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INTRODUCTION 

A p rev ious  workshop summary ( H e r k e l r a t h  and Moench, 1978) 
descr ibed l a b o r a t o r y  s t u d i e s  o f  t r a n s i e n t  steam f l o w  i n  a porous 
medium. The r e s u l t s  i n d i c a t e d  t h a t  t h e  t i m e  r e q u i r e d  f o r  steam- 
pressure t r a n s i e n t s  t o  propagate th rough t h e  medium was as much a s  
30 t imes g r e a t e r  than p r e d i c t e d  by s tandard noncondensable gas- f low 
theory .  
breakthrough was caused by a d s o r p t i o n  o f  steam i n  t h e  porous 
sample. This  " a d s o r p t i o n  l a g  e f f e c t "  has been i n c o r p o r a t e d  i n t o  
t h e  f o l l o w i n g  r e v i s e d  model o f  steam f l o w  i n  a porous medium. 

It was hypothesized t h a t  t h e  d e l a y  i n  t h e  steam pressyre  

THEORY 

The steam-f low model used was b a s i c a l l y  t h a t  developed by 
Moench and Atk inson ( 1 9 7 8 ) ,  m o d i f i e d  t o  t a k e  steam a d s o r p t i o n  i n t o  
account (Moench and H e r k e l r a t h ,  1978). 
d e s c r i b e  one-dimensional, l i n e a r  steam f l o w  i n  a porous medium i s  

The equat ion  used t o  

i n  which t h e  v a r i a b l e s  a r e  as d e f i n e d  i n  t a b l e  1. Th is  equat ion  
d i f f e r s  f rom t h e  s tandard t r a n s i e n t  gas f l o w  e q u a t i o n  i n  t h a t  a 
s i n k  o r  source term f o r  steam, q ' ,  has been added t o  account f o r  
a d s o r p t i o n  o r  v a p o r i z a t i o n  o f  adsorbed water .  I n  t h e  a n a l y s i s ,  t h e  
K l inkenberg  e f f e c t  (K l inkenberg,  1941) was taken i n t o  account  by 
assuming t h a t  t h e  p e r m e a b i l i t y  was a f u n c t i o n  o f  p ressure :  

A simp 
model : 

To o b t a i n  e 

K = K o ( l  + b/P) 

i f i e d  form o f  the  energy equat ion  was 

u a t i o n  3, i t  was assumed t h a t  tempera 
t h e  porous medium occur  o n l y  as a r e s u l t  o f  phase 

( 2 )  

used i n  t h e  

( 3 )  

u r e  changes i n  
changes. 

I n  t h e  model i t  was assumed t h a t  water  a d s o r p t i o n  occurs  i n  
t h e  porous medium a t  steam pressures below t h e  s a t u r a t e d  vapor 
pressure.  The vapor pressure o f  adsorbed water  was assumed t o  
be a f u n c t i o n  o f  t h e  temperature and t h e  amount o f  water  adsorbed: 
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P = P(T,S) = Po(T) R(3) ( 4 )  

Po(T) r e p r e s e n t s  t h e  s a t u r a t e d  vapor-pressure f u n c t i o n  , and R(S) 
i s  t h e  f u n c t i o n  r e l a t i n g  t h e  r e l a t i v e  vapor p ressu re  i n  t h e  porous 
m a t e r i a l  t o  t h e  f r a c t i o n  o f  t h e  pore space which i s  f i l l e d  by 
adsorb-ed water .  

The equa t ions  were s,olved u s i n g  t h e  f i n i t e - d i f f e r e n c e  methods 
developed by Moench and A t k i n s o n  (1978). 

EXPERIMENTS 

The steam-f low exper iments were modeled a f t e r  t h e  c l a s s i c  
t r a n s i e n t  gas.-flow exper iments r e p o r t e d  by Wall  i c k  and Aronofsky 
(1954). The t e s t  medium used was a u n i f o r m  c y l i n d r i c a l  pack o f  
a n a t u r a l  unconso l i da ted ,  f i n e  sand. I n  t h e  exper iments r e p o r t e d  
here, t h e  sample was i n i t i a l l y  evacuated a t  t h e  r u n n i n g  temperature,  
and then  exposed t o  a l ow  p ressu re  steam source u n t i l  temperature,  
pressure,  and amount o f  wa te r  a d s o r p t i o n  were c o n s t a n t  t h roughou t .  
H i g h  p ressu re  steam was then  a b r u p t l y  i n t r o d u c e d  a t  one end ( Z = O ) ,  
and t h e  r e s u l t i n g  p ressu re  t r a n s i e n t  was measured w i t h  a p ressu re  
t ransducer  a t  t h e  o t h e r  end o f  t h e  c y l i n d e r  (Z=L), which was 
c l o s e d  t o  p r o v i d e  a z e r o - f l o w  boundary. Values o f  t h e  parameters 
a r e  shown i n  t a b l e  2. 

