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Abstract 

Improved recovery o.E geothermal energy from artificially stimu- 

lated systems by in-place flashing was studied experimentally. The 

laboratory model used produces s team, either with o r  without simu- 

lated geofluid recharge,  f rom initial p res su res  and temperatures  up to 

800 psia (54.4 b a r )  and 500 OF (260 OC). 

and the bulk porosities of the two high permeability systems tested were 

measured to allow extrapolation of the experimental resul ts  to other sys-  

tems. The first rock system consisted of gabbro rocks with mean 

equivalent diameter of about 1 inch and 44 percent porosity. 

consisted of granite rocks with mean equivalent diameter of 2.65 inches 

and 35 percent porosity. 

s team temperature and the center temperature of rocks a t  various points 

in the rock matrix.  Analytic solutions were derived for the rock thermal  

t ransients  for  comparison to measurements.  

developed for  the model pressure  and temperature transients based on 

m a s s  and energy balances assuming uniform axial temperature d is t r i-  

bution. 

mined f rom heatup and cooldown calibration experiments and f rom fluid 

production experiments with water only in the model. 

thermal  energy stored in  fractured rock can be extracted effectively by 

reducing system pressu re  to allow in-place flashing. 

t racted f rom the rock was 75 percent o r  rnore of the thermal  energy 

stored in the rock between the temperature l imits  of the experiments. 

The fraction of rock energy extracted decreased with lowering of the 

liquid level because rocks in the superheated zone which developed 

above the vapor-liquid interface did not reach the lower temperature 

The rock geometry parameters  

The second 

Thermocouples were used to measure  the 

Analytic models were  

The thermal  character is t ics  of thle laboratory model were  deter-  

Results show that 

The energy ex-  

limit. 

ing rock s ize and cooldown rate.  

The rock energy extraction fraction also decreased 

Recovery of energy f rom 

with increas-  

the laboratory 



model systems studied ranged from 1. 25 to 2. 57 times the energy 

extractable by flashing the fluid alone. 

on the initial p re s su re ,  the rock porosity, the rock energy extraction 

fraction, the external heat t ransfer  parameter ,  and the enthalpy of the 

recharge fluid. Measured and predicted rock/s team temperature dif- 

ferences  were  generally within experimental uncertainties. 

heat t ransfer  coefficients evaluated for rocks in vapor environment were 

a factor of about 3 greater  than the predicted based on packed bed r e -  

sults. 

analyses developed for  the model agreed well with the observed t rans i-  

ents for  most  conditions. 

model steam p res su re  behavior could be accounted for. However, the 

effect of the subcooled zone which developed at  the bottom of the model 

with low enthalpy fluid recharge could not be predicted adequately by 

the one-dimensional analyses. The analytic techniques developed and 

verified were  used to extrapolate the experimental resul ts  to a highly 

f ractured r e a l  size system. 

in rock segments with character is t ic  size on the corder of 200 f t  o r  

g rea te r  can be extracted effectively by pressure  reduction and flashing 

provided the water circulation is not res t r ic ted within the rock matrix.  

The maximum rock size depends on the depletion time and the steam 

production character is t ic  assumed for  the r ea l  size system. 

aspects of proposed artificial  stimulation techniques and operation of 

the reservoi r  were  not evaluated. Although improved geothermal energy 

recovery f rom stimulated reservoi rs  by in-place flashing appears prom- 

ising, the feasibility of this extraction scheme cannot be assessed  until 

practical  and economic issues  a r e  investigated. 

The recovery factors  depended 

Surface 

The predicted pressure  and temperature transients using the 

The effect of the superheated zone on the 

It appears that the tlhermal energy stored 

Pract ical  
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N0MENCLATUR.E 
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English Let ter  Symbols 
2 A = a r e a  ( f t  ) 

a = length dimension of rock (in) 

a = coefficient (hr 1 
B = Biot number (dim. less)  

b = breadth dimension of rock (in) 

b = coefficient (hr  1 
C = specific heat capacity (Btu/lb 

-1 

- 1  

0 
F) m 

C1, C2 = constants - defined in text 
1 /2, C = orifice flow factor (lbm/hr in F 

c = thickness dimension of rock (in) 

d = rock equivalent diameter (in) 

E = internal energy (Btu) 

e = specific internal energy (Btu/lb 

e = 2. 71.. . bas i s  of natural logarithm (dim. less)  

F = Four ie r  number (dim. less )  

FP = fraction produced (dim. less )  

F R  = fraction recharged (dim. less)  

) rn 

H = height dimension (in) 

h = heat t ransfer  coefficient (Btu/hr f t  

h = height of rock matrix (in) 

i = specific enthalpy (Btu/lbm) 

k = thermal  conductivity (Btu/hr O F  f t )  

R = half thickness of rock (plate) ( f t )  

R = recharge head tank liquid level ( f t )  

2 0  
F) 

M = m a s s  (lb ) 
m 

M* = m a s s  fraction - normalized to initial mass (dim. l e s s )  

m = mean value of measurement 

n = statist ical  sample size (dim.less) 

ix 



P = pressure  (psia) 

P = initial saturation pressure  (psia) 
s o  
E'::: = pressure  parameter  - normalized to initial saturation pressure  

(dim. less)  

A P  = orifice pressure  drop (psi) 

Q = energy transfer  (Btu) 

m Q 

) 'm m 

= external heat t ransfer  parameter  (Btu) 

= specific external heat t ransfer  parameter  (Btu/lb 

R = thermal  resistance (hr  OF/Btu) 

R = resul t  of measurement 

R = recovery factor - defined in text (dim. less)  

Re = pud/p = Reynolds number (dim.less)  

r = radius o r  radial coordinate (in) 

S = magnitude of axial temperature gradient ( E') 
0 

St = h / c p u  = Stanton number (dim. l e ss )  

s 
2 2 

T = temperature ( F) 

= stat is t ical  parameter  - variance ( f t  ) 
0 

t = time (hr)  

t:: = nondimensional time - defined in text (dim. less)  

t = M /$ = reservoi r  character is t ic  time (hr)i 
C O P  
U = overall  heat t ransfer  coefficient (Btu/hr f t  

u = velocity ( f t /hr)  

V = volume (ft ) 

v = variable 

0 
F) 

3 

3 v = specific volume (ft / lb ) m 
w = uncertainty interval 

X = rock m a s s  fraction (dim. less) 

X = steam quality (dim.less)  

x = coordinate 

Z = z / h  = dimensionless distance f rom top of chimney (dim. l e ss )  

z = distance f rom top of chimney (in) 

X 



Greek Let ter  Svmbols 

b 

(Y = void fraction (dim. less)  

Q = thermal  diffusivity (f t  / h r )  

= defined in text (dim.less) 

2 

y = recharge parameter  (dim. less )  

6 = conduction path length (dim. less11 

= rock energy extraction fraction (dim. less )  

C = emissivity (dim. l e s s )  
d = drainage porosity of rock mat r ix  (dim. less )  

+ = sphericity parameter  (dim. less)  

p = cooldown ra te  ( F / h r )  

p = dynamic viscosity (lb h r / f t  ) f 
D = density (lb 

(5 = standard deviation 

T = rock time constant (hr) 

6 = T - T = excess temperature ( 3’) 

0 

2 

3 
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0 

00 

Subscripts 

C = cool side of heat exchanger 

c = chirnney 

c = condenser 

c s  = center of sphere 

cp = center of plate 

d = drainage f rom outlet line 

e = end conditions 

f = saturated liquid 

fg = vaporization 

g = saturated vapor 
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i = injection o r  recharge 
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i = inlet line 

in = inlet of heat exchanger 

R = local 
1 = large size rock 

'm = metal  o r  s tee l  

m =medium size rock 

o = initial conditions ( t = O )  

o = outlet line 

o = outside 

out = outlet of heat exchanger 

p = production 

p = plate 

p~ = for  plate t ime constant 

r = r o c k  
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s = sphere 
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CHAPTER 1 

INTRODUCTION 

1.1 The Geothermal Resource 

Geothermal energy in the ear th ' s  c r u s t  has  been utilized on a 

limited scale for  centuries. 

have been used for  thousands of years  for  recreational, religious, 

and medical purposes. Local use of nat:ural geothermal water for  

various heating purposes is older than recorded history, and has 

expanded notably in recent  years.  Prospects  for  more  intensified 

local utilization of low-temperature geothermal waters  for  various 

non-electric purposes appears promising throughout the world in view 

of the increasing cos t  of conventional energy sources.  

For  example, natural hot water springs 

The first demonstration of large-scale commercial  use of geo- 

thermal  s team fo r  electricity production began at Larderello,  Italy in 

1913. 

began in about 1950. 

tion of geothermal power is a t  The Geysers  in California, where the 

generation of electricity began in 1960. In 1975 the total capacity was 

increased to 502 MWe, making it the largest  geothermal power station 

in the world. 

Mexico, Matsukawa, Japan and in severa l  other countries. The total 

world-wide electr ic  power generating capacity of about 1265 MWe f rom 

geothermal sources is not significant in (comparison to conventional 

sources,  equivalent to the power output of a single modern nuclear 

power station. However, rapid expansion of the electric generating 

capacity is considered likely in the future,  for  example, the generating 

capacity at The Geysers  is scheduled to reach 1200 MWe by 1981. 

Development of the Wairakei geot:hermal a r e a  in New Zealand 

In the United States the only commercial  produc- 

Geothermal plants a r e  also in operation a t  Cerro-Prieto,  

1 



The character is t ics  of geothermal resources  have been 

described by Elder (1965) and by White (in Kruger and Otte, 1973). 

Vapor-dominated systems a r e  by far  the most  economically a t t rac-  

tive geothermal resource a t  this time. 

ing facilities at Larderello and a t  The Geysers a r e  operated with 

superheated steam f rom vapor-dominated systems'. Hot water f rom 

liquid-dominated systems which is flashed into s team at the surface 

is used for  electric power generation a t  Wairakei and at Cerro-Prie to .  

The major  electric generat- 

Liquid-dominated systems a r e  believed to occur far more  f r e -  

quently than vapor -dominated systems. However,, the extent of the 

hydrothermal resource is smal l  compared to the hot, I'dryI' rock 

resource which is broadly distributed in the ear th 's  c rus t ,  

systems do not produce economic amounts of either steam o r  hot water 

due to a lack of permeability and porosity, o r  of ground water supply. 

Extraction of energy f rom these systems at competitive cost  has not 

yet been demonstrated. 

widespread that it is now being given ser ious technical attention both 

here  and abroad. 

These 

However, this energy resource is so vast  and 

Estimates of the geothermal resource of the! United States and 

the impact of its utilization on the Nation's energy needs were made by 

White (1965), Muffler and White (1972), Kilkenney (1972), Grossling 

(1972) and by Rex and Howell (in Kruger and Otte, 1973). An a s s e s s -  

ment of the geothermal resources  of the United States edited by White 

and Williams was completed recently (1975). 

There is wide variation in  the resource es t imates  which reflects 

a number of factors  including different assumptions about technological 

developments and cost  factors ,  and a different meaning of the t e rm 

"resource". However, the major cause of the broad spread in es t imates  

appears  to be a lack of factual knowledge about the resource itself, 

2 
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It is generally agreed that technological breakthroughs 

that will permit  the economic development of resources  that a r e  

c lear ly  not economic at the present time a r e  necessary. 

quired breakthroughs include the development of artificial  resource 

stimulation techniques to increase the productivity of hydrothermal 

geothermal reservoi rs ,  and the introduc:tion of artificial  circulation 

systems to tap the energy stored in hot, dry rock. 

The r e -  

1. 2 Reservoir  Stimulation 

A variety of stimulation techniques such as explosive fracturing 

by nuclear o r  conventional explosives, h.ydraulic fracturing using high 

p re s su re  water ,  and thermal  s t r e s s  cracking have been proposed for  

stimulation of submarginal geothermal resources.  

ing is a very  common stimulation technique used in oil and gas fields 

to improve reservoi r  flow characteristic:s by creating a set  of c racks  

in  the producing formations adjacent to the wellbore. 

done by inserting temporary seals  in the wellbore above and below the 

zone to be fractured,  and then using a high-pressure pump a t  the su r-  

face and a high-pressure line extending through the upper sea l  to pro-  

duce hydraulic pressure  (Howard and Fas t ,  1970). The theory and 

practice of hydraulic fracturing is well dleveloped. 

the required f rac ture  system for  geothermal application can be pro-  

duced without difficulty using standard techniques. 

ing has  a lso proven to be a relatively inexpensive procedure in oil 

reservoi r  stimulation. 

Hydraulic f rac tur-  

This is normally 

It is believed that 

Hydraulic f rac tur-  

Extraction of energy f rom rock penetrated by the hydraulic f r ac-  

ture  c rea tes  thermal  contraction s t r e s ses  that may eventually be suf- 

ficient to extend the initial c rack  system in three dimensions. 

secondary fracturing process  is re fe r red  to a s  thermal  s t r e s s  cracking. 

The secondary fractur ing may increase both the heat t ransfer  surface 

This 

3 



a rea  and the total amount of energy t ransferred to the circulating 

fluids as energy is withdrawn f rom the geothermal reservoir .  

process  has  been simulated analytically by Harlow and Pracht  (1972). 

This 

A research  and development program on hydraulic fracturing 

techniques and the economics of hot, d ry  rock systems is presently 

underway at Los Alamos Scientific Laboratory. Details of this pro-  

gram have been reported by Smith e t  al. (in Kruger and Otte, 1973) 

and by Smith e t  al. (1975). 

large hydraulic f racture  in a hot, d r y  rock formation. Forced circula-  

tion of surface water under high pressure  will then be used to t ranspor t  

the energy t rans fe r red  f rom the hot rock to the water in a closed c i rcu-  

lation loop. 

The program is aimed a t  f i r s t  creating a 

The program at Los Alamos is concerned with hot, d ry  rock for-  

Research and Development on stimulation of geothermal mations only. 

wells in hydrothermal sys tems with low permeability o r  inadequate 

ground water supply appears  to be lacking a t  this time. 

Another stimulation technique re fe r red  to as the Plowshare con- 

cept has been considered in the past  (Carlson, 1959, and Kennedy, 1964). 

The basis  of this concept is the use of nuclear explosives to f racture  

large volumes of the hot rock. 

sys tems a r e  amenable to energy extraction by nuc:lear explosives. 

Two geologically (different geothermal 

One is the hydrothermal field with sufficient hot ground water 

supply but with inadequate permeability to  sustain. s team production at 

economic rates.  The large wellbore (chimney) and the f ractures  c r e -  

ated by the explosion might increase steam produlction for  economic 

development of such marginal  hydrothermal fields. 

similar to stimulation of natural  gas rese rvo i r s  via nuclear explosives 

which has been successfully conducted on an experimental bas is  

(Holzer, 1970). 

This situation is 

4 
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Explosive stimulation of hydrothermal systems has  been dis-  

cussed by Ramey, Kruger,  and Raghaven (in Kruger and Otte, 1973). 

The energy associated with a hydrothermal system consists of two 

parts :  (1) thermal  energy stored in the rock medium, and ( 2 )  thermal  

energy s tored in the hot water. 

two components depends principally on the rock porosity. 

Kruger, and Raghaven demonstrated that: the amount of energy extracted 

f rom hydrothermal r e se rvo i r s  can  be greatly enhanced by operating the 

reservoi r  such that boiling takes place in the rock formation. A s  fluids 

a r e  produced and the reservoi r  pressure  declines, the water tempera-  

ture  a l so  declines because the saturated system follows the vapor p res-  

sure / tempera ture  curve. 

the rock medium resulting in heat t ransfer  f rom the rock to the fluids. 

The ratio of the magnitudes of these 

Ramey, 

Temperature gradients a r e  then se t  up in 

The second geothermal system where the Plowshare concept may 

prove useful consists of hot, d ry  rock a t  moderate depths. The rock is 

fractured using nuclear explosives and the energy is extracted f rom the 

hot rock by piping cool water to the periphery of the region a s  i l lus-  

t rated in Fig. 1. 1. The water is heated a.s it percolates through the 

fractured rock medium to the chimney zone where either vapor o r  

liquid is withdrawn. 

thermal  energy originally s tored in the rock plus some thermal  energy 

derived f rom the nuclear detonation. The water in this case serves  as 

the energy t ransport  medium only a s  opposed to the hydrothermal sys-  

tem where a significant quantity of thermal  energy is originally stored 

in the in-place fluids. 

The principal energy source involved i s  the 

A detailed study of technical and ec:onomic aspects  of a large-  

scale power plant using thermal  energy f rom fractured hot, d ry  rock 

was reported by Burnham and Stewart (in Kruger and Otte, 1973). This 

study indicates that Plowshare stimulation would appear to be economi- 

c a l  if large yield nuclear explosives (in the MT range) can be used. 

5 
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Figure  1. 1 Stimulated Geothermal Reservoir 
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Considerable emphasis has been placed on development of relatively 

low temperature d ry  geothermal resources in the USSR (Diadkin and 

Pariisky, 1975) for  use in the mining industry. It would appear that 

large- scale  stimulation experiments usi:ng nuclear explosives a r e  

imminent in  the USSR. 

the present  time. 

low temperature applications have been (described by Diadkin e t  al. 

(1973). These systems a r e  created by using a combination of new 

drilling techniques, chemical explosives, and naturally occurring frac- 

tures.  

Such experiments a r e  not planned in the US a t  

Other hot, d ry  rock energy extraction systems for  

The use of chemical explosives to stimulate geothermal wells in 

hydrothermal regions has  been described by Austin and Leonard (in 

Kruger and Otte, 1973). 

wellbore diameter in a producing zone or to f racture minerals  de- 

posited around the wellbore. The s t r e s s  waves f rom the explosion 

may also resul t  in permeability increases  in the formation a t  some 

distance away f rom the wellbore. 

tion using chemical explosives appears  to be available, but there is no 

Chemical explosives a r e  used to enlarge the 

The required technology for stimula- 

la rge  

1. 3 

scale field expe rienc e with geothermal application. 

ExDerimental Studv 

The state of the a r t  of geothermal reservoir  engineering has not 

developed to a satisfactory level, due pr imari ly  to a lack of experi- 

mental data on the many physical phenomena occurring with two-phase 

fluid flow in hot porous media. 

useful information about t:he character  of the geothermal reservoi r ,  

such tes t s  are often impractical or  expensive. 

experiments under controlled laboratory conditions a r e  often used to 

provide the necessary experimental input to analytic models. 

Although field well testing may provide 

Inexpensive bench scale 

7 



Several laboratory experiments with flow in porous media have 

been conducted in the past. The steady flow of two-phase, single com- 

ponent fluids in unconsolidated sand was studied by Miller (1951). The 

fluid production f rom an unconsolidated sand/water system was studied 

by Cady (1969) and a s imilar  study with consolidatled sandstone was 

conducted by Chicoine (1975). 

and two-phase flow through artificial  consolidated sandstone was r e -  

ported by Arihara (1974). 

A study of unsteady non-isothermal single 

Although there a r e  many common character is t ics  between the 

artificially stimulated reservoi r  and the systems studied above, par-  

ticularly those studied by Cady and Chicoine, the resul ts  a r e  not gen- 

eral ly  applicable to stimulated reservoi rs .  

stimulated reservoi r  flow patterns requires  knowledge about the 

distribution of the permeability and extent of the fractures .  

the rock size distribution and the fracture geometry a r e  essential  for  

determining the degree of rock energy extraction. 

Prediction of the f rac ture-  

Moreover, 

Experimental data on permeability distributions resulting f rom 

underground nuclear explosions have been reported by  Boardman (1970). 

Data on the size distributions of the highly fractured rock media within 

the chimney have been reported by Rabb (1968), Rodean (1965), and 

Boardman (1966). 

been reported by Smith e t  al. (1975). 

Results f rom hydraulic fracturing experiments have 

The experimental efforts reported here a r e  oriented towards the 

study of the thermal,  heat t ransfer ,  and reservoi r  engineering aspects 

of fracture-stimulated geothermal reservoirs .  Th.e key a r e a s  of study 

include, (1) conditions for  optimum energy extraction, (2)  rock heat 

t ransfer  character is t ics ,  ( 3 )  moving flash fronts,  (4) fluid withdrawal/ 

reservoi r  pressure  behavior, (5) effects of cool and hot water recharge, 

(6) s team/rock  temperature distributions and (7 )  cyclic production/ 

recharge operation. The study was conducted usin.g a large-scale 

8 



laboratory model of a rock-rubblized reservoir .  

of a broad experimental program on stimulation and reservoi r  engineer- 

ing of geothermal reservoi rs  conducted a t  Stanford University under 

the Stanford Geothermal Energy Program. 

The study was par t  

To establish the feasibility of the experimental approach, the 

initial efforts were directed a t  simulating the highly fractured region 

of a geothermal a r e a  stimulated by explosive fracturing a s  indicated in 

Fig. 1. 1.  

originally be either a hot, d ry  rock region in which case  surface water 

injection is required, o r  the a r e a  could be a low permeability hydro- 

thermal  field in which case  injection of surface water is not required. 

Laboratory simulation of the much la rger ,  lightly fractured region su r-  

rounding the chimney in Fig. 1. 1 is more  difficult. However, experi-  

mental data on such a sys tem is considered to  be of more  general 

in te res t  and i t  is intended, therefore,  that la ter  efforts will be directed 

towards the study of such systems. 

It is visualized that the stimulated geothermal a r e a  could 

The main objectives of the study reported here were: 

(1) Construction, checkout and calibration of the experimental 

system to establish the adequacy of the experimental approach. 

Acquisition of detailed experimental data on the laboratory 

model reservoi r  behavior for a range of relevant reservoi r  

parameters  and s team production/fluid recharge conditions. 

The development of analytic techniques based on the observec 

laboratory model reservoi r  beh.avior to predict the perform-  

ance of s imilar  r e a l  size reservoi rs .  

( 2 )  

( 3 )  

Experiments have been run with two rock loadings with charac ter-  

is t ics  s imilar  to the highly fractured,  high porosity, region of a rubble 

chimney, with and without recharge and a t  p res su res  and temperature 

conditions found in geothermal systems. Since the efficiency of the 

energy extraction f rom the rock was a major  objective of the study, fluid 
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recharge was limited so that energy addition by fluid recharge was 

l e s s  than the energy extraction f rom the rock. 

The resul ts  of the efforts under i tem (1) andl preliminary evalua- 

tions of detailed experimental results under i tem ( 2 )  have been reported 

previously (Hunsbedt, Kruger,  and London, 1975 and 1976). The pre-  

liminary resul ts  indicated that the experimental approach was well 

within expectations. Important aspects of that work a r e  repeated here  

to provide continuity in the cur rent  presentation of detailed evaluations 

of the efforts under i tems (2) and (3) .  

10 
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CHAPTER 2 

DESCRIPTION O F  TEST SYSTEM 

2 .  1 Chimney Model System 

To crea te  an  environment for the rock/water system under study 

which simulates a postulated prototype system, considerations were 

given to the design of the s teel  containment vessel. Since it was de- 

s i red  to run the tes t s  at p res su res  and temperatures  occurring in geo- 

thermal  systems,  a high integrity pressure  vesse l  involving substantial 

s tee l  mass was required. The thermal  energy storage and the heat loss  

effects associated with the s teel  vessel- - referred to as the chimney 

model in this report--were of particular importance for the proper 

interpretation of the experimental results.  

The use of an external loop with an electric circulation heater was 

determined to be the best  method to quickly bring the rock/water system 

to desired initial temperature and pressure  conditions. A detailed des-  

cription of the t e s t  system is given in Appendix A,  and only a summary 

is given here.  Descriptions of the design efforts have been given in 

ea r l i e r  project progress  reports  (Kruger and Ramey, 1973; Kruger 

and Ramey, 1974). 

A schematic diagram of the chimney model system in the "heat- 

The system operating parameters  a r e  up mode" is given in Fig. 2. 1. 

summarized in Table 2 .  1. The s tee l  containment vessel ,  approxi- 

mately 5 feet  high and about 2 feet inner (diameter, is filled with the 

fractured rock/water system under study. 

to reduce heat losses  and has electric tape heaters  wrapped around the 

s tee l  shel l  (see Fig. 2. 1). 

such that energy can be added to the system to compensate for  heat 

lo s se  s . 

The vesse l  is well insulated 

Tape heater power control is provided 

11 



Figure  2 . 1  Diagram of Chimney Mode1 System - 
Heating Mode Operation 

F igu re  2.2 Diagram o f  Chimney Model System - 
F l u i d  Product ion Mode Operation 
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TABLE 2.1 

- Chimney Model System Operating Pa ramete r s  

Operating p res su re  (max) 800 psig 

Operating temperature (max) 500 O F  

Chimney water / r oc k inventory -1 7 f t 3  

Total system water / rock  inventory 

Average heating ra te  -40 OF/hr 

--19 f t 3  

Condenser cooling flow rate (max) 

Circulation flow ra te  during heatup (max) 

-7 gPm 

15 gpm 

Recharge flow ra te  (continuous) 

Electr ic  heater capacity 23 kW 

Tape heater  capacity (chimney) 4 kW 

Tape heater capacity (water inlet line) 2 kW 

0-1 gpm 

A description of the heatup mode with reference to Fig. 2. 1 is 

useful to explain the system's  operation. 'The system is filled with 

untreated tap water through a make-up water line (not shown in Fig. 

2. 1). To avoid corrosion in the carbon s teel  system, oxygen scaveng- 

ing is required, and hydrazine o r  sodium sulfite is added immediately 

following the water-fill. Pressurizat ion of the system to avoid flash-  

ing is accomplished by addition of argon gas to accumulators 1 and 2 .  

The circulation pump directs  the flow of water through the electric 
0 heater which p:roduces approximately 10 17 increase in water tempera-  

ture. The water f rom the heater circulates through the chimney where 

some of i ts  energy is t ransfer red  to the s teel  vesse l  and the rock. 

Water a t  the chimney water mixture tempe:rature is then returned via 

accumulator 1. 

perature and p res su re  conditions a r e  achieved and temperature equi- 

librium of the rock/water  / steel  system is established. 

Heatup circulation is continued until the desired tem- 

Heatup from 
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0 room temperature to about 480 

10 hrs .  

F is normally accomplished in about 

A schematic diagram of the system fluid production mode is 

given in Fig. 2.  2. 

control valve. 

condenser and the m a s s  of condensate is measured as a function of time. 

Recharge of fluids at the desired temperature and ra te  is accomplished 

using the injection pump and the electric heater for  preheating. An 

automatic control system on the heater is used to provide recharge 

water with approximately constant, l inearly decreasing, or  linearly 

increasing fluid enthalpy/time character is t ics  at the exit of the heater.  

Steam production is initiated by opening the flow 

The produced s team is condensed in the water-cooled 

Heat losses  in the inlet line between the healter and the chimney 

inlet a r e  compensated for  by energy addition using the electric tape 

heaters  on the inlet line. 

section of the chimney and is distributed uniformly by the flow dis tr i-  

bution baffle (see Appendix A for  details). In the postulated prototype 

system, the recharge fluids a r e  thought to enter mostly along the sides 

of the chimney. 

pletely the recharge mechanism of a prototype system in this respect. 

The recharged fluid enters  a t  the lower 

Thus, the laboratory model does not simulate com- 

Instrumentation for  measurement of temperatures a t  various 

points in the chimney and in the heating loop a r e  iindicated in F ig .  2. 1 

and 2 . 2 .  A summary of the parameters  and conditions measured a r e  

given in Table 2. 2. 

A and descriptions of the internal chimney temperature measurements  

a r e  discussed in the section on rock instrumentation. 

Details of the instrumentation a r e  given in Appendix 

Most instrumentation readings were  recorded automatically using 

Recordings were also macle of the m a s s  of fluids multipoint recorders .  

produced, the injection head tank level to obtain rnass of fluids r e -  

charged, and the pressure  measured by a tes t  gage was recorded to 

check the electronic pressure  t ransmit ter  measurement.  

power inputs to the tape heaters  on the chimney and on the inlet line 

Electr ic  
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TABLE 2 .2  

Summary of Measured Pa ramete r s  and Conditions 

Temperature Terminal  temperatures  for  chimney model, 
e lectr ic  heater,  condenser 

Water temperature distribution in chimney 

Rock temperature distribution 

Me tal  temperature distribution 

P r e s s u r e s  Chimney 

A c c umula to r s 

Condense r 

Flow Rates Circulation 

Condenser cooling water 

Recharge (head tank water level measurement) 

Production (gravimetric measurement) 

were  measured and recorded a s  a function of time. A sight glass 

installed on the chimney covering about 60 percent of the chimney 

height was used to observe the approximate chimney liquid level during 

the s team production transient. 

2 . 2  Rock Characteristics 

Tests  have been run with two different rock loadings. The first 

rock consisted of a gabbro rock sieved through a 1. 5 inch square mesh 

screen. 

revealed that an appropriate designation was hornblende quartz gabbro. 

The geographical origin of the rock was not established definitely but is  

believed to be the Logan a rea  on the San A:ndreas fault northeast of 

Monterey, California. 

density. 

The rock was purchased as "granite" but c loser  examination 

The rock i s  very hard and has a relatively high 
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The second rock loading consisted of a granitic rock with sizes 

of individual rocks about three t imes larger  than that of the first rock 

loading. The rock was obtained f rom a quarry  lolcated at Rocklin eas t  

of Sacramento, California. The major elements of the two rock types 

were determined by chemical analysis as given in Table 2. 3 

Major 

Element 

S i02  

T i02  

*lz03 

Fe203 
FeO 

MnO 

MgO 

CaO 

N a 2 0  

K2° 

H2° 

p2°5 

c02 

Elements of the Two Experimental Rock Types 

First Rock Loading Second Rock Loading 
(gabbro) (granite) 

62 .9  73.0 

0. 58 0.35 

15. 7 14,6 

1.4 0. 87 

4 .4  0. 84 

0.12 0. 05 

2.5 0. 50 

5.1 2.5 

3.5 4.7 

1.0 1.7 

1.57 0.74 

0. 19 0. 18 

0.07 0.08 

To extrapolate the experimental thermal results  to other sys tems 

it is necessary  f i r s t  to  characterize the geometries of the rocks used 

in the experiments. 

cant for  the present  study include l inear  length dimensions and shape 

factors  derived f rom these, volume, surface a r e a ,  and the surface 

a r ea  /volume ratio. 

The rock characteris t ics  that appear to be signifi- 
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The determination of a rock's geometry requires  a large number 

of measurements ,  but for  a large assembly of s imilar  rocks,  a prac-  

tical  scheme is based on measurement of the three orthogonal axes 

(Zingg, 1935; Krumbein, 1941, and Griffiths, 1967). These measure-  

ments a r e  indicated in the upper portion of F ig .  2. 3. A classification 

scheme commonly used (Zingg, 1935) based on these measurements i s  

shown in the lower portion of Fig. 2. 3. 

F r o m  these length measurements  a n d  the measured m a s s  of indi- 

vidual rocks,  severa l  parameters  useful f o r  the characterization of a 

rock a r e  obtained. 

rock m a s s  divided by the mean solid density of the rock loading mea-  

sured a s  discussed la ter .  The equivalent diameter of a rock is defined 

a s  the diameter of a sphere having volume equal to that of the rock, o r  

The volume of a rock i s  given approximately by the 

( 2 .  la)  
1 

A measure  of the sphericity of a roc:k is obtained a s  the cube 

root of the rat io  of the rock volume to the volume of the circumscribing 

sphere. 

ellipsoid, the sphericity parameter  becomes (Zingg, 1935; Krumbein, 

1941) 

When the volume of the rock is approximated by a triaxial  

(2. lb)  

Other parameters  computed for  individual rocks included the 

breadth/length ra t io  (b/a)  and the thickness/length rat io  (c /a ) .  The 

surface a rea  of a tr iaxial  ellipsoid cannot ble determined in closed 

fo rm,  but can be approximated by the following expression::: 

::: 
The bracketed t e r m  is the exact surface a r e a  of a prolate spheroid. 
The multiplier is an approximation to the ratio of the circumference 
of an ellipse to that of a circle.  

