
S t a n f o r d  Geothermal Program 
I n t e r d i s c i p l i n a r y  Research 

i n  Engineer ing  and E a r t h  Sciences  
S t a n f o r d  U n i v e r s i t y  
S t a n f o r d ,  California 

A STUDY OF 
NON-ISOTHERMAL SINGLE AND TWO-PHASE FLOB 

THROUGH CONSOLIDATED SANDSTONES 

by 
Norio Ar ihara  

November 1974 

This  r e s e a r c h  was c a r r i e d  o u t  
under Research Grant  GI-34925 

by the  National Science  Foundat ion 



This  r e p o r t  was prepared o r i g i n a l l y  as a 
d i s s e r t a t i o n  submi t ted  t o  t h e  Department o f  
Petroleum Engineer ing and t h e  Committee on t h e  
Graduate Division of Stanford Un ive r s i t y  i n  
p a r t i a l  f u l f i l l m e n t  of  the  requi rements  f o r  t h e  
degree of  Doctor of Phi losophy.  

ii 



ACKNOWLEDGEMENTS 

The a u t h o r  would l i k e  t o  e x p r e s s  h i s  s i n c e r e  app rec i a-  

t i o n  t o  h i s  a d v i s e r ,  D r .  Henry J. Ramey, Jr . ,  f o r  h i s  i n -  

s t r u c t i o n  and guidance th roughout  t h i s  i n v e s t i g a t i o n .  D r .  

Ramey's encouragement w i l l  n o t  be  f o r g o t t e n .  

The a u t h o r  i s  deeply  g r a t e f u l  t o  h i s  f r i e n d s ,  p a r t i c u -  

l a r l y  F r a n c i s  Cassg  and Paul  Atk inson ,  f o r  t h e i r  he lp fu l .  

comments and t ime ly  h e l p  through t h e  days of expe r imen ta l  

work. 

The c o n s t r u c t i o n  of t h e  equipment was a ided  by many pe r-  

sons .  S t a n f o r d  s t a f f  i nc luded  Peter Gordon, Luke Meisenback, 

Frank Peters, and A l i c e  Mansourian. S p e c i a l  thanks  are due 

t o  D r .  Pau l  Baker and t h e  Chevron O i l  F i e l d  Research Company 

f o r  adv ice  concern ing  t h e  l i q u i d  s a t u r a t i o n  probe d e s i g n ,  

and D r .  S t a n  Jones  and t h e  Marathon O i l  Company f o r  adv ice  

and h e l p  concerning t h e  l a r g e  Hass le r- Sleeve  co re  h o l d e r  

w i t h  p r e s s u r e  t a p s .  

The a u t h o r  wishes  t o  e x p r e s s  h i s  d e e p e s t  g r a t i t u d e  t o  

h i s  w i f e ,  Michiko, f o r  encouragement, devo t ion ,  and pe r se-  

verance  a l l  through t h e  g radua te  s t u d y  y e a r s .  

This  r e s e a r c h  was c a r r i e d  o u t  under Research Grant  

GI-34925 by t h e  Na t iona l  S c i e n c e  Foundation.  F i n a n c i a l  a i d  

from t h e  N a t i o n a l  Sc ience  Foundation i s  hereby g r a t e f u l l y  

acknowledged. 

iii 



ABSTRACT 

The main purpose of t h i s  s t u d y  was t o  i n v e s t i g a t e  

non- isothermal  s i n g l e  and two-phase flow of a s i n g l e  

component f l u i d  (water)  i n  c o n s o l i d a t e d  porous media. 

T h u s  t h e  two-phase f low w a s  b o i l i n g  water f low. 

knowledge, t h e r e  h a s  been only  one s t u d y  of  non- isothermal  

b o i l i n g  f low i n  an  unconso l ida t ed  sand  pack,  a l though 

p rev ious  work on thermal  o i l  recovery  by h o t  f l u i d  i n j e c t -  

i o n  p r e s e n t s  i n fo rma t ion  u s e f u l  f o r  t h e  p r e s e n t  s tudy .  

To o u r  

Equipment w a s  c o n s t r u c t e d  t o  perform l i n e a r  f low ex- 

per iments  through c y l i n d r i c a l  c o n s o l i d a t e d  c o r e s .  

n a t u r a l  (Berea) and s y n t h e t i c  cement c o n s o l i d a t e d  sand  

c o r e s  w e r e  used.. 

Both 

S u c c e s s f u l  f a b r i c a t i o n  o f  t h e  s y n t h e t i c  s ands tones  

w a s  impor t an t  t o  pe rmi t  r e p r o d u c i b l e  f a b r i c a t i o n  o f  h igh  

p o r o s i t y ,  l o w  p e r m e a b i l i t y  s ands tones  w i t h  thermowells ,  

p r e s s u r e  p o r t s ,  and g l a s s  tube c a p a c i t a n c e  probe gu ides  

cas t  i n  p l a c e .  

Hot f l u i d  i n j e c t i o n  and c o l d  water  i n j e c t i o n  e x p e r i-  

ments were c a r r i e d  o u t  i n  bo th  n a t u r a l  and s y n t h e t i c  sand-  

s t o n e s .  

co re  h o l d e r  w a s  measured and compared w i t h  des ign  ca l cu-  

l a t i o n s  w i t h  good r e s u l t s .  

The overa l l  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  

The s t e a d y- s t a t e  o v e r a l l  h e a t  
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t r a n s f e r  c o e f f i c i e n t  w a s  measured and found t o  depend on 

mass flow r a t e  t o  a minor degree .  The thermal  e f f i c i e n c y  

of h o t  water and c o l d  water i n j e c t i o n  w a s  found t o  depend 

on h e a t  i n j e c t i o n  ra te :  

r a t e ,  t h e  h i g h e r  t h e  thermal  e f f i c i e n c y .  Th i s  t r e n d  w a s  

a l s o  found by p rev ious  i n v e s t i g a t o r s  f o r  unconsol ida ted  

sands .  One major r e s u l t  of t h i s  s t u d y  i s  t h a t  much of  t h e  

p rev ious  works w i t h  non- isothermal  s i n g l e  phase flow i n  

unconso l ida t ed  sands  may be  ex tended  t o  c o n s o l i d a t e d  sand-  

s t o n e s  d e s p i t e  s i g n i f i c a n t  d i f f e r e n c e s  i n  i s o t h e r m a l  f low 

c h a r a . c t e r i s t i c s  of  t h e s e  systems.  

t h e  h i g h e r  t h e  h e a t  i n j e c t i o n  

One unique system cons ide red  i n  t h i s  s tudy  w a s  i n j e c t -  

i o n  of c o l d  f l u i d  i n t o  an i n i t i a l l y  h o t  porous medium. 

Th i s  is  analogous t o  h e a t  scavenging on condensate  re- 

i n j e c t i o n  i n  geothermal  f l u i d  p roduc t ion .  I t  w a s  d i s cove red  

t h a t  t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  depended on t h e  

p r o c e s s  ( h o t  o r  c o l d  i n j e c t i o n ) ,  and t h e  nove l  concept  of 

the rma l  e f f i c i e n c y  of c o l d  f l u i d  i n j e c t i o n  w a s  in t roduced .  

R e s u l t s  f o r  c o l d  w a t e r  i n j e c t i o n  i n d i c a t e  t h a t  lower i n j e c t -  

i o n  r a t e ,  o r  smaller tempera ture  d i f f e r e n c e  between t h e  

su r round ings  and i n j e c t e d  water i s  advantageous f o r  h e a t  

scavenging from t h e  sur roundings  by c o l d  water i n j e c t i o n  

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

I n  two-phase b o i l i n g  flow exper iments ,  h o t ,  compressed 

l i q u i d  water s t e a d i l y  e n t e r e d  t h e  upstream end of  t h e  core, 

moved downstream a c e r t a i n  d i s t a n c e ,  s t a r t e d  vapor i z ing ,  and 
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f lowed through t h e  remainder o f  t h e  core as a mix ture  o f  

steam and l i q u i d  water .  

j e c t i v e  f o r  t h i s  phase of  t h e  p r o j e c t ,  b o i l i n g  flow e x p e r i -  

menta l  d a t a  show t h a t  s i g n i f i c a n t  dec reases  i n  bo th  tempera- 

t u r e  and p r e s s u r e  can occu r  w i t h i n  t h e  two-phase r eg ion .  

EVen when flow i s  very  non- iso thermal ,  two-phase flow can 

be i s e n t h a l p i c  and s t e a d y  s t a t e ,  if h e a t  t r a n s f e r  between 

t h e  c o r e  and t h e  sur roundings  i s  of  a l o w  l e v e l .  

Although beyond. t h e  o r i g i n a l  ob- 

F i n a l l y ,  p r e l i m i n a r y  exper iments  w e r e  conducted w i t h  

a c a p a c i t a n c e  probe l i q u i d  s a t u r a t i o n  d e t e c t o r ,  a n d  l i q u i d  

s a t u r a t i o n  c a l c u l a t i o n s  w e r e  performed f o r  t h e  b o i l i n g  flow 

exper iments .  
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INTRODUCTION 

The p u b l i c  has  begun t o  pay much a t t e n t i o n  t o  Geother-  

m a l  Energy a s  a p o t e n t i a l  major new source  of energy t o  b e  

developed i n  t h e  f u t u r e .  P r i m e  c o n s i d e r a t i o n s  i n  geothermal 

energy e x t r a c t i o n  from underground sou rces  would appear  t o  

be: 1) how much energy can be recovered ;  and 2 )  how f a s t  

can i t  be e x t r a c t e d ?  I n  o r d e r  t o  f i n d  u s e f u l  a n s w e r s  t o  

t h e s e  q u e s t i o n s ,  t h e  b a s i c  c h a r a c t e r i s t i c s  and behav io r  

of t h e  r e s e r v o i r  rocks  and f l u i d s  i n  geothermal systems re- 

q u i r e  i n v e s t i g a t i o n .  

The p r e s e n t  r e s e a r c h  w a s  s t a r t e d  w i t h  an o b j e c t i v e  t o  

s t u d y  t h e  thermodynamic and f lu idmechanic  behavior  o f  non- 

i s o t h e r m a l  f low of  s i n g l e  and two-phase, single-component 

f l u i d s  through c o n s o l i d a t e d  porous media. 

Publ i shed  in fo rma t ion  on o i l  recovery  by h o t  f l u i d  

i n j e c t i o n  and Underground combustion p r e s e n t  some of t h e  

impor t an t  f e a t u r e s  of non- isothermal ,  two-phase flow which 

appear  p e r t i n e n t  t o  geothermal r e s e r v o i r s .  But t h e r e  h a s  

been no s p e c i f i c  s t u d y  of t h e  f low of  s i n g l e  component 

(wa te r )  two-phase ( t h u s  non- isothermal)  b o i l i n g  flow i n  

porous media. I n  view of t h e  f a c t  t h a t  a l l  h e a t  e f fec ts  

( s e n s i b l e  h e a t ,  l a t e n t  h e a t  of  v a p o r i z a t i o n ,  e t c . )  are much 

g r e a t e r  f o r  water t h a n  f o r  hydrocarbons,  it  w a s  expec ted  

t h a t  some s e v e r e  anomalies might be  found. 
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A bench- sca le  model was des igned  and c o n s t r u c t e d  t o  

pe rmi t  a thorough examinat ion of  thermodynamic and f l u i d -  

mechanic a s p e c t s  of  t h e  two-phase f low regime. I n  a d d i t i o n  

t o  t h i s  exper iment ,  a v a r i e t y  of impor t an t  p e r i p h e r a l  ex-  

per iments  w e r e  accomplished w i t h  t h e  same expe r imen ta l  ap-  

p a r a t u s .  For  example, c o l d  water i n j e c t i o n  i n t o  a system 

i n i t i a l l y  c o n t a i n i n g  h o t  w a t e r  i s  a p o t e n t i a l l y  p r a c t i c a l  

o p e r a t i o n  f o r  geothermal. h e a t  scavenging  from t h e  rock 

m a t r i x  by condensate  i n j e c t i o n .  Hot w a t e r  i n j e c t i o n  i n t o  

a system c o n t a i n i n g  water a t  a lower tempera ture  i s  a l s o  a 

u s e f u l  p e r i p h e r a l  exper iment  t o  a i d  comparison of t h e  p r e s-  

e n t  s t u d i e s  w i t h  p rev ious  o i l  recovery  work. 

Much t i m e  was s p e n t  l e a r n i n g  t o  c r e a t e  s y n t h e t i c  con- 

s o l i d a t e d  sands tones  of s p e c i f i c  d e s i r a b l e  p r o p e r t i e s  (h igh  

p o r o s i t y ,  low p e r m e a b i l i t y ) .  P e r t i n e n t  work i n  t h i s  area 

w a s  reviewed as a s u b j e c t  of g r e a t  importance t o  t h i s  f i e l d  

of s tudy .  Another major problem w a s  de t e rmina t ion  of a re- 

l i a b l e  method of measurement of l i q u i d  s a t u r a t i o n  (po re  

volume f r a c t i o n  c o n t a i n i n g  l i q u i d  phase)  i n  t h e  porous media 

ove r  a range of tempera ture  and p r e s s u r e .  

F i n a l l y ,  i n  o r d e r  t o  a i d  unde r s t and ing  of m a s s  and 

h e a t  t r a n s f e r  through porous media, pub l i shed  t h e o r e t i c a l  

and expe r imen ta l  r e s u l t s  w e r e  reviewed,  and a comprehensive 

survey  w a s  pub l i shed .  4 3  
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LITERATURE SURVEY 

Although t h e  s tudy  of a p p l i c a t i o n  of r e s e r v o i r  eng inee r-  

i n g  p r i n c i p l e s  t o  geothermal  energy  i s  r e c e n t ,  t h e r e  are many 

p u b l i c a t i o n s  aimed a t  o i l  recovery  by a d d i t i o n  of  h e a t  t o  a 

r e s e r v o i r  which are u s e f u l  i n  t h e  p r e s e n t  s tudy .  I t  should  be 

c l e a r  t h a t  much of t h e  fo l lowing  l i t e r a t u r e  had a d i f f e r e n t  

o b j e c t i v e  for a p p l i c a t i o n  t h a n  r ecove ry  of Geothermal Energy. 

Hot F l u i d  I n j e c t i o n  

The f i r s t  s i g n i f i c a n t  s tudy  of h e a t  t r a n s p o r t  i n  a forma- 

t i o n  caused by h o t  f l u i d  i n j e c t i o n  w a s  p r e sen ted  by Lauwer ie r l  -- i n  

1955 .  

Ti,would remain c o n s t a n t ,  t h e  f l o w  system w a s  l i n e a r ,  thermal  

c o n d u c t i v i t y  i n  t h e  d i r e c t i o n  of f low w a s  ze ro ,  and t h a t  t h e  

t he rma l  c o n d u c t i v i t y  i n  t h e  f looded  l a y e r  pe rpend icu la r  t o  t h e  

d i r e c t i o n  of f low w a s  i n f i n i t e  so t h a t  t h e  tempera ture  i n  t h e  

f looded  l a y e r  w a s  always uhiform a t  a g iven  l o c a t i o n  i n  t h e  

f looded  zone. Sometimes t h i s  i s  c a l l e d  t h e  "zero  dimension" 

assumption i n  p i p e  flow. The c o n d u c t i v i t y  i n  t h e  overburden and 

underburden,  A 2 ,  w a s  assumed t o  be f i n i t e  and c o n s t a n t .  Thus 

loss  of h e a t  from t h e  i n j e c t e d  f l u i d  t o  t h e  a d j a c e n t  s t r a t a  

would r e s u l t  i n  a d e c r e a s e  i n  tempera ture  i n  t h e  d i r e c t i o n  of 

flow. 

Lauwerier assumed t h a t  i n j e c t i o n  rate, Vw, and t empera tu re ,  

-3- 



With these assumptions, the problem to be solved was 

expressed by the following set of equations: 

for > 1 

for 1111 = 1 

for T = 0 

where the different quantities are defined as follows: 

g = p l c l  
P 2c2 

- Y  
b 1 1 - -  

x = distance in flow-direction 

b = half the formation thickness. 

Other symbols are defined in the nomenclature. 

Applying sequential Laplace transformation with respect 

to the distance and the time variables, Lauwerier obtained the 

result: 

T = Ti erfc 
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where 

1 for T 1 5 

0 for ‘I < E .  

In 1 9 5 9 ,  Marx and Langenheim* presented a solution for 

a heat loss problem similar to the one considered by Lauwerier. 

Their report described a method for estimating thermal invasion 

rates, cumulative heated area and theoretical economic limits for 

sustained heat injection at a constant rate into a radial flow 

system. They assumed that heat injected at a constant rate Ho 

raised the temperature of the flooded zone to TI and maintained 

this temperature. Their heat balance led to the following: 

t 
A2AT ] ( g ) d ~  + 2p1ClbAT - dA 

dt T D ( t  - T) dT 
0 

( 3 )  

where AT = TI - To. 

This equation is an application of an earlier equation for 

estimating the extent of the fractured area in hydraulic fractur- 

ing derived by Carter.’ 

problem, the fracture was assumed to be of uniform width, and 

the pressure in the fracture was assumed to be constant and equal 

to the sand face injection pressure. Because the fracture had no 

flow resistance, the assumption of a constant pressure in the 

In the growing hydraulic fracture 
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fracture was reasonable in spite of the fact that fluid leaks 

from the fracture into the formation. 

pointed out that the constant elevated temperature in the flooded 

On the other hand, Ramey 4 

region assumed by Marx and Langenheim should be realistic only in 

the case that the heat injection medium is steam or other 

condensible gases near the boiling point at the injection pressure. 

In order to have a temperature maintained at the same level in the 

flooded zone, a small pressure gradient in the direction of flow 

is also required. Steam at the boiling point tends to follow 

the saturation curve requiring that temperature decreases as 

pressure decreases. 

In Eq. 3 ,  the first term on the right represents the flux 

of the heat loss from the injected fluid into the overburden and 

underburden, and the second term represents the rate at which 

the amount of heat remaining in the pay zone is increased. The 

flux of the heat loss can be derived easily in the same way as 

Churchill’ - described. Eq. 3 can be solved for the heated area 

A(t) (as Carter solved the same type of equation) by utilizing 

the Laplace transform method. 

is: 

The result of Marx and Langenheim 
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Ramey4 indicated several important points with regard to 

the mathematical model of Marx and Langenheim: 

1. No restriction is placed on the direction of develop- 

ment of the heated area (may be linear, radial, o r  any two- 

dimensional geometry); 

2. It is not necessary that the heat injection rate be 

constant ; 

3 .  The solution could provide useful information f o r  

heat injection in any type of well pattern with any specified 

swept area data. 

Ramey presented results for a heat injection rate, H, as 

a function of time: 

The symbol, *, represents the convolution of two functions, or: 

Another expression of A(t) presented by Ramey is useful when the 

heat injection rate has constant values f o r  increments of time 

such that 

H = HI for 0 5 t < tl 

H2 for tl 5 t t2 
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H for tn-l I t < t  n n 

Then, the heated area at time t results in: 

( 7 )  
n-1 2 

m=I J;; 
+ ( H ~  - H ~ + ~ )  (eTrn erfc T~ + - 2Tm - 111 

Heat stored in the flooded formation, Hs, at time t can 

be calculated by the volume integral: 

where To is initial temperature of the formation. 

to time t is: 

Heat injected 

Hi = It qpwCw(Ti - To)dt 

The thermal efficiency, E, is defined as the fraction of the 

cumulative heat injected remaining in the injection interval: 

HS 

Hi 
E = -  

Rubinshtein' introduced the idea of the fraction of the total 

heat injected lost to adjacent strata, WG = 1 - E. 
remarkable that Ramey6 found the identical heat loss results for 

the Lauwerier model and the Marx-Langenheim models as follows: 

It is 
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The equal thermal efficiency results apparently because the 

Lauwerier heat model yields a larger heated area at a lower aver- 

age temperature, while the Marx-Langenheim heat model yields a 

smaller heated area at a higher temperature. 

In the 1959 study, Rubinshtein also presented the thermal 

efficiency for a radial flow model of hot water injection with 

fewer assumptions than used previously by Lauwerier. 

assumed constant isotropic thermal conductivities in the flow 

layer and in the impermeable strata surrounding the reservoir, 

and obtained: 

Rubinshtein 

I m 

n-1 

where 
ya - 1 
ya + 1 B =  

In the case y = a = 1, Ramey showed the following expression: 

-9- 



Although Rubinshtein did not solve for temperature 

distributions, Spillette8 solved numerically the energy balance 

equation with the same assumptions as Rubinshtein. According to 

Spillette's calculation, the primary effects of including horizontal 

heat conduction in the analysis are the lowering of the calculated 

sand temperatures near the point of injection and the propa- 

gation of injected energy fuzther into the reservoir. 

Baker -- lo accomplished a series of experimental studies 

of heat transfer in hot fluid injection with a radial flow model. 

Initially, he studied displacement of cold water by hot water. 

First, he carried out hot water injection, and obtained radial 

temperature distributions which were in good agreement with 

theoretical results given by Lauwerier, Ramey, and Spillette. 

Thermal efficiency was calculated numerically with experimentally 

measured values of temperature. Baker observed that higher 

thermal efficiencies were obtained at higher rates of heat 

injection. For steam injection, Baker found that thermal 

efficiency decreased with cumulative injected heat, and that the 

heating process was more efficient at higher heat injection rates. 

But surprisingly, he obtained the result that thermal efficiency 

was a function of dimensionless time, at/h , alone. This contra- 

dicted his previous hot water injection studies. 

2 

Crichlowl* - also found rate sensitivity of thermal 

efficiency in hot fluid injection experiments, although results 

for steam injection were not consistent. He explained thermal 

efficiency dependence on flow rate by the presence of a film coef- 

ficient at the boundary between the pay zone and the surroundings. 

-10- 



According t o  Crichlow, t h i s  e f fec t  w a s  s i g n i f i c a n t  a t  f low rates 

much h ighe r  t h a n  t h o s e  normal ly  encountered  i n  o i l  r e s e r v o i r s .  

I n  1 9 6 9 ,  P ra t sL3  ana lyzed  t h e  thermal  e f f i c i e n c y  f o r  

thermal  r ecove ry  p roces ses .  

method as Marx and Langenheim, b u t  i n t roduced  f a r  g r e a t e r  gene ra l-  

i t y .  

H e  employed t h e  s a m e  a n a l y t i c a l  

H i s  h e a t  ba l ance  equa t ion  is :  

where 

Q ( t )  = n e t  rate of h e a t  i n j e c t e d  

H ( t )  = h e a t  s t o r e d  i n  t h e  pay zone 

Uhz(x, y ,  z ,  t )  = h e a t  f l u x  i n  t h e  v e r t i c a l  d i r e c t i o n  

and z = o i s  t h e  i n t e r f a c e  p l ane  between 

t h e  pay zone and t h e  a d j a c e n t  zone. 

E q .  14 is  e s s e n t i a l l y  t h e  same as E q .  3 of Marx and Langenheim. 

P r a t s  d i v i d e d  t h e  h e a t  s t o r a g e  i n  t h e  format ion  i n t o  two p a r t s :  

h e a t  i n  t h e  pay zone n e a r  t o  and f a r  from t h e  i n j e c t i o n  w e l l :  

H ( t )  = H n ( t )  + H f ( t ) .  

Eq. 1 4  w a s  so lved  by t h e  Laplace t r a n s f o r m  method. 

