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ABSTRACT 

Laboratory measurements of thermal conduct iv i ty  and c a p i l l a r y  pressure 

..avebeen undertaken f o r  samples of Cenozoic Volcanic rocks co l l ec ted  from t h e  

Columbia P la teau Volcanic basin. 

atmospheric pressure and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAroom temperature. 

These measurements were performed a t  

Various methods of measuring thermal conduct iv i ty were invest igated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA’ 

and f i n a l l y  a f l a s h  method was chosen. 

tes ted .  The r e s u l t s  w e r e  favorable.  

The equipment w a s  const ructed and 

Numerous c a p i l l a r y  pressure curves were obtained by use of t h e  mercury 

i n jec t i on  technique. These curves i nd i ca te  pore s t ruc tu re :  pore size, 

pore d i s t r i b u t i o n ,  pore volume, and pore geometry. Measurements of t h i s  

type he lp  t o  expla in  va r ia t i ons  i n  rock proper t ies  such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas seismic v e l o c i t i e s  

and resistivit ies. 

i i i  



INTRODUCTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

Research on the physica l  p roper t i es  of geothermal rese rvo i r  rocks at 

the  Colorado School zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Mines has progressed i n  two s p e c i f i c  areas: 

1). Construct ion and t e s t i n g  of a f l a s h  tube instrument t o  measure 

thermal conduct iv i ty  a t  room temperature and atmospheric pressure.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2) Preparat ion of numerous samples and measurement of c a p i l l a r y  pressure 

using t h e  mercury i n j e c t i o n  technique. 

room temperature, as w e l l .  The purpose of t h e  c a p i l l a r y  pressure measurements 

is t o  i n d i c a t e  pore s t ruc tu re .  Pore s t r u c t u r e  d i r e c t l y  in f luences seismic 

v e l o c i t i e s  and resistivit ies i n  samples. It w a s  hoped t h a t . t h e s e  measurements 

These measurements were made at  

would expla in  v a r i a t i o n s  i n  these  proper t ies  t h a t  were found i n  previous 

sec t i ons  of t h i s  research pro ject .  
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THERMAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACONDUCTIVITY MEASUREMENTS 

The measurement of thermal conduct iv i ty  of t h e  hos t  rock is most impor- 

t a n t  i n  a geothermal reservo i r .  

estimate of heat flow i n  the geothermal system. Secondly, and p a r t i c u l a r l y  

i n  hot dry  systems, t h i s  measurement i nd i ca tes  t h e  amount of heat  exchange 

F i r s t ,  thermal conduct iv i ty  g ives zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa good 

expected from rock t o  f l u id .  

BACKGROUND 

The thermal c o n u c t i v i t y  of porous na-erials has been extens ive ly  treated 

i n  l i t e r a t u r e ,  t h e o r e t i c a l l y , a s w e l l  as experimental ly. Such s tud ies  indi-  

cated t h a t  thermal conduct iv i ty of porous rocks depend on poros i ty ,  pore 

conf igurat ion and s i z e ,  chemical composition zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof rock matr ix,  temperature, 

pressure,  s a t u r a t i n g  f l u i d  conduct iv i ty.  

Severa l  mathematical models have been introduced t o  relate t h e  e f f e c t i v e  

thermal conduct iv i ty  of a porous rock t o  t he  above l i s t e d  parameters. 

series, p a r a l l e l ,  and geometric mean, are without t h e o r e t i c a l  foundation. 

Maxwell's equat ion (1904) which relates electrical conduct iv i ty  of a random 

d i s t r i b u t i o n  of s o l i d  spheres has been modified by de  Vries (1952) t o  produce 

an equat ion f o r  t h e  ca lcu la t ion  of thermal conduct iv i ty  of unconsolidated 

s o i l .  Kuni, 1960; Wyllie, 1954, and Russel l ,  1934, developed thermal conduc- 

t i v i t y  equat ions which relate poros i ty ,  conduct iv i t ies  of s o l i d  and l i q u i d  

phases t o  e f f e c t i v e  conduct iv i ty.  Woodside (I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& 111, 1961, ca lcu la ted  

e f f e c t i v e  thermal conduct iv i ty of rock aggregates and cemented rocks and 

concluded t h a t  t h e  geometric mean equat ion p red ic t s  sandstone conduc t i v i t i es  

which are i n  good agreement wi th measured values. Beck, 1976, extended t h e  

The 
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b d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

range of Maxwell's equat ion t o  cover higher poros i ty  and h igher  conduct iv i ty  

r a t i o s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
>. Rsol id  

( % h i d  

Experimental inves t iga t ions  on t h e  e f f e c t  of poros i ty ,  p ressure ,  satura-  

t i on ,  and na tu re  of sa tu ran t  on thermal conduct iv i ty  of rocks has been ca r r i ed  

ou t  on numerous rock varieties. Woodside 11, 1961; Sugawara, 1962; Z ie r fuss ,  

1956; and Hutt,  1968, ind ica ted  a decrease i n  conduct iv i ty  of sandstones wi th  

inc rease i n  poros i ty  f o r  both sa tura ted  and dry  samples. 