17 
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(2. l c )  

It is expected that the above equation is a fa i r  approximation to 

the surface area of rocks with few sharp  corners  such a s  was gen- 

eral ly  the case  with the rocks used here.  

ra t io  (SVR = A / V )  was computed for each rock contained in the sample. 

For  comparison, this parameter  was also1 computed by treating the 

rock as a sphere with equivalent diameter d and a plate of thickness c. 

The surface area/volume ratio for  a sphere is 

The surface area/volume 

SVR = 6 / d  
S 

(2-  Id) 

and for  a plate it is 

SVR = 2 / c  (2. l e )  
P 

It is noted by comparison of Eqs. (i!. Id) and (2. le)  that the su r-  

face area/volume rat io  for  a sphere is three t imes that of a plate. 

Moreover, with equal character is t ic  length (i. e. , with d = c)  these 

rat ios  decrease a s  the character is t ic  lengths d and c increase.  

Statistical samples of the two rock loadings were obtained and 

analyzed. 

analysis a r e  given in Appendix B. 

were  used to determine the most  efficient method. First, a large 

sample consisting of 1978 rocks (about 8 percent of the population) 

f rom the first rock loading was obtained ( r e fe r red  to subsequently a s  

sample 1-1). 

ness.  

Details of the sampling techniq,ues used and of the statist ical  

Two different sampling techniques 

No particular emphasis was placed on assuring random- 

A second much smaller  sample (168 rocks) of the first rock 

loading (sample 1-2) was then obtained by a method re fe r red  to a s  point 

counting, 

large flat surface. To obtain a random sa.rnple, a coarse  square grid of 

wires  was layed out above the rocks and rocks immediately under the 

It involved placing a l l  rocks--the entire population--on a 
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grid points were  picked for the sample, The point counting method 

was also used to obtain a sample of the second rock loading (sample 

2-2) consisting of 156 rocks. 

The three orthogonal axes (a, b, and c,  see Fig.  2. 3) and the 

rock mass of individual rocks of these samples were measured and 

analyzed statistically. 

distribution function, and the statist ical  parameters  mean, variance, 

and standard deviation as defined in Appendix B .were calculated for  

the measured quantities, the shape factors ,  and other derived parameters  

for each sample. 

The probability density function, cumulative 

The distribution functions were first plotted on l inear paper. 

However, since it is often found that size distributions ar is ing from 

crushing processes  a r e  lognormal (Herdan, 1960, and Rodean, 1964), 

the distribution functions were also plotted on semilog paper. The log- 

normal distribution function has  been derived by Epstein (1947) for  c e r -  

tain postulated breakage mechanisms a s  

It is noted that this is simply the normal distribution with x replaced 

by l n x  on the right hand side. 

Evaluation and comparison of resul ts  from samples 1-1 and 1-2 

(both samples f rom the first rock. loading) showed some discrepancies 

between details of the distributions, but the difference between the 

mean and standard deviations of the derived parameters  was l e s s  than 

18 percent. Therefore, the point counting sampling procedure is pre-  

f e r r ed  since it is much quicker. 

Evaluation of the resul ts ,  presented in detail in Appendix B, 

showed that the distributions of the measured and derived dimensional 

, 
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quantities for  the first rock loading approached lognormal behavior 

while the distributions for  the derived nordimensional parameters  

approached the standard normal distribution. 

An example of a lognormal parameter  is given in Fig. 2.4 where 

the cumulative and probability density functions a r e  plotted for the rock 

equivalent diameter on semilog paper. 

tribution using Eq. (2. 2) is also included in the figure for  comparison. 

It is observed that the sample contains more  fine particles than the log- 

normal  distribution would predict and there a r e  fewer large particles 

which is character is t ic  of distributions obtained in practice. 

example, the data and predictions for  particle size distributions ob- 

tained f rom contained underground nuclear explosions a r e  shown in 

Fig. 2.6 as presented by Lombard (in Kruger,  1966). Comparison of 

the probability distributions of Figs. 2.4 and 2. 6 shows a remarkable 

resemblance between these completely independent data. 

The computed lognormal dis - 

F o r  

The probability distribution and cumulative distribution functions 

for  dimensional parameters  of the second rock loading were not log- 

normal. This is indicated in Fig. 2. 5 which gives the distribution func- 

tions for  the equivalent diameter. The nondimensional parameters  were  

found to have some resemblance to the normal  distribution but they were 

not nearly a s  normal  a s  the corresponding parameters  of the f i r s t  rock 

loading. It may be concluded, therefore,  that the population constitut- 

ing the second rock loading was not generated by a large scale mechani- 

ca l  crushing process .  

The means and standard deviations of the geometry parameters  

for  both rock loadings (from samples 1-1 and 2- 2)  a r e  given in Table 2.4.  

When considering the i r regular  distributions of the second rock loading, 

it is not surpris ing that the standard deviations a r e  large compared to 

the means. 

which a r e  normal  or  near  normal. 

can be placed on the magnitudes of the standard deviations for dimensional 

Standard deviations a r e  meaningful only for distributions 

Therefore, only limited significance 
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parameters .  The mean values, however, a r e  used in the rock thermal  

analysis. 

F r o m  the sphericity parameter  data in Table 2.4, it appears that 

the rocks of the first rock loading a r e  slightly more  spherical  than those 

of the second rock loading. It is seen f rom Fig. 2 .  7 that the rocks of 

the first rock loading are barely classified a s  spherical while those of 

the second rock loading a r e  more  disc-shaped. 

The mean size of the rocks,  a s  given by the equivalent diameter,  

is almost  a factor of three greater  for  the second as compared to the 

first rock loading. 

ra t io  parameters  in Table 2.4 (SVR) shows that these a r e  almost  identi- 

ca l  to those based on the sphere atpproximation (SVR \. 

surface area/volume ratios based on the plate approximation ( S V P  ) 

a r e  lower than either of the above. 

behavior of the rocks might be c loser  to that of spheres  than to that of 

plate s . 

Comparison of the computed surface area/volume 

However, the 
S 

P 
This suggests that the heat t ransfer  

To measure  the thermal  behavior of individual rocks, thermo- 

couples were  inser ted into rocks distributed throlughout the chimney. 

The means of several  geometry parameters  for these "instrumented 

rocks" ( s i x  for  each rock 1oading)i a r e  compared to the corresponding 

means  f o r  the two rock loadings i n  Table 2.5. 

s ize  of the instrumented rocks in each case  a r e  considerably greater  

than the mean for the rock loadings (factors of approximately 3 and 6), 

but the mean shapes as given by t'he parameters  b /a ,  c / a  and + do 

not differ substantially. 

perature difference measurements,  it was neceslsary to instrument 

relatively large rocks. 

these rocks were  used to extrapolate the resul ts  to other rock sizes.  

Details of the instrumented rock geometries and photographs of a few 

of the rocks  a r e  given in Appendix B. 

It. is noted that the mean 

To attempt to obtain reliable rock/water tem- 

Scaling laws based on mathematical models for  
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Comparison of M 

Pa ramete r  First Rock Loading 

Total Rock Mass  (lb ) 1640 
m 

2.79 

16.57 

7. 25 

0.44 

3 
Mean Solid Density (g /cm ) 

3 
Rock Matrix Volume ( f t  ) 

3 
Volume of Void ( f t  ) 

Drainage Porosi ty  (dim. le  s s )  

I M r  

Second Rock Loading 

1818 

2. 6 1  

16. 57 

5. 72 

0. 35 

(Mean for: 1 (g) 

First Rock Loading 
(Sample 1-1) 32.6 

Instrumented Rocks 
for  First Rock 
Loading 85. 2 

Second Rock Load- 
ing (Sample 2-2) 1093 

Instrumented Rocks 
for  Second Rock 
Loading 6696 

TABLE 2.5 

an Rock Geometry Para:mete 

d b /a c /ix 

(cm) (dim ,le s s )  (dim.1.e s s )  i-t- 
S 

2. 52 0.75 0. 50 

3. 88 0.75 0. 514 - 
6.73 0. 7 1  0. 4:4 

16.0 0.63 0. 33 0. 59 0. 52 - > 

The bulk parameters  such as total rock mass:,  mean rock solid den- 

sity, rock matrix volume, * volume of void, and the drainage porosity were 

determined for  each rock loading by weighing the chimney rock pr ior  to 

loading and by water displacement (for details see Appendix B). 

parameters  a r e  l isted in Table 2. 6. 

These 

:!: 

Rock matr ix  volume re fe r s  to the total chimney volume occupied by rock. 
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The permeabilities of both rock loadlings were very large resul t-  

ing in virtually zero  flow p ressu red rop  in the chimney fo r  the low flow 

velocities of these experiments. The intrinsic porosities of the hard  

rocks used a r e  considered to be negligible compared to that based on 

the void space between the rocks. 

2. 3 Rock Instrumentation. 

The center temperature of the instrumented rocks located at 

various points in the rock matrix (indicated in Figs. 2. 8, 2. 9, and 

2. 10) were measured during the transients. 

locate the thermocouple for. the rock center temperature is i l lustrated 

in Fig. 2. 11. 

mate rock center in most  cases  along the c-axis. 

diameter thermocouple was then cemented in place using a high tem- 

perature cement. 

s team, a sea ler  was applied near  the surface. 

The procedure used to 

A 1/8-inch diameter hole was first dril led to the approxi- 

The 1 /  16-inch 

To avoid! direct  contact between the cement and the 

To measur  e rock/ s team temperature differences , thermocouples 

were located in the s team next to the instrumented rocks a s  indicated 

in Figs. 2.8, 2 .9  and 2. 10. These were also used to measure  the axial 

s team temperature distribution and to chec:k if radial  or  circumferential  

non-uniformities existed in the chimney during the production transient. 

With a total of 18 thermocouples available for  a l l  functions, the chimney 

thermocouple arrangement  shown in  Fig .  2.. 8 was selected for the first 

rock loading. 

Evaluation of the f i r s t  tes t  resul ts  (Hhnsbedt, Kruger,  and London, 

1975) showed that there were  no radial  o r  circumferential  temperature 

non-uniformities in the liquid region, but non-uniformities in the super - 
heated region above the liquid level existed.. Therefore, the thermo- 

couples were  rearranged a s  indicated in Fig. 2 .9  for  the second rock 

loading. Three instrumented rocks of different s izes  to measure  the 
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Figure 2. 10 Orientation of Thermocouples in Plane 
Next  to the Top for  the Second Rock Loading 

I / 16" THERMOCOUPLE 

118'' DRILL HOL 
HIGH TEMPERATURE 

CEMENT 

"INSTRUMENTED ROCK" 

Figure 2. 1 1  Details of Thermocouple in an Instrumented 
Rock 
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effect of rock s ize on rock/s team temperature differences were located 

in the plane next to the top a s  indicated in Figs. ,2. 9 and 2. 10. 

The tes t  resul ts  with the first rock loading also indicated that 

reflux of condensed steam f rom the outlet line might occur. In an 

attempt to investigate this possibility further,  a thermocouple was 

cemented in a hole dril led completely through instrumented rock 3 such 

that the thermocouple junction was flush with the rock surface (see F i g s .  

2. 9 and 2. 10). If water droplets strike the thernnocouple junction, its 

temperature should be lower than that of the surrounding superheated 

steam. 
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CHAPTER 3 

ANA LYSIS 

3. 1 Thermal  Analysis of Rocks 

To compute the ra te  (of rock energy extraction, it is necessary to 

formulate a mathematical model for  the thermal  transient of the rock. 

Several  parameters  should affect its thermal  behavior, such a s ;  (1) a 

size parameter  o r  a charac:teristic dimension as its equivalent diameter 

o r  thickness, (2 )  the shape of the rock as described mainly by its s u r -  

face area/volume ratio, (311 ra te  of cooldown of the surroundings, and 

(4) the state of the surrounding steam, i. e . ,  vapor o r  liquid phase. 

Since i t  is  difficult to analyze m a t h e ~ ~ a t i c a l l y  a rock with a rb i t r a ry  

shape, it becomes necessa:ry to consider idealized rocks with regular 

geometry such as a sphere and a plate, 

havior is then compared to the analysis to determine if ei ther the sphere 

o r  the plate idealization is adequate to describe the rock thermal  be- 

havior. 

The observed rock thermal  be- 

3. 1. 1 Analytic Soluti.ons - 
Analytic solutions may be obtained in closed fo rm for  rocks sub- 

merged in a medium which cools according to some continuous function, 

e. g. , an exponential o r  a l inear function. The analysis was ca r r i ed  out 

for  l inear  cooldown because it appeared to be the best  approximation to 

the r ea l  system behavior. 

The energy extracted f rom a rock is related to its mean tempera-  

ture ,  which is l e s s  than the center  temperature when the rock is being 

cooled. 

Appendix C for  a rock shaped as a sphere of radius r 

thickness 2&. 

given in the following: 

Solutions for  the mean and center temperatures  a r e  derived in 

and a plate of 
0 

Based on one-dimensional analysis, these solutions are 
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Exact solution for mean temperature of sph.ere: 

- 
T - T  

2 
r = ( 1 / 5  

Vo/Q 

Exact solution 

T - T  rc 
2 = (1/2 

c1 ro/Q 

Exact solution 

T - T  

2 
r = (113 

p i  /a 

Exact solution 

T - T  

for center temperature of sphere: 

2Be 

B [ B 2 +  B(B-l)]sinP n n = l  n n 

t 1 /B) /3  - 

for mean temperature of plate: 

for  center temperature of plate: 

(3. la)  

( 3 .  lb)  

(3. IC) 

(3. Id) 

In these equations p is the cooldown rate ,  F is the Fourier  number 

and B is the Biot number (see Appendix C for  details). 

The infinite sums in the above equations require considerable 

numerical evaluations. Since one-lump approximations a r e  usually 

accurate enough for  our purposes,  these approximations, erived in 

Appendix C in t e r m s  of the mean heat conduction path lengths ( 6  Is), are 

given in the following: 

32 



c 

' 

One-lump solution f o r  center temperature of sphere: 

One-lump solution for  mean temperature of plate 

One-lump solution for  center temperature of plate 

1 - F / ( 6  t l / B )  T - T  

2 
P A  / a  

r c  (2 p = (6cp -I- 1/13) [ 1 - e 

(3. 2a) 

(3. 2b) 

(3 .2c)  

(3. 2d) 

Comparisons of Eqs. (3.  1) to  Eqs. ( 3 .  2) show that the values of 

the 6 ' s  for  quasi-steady state conditions (t ime dependent t e r m s  go to 

zero)  a re :  

F o r  sphere: bs = 1 / 5 ,  6 = 1/2 

F o r  plate: 6 = 1 / 3 ,  6 = 1/2 

c s  

P CP 

( 3 . 3 )  
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The rock/  steam temperature difference character is t ics  predicted 

by the one-lump and exact solutions a r e  given in Fig .  3. 1 for  B = 10. * 
It is observed that the sphere attains quasi-steady state rock/s team 

temperature differences sooner thixn the plate mainly because the sphere 

has  the l a rge r  surface area/volume ratio (by a factor of 3). 

the rock/s team temperature differences a r e  higher for  the plate than 

for the sphere which is also related to the different surface area/volume 

rat ios  for  the two geometries. 

solutions a r e  in reasonable agreement with the exact solutions, particu- 

la r ly  for the body mean temperatures.  

Moreover, 

It i s  further observed that the one-lump 

The one-lump solutions may be employed to estimate Biot numbers 

(and heat t ransfer  coefficients) f rom experimental1 data. 

temperature differences a r e  measured for  rocks of various known sizes  

both in vapor and liquid environments. 

fa i r ly  constant, it may be acceptable to use local cooldown ra tes  @ 

evaluate approximate values of the Biot number based on the sphere 

idealization, When t ime dependent t e rms  a r e  neglected, Eq. (3 .  2b) 

give s 

Rock/steam 

Since the cooldown ra te  is 

to a 

where a l l  quantities on the right hamd side a r e  known f rom temperature 

measurements,  the instrumented rock geometry, and the rock thermal  

properties.  

.l. *r 

This value of B corresponded to a rock with character is t ic  length 
L, r a 6 inches submerged in liquid. 
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3. 1. 2 Time Constants 

The thermal  character is t ics  of the idealized rock shapes con- 

The physical sidered a r e  closely related to their  "time constants". 

meaning of the t e rm "time constant" is best  illustrated by an example. 

Suppose a body is in thermal  equilibrium with its surroundings and then 

the surrounding temperature is suddenly changed to a different tempera-  

ture.  

new equilibrium temperature.  

temperature to reach 6 3 .  2 percent of the temperature change is defined 

as the time constant. 

A cer ta in  period of time is required for  the body to reach the 

The time required for the body mean 

The time constants for spheres  and plates cam be obtained f rom 

temperature char t s  (Jaeger  and Clarke, 1947; and Schneider, 1955). 

Temperatures a r e  generally given in nondimensional fo rm in t e r m s  of 

the Fourier  and Biot numbers. A more  convenient method based on a 

one-lump parameter  approach, derived f rom these temperature charts ,  

is  given in  Appendix C. The time constants for the sphere and the plate 

a r e  given by the following equations: 

2 r 
(sphere) 

The 6 ' s  used in these equations a r e  functions of the Biot number a s  

shown in Fig. C. 3 in Appendix C. 

Time constants for spheres (Eq. (3 .  5)) for a range of diameters  

and Biot numbers ranging f rom 0. 1 to infinity a r e  given in Fig .  3. 2. 
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Figure 3. 2 Ti:me Constants for  Spheres 
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Thiickness of Plote, 21 (ft) 

Figure 3. 3 Time Constants for  Plates 
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Time constants for pla.tes (Eq. (3.6)) a r e  given i n  Fig. 3. 3. The 

thermal  diffusivity of granite:: at a mean temperature of 400 OF was 

used to compute these time constants. 

The t ime constants for  spherical rocks a r e  estimated f rom Eq. 

If the thickness (3. 5) with 2 r  

c of a rock is smal l  compared to the other two rock dimensions (a and b), 

Eq. (3. 6) is used to est imate the time constant with 2f4 = c. 

= d = equivalent diameter for  the rock. 
0 

Most rocks have shapes which a r e  different f rom these two limit-  

To estimate the t ime constants of suc'h rocks,  the following ing cases.  

formula is proposed 

1 /n, 1 /n 
:3 

7 = ( l - +  7 + +  7 
P 

(3 .  7) 

where n is evaluated empirically and where + is; the sphericity param-  

e t e r  defined in Chapter 2. The l imits  of the above equation corresponds 

to the l imits  discussed above since $ approaches; 1 when the rock be-  

comes spherical  and + approaches 0 when the one rock dimension is 

small in comparison to the other two. 

n in Eq. (3. 7) directly a r e  not available, but evalluation of the surface 

area/volume ra t ios  for  the rocks in Chapter 2 indicated that the thermal  

behavior might be close to that of spheres.  

that the exponent of + should be selected so that the estimated rock 

t ime constants a r e  heavily weighed towards those of spheres. A re la-  

tively large value of n is required to achieve this. Since there a r e  no 

experimental data on which the choice of n can be based, an a rb i t ra ry  

value of n = 4 is tentatively proposed for the present  analysis. 

Experimental data to determine 

It would appear,  therefore,  

The time constants calculated f rom Eqs. (3. 5) and (3. 6) depend 

on the Biot number ( see  Figs. 3. 2 and 3. 3). 

t ransfer  coefficient in  liquid and vapor environments may vary by more  

The convective heat 

>% 
See Appendix D for  detailed evaluation of rock thermal propert ies.  
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than an order  of magnitude. 

the surface heat t ransfer  coefficient, the rock time constants will in 

turn  depend on the rock environment. 

liquid environment is relatively high so tha.t the surface thermal res i s t-  

ance is small in comparison to the internal thermal  resistance (i. e. , 
high Biot number). 

coefficient does not affect the time constant significantly. 

pose of estimating the time constants, a heat t ransfer  coefficient of 

50 Btu/hr f t  

Since the Biod number is proportional to 

Thle heat t ransfer  coefficient in 

In that case  the magnitude of the heat t ransfer  

Fo r  the pur-  

2 0  
F was assumed. 

It is more  difficult to estimate the heat t ransfer  coefficient in 

saturated o r  slightly superheated vapor environment due to a possible 

reflux of condensed steam droplets f rom the outlet line region. Under 

these conditions re-evaporation of water d.roplets which encounter a 

rock surface may seriously affect the apparent surface heat t ransfer  

coefficient due to m a s s  associated energy transport  f rom the surface 

superimposed on the convective heat t ransfer  mechanism. 

If m a s s  associated energy transport  is neglected, one may obtain 

a rough estimate of the heat t ransfer  coefficient for  superheated steam 

flow using the correlation by Meek (1961) for  gas flow in a packed bed of 

uniform diameter spheres. This correlation is 

-0.38 St = 2 . 0 2  Re 

The Reynolds number (Re) and the Stanton number (St) a r e  based 

on the ltapproachll flow velocity which is the flow velocity corresponding 

to the chimney flow a r e a  without rock. 

The heat t ransfer  coefficient for  the ,average conditions of these 
2 0  experiments was estimated to be 1. 1 Btu/hr f t  

t ransfer  coefficient may be considerably higher due to the possible reflux 

effect, 

that the heat  t ransfer  coefficient is 3 Btu/hr f t  

F. The actual heat 

It is assumed fo r  the purpose of estimating the time constants 
2 0  F. The estimated 
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time constants for the mean size rock of each roclk loading a r e  given 

in Table 3. 1. 

two rock loadings a r e  given in App'endix C (Table C .  2). 

Time constant data :for the instrumented rocks of the 

TABLE 3. 1 

Geometry Data and E5 
for  Mear 

Idealization 

Sphere 

~~ 

Plate 

Combined 
Sphere and 
Plate 

Eq. (3. 7) 
(n=4) 

Symbol* 

d (inches) 

7 (hr )  

7 (hr)  
SL 

s G  

c (inches) 

mated Time Constants 
Xze Rocks 

F i r s t  Rock 
Loading 

0 .99  

0.014 

0. 18 

0.74 

0.034 

0. 39 

0.016 

0.197 

Second Rock 
Loading 

2. 65 

0.044 

0.46 

1. 62  

0.085 

0. 92 

0.048 

0.49 

'Subscript t 'L ' t  r e fe rs  to liquid environment ( h =  50 Btu/ 
h r  ft2 OF) and "G" to vapor environment (h = 3 Btu/hr ft2 O F )  

Examination of the magnitudez of the time constants in Table 3. 1 

shows that the sphere approximation results  in time constants which 

a r e  roughly about half of those for the plate approximation, 

examination of Table 3. 1 also shows that the time constants for rocks 

in vapor environment, where the Eliot number i s  small  in this case,  

Closer 
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increase approximately a s  the characteristic length d. 

t ime constants increase more  a s  the lengtlh squared for  rocks in liquid 

environment where the surface heat t ransfer  resistance is of l e ss  

importance (large Biot number). 

However, the 

A relationship fo r  estimating the mean rock/steam temperature 

differences in t e rms  of the time constant a.nd the local cooldown rate 

pQ is derived. 

s team temperature difference for  a sphere becomes 

F o r  the qua,si-steady state approximation the rock/  

The magnitude of 6s is approximately equal to 6 (0. 20 vs. -0. 18) 
S 7  

for  B greater  than about 1. Therefore, one can se t  8 t 1/B 2 d t 1/B. 

Combining Eqs. (3 .  6) and (3 .  9) then gives 
S s r  

3. 1. 3 Numerical Formulation of Rock Thermal Transient - 

( 3 .  10) 

The rocks a r e  cooling down in a steam environment with a tem-  

perature that depends on the chimney pressure.  

p ressure  in turn is largely a function of the steam production/recharge 

characterist ics.  

dunction/recharge and the rock cooldown ra.te which largely deter-  

mines the rock energy extraction rate. 

adequately described for  the entire transient  by the analytic solutions 

derived for  constant cooldown rate. 

The chimney steam 

Thus, there is a coupling effect between s team pro- 

This coupling effect cannot be 

A numerical computation procedure 
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for  the rock thermal transients which is coupled to the actual variation 

in the surrounding temperature i s  required. 

To formulate a numerical procedure, an idealized physical 

model which adequately represents the gross  thermal behavior of the 

complete rock loading is needed. 

presented in Chapter 2 i t  .would appear tha.t the rocks can be represented 

by spheres. 

model must  be limited such that acceptable numerical computation time 

r e  sult s. 

In view of the rock geometry data 

However, the number of sphere sizes in the idealized 

Considering Fig. B. 4 for  the distribution of rock mass  i t  would 

appear that three different rock size groups is sufficient. 

tion of s izes used to represent  the first rock loading is shown in Fig. 3.4. 

A similar grouping (with different mass  fractions) was used for  the 

second rock loading. 

solutions for  linear cooldown 

ma l  transient  was possible with the one-lump approach. However, to 

improve the prediction further it was decided to subdivide each rock 

size group into two equal thermal capacitance (equal volume) lumps a s  

indicated in the upper portion of Fig. 3 .5 ,  

Each sphere is analyzed with the help of the analog thermal circuit  

The distribu- 

Comparison of the one-lump and exact analytic 

showed that a fair prediction of the ther-  

1’ R2’ shown in the lower portion of Fig. 3.5. 

and R represent ,  respectively, the thermal conduction resistance be- 

tween inner and outer lumps, thermal conduction resistance f rom the 

outer lump to the surface of the sphere, amd the convection resistance 

a t  the rock surface. 

rock thermal properties and the surface heat t ransfer  coefficient a r e  

constant. 

The thermal resistances R 

S 

To rleduce computation time it is assumed that the 

An energy balance on each lump leads to one f i r s t  o rder ,  l inear 

differential equation with constant coefficients. 

equations given below a r e  presented in Appendix C. 

The derivations of the 
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- = a1 T t a k 2 T  t - - *  t a'  66Tr6 t bLT 
dTr6  

dt  61 r l  r 2  

Here the mean rock lump temperatures a r e  represented by T .(i = 

1 , 2 , * . .  , 6 )  and the temperature of the surrounding steam is T 

which represents the coupling (or  driving) mechanism between the rock 

and its surroundings. 

steam temperature T in t e rms  of the steam production/recharge char-  

acterist ic  s and the simultaneous solution (integra.tion) of the equations 

a r e  presented later .  

ri 

The formulation of the equations governing the 

Once each mean rock lump temperature has  been determined at 

a given time t ,  the spatial mean t:emperature of the rock loading is com- 

puted as follows: 

(3 .  12) 

where the X's  are the assumed rock mass fractiolns (see Fig. 3. 4) ,  

and where M 

extraction is then computed f rom 

is the total rock 1oa.ding mass. The ra te  of rock energy r 

r dT - 
Q = MrCr 7 r 

(3. 13) 

( 3 .  11) 

where is the time averaged specific heat capaxity of the rock. r 
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3. 2 Laboratorv Model Reservoir Analvsis 

3 .  2. 1 Analysis on a Rate Basis 

In this section an analysis is presented for  the pressure  and tem- 

perature transients of the model. The analysis, once verified, becomes 

a tool which can be used to  predict the behavior of other similar  systems 

within the limitations of the analysis, 

It is necessary f i rs t  to make certain idealizations regarding the 

physical system under consideration. Since there is no flow pressure  

drop in the rock matrix,  the fluids can circulate freely by natural con- 

vection within the rock matrix. There i s  a small  static head of only 2 

psi in the model, F o r  these conditions the fluids may be a t  nearly uni- 

form temperature equal to the saturation temperature corresponding to 

the average steam pressure .  

The idealized systein under consideration is shown in Fig. 3. 6. 

P P 
Steam with enthalpy i and fluids with enthalpy 

i a r e  recharged a t  a ra te  M.. There is heat t ransfer  a t  a ra te  Q f rom 

the rock and a t  a ra te  Q 

liquid/vapor mixture in thLe control volume. 

sidered is the void space bounded by the rock surfaces and the chimney 

steel  wall. 

of m a s s  and energy principles a r e  given in  Appendix C. 

differential equation for  the time derivative of p ressure  is 

is produced a t  a rate M 

i 1 r 
f rom the steel. vessel  to the two-phase 

ml 

The control volume con- 

Derivations of the governing equations using the conservation 

The resulting 

e k - e ) ~  - e f ) G i -  (ipt vf 
fg  f P  m r  

( 3 .  14) - d P  
dt I 
- -  

wd %J 
[(ef)' ti;; ( f g  1 - (vf > ) ] M  fg  

Analytic formulations for  the parameters ,  referred to a s  the boundary 

parameters ,  Q , 6 , Mi,, ii, M , i , and M a s  well a s  for  the steam 
m r  P P  
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Figure 3 .6  Control Volume for Chimney Model Analysis 



propert ies a r e  required in Eq. (3. 14). 

data will provide the basis  for  obtaining these formulations. 

111 this analysis the experimental 

An expression for  Q based on an energy balance on the steel m 
vessel  is given by 

(3 .  15) 

The first t e rm on the right: represents energy addition by the electric 

tape heaters  on the vessel. 

from the steel  a s  the chim:ney cools down during the steam production 

process,  

chimney. 

time fo r  each experiment. 

determined f rom heatup and cooldown experiments as described pre-  

viously (Hunsbedt, Kruger :, and London, 197 5). 

The second te rm represents energy release 

The l as t  t e rm is the heat losses  to the environment from the 

The temperature difference S,, is measured a s  a function of 

m The numerical1 values of M and UA were 

The ra te  of energy extraction f rom 'the rock a s  given by Eq. (3. 13) 

is established by simultaneous solution of Eqs. (3. 11) and (3. 14). Details 

of the solution procedure a r e  given la ter  in this section. 

The recharge and steam production ra tes  a r e  determined f rom the 

slope of the measured cumulative recharge and steam production-time 

data. These data were also used to compute M y  the mass of fluids in 

the chimney a t  time t used in Eq. (3. 14), f rom a mass balance on the 

chimney which gives 

M = I V I  + M  - M  
0 i P 

(3. 16) 

where M 

initial wate r temperature. 

is determined firom the known void volume and measured 
0 

The enthalpy of the recharged fluids a t  the chimney inlet is com- 

puted f rom the following expression based on an energy balance on the 

inlet line 
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i = i t (6, - u . A . Q . / M .  
i H 1 1 1  :t 

( 3 .  17) 

where i 

heater. 

line 

i s  the enthalpy measu:red a t  the exit of the electric circulation H 
The rate of energy addition by the tape heaters  for the inlet 

Qi is measured a s  a function of time and the line heat losses  a r e  

estimated using conventional procedures. 

The enthalpy of the produced steam at  the chimney exit was com- 

puted using a similar  procedure to obtain 

i = i  - T J A  e /LI 
P C  0 0 0  p ( 3 .  18) 

where i 

heat balance on the condenser a s  a function of time. Details of this pro- 

cedure has  been given previously (Hunsbedt, Kruger, and London, 1975). 

Thermodynamic properties of steam a r e  available in tables (Meyer 

e t  a l . ,  1967). and a s  FORTRAN subroutines (McClintock and Silvestri ,  

1968). These subroutines:: were used in the numerical solution pro-  

c e dur e. 

is the steam enthalpy a.t the condenser inlet evaluated from a 
C 

3. 2. 2 Numerical Solution Procedure 

To simplify the numerical solution of the differential equations, 

it is convenient to introduce nondimensional variables. 

found to be useful for  this particular problem a r e  stated below (see the 

Nomenclature for  explanation of dimensional quantities): 

The variables 

.I. -8% 

Computer programs were made ;available by the Nuclear Energy Division 
of the General Electric Company, San Jose, Callifornia. 
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L 

P:: P /P = chimney pressure  parameter 

t::: A t / t = nondimensional production time 

M::: = M / M o  = cumulative steam production parameter 
P P 

h;r::: = h;r /8 
P P P  

Mi: = M . / M  = cumulative recharge parameter 

s so 

C 

& 

A ( 3 .  19) 
= steam production rate parameter 

A 
1 1 0  

A U , / G  = reckiarge rate parameter 

= chimney mass  fraction 

1 1 P  

M S  4 M / M  
0 

where t 

place fluid mass ,  M , divided by the mean steam production ra te ,  

is the reservoir  characterist ic  time defined a s  the initial in- 
C 

0 P' 
The previous equations required to describe the reservoir  t ransi-  

ents (rock temperature,  s team temperature, and pressure)  in t e rms  of 

these non-dimensional vari.ables a r e  summarized below: 

Rock Lump Temperatures (rewritten Ea. f3. 11)): 

(3 .  20a) 

Rock Mean Temperature (Eq. ( 3 .  12)): 
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Rate of Rock Energy Extraction (rewritten Eq. ( 3 .  13)):  
- 

( 3 . 2 0 c )  

Pres su re  (rewritten Eq. ( 3 .  14)):  

( 3 .  2Od) 

S te arn Tempe ra tur  e : 

T = f(P::c, Pso) (from steam talbles) 

Paramete rs  : 

and Qm, ii, and i f rom Eqs. (3. 15) through (3.18). 
P 

Initial Conditions: 

(3. 20e) 

( 3 .  2Of) 

(3.20g) 

(3. 20h) 

. * *  Trb, 7' and P:k a r e  specified a t  Tr l '  T r 2  
the s ta r t  of integration (time = t*) 

S 

A fourth order numerical integration procedure* was used to 

solve the system of equations. 

