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I n t r o d u c t i o n  

T rans ien t  f l o w  o f  noncondensable gas i n  porous ma te r i a l s  has been 
thoroughly  i nves t i ga ted ,  and good agreement between t h e  gas- flow equa t ion  
and experiments has been repo r t ed  i n  the pet ro leum-engineer ing l i t e r a t u r e  
(Wa l l i c k  and Aronofsky, 1954). 
computer s imu la t i ons  o f  p ressu re- t r ans ien t  behav io r  i n  vapor-dominated 
geothermal steam r e s e r v o i r s  (e.g. , Moench and Herke l ra th ,  1978). 

This theory  has been w ide l y  used i n  

However, few l a b o r a t o r y  experiments i n v o l v i n g  steam f l ow  i n  porous 
m a t e r i a l s  have been repor ted.  
gas-flow theory  t o  steam f low,  we developed a l a b o r a t o r y  system t o  
i n v e s t i g a t e  t he  t r a n s i e n t  f l o w  o f  steam through unconsol idated porous 
ma te r i a l s .  
a s t ep  change i n  gas pressure a t  one end o f  a c y l i n d e r  o f  porous ma te r i a l  , 
and measuring t he  pressure as a f u n c t i o n  o f  t ime a t  the  o t h e r  end. 

Apparatus 

I n  o rde r  t o  t e s t  t he  a p p l i c a b i l i t y  o f  the  

Pressure- t rans ien t  experiments were c a r r i e d  o u t  b y  imposing 

A schematic diagram o f  the  exper imental  apparatus i s  shown i n  f i g u r e  
1. The steam-flow system was enc losed i n  an oven which had a temperature 
u n i f o r m i t y  o f  50.5OC. A l l  components, i n c l u d i n g  valves and pressure 
t ransducers,  operated a t  h i g h  temperatures i n s i d e  t he  oven t o  avo id  
temperature g rad ien t s  and steam condensat ion i n  t h e  system. 

The sample ho lde r  cons is ted  o f  s t a i n l e s s  s t e e l  p i p e  i n  which 
unconsol idated porous m a t e r i a l s  were densely packed. The r e s u l t s  repor ted  
here were ob ta ined  w i t h  a pack o f  the  0.053 mn t o  0.125 mn s ieved f r a c t i o n  
o f  a n a t  r a l  dese r t  sand. The bu l k  d e n s i t y  and p o r o s i t y  o f  the  sample were 
1.7 g/cm Y and 0.32, r espec t i ve l y .  

Steam was ob ta ined  by b o i l i n g  pure water  o r  CaC12 b r i n e  s t o r e d  i n  a 
l a r g e  r e s e r v o i r  i n s i d e  the oven. A t  any g iven  temperature t h e  steam 
pressure above the l i q u i d  i n  the r e s e r v o i r  was approx imate ly  equal t o  t h e  
vapor pressure o f  the s o l u t i o n .  

P ressure- t rans ien t  t e s t s  were a l s o  run  w i t h  a i r  o r  n i t r o g e n  gas which 
was supp l i ed  f rom a pressure r e g u l a t i n g  system ou t s i de  t he  oven. 

I n  the exper iments r epo r t ed  here, the sample was brought  t o  a low 
i n i t i a l  pressure,  and then a cons tan t  h i g h e r  gas o r  steam pressure was 
a p p l i e d  a t  t h e  t o p  o f  the sample by opening the  app rop r i a t e  pneumatic 
valve.  
w i  t h  pressure t ransducers du r i ng  the  r e s u l  ti ng pressure b u i  1 dup. 

The pressure a t  both ends o f  the sample was measured con t inuous ly  
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Resul ts  

shown i n  f i g u r e  2. 
.one-dimensional gas- f low equa t ion  (Aronofsky,  1954) : 

Typ i ca l  pressure b u i l d u p  curves ob ta ined  i n  t h e  experiment a re  
Resul ts  o f  t e s t s  w i t h  a i r  agreed w e l l  w i t h  the  

I n  equa t ion  1, P i s  the gas pressure,  Z i s  the  d is tance  from the 
top of the sample, p i s  t h e  f l u i d  v i s c o s i t y ,  4 i s  t h e  sample po ros i t y ,  
K i s  the  i n t r i n s i c  pe rmeab i l i t y ,  and t i s  the  t ime .  A good f i t  t o  t he  
a i r  pressure b u i l d u p  data was ob ta ined  by assuming a pe rmeab i l i t y  o f  
3.0 Darcys i n  the t h e o r e t i c a l  ca l cu l a t i ons .  

