  

The f l u i d  f low i n  t h e  r e s e r v o i r  model i s  

The r e s e r v o i r  w a s  i n i t i a l l y  a t  a uniform tempera ture  o f  4 6 0  OF and 

wa te r  was i n j e c t e d  a t  t h e  bot tom of t h e  r e s e r v o i r  model a t  an approxi-  

mately c o n s t a n t  tempera ture  of 70'F. 

had t o  d i s p l a c e  t h e  h o t  water occupying t h e  p i p e  l i n e  between t h e  i n j e c-  

t i o n  pump and t h e  r e s e r v o i r  i t s e l f ,  t h e  cold-water f r o n t  a c t u a l l y  reached 

t h e  i n j e c t i o n  p o i n t  about  30 minutes a f t e r  t h e  experiment was i n i t i a t e d .  

Then, f o r  t h e  purposes of t h e  comparison wi th  t h e  a n a l y t i c a l  model predic-  

t i o n s ,  t h e  experiment  a c t u a l l y  s t a r t e d  a t  a t i m e  equa l  t o  30 minutes.  

The i n j e c t i o n  and product ion  rates  were mainta ined  cons t an t  a t  approxi-  

Since  t h e  co ld  f l u i d  be ing  i n j e c t e d  

mately 133 l b / h r .  

Table 4-4 p r e s e n t s  a summary of t h e  parameters  o f  t h e  experiment .  

The important  non-dimensional parameters  are noted  wi th  an  a s t e r i s k .  The 

c a l c u l a t i o n  of  t h e  number of  t r a n s f e r  u n i t s  

p re sen ted  i n  some de t a i l  t o  i l l u s t r a t e  t h e  p rocess .  

Ntu f o r  t h e  experiment i s  
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TABLE 4-4 

Summary of Numerical Input to the Cold-Water Sweep Heat Transfer Model 

Initial Reservoir Temperature T (OF) 

Temperature of Injected Water: $n (Ox) 

Production and Injection Flow Rates, I% (lb/hr) 

Reservoir Volume, VRe (ft3) 
Reservoir Cross Section, S (ft ) 
Reservoir Length, L (ft) 
External Heat Transfer, Qe (Btu) 
Electric Source Term in Qe (Btu) 
Heat Losses Term in 

* Reservoir Porosity, 4 (dimensionless) 

Qe (Btu) 

Density of Fluid, pf (lb/ft3) 
Density of Rock, pr (lb/ft3) 
Specific Heat of Fluid, cf (Btu/lb-'F) 
Specific Heat of Rock, cr (Btu/lb-"F) 

Darcy Velocity, vf (ft/hr) 
Sweepage Velocity, w (ft/hr) 
Residence Time, tre (hr 1 
Bulk-Effective Time Constant, Te (hr) 

Rock Bulk-Effective Radius, Re,, (ft) 
- 

k Heat Capacity Ratio, c * (dimensionless) 
k Storage Ratio, y (dimensionless) 
k Modified Storage Ratio, ymo (dimensionless) 
k Number of Transfer Units, Ntu (dimensionless) 
k External Heat Transfer Parameter, g* (dimensionless) 

460 
70 
133 
0.42 
16.57 
3.27 
5.08 
115,151 
59,746 
56,455 
0.152 

54 .O 
164.8 
1.0 
0.218 

0.7 
1.59 
3.19 
0.058 

0.62 
1.17 
0.52 
55 

0.33 

% Stars indicate important non-dimensional parameters. 

The bulk-effective radius was calculated using Eqs. 3.32 and 3.34. 

Using the mean value of Kuo's sphericity of 0.83 estimated earlier and the 

'Rs, i frequencies p(RsYi) for each rock size 

effective radius was calculated to be 0.152 ft. 

from Figure 2-7, the bulk- 

The Biot number for a rock having the bulk-effective radius calcu- 

lated above and with a convection heat transfer coefficient of 300 Btu/ 

hr-ft2-OF is 32.6. A s  discussed in Section 3.1.1, this indicates that 

the rocks behaved as if the Biot number was infinity, and that most of 
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t h e  thermal r e s i s t a n c e  i s  l o c a t e d  i n s i d e  t h e  rock mass. The o v e r a l l  h e a t  

t r a n s f e r  c o e f f i c i e n t  Uo 

b u l k- e f f e c t i v e  t i m e  c o n s t a n t  w a s  c a l c u l a t e d  from Eq. 3.35 t o  b e  0.058 h r  

(3.5 min). 

given by E q .  3.8b i s  40 Btu/hr-f t2-"F.  The 

The r e s i d e n c e  t i m e  i s  c a l c u l a t e d  from E q .  3.53 t o  be 3.14 h r s .  The 

number of t r a n s f e r  u n i t s  f o r  t h e  experiment i s  simply t h e  r a t i o  of t h e  

res idence  t i m e  and the  b u l k- e f f e c t i v e  time c o n s t a n t  according t o  Eq .  3.55 

and becomes 55. 

It can be  observed from Table 4-4 t h a t  t h e  s t o r a g e  r a t i o  i s  1 . 1 7 ,  

which means t h a t  t h e  energy s t o r e d  i n  t h e  f l u i d  i s  1 7  pe rcen t  l a r g e r  than  

t h e  energy s t o r e d  i n  t h e  rock .  Th i s  i s  t h e  r e s u l t  of t h e  r e l a t i v e l y  h igh 

p o r o s i t y  (42 p e r c e n t )  of t h e  exper imenta l  rock system. 

The magnitude of t h e  non-dimensional e x t e r n a l  h e a t  t r a n s f e r  param- 

e t e r  given i n  Table 4-4 shows t h a t  a s i g n i f i c a n t  amount of energy w a s  

t r a n s f e r r e d  from t h e  v e s s e l  s t ee l  w a l l  t o  t h e  f l u i d .  The s teel  w a l l  

c o o l s  approximately as t h e  rock conta ined i n s i d e  the  v e s s e l .  

t h e  e x t e r n a l  h e a t  t r a n s f e r  parameter  cannot b e  considered uniform through- 

out  t h e  r e s e r v o i r  l e n g t h ;  r a t h e r ,  i t  varies f o r  d i f f e r e n t  e l e v a t i o n s  of  

the  r e s e r v o i r .  A t  a g iven e l e v a t i o n ,  t h e  h e a t  t r a n s f e r  from t h e  s tee l  

w i l l  a l s o  vary  w i t h  t i m e  s i m i l a r l y  t o  t h e  h e a t  t r a n s f e r  from t h e  rock.  

There fo re ,  

Also,  t h e  magnitudes of t h e  terms i n  t h e  h e a t  t r a n s f e r  parameter  i n  Table 

4-4 show t h a t  t h e  e l e c t r i c  source  term i s  approximately t h e  same as t h e .  

h e a t  l o s s e s  term. Thus, t h e  energy r e l e a s e d  as a r e s u l t  of t h e  dec rease  

i n  s t e e l  w a l l  temperature  went t o  t h e  f l u i d .  

w a l l  can be assumed t o  respond t o  f l u i d  temperature  changes a t  t h e  same 

r a t e  a s  t h e  rock ( t i m e  c o n s t a n t  f o r  t h e  s t e e l  w a l l  z 0.01 h r ) .  These 

The temperature  of t h e  s t ee l  
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obse rva t ions  were used t o  formula te  a modif ied sweep p rocess  h e a t  trans-  

f e r  model i n  which t h e  s tee l  w a l l  i s  lumped i n  wi th  t h e  rock.  

The mass of t h e  s tee l  vessel was  assumed t o  be uniformly d i s t r i b u t e d  

This  e q u i v a l e n t  rock  mass is  206.8 lbm/ throughout  t h e  r e s e r v o i r  volume. 

f t  . I n  Appendix C.8, a p p r o p r i a t e  changes t o  t h e  a n a l y s i s  performed i n  

Appendix B.9 were made t o  account  f o r  t h e  a d d i t i o n a l  energy s t o r e d  i n  t h e  

s tee l  w a l l .  

t h e  f l u i d  t o  t h a t  s t o r e d  i n  t h e  rock  and s t e e l )  becomes 0.52 i n s t e a d  of 

t h e  1 . 1 7  found earl ier .  This  means t h a t  t h e  energy s t o r e d  i n  t h e  metal 

r e p r e s e n t s  56 pe rcen t  o f  t h e  t o t a l  energy s t o r e d  i n  t h e  rocks  and t h e  

s tee l .  Also,  t h e  non-dimensional e x t e r n a l  h e a t  t r a n s f e r  parameter  can 

now b e  set  t o  zero ,  because t h e  h e a t  l o s s e s  and energy from t h e  e l e c t r i c  

3 

The modif ied s t o r a g e  r a t i o  ( r a t i o  of  t h e  energy s t o r e d  i n  

t ape  h e a t e r s  cancel each o t h e r  approximately.  

A n a l y t i c a l  p r e d i c t i o n  of  the f l u i d  tempera ture  was performed us ing  

t h e  procedure p re sen ted  i n  Sec t ion  3 . 7  and Appendices B.9  and C . 7 .  

u r e  4-11 shows t h e  exper imenta l  r e s u l t s  and t h e  a n a l y t i c a l  p r e d i c t i o n s  

(do t t ed  l i n e s ) .  

u r e  4-2 except  t h a t  t i m e  i s  p l o t t e d  a long t h e  a b s c i s s a  d i sp l aced  30 min- 

u t e s  (0.15 i n  non-dimensional u n i t s ) .  

Fig-  

These are t h e  same exper imenta l  d a t a  p re sen ted  i n  Fig- 

It i s  seen  i n  F igu re  4-13 t h a t  t h e  t i m e  a t  which t h e  non-dimensional 

f l u i d  tempera ture  starts t o  drop from i t s  i n i t i a l  v a l u e  of u n i t y  i s  longe r  

f o r  t h e  p r e d i c t i o n s  than  f o r  t h e  exper imenta l  r e s u l t s .  

time d e l a y  increases a t  l o c a t i o n s  c l o s e r  t o  t h e  top  of t h e  r e s e r v o i r  

(X* = 1 .0 ) .  

56 pe rcen t  of  t h e  t o t a l  energy b e i n g  r ece ived  by t h e  f l u i d  comes from t h e  

s tee l  w a l l .  This  means t h a t  t h e  f l u i d  i n  t h e  c e n t e r  of  t h e  vessel w i l l  

Moreover, t h i s  

The r eason  f o r  t h i s  d i f f e r e n c e  i s  expla ined  by r e c a l l i n g  t h a t  
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b e  c o o l e r  than t h a t  close t o  t h e  w a l l .  

l o c a t e d  a t  t h e  c e n t e r  ( see  F igure  2-15) tend t o  measure the  coo le r  f l u i d .  

This e f f e c t  was v e r i f i e d  a t  t h e  top of t h e  r e s e r v o i r  where one thermo- 

couple is l o c a t e d  a t  t h e  c e n t e r  of t h e  rock m a t r i x  near  t h e  top (thermo- 

couple 214 i n  F igure  2-15) and ano the r  one is l o c a t e d  i n  t h e  product ion 

l i n e  above t h e  rock matrix (thermocouple 110) .  The f l u i d  c l o s e  t o  t h e  

w a l l  mixes w i t h  the f l u i d  f lowing through t h e  c e n t e r  b e f o r e  i t  reaches  

thermocouple 110. The temperature measured by thermocouple 110 i s  a l s o  

given i n  F igure  4-11. Ev iden t ly ,  thermocouple 214 was measuring c o o l e r  

f l u i d  than  thermocouple 110,  i n d i c a t i n g  a two-dimensional temperature  

f i e l d  i n s t e a d  of t h e  one-dimensional assumed i n  t h e  a n a l y t i c a l  model. 

Accordingly,  t h e  thermocouples 

The measured f l u i d  temperature  drops more s lowly  than  t h e  p r e d i c t e d  

* 
a t  l o c a t i o n s  i n  t h e  lower h a l f  of t h e  r e s e r v o i r  (X <0.5). This i s  be- 

l i e v e d t o b e  caused by the  s i g n i f i c a n t  amount of energy s t o r e d  i n  t h e  heavy 

f l a n g e s  of t h e  lower head ( 3 6  percen t  of t h e  total mass of t h e  v e s s e l )  

as i n d i c a t e d  i n  F igure  2-15. 

- 

This r e s u l t s  i n  a h igher  c o n c e n t r a t i o n  of  

s teel  mass (approximately 372 l b / f t  3 ) and more energy r e l e a s e d  p e r  u n i t  

volume of steel and rock i n  t h i s  r eg ion  as compared t o  t h e  average.  

Numerical e s t i m a t e s  show t h a t  t h e  f l u i d  w i l l  receive approximately 44 per-  

c e n t  more energy from t h e  s tee l  and rock as compared t o  t h e  uniformly 

d i s t r i b u t e d  mass assumed i n  t h e  a n a l y s i s .  

Severa l  va lues  of t h e  number of t r a n s f e r  u n i t s  were t r i e d  i n  t h e  

a n a l y s i s  t o  determine  i f  a c o r r e c t  va lue  f o r  t h e  b u l k- e f f e c t i v e  r a d i u s  w a s  

used. 

ear l ier  i n  t h i s  s e c t i o n  fundamental ly changed t h e  shapes of t h e  tempera- 

ture  vs  t i m e  cu rves ,  whereas l a r g e r  values had on ly  a n e g l i g i b l e  e f f e c t  

It  w a s  found t h a t  v a l u e s  smaller than  t h e  va lue  of 55 computed 
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on t h e s e  curves .  It appears ,  t h e r e f o r e ,  c h a t  t h e  a c t u a l  b u l k- e f f e c t i v e  

r a d i u s  f o r  t h e  exper imenta l  rock system i s  very  c l o s e  t o  t h e  one d e t e r-  

mined by t h e  s t a t i s t i c a l  sampling of t h e  rocks  desc r ibed  i n  Chapter 2 .  

The e f f e c t  of t h e  number of t r a n s f e r  u n i t s  on t h e  energy e x t r a c t i o n  pro- 

cess i s  analyzed i n  d e t a i l  i n  t h e  fo l lowing  s e c t i o n .  

4.6.2  E f f e c t  of t h e  NtU on t h e  Energy E x t r a c t i o n  Process  

The r e s e r v o i r  number of t r a n s f e r  u n i t s  measures t h e  a b i l i t y  of t h e  

rocks  t o  t r a n s f e r  t h e  s t o r e d  thermal  energy t o  t h e  surrounding f l u i d .  

The development 

would produce high energy e x t r a c t e d  f r a c t i o n s .  

of t r a n s f e r  u n i t s  on t h e  energy e x t r a c t i o n  p rocess  i s  analyzed i n  t h i s  

s e c t i o n .  

eters are involved i n  i t s  d e f i n i t i o n ,  and what c o n d i t i o n s  govern i t s  mag- 

n i t u d e .  From t h e  d e f i n i t i o n  given by Eq. 3.55 i t  can be  seen t h a t  t h e  

fo l lowing  parameters would i n c r e a s e  t h e  number of t r a n s f e r  u n i t s :  

i n  Sec t ion  3.7 showed t h a t  l a r g e  number of t r a n s f e r  u n i t s  

The e f f e c t  of t h e  number 

Before s t a r t i n g  our  a n a l y s i s  i t  i s  u s e f u l  t o  r e c a l l  which param- 

1. Reduce t h e  r o c k- e f f e c t i v e  t i m e  c o n s t a n t  which can be seen from 

t h e  d e f i n i n g  equa t ion  (Eq. 3.35) t o  be  accomplished by: ( a )  re- 

ducing t h e  b u l k- e f f e c t i v e  r a d i u s  of t h e  rock c o l l e c t i o n ,  

(b) i n c r e a s i n g  t h e  convect ive  h e a t  t r a n s f e r  c o e f f i c i e n t .  

2 .  I n c r e a s e  t h e  f l u i d  r e s i d e n c e  t i m e  which can be  seen from t h e  

d e f i n i n g  equa t ion  (Eq. 3.53) t o  be  accomplished by: (a )  i n c r e a s-  

i n g  f r a c t u r e  p o r o s i t y ,  (b) reducing t h e  i n j e c t i o n  o r  product ion 

r a t e ,  ( c )  i n c r e a s i n g  d i s t a n c e  between w e l l s .  

A s e n s i t i v i t y  a n a l y s i s  w a s  performed t o  determine t h e  e f f e c t  of t h e  

number of  t r a n s f e r  u n i t s  on t h e  r e s e r v o i r  rock energy e x t r a c t e d  f r a c t i o n  

107 



- 
F , t h e  r e s e r v o i r  energy f r a c t i o n  produced F , and t h e  produced 

f l u i d  temperature  Tf ( l , t * ) .  These parameters  were def ined  i n  Sec- 

t i o n s  3.6.1 and 3.6.3 and were der ived  f o r  t h e  cold-water sweep process  

i n  Sec t ion  3 . 7 .  

E,c P * 

The computations were performed f o r  assumed f r a c t u r e  

p o r o s i t y  of 10 p e r c e n t ,  g r a n i t e  rock cooled by s a t u r a t e d  water  ( c  * = 

0.62 , y = 0.18), and zero  e x t e r n a l  h e a t  t r a n s f e r  f o r  all cases .  The 

number of t r a n s f e r  u n i t s  w a s  v a r i e d  from 5 t o  200. 

i n  F igures  4-14 through 4-16. 

The r e s u l t s  are given 

The number of t r a n s f e r  u n i t s  f o r  t h e  r e s u l t s  i n  F igure  4-14 is 5.0. 

It is  observed t h a t  t h e  r e s e r v o i r  rock energy e x t r a c t e d  f r a c t i o n  drops  

r a p i d l y  from 1.0 a t  t i m e  ze ro  t o  about  0.14 a t  t i m e  0.02. 

cu r s  because t h e r e  are n o t  enough t r a n s f e r  u n i t s  t o  r a p i d l y  cool  t h e  rock  

t o  t h e  f l u i d  temperature .  

t h a t  they  do n o t  have t i m e  t o  a d j u s t  t o  f l u i d  temperature  changes,  o r  t h e  

rocks  are reasonably s m a l l  bu t  t h e  f l u i d  f low rate  i s  r e l a t i v e l y  h igh .  

Af t e r  one r e s idence  t i m e  ( t  

f r a c t i o n  reached 0.32. 

dropped on ly  32 pe rcen t  of t h e  corresponding mean f l u i d  tempera ture  drop. 

A s  a r e s u l t ,  t h e  produced f l u i d  d i d  n o t  r e c e i v e  enough energy from t h e  

rock ,  and i t s  temperature  Tf ( 1 , t  ) starts t o  drop soon. The l i f e  of 

t h e  r e s e r v o i r  w i l l  be l i m i t e d  by t h e  produc t ion  temperature  ( i f  t h e  f low 

rate  remains c o n s t a n t ) ,  and when i t  drops beyond a c e r t a i n  l i m i t  t h e  

r e s e r v o i r  may have t o  be  abandoned a t  a t i m e  when only a small f r a c t i o n  

of t h e  energy s t o r e d  i n  t h e  rock  has  been exp lo i t ed .  

r e s e r v o i r  i s  abandoned when t h e  temperature  of t h e  produced f l u i d  has  

dropped t o  Tf 

This  drop oc- 

I n  o t h e r  words, e i t h e r  t h e  rocks  are so l a r g e  

* 
= l . O ) ,  t h e  r e s e r v o i r  rock energy e x t r a c t e d  

This  means t h a t  t h e  average rock temperature  has  

* * 

For example, i f  t h e  

* * 
( 1 , t  ) = 0 .7  , t h e  r e s e r v o i r  energy f r a c t i o n  produced, 
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F , is  0 .45  which means t h a t  only  45 p e r c e n t  of t h e  r ecove rab le  energy 

would b e  e x p l o i t e d .  

times . 

P 

The l i f e  of t h e  r e s e r v o i r  would be  3.4 r e s i d e n c e  

The number of t r a n s f e r  u n i t s  f o r  t h e  r e s u l t s  i n  F igu re  4-15 is 20. 

The r e s e r v o i r  rock energy e x t r a c t e d  f r a c t i o n  is  seen t o  drop i n i t i a l l y ,  

b u t  a f t e r  one r e s i d e n c e  t i m e  i t  h a s  recovered  and reached 0.9.  Su f f i-  

c i e n t  energy h a s  been t r a n s f e r r e d  from t h e  rock  t o  t h e  f l u i d  t o  keep t h e  

produced f l u i d  a t  i t s  i n i t i a l  tempera ture  (T (1,t ) = 1.0) f o r  almost  

two r e s i d e n c e  times. I f  t h e  r e s e r v o i r  w a s  t o  b e  abandoned when t h e  f l u i d  

tempera ture  dropped t o  0.7,  about  72 p e r c e n t  of t h e  r ecove rab le  energy 

would be  e x p l o i t e d  and t h e  l i f e  of t h e  r e s e r v o i r  would b e  5 r e s i d e n c e  

* * 
f 

t i m e s .  