::: 

The starting timle for  the computation 

The procedure used i s  referred to a s  the Runge-Kutta method. 
description see ,  e. g. , Carnaharn, Luther and TYilkens (1969). 

Fo r  a 
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t": was selected such that saturated water conditions had been reached 

in the chimney. 

steam production was initiated (at  t::: = 0) due to argon g a s  pressur iza-  

tion during heatup, but saturated steam conditions were normally 

reached in the chimney after about 5 to 10 minutes of steam production. 

The temperature of the rock lumps at time t:: were  specified to be equal 

to the measured water temperature a t  this; time. 

equal to the measured pressure  a t  time t:::. 

S 
The system was generally slightly subcooled when 

S 

The pressure  was set  

81 

Details of the analysis and considerations regarding the maximum 

time step size to assure  stability a r e  given in Appendix C. The limiting 

factor in determining the maximum time step is the minimum rock lump 

t ime constant. 

also smal l  and the integration procedure is slow and expensive. 

possible, however to reduce the number of steam property evaluations 

in  the coefficients on the right hand side of Eq. (3 .  14) because these 

changed only slightly over a few time steps. Thus, evaluation of the 

steam propert ies every 20th time step war; sufficient. 

time was reduced by a factor of about one third with no apparent effect 

on the numerical solution using this approach. 

When the rocks a r e  small,  the maximum time step is 

It was 

The computation 

To verify the numerical formulation and solution procedure fo r  

the rock thermal  transients ,  a run was made with conditions such that 

constant cooldown rate resulted. The numerical results  for  the mean 

temperature of a sphere given by Eq. (3 .  l a )  a r e  compared in Fig. 3. 7. 

The solid lines a r e  the exact solutions fo r  B = 1 and 10. The broken 

lines a r e  the numerical results  with the geometry factors r4  and r" 1 2 
f rom Johnson (1955) as described in Appendix C. 

It is  seen f rom Fig .  3. 7 that the numerical predictions do not 

agree  well with the exact solution. 

factors derived by Johnson for  hollow spheres with large outer to inner 

radii  rat io were  not s tr ict ly applicable to the solid sphere geometry 

with surface heat t ransfer  :resistance. 

It was suspected that the geometry 

The magnitudes of the geometry 

\ 
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factors were therefore adjusted until reasonable agreement between 

the numerical and exact results  was achieved fo r  the adjusted r:: and 

r:: values listed in Table 3. 2. The adjusted data in the table indicate 

that the geometry factors depend on the Biot number (relative impor-  

tance of surface thermal resistance). The geometry factors were found 

to vary  approximately linearly with the Biot number. Therefore, l inear 

interpolation is used to estimate the geometry factors for  other values 

of the Biot number f rom th.e adjusted data, 

1 

2 

TABLE 3.2 

Geometrv .Factors for  the Two-Lumr, 
Paramete r  Description of .A Sphere 

I 0.5092 I 0,5092 I 
I Adjusted I r ,  I 0.4339 I 0,5725 I 

3. 2. 3 Analvsis on a Time Interval 13asis 

The analysis on a ra te  bas is  in the previous section gave the 

reservoir  p ressure  and temperature histories as functions of time. 

There may be cases, in which only the end conditions rather than the 

complete transients a r e  required. The initial conditions of the r e s e r -  

voir a r e  known from temperature and pressure  measurements pr ior  to 

starting steam production. It is desired to determine how much of the 

original reservoir  fluids can be produced :For a specified end pressure ,  

reservoir  volume, porosity, recharge, and degree of rock energy 

extraction. 
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The idealized system shown in Fig. 3. 6 is analyzed. A t  the s tar t  

of steam production, it i s  assumed that the syste.m contains saturated 

liquid only. Fur thermore ,  it is assumed that a uniform temperature 

two-phase mixture is maintained in the system during the steam pro- 

duction transient. 

analysis a s  was the case  in the analysis by Whiting and Ramey (1968). 

A la ter  analysis by Brigham and Morrow (1974) a.ssumed uniform tem- 

perature conditions in the liquid phase and a vapor/rock temperature 

distribution in the vapor zone that remained constant with time. The 

present  analysis accounts for  the possibility that not all of the thermal 

energy stored in the rock i s  extracted by introducing the rock energy 

extraction fraction concept. 

below. 

This assumption is usually made to simplify the 

An outline of the present analysis is given 

Details of the derivations a r e  given in Appendix C. 

Conservation of mass  for  the controt  volume containing the two- 

phase steam mixture in Fig. 3.6 gives on a time interval basis  

M = M  t M  - M  
e 0 i P 

(3.21) 

where the subscripts "e" and "0" refer  to mass in the system a t  the end 

and initial conditions, respectivelly. The two las t  quantities represent  

cumulative mass  recharge and steam production at the end state, 

respectively. 

It is assumed that the enthalpies of the recharged and produced 

fluids do not vary significantly in the time interval f rom the initial to 

the end state considered. 

control volume then leads to an approximate expression for  the mass  

of fluids in the system at the end state which is 

Conservation of mass  and energy for  the 

(3.22) 



c 

The enthalpy of the produced steam i 

a r e  the average of the initial and end state enthalpies. 

in Eq. ( 3 . 2 2 )  represents energy extraction f rom the rock. 

e te r  71 

the rock media extracted between the temperature limits. 

estimate Q for  highly fractured systems a r e  discussed later. 

and the recharge enthalpy i 
P i 

The las t  t e rm  

The param- 

is a measure of the fraction of the thermal energy contained in 
e 

Methods to 

e 
The internal energy and specific volume of the saturated liquid 

a t  the start of production a r e  obtained fro:rni the steam tables. 

initial mass  of liquid in the system is 

The 

Mo =: v VQ 
0 

(3 .  23) 

A n  i terative procedure proposed by Van Wylen (1964) is used to com- 

pute the conditions a t  the end state a s  follows. 

M 

the end state is computed f rom 

A rough estimate of 

is made and then the specific volume of the two-phase mixture a t  
e 

- v  t x v  QV v = - -  
e M  fe E: fge e 

o r  solving for  the steam quality 

v - v  
e fe x =  

e V 
f g e 

The internal energy at the end state is ,hen es 

data f rom the relation 

e = e  t X e  
e fe e fge 

(3 .  24a) 

( 3 .  24b) 

mated using steam table 

( 3 .  2 5 )  

This value of e 

estimate a new value of M 

gence i s  obtained. 

is used in Eq. ( 3 .  2 2 )  with the other specified data to e 
and the process i s  continued until conver- 

e 
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Equation (3. 22) can be written in t e rms  of the parameters  defined 

by: 
A 

Fraction Produced FP = M /N[ 

Fraction Recharged FR = M . / M  

Specific External Heat 
Transfer  Parameter 

A P O  

a 
1 0  

= Q /hA qm m o  

(3. 26) 

These parameters  with Eqs. (3.21.) and (3.22) result  in the following 

expression for  the predicted fraction produced 

) t (ii- e e )FR t q m r  t /) V( 1 - d)c r o  (T  - Te)qe/Mo]/(ip- ee) 

(3. 27) 

The above equation is used to evaluate the :fraction produced 

based on the theory (hence the subscript ' I t ' ' )  using actual experimental 

data for  the parameters  on the right hand side, By comparing FP to 

the experimental fraction produced FP (without subscript),  checks on 

the consistency of the experimental procedure an.d the analysis a r e  

obtained. 

t 

3. 3 Liquid Level Analysis 

It is assumed that the upper section of the chimney is filled with 

vapor (steam cap) and that the lower section contains liquid with en- 

trained vapor bubbles a s  indicated in Fig. 3. 8. It would appear that 

the degree of vapor bubble entrainment depends on the boiling rate. 

F o r  low ra tes ,  evaporation will occur mostly f rom the liquid-vapor 

interface with few entrained vapor bubbles while higher boiling ra tes  

will result  in more  entrained vapor bubbles. 

r a tes  the liquid tends to expand and the liquid-vapor interface tends to 

become l e s s  distinct. 

Therefore, at high boiling 
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The described behavior is postulated based on the observed 

behavior of water boiling in a kettle. 

the chimney and the kettle is not complete a s  boiling in a kettle takes 

place a t  constant pressure while in the chimney the pressure  is de- 

clining. Furthermore,  the rocks act  a s  uniformly distributed heat 

sources and the rock surfaces with the many crevices and faults pro-  

vide a large number of nucleation si tes for vapor bubbles. 

to r s  should enhance bubble formation in tlne chimney liquid a s  compared 

to in the kettle. 

interior  of the liquid is dominant for the conditions of these experiments. 

However, the analogy between 

These fac- 

It is believed, therefore,, that evaporation from the 

3. 3. 1 Liquid Level Correction 

The indicated liquid level z I ,  measured from the top flange a s  

shown in Fig. 3. 8, is different f rom the nominal liquid level z in the 

chimney because the liquid in the partially insulated sight glass is 

cooler than the liquid inside the chimney. 

recting the indicated liquid level to obtain the nominal level. 

assumed that the specific volume of the chimney liquid above point "1" 

in Fig. 3. 8 is that of saturated liquid; thus, vapor bubble entrainment 

i s  neglected. The effect of this assumption is that the estimated nomi- 

nal liquid level is slightly lower than the atctual by the amount of liquid 

expansion due to entrained vapor bubbles. The assumption, therefore, 

is best  f o r  relatively low liquid levels. 

A method is given for cor-  

It is 

Neglecting flow pressure  drop in the rock matrix,  the static head 

of the liquids in the sight glass and in the chimney a r e  equal a t  point 
1 1  1 1 1  . 
the indicated liquid level and other parameters  given in Fig. 3. 8 i s  

derived in Appendix C. 

An expression for the estimated nominal liquid level in t e rms  of 

This expression is 

57 
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i r  

Figure 3.8 Model for Chimney Liquid Level Analysis 
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The specific volume of the sight glass liquid v was evaluated 
SG 

f rom the steam tables using measured sight glass temperature data. 

3. 3. 2 Void/Steam Quality Relationship 

During fluid production testing the 1x0-phase mixture contained 

inside the chimney will pass through a se r ies  of states on a P-i dia- 

gram. * To determine the production path two independent state var i-  

ables a r e  required. 

s team pressure.  

quality which can be determined f rom liquid level measurements. 

chimney bulk steam quality is defined by (see the Nomenclature for  

explanation of symbols) 

One state variable readily available is the chimney 

A second state variable is the chimney bulk steam 

The 

Also, the chimney bulk void fraction is defined by 

( 3 . 2 9 )  

( 3 .  30) 

An expression for  (Y in t e rms  of the nominal liquid'level Z ,  derived 

in Appendix C ,  is given by 

cy = ( V d t V  t V d Z ) / V T  * 
15 c 

( 3 . 3 1 )  

~- 
4. -r 

P-i diagram re fe r s  to the pressure-entha1.p~ diagram 
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Since the sight glass does not cover the total chimney height 

(see  Fig. 3. 8), the nominal liquild level Z computed from Eq. (3. 28) 

is not available during the ear ly  p a r t  of the production transient. 

Consequently, the void fraction ((and the steam quality) cannot be eval- 

uated for the entire transient. 

for  the liquid level in t e rms  of t h e  mass fraction M* is derived in 

Appendix C for  the case  of saturated vapor and liquid phases. This 

approximate liquid level, called the "effective" Liquid level, is given 

However, an approximate expression 

by 

. (3.32) 
f V V V M :: 

vd - +  I . + -  - --- 
Zt = [(g '$) v1 ( A):f Vd/Mo 

g 1 - -  

t The subscript "t" is used to distinguish the effective liquid level Z 

f rom the nominal liquid level Z. is slightly 

lower than Z because liquid expansion due to vapor bubble entrainment 

is neglected completely in Eq. ( 3 .  32). The effective liquid level is 

used in  Eq. (3. 31) to give the void fraction for  tlhe entire transient. 

The chimney bulk steam quality i s  then computed f rom the void/steam 

quality relationship, derived in  Appendix C, given by 

It is expected that Z t 

(3 .  33) 

3.4 Data Reduction Procedures 

The experimental data recorded throughout the experiment using 

the two multipoint recorders  included all temperatures,  the chimney 
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stearn p ressure ,  condense]: flow ra te  (orifice pressure  drop), and the 

chimney electric heater tape power. 

Other data obtained by frequent observation were mass  produced, 

chimney liquid level, injection head tank liquid level (used for deter-  

mining mass  recharged) and inlet line heater tape power. 

chimney steam pressure  and the chimney lheater tape power voltage 

were also observed to serve a s  an independent check on the correspond- 

ing recorded quantities. 

Data for  the 

After each experiment, the data were read f rom the recorder  

char ts  a t  discrete t imes when observed data were  available. 

were tabulated and keypunched fo r  computer processing. 

constants such a s  the chimney volume, porosity, chimney steel  mass  

fractions inlet /outlet line geometry 

data, rock sizes,  rock thermal properties, instrumentation, conver- 

sion factors,  and integer constants used for  program control were  also 

added a s  input. 

A l l  data 

Numerous 

heat t ransfer  10s; s conductance s 

The data reduction computer prograirriming was combined with 

the reservoir  transient analysis programniing presented in Chapter 3. 

The data reduction par t  is executed first. 

the boundary parameters  discussed in section 3. 2, normalized chimney 

pressure ,  fraction produced, fraction recharged, liquid level, and 

other parameters  discussed in section 3. 3 a r e  computed f rom the ex- 

perimental data. 

Several parameters  such a s  

Other parameters  included the external heat t ransfer  parameter 

representing net heat t ransfer  to the water/rock system. 

sion for  this parameter,  obtained by integrating Eq. (3. 15) f rom the 

initial to the end state of the transient,  i s  

The expres-  

e ] - [UAOmdt 
Q = I G d t  t M f(c e ) - (c: e ) 

m r r t ~  m m o  rn m e 
0 

( 3 . 3 4 )  
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i s  defined a s  the The specific external heat transfer  parameter ,  

net heat t ransfer  to the water/rock system per  unit mass  of water in 

m the system initially a s  defined by Eq. (3 .  26) .  

indicates heat t ransfer  to the water/rock system and negative values 

represent  heat transfer from the system. 

qm, 

Positive values of q 

The ratio of energy addition by recharge to the thermal energy 

of the initial in-place fluids betwee:n the temperature limits of the pro-  

ce s s  i s  a measure  of the importance of recharge. 

to as the recharge parameter ,  can take on negative values a s  in the case 

of recharge of cool water, it can be zero  a s  in the case of no recharge, 

and i t  can be positive a s  in the case of hot water rlecharge. 

charge parameter  is 

This ratio, referred 

The re-  

M 
r i  

(3 .  35) 

Note that the recharge energy i s  re:ferenced to the internal energy of 

saturated liquid a t  the end state. 11 similar  equation for the ratio of 

energy addition by recharge to ene:rgy available in the rock media i s  

M. 
r 1  

( 3 . 3 6 )  

The data from all  fluid production experiments were processed 

using the data reduction routine. 

directly from the printouts. 

putations, the reservoir  transient analysis was executed a s  needed. 

Selected parameters  were plotted 

Upon completion of the data reduction com- 
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3. 5 Measurement Accuracv 

3. 5. 1 Instrumentation Calibration 

A comparison of chimney steam pressure  data measured by 

the pressure  gage and the pressure  transmitter  has  been given pre-  

viously (Hunsbedt, Kruger and London, 1'975). The maximum dis-  

crepancy between the two independent pressure  measurements was 9 

found to be about 5 psi. The measured steam temperature (saturation 

temperature)  was compared to the saturation temperature correspond- 

ing to the pressure  measured by the transmitter.  

ference between the two measurements was 3 F. 

were  made a t  periodic intervals during the testing to insure continuous 

calibration, 

The maximum dif- 

Checks of this type 0 

Thermocouples used for  rock/steam and metal  temperature mea-  

surements were  calibrated relative to each other by turning the heater  

off and letting the circulation pump run. 

converged to one reading on the recorders  which indicated that tem- 

perature equilibrium was achieved and that the relative e r r o r s  between 

the thermocouples were l e s s  than about 2 

A l l  thermocouple responses 

0 F. 

The injection head tamk level was observed through a sight glass 

on the tank. 

0. 5 inch, but it was possible to read the tank level to within 0. 25 inch. 

Changes in head tank water temperature between fillings resulted in an 

estimated density change of about 0 .6  percent. The indicated chimney 

liquid level could be read to within 0. 2 5  inch on a steel  ru ler  attached 

to the chimney sight glass. 

sured to within l lb using a bench scale. 

The distance between major subdivisions on the glass was 

The mass of fluids produced could be mea-  

3. 5. 2 Uncertainty A.nalysis 

An evaluation of the accuracy and reliability of these results  was 

attempted. Often experiments are repeated a sufficient number of 
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t imes or  with different measurement techniques so that the reliability 

of the results  can be statistically assessed.  However, in many large- 

scale engineering experiments, such as the present, repetition is not 

practical due to the high costs involved. Experiments of this type a r e  

referred to as single-sample experiments. 

The theory of uncertainty analysis for  sing1.e -sample experiments 

has been treated by Kline and McClintock (1953) and systematic tech- 

niques for  use in design have been presented by Wilson (1955). 

"uncertainty" means a possible value of the e r r o r  which is the differ- 

ence between the t rue and observed values. 

certain fixed (unknown) number the uncertainty mlay vary considerably 

depending on the particular circurnstance s of the experiment. 

The 

Whereas, the e r r o r  is a 

To estimate the uncertainty in a result  which depends on several  

variables observed directly in the laboratory, engineering estimates 

must  first be made for  the uncertainties in each of the observed var i-  

ables. 

each variable as follows 

Kline and McClintock choose to describe the uncertainty in 

m f w (b to 1) ( 3 .  37) 

where m is the reading with all known corrections applied, w is the 

uncertainty interval, and b is the odds selected by the experimenter 

such that he is willing to bet b to 1 that the errom is less  than f w. 

The uncertainty interval is established by the experimenter based 

largely on experience and judgment. 

10 b r  EO to 1. 

The odds chosen a r e  generally 

When the n variables v. affecting a result  R a r e  independent 

R 

1 

the uncertainty interval for the result  w is esti:mated f rom 

(3.38) 



. 

L 

where the w. ' s  a r e  the estimated uncertainty intervals (each with equal 

odds b to 1) for the n variables. The val.ue of w 

be based on essentially the same odds a s  the uncertainty interval for 

the variables. 

1 

found this way will R 

The above procedure was applied to the present  experimental 

system. 

for  variables and parameters  were estimated f o r  odds 20 to 1 and 

recorded a s  shown in Table C. 4 in Appendix C. 

then used to estimate the uncertainties in the results  with the formulas 

listed in Table C. 5 and Eq. ( 3 .  38).  

given in Appendix C. 

results  of these experiments a r e  presented in Table 3. 3. 

The unccrtainty interval and percent uncertainty interval 

These intervals were 

Details of the computations a r e  

The estimated undertainty intervals for  the major 

A few uncertainty intervals expressed in percent (relative uncer- 

tainty intervals) varied significantly f rom s ta r t  to the end of the transi-  

ent. 

extremes as indicated in the table. 

In these cases  the uncertainty analysis was ca r r ied  out for  both 

It is noted f rom Table 3. 3 that relatively large uncertainties a r e  

associated with some results.  

production ra tes  have large uncertainties towards the end of the transi-  

ent when these ra tes  were the lowest. 

stantial uncertainty in the line heat loss  t e rm  propagated into the un- 

certainty for  the enthalpy of the recharged fluids. 

In particular,  the fluid recharge and 

This effect along with a sub- 

Table 3. 3 shows the uncertainty intervals for Q and q in m m 
dimensional form because the magnitude o f  Qm itself varied widely 

making it difficult to find an  appropriate basis  for  the percent uncer- 

tainty interval. The uncertainty interval for  q is approximately equal 

to the uncertainty interval for Q 

Therefore, the uncertainty interval in q 

porosity d. 
on whether there i s  recharge o r  not. 

m 
divided by the initial system fluids. 

m 
is given for  each value of the 

r n k  
The magnitude of the uncertainty interval for  FP depend 

The: uncertainty i s  caused by the 
t 
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TAB.LE 3 . 3  

Estimated Uncertaintv Intervals for the Chimney Model Experiments 

Result 

Rock M a t r i x  Drainage 

Solid Density of Rock 
M a s s  of Fluids Recharged 
M a s s  Recharge Rate 
M a s s  of Fluids Produced 
M a s s  Production Rate 
Initial System Steam Mass 
Fraction Recharged 
Fraction Produced 

- Experimental 
Fraction Produced - Predicted 

Porosity 

Liquid and Vapor Mass  in 

System Mass Fraction 
Chimney Steam P r e s s u r e  
Recharge Steam Enthalpy 
Produced Steam Enthalpy 
Rock Energy Extraction 

Observed Chimney Liquid 

Predicted Chimney Liquid 

Chimney Bulk Steam Void 

Chimney Bulk Steam 

Chimney Bulk Steam 

External Heat Transfer 

Specific Q 

System 

Fract ion 

Level 

Level 

Fraction 

Quality 

Enthalpy 

Pa ramete r  

m 

Measured Rockkteam AT 
Predicted Rock/Steam AT 

~ ~- 

Symbol 

B 
01 r 
Mi 
*i 
MP 
~P 
MO 
FR 

FP 

FPt - 6=1.0, no recharge 
4=. 35, recharge 

r)e 

Z 

Zt 

X 

i 

Qm 

qm for d=1. O 
for d=o.44 
for  Q=o. 35 

Percent Uncertainty 
Interval 20 to 1 

3. 0 
3. 3 
5.2 

4.4 to 17:: 
5.0 to 0. 7 
1.4 to 14 

2. 5 
5. 8 

5.6 to 2. 6 

10.2 
14.2 

2 . 8  to 5. 7 
3 . 8  to 6. 2 
1.2 to 10 

2 to 20 
2.4 to 7.4 

3. 5 

5. 0 

5.7 

8.7 

49 

2.5 

10,800 (Btu) 
12 .6  (Btu/lbm) 
26.4 (Btu/lb,) 
32. 5 (Btu/lbm) 

3. 0 ( O F )  

4 . 0  (OF) 

'::First figure refers  to s t a r t  of transient and the second re fers  to end of 
transient. 
deviations occurred. 

If only one figure is given it is an  average value and only slight 
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uncertainties in the pa ramete r s  used to compute FP part icularly in t 
the recharge fluid enthalpy and in q m' 

The uncertainty interval  for Q corresponded to approximately m 
20 percent  of the thermal  energy stored i n  the initial in-place fluids 

between the temperature l imits of the experiment. 

shows that the thermal  effect (wall effect) caused by the p ressure  vessel  

This comparison 

is not a limitation to obtaining meaningful experimental data with the 

chimney model. However, attempts should be made to reduce the un- 

cer ta int ies  in Q and in other pa ramete r s  in future experiments. m 
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CHAPTER 4 

RESULTS 

4. 1 Description of Experiments 

Detailed tabulations of the tes t  conditions and pa ramete r s  for the 

During the ear ly  phases of the 29 experiments a r e  given in Table 4. 1. 

experimental program,  the heat t ransfer  f r o m  the chimney metal  to 

the rock/s team system (the wall effect) represented by q 

mined f rom heatup and cooldown experiments (Hunsbedt, Kruger and 

London, 1975). To verify these resu l t s ,  additional experimental data 

were desired. 

tion experiments ( runs  1 through 3) without rock in  the chimney (100 

percent  porosity). 

was deter-  m 

Such data were provided by the three f i r s t  fluid produc- 

The next 22 experiments ( runs  4 through 25) were wi th the  f i r s t  

rock loading described in Chapter 2 (44 percent porosity). 

were condukted to study the effects of such system parameters  and con- 

ditions as ,  (1) initial p ressure  and temperature,  (2)  end p ressure  and 

temperature ,  (3) external  heat t rans fe r  parameter ,  (4) hot o r  cool fluid 

recharge,  (5) s team production ra te ,  and (6) cyclic production/recharge 

operation. 

These tes t s  

The final four experiments ( runs  26 through 29) were with the 

second rock loading (35 percent  porosity). 

to study the effect of rock porosity and the effect of the rock size a t  

various cooldown rates .  

These tes t s  were conducted 

The tes t  conditions were  varied over a s  great  a range a s  was 

practical  to provide the broadest possible basis  fo r  analytic model ver i-  

fication. 

tem design p r e s su re  of 800 psig. 

p r e s su re s  of about 550 to 600 psia with a few runs above and below. 

The maximum initial s team pressure  was limited by the sys-  

.Most experiments were run at initial 
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Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

- 

- - 

Drainage 
Porosi ty  

Q (percent)  

100 
100 
100 
44 
44 
44 
44 
44 
44 
44 
44 
44 
44 
44 
44 
44 
44 
44 
44 
44 
44 
44 
44 
44 
44 
35 
35 
35 
35 

TABLE 4 . 1  

Experimental Conditions and Pa rame te r s  

Initial 
Temperature 

T o  (OF) 

499 
50 1 
500 
477 
386 
48 6 
484 
486 
485 
486 
477 
477 
48 0 
478 
48 1 
478 
482 
479 
478 
48 1 
480 
48 0 
48 2 
48 1 
40 3 
48 3 
484 
483 
484 

Initial 
? r e s  su r e  
Po (psis) 

745 
76 7 
796 
604 
2 55 
659 
647 
64 7 
647 
687 
596 
600 
584 
599 
583 
579 
577 
585 
596 
584 
5 84 
579 
58 1 
583 
287 
59 1 
592 
586 
58 1 

- 
Initial 

=ires su r  e 
PsJPsia) - 

675 
687 
68 1 
550 
210 
599 
58 8 
599 
593 
599 
550 
550 
566 
556 
572 
556 
577 
56 0 
556 
572 
56 6 
566 
57 7 
572 
2 56 
582 
58 8 
582 
588 

- - 

End 
remperature  

Te ( O F )  

360 
309 
26 3 
2 52 
215 
235 
325 
2 88 
249 
304 
298 
300 
268 
307 
289 
287 
255 
2 64 
282 
285 
302 
261 
260 
292 
269 
229 
267 
263 
2 64 

End 
P r e s s u r e  
Pe ( ~ s i a )  

136 
76 
37 
31 
16 
23 
96 
56 
29 
72 
65 
67  
40 
74 
56 
55 
32 
38 
51 
53 
69 
36 
36 
60 
41 
20 
40 
37 
38 

69 



TABLE 4,. 1 (Continued) 

Run 

- 
1 
L 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
2 8  
29 - 

~~ ~~ 

Duration of 
E xpe rim e nt 

t (hr) e 

20.10 
47.30 
23. 70 
17. 30 
18. 0 
18.60 
16. 50 
23. 0 
17.07 
25.00 
24.00 
28.00 
26.00 
15. 50 
19. 50 
18.00 
18. 50 
11.00 

9. 50 
10. 50 
10.00 
11.00 
8. 00 

12.00 
6. 00 
8. 50 

13.00 
3. 50 
8. 50 

Mean Cooldown 
Rate - 

p (OF/hr) 

6. 9 
4. 1 

10.0 
13. 0 

9. 5 
13. 5 

9 .6  
8. 6 

13. 8 
7. 3 
7. 5 
6. 3 
8. 2 

11.0 
9. 8 

10.3 
12. 3 
19. 5 
20.6 
18. 7 
17. 8 
19. 9 
27. 8 
15. 8 
22. 3 
29. 9 
16. 7 
62. 7 
25. 9 

M a s s  
P r o  duc e d 
In (lb ) 

P ' - n  

127.9 
113.6 
118.3 
125. 0 
101.0 
142.6 
159. 7 
212.5 
226.6 
373.2 
236.4 
258. 7 
283.0 
235.3 
267.9 
257. 8 
241.6 
236.6 
248. 1 
277. 7 
297.8 
236.0 
201.7 
301.2 
139.0 
201.3 
178.0 
196. 0 
277.8 

Mean Steam 
Production Rate 
3 (lb / h r )  

P m  

6 .4  
2.4 
5.0 
7. 2 
5. 6 
7 .7 
9 .7  
9.2 

13. 3 
14.9 
9 .9  
9.2 

10.9 
15. 2 
13. 7 
14. 3 
13. 1 
21.5 
26. 1 
26. 5 
29. 8 
21. 5 
25. 2 
25. 1 
23. 2 
23. 7 
13. 7 
56.0 
32.7 

Character is  tic 
Time 

tc (hr )  
~~ ~ 

135. 1 
357.1 
172.4 
56. 8 
79.4 
53.2 
42.2 
44. 1 
30. 7 
27. 3 
41. 7 
44.4 
37. 6 
27. 0 
29. 8 
28. 7 
31. 3 
19. 1 
15. 7 
15. 5 
13. 7 
19. 1 
16. 2 
16. 3 
18. 9 
14. 0 
24. 2 

5. 9 
10. 1 
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TABLE 4. 1 (Continued) 

- 

Run 

- 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12  
13 
14 
15 
16 
17 
18 
19 
20 
21 
2 2  
23 
24 
25 
26 
27 
28 
29 - - 

Mass  
Recharged 
M. (lb ) i m  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

118.5 
446.7 
106. 7 
123.4 
94. 3 

222.8 
177.0 
250. 3 
240. 1 

0 . 0  
236.9 
263.8 
281.0 

0 . 0  
0 . 0  

200.9 
0 . 0  
0 . 0  
0 . 0  
0 . 0  

331.7 

Mean 
R.echarge Rate 
a. (lb / h r )  

i m  

0.0 
0.0 
0. 0 
0. 0 
0. 0 
0. 0 
0. 0 
0. 0 
6. 9 

17. 9 
4. 5 
4 .4  
38 6 

14.4 
9. 1 

13. 9 
21. 8 

0 .0  
24. 9 
25. 1 
28. 1 

0 .0  
0 . 0  

16. 7 
0 . 0  
0 . 0  
0 .0  
0 . 0  

39.0 

Initial 
M a s s  
Mo W,) 

858.8 
857.0 
858.3 
410.7 
444.0 
407.0 
407.8 
406.9 
407.4 
407.1 
410. 7 
410. 7 
409.3 
410.3 
408.9 
410.2 
408.4 
409.8 
410.2 
408.9 
409. 3 
409. 3 
408.4 
408.9 
438. 3 
332. 0 
331.7 
332. 0 
331.6 

Fraction 
P ir oduc e d 

FP (dim. l e s s )  

0 .  15 
0 .  13 
0 .  14 
0 .  30 
0 .  23 
0 .  35 
0 .  39 
0 .  52 
0. 56 
0 .  92 
0 .  58 
0. 63 
0. 69 
0. 57 
0. 66 
0. 63 
0. 59 
0. 58 
0. 60 
0, 68 
0. 73 
0. 58 
0. 49 
0. 74 
0. 32 
0. 61 
0. 54 
0. 59 
0. 84 

Fraction 
Recharged 

FR (dim. l e s s )  

~ 

0. 0 
0.0 
0 . 0  
0 .0  
0.0 
0 .0  
0. 0 
0. 0 
0. 29 
1. 10 
0. 26 
0. 30 
0. 23 
0. 54 
0.43 
0. 61 
0. 59 
0. 0 
0. 58 
0. 64 
0. 69 
0. 0 
0. 0 
0. 49 
0. 0 
0. 0 
0. 0 
0. 0 
1. 00 

Ratio 
F R / F P  

[dim. l e s s ]  

0. 0 
0. 0 
0. 0 
0. 0 
0. 0 
0. 0 
0. 0 
0. 0 
0. 55 
1. 2 1  
0, 45 
0. 48 
0. 33 
0. 95 
0. 65 
0. 97 
1. 0 
0 
0. 97 
0. 94 
0. 95 
0. 0 
0. 0 
0. 66 
0. 0 
0. 0 
0. 0 
0. 0 
1. 19 
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TABLE 4. 1 (Continued) 

- 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14 
15 
16 
17 
18 
19 
20 
2 1  
2 2  
23 
24 
25 
26 
2 7  
28 
29 

Recharge 
P a r  ame te 1’ 

y (d im. less )  
W 

0 .  0 
0 .  0 
0 .  0 
0 .  0 
0 .  0 
0 .  0 
0 . 0  
0 .  0 

- 0 .  16 
-1. 32 
-0.44 
-0.12 
-0. 04 
-0.09 

0. 14 
0. 06 

-0.39 
0. 0 

-0.25 
0. 20 
0. 69 
0. 0 
0. 0 
0 .45 
0. 0 
0. 0 
0 .  0 
0. 0 
0. 57 

R ec ha r g  e 
P a r  arne t e r 

y (d im. less )  r 
~~ 

0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 .  0 
0 .  0 
0 .  0 
0 . 0  

-0.20 
-1.45 
-0.59 
-0. 15 
-0. 05 
-0.12 

0. 19 
0. 08 

-0. 52 
0. 0 

-0. 31 
0. 27 
0. 87 
0 . 0  
0 . 0  
0. 60 
0. 0 
0. 0 
0. 0 
0. 0 
0. 56 

Heat Transfer  
Paramete r  

qm (Btu/lb ) m 

- -  
--  

-126. 7 
-102.0 
-100.3 
-104. 7 

36. 7 
65. 7 
68. 9 

203. 2 
125. 3 
101.2 
110.5 
115. 9 
143. 5 
140.4 
202.9 
151. 1 
198. 5 
181. 0 
157. 5 
153. 9 
48. 4 

200.5 
22. 8 
84. 2 
75. 3 

143. 9 
110.3 

Mean Slope in 
Superheated Zone 

s ( O F )  e 

-- 
-- 
-- 

130 
118 
159 
27 

102 
65 

0 
0 

119 
0 
0 
0 

38 
145 
36 
57 
33 

143 
159 

96 
92 

224 
188 
190 

0 

-- 
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With argon g a s  pressurizat ion during heatup, the fluid was slightly 

subcooled (compressed) when steam production was initiated a s  shown 

previously (Hunsbedt, Kruger,  and London, 1975). 