R e s u l t s  o f  t h e  exper iments a r e  summarized i n  f i g u r e s  1 and 2. 
F i g u r e  1 c o n s i s t s  o f  p l o t s  o f  t h e  steam pressure a t  Z=L as a 
f u n c t i o n  o f  t i m e  s i n c e  t h e  s t e p  i nc rease  i n  p ressu re  occu r red  a t  
Z=O. 
u s i n g  n i t r o g e n  gas as t h e  f l u i d ,  t h e  pressure breakthrough was 
10 t o  25 t imes f a s t e r  t han  t h a t  shown i n  f i g u r e  1. 

When t h e  same pressure boundary c o n d i t i o n s  were imposed 

F i g u r e  2 i s  a p l o t  o f  t h e  e q u i l i b r i u m  vapor p ressu re  i n  t h e  
sample as a f u n c t i o n  o f  t h e  amount o f  water  a d s o r p t i o n ,  expressed 
as l i q u i d  s a t u r a t i o n .  
sample t o  a known r e l a t i v e  h u m i d i t y  u n t i l  e q u i l i b r i u m  was ob ta ined ,  
and then we igh ing  i t  t o  determine t h e  amount o f  a d s o r p t i o n .  
r e s u l t s  a r e  v e r y  s i n i i l a r  t o  those r e p o r t e d  by Hsieh (1980). 

ob ta ined  by l eas t - squares  f i t t i n g  t h e  a d s o r p t i o n  i so the rm t o  t h e  
em p i  r i  ca 1 func  t i on 

These da ta  were o b t a i n e d  by exposing t h e  

These 

To s i m p l i f y  t h e  numer ica l  c a l c u l a t i o n s ,  t h e  R(S) f u n c t i o n  was 

DISCUSSION 

The e m p i r i c a l  vapor-pressure- lower ing cu rve  ob ta ined  a t  100°C 
was used i n  t h e  model t o  s i m u l a t e  t h e  exper iments r u n  a t  100°C, 
125OC and 146°C. 
o f  d a t a  a t  h i g h e r  temperatures was n o t  a v a i l a b l e .  However, t he  

The 100°C da ta  were used because a complete s e t  
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resu l t s  of the pressure-transient simulations were affected only 
by changes i n  slope of the vapor-pressure curve, and preliminary 
data indicated only a small change i n  the slope a t  increased 
temperature. 

As shown i n  figure 1, agreement between theory and experiment 
i s  excellent for  a l l  the runs, thus verifying the model for the 
conditions of study. 
has been done t o  obtain the theoretical curves; a l l  the parameters 
were measured independently. 

A U . S .  Geological Survey open-file report i s  being prepared 
to  document these resul ts  more completely. 

I t  should be emphasized tha t  no f i t t i n g  
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Table 1 
Nota t i on 

Fi t t ing factors i n  re1 at ive vapor-pressure function 
Klinkenberg s l i p  factor 
Heat capacity o f  porous medium 
Permeabi 1 i t y  
In t r ins ic  permeability 
Sample 1 ength 
Latent heat of  vaporization 
Steam pressure 
Saturated vapor-pressu re function 
Rate o f  steam adsorption 
Relative vapor-pressure function 
L i q u i d  sa turat ion,  fractional 
Tern pc r a t u re 
Ti  me 
Position i n  sample 
Viscosity of steam 
Porosity 
Vapor density 
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Table 2 
Values o f  Parameters" 

A = 8.65 x 10-3 
B = 2.30 x 

b = 1.4 x l o 5  dynes/cm* 

= 3.2 x lo-' cal/cm3"C 

K = 3.6 x loe8 cm2 

L = 61.0 cm 

4 = 0.42 cm3/cm3 

HC 

0 

"Remaining parameters a r e  known p r o p e r t i e s  o f  wa te r  a t  
p r e v a i  1 i ng temperature and p ressu re  
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Figure 1. Steam pressure a t  the closed end o f  the porous cylinder (Z=L) 
as a function o f  the time since a step increase in pressure 
was imposed a t  Z=O. 
simulations o f  the experiments. 

The solid l ines  represent computer 
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Figure  2 .  E q u i l i b r i u m  r e l a t i v e  vapor pressure i n  t h e  porous sample as a 
f u n c t i o n  o f  t h e  amount o f  water  adsorp t ion ,  expressed as a l i q u i d  
s a t u r a t i o n .  The so l i ld  1 i n e  represents  t h e  e m p i r i c a l  equat ion  
which was used i n  t h e  steam-f low s i m u l a t i o n s .  
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