The number of t r a n s f e r  u n i t s  f o r  t h e  r e s u l t s  i n  F i g u r e  4-16 i s  55, 

which i s  equa l  t o  t h a t  of t h e  cold-water sweep experiment ,  except  t h a t  

t h e r e  is  no h e a t  t r a n s f e r  from t h e  sur roundings  of t h e  r e s e r v o i r  and t h e  

rock  p o r o s i t y  i s  10 p e r c e n t  as compared t o  42 percen t  i n  t h e  exper imenta l  

system. 

t rac ted  f r a c t i o n  i s  equa l  t o  one du r ing  t h e  t o t a l  product ion  t i m e .  This  

means t h a t  t h e  number of t r a n s f e r  u n i t s  are s u f f i c i e n t l y  l a r g e  t o  t r a n s-  

fer  t h e  thermal  energy from t h e  rock  t o  t h e  f l u i d  f a s t  enough t o  main- 

t a i n  t h e  rock i n  approximate ly  l o c a l  thermal  e q u i l i b i r u m  w i t h  t h e  f l u i d .  

The produced f l u i d  tempera ture  remained a t  t h e  i n i t i a l  r e s e r v o i r  tempera- 

t u r e  f o r  4 r e s i d e n c e  t i m e s .  Also, i f  t h e  r e s e r v o i r  w a s  t o  b e  abandoned 

when t h e  produced f l u i d  tempera ture  Tf ( 1 , t  ) reached 0.7,  t h e  reser- 

v o i r  energy f r a c t i o n  produced would b e  0.8 and t h e  r e s e r v o i r  l i f e  5.4 

r e s idence  t i m e s .  

when i n c r e a s i n g  t h e  number of  t r a n s f e r  u n i t s  from 20 t o  5 5 .  

It is seen  from Figure  4-16 t h a t  t h e  r e s e r v o i r  rock  energy ex- 

* * 

The improvement i n  energy recovery  was n o t  s i g n i f i c a n t  
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A more d e t a i l e d  s tudy  showed t h a t  t h e  energy e x t r a c t e d  f r a c t i o n  ap- 

proaches  u n i t y  du r ing  t h e  t o t a l  product ion  t i m e  f o r  number of t r a n s f e r  

u n i t s  g r e a t e r  t han  approximately 30 f o r  t h e  p a r t i c u l a r  cond i t ions  men- 

t i o n e d  earl ier  (y = 0.18 , $ = 0.10).  The p h y s i c a l  meaning of  t h i s  is  

t h a t  f o r  N 

e s s e n t i a l l y  thermal  e q u i l i b r i u m  between t h e  f l u i d  and rock ,  i r r e s p e c t i v e  

o f  the rock s i z e .  Another i n t e r p r e t a t i o n  is t h a t  t h e  c o l l e c t i o n  of rocks  

behaves approximately as i n f i n i t e l y  s m a l l  p a r t i c u l e s .  This  behavior  is 

similar t o  f l u i d  f lowing through sedimentary porous rock media, which h a s  

been s t u d i e d  by Arfiara (1974),  Atkinson (19761, and Nathenson (1975). 

g r e a t e r  t han  30 t h e  f l u i d  f lows s lowly  enough t o  a l low 
t u  

The l i f e  of a r e s e r v o i r  will depend on i t s  i n i t i a l  tempera ture  and on 

t h e  lowes t  tempera ture  of t h e  produced f l u i d  a c c e p t a b l e  f o r  power genera-  

t i o n  (or any o t h e r  energy u t i l i z a t i o n )  and below which t h e  r e s e r v o i r  w i l l  

have t o  be abandoned. To c h a r a c t e r i z e  t h e  r e s e r v o i r  l i f e ,  a c h a r a c t e r i s-  

t i c  l i f e  t i m e  (denoted by t *) is  de f ined  as t h e  t i m e  when t h e  produced 

f l u i d  tempera ture  Tf ( 1 , t " )  drops  below u n i t y .  

C 
* 

Figure  4-17 shows t h e  c h a r a c t e r i s t i c  l i f e  t i m e  as a f u n c t i o n  of t h e  

number of t r a n s f e r  units. 

t r a c t e d  f r a c t i o n  and t h e  r e s e r v o i r  energy f r a c t i o n  produced a t  t i m e  

e q u a l  t o  t . The produced f l u i d  cannot  s t a r t  t o  c o o l  u n t i l  one resi- 

It a l s o  shows t h e  r e s e r v o i r  rock energy ex- 

* 
C 

dence t i m e  f o r  number of  t r a n s f e r  u n i t s  less than 10  f o r  which tc* = 1.0. 

* For  NtU between 1 0  and 50, tc i n c r e a s e s  r a p i d l y ,  and f o r  l a r g e r  vdl- 

ues  tC star ts  t o  i n c r e a s e  more s lowly and approaches a v a l u e  of ap- 

proximately 4.5. It i s  observed t h a t  tc s t a r t e d  t o  i n c r e a s e  s lowly  

when t h e  r e s e r v o i r  rock  energy e x t r a c t e d  f r a c t i o n  approached u n i t y .  Also ,  

n o t i c e  t h e  s i m i l a r i t y  between t h e  energy f r a c t i o n  produced and t h e  

* 
* 

113 



h 

"2 
Y 

c5 
. j s  cu 

0 3 In - 
0 
0 - 

0 
In 

O0 

3 
.c, 

Z 

- 
cn 
I- 
z 
3 
LT 
W 
L L  cn z 
LT 
t- 
LL 
0 
LT 
w 
m 
E 
z) 
Z 

- 

a 

5 G  
0 0  
k r l  

U 

114 



c h a r a c t e r i s t i c  l i f e  t i m e  curves .  

approaches 0.7 which means t h a t  t o  recover  more than  70 pe rcen t  of t h e  

energy s t o r e d  i n  t h e  r e s e r v o i r ,  t h e  r e s e r v o i r  must be e x p l o i t e d  f o r  a t i m e  

l onge r  t han  the c h a r a c t e r i s t i c  l i f e  t i m e  

f l u i d  tempera ture  Tf ( l , t * >  must b e  less  than  u n i t y ) .  

The r e s e r v o i r  energy f r a c t i o n  produced 

* ( i . e . ,  t h e  f i n a l  produced 
t C  

* 

To ach ieve  maximum energy recovery  from a f r a c t u r e d  geothermal reser- 

v o i r  t h e  fo l lowing  should  b e  k e p t  i n  mind: ( a )  If  t h e  r e s e r v o i r  i s  t o  be  

produced a t  a g iven  ra te ,  s u f f i c i e n t  f r a c t u r i n g  should be performed t o  

ach ieve  a number of t r a n s f e r  u n i t s  of approximately 50. Add i t iona l  f r a c-  

t u r i n g  w i l l  n o t  s i g n i f i c a n t l y  improve t h e  energy recovery.  I f  t h e  number 

of t r a n s f e r  u n i t s  i s  less than  5 0 ,  t h e  energy recovery  from t h e  r e s e r v o i r  

i s  h e a t- t r a n s f e r  l i m i t e d  (% 

(b) I f  t h e r e  are l i m i t a t i o n s  i n  f r a c t u r i n g  t h e  r e s e r v o i r ,  i t  should b e  

produced a t  ra tes  such t h a t  t h e  number of t r a n s f e r  u n i t s  are approximately 

50. 

recovery  would be  achieved ,  and i f  t h e  rates are  h i g h e r ,  a r a p i d  dec rease  

i n  t h e  energy recovery  would r e s u l t .  

less t h a n  u n i t y )  and i t  dec reases  r a p i d l y .  
E , c  

I f  i t  i s  produced a t  lower rates,  no s i g n i f i c a n t  a d d i t i o n a l  energy 

4 . 6 . 3  

An example of a n  a p p l i c a t i o n  of  t h e  methodology and model developed 

App l i ca t ion  of t h e  Cold-Water Sweep Model 

f o r  t h e  cold-water sweep p rocess  i n  t h e  p r e s e n t  s tudy  is  p resen ted .  

h y p o t h e t i c a l  f r a c t u r e d  geothermal  r e s e r v o i r  w i th  t h e  parameters  and con- 

d i t i o n s  l i s t e d  i n  Table 4-5 w a s  s e l e c t e d  f o r  t h e  s tudy .  

t r a c t i o n  rates were assumed which correspond t o  power p l a n t  o u t p u t s  of  10 

and 5 0  MWe based on t y p i c a l  power p l a n t  s p e c i f i c  f low ra te  of 85 lbm/kW- 

h r .  The f l u i d  r e s i d e n c e  t i m e s  f o r  t h e  two e x t r a c t i o n  rates were evalu-  

a t e d  from E q .  3 .53  t o  be  30 and 6 y e a r s  f o r  t h e  10  and 50 MWe power p l a n t ,  

A 

Two energy ex-. 
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TABLE 4-5 

Hypothet ical  Reservoir  Parameters 

I n i t i a l  Temperature, (OF) 

I n j e c t i o n  Temperature, (OF) 
Reservoir Volume,(km 3 ) 

Spec i f i c  Power P lan t  Flow Rate, (lbm/kW-hr) 

Distance between I n j e c t i o n  and Production Wells, (km) 

Reservoir  Po ros i ty ,  (dimensionless) 

Power Generation" Rates ,  (We) :  Case 1 

Case 2 

I t  

Bulk-Effective Rock Radius, ( f t )  

550 

70 

1 

85 

1 

O . l a  

l ob  
50 

25-400 

a Reservoir  permeabi l i ty  assumed adequate t o  al low f l u i d  c i r c u l a t i o n  
a t  the  requi red  rates ' i n  both cases .  

Power genera t ion  is  based on the  average s p e c i f i c  flow rate given 
i n  t h e  t a b l e .  

b 

r e spec t ive ly .  Since t h e  f l u i d  res idence  t i m e  has  been f i x e d ,  any change 

i n  the  number of t r a n s f e r  u n i t s  parameter is the  r e s u l t  of changes i n  the  

mean e f f e c t i v e  rock r a d i u s  which i n  t he  present  a n a l y s i s  w a s  va r i ed  from 

25 f t  t o  400 f t .  

energy ex t r ac t ed  f r a c t i o n ,  and the  r e s e r v o i r  energy f r a c t i o n  produced 

a r e  given as func t ions  

4- 18.  

The produced f l u i d  temperature,  the  r e s e r v o i r  rock 

of time f o r  t he  two cases considered i n  Figure 

The fol lowing main p o i n t s  are noted from these  r e s u l t s :  

(a )  The c h a r a c t e r i s t i c  l i f e  t i m e  of t h e  r e s e r v o i r  is  increased  by 

a f a c t o r  of 4 when the  rock s i z e  i s  reduced approximately by a f a c t o r  of 

2 ,  as long as Ntu  i s  less than about 50 .  

(b) For the  10 MWe case, a r e s e r v o i r  l i f e  of one res idence  t i m e  

(30  years )  can be achieved i r r e s p e c t i v e  of t h e  rock s i z e .  However, t he  
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energy recovery will be only about 15 percent for all rock radii con- 

sidered. 

( c )  For the 50 MWe case, the rock size required to achieve a reservoir 

life of one residence time is 25 ft. This is because the fluid flow rate 

is higher and its temperature is dropping at a faster rate. 

(d)  If the reservoir rock energy extracted fraction for the two 

cases is compared for an effective rock radius of 170 ft, it is noted that 

is almost identical for the two cases during most of the production 
FE,C  

time except for the first 6 years. This shows that the rock energy 

extracted fraction does not depend on the fluid cooling rate, but as 

shown in Section 4.3 .4 ,  it depends on variations in fluid cooling rate. 

Variations in fluid cooling rate are occurring up to 5 times faster in 

the 50 MW2 case during the first 6 years while being nearly equal for 

the two cases at later times. 

(e) The mean fluid temperature drop fraction, and the reservoir 

rock energy extracted fraction are both larger for the 50 MWe case. 

a l so  results in a larger energy fraction produced because, as shown 

earlier, it is proportional to their product. 

This 
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5. DISCUSSION 

Energy e x t r a c t i o n  from the  hot  rock  i n  a f rac ture- s t imula ted  geo- 

I n  t h e  f i r s t ,  thermal r e s e r v o i r  can be  accomplished by two processes .  

n e t  mass and energy removal from the  r e s e r v o i r  produces a pressure  reduc- 

t i o n  and eventua l ly  in- place b o i l i n g  i n  the  formation. 

of t h e  geothermal f l u i d  drops as the  p re s su re  of the  sa tu ra t ed  r e s e r v o i r  

cont inues t o  dec l ine .  

maintained a t  high va lues  by r e i n j e c t i o n  of cold water. The cold water 

tends t o  cool  t he  rocks and i s  heated as i t  flows towards the  producing 

zone. 

rocks and the  surrounding geothermal f l u i d  because of t he  r e s i s t a n c e  t o  

hea t  t r a n s f e r  i n s i d e  t h e  rocks themselves (conduction),  and a t  t he  rock 

su r f ace  (convect ion) .  This rock t o  f l u i d  temperature d i f f e r ence  i s  the  

d r i v i n g  forcell f o r  h e a t  t r a n s f e r  from the  rock t o  t he  f l u i d  and i t  va- 

r ies  f o r  d i f f e r e n t  rock s i z e s  and shapes. However, as t h i s  temperature 

d i f f e r ence  inc reases ,  t h e  amount of energy t h a t  i s  l e f t  i n s i d e  t h e  rock 

m a s s  as unrecoverable energy a l s o  increased.  

The h e a t  t r a n s f e r  l i m i t a t i o n s  on t h e  energy e x t r a c t i o n  process  from 

f r ac tu red  geothermal r e s e r v o i r s  were analyzed i n  t h e  present  s tudy.  The 

energy e x t r a c t i o n  from t h e  rock w a s  compared t o  t h e  energy t h a t  would be 

The temperature 

I n  t h e  second case ,  t h e  r e s e r v o i r  pressure  is 

Both processes  produce a temperature d i f f e r ence  between the  h o t t e r  

I I  

ex t r ac t ed  i f  the  rock mass w a s  cooled uniformly t o  t h e  f l u i d  temperature.  

Heat t r a n s f e r  from a s i n g l e  i r r e g u l a r l y  shaped rock w a s  f i r s t  s tud ied  f o r  

cons tan t  f l u i d  cool ing  ra te  condi t ions .  

v a r i a b l e  f l u i d  cool ing  r a t e  condi t ions ,  and the  predic ted  rock tempera-  

t u r e  t r a n s i e n t s  were compared t o  experimental r e s u l t s .  

This ana lys i s  w a s  extended t o  

The ana lys i s  was 
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subsequently appl ied  t o  a c o l l e c t i o n  of rocks with given s i z e  and shape 

d i s t r i b u t i o n s .  

model were compared to experimental data obtained f o r  t he  in- place bo i l-  

ing  and cold-water sweep processes .  

head w a s  r e l a t e d  to  the  f l u i d  cool ing rate and the  energy e x t r a c t i o n  from 

the rocks. F i n a l l y ,  t h e  energy e x t r a c t i o n  model w a s  appl ied t o  an hypo- 

t h e t i c a l  l a rge- sca l e  f rac ture- s t imula ted  system using the  cold-water 

sweep process .  

Predic ted  r e s u l t s  from the  developed energy e x t r a c t i o n  

The energy recovered a t  t he  w e l l  

5 .1 Discussion of Analy t ica l  and Experimental Results 

5 .1 .1  S ingle  Rock Temperature Transient  

Analysis of t h e  temperature t r a n s i e n t  behavior of sphe r i ca l  rocks 

under cons tan t  f l u i d  cool ing r a t e  condi t ions  showed t h a t  €or  Biot numbers 

g r e a t e r  than 10 ,  a rock behaves as i f  t he  Biot  number were i n f i n i t y .  

The minimum rock diameter f o r  which the  Biot  number i s  g r e a t e r  than 10 i s  

about 3 . 5  inches,  assuming a non-boiling steam environment. The phys ica l  

s ign i f i cance  of 1.arge B i o t  numbers i s  t h a t  t h e  r e s i s t a n c e  f o r  h e a t  t rans-  

f e r  a t  the rock su r f ace  (convection) i s  n e g l i g i b l e  compared t o  t h e  one 

i n s i d e  the rock (conduction).  The rock s izes  i n  geothermal r e s e r v o i r s  

can be hundreds of  f e e t  i n  diameter,  and i n f i n i t e  Biot number thermal be- 

havior  can be genera l ly  assumed. 

Analy t ica l  s o l u t i o n s  f o r  s p h e r i c a l  rocks combined wi th  t h e  shape 

f a c t o r  c o r r e l a t i o n  developed by Kuo, Kruger, and Brigham (1976) were used 

t o  model the  temperature t r a n s i e n t  behavior of i r r e g u l a r l y  shaped rocks.  

Fourier  and Biot numbers c o r r e l a t i o n  f a c t o r s  were s l i g h t l y  modified t o  make them 

approximately equal  to  t h e  s p h e r i c i t y  f a c t o r  (simple shape f a c t o r  cor re la-  

t i o n  i n  KUO'S development). This approximation i s  e s p e c i a l l y  app ropr i a t e  

The 
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f o r  l a r g e  Bio t  numbers (N 

c o r r e l a t i o n  f a c t o r  is  wi th in  5 percent  of t h e  s p h e r i c i t y  f a c t o r  i n  t he  

worst cases, whereas the  Biot number c o r r e l a t i o n  f a c t o r  is  wi th in  25 per- 

cen t .  

were i n f i n i t y ,  a d i f f e r ence  of 25 percent  i n  t h e  Biot  number r ad ius  has a 

n e g l i g i b l e  e f f e c t  i n  t h e  rock t o  f l u i d  temperature d i f f e r ence .  

f e c t  r e s u l t e d  i n  a s a t i s f a c t o r y  agreement between predic ted  and experi-  

mental r e s u l t s .  

g r e a t e r  than 10)  because the  Fourier  number B i  

Since f o r  Biot  numbers g r e a t e r  than 10 the  rock behaves as i f  NBi 

This ef-  

The one-lump parameter model was found t o  be wi th in  3 percent  of t h e  

exac t  a n a l y t i c a l  s o l u t i o n  f o r  spheres ,  when the  Fourier  number w a s  g r e a t e r  

than 0.3. 

needed f o r  smaller Fourier  numbers. However, t h i s  co r r ec t ion  w a s  no t  

needed when the  s o l u t i o n  f o r  constant  cool ing rate w a s  superimposed t o  

model t he  v a r i a b l e  f l u i d  cool ing ra te  condi t ions  because of the  r e l a t i v e l y  

small con t r ibu t ion  of the  l a s t  constant  f l u i d  cool ing r a t e  i n t e r v a l s .  

The one-lump model w a s  p r e fe r r ed  over t h e  exact  s o l u t i o n  because of t h e  

s i g n i f i c a n t  s i m p l i f i c a t i o n s  i n  eva lua t ing  t h e  summations t h a t  r e s u l t e d  

when the  s i n g l e  rock s o l u t i o n  w a s  appl ied  t o  a c o l l e c t i o n  of rocks.  Be- 

s i d e s  i t  represents  a powerful " thinking too l"  t o  analyze t h e  energy ex- 

t r a c t i o n  from f r ac tu red  geothermal r e s e r v o i r s .  

Time-dependent co r r ec t ions  t o  the  conduction path lengths  were 

The superpos i t ion  of t h e  one-lump parameter method t o  p red ic t  t he  

temperature t r a n s i e n t s  of i r r e g u l a r l y  shaped rocks w a s  found t o  be i n  . 

s a t i s f a c t o r y  agreement wi th  experimental rock temperature d a t a  under vari- 

a b l e  f l u i d  cool ing  ra te  condi t ions .  

percent  of t h e  measurements. 

w i t h i n  t h e  experimental u n c e r t a i n t i e s ,  i n  most of t he  cases. Higher 

P red ic t ions  were genera l ly  w i th in  5 

Predic ted  rock cen te r  temperatures were 
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differences between the predicted and measured rock center temperatures 

were found when significant axial fluid temperature gradients were present. 

The thermocouples did not always measure the average fluid temperature 

surrounding the rock in those cases and a slight axial displacement would 

result in a large difference in the thermocouple reading. 

5.1.2 Characterization of a Collection of Rocks 

A statistical analysis of the granitic rock fragments used in the ex- 

periments revealed that the sphericity is essentially independent of the 

rock volume. It was also found that the sphericity is distributed accord- 

ing to a normal distribution and as such it can be fully described by its 

mean value and its standard deviation. Therefore, it was concluded that a 

collection of rocks can be completely characterized by the distribution of 

the equivalent sphere radius or the volume and by the mean value of the 

sphericity. The equivalent sphere radius Rs was distributed according 

to an exponential distribution and the mean value of the sphericity was 

determined to be 0.83. These observations were utilized in formulating a 

heat transfer model for a collection of rocks. 