The experiments were  discontinued a t  p ressures  ranging f rom 

16 to 136 psia. 

flow control valve setting, were varied to give a wide range of rock 

cooldown r a t e s  and p r e s su re  depletion tirnes as indicated in Table 4. 1. 

The maximum s team production ra te  was determined by the condenser 

capacity. 

The steam production ra tes ,  determined largely by the 

During the ea r ly  runs with the first rock loading, attempt was 

made to maintain approxirnately constant s team production ra te  by ad-  

justing the flow control valve. However, due to operation difficulties, 

subsequent runs were  made with constant valve setting, resulting in 

decreasing s team production ra te  with chimney pressure  decline. 

The fluid recharge ra te  was maintained about the same a s  the 

s team production rate. 

t ro l s  resulted in runs with recharge during only par t  of the transient.  

The recharge f o r  a few runs exceeded the s team production substanti- 

al ly resulting in subcooled rese rvo i r  conclitions and production of liquid 

during par t  of the transient.  

Initial difficulties with the injection pump con- 

Experiments 1 through 6 were  made without energy addition by 

the chimney tape heaters ,  Also, the s team production transients were  

long resulting in substantial cumulative heat  losses  and negative values 

of qm (heat t ransfer  away f rom the rock/water  system).  Most of the 

subsequent experiments were with energy addition and shor ter  s team 

production transients resulting in positive q . m 
The proper  amount of energy addition by the tape heaters  to give 

a des i red value of q 

since computer processing of the temperature transient  data was re-  

quired. 

could not be estimated accurately in advance m 

Therefore,  i t s  value was not ava:ilable immediately following 
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the test.  

runs with q ' s  l a rge r  than desired. However, the energy addition 

by the tape heaters  was estimated more  precisely for subsequent runs 

based on the experience gained. 

Initially the energy addition was overestimated resulting in 

m 

To check the reproducibility of the experiments, run 22  was made 

for  conditions as close a s  practical  to those of run 18. Almost identical 

initial and end conditions, fluids produced, and other pa ramete rs  were 

achieved for the two runs (see  Table 4. 1). Examination of the mea-  

sured internal  temperature distributions also showed that character is t ic  

features  were  reproduced closely,. 

4. 2 Results and Predictions 

4. 2. 1 Temperature Distributions 

The measured chimney tem:perature distributions for  representa-  

tive experiments a r e  given to i l lustrate several  character is t ics  of the 

resu l t s  which a r e  discussed in detail in l a te r  sections. The tempera-  

tu re  distributions for  runs 23,  26 and 28 a r e  given in Figs. 4. 1 through 

4. 3. The rock/s team temperatures  a t  various t imes  a r e  shown a s  

functions of the non-dimensional distance f rom tap of the rock matrix. * 
The s team production r a t e s  of these experiments gave mean cooldown 

r a t e s  p a s  indicated in the figures. 
- 

The runs had no recharge ( F R  = 0). 

It is observed that the rock/s team temperature distributions a r e  

uniform initially ( t  = 0) and that the temperatures  a r e  slightly lower than 

the saturation temperature for the: chimney pressure  (slightly subcooled 

conditions). Saturated s team conlditions a r e  established in the chimney 

by p r e s su re  reduction a s  a resul t  of initiating s team production. When 

this occurs ,  the s team pressure  and the s team temperature decline r e -  

sulting in rock/s team temperature  differences and initiation of heat 

t r ans fe r  f r om the rock to the two-phase s team mixture. 

.b *r 

Refer  to Figs.  2. 8, 2. 9, and 2. :LO for  thermocouple locations. 
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It is seen that fo r  the small  rocks of run 23 ( F i g .  4. 1 )  the rocks  

a r e  essential ly in thermal equilibrium with the surrounding steam. 

This is  not the case  for  runs  26 and 28 (F igs .  4 . 2  and 4. 3 )  with the 

large  rocks. 

rock / s team temperature differences a r e  proportional to the local cool- 

down rates and the square of the rock dimensions as the rock thermal  

analysis  in Chapter 3 indicated. 

temperature  differences is given in a l a te r  section. 

Pre l iminary evaluation of these resul ts  shows that the 

Fur ther  evaluation of the rock/s team 

It is also observed in Figs. 4. 1 through 4. 3 that la ter  in the t ransi-  

ent the liquid level  drops within the rock matr ix  and a superheated vapor 

zone develops above the liquid level. 

liquid region below the vapor-liquid interface is uniform and that it 

appears to be equal to the saturation temperature indicating that boiling 

may  occur throughout the liquid region. 

Notle that the temperature in the 

The degree of superheat appears to increase  approximately 

l inearly with distance above the vapor-liquid interface for  much of the 

transient  period. 

changes near  the top (exit) for  runs 23 andl 26. 

effect is believed to be caused by reflux 01' condensed steam originating 

mostly in the outlet line. 

28 which had about twice a s  high mean steam production ra te  a s  runs 

23 and 26. 

(vs 56 lb 

effect is more  severe  f o r  low s team production rates.  

Towards the end of the transient ,  however, the slope 

This "desuperheat" 

Note that the effect i s  not apparent with run 

Results fo r  run 4 with s team production ra te  of 7. 2 lb / h r  

/ h r  fo r  run 28) given in Fig. 4 . 4  show that the desuperheat 
m 

m 

The desuperheat effect can be explained by noting that condensa- 

tion and reflux of condensed s team depend mainly on heat losses  in the 

outlet line region which is approximately constant f rom run to run. 

reflux rat io,  defined as the reflux ra te  divided by the s team production 

ra te ,  therefore decreases  with increasing s team production rate. F o r  

example, the reflux rat io fo r  run 28 (highest mean s team production 

ra te )  was est imated to be 0. 027 while f o r  run 4 (lowest mean s team 

The 
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production ra te)  it was 0. 21. 

vapor in the upper section of the chimney shows that the desuperheat 

effect will be more  severe  when the reflux rat io is high. 

An energy balance on the rock and 

A desuperheat effect was noted by Cady (1969) in his experiments 

with unconsolidated sand cores .  There a r e ,  however, some apparent 

differences between character is t ics  of his  resul ts  and the present. 

Cady found that the temperature  profile in the superheated zone did 

not change substantially with t ime once superheated conditions were  

reached. 

large  changes in the rock/vapor temperature in the superheated zone for  

a l l  c a se s ,  part icularly for  runs with large  reflux rat ios.  

appear,  therefore,  that the assumption of constant superheated zone tem-  

perature  profile with time made by Brigham and Morrow (1974) may 

not be applicable to the present  system. 

This is in contrast  to the present  experiments which showed 

It would 

The temperature  distribution for  run 25 which was for  almost  the 

same conditions a s  fo r  run 23, but with lower initial temperature and 

pressure ,  is shown in  Fig. 4. 5. It is seen that the superheated zone 

is relatively smal l  because the liquid level  was higher. 

liquid level is maintained high enough, a superheated zone cannot 

develop. This is i l lustrated in Fig .  4.6 which gives the temperature 

distribution for  run 29 with recharge of hot water  ( F R  = 1. 0 and y 

0. 57). 

1. 19) resulting in an approximately stationary liquid level located at 

the very  top of the rock matrix. 

In fact,  i f  the 

= 
W 

F o r  this run the recharge was greater  than production ( F R / F P =  

The temperature  distribution for run 17 with recharge of cool 

water:: (FR = 0. 59 and y = -0. 39) is shown in Fig, 4.7. The recharge 
W 

.I. ‘0. 

Cool water  recharge means  that no external  preheating was used except 
fo r  an  initial heating effect f rom the smal l  t ransfer  of thermal  energy 
s tored in the inlet piping f rom the initial heatup process .  
water  temperature  dropped off ve ry  rapidly to near  room temperature.  

The inlet 

P 

c 
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was such that the liquid level dropped within the rock matr ix  ( F R / F P  = 

0.99) and a slight superheated zone developed. 

cooled zone developed at the bottom as a resul t  of cool fluid recharge.  

This indicates a density stratification effect and that the cool fluid does 

not mix with the hotter  liquid in the upper section of the chimney. 

the sys tem pressure  is determined by the! liquid temperature in the 

upper section, it is  expected that the subcooled zone will have little 

influence on the rese rvo i r  p ressure  behavior except for  the effect of the 

additional rock energy extraction f r o m  the top and bottom par t s  of the 

rock matrix.  

Fur thermore ,  a sub- 

Since 

The density stratification phenomenon is demonstrated more  

c lea r ly  in Fig,  4. 8 fo r  run 10 in which the recharge a€ cool water  ( F R  = 

1. 10 and y 

1. 20). 

overlap each other,  

the subcooled liquid zone by  heat  t ransfer  f rom the chimney metal  and 

by axial heat  t ransfer  and diffusion in the liquid when recharge was dis-  

continued a t  about t = 2 1  h r .  

= -1. 32) was greater  than the s team production ( F R / F P  = 
W 

Note that the temperature profiles at t imes  t = 17 and 25 h r  

The reason for  this behavior is energy supply to 

4. 2. 2 Rock Energy Extraction Fraction 

The thermal  energy extracted f rom the rock at the end of the 

t ransient  i s ,  except fo r  a smal l  rock/s team temperature difference 

correction,  proportional to the a r e a  indicated by a-b-c-d-e-g-a in 

Fig. 4.2. The maximum thermal  energy extraction fo r  this run is 

proportional to a r e a  a-b-c -d-e-f-a. 

to the maximum rock energy extraction possible between the tempera-  

tu r e  limits defines the rock energy extraction fraction 71 as 

The rat io of extracted rock energy 

I- 
Q r Q A - - - -  _I - 

M C ( T  - T) q =  Q 

r ,  m a x  r r  o 
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where the upper temperature  limit T 

temperature and where the lower temperature limit T is the sa tura-  

tion temperature  corresponding to the s team pressure  a t  time t. The 

rock energy extraction fraction i s  normally l e s s  than unity, but it can 

be greater  than unity for runs with cool water  recharge.  

is the initial rock/s team 
0 

The temperature  distributions in Figs. 4. 1 through 4. 8 show that 

the rock energy extraction fraction r) var ies  f rom run to run depend- 

ing on several  pa ramete rs  including time. 

extraction fraction a t  the end of the transient  r )  

level  because it largely determines the magnitude of the superheated 

zone (proportional to a r e a  a-g-e-:€-a in Fig. 4. 2). 

the data in Fig. 4. 6 (liquid level near  the top) it is noted that Q 

close  to unity. In comparison, f rom the data in Fig. 4. 3 (liquid level 

70 percent  down) it appears  that q 

In par t icular ,  the rock energy 

depends on the liquid 
e 

F o r  example, f rom 

is 
e 

i s  about 0. 7 to 0. 8. 

It was shown ear l i e r  that the magnitude of the superheated zone 
e 

was reduced with increasing reflux ratio. Consequently, the rock 

energy extraction fraction q 

effect is difficult to describe quantitatively, but it can be assessed  

qualitatively by comparing the magnitude of the superheated zones. 

F o r  example, the superheated zo:ne for  run 28 in Fig. 4. 3 with reflux 

rat io 0. 027 is l a rge r  than for  run 4 in Fig. 4.4 with reflux rat io 0. 21. 

The energy extraction fraction is therefore greater  fo r  run 4 than f o r  

run 28. 

i s  a lso  affected by the reflux ratio. This 
e 

It is observed that the rock/s team temperature difference existing 

at the end of the transient  (indicated c lear ly  in Fig. 4. 3) resul ts  in a 

decrease  in extracted rock energy and in r) . 
nificant with the smal l  rocks of the first rock loading because the rocks 

were  essential ly in the rmal  equilibrium with the steam a s  indicated in 

Fig. 4. 1. 

second rock loading, but the rock / s team temperature differences may 

be significant with l a rge r  rocks which a r e  cooled rapidly. 

This effect was not sig- 
e 

A 4 percent  effect was noted with the l a rger  rocks  of the 
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A measure  of the effect of the rockis team temperature difference 

on ve is obtained by forming the rat io of mean rock/s team temperature 

difference at the end of the transient  to total liquid temperature drop for  

the experiment. This rat io is given by 

'e 7 A r e -  

ii te 

T - T  
- - -  

'e = T - T  o e  
(4. Za) 

where p /. is the rat io o:E local cooldowri ra te  at the end of the t ransi -  

ent to the mean cooldown ra te  fo r  the cornplete transient ,  7 is  the 

t ime constant fo r  the mean size rock and where t is the transient  

time. The relationship between 6 and " in the absence of any of the 

other factors  affecting r) is  obtained by combining Eqs. (4. 1) and 

(4. 2a) to  give 

e 

e 

e e 

e 

-- 
T - 'r r o r  

r r  o e o e  

Q 
= -- z 1 - p  

"e = M c (rr -T T - 'r e 
(4.2b) 

F r o m  Eq. (4. 2a) it is noted that fi  , and consequently by Eq. e e 
(4. 2b), depends on the product of the 1.1 /. and 7/t 

magnitude of ei ther ra t io  is small, the effect on 17 e 
maximum 7/t 

ra t ios  for  these experiments were  about 0. 3 to 0. 5.  

was est imated fo r  run 28 to be 0. 04 indicating 4 percent  reduction in 

the rock energy extraction fraction. 

to the superheated zone effect. 

rat ios.  L€ the 
e e 

is  a lso  small. The 

rat io for  these experiments was about 0. 1. The p /i 
The maximum f! e 

e e 

This effect is smal l  in comparison 

Estimated rock ener:gy extraction fractions r) for  runs 4 through e 
29 a r e  given in Table 4. 2. 

depends on severa l  pa ramete rs  of which tlhe liquid level appeared the 

mos t  important. The levels a t  the end of the transient  Z a r e  there-  

f o r e  included in the table. 

The previous discussion showed that 77 e 

e 
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TAE3LE 4. 2 

Run 

4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

Rock Energv Extrac 

End Liquid 
Level 

i! (dim. less) 
e 

0.41 
0. 29 
0.47 
0.48 
0.62 
0. 38 
0 . 0  
0.41 
0.42 
0. 56 
0.12 
0. 32 
0.12 
0. 13 
0.68 
0. 13 
0. 14 
0 .  14 
0.68 
0.60 
0. 35 
0. 38 
0. 72 
0. 65 
0. 70 
0 . 0  

.on Fract ions  

Rock Energy 
Extraction Fract ion 

q (d im. less)  
e 

0. 95 
0.97 
0.93 
0. 98 
0. 90 
0. 98 
1. 18 
1.0 
1.0 
0. 91 
1. 0 
1.0 
1 .0  
0. 99 
0.80 
0. 99 
0.99 
0.99 
0. 81 
0. 87 
0.97 
0.95 
0. 77 
0. 78 
0 .  75 
0.99 

The la rges t  q obtained was  1. 18 for  run 10 which had a sub- 

The lowest 77 
e 

cooled zone at the hottom as indicated in Fig. 4. 8. 

was 0. 75 fo r  run 28 which had the l a rges t  6 
and the lowest reflux ratio. 

e 
parameter  ( 6  = 0. 04) 

e e 

E l  4 



To i l lustrate fu r ther  the liquid level dependence, the 77 data a r e  
e 

given as a function of Z 

ca tes  that r) 

reflux of condensed s team i s  believed to be a major  cause of the scatter .  

It is noted f r o m  Fig. 4. 9 that r) 

l e s s  than about 0.4 and then drops off more  rapidly. 

indicates that r) 

level, 

in Fig. 4. 9. The scat ter  in the data indi- e 
depends on other pa ramete rs  a s  well, in part icular ,  e 

changer; ra ther  slowly for  Z 
e e 

values 

This behavior 

may vary  approximately a s  the square of the liquid e 

An expression for 77 in t e rms  of the liquid level squared is derived 

on the bas is  of the chimney temperature (distribution shown in Fig. 4. 10. 

A space averaged value of the axial steam temperature gradients in the 

superheated region is defined a s  

(4.3) 

where Z is the nondimensional distance f rom the top. 

Eq. (4. 1) leads to an  expression for  f l  which is 

Application of 

s z2 
r) = 1 -  

2(To- T) (4.4) 

The values for  S given in Table 4,, 1 were  evaluated f rom Eq. 
e 

(4.4) using experimental r) , Z , T The S e data and 

Eq.. (4.4) a r e  used to modify the model t:ransient analysis to account 

f o r  the incomplete energy extraction in the superheated zone, 

a:nd T e data. 
e e 0’ 
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4. 2. 3 Rock/Steam Temperature Differences 

Measured chimney temperature transients for  run 26 a r e  shown 

in  F ig .  4. 1 1  to i l lustrate how the rocks cool in vapor and liquid en- 

vironments. The lower se t  of curves represent  the center  temperature 

of the instrumented rock located at the bottom of the chimney ( rock 1 in 

Fig. 2. 9) and the temperature of the surrounding saturated liquid. The 

upper se t  of curves  show t'he center  temperatures  of the three ins t ru-  

mented rocks  located in thle plane next to the top of the chimney (rocks 

3 ,  4, and 5 in Fig. 2. 9) and the temperature of the surrounding super-  

heated vapor. ': 

The liquid temperature is the saturattion temperature correspond- 

ing to the s team p re s su re  which is declining a s  a resul t  of s team pro-  

duction. The s team production ra te  of run 26 decreased with t ime 

resulting in a liquid cooldown characterist ic  a s  shown in Fig. 4. 1 1  

(lowest curve). 

cooldown curve) is a lso  declining with t ime resulting in a p / p  rat io of 

about 0. 4 fo r  this run. 

to cool at approximately the same ra te  a s  the liquid a s  indicated fo r  

rock 1 in Fig. 4. 11. 

Observe that the liquid cooldown ra te  (slope of the liquid 
- 

e 
All1 rocks below thle liquid-vapor interface tend 

The temperature  of the superheated vapor above the liquid-vapor 

interface depends pr imari ly  on the energy supply f rom the rock and is 

essentially independent of the p ressure .  The temperature of the vapor 

surrounding instrumented rocks 3 ,  4, and 5 after  about 2 h r  follows a 

path that is different f rom that of the liquid a s  indicated in F ig .  4. 11. 

The rocks surrounded by vapor appear to cool a t  a near ly  constant, 

considerably lower ra te  than rocks in liquid. 

.I. *P 

The vapor temperature measurements  in the superheated zone indicated 
about 10 OF radial  variati'on. 
215) is given in F ig .  4. 11, 

The lowest of these (measured by T /C 
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The cooldown character is t ics  shown in F i g .  4. 11 were  represent-  

ative of experiments with no recharge. 

maintained a t  the top by fluid recharge,  a s  was the case  for  run 29, the 

superheated zone could not develop. Consequently, a l l  rocks were in a 

liquid environment and cooled approximately a s  rock 1 in F ig .  4. 11. 

When the liquid level was 

The validity of treating a rock a s  a sphere o r  a plate is assessed  

by comparing the predicted rockls team temperature differences to mea-  

surements.  The experimental rock cen te r / s team temperature differ- 

ence data f o r  instrumented rocks 1 and 5 obtained for runs 26, 28 and 

29 a r e  compared to predictions in Table 4. 3. The rock center /s team 

temperature differences were predicted using Eq. (3 .  2b) for the sphere 

idealization and Eq. (3. 2 4  for  the plate idealization. The comparisons 

shown in Table 4. 3 were made a t  times in the transients such that t ime 

dependent t e r m s  in the above equations were negligible (quasi-steady 

state conditions). 

vapor cooldown curves  were used in the predictions. 

The local  cooldown ra tes  derived f r o m  the liquid and 

Rock 1 was  always submerged in liquid for which a surface heat 

t ransfer  coefficient of h 50 Btu/hr f t  F was assumed. Rock 5 was 

submerged in liquid initially and then in superheated vapor for  runs 26 

and 28. 

assumed for the prediction. 

during run 29. The environment and the Riot numbers corresponding to 

the assumed heat t ransfer  coefficients and the rock geometry a r e  listed 

in Table 4. 3. 

2 0 

2 0  
A vapor heat  t r ans fe r  coefficient of h = 3 Btu/hr f t  F was 

Rock 5 was submerged entirely in liquid 

The resul ts  in Tahle 4, 3 found to be representative of the experi-  

mental resu l t s  show the following trends : 

(1) In liquid the predicted rock cen te r / s team temperature differences 

based on the sphere and plate approximations a r e  nearly equal. 

In vapor the plate approximation resul ts  in substantially higher 

predicted temperature differences than do the sphere approxima- 

tion. 

(2)  
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(3)  In liquid the predicted rock cen te r / s team temperature differences 

a r e  substantially higher than the measured.  

In vapor the predicted rock center /s team temperature differences 

based on the sphere approximation a r e  close to the measurements.  

In vapor the plate approximation resul ts  in rock/s team tempera-  

ture  differences which a r e  always higher than the measured. 

(4) 

( 5 )  

Evaluation of the surface  heat t r ans fe r  coefficients in the following i s  

based on the sphere idealization. 

4. 2.4 Heat Transfer  Coefficients 

The predicted rock center  temperature difference is insensitive 

to the heat  t ransfer  coefficient in liquid environments (Biot number high) 

while the prediction i s  sensitive to the heist t ransfer  coefficient in super-  

heated vapor environments (Biot number low). This suggests that eval- 

uation of the heat t ransfer  coefficient frorn Eq. (3. 4) using the liquid en- 

vironment experimental data would lead to poor accuracy in the heat 

t ransfer  coefficient, but better  resul ts  would be expected f rom the super-  

heated vapor data, 

The variation with t ime of the averatge heat t ransfer  coefficient for  

rocks 3, 4, and 5 in superheated vapor environments f o r  runs 26 and 28 

a r e  given in Figs. 4. 12 and 4. 13. 

evaluated f rom Eq. ( 3 .  4) for each rock using experimental rock cen te r /  

s team temperature difference and cooldovm ra te  data. The rock thermal  

property data in Appendix D and the rock geometry data in Table B. 3 

were a lso  used fo r  the evaluation. 

(average of temperatures  measured by T / C  212, 216, and 217 in Fig. 

2.  10) was used to compute the rock cen te r / s team temperature difference. 

The heat t r ans fe r  coefficients computed f rom the correlat ion by Meek 

(1961) a s  given by Eq. (3. 13) a r e  included in the f igures  for  comparison. 

In evaluating these heat  t ransfer  coefficients, the Reynolds number 

based on the mean rock equivalent diameter  for  the three rocks was 
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used. 

b e r s  was the "approach" flow velocity o r  the flow velocity in the chim- 

ney without the rock present .  

The vapor flow velocity used in the Reynolds and Stanton num- 

It i s  seen f rom F i g .  4. 12 that the experimental heat t ransfer  

coefficient for  run 26 i s  as much a s  10 t imes  higher than the prediction. 

A s imilar  t rend is obseved for  run 28 in Fig. 4. 13 ,  but the experimental 

heat  t ransfer  coefficients a r e  higher than the predicted by a factor of 

only about 1 to 3 in  this case.  

to be caused by reflux of condensed s t e amf rom the outlet line region 

with subsequent re-evaporation of water  droplets striking the rocks. 

appears  to be of l e s s  significance fo r  run 28 with more  than a factor of 

two lower mean reflux rat io a s  compared to run 26 (reflux rat io -0. 0 2 7  

f o r  run 28 vs. -0. 064 for  run 26). 

heat  t ransfer  appears  to increase  a s  the reflux ratio increases  towards 

the end of the transients.  This i s  indicated in Fig. 4. 14 which shows a 

sharply increasing Stanton number with decreasing Reynolds number o r  

increasing reflux ratio. 

accounts for  a l l  of the r i s e  since other factors such a s  low Reynolds 

number effects may also affect the heat t ransfer  resul ts .  

The improved heat t ransfer  is believed 

It 

Moreover, the improvement in the 

11: is now known, however, whether reflux 

It appears  f rom Fig. 4. 14 that the experimental data approach the 

Meek correlat ion a s  the Reynolds number increases  to between 100 to 

200. F o r  the present  experimental conditions, this i s  equivalent to 

saying that the experimental data approach the prediction when the r e -  

flux ra t io  approaches ze'ro. 

4. 2. 5 Fraction Produced 

The rat io of m a s s  of s team produced to the total fluids originally 

-- 

in the sys tem-- referred to a s  the fraction produced FP- - i s  of consider-  

able in teres t  in rese rvo i r  evaluation studies. F o r  the present  system 

i t  i s  expected f rom energy considerations that the rese rvo i r  p ressure  

vs fluid withdrawal behavior wi l l  depend on such paramete rs  a s  
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(1) initial p r e s su re  and temperature,  (2 )  external  heat t ransfer  pa ram-  

e te r ,  (3 )  rock porosity, (4) rock energy extraction fraction, and (5) 

fluid recharge.  

The effect of the initial temperature and pressure  on the rese rvo i r  

p ressure  vs fluid withdrawal for runs 2 3  and 25, both with no recharge 

and the f i r s t  rock loading, is shown in F ig .  4. 15. The rese rvo i r  p r e s -  

su re  normal.ized to the saturation p ressure  corresponding to the initial 

r ese rvo i r  temperature  i s  plotted vs the fraction produced. 

and conditions for the runs a r e  tabulated in the figure. 

in Fig .  4. 151 that higher initial p r e s su re  (and temperature)  resul ts  in 

higher fract ions produced. 

Pa rame te r s  

It is  confirmed 

The effect of the external  heat t ransfer  parameter  on the rese rvo i r  

p r e s su re  vs fluid withdrawal i s  shown in Fig, 4. 16. 

F ig .  4. 16 shows that q 

f rom the roc:k/water system. 

The net resul t  i s  a p ressure  v s  production character is t ic  which i s  a l -  

most  a factor of two higher for  run 18 a s  compared to run 4. 

The tabulation in 

is negative for  run 4 indicating energy removal 
Ill 

In contrast ,  q i s  positive for  run 18. 
m 

The normalized p r e s su re  vs  fraction produced for  three runs with 

different porosit ies and no recharge i s  given in Fig. 4. 17. 

of energy extraction f rom the rock i s  seen by comparing run 3 (no rock) 

to runs 23  and 26. 

large  negative value of q 

for the other runs. 

The effect 

This effect, however, i s  overemphasized due to the 

for run  3 a s  compared to positive values 
rX-1 

Equation ( 3 .  27)  was used to adjust the fraction 

produced f o r  run 3 such that q = 48 Btu/lb 
m m 

(same a s  f o r  run 23) 

which gave the dashed curve shown a s  run 3' in F ig .  4. 17. 

ing tabulated paramete rs  in F ig .  4. 17 show no significant differences. 

Therefore,  a qualitative assessment  of the effect of porosity i s  obtained 

by comparing runs 3 ' ,  2 3  and 26. 

f rom the rock increases  th.e fraction produced a s  the porosity is lowered. 

The remain-  

It i s  noted that energy extraction 

The improved recovery of fluids f rom the model rese rvo i r  caused 

by heat t r ans fe r  f rom the rock is  considered in more  detail. .4 recovery 
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factor is defined a s  

Experiment 
(with rock) 

(4. 5) 
Experimental Fraction Produced with Rock 

Fraction Produced witho'ut Rock 
- A FP 

FP 
R =  - -  

0 

Computed 
(no rock, qm=O) 

The fraction produced in the denominator i s  est imated using a simplified 

version of Eq. (3. 2'7) a s  

FP = (e - ee) / ( ip  - ee) (4 .6)  
0 o 

Thus, the experimental fraction produced FP i s  compared to the r e -  

covery achieved by flashing the fluids only and producing steam with 

enthalpy equal to the experimental.. 

initial and end states were also used. 

In evaluating; FP , the experimental 
0 

The experimental fractions produced and thle specific external  

heat t ransfer  pa ramete rs  a r e  given in Table 4.4 for runs without r e -  

charge. 

FP 

Also given a r e  the predicted fractions produced without rock 

and the recovery factors  obtained according to Eq. (4. 5). 
0 

- 

3 un 

4 
5 
6 
7 
8 

18 
22 
23 
25 
26 
27 
28 - 

TABLjE 4. 4 

Recovery Fac tors  for  Experiments without. Recharge 
I-- 

FP(dim.  l e s s )  

0. 30 
0. 23 
0. 35 
0. 39 
0. 52 
0. 58 
0. 58 
0.49 
0. 32 
0. 6 1  
0 .  54 
0. 59 

q (Btu/lb ) I FPo(d im. less )  
m m 

- 102 
- 1.00 
- 1.05 

37 
66 

1 5 1  
I. 54 
48 
23 
84 
75 

I. 44 

0. 24 
0. 17 
0. 26 
0. 19 
0. 22 
0. 23 
0. 23 
0. 23 
0. 15 
0. 26 
0. 22 
0. 23 

Recovery Factor  

R = F P / F P  (dim. l ess '  
0 

1. 25 
1. 35 
1. 35 
2. 05 
2. 36 
2. 52 
2. 52 
2. 13 
2. 13 
2.35 
2 . 4 5  
2. 57 

. 



f 

The recovery factor is  seen to  range between 1. 25 for  run 4 with a 

negative q to 2. 57 foi* run 28 with a positive q . The large range 

in R is caused mainly b.y the significant variation in q which largely 

overshadows the effect of such paramete rs  a s  the rock porosity, the 

rock energy extraction fraction, and the initial p r e s  sure.  

rrl m 

m 

The relationship between the fraction produced, the rock porosity, 

and the rock energy extraction fraction i s  illustrated in Fig. 4. 18. The 

fraction pralduced computed f rom Eq. (3. 27) i s  plotted v s  for  differ-  e 
ent values olf the porosity 8 for  initial and end conditions of run 23 ,  but 

with q = 01. It i s  seen that the fraction produced increases  with 7 . 
A l s o ,  the fraction produced increases  with decreasing rock porosity for 

a given ve. 

m e 

The magnitude of the recovery factor R is seen by comparing the 

fraction prolduced with rock (d < 1. 0) and without rock (d = 1. 0) a t  a 

given 77 . e 
pending on 77 and 8. 
is also shown in Fig. 4. 113. 

osity of 44 percent) by an amount 6 because of the positive q 

lb ) for  the experiment a s  opposed to the calculated where q = 0. 