However, when the same pressure boundary cond i t i ons  were imposed 
us i ng  steam as t he  f l u i d ,  l a r g e  t ime delays i n  t he  pressure response 
were observed. The t ime requ i r ed  f o r  pressure b u i l d u p  was increased 
by as much as a f a c t o r  o f  thirty. 
the curves f o r  a i r  b u i l d u p  and steam bu i l dup  a t  100°C i n  f i g u r e  2. A 
f i t  t o  the  s tandard theory  cou ld  o n l y  be ob ta ined  by assuming an 
unreasonably low pe rmeab i l i t y  o f  0.1 Darcy. 

D i  scuss i o n  

This  i s  i l l u s t r a t e d  by  comparing 

The delayed pressure response was probably  caused by condensation. 
Despi te  the f a c t  t h a t  the steam pressure was l ess  than  the s a t u r a t i o n  
vapor pressure throughout  the  exper iment,  condensat ion occurred i n  the  
sample. A l i q u i d  s a t u r a t i o n  as h i gh  as t h r e e  percent  by volume was 
measured by weigh ing t h e  sample a t  the  end o f  p ressu re- t r ans i en t  runs. 

Condensation o f  the  steam probably  occurred because the  vapor pressure 
of l i q u i d  water  i n  a porous medium i s  reduced. 
lower ing"  e f f e c t ,  comnonly observed i n  s o i l  systems, i s  caused by  
adsorp t ion  and g a s - l i q u i d  i n t e r f a c e  curva tu re  i n  the  smal l  pores o f  the 
medium. The dependence of the l i q u i d  s a t u r a t i o n  i n  the sample upon 
vapor pressure was determined a t  h i g h  temperature by  a l l o w i n g  the sample 
t o  e q u i l i b r a t e  w i t h  s a l t  s o l u t i o n s  o f  known vapor pressure i n  t he  
r e s e r v o i r .  The r e s u l t s  o f  these t e s t s  are shown i n  f i g u r e  3. A lso  
shown f o r  comparison are room temperature data pub l i shed  by Westcot and 
Wierenga (1974). 

This "vapor-pressure-  

When condensation occurs,  a s ink  term f o r  steam should  be added t o  
equat ion 1 t o  preserve t h e  mass balance. Moench and A tk inson  (1979) 
showed t h a t  t he  r a t e  of steam condensation, qs, can be expressed as 

= "C aT 
qs r a t  

H i n  which c i s  the  hea t  capac i t y  o f  t h e  porous medium, L i s  the  l a t e n t  
hea t  o f  vapor i za t ion ,  and T i s  the temperature. 
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Vapor-pressure 1 oweri ng can be i nco rpo ra ted  i n t o  t h i  s t heory  by 
assuming t h a t  T i s  a f unc t i on  o f  bo th  steam pressure and l i q u i d  
s a t u r a t i o n ,  S. The steam-flow equa t ion  f u r  smal l  changes i n  temperature 
and l i q u i d  s a t u r a t i o n  can be expressed as 

i n  which p and C are the dens i t y  and c o m p r e s s i b i l i t y  o f  steam, r espec t i ve l y .  
Est imates o f  the s i nk  term i n d i c a t e  t h a t  .it i s  one t o  two orders  of magnitude 
l a r g e r  than the  c o m p r e s s i b i l i t y  term. 
way r e s u l t s  i n  an inc rease  i n  the  p red i c t ed  response t ime which i s  o f  t he  
same o rde r  o f  magnitude as found i n  the experiments. 
because o f  e r r o r s  i n  the de te rmina t ion  o f  system parameters, good q u a n t i t a t i v e  
agreement between the  mod i f i ed  theory  and the exper imenta l  r e s u l t s  has n o t  
y e t  been achieved. 

t 
Account ing f o r  condensat ion i n  t h i s  

However, poss i b l y  
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FIGURE 3. -Dependence of r e l a t i v e  'vapor p r e s s u r e  upon 

LIQUID WATER SATURATION 

l i q u i d  s a t u r a t i o n  i n  a f i n e  sand. All of 
t h e  measurements w i t h  doubled e r r o r  b a r s  
were made a t  2OoC by Westcot and Wierenga 
(19 7 4 ) .  
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