To characterize a collection of rocks with a single parameter, the 

concept of the "bulk-effective radius" was derived. It was defined as 

the radius of a sphere that has the same surface to volume ratio as a col- 

lection of rocks with a given size and shape distribution. 

ical form, 

In mathemat- 

where 
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By analogy wi th  the  cen te r  of g rav i ty ,  t h e  " bulk- effect ive radius"  

can be thought of as t h e  "thermal center"  of a c o l l e c t i o n  of rocks ,  i . e . ,  

t h e  r ad ius  of a rock t h a t  behaves thermally as t h e  c o l l e c t i o n  of rocks.  

Evaluat ion of t he  bulk- effec t ive  r ad ius  f o r  a c o l l e c t i o n  of rocks wi th  

the  equiva len t  sphere r ad ius  normally d i s t r i b u t e d  showed t h a t  i t  is  a 

func t ion  of t he  r a t i o  of t he  s tandard  devia t ion  and t h e  mean equiva len t  

sphere r ad ius .  

t i a l l y  d i s t r i b u t e d ,  t he  bulk- effec t ive  r ad ius  i s  given by 

For t he  case of t h e  equiva len t  sphere rad ius  exponen- 

Thus, t h e  bulk- effec t ive  r ad ius  can be as l a r g e  as th ree  t i m e s  t he  

mean equiva len t  sphere r ad ius  depending on the  value of t he  average 

s p h e r i c i t y .  

The v a l i d i t y  of t he  bulk- effec t ive  r ad ius  w a s  v e r i f i e d  by comparing 

the  p red ic t ions  of t he  energy e x t r a c t i o n  from a c o l l e c t i o n  of rocks using 

t h e  bulk- effec t ive  r ad ius  t o  t h e  ones obtained by us ing  the  complete rock 

s i z e  d i s t r i b u t i o n .  It  was found t h a t  t he  p red ic t ions  using the  bulk- 

e f f e c t i v e  r ad ius  were wi th in  3 percent  of t he  ones using the  complete 

rock c o l l e c t i o n .  

p l i f i e s  t he  c a l c u l a t i o n s  of t h e  energy e x t r a c t i o n  from a c o l l e c t i o n  of 

rocks. It i s  a l s o  t h e  b a s i s  f o r  t h e  h e a t  t r a n s f e r  model f o r  t h e  cold- 

water sweep model and t h e  concept of t h e  number of t r a n s f e r  u n i t s .  

The use of t h e  bulk- effec t ive  r ad ius  s i g n i f i c a n t l y  s i m-  

5.1.3 Energy Ext rac t ion  from a Col lec t ion  of Rocks 

A methodology w a s  developed t o  c a l c u l a t e  t h e  l o c a l  energy ex t r ac t ed  

f r a c t i o n  f o r  a c o l l e c t i o n  of rocks wi th  given s i z e  and shape d i s t r i b u-  

t i o n s .  It was found t o  be  given by 
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N 

where t h e  energy ex t r ac t ed  f r a c t i o n  from a s i n g l e  rock i is  given by 

FE = 

and where the  volumetr ic  f r a c t i o n  of a s i n g l e  rock with'volume 

i s  given by 

v i 

V. i =-  
X i  N 

The rock energy e x t r a c t e d  f r a c t i o n  f o r  a s i n g l e  rock measures how much en- 

ergy has been e x t r a c t e d  from a rock as compared t o  t h e  energy t h a t  would 

be ex t r ac t ed  i f  the  rock mass w a s  cooled uniformly t o  t h e  surrounding 

f l u i d  temperature.  

I n  def in ing  t h e  l o c a l  energy ex t r ac t ed  f r a c t i o n  of a c o l l e c t i o n  of 

rocks,  i t  w a s  assumed t h a t  t he  l o c a l  temperature of t h e  surrounding f l u i d  

is  uniform through the  space occupied by a r e p r e s e n t a t i v e  c o l l e c t i o n  of 

rocks. 

e r v o i r  being considered be very l a r g e  as compared t o  t he  s i z e  of a 

r ep resen ta t ive  sample. 

This assumption w i l l  genera l ly  r e q u i r e  t h a t  t h e  volume of  t h e  res- 

Based on t h i s  methodology, a s e n s i t i v i t y  a n a l y s i s  was per-  

formed t o  determine t h e  e f f e c t  of t h e  main phys i ca l  parameters 

on t h e  energy e x t r a c t i o n  from a c o l l e c t i o n  of rocks. 

meters considered were: rock mean s i z e ,  rock s i z e  d i s t r i b u t i o n ,  

and rock s i z e  d i s p e r s i o n  cha rac t e r i zed  by t h e  s tandard dev ia t ion  

about t h e  mean. 

shows t h e  t i m e  r equ i r ed  t o  extract 90 percent  of t h e  energy t h a t  would be  

The para- 

A summary of t h e s e  r e s u l t s  is  given i n  Table 5-1. It 

124  



TABLE 5-1 

V Rs Normal 
Mean Equivalent Normal 

0- = 1300 f t 3  OR = 0 0 /Es = 0.31 Sphere Radiia 

( f t )  V S 5 
10 0.25 0.34 0.4 

100 2 5  (l.O)b 34 (1.36) 40 (1.60) 

1000 2500 3400 4000 

RS 
Exponential  

1.2  

115 ( 4 . 6 )  

11 , 500 

e x t r a c t e d  i f  t he  rocks were cooled uniformly t o  t h e  f l u i d  temperature 

under cons tan t  f l u i d  cool ing  rate  condi t ions .  It can be seen t h a t  frac- 

t u r i n g  t o  produce rock mean r ad ius  of 100 f t  o r  less is  requi red  t o  

recover  t he  energy i n  an average power p l a n t  l i f e t i m e  of  30 yea r s .  

ever, i t  is not  necessary t o  f r a c t u r e  too f i n e l y ,  as observed f o r  mean 

How- 

equiva len t  sphere r ad ius  of 10 f t .  For a given d i s t r i b u t i o n ,  t h e  t i m e  

requi red  t o  reach a s p e c i f i e d  va lue  of t he  energy ex t r ac t ed  f r a c t i o n  i s  

propor t iona l  t o  t he  square of t h e  mean equiva len t  sphere r ad ius ,  i f  t h e  

r a t i o  0 /cs i s  kept  cons tan t .  This i s  c l e a r l y  seen  i n  Table 5-1. 
RS 

The rock s i z e  d i spe r s ion  s t rong ly  a f f e c t s  t he  energy ex t r ac t ed  f rac-  

t i o n  from a c o l l e c t i o n  of rocks.  I f  t he  volume normally d i s t r i b u t e d  wi th  

a mean equiva len t  sphere r ad ius  of 100 f t  i s  taken as a r e f e rence ,  a co'lec- 
- 

t i o n  of rocks i n  which a l l  t h e  s i z e s  are the  same (R = 100 f t ,  a i  = 01, 

r equ i r e s  36 percent  more t i m e  t o  reach an  energy ex t r ac t ed  f r a c t i o n  of 0.90 

( see  r a t i o s  i n  parentheses  i n  Table 5-1). 

uted and c r  

S 
S 

I f  t h e  r ad ius  is  normally d i s t r i b -  

/Rs= 0.31, t h e  c o l l e c t i o n  r equ i r e s  60 percent  more t i m e ,  and i f  
- 

RS 
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the r a d i u s  i s  exponent ial ly  d i s t r i b u t e d  the  time requi red  is  360 percent  

longer .  

rocks i n  the  c o l l e c t i o n  increases  i f  the  d i spe r s ion  from t h e  mean in- 

creases .  This i n  e f f e c t  d i sp l aces  the “thermal center’’ of t he  c o l l e c t i o n  

towards l a r g e r  values of the bulk- effect ive rad ius .  Since the  energy ex- 

t r a c t e d  f r a c t i o n  is  inve r se ly  p ropor t iona l  t o  t h e  rock r a d i u s  squared, i t  

decreased s t rong ly  a s  t he  d i spe r s ion  from t h e  mean r ad ius  increases. 

The reason f o r  t h i s  is t h a t  t he  volumetr ic  f r a c t i o n  of t h e  l a r g e  

The time requi red  t o  reach a given va lue  of the  energy ex t r ac t ed  

f r a c t i o n  i s  also p ropor t iona l  t o  t he  square of t he  s p h e r i c i t y .  

the smaller the  s p h e r i c i t y ,  the  s h o r t e r  the t i m e  t o  reach a given‘energy 

ex t r ac t ed  f r a c t i o n ,  i . e . ,  the f u r t h e r  a p a r t  from a s p h e r i c a l  shape, t h e  

b e t t e r  t he  hea t  t r a n s f e r  c h a r a c t e r i s t i c s  of t he  rocks are. 

Therefore,  

It was found t h a t  t he  energy ex t r ac t ed  f r a c t i o n  does n o t  depend on 

the  f l u i d  cool ing  r a te  i t s e l f  b u t  depends on t h e  v a r i a t i o n s  of t h e  f l u i d  

cool ing r a t e .  It i s  b e t t e r  t o  have a decreas ing  f l u i d  cool ing r a t e  than 

an inc reas ing  one t o  achieve high energy ex t r ac t ed  f r a c t i o n s .  The reason 

f o r  t h i s  i s  t h a t  i f  t h e  f l u i d  cool ing rate inc reases  wi th  t i m e ,  t h e  rock 

temperature accumulatively l a g s  behind t h e  f l u i d  temperature.  

o the r  hand, i f  t he  f l u i d  cool ing  rate  decreases ,  t he  rock has  more t i m e  

t o  a d j u s t  t o  changes i n  t h e  temperature of  t he  f l u i d .  

On the  

The energy e x t r a c t i o n  model f o r  a c o l l e c t i o n  of rocks was appl ied  

t o  t h e  labora tory  model rock system and t h e  predic ted  r e s u l t s  were com- 

pared t o  the measured energy ex t r ac t ed  f r a c t i o n s .  The r e s u l t s  showed 

t h a t  t he  u n c e r t a i n t i e s  i n  t he  experimental measurements have t o  be s ig-  

n i f i c a n t l y  reduced t o  perform an adequate v e r i f i c a t i o n  of t h e  model. The 

main sources of experimental u n c e r t a i n t i e s  r e s u l t e d  from the  measurements 

of the  production and i n j e c t i o n  f l u i d  en tha lp i e s .  
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5.1.4 Reservoir  Energy Ex t r ac t ion  

The " rese rvo i r  energy f r a c t i o n  produced" w a s  def ined  as the  energy 

t h a t  i s  actua1ly.produced a t  t h e  w e l l  head as a f r a c t i o n  of t h e  energy 

t h a t  would be  produced i f  t h e  f i n a l  mean temperature of t h e  f l u i d  and 

rock w a s  a given r e fe rence  temperature.  

by t h e  f l u i d  i n  a r e s e r v o i r  is  measured by the  " r e se rvo i r  rock energy 

ex t r ac t ed  f r a c t i o n ,"  defined as the  energy t h a t  is a c t u a l l y  ex t r ac t ed  

from the  rock i n  t h e  r e s e r v o i r  as a f r a c t i o n  of the  energy t h a t  would be 

ex t r ac t ed  i f  t h e  t o t a l  rock mass w a s  cooled uniformly t o  t h e  mean f l u i d  

temperature.  The " r e se rvo i r  mean f l u i d  temperature drop f r ac t ion ' '  meas- 

ures  t h e  degree t o  which the  mean temperature of t h e  f l u i d  i n  t h e  reser- 

v o i r  approaches a given r e fe rence  temperature.  

The o v e r a l l  rock energy ex t r ac t ed  

An energy balance of a geothermal r e s e r v o i r  w a s  performed t o  relate 

t h e  a c t u a l  energy produced t o  t h e  h e a t  t r a n s f e r  l i m i t a t i o n s  as characte-  

r i z e d  by the  " r e se rvo i r  rock energy ex t r ac t ed  f r a c t i o n ,"  and t o  t h e  f l u i d  

flow and thermodynamic l i m i t a t i o n s  as charac te r ized  by t h e  " r e se rvo i r  

mean f l u i d  temperature drop f r a c t i o n . "  

duced i s  p ropor t iona l  t o  t h e  " rese rvo i r  rock energy ex t r ac t ed  f r a c t i o n  ," 
and the  "mean f l u i d  temperature drop f r ac t ion . "  

small enough s o  t h a t  t h e  energy s to red  i n  t he  f l u i d  i s  n e g l i g i b l e ,  com- 

pared t o  t h e  energy s t o r e d  i n  t h e  rock,  t h e  r e s e r v o i r  energy f r a c t i o n  

produced is  given by 

The r e s e r v o i r  energy f r a c t i o n  pro- 

When the  p o r o s i t y  is 

Thus, t he re  are two main reasons why t h e  energy f r a c t i o n  produced 

can be small: (1) Long conduct ion 'pa th  l eng ths  which l i m i t  t h e  h e a t  
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t r a n s f e r  from the  rock t o  t h e  f l u i d ,  i .e . ,  low F . (2) Limi ta t ions  t o  

cool  t he  f l u i d  such as f inge r ing  of t h e  cold in j ec t ed  f l u i d  t o  t h e  produc- 

E , c  

t i o n  w e l l ,  low permeabil i ty  of t he  formation t h a t  does not  allow enough 

c i r c u l a t i o n  of t he  f l u i d ,  and the  development of a superheated zone i n  

t he  in- place b o i l i n g  process ,  i . e . ,  low Fc . 
5.1.5 Cold-Water Sweep Heat Transfer  Model 

A one-dimensional a n a l y t i c a l  model w a s  developed t o  p r e d i c t  t he  t e m-  

pe ra tu re  d i s t r i b u t i o n  i n  a cold-water sweep process  wi th  uniform e x t e r n a l  

h e a t  t r a n s f e r  from the  boundaries.  

w a s  found t o  be a func t ion  of s e v e r a l  non-dimensional parameters includ-  

The non-dimensional f l u i d  temperature 

i ng  t h e  number of t ransf .e r  u n i t s  def ined as the  r a t i o  of t h e  f l u i d  resi- 

dence t i m e  t o  t h e  bulk- effec t ive  rock t i m e  cons tan t .  

t r a n s f e r  u n i t s  parameter w a s  found t o  be an important measure t o  e s t a b l i s h  

The number of 

t he  condi t ions  under which t h e  energy recovery fromgeothermal r e s e r v o i r s  

is  hea t- t r ans fe r  l imi t ed .  It is  a l s o  a powerful t o o l  t o s c a l e  t h e  energy 

e x t r a c t i o n  experiments performed i n  t h e  labora tory  model t o  f u l l- s c a l e  

geothermal r e s e r v o i r s .  

The hea t  t r a n s f e r  model was appl ied  t o  t he  labora tory  model and pre- 

d ic t ed  r e s u l t s  were compared t o  experimental da ta .  

par i son ,  t h e  model w a s  modified t o  account f o r  v a r i a t i o n s  i n  ex- 

t e r n a l  h e a t  t r a n s f e r  wi th  l o c a t i o n  and t i m e .  It w a s  assumed t h a t  t h e  

To perform t h i s  COP 

thermal capac i tance  of t h e  vessel w a s  uniform along the  r e s e r v o i r  he igh t .  

The comparison showed t h a t  p red ic t ions  agreed q u a l i t a t i v e l y  wi th  t h e  ex- 

periments.  

t i o n  of t he  v e s s e l  thermal capaci tance i n  t he  heavy f l anges  i n  t h e  lower 

po r t ion  of t he  s tee l  v e s s e l ,  which disagreed wi th  the  assumption of 

The d i f f e rences  are be l ieved  t o  be  caused by t h e  concentra-  

128 



uniform vessel thermal capaci tance d i s t r i b u t i o n .  The high thermal capa- 

c i t a n c e  of the  v e s s e l  w a s  found t o  cause a two-dimensional hea t  t r a n s f e r  

e f f e c t  r e s u l t i n g  i n  s l i g h t l y  non-uniform cross- sec t iona l  temperature pro- 

f i l e s  in  t h e  r e s e r v o i r  model .  

f e r e n t  

i ng  o f  t h e  cold-water sweep experiments. 

s e n t s  a s i g n i f i c a n t  a d d i t i o n  t o  such a n a l y s i s  because i t  is v a l i d  f o r  

high Biot  number systems. 

A superpos i t ion  of t he  so lu t ions  f o r  d i f-  

capaci tance d i s t r i b u t i o n s  is  suggested f o r  a more accura te  model- 

The hea t  t r a n s f e r  model repre-  

It i s  a l s o  s i m p l e  t o  use. 

It i s  important t o  po in t  ou t  t h a t  t he  p re sen t  a n a l y s i s  takes  i n t o  

account the temperature noa- uniformities i n s i d e  t h e  rock segments pro- 

duced by t h e  long conduction pa th  lengths  and low rock thermal conductiv- 

i t y .  Previous ana lyses ,  such as t h a t  by Schumann (1929) and by Lgf (1948) 

f o r  a i r  flowing through a rock mat r ix ,  neglected t h e  thermal r e s i s t a n c e  

i n s i d e  t h e  rock i t s e l f .  

Biot number systems only ,  

Therefore,  t hese  ana lyses  are app l i cab le  t o  low 

A s e n s i t i v i t y  a n a l y s i s  w a s  performed t o  s tudy the  e f f e c t  of t he  num- 

b e r  o f  t r a n s f e r  u n i t s  parameter on t h e  temperature of  t he  produced f l u i d ,  

t h e  r e s e r v o i r  c h a r a c t e r i s t i c  l i f e t i m e ,  t h e  r e s e r v o i r  rock energy ex t rac-  

t e d  f r a c t i o n ,  and the  r e s e r v o i r  energy f r a c t i o n  produced. It w a s  found 

t h a t  the  r e s e r v o i r  rock energy ex t r ac t ed  f r a c t i o n  approaches un i ty  when 

the  number of  t r a n s f e r  u n i t s  are g r e a t e r  than 30 f o r  t he  p a r t i c u l a r  con- 

d i t i o n s  analyzed. 

wi th  the  surrounding f l u i d  dur ing  the  e n t i r e  product ion period. 

lower values o f  the  number of t r a n s f e r  u n i t s ,  t h e  r e s e r v o i r  rock energy 

ex t r ac t ed  f r a c t i o n  decreases  s i g n i f i c a n t l y  and l a r g e  amounts of recover- 

a b l e  energy are l e f t  i n s i d e  t h e  rock mass. 

This means t h a t  t he  rocks approach thermal equi l ibr ium 

For 
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The r e s e r v o i r  l i f e t i m e  i s  s t rong ly  a f f e c t e d  by the  

f e r  u n i t s  when t h i s  is  less than 30. For l a r g e r  values 

provement of l i f e t i m e  f o r  an increment i n  Ntu i s  very 

behavior w a s  observed f o r  t h e  r e s e r v o i r  energy f r a c t i o n  

number of t rans-  

t he  marginal im- 

small. The same 

produced. The 

reason f o r  t h i s  is t h a t  t h e  rock t o  f l u i d  temperature d i f f e r e n c e  is 

very small, when t h e  r e s e r v o i r  rock energy ex t r ac t ed  f r a c t i o n  approaches 

uni ty .  

explo i ted  energy i n  t h e  rock m a s s ,  and l a r g e  q u a n t i t i e s  of a d d i t i o n a l  

Therefore,  i t  is  very  d i f f i c u l t  t o  extract t he  r e s i d u a l  non- 

t r a n s f e r  uni ts ' '  are needed t o  do i t .  11 

5.2 App l i cab i l i t y  t o  Geothermal Reservoirs  

The development of t he  energy e x t r a c t i o n  model f o r  a c o l l e c t i o n  of 

rocks and i ts  app l i ca t ion  t o  model-scale geothermal r e s e r v o i r s  assumed 

t h a t  the  rock s i z e  and shape d i s t r i b u t i o n s  are known. 

not  be the  case i n  la rge- sca le  geothermal r e s e r v o i r s .  This information 

w i l l  have t o  be obtained by d i r e c t  o r  i n d i r e c t  measurement, or  i t  may be 

predic ted  i f  adequate f r a c t u r i n g  models can be  developed. 