- F  (- Hf (t')z d K ( B , J t  - t ' ) d t '  
J 
0 

where 
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For hot water injection at constant heat injection rate and 

assuming F = 0, Prats obtained a thermal efficiency expression 

which is identical with Eq. 11 presented by Ramey for the models 

of Lauwerier, and Marx and Langenheim. An important contribution 

of Prats lies in the estimate of the thermal efficiency for steam 

injection. In steam flooding there is a steam zone near the 

injection well, and hot water zone outside the steam region. 

Understanding that the parameter F is generally positive, he 

developed lower and upper bounds for the thermal efficiency. 

Other interesting studies of thermal efficiency for steam injec- 

tion may be found in references 44 and 45. 

Two-Phase Flow 

AI-though much analytical and experimental work has been 

done in the study of oil recovery by steam injection and hot 

water injection, there has been no specific study of non- 

isothermal boiling two-phase flow of water through porous media 

to our knowledge. 

results arid analysis of single-component boiling two-phase flow 

of propane. His report gives broad information and instruction 

about in-phase boiling flow experiments, although there are 

In 1951, Miller'' presented experimental 

large differences in the thermodynamic and physical properties 
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of water and propane. 

specially designed apparatus to have adiabatic, two-phase, steady 

flow of propane through a horizontal column of sand. 

tube was five feet long, and was constructed from six lengths of 

pipe, connected together ;by flanges. Between the flanges of the 

Miller performed laboratory experiments with 

I His flow 

adjoining sections, blind flanges were used to which manometer 

lines and thermocouple lead wires were connected. In order t o  

have an adiabatic condition, the flow tube as a whole was placed 

inside a circular, compartmented air duct, which provided means 

f o r  fixing the temperature distribution in the air along the 

outside of the flow tube to correspond to the temperature distri- 

butim of the flowing propane inside the tube. 

and steady-flow conditions were attained, no appreciable heat 

transfer across the walls of the flow tube existed. 

experiments, the propane entered the co.lumn entirely as a liquid, 

started to vaporize at an appreciable distance downstream from 

the inlet, and then flowed in two phases throughout the remainder 

of the column. 

total mass rate of flow were measured. 

After adiabatic 

In all the 

Temperature and pressure distributions and the 

The problem posed by Miller was to calculate the 6. total 

mass rate of flow and pressure distribution along the column of 

sand, for a given pressure and temperature of the liquid entering 

stream, a given pressure or temperature of the discharging gas- 

liquid mixture, and given sand and fluid characteristics. 

According to his method of analysis, he started with the 

following mass and energy equations for steady, two-phase, 

adiabatic f low: 

-13- 



fi + f iR = fi = constant (16) (3 

Th hf + A,h, = fih = constant (17) g g  

where fi, rh I% are total mass rate of flow, mass rates of steam 

, h, are the enthalpy of a t w o -  and water respectively, and h, 

phase mixture of steam and of water, respectively. Introducing 

the mass fraction of steam as: 

g' R 

hg 

the energy equation becomes: 

(1 - f)hQ + fhg = h. (19) 

Hence : 

From Darcy's law, the mass rate of flow of each phase is 

given as: 

if capillary pressure between vapor and liquid is neglected, 

Eqs. 21 become 

where k, II, and p are permeability, viscosity and density, 

respectively, and the subscripts g and R pertain to steam and 

liquid phases, respectively. Finally 
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Because t mperature is a function of pressure in the two- 

phase flow region, the permeability ratio given by Eq. 

computed by specifying pressure only. 

individual relative permeabilities by assuming that the correla- 

tion between ke/k and kR/k 

valid for his case. 

distribution were obtained simply by numerical integration: 

23 may be 

Then, Miller calculated the 

presented by Muskat, et al. , 2 2  was 
9 

The total mass rate of flow and the pressure 

where pi and p are fluid pressures at the upstream and of the 

columri, and at a distance x from the inlet face, respectively. 

Because a remarkable agreement between experimental results and 

analytical theory was obtained, Miller concluded that phase 

equilibrium was attained very rapidly under the conditions of his 

experiment. 

Luikovl’ described mathematically the heat and mass 

transfer phenomenon of vapor-liquid mixtures in capillary-porous 

bodies. 

molecular means in the form of diffusion and by molar means by a 

convective motion due to a pressure drop, and that liquid trans- 

fer took place by means of diffusion, capillary absorption and 

convective motion. 

in vapor form are denoted by suffix g, in liquid form by R ,  and 

of solid by 0. 

He considered that the transfer of vapor took place by 

In the following description, the properties 
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The differential equation for mass transfer of steam or 

liquid is: 

2u i 
at i = g ,  Q - _ -  - div ji + Ii 

wherewi is the volumetric concentration or mass per unit bulk 

core volume, ji is the mass rate of the motor-molecular transfer 

flow, Ii :is the volumetric capacity of the source (or sink) of 

phase i and I = -I The volumetric concentration can be 

expressed as: 
(3 le' 

where mi, V, pi, $ ,  and Si are mass, bulk volume of the porous 

medium, density, porosity, and saturation, respectively. 

Introducing the relative concentration ui as: 

i - 
i - m - -  

0 yo 

m 
u -  

where yo is the density of the dry core (mass of sand per unit 

bulk volume), the mass transfer equation becomes: 

a (YOUi) - -  - div ji + Ii at 
and 

a (you)  

at ( 2 8 )  - - -  div (1, + j , )  

where u = u The differential equation for heat transfer 

is obtained from th equation for internal energy transfer. At 

constant pressure, the local derivative of volumetric concentra- 

+ ule. 9 
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tion of the enthalpy of the system is equal to the divergence of 

the flow of enthalpy: 

where hi is the specific enthalpy, and j 

contains not only the molecular flow of energy, or heat flux. 

specific flow of heat caused by the drop in temperature, but also 

heat transfer by means of diffusion of mass. 

heat is denoted by Ci: 

is the density of the 
9 

i, 

The isobaric specific 

Then Cyo  8T - - - div j - (h I + h,I,) -(C j + C,je)VT 
9: g g  g g  

where 

= (C u + c u + CRUR)Yo 
c-fO 0 0  9 9  

Since I = -I k t  Eq. 31 becomes g 

(31) 

where h = h - h,. 
fg g 

Assuming that vapor is in thermodynamic equilibrium 

with the bound liquid, the vapor pressure is that of the saturated 

vapor, Ps, and thus is a single-valued function of temperature: 

- - p, = f (T). 
p9 

-17- 
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Then, Luikov derived the equations of mass transfer 

through porous media on the basis of molecular and molar transfer 

mechanisms. 

Steam flow by diffusion can be stated as: 

- -  - E D ~  - jmg dT 

where 

- -  Mg dps dPgo - - -  
dT Mp dt 

In Eq. 34, ED is the coefficient f ste 

within the porous medium, p = pg /p ,  M is the 

of steam, M is the mean molecular weight of the 
90 9 

m diffusi n 

molecular weight 

mixture, 

--  - EDP, and 6 = %. mg YO g 

For liquid transfer by means of diffusion and capillary absorption: 

where 

thermal gradient coefficient of the liquid. Hence, 

is the liquid diffusion coefficient, and 6 i  is the 

b 

jm - - jmg + jmi = -%yo(Vu + 6VT) 

where apa = a, and 
In2 

a 6 + a m  6 mR II 
a 6 =  

mII 
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The molar  t r a n s f e r  of steam and l i q u i d  water  due t o  a g r a d i e n t  of 

t h e  t o t a l  p r e s s u r e ,  VP, i s  d e s c r i b e d  by Darcy 's  l a w :  

There  f o r e  

where A (= x + A 
P Pg P 

jp, - - - Xp,cP 

- - jpg + jp l  = XPvp 
j P  

1 i s  t h e  c o e f f i c i e n t  of f i l t r a t i o n  tr  

of t h e  mix ture .  

j = -  y ( v u  + a 
m o  6VT + 

( 3 7 )  

n s f e r  

The t o t a l  mix tu re  f l o w  caused by t h e  i n f l u e n c e  of a l l  t h e  

t r a n s f e r  forces i s  equa l  to :  

where 

where 6 - - -. hP 
P amyo 

Heat t r a n s f e r  by conduct ion i s  described by F o u r i e r ' s  

jg  = XVT 

is  t h e  t o t a l  c o e f f i c i e n t  of thermal  c o n d u c t i v i t y  of t h e  

porous  medium and mix ture  o f  steam and water. 

d i f f e r e n t i a l  e q u a t i o n s  of mass and h e a t  t r a n s f e r  can be w r i t t e n  

i n  t h e  form: 

Thus t h e  system of  

GpVp) 1 ( 3 9 )  
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aT - div(hVT) - h I + am2 y C VU-VT 
cyo at - f9 9 

P = Ps = f(T). 

In most mathematical models, mass and heat transfer due to 

diffusion and capillary absorption are neglected, thus Eqs. 39 and 

40 become simpler, but are still highly nonlinear. Reference [16] 

reports solution of these mass and heat transfer equations 

simultaneously in a model study of a transient flow system. 

In the Petroleum Engineering literature, there has been a 

significant amount of work presented on the simulation of thermal 

oil recovery processes which involve steam injection. Among them, 

the works of Coats, et a1.,17 and Weinstein, et a1.,18are compre- 

hensive, and directly applicable to the present study of two-phase 

boiling flow of water. Although the solution techniques of Coats, 

et ala, arid Weinstein, et al., are completely different, both 

solved the same mass and energy transport equations simultaneously, 

including interphase mass transfer accounting for steam 

condensation. 

Synthetic Sandstone 

Although unconsolidated sand packs have often been used 

as porous media for laboratory studies, natural sandstone or 

artificially-cemented sandstone of properties similar to natural 

sandstone is more desirable to simulate natural reservoir 
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conditions. Synthetic sandstone is more favorable when sandstone 

of a special shape, or specific characteristics (porosity, permea- 

bility) are needed. 

Wygal'' showed that a process of artificial cementation 

could be used to change unconsolidated packs into synthetic sand- 

stones having properties similar to those of natural rock, 

especially in terms of the drainage and imbibition relative 

permeabilities. 

95 weight per cent of 70- 80  mesh sand. Wygal also described in 

detail a technique for  the construction of synthetic rock as 

follows: 

A core was made of 5 weight per cent cement and 

1. Mix the sand with about 0.5 weight per cent of 

blending water. 

2 .  Coat the dampened sand grains with the dry cement. 

3 .  Pour the mixture into the container continuously 

through a particle distributor of wire mesh. 

4. Inject water at a xiate such that imbibition forces are 

dominant. 

5. Allow the cement to hydrate for an appropriate time. 

HeathLU employed Wygal's technique, and presented the 

results obtained by changing some factors which affect the 

porosity and permeability of synthetic sandstones. According to 

Heath, the main factors and their effects are as follows: 

1. Sand grain size -- Permeability increases with grain 
size for a given porosity. 

to c mbine two sizes at a grain-diameter ratio of about 6:1, and 

at a weight ratio of large grains to small grains of about 3 : l .  

To obtain low porosity, it is necessary 
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2. Blending water -- Mor t2  w a t e L  increases hoth porosity 

and permeability. 

3. Cement -- Both porosity and permeability decrease with 
increasing amount of cement. 

Evers, et al. , 21 prepared sandstone of very low permea- -- -- 
bility to meet the requirements f o r  their scaled model. Their 

method is different from Wygal's technique. Instead of injecting 

water into a dry mix of sand and cement in the container, Evers, 

- et al., tamped a wet mortar into mold. The resultant permea- 

bilities (ranging from 0 . 0 1 6  millidarcies to 0.162 millidarcies) 

and porosities (ranging from 10% to 18%) were obtained from 

mixtures of sand and cement for water-cement ratios of 0.30 to 

0.40: sand.-cement ratios in the range of 1/1 to 2 / 1 :  and sand 

grain size from 100-200 to 12-18 mesh. 

Saturation Measurement 

The word "saturation" may be used in many ways in non- 

isothermal boiling flow in porous media. It can refer to steam 

and liquid water in equilibrium, to saturation of a solvent with 

a solute, or to the volume fraction of pore space which is filled 

with a given fluid phase such as oil, water, or gas. It is the 

latter sense that will be used in the following. 

Means of measuring liquid pore space saturation which 

have received consideration include: electrical conductivity of 

the fluids; emissions from radioactive tracers dissolved in the 

fluids: the radioactivity of silver or rhodium caused by reflection 

of neutrons from hydrogen atoms in the fluids: the attenuation of 

a microwave beam: the diminution and phase shift of ultrasonic 
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wave t r a i n s ;  t h e  r e d u c t i o n  i n  i n t e n s i t y  of x- ray beams i n  p a s s i n g  

through f l u i d s ,  and magnet ic  r e l u c t a n c e .  

Musket, e t  a1.,22 and B ~ t s e t ~ ~  u t i l i z e d  piezometer  r i n g s  

which se rved  as  bo th  e l e c t r o d e s  and p r e s s u r e  t a p s .  

r i n g s  w e r e  s e p a r a t e d  by i n s u l a t i n g  t u b e s  forming p o r t i o n s  of t h e  

f low tube .  Connecting any two a d j o i n i n g  electrodes t o  an 

a.c. b r i d g e ,  t h e  average  c o n d u c t i v i t y  and t h u s  l i q u i d  s a t u r a -  

t i o n  between t h e  t w o  e l e c t r o d e s  cou ld  be measured. They succeeded 

i n  measuring t h e  s a t u r a t i o n  d i s t r i b u t i o n  i n  t h e  f l o w  system of 

w a t e r  and C 0 2  gas .  

The piezometer  

Neutrons are p a r t i c l e s  w i t h  no electr ic  charge  and w i t h  a 

mass approximate ly  e q u a l  t o  t h a t  o f  a p ro ton ,  t h e  nuc leus  of t h e  

hydrogen atom, When a f a s t  neu t ron  i s  scattered by a hydrogen 

n u c l e u s ,  it may l o s e  any f r a c t i c n  of  i t s  k i n e t i c  energy.  I n  t h e  

average  c o l l i s i o n ,  it l o s e s  one h a l f  i t s  k i n e t i c  energy.  A l l  

common e lements  o t h e r  t h a n  hydrogen are so much h e a v i e r  t h a t  a 

n e u t r o n  w i l l  l o s e  on ly  a small f r a c t i o n  of i ts  energy i n  a s i n g l e  

e l a s t i c  c o l l i s i o n .  The number of s l o w  neu t rons  emerging from a n  

o b j e c t  i r r a d i a t e d  by f a s t  n e u t r o n s ,  t h e r e f o r e ,  y i e l d s  a rough 

index  o f  t h e  q u a n t i t y  of hydrogen it c o n t a i n s .  Brunner and 

Mardock used t h i s  n e u t r o n- s c a t t e r i n g  method t o  measure o i l  

s a t u r a t i o n  i n  porous media. The neu t ron  sou rce  w a s  an i n t i m a t e  

mix ture  o f  radium and bery l l ium.  I n  o r d e r  t o  measure t h e  f l u x  of 

slow n e u t r o n s ,  t hey  found rhodium t o  be t h e  m o s t  s a t i s f a c t o r y .  

When s l o w  neu t rons  s t r i k e  rhodium, t h e y  induce  r a d i o a c t i v i t y  

(mainly beta)  which a Geiger-Mueller  c o u n t e r  can detect .  Brunner 

and Mardock p r e s e n t e d  a c a l i b r a t i o n  cu rve  f o r  an unconsol ida ted  

sand pack showing number of coun t s  v s .  o i l  s a t u r a t i o n ,  and a l s o  

24 
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t h e  s a t u r a t i o n  d i s t r i b u t i o n  a long  t h e  l e n g t h  o f  a c o r e .  Because 

t h i s  method de tec t s  t h e  c o n c e n t r a t i o n  of hydrogen atoms, it i s  

also a p p l i c a b l e  t o  a water-steam f l o w  system, because t h e  mass of 

the water phase  i s  dominant i n  t h e  mix ture ;  t h e r e f o r e ,  slow 

n e u t r o n s  should i n d i c a t e  t h e  l i q u i d  s a t u r a t i o n .  

Finnemore - and SchaafB2' r e p o r t e d  t h e  des ign  c o n s i d e r a t i o n s  

and the p rocedures  f o r  t h e  use  of a gamma-ray a t t e n u a t i o n  system 

des igned  to measure the moi s tu re  c o n t e n t  o f  a s o i l  i n  e i t he r  a 

t r a n s i e n t  o r  a s t a t i c  c o n d i t i o n .  

2 2 0  m@ cesiurn 137  s o u r c e ,  sodium iodide c r y s t a l  d e t e c t o r ,  p u l s e  

a m p l i f i e r  and a n a l y z e r ,  and s c a l e r .  

i n g  a t t e n u a t i o n  equation w a s  appropriate: 

T h e i r  system c o n s i s t e d  of a 

They found t h a t  t h e  follow- 

where 

Nw = count  r ead ing  f o r  w e t  s o i l  

Nd = coun t  r e a d i n s  f o r  d r y  soil 

Uw = t h e  t o t a l  l i n e a r  a t t e n u a t i o n  

c o e f f i c i e n t  of water 

W = volume f r a c t i o n  of bulk volume 

occupied by m o i s t u r e  

L = t h i c k n e s s  of t h e  soil column. 

Schaaf 2 6  u t i l i z e d  t h e  gamma-ray a t t e n u a t i o n  system t o  de te rmine  

m o i s t u r e  c o n t e n t  a t  v a r i o u s  spatial and tempora l  l o c a t i o n s  i n  a n  

uns t eady ,  u n s a t u r a t e d  f l o w  from a h o r i z o n t a l  c y l i n d r i c a l  sou rce  

i n t o  porous media. 
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11 
Baker developed a c a p a c i t a n c e  probe which u t i l i z e d  t h e  

d i f f e r e n c e  i n  d i e l e c t r i c  c o n s t a n t  between steam and h o t  wa te r  i n  

a porous media. The ins t rument  c o n s i s t e d  of a probe which cou ld  

be moved i n  a g l a s s  guide  i n  a sand pack,  a d r i v i n g  mechanism f o r  

t h e  probe,  e l e c t r o n i c  c i r c u i t r y ,  and a r e c o r d e r .  D e t a i l s  of con- 

s t r u c t i o n  of  t h e  probe ,  and t w o  diagrams of  t h e  e l e c t r i c a l  c i r c u i t  

a r e  shown i n  Appendix C. As can be  seen  i n  t h e  f i g u r e s  d e s c r i b i n g  

t h e  probe and t h e  probe c i r c u i t r y ,  t h e  probe i s  e s s e n t i a l l y  a 

c a p a c i t o r  i n  an o s c i l l a t o r  c i r c u i t  whose re sonan t  f requency changes 

wi th  t h e  changing c a p a c i t a n c e  of t h e  probe.  The probe i s  a s i l v e r -  

p l a t e d  g l a s s  tube  a t  t h e  center of which a b r a s s  rod  wi th  a 

p i e c e  of c l o s e d  copper t u b e  a t  t h e  end i s  h e l d  by Tef lon  s p a c e r s .  

The s e n s i t i v e  p a r t  o f  t h e  probe is  a s m a l l  gap between t h e  s i l v e r -  

coa ted  g l a s s  tube and t h e  copper tube .  There fo re ,  m o s t  of t h e  

c a p a c i t a n c e  is  f i x e d .  

guide  i n  t h e  sand pack,  an e l ec t r i c  f i e l d  r eaches  o u t s i d e  t h e  

gu ide ,  and has  d i f f e r e n t  i n t e n s i t y  accord ing  t o  t h e  d i e l e c t r i c  

c o n s t a n t  of t h e  medium surrounding  t h e  g l a s s  guide .  

d i f f e r e n c e  between t h e  o sc i l l a to r  i n c l u d i n g  t h e  c a p a c i t a n c e  probe 

and a s t a n d a r d  osc i l l a to r  i s  d e t e c t e d  and ampl i f i ed .  For record-  

i n g ,  t h e  c i r c u i t  i n  F i g .  C-3 was used t o  o b t a i n  a d.c. v o l t a g e  

whose magnitude w a s  p r o p o r t i o n a l  t o  t h e  frequency d i f f e r e n c e .  

Baker found t h e  probe t o  work s a t i s f a c t o r i l y  a t  room tempera tu re  

w i t h  o i l  and water, g a s  and water, o i l  and a l c o h o l ,  and o t h e r  two- 

phase,  two-component systems. Baker p r e s e n t e d  t h e  s a t u r a t i o n  

d i s t r i b u t i o n s  g iven  by t h e  probe d u r i n g  h i s  steam f l o o d i n g  

experiments .  Although he d i d  n o t  c a l i b r a t e  h i s  probe a t  

e l e v a t e d  t empera tu res ,  t h e  d a t a  showed good 

When t h e  probe i s  traversed i n  t h e  g l a s s  

The f requency 
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agreement w i t h  t h e  average  w a t e r  s a t u r a t i o n ,  and t h e  steam f r o n t  

l o c a t i o n .  T h i s  method appeared b e s t  s u i t e d  f o r  t h e  s u b j e c t  s t u d y .  

The energy i n  a n  x-ray beam t h a t  has  passed through an 

absorb ing  m a t e r i a l  i s  expressed  by t h e  fo l lowing  formula: 

where Eo i s  t h e  energy i n  t h e  i n c i d e n t  beam, 1-1 i s  t h e  mass 

a b s o r p t i o n  c o e f f i c i e n t ,  c i s  t h e  d e n s i t y  or c o n c e n t r a t i o n  of  

absorb ing  m a t e r i a l ,  and d is t h e  l e n g t h  of p a t h  of t h e  beam in 

t h e  a b s o r b e r .  Because every material has  a d i f f e r e n t  power t o  

a b s o r b  x - r a y s , t h e  r e d u c t i o n  i n  i n t e n s i t y  of an  x-ray beam a s  it 

p a s s e s  through a c o r e  depends on t h e  f l u i d s  p r e s e n t .  The beam 

emerging from t h e  core can be  measured as i o n i c  c u r r e n t  f lowing 

across an a i r - f i l l e d  i o n i z a t i o n  chamber. 

p r e s e n t e d  water s a t u r a t i o n  d i s t r i b u t i o n s  d e t e c t e d  by X-ray 

a b s o r p t i o n  a long  t h e  l e n g t h  of c o r e s  s u b j e c t e d  t o  gas  d r i v e s .  

Morgan, e t  a l . ,  2 7  
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EXPERIMENTAL EQUIPMENT 

A schematic  diagram of the completed appara tus  i s  

shown i n  F i g .  1, and photographs of t h e  appara tus  a r e  shown 

i n  F i g .  2 (a) and  (b). R e f e r r i n g  t o  the  flow diagram i n  F ig .  1, 

cold feed water is pumped through a t u b u l a r  f u r n a c e  and intcl 

a co re  conta ined  i n  a H a s s l e r  s l e e v e  core h o l d e r .  The core  

h o l d e r  is conta ined  w i t h i n  a n  a i r  b a t h  used t o  set ambient 

tempera tures  as h i g h  as 410°F. 

immediately downstream of the pump t o  e l i m i n a t e  flow p u l s a-  

t i o n s .  The accumulator i s  a diaphragm type  w i t h  n i t r o g e n  

p r e s s u r e  above the  diaphragm. The n i t r o g e n  source  can also 

be  used t o  ho ld  p r e s s u r e  on t h e  Viton s l e e v e  i n  t h e  H a s s l e r  

core ho lde r .  