The recovery factor i s  seen to vary  over a wide range de- 

The experimental fraction produced for  run 23 
e 

It is higher than the calculated (for a por-  

(48 Btu/ m 

m m 
The effect of fluid recharge on the reservoir  p ressure  behavior 

is shown in Fig. 4. 19. 

20 and 21 hiad 

cated by the range of the recharge parameter  y 

Because external  heating was  applied, these runs had relatively high 

Run 18 had no recharge ( F R  = 0) while runs 19, 

recharge of fluids with varying mean enthalpiles a s  indi- 

(range - 0 . 2 5  to 0 .69) .  
W 

' s  rangin.g f rom 151 to 199 Btu/lb 
qm m' 

Comparison of runs 18 and 19 indicates that recharge of low 

enthalpy water  tends to increase  the fraction produced slight1.y. 

ever ,  examination of the magnitudes of and q shows that both 

these paramete rs  a r e  lower fo r  run 18 th.an for  run 19 (0.  80 vs 0. 99 

and 151 vs  1199). 

appears  to be negligible, 

How- 

e m 

Therefore,  the effect of low enthalpy water  recharge 

On the other hand, recharge of higher enthalpy 
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c 

water  ha s  a significant effect on the p r e s su re  vs steam production 

behavior as seen by comparison of runs  18 and 21. 

A major  object of the investigation was to develop analytic tech- 

niques and determine their  usefulness and limitations. A comparison 

of experimental  and predicted fract ions produced is given in Table 4.5 

for  27 of the 29 experiments. :: The predicted fract ions produced were  

evaluated frlom Eq. (3 .  27) using data given in Table 4. 1. 

TABLE 4 . 5  

:xperimer 

Run 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

11 and Predicted E - 
Experiment 

(FP) 
~ 

0. 14 
0 .  30 
0 . 2 3  
0. 35 
0. 39 
0. 52 
0 .  56 
0. 92 
0. 58 
0 .  63 
0.69 
0. 57 
0.66 
0. 63  
0. 59 
0. 58 
0. 60 
0. 68 
0. 73 
0. 58 
0.49 
0.  74 
0. 32 
0. 61 
0. 54 
0. 59 
0. 84 - - 

actions Produce 

Prediction 
(F P,) 

0. 13 
0. 32 
0.21 
0. 36 
0. 41 
0. 46 
0.49 
0. 40 
0.47 
0.45 
0. 52 
0.47 
0. 58 
0.55 
0. 52 
0. 54 
0. 59 
0. 64 
0. 68 
0. 54 
0.44 
0. 73 
0.  28 
0. 56 
0. 51 
0. 57 

at the End Condition 
Deviation 

(Percent)  
(FP-FPt) /FP t 

t 6. 9 
- 7. 5 
t 9 . 5  
- 2. 8 
- 7. 3 
t13 .  0 
t14.  8 
t130 
+23.4 
t 39 .0  
t33 .6  
t 2 1 . 9  
t13 .  9 
t14 .  5 
t13.  1 
t 8. 2 
t 1. 9 
t 6. 7 
t 8. 1 
t 8. 2 
t10. 5 
t 1 . 4  
t13 .  9 
t 8. 4 
4- 5.9 
t 3. 5 
t10 .  1 

>+ 
Adequate experimental data for  the first two runs were not available. 
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The percentage difference b'etween experimental and predicted 

fractions produced in the right hand column show that the experimental 

fract ions produced were  higher than the predicteld by 1 .4  to 130 per-  

cent in 24 experiments and lower by 2. 8 to 7. 5 percent  in 3 experiments. 

4. 2 . 6  Liauid Level 

The measured and predicted effective liquid levels for  runs 8 and 

26 a r e  given in Figs. 4. 20 and 4. 21 a s  functions of time. The ordinate 

represents  the liquid level measured f rom the top of the rock mat r ix  

normalized to the rock mat r ix  height ( see  Fig. 3. 8). The data points 

represent  the nominal liquid level. computed f rom the observed sight 

g lass  liquid level using Eq. (3. 28). 

puted f rom Eq. (3. 32) with satura.ted vapor and liquid phases and mea-  

sured fluid recharge /production data. 

The effective liquid level was com- 

It is noted f rom these f igures that the nominal liquid levels a r e  

higher than the computed effective levels by about 1 to 5 percent  of the 

chimney height (61 inches). 

runs with no recharge.  

and 24, both with recharge,  a r e  given in Figs. 4.22 and 4. 23. 

was with recharge of cool water  during the first par t  of the transient.  

Run 24 had recharge of hot water during mos t  of the transient ,  but s team 

production was discontinued for  a period of time to allow the chimney 

to be recharged with hot fluids (cyclic s team production). 

for  the bump in the liquid level  character is t ic  in Fig. 4. 23. 

that the agreement between predictions and observations is better  fo r  

run 12 with cool water  recharge than fo r  runs without recharge such a s  

runs 8 and 26 in Figs. 4. 20 and 4.21. Results for  other runs with cool 

water  recharge also showed better  agreement between observed and 

predicted liquid levels. 

The data given above were representat ive of 

F o r  comparison,  the liquid levels fo r  runs 1 2  

Run 12 

This accounts 

It i s  seen 

The est imated uncertainty interval for  the predicted liquid level 

given in Table 3.  3 is 5. 7 percent of the rock matrix height. The 
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estimated uncertainty interval for  the nominal liquid level is 5 percent 

of the rock mat r ix  height. 

effective liquid levels appears to be well within the estimated uncer-  

tainty intervals.  

The difference between the riorriinal and 

It appears  f rom the data in Figs. 4. 20 and 4. 21 that the predicted 

liquid level is consistently lower than the observed for  runs without 

recharge.  Two possible causes  of this t rend a r e ,  (1) settling of the 

rock mat r ix  with t ime which changes the assumed steam cap volume, 

and (2 )  expansion of the liquid due to vapor bubble entrainment not 

accounted fo r  in Eq. ( 3 , ,  3 2 ) .  

The rock mat r ix  had settled about 1. 5 inches (about 2. 5 percent  

of the rock matr ix  height at the conclusion of the t e s t s  with the f i r s t  

rock loading. 

not known, the smal l  settling effect was correc ted  for in an approxi- 

mate  manner. Negligible settling was observed with the second rock 

loading. 

Since the t ime dependence of the amount of settling was 

The 1:iquid level r i s e  due to possible entrained vapor bubbles was 

investigated fur ther  by running a special experiment. The liquid level 

was observed a t  frequent intervals  while s team production was s tar ted  

and discontinued as  indicated in F ig .  4. 24. The chimney p r e s s u r e  was 

relatively high a t  f i r s t  (the system consisted of superheated steam and 

subcooled liquid initially) resulting in a relatively high initial  s team 

production rate.  When saturated system conditions were  reached, the 

ra te  of p ressure  depletion and the s team production ra te  leveled off. 

A t  the same t ime there  was a r i se  in the observed liquid level. The 

liquid level dropped immediately by about 4 percent ( 2 .  4 inches) when 

steam production was discontinued (at about 2 5  min). The liquid level 

rose  by about the same arnount when s team production was resumed a t  

t ime 40 m i n .  

about 55 min) producing a n  immediate drop in the liquid level a s  before.  

Steam production was discontinued a second time (a t  
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The observed liquid level fluctuations in F ig .  4. 24 could possibly 

be caused by a flow friction p r e s su re  drop in the rock matr ix  a s  well 

a s  liquid expansion f rom entrained vapor bubbles. However, if the 

p r e s su re  drop was important,  the level would have dropped slightly 

instead of r is ing a s  the s team flow ra te  and the flow velocity:: through 

the mat r ix  was reduced in the t ime period 5 to 15 min. Consequently, 

the observed r i s e  in the liquid level is believed to be caused by increased 

expansion of' the liquid a s  the volume of the entrained vapor bubbles in- 

c reased  with lowering of the s team pressure .  

A s  soon a s  s team production was discontinued, the bubble forma-  

tion (boiling') in the liquid was suppressed. 

pera ture  difference (and heat t ransfer  f rom the rocks to the liquid) does 

not go to  ze ro  immediately, i t  would appear that the boiling was sup- 

pressed  beci3use the p ressure  was constant with zero  steam production. 

Since the rock/s team tem- 

4 . 2 . 7  Recharge and Production Characterist ics 

The cumulative fluid recharge and production character is t ics  and 

the enthalpies of the recharged and produced fluids largely determine 

the rese rvo i r  t ransients.  

ing five of th.e six boundary paramete rs ,  namely fi., i . ,  I4 , i 
required in the rese rvo i r  t ransient  analysis discussed in Chapter 3. 

a r ea l  geothermal system perhaps only two of these paramete rs ,  the 

s team production ra te  I\ir 

can be determined relatively easily by measurements a t  the surface. 

The remaining paramete rs ,  Mi, i., and M a r e  determined by analysis 

in which numerous assumptions a r e  required concerning such paramete rs  

a s  the aquifer and rese rvo i r  geometries,  porosity, permeability, initial 

These quantities a r e  the bas is  f o r  determin-  

and M ,  

In 
1 1  P P '  

and the enthalpy of the produced fluids i 
P P' 

1 

.b e,. 

Flow friction p ressure  drop is proportional to some power of the flow 
velocity. 
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state, and temperature distribution. 

siderably for  the laboratory model rese rvo i r  because the boundary 

paramete rs  a r e  determined relatively accurately f rom laboratory mea-  

surements.  

This situation is  simplified con- 

The cumulative steam production character is t ics  for  runs 23, 25 

and 26 a r e  given in F ig .  4. 25 ( re fe r  to Table 4. 1 for  tes t  conditions). 

The corresponding liquid level character is t ic  for  run 26 was given in 

F i g s .  4. 21. The runs given in F i g .  4. 25 a r e  representat ive of experi-  

ments with constant flow control valve setting (constant discharge flow 

area) .  

s team production ra tes ,  which a r e  proportional to the slope of the pro-  

duction character is t ics ,  also declined. Run 25 was for  much lower 

initial p r e s su re  than the two other runs resulting in somewhat l e s s  total 

s team produced. 

It is  noted that a s  the chimney s team pressure  declined the 

Cumulative recharge and s team production character is t ics  for  run 

It is o'bserved that the recharge was discon- 12 a r e  given in Fig. 4.26. 

tinued a t  a t ime of about 8 h r  which is also appar'ent f rom the liquid 

level character is t ic  in  Fig. 4. 22. The recharge was discontinued in 

this case  because problems developed with the injection pump during 

the experiment. 

t e r i s t i cs  for  run 19 a r e  given in Fig. 4.27. 

recharge was maintained just below steam production in this case.  

The cumulative fluid recharge and production charac  - 
It i s  observed that fluid 

The recharge and production character is t ics  for  run 24 a r e  given 

in Fig. 4. 28. The corresponding liquid level cha.racteristic is given in 

Fig. 4.23. The recharge ra te  was somewhat lower than the production 

ra te  initially. Steam production was discontinued a t  about 2. 5 h r  while 

rechargeing the chimney with hot fluids having a mean enthalpy of about 

516 Btu/lb 

5. 5 h r  when the liquid level was close to the top as  seen f rom Fig. 4. 2 3 .  

(see  Table 4. 1). Steam production was resumed a t  about 
m 

The enthalpy of the fluids recharged a t  the chimney inlet (speci-  

fied a s  the location of T / C  109 in Fig .  2. 9) vs  tirne for run 19 with 
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cool water  recharge is given in Fig. 4. 29 relative to the enthalpy of 

saturated liquid corresponding to the chimney steam pressure .  One 

se t  of data points were  derived f rom temperature measurements  a t  

the chimney inlet. 

during the f i r s t  2 h r  of the transient  and then leveled off. 

of the transient ,  the fluids in the inlet piping and the s teel  in the piping 

were  a t  about the same temperature a s  the chimney inter ior  because 

the heatup operation was discontinued immediately p r io r  to initiating 

the experimlent. Since there was no preheating in the electr ic heater  

o r  by the inlet line tape heaters ,  except fo r  heat t ransfer  f rom the 

piping steel ,  heat losses  f rom the inlet line resulted in cooling of the 

fluids contained in the line before it reached the chimney inlet. 

resul t  was a decreasing enthalpy characterist ic  a s  indicated in Fig. 4. 29. 

It is seen that the enthalpy dropped off ve ry  rapidly 

A t  the s t a r t  

The 

A t  lower temperatures ,  line heat losses  become negligible and the 

enthalpy character is t ic  leveled off as fluids recharged by the injection 

pump, originally a t  room temperature ,  reached the chimney inlet. 

recharge enthalpy changed only slowly thereafter ,  the change being 

caused mostly by diminishing residual  heating effect f rom the steel.  

The predicted inlet fluid enthalpy is a lso  given in Fig. 4. 29. These 

data points represen t  computations based on Eq. (3 .  17) in which the mea-  

sured  enthalpy at the electr ic heater  exit, the measured power input to 

the line tape heater ,  the est imated line heat losses ,  and the recharge 

ra te  a r e  required as input. 

The 

The recharge enthalpy character is t ic  computed f rom Eq. ( 3 .  17) 

fo r  run 21 with hot water  recharge vs  the enthalpy of saturated liquid 

is given in Fig. 4. 30. The recharge fluid enthalpy is  rising with time 

and the fluid is a mixture of liquid and vapor (s team quality of 29 pe r-  

cent a t  the end of the transient).  

showed that the est imated uncertainty interval  for  the computed r e -  

charge enthalpy is f rom 2 percent a t  the beginning to a5 high a s  40 

The uncertainty analysis in Chapter 3 
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percent  at the end of the transient.  

fluid enthalpy is uncertain towards the end. 

Therefore,  the actual recharge 

The mean enthalpy of the recharge fluids is defined a s  

i - 
i. = I i .dM. 

1 1  Mi o 
1 

(4. 7a) 

which is written in  t e r m s  of the fraction recharged F R  and the recharge 

paramete r  y as 
'W 

(4. 7b) 

Examination of the mean. enthalpy data given in the second column of 

Table 4 .6  shows that the range of Ti is 40 Btu/lb fo r  run 10 to 517 m 
Btu/lbm for  run 24. 

The measured temperature characterist ic  of the produced s team 

a t  the exit of the chimney (specified a s  the location of T / C  110 in Fig. 

2. 9) is given in Fig. 4. 31 for run 18 with no recharge.  

temperature  corresponding to the chimney s team pressure  is also given 

for  comparison. The difference between these curves  represents  the 

degree of superheat at this location. It i s  observed that the degree of 

superheat remains  fa i r ly  constant during the l as t  half of the transient  

for  this run because reflux of condensed s team limited increase  in the 

degree of superheat. 

The saturation 

In ca se s  with o r  without recharge where the degree of superheat 

was small ,  the measured temperature at the chimney exit corresponded 

to the saturation temperature.  Occasionally, the measured tempera-  

ture  fluctuatfed between the saturation temperature and a slightly higher 

temperature ,  

le ts  cooling the thermocouple junction. 

The observed fluctuation is believed to be caused by drop- 
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The desuperheat effect was not significant for  runs with higher 

s team production ra tes  as: indicated in Fig. 4. 32 for  run 28. 

degree of superheat a t  the chimney exit i s  seen to increase  with t ime 

and reached about 120 

ing degree of superheat at: the top of the rock mat r ix  given in Fig. 4. 3 

was about 130 F which was also the maximum achieved for  any of the 

experiments. 

The 

0 F at the end of the transient.  The correspond-  

0 

The enthalpy character is t ic  of the produced s team a t  the chimney 

exit fo r  run 18 is given in Fig. 4. 33. 

parameter:< defined by 

The corresponding s team enthalpy 

- i ) / i  
A X := (i 

P P f fg  
(4.8) 

is a l so  given. 

first increaises slightly. 

p r e s su re  declines which i s  a lso  the trend for  the saturated vapor enthalpy. 

The s team enthalpy pa.rameter X 

of the t ransient  as did the degree of superheat in Fig. 4. 31. 

It is noted that the enthalpy of the produced steam a t  

The enthalpy then decreases  a s  the s team 

remains fa i r ly  constant fo r  the l as t  half 
P 

The est imated mean enthalpy and the steam enthalpy paramete rs  

for  all runs a r e  given in the last two colums of Table 4.6. 

values were  evaluated a t  points approximately half way through the t rans-  

ients. 

and the corresponding range fo r  the s team enthalpy parameter  was 0.88 

to 1. 043. 

The mean 

The range of the mean exit enthalpy was 1098 to 1234 Btu/lb m 

The s team exit enthalpy was a lso  computed based on energy bal-  

ances on the condenser and on the outlet line a s  explained in Chapter 3. 

::< 
The t e r m  "steam enthalpy parameter"  is a useful index to describe the 
state of the fluid. F o r  example, if X 0 the fluid is in the subcooled 
o r  compressed state,  if 0 < X <  1 the fluid is a two-phase mixture in 
which case  X is re fe r red  to a s  the steam quality, and if X < 1 the fluid 
is superhea,ted. 
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Table 4 .6  

, 

M -- 

Run 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

in Recharge and PI 

Mean Recharge 
Fluid Enthalpy - 

duction Fluid Enthalpy Data 

Mean Steam 
- Enthalpy 
i (Btu/lb m ) 
P 

-. 
- -. 

1192 
1202 
1186 
1204 
1205 
1209 
1198 
1098 
1204 
1193 
1198 
1198 
1200 
1200 
1197 
1225 
1196 
1200 
1202 
1224 
1225 
1197 
1192 
1224 
1224 
1234 
1199 

Enthalpy 
Parameter - 

X (dim.less)  
P 

-- 
- -  
1 

1. 007 
1.006 
1.011 
1. 004 
1.012 
1.002 
0. 88 
1. 006 

1 
1.002 

1 
1.001 
1.002 
1.002 
1. 033 

1 
1.002 
1.003 
1. 033 
1.033 

1 
1. 003 
1. 035 
1.033 
1. 043 
1.002 
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However, there were large scat ter  i n  the computed steam enthalpy 

pa ramete r s  which made its use impract ical  for iinput to the transient  

analysis a s  originally intended. 

general  shape of the measured s team enthalpy parameter  was substi-  

tuted. 

e te r  used was 

Therefore, a correlat ion based on the 

The general  form of the colrrelation for the steam enthalpy param-  

x = C 1 t C t  2 (4.9) 
P 

where C 

each case  f rom the mean steam enthalpy parameter  data in Table 4.6 to 

approximate measured  characterist ics .  

s team i 

Eq. (4. 8) which is rear ranged to give 

i s  a constant of magnitude near  1 and C; 1 2 
was estimated for  

The enthalpy of the produced 

a t  t ime t fo r  use in the transient  analysis was computed f rom 
P 

i = i t x i  
P f F’ f g  

(4. 10) 

with X f rom Eq. (4. 9). 
P 

4.2.  8 Reservoir  Thermodynamics 

The rese rvo i r  fluids a s  a whole a s  well a s  the liquid and vapor 

components go through a s e r i e s  of thermodynamic states as the rese rvo i r  

is produced. 

given by the pressure-enthalpy diagram for  wate:r as shown in Fig ,  

4. 34. 

vapor meet  at the cr i t ica l  point as indicated in the figure. To the left 

of the saturated liquid curve the fluid is subcooled o r  compressed and 

to the right of the saturated vapor curve the fluid is superheated. Be- 

tween the envelope curves  the fluids consist of a mixture of saturated 

liquid and vapor. 

A convenient illustration of these thermodynamic paths is 

The envelope curves denoted by saturated liquid and saturated 
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A number of initial r ese rvo i r  states a r e  possible. F o r  example, 

if  the rese rvo i r  consists  entirely of liquids a t  p ressures  higher than 

the saturation p r e s su re  corresponding to the rese rvo i r  temperature 

the rese rvo i r  state is subcooled and would be denoted by a point "A" i n  

Fig. 4. 34. If the rese rvo i r  consists  initially of a. mixture of liquid and 

vapor, the rese rvo i r  state would lie somewhere between the envelope 

curves  for  example between points "Btt  and "D". Finally, the initial 

state could be superheated vapor in which case  the state would be de- 

noted by a point to the right of "D". 

The above description is simplified in that nonuniformities of 

temperature  and pressure ,  existing to some degrees in all rese rvo i r s ,  

have not been accounted for. Frequently, there i s  considerable temper-  

ature  variation f rom the lower portion to the top of the reservoir .  

over, the vapor and liquid phases a r e  often segregated with the vapor 

phase a t  the top and the liquid phase at the bottom, and the liquid and 

vapor m a y  not be in thermodynamic equilibrium. F o r  example, the 

present  experiments show that it is possible to have a superheated vapor 

phase and a liquid phase that is saturated o r  even partially subcooled in 

the rese rvo i r  (see ,  e. g. ,  Fig. 4. 1 and 4. 7). Care  is therefore needed 

when referr ing to a rese rvo i r  state which l ies  between the envelope 

curves.  

ra ted vapor and liquid phases. However, in the present discussion the 

rese rvo i r  bulk enthalpy indicates the weighted mean of the actual  liquid 

and vapor components. The mean state of each of these components is 

not necessar i ly  saturated liquid o r  vapor. 

Mlore- 

One would normally associate this two-phase region with satu-  

The initial r ese rvo i r  state for  the present  experiments a r e  rep-  

The degree of liquid compression resented by point "A" in Fig. 4. 34. 

(distance between A and B) differed somewhat f rom run to run as did the 

initial temperature  T Upon initiating steam production f rom the 

rese rvo i r ,  saturated liquid conditions (point "B" in Fig. 4. 34) was 
0' 
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reached a f t e r  a few minutes. 

phase followed separate thermodynamic paths. 

At  that point boiling started and each 

The liquid phase normally followed a path similar to curve B-C 

However, in cases  with cool water  recharge the liquid in Fig. 4. 34. 

followed a path s imi lar  to curve B-C'. 

severa l  runs  a r e  noted froin the temperature distribution histories in 

Figs. 4. 1 through 4. 8. 

paths similar to curve D-E or  D-E' in Fig .  4. 34. 

low s team production ra te  o r  high recharge ra te ,  the path followed was 

more  like curve D-E" because some moisture was entrained in the vapor. 

The mean state of the liquid in 

The state of the vapor phase normally followed 

In some cases  with 

Since the s team production occurred f rom the top of the rese rvo i r ,  

the state of the produced steam was close to the mean for  the vapor in 

the reservoir .  

f e r r e d  to a s  liquid dominated. 

t e r m  "vapor" o r  "liquid" dominated rese rvo i r s  do not accurately charac  - 
t e r ize  a geothermal rese rvo i r  in which the phases a r e  segregated. 

Rather, the t e r m s  character ize  the rese rvo i r  conditions locally around 

the wellbore producing sections. 

When vapor only is produced, the rese rvo i r  is often r e -  

It would appear,  therefore,  that the 

The rese rvo i r  fluids (liquid and vapor) as a whole followed a pro-  

duction path which was ve ry  close to that of the liquid phase because the 

mass of liquid was much greater  than that of vapor. The rese rvo i r  bulk 

s team quality and enthalpy for run 26 with no recharge a r e  given in 

Fig. 4. 35. The rese rvo i r  bulk s team qual.ity was  evaluated f rom liquid 

level  measurements  and saturated fluid propert ies discussed in Chapter 

3. 

quality and saturated steam propert ies,  although, the phases were  not 

always completely saturated. 

The rese rvo i r  bulk enthalpy was computed f rom the bulk steam 

The bulk s team quality is seen f r o m  Fig.  4. 35 to increase  to about 

0. 5 percent, but then decreases ,  

about 0. 1 percent  for  some runs with hot water  recharge because of the 

The bulk steam quality reached only 
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smaller  void space above the liquid. 

given in F ig .  4. 35 vs the saturated liquid enthalpy. 

namic path for  the reservoi r  fluids a s  a whole for  most  of the present 

experiments was simi1a.r to curve B-G" in F ig .  4. 34. 

The bulk steam enthalpy is  also 

The thermody- 

Reservoir  production paths distinctly different f rom the present  

would appearr possible. 

i ty l e s s  than 20 percent and no recharge such that all liquids could be 

evaporated, the reservoi r  state would follow a path similar to curve 

B-C" initial.ly, but a s  the liquid evaporated completely the path would 

turn to the right and end near point E'. 

desirable tal demonstrate the variety of different production path charac-  

te r i s t ics  that might occilr in a rea l  system. 

For example, i f  the reservoi r  had rock poros-  

Fur ther  experiments a r e  

4. 2. 9 Predicted P r e s s u r e  and Temperature Transients 

The predicted pressure  and temperature transients were compared 

to the experimental data for  representative experimental conditions to 

evaluate the validity of the: transient analysis developed in Chapter 3 .  

Two changes to the original analysis were necessary. The resul ts  in 

this chapter showed that only a fraction of the thermal  energy in the rock 

i s  extracted. 

tion from the rock was obtained by multiplying Eq. (3. 13)  by the rock 

energy extraction fraction r]  given by Eq. (4.4). The correlation for  

the s team enthalpy parameter  given by Eq. (4, 9)  was used in Eq. (4. 10) 

to compute the enthalpy of the produced steam. 

An approxirnate expression €or the rate of energy extrac-  

Experimental and predicted resul ts  for  the pressure  transients of 

runs 3, 1 8  and 26, a l l  with no recharge,  a r e  given in Fig. 4. 36 in which 

the chimney s team pressure  is plotted vs  time. 

only in the chimney, run 18 was with the first rock loading, and run 26 

was with the second rock loading. Reference is made to Table 4. 1 f o r  

details of the experimental1 conditions. 

Run 3 was with water 
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The same transients data a r e  given in F ig .  4. 37 in t e r m s  of the 

nondimensional pressure  and time variables defined by Eq. ( 3 .  19). 

These curves resemble the P* - FP curves in that the end points along 

the absissa (i. e. , t:g) correspond to the fraction produced at the end of 

the transient. 
e 

This is  seen from the definition of t* which is 

A t  time t the numerat,or is I8 t ' =  M 
e P e  P 

(4. l l a )  

and the ref o r  e 

(4. l l b )  

If the s team production ra te  is constant, t*: and FP a r e  equal at the 

same instant and the P* a- t* curves a r e  identical to the P* - FP curves.  

The nondimensional P* - t* curves a r e  preferred over the standard 

dimensional curves of Fig. 4. 36 in the following because the ranges of 

the nondimensional variables change l e s s  f rom run to run than do the 

dimensional variables. 

as to what fraction of fluid is produced. 

tions the P'$ - t* curves may be used a s  modeling parameters  to extrap- 

olate the present  resul ts  to other systems. 

The P':' - t* curves also give some indication 

Moreover,  with certain assump- 

Fur ther  comparisons of predicted and experimental pressure  

t ransients  for  runs without recharge a r e  given in Fig. 4. 38, Run 25 was 

initiated at a lower p res su re  than run 23 (287 psia for run 25 vs  581 psia 

for  run 23). The experimental and predicted pressure  transients for run 

28, a lso with no recharge,  are given in Fig. 4. 39. 

Table 4. 1 that run 28 had about twice a s  high cooldown ra te  a s  any of 

the other runs compared in F i g s .  4.37 through 4.38. 

that the predicted p res su re  is higher or lower than the measured p res-  

su re  depending on which run is considered and on the time in the t rans i-  

ent. 

diction f o r  the entire transient i s  noted in a majority of cases .  

It is noted f r o m  

It i s  observed 

However, reasonable agreement between measurement  and pre  - 
The 
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Figure 4. 39 Experimental and Predicted P r e s s u r e  
Transients f o r  R u n  28 
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maximum deviation occurred for run 28 where the predicted pressure  

was about K5 percent higher than the measured near  the end of the 

transient which exceeded the uncertainty interval of * l O  percent est i-  

mated for  the p res su re  measurement. However, in all other cases  

with no recharge the predicted pressure  near  the end of the transient 

was well within the estimated uncertainty interval. 

The predicted pres 'sure was about 8 percent higher than the mea-  

sured for  run 3 during the ear ly  par t  of the transient. This was the 

maximum dleviation noted at ear ly  t imes for  these runs. 

sponding uncertainty intezrval for the measured pressure  was 1. 2 per-  

cent. 

exceeded th.e estimated uncertainty interval during the ear ly  par t  of the 

transient i n  a few cases .  

The c o r r e -  

The difference between the measured and predicted p res su res  

Comparison of predicted and experimental resul ts  for  runs 19 

Run 19 was with cool 

tabulated in the figure. 

and 21 with recharge a r e  given in Fig.  4,, 40. 

water recharge indicated by the negative 

The m a s s  and enthalpy recharge character is t ics  for  run 19 a r e  given in 

Figs. 4.27 and 4.29. 

charge enthalpy character is t ic  for  run 21 is given in Fig. 4. 30. 

y W 

Run 21 was with hot water recharge, The r e -  

The agreement between predicted and experimental resul ts  is 

seen to be excellent for  run 21 with hot water recharge. However, for 

run 19 with (cool water recharge the predicted pressure  was lower than 

the measured by about 22 percent during the las t  par t  of the transient 

while the agreement was reasonable during ear ly  times. The same 

trend is noted in Fig. 4. 41 which gives the predicted and measured 

pressure  transients for  run 12 also with cool water recharge. 

case  the predicted pressure  is lower than the measured by about 66 

percent a t  the end of the transient. 

relatively latrge differences between predictions and experiments a r e  

associated with runs where cool water is recharged. 

In this 

It appears f rom these resul ts  that 
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The predicted pressure  transient for run 24 with cyclic produc- 

tion and continuous recharge of hot water is compared to the measured 

transient in. Fig. 4.42. The m a s s  recharge and production character-  

is t ics  f o r  run 24 a r e  given in Fig. 4. 28 and the variation of the liquid 

level with t ime is given in  Fig .  4. 23. 

can predict the observed ‘behavior to within *9 percent. 

It is noted that the analytic model 

During the recharge period extending f rom t* values of about 0. 15 

of fluids with mean enthalpy of about 500 

The recharged fluid m a s s  c o r r e -  

to 0. 34, approximately 70 lb 

Btu/lb m 
sponded to about 18 percent of the original in-place fluids. 

sure  r i s e  resulting f rom the fluid recharge was about 30 psi. 

m 
was added to the system. 

The p res-  

The predicted liquid and the mean rock temperature transients 

fo r  run 23 with the first rock loading (small  rock) a r e  given in Fig. 4.43. 

The measured temperatures  of the liquid and of instrumented rock 2 

a r e  a l so  given. 

perature s a r e  e s sentially in  thermal  equilibrium with the liquid. 

rock/liquid temperature differences a r e  predicted and measured for  

run 26 with the second rock loading (large rock) a s  shown in Fig. 4.44. 

It is noted that the predicted and measured rock tem- 

Finite 
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CHAPTER 5 

DISCUSS ION 

5. 1 Experimental Results 

The experimental resul ts  show that the thermal energy stored 

in  the fractured rock 

effectively. 

p ressure  by steam production so that boiling was initiated within the 

rock matrix.  

vapor pressure/ temperature  curve, thermal gradients were se t  up in 

the rock resulting in heat t ransfer  f rom the rock to the  steam. 

used in these experiments can be extracted 

The energy extraction was achieved by lowering the system 

Since the two-phase saturated steam mixture follows the 

The rock energy extraction fraction is defined a s  the rat io of the 

extracted rock energy to the available energy between the measured 

initial temperature iznd the saturation temperature corresponding to 

the p ressure  a t  the end of the experiment. The range of rock energy 

extraction fractions evaluated f rom rock temperature measurements 

was 0. 75 to 1. 18. The estimated uncertainty interval for  these resul ts  

is  *3. 5 percent. The highest rock energy extraction was achieved with 

the smal ler  rock (gabbro) and cool water recharge while the lowest was 

with the la rger  rock (granite) and no recharge. 