This  w i l l  genera l ly  

In  a geothermal f i e l d ,  t he  developer ob ta ins  da t a  on t h e  formation, 

such as rock and f l u i d  thermal p r o p e r t i e s ,  geochemistry,and f l u i d  flow 

c h a r a c t e r i s t i c s  of t h e  r e se rvo i r ,  from geo log i s t s ,  geochemists and reser- 

v o i r  engineers .  

accuracy, thanks t o  t h e  s ta te  of t he  a r t  of t h e  o i l  and gas r e s e r v o i r  

engineering. 

t i o n s  on t h e  rock i n  t h e  formation i s  provided a t  t h e  present  t i m e .  The 

con t r ibu t ion  of geo log i s t s  and r e s e r v o i r  engineers  t o  develop techniques 

t o  ob ta in  t h i s  information is  imperat ive f o r  t h e  development of t h e  geo- 

thermal r e s e r v o i r  engineer ing  i n  t h e  area of n a t u r a l l y  and a r t i f i c i a l l y  

f r ac tu red  r e se rvo i r s .  

These d a t a  can be c u r r e n t l y  obtained wi th  f a i r l y  good 

However, no d a t a  on the  poss ib l e  s i z e  and shape d i s t r i b u-  
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Analyt ic  work i s  c u r r e n t l y  being performed t o  p red ic t  t h e  rock s i z e  

d i s t r i b u t i o n  produced by var ious  f r a c t u r i n g  techniques. 

(1974) deve1oped.a model t o  s imula te  t h e  condi t ions  of dynamic impact ex- 

periments and compute t h e  r e s u l t i n g  fragment s i z e  d i s t r i b u t i o n  wi th  Arkan- 

sas novacul i te .  

s i z e  d i s t r i b u t i o n  i l l u s t r a t e d  t h a t  f ragmentat ion behavior can be predic-  

t e d  from a few measurable rock p rope r t i e s .  

developed f o r  underground nuclear  explosions w i l l  have t o  be f u r t h e r  

evaluated.  A very important technique is  the  u t i l i z a t i o n  of thermal 

stress cracking i n  reducing t h e  rock s i z e s .  

Shockey e t  a l .  

The agreement between ca l cu la t ed  and measured fragment 

These and o the r  techniques 

Several methods have been developed f o r  t e s t i n g  compact hea t  ex- 

changer sur faces .  

f e r  are very similar t o  t h e  ones f o r  flow i n  f l u i d s  through a c o l l e c t i o n  

of rocks ,  equiva len t  methods f o r  t e s t i n g  geothermal r e s e r v o i r s  could be  

developed. Thesemethods u t i l i z e  d i f f e r e n t  techniques t o  determine t h e  

number of t r a n s f e r  u n i t s  parameter,  such as 

t i o n  method; (b) zero i n t e r c e p t  method; (c) d i r e c t  curve matching method; 

and (d) f i r s t  moment of area method. 

Since the  governing equat ions f o r  t r a n s i e n t  h e a t  t rans-  

(a)  maximum s lope  da t a  reduc- 

For a broader range of number of t r a n s f e r  u n i t s ,  NtU , Stang and 

Bush (1974) developed t h e  "per iodic  method" t o  test  compact h e a t  exchanger 

su r f aces .  

London and Sha (1976). However, i t  is ques t ionable  whether these  tech- 

niques can be u t i l i z e d  i n  l a rge- sca l e  systems because of t h e  l a r g e  resi- 

dence times involved. 

Descript ion and r e fe rences  on these  methods are repor ted  i n  
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

1. 

2. 

3.  

4 .  

The resistance t o  h e a t  t r a n s f e r  a t  t h e  rock su r f ace  (convec t ion) i s  

n e g l i g i b l e  compared t o  t h e  one i n s i d e  t h e  rock (conduction),  f o r  t h e  

rock s i z e s  expected t o  be found i n  geothermal r e s e r v o i r s .  

s i g n i f i c a n t  amounts of energy may be l e f t  i n s i d e  the  rock m a s s  

as unrecoverable energy. 

The s p h e r i c i t y  f a c t o r  appears t o  be independent of t he  rock s i z e .  

Therefore,  a c o l l e c t i o n  of rocks may be f u l l y  charac te r ized  by t h e  

mean value of t h e  s p h e r i c i t y  and t h e  d i s t r i b u t i o n  o f  the  rock equi- 

v a l e n t  sphere rad ius .  

def ined as the  bulk- effec t ive  rad ius .  

The temperature t r a n s i e n t  i n  i r r e g u l a r l y  shaped rocks under v a r i a b l e  

f l u i d  cool ing  rate condi t ions  can be predic ted  with acceptab le  

accuracy us ing  supe rpos i t i on  of t he  one-lump parameter s o l u t i o n s  f o r  

s p h e r i c a l  rocks,  and applying the  s p h e r i c i t y  f a c t o r  t o  account f o r  

t he  i r r e g u l a r  shape. This s o l u t i o n  is  app l i cab le  f o r  any va lue  of 

t he  Biot  number. 

The energy recovery from a geothermal r e s e r v o i r  is  l imi t ed  by two 

main f a c t o r s :  (1) t h e  degree t o  which themean temperature of-the fluid 

can be  reduced, and (2) t h e  amount of thermal energy t h a t  can b e t r a n s -  

f e r r e d  from t h e  rock t o  t h e  f l u i d .  

thermodynamic and f l u i d  flow l i m i t a t i o n  and it is  measured by t h e  

r e s e r v o i r  mean f l u i d  temperature drop f r a c t i o n .  

h e a t  t r a n s f e r  l i m i t a t i o n ,  and i t  is measured by t h e  r e s e r v o i r  rock 

Therefore,  

These can be combined i n t o  a s i n g l e  parameter 

The former i s  e s s e n t i a l l y  a 

The l a t t e r  i s  a 
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energy ex t r ac t ed  f r a c t i o n .  

i s  p ropor t iona l  t o  t he  product of t h e  two f a c t o r s .  

The r e s e r v o i r  rock energy ex t r ac t ed  f r a c t i o n  depends s t rong ly  on t h e  

rock s i z e  and shape d i s t r i b u t i o n s ,  and thermal p r o p e r t i e s  of t h e  

rock. 

ex t r ac t ed  f r a c t i o n  is  inve r se ly  p ropor t iona l  t o  t h e  square of t h e  

bulk- effec t ive  r a d i u s .  

The r e s e r v o i r  rock energy ex t r ac t ed  f r a c t i o n  depends on t h e  var ia-  

t i o n  i n  t he  f l u i d  cool ing  rate  and no t  on t h e  f l u i d  cool ing  ra te  it- 

s e l f .  

rock energy ex t r ac t ed  f r a c t i o n  as compared t o  constant  o r  i nc reas ing  

rates.  

The number of t r a n s f e r  u n i t s  parameter measures i n  a s i n g l e  parameter 

t he  dependence of t he  r e s e r v o i r  rock energy ex t r ac t ed  f r a c t i o n  on t h e  

bulk- effec t ive  r ad ius  and t h e  v a r i a t i o n s  of f l u i d  cool ing  rate  f o r  

t he  cold-water sweep process .  The r e s e r v o i r  rock energy ex t r ac t ed  

f r a c t i o n  approaches un i ty  when t h e  number of t r a n s f e r  u n i t s  param- 

eter  is  g r e a t e r  than a c e r t a i n  va lue  determined by o the r  r e s e r v o i r  

parameters ( s to rage  r a t i o  and e x t e r n a l  hea t  t r a n s f e r  parameters) ,  

which means t h a t  t h e  rocks approach thermal equi l ibr ium wi th  t h e  

surrounding f l u i d  dur ing  the  e n t i r e  product ion period.  For lower 

values of t h e  number of t r a n s f e r  u n i t s ,  t h e  r e s e r v o i r  rock energy 

ex t r ac t ed  f r a c t i o n  decreases  r ap id ly  and l a r g e  amounts of recov- 

e r a b l e  energy are l e f t  i n s i d e  t h e  rock mass. 

In  the  cold-water sweep process ,  t h e  c h a r a c t e r i s t i c  l i f e  t i m e  of t h e  

r e s e r v o i r ,  

The r e s e r v o i r  energy f r a c t i o n  produced 

5. 

The t i m e  t o  reach  a given va lue  of t h e  r e s e r v o i r  rock energy 

6 .  

A decreasing f l u i d  cool ing  rate produces a h igher  r e s e r v o i r  

7. 

8. 
* , depends on t h e  number of t r a n s f e r  u n i t s  and t h e  

tC 
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f l u i d  res idence  t i m e .  

maximum va lue ,  equal  t o  several t i m e s  t h e  res idence  t i m e ,  when t h e  

number of t r a n s f e r  units exceeds a c e r t a i n  va lue  which depends on 

The l i f e  of t h e  r e s e r v o i r  approaches i t s  

t h e  va lues  of t he  s to rage  r a t i o  and t h e  e x t e r n a l  h e a t  t r a n s f e r  

parameter. 

i ng  on t h e  l i m i t a t i o n s  imposed on t h e  al lowable drop i n  t h e  produced 

f l u i d  temperature.  

The r e s e r v o i r  mean temperature drop f r a c t i o n  depends on t h e  f l u i d  

res idence  t i m e ,  t h e  formation permeabi l i ty  f o r  adequate f l u i d  circu-  

l a t i o n ,  t he  c r e a t i o n  of "hot spots"  produced by f inge r ing  of t he  

cold i n j e c t e d  f l u i d  t o  t he  product ion wells  ( i n  t h e  cold-water sweep 

p roces s ) ,  and t h e  formation of a superheated steam zone ( i n  the  in-  

p lace  b o i l i n g  process) .  

t he  product ion f l u i d  temperature determined by t h e  energy conversion 

cyc le  u t i l i z e d .  

The e f f e c t  of microf rac tures  r e s u l t i n g  from high-energy f r a c t u r i n g  

techniques on t h e  energy recovery from the rock is s i g n i f i c a n t  only 

when s u b s t a n t i a l  flow of t he  geothermal f l u i d  e x i s t s  through t h e  

cracks.  

where the  p re s su re  g rad ien t  i s  high such as might be t h e  case i n  

t he  v i c i n i t y  of a product ion w e l l .  

The a c t u a l  l i f e  of t he  r e s e r v o i r  may be longer ,  depend- 

9. 

It a l s o  depends on t h e  al lowable drop i n  

10. 

S ign f i can t  microf rac ture  flow rates can only be achieved 

6 .2  Recommendations 

1. Improvement i n  t he  one-dimensional model t o  p r e d i c t  t h e  f l u i d  t e m-  

pe ra tu re  d i s t r i b u t i o n  of t h e  Laboratory model f o r  t he  cold-water sweep 

process  is  recommended. 

account f o r  t h e  v a r i a t i o n s  of w a l l  th ickness  throughout t he  vessel. 

The development of a two-dimensional model f o r  t he  cold-water sweep 

A supe rpos i t i on  technique i s  suggested t o  

2. 
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process  is  recommended t o  assess t h e  l i m i t a t i o n s  on t h e  energy recov- 

ery  from geothermal r e s e r v o i r s  c r ea t ed  by the  production of "hot 

spots"  and "f ingering" of the  cold i n j e c t e d  f l u i d  t o  t h e  product ion 

w e l l s .  

It i s  recommended t h a t  improved ins t rumenta t ion  be i n s t a l l e d  i n  t h e  

product ion and r e i n j e c t i o n  l i n e s  of t he  l abo ra to ry  model. Uncer- 

t a i n t i e s  i n  t h e  measured product ion and i n j e c t i o n  f l u i d  en tha lp i e s  

should be reduced t o  about 5 pe rcen t , t o  reduce t h e  u n c e r t a i n t i e s  

involved i n  t he  energy balance t o  an acceptab le  value. 

Tes t ing  methods f o r  i n d i r e c t  measurements of t h e  number of t r a n s f e r  

u n i t s  (bu lk- effec t ive  r ad ius  f o r  a c o l l e c t i o n  of rocks and f l u i d  

res idence  t i m e )  should be  developed f o r  t he  labora tory  model based 

on the  techniques developed f o r  t e s t i n g  compact hea t  exchangers. 

The a p p l i c a b i l i t y  of t hese  techniques t o  la rge- sca le  systems should 

a l s o  be evaluated.  

The s imula t ion  code developed by Shockey e t  a l .  (1974) should be ap- 

p l i e d  t o  p r e d i c t  t he  rock s i z e  d i s t r i b u t i o n  f o r  g r a n i t e  rock. These 

p red ic t ions  should be  compared t o  f i e l d  d a t a  a v a i l a b l e  from f rac-  

3. 

4 .  

5. 

tured rock chimneys c rea t ed  by nuc lear  explosives.  
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APPENDIX A 

ROCK COLLECTION CHARACTERIZATION 

To s tudy t h e  energy e x t r a c t i o n  process  from a c o l l e c t i o n  of rocks ,  

c e r t a i n  parameters have t o  b e  properly charac te r ized .  The r e l evan t  param- 

eter i n  t h e  energy e x t r a c t i o n  from a s i n g l e  rock and a c o l l e c t i o n  of rocks 

are descr ibed i n  Sec t ion  2.2.1. 

were obtained i n  t h ree  forms : 

The c h a r a c t e r i s t i c s  of t he  rock loading 

1. Instrumented rock geometrical parameters.  They are requi red  

t o  s tudy and v e r i f y  a n a l y t i c a l  models f o r  t he  rock tempera- 

t u r e  t r a n s i e n t s .  

2 .  Mean geometr ical  parameters and t h e i r  d i s t r i b u t i o n s .  These 

parameters desc r ibe  t h e  s i z e  and shape of t he  rocks which 

govern t h e i r  temperature t r a n s i e n t  behavior.  

Bulk parameters,  which determine t h e  t o t a l  amount of 

energy t h a t  can be  s to red  (o r  recovered) i n  the  rock and 

3. 

t he  f l u i d .  

Details  on t h e  s i z e  and shape measurements of i nd iv idua l  rocks,  t h e  

methodology t o  determine t h e  requi red  number of rocks t h a t  must b e  meas- 

ured t o  ob ta in  a r e p r e s e n t a t i v e  sample of t h e  rock c o l l e c t i o n ,  t h e  sampl- 

ing  procedure, and some of t h e  r e s u l t s  no t  presented i n  Sec t ion  2 ,  are 

descr ibed i n  t h e  following. 

A . l  S i ze  and Shape Parameters 

A s  descr ibed i n  Sec t ion  2.2.1, t h e  r e l evan t  geometrical parameters 

i n t h e e n e r g y  e x t r a c t i o n  process  from an i r r e g u l a r l y  shaped rock are the  
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equiva len t  sphere r a d i u s  Rs and t h e  Kuo's s p h e r i c i t y  $K . The equi- 

v a l e n t  sphere r ad ius  is  defined i n  Eq. 2 . 2  as the rad ius  of a sphere wi th  

a volume equal  to t h a t  of t h e  i r r e g u l a r l y  shaped rock. 

l e n t  sphere r ad ius  can be r e a d i l y  determined from t h e  weight and t h e  

dens i ty  of t h e  rock. 

Thus, t h e  equiva- 

The KUO'S s p h e r i c i t y  qK i s  defined i n  Eq. 2 . 3  as t h e  r a t i o  of 

t h e  s u r f a c e  area of a sphere of equal  volume t o  t h e  a c t u a l  su r f ace  area 

of t h e  rock. The de termina t ion  of t h e  actual s u r f a c e  area of t h e  rock 

can be performed u t i l i z i n g  t h e  p a r a f f i n  coa t ing  technique developed by 

KUO, Kruger, and Brigham (1976). This technique w a s  used t o  determine t h e  

a c t u a l  s u r f a c e  area of t h e  instrumented rocks and a b r i e f  d e s c r i p t i o n  of 

t h e  process  i s  presented  i n  Sec t ion  2 . 2 . 2 .  

The measurement of t h e  s u r f a c e  a r e a  of each ind iv idua l  rock i n  a 

c o l l e c t i o n  of rocks (o r  a r e p r e s e n t a t i v e  sample) us ing  the  p a r a f f i n  tech- 

nique is  not  p r a c t i c a l .  Therefore,  an  approximate method t o  determine 

e i t h e r  t he  rock s u r f a c e  area o r  t h e  va lue  of t h e  KUO'S s p h e r i c i t y  had 

t o  be determined. Hunsbedt, Kruger, and London (1975b) repor ted  an approx- 

imate formula t o  eva lua t e  t h e  su r f ace  area of a rock as t h e  area of a tri- 

a x i a l  e l l i p s o i d ,  whose t h r e e  axes are est imated from t h e  t h r e e  or thogonal  

dimensions of a rock as i l l u s t r a t e d  i n  Figure A-1. The su r f ace  area of a 

t r i a x i a l  e l l i p s o i d  w a s  repor ted  t o  be given by 

However, as i t  w i l l  be  demonstrated i n  Appendix A . 3 . 1 ,  t h e  d i f f e r e n c e  

between the  su r f ace  area ca l cu la t ed  from Eq. A . l  and the  a c t u a l  s u r f a c e  

1 3 7  



a = length 
b = breadth 
c = thickness 

FIGURE A-1. Orthogonal dimensions of . t h e  rock (Hunsbedt, 
Kruger, and London 1975b) 
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area of t h e  rock can b e  as h igh  as 55 percent  depending on how c l o s e  t h e  

shape of t he  rock is  t o  t h a t  of a t r i a x i a l  e l l i p s o i d .  

c ided t h a t  i n s t ead  of t r y i n g  t o  approximate the  a c t u a l  su r f ace  area of 

t h e  rock,  t h e  va lue  of t h e  KUO'S s p h e r i c i t y  could be estimated d i r e c t l y  

as t h e  Kuo's s p h e r i c i t y  of a t r iaxial  e l l i p s o i d  whose t h r e e  axes are 

t h e  rock orthogonal dimensions a , b , and c . Thus, t h e  e r r o r s  in-  

curred i n  es t imat ing  t h e  volume of t he  e l l i p s o i d  t o  c a l c u l a t e  t h e  su r f ace  

area of an  equal  volume sphere ,  and t h e  e r r o r s  incur red  i n  t he  ca lcu la-  

t i o n  of t h e  su r f ace  area (Eq.  A.l) would tend t o  cancel  each o t h e r ,  when 

t h e i r  r a t i o  w a s  performed. 

Then, i t  was de- 

The volume of a t r i a x i a l  e l l i p s o i d  is  given 

by 

T abc 
6 

v = -  

Therefore,  t he  s u r f a c e  area of an equal  volume sphere is  given by 

Reca l l ing  t h e  d e f i n i t i o n  of t h e  Kuo's s p h e r i c i t y  given by Eq.  2.3,  t he  

KUO'S s p h e r i c i t y  o f  t h e  t r i a x i a l  e l l i p s o i d  r e f e r r e d  t o  as the  "pseudo 

KUO'S s p h e r i c i t y , "  I); , i n  t h i s  s tudy is  given by 

where A and As were s u b s t i t u t e d  from Eqs.  A . l  and A . 3 ,  r e spec t ive ly .  

Simplifying and rearranging:  
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The f i r s t  f a c t o r  i n  t he  denominator i s  t h e  Krumbein s p h e r i c i t y  used 

by Hunsbedt, Kruger, and London (1975b), which i s  defined as the  cubic  r o o t  

of t he  r a t i o  of t h e  rock volume approximated by t h a t  of a t r i a x i a l  e l l i p s o i d  

t o  t h e  volume of a circumscribing sphere: 

The accuracy of t h e  pseudo Kuo's s p h e r i c i t y  i n  es t imat ing  t h e  a c t u a l  

va lue  of t h e  Kuo's s p h e r i c i t y  w a s  evaluated by comparing t h e  est imated 

and the  a c t u a l  va lues  (J, ) f o r  the  s i x  instrumented rocks.  This K 

comparison i s  presented i n  Sect ion 2.2.2. 

A.2 Determination of t he  S i z e  of a Representat ive Sample 

A.2.1 Sta t i s t i ca l  Analysis 

A b a s i c  p r i n c i p l e  i n  s t a t i s t i c a l  i n fe rence  is  t h e  so- called "Central 

L i m i t  Theorem" which says  t h a t  t he  a r i t h m e t i c  mean tends t o  be normally 

d i s t r i b u t e d  as t h e  number of samples i nc rease  i n  s i z e ,  almost indepen- 

den t ly  of shape of t he  o r i g i n a l  populat ion.  This is  g raph ica l ly  ex- 

pla ined  i n  Figure A-2 which shows how t h e  sample mean converges t o  t h e  

a c t u a l  o r  " t rue  mean" as the  sample s i z e  increases .  I f  t h e  frequency 

d i s t r i b u t i o n  of t h e  est imated sample means w e r e  p l o t t e d  as t h e  sample 

s i z e  i nc reases ,  t h e  shape of t h e  d i s t r i b u t i o n  would tend t o  be t h a t  of a 

normal d i s t r i b u t i o n  as i l l u s t r a t e d  i n  F igure  A- 3. A s  t he  sample s i z e  
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i nc reases ,  t h e  frequency of est imated means c l o s e  t o  t h e  a c t u a l  mean 

increases .  