An accumulator  i s  l o c a t e d  

Plow r a t e  i s  measured b o t h  upstream and downstream of 

t h e  core .  A f l o w r a t o r  is upstream of t h e  c o r e ,  w h i l e  t h e  

t o t a l  mass rate can be determined by t imed weighing of t h e  

cooled  w a t e r  f r o m  t h e  out f low of  the system. Both regu la-  

t i n g  and meter ing  va lves  are used to  a d j u s t  t h e  back p r e s-  

s u r e  and f l o w  ra te .  H e l i c o i d  p r e s s u r e  gages are i n s t a l l e d  

on each s i d e  o f  t h e  core. Porous meta l  f i l t e r s  ( 6 0  micron 

e lements)  a r e  l o c a t e d  before t h e  t u b u l a r  fu rnace ,  and b e f o r e  

t h e  back- pressure va lve .  T h e  main f l o w  l i n e  is 1 / 4  inch  

O.D. s t a in l e s s  steel t u b i n g ,  and o ther  l i n e s  a r e  1 / 8  inch  

O.D. s t a i n l e s s  s tee l  tub ing .  A 1 1  f i t t i n g s ,  v a l v e s ,  f i l t e r s ,  
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FIGURE 2 (a). PHOTOGRAPH OF APPARATUS. 
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FIGURE 2 (b). PHOTOGRAPH OF APPARATUS. 

-30- 



S t a n f o r d  Geothermal Program 
I n t e r d i s c i p l i n a r y  Research 

i n  Engineer ing  and E a r t h  Sciences  
S t a n f o r d  U n i v e r s i t y  
S t a n f o r d ,  California 

A STUDY OF 
NON-ISOTHERMAL SINGLE AND TWO-PHASE FLOB 

THROUGH CONSOLIDATED SANDSTONES 

by 
Norio Ar ihara  

November 1974 

This  r e s e a r c h  was c a r r i e d  o u t  
under Research Grant  GI-34925 

by the  National Science  Foundat ion 



This  r e p o r t  was prepared o r i g i n a l l y  as a 
d i s s e r t a t i o n  submi t ted  t o  t h e  Department o f  
Petroleum Engineer ing and t h e  Committee on t h e  
Graduate Division of Stanford Un ive r s i t y  i n  
p a r t i a l  f u l f i l l m e n t  of  the  requi rements  f o r  t h e  
degree of  Doctor of Phi losophy.  

ii 



ACKNOWLEDGEMENTS 

The a u t h o r  would l i k e  t o  e x p r e s s  h i s  s i n c e r e  app rec i a-  

t i o n  t o  h i s  a d v i s e r ,  D r .  Henry J. Ramey, Jr . ,  f o r  h i s  i n -  

s t r u c t i o n  and guidance th roughout  t h i s  i n v e s t i g a t i o n .  D r .  

Ramey's encouragement w i l l  n o t  be  f o r g o t t e n .  

The a u t h o r  i s  deeply  g r a t e f u l  t o  h i s  f r i e n d s ,  p a r t i c u -  

l a r l y  F r a n c i s  Cassg  and Paul  Atk inson ,  f o r  t h e i r  he lp fu l .  

comments and t ime ly  h e l p  through t h e  days of expe r imen ta l  

work. 

The c o n s t r u c t i o n  of t h e  equipment was a ided  by many pe r-  

sons .  S t a n f o r d  s t a f f  i nc luded  Peter Gordon, Luke Meisenback, 

Frank Peters, and A l i c e  Mansourian. S p e c i a l  thanks  are due 

t o  D r .  Pau l  Baker and t h e  Chevron O i l  F i e l d  Research Company 

f o r  adv ice  concern ing  t h e  l i q u i d  s a t u r a t i o n  probe d e s i g n ,  

and D r .  S t a n  Jones  and t h e  Marathon O i l  Company f o r  adv ice  

and h e l p  concerning t h e  l a r g e  Hass le r- Sleeve  co re  h o l d e r  

w i t h  p r e s s u r e  t a p s .  

The a u t h o r  wishes  t o  e x p r e s s  h i s  d e e p e s t  g r a t i t u d e  t o  

h i s  w i f e ,  Michiko, f o r  encouragement, devo t ion ,  and pe r se-  

verance  a l l  through t h e  g radua te  s t u d y  y e a r s .  

This  r e s e a r c h  was c a r r i e d  o u t  under Research Grant  

GI-34925 by t h e  Na t iona l  S c i e n c e  Foundation.  F i n a n c i a l  a i d  

from t h e  N a t i o n a l  Sc ience  Foundation i s  hereby g r a t e f u l l y  

acknowledged. 

iii 



ABSTRACT 

The main purpose of t h i s  s t u d y  was t o  i n v e s t i g a t e  

non- isothermal  s i n g l e  and two-phase flow of a s i n g l e  

component f l u i d  (water)  i n  c o n s o l i d a t e d  porous media. 

T h u s  t h e  two-phase f low w a s  b o i l i n g  water f low. 

knowledge, t h e r e  h a s  been only  one s t u d y  of  non- isothermal  

b o i l i n g  f low i n  an  unconso l ida t ed  sand  pack,  a l though 

p rev ious  work on thermal  o i l  recovery  by h o t  f l u i d  i n j e c t -  

i o n  p r e s e n t s  i n fo rma t ion  u s e f u l  f o r  t h e  p r e s e n t  s tudy .  

To o u r  

Equipment w a s  c o n s t r u c t e d  t o  perform l i n e a r  f low ex- 

per iments  through c y l i n d r i c a l  c o n s o l i d a t e d  c o r e s .  

n a t u r a l  (Berea) and s y n t h e t i c  cement c o n s o l i d a t e d  sand  

c o r e s  w e r e  used.. 

Both 

S u c c e s s f u l  f a b r i c a t i o n  o f  t h e  s y n t h e t i c  s ands tones  

w a s  impor t an t  t o  pe rmi t  r e p r o d u c i b l e  f a b r i c a t i o n  o f  h igh  

p o r o s i t y ,  l o w  p e r m e a b i l i t y  s ands tones  w i t h  thermowells ,  

p r e s s u r e  p o r t s ,  and g l a s s  tube c a p a c i t a n c e  probe gu ides  

cas t  i n  p l a c e .  

Hot f l u i d  i n j e c t i o n  and c o l d  water  i n j e c t i o n  e x p e r i-  

ments were c a r r i e d  o u t  i n  bo th  n a t u r a l  and s y n t h e t i c  sand-  

s t o n e s .  

co re  h o l d e r  w a s  measured and compared w i t h  des ign  ca l cu-  

l a t i o n s  w i t h  good r e s u l t s .  

The overa l l  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  

The s t e a d y- s t a t e  o v e r a l l  h e a t  

i v  



t r a n s f e r  c o e f f i c i e n t  w a s  measured and found t o  depend on 

mass flow r a t e  t o  a minor degree .  The thermal  e f f i c i e n c y  

of h o t  water and c o l d  water i n j e c t i o n  w a s  found t o  depend 

on h e a t  i n j e c t i o n  ra te :  

r a t e ,  t h e  h i g h e r  t h e  thermal  e f f i c i e n c y .  Th i s  t r e n d  w a s  

a l s o  found by p rev ious  i n v e s t i g a t o r s  f o r  unconsol ida ted  

sands .  One major r e s u l t  of t h i s  s t u d y  i s  t h a t  much of  t h e  

p rev ious  works w i t h  non- isothermal  s i n g l e  phase flow i n  

unconso l ida t ed  sands  may be  ex tended  t o  c o n s o l i d a t e d  sand-  

s t o n e s  d e s p i t e  s i g n i f i c a n t  d i f f e r e n c e s  i n  i s o t h e r m a l  f low 

c h a r a . c t e r i s t i c s  of  t h e s e  systems.  

t h e  h i g h e r  t h e  h e a t  i n j e c t i o n  

One unique system cons ide red  i n  t h i s  s tudy  w a s  i n j e c t -  

i o n  of c o l d  f l u i d  i n t o  an i n i t i a l l y  h o t  porous medium. 

Th i s  is  analogous t o  h e a t  scavenging on condensate  re- 

i n j e c t i o n  i n  geothermal  f l u i d  p roduc t ion .  I t  w a s  d i s cove red  

t h a t  t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  depended on t h e  

p r o c e s s  ( h o t  o r  c o l d  i n j e c t i o n ) ,  and t h e  nove l  concept  of 

the rma l  e f f i c i e n c y  of c o l d  f l u i d  i n j e c t i o n  w a s  in t roduced .  

R e s u l t s  f o r  c o l d  w a t e r  i n j e c t i o n  i n d i c a t e  t h a t  lower i n j e c t -  

i o n  r a t e ,  o r  smaller tempera ture  d i f f e r e n c e  between t h e  

su r round ings  and i n j e c t e d  water i s  advantageous f o r  h e a t  

scavenging from t h e  sur roundings  by c o l d  water i n j e c t i o n  

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

I n  two-phase b o i l i n g  flow exper iments ,  h o t ,  compressed 

l i q u i d  water s t e a d i l y  e n t e r e d  t h e  upstream end of  t h e  core, 

moved downstream a c e r t a i n  d i s t a n c e ,  s t a r t e d  vapor i z ing ,  and 

V 



f lowed through t h e  remainder o f  t h e  core as a mix ture  o f  

steam and l i q u i d  water .  

j e c t i v e  f o r  t h i s  phase of  t h e  p r o j e c t ,  b o i l i n g  flow e x p e r i -  

menta l  d a t a  show t h a t  s i g n i f i c a n t  dec reases  i n  bo th  tempera- 

t u r e  and p r e s s u r e  can occu r  w i t h i n  t h e  two-phase r eg ion .  

EVen when flow i s  very  non- iso thermal ,  two-phase flow can 

be i s e n t h a l p i c  and s t e a d y  s t a t e ,  if h e a t  t r a n s f e r  between 

t h e  c o r e  and t h e  sur roundings  i s  of  a l o w  l e v e l .  

Although beyond. t h e  o r i g i n a l  ob- 

F i n a l l y ,  p r e l i m i n a r y  exper iments  w e r e  conducted w i t h  

a c a p a c i t a n c e  probe l i q u i d  s a t u r a t i o n  d e t e c t o r ,  a n d  l i q u i d  

s a t u r a t i o n  c a l c u l a t i o n s  w e r e  performed f o r  t h e  b o i l i n g  flow 

exper iments .  

v i  
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INTRODUCTION 

The p u b l i c  has  begun t o  pay much a t t e n t i o n  t o  Geother-  

m a l  Energy a s  a p o t e n t i a l  major new source  of energy t o  b e  

developed i n  t h e  f u t u r e .  P r i m e  c o n s i d e r a t i o n s  i n  geothermal 

energy e x t r a c t i o n  from underground sou rces  would appear  t o  

be: 1) how much energy can be recovered ;  and 2 )  how f a s t  

can i t  be e x t r a c t e d ?  I n  o r d e r  t o  f i n d  u s e f u l  a n s w e r s  t o  

t h e s e  q u e s t i o n s ,  t h e  b a s i c  c h a r a c t e r i s t i c s  and behav io r  

of t h e  r e s e r v o i r  rocks  and f l u i d s  i n  geothermal systems re- 

q u i r e  i n v e s t i g a t i o n .  

The p r e s e n t  r e s e a r c h  w a s  s t a r t e d  w i t h  an o b j e c t i v e  t o  

s t u d y  t h e  thermodynamic and f lu idmechanic  behavior  o f  non- 

i s o t h e r m a l  f low of  s i n g l e  and two-phase, single-component 

f l u i d s  through c o n s o l i d a t e d  porous media. 

Publ i shed  in fo rma t ion  on o i l  recovery  by h o t  f l u i d  

i n j e c t i o n  and Underground combustion p r e s e n t  some of t h e  

impor t an t  f e a t u r e s  of non- isothermal ,  two-phase flow which 

appear  p e r t i n e n t  t o  geothermal r e s e r v o i r s .  But t h e r e  h a s  

been no s p e c i f i c  s t u d y  of t h e  f low of  s i n g l e  component 

(wa te r )  two-phase ( t h u s  non- isothermal)  b o i l i n g  flow i n  

porous media. I n  view of t h e  f a c t  t h a t  a l l  h e a t  e f fec ts  

( s e n s i b l e  h e a t ,  l a t e n t  h e a t  of  v a p o r i z a t i o n ,  e t c . )  are much 

g r e a t e r  f o r  water t h a n  f o r  hydrocarbons,  it  w a s  expec ted  

t h a t  some s e v e r e  anomalies might be  found. 

-1- 



A bench- sca le  model was des igned  and c o n s t r u c t e d  t o  

pe rmi t  a thorough examinat ion of  thermodynamic and f l u i d -  

mechanic a s p e c t s  of  t h e  two-phase f low regime. I n  a d d i t i o n  

t o  t h i s  exper iment ,  a v a r i e t y  of impor t an t  p e r i p h e r a l  ex-  

per iments  w e r e  accomplished w i t h  t h e  same expe r imen ta l  ap-  

p a r a t u s .  For  example, c o l d  water i n j e c t i o n  i n t o  a system 

i n i t i a l l y  c o n t a i n i n g  h o t  w a t e r  i s  a p o t e n t i a l l y  p r a c t i c a l  

o p e r a t i o n  f o r  geothermal. h e a t  scavenging  from t h e  rock 

m a t r i x  by condensate  i n j e c t i o n .  Hot w a t e r  i n j e c t i o n  i n t o  

a system c o n t a i n i n g  water a t  a lower tempera ture  i s  a l s o  a 

u s e f u l  p e r i p h e r a l  exper iment  t o  a i d  comparison of t h e  p r e s-  

e n t  s t u d i e s  w i t h  p rev ious  o i l  recovery  work. 

Much t i m e  was s p e n t  l e a r n i n g  t o  c r e a t e  s y n t h e t i c  con- 

s o l i d a t e d  sands tones  of s p e c i f i c  d e s i r a b l e  p r o p e r t i e s  (h igh  

p o r o s i t y ,  low p e r m e a b i l i t y ) .  P e r t i n e n t  work i n  t h i s  area 

w a s  reviewed as a s u b j e c t  of g r e a t  importance t o  t h i s  f i e l d  

of s tudy .  Another major problem w a s  de t e rmina t ion  of a re- 

l i a b l e  method of measurement of l i q u i d  s a t u r a t i o n  (po re  

volume f r a c t i o n  c o n t a i n i n g  l i q u i d  phase)  i n  t h e  porous media 

ove r  a range of tempera ture  and p r e s s u r e .  

F i n a l l y ,  i n  o r d e r  t o  a i d  unde r s t and ing  of m a s s  and 

h e a t  t r a n s f e r  through porous media, pub l i shed  t h e o r e t i c a l  

and expe r imen ta l  r e s u l t s  w e r e  reviewed,  and a comprehensive 

survey  w a s  pub l i shed .  4 3  
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LITERATURE SURVEY 

Although t h e  s tudy  of a p p l i c a t i o n  of r e s e r v o i r  eng inee r-  

i n g  p r i n c i p l e s  t o  geothermal  energy  i s  r e c e n t ,  t h e r e  are many 

p u b l i c a t i o n s  aimed a t  o i l  recovery  by a d d i t i o n  of  h e a t  t o  a 

r e s e r v o i r  which are u s e f u l  i n  t h e  p r e s e n t  s tudy .  I t  should  be 

c l e a r  t h a t  much of t h e  fo l lowing  l i t e r a t u r e  had a d i f f e r e n t  

o b j e c t i v e  for a p p l i c a t i o n  t h a n  r ecove ry  of Geothermal Energy. 

Hot F l u i d  I n j e c t i o n  

The f i r s t  s i g n i f i c a n t  s tudy  of h e a t  t r a n s p o r t  i n  a forma- 

t i o n  caused by h o t  f l u i d  i n j e c t i o n  w a s  p r e sen ted  by Lauwer ie r l  -- i n  

1955 .  

Ti,would remain c o n s t a n t ,  t h e  f l o w  system w a s  l i n e a r ,  thermal  

c o n d u c t i v i t y  i n  t h e  d i r e c t i o n  of f low w a s  ze ro ,  and t h a t  t h e  

t he rma l  c o n d u c t i v i t y  i n  t h e  f looded  l a y e r  pe rpend icu la r  t o  t h e  

d i r e c t i o n  of f low w a s  i n f i n i t e  so t h a t  t h e  tempera ture  i n  t h e  

f looded  l a y e r  w a s  always uhiform a t  a g iven  l o c a t i o n  i n  t h e  

f looded  zone. Sometimes t h i s  i s  c a l l e d  t h e  "zero  dimension" 

assumption i n  p i p e  flow. The c o n d u c t i v i t y  i n  t h e  overburden and 

underburden,  A 2 ,  w a s  assumed t o  be f i n i t e  and c o n s t a n t .  Thus 

loss  of h e a t  from t h e  i n j e c t e d  f l u i d  t o  t h e  a d j a c e n t  s t r a t a  

would r e s u l t  i n  a d e c r e a s e  i n  tempera ture  i n  t h e  d i r e c t i o n  of 

flow. 

Lauwerier assumed t h a t  i n j e c t i o n  rate, Vw, and t empera tu re ,  
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With these assumptions, the problem to be solved was 

expressed by the following set of equations: 

for > 1 

for 1111 = 1 

for T = 0 

where the different quantities are defined as follows: 

g = p l c l  
P 2c2 

- Y  
b 1 1 - -  

x = distance in flow-direction 

b = half the formation thickness. 

Other symbols are defined in the nomenclature. 

Applying sequential Laplace transformation with respect 

to the distance and the time variables, Lauwerier obtained the 

result: 

T = Ti erfc 
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where 

1 for T 1 5 

0 for ‘I < E .  

In 1 9 5 9 ,  Marx and Langenheim* presented a solution for 

a heat loss problem similar to the one considered by Lauwerier. 

Their report described a method for estimating thermal invasion 

rates, cumulative heated area and theoretical economic limits for 

sustained heat injection at a constant rate into a radial flow 

system. They assumed that heat injected at a constant rate Ho 

raised the temperature of the flooded zone to TI and maintained 

this temperature. Their heat balance led to the following: 

t 
A2AT ] ( g ) d ~  + 2p1ClbAT - dA 

dt T D ( t  - T) dT 
0 

( 3 )  

where AT = TI - To. 

This equation is an application of an earlier equation for 

estimating the extent of the fractured area in hydraulic fractur- 

ing derived by Carter.’ 

problem, the fracture was assumed to be of uniform width, and 

the pressure in the fracture was assumed to be constant and equal 

to the sand face injection pressure. Because the fracture had no 

flow resistance, the assumption of a constant pressure in the 

In the growing hydraulic fracture 
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fracture was reasonable in spite of the fact that fluid leaks 

from the fracture into the formation. 

pointed out that the constant elevated temperature in the flooded 

On the other hand, Ramey 4 

region assumed by Marx and Langenheim should be realistic only in 

the case that the heat injection medium is steam or other 

condensible gases near the boiling point at the injection pressure. 

In order to have a temperature maintained at the same level in the 

flooded zone, a small pressure gradient in the direction of flow 

is also required. Steam at the boiling point tends to follow 

the saturation curve requiring that temperature decreases as 

pressure decreases. 

In Eq. 3 ,  the first term on the right represents the flux 

of the heat loss from the injected fluid into the overburden and 

underburden, and the second term represents the rate at which 

the amount of heat remaining in the pay zone is increased. The 

flux of the heat loss can be derived easily in the same way as 

Churchill’ - described. Eq. 3 can be solved for the heated area 

A(t) (as Carter solved the same type of equation) by utilizing 

the Laplace transform method. 

is: 

The result of Marx and Langenheim 

- 6 -  



Ramey4 indicated several important points with regard to 

the mathematical model of Marx and Langenheim: 

1. No restriction is placed on the direction of develop- 

ment of the heated area (may be linear, radial, o r  any two- 

dimensional geometry); 

2. It is not necessary that the heat injection rate be 

constant ; 

3 .  The solution could provide useful information f o r  

heat injection in any type of well pattern with any specified 

swept area data. 

Ramey presented results for a heat injection rate, H, as 

a function of time: 

The symbol, *, represents the convolution of two functions, or: 

Another expression of A(t) presented by Ramey is useful when the 

heat injection rate has constant values f o r  increments of time 

such that 

H = HI for 0 5 t < tl 

H2 for tl 5 t t2 
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H for tn-l I t < t  n n 

Then, the heated area at time t results in: 

( 7 )  
n-1 2 

m=I J;; 
+ ( H ~  - H ~ + ~ )  (eTrn erfc T~ + - 2Tm - 111 

Heat stored in the flooded formation, Hs, at time t can 

be calculated by the volume integral: 

where To is initial temperature of the formation. 

to time t is: 

Heat injected 

Hi = It qpwCw(Ti - To)dt 

The thermal efficiency, E, is defined as the fraction of the 

cumulative heat injected remaining in the injection interval: 

HS 

Hi 
E = -  

Rubinshtein' introduced the idea of the fraction of the total 

heat injected lost to adjacent strata, WG = 1 - E. 
remarkable that Ramey6 found the identical heat loss results for 

the Lauwerier model and the Marx-Langenheim models as follows: 

It is 
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The equal thermal efficiency results apparently because the 

Lauwerier heat model yields a larger heated area at a lower aver- 

age temperature, while the Marx-Langenheim heat model yields a 

smaller heated area at a higher temperature. 

In the 1959 study, Rubinshtein also presented the thermal 

efficiency for a radial flow model of hot water injection with 

fewer assumptions than used previously by Lauwerier. 

assumed constant isotropic thermal conductivities in the flow 

layer and in the impermeable strata surrounding the reservoir, 

and obtained: 

Rubinshtein 

I m 

n-1 

where 
ya - 1 
ya + 1 B =  

In the case y = a = 1, Ramey showed the following expression: 
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Although Rubinshtein did not solve for temperature 

distributions, Spillette8 solved numerically the energy balance 

equation with the same assumptions as Rubinshtein. According to 

Spillette's calculation, the primary effects of including horizontal 

heat conduction in the analysis are the lowering of the calculated 

sand temperatures near the point of injection and the propa- 

gation of injected energy fuzther into the reservoir. 

Baker -- lo accomplished a series of experimental studies 

of heat transfer in hot fluid injection with a radial flow model. 

Initially, he studied displacement of cold water by hot water. 

First, he carried out hot water injection, and obtained radial 

temperature distributions which were in good agreement with 

theoretical results given by Lauwerier, Ramey, and Spillette. 

Thermal efficiency was calculated numerically with experimentally 

measured values of temperature. Baker observed that higher 

thermal efficiencies were obtained at higher rates of heat 

injection. For steam injection, Baker found that thermal 

efficiency decreased with cumulative injected heat, and that the 

heating process was more efficient at higher heat injection rates. 

But surprisingly, he obtained the result that thermal efficiency 

was a function of dimensionless time, at/h , alone. This contra- 

dicted his previous hot water injection studies. 

2 

Crichlowl* - also found rate sensitivity of thermal 

efficiency in hot fluid injection experiments, although results 

for steam injection were not consistent. He explained thermal 

efficiency dependence on flow rate by the presence of a film coef- 

ficient at the boundary between the pay zone and the surroundings. 
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According t o  Crichlow, t h i s  e f fec t  w a s  s i g n i f i c a n t  a t  f low rates 

much h ighe r  t h a n  t h o s e  normal ly  encountered  i n  o i l  r e s e r v o i r s .  

I n  1 9 6 9 ,  P ra t sL3  ana lyzed  t h e  thermal  e f f i c i e n c y  f o r  

thermal  r ecove ry  p roces ses .  

method as Marx and Langenheim, b u t  i n t roduced  f a r  g r e a t e r  gene ra l-  

i t y .  