The parameters  and conditions that determined the magnitude of 

the rock energy extraction fraction were;  (1) the position of the liquid 

level in the chimney, (2) reflux ra te  of condensed steam from the outlet 

line region relative to the steam production ra te  (reflux rat io),  ( 3 )  r e -  

charge of cool water at the bottom of the chimney, and (4) the magnitude 

of the temperature difference between the rock and the steam. 

A superheated zone developed above the liquid level in experiments 

with zero o r  low recharge relative to steam production. 

of the superheated zone resulted in incomplete energy extraction f r o m  

The existence 
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the rock in this zone relative to rock subrnerged in saturated liquid, 

The corresponding reduction in the energy extraction fraction depended 

on the degree of superheat a t  the exit which was as high a s  120 

some experiments. 

0 F in 

The extent of the superheated zone was determined by the position 

of the liquid level and by reflux of condensed steam f rom the outlet 

region. 

controling the recharge /production ratio,  

resulted in  a l a rge r  super'heated zone and a correspondingly lower rock 

energy extraction fraction, 

tended to relduce the degree of exit superheat and the extent of the super-  

heated zone. 

fore  increased with increasing reflux ratios. 

The liquid level was maintained in the experimental system by 

Lowering of the liquid level 

Reflux of condensed steam, on the other hand, 

The experimental rock energy extraction fractions there-  

Reflux of condensed s team from the wellbore relative to the steam 

production, i. e . ,  the reflux ratio,  is expected to be considerably lower 

in a r ea l  size system as clompared to the experimental system. There-  

fore,  the desuperheat effect noted for  relatively high reflux rat ios  in the 

experiments is expected to be small in a real size system. 

superheat of the same order  a s  achieved :in the experiments may  there-  

fo re  be achieved in a r ea l  size system, Higher rock energy extraction 

fractions and lower degrees of vapor superheat were achieved in the 

experimental system by increasing the liquid level, 

in the rock energy extraction fraction accompanied by a lowering of 

the degree of vapor superheat also appears  feasible in a r ea l  size system. 

Vapor 

Such an increase 

Recharge of cool water resulted in a cool water zone in the lower 

section and iX hot Saturated liquid zone in the upper section of the chim- 

ney. 

l e s s  than the saturation te.mperature. 

o r  eliminated the superheated zone. 

rock energy extraction fraction 

The rocks in the subcooled water zone were cooled to temperatures  

Moreover,  the recharge reduced 

These two factors  combined gave a 

grea ter  than unity in one case.  
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The rock/s team temperature difference existing a t  the end of 

the transient resul ts  in a decrease in the rock energy extraction f r ac-  

tion. 

rock loading because the rocks were essentially in thermal  equilibrium 

with the steam. 

the second rock loading which is negligible compared to other effects in 

the experimental system. 

ences may be of considerable practical importance in r ea l  size systems 

with much l a rge r  rocks. 

detail. 

This effect was not significant with the small  rocks of the f i r s t  

A 4 percent effect was noted with the la rger  rocks of 

However, the rock/s team temperature differ- 

This efjfect i s  therefore considered in more  

A measure  of the rock/s team temperature difference effect on 

the rock energy extraction fraction r )  e 
i s  given by 

in the absence of other effects 

where p /i is the ratio of local cooldown rate  a t  the end of the t ransi-  

ent to the mean cocildown ra te ,  7 is the time constant for  the mean size 
e 

rock, and where t is  the transient time. The T / t e  ratio can be reduced 
e 

by either increasing the s team production transient t ime t o r  by de- 

creasing the rock s ize by fracturing to give a smaller  mean rock time 

constant. In a real. size system the transient t ime t 

mined by the design life of the power generating facilities. The ques- 

tion of whether practical fracturing methods exist such that rock seg- 

ments with a sufficiently low mea.n time constant; for economic utilization 

can be achieved was not investigated. 

e 

is largely deter-  
e 

- 
The p / p  ratio may be reduced by cooling the rock more  slowly e 

(reduce s team production rate)  towards the end of the transient such 

that p /; is l e s s  than unity, The 1.1 /i rat ios  of these experiments e e 
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were about 0. 3 to 0. 5. 

system with such a decreasing s team production rate  characteristic 

although more  rock energy may be extracted in this way. Economic 

and practical. considerations a r e  required to determine the optimum 

operating scheme to achieve maximum energy extraction in a given case.  

It inay not be desirable to operate a r ea l  size 

Boiling was achieved without difficulties in the laboratory model 

by lowering the s team pressu re  because the operator could control the 

s team produc:tion/recharge ratio. In a r ea l  s ize system the maximum 

steam production is limited by the wellbore geometry. In cases  where 

the recharge mechanism is artif icial  as il lustrated in Fig, 1. 1, the r e -  

charge ra te  rnay also be controled. In that case  it should be relatively 

easy  to control the liquid level and to establish saturated reservoi r  

conditions. 

lated hydrothermal fields where the natura.1 recharge may exceed the 

wellbore discharge capability. 

Control of the liquid level may be m o r e  difficult in stimu- 

Uniform temperature conditions in the liquid were achieved for  

the experiments because of boiling and natural  convection in the relatively 

high permeability rock mat r ix  a s  the p res su re  declined. 

size system is much taller, the higher p res su res  due to the static liquid 

head prevent boiling a t  dept:hs. Although the axial temperature d is t r i-  

bution in the liquid is not known for  a r ea l  size system, it i s  expected 

to be close to the uniform axial  distribution found in the experimental 

system. The potential therefore exists for  achieving rock energy ex- 

traction fractions of the same order  as those achieved for  the experi-  

mental systern. 

Since a r e a l  

The axial temperature distribution is not known in the liquid zone 

of a relatively low permeability rock mat r ix  with restr ic ted natural 

convection such a s  in the lightly fractured region of Fig .  1. 1. 

cases  the rock energy extraction fractions may be considerably lower 

than those achieved in the present experiments. Care must  therefore 

In such 
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be exercised in extrapolating the present resul ts  to systems with finite 

permeabilitie s. 

The rock energy extraction scheme tested in the chimney model 

to date involved the establishment of non-isothermal steam conditions. 

This was achieved by controling :steam production and fluid recharge 

such that sufficient p res  sure  reduction resulted to initiate boiling. The 

model can also be operated a s  a compressed liquid reservoi r  consisting 

of hot rock and subcooled liquid initially. Energy extraction f rom the 

rock i s  achieved by recharging cool water a t  the bottom and producing 

the hotter water  a t  the top. This energy extraction scheme is s imilar  to 

the one proposed fo r  the Los Alalnos dry,  hot rock project. 

Energy extraction f rom the rock resulted in fractions produced 

which were  grea ter  than those achieved by flashing of water alone. 

fraction produced was found to increase with (1) lower end pressure ,  

(2 )  higher initial pressure / tempera ture ,  (3) recharge af hot water,  (4) 

lower rock porosity, (5) higher rock energy extraction fraction, and (6) 

higher values of the external heat t ransfer  parameter .  A recovery f ac-  

tor  R i s  defined as the ratio of the experimental fraction produced to 

the fraction produced by flashing the water alone for  the same initial and 

end p res su re  conditions, but with external heat t ransfer  parameter  q 

equal to zero.  The recovery factor for  experiments without recharge 

ranged between 1. 2,5 for  run 4 with a negative q 

with a positive q 

percent. 

ation in q . 
e t e r s  such a s  (1) the rock porosity, (2)  the rock energy extraction f r ac-  

tion, and (3) the initial pressure  which also influence R significantly. 

The 

m 

to 2. 57 for  run 28 
m 

The estimated uncertainty interval for  R i s  *15 m' 
The large range in R is caused mainly by the significant var i-  

This effect largely overshadows the effect of other param- m 

F o r  r ea l  s ize systems q is positive, but to estimate its magni- 
m 

tude, extensive analysis is required of the lightly fractured region su r-  

rounding the chimney (see Fig, 1. 1). Such an analysis was not 
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performed i:n the present investigation. 

f rom the highly fractured rock only on the recovery factor i s  seen by 

adjusting the experimental. resul ts  such that = 0 using Eq. (3. 27).  

The estimated recovery factor i s  1. 72 for  the conditions of run 2 3  (44 

percent porosity) and 1. 86 for the conditions of run 26 (35 percent 

porosity). 

The effect of energy extraction 

The recovery factor increases  with decreasing porosity because 

more  rock energy is available per unit reservoi r  volume to evaporate 

the liquid. Theoretically, the recovery factor with zero recharge and 

external hea.t t ransfer  is a.s high a s  5 for  the upper pressure  conditions 

of these experiments and rock porosity l e s s  than 20 percent. However, 

low porosity usually is accompanied by low permeability and reduced 

water  circulation which almost certainly mean 

tion fractions and recovery factors. 

reduced energy extrac-  

The 3!5 percent porosity of the second rock loading is the lowest 

that may be achieved for  the particular rock size distribution. 

fur ther  reduction in the porosity may be obtained by filling the void 

space in the present  rock loading with coarse  sand. 

porosity of the o rde r  of 20 percent can be obtained. 

system wou:ld be desirable a s  a first step in investigating low porosity 

systems with finite permeabilities. 

However, 

It appears that a 

Tes t  with such a 

Recharge of hot water  has  the effect of increasing the recovery 

factor because energy i s  added to the system and because the energy 

extraction fraction i s  increased. Externial heat t ransfer  f rom the su r-  

rounding resu l t s  in positive q which also has the effect of increasing 

the recover'y factor. It i s  apparent that the magnitude of the recovery 

factor that can b e  achieved in a r ea l  size system depends on a number 

of factors  which cannot be assessed  quantitatively unless specific infor- 

mation is available about the system. 

' 

m 

. 
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The resul ts  show that the predicted rock center / s team tempera-  

ture differences based on the sphere idealization were in substantial 

agreement with the measurements  in vapor environment. However , the 

experimental rock c:enter/steam temperature differences for rocks in 

liquid environment were about 40 percent lower than the predicted based 

on either the sphere and plate idealizations. 

the plate idealization was always 'higher than the experimental for  rocks 

in vapor environments. 

drawn until the uncertainties in the measured and predicted rock center /  

s team temperature differences a r e  discussed. 

The prediction based on 

Conclusions regarding these resul ts  cannot be 

The estimated uncertainty interval for the rock center / s team tem-  
0 

perature difference measurement  i s  about *3 F. There a r e  uncertain- 

t ies  associated with the parameters  p , a ,  k, r , R, and h used in 

Eqs. (3. 2) for  predicting the rock center / s team temperature differences. 

The uncertainty interval for  the predicted temperature difference is 

estimated to be about *4 

indicated in Table 3.  3. 

e 0 

0 F for  both liquid and vapor environments a s  

Closer examination of the data in Table 4. 3 shows that the pre-  

dicted and measured rock center /  steam temperature differences appear 

to be within the estimated uncertainty intervals ( i .  e. , the e r r o r  bands 

overlap) in most  cases .  

be the bes t  in vapor environment, the resul ts  a r e  largely inconclusive 

a s  to which of the geometry approximations (sphere o r  plate) is the 

most  appropriate for  these rock shapes. 

temperature difference measurement techniques, better rock thermal  

property data, and better heat t ransfer  coefficient data a r e  required. 

Although the sphere approximation appears to 

Improved rock center / s team 

The mass- energy balance analysis on a time interval bas is  devel- 

oped for  the chimney was used to predict the model reservoi r  behavior. 

The predicted and experimental resul ts  in most  cases  were in agreement 

for  a wide range of experimental conditions. Comparison of predicted 
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and experimental fractions produced shows that the experimental f rac  - 
tions produced were higher than the predicted by 1.4 to 130 percent in  

24 experiments and lower by 2. 8 to 7. 5 percent in 3 experiments. 

These resul ts  have to be looked a t  in view of the estimated uncer-  

F r o m  Table 3. 3 the uncertainty in FP is *2. 6 per-  tainties in the data. 

cent while the uncertainty in FP due to uncertainties in the experimental 

parameters  used in Eq. ( 3 .  27)  range between 10.2 to 14. 2 percent. Ex- 

amination of the data in Table 4 .4  shows that the data appears to be 

within the estimated uncertainty intervals in 22 of the 27  runs. 

t 

The experimental fraction produced for run 10 is more  than a 

factor of two higher than the predicted. It i s  recalled that run 10 had 

cool water recharge and a large subcooled zone a t  the bottom a s  seen 

f rom Fig. 4,, 8. 

deviations allso had some cool water recharge, 

the uniform axial temperature distribution as sumption used in deriving 

Eq. (3. 27) f rom mass-energy balances i s  seriously violated. Conse- 

quently, the relatively large differences between experiments and pre  - 
dictions a r e  not surprising. 

Several of the other runs with la rger  than expected 

Under these conditions, 

The observation that the experimental data were generally higher 

than the predictions also in cases  without recharge suggests a syste-  

matic e r r o r  in the data o r  that assumptions inherent in the analysis a r e  

violated. 

charge and produced fluid enthalpies were equal to the mean of the 

initial and end enthalpies. 

with the parameters  used jn Eq. (3. 27) to compute FP 

It was assumed in the analysis that the widely varying r e -  

Considerable uncertainties a r e  associated 

Systematic 
t’ 
i 
- -  

e r r o r s  could be associated with any of the parameters  i , qm Y Mo’ i’ p 
d ,  and F R .  

The agreement between experiment and prediction shows that the 

analysis is consistent with the experimental results.  Therefore,  the 

analysis may be applied to predict the performance of r ea l  size systems 
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with s imilar  character is t ics  a s  long a s  the assuniptions inherent in the 

analysis a r e  not violated. 

feasible such that it can t rea t  cool fluid recharge adequately. 

approach is to apply the mass-energy balances to the hot water / s team 

and subcooled zone 55 separately. 

Modification of the analytic model appears 

A possible 

The transient analysis developed for the chimney model was used 

to predict  its transient behavior flor representative experimental condi- 

tions. 

transients were  within the 10 percent uncertainty interval for the mea-  

sured p res su res  in a majority of cases.  

ent differed substantially f rom measurements  in cer tain cases  such a s  

in, (1) experiments with cool water recharge, ( 2 )  experiments with the 

highest cooldown ra te ,  and (3 )  experiments employing cyclic production/ 

recharge . 

The resul ts  show that the predicted p res su res  a t  the end of the 

The predicted pressure  t rans i-  

Since the analysis was based on a uniform axial temperature dis-  

tribution and saturated s team conditions, the analysis was not expected 

to predict  the model reservoi r  behavior when cool water was recharged 

a t  the bottom. 

tion of the chimney which violated. the uniform temperature a s  sumption. 

The temperature non-uniformities due to the superheated zone a t  

In that case  a cool water  zone developed in the lower sec-  

the top was accounted for  using a simplified analysis. 

cooldown ra tes ,  indications a r e  that the simplified approach may not be 

adequate. 

of external heat t ransfer  f rom the vessel  based on the one-lump model 

is inadequate a t  the highest cooldown rates .  

the analytic techniques employed for the superheated zone and the one- 

lump treatment  of the vesse l  may well show that more  detailed model- 

ling is required. 

A t  the highest 

There is  also a possibility that the computation of the ra te  

A closer  examination of 

Since major  improvements to the model require significant efforts 

and their  inclusion would seriously increase the computation cos ts ,  it 
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i s  debatable whether such a task should be ca r r i ed  out. 

of other existing more  general codes developed for  geothermal systems 

may be preferable.  

Modification 

The disagreement between prediction and experiment for  the run 

with cyclic production/rec harge is  believed to be associated with the 

boundary parameters  which were approximated by a se r i e s  of step func- 

tions. 

changes taking place, for  example, in the steam production. It appears  

that this difficulty can be resolved by acquiring input data a t  more  

frequent intervals.  

These approximations may not adequately reflect the abrupt 

The excellent agreement between predicted and experimental 

t ransients  in  a majority of cases  indicates consistency between mea-  

surements ,  system parameters ,  and the analysis. The transient anal- 

ysis  may  therefore be applied to other similar systems with known 

parameters  a s  long a s  the assumptions inherent in the analysis a r e  not 

seriously violated. 

One experiment was performed with cyclic s team production and 

continuous recharge of hot fluids having mean enthalpy of about 500 Btu/ 

lb . With ze ro  s team production, recharge of about 70 lb of fluids 

(corresponding to about 18 percent of the original in-place fluids) gave 

a chimney steam pressure  r i s e  of about 30 psi. 

the system by the fluids recharge during the recharge period was used 

to heat, (1)  the chimney rock, ( 2 )  the chimney liquid, and (3) the s teel  

vessel.  It i s  not unespectzd, therefore,  that the p ressure  r i s e  was 

relatively moderate.  

m m 

The energy added to 

The p ressure  r i s e  would increase with l a rge r  amounts of recharge 

and by r -charge  of higher enthalpy fluids. 

limited by t!)? void space available in the chimney in the depleted state 

which €or the p r e s e q t  rfijck loadings was about 70 percent of the total 

void. The fluid enthalpy in a rea l  size system i s  limited upwards to 

that of the fluids in the surrounding aquifer which probably will not 

The amount of recharge is  
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exceed 500 Btu/lb ,, m 
be added by fluid recharge alone i s  not sufficient to make the recharge 

process  a feasible and worthwhile operation for a rea l  size system. 

It is possible, however, that in a real  size system heat t ransfer  f r o m  

the surrounding roc:k may contribute somewhat to the " recharge process" 

over an extended pe:riod of time. This effect was not evaluated during 

the present  investigation. 

It appears ,  therefore,  that the energy that can 

The predicted effective liquid level based on m a s s  recharge/  

production data and saturated stea.m properties differed f rom the nomi- 

nal liquid level based on liquid level measuremen.ts by a s  much a s  5 per-  

cent of the rock mat:rix height. 

the effective and nominal levels were 5. 7 and 5 percent. The agreement 

between the data shows that the m a s s  recharge and production measure-  

ments and the geomletry data used to compute the effective liquid level 

a r e  consistent with ,the liquid level measurements.  

The estimated un.certainty intervals fo r  

The observed liquid expansion appeared to be caused by boiling 

in the inter ior  of the liquid a s  a result  of continuous lowering of the 

s team pressure .  Boiling in the inter ior  of the liquid appeared to be 

more  predominant t'han evaporaticm a t  the liquid-.vapor interface. 

resu l t s  show that there is no distinct flash front in the chimney. 

ever ,  there i s  a flash zone which extends f rom the liquid-vapor inter-  

face to the bottom of the chimney in cases  without cool water recharge. 

It appears that there will also be a flash zone in a r ea l  system which 

extends f rom the liquid-vapor interface to some unknown depth. 

magnitude depends on the axial  :Liquid temperature distribution which 

develop in the system and on the static head of the liquid. 

The 

How- 

Its 

Liquid expansion due to entrained vapor bubbles was not accounted 

for  in predicting the! effective liquid level. 

the upper portion of the liquid only were neglected in computing the 

nominal level. 

Entrained vapor bubbles in 

The effective level is therefore-expected to be lower 
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than the nominal for  cases  with hot water or  no recharge when vapor 

bubbles occur throughout the liquid. 

recharge there a r e  no vapor bubbles in the lower section with c o r r e -  

spondingly reduced liquid expansion. This trend was observed in the 

data where the agreement between the effective and nominal liquid levels 

was generally bet ter  with recharge of cool water  than with recharge of 

hot water o r  no’recharge. 

On the other hand, with cool water 

The rock surface heat t ransfer  coefficient evaiual;ea I r an  me 

temperature measurements  f o r  rocks in vapor environment was about 

3 Btu/hr ft2 O F  which is three t imes the expected coefficient based on 

data for  spheres.  

which subsequently evaporates, is believed to cause the increase in the 

heat t ransfer  coefficient. 

associated with the heat t ransfer  results.  However, accurate heat 

t ransfer  coefficients a r e  not needed for  a large rock since in that case 

the Biot number is also large such that 1 /B approaches zero.  

nificance of this effect is that large rocks cool equally fas t  in liquid o r  

vapor environments 1( 

Reflux of condensed s team f rom the outlet line region, 

Significant experimental uncertainties a r e  

The sig- 

5.  2 Extrapolation of Results - 
The analytic techniques and experimental resu l t s  f rom the labora-  

tory  model a r e  used to make predictions a.bout a r ea l  size f rac ture-  

stimulated system. 

a total volume of 10 

chimney model experimental parameters  and conditions a r e  applicable 

to the r ea l  size system. 

assumed to be 0. 35 equal to the porosity of the second rock loading. 

Also, the rea l  size system may have initial pressure ,  end pressure ,  

external heat t ransfer  parameter ,  rock energy extraction fraction, and 

other conditions a s  given in Table 4. 1 for run 26. 

It i s  assumed that a f ractured rock system having 
9 3  ft has  been generated and that several  of the 

Thus, the average rock porosity may be 

A mean steam 
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production ra te  of 118,000 lb 

system (vs 23. 7 lb /h r  for  the laboratory model). The m a s s  of fluid 
9 

originally in the r ea l  size system was estimated to be 17 10 lb (vs  

330 lb 

/ h r  may be assumed for  the r ea l  size m 

ni 

m 
for  the laboratory model). m 

The reservoi r  pressure  depletion may be estimated using the 

P:: - t* character is t ic  fo r  run 26 given in Fig. 4. 37. 

t ime at the end state is seen from Fig. 4. 37 to be t:: = 0.61. 
e 

definition of t:k in E:q. (4. 1 l a ) ,  the specified mean s team production rate.  

and the estimated in-place fluids the pressure  depletion t ime is est i-  

mated to be t The s team production 

ra te  character is t ics  may be assumed similar  (but ra tes  differing by a 

constant factor) for  the r ea l  size and laboratory systems. In that case 

the P* - t* character is t ic  may also be used to determine the reservoi r  

p res su re  a t  a given time o r  the time a t  which the pressure  has  reached 

a particular value. F o r  example, it may be desirable to estimate the 

t ime when the r e se rvo i r  pressure  will reach 150 psia. 

a t:k value of 0. 155  is read a t  P:k = 150/582 = 0. 26. 

to reach this pressure  would be 2 . 6  years.  

The nondimensional 

F r o m  the 

= 88,000 h r  o r  about 10 years .  
e 

F r o m  Fig. 4.37 

The time required 

The magnitude of the rock/s team temperature difference a t  the 

end transient and its effect on the rock energy extraction fraction i s  

also examined for  various rock sizes. 

the conditions of the r ea l  size system such that the estimated rock/  

s team temperature difference effect on the rock energy extraction f r a c  - 
tion was 1, 2 ,  5, and 10 percent. The resul ts  given in Table 5. 1 show 

that effective rock energy extraction may be achieved for  rock s izes  on 

the order  of 200 f t  o r  more.  

Rock s izes  were estimated for  

The largest  rock size in a chimney created by nuclear explosives 

It would therefore appear that extensive f rac-  is on the order  of 10 f t .  

turing with explosive energy is not required for effective rock energy 

extraction. 

paral le l  f rac tures  could prove to be a very  effective stimulation technique. 

The use of hydraulic fracturing to c rea te  a se r i e s  of large 
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TABLE 5.1 

Estimated Effect of Rock Size on the Rock 
Enerrrv Extraction Fraction for the 

R . e a l  Size Svstem 

Mean Rock Size Estimated Effect on r), 
(percent) 

72 
102 
16 1 
227 I 

1.0 
2 . 0  
5 . 0  

10. 0 

The transient analysis developed for the chimney model in 

Chapter 3 was used to predict the pressure  and temperature transients 

of the r ea l  size system considered previously. The analysis was c a r -  

r ied out for the a rb i t ra r i ly  selected mean rock s izes  of 26 f t  and 105 f t  

to  study the effect of the rock size on the pressure  transient. The pre-  

dicted p res su re  transients for these two cases  a r e  given in Fig. 5. 1. 

The steam and mean rock temperature transients a r e  given in Fig. 5. 2. 

It is  noted f rom Fig. 5. 1 that the reservoi r  steam pressure  drops 

off more  rapidly for  the la rger  rock size. 

that the smal le r  rocks a r e  nearly in thermal  equilibrium with the steam 

for  the entire transient. 

differences a r e  apparent with the la rger  rocks during the f i r s t  par t  of 

the transient. 

with the la rger  rocks which resul ts  in lower reservoi r  pressures  a s  

noted in Fig. 5. 1. The steam temperature transients in F ig .  !5 .  2 show 

that the cooldown ra te  decreases  with time because of the decreasing 

steam production rate  characteristic assumed. 

perature differences proportional to the cooldown rate  a r e  therefore 

F r o m  Fig. 5. 2 ,  it is noted 

Relatively large rock/ steam temperature 

A smal le r  amount of rock energy i s  therefore extracted 

The rock/s team tem- 
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lower towards the end of t'he transient. 

t ransients  in Fig, 5. 1 a r e  seen to approach each other a t  large times. 

Consequently, the pressure  

This analysis shows that the effect of the rock size is not sig- 

nificant if steam production f rom the system is continued for  about 10 

years  which gives a mean cooldown ra te  of 0. 0026 However, 

the effect of rock size is greater  if  s team production is discontinued 

ea r l i e r  such that a higher mean cooldown rate  results.  Fo r  example, 

the data in Fig. 5. 1 show that a t  a t ime of 2 years  the s team pressu re  

would be about 220 psia for  the smaller  rock vs  about 170 psia for  the 

l a rge r  rock. 

about twice (0. 0057 OF/hr) that for  a 10 year  depletion time. 

apparent, therefore,  that the extent of fracturing and rock size required 

to achieve a desired degree of rock energy extraction depends to a large 

extent on the requirements of the application, 

0 
F / h r .  

The mean cooldown ra te  in the time period to 2 years  was 

It is 

The validity of applying the transient analysis to the r ea l  size 

system depends largely on how the axial temperature distribution 

develops in this system as8 compared to that in the laboratory model. 

Whereas boiling occurred  throughout the liquid zone in the laboratory 

model, this is not likely in the r ea l  size system because of the much 

higher liquid static heads. However, a fair ly  uniform axial tempera-  

ture  distribution in the liquid is likely because of natural circulation in 

a high permeability systern. In that case the transient analysis should 

give adequate performance est imates  for  r ea l  size systems. 

5. 3 Experimental Techniques 

The resul ts  show that the wall effect, represented by q , can be m 
determined relatively accurately f rom calibration experiments and 

analyses. 

control. 

specific value of q 

However, the rnagnitude of the wall effect was difficult to 

Irrtprovements in the tape heate:r power controls such that a 

may be preselected a r e  therefore desirable. An m 
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automatic control system employing the measured wall to steam tem- 

perature difference a s  the input signal appears feasible. 

may be relduced by acquiring insulation that can tainty interval for  

readily be removed and replaced without physical damage occurring to 

the insulation. 

would also be useful to determine the wall effect with greater  precision. 

The m a s s  of fluids recharged and produced were determined by a 

Im- 

The uncer-  

“m 

Repeated calibration tes t s  a t  various operating conditions 

head tank level measurement  and by a gravimetric measurement.  

provements in the recharge system to reduce the uncertainty interval 

for  the mass recharged a r e  desirable. Possible improvements include 

the use of gravimet:ric measurement  instead of the level measurement.  

Automatic control systems for  the fluid recharge and production systems 

such that preselected production and r e c b  rge ra te  character is t ics  may 

be obtained would greatly enhance the usefulness of the system. 

chimney s team pressu re  measurement  instrumentation employed during 

the present  tes t  s e r i e s  is considered adequate at most  operating condi- 

tions. However, a t  low p ressu res  the relative uncertainties in the 

p res su re  measurernents a r e  higher than desired. 

ments in the instrumentation i n  the low pressure  range do not appear 

justified a t  this time. 

The 

Substantial improve- 

At  t imes minor operational difficulties were experienced with c e r  - 
The O-ring used for sealing the quick open- tain hardware components. 

ing head a t  the top failed several  t imes during the initial testing. 

proved O-rings partially eliminated the problem, but for  safety reasons 

it was necessary to operate the system a t  slightly derated maximum 

conditions. 

Im- 

Whereas, the system design condition was 800 psig at 500 
0 
F, most  experiments were initiated a t  p res su res  of about 575 psig 

0 
and temperatures  of about 480 P’. 

Operational difficulties were  also experienced with the high p res-  

Silica in the fluids tended to deposit su re  seal  in the circulation pump. 
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on the seal  and 1eak.s developed such that system shut down was neces-  

s a r y  immediately. To reduce this problem, frequent disassembly and 

cleaning of the seal  was required. Operational difficulties experienced 

with the positive displacement injection pump were caused by fouling of 

the pump suction and discharge values. 

cleaning of the valves eliminated the problem. 

Frequent disassembly and 
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CHAF’TER 6 

C ONC ILUSION ‘S AND RECOMMENDA , TIONS 

6. 1 Conclusions 

1. Results show that therrnal energy stored in fractured rock 

can be extracted effectively by reducing system pressure  by 

s team production to allow boiling to take place within the rock 

matrix.  The range of the rock energy extraction fraction was 

0. 7 5  to 1. 18 indicating that 75 percent o r  more  of the thermal  

energy stored in the rock between the defined temperature 

limits of the experiments was extracted. 

to affect the rock energy extraction fraction were ,  (1) the 

position of the liquid level, (2 )  reflux of condensed s team, 

(3) the recharge of cool1 water,  and (4) rock/s team tempera-  

ture  differences which depended on rock size and cooldown 

rate.  

Recovery of energy f rom the high permeability fractured rock 

systems tested increased by factors  of 1. 25  to 2. 57 over that 

achieved with flashing the in-place fluid alone. 

recovery was achieved by creating non-isothermal conditions 

by p res su re  reduction and in-place boiling. 

e t e r s  such a s ,  (1) exte:rnal heat t ransfer  parameter ,  ( 2 )  rock 

porosity, (3) rock energy extraction fraction, (4) initial p res-  

su re ,  and (5) recharge of high enthalpy fluid affected the 

recovery factor. 

affect the recovery factor in a r ea l  s ize,  high permeability 

system. 

Comparilson of predicted and measured rock/s team tempera-  

ture  differences for the instrumented rocks shows that these 

were generally within rneasurement accuracy. 

Pa ramete r s  found 

2 .  

The improved 

Several param-  

These parameters  a r e  also expected to 

3.  

Since the 
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c 

c 

c 

uncertainty inte:rvals for  both experimental and predicted 

rock/s team temperature differences a r e  quite large,  i t  was 

not possible to resolve completely the question of which 

geometry approximation (sphere o r  plate) was the most  

appropriate for  these rocks. 

mental techniques and in the thermal  property data used for  

the prediction a:re required. 

Comparison of predicted fractions produced based on m a s s -  

energy balances to experimental fractions produced shows 

that the experimental resul ts  can be predicted for a wide range 

of conditions excluding experiments with cool water recharge. 

In cases  with significant recharge of cool water,  non-uniform- 

ities in the axial. temperature distribution resulted which vio- 

lated the basic a.ssumption in the analysis. The mass-energy 

balance analysis could not therefore predict the performance 

of such systems. 

the uniform axia.1 temperature assumption appears feasible. 

The transient analysis was used to predict the chimney behav- 

io r  for  a wide range of conditions. 

analysis predicted the observed behavior closely in most  cases .  

However, the model could not predict the performance with 

cool water recharge because a subcooled liquid zone developed 

a t  the bottom which seriously violated the uniform a.xia1 

temperature assumption inherent  in the analysis. 

ments to the model to obtain a more  versati le analysis appear 

feasible . 
The resul ts  frorn the cyclic s team production and continuous 

recharge experiment show that only a moderate pressure  

r i s e  was achieved during the recharge process.  

of recharging a r ea l  system by fluid recharge alone to achieve 

Improvements in the experi-  

4. 

Improvements in the analysis to remove 

5. 

Results show that the 

1:mprove- 

6 .  