Then, provided t h a t  t he  sample s i z e  i s  l a r g e ,  t h e  d i s t r i b u t i o n  of  

sample means is  normal o r  nea r ly  so; and the re fo re  i t  can be completely 

descr ibed by i ts  mean and i t s  s tandard devia t ion .  Furthermore, t hese  

va lues  may be  est imated from a s i n g l e  l a r g e  sample. 

The standard dev ia t ion  of the  d i s t r i b u t i o n  of  sample means is  c a l l e d  

t h e  "standard dev ia t ion  of a mean," and i t  measures ( inverse ly)  t h e  pre- 

c i s i o n  of t h e  sample estimate; t h a t  i s ,  how c lose ly  the  sample mean va lue  

is  l i k e l y  t o  approach t h e  t r u e  mean value.  

enough wi th  r e spec t  t o  t h e  sample s i z e ,  t h e  s tandard dev ia t ion  of t h e  

mean o r  j u s t  s tandard e r r o r  is  given by: 

When t h e  populat ion i s  l a r g e  

A G  % =-  
AT- 

where 

mated from an i n i t i a l  sample as 

CT i s  the  s tandard  dev ia t ion  of t h e  populat ion which can be esti- 

S "x=%=- JT- 
where n is t h e  sample s i z e ,  and S i s  t h e  est imated s tandard  dev ia t ion  

of t h e  populat ion given by 

- 
Therefore,  as X and S can be  est imated from an i n i t i a l  random sample, 

t h e  s tandard e r r o r  can a l s o  be f ixed  by the  p rec i s ion  requi red ,  and t h e  

sample s i z e  can be computed from 
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where 

set i n  advance. The level of confidence i s  defined as t h e  p r o b a b i l i t y  

t h a t  t h e  est imated mean w i l l  be  wi th in  a c e r t a i n  a f fo rdab le  e r r o r .  For 

example, f o r  95 percent  level of confidence, X w i l l  be  given by 

5 is  given by t h e  requi red  level of  confidence which has  t o  be  X 

- 

where the  va lue  1.96 0- has t o  be equal  o r  less than t h e  a f fo rdab le  er- 

r o r .  Thus, i f  % i s  des i r ed  t o  be wi th in  a c e r t a i n  va lue ,  

X 

f o r  a des i r ed  95 percent  confidence level t h a t  i t  w i l l  happen, t he  prob- 
I - 

a b i l i t y  t h a t  X w i l l  be  less than 2 + 6- and l a r g e r  than X - 6- X X 

should be 0.95 (o r  95 percent ,  o r  20: l  odds).  Since the  means a r e  nor- 

mally d i s t r i b u t e d ,  

- 
P ( X -  6-< x < x +  %) = 0.95 = - J 

x-6y E o  x -  - 
1 
2 --I ( X - m S ] 2  

e 

performing t h e  i n t e g r a t i o n  and so lv ing  f o r  % w i l l  y i e l d  

6y = 1.96 5 

The main problem i n  de f in ing  t h e  minimum sample s i z e  is  t h e  prede- 

terminat ion of t h e  permiss ib le  e r r o r  % . Once 6- is determined, t h e  

s tandard  e r r o r  of t h e  mean is  f ixed  f o r  a given confidence level. 

X 
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A . 2 . 2  Uncertainty Analysis and Specification of the Standard Error 

of the Mean 

The driving force for heat transfer from a rock to the surrounding 

fluid is the rock to fluid temperature difference. To minimize the un- 

certainty in the prediction of the energy extraction from a collection o f  

rocks, the uncertainties on the required parameters to predict the rock 

to fluid temperature difference have to be minimized. The mean rock to 

fluid temperature difference is calculated for the quasi-steady state 

using Eq. 3.6: 
? 

It can be seen that this temperature difference is proportional to the 

square of the equivalent sphere radius. 

on the mean value of the rock equivalent sphere radius, a sensitivity anal- 

ysis of the uncertainty on the rock to fluid temperature difference was 

To find the allowable uncertainty 

performed. 

fidence level, the uncertainty of the rock to fluid temperature difference 

is given by 

For a first-order replication uncertainty and 95 percent con- 

6AT = { [g 6a] 2 +[e 611) +[% 6k) '+[g 6h] 2 

For the values given in Table A-1, the percentage uncertainty of the 

rock to fluid temperature difference is shown in Figure A-4 as a function 

of the rock equivalent sphere radius, Rs , and several values of the un- 

certainty on Rs . The convective heat transfer coefficient for vapor 
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TABLE A-1 

Parameter Value 

Thermal Diffusivity, cx (ftL/hr) 
Fluid Cooling Rate, p ('F/hr) 

Thermal Conductivity, k (Btu/hr-ft-'F) 

Convective Heat Transfer Coefficient, h (Btu/h+-ft-OF) 

0.039 3- 0.005 

1 2  ? 1.0 
1.4 -t 0.2 

3 5. la 

environment was selected to consider the worst condition. It can be ob- 

served that the percent uncertainty increases strongly as the equivalent 

sphere radius decreases. 

Rs itself,theuncertainty 6Rs must be 0.01 feet or less to have an 

acceptable value of the percent uncertainty on the rock to fluid tempera- 

ture difference. 

It appears that independently of the value of 

From this analysis, it was concluded that for an irregularly shaped 

rock, the maximum affordable uncertainty in any rock dimension should be 

equal or less than 0.01 feet ( 3  mm), i.e., 

6 < 0.01 ft a -  

6, 5 0.01 ft 

cSc - < 0.01 ft 

and for 95 percent confidence level, the standard deviation should be 

S;;; - < 0.01/1.96 ft 

Si; - < 0.01/1.96 ft 

S- < 0.01/1.96 ft c -  
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Since individual rock weight measurements were used to find the vol- 

umes of the rocks, and the rock volumes, in turn, were used to calculate 

the equivalent sphere radius, the uncertainty in the equivalent sphere 

radius is given by 

[qi3 x -  I -2/3 6v 
3 v  6R = 

S 

It can be seen that the uncertainty on the rock volume is not very 

sensitive to the uncertainty in the equivalent sphere radius. Therefore, 

the number of rocks required to have a representative sample of the col- 

lection of rocks was based on the allowable standard deviation of the 

mean for the three rock dimensions, a , b , and c ,as indicated in 

Eq. A . 9 .  

A.2.3 Rock Sampling Procedure 

A programmable calculator (HP-65) was used to compute the mean 

values, the standard deviation, the standard error of the mean, and con- 

sequently the required number of rocks to be measured. 

sampling procedure was performed: 

The following 

1. A random sample of a convenient size w a s  taken and the rock 

dimensions, a , b , c , and rock weight were measured. The 

sample standard deviation S was computed as an estimate of 

0 , the standard deviation of the collection of rocks. 

2. The desired value of the standard error of the mean c- X 
and the estimated standard deviation of the rock collection 

0 were used to calculate the required sample size n from 

Eq. A . 7 ) .  
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3. I f  the  computed va lue  of n was l a r g e r  than t h e  o r i g i n a l  ran-  

dom sample s i z e ,  a d d i t i o n a l  rocks  were measured and a new 

s tandard d e v i a t i o n  was computed t o  f i n d  a new n . This pro- 

cess w a s  continued u n t i l  t h e  requ i red  and measured number of 

rocks  were reasonably c lose .  

A . 3  Resu l t s  

A . 3 . 1  Instrumented Rocks 

S i x  instrumented rocks were i n s t a l l e d  a t  d i f f e r e n t  l o c a t i o n s  of t h e  

r e s e r v o i r ,  as shown i n  Figure  2-5, t o  s tudy t h e  temperature t r a n s i e n t  be- 

havior  of i n d i v i d u a l  rocks .  Thermocouples were i n s t a l l e d  i n  t h e  c e n t e r  

of a l l  of them and at  the  s u r f a c e  of rock number 3 t o  measure convection 

h e a t  t r a n s f e r  c o e f f i c i e n t s .  P r i o r  t o  i n s t a l l i n g  t h e  instrumented rocks ,  

t h e i r  geometrical  parameters were determined. 

nique developed by Kuo, Kruger, and Brigham (1976) w a s  used t o  measure t h e  

s u r f a c e  area. 

b ra ted  tank,  and t h e  average d e n s i t y  of t h e  g r a n i t e  was c a l c u l a t e d  f o r  t h e  

s ix  rocks from t h e i r  weight  and volume measurements. 

The p a r a f f i n  coa t ing  tech-  

The volume w a s  determined by water displacement i n  a cal i-  

Table A-2 shows t h e  measured rock dimensions 

measured mass and volume, and t h e  c a l c u l a t e d  equivalent  sphere  diameter 

d 

l e n t  sphere  diameter is  somewhere between t h e  rock dimensions a and c . 

a , b , and c , t h e  

( 2  Rs> , and rock d e n s i t y .  It i s  seen t h a t  the  va lue  of the  equiva- S 

It i s  also seen t h a t  t h e  d e n s i t y  v a r i e s  from rock t o  rock.  

i s  due t o  v a r i a t i o n s  on t h e  d e n s i t y  of t h e  g r a n i t e  i t s e l f  and t o  uncer- 

t a in t i e s  i n  t h e  experimental  measurements. 

This v a r i a t i o n  

The c a l c u l a t e d  s u r f a c e  a r e a  of the rocks us ing Eq. A . l  as compared 

t o  t h e  a c t u a l  s u r f a c e  area measurements ( p a r a f f i n  technique) are a l s o  
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TABLE A-2 

Instrumented Rock Parameters 

3 

1 6  

10 

7 

12 .2  

2 .3  

0 .95  

2.42 

58.7 

76 .5  

Parameter 

Length, a (cm) 

Breadth, b (cm) 

Thickness, c (cm) 

Equivalent Sphere Diameter, 

Mass (kg) 
Volume (am3) 

Density (g/cm 1 

ds (4 

3 

Surface Area (in 2 ), Eq. A . l  

Actual Surface Area (in 2 ) 
paraffin technique 

4 

1 9  

1 2  

9.5 

14 .45  

4.2 

1 .58  

2.66 

88 .3  

109 .2  

1 

25 

11 

10.5  

1 6 . 1  

5 .6  

2.18 

2.57 

110.1 

137 .4  

2 

23 

2 1  

1 3  

19 .8  

11 .2  

4.05 

2.77 

L84.9 

Z36.3 

5 

26 

1 8  

1 3  

21.7 

1 4 . 5  

5.32 

2.73 

177.54 

260.6 

6 

21.5 

1 5  

1 3  

1 5 . 3  

5 . 0  

1 . 8 6  

2.69 

132 .8  

131 .8  

shown in Table A-2. It can be observed that the calculated surface area 

using Eq. A . l  is about 20 percent lower than the actual measurements for 

rocks 1 to 4 ,  and 32 percent lower for rock number 5 .  However, f o r  rock 

number 6 ,  the difference between the calculated and measured surface 

area is less than one percent. This indicates that Eq. A . l  does not 

provide an accurate and consistent formula to calculate the surface area 

of the rock. 

late the KUO'S sphericity directly instead of trying to calculate the 

surface area to obtain the sphericity. 

in Section A . 1 ,  and the results are presented in Section 2. 

A s  it was discussed in Section A.1, it was decided to calcu- 

The method utilized is described 

A.3.2 

Following the sampling procedure described in Section A.2 .3 . ,  the main 

Rock Size and Shape Distribution 
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rock geometrical  parameters  were measured f o r  t he  362 rocks r equ i r ed  t o  

have a r e p r e s e n t a t i v e  sample. These parameters were: t h e  rocks '  t h r e e  

or thogonal  dimensions, a , b , and c , and t h e  rock weight.  The rock 

volumes and equ iva len t  sphere  r a d i u s  were c a l c u l a t e d  f o r  each rock from 

t h e  measured weights  and dens i ty .  S imi l a r ly ,  t h e  pseudo Kuo's s p h e r i c i t y  

and o t h e r  parameters t o  c h a r a c t e r i z e  t h e  shape of t h e  rocks such as 

c / a  

measured rock dimensions. 

and s tandard  dev ia t ions  of  t h e  measured and c a l c u l a t e d  parameters  of t h e  

rock c o l l e c t i o n .  

b / a  , 

r a t i o s  and Krumbein s p h e r i c i t y  were c a l c u l a t e d  f o r  each rock from t h e  

Table 2-2 p re sen t s  a summary o f  t h e  mean va lues  

The frequency d i s t r i b u t i o n  of  t h e  equ iva len t  sphere r a d i u s  i s  shown 

i n  F igure  2- 7. This  d i s t r i b u t i o n  is  approximately exponent ia l .  However, 

t h e  rock orthogonal  dimensions were found t o  be  lognormally d i s t r i b u t e d .  

This  c h a r a c t e r i s t i c  was r epor t ed  by Hunsbedt, Kruger, and London (1975b) 

f o r  previous  rock loadings .  This  d i s t r i b u t i o n  of  t h e  dimension a i s  shown 

i n  Figure A-5 p l o t t e d  i n  a s imi log  paper t o  i l l u s t r a t e  t h e  lognormal d i s t r i b u t i o n  

Figure A-6 shows t h e  frequency d i s t r i b u t i o n  of t he  rock volume. 

Note t h a t  t he  scale f o r  t h e  frequency i s  logar i thmic .  It can be  observed 

t h a t  t h e  c o l l e c t i o n  of rocks  i s  heav i ly  concent ra ted  i n  smal l  rocks.  

However, when t h e  volumetr ic  f r a c t i o n  of each rock s i z e  i n t e r v a l  i s  

c a l c u l a t e d  using Eq. B.17b and Figure A- 6,  t h e  propor t ion  o f  t h e  volumet- 

r i c  f r a c t i o n  of l a r g e  rocks  i n c r e a s e s  s i g n i f i c a n t l y ,  re la t ive  t o  t h e  volu- 

metric f r a c t i o n  of smal l  rocks ,  as shown i n  Figure 2-10. In  o t h e r  words, 

i f  t h e  c o l l e c t i o n  o f  rocks con ta ins  only a few rocks which volume i s  

s i g n i f i c a n t l y  l a r g e r  than  t h e  mean va lue  of t h e  rock volume f o r  t h e  col-  

l e c t i o n ,  t h e  volumetr ic  f r a c t i o n  of  t h e s e  l a r g e  rocks r e p r e s e n t s  a l a r g e  

150 



2 6 0  

2 2 0  

m 

0 - 180 

> 
0 
Z 140 
W 
3 
0 
W 
Qc too 
LL 

X 

60 

I I I 1 

2 0  [ 

1 
I 
I 
I 
I 
I 

\ 
\ 
\ 
\ 
\ - 

_I 

\ 
\ 
\ 

- 

I 

-r-- 

fi = 6.73 

1 a,= 2 .9  

\ 
1 

1 1.5 2 3 4 5 6 7 8 9 1 0  20 3 0  40 
DIMENSION o ( c m )  

FIGURE A-5. Frequency d i s t r i b u t i o n  of  dimension a 

151 



4 6 8 

- 
v = 93.4 
a,= 228.2 

IO 12 14 16 18 
VOLUME V ~ 1 0 ' ~  (cm3)  

FIGURE A- 6.  Frequency d i s t r i b u t i o n  of the rock volume V 

15 2 



propor t ion  of t h e  t o t a l  rock volume, and t h e r e f o r e  a l a r g e  p ropor t ion  of 

t h e  recoverab le  energy. 

The pseudo Kuo's s p h e r i c i t y  frequency d i s t r i b u t i o n  is shown i n  Fig- 

u r e  2-8. 

d i s t r i b u t i o n  wi th  t h e  t a i l  end of t h e  h igh va lues  c u t t e d  a t  a maximum 

v a l u e  of 1 .0  imposed by d e f i n i t i o n  of t h e  KUO'S s p h e r i c i t y .  

t h a t  t h e  parameters r e l a t e d  t o  t h e  shape of t h e  rock tend t o  be  normally 

The shape of t h e  d i s t r i b u t i o n  appears t o  be  t h a t  of a normal 

It w a s  found 

d i s t r i b u t e d .  This c h a r a c t e r i s t i c  w a s  a l s o  repor ted  by Hunsbedt, Kruger, 

and London (1975b). To i l l u s t r a t e  t h e  c h a r a c t e r i s t i c ,  t h e  frequency d i s-  

t r i b u t i o n  of t h e  Krumbein d i s t r i b u t i o n  and t h e  r a t i o  b / a  are shown i n  

Figures  A-7 and A-8, r e s p e c t i v e l y ,  

A s t a t i s t i c a l  a n a l y s i s  w a s  performed t o  i n v e s t i g a t e  t h e  dependence 

of t h e  rock shape on t h e  rock s i z e .  

f o r  r e g r e s s i o n  a n a l y s i s  w a s  used t o  analyze  t h e  dependecce of t h e  pseudo 

Kuo's s p h e r i c i t y  as a f u n c t i o n  of t h e  equ iva len t  sphere  r a d i u s ,  and t h e  

p red ic ted  va lues  from t h e  c a l c u l a t e d  r e g r e s s i o n  equation.  It w a s  found 

t h a t  only  1.95 percent  of t h e  v a r i a t i o n s  of t h e  pseudo Kuo's s p h e r i c i t y  

from i ts  mean va lue  w e r e  expla ined from v a r i a t i o n s  on t h e  equ iva len t  

sphere  r a d i u s .  

t h e  pseudo Kuo's s p h e r i c i t y  is  independent of t h e  rock s i z e ,  and t h a t  i t s  

mean va lue  can b e  used t o  c h a r a c t e r i z e  t h e  shape of a c o l l e c t i o n  of rocks.  

The BMD-02R package computer program 

Therefore ,  i t  w a s  concluded t h a t  f o r  p r a c t i c a l  purposes 
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APPENDIX B 

DETAILS OF ANALYSIS 

B . l  Exact Ana ly t i ca l  So lu t ion  f o r  Spher ica l  Rocks 

I n  Sec t ion  3.1.1 t h e  s o l u t i o n s  f o r  t h e  temperature t r a n s i e n t  i n  

s p h e r i c a l  rocks is  formulated,  as a r e q u i s i t e  t o  p r e d i c t  the  energy ex- 

t r a c t e d  f r a c t i o n  from a s i n g l e  rock. Figure  3-1 desc r ibes  t h e  phys ica l  

model of t h e  rock temperature t r a n s i e n t  f o r  constant  f l u i d  cool ing ra te  

cond i t ions .  

conservat ion of energy and r a t e  equat ion cons ide ra t ions  a one-dimensional 

boundary va lue  problem r e s u l t s :  

I f  t h e  i d e a l i z a t i o n s  l i s t e d  i n  Sect ion 3.1.1 are made, from 

r a T  
BC: - = 0 a t  r = O  ar 

I C :  Tr(r,O) = T1 

The s o l u t i o n  t o  t h i s  problem is  given by Hunsbedt, Kruger, and London (1975b) 

and by Carslaw and Jeager  (1957), i n  non-dimensional form: 

(B. l a )  

where t h e  eigenvalues are 
equat ion,  

Bn(n = 1,2.. .I are t h e  r o o t s  of t h e  t r anscenden ta l  

B c o t  B + (NBi - 1) = 0 (B. l b )  
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To v e r i f y  exper imenta l ly  t h e  temperature t r a n s i e n t  p r e d i c t i o n ,  t h e  

rock cen te r  temperature i s  of p a r t i c u l a r  i n t e r e s t .  

r -+ 0 y i e l d s ,  i n  non-dimensional form, 

Finding t h e  l imi twhen  
* 

where the  non-dimensional v a r i a b l e s  are def ined i n  the  nomenclature. 

Also ,  the  mean temperature of rock def ined from the  energy s t o r a g e  p o i n t  

of view is  of i n t e r e s t  t o  e v a l u a t e  the  energy e x t r a c t e d  f r a c t i o n .  

d e f i n i t i o n  is  formulated i n  E q .  3 .3 as 

Its 

o r  
1 - 

Tr = 3 I Tr ( r* , t )  r*2 dr* 
0 

( B .  3a) 

(B. 3b) 

S u b s t i t u t i n g  E q .  B.la i n t o  B.3b y i e l d s  

The s o l u t i o n  of E q .  B . l  f o r  NBi +- 03 
is  i n t e r e s t i n g ,  s i n c e  the  s i z e  

of the  rocks  t o  be  considered w i l l  u s u a l l y  r e s u l t  i n  high Biot  numbers: 

wi th  

Bn = (211-1) x IT , n = 1 , 2 ,  . . . , w  
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F i n a l l y ,  t h e  rock s u r f a c e  temperature i s  needed t o  exper imenta l ly  

f i n d  t h e  convective h e a t  t r a n s f e r  c o e f f i c i e n t s .  

r -f 1 i n  E q .  B . l  y i e l d s  

Finding t h e  l i m i t  when 
* 

Clear ly ,  when NBi -f DJ , the  rock su r face- f lu id  temperature d i f f e r e n c e  

i s  zero ,  s i n c e  the  thermal r e s i s t a n c e  a t  the  rock s u r f a c e  is  n e g l i g i b l e .  