H e  employed t h e  s a m e  a n a l y t i c a l  

H i s  h e a t  ba l ance  equa t ion  is :  

where 

Q ( t )  = n e t  rate of h e a t  i n j e c t e d  

H ( t )  = h e a t  s t o r e d  i n  t h e  pay zone 

Uhz(x, y ,  z ,  t )  = h e a t  f l u x  i n  t h e  v e r t i c a l  d i r e c t i o n  

and z = o i s  t h e  i n t e r f a c e  p l ane  between 

t h e  pay zone and t h e  a d j a c e n t  zone. 

E q .  14 is  e s s e n t i a l l y  t h e  same as E q .  3 of Marx and Langenheim. 

P r a t s  d i v i d e d  t h e  h e a t  s t o r a g e  i n  t h e  format ion  i n t o  two p a r t s :  

h e a t  i n  t h e  pay zone n e a r  t o  and f a r  from t h e  i n j e c t i o n  w e l l :  

H ( t )  = H n ( t )  + H f ( t ) .  

Eq. 1 4  w a s  so lved  by t h e  Laplace t r a n s f o r m  method. 

- F  (- Hf (t')z d K ( B , J t  - t ' ) d t '  
J 
0 

where 
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For hot water injection at constant heat injection rate and 

assuming F = 0, Prats obtained a thermal efficiency expression 

which is identical with Eq. 11 presented by Ramey for the models 

of Lauwerier, and Marx and Langenheim. An important contribution 

of Prats lies in the estimate of the thermal efficiency for steam 

injection. In steam flooding there is a steam zone near the 

injection well, and hot water zone outside the steam region. 

Understanding that the parameter F is generally positive, he 

developed lower and upper bounds for the thermal efficiency. 

Other interesting studies of thermal efficiency for steam injec- 

tion may be found in references 44 and 45. 

Two-Phase Flow 

AI-though much analytical and experimental work has been 

done in the study of oil recovery by steam injection and hot 

water injection, there has been no specific study of non- 

isothermal boiling two-phase flow of water through porous media 

to our knowledge. 

results arid analysis of single-component boiling two-phase flow 

of propane. His report gives broad information and instruction 

about in-phase boiling flow experiments, although there are 

In 1951, Miller'' presented experimental 

large differences in the thermodynamic and physical properties 
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of water and propane. 

specially designed apparatus to have adiabatic, two-phase, steady 

flow of propane through a horizontal column of sand. 

tube was five feet long, and was constructed from six lengths of 

pipe, connected together ;by flanges. Between the flanges of the 

Miller performed laboratory experiments with 

I His flow 

adjoining sections, blind flanges were used to which manometer 

lines and thermocouple lead wires were connected. In order t o  

have an adiabatic condition, the flow tube as a whole was placed 

inside a circular, compartmented air duct, which provided means 

f o r  fixing the temperature distribution in the air along the 

outside of the flow tube to correspond to the temperature distri- 

butim of the flowing propane inside the tube. 

and steady-flow conditions were attained, no appreciable heat 

transfer across the walls of the flow tube existed. 

experiments, the propane entered the co.lumn entirely as a liquid, 

started to vaporize at an appreciable distance downstream from 

the inlet, and then flowed in two phases throughout the remainder 

of the column. 

total mass rate of flow were measured. 

After adiabatic 

In all the 

Temperature and pressure distributions and the 

The problem posed by Miller was to calculate the 6. total 

mass rate of flow and pressure distribution along the column of 

sand, for a given pressure and temperature of the liquid entering 

stream, a given pressure or temperature of the discharging gas- 

liquid mixture, and given sand and fluid characteristics. 

According to his method of analysis, he started with the 

following mass and energy equations for steady, two-phase, 

adiabatic f low: 

-13- 



fi + f iR = fi = constant (16) (3 

Th hf + A,h, = fih = constant (17) g g  

where fi, rh I% are total mass rate of flow, mass rates of steam 

, h, are the enthalpy of a t w o -  and water respectively, and h, 

phase mixture of steam and of water, respectively. Introducing 

the mass fraction of steam as: 

g' R 

hg 

the energy equation becomes: 

(1 - f)hQ + fhg = h. (19) 

Hence : 

From Darcy's law, the mass rate of flow of each phase is 

given as: 

if capillary pressure between vapor and liquid is neglected, 

Eqs. 21 become 

where k, II, and p are permeability, viscosity and density, 

respectively, and the subscripts g and R pertain to steam and 

liquid phases, respectively. Finally 
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Because t mperature is a function of pressure in the two- 

phase flow region, the permeability ratio given by Eq. 

computed by specifying pressure only. 

individual relative permeabilities by assuming that the correla- 

tion between ke/k and kR/k 

valid for his case. 

distribution were obtained simply by numerical integration: 

23 may be 

Then, Miller calculated the 

presented by Muskat, et al. , 2 2  was 
9 

The total mass rate of flow and the pressure 

where pi and p are fluid pressures at the upstream and of the 

columri, and at a distance x from the inlet face, respectively. 

Because a remarkable agreement between experimental results and 

analytical theory was obtained, Miller concluded that phase 

equilibrium was attained very rapidly under the conditions of his 

experiment. 

Luikovl’ described mathematically the heat and mass 

transfer phenomenon of vapor-liquid mixtures in capillary-porous 

bodies. 

molecular means in the form of diffusion and by molar means by a 

convective motion due to a pressure drop, and that liquid trans- 

fer took place by means of diffusion, capillary absorption and 

convective motion. 

in vapor form are denoted by suffix g, in liquid form by R ,  and 

of solid by 0. 

He considered that the transfer of vapor took place by 

In the following description, the properties 
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The differential equation for mass transfer of steam or 

liquid is: 

2u i 
at i = g ,  Q - _ -  - div ji + Ii 

wherewi is the volumetric concentration or mass per unit bulk 

core volume, ji is the mass rate of the motor-molecular transfer 

flow, Ii :is the volumetric capacity of the source (or sink) of 

phase i and I = -I The volumetric concentration can be 

expressed as: 
(3 le' 

where mi, V, pi, $ ,  and Si are mass, bulk volume of the porous 

medium, density, porosity, and saturation, respectively. 

Introducing the relative concentration ui as: 

i - 
i - m - -  

0 yo 

m 
u -  

where yo is the density of the dry core (mass of sand per unit 

bulk volume), the mass transfer equation becomes: 

a (YOUi) - -  - div ji + Ii at 
and 

a (you)  

at ( 2 8 )  - - -  div (1, + j , )  

where u = u The differential equation for heat transfer 

is obtained from th equation for internal energy transfer. At 

constant pressure, the local derivative of volumetric concentra- 

+ ule. 9 
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tion of the enthalpy of the system is equal to the divergence of 

the flow of enthalpy: 

where hi is the specific enthalpy, and j 

contains not only the molecular flow of energy, or heat flux. 

specific flow of heat caused by the drop in temperature, but also 

heat transfer by means of diffusion of mass. 

heat is denoted by Ci: 

is the density of the 
9 

i, 

The isobaric specific 

Then Cyo  8T - - - div j - (h I + h,I,) -(C j + C,je)VT 
9: g g  g g  

where 

= (C u + c u + CRUR)Yo 
c-fO 0 0  9 9  

Since I = -I k t  Eq. 31 becomes g 

(31) 

where h = h - h,. 
fg g 

Assuming that vapor is in thermodynamic equilibrium 

with the bound liquid, the vapor pressure is that of the saturated 

vapor, Ps, and thus is a single-valued function of temperature: 

- - p, = f (T). 
p9 
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Then, Luikov derived the equations of mass transfer 

through porous media on the basis of molecular and molar transfer 

mechanisms. 

Steam flow by diffusion can be stated as: 

- -  - E D ~  - jmg dT 

where 

- -  Mg dps dPgo - - -  
dT Mp dt 

In Eq. 34, ED is the coefficient f ste 

within the porous medium, p = pg /p ,  M is the 

of steam, M is the mean molecular weight of the 
90 9 

m diffusi n 

molecular weight 

mixture, 

--  - EDP, and 6 = %. mg YO g 

For liquid transfer by means of diffusion and capillary absorption: 

where 

thermal gradient coefficient of the liquid. Hence, 

is the liquid diffusion coefficient, and 6 i  is the 

b 

jm - - jmg + jmi = -%yo(Vu + 6VT) 

where apa = a, and 
In2 

a 6 + a m  6 mR II 
a 6 =  

mII 
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The molar  t r a n s f e r  of steam and l i q u i d  water  due t o  a g r a d i e n t  of 

t h e  t o t a l  p r e s s u r e ,  VP, i s  d e s c r i b e d  by Darcy 's  l a w :  

There  f o r e  

where A (= x + A 
P Pg P 

jp, - - - Xp,cP 

- - jpg + jp l  = XPvp 
j P  

1 i s  t h e  c o e f f i c i e n t  of f i l t r a t i o n  tr  

of t h e  mix ture .  

j = -  y ( v u  + a 
m o  6VT + 

( 3 7 )  

n s f e r  

The t o t a l  mix tu re  f l o w  caused by t h e  i n f l u e n c e  of a l l  t h e  

t r a n s f e r  forces i s  equa l  to :  

where 

where 6 - - -. hP 
P amyo 

Heat t r a n s f e r  by conduct ion i s  described by F o u r i e r ' s  

jg  = XVT 

is  t h e  t o t a l  c o e f f i c i e n t  of thermal  c o n d u c t i v i t y  of t h e  

porous  medium and mix ture  o f  steam and water. 

d i f f e r e n t i a l  e q u a t i o n s  of mass and h e a t  t r a n s f e r  can be w r i t t e n  

i n  t h e  form: 

Thus t h e  system of  

GpVp) 1 ( 3 9 )  
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aT - div(hVT) - h I + am2 y C VU-VT 
cyo at - f9 9 

P = Ps = f(T). 

In most mathematical models, mass and heat transfer due to 

diffusion and capillary absorption are neglected, thus Eqs. 39 and 

40 become simpler, but are still highly nonlinear. Reference [16] 

reports solution of these mass and heat transfer equations 

simultaneously in a model study of a transient flow system. 

In the Petroleum Engineering literature, there has been a 

significant amount of work presented on the simulation of thermal 

oil recovery processes which involve steam injection. Among them, 

the works of Coats, et a1.,17 and Weinstein, et a1.,18are compre- 

hensive, and directly applicable to the present study of two-phase 

boiling flow of water. Although the solution techniques of Coats, 

et ala, arid Weinstein, et al., are completely different, both 

solved the same mass and energy transport equations simultaneously, 

including interphase mass transfer accounting for steam 

condensation. 

Synthetic Sandstone 

Although unconsolidated sand packs have often been used 

as porous media for laboratory studies, natural sandstone or 

artificially-cemented sandstone of properties similar to natural 

sandstone is more desirable to simulate natural reservoir 
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conditions. Synthetic sandstone is more favorable when sandstone 

of a special shape, or specific characteristics (porosity, permea- 

bility) are needed. 

Wygal'' showed that a process of artificial cementation 

could be used to change unconsolidated packs into synthetic sand- 

stones having properties similar to those of natural rock, 

especially in terms of the drainage and imbibition relative 

permeabilities. 

95 weight per cent of 70- 80  mesh sand. Wygal also described in 

detail a technique for  the construction of synthetic rock as 

follows: 

A core was made of 5 weight per cent cement and 

1. Mix the sand with about 0.5 weight per cent of 

blending water. 

2 .  Coat the dampened sand grains with the dry cement. 

3 .  Pour the mixture into the container continuously 

through a particle distributor of wire mesh. 

4. Inject water at a xiate such that imbibition forces are 

dominant. 

5. Allow the cement to hydrate for an appropriate time. 

HeathLU employed Wygal's technique, and presented the 

results obtained by changing some factors which affect the 

porosity and permeability of synthetic sandstones. According to 

Heath, the main factors and their effects are as follows: 

1. Sand grain size -- Permeability increases with grain 
size for a given porosity. 

to c mbine two sizes at a grain-diameter ratio of about 6:1, and 

at a weight ratio of large grains to small grains of about 3 : l .  

To obtain low porosity, it is necessary 
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2. Blending water -- Mor t2  w a t e L  increases hoth porosity 

and permeability. 

3. Cement -- Both porosity and permeability decrease with 
increasing amount of cement. 

Evers, et al. , 21 prepared sandstone of very low permea- -- -- 
bility to meet the requirements f o r  their scaled model. Their 

method is different from Wygal's technique. Instead of injecting 

water into a dry mix of sand and cement in the container, Evers, 

- et al., tamped a wet mortar into mold. The resultant permea- 

bilities (ranging from 0 . 0 1 6  millidarcies to 0.162 millidarcies) 

and porosities (ranging from 10% to 18%) were obtained from 

mixtures of sand and cement for water-cement ratios of 0.30 to 

0.40: sand.-cement ratios in the range of 1/1 to 2 / 1 :  and sand 

grain size from 100-200 to 12-18 mesh. 

Saturation Measurement 

The word "saturation" may be used in many ways in non- 

isothermal boiling flow in porous media. It can refer to steam 

and liquid water in equilibrium, to saturation of a solvent with 

a solute, or to the volume fraction of pore space which is filled 

with a given fluid phase such as oil, water, or gas. It is the 

latter sense that will be used in the following. 

Means of measuring liquid pore space saturation which 

have received consideration include: electrical conductivity of 

the fluids; emissions from radioactive tracers dissolved in the 

fluids: the radioactivity of silver or rhodium caused by reflection 

of neutrons from hydrogen atoms in the fluids: the attenuation of 

a microwave beam: the diminution and phase shift of ultrasonic 
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wave t r a i n s ;  t h e  r e d u c t i o n  i n  i n t e n s i t y  of x- ray beams i n  p a s s i n g  

through f l u i d s ,  and magnet ic  r e l u c t a n c e .  

Musket, e t  a1.,22 and B ~ t s e t ~ ~  u t i l i z e d  piezometer  r i n g s  

which se rved  as  bo th  e l e c t r o d e s  and p r e s s u r e  t a p s .  

r i n g s  w e r e  s e p a r a t e d  by i n s u l a t i n g  t u b e s  forming p o r t i o n s  of t h e  

f low tube .  Connecting any two a d j o i n i n g  electrodes t o  an 

a.c. b r i d g e ,  t h e  average  c o n d u c t i v i t y  and t h u s  l i q u i d  s a t u r a -  

t i o n  between t h e  t w o  e l e c t r o d e s  cou ld  be measured. They succeeded 

i n  measuring t h e  s a t u r a t i o n  d i s t r i b u t i o n  i n  t h e  f l o w  system of 

w a t e r  and C 0 2  gas .  

The piezometer  

Neutrons are p a r t i c l e s  w i t h  no electr ic  charge  and w i t h  a 

mass approximate ly  e q u a l  t o  t h a t  o f  a p ro ton ,  t h e  nuc leus  of t h e  

hydrogen atom, When a f a s t  neu t ron  i s  scattered by a hydrogen 

n u c l e u s ,  it may l o s e  any f r a c t i c n  of  i t s  k i n e t i c  energy.  I n  t h e  

average  c o l l i s i o n ,  it l o s e s  one h a l f  i t s  k i n e t i c  energy.  A l l  

common e lements  o t h e r  t h a n  hydrogen are so much h e a v i e r  t h a t  a 

n e u t r o n  w i l l  l o s e  on ly  a small f r a c t i o n  of i ts  energy i n  a s i n g l e  

e l a s t i c  c o l l i s i o n .  The number of s l o w  neu t rons  emerging from a n  

o b j e c t  i r r a d i a t e d  by f a s t  n e u t r o n s ,  t h e r e f o r e ,  y i e l d s  a rough 

index  o f  t h e  q u a n t i t y  of hydrogen it c o n t a i n s .  Brunner and 

Mardock used t h i s  n e u t r o n- s c a t t e r i n g  method t o  measure o i l  

s a t u r a t i o n  i n  porous media. The neu t ron  sou rce  w a s  an i n t i m a t e  

mix ture  o f  radium and bery l l ium.  I n  o r d e r  t o  measure t h e  f l u x  of 

slow n e u t r o n s ,  t hey  found rhodium t o  be t h e  m o s t  s a t i s f a c t o r y .  

When s l o w  neu t rons  s t r i k e  rhodium, t h e y  induce  r a d i o a c t i v i t y  

(mainly beta)  which a Geiger-Mueller  c o u n t e r  can detect .  Brunner 

and Mardock p r e s e n t e d  a c a l i b r a t i o n  cu rve  f o r  an unconsol ida ted  

sand pack showing number of coun t s  v s .  o i l  s a t u r a t i o n ,  and a l s o  

24 
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t h e  s a t u r a t i o n  d i s t r i b u t i o n  a long  t h e  l e n g t h  o f  a c o r e .  Because 

t h i s  method de tec t s  t h e  c o n c e n t r a t i o n  of hydrogen atoms, it i s  

also a p p l i c a b l e  t o  a water-steam f l o w  system, because t h e  mass of 

the water phase  i s  dominant i n  t h e  mix ture ;  t h e r e f o r e ,  slow 

n e u t r o n s  should i n d i c a t e  t h e  l i q u i d  s a t u r a t i o n .  

Finnemore - and SchaafB2' r e p o r t e d  t h e  des ign  c o n s i d e r a t i o n s  

and the p rocedures  f o r  t h e  use  of a gamma-ray a t t e n u a t i o n  system 

des igned  to measure the moi s tu re  c o n t e n t  o f  a s o i l  i n  e i t he r  a 

t r a n s i e n t  o r  a s t a t i c  c o n d i t i o n .  

2 2 0  m@ cesiurn 137  s o u r c e ,  sodium iodide c r y s t a l  d e t e c t o r ,  p u l s e  

a m p l i f i e r  and a n a l y z e r ,  and s c a l e r .  

i n g  a t t e n u a t i o n  equation w a s  appropriate: 

T h e i r  system c o n s i s t e d  of a 

They found t h a t  t h e  follow- 

where 

Nw = count  r ead ing  f o r  w e t  s o i l  

Nd = coun t  r e a d i n s  f o r  d r y  soil 

Uw = t h e  t o t a l  l i n e a r  a t t e n u a t i o n  

c o e f f i c i e n t  of water 

W = volume f r a c t i o n  of bulk volume 

occupied by m o i s t u r e  

L = t h i c k n e s s  of t h e  soil column. 

Schaaf 2 6  u t i l i z e d  t h e  gamma-ray a t t e n u a t i o n  system t o  de te rmine  

m o i s t u r e  c o n t e n t  a t  v a r i o u s  spatial and tempora l  l o c a t i o n s  i n  a n  

uns t eady ,  u n s a t u r a t e d  f l o w  from a h o r i z o n t a l  c y l i n d r i c a l  sou rce  

i n t o  porous media. 
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11 
Baker developed a c a p a c i t a n c e  probe which u t i l i z e d  t h e  

d i f f e r e n c e  i n  d i e l e c t r i c  c o n s t a n t  between steam and h o t  wa te r  i n  

a porous media. The ins t rument  c o n s i s t e d  of a probe which cou ld  

be moved i n  a g l a s s  guide  i n  a sand pack,  a d r i v i n g  mechanism f o r  

t h e  probe,  e l e c t r o n i c  c i r c u i t r y ,  and a r e c o r d e r .  D e t a i l s  of con- 

s t r u c t i o n  of  t h e  probe ,  and t w o  diagrams of  t h e  e l e c t r i c a l  c i r c u i t  

a r e  shown i n  Appendix C. As can be  seen  i n  t h e  f i g u r e s  d e s c r i b i n g  

t h e  probe and t h e  probe c i r c u i t r y ,  t h e  probe i s  e s s e n t i a l l y  a 

c a p a c i t o r  i n  an o s c i l l a t o r  c i r c u i t  whose re sonan t  f requency changes 

wi th  t h e  changing c a p a c i t a n c e  of t h e  probe.  The probe i s  a s i l v e r -  

p l a t e d  g l a s s  tube  a t  t h e  center of which a b r a s s  rod  wi th  a 

p i e c e  of c l o s e d  copper t u b e  a t  t h e  end i s  h e l d  by Tef lon  s p a c e r s .  

The s e n s i t i v e  p a r t  o f  t h e  probe is  a s m a l l  gap between t h e  s i l v e r -  

coa ted  g l a s s  tube and t h e  copper tube .  There fo re ,  m o s t  of t h e  

c a p a c i t a n c e  is  f i x e d .  

guide  i n  t h e  sand pack,  an e l ec t r i c  f i e l d  r eaches  o u t s i d e  t h e  

gu ide ,  and has  d i f f e r e n t  i n t e n s i t y  accord ing  t o  t h e  d i e l e c t r i c  

c o n s t a n t  of t h e  medium surrounding  t h e  g l a s s  guide .  

d i f f e r e n c e  between t h e  o sc i l l a to r  i n c l u d i n g  t h e  c a p a c i t a n c e  probe 

and a s t a n d a r d  osc i l l a to r  i s  d e t e c t e d  and ampl i f i ed .  For record-  

i n g ,  t h e  c i r c u i t  i n  F i g .  C-3 was used t o  o b t a i n  a d.c. v o l t a g e  

whose magnitude w a s  p r o p o r t i o n a l  t o  t h e  frequency d i f f e r e n c e .  

Baker found t h e  probe t o  work s a t i s f a c t o r i l y  a t  room tempera tu re  

w i t h  o i l  and water, g a s  and water, o i l  and a l c o h o l ,  and o t h e r  two- 

phase,  two-component systems. Baker p r e s e n t e d  t h e  s a t u r a t i o n  

d i s t r i b u t i o n s  g iven  by t h e  probe d u r i n g  h i s  steam f l o o d i n g  

experiments .  Although he d i d  n o t  c a l i b r a t e  h i s  probe a t  

e l e v a t e d  t empera tu res ,  t h e  d a t a  showed good 

When t h e  probe i s  traversed i n  t h e  g l a s s  

The f requency 
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agreement w i t h  t h e  average  w a t e r  s a t u r a t i o n ,  and t h e  steam f r o n t  

l o c a t i o n .  T h i s  method appeared b e s t  s u i t e d  f o r  t h e  s u b j e c t  s t u d y .  

The energy i n  a n  x-ray beam t h a t  has  passed through an 

absorb ing  m a t e r i a l  i s  expressed  by t h e  fo l lowing  formula: 

where Eo i s  t h e  energy i n  t h e  i n c i d e n t  beam, 1-1 i s  t h e  mass 

a b s o r p t i o n  c o e f f i c i e n t ,  c i s  t h e  d e n s i t y  or c o n c e n t r a t i o n  of  

absorb ing  m a t e r i a l ,  and d is t h e  l e n g t h  of p a t h  of t h e  beam in 

t h e  a b s o r b e r .  Because every material has  a d i f f e r e n t  power t o  

a b s o r b  x - r a y s , t h e  r e d u c t i o n  i n  i n t e n s i t y  of an  x-ray beam a s  it 

p a s s e s  through a c o r e  depends on t h e  f l u i d s  p r e s e n t .  The beam 

emerging from t h e  core can be  measured as i o n i c  c u r r e n t  f lowing 

across an a i r - f i l l e d  i o n i z a t i o n  chamber. 

p r e s e n t e d  water s a t u r a t i o n  d i s t r i b u t i o n s  d e t e c t e d  by X-ray 

a b s o r p t i o n  a long  t h e  l e n g t h  of c o r e s  s u b j e c t e d  t o  gas  d r i v e s .  