The feasibility 

1 5 1  



useful pressure  and temperature increases  is considered 

questionalsle. The reason i s  that the energy added to the 

system by fluid recharge alone i s  insufficient to heat the 

reservoi r  rock and the cool reservoi r  fluids to an adequate 

degree. It appears ,  however, that in a r ea l  size system 

heat t ransfer  f rom the surrounding rock may contribute 

somewhat to the recharge process  particularly if relatively 

large recharge t imes  a r e  involved. 

There does not appear t o  be a distinct flash front near  the 

liquid-vapor interface in the chimney model. Evaporation 

and vapor bubble formation occurred in the interior of the 

liquid with a flash zone that extended f rom the liquid-vapor 

interface to the bottom of the chimney in the absence of cool 

water  recharge. 

to some depth in a r ea l  size system determined by the liquid 

static head and the axial liquid temperature distribution which 

develop. 

Scaling of the model rock heat t ransfer  behavior to a particu- 

l a r  r e a l  size system indicates that the energy extraction f r ac-  

tion does not depend significantly on the rock size. 

shows that the rock energy extraction fraction is reduced by 

only 10 percent for rock s izes  up to about 200 f t .  

of energy extraction depends on the cooldown rate  and the 

s team production ra te  characteristic assumed for  the r ea l  size 

system, 

Prac t ica l  and economic aspects of artif icial  geothermal resource 

stimulation and in-plac e flashing were not evaluated. 

improved geothermal energy recovery from fractured systems 

by in-place flashing appears  promising, field experience i s  

required to establish its feasibility. 

7. 

It is anticipated that a flash zone will extend 

8. 

The analysis 

The degree 

9. 

Although, 
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6 . 2  Recommendations 

. 

The following broad recommendations for further work a r e  offered: 

1. 

2 .  

3. 

4. 

5. 

It is recommended that the rock thermal  transient analysis 

for  the rock/s team temperature difference for a rock of 

a rb i t r a ry  shape be developed further.  

temper a tu r e m e  a sur  e ment s o r  differ e nt m e  a sur  e me nt tech - 
niques should be developed. 

and heat t ransfer  coefficient data should be obtained to verify 

the analysis. 

It is recommended that improvements in the mass-energy 

balance analysis be made such that the effect of cool water 

recharge can be predicted adequately. 

quately account for varying production and recharge fluid en- 

thalpies should be included in the analysis. 

It is recommended that the costs  vs  benefits of significant 

improvements to the present transient analysis be investigated. 

The feasibility of utilizing m o r e  general codes being developed 

for  the geothermal industry should be considered a s  an a l te r-  

native to improving the present  analysis. 

A few improvements in the present chimney model system 

hardware should be considered. 

of a control system for  power control of the chimney tape 

hea ters  and the use of replaceable insulation on the chimney. 

Considerations tjhould also be given to replacing the present 

fluid production and fluid recharge measurement systems 

with semi -autorriatic systems such that better measurement 

accuracy and preselected recharge and production charac ter-  

i s t ics  may be achieved. 

Additional tes t s  to investigate the effectiveness of other rock 

energy extraction schemes and the reservoi r  charac:teristics 

Improved rock/ steam 

Better rock thermal  property 

Also, methods to ade- 

These include the installation 
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of other reservoir  types a r e  recommended. 

effort with the second rock loading should concentrate on 

energy extraction from a compressed liquid reservoi r  with 

cool water recharge. Subsequent tes ts  a r e  recommended 

with s team production from an initially compressed liquid 

reservoi r  which la ter  becomes saturated. The behavior of 

a reservoi r  consisting of superheated vapor with a small  

amount olf subcooled liquid a t  the bottom should also be investi- 

gated. 

Fur ther  testing to investigate energy extraction f rom low por-  

osity, low permeability systems is recommended. A s  a first 

step in this effort, i t  i s  recommended that the void spaces in 

the second rock loading be filled with coarse  sand which should 

give porosit ies of about 20 percent and a finite permeability. 

Subsequent tes ts  with rock segments containing artificial  f r ac-  

tures  arc: recommended, 

Tes ts  with a rock loading consisting of the rock obtained from 

the underground Piledriver chimney a r e  recommended. P a r  - 
t icular emphasis should be placed on radiological and water 

quality aspects. 

The near t e rm 

6. 

7.  
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APPENDIX A 

DESCRIPTION OF TEST APPARATUS 

A. 1 Chimnev Model Svstem 

Details of the chimney model system a r e  described he re  to supple- 

ment  the summary  description given in Chapter 2. 

i s  located in the Lloyd Noble Laboratory of Petroleum Engineering a t  

Stanford University, California. The piping and instrumentation dia-  

g r a m  of the system i s  given in F ig .  A. l ,  Figure A.  2 i s  a photograph 

showing a side view of the chimney model system,  while F ig .  A.  3 pic-  

tu re s  the ves se l  and its support s t ructure , ,  

The chimney model 

The sys tem is constiructed primari1.y f rom low carbon s teel  and 

is designed to ASME standards.  

vent the high p r e s s u r e  fluid to the atmosp'here in ca se  of accidental 

over-pressur izat ion,  

available. 

A safety relief system is installed to 

A manually operated blowdown system is a lso 

The system operates  in two p r imary  modes. The initial r e s e r -  

voir temperature  and p re s su re  conditions a r e  established in the "heating 

mode" shown in F i g .  2. 1. 

production mode" shown in F ig .  2. 2. 

described in Chapter 2. 

The experiments a r e  conducted in the "fluid 

These operating modes were  

A .  1. 1 

The p r e s s u r e  vessel  i s  2 feet  I. D. and approximately 5 feet  high. 

Chimney Model ~ 

The lower head i s  connected to the vesse l  shell  by standard bolted 

flanges while the tap c losure  i s  a "quick opening" head. The ves se l  

shell  has  severa l  penetrations for  t empera ture  and p re s su re  measu re-  

ment  instrumentation entry.  

to observe water  level movements. 

A sight glass  i s  installed on the vesse l  

P 
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. 
F i g u r e  A . 2  C h i m n e y  M o d e l  S y s t e m  
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F i g u r e  A . 3  C h i m n e y  a n d  S u p p o r t  S t r u c t u r e  
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L 

The vesse l  i s  suppoyted on a horizontal axis through i ts  approxi- 

mate center  of gravity b y  brackets. 

rotated 90 degrees  f rom a ver t ical  position to a horizontal position 

af ter  inlet and outlet piping, instrumentation, and other connections 

a r e  disconnected f r o m  the vessel .  

lower section of the ves se l  during rock loading. 

tape hea t e r s  wrapped around the outside diameter  with heating power 

control  sufficient to compensate f o r  heat l o s se s ,  o r  to supply energy to 

the water / rock  system a t  it desired ra te .  

to reduce heat losses ,  

These allow the vessel  to be 

This provides ready access  to the 

The vesse l  shel l  ha s  

The vesse l  is well insulated 

To a s s u r e  uniform flow distribution,, a baffle i s  installed a t  the 

lower end of the vesse l  (inlet). 

baffle arrangement  i s  shown in  Fig. A.  4. 

of the baffle p r ior  to installation i s  shown in F ig .  A.  5. 

A diagram of this flow distribution 

A photograph of the low side 

c 

A. 1. 2 Auxiliary Cornponents 

A 2 3  KW electr ic  heater  in the circulation piping supplies the 

thermal  energy necessary  to establish the initial temperature  and p re s-  

s u r e  conditions in  th.e chimney. 

water to des i red  temperature  conditions. The circulation hea te r ,  p r io r  

to installation of e lec t r ica l  supplies and insulation, is shown in F ig .  

A .  6. The hea te r  i s  controlled by an on/off thermostat  during heatup 

operation, but an automatic: power control  system is used to regulate 

the degree of preheating of the recharge water.  

may be se t  to provide recharge water  with e i ther  approximately constant, 

l inear ly  decreasing,  o r  l inear ly  increasing enthalpy a s  a function of 

t ime. 

It is a l so  used to preheat  the recharge 

The control  system 

A 15 gpm centrifugal pump provides 9 feet  head for  the circulation 

A view of this pump prior to installation of insulation i s  shown in flow. 

Fig. A. 7. The pump housing and pa r t s  in contact with water  a r e  made 
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Figure  A.  4 Flow Distribiition Baffle Arrangement 
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Figure A. 6 Side View of Chimney Model System with the Elec t r ic  
Circulation Heater in  the Foreground P r i o r  to Instal-  
lation of Insulation 
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f r o m  stainless steel. The 1 gprn injection pump used to recharge the 

chimney is a positive displacement pump delivering a maximum head 

of 800 psi. 

ground in Fig. A.  3 and in  the background in Fig. A.  7. 

can be controlled continuously by adjustment of the piston displacement 

in the range 0-1 gpm. 

stainless steel.  

The injection pump is shown a s  the component in the fore-  

The flow ra te  

P a r t s  in contact with water a r e  made f rom 

The circulation loop is constructed f rom schedule 80 low carbon 

steel  piping ( s izes  1/2,  1, l-l /Z, and 2 inch), Except for  connections 

to chimney, pumps, e lect r ic  heater  and various other components, the 

piping is all welded (140 high p r e s su re  welds). The system can be 

emptied a t  two low points by the drain valves which re lease  approxi- 

mately 99 percent  of the sys tem fluids. The piping sys tem and com- 

ponents a r e  well insulated to reduce heat losses .  
e 

A. 2 Instrumentation 

The paramete rs  and conditions measured during operation of the 

The locations of the loop p r e s -  system a r e  summarized in Table 2. 2. 

s u r e ,  temperature  and flow mea.surement sensors  a r e  indicated in 

Figs.  A .  1, 2. 1 and 2 .2 .  

according to ASME code requirements. 

experimental data a r e  discussed. individually in the following. 

P r e s s u r e  indicators (gages) a r e  installed 

Sensors  used for  acquiring 

A.  2. 1 Temoerature and P r e s s u r e  Measurements 

The thermocouples used for  loop temperature measurements  a r e  

1 / 8  inch diameter  stainless s teel  sheathed (grounded) iron/constantan 

thermocouples (type J). The positions of the thermocouples used to 

measure  the chimney steam, rolck and metal  temperature conditions 

a r e  shown in Figs.  2. 8 through 2 .  10. The thermocouples used for  
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. 
L 

L 

s team and rock temperature  measurement a r e  s imi lar  to the above 

except they a r e  1/16 inch diameter.  

A l l  chiimney thermocouples a r e  inser ted through the vesse l  wall 

by Conax high pressure  fittings. 

using unsheathed thermocouples (type J) cemented to the outside metal  

surface with high temperature cement. 

ments a r e  recorded on multipoint recorders .  

tu res  a r e  measured a t  accumulators 1 and 2. 

ney is measured with an electronic p ressure  t ransmit ter  employing a 

Bourdon-tube a s  the p r imary  sensing element. Since the chimney p re s-  

sure  measurement  is essential  to these experiments, a redundant p res-  

su re  measurement  was prclvided by a 1 /4  percent  accuracy tes t  gage. 

The metal  temperatures  a r e  measured 

A l l  thermocouple measure-  

The loop metal  tempera-  

The pressure  in the chim- 

A. 2. 2 Flow Measurements 

The circulation flow ra te  during heatup is measured using a 0. 945 

inch diameter  orifice installed in the 1-1/2 inch line. :k The measured 

pressure  difference signal f rom the electronic differential p ressure  

t ransmit ter  is fed to the multi-point recorders .  The recharge flow 

was originally measured using a 0. 357 inch diameter  orifice installed 

in the 1/2  inch line, but this arrangement proved to be unreliable. 

recharge flow ra te  was therefore computed f rom injection head tank 

water  level rneasurements a s  a function of time. 

The 

The condenser cooling water  flow ra te  is measured using a 0. 540 

inch dimater  orifice installed in the 1 inch water  line, The recording 

of this measurement  is the same a s  for the circulation flow measure-  

ment. 

of time. Since evaporation f rom the approximately 70 F temperature 

liquid in the collection tank is negligible, the s team production ra te  is 

computed directly f rom the liquid m a s s  measurements.  

The produced fluid is weighed in the collection tank a s  a function 
0 

.I, -0- 

Flow sections with flange taps were  used for the orifice installations. 
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APPENDIX B 

ROC K C HA R A C T E R IZ A TION 

B. 1 Statist ical  Analvsis of Rocks 

To compare resul ts  f rom the chimney model experiments,  some 

uniform description o r  measurement of the rock geometries i s  needed. 

These data a r e  also required to extrapolate the experimental rock 

thermal  behavior to r ea l  size frac:ture-stimulated systems.  

character is t ics  that appear to be significant were discussed in Chapter 2. 

The l inear dimensions i l lustrated in the upper portion of F ig .  2. 3 ,  the 

m a s s ,  and the rock density were used to calculate the shape factors  

discussed in Chapter 2. 

t ical  analysis ,  and the resul ts  a r e  given in the following, 

The rock 

Details of the sampling techniques, the s ta t is-  

B. 1. 1 Sampling Techniques and Statistics 

A major  object of any stat ist ical  sampling procedure is to obtain 

a representat ive o r  random samp1.e of the population such that reliable 

stat ist ical  information a r e  obtained. 

for  this study include: 

The sampling techniques used 

1 .  The selection of a large  sample with no part icular  precautions 

taken to a s su re  randomness. 

2. Point counting, a method involving a relatively smal l  sample 

where part icular  emphasis is on assur ing randomness. 

The point counting method,involved spreading the rock on a plane surface. 

Rocks immediately under the grid points of a square grid placed over the 

rock population were  selected for  the sample. 

The f i r s t  method was time consuming because a large  number of 

rocks had to be measured.  

the point counting method, it is l e s s  t ime consuming although more  

effort is required in the sampling itself. 

Since smal ler  samples a r e  required with 

F o r  comparison, both methods 
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were used f o r  the f i r s t  rock loading, but only the second method was 

used for  the second rock loading. 

l a te r  reference.  

in each sample a r e  given in Table B. 1. 

Each sample was numbered for  

These reference numbers and the number of rocks 

Sample 
Number 

1 - 1 ::: 
1-2 
2- 2 

TABLE B. 1 

Rock Sampling Number of 
.L o a ding Technique Rocks in Sample 

1 1 1978 
1 2 168 
2 2 156 

.la 

-"First  number r e f e r s  to rock loading and the second give 
the sampling technique. 

The cumulative distribution functions and the probability density 

functions were  computed fo r  each of the original measurements  and 

for  the derived paramete rs ,  such as those given by Eqs. (2. l a )  through 

(2.  IC) .  Initially all distributions were plotted using l inear scale along 

the abscissa.  Since part icle size distributions resulting f rom grinding 

o r  crushing processes  a r e  often found to approach lognormal distr ibu-  

tions, the data were  a lso  plotted on semilog paper with the logarithmic 

scale along the abscissa .  The mean, variance,  and standard deviation 

were  computed for  each parameter  f rom the formulas,  

n 

- 2  
va r ianc e (Xi - x) 9 n- 1 

i = l  
and 

2 1 / 2  
standard deviation (3 = (s  ) 

(B. l a )  

(B.  lb)  

(B. IC) 

167 



B. 1. 2 Analysis and Results 

The cumulative distribution and probability density functions a r e  

shown in F igs .  B. 1 through B. 9 for sample 1-1 using l inear scales  

along the abscissas .  

e te r  a r e  l is ted in the figures. 

for  the paramete r  shown along the abscissa.  

The mean arid standard deviations for each param-  

This units of x and cr a r e  the same a s  

The probability density functions of Figs. B. 1 through B. 6 for  

a ,  b ,  c y  M r ,  d, and A ,  show that when l inear abscissas  a r e  used these 

paramete rs  a r e  not normal  on the low side, but they a r e  fa i r ly  normal 

on the high side. 

countering rocks with very  small  dimensions than very  large.  The 

probability density distribution foir rock m a s s  given in Fig. B. 4 i s  seen 

to be severely  skewed. 

It i s  apparent th.at there i s  a higher probability of en- 

A detailed study of these f igures indicates that a rock with one 

relatively smal l  dimension has  two other dimensions of the same order .  

Additionally, a rock with one dimension near  the mean has  two other 

measurements  which a r e  substantially different f rom the mean. The 

distribution functions for  the b / a  and c / a  rat ios and for  the sphericity 

pa ramete r  \c1 a r e  shown in Figs,  B. 7 through B. 9. In contrast  to the 

previous dimensional parameters , ,  the distributions for  these dimension- 

l e s s  pa ramete rs  approach the normal, 

The resul ts  of the stat ist ical  analysis for  the smal l  second sample 

of the first rock loading (sample 1.-2) showed trends that resembled the 

resul ts  for  the f i r s t  sample (sample 1-1). A s  an example, a compar i-  

son:: of the probability density and cumulative distribution functions for  

the equivalent diameter  derived f rom samples 1-1 and 1-2 is given in 

Fig. B. 10. It is  observed that there  a r e  some differences between the 

J, -4- 

Use of normalized abscissa  was required because the range of the 
equivalent d iameters  fo r  the two samples were  not identical. The 
normalized variable i s  the equivtalent diameter  divided by i t s  range. 
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Figure B. 8 Cumulative Ui stribution and Probability Density 
Functions fo r  Thickness/Length Ratio 
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distribution functions derived f rom the two samples. However, it was 

found that the means,  which a r e  of major  in teres t  in this study, did not 

differ much for  the two samples a s  is  indicated in Table B. 2. 

the second sampling method (point counting) is the fas tes t ,  it was used 

for  the second rock loading. 

Since 

The distribution functions for the l inear length dimensions and 

the m a s s  for  sample 1-1 were  a l so  plotted on semilog paper as shown 

in Figs. B. 11 through B. 14. 

the lognormal. 

It is  seen that these distributions approach 

The resul ts  of the statistical. analysis of sample 2- 2  for the mass  

and the l inear length dimensions a r e  shown in F i g s .  B. 15 through B. 18 

on semilog paper. 

approach the lognormal. 

appears  to be that the second rock loading was not a random population. 

It is seen that none of these distributions appear to 

The explanation fo r  the indicated behavior 

B. 2 Bulk p a r a m e t e r s  

The t e r m  "bulk parameters"  r e f e r s  to such paramete rs  as total 

rock mass ,  mean solid rock density, void volume, drainage porosity, 

and permeability of the rock loading. 

ated void space is re fe r red  to as the rock matrix. 

extends f rom the flow distribution baffle a s  the bottom to the flange face  

at the top of the chimney (see  Fig. 2. 8). 

The volume of rock with associ-  

The rock mat r ix  

There  a r e  smal l  spaces at the top and bottom of the chimney 

where there  a r e  no rocks. 

exclude these spaces and use  a porosity defined by 

F o r  this study it was found appropriate to 

A Volume of void in rock mat r ix  
Volume of rock mat r ix  d =  

:1 74 
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The following procedure was used to determine the bulk parameters :  

The void space between the flow distribution baffle and the inlet 

isolation valve (see  F ig .  C. !j) was determined by filling the void 

with water  which was weighed af ter  draining. 

Batches of rock were  cleaned and weighed pr io r  to loading the 

chimney. 

the batches. 

After completing the rock loading, step ( 1 )  was repeated, but this 

t ime water  was filled to the top of rock matrix (top flange) and then 

drained. 

(3 )  and (1) is the rock. mat r ix  void. 

Equation (B. 2) was used to compute the drainage porosity using 

the rock matrix void and the volume of the rock mat r ix  computed 

f rom chimney geometry data. 

computed f rom the rack volume (rock mat r ix  volume l e s s  void 

space) and the measured rock mass. 

The total rock ma.ss was determined f rom the sum of 

The difference between volumes determined f rom steps 

The rock mean solid density was 

A summary of the bulk paramete rs  obtained for the two rock loadings is 

given in Table 2.6. 

The intr insic porosi ty of the solid rocks used in this study is con- 

s idered negligible compared to the void space between the rocks. 

high permeability of the connected voids between the rocks provides 

ve ry  little res is tance to the: flow of fluids a t  the low flow velocities of 

these tests .  Thus, the flow friction p ressure  drop in the rock mat r ix  

is negligible. 

bottom to the top (about 2 psi)  due to the static head of liquid in the 

chimney. 

The 

However, there  is a small p ressure  difference f rom the 

B. 3 Instrumented Rocks 

Several  "instrumented" roc:ks were  positioned at various locations 

in  the rock matrix to measure  the rock temperature behavior during the 

1 r30 



fluid production transient. The instrumentation consisted of 1 / 16 inch 

diameter thermocouples cemented into 1 /8  inch diameter holes drilled 

in the rocks. 

t r y  data f o r  the instrumented rocks of both rock loadings a r e  given in 

Table B. 3. 

Figs. 2 .  8 through 2 .  10. 

each rock loading a r e  given in F igs .  B. 19 and B. 20. 

Details of the procedure a r e  given in Chapter 2 .  Geome- 

The location of each rock in the rock matr ix  is given in 

F’hotographs of several  instrumented rocks of 
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Figure B. 19 Instrumented Rocks of the First Rock Loading 
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APPENDIX C 

DETAILS O F  ANALYSIS c 

4. C. 1 Derivations for Rock Thermal Transients 

C. 1. 1 Exact Solution for  Plate 

When one dimension of a rock is small  compared to the other two, 

the rock thermal behavior may be approximated by that of a plate. The 

exact solution for  the thermal behavior of a plate in a linearly decreas-  

ing temperature environment was discussed in Chapter 3. Formulation 

of the boundary value prolblem and i t s  solution is given here.  

Using the notation for  the plate in Fig. C.  1, the one-dimensional 

boundary value problem becomes': 

Par t i a l  Differential 
Equation (PDE) 'rt - Q T  = o O < x < A ,  - -  t > O  xx 

Boundary 'r = o a t  x = o ,  t > O  
X 

--kT = h ( T - T  t p t )  at x = R ,  t > O  Conditions (BC) 
X 0 

'r = T 
0 

Initial Condition (IC) o < x < a ,  - -  t = O  

Letting u = T - T and 13 = h /k  the above system is transformed to 
0 

t xx = o  O < x < R ,  - -  t > O  (C. l a )  u - au 
u = o  a t  x = O ,  t > O  (C. lb) 

P DE 

BC 
X 

u t HU = -Hpt a t  x = R ,  t > O  (C. IC) X 

IC u = o  O < x < R ,  t = O  - -  (C. Id) 

::: 
In the following the subscripts t, x,  and xx represent  partial deriva- 
tives with respect  to time t and the space variable. 
script  l l rrr  used to denote "rock" is neglected temporarily in order  not 
to confuse it with derivative with respect  to radius. 

Also, the sub- 
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The non-homogeneous boundary value problem is solved by super - 
posing two different solutions. One solution satisfies the non-homo- 

geneous boundary condition and the other satisfies the homogeneous 

boundary conditions, 

Carslaw and Jaeger (1947') is  

The solution to the above problem given by 

7 7  

(Hx'- A'H - 2 A )  - -  
2ffH 

u = -pt - p  

where the eignevalues a r e  n 

2 -a Ant 
c o s k x e  

n A'[ (H2t  A') A t H ]cos AX n n 

(C. 2a) 

the roots of the transendental equation 

Xtan(XR) = H (C. 2b) 

The temperature at the center of the plate is obtained by setting 

x = 0. 

ing non-dimensional para:meters: 

In presenting this result  i t  is convenient to introduce the follow- 

T -T r - ,-. = non-dimensional rock/steam temperature - - u t pt 

p R'/a p A L / Q  difference 

n hA B = HA = - = Biot number k 

= Fourier  number A at  F =  - 
2 

6 = XA = non-dimensional eigenvalue. 

The center temperature of the plate becomes in t e rms  of these variables 

2 -a F 00 
'- n 

2Be 
7 

T - T  rc = (1 /2  t 1/B) - 7 (C. 4a) 

n = l  / f [B(B t l ) t  n BL]cos$ n n 
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where the eigenvalues 6 a r e  given by n 

6 t a n 8  = B 

The mean temperature of the plate is evaluated f rom 

Using Eq. (C. 2a)  for u in Eq. (C, 5), the mean temperature in t e rms  

of the non-dimension.al parameters  defined above becomes 

- - b2F T r - T  

2 
2 2 B e  2 n  = (1 /3  t 1/B) - 

64[B(B4-l)-+ (s21 n = l  n n pa / a  

C. 1. 2 Exact Solution for Sphere 

When the three orthogonal length dimensions of the rock do not 

- 

differ by much, an approximate solution for  the rock thermal behavior 

is obtained by considering a sphere of diameter d = 2r0. 

diameter used is the equivalent diameter defined a s  the diameter of a 

sphere having m a s s  equal to that of the rock, 

in Fig. C. 1 for the sphere and u = T - T 

value problem becomles 

The rock 

Using the notation given 

the one-dimensional boundary 
0’ 

a 2  
L. r r  r 

O < r < r ,  t > O  
0 - -  u - :;(r u ) = O  t PDE 

u = o  at r =  0 ,  t > O  r 

r 

BC 

u t H u = - H l t  at r = ro, t > O  

IC u = o  O < r < r  t = O  
0’ - -  

The above problem cam be transformed into a form similar to that of 

the plate problem by introducing the new variable U = ur  which gives 
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c 

b 

P D E  

BC 

IC 

O < r < r ,  t > O  
0 - -  U t - " U  = o  r r  

u r = o  at r = O ,  t > O  

1 
U r +(H--:IU=-Hpr r 0 t at r =  r 0 , t > o  

0 

(C. 7a) 

(C. 7b) 

( C .  7c) 

u = o  O < r < r  t = O  
0) - -  (C. 7d) 

The procedure for solving this problem is similar  to that for the 

plate. The solution given by Carslaw and Jaeger (1947) is 

2 

-ro(2+ro)) - 2 r : H p Z  n 

0 

-Q &t 2 2  
sinX r e  

2 2 2  
u = p t -  6 a r  H a r  

n= 1 Xn[roXntroH(roH- 1) 1 sinX n o  r 

(C. 8a) 

c 

C 

where the eigenvalues a r e  the roots of the transendental equation 
n 

r Xcot(r A )  t (roH-l)  = 0 (C. 8b) 
0 0 

The temperature at the center of the sphere is obtained by taking 

the limit as r + O  which gives in t e rms  of non-dimensional parameters  

defined ear l ier  

- B2F n 
( C .  9a) 

2Be 
2 

T - T  

2 
r c  

CLro/a 
= ( 1 / 2 #  t 1 /B) /3  - 

n = l  8,[ Pnt  B (B - 1) 1 sinb n 

where the eigenvalues fin a r e  given by 

~ C C ~ t ~  t (B-1) = 0 (C. 9b) 

To e .a1 late the mean temperature of the sphere, it i s  necessary to eval- 

uate the integral 
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(C. 10) 

3 
where V = 4 / 3 ~ r  . Using Eq. (C.8a) fo r  u ,  the mean temperature be-  

comes in t e rms  of th.e non-dimensional parameters 

- B2F 
2 n  

- 
T - T  

2 
r = (1 /5  t 1/B) /3  - 

P r o l a  
(C. 11) 

C. 1. 3 One-Lump Parameter  Solutions 

The infinite sums in the exact solutions given above require con- 

siderable numerical evaluations. 

solutions convenient for  our purposes a r e  derived by considering that 

the rock is at uniform temperature. 

cuit for  the transient problem is given in Fig. C. 2. 

l inear differential equation for  the mean rock temperature is obtained 

f rom an energy balance on the rock a s  

Approximate one-lump parameter  

The notation and the thermal c i r -  

The first order  

(C. 12) 

where R = R.  t R = total thermal resistance 
1 S 

C = pVCr = thermal capacitance (see  Fig. C. 2). 

The solution of the above equ.ation with the initial condition 

T = T is given by r o  

The solution reduces to 

1 -t/RC - 
T - T = pR(3[1-e r 

(C. 13) 
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Physical System 
/Rock 

Surroundings 

T = To -pt 

c 

Thermal Circuit 

- 

T r t  m Q  I T 

T 

Figure C. 2 'Notation and Thermal Circuit  for the One-Lump 
P a r  ame te  r Analysis 

C 
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It is necessary to evaluate the RC product in t e r m s  of the rock 

geometry and its properties. When the rock is approximated by a 

plate of half thickness a ,  the total thermal  resistance is given by 

c ond 1 a 
R = -  t -  kA hA 

and the thermal  capacitance by 

C =  p a A C  . :r 

The RC product beco:mes 

(C. 14a) 

The RC product can be rewritten in t e rms  of the following param-  

e te r s  

2 
QC 

B 

= k / p c r  = thermal  diffusivity (it /hr )  

= hA/k = Biot number (dim. less)  

6 = a  / a  = normalized conduction path length (dim. less)  p cond 
(see Fig. C.2:) 

as 

2 
RC = ( b p t  1/B)R /a (C. 14b) 

A s imilar  expression can be (derived for a spherical rock of radius 

r for  which the total thermal  resistance is given by (Holman, 1972) 
0 
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i 

R =  

1 

1 
r 

47rk hA 
o cond 0 t -  

0 

The thermal  capacitance of a sphere is 

4 3- 
C = p ~ r r  C o r  

The R C  product for the sphere becomes 

t -  r h  
0 

''r:': ( 
>nd 

o cond 
RC = -- 

3k 

Introducing the dimensionless parameter  defined by 

(C. 15a) 

c ond 
R 

c and 
R 

- normalized conduction path A 
r length, 6s = r- - - o c,ond 0 

the Biot number, and the thermal  diffusivity yields for the sphere 

2 
R C  = (as  t 1/B)r  /3a (C.  15b) 

0 

With these expressions for RC,  the approximate one-lump param-  

e ter  solutions for  the mean rock/steam temperature difference of the 

plate and the sphere a r e  

Plate 

(C. 16) 
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(C. 17) 

The above derivations did not provide a range of the numerical 

values of 6. However, one would expect that 6 is in the range 0 < 8 < 1 

and that it will change with time a s  the temperature profile in the solid 

develops. Also, it i s  likely that 6 depends somewhat on the Biot num- 

ber  for  moderately high values of this number such that 

cant compared to 6. 

ible surface thermal resistance a s  compared to internal resistance) no 

effect is  expected. 

1 /B  is signifi- 

However, for  large values of B (indicating neglig- 

F o r  the mean temperatures of the plate and the sphere, limiting 

values of 6 a r e  obtai.ned by compairing the exact solutions (Eqs. C. 6 

and C. 11) to the lumped parameter  solutions (Eqs. C. 16 and C. 17) f o r  

large t imes  such that time dependent t e rms  a r e  negligible (quasi-steady 

state linear cooldown conditions). 

the center  column of Table C. 1. 

Such a comparison gives the data in 

TABLE; C. 1 

Normal.ized Conduction Path Lengths for  
the Plate and the Sphere for  Quasi-steady 

State Linear Cool'down Conditions 

Center 
Geometry 1 Te$Ezzture 1 Temperature 

I Sphere I 6 = 1/5 
S 

I 6 = 1/3 
I p  

I 6 = 1/2  c s  
6 = 1 / 2  I cp -- I 
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i 

c 

Approximate expressions for  the rock center /s team temperature 

differences a r e  obtained by defining artificial conduction path lengths. 

These a r e  obtained by comparing the exact solutions (Eqs. C. 4a and 

C. 9a) to the one-lump parameter solutions (Eqs. C. 16 and C. 17) in 

which T is replacedby T 

replaced by c s  and cp. 

conditions the data in the right hand column of Table C. 1. 

and where the subscripts 8 and p a r e  
r r c  

This comparison gives for  quasi-steady state 

C. 1.4 Rock Time Constants 

The time constant is a measure  of how fas t  the rock attains equi- 

librium temperature following a step change in the ambient temperature. 

By definition, the time constant is  the time required for  the rock mean 

temperature to reach 6 3 . 2  percent of the step change. Thus, if a rock 

is at a uniform temperature of 200 

100 F environment, the time constant is the time required for  the rock 

mean temperature to reach 136. 8 A method for  estimating the time 

constant for  a rock when the shape factors equivalent diameter d, thick- 

ness  c ,  and sphericity parameter  + a r e  given i s  outlined below. 