B . 2  One-Lump Parameter Solut ions  

A complete d e s c r i p t i o n  of the  one-lump s o l u t i o n  i s  given i n  Sect ion 

3.1.2. Figure 3-3 shows t h e  phys ica l  model and the  corresponding thermal 

c i r c u i t .  So lu t ion  of t h e  thermal c i r c u i t  y i e l d s  

d Tr T ( t )  - T ( t )  
p v c- =  r (B.7) 

Reca l l ing  t h a t  T f ( t )  = T l - p t  r e s u l t s  i n  

Ro d t  

where Ro is given by Eq.  3.8a. 

T T1 - ?Jt r + - =  r d T  - 
d t  ROC ROC 

with 

(B. 8a) 

A c = p v c  

Mult ip lying E q .  B.8a by e t/RoC y i e l d s  

I n t e g r a t i n g  and s impl i fy ing  

Tr = T1 - p t  - pRoC + I e -t/R,C 

(B. 8b) 

Applying the  i n i t i a l  c o n d i t i o n ,  Tr = T1 , a t  t = 0,  t o  f i n d  t h e  i n t e-  

g r a t i o n  cons tan t  I, r e s u l t s  i n  
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- t /%c) 
Tr - Tf URoC( l  - e 

where t h e  i n t e g r a t i o n  cons tan t  I: = UR0C , 

B.3 Var iable  F lu id  Cooling Rate So lu t ions  

To model t h e  temperature t r a n s i e n t  of a rock f o r  v a r i a b l e  f l u i d  cool- 

i n g  ra te  cond i t ions ,  l e t  t h e  i n i t i a l  temperature of  t h e  f l u i d  and rock be  

TI . L e t  a l s o  t h e  f l u i d  temperature s tar t  t o  vary a t  any a r b i t r a r y  t i m e  

t = 0 , and l e t  i t  be  represen ted  by a series of i n f i n i t e s i m a l  changes of 

cons tan t  cool ing rates, as shown i n  Figure  3-7a and b .  Then t h e  coo l ing  

r a t e  w i l l  behave as a series of i n f i n i t e s i m a l  s t e p s ,  o r  f i n i t e ,  o r  both .  

The rock temperature a t  any t i m e  can then be determined by summing 

t h e  c o n t r i b u t i o n  of each of the  s t e p s ,  e i t h e r  i n f i n i t e s i m a l  o r  f i n i t e .  

For t h e  summarion t o  be  considered,  t i s  t h e  po in t  of t i m e  a t  which i t  

i s  d e s i r e d  t o  determine t h e  rock temperature,  and thus  t i s  t r e a t e d  

t 

a s  a cons tan t .  

t i o n  of each s t e p ;  5 thus  v a r i e s  from 0 t o  t . 
A durmny t i m e  var iables  5 , i s  used t o  des igna te  t h e  loca-  

Consider now the  s o l u t i o n  f o r  the  rock- fluid  temperature d i f f e r e n c e  

a t  a t i m e  t 

rate ( E q s .  3.2 and 3.4 o r  3.11) and l e t  i t  be expressed i n  general  f o r m a s  

r e s u l t i n g  from a s i n g l e  s t e p  i n  f l u i d  temperature cool ing 

AT = T - Tf = Ap X f ( T , t )  (B . l o )  r 

Notice t h a t  i n  E q s .  3.2, 3 . 4 ,  and 3.11, Ap = (11 - 0) = 1-1 , s i n c e  

t h e r e  i s  only  one s t e p  change from a zero i n i t i a l  va lue  t o  p . 
Now, i f  the  s t e p  i n  f l u i d  coo l ing  rate occurs  a t  5 the  same solu- 

t i o n  a p p l i e s  bu t  AT a t  t i m e  t becomes 

This f a c t  can be  w e l l  understood by looking a t  Figure 3-7c. Then, 
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an i n f i n i t e s i m a l  change i n  

i n  AT : 

5 w i l l  a l s o  produce an  i n f i n i t e s i m a l  change 

o r  (B. 11) 

-- d(AT) - f ( T , t  - 5) du 

The complete s o l u t i o n  f o r  the  rock- fluid  temperature d i f f e r e n c e  a t  

time t must be  simply t h e  summation of t h e  con t r ibu t ion  of a l l  t h e  

i n f i n i t e s i m a l  s t e p s  i n  f l u i d  coo l ing  rate (or  f i n i t e ) .  

homogeneity of t h e  governing p a r t i a l  d i f f e r e n t i a l  equat ion a s s u r e  t h a t  

such a sum of  s o l u t i o n s  still s a t i s f i e s  t h e  d i f f e r e n t i a l  equat ion 

The l i n e a r i t y  and 

b u t  

and 

Then, 

o r  

n 

i=l 
AT(t) = 1 f ( T , t  - 5) Api 

( B . 1 2 )  

(B .  13a) 

(B.13b) 

The u t i l i z a t i o n  of Eqs. B . 1 3  i s  i l l u s t r a t e d  i n  Sect ion 4 ,  where the  
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one-lump s o l u t i o n  is  used f o r  f (Ty t - 5) i . e .  

(B. 13c)  

Numerical s o l u t i o n  of Eqs. B . 1 3  can b e  r e a d i l y  performed by making 

use  of Figures  3-3 and 3-4 f o r  rock cen t e r- f lu id  temperature d i f f e r e n c e s  

and mean rock- fluid temperature d i f f e r e n c e s ,  r e spec t ive ly .  A computer 

program t o  f a c i l i t a t e  i t s  use  (Eq. B . 1 3 ~ ) ~  when s e v e r a l  s t e p s  are consid- 

ered ,  i s  shown i n  Appendix B.4. By in spec t ion  of Eq. B.l3c,  i t  can be 

seen  how t h e  a p p l i c a t i o n  of t h e  one-lump s o l u t i o n  f o r  t h i s  purpose g r e a t l y  

s i m p l i f i e s  the a n a l y s i s  compared t o  t h e  exact a n a l y t i c a l  s o l u t i o n .  

B . 4  

1 

2 
3 
4 
5 
F, 
7 
9 
9 

10 
11 
1 2  
I3 
1 4  
15 
1 6  
17 
1 3  
19 
20 
21 
3 2  
23 
1 4  
-z5 
2 5  
2 7  
23 
2’3 
3 3  
31 
3 2  
33 
74 
35 
3d 
37 

39 
4 9  
4 1  
42  
43 
A 4  
, A 5  

7 e  

Computer Program t o  P r e d i c t  t h e  Rock Temperature Trans ien t  and 

Energy Extracted F rac t ion  

C S U P E R P O C I T I O N  CF COl rCTAhT  C O O L I N G  R A T E  
C I HENS I CN 

1 rTDBAR( 4 0  J 
2 )  

T F  (44 ) * T F (  40 1 0 2 [  44  ) r X f  (40) .ETA(  4 C  1 * F( 00 .XMU(  4 0 )  gTD(40 J 
T D A ( 4 C  ) . T X ( 4 0 )  r Y M U (  4 0 )  s X D (  50 1 * X D @ A R  (40 1 sTBAR(40 1 .TRP( 44 

-I - 
1 

2 

1 0  

I5 

2 c  

41  
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46  

47 
4 8  
49 

SO 
51 
5 2  
53 
54 
55 
56  
57 
5 9  
59 
6 0  
51 

5 2  
53 

54 

6 5  
66  
6 7  

B . 5  

C J I  
C A L L  
P R I N T . T A U S 1  e X E . T A l S 2  s T r F U  

T k A P  S ( C 100 C s 1 0  00 s 1 e 1  1 

XCBAR( J ) = X Y U (  J ) * T A U S  1* ( i-EXP( 

Volumetric F r a c t i o n  as a Function of S i z e  D i s t r i b u t i o n  

When the  volumetr ic  f r a c t i o n  of t h e  d i f f e r e n t  rock volumes i n  a col-  

l e c t i o n  of rocks  i s  not  known, the  frequency d i s t r i b u t i o n  can be eas i ly  

obtained from s t a t i s t i c a l  sampling as descr ibed i n  Appendix A . 3 .  However, 

t h e  magnitudes of t h e  volumetr ic  f r a c t i o n  are requ i red  f o r  the  eva lua t ion  

of t h e  l o c a l  energy f o r  a c o l l e c t i o n  of rocks .  

The volumetr ic  f r a c t i o n  w a s  def ined i n  E q .  3 .29b as 

V a i  
X i -  N c v i  

i=l 

(B. 1 4 )  

Also, the  a r i t h m e t i c  mean of t h e  i n d i v i d u a l  rock volume i s  def ined as: 

N 
1 v i  - 4 i=l 

N v -  

The t o t a l  rock volume can then  b e  expressed as 

(B.  15) 

- N 
1 v i = N - v  

i=l 
(B. 1 6 )  
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I f  ni i s  t h e  number of rocks  wi th  volume vi , t h e  volumetric f r a c t i o n  

of t h i s  group of rocks is  

n v  i i  = -  - 
N * V  

X i  (B .17a) 

But t h e  f r a c t i o n  ni/N is  by d e f i n i t i o n  t h e  p r o b a b i l i t y  p (v . )  of  hav- 
1 

i n g  a rock wi th  volume 

sample i s  s u f f i c i e n t l y  l a r g e .  

v i n  t h e  c o l l e c t i o n  of rocks provided t h a t  t h e  

Then t h e  volumetr ic  f r a c t i o n  can be ex- 

i 

pressed as 

(B. 17b) 

The volumetr ic  f r a c t i o n  of a group of rocks  wi th  a given volume i s  

seen t o  be  p ropor t iona l  t o  t h e  p r o b a b i l i t y  of  having a rock with t h a t  

volume i n  t h e  rock c o l l e c t i o n  and t o  t h e  relat ive s i z e  as compared t o  t h e  

mean s i z e .  

B.6 E f f e c t  of Microf rac tu res  on Rock Thermal P r o p e r t i e s  

To q u a l i t a t i v e l y  analyze  the  p o s s i b l e  e f f e c t  of mic rof rac tu res  on t h e  

rock thermal p r o p e r t i e s ,  two d i f f e r e n t  arrangements o f  t h e  c racks  wi th  

respect t o  t h e  d i r e c t i o n  of  t h e  temperature g rad ien t  were analyzed: 

f i r s t ,  when t h e  cracks  are perpendicular  t o  t h e  temperature g r a d i e n t ,  and 

second, when the  cracks  are p a r a l l e l  t o  them. 

B.6.1 Microf rac tu res  Perpendicular  t o  t h e  Temperature Gradient  

Figure  B- l a  shows t h e  p h y s i c a l  model and corresponding thermal c i r c u i t  

f o r  one-dimensional h e a t  t r a n s f e r  i n  a rec tangu la r  ba r  wi th  a l eng th  

and th ickness  and width equa l  t o  un i ty .  The ba r  has q cracks  of 

t h i c kne s s tc perpendicular  t o  the  temperature g r a d i e n t .  Solving the  

L , 
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thermal c i r c u i t ,  t h e  h e a t  t r a n s f e r  pe r  u n i t  area i s  given by 

AT q" = - 
RT 

(B.  18)  

where RT is  given by 

s i n c e  the  r e s i s t a n c e s  are i n  series.  For t h e  same reason,  

L - 'ltc 

kr 
I R  = r 

c R f  = -  
kf 

L e t  L = 1 and 17 the  number of cracks  pe r  u n i t  l eng th .  Then, 

Simplifying and rea r rang ing ,  

(B.19) 

I f  the  e f f e c t i v e  thermal conduc t iv i ty  is  def ined such t h a t  

q" - " with  RT = - 1 

RT , ke 

comparison of  E q s .  B.20 and B.19 y i e l d s  

By d e f i n i t i o n  t h e  d e n s i t y  i s  given by 
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o r  

(B.  22) 

Also by d e f i n i t i o n ,  t h e  s p e c i f i c  h e a t  is  

o r  

(B. 2 3 )  

Combining Eqs.  B . 2 1 ,  B . 2 2 ,  and B . 2 3 ,  t h e  thermal d i f f u s i v i t y  i s  given 

(B. 2 4 )  

B . 6 . 2  Mic rof rac tu res  P a r a l l e l  t o  t h e  Temperature Gradient  

B . 6 . 2 . 1  Without f l u i d  flow through t h e  cracks:  S i m i l a r l y  t o  t h e  

case  of perpendicular  f r a c t u r e s ,  Figure  B- l b  shows t h e  phys ica l  model 

and corresponding the rmoc i rcu i t  f o r  t h e  case  of cracks i n  t h e  same d i rec-  

t i o n  as t h e  temperature g r a d i e n t .  Again, s o l v i n g  t h e  thermocircui t  y i e l d s  

(B. 25a) AT q” = - 
RT 

wi th  
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- 1 = c , + c -  1 1 

RT r Rf 

s i n c e  t h e  r e s i s t a n c e s  are i n  p a r a l l e l .  For a u n i t  l eng th ,  

and comparing E q .  B.27 wi th  Eq. B . 2 0 ,  

k = k r ( l  - ‘Itc) + kf q t c  e 

o r  

(B. 26b) 

(B .  27) 

(B. 28) 

The express ions  f o r  t h e  s p e c i f i c  h e a t  and t h e  dens i ty  are the  same 

as f o r  the  ones f o r  perpendicular  cracks .  

f i n d  t h e  thermal d i f f u s i v i t y ,  

Combining them with  B.28 t o  

(B. 29) 

A t a b l e  of t h e  m u l t i p l i c a t i o n  f a c t o r s  (X /Xr) f o r  g r a n i t e  and l i q u i d  e 

water a t  s t andard  c o n d i t i o n s ,  i s  shown i n  Sect ion 3 . 5 . 4 .  

B . 6 . 2 . 2  With f l u i d  flow through the  cracks:  I f  t h e r e  i s  s u f f i c i e n t  

p ressure  g r a d i e n t  between t h e  two ends of t h e  crack,  a very small flow may 

r e s u l t .  Theenergy t r anspor ted  by t h e  f l u i d  might b e  s i g n i f i c a n t ,  con- 

s i d e r i n g  t h e  r a t h e r  low thermal conduc t iv i ty  of t h e  rock.  For s i m p l i c i t y ,  

i t  can be  assumed t h a t  t h e  f l u i d  t r a v e l s  slowly enough t o  be  i n  thermal 

equ i l ib r ium wi th  the  rock s u r f a c e  (NBi z a). Given t h i s  assumption, t h e  

e f f e c t i v e  h e a t  t r a n s f e r  p e r  u n i t  area i s  given by 
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q" = AT + &" cf AT 

where fit' is  t h e  mass flow of f l u i d  pe r  u n i t  area of solid and crack:  

where u i s  t h e  f l u i d  v e l o c i t y  through t h e  cracks. Using E q .  B.27 f o r  

RT ' 

Simplifying and rea r rang ing ,  

(B .  30) 

The s o l u t i o n  of t h e  c o r r e c t i o n  f a c t o r  i n  Eq. B.30 i s  given i n  Figure 

3-10 f o r  g r a n i t e  and l i q u i d  water, and f o r  d i f f e r e n t  flow v e l o c i t i e s .  Only 

beyond v e l o c i t i e s  of  0.002 f t / h r  t h e  thermal conduc t iv i ty  i s  s i g n i f i c a n t l y  

inc reased .  From P o i s e u i l l e ' s  l a w  f o r  c a p i l l a r y  f low, t h e  flow v e l o c i t y  

i s  given by 

2 t 

(B.  31a) 

where 1-1 i n  t h i s  case i s  t h e  v i s c o s i t y  of t h e  f l u i d .  Solving f o r  aP/ax 

and rea r rang ing ,  

(B. 31b) 

For l i q u i d  water, 

r equ i red  f o r  a 10-percent i n c r e a s e  i n  thermal conduc t iv i ty  would be  

q t c  = 0.01 , and u = 0.3 f t / h r ,  t h e  p ressure  g rad ien t  
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3P 2 dynes - = 3000 17 [ cm3 ] if rl is  l / c m  ax 

For rl = l/cm ( V t c  = 0.01 c m ) ;  

This  kind o f  p re s su re  g r a d i e n t s  are n o t  d i f f i c u l t  t o  f i n d  i n  t h e  

v i c i n i t y  of  t h e  w e l l  bore.  

t h e  one be ing  considered,  thesemagni tudes  of p r e s s u r e  g rad ien t s  might o r  

might n o t  be found a p a r t  from t h e  w e l l  bo re ,  depending on t h e  f r a c t u r e  

pe rmeab i l i t y ,  t h e  f l u i d  v i s c o s i t y ,  and t h e  product ion  rate .  

t h i s  ques t ion  i s  beyond t h e  scope of  t h i s  s tudy .  

However, i n  a h igh ly  f r a c t u r e d  r e s e r v o i r  l i k e  

The answer t o  

B.7 Energy Balance i n  a Frac tured  St imulated Reservoir  

L e t  us cons ider  t h e  r e s e r v o i r  shown i n  F igu re  3-9 i n  which f l u i d  is  

produced a t  some rate 

a t  a rate  I;li(t) wi th  an entha lpy  i i ( t )  . L e t  t h e  r e s e r v o i r  be  adiaba-  

t i c ,  i . e . ,  t h e r e  is no h e a t  t r a n s f e r  from t h e  bottom o r  t h e  surroundings 

of t h e  r e s e r v o i r  t o  t h e  f l u i d  o r  t h e  rock.  

a t  a uniform temperature 

Ih ( t )  wi th  an  entha lpy  i p ( t )  . Flu id  is i n j e c t e d  
P 

The r e s e r v o i r  i s  i n i t i a l l y  

T1 * 

I f  our c o n t r o l  volume inc ludes  t h e  rock  and t h e  ‘ f l u id ,  energy con- 

s e r v a t i o n  y i e l d s  

t t 
ki ii d t  - f rh i d t  

0 0 p p  -- 
Input  ou tpu t  

t 
(B.32) 

I n c r e a s e  o f  S torage  
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- 
where Tr and Tf i n  t h i s  case mean t h e  temperatures of t h e  rock and 

f l u i d ,  r e s p e c t i v e l y ,  throughout t h e  r e s e r v o i r  volume. I f  we  ca l l  t h e  

energy produced 

t 
E p ( t )  = rh i d t  

0 p p  

and t h e  energy i n j e c t e d  

t 

(B. 3 3 )  

(B. 34)  

i n t e g r a t i n g  and r ea r r ang ing  y i e l d s  

From t h e  d e f i n i t i o n  of 

of Eq. B.35 can be rep laced  

Vre(l - 

I f  t h e  energy produced 

(B. 3 5 )  

- 
F t h e  f i r s t  t e r m  of t h e  right- hand s i d e  

E , c  

by 

- - 
$)PrCr FE&(T1 - T f ( t ) )  

is  expressed as a f r a c t i o n  of t h e  energy t h a t  

(B. 3 6 )  

would be ex t r ac t ed ,  i f  t h e  r e s e r v o i r  were cooled uniformly t o  a tempera- 

t u r e  T2 , i . e . ,  

(B. 37) 

where F s t ands  f o r  t h e  " re se rvo i r  energy f r a c t i o n  produced." 
P 

The degree t o  which t h e  f l u i d  has  been cooled can b e  cha rac t e r i zed  

by t h e  " re se rvo i r  mean temperature drop f r a c t i o n"  def ined  as 
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where 

and 

- 
- T1 - T f ( t )  
F =  

T1 - T2 C 

S u b s t i t u t i n g  Eqs. B.38, B.37, and B.36 i n t o  B.35 y i e l d s  

(B. 38) 

(B. 39a) 

(B .  39b) 

* A 'rCr 

pf cf 
c = -  (B. 39c) 

When t h e  r e s e r v o i r  p o r o s i t y  i s  small enough,the energy s t o r a g e  i n  

the  f l u i d  can be neg lec ted ,  i . e .  , y << 1.0  . 
f l u i d  i n j e c t i o n ,  Eq. B.39a becomes 

Besides,  i f  t h e r e  i s  no 

- 
F = F  

P E , c  Fc 
(B. 4 0 )  

Notice t h a t  i f  a t  t h e  end o f  t h e  product ion per iod t h e  temperature of 

t h e  f l u i d  i s  equal  t o  

e x t r a c t e d  f r a c t i o n  s i n c e  t h e  f l u i d  has  been completely cooled (Tc = 1 . 0 ) .  