Morgan, e t  a l . ,  2 7  
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EXPERIMENTAL EQUIPMENT 

A schematic  diagram of the completed appara tus  i s  

shown i n  F i g .  1, and photographs of t h e  appara tus  a r e  shown 

i n  F i g .  2 (a) and  (b). R e f e r r i n g  t o  the  flow diagram i n  F ig .  1, 

cold feed water is pumped through a t u b u l a r  f u r n a c e  and intcl 

a co re  conta ined  i n  a H a s s l e r  s l e e v e  core h o l d e r .  The core  

h o l d e r  is conta ined  w i t h i n  a n  a i r  b a t h  used t o  set ambient 

tempera tures  as h i g h  as 410°F. 

immediately downstream of the pump t o  e l i m i n a t e  flow p u l s a-  

t i o n s .  The accumulator i s  a diaphragm type  w i t h  n i t r o g e n  

p r e s s u r e  above the  diaphragm. The n i t r o g e n  source  can also 

be  used t o  ho ld  p r e s s u r e  on t h e  Viton s l e e v e  i n  t h e  H a s s l e r  

core ho lde r .  

An accumulator  i s  l o c a t e d  

Plow r a t e  i s  measured b o t h  upstream and downstream of 

t h e  core .  A f l o w r a t o r  is upstream of t h e  c o r e ,  w h i l e  t h e  

t o t a l  mass rate can be determined by t imed weighing of t h e  

cooled  w a t e r  f r o m  t h e  out f low of  the system. Both regu la-  

t i n g  and meter ing  va lves  are used to  a d j u s t  t h e  back p r e s-  

s u r e  and f l o w  ra te .  H e l i c o i d  p r e s s u r e  gages are i n s t a l l e d  

on each s i d e  o f  t h e  core. Porous meta l  f i l t e r s  ( 6 0  micron 

e lements)  a r e  l o c a t e d  before t h e  t u b u l a r  fu rnace ,  and b e f o r e  

t h e  back- pressure va lve .  T h e  main f l o w  l i n e  is 1 / 4  inch  

O.D. s t a in l e s s  steel t u b i n g ,  and o ther  l i n e s  a r e  1 / 8  inch  

O.D. s t a i n l e s s  s tee l  tub ing .  A 1 1  f i t t i n g s ,  v a l v e s ,  f i l t e r s ,  
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FIGURE 2 (a). PHOTOGRAPH OF APPARATUS. 
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FIGURE 2 (b). PHOTOGRAPH OF APPARATUS. 

-30- 



and gages a r e  s t a i n l e s s  s teel .  

The temperature  of t h e  f lowing f l u i d  i s  measured a f t e r  

t h e  t u b u l a r  fu rnace ,  a t  t h e  co re  i n l e t  and e x i t ,  and through-  

o u t  t h e  e n t i r e  l e n g t h  of t h e  co re  v i a  a t r a v e r s i n g  thermo- 

couple.  The t r a v e r s i n g  thermocouple i s  a 1/25 inch  d iameter  

shea thed  thermocouple i n s i d e  a 1 /16  inch O.D. s t a in l e s s  

s t ee l  t ub ing .  A l l  temperatures  a r e  recorded on a Leeds & 

Northrup Speedomax W ,  2 4  p o i n t s  r eco rde r .  I n  a d d i t i o n  t o  

t empera ture ,  p r e s s u r e s  a r e  measured a t  t h e  i n l e t  and o u t l e t  

of t h e  co re ,  and a t  t h r e e  l o c a t i o n s  a long  t h e  core  by means 

o:E p r e s s u r e  t r ansduce r s .  

A d e t a i l e d  d e s c r i p t i o n  of t h e  major equipment components 

i s  a s  fo l lows .  

Core Holder 

A mod i f i ca t i on  of a Hass le r- type  co re  ho lde r  des igned 

by t h e  Marathon O i l  Company ( Jones28)  was employed. 

3 shows a d e t a i l e d  drawing of t h e  co re  ho lde r .  The co re  

h o l d e r  c o n s i s t s  of an o u t e r  s h e l l ,  t h e  Viton tub ing ,  and 

s e v e r a l  end p i eces .  

i nches  O.D. wi th  a 0 .438  i nch  w a l l  t h i ckness .  

has  f o u r  e n t r y  p o r t s  o r  t aps :  

s u r e ,  and t h r e e  f o r  p r e s s u r e  measurements a t  i n t e r v a l s  of  

6 inches  a long  t h e  core. 

may be  used. 

i nches  O.D., and 0.25 inch  w a l l  t h i c k n e s s .  

a r e  an i n l e t  p lug ,  a compression r i n g ,  and a cap. 

F ig .  

The s h e l l  i s  26 inches  long by 3.5 

The s h e l l  

one f o r  t h e  overburden p re s-  

Obviously,  more p r e s s u r e  t a p s  

The Vi ton tub ing  i s  26  inches  long by 2.5 

The i n l e t  p a r t s  

The cap 
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ho lds  t h e  compression r i n g  t i g h t l y  a g a i n s t  an O- ring. The 

i n l e t  p lug  i s  a d j u s t a b l e  so t h a t  t h e  i n s i d e  f ace  may make 

good c o n t a c t  w i th  t h e  core .  The i n l e t  p lug  has  t.aps f o r  

i n l e t  f low and p r e s s u r e  measurement. The o u t l e t  p lug  has  

t a p s  f o r  e x i t  f l o w ,  a p r e s s u r e  t a p ,  and a h o l e  through 

which t h e  guide t u b i n g  f o r  t h e  s a t u r a t i o n  probe pas se s .  A 

thermocouple w e l l  f o r  t h e  t r a v e r s i n g  shea thed  thermocouple 

pas se s  through t h e  t a p  f o r  e x i t  f low, and through a h e a t  

exchanger type  Swagelock f i t t i n g  as shown i n  F ig .  4 .  The 

m a t e r i a l s  used i n  t h e  co re  h o l d e r  a.re 304  s t a i n l e s s  s tee l  

f o r  t h e  o u t e r  s h e l l  and t h e  compression r i n g ,  and b r a s s  

f o r  t h e  o t h e r  p a r t s .  The co re  h o l d e r  and end p lugs  are 

secured  by end p l a t e s  and f o u r  t i e  rods .  F ig .  5 shows 

t h e  core  h o l d e r  assembly i n  t h e  a i r  ba th .  

Oven - 
An a i r  b a t h  w i th  a working space  of 4 2  inches  by 1 8  

i nches  w i t h  2 4  inches  h e i g h t  was used t o  house t h e  28-inch 

long  co re  ho lde r .  A i r  c i r c u l a t i o n  i s  provided by a f a n ,  

and t h e  oven i s  equipped w i t h  windows. I t  t akes  about  two 

hours  t o  reach a uniform e l e v a t e d  temperature  w i th  t h e  

core  h o l d e r  and a w a t e r- s a t u r a t e d  core .  U s e  of t h e  mu l t i-  

channel  r e c o r d e r  a l lows moni to r ing  s e v e r a l  p o i n t s  i n  t h e  

sys tem t o  a s s u r e  t h a t  an i s o t h e r m a l  cond i t i on  is  a t t a i n e d  

p r i o r  t o  t h e  runs .  
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FIGURE 5. THE CORE HOLDER ASSETJBLY IN TKE AIR BATH 
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S e v e r a l  l i n e s  e x i t  t h e  oven through p o r t s  i n  t h e  w a l l s .  

These l i n e s  are: t h e  i n l e t  and o u t l e t  flow l i n e s ;  f i v e  

p r e s s u r e  measurement l i n e s ;  t h e  c o n f i n i n g  p r e s s u r e  l i n e  ; 

the  t r a v e r s i n g  thermocouple w e l l ;  and. t h e  guide  t u b e  f o r  

the s a t u r a t i o n  probe.  

Tubular  Furnace 

T h e  t u b u l a r  f u r n a c e  has a h e a t i n g  s p a c e ,  2 4  inches  

long  by 2 inches  i n  d iameter .  The maximum working tempera- 

t u r e  i s  2000°F. 

t i m e s  through t h e  t u b u l a r  fu rnace  so  t h a t  water of room 

The f l o w  t u b i n g  goes back and f o r t h  three 

tempera tu re  a t  the f u r n a c e  i n l e t  becomes h o t  water clr even 

super- heated  steam a t  t h e  o u t l e t .  The tempera ture  clf t h e  

t u b u l a r  f u r n a c e  i s  a d j u s t e d  by a t empera tu re  c o n t r o l . l e r  

which  r e g u l a t e s  i n p u t  by r h y t h m i c a l l y  t u r n i n g  t h e  l o a d  c i r -  

c u i t  on and off  w i t h  the  pe rcen tage  o f  t i m e  on i n f i r i t e l y  

v a r i a b l e  from 5% t o  1 0 0 % .  

Porous Media 

Two types  of porous media have been used: a Berea 

sands tone  c o r e ,  and several s y n t h e t i c  c o n s o l i d a t e d  sand-  

s t o n e  cores. I n  the case of t h e  Berea sandstone  c o r e ,  a 

groove w a s  c u t  on t h e  s i d e  s u r f a c e  and a 1 / 1 6  inch  O . D .  

s t a i n l e s s  s t e e l  t u b i n g  w i t h  one end plugged by s i l v e r  s o l d e r  

w a s  cemented i n  t h e  groove. Fondu ca lc ium aluminate  cement, 

s i l i c a  sand  o f  about  100  T y l e r  mesh s i z e ,  and wa te r  were 

used as t h e  materials t o  make the  s y n t h e t i c  co res .  T h e  
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propor t i ons  of sand and cement were 80% sand by w e i g h t ,  and 

20% cement by weigh t .  The sand-cement mixture  was prepared  

by thoroughly mixing sand ,  f i rs t  w i t h  t h e  b l end ing  wa te r  

( 0 . 5 %  by w e i g h t ) ,  and second w i t h  cement. T h e  mix ture  was 

poured i n t o  a mold formed w i t h  a p l a s t i c  t ub ing  i n  which 

a g l a s s  t ub ing  for the  l i q u i d  s a t u r a t i o n  probe and a ther-  

mocouple t u b i n g  w e r e  h e l d  i n  p l a c e .  While pour ing t h e  sand ,  

t h e  mold was tapped and v i b r a t e d  from t i m e  t o  t i m e  i n  o r d e r  

t o  compact t h e  sand. Water w a s  i n j e c t e d  through a f i t t i n g  

on a d i s c  f l a n g e  connected t o  t h e  end of t h e  mold. A f t e r  

t h e  breakthrough of t h e  i n j e c t e d  w a t e r ,  t he  mold w a s  d i s-  

connected from the wa te r  and allowed t o  hyd ra t e  fo r  one day. 

After 2 4  hours ,  t h e  p l a s t i c  t u b i n g  was pee led  o f f ,  and t h e  

core  was machined ( f i l e d )  t o  a d e s i r e d  s i z e :  2 inches  O.D.  

by 23.5 inches  long.  T h i s  method o f  making a r t i f i c i a l  sand-  

s t o n e  cores was found t o  be r ep roduc ib l e  and r e l i a b l e .  For 

t h e  mixture  of 80% sand  and 20% cement by weigh t ,  t h e  pe r-  

m e a b i l i t y  and p o r o s i t y  were about  1 0 0  mi l l idarc ies ,  and 

35% of bu lk  vo lume , r e spec t ive ly .  This  combination of low 

pe rmeab i l i t y  and h igh  p o r o s i t y  is  i d e a l  f o r  t h e  purposes 

of t h i s  s tudy .  

I n  a d d i t i o n  t o  t h e  method mentioned above, several 

o t h e r  t echniques  w e r e  t r i e d  t o  p repa re  s y n t h e t i c  sands tone  

cores .  

1. One t e s t  involved  a termary pack of l a r g e  sand g r a i n s ,  

s m a l l  sand g r a i n s ,  and cement, w i t h  wa te r  a d d i t i o n  by i m -  
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bib i t i ion .  T h i s  procedure  w a s  

make l img,  homogeneous co re s  

2 .  A wet mixture  of 1 0 0  mesh 

packed i n t o  t h e  p l a s t i c  form 

t o  be  i n a p p r o p r i a t e  t o  

cement, and wa te r  were 

of packing t h e  dry  

mix ture  desc r ibed  above. 

u n s a t i s f a c t o r y  r e s u l t s  f o r  homogeneity and low pe rmeab i l i t y .  

3 .  

t h e  Hassler t ype  core h o l d e r .  The co re  d i d  n o t  adhere t o  

the  tube  w a l l  and it was n o t  p o s s i b l e  t o  e l i m i n a t e  bypass 

f low a long  t h e  i n s i d e  w a l l .  

P r e s  s u r e  Measurement 

This  procedure  was found t o  g i v e  

Cores w e r e  made i n  s t a i n l e s s  s t e e l  tubes i n s t e a d  of 

T h e  i n l e t  and o u t l e t  p r e s s u r e s ,  and t h e  p r e s s u r e  

d i f f e r e n c e s  a c r o s s  i n t e r v a l s  a long  t h e  co re  were measured 

w i t h  Celesco model KP15 d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r s ,  

and CeILesco model CD25 t r a n s d u c e r  i n d i c a t o r s .  

of  p r e s s u r e  d i f f e r e n c e s  can be  v a r i e d  by use of d i f f e r e n t  

metal p l a t e s  i n  t h e  t r a n s d u c e r .  The t r a n s d u c e r  and i n d i -  

c a t o r  p rov ide  a s i g n a l  t o  a Hea thk i t  s e r v o  r eco rde r .  

The range 

In o r d e r  t o  ga in  p r e s s u r e  d a t a  a t  i n t e r v a l s  a long  t h e  

c o r e ,  t a p s  were made through t h e  s i d e w a l l  of  t h e  s h e l l  and 

t h e  Vi ton s l e e v e  tub ing .  

t h e  s i d e w a l l  of  t h e  s h e l l  i s  shown i n  F ig .  6 .  

sleeve p e n e t r a t o r s  w e r e  used w i t h  Swagelok SS-200-1-OR 

f i t t i n g s .  

f i t t i n g  as a d r i l l  gu ide  a f t e r  t h e  c o r e  h o l d e r  was assembled 

Deta i l  o f  t h e  p r e s s u r e  t a p s  on 

The Vi ton 

The Vi ton s l e e v e  w a s  d r i l l e d  u s ing  t h e  Swagelok 

found 

sand ,  

n s  teac 
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c o n t a i n i n g  t h e  core .  One O- ring was used on each side of 

t h e  f l ange  on t h e  sleeve p e n e t r a t o r s  t o  avoid l e a k s .  The 

des ign  of the p r e s s u r e  t a p  was also s u p p l i e d  by S .  C. Jones ,  

courtesy of t h e  Marathon Oil Company. 

S a t u r a t i o n  Measurement 

2 8  

- 

For t h e  purposes of t h i s  i n i t i a l  s t udy  of b o i l i n g  

w a t e r  f l o w ,  t h e  B a k e r  c a p a c i t a n c e  probe was s e l e c t e d .  The 

Chevron Oil F i e l d  Research Company k i n d l y  supp l i ed  complete 

d e t a i l s  of both the probe and t h e  d e t e c t o r  c i r c u i t .  (See 

Appendix C . )  
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EXPERIMENTAL PROCEDURE 

S e v e r a l  d i f f e r e n t  k inds  of exper iments  can be accomp- 

l i s h e d  w i t h  t h e  appara tus  described i n  t h e  p rev ious  s e c t i o n .  

I t  was decided to  run a series of b a s i c  s ingle- phase  ex- 

per iments  p r i o r  t o  performing t h e  b o i l i n g  two-phase, non- 

i.sotherrna1 f l o w  experiments .  T h e s e  b a s i c  experiments  i n -  

cluded: 

1.. Measurement of a b s o l u t e  p e r m e a b i l i t y  t o  gas and l i q u i d  

water a t  a range of tempera tures .  

2:. I n j e c t i o n  of h o t  water i n t o  a system c o n t a i n i n g  w a t e r  

a t  a l o w e r  tempera ture .  

3 .  Cold w a t e r  i n j e c t i o n  i n t o  a system c o n t a i n i n g  h o t  wa te r  

i . n i t i a l l y  . 
4 .  I n j e c t i o n  of steam i n t o  a sys tem c o n t a i n i n g  l i q u i d  w a-  

ter  a t  a lower tempera ture .  

5 .  Two-phase f l u i d  p roduc t ion  from a c l o s e d  system c o n t a i n -.  

i n g  compressed h o t  water i n i t i a l l y .  

T h e  f i r s t  s t e p  t o  be t a k e n  w a s  t o  make t h e  core s a t u r a t e d  

w i t h  a t es t  f l u i d :  n i t r o g e n  gas o r  d i s t i l l e d  and deaerated 

water. F i r s t ,  t h e  pore  space  was evacuated  by a vacuum 

pump v i a  t h e  e x i t  va lve .  Then, the- t e s t  f l u i d  was allowed 

to imbibe i n t o  the core through t h e  i n l e t  va lve  w h i l e  t h e  

e x i t  v a l v e  was s t i l l  connected t o  t h e  vacuum pump. A f t e r  

b reakthrough,  t h e  core  w a s  f looded  w i t h  s e v e r a l  pore  volumes 

of f l u i d .  
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I n  measurement of a b s o l u t e  p e r m e a b i l i t y ,  the i n j e c t e d  

f l u i d  was hea t ed  by t h e  t u b u l a r  fu rnace  t o  t h e  c o n s t a n t  

t empera ture  of t h e  co re .  

T h e  procedure  i n  making a run was s i m i l a r  f o r  i n j e c t i o n  

of e i ther  h o t  wa te r  o r  steam. The pump and t h e  t u b u l a r  f u r -  

nace w e r e  t u rned  on and se t  t o  main ta in  c e r t a i n  p r e s s u r e  

and tempera ture  l e v e l s .  U n t i l  t h e  t empera ture  of  t h e  i n -  

j e c t e d  f l u i d  reached a d e s i r e d  l e v e l ,  t h e  h o t  f l u i d  was 

ven ted  t o  t h e  atmosphere v i a  a bypass .  When t h e  recorded  

tempera ture  of the  i n j e c t e d  f l u i d  showed t h e  d e s i r e d  con- 

s t a n t  v a l u e ,  the  bypass  va lve  was c l o s e d  and t h e  i n l e t  va lve  

t o  t h e  co re  was opened, s t a r t i n g  the run.  T h e  i n l e t  p r e s-  

s u r e  was set  by t h e  r e l i e f  va lve  i n  t h e  pump. T h e  f l o w  

r a t e ,  o r  o u t l e t  p r e s s u r e ,  was r e g u l a t e d  by a d j u s t i n g  t h e  

o u t l e t  va lves .  The tempera ture  of i n j e c t e d  f l u i d ,  and 

t h e  p r e s s u r e  drop a c r o s s  t h e  whole l e n g t h  of t h e  core w e r e  

con t inuous ly  recorded.  The f low rate  was measured p e r i o d i -  

c a l l y .  Temperatures a long  t h e  co re  w e r e  measured by t r a v-  

e r s i n g  t h e  thermocouple. The s e n s i n g  t i m e  p e r  p o i n t  used 

w a s  6 seconds,  a l though  a va lue  as l o w  as 1 . 5  seconds could  

have been used.  

For the co ld  wa te r  i n j e c t i o n  exper iments ,  t h e  procedure  

was t h e  same as f o r  t h e  h o t  f l u i d  i n j e c t i o n ,  excep t  t h a t  

t h e  care w a s  i n i t i a l l y  hea t ed  and se t  t o  main ta in  a c o n s t a n t  

t empera ture  i n s t e a d  of h e a t i n g  t h e  i n j e c t e d  f l u i d .  
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For a run of t h e  d e p l e t i o n  t y p e ,  bo th  t h e  i n l e t  and 

o u t l e t  va lves  were c lo sed ,  and t h e  co re  was hea t ed  t o  a 

d e s i r e d  i n i t i a l  t empera ture  and p r e s s u r e  a t  which t h e  wa te r  

i n  t h e  co re  w a s  i n  t h e  compressed l i q u i d  phase.  

t h e  i n l e t  va lve  c l o s e d ,  t h e  o u t l e t  va lve  was suddenly open- 

ed t o  t he  atmosphere, and t h e  producing p r e s s u r e  was re- 

corded a s  a f u n c t i o n  of t i m e .  

a long  t h e  a x i s  of t h e  core  were recorded a s  f u n c t i o n s  of 

t i m e .  

Keeping 

Both p r e s s u r e  and tempera ture  

The main experiment cons idered  under t h e  ca tegory  of 

"Two-Phase Flow Experiments" was t h e  s t eady  i n j e c t i o n  of 

h o t ,  compressed l i q u i d  wa te r  i n t o  t h e  core  a t  a r a t e  such 

t h a t  a b o i l i n g  f r o n t  would form somewhere w i t h i n  t h e  c o r e  

l e n g t h  l e a d i n g  t o  an obvious two-phase, d e c l i n i n g  tempera- 

t u r e  and p r e s s u r e  f low reg ion .  The exper imenta l  procedure  

was a s  fo l lows:  

F i r s t ,  t h e  co re  was s a t u r a t e d  w i t h  wa te r  and hea t ed  

t o  an i n i t i a l  temperature  and p r e s s u r e  w e l l  w i t h i n  t h e  

compressed l i q u i d  reg ion  on a pressure- tempera ture  diagram 

f o r  f l a t - s u r f a c e ,  water-steam equ i l i b r ium.  During t h e  h e a t-  

i n g  procedure ,  h o t  w a t e r  was c i r c u l a t e d  a t  a l o w  r a t e  

through t h e  co re  w i th  t h e  o u t l e t  cond i t i ons  mainta ined i n  

t h e  l i q u i d  reg ion .  

t h e  core  were s t a b i l i z e d ,  two-phase f low was i n i t i a t e d  by 

opening t h e  o u t l e t  va lve  and i n c r e a s i n g  t h e  p re s su re  drop 

across t h e  core .  

A f t e r  t empera tures  a long  t h e  a x i s  of 

A v a r i e t y  of exper imenta l  cond i t i ons  
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could  be ob ta ined  by changing t h e  i n l e t  t empera ture  and t h e  

p r e s s u r e  drop a c r o s s  t h e  core .  P r e s s u r e s  a t  the f i v e  t r a n s -  

duce r  t a p s  and tempera ture  and l i q u i d  s a t u r a t i o n  i n  t h e  

a x i a l  d i r e c t i o n  w e r e  measured. 

approximately  s t e a d y- s t a t e  t empera ture  and p r e s s u r e  d i s t r i -  

b u t i o n s ,  a l though it was a n t i c i p a t e d  t h a t  cond i t i ons  would 

never  be t r u l y  s t e a d y  s ta te .  

I t  was p o s s i b l e  t o  ach ieve  
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EXPERIMENTAL RESULTS AND ANALYSIS 

Absolute Permeability 

The permeability of a porous medium to a single-phase gas 

usually exceeds the permeability of the same porous medium to a 

single-phase liquid. The difference in these permeabilities is 

caused by the phenomenon known as slip, and reactions between 

liquids and the solid. The first studies concerned an investi- 

gation of the effect of temperature level upon the absolute 

permeability to both gas and water for the synthetic cores. No 

such information had been presented previously. 

Klinkenberg*’ developed the relation between the permeability 

of a porous medium to gas and to a nonreactive liquid as follows: 

4CA ka = k(l + -) r 

where k, is the apparent or observed permeability to gas, k is the 

absolute permeability to gas at high pressures which is equal to the 

absolute permeability to a single liquid phase, X is the mean free 

path of the gas molecules, r is radius of a capillary (assumed to 

be constant), and C is a proportionality factor. The mean free 

path can be expressed as: 

- 
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where d is a collision diameter, n is the concentration of mole- 

cules per unit volume, N is Avogadro's Number, pm is the mean 

pressure, T is temperature, and R is the universal gas constant. 