0 F and is suddenly exposed to a 
0 

0 
F. 

The mean temperature transients of a sphere and a plate resulting 

f rom step changes in the surrounding temperatures were given by 

Jaeger and Clarke (1947),and by Schneider (1955). The results ,  p re-  

sented graphically in t e r m s  of the Four ier  and Biot numbers, may be 

used to obtain the time constant for  the sphere and plate. 

resul ts  may  a lso  be put into equation form convenient for  numerical com- 

putations. 

However, the 

The RC: product given by either Eq. (C. 14b) o r  Eq. (C. 15b) has the 

dimension of time. 

that 

The time constant is obtained if 6 is selected such 

RC = 7 = time constant. 
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These values of R a r e  computed for the plate and the sphere from 

(C. 18a) 

(C. 18b) 

where T and T are .  obtainedfrorrl the temperature charts .  P S 

The results  of these evaluations a r e  given in Fig. C. 3 where h 

is plotted vs  the Biot number for the plate and the sphere. It is ob- 

served that for Biot riumber greater  than about- 1, the values of 6 a r e  

fair ly constant. 

slightly lower (0. 31 vs 0. 3 3  for the plate and 0. 18 vs 0. 20 for the sphere) 

than the correspondirig asymptotic values for quasi-steady state linear 

cooldown ( t > > T ) .  A t  early times in the transient (t << 7 ) 6 is  expected 

to be small. Thus, Q develops f rom zero  a t  t - 0 to the asymptotic 

value at large time s .  

It is  a lso  noted that these constant values a r e  only 

Equations (C. 18) solved for t'he time constants a r e  

A 
0 

T = - ( 6  4- 1/B) s 3a s7 

(C. 19a) 

(C. 19b) 

These equations were used with the data in Fig, C. 3 to compute the time 

constants given in Figs .  3. 2 and 3. 3. 

The above equa.tions and Eq. (3 ,  7) were used to estimate the time 

constant f o r  the mean size rock of each rock loading and for  a l l  instru-  

mented rocks as explained in Chapter 3. The calculated time constants 

a r e  given in Tables 31. 1 and C. 2. 



t 

c. 

\ 
2 
? 
0 

I 
I 
I 
I 

c 
c 

i? xk v) )r 

a 

0 
N 
0 

I 
I 
I 

197 



J 
t- 

J a 
t- 

J 
m 

t- 

o 
t- 

o a 
t- 

h 

k 
A 
W 

o 
m 

t- 

b 
k 
c, 
a, 

A E  u o  
2;  

ar-aaor-O\* 
, + N N N N "  
0 0 0 0 0 0 0  . . .  d d d d o o o  

* @ 3 + 4 N N c o  
r r ) * m F a a *  
0 0 0 0 0 0 0  

0 0 0 0 0 0 0  
. . . . . . .  

O O r n 4 . - r N r -  
Nr?Nrr ) r r ) r r )N 

0 0 0 0 0 0 0  
. . . . . . .  

a 
a, 
c 
a, 
c, 

co 
* c o a * 0 0 r ? r -  
0 4 + 4 4 r ? 4  

0 0 0 0 0 0 0  
. . . . . . .  

m 
c o c O * N c o r z ) c 0  
O N N + N L n N  

0 0 0 0 0 0 0  
. . . . . . .  

rr) m 9 

198 



t 

4 

C. 1. 5 Two-Lump Numerical Formulation 

The basis  for  selecting three different size spheres each consisting 

of two equal thermal  capac:itance (equal volume) lumps to represent  the 

rock loading was given in (Chapter 3. 

for  the two lumps in each sphere is shown in Fig. C. 4. 

consists of a sphere of radius r 

shell of inner and outer radii  r and r . The dividing radius, r is 

computed f rom 

The detailed geometry assumed 

The inner lump 

The outer lump consists of spherical m' 

m ,  0 m 

r = io/ fl = r 11.26 m 0 
(C.  20) 

The magnitudes of the radii  r and r 
1 2 where the mean temperatures 

T 

(1955) for hollow spheres. 

r* were determined for the limiting case  of a steady state temperature 

profile and no surface thermal  resistance. 

resul ts  for  the largest  outside to inside radii  ratio be used as a first 

approximation. 

tion for  the special case  of linear cooldown to determine its adequacy. 

The thermal  circuit  for a two-lump sphere is shown in Fig, 3. 7. 

Energy balances on each od the two lumps of the small size sphere (of 

the three s izes  selected) t'ogether with heat t ransfer  rate  equations lead 

to the two first order ,  l inear differential equations given below, 

F o r  the inner lump: 

and T 
r l  r 2  of the two lumps a r e  located have been studied by Johnson 

In that analysis the normalized radii  r" and 1 

2 
It is proposed that Johnson's 

The numerical procedure is compared to the exact solu- 

- - -  - 
l S C l S  

dt 

F o r  the outer lump: 

c 
d T r 2  T r l  - T  r 2  - T r 2  ~ -~ 

t _ _  - -  _ -  
dt -RlsC2s C2s(R2s+ Res) ' 
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T 
r 

= 0.5092 ‘I 

‘0 

rm - = rm* =0.7937 
‘0 

r 

‘0 

- =  ‘,* 

L- - r2* =0.8626 

0 
‘1 ‘m ‘2 ‘0 

Figure C. 4 Details of Two-Lump Sphere Geometry 
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i 

L 

where the subscript "S I '  r e f e r s  to smal l  size sphere, T 

a r e  the inner and outer lump temperatures,  and where T (without sub- 

script)  is the surrounding steam temperature. 

and T 
r l  r 2  

The conduction thermal resistances R and R for  spherical 
1s 2 s  

shells a r e  (see Holman, 1972) 

R l s  = (-- 1 - ')/4nk 
r r 1 13 2 s  

(C. 22a) 

The convection thermal resistance a t  the surface is 

the thermal capacitances olf the two lumps a r e  

1 4  = c~~ - - pr  r (  7 .s)cr , 
where is the rock specific heat. r 

(C. 22b) 

(C.  22c) 

(C. 22d) 

Since there a r e  a total of three rock sizes each with two lumps 

(see Figs. 3. 5 and C. 4), there a r e  two more se ts  of equations and 

coefficients. 

denoted by T 

The equations for  the temperature of the six rock lumps, 

(i = 1 , 2 , .  . ., , 6 ) ,  a r e  given in standard form a s  
ri 

(C. 23)  

dT , 

rb 2: , I  T t a t  T t - 0 .  t a l  Tr6 t b k T  66 dt 61 r l  215 r 2  
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The coefficients a '  and b8  

sphere by compariscm of these to 
i j  j 

a t  = -1/R C 11 1s 1s 

at = a i l  12 

at = a '  = a i l j  = a i 6  = b i  
13 14 

21 is 2s; 
a t  = 1/R C 

a r e  determined for the smal l  size 

Eqs. (C. 21) to be 

(C. 24) 

Similar expressions a r e  obtained fo r  the coefficients of the two other 

pairs  of equations. 

The rock thermal properties ---specific heat and thermal conduc - 
tivities--varies with temperature a.s shown in Appendix D. 

iations a r e  neglected in the integration. 

data in Table D. 1 were used to evaluate mean values of the coefficients. 

These var-  

The mean thermal property 

c. 2 

given 

Derivations for Laboratory Model Reservoir Analysis 

C. 2. 1 Equations for Transient 

The basis  for c:onsidering the: idealized reservoir  in Fig .  3. 6 was 

in Chapter 3. If M i s  the m a s s  of the two-phase steam mixture 

contained in the void space within the chimney control volume a t  time t ,  

conservation of mass  yields 

= hai - 14 dM - 
dt P (c. 25a) 

Integration of the above equation wi.th respect  to time with initial condi- 

tions 
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M = M  a t  t = O  
0 

= M  = O  a t  t = O  
Mi P 

gives M in t e rms  of the cumulative fluid recharge M. and cumulative 

steam production M as 
1 

P 

M =:M t M  - M  (C. 25b) 
0 i P 

If E is the internal energy of the two-phase steam mixture within 

the control volume a t  time t, conservation of energy gives 

(C. 26) 

where the boundary parameters  a i i b , and hr a r e  a l l  

functions of time. 

liquid) is  given by 

i’ i’ p’ p’ m 
The internal energy of the steam mixture (vapor and 

where 

E = M e  + M e  
f f  g g  

M 

M 

e f 
e 

g 

= m a s s  of saturated liquid 

= m a s s  of saturated vapor 

= interna.1 energy of saturated liquid 

= internad energy of saturated vapor 

f 

g 

(C. 27) 

Equation (C. 27)  can be rearranged to obtain an expression that is 

a function of pressure  and M only using the following relationships be- 

tween total mass and volume of the mixture and the masses  and volumes 

of the two phases 

M = M f t M  
g 

(c. 28a) 
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v = Vf t v 
V g 

(C. 28b) 

Also, the m a s s  of the liquid and va.por phases can be expressed in 

t e rms  of the specific volumes as 

Mf = V / v  (C. 29a) 
f f  

M = V /v 
g g g  

Combining Eqs. (C. 27) and (C. 28a) gives 

t (eg- ef) 

The mass of vapor can be expressed a s  

= I V  I t v f - v f - v  2) /bg- Vf) 

\ g  vg 

In the above expression it is  noted that 

v + Vf = v = vb, 
g V 

and 

(C. 29b) 

( C .  30) 

,204 



Writing v = v - v and e = e - ef ,  Eq. (C .30 )  becomes 
f g  g f fg  g 

E = M  e 
[ f  

e 
+ A($ V - 

f g 
(C.  31)  

The functional form of Eq. (C. 31) is 

E = E(P,M)  = E(P( t ) ,  M(t ) )  

The total derivative of E .with respect  to time is given by the chain rule a s  

1 
The part ial  derivative 8/8P is written as ( ) in the above equation 

and the dM/dt multiplier in the last t e rm is replaced by M. - 
Eq. (C. 25a). 

f rom 
1 P 

Combining the above equation and Eq. (C. 2 6 )  gives 

This equation is  solved fo,r dP/dt  which rearranted gives 
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This equation provides a met:hod for obtaining the reservoir  

p ressure  transient  for  given boundary parameters  Q , Q , Mi, ii, M 

i and M. The independent parameters  M., i. and M a r e  controled 
P 1 1  P 

by the operator a s  functions of time. The parameters  i Q , Qr, M 

and P depend on the independent parameters ,  i. e. , on time t. 

boundary parameters  used for the ,analysis were derived f rom experi-  

mental data a s  explained later .  

m r  PS 

P' m 
The 

A n  equation for  the ra te  of external heat t ransfer  Q is derived 

by considering the annular control volume enclosing the steel  chimney 

with insulation. This control volume by definition excludes the water /  

rock system contained inside the clhimney. 

f rom the chimney wall to the water / rock system ("wall effect") involves 

the four energy te rms :  

m 

The net energy transfer  

1. Heat losses  f rom the chimney to the surroundings of magnitude 

UA8 (Btu/hr).  
m 

2. Energy storage in  the chimney metal  of magnitude M C 8 
m m m  

(Btu). 

Net ra te  of energy transfer  f rom the chimney system to the 

water / rock system denoted by bm (Btu/hr).  

Electr ical  energy supply by the tape heaters  on the chimney 

outside surface denoted 'by 6 

3 .  

4. 

(Btu/hr).  E 

An energy balance yields 

(C.  33)  



where 9 = T - 'I' i s  the average chimney metal temperature 

obtained experimentally f rom me tal  temperature measurements.  
m m 03 

The electr ical  power input to the tape heaters  was available from 

measurements .  The m a s s  of the chimney metal  M 

conductance UA were determined f rom calibration tests  as described 

previously (Hunsbeclt, Kruger and London, 1975). The numerical 

values and the standard deviations of these parameters  a r e  given in 

Table C. 3. 

and the heat loss  m 

TABLE C. 3 

Tabulation of Chimney Pa ramete r s  1 

1 Effective chimney I 
metal  m a s s ,  M n-l m 3428 f 240 lb 

Effective chimney heat 
loss  condiictancc:, UA 32. 2 f 1.2 Btu/hr F 

The enthalpy of the recharged fluid i. a t  the inlet of the chimney 

can be derived from inlet temperature measurements if the recharged 

fluid is subcooled. However, when the recharged fluid is preheated in 

the electric heater o r  by the tape heaters  on the inlet line, the recharged 

fluid may be a two-phase mixture. In that case  i is evaluated f rom 

measured temperature data a t  the electric heater exit where high p res-  

su res  and subcooled water conditions were maintained by inlet valve 

regulation. 

1 

i 

An energy balance on the inlet line assuming negligible energy 

storage effects in the steel line (see Fig. C. 5) gives 

i i H  = i t (cii - QAi)/Mi (C .  34) 

where Q. is the measured electrical energy supplied by the inlet line 

tape heaters .  The f ree  convection and radiation heat losses  from the 
1 
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Figure C. 5 Notation for  Line Heat Loss Analysis 
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inlet line were estimated using the following formula (from Fishender 

and Saunders, 1934') 

Q .  = A . { C i ( T w - T  ?I4+ €0 .  17.10- 3 '[( t 4 6 0 )  4 - ( T  t460)  4 11 (C.35) 
a1 1 a3 W 00 

The wall temperature T 

a function of t ime a t  one representative point. 

evaluated experimentally (C. = 0. 90). The emissivity F was taken to be 

0. 15 for  this system. 

(insulation skin temperature) was measured a s  
W 

The constant C. was 
1 

1 

The enthalpy of the produced s team was evaluated f rom tempera-  

ture  measurements  at the chimney exit. 

was based on a condenser heat balance which gives the s team enthalpy 

at the inlet of the condenser as  (Hunsbedt, Kruger and London, 1975) 

Another independent method 

(C. 36) 

where all quantities on the right a r e  known f rom measurements.  

s team enthalpy at the chinlney exit is  evaluated f rom an energy balance 

on the outlet line ( see  Fig .  C. 5) as 

The 

i = i - bAo/a 
P C  P 

(C. 37) 

The heat losses  f rom the cutlet line a r e  estimated f rom 

= Ao{C ( T  - T F 0. 17.  10m8[(T +460?- (T  +46OjL!\ (C .  38) 
%O o w  a3 W 00 

where C was evaluated experimentally (C = 0. 80). 
0 0 

209 



C. 2. 2 Numerical Solution Procedure 

The fourth order  Runge-Kutta numerical integration scheme was 

used to solve the chimney transient problem governed by Eqs. ( 3 .  20a) 

through ( 3 .  20e). The time variable i s  written a s  

where 
.b 

t"* = starting time for  integration (dim. less)  
S 

h:*= time step size (t€im.less) 

j = jth time step (di.m. less)  

The variables a r e  approximated a s  

(C.  39) 

(C.  40) 

A forward finite difference aFiproximat,an was used for  L e  time 

derivative of the mean rock temperature in Eq. ( 3 .  20c) a s  follows 

(C. 41) 

The maximum time step size h for stability i s  determined from 

considerations of the eigenvalues of the coefficient matr ix  which leads 

to the requirement that 

< e  1 
max hX 
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where is the maximum (absolute magnitude) eigenvalue. For  the 

present system it was determined that the time step size was governed 
max 

by the smallest  rock lump time constant T . The following formula min 
was used to compute h:::. 

*: 1 
h:) - 7 / t  5 min c (C. 42) 

Since experimental clata to compute the boundary parameters  

b i., i , M*, M:, and M': were available only a t  discrete  points in 
m' 1 p P 

time, approximations were  required fo r  intermediate points. 

approximation scheme used for  M:::, Q 

the upper portion of Fig .  C. 6 fo r  M:k. 

The 

, ii, and i is i l lustrated in 
P m 

Data are given at the discrete  

points n-1, n, and n t l .  The mean value of M::: in the t ime interval 

t::: to t::: denotedby G* i s  
n n t l  n 

(C. 43)  

4. - 
The integration was ca r r i ed  out with constant parameters  such a s  M". n 
when t:k < t: < t* 

When this occurred a new constant value denoted by E* 
Checks were made to determine when t?> t:k 

n J - n t l '  J n t l '  
for the next 

n t l  
t ime interval was used. 

.L 
d. 

. -0. 

A similar  procedure was used to approximate M:' and M* as 
1 P 

il lustrated in Fig. C;. 6 for  M" 

and n t l .  

interval is the mean. steam production rate  given by 

Data for M" a r e  given a t  points n-1, n ,  
P' P 

The mean slope of the steam production character is t ic  in the 

(C. 44) 

The outlined procedure amounts to approximating continuous 

parameters  by a se r i e s  of step functions, 

quently used is the spline fi t  method which involves fitting continuous 

An alternate procedure f r e -  
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n -1 n n +I t *  

n- i n n + i  t* 

Figure C. 6 Numerical Approximations of Mass Fraction 
and Boundary Pa ramete r s  
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functions (usually polynomials) through the data points. 

is prefer red  when data a r e  available only a t  a few points. 

This method 

C. 2. 3 Time Interval Basis Analysis 

In this section equations for the model reservoi r  analysis a r e  

derived on a t ime interval basis  instead of on the previously considered 

ra te  basis.  The major  assumptions of the analysis a r e  given in Chapter 

3. Consider that during the period of t ime dt the m a s s  6 M  enters  and 

the m a s s  .&l leaves the control volume (see Fig. 3 . 6 )  occupied by the 

two-phase mixture. :: If the change in mass within the control volume is 

dM, conservation of m a s s  gives 

i 

P 

dM = 6 M  - 6 M  (C. 45a) 
i P 

Integration f rom the initia.1 state denoted by subscript I ' o f f  to the end 

state denoted by subscript lle'l gives 

M = M t M  - M  (C. 45b) 
e o o ie  o pe 

To simplify the notation the subscripts of M 

the understanding that M 

and M 

end state. 

and M a r e  dropped with 
i P 

represents  the cumulative m a s s  recharge 
i 

represents  the cumulative steam production f rom the initial to the 
P 

The above expression is then written 

M = M  t M  - M  
e 0 i P 

(C. 45c) 

The mass associated energy outflow from the control volume during 

the time interval dt is 6M i and the inflow is W.i . The energy inflow 
P P  i i  

.*I -,* 
The symbol 6 is used here to denote inexact differentials. 
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to the control volume by heat t ransfer  a r e  6Q 

chimney and 6Q f rom the rock media. If dE is the change in energy 

content of the two-phase mixture and if kinetic and potential energy 

t e r m s  a r e  neglected, conservation of energy gives 

from the metal  in the 
m 

r 

dE = 6Q t 6Q t 6M.i. - 6M i 
m r 1 1  P P  

(C. 46a) 

Integration f rom state t 'o l t  to state lietr gives 

E e - E o = o Q m e  t o Q r e  t r i i 6 M i -  l e i P 6 M p  (C. 46b) 
0 0 

The two last integrations a r e  ca r r i ed  out after defining appropriate 

mean values of i. and i . The enthalpy of the produced s team in most  

cases  is close to that of saturated vapor and therefore it does not vary  

significantly. The arithmetic mean value of the s team enthalpy may be 

sufficient. It is given by 

1 P 

i = (i t i ) / 2  
P PO P" 

The enthalpy of the recharge fluid may vary  significantly, but the 

arithmetic mean given below is use'd 

i = (i. t i ) / 2  
i io ie  

These approximations in Eq. (C. 46b) give 

E - E  = Q  t Q  t M . i . - M  i 
r 1 1  P P  e 0 m 

(C. 47a) 

(C. 47b) 

(C. 48a) 

The internal energy E of the two-phase mixture can be written in  t e r m s  

of the specific internal energy e and the mass M. The continuity equation 

2 14 



(Eq. (C. 45c)) is  solved for M and substituted into the above equation. 

The resul t  is rearranged t,o give an  expression for  the mass in the sys-  

tem a t  the end state a s  

P 

M = [(i - e )M t (i - ii)Mi- Qm- QrI / ( ip-  ee) (C. 4%) e P O O P  

The maximum energy extraction f rom the rock is defined in t e r m s  

of the measured initial temperature and the saturation temperature 

corresponding to the end p res su re  as::: 

(C. 49) 

where c is  the mean specific heat of the rock in the given temperature r 
range. 

extracted a t  the end state, the rock extraction fraction q 
by defining 

To account for  the possibility that not a l l  available energy is 

is introduced 
e 

r) b Q / Q  
e r r , m a x  (C. 50) 

Methods for  extimating 

in Chapter 4. 

parameters  a s  

for  highly fractured systems a r e  discussed 
e: 

Equation (C. 48b) is rewritten in t e r m s  of r) and other 
e 

(C. 51) 

The interative procedure outlined in Chapter 3 is used to determine M 

and e . 
e 

e 
To facilitate comparison of experimental and predicted chimney 

model reservoi r  behavior, Eq. (C. 51) i s  rewritten in t e r m s  of the 

.*. -8- 

In cases  with recharge of cool water a t  the bottom the rock energy 
extraction may be somewhat greater .  
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fraction produced FP and the fractio'n recharged F R .  These fractions 

a r e ,  respectively, the cumulative s team production and the fluids r e -  

charged normalized to the initial system fluid mass .  Equation (C. 51) 

becomes 

F P ~ =  [(eo-  e ) t (ii- e )FR t q t p ~ ( 1 -  d)C ( T  - T , ) ~ ~ / M  I / ( i  - ee) 
r o  O P  e e m r  

(C.  52) 

where the subscript "t" r e fe r s  to predicted (from theory) fraction pro-  

duced. 

C. 3 Derivations for  Liquid Level Analysis 

C. 3. 1 

The existence of a nominal licluid level z in the chimney was postu- 

It was assumed that the liquid in the upper portion of 

Liquid Level Correction - 

lated in  Chapter 3. 

the chimney is saturated with no entrained vapor bubbles. The liquid in 

the partially insulated sight glass is cooler than the chimney liquid such 

that the nominal liquid level is higher than the observed. 

the nominal liquid level z in t e r m s  of the observed liquid level zI is 

defined using the notation in Fig. 3. 8. 

in the rock matrix is negligible, the pressure  at point "1" due to the 

liquid column heads a r e  equal. 

An equation for  

When flow friction p res su re  drop 

Equating these heads gives 

H 8- z - -  - -- H - z '  

SG Vf V 

Solving for  the nominal liquid level. gives 

(C. 5 3) 

2 1.6 



where Z '  and Z a r e  the observed and nominal liquid levels normalized 

to the chimney height h. 

between 0.  86 when the liquid level was a t  the top of the sight glass  to 

unity for  low liquid levels. 

The evaluations showed that Z / Z '  ranged 

C. 3 .  2 Void/Steam Quality Relationship 

A diagram of the chirnney and connecting inlet/outlet piping i s  

shown in Fig. C. 5. 

between the isolation valveis a r e  also indicated in the diagram. 

following analysis it is assumed that the chimney contains saturated 

liquid and saturated vapor. 

liquid is 

The notation used for the various volumes contained 

In the 

The total volume containing either vapor o r  

v T = v d t v  t v d t v i = v  t V f '  
s c  g 

(C .  54) 

\ 

The vapor volume space is 

v = V d t  vsc t v d z  . 
g 

(C. 55) 

Substituting Eqs. (C. 54) and (C. 55) into the definition of the bulk void 

fraction given by Eq. ( 3 .  30), yields 

Q = '[Vd t vsc t V d Z ) / V T  . (C. 56) 

The nominal liquid level is used in Eq. (C. 56) to estimate the 

bulk void fraction with known system parameters .  However, the nominal 

liquid level is not available during the ear ly  par t  of the experiment be-  

cause the sight glass  does not extend to the very top of the rock mat r ix  

(see Fig. 3 .  8). 

chimney m a s s  assuming sa.turated vapor and liquid phases is therefore 

derived for  use in Eq. (C, 856) such that Q can be computed for the entire 

An equaticln for  the liquid level in t e r m s  of the total 
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experiment. 

bubbles in a l l  chimney liquid i s  neglected, the computed liquid level 

is denoted by the effective liquid level z a s  opposed to the nominal 

liquid level z discussed ear l ier .  

Since liquid volume expansion due to entrained vapor 

t 

The effective liquid level is derived using the notation in Fig. C. 5. 

The total m a s s  of fluids in the system (vapor and liquid) is expressed a s  

h - z  V. 

f h V 

1 t t -  sc vd 3 vd V 
t - -  t -  t -  vd 

V V V'  h 
g g g 

M = -  
"f 

Solving for  Z = z /h  af ter  introducing the m a s s  fraction M:: gives 
t t  

(C.  57) 

The effective liquid level is comput:ed for given M:: data available from 

steam production and fluid recharge measurements ,  known system 

parameters ,  and saturated s team properties. 

(C. 56) to compute the bulk void fraction. 

This level is used in Eq. 

A relationship between the bulk void fraction and the bulk s team 

quality is derived such that the bulk s team quality also can be computed. 

The mass of liquid in the chimney is expressed a s  

Mf = Vf/vf . 

Substituting this expression into the definition of s team quality given by 

Eq. (3 .  29) yields 

o r  

V = (1 - X)vfM . f 
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Substituting into the definition of the void fraction gives 

(1  - X ) V M  
f a =  1 -  

v T  c 

Dividing through by the initial mass  of water in the system M 

redefining variables 

and 
0 

the void/ quality relationship is given by 

C.  4 Details of Uncertainty Analysis 

(C .  58) 

The techniques used for  the uncertainty analysis were based on 

the methods given in Kline and McClintock (1953) a s  outlined in section 

3. 5. 

for each variable measured in the laboratory and for  the system param-  

e t e r s  such a s  the chimney i-nass, chimney geometry, and heat loss  con- 

duc tanc e s. 

The first step in the analysis was to establish uncertainty intervals 

The magnitudes of the uncertainty intervals were selected based 

on experience and engineering judgment a s  well a s  on calibration experi- 

ments. F o r  example, the chimney s team pressure  readings measured 

by the calibrated pressure  gage and the pressure  t ransmit ter  were found 

to be within -+5 psi of each other over a wide range of tes t  conditions. 

This experience gave the uncertainty interval for  pressure  a s  *5 psi. 

The odds that the actual pressure  was within this range is  estimated to 

be 20 to 1. 

The uncertainties of the chimney steel m a s s  and chimney heat loss 

conductance was determined f rom heatup and cooldown calibration experi-  

ments a s  described previously (Hunsbedt, Kruger,  and London, 1975).  
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The uncertainty intervals for  certain other variables and parameters  

could not be determined f rom direct  experience or  calibration. 

these cases  engineering judgment was used to a r r ive  a t  conservative 

est imates  a s  to what the unc:ertainties might be. 

In 

The uncertainty intervals and magnitudes for  the variables r e -  

quired to estimate the uncertainties in the resul ts  as  outlined below a r e  

given in Table C. 4. 

certainty interval normalized to the magnitude expressed in percent--  

depends on the value of the variable. 

f rom start to end of the transient. 

tainty intervals a r e  stated with the f i r s t  interval corresponding to the 

s t a r t  of the transient. 

using Eq. ( 3 .  38)  and the functional relationships between the resulting 

quantities and the variables summ,arized in Table C. 5. 

procedure is outline in the following. 

The percentage uncertainty interval--or the un- 

Often a variable change significantly 

In these cases  both percent uncer-  

The uncertainties in the resul ts  were estimated 

The analysis 

When the resul t  

variables,  Eq. ( 3 .  38) 

equation fo r  the m a s s  

is a l inear function (a product o r  a ratio) of the 

can  be simplified. For  example, consider the 

recharged given in Table C. 5 which i s  

M = pAA 
i 

In this case  Eq. (3 .  38)  simplifies to 

2 112 2 i! 
W 

i 
M 

(C .  59 )  

(C.  6 0 )  

The above expression implies that when the function is linear, the 

in the resul t  is the square root of the sum percent uncertainty interval 

of the percent uncertainty intervals of the variables squared. 

the function is not l inear such as the equation for the condenser cooling 

water flow ra te  given by 

When 
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the percent uncertainty interval for  the resul t  is 

(C. 61) 

(C. 62)  

Note that this case  is similar to the linear case except for  the factor of 

1/2 for  the t e r m  under the square root sign. 

The resulting quantity can also be a sum or  a difference of var i-  

ables such a s  the mass of fluids in the system a t  time t given by 

M = M o t M  - M  (C.  6 3 )  
i P 

In this case  the percent uncertainty in the resul t  is 

1 2 - .- M 
W 

i 
M 

0 
M 

(C.  64)  

Note that the sum of the dimensional uncertainty intervals squared a r e  

required a s  opposed to the percent uncertainty intervals in the two pre-  

vious cases .  These dimensional uncertainty intervals were often inter-  

mediate resul ts  for  m o r e  complicated expressions such a s  that for  the 

effective liquid level shown. as resul t  (19) in Table C. 5. 

The data given in  Table C. 4 were used with Eqs. (C. 601, (C. 62), 

(C. 64) ,  and the functional relationships in Table C. 5 to compute the 

uncertainty intervals listed1 in Table 3 .  3. 
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APPENDIX D 

THERMAL PROPERTIES O F  ROCK 

The rock  the rmal  proper t ies  of in te res t  a r e  the specific heat  

capacity, the t he rma l  conductivity, and the t he rma l  diffusivity. 

to determine these t he rma l  proper t ies  on experiment rock samples  were  

not made since adequate data w e r e  available in the l i t e ra ture  fo r  s imi la r  

rocks.  

Tes t s  

Heat capacit ies and t:hermal conductivities of fluid sa tura ted porous 

rocks  w e r e  repor ted by Somerthon (1958) and by Ramey e t  al .  (1974). 

The r e su l t s  show that thesls the rmal  proper t ies  depend significantly on 

temperature .  The so-called Kopp's rule  may  be used to determine the 

t h e r m a l  p roper t i es  of an  igneous rock f r o m  the the rmal  proper t ies  of 

the pure minera l s  in the rock. 

of pure minera l s  have been given by Kelley (1949). 

per imenta l  data on the the rmal  conductivity of granite and gabbro is given 

in the "Handbook of Physical  Constants' '  by  Cla rk  (1966). 

data on the t h e r m a l  proper t ies  of solids a r e  given by Gambill (March 

1957, and June 1957). 

Extensive data on the the rmal  proper t ies  

A compilation of ex- 

Other general  

The specific heat capacity, es t imated using Kopp's rule  and data 

f r o m  Kelley, a r e  given in Fig. D. 1. 

fo r  gabbro and curve  3 is  obtained f r o m  Gambill. 

capacit ies of granite and gabbro do not appear  to differ much. 

ation with t empera tu re  is l e s s  than about 10 percent  in the temperature  

range 300 to 500 O F .  The data f r o m  Gambill given by curve  3 a r e  s i g-  

nificantly lower than curves  1 and 2. Considerable uncertainties a r e  

associa ted with these data, F o r  example, Gambill s ta tes  that  Kopp's 

rule  m a y  give resu l t s  which a r e  in e r r o r  by *20 percent. The uncer-  

tainty fo r  the data given by curve 3 i s  a lso  repor ted by Gambill  to be *20 

percent .  

Curve 1 is for  grani te ,  curve  2 i s  

The specific heat  

The va r i -  

The average of a l l  data in Fig. D. 1 was  used for  this study, 

225  



Thermal  conductivity data f rom Clark  a r e  given in Fig. D. 2. 

It appears  that considerable variat ion in the conductivity occurs  f rom 

location to location, par t icular ly  fo r  granite. Moreover,  the conduc- 

tivity depends on the temperature  atlthough the dependence does not 

appear to be significant fo r  gabbro. 

were  not reported.  

was used in this study. 

The uncertainties in these data 

The average of the data f r o m  the various locations 

0 
The mean rock t empera tu re  was  about 400 F. The mean values 

of the the rmal  p roper t i es  adapted blased on the above data a r e  given in 

Table D. 1. 

ties a r e  given in  Table C. 4. 

The es t imated uncertainty intervals f o r  the the rmal  p roper-  

Gabbro 

Granite 

TABLE D. 1 

0. 216 

0 .218  

1.2 

1 .4  

0. 032::: 

0 . 0 3 9  

.b .r 
The mean  rock densit ies Er (17.4. 1 Ib , / f t3  f o r  gabbro and 
164.4 lbm/ft3 fo r  granite)  were  used to compute the the rmal  
diffusivitie s. 
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