T2 , t h e  f r a c t i o n  produced i s  equal  t o  t h e  energy 

B.8 A l t e r n a t i v e  Method t o  Model t h e  Rock Temperature Trans ien t  under 

Var iable  F lu id  Cooling Rate Condit ions 

I n  Sec t ion  3.1.4 and Appendix B.3, an a n a l y t i c a l  methodology w a s  de- 

r i v e d  f o r  t h e  temperature t r a n s i e n t  of rocks f o r  v a r i a b l e  f l u i d s  cooling- 

r a t e  cond i t ions .  

and t h e  r e s u l t s  are presented i n  Sect ion 4 .  

The v a l i d i t y  of t h i s  model w a s  v e r i f i e d  exper imenta l ly  

However, t o  model t h e  cold  

1 7 1  



water sweep process ,  the coupl ing of  t he  rock and f l u i d  temperatures makes 

t h e  s o l u t i o n  of t h e  governing equa t ions  q u i t e  complicated. 

p l e r  form f o r  t h e  rock- fluid temperature d i f f e r e n c e  than t h e  one given by 

Eq. 3 . 1 6  must be  der ived  f o r  t h i s  purpose. 

s o l u t i o n  f o r  s t e p  changes i n  f l u i d  temperature provides  t h e  s i m p l i c i t y  

Then, a s i m-  

The supe rpos i t i on  of  t h e  

requi red .  

T1 The one-lump s o l u t i o n  f o r  s t e p  change i n  f l u i d  temperature from 

t o  Tf is  given by 

(B  .41) 

where T i s  given by Eq. 3.10. S imi l a r ly  t o  Sec t ion  3 . 1 . 4 ,  i f  t h e  s t e p  

change i n  f l u i d  temperature  occurs  a t  a t i m e  equa l  t o  

t i o n  a p p l i e s  bu t  

5 , t h e  same equa- 

Tf ’ and f o r  an i n f i n i t e s i m a l  s t e p  change i n  

dTr - dTf - (t-SI I T  = e  -dTf 

o r  

(B. 42) 

(B .43a) 

(B .43b) 

The l i n e a r i t y  and homogeneity of  t h e  governing p a r t i a l  d i f f e r e n t i a l  

equat ion a s su re s  t h a t  t h e  summatiQn of t h e  s o l u t i o n s  given by B.43b a l s o  

s a t i s f y  t h e  d i f f e r e n t i a l  equa t ion .  Then, 
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b u t  

dS 
aTf 

dTf = -E- 
performing t h e  i n t e g r a t i o n ,  

(B .44) 

And i f  w e  want t h e  s o l u t i o n  f o r  t h e  rock- f lu id  temperature d i f f e r e n c e ,  w e  

know t h a t  

(B. 453 

and combining B.45 and B.44 we o b t a i n  

or  

(B. 46a) 

(B. 46b) 

Equation B.46a can be t e s t e d  by d e r i v i n g  t h e  equat ion  f o r  cons t an t  

coo l ing  rate, i . e . ,  

v - =  aTf 
a<  

Performing t h e  i n t e g r a t i o n  and s impl i fy ing  y i e l d s  

which i s  Eq.  3.7. 
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Clear ly ,  from t h e  mathematical formulat ion po in t  of view, Eq. B.46 

i s  equ iva len t  t o  Eq.  3.16 and Eq. B . 1 3 .  Therefore,  as shown i n  t h e  pre- 

vious  tes t ,  both,methods should reproduce the  same numerical r e s u l t s .  

However, from the  computational  p o i n t  of  view, more s t e p  changes i n  t e m-  

p e r a t u r e  a r e  needed t o  reproduce a given f l u i d  cooldown h i s t o r y  than i s  

requ i red ,  i f  s t e p  changes i n  cons tan t  cool ing r a t e  are used. Thus, f o r  

a given Biot  number more terms are requ i red  f o r  E q .  B.46b than f o r  Eq. 

B.13b t o  reproduce t h e  same accuracy i n  t h e  p r e d i c t i o n s .  

B.9 One-Dimensional Heat Transfer  Model f o r  t h e  Cold-Water Sweep Process 

L e t  us consider  t h e  r e s e r v o i r  shown i n  Figure B-2. Cold water i s  

being i n j e c t e d  a t  w e l l  A and production i s  done a t  w e l l  B .  The r a t e s  of 

i n j e c t i o n  and product ion are cons tan t  and equa l ,  and t h e  p r o b a b i l i t y  of 

f i n d i n g  any s i z e  of rock is  t h e  s a m e  a t  any s e c t i o n  of t h e  r e s e r v o i r .  

Then t h e  bu lk- ef fec t ive  r a d i u s  and t i m e  constant  given by Eqs. 3.34 and 

3.35 are a l s o  uniform throughout t h e  r e s e r v o i r ,  The n e t  h e a t  t r a n s f e r  

q '  from t h e  bottom o r  t h e  surroundings of t h e  r e s e r v o i r  is  assumed t o  be  

cons tan t .  Gravi ty  segrega t ion  and n a t u r a l  convection e f f e c t s  a r e  neg- 

l e c t e d .  

I f  t h e  water and rock are considered i n  t h e  c o n t r o l  volume f o r  our 

ana lys i s , conse rva t ion  of energy y i e l d s  

Ivf PfcfS (Tf - Tref  1 + q '  ax) - (vfcfvfS (Tf - Tref 1 + PfCfVfS' ax 'lf dx} 

1 4 

Input  ou tpu t  
- 

r 
= 4 p f c f  dx at + p c ( 1  - 4) dx - 

aTf aT 

r r  
\ 

Inc rease  of Storage 
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I 

I 
H 

t 

0 0  

FIGURE B-2. One-dimensional model of a reservoir produced 
by the cold-water sweep process 
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where v i s  t h e  Darcy v e l o c i t y .  Simplifying y i e l d s  f 

aTr 
'r '1: - 4 '  
PfCf  a t  v c p s + ( 1  -4) - - - aTf ql aTf - +-- 

f f f  
ax Vf a t  (B .47 )  

Also, from conserva t ion  of  mass: 

fi = f i  = f i  

where fi and r i  are t h e  production and recharge rates  which can be  

expressed as a func t ion  of  t h e  Darcy v e l o c i t y  as 

P i 

P i 

l i l = p v  s ( B  .48) f f  

S , being t h e  r e s e r v o i r  c r o s s  s e c t i o n .  However, t h e  a c t u a l  v e l o c i t y  w 

of  an  element of f l u i d  i s  d i f f e r e n t  from t h e  Darcy v e l o c i t y  

i n  E q .  B.48 which assumes t h a t  t h e  t o t a l  c r o s s  s e c t i o n a l  area i s  avail-  
vf used 

a b l e  f o r  flow. To understand t h e  d i f f e r e n c e ,  l e t  us consider  t h e  reser- 

v o i r  l i k e  t h e  one shown i n  Figure B-2b f u l l  of  rocks and wi th  a p o r o s i t y  

4 . I f  t h e  pore  space is f i l l e d  wi th  water a t  a ra te  rh , t h e  f l u i d  level  

has  reached a he igh t  H a f te r  some t i m e .  Conservation of  mass y i e l d s  

f i x  t = ( S H q l )  pf 

Finding t h e  d e r i v a t i v e  wi th  r e s p e c t  t o  t i m e  o f  Eq. B.49,  w e  o b t a i n :  

dH 
s @ p f z  f i = p v s =  f f  

(B. 4 9 )  

( B .  5 0 )  
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The differential equation for the one-lump parameter solution of a single 

rock is given by Eq. B.7 as 

If is replaced for 

size distribution, and Eq.  B.46ais used for 

to model the collection of rocks with a given 
- 

Tf - Tr we obtain 

(B .51) 

Substituting B . 5 1  into B.47 yields 

This equation is solved for the following conditions: 

Initial Condition: Tf(X,O) = Tr(X,O) = T1 
(B.52b) 

Boundary Condition: Tf(Oyt) = Tin 

It is convenient now to define the following non-dimensional variables: 

For time : 

tre where 

For space: 

For temperature : 

is the residence time of the fluid in the reservoir. 

(B  .53) 

" 4 2  
L X (B. 54) 

(B. 55) 
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where Tin is the fluid inlet temperature to the reservoir. 

For the rock effective time constant: 

L 

A =-  
Ntu -re 

For the external heat transfer: 

For the heat capacities: 

c* 0 - 'rCr 
Pf cf 

Substituting E q s .  B.53 through B.57 into B.52a yields: 

(B. 56) 

(B.57) 

(B.58) 

with the non-dimensional initial condition, 

* *  
Tf (X ,0) = 1 . 0  

and the boundary condition, 

* 
Tf (0,t) = 0 

(B .59b) 

(B.  59c) 

Equations B.59 can be readily solved if it is transformed to the Laplace 

space. 

Laplace transform tables, results in 

Using the convolution theorem for the integral term, and standard 

(B. 60a) 
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where K i s  def ined as 

K = l + - {  n 1 1 
Y f S / N t u ) + l f  

(B. 60b) 

and t h e  boundary cond i t ion  transforms t o  

A *  

Tf ( 0 , s )  = 0 (B. 60c) 

This i s  an o rd ina ry  d i f f e r e n t i a l  equat ion i n  X* which has  t h e  s o l u t i o n  

(B .  61) 

Then t h e  s o l u t i o n  f o r  t h e  f l u i d  temperature i n  t h e  rea l  space i s  obtained 

by invers ion  as 

* * *  
Tf (X , t  =E- l [? f* (X*,S) ]  (B.62) 

A t t e m p t s  t o  o b t a i n  a c losed form f o r  t h e  invers ion  f a i l e d .  Therefore ,  

t h e  invers ion  of t h e  Laplace t ransform w a s  performed numerically us ing 

t h e  a lgor i thm given by S t e h f e s t  (1970) : 

M * 1 n 2 x i  c ] 
i=l 

wi th  t h e  c o e f f i c i e n t s  given by 

(B .63a) 

(i ,M/2) k(M/2+1) (2k) ! 
Min 

(B. 63b) c i+l (~-k)!k!(k-l)!(i-k)!(2k-i)! M 
M/ 2+i a = (-1) i 

k=-  
2 

It can be seen how t h e  c o e f f i c i e n t s  are independent of t i m e ,  so t h a t  once 

an M has been s e l e c t e d ,  only  one computation i s  s u f f i c i e n t  f o r  a l l  t i m e s .  

t u  ' The optimum va lue  of M l a r g e l y  depends on t h e  magnitudes of Y and N 
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It was found t h a t a v a l u e  between 8 and 10 produced good r e s u l t s .  

B-1 shows these  c o e f f i c i e n t s  f o r  s e v e r a l  va lues  of M , Given these  co- 

e f f i c i e n t s ,  E q .  B.62 can be implemented e a s i l y  i n  a programmable ca lcu la-  

t o r .  

Table 

With the  f l u i d  temperature d i s t r i b u t i o n  a s  a func t ion  of t i m e ,  t h e  

temperature t r a n s i e n t  of t he  “ e f f e c t i v e ”  rock can be ca l cu la t ed  using 

E q s .  3.16 o r  B.46 f o r  any l o c a t i o n  i n  t h e  r e s e r v o i r  and f o r  any t i m e .  

Also, i f  t h e  r e fe rence  temperature f o r  energy f r a c t i o n  c a l c u l a t i o n s  is  

s e l e c t e d  t o  be t h e  temperature of t h e  i n j e c t i n g  f l u i d  TJ- , the  r e s e r v o i r  
1 1 1  

TABLE B-1 

Coe f f i c i en t s  f o r  t h e  Invers ion  of t h e  Laplace Transform 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

4 

-2 

.26  

-4.8 

2 . 4  

* ... means t h a t  
Recommended M 

Coef f i c i en t  ai 

6 

1 .0  

-49 

366 

-858 

810 

-270 

8 

* 
-0,333.. . 
48.333.. . 
-906 

5,464.666 ... 
-14,376.666... 

18,730.0 

11,946.666 ... 
2,986.666 ... 

10 

0.0833.. . 
-32.0833... 

1279.0 

-15,623.666... 

84,244.166 ... 
-236,957.5 

375,911.666 ... 
-340,071.666... 

164,062.5 

-32 , 812.5 

t h e  f i g u r e s  cont inue i n f i n i t e l y .  
= 10 (M must be even).  

1 2  

-0.01666... 

16.0166.. . 
-1247.0 

27,554.333 ... 
-263,280.833... 

1,324,138.7 

-3,891,705.533.. 

7,053,288.333 ... 
-8,005,336.5 

5,552,830.5 

-2,155,507.2 

359,251.2 
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mean temperature drop f r a c t i o n  as def ined i n  Eq.  3.45 i s  given by 

S i m i l a r l y ,  t h e  r e s e r v o i r  energy f r a c t i o n  produced defined i n  Eq.  

3.46 becomes 

+* 

(B. 65) 

where y i s  the  s t o r a g e  r a t i o  def ined i n  Eq.  B.39b. 

F i n a l l y ,  from Eq .  3.43 t h e  r e s e r v o i r  rock energy e x t r a c t e d  f r a c t i o n  

i s  given by 

(B.  66) 

An a n a l y s i s  of t h e  e f f c t  of  t h e  number of t r a n s f e r  u n i t s  on t h e  

energy e x t r a c t i o n  process  is performed i n  Sec t ion  4.4 .2 .  
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APPENDIX C 

SAMPLE CALCULATIONS 

C.1 Example of a Rock Center Temperature P red ic t ion  Under Var iable  F lu id  

Cooling Rate 

A sample c a l c u l a t i o n  o f t h e  supe rpos i t i on  methodology descr ibed  i n  

Sec t ion  3.1.4 and app l i ed  f o r  t h e  rock c e n t e r  temperature p r e d i c t i o n s  i n  

Sec t ion  4.2 is  presented  t o  i l l u s t r a t e  t h e  s i m p l i c i t y  of t h e  technique  

and t o  provide  phys ica l  understanding o f  t h e  process.  Rock number 2 i n  

t h e  cold-water sweep experiment w a s  s e l e c t e d  f o r  t h i s  purpose. The pre- 

d i c t e d  and a c t u a l  rock as w e l l  a s  t h e  f l u i d  temperature t r a n s i e n t s  are 

shown i n  F igure  4-6. 

L e t  us  p r e d i c t  t h e  rock  c e n t e r  temperature a t  t h e  end of t h e  experi-  

ment, i . e . ,  a t  t i m e  equal  t o  7 hours .  To do i t ,  t h e  f l u i d  temperature 

t r a n s i e n t  is d iv ided  i n t o  6 cons tant  coo l ing  rate s e c t i o n s ,  as shown i n  

Figure 4-6 i n  d o t t e d  l i n e s .  Reca l l ing  Eq. 3.16 and apply ing  i t  f o r  the 

rock c e n t e r ,  

where 

Reca l l ing  a l s o  t h a t  t h e  equ iva len t  sphere  r a d i u s  of rock  number 2 is  

3.9 inches  and i t s  s p h e r i c i t y  0.8, t h e  shape f a c t o r  c o r r e l a t i o n  can be  

app l i ed  t o  f i n d  t h e  rock- effec t ive  r ad ius :  
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R = R qK = 3.9 X 0.8 = 3.12 i n  = 0.26 f t  e S 

According t o  experimental  d a t a  from Kuo, Kruger, and Brigham ( 1 9 7 6 )  

f o r  g r a n i t e  rock,  an average convect ive  hea t  t r a n s f e r  c o e f f i c i e n t  of  

300 Btu/hr-ftL-OF can be used. Thus, t h e  B i o t  number becomes 

300 X 0.26 
= h - Re/k = . = 56 

N B i  1 . 4  

Then, t h e  t i m e  cons tan t  f o r  t h e  rock cen te r  temperature can be c a l c u l a t e d  

as 

T =  o * 2 6 2  ( 0 . 5  + 1 / 5 6 )  = 0.3 h r  rc 3 0 .039  

Table C-1 shows t h e  computational procedure: column (1) shows t h e  

l o c a t i o n  i n  t i m e  of t h e  s t e p  changes i n  f l u i d  coo l ing  rate; column ( 2 )  

shows t h e  t i m e  dur ing which t h e  s t e p  change c o n t r i b u t e s  t o  t h e  f i n a l  ATrc; 

(1) 

si 
- 
3.0 

2.75 

3.0 

3.6 

5 . 1  

6.25 

7.0 

TABLE C-1  

Calcu la t ion  of  t h e  Rock Center Temperature 

7.0 

4.25 

4.0 

3.4 

1 .9  

0.75 

0 

(3) 

T f ( t )  

460 

460 

450 

400 

245 

155  

1 2 0  

( 4 )  

1-I 

0.0 

40.0 

83.3 

103 .3  

78.3 

46.7 
- 

( 5 )  

0.0 

40 

43.3 

20 .0  

-25.0 

-31.6 
- 

- 
11.97 

12 .90  

5.98 

- 7.46 

- 8.68 
- 

AT (7  h r )  = 14.  71°F 
r c  

1 8 3  



column ( 3 )  shows the  f l u i d  temperature a t  t h e  beginning and t h e  end of 

each cons tan t  coo l ing  r a t e  i n t e r v a l ;  and column ( 4 )  t h e  corresponding 

coo l ing  rates; column (5) shows the  s t e p  change i n  f l u i d  cool ing rate 

t h a t  occurs  a t  t i m e  5 and which c o n t r i b u t e s  dur ing ( t - t )  t o  t h e  f i n a l  

ATrc ; i t  i s  given by 

F i n a l l y ,  column ( 6 )  shows t h e  c o n t r i b u t i o n s  of each i n t e r v a l  t o  t h e  f i n a l  

AT . The summation of t h e  c o n t r i b u t i o n s  i s  shown a t  the  bottom of col-  

umn (6 ) .  

r c  

Then, t h e  rock c e n t e r  temperature a t  t i m e  equa l  t o  7 hours i s  

( 7  h r s )  = Tf (7 h r s )  + ATrc ( 7  h r s )  = 120 + 1 4 . 7 1  T r c  

= 134.71'F 

I n  Figure  4-6 i t  can be  seen t h a t  t h e  measured rock c e n t e r  tempera- 

t u r e  w a s  135'F, i . e . ,  an agreement w i t h i n  l e s s  than 1 percen t .  

C . 2  Energy Extracted Frac t ion  Evaluat ion 

I n  Sec t ion  4.3, t h e  e f f e c t  o f  t h e  phys ica l  parameters on t h e  energy 

e x t r a c t e d  f r a c t i o n  i s  s t u d i e d .  

some h y p o t h e t i c a l  rock s i z e  d i s t r i b u t i o n s ,  l i k e  normal and exponent ia l .  

This appendix shows t h e  methodology t o  e v a l u a t e  the  energy e x t r a c t e d  

f r a c t i o n  f o r  a c o l l e c t i o n  of rocks wi th  a given s i z e  d i s t r i b u t i o n .  

To perform i t ,  i t  w a s  necessary  t o  assume 

For s i m p l i c i t y ,  l e t  us  choose a c o l l e c t i o n  of rocks  wi th  equ iva len t  

sphere  r a d i u s  normally d i s t r i b u t e d ,  descr ibed by Eq. 3.36 as 

1 8 4  
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It i s  convenient  t o  express  t h e  r a d i u s  i n  normalized form as 

- 
R - R  

* s  S r =  
S 0, 

nS 

If t h e  r a d i u s  i s  smaller than t h e  mean, r* 

t o  t h e  mean, r i s  zero ,  and i f  i t  i s  l a r g e r  than the  mean, r i s  pos- 

i t i v e .  The phys ica l  meaning of rs is: how many s tandard dev ia t ions  i s  

Rs d i spersed  from t h e  mean Rs . 

i s  nega t ive ,  i f  i t  is  equal  
S 

* * 
S S 

* 
- 

To avoid too many c a l c u l a t i o n s ,  t h e  normal d i s t r i b u t i o n  w a s  d iv ided 

I f  a i n t o  f i v e  groups of rocks  of equa l  s i z e ,  as shown i n  Figure  C- l a .  

and b 

i s  given by 

are t h e  l i m i t s  f o r  one group, t h e  mean s i z e  o f  t h a t  group, -* r 
s i  ' 

l *  1 *2 - -r 
-* 

--r 
e r* dr* ( C . 2 )  

1 
s s  

e 1 

r 
RS s i  rs 

a irsi 
where t h e  i n t e g r a l s  are t h e  areas under t h e  normal d i s t r i b u t i o n  curve 

between a and r , and r and b , r e s p e c t i v e l y .  The meaning of 

Eq.  C . 2  i s  t h a t  7 is  a v a l u e  of r" between a and b , such t h a t  

the  a r e a  a t  both s i d e s  of t h e  curve between a and b i s  t h e  same, i .e . ,  

F* is the  mean va lue  f o r  t h e  i n t e r v a l  [ a , b ]  . The va lues  of r can 

be r e a d i l y  found i n  s t a t i s t i c a l  t a b l e s .  