From E q .  42, E q .  4 1  becomes: 

k = k(1 a + 4CRT I 
G r N d  * pm = k ( l  + b -1 

Pm 
(43) 

where b is often referred to as the Klinkenberg factor, which is 

constant for a given gas and a given porous medium at a constant 

temperature. From E q .  43, the Klinkenberg factor is clearly 

directly proportional to temperature. 

Fig. 7 presents the measured permeabilities to nitrogen for a 

synthetic sandstone core graphed against the reciprocal mean core 

pressure for a variety of temperatures ranging from 75'F to 342'F. 

All data can be represented by a single line, indicating no signif- 

icant effect of temperature level for the range of temperatures 

studied, although the slope of the line, kb, should change in 

proportion to temperature in accordance with E q .  43. A possible 

explanation about lack of dependence of the slope on temperature 

is that the proportionality factor, C, may be directly proportional 

to the reciprocal temperature for the present case. The Klinkenberg 

factor is 3.77 psi, much higher than would be expected from 

correlations for natural sandstone cores. Also shown on the 

ordinate of Fig. 7 is the absolute permeability to water for the 

same synthetic core, 98 millidarcies at 76 to 340°F. This is a few 

pes cent I-ower than the absolute permeability to gas, 100 

millidarcies. 
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Although not evident on Fig. 7, the same permeability to water 

was measured for a range of temperatures from 76°F to 340°F. Unlike 

previous findings by Weinbrandt I et al. , 30 for natural sandstones, 

no effect of temperature was found. One significant difference 

other than the nature of the core was that the confining pressure 

was only 400 psi for the present studies as compared to at least 

several thousand psi for  the Weinbrandt, et al., study. This 

compound effect of the confining pressure and temperature on the 

permeability to liquid has been investigated carefully by Casse 31 

recently. According to the results of Casse, the temperature 

effect on the absolute permeability to water is minor at low con- 

fining pressure, which is consistent with the present work. In the 

case of the Berea sandstone core, which was 2 inches O.D.  by 23.5 

inches long and of 22% porosity, no temperature effect was found 

for temperatures varying from 70°F to 3 2 0 ° F  with water. 
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Hot Water Injection -- 

Four runs of hot water injection were made for each core at 

varying injection rates and injection temperatures. Figs. 8-15 

present temperature vs. distance along the core. Figs. 8-11 are for 

the synthetic sandstone core, and Figs. 12-15 are for the Berea 

sandstone core. These figures provide basic information on single- 

phase nonisothermal flow. From these data it is possible to 

compute effective thermal conductivities in the direction of flow, 

and heat l o s s  radially from the core. As can be seen in each 

figure, heat flow changes from an unsteady state at early stages 

to a nearly steady-state process at long times. The temperature 

distribution along the core shows transient heating curves for 

short times. During the intermediate period, there are almost 

constant incremental changes of temperature with time at any given 

location. At long times, the incremental changes in point 

temperatures become smaller, and eventually the temperature profile 

stabilizes. The heat transfer process is then apparently steady 

state, and the temperature changes nearly linearly along the axis 

of the core. At steady-state conditions, the net heat injection 

rate is exactly balanced by the radial heat loss  from the system. 

- 

In order to evaluate the experimental results, a mathematical 

model similar to the one of Lauwerier can be used. In the present work, 

the core is cylindrical, and the heat transfer from the core to 

the surroundings can be expressed by forced convection, rather 

than conduction. In addition to these differences from Lauwerier's 

model, the injection temperature is a continuous function of time 

rather than being constant. 
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A p p l y h g  a h e a t  ba l ance  t o  t h e  ha tched  reg ion  of F ig .  1 6 ,  t h e  

fo l lowing  equa t ion  i s  ob ta ined :  

a T  
P 0 P l C l  at a T  + ropwVwCw ax + 2UT = 0 ( 4 4 )  

OJ 
where T = T1 - T 

and 

The c o n s t a n t s  i n  t h e  p rev ious  equa t ion  a r e  s i m i l a r  t.o t h e  ones 

used by Lauwerier excep t  t h e  fo l lowing:  

Tm = t h e  ambient t empera ture ,  OF 

r = t h e  r a d i u s  of t h e  c o r e ,  f t  

U = t h e  o v e r a l l  h e a t  t r a n s f e r  

0 

c o e f f i c i e n t ,  Btu/hr-f t2- 'F ,  

based on t h e  r a d i u s  of t h e  co re .  

I n t roduc ing  t h e  d imens ion less  v a r i a b l e s  5 and T de f ined  b y :  

r o ~ w v w c w  
5 2u x =  I 

TOP 1c 1 
T. 2u t =  

The problem t o  be so lved  can now be expressed  a s :  

and 

T = T  - T m  = F ( ~ T )  f o r  5 = 0 ,  T > 0 

T = O  f o r  5 > 0, T = 0 

i 

where 
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The solution can be obtained by using the Laplace transformation 

method, and yields: 

2 m  P 1ClX 
= + r o w w w  p V C )F(t - pwCwVw) 

where 

a(? - 5 )  = 1 for T Z 5 

( 0 f o r  T 5 

As shown in the experimental results, F(t) is not consta.nt but is a 

function of time which can be expressed as F(t) = Tio(l - e -Bt) 
I 

where Tio and B are certain constants. 

Fig. 17 shows an example of the calculated temperature distri- 

butions at various times. Fig. 18 presents the temperature of the 

core at the inlet end, [F(t) + Tm], vs. injection time. For the 

calculatioln , the following constants were used: 

PS = 165.4 lb/ft3 

Cs = 0.21 Btu/lb-OF 

pW = 62.0 lb/ft3 

= 1.0 Btu/lb-OF cW 

4 = 2 2 %  

U = 1.246 Btu/hr-ft2-OF 

Thermal properties of sands and water are shown in Appendix B. 

The values of p s ,  Cs, p w ,  and Cw given above are for the average 

temperature. U was calculated with the experimental data as shown 

in the later section. -60- 
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The main reason  f o r  t h e  d i f f e r e n c e s  between t h e  observed and 

c a l c u l a t e d  t empera tu re  d i s t r i b u t i o n s  i s  t h a t  t h e  o v e r a l l  h e a t  

t r a n s f e r  c o e f f i c i e n t  w a s  assumed t o  be c o n s t a n t  throughout  t h e  

run .  A c t u a l l y ,  t h e  o v e r a l l  c o e f f i c i e n t  U m u s t  have a h i g h e r  

va lue  b e f o r e  t h e  h e a t i n g  p r o c e s s  r e a c h e s  a s t e a d y  s t a t e ,  than  t h e  

1 . 2 4 6  Btu/hr-ft2-OF va lue  which w a s  e s t i m a t e d  fo r  t h e  s t e a d y  s t a t e .  

I n  r e g a r d  t o  r a d i a l  h e a t  loss, two factors  a r e  of  i m -  

por tance :  (1) t h e  thermal  e f f i c i e n c y  of t h e  h o t  f l u i d  i n j e c t i o n ,  

and ( 2 )  t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  between t h e  c o r e  

w i t h i n  t h e  s l e e v e  and t h e  surroundings .  
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Thermal E f f i c i e n c y  

"Themla1 e f f i c i e n c y "  has  been d e f i n e d  i n  o i l  recovery  by h o t  

f l u i d  i n j e c t i o n  a s  t h e  f r a c t i o n  of t h e  cumulat ive  h e a t  which i s  

s t i l l  w i t h i n  t h e  i n j e c t i o n  i n t e r v a l  ( t h e  remainder be ing l o s t  t o  

t h e  overburden and underburden) ,  For  va ry ing  i n j e c t i o n  r a t e  and 

t empera tu re ,  t h e  the rmal  e f f i c i e n c y  a t  a t o t a l  i n j e c t i o n  t i m e  t 

may be defi.ned as: 

I n  t h i s  formula ,  t h e  s p e c i f i c  h e a t  of  sand g r a i n s ,  Cs, t h e  

s p e c i f i c  h e a t  of water ,  

t empera tu re  dependent.  These thermal  p r o p e r t i e s  are avai . lab le  

and t h e  d e n s i t y  of  water ,  p,, are a l l  
cW 

i n  t h e  l i t e r a t u r e  and are summarized i n  Appendix B. Usi.ng t h e  

t empera tu re  d i s t r i b u t i o n s  p r e s e n t e d  i n  F i g s .  8-15, thermal  

e f f i c i e n c i e s  w e r e  computed by numerica l  i n t e g r a t i o n .  Ficjs. 1 9  and 

20  show t h e  r e s u l t s  f o r  t h e  s y n t h e t i c  c o r e  and Berea sandstone  

c o r e ,  r e s p e c t i v e l y .  Thermal e f f i c i e n c y  i s  graphed a g a i n s t  cumula- 

t i v e  h e a t  i n j e c t e d ,  w i t h  h e a t  i n j e c t i o n  r a te  as a paramet.er, showing 

h e a t  i n j e c t i o n  rate  dependence of  the rmal  e f f i c i e n c y .  The g r e a t e r  

t h e  ra te  of h e a t  i n j e c t i o n ,  fiCwAT , t h e  h i g h e r  i s  t h e  thermal  
9 '46 e f f i c i e n c y .  Th i s  t r e n d  w a s  a l s o  observed by Baker , Erscby and 

Crichlow . 
-- 

I n  t h e  p r a c t i c a l  a p p l i c a t i o n  of r e s e r v o i r  h e a t i n g ,  12 

t h e  r e s e r v o i r  volume t o  be hea ted ,  and a t empera tu re  t o  be 

a t t a i n e d  must be s p e c i f i e d .  Genera l ly ,  h i g h  mass and h e a t  

i n j e c t i o n  rates appear  t o  be more advantageous.  On t h e  o t h e r  hand, 
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thiermal e f f i c i e n c i e s  can a l s o  be  graphed a g a i n s t  t h e  i n j e c t i o n  

time, as p r e s e n t e d  on F i g s .  2 1  and 2 2 .  On t h i s  b a s i s ,  t h e  

dependence on i n j e c t i o n  r a t e  i s  r e v e r s e d ,  i . e . ,  t h e  lower 

( i C w A T )  i s ,  t h e  h i g h e r  t h e  e f f i c i e n c y .  

it i s  noted  t h a t  a h i g h e r  hea t  i n j e c t i o n  r a t e  causes  a g r e a t e r  

h e a t  t r a n s f e r  from t h e  c o r e  t o  t h e  surroundings .  Th i s  f a c t  

c a n  be exp la ined  by t h e  o b s e r v a t i o n  t h a t  t h e  o v e r a l l  h e a t  

t r a n s f e r  c o e f f i c i e n t  of t h e  core  h o l d e r  depends upon mass 

flow ra te .  A s  d e s c r i b e d  i n  t h e  fo l lowing  s e c t i o n ,  t h e  h i g h e r  

mass flow r a t e  i s ,  t h e  larger t h e  o v e r a l l  h e a t  t r a n s f e r  co- 

e f f i c i e n t  w i l l  be (see F i g .  2 3 ) .  

From F i g s .  2 1  and 2 2 ,  

Finally, it should be noted that Eq. 47 defines thermal 

efficiency as the ratio of the heat contained within the 

core at any time divided by the cumulative heat injected at 

that time. The heat flow out the exit of the core has not 

been subtracted as was done by Crichlow . Results can be 

placed on the same basis as those of Crichlow easily, because 

the outflow temperature is known as a function of time. 

the temperature profiles in Fig. 15 for example. This correction 

will have no effect on conclusions reached in the preceeding. 

12 

See 
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Overall1 H e a t  T r a n s f e r  C o e f f i c i e n t  f o r  Core Holder  

AS can be seen  i n  F i g s .  8-15, t h e  tempera ture  p r o f i l e s  

become n e a r l y  l i n e a r  a t  long  i n j e c t i o n  t i m e s ,  i n d i c a t i n g  

t h a t  t h e  h e a t  loss  p e r  u n i t  l e n g t h  i s  a lmost  constant:. 

Thus, t h e  t o t a l  h e a t  loss  can be  averaged and a s imple  

d e t e r m i n a t i o n  of t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  

made. The f o l l o w i n g  formula w a s  used f o r  computation: 

3. Ti - T,) dX 
0 

J 2Vr 

The r e s u l t s  are shown i n  F i g .  23 and Table  1. F ig .  ;!3 shows 

t h a t  t h e  h i g h e r  mass i n j e c t i o n  r a t e  i s ,  t h e  g r e a t e r  t h e  over-  

a l l  h e a t  t r a n s f e r  c o e f f i c i e n t ,  and t h a t  t h e  d a t a  f o r  t h e  h o t  

w a t e r  i n j e c t i o n  appears  t o  fo l low a power l a w ,  i . e . ,  

U = 0 . 9 4 ( m )  0.328 

A s  d e s c r i b e d  by W i l l h i t e 3 2  and R a m e ~ ~ ~ ,  t h e  o v e r a l l  

h e a t  t r a n s f e r  c o e f f i c i e n t  can be e s t i m a t e d  by e v a l u a t i n g  t h e  

s i z e  of each h e a t  t r a n s f e r  component. F ig .  2 4  shows t h e  

c o r e  h o l d e r  model which w i l l  be  used t o  d e r i v e  U .  The end 

e f f e c t  i s  assumed t o  be  n e g l i g i b l e ,  F i r s t ,  U i s  d e f i n e d  by 

t h e  fo:Llowing equa t ion :  

Q = 27rr U (Tf  - Tm) AL 
0 

( 4 9 )  
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Eq.  4 9  means t h a t  U i s  based on a charac te r i s t ic  a r e a  

277roAIJ, which i s  the  o u t s i d e  s u r f a c e  area of an i n c r e m e n t a l  

l e n g t h  of t h e  c o r e ,  and on  a c h a r a c t e r i s t i c  t empera tu re  

d i f f e r e n c e  AT = Tf - Tm which is  the d i f f e r e n c e  between 

t h e  t empera tu re  of the f lowing  f l u i d ,  T f ,  and t h e  anlbi- 

e n t  t empera tu re ,  TW. 

At t h e  core-Viton s leeve i n t e r f a c e ,  t h e  r a t e  of hea t  

t r a n s f e r  is g i v e n  by:  

hf i n  E q .  5 0  i s  t h e  f i l m  c o e f f i c i e n t  f o r  h e a t  t r a n s f e r  

based  on t h e  i n s i d e  s u r f a c e  a r e a  of t h e  Viton t u b i n g ,  and 

t h e  t empera tu re  d i f f e r e n c e  between t h e  f lowing  f l u i d  and 

t h e  i n s i d e  Viton t u b i n g  w a l l .  

t h e  f l owing  f l u i d  and t h e  Vi ton  t u b i n g  i s  assumed t o  be  

2VrobOL,  because  a model as  shown i n  F ig .  25  can be con- 

s i d e r e d ,  i n  which sand g r a i n s  (shown as ha tched  p a r t )  have 

a tight c o n t a c t  w i t h  t h e  Viton tub ing .  

c o n d u c t i v i t y  a t  the c o n t a c t  can be reasonably  assumed. 

Now, h o t  water f lows through the  the Vi ton  tub ing ,  whose 

The i n t e r f a c e  a r e a  between 

Thus an i n f i n i t e  

i n n e r  r ad ius  is ro@. 34 
According t o  Holman I hf 
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Viton  Tubing,  
I n s i d e  Radius 

Sand Grain 

' ro 

. 
Porous Space, P o r o s i t y ,  4 

V i t o n  Tubing 

FIGURE 25. MODEL CONSIDERED TO ESTIMATE FILM COEFFICIENT 
AT INSIDE SURFACE OF VITON TUBING 
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i s  g iven  by: 

x a N'd h -  = 
i: 

and N u d  = 1.75 (Gzd + 0 . 0 1 2  (GzdGrd 

where: G r a e t z  number 

Grashof number 

- G d  - -  
Red 1-I 

Reynolds number 

P r a n d t l  number Pr = cpll A 

1 (av P = volume c o e f f i c i e n t  of expansion 

T = 1 lL T dz mean h u l k  t e m p e r a t u r e  b L O f  

m G = /A mass v e l o c i t y  
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The a p p l i c a b l e  range o f  E q .  51  i s  f o r  l O - * < P r ( L ) O .  d 

H e a t  f l o w  through t h e  Vi ton t u b i n g  w a l l  occurs  by conduct ion.  

From F o u r i e r ' s  law: 

I n t e g r a t i n g :  

Three modes o f  h e a t  t r a n s f e r  may be cons idered  i n  t h e  

See annulus  between t h e  Vi ton t u b i n g  and the o u t e r  s h e l l .  

W i l l h i t e 3 2  f o r  an analogous problem i n  a wellbore.  H e a t  i s  

conducted through t h e  atmosphere of con f in ing  p r e s s u r e  con- 

t a i n e d  i n  t h e  annulus .  

a l s o  occur  independen t ly .  A t  ve ry  l o w  Grashof numbers, 

t h e r e  a re  minute f ree- convect ion c u r r e n t s ,  and t h e  h e a t  

t r a n s f e r  occurs  mainly by conduct ion across t h e  f l u i d  l a y-  

er .  

h e a t  t r a n s f e r  i n  h o r i z o n t a l  enc lo sed  s p a c e s  can be a p p l i e d  

t o  t h e  s u b j e c t  c a s e  w i t h  r ea sonab l e  error.  

s e p a r a t i o n  d i s t a n c e  between t w o  h o r i z o n t a l  p l a t e s .  

Rad i a t i on  and n a t u r a l  convec t ion  

I f  t h e  e f f e c t  of c u r v a t u r e  i s  assumed t o  be n e g l i g i b l e ,  

L e t  6 be t h e  

Then, 
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acco rd ing  t o  Holman f o r  va lues  of G r 6  below about  1 7 0 0 ,  

pu re  conduct ion i s  observed and: 

A 
lvug f -2 = 1.0 x (53 )  

where X e  i s  appa ren t  t he rma l  c o n d u c t i v i t y .  

Thus,  n e g l e c t i n g  r a d i e n t  h e a t  t r a n s f e r ,  h e a t  f l u x  i n  t h e  

annulus  i s :  

- m  2 r x  ( T  I .) AL e vo s 1. (2 = 
Y 

( 5 4 )  
L s j- In - r vo 

Heat :flow through t h e  o u t e r  s h e l l  w a l l  i s  given by: 

r In so 
r s i  

Final:Ly, a t  t h e  o u t s i d e  s u r f a c e  of  t h e  s h e l l ,  f r e e  convect-  

i o n  occu r s  from t h e  s u r f a c e  of  t h e  h o r i z o n t a l  c y l i n d e r  t o  

t h e  a i r  a t  a tmospheric  p r e s s u r e .  

e s t i m a t i o n  of t h e  average  h e a t  t r a n s f e r  c o e f f i c i e n t  was 

A s i m p l i f i e d  equa t ion  f o r  

-.- 
given  by McAdams3’ as follows: 

- 7 8 -  



 AT^/^ ' 

hm = 0 . 2 7  (TI 

where AT = Tso - Tm 

(56)  

The h e a t  f l u x  i s :  

Because r a d i a l  h e a t  t r a n s f e r  i s  assumed t o  be a t  s t e a d y  

s t a t e ,  t h e  h e a t  f l u x  through a l l  components a r e  e q u a l ,  and 

t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  U i n  E q .  49  i s  g iven  

by the fo l lowing :  

- r S O  
I n  rsi 

Ass 
+ + 

(57) 

A s  i n d i c a t e d  by R a ~ n e y ~ ~ ,  because  Av and A S S  are of h igh  

v a l u e ,  t h e  second and f o u r t h  t e r m s  can be  dropped. Thus, 

1 
r h  so O3 ] 

In 
+ 

r Ae ( 5 8 )  
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T h e  computed r e s u l t s  a r e  shown i n  T a b l e  2 .  Among h f ,  

Xe, and hm,  t h e  f i l m  c o e f f i c i e n t  a t  the o u t e r  surface 

of the s t a i n l e s s  s tee l  tub ing ,  hm, i s  t h e  dominant .fac- 

t o r .  hm as w e l l  as Xe i s  an i n c r e a s i n g  f u n c t i o n  of tempera- 

t u r e .  Although t h e  f i l m  c o e f f i c i e n t  a t  t h e  boundary be- 

tween t h e  c o r e  and Viton t u b i n g ,  h f ,  is  a f u n c t i o n  of t h e  

mass r a t e  of f l o w ,  it i s  a s m a l l  c o n t r i b u t i o n  t o  t h e  o v e r a l l  

h e a t  t r a n s f e r  c o e f f i c i e n t .  I n  Tab le  2 .the va lues  of U c a l -  

c u l a t e d  w i t h  t h e  assumption of i n f i n i t e  hf  a r e  a l s o  l i s ted .  

There a r e  only  s m a l l  d i f f e r e n c e s  between the  v a l u e s  of U 

c a l c u l a t e d  by assuming f i n i t e  and i n f i n i t e  h f .  The the- 

o r e t i l z a l  r e s u l t s  are i n  good agreement w i t h  t h e  r e s u l t s  

from E q .  48 ,  which a r e  shown i n  F ig .  2 3 .  
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Cold Water I n j e c t i o n  

Four runs  of  c o l d  w a t e r  i n j e c t i o n  were ca r r ied  o u t  

f o r  each c o r e  a t  v a r y i n g  ra tes  and ambient t empera tu re s .  

F igs .  26- 29 show tempera ture  vs .  d i s t a n c e  f o r  t h e  s y n t h e t i c  

c o r e ,  and F igs .  30- 33  p r e s e n t  r e s u l t s  f o r  t h e  Berea sand-  

s t o n e  co re .  Because c o l d  w a t e r  i n j e c t i o n  i s  t h e  reverse 

procedure  t o  h o t  w a t e r  i n j e c t i o n ,  t h e  same a n a l y s i s  as i s  

made for h o t  i n j e c t i o n  can be  performed. F i s .  34 p r e s e n t s  

t h e  c a l c u l a t e d  t empera tu re  d i s t r i b u t i o n s  f o r  v a r i o u s  t i m e s .  

For  t h i s  computat ion,  an o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  

f o r  s t e a d y  s t a t e  w a s  used f o r  a l l  i n j e c t i o n  t i m e s ,  which 

caused :Lower t empera tu re  d i s t r i b u t i o n s  b e f o r e  t h e  r a d i a l  

h e a t  t r a n s f e r  became s t e a d y .  

The fo l lowin9  c o n s t a n t s  w e r e  used f o r  t h e  c a l c u l a t i o n  

of Eq. 4 6 :  

3 = 1 6 5 . 4  l b / f t  
PS 

0 = 0 . 2 1  Btu / lb  - F 
cS 

pW 

cw 

3 = 6 2 . 0  l b / f t  

= 1 . 0  Btu / lb  - O F  

(I = 22% 

2 0  U = 2 . 3 8 4  Btu/hr  - f t  - F 

The v a l u e  of  U was c a l c u l a t e d  w i t h  Eq. 48 - f r an . expe r imen ta l  

d a t a .  
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T h e  thermal  e f f i c i e n c i e s  i n  c o l d  w a t e r  i n j e c t i o n  are 

shown i n  F i g s .  35 and 36 f o r  t h e  s y n t h e t i c  c o r e  and Berea 

sands tone  c o r e ,  r e s p e c t i v e l y .  I n  t h i s  case, the rmal  e f -  

f i c i e n c y  is  d e f i n e d  a s :  

Cumulative Rtu Cooling i n  t h e  Core 
Cumulative Rtu Cooling I n j e c t e d  E i2 

:= Cumulative B tu  Cool ing  ' I n j e c t e d  - 'Heat from Surroundings 
Cumulative Rtu Cooling I n j e c t e d  

Thermal e f f i c i e n c y  i n  c o l d  w a t e r  i n j e c t i o n  i s  a l s o  h e a t  i n -  

j e c t i o n  r a t e  dependent ,  which means t h a t  t h e  c o r e  i s  cooled  

more e f f i c i e n t l y  ( less  h e a t  comes i n  from t h e  su r round ings )  

when t h e  i n j e c t i o n  r a te ,  &C AT, i s  h i g h e r .  AT i n  t h i s  c a s e  

i s  e q u a l  t o  t h e  i n i t i a l  uniform tempera tu re  of the  c o r e  

minus t h e  i n j e c t i o n  t empera tu re ,  i .e . ,  AT = 

w 

- Ti.. To 
This  h e a t  r a t e  dependency i n  c o l d  w a t e r  i n j e c t i o n  i s  

more obvious than  i n  t h e  h o t  w a t e r  i n j e c t i o n  runs because  

of a d i f ference  i n  t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t .  