* * 
s i  s i  

s i  S 

--k 

s i  s i  

The p r o b a b i l i t y  of having a rock of s i z e  
Rsi i s  given by 

where t h e  va lues  of :* can b e  found a l s o  i n  s t a t i s t i ca l  t a b l e s .  If  

the  i n t e r v a l  

s i  

[ a , b ]  is  small enough, i t  can be  s a i d  wi th  good 
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approximation t h a t  

- 
where v i s  t h e  mean rock volume f o r  each group and i t  is  given by i 

- 4 - 3 4 -  4 3 
'rs) 

v 3 7~ Rsi = 3 "(Rs + rsi i (C.5) 

The mean rock volume f o r  t h e  t o t a l  c o l l e c t i o n  i s  given by d e f i n i-  

t i o n  as 

Thus, t h e  volumetr ic  f r a c t i o n  can b e  found from Eq. 3.30 as 

V i xi = P(Vi) X I  

V 
(3.4d) 

For the  sample c a l c u l a t i o n ,  l e t  the  mean equ iva len t  sphere  r a d i u s  
- 
Rs be  100 f t  and t h e  s t andard  d e v i a t i o n  0- equal  t o  30.7 f t .  The 

va lue  of 30.7 f t  f o r  t h e  s t andard  d e v i a t i o n  was s e l e c t e d  t o  s imula te  

maximum d i s p e r s i o n  (a  d i s p e r s i o n  of approximately 2 3  X 0- covers about 

99.9 pe rcen t  of  t h e  popu la t ion) .  

RS 

R s  

Table C-2 shows t h e  mean r a d i u s ,  the  mean rock volume, and t h e  volu- 

metric f r a c t i o n  f o r  each one of t h e  groups. Notice t h a t  the  mean rock 

volume given by Eq. C.6 is  s i g n i f i c a n t l y  l a r g e r  than t h e  volume of t h e  

mean equ iva len t  sphere  r a d i u s ,  

Figure  C-lb f o r  t h e  volumetr ic  f r a c t i o n  
Xi 

i t y  p(Rsi) . This i s  due t o  t h e  f a c t  t h a t  the  volume is propor t iona l  

t o  t h e  t h i r d  power of t h e  r a d i u s ,  and al though t h e  l a r g e r  rocks  can be 

- 
v3 . The same e f f e c t  can be seen i n  

wi th  r e s p e c t  t o  the  probabi l-  
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* 
S 

r 

-3.25 

-1.45 

0 

1 .45 

3.25 

TABLE C-2 

Ca lcu la t ion  of t h e  Col lec t ion  Parameters 

1.35 x 

0.1574 

0.6826 

0.1574 

1.35 x 

- 
R ( f t )  s i  

0.23 

55.5 

100.0 

144.5 

200.0 

- 
v i ( f t 3 )  

0.048 

715,509 

4,200,000 

12,638,401 

33,397,351 

- 
v = 5,013,912 

'i 

1 . 3  x lo-'' 
0.022 

0.572 

0.397 

0.009 

found wi th  t h e  same frequency as t h e  small ones, they have higher  volu-  

metr ic  f r a c t i o n s .  

The energy e x t r a c t e d  f r a c t i o n  can now be evaluated f o r  any f l u i d  

cool ing r a t e  cond i t ions .  

t i o n  4.3.1, l e t  t h e  f l u i d  coo l ing  r a t e  be cons tan t .  Then, the  energy 

e x t r a c t e d  f r a c t i o n s  F f o r  each group can be  found as a f u n c t i o n  of 

time (Four ier  number) i n  Figure  3-7. Table C-3 shows the  energy ex- 

t r a c t e d  f r a c t i o n  f o r  the  f i v e  groups as w e l l  as f o r  the  t o a l  c o l l e c t i o n  

which is c a l c u l a t e d  from E q .  3.29a as 

For s i m p l i c i t y  and t o  be c o n s i s t e n t  wi th  Sec- 

E i  

It can be  observed t h e  rock energy e x t r a c t e d  f r a c t i o n  reaches  u n i t y  i n  

less than half- a-year f o r  t h e  small rocks (group number l), whereas i t  

takes  30 y e a r s  t o  reach  a rock energy e x t r a c t e d  f r a c t i o n  of 0.7 f o r  t h e  

l a r g e  ones (group number 5 ) .  Note a l s o  t h a t  t h e  rock energy e x t r a c t e d  
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TABLE C-3 

Calculation of the Local Rock Energy Extracted Fraction P E , ~  

1 

2 

3 

4 

5 

FE,c 

1.0  

30yr’ 0.976 

FE,i 

1 day 0.5 yr 1 Yr 3 Yr 10 yr 

0.996 1.0 1.0 1.0 1.0 

0.002 0.284 0.467 0.77 0.93 

0.002 0.103 0.19 0,443 0.773 0.927 

0.002 0.05 0.097 0.257 0.583 0.843 

0.002 0.027 0.053 0.147 0.393 0.707 

0.002 0.0853 0.1579 0.374 0.693 0.893 

fraction for the collection tends to be some place between that of 

groups 3 and 4. 

C.3 Bulk-Effective Radius for Infinite Number of  Equal Rock Size Groups 

From Eqs. 3.32 and 3.34 the bulk-effective radius is given by 

2 L 

j =1 1 P(Rsi) R S 

necalling the definition ox p(R .> as 
SI 

where a and b are the limits of the size interval i with mean equiv- 

alent sphere radius Rsi . In the interval there are n rocks. If an 

infinite number of groups are considered, infinitesimal intervals result 

i 
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and 

Combining E q s .  C.7 and C . 8  t h e  bulk- effec t ive  r ad ius  is  given by 

00 

I f  t h e  d i s t r i b u t i o n  i s  exponent ia l  

1 -Rs /Y 
f (R  ) = - e 

S Y 

Combining E q s .  C.9 and C . 1 0  and s impl i fy ing ,  

(c . l o )  

where i s  t h e  g a m a  func t ion  f o r  which 

r ( n  + 1) = n! 

Therefore,  r e c a l l i n g  t h a t  f o r  t h e  exponent ia l  d i s t r i b u t i o n ,  y = - Rs , 

(c. 11) 

Performing a similar procedure f o r  a normal d i s t r i b u t i o n ,  t h e  bulk- 

e f f e c t i v e  r a d i u s  is given by 
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I 

2 
1 +- J2li [y 

2 

(C. 1 2 )  

It can be  seen  i n  Eq .  C . 1 2  how t h e  numerator i nc reases  faster  than  

t h e  denominator f o r  a h igher  s i z e  d i spe r s ion ,  which r e s u l t s  i n  a l a r g e r  

bu lk- ef fec t ive  r a d i u s .  

C . 4  Reservoir  Rock Energy Ext rac ted  F rac t ion .  Uncer ta in ty  Analysis  of 

Experimental Measurements 

Sec t ion  4 . 5  presented  t h e  experimental  de terminat ion  of t h e  r e s e r v o i r  

It w a s  shown t h a t  rock  energy e x t r a c t e d  f r a c t i o n  f o r  experiment number 3. 

t h e  u n c e r t a i n t i e s  involved i n  t h e  experimental  measurements were too  h igh  

t o  a l low a conclus ive  v e r i f i c a t i o n  of t h e  a n a l y t i c a l  model. 

dure  followed i n  eva lua t ing  t h e  experimental  r e s u l t s  and corresponding 

u n c e r t a i n t i e s  are desc r ibed  i n  t h e  fol lowing.  

The proce- 

An energy ba lance  f o r  an  a d i a b a t i c  geothermal r e s e r v o i r  w a s  performed 

i n  Appendix B . 7 .  I f  t h e  r e s e r v o i r  i s  non- adiabat ic  a s  i s  t h e  case i n  

the  SGP l abora to ry  r e s e r v o i r  model, Eq .  B . 3 2  becomes 

t 
.f Thi i i  d t  + 

0 Qe 

a t  aTf 
+ .f 're 4 PfCf at 

t 

0 

The f i r s t  term on t h e  right- hand s i d e  p re sen t s  t h e  decrease  i n  energy 

s t o r a g e  i n  t h e  rock ,  and t h e  second term rep resen t s  t h e  decrease  i n  

1 9 1  



energy s t o r a g e  i n  the f l u i d .  

rock y i e l d s :  

Solving f o r  t h e  energy e x t r a c t e d  from t h e  

where t h e  subindexes 1 and 2 i n d i c a t e  t h e  i n i t i a l  and f i n a l  cond i t ions  

r e s p e c t i v e l y .  The temperature of  t h e  f l u i d ,  rock ,  and vessel w a l l  were 

uniform throughout t h e  r e s e r v o i r  volume f o r  t h i s  experiment.  

s t ands  f o r  t h e  h e a t  t r a n s f e r  from t h e  surroundings and t h e  procedure t o  

determine i t s  v a l u e  i s  descr ibed  i n  Appendix C.5. 

energy produced and energy i n j e c t e d  were performed by summation o f  meas- 

ured f low rates  and e n t h a l p i e s  dur ing  s m a l l  t i m e  i n t e r v a l s .  

t h e  d e f i n i t i o n  of  t h e  r e s e r v o i r  rock energy e x t r a c t e d  f r a c t i o n :  

The term Qe 

The i n t e g r a t i o n  of  t h e  

Reca l l ing  

Qr F = - -  - - A Qr 
- 

E , c  Qmax M ~ C , ( T ~  - T ~ )  
(C. 1 4 )  

i t  can be  r e a d i l y  eva lua ted  us ing  E q s .  C.13 and C . 1 4 .  

For t h e  purpose of eva lua t ing  t h e  u n c e r t a i n t y  of t h e  r e s e r v o i r  energy 

e x t r a c t e d  f r a c t i o n  t h e  fo l lowing s i m p l i f i c a t i o n s  were used: 

t 
1 r h i  d t - M i  A t  

P P  0 p p  

t 
I Gi i i  d t  = M 'iT A t  

i i  
0 

(C. 15)  

(C .16) 

The h e a t  t r a n s f e r  from t h e  surroundings can be  es t imated  r e c a l l i n g  

t h a t  t h e  temperature of t h e  vessel w a l l  w a s  uniform throughout a t  a 

given t i m e ,  and t h a t  t h e r e  w a s  no e lec t r ic  source  i n  t h i s  experiment,  as 

19 2 



(C.  17a) 

where 

i s  t h e  mean temperature d i f f e r e n c e  between t h e  v e s s e l  w a l l  and t h e  envi- 

ronment when cooled from t h e  i n i t i a l  temperature T1 t o  a given tempe- 

T2 - r a t u r e  

These approximations were compared wi th  t h e  a c t u a l  c a l c u l a t i o n s  of 

t h e  summations as descr ibed i n  Eq. C.13,  and they were found t o  be  i n  

very good agreement. Note t h a t  these  approximations are only v a l i d  f o r  

the  p a r t i c u l a r  cond i t ions  of t h e  experiment, i . e . ,  uniform temperature 

throughout.  

S u b s t i t u t i n g  Eqs. C . 1 3 ,  C.15, C . 1 6 ,  and C . 1 7  i n t o  C.14,  t h e  f i r s t -  

o rder  r e p l i c a t i o n  u n c e r t a i n t y  of t h e  r e s e r v o i r  rock energy e x t r a c t e d  

f r a c t i o n  can b e  c a l c u l a t e d  f o r  95 percent  confidence level as: 

(C.  18) 

where Xi are t h e  u n c e r t a i n  v a r i a b l e s  i n  E q s .  C.13,  C.15, C . 1 6 ,  and C . 1 7 .  

A summary of t h e  r e l e v a n t  u n c e r t a i n t i e s  involved i n  t h e  determinat ion 

of t h e  r e s e r v o i r  rock energy e x t r a c t e d  f r a c t i o n  i s  presented i n  Table 4- 3. 

It can be  observed t h a t  t h e  u n c e r t a i n t y  on t h e  product ion and i n j e c t i o n  

e n t h a l p i e s ,  and on t h e  rock s p e c i f i c  h e a t  have t o  be s i g n i f i c a n t l y  re- 

duced t o  achieve a reasonable  u n c e r t a i n t y  i n  t h e  r e s e r v o i r  rock energy 

e x t r a c t e d  f r a c t i o n .  

193 



C . 5  Determination of t h e  Externa l  Heat Transfer  

The h e a t  t r a n s f e r  from t h e  metall ic vessel t o  t he  f l u i d  w a s  analyzed 

by Hunsbedt, Kruger, and London (1975a).  The va lue  of UA w a s  evaluated 

v e s s e l ,  t h e  hea t  t r a n s f e r  t o  t h e  f l u i d  i s  given by 

t T1 t 

o r  

= / is d t  + Mmcm / d Tin - UA J (Tm - T,) d t  
0 

Qe 
T2 1 J 

YJ L 
QL 

- 
Qm Qe = E + 
v 

(C .19> 

Electric Decrease of Heat Losses  t o  
Source Storage i n  Metal Environment 

The f i r s t  term i n  E q .  (2.18 i s  t h e  energy from t h e  e l e c t r i c  t apes .  

The second t e r m  is t h e  energy from the  metal t h a t  has  been cooled from a 

temp era t u r  e T1 t o  a temperature T2 . The mean temperature  of t h e  metal 

i s  c a l c u l a t e d  as 

- 
Tm = 1 XiTi 

i=l 

where t h e  subindex i i n d i c a t e s  t he  s e c t i o n  of  t h e  v e s s e l  which f r a c t i o n  

of t h e  t o t a l  mass i s  Xi a t  a temperature Ti . The mass f r a c t i o n s  f o r  

each s e c t i o n  of  t h e  v e s s e l  were determined by Hunsbedt, Kruger, and London 

(1975a) - 
shown i n  Figure 2-5. The t h i r d  term i n  Eq.  C . 1 9  r e p r e s e n t s  t he  hea t  losses 

t o  t he  environment. 

The temperatures  Ti a r e  measured by thermocouples 301-306 as 
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C.6 Uncer ta in ty  Analysis  of  P red ic t ed  Reservoi r  Rock Energy Ext rac ted  

F rac t ion  

The u n c e r t a i n t y  i n  t h e  p r e d i c t i o n s  of  t h e  r e s e r v o i r  rock  energy ex- 

t r a c t e d  f r a c t i o n  i s  determined by t h e  u n c e r t a i n t y  on t h e  mean rock t o  

f l u i d  temperature d i f f e r e n c e .  

t i o n  i s  given by Eq. 3.43 as 

The r e s e r v o i r  rock energy e x t r a c t e d  frac- 

- 
The f i r s t - o r d e r  r e p l i c a t i o n  unce r t a in ty  on F , and f o r  95 per-  

E , c  

c e n t  confidence leve1,is g iven  by 

- 
From Eq. C.20 t h e  p a r t i a l  d e r i v a t i v e  of  F 

given by ; 

E , c  

(C. 21) 

with r e s p e c t  t o  ATm is  

(C. 22) 

I l. 

Combining Eqs. C.21 and C.22, and d i v i d i n g  6F by FE,c 9 given by E , c  

Eq. C.20, t o  f i n d  t h e  pe rcen t  u n c e r t a i n t y ,  y i e l d s  

m 6AT 

m AT 

(1-F ) 
E,c ( C .  23) 

It can be  seen  from Eq. C.23 t h a t  even i f  t h e  p r e d i c t i o n  of ATm i s  

no t  very  c e r t a i n  ( t h e  u n c e r t a i n t y  i n  

t o  be  about f 3 0 p e r c e n t ) ,  s i n c e  F 

ATm was evalua ted  i n  Appendix A.2 
- 

i s  some number c l o s e  t o  u n i t y ,  t h e  
E ,  c 

- 
u n c e r t a i n t y  on F i t s e l f  i s  very  l o w .  E,c 
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C.7 Modification of the Cold-Water Sweep Model to Account for Variable 

External Heat Transfer 

In Section 3.7 a one-dimensional model was developed to predict the 

fluid temperature transient in the cold-water sweep process. 

analysis it was assumed that the external heat transfer is constant in 

In this 

time and uniform throughout the boundaries of the reservoir. However, in 

the SGP reservoir model, most of the energy transferred from the bounda- 

ries comes from the vessel steel wall, and since there is no temperature 

difference for heat transfer between the wall and the fluid until the 

cold fluid front passes through, the external heat transfer parameter 

varies for different elevations of the reservoir. At a given elevation, 

the heat transfer from the steel wall also varies with time similarly to 

the heat transfer from the rock. 

The experimental verification of the model derived in Section 3.7 is 

described in Section 4.6.1. 

electric tapes was set to be approximately equal to the heat losses from 

the reservoir. Thus, the total energy released as a result of the de- 

crease in steel wall temperature was transferred to the fluid. If the 

temperature of the steel wall is assumed to respond to fluid temperature 

changes at approximately the same rate as the rock (time constant for the 

steel wall z 0.01 hr vs 0.058 hr for the rocks), and the mass of the steel 

vessel is assumed to be uniformly distributed throughout the reservoir 

volume, the following modifications can be made to the analysis performed 

in Appendix B . 9  to account for the variable external heat transfer. 

In this experiment, the power input to the 

The mass of steel vessel per unit volume of reservoir is given by 

3 M 

‘re 16.57 ft3 
M”’ - = 3428 Ibm = 206.8 lbm/ft 
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I f  t h e  boundaries of our  c o n t r o l  volume i n  Appendix B.9 inc lude  t h e  

m e t a l l i c  w a l l ,  an  a d d i t i o n a l  t e r m  can be  added t o  the  d i f f e r e n t i a l  equa- 

t i o n  (B.47) t o  account f o r  t h e  decrease  of s t o r a g e  i n  t h e  v e s s e l  w a l l :  

aTf aTr Increase  of Storage = + pfcf dx - + p c (1 - +I dx at a t  r r  

aTr + M"' cm dx - a t  

which i n  non-dimensional form y i e l d s  

aT$ aT* 
(1 - 0) 'r Inc rease  i n  Storage = - + (c* + c;) a t *  4 a t *  

where 

M"' c 
c* A = m m  - - 206.8 X 0.125 = o.78 
m Pfcf (1 - $1 58 x l(1- 0.42) 

(C. 25) 

(C. 26) 

(C.27) 

Thus, i n s t e a d  of us ing a c* = 0.62 , a modified va lue  equal  t o  c* = 

0 .62  + 0.78 = 1.4 

v e s s e l  w a l l ,  and t h e  modified s t o r a g e  r a t i o  becomes 

mo 

can be  used t o  account f o r  t h e  energy s t o r a g e  i n  t h e  

= 0.52 - 0 - 0.42 
'mo c* ( 1  - $1 1.4(1 - 0.42) - - 

mo 
(C.28) 

which can be used i n  Eq. B.60b i n s t e a d  of t h e  c a l c u l a t e d  va lue  of 1.17 

which does not  inc lude  t h e  energy s t o r a g e  i n  t h e  v e s s e l  w a l l .  A va lue  

of t h e  s t o r a g e  r a t i o  equa l  t o  0.52 i n d i c a t e s  t h a t  t h e  energy s t o r e d  i n  

t h e  f l u i d  i s  5 2  percent  of t h e  energy s t o r e d  i n  t h e  rock and steel.. 

The v a l i d i t y  of t h e  foregoing modif ica t ions  i s  discussed i n  d e t a i l  

Ev iden t ly ,  t h e  l a r g e  p ropor t ion  of t h e  energy t rans-  i n  Sec t ion  4.6.1. 

f e r r e d  from the  vessel w a l l  t o  t h e  f l u i d  (56 pe rcen t  of t h e  rock and 

s t e e l ) ,  produces a two-dimensional e f f e c t  i n  t h e  r e s e r v o i r ,  and t h e r e f o r e ,  
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temperature v a r i a t i o n s  i n  t h e  r a d i a l  d i r e c t i o n .  Also, t h e  th ickness  of  

t h e  v e s s e l  s tee l  w a l l  i s  no t  uniform throughout t h e  r e s e r v o i r  l e n g t h ,  

which means t h a t  t h e  mass of t h e  v e s s e l  is  n o t  uniformly d i s t r i b u t e d  

throughout t h e  r e s e r v o i r  volume, and ymo is  no t  a cons tan t  f o r  d i f f e r -  

e n t  l o c a t i o n s  of t h e  r e s e r v o i r .  The rate  of h e a t  t r a n s f e r  from t h e  ves-  

s e l  w a l l  t o  t h e  f l u i d  w i l l  be  d i f f e r e n t  than t h e  ra te  of h e a t  t r a n s f e r  

from t h e  rock t o  t h e  f l u i d  depending on t h e  r e l a t i v e  magnitudes of t h e  

t i m e  cons tan t  of t h e  s tee l  w a l l  and t h e  rock bu lk- ef fec t ive  t i m e  con- 

s t a n t  a t  d i f f e r e n t  e l e v a t i o n s  of t h e  r e s e r v o i r .  
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