I n  t h e  case of c o l d  w a t e r  i n j e c t i o n ,  t h e  h e a t  ga ined  from 

t h e  su r round ings  i s  of i n t e r e s t .  T h i s  would be analogous 

t o  a c o l d  water i n j e c t i o n  f o r  h e a t  scavenging  i n  a geo- 

thermal energy p roduc t ion  o p e r a t i o n .  I t  may be  concluded,  

from F igs .  35 and 36,  t h a t  t h e  lower t h e  h e a t  i n j e c t i o n  

r a t e ,  t h e  more e f f i c i e n t l y  heat i s  e x t r a c t e d  from the  s u r-  

roundings.  F i g s .  37 and 38 are d i f f e r e n t  p r e s e n t a t i o n s  i n  

which  thermal  e f f i c i e n c y  i s  graphed a g a i n s t  i n j e c t i o n  t i m e .  
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These a r e  of i n t e r e s t  because t h e  a p p a r e n t  h e a t  r a t e  de- 

pendency i s  reve r sed .  The core  i s  cooled  down more e f f i -  

c i e n t l y  when t h e  i n j e c t i o n  r a t e  AC AT i s  lower.  

a s p e c i f i e d  i n j e c t i o n  p e r i o d ,  h i g h e r  va lues  of k C  AT re- 

sult in more e f f e c t i v e  h e a t  e x t r a c t i o n  from t h e  sur round-  

i n g s .  When w a t e r  i s  i n j e c t e d  w i t h  a c o n s t a n t  mass r a t e ,  

t h e  lower t h e  i n j e c t i o n  tempera ture  i s  than  t h e  sur round-  

Thus, f o r  
w 

W 

i n g s  t empera tu re ,  t h e  more e f f e c t i v e l y  h e a t  i s  e x t r a c t e d  

from t h e  su r round ings  w i t h i n  a c e r t a i n  p e r i o d  of t i m e .  

The o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t s  a t  s t e a d y  s t a t e  

can be  a l s o  e s t i m a t e d  by u s i n g  E q .  4 8 .  The c a l c u l a t e d  re- 

s u l t s  are p r e s e n t e d  i n  F ig .  2 3  and Table  1. A s  c l e a r l y  

seen  i n  F i g .  2 3 ,  t h e  o v e r a l l  c o e f f i c i e n t  f o r  c o l d  w a t e r  

i n j e c t i o n  i s  abou t  twice as l a r g e  a s  t h a t  f o r  h o t  w a t e r  

i n j e c t i o n  runs .  The reason appears  t o  be  r e l a t e d  t o  t h e  

f i l m  c o e f f i c i e n t  o u t s i d e  t h e  co re  h o l d e r .  

I n  t h e  co ld  w a t e r  i n j e c t i o n  exper iments ,  t h e  ambient 

a i r  was s t i r r e d  by a f a n ,  and a t  c o n s t a n t  tempera tures  

ranging  from about  150°F t o  250°F depending on t h e  run.  

The r a d i a l  h e a t  t r a n s f e r  mechanism was t h e  same e x c e p t  

f o r  f o r c e d  convect ion  a t  t h e  o u t e r  s u r f a c e  of t h e  core 

h o l d e r ,  r a t h e r  than  t h e  f r e e  convect ion  which e x i s t e d  f o r  t h e  

h o t  w a t e r  i n j e c t i o n  exper iments .  T h i s  f o r c e d  convect ion  

caused h igh  f i l m  c o e f f i c i e n t s  o u t s i d e  t h e  c o r e  and t h u s  

o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  co ld  w a t e r  i n j e c t -  

i o n  t h a t  w e r e  much h i g h e r  than  t h o s e  f o r  h o t  w a t e r  i n j e c t i o n .  
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T h i s  f a c t  can be  s u b s t a n t i a t e d  by e v a l u a t i n g  t h e  average  h e a t  

t r a n s f e r  c o e f f i c i e n t  a t  t h e  o u t e r  s u r f a c e  o f  t h e  s h e l l .  Hol- 

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

of a cy l inde r  placed i n  a t r a n s v e r s e  airstream, hm,  as fo l lows :  

.L 

The p r o p e r t i e s  of a i r  are e v a l u a t e d  a t  the  f i l m  t empera tu re ,  

a s  i n d i c a t e d  by t h e  s u b s c r i p t  f .  

F o r  4 , 0 0 0  < R e d f  < 4 0 , 0 0 0 ,  C = 0 . 1 9 3  and n = 0 . 6 1 8  

Table 3 p r e s e n t s  t h e  c a l c u l a t e d  r e s u l t s .  I t  can be seen  i n  

Table 3 t h a t  appa ren t  thermal  c o n d u c t i v i t y  of t h e  atmosphere 

of c o n f i n i n g  p r e s s u r e ,  

o u t e r  :surface of the  s t a i n l e s s  s tee l  t u b i n g ,  hm,  c o n t r i b u t e  

and t h e  f i l m  c o e f f i c i e n t  a t  t he  'e 

impor t , an t ly  t o  t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t ,  U .  I n  

Table 3 ,  t h e  v a l u e s  of U c a l c u l a t e d  w i t h  t h e  assumption of  

i n f i n i t e  f i l m  c o e f f i c i e n t  a t  t h e  boundary between t h e  c o r e  

and Vi.ton t u b i n g ,  h f ,  a re  also l i s t e d .  Cont ra ry  t o  t h e  ra te  

s e n s i t i v i t y  of h f ,  hm has n e a r l y  c o n s t a n t  va lues .  

a l l  h e a t  t r ans f e r  c o e f f i c i e n t  h a s  o n l y  a weak ra te  s e n s i t i v i t y  

T h e  over-  

i n  t h e  c o l d  water i n j e c t i o n  r u n s ,  because  hW masks t h e  ra te  

s e n s i t i v e  h f .  

F i n a l l y ,  some o b s e r v a t i o n s  concern ing  p r e s s u r e  drop  

d u r i n g  c o l d  and ho t  water f l o o d i n g  have been made. Wein- 

s t e i n ,  e t  al. , a p p l i e d  a numer ica l  model t o  c o l d  w a t e r  

f l o o d i n g  a w a r m  r e s e r v o i r .  T h e i r  s t u d y  showed t h a t :  

18 
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(1) c o l d  water q u i c k l y  c o o l s  the  r e s e r v o i r  i n  t h e  r e g i o n  

su r round ing  t h e  w e l l b o r e ,  and accounts  f o r  t h e  major p a r t  

o f  t h e  p r e s s u r e  drop  a c r o s s  t h e  r e s e r v o i r ,  and ( 2 )  t h a t  

heatinlg t h e  i n j e c t e d  water has  a marked e f f e c t  i n  dec reas -  

i n g  t h e  p r e s s u r e  drop.  This  phenomenon has  a l s o  been ob- 

s e r v e d  i n  t h e  p r e s e n t  s t u d y ,  and can be  e x p l a i n e d  w i t h  

Darcy ' law: 

mlJ,AL 

AL APwkw 
, o r  Ap = - Pwkw f& m = A- 

1-1, 

The p r e s s u r e  drop  a c r o s s  a c e r t a i n  l e n g t h  AL i s  pro-  

p o r t i o n a l  t o  (p /p  ) i n  water f low w i t h  a c o n s t a n t  m a s s  

r a t e  k. 

t u r e  i n c r e a s e s ,  as shown i n  Appendix B ,  b u t  v i s c o s i t y  drops  

r a p i d l y  from about  1 cp a t  70°F t o  0 . 1 8  cp a t  300°F, w h i l e  

w w 
Both v i s c o s i t y  and d e n s i t y  d e c r e a s e  a s  tempera- 

d e n s i t y  dec reases  more s lowly  from 6 2 . 4  l b / f t  3 t o  5 7 . 3  

3 l b / f t  f o r  t h e  same tempera ture  i n c r e a s e .  A s  a r e s u l t  of 

t h e  behav io r  of t h e  f a c t o r  (u, /pw),  t h e  p r e s s u r e  drop a t  

70°F i s  about  f i v e  t i m e s  as l a r g e  as a t  300'F. 
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Steam - I n j e c t i o n  

F igs .  39,  4 9 ,  and 4 1  a r e  t h e  tempera ture  p r o f i l e s  mea- 

s u r e d  dur ing  s team i n j e c t i o n  i n t o  a c o r e  c o n t a i n i n g  wa te r  

a t  room tempera ture .  The l i n e a r  p o r t i o n  of t h e  tempera ture  

p r o f i l e s  from t h e  i n l e t  of  t h e  co re  i s  the condensing steam 

reg ion .  A l l  r a d i a l  h e a t  loss would have t o  be s u p p l i e d  by 

l a t e n t  h e a t  of condensa t ion .  The s h a r p  break downwards 

i :nd ica tes  t h a t  a l l  steam hzs  been condensed and may be con- 

s i d e r e d  t h e  l e a d i n g  edge of t h e  s team bank. I n  a l l  c a s e s ,  

t lhe  i n j e c t i o n  r a t e s  a r e  l o w  such t h a t  t h e  i n j e c t e d  steam 

l o s e s  all l a t e n t  h e a t  and t h e  s team f r o n t  s t a g n a t e s  w i t h i n  

t!he length of t h e  core .  A f t e r  t h e  steam f r o n t  s t a g n a t e s ,  

t h e  system beyond t h e  steam f r o n t  i s  h e a t e d  on ly  by t h e  

flow of hot  w a t e r .  Using F igs .  3 9- 4 1 ,  t h e  o v e r a l l  h e a t  

t r a n s f e r  c o e f f i c i e n t ,  U ,  can be  ob ta ined .  Assuming a con- 

s t a n t  U ,  and t h a t  s a t u r a t e d  s team i s  i n j e c t e d ,  t h e  h e a t  

loss from t h e  i n l e t  of the  core  t o  t h e  steam f r o n t  s t agna-  

t i n g  i s  g iven  by t h e  fo l lowing ,  

(T 1 - T,> dX 

where X, is the  d i s t a n c e  of t h e  s t a g n a t i o n  p o i n t  from t h e  

i n l e t .  
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- T,) 

The c a l c u l a t e d  r e s u l t s  a re  shown i n  Tab le  4 .  

TABLE 4 .  C a l c u l a t i o n  of Overall  Heat T r a n s f e r  C o e f f i c i e n t  
f o r  t h e  Core Holder  d u r i n g  Steam I n j e c t i o n  

dTl/dY 
m f Fr i T  U 

T 
xS 

h 

Run No. l b / h r  Btu/LS f t  OF * F / f t  Rtu/hr-ft2-OF --- _I_ - - -  
SI-S-1 6.138 9 2 0  0.833 389 8 1  - 50 1 .553 

S I - B - 1  0 . 1 0 5  929 0.625 2 7 4  80 - 40 1 . 6 3 7  

S.1-B-2 0 . 1 4 7  919 1 . 0  288 8 1  -40 1 .383  

T h e  va lue s  o f  U i n  Table  4 are s l i g h t l y  h i g h e r  t h a n  t h e  ones 

i j n  t h e  h o t  w a t e r  i n j e c t i o n .  

s t a g n a t i o n  l o c a t i o n s  t h a t  were t o o  s m a l l .  Because t h i s  w a s  

n o t  a major  o b j e c t i v e  o f  t h e  s t u d y ,  t h i s  p o i n t  was n o t  pur-  

sued.  However, it now appears  i n t e r e s t i n g  ( p a r t i c u l a r l y  i n  

r e g a r d  t o  Baker's' ' o b s e r v a t i o n s  on steam i n j e c t i o n )  and i t  

is recommended t h a t  f u t u r e  steam i n j e c t i o n  s t u d i e s  be  made 

in an  a t t e m p t  t o  ach ieve  s t a g n a t i o n  o f  t h e  steam f r o n t  and 

T h i s  may b e  a r e s u l t  of  s e l e c t i n g  

s t e a d y  s t a t e  i n  t h e  h o t  water zone. (See t h e  Crichlow 1 2  

f i g u r e s  1 7  and 1 8 ,  for example.) 

- 1 0 5 -  



Depletion Experiment - 

In depletion experiments, the inlet end of the core was 

closed and two-phase fluid was produced from the closed inlet 

system containing compressed hot water initially. 

rate was controlled high enough to cause large gradients in 

The producing 

pressure, temperature and liquid saturation distributions along 

the axis of the core. 

 cad^^^, - Bilhartz4’ and Strobe13’, but in their cases, fluid was 

produced at low rates such that the pressure drop across the 

The same kind of experiment was done by 

system was negligible. 

depletion can be described by Eqs. 2 9  and 30, or Eqs. 39 and 40. 

Transient mass and heat transfer during 

A numerical model developed by Paul Atkinson has been described 

in detail :by Kruger and Ramey;L6 The present fluid depletion 

experiment was accomplished in order to supply physical data for 

comparison with the numerical model. 

are presented in Appendix E. 

The experimental results 
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- Two-Phase Flow Experiments 

The main experiment considered under the category of 

"Two-Phase Flow Experiments" was steady injection of hot, com- 

pressed liquid water into one end of a core at a rate such that a 

boiling front would form somewhere within the core length leading 

to an obvious two-phase, declining temperature and pressure flow 

region. 

Fig. 42 presents temperature vs. distance along the 

synthetic core for injection of cold water into a core initially 

containing hot water. The ambient temperature was maintained at 

3853F. As can be seen in Fig. 42, cold water is heated by the 

core on flowing through it, then starts boiling at about 16 inches 

from the inlet. Because of high enthalpy in the two-phase region, 

the temperature distribution in the two-phase flow region re- 

tains the same profile. 

Figs. 43-46 show temperature and pressure vs. distance 

along the synthetic core at steady state for a range of flow rates. 

These figures show that it is experimentally possible to produce 

significant changes in both temperature and pressure within the 

two-phase boiling flow region. Figs. 47 and 48 show the same kind 

of results with a Berea sandstone core. In these runs the 

temperature of the injected water was the same as the ambient 

temperature. Therefore, before developing two-phase flow by 

increasing the pressure drop across the core, flow of single 

phase (liquid) was isothermal. The transient period from 

single-phase flow to two-phase flow occurred very rapidly, then 

the two-phase flow developed essentially a steady-state phase. 
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I t  was n o t i c e d  t h a t  mass f low r a t e  decreased  w i th  i n c r e a s i n g  

p r e s s u r e  d rop  a c r o s s  t h e  c o r e  i n  two-phase f low.  Th i s  r e s u l t e d  

because l a r g e r  p r e s s u r e  d rops  caused g r e a t e r  v a p o r i z a t i o n ,  t h u s  

more steam and a r e d u c t i o n  i n  t h e  t o t a l  p e r m e a b i l i t y  t o  bo th  
- 

phases .  

The expe r imen ta l  r e s u l t s  shown i n  F i g s .  4 3- 4 8  a r e  u s e f u l  

t o  s t u d y  t h e  thermodynamic and f l u i d  mechanic behav ior  of two- 

phase b o i l i n g  f low. 

R e f e r r i n g  t o  Luikov, mass and h e a t  t r a n s f e r  i n  two-phase 

f low can be d e s c r i b e d  by t h e  fo l l owing  d i f f e r e n t i a l  e q u a t i o n s  by 

assuming t h a t  f low i s  s t e a d y  s t a t e ,  and t h a t  ambient t empera tu re ,  

Toof  i s  equa l  t o  t h e  t empera tu re  of t h e  wa te r  i n j e c t e d .  

P + - U  A ( T m - T )  = O  

where T = T s ( P ) ,  which means t h a t  t empera tu re  i s  s a t u r a t i o n  

t empera tu re ,  and a s ing l e- va lued  f u n c t i o n  of t h e  p r e s s u r e .  

Eq .  60  means t h a t  t h e  t o t a l  m a s s  r a t e  i s  conserved.  I n  Eq .  6 1 ,  

t h e  f i rs t  t e r m  i s  t h e  g r a d i e n t  of  conduc t ive  h e a t  f l u x  i n  t h e  

d i r e c t i o n  of f low,  t h e  second t e r m  i s  t h e  g r a d i e n t  of l a t e n t  

hea t  for v a p o r i z a t i o n  of w a t e r ,  t h e  t h i r d  t e r m  i s  t h e  g r a d i e n t  of 
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c o n v e c t i v e  h e a t  t r a n s f e r ,  

t h e  r a d i a l  d i r e c t i o n .  Because a l l  t h e  t e r m s  b u t  t h e  f i r s t  a re  

p o s i t i v e  i n  v a l u e ,  E q .  6 1  means t h a t  w i t h  r e s p e c t  t o  t h e  

i n f i n i t e s i m a l  increment  i n  t h e  d i r e c t i o n  of f l o w ,  t h e  c o n v e c t i v e  

h e a t  i n  f lowing  f l u i d  and t h e  r a d i a l  h e a t  g a i n  a r e  ba lanced  by 

c o n d u c t i v e  h e a t  f l u x  and l a t e n t  h e a t  f o r  v a p o r i z a t i o n .  I n  o r d e r  

t o  e v a l u a t e  t h e  e f f e c t  of h e a t  t r a n s f e r  by conduc t ion  i n  t h e  f low 

d i r e c t i o n  and convec t ion  from the  s u r r o u n d i n g s ,  t h e  f i rs t  and f o u r t h  

t e r n i s  i n  Eq .  6 1  were c a l c u l a t e d  f o r  t h e  case of Run N o .  4 shown 

i n  F i g .  45. The n e t  h e a t  f l u x  coming i n t o  t h e  c o r e  by t h e  

conduc t ion  and c o n v e c t i o n  can  be o b t a i n e d  by computing t h e  

f o l l o w i n g :  

and t h e  l a s t  t e r m  i s  t h e  h e a t  g a i n  i n  

The r e s u l t s  were graphed a g a i n s t  d i s t a n c e  a l o n g  t h e  l e n g t h  of t h e  

c o r e  i n  F i g .  49 .  I n  F i g .  4 9  t h e  h e a t  f l u x  c a r r i e d  by t h e  f lowing  

f l u i d  c a l c u l a t e d  w i t h  t h e  assumption of  t h e  a d i a b a t i c  c o n d i t i o n s  

and no conduc t ion ,  were a l so  graphed.  I n  t h i s  c a l c u l a t i o n ,  t h e  

overal l  h e a t  t r a n s f e r  c o e f f i c i e n t  o f  t h e  core h o l d e r  U w a s  assumed 

t o  be 2 . 4  E3tu/hr - f t 2  - OF , and t h e  c o n d u c t i v i t y  w a s  p r e d i c t e d  

by t h e  c o r r e l a t i o n s  d e r i v e d  by Anand, e t  a1. ,38 and Gomaa and 

Somer t o n  3 9 ’ 4 0 ,  as  shown i n  Appendix B. 

-- - 

F i q .  4 9  shows t h a t  c o n v e c t i v e  h e a t  f l u x  o f  f lowing f l u i d  

i s  constant :  th roughou t  t h e  e n t i r e  l e n g t h  of  t h e  c o r e ,  and t h a t  

t h e  h e a t  f l u x  due t o  conduc t ion  and t h e  r a d i a l  convec t ion  i s  

c o m p a r a t i v e l y  of minor v a l u e s .  From t h i s  r e s u l t  it can be deduced 
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that the flow is isenthalpic. This means that the total enthalpy 

of the f1ui.d is constant at every section, although heat flow in 

the liquid and steam phases changes in an exponential way as seen 

in Fig. 4 9 .  

Fig. 50 presents the 

d kt __ term of Eq. 61, hfg ~ ( p  

heat needed for vaporization 
u!L 

computed distribution of the second 

dP - ). This term expresses the latent dx 

of liquid water. It increases 

exponential-ly. Heat supply for this latent heat of vaporization 

causes an exponential decrease in the system temperature. 

Isenthalpic flow is illustrated by a vertical line in Fig. 
41 51 , a pressure-enthalpy diagram for pure water. Constant temperature 

lines in the liquid region are nearly vertical, thus the isenthalpic 

process nearly coincides with an isothermalprocess in the liquid 

region. It can be also noticed that an isenthalpic flow starting 

in the liquid phase cannot attain a dry steam phase. 

The temperature and pressure distributions shown in 

Figs. 43-48 were also employed in order to determine the relative 

permeabilities to liquid and steam phases. With the assumption 

of isenthalpic, steady-state two-phase flow, the relative permea- 

bility ratfio is expressed as follows (see E q s .  18-23): 

where h - h, 
h - h,' f =  
9 

The enthalpy h can be computed and thus k,/k 

every section x from the known temperature and pressure distri- 

can be obtained for 
9 
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bution. 

can be assumed to be applicable to the synthetic core in the 

present study, the liquid saturation along the core can be 

calculated. Fig. 53 presents the computed liquid saturation vs. 

distance along the core for two different flow rates. 

Now, if the kR/k vs. liquid saturation shown in Fig. 52 42 
57 

In addition to Eq. 63, the following equation is also 

valid in the two-phase flow region: 

k a / k  +- - - - -  kg/k - rh 
Ak- dP 

a 

lJ gv9 dx RTR 

Because all the factors in the right-hand sides of E q s .  63 and 6 4  

are known, the relative permeabilities k/k and k /k can be obtained 

with the aid of Fig. 5 2  presented by Weinbrandt. Fig. 5 4  presents 

the calculated steam-water relative permeabilities, and Table 5 

presents the calculation results for Run No. 4 with the synthetic 

sandstone. 

g 

Determination of relative permeability-liquid saturation 

It is a main data was outside the main objective of this study. 

objective of continuing work on this project, however. In the 

planned extension, liquid saturations will be measured with the 

capacitance probe described in Appendix C. 

in Figs. 53 and 5 4  are shown as a matter of interest only. 

hoped they will aid planning for this continuing program of study. 

No similar experimental measurements have yet been made in 

consolidated sandstones to our knowledge. 

The results presented 

It is 

- 1 2 1 -  
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P 
ps ia  - 
268.7 
260 
250 
240 
238.9 
235 
230 
220 
210 
200 
190 
180 
170 
160 
150 
140 
130 
120 
110 
100 
90 
80 
70 
60 
50 
41.7 

TABLE 5 

CALCULATION OF STEAM-WATER RELATIVE PERMEABILITY 
(a)  Synthetic Sandstone, Run N o .  4 - 

T 
OF 

397 
397 
397 
397 
397 
395.6 
393.7 
389.9 
385.9 
381.8 
377.5 
373.1 
368.4 
363.6 
358.4 
353.0 
347.3 
341.3 
334.8 
327.8 
320.3 
312.0 
302.9 
292.7 
281.0 
267.0 

1 
Y 

inches  
= 

23.5 
20.94 
18.22 
15.50 
15.35 
14.65 
13.80 
12.40 
11.50 

9.80 
8 .50 
7.35 
6.60 
5.90 
5.40 
4.80 
4.25 
3.75 
3.25 
2.80 
2.33 
1 . 9 0  
1 .43 
0.90 
0.40 
0.0 

Note: 1. y = 23.5 -x 
- 

f - 

0.0019 
0.0043 
0.0092 
0.0143 
0.0195 
0.0248 
0.0302 
0.0359 
0.0417 
0.0478 
0.0540 
0.0606 
0.0676 
0.0749 
0.0826 
0.0908 
0.0997 
0.1093 
0.1198 
0.1317 
0.1450 

- 

eo 
41.58 
18 .23  

8 .27 
5.15 
3.64 
2.75 
2.17 
1 .74 
1 .44 
1 .19  
1.00 
0.843 
0.712 
0.602 
0.508 
0 .431 
0.389 
0.302 
0.247 
0.197 
0.161 

st 
% 

87.5  
87.0 
86.3  
86.0 
85.7 
85.3 
84.5 
84.3  
83.7 
83.3 
82.5  
81.5 
81.0 
80.0 
79.0 
77.5 
77.0 
74.5 
72.5 
70.0 
68.0 

3 

-1 

F 'Pi1 

x10+ 

ft 
sec 

4.50 
3.70 
3.00 
2.40 
2.00 
1.72 
1 .50  
1 . 3 2  
1.18 
1 . 0 8  
1 .00 
0.938 
0.857 
0.816 
0.775 
0.751 
0.734 
0.710 
0.690 
0.668 
0.643 
0.620 

kg/k 

0.005 
0.008 
0.015 
0.020 
0.025 
0.029 
0.032 
0.036 
0.040 
0.045 
0.051 
0.055 
0.063 
0 .071 
0.083 
0.097 
0.106 
0.135 
0.164 
0.202 
0.246 

0.189 
0.153 
0.123 
0.103 
0.089 
0.078 
0.069 
0.063 
0.057 
0.054 
0.051 
0.047 
0.045 
0.043 
0.042 
0,042 
0.041 
0.041 
0.041 
0.040 
0.040 

V R  . 1 - f 2 . k / k = ~  ~ 

g p v  f 
g g  
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(b) S y n t h e t i c  Sandstone, Run N o .  2 

P 
psia 

252.7 
250 
240 
230 
220.3 
220 
210 
200 
190 
180  
170 
160 
150 
140 
130 
120  
110 
100 
90 
8 0  
69.7 

-- 

Y 
inches 

23.5 
22.00 
17 .65  
13.20 

9.40 
9.30 
7.90 
6.90 
6.15 
5.45 
4.80 
4.25 
3.65 
3.15 
2.65 
2.20 
1.75 
1.30 
0.85 
0.40 
0.0 

- - 

f 

0.0  

0.0052 
0.0104 
0.0157 
0.0212 
0.0269 
0.0328 
0.0389 
0.0452 
0.0519 
0.0588 
0 -0662 
0.0739 
0.0823 
0.0913 
0.1009 

ka/kg 

m 

14.36 
6.91 
4.39 
3.11 
2.35 
1.85 
1.48 
1 .21  
0.995 
0.826 
0.687 
0.573 
0.480 
0.398 
0.330 

sa 
% 

86.7 
86.1 
85.8 
85.3 
85.0 
84.3 
83.8 
83.0 
82.5 
81.5 
80.6 
79.5 
78.3 
77.0 
75.3 

- 
F (p) 
ft -1 
sec 
x10-6 

-1 

8.75 

2.42 
1.77 
1.46 
1.36 
1 .21  
1.16 
1.11 
1.01  
0.958 
0.910 
0.890 
0.860 
0.830 
0.800 
0.770 

kg/k 

~ 

0 .009 
0.013 
0.018 
0.023 
0.028 
0.034 
0 .041 
0.045 
0.053 
0.061 
0.072 
0.085 
0.099 
0.117 
0.139 

- - - - ~  

0.126 
0.093 
0.077 
0.072 
0.065 
0.062 
0.060 
0.055 
0.053 
0.050 
0.050 
0.049 
0.048 
0.047 
0.046 
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CONCLUSIONS 

On the basis of the observations and calculations made in 

this study, it may be concluded that: 

1. The overall heat transfer coefficient of the core 

holder was of very minor dependence on mass flow rate in both 

hot water and cold water injection experiments. 

2. As observed by Baker and Crichlow, the thermal 

efficiency of hot water injection increases with increasing rate 

ot h e a t  injection. 

3. A rate sensitivity of the thermal efficiency also 

exists in cold water injection into a system containing hot 

water initally. Unlike the case of hot water injection wherein 

high thermal efficiency is desirable, the main objective in cold 

water injection is apt to be extraction of heat from the over- 

burden and underburden. Thus a low thermal efficiency would be 

desirable. In this case, it was concluded that lower injection 

rate of cold water, or a smaller temperature difference between 

the surroundings and the injected water was more effective in 

extraction of heat from the surroundings. 

4 .  The dependence of thermal efficiency on heat injection 

rate is amplified, if the overall heat transfer coefficient of the 

core holder increases. 

5. It is experimentally possible to develope in-place 

boiling two-phase flow with wide ranges of temperature and 
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pressure drops, and total mass f l o w  rate. The total mass rate of 

flow decreases with increasing temperature and pressure drops 

across the interval of the two-phase boiling flow. 

6., The in-place boiling flow can be steady state even 

when heat transfer exists in the direction perpendicular to flow. 

7. ,  It appears that reasonably large ranges in liquid 

saturation result during steady boiling flow in consolidated 

porous media. 
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NOmNCLAT URE 

E n g l i s h  

A 

b 

C 

D 

d 

E 

G r  

Gz 

H 

h 

h f ’  h, 

k 

L 

m 

Nu 

P 

P r  

P 

Q 

q 

2 area ,  f t  

h a l f  o f  t h e  fo rmat ion  t h i c k n e s s ,  f t  

s p e c i f i c  h e a t ,  B tu / lb  - OF 
2 - , the rmal  d i f f u s i v i t y ,  f t  / h r  

PC 
d i a m e t e r ,  f t  

t he rmal  e f f i c i e n c y ,  f r a c t i o n  

Grashof number, d imens ion less  

G r a e t z  number, d imens ion less  

h e a t  i n j e c t i o n  ra te ,  Btu/hr  

e n t h a l p y ,  B t u / l b  

f i l m  c o e f f i  i e n t  f o r  convec t ive  h e a t  t r a n s f e r ,  
Btu/hr  - f t ’  - OF 

p e r m e a b i l i t y ,  m i l l i d a r c i e s  

l e n g t h  of t h e  fo rmat ion  o r  c o r e ,  f t  

mass r a t e  of  f low, l b / h r  

h f  ‘. N u s s e l t  - x 
p e r i m e t e r ,  f t  

‘p ’ P r a n d t l  
x 

p r e s s u r e ,  p s i  

number, d imens ion less  

number, d imens ion less  

h e a t  f l u x ,  Btu/hr  

v o l u m e t r i c  f l u i d  f low r a t e ,  f t 3 / h r  
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NOPIE"CLATURE, CONTINUED 

En g 1 is  In - 
R e  

r 

S 

T 

t 

U 

V 
- 
V 

X 

Y 

&, Reynolds number, d imens ion less  

r a d i u s  , f t 
1-I 

s a t u r a t i o n ,  f r a c t i o n  

t e m p e r a t u r e ,  OF 

t i m e  , h r  

o v e r a l l  h e a s  t r a n s f e r  c o e f f i c i e n t ,  
E t u / h r  - f t  - OF 

f low v e l o c i t y ,  f t / h r  

3 s p e c i f i c  volume, f t  /lh 

d i s t a n c e  i n  t h e  d i r e c t i o n  of f low,  f t  

d i s t a n c e  i n  t h e  p e r p e n d i c u l a r  d i r e c t i o n  t o  t h e  
f low,  f t  

Greek 

3 P = d e n s i t y ,  l b / f t  

v i s c o s i t y ,  C? 

x = the rmal  c o n d u c t i v i t y ,  Btu/hr  - f t  - OF 
@ = p o r o s i t y ,  f r a c t i o n  

A = increment  

V = g r a d i e n t ,  V i s  L a p l a c i a n  o p e r a t o r  
2 

Subscr iDts  
L 

g = steam 

= l i q u i d  w a t e r  
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N O M E N C L A T U m ,  CONTINUED 

S u b s c r i p t s ,  con t inued  

1 - - p r o p e r t i e s  of t h e  l i q u i d - f i l l e d  p a r t  of 
t h e  pay zone 

2 = p r o p e r t i e s  of t h e  fo rmat ions  a d j a c e n t  t o  
t h e  pay zone - (overburden o r  underburden) 

Func t ions  

- e r f c  z - 
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APPENDIX A 

PHYSICAL DATA FOR THE CORES 

1. S y n t h e t i c  Core 

Core $0. 
1 2 3 --- 

Length,  i n .  23.5 23.5 23.5 
Diameter, i n .  2.0 2 . 0  2.0 
Sand ( 1 0 0  mesh Ot t awa) ,  weight  % 80.0 80.0 80.0 
Cement (CaO-Al2O3), weight  % 20.0 20.0 20.0 
P o r o s i t y ,  % bulk volume 36.2 35.9 36.1 

P e r m e a b i l i t y ,  m i l l i d a r c i e s  95.2 98.5 90.0 

2. Berea Sandstone Core 

Length 
D i a m e t e r  

P o r o s i t y  

P e  me ab i li t y  

- 23.5 i n .  

- 2.0 i n .  
- 22.2% 
- 401 m i l l i d a r c i e s  

*Core N o .  2 was used throughout  t h e  p r e s e n t  s tudy .  
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APPENDIX B 

THEFWAL PROPERTY DATA 

1. Densi ty  

F ig .  B-1 shows t h e  d e n s i t y  of w a t e r  vs. t empera ture .  

Because of t h e  low c o m p r e s s i b i l i t y  of water i n  t h e  l i q u i d  

phase ,  F ig .  B-1 can be a p p l i e d  f o r  p r e s s u r e s  r ang ing  from 

s a t u r a t i o n  p r e s s u r e  t o  about  5 0 0  p s i a .  The curve  can be  

approximated as fo l lows :  

= 6 2 . 4  - - (T- 70)  f o r  70' <T <150°F 
OW 7 0  

P, = 6 1 . 0 1 3  - 80 lmgl  ( T - 1 6 0 )  f o r  1 5 0 °  <T < 2 5 0 ° F  

The d e n s i t y  of a sand g r a i n  i s  assumed t o  be  a c o n s t a n t  

3 v a l u e ,  1 6 5 . 3 6  l b / f t  . 

2 .  V i s c o s i t y  

F ig .  B-2 shows t h e  v i s c o s i t y  of water and s a t u r a t e d  

steam vs.  t empera ture .  The v i s c o s i t y  of wa te r  g iven  i n  

F ig .  B-2 can b e  used f o r  a wide r ance  of p r e s s u r e .  

The v i s c o s i t y  of n i t r o g e n  gas i s  g iven  by t h e  S u t h e r l a n d  

formula : 

- 1 4 3 -  



hl 

Y P  
3 

Q 

0 
\o ' ,  

Density of Water, l b / f t 3  
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F1 

0 
9 

r( 

3 
0 

Viscosity o f  Saturated Steam, cp 

8 
9 

9 
N 

? 
0 

? 9 ? ? ' 4 ?  ? 
r ( o o o 0  0 0 

hl 

d 
r-l 

d 

r-l 
0 

0 
9 

Viscosity of Water, cp 
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3 /2  
- _  1 - I -  2 7 3  + C f o r  -76OC <T <25OoC T + C  % 

where yo = 0 . 0 1 6 6  cp 

C = 1 0 2 . 7  

T = t empera tu re ,  X 0 

3. S p e c i f i c  Heat 

F ig .  B- 3 shows t h e  s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  

of s a t u r a t e d  s team and of w a t e r  vs .  t empera tu re .  The spe-  

c i f i c  h e a t  of w a t e r  i n  F i g .  B- 3 can be used f o r  p r e s s u r e s  

r ang ing  from s a t u r a t i o n  p r e s s u r e  t o  abou t  1 0 0 0  p s i a .  

For  t h e  s p e c i f i c  h e a t  of sand ,  t h e  fo l lowing  l i n e a r  

f u n c t i o n  of t empera tu re  w a s  used: 

cs = 0.2  + T 

where T i s  g iven  i n  O F .  

4 .  Thermal Conduc t iv i ty  

F i g .  B-4 shows t h e  thermal  c o n d u c t i v i t y  of s a t u r a t e d  

steam and w a t e r  vs .  t empera tu re .  

Anand, e t  a l ? ?  p r e s e n t e d  c o r r e l a t i o n s  f o r  t h e  thermal  -- 
c o n d u c t i v i t y  of sands tone .  

d ry  sands tone  ( c o n t a i n i n g  a i r )  w a s  c o r r e l a t e d  a s  fo l lows :  

The thermal  c o n d u c t i v i t y  of 
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Thermal Conductivity of Saturated Steam, Btu/hr-ft-oF 

0 c1 d 
0 0 0 

k 

0 9, OD h W 
0 

0 0 0 0 0 ? 

Thermal Conductivity of Water, Btu/hr-ft-oF 

1 ? 
0 

? 
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A d  = 0.339p -3.194 + 0.53k Oo10 + 0.013F - 0 . 0 3 1  

where A d  = thermal  c o n d u c t i v i t y  of dry  sands tone ,  

B tu /hr - f  t - O F  

p = bu lk  d e n s i t y ,  gm/cc 

4 = f r a c t i o n a l  p o r o s i t y  

k = p e r m e a b i l i t y ,  m i l l i d a r c i e s  

F = format ion  r e s i s t i v i t y  f a c t o r  

For  t h e  thermal  c o n d u c t i v i t y  of f l u i d  s a t u r a t e d  sand-  

s t o n e ,  t h e  f o l l o w i n g  e m p i r i c a l  e q u a t i o n  was ob ta ined  by 

Anand, e t  a l . .  38 -- 

& = 1 + 0.3 [ (+) 0.33 - l] + 4.57(*) 4 . 3  

'd 

.(A A: ) 0.482m 
1-4 xc 

= thermal  c o n d u c t i v i t i e s  of  f l u i d  
sf, A a i r  

where 

s a t u r a t e d  rock ,  of f l u i d ,  and of a i r ,  r e s p e c t i v e l y ,  

= bulk  d e n s i t y  of f l u i d  s a t u r a t e d  and dry  'sat' 'd 
rock ,  r e s p e c t i v e l y .  

40 
Gomaa and Somerton showed a c o r r e l a t i o n  of t h e  thermal  

c o n d u c t i v i t y  of sands tone  c o n t a i n i n g  l i q u i d  and vapor as  

fo l lows :  

-149- 



where A = thermal c o n d u c t i v i t y  of rock c o n t a i n i n g  

l i q u i d  water and steam 

A , A  = t h e r m a l  c o n d u c t i v i t y  o f  rock s a t u r a t e d  
S G  

w i t h  steam and w i t h  l i q u i d ,  r e s p e c t i v e l y  

S = v o l u m e t r i c  l i q u i d  w a t e r  s a t u r a t i o n  e 
= i n c r e a s e  i n  the rmal  c o n d u c t i v i t y  due t o  HP 

t h e  h e a t  p i p e  e f f e c t  

The c o r r e l a t i o n  f o r  the h e a t  p i p e  e f f e c t  i s  a s  fo l lows :  

0.357 0 .424 
X H p  = 0 .003@ k (1 + 0.107 s i n $ ) F ( S )  

1 -s 
and F ( S )  = s i n  

(0.74 + 0 . 6 1  S + 1.56 S + 2 .85  S 3] 
g CJ g 

-0.236 S = 0.098 k 
e c  

- 0.236 S = 0 .060  k 
9 C  

where S = t h e  f r a c t i o n  of po re  space  f i l l e d  w i t h  

l i q u i d  water and steam, r e s p e c t i v e l y  
.4 '  sg 
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k = permeability, darcies 

= latent heat of vaporization, B t u / l h  
fg 

h 

= vapor pressure - temperature 
yVP 

derivative, psi/OF 

v ,v = kinematic viscosity of liquid and t s  
steam, respectively, ft 2 /day 

= angle of heat flow direction, 

positive upward 
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APPENDIX C 

CAPACITANCE PROBE DESIGN 

A schemat ic  diagram of t h e  capac i t ance  ‘probe i n  opera-  

t i n g  p o s i t i o n  i s  shown i n  F ig .  1 i n  t h e  main t e x t .  A de- 

t a i l e d  diagram of t h e  probe i s  shown i n  F ig .  C-l. 

tube used f o r  bo th  the  guide and t h e  probe i s  Corning Glas s  

7740. The d i e l e c t r i c  c o n s t a n t  of t h i s  g l a s s ,  as w e l l  as 

7720, does n o t  change much w i t h  tempera ture  below 20OoC. 

F igs .  C-2 and C- 3 are two c i r c u i t s  used w i t h  t h e  probe.  The 

des ign  of t h e  probe and t h e  d e t e c t i o n  c i r c u i t s  were fu rn-  

i s h e d  by D r .  P a u l  Baker through t h e  cou r t e sy  of t h e  Chevron 

Oil F i e l d  Research Company, L a  Habra, C a l i f o r n i a .  

The g l a s s  
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4 .  

5. 

6 .  

7 .  

8 .  

9 .  

10. 

11. 

12. 

APPENDIX D 

L I S T  OF EQUIPMENT MANUFACTURERS & SUPPLIERS 

O v e n  - NAPCO, Model 4 3 0 ,  V a n  Waters & R o g e r s  
R e d w o o d  C i t y ,  C a l i f .  ( 3 6 9- 5 5 6 1 )  

T u b u l a r  Furnace - V a r i a n ,  Model 1 0 2 7  
P a l o  A l t o ,  C a l i f .  ( 4 9 3 - 4 0 0 0 )  

Pump - M i l t o n  R o y ,  Model R121A,  
San Mateo, C a l i f .  ( 3 4 1 - 8 7 9 6 )  

A c c u m u l a t o r  - H y d r a u l i c  C o n t r o l s  I n c . ,  Greerolator  
Model 20-15TMR-S-%WS, 
E m e r y v i l l e ,  C a l i f .  ( 6 5 8- 8 3 0 0 )  

T e m p e r a t u r e  R e c o r d e r  - L e e d  & Northrup C o . ,  Model Speedo- 
m a x  W Mul t i- Poin t  R e c o r d e r ,  
San Mateo, C a l i f .  ( 3 4 9 - 6 6 5 6 )  

P r e s s u r e  R e c o r d e r  - Hea thk i t  E l e c t r o n i c ,  Model EU-20W, 
R e d w o o d  C i t y ,  C a l i f .  ( 3 6 5- 8 1 5 5 )  

F l o w r a t o r  - Fischer  & Por t e r  C o . ,  Model 1 0 A 3 5 6 5 A ,  
Walnut C r e e k ,  C a l i f .  ( 9 3 3- 8 8 8 0 )  

T e m p e r a t u r e  C o n t r o l l e r  - V a n  Water & R o g e r s ,  Model 
6 1 3 2 9- 0 5 4 ,  
R e d w o o d  C i t y ,  C a l i f .  ( 3 6 9 - 5 5 6 1 )  

P r e s s u r e  T r a n s d u c e r  - C e l e s c o  I n d u s t r i e s ,  Model K P 1 5 ,  
GAD0 I n s t r u m e n t  Sales, 
Mountain V i e w ,  C a l i f .  ( 9 6 1- 2 2 2 2 )  

P r e s s u r e  I n d i c a t o r  - C e l e s c o  I n d u s t r i e s ,  Model CD25 

P r e s s u r e  G a g e :  AMETEK, Model P1536, Jensen In s t rumen t  
co., 
South San  Francisco, C a l i f .  ( 5 8 9 - 9 7 2 0 )  

Hel icoid,  Model KMonel 4 6 0  

P r e s s u r e  R e g u l a t o r  - Matheson G a s  P r o d u c t s ,  Model 2-580, 
Newark, C a l i f .  ( 7 9 3- 2 5 5 9 )  
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13. Sheathed Thermocouple, Thermocouple Wire - Claud 
S .  Gordon C o . ,  
San Carlos,  C a l i f .  (591- 7070)  

1 4 .  Valve, F i t t i n g ,  F i l t e r :  Swagelok, NUPRO, WHITEY, 
Van Dyke Valve & F i t t i n g ,  
Sunnyvale,  C a l i f .  (734-3145) 

Conax, I n s t r u m e n t  Labora tory  
Palo Alto, C a l i f .  (328-1040) 

15 .  P ipe ,  Tubing - Tubesa les ,  

1 6 .  0-Ring - McDowell & C o . ,  

San F r a n c i s c o ,  C a l i f .  ( 922- 2240  o r  E n t .  1 1 9 1 9 )  

Hayward, C a l i f .  (785-7744)  

1 7 .  Core S leeve  - Viton A Tubing, West American Rubber C o . ,  
Orange, C a l i f .  ( 7 1 4  - 532-3355) 

18. Core - Berea Sandstone Core, The Cleveland Q u a r r i e s  Co., 
A m h e r s t ,  Ohio ( 2 1 6  - 986-4501) 
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.APPENDIX E 

EXPERIMENTAL DATA 

(1) Permeabi l i ty  Measurements 

The exper imental  d a t a  of t h e  p e r m e a b i l i t i e s  t o  wate r  

and n i t rogen  gas are t a b u l a t e d  as follows. 

f o r  t h e  thorough s tudy  are t h e  Berea sandstone core and 

t h e  s y n t h e t i c  sandstone core N o .  2 ,  as shown i n  Appendix A. 

The cores used 
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( 2 )  Hot Water and Cold Water I n j e c t i o n  

I n  t h e  fol lowing t a b l e s ,  t h e  a x i a l  temperature  d i s t r i -  

bu t ions  a t  var ious  i n j e c t i o n  times are shown f o r  each run 

of t h e  h o t  water and co ld  wate r  i n j e c t i o n  experiments.  

The fo l lowing  numbering system f o r  t h e  runs  was used: t h e  

f i r s t  t h r e e  l e t t e r s  des igna t e  Hot Water I n j e c t i o n  ( H W I )  o r  

Cold Water I n j e c t i o n  ( C W I ) ,  a l e t t e r  a f t e r  a dash means 

Syn the t i c  sandstone ( S )  or  Berea sandstone (B), and t h e  

l a s t  d i g i t  i n d i c a t e s  t h e  run number. The necessary d a t a  

f o r  c a l c u l a t i o n  of thermal  e f f i c i e n c y  are a l s o  t a b u l a t e d  

f o r  each run. 
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( 3 )  Depletion Tests 

Fig.  E -1  i s  a recorded p re s su re  h i s t o r y  a t  t h e  o u t l e t  

end of t h e  core  f o r  Run N o .  3 w i t h  Berea sandstone.  

o u t l e t  p r e s su re  behaved very s i m i l a r l y  whether t h e  core was 

s y n t h e t i c  o r  Berea sandstone.  

corresponding t o  F ig .  E - 1  i s  shown i n  Fig.  E-2. 

and temperature d i s t r i b u t i o n  a long t h e  core  w e r e  observed a t  

var ious  dep le t ion  t i m e s  a s  shown i n  F igs .  E-3  through E-10. 

The 

T o t a l  m a s s  r a t e  of p roduc t ion  

The p re s su re  
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