Sugawara i nd i ca tes  t h a t  thermal conduct iv i ty  of dry sandstone and b r i c k  

inc reases  by water satura t ion .  Woodside zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11, 1961, also found t h a t  thermal 

conduct iv i ty  of l i q u i d  sa tu ra ted  sandstone (water o r  n-heptane) is g r e a t e r  

than t h a t  of gas sa tura ted  rock (He o r  N20). Zier fuss,  1956, i nd i ca ted  an 

inc rease i n  thermal conduct iv i ty  of sandstone and l imestone samp les  with 

i nc rease i n  water sa tu ra t i on .  

Pressure a f f e c t s  thermal conduct iv i t ies  of porous rocks. General ly,  

t h e  i n t r i n s i c  thermal conduct iv i ty  of most rocks (matrix conduct iv i ty )  is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of t h e  same order  of magnitude o r  higher than t h a t  of common s a t u r a t i n g  

f l u ids .  F lu id  content inc reases  thermal conduct iv i ty.  I n  l i q u i d  sa tu ra ted  

igneous rocks where crack poros i ty  is common, an increase i n  pressure  decreases 

crack poros i ty ,  and decreases thermal conduct iv i ty.  I n  d ry  igneous rocks,  

ses cracks which represent  iers t o  heat  flow and a subsequent 

inc rease i n  conduct iv i ty  r e s u l t s  (Woodside, 1961). A t  high pressures ,  when 

a l l  forms of poros i ty  is destroyed, e f f e c t i v e  thermal conduct iv i t y  approaches 

the  i n t r i n s i c  conduct iv i ty  of t h e  rock matrix (Walsh, 1966, Clark,  1941). 

I n  p a r t i a l l y  sa tura ted  rocks,  an inc rease i n  pressure have the expected 

h-) r e s u l t s  of i nc reas ing  conduct iv i ty.  Woodside 11, 1961, repor ted an inc rease 

i n  conduct iv i ty  of sandstone wi th  an  inc rease i n  conf in ing air pressure.  
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METHODS OF MEASUREMENT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Class i ca l l y  two methods f o r  measurement of thermal conduct iv i ty  have 

been employed: 

Because of t h e  drawbacks of both of these methods i n  measuring thermal conduc- 

t i v i t y  of sa tura ted  hard rock samples, a t h i r d  method, a f l a s h  method, has 

been tes ted  and shows g rea t  promise. 

1 )  a steady-state method, and 2) a t r a n s i e n t o r  probe method. 

When measuring thermal conduct iv i ty w i th  t h e  s teady state method, e i t h e r  

a constant temperature drop (Suss, 1971) o r  a constant hea t  f l u x  (Birch 

method, 1940) is maintained across a standard material, f o r  which t h e  thermal 

p roper t ies  are w e l l  known, and the  unknown sample. 

steady state heat  f l u x  and temperature gradient  are made ac ross  these  two 

materials which are i n  series. The shape of t he  sample must be simple zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso 

t ha t  t h e  d i f f e r e n t i a l  equation descr ib ing heat conduction may b e  eas i l y  

solved. 

Measurements of the  

There are numerous problems encountered. when making thermal conduct iv i ty 

measurements w i th  s teady state techniques. 

good insu la t i ng  material. 

Second, a long period of t i m e  is required t o  l e t  t h e  sample come zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto epui l i -  

brium so t h a t  a measurement can be made. Third is t h e  problem of sur face 

heat l osses  over a long period of t i m e .  Fina l l y  t h e r e  is a problem in contact  

res is tance.  

F i r s t ,  i t  is d i f f i c u l t  t o  f ind  

Therefore edge e f f e c t s  can in t roduce inaccuracies.  

The t rans len t  o r  probe method overcomes one of t h e  problems encountered 

The technique with t h e  s teady-state technique: 

calls f o r  a w i r e ,  heated wi th  a constant e l e c t r i c a l  cur ren t ,  and a thermo- 

couple, thermistor,  o r  res is tance thermometer. These i t e m s  are placed next 

t o  each o ther  on a sample o r  are combined i n  a "probe". 

t h i s  method is much f a s t e r .  

Measurements of 
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change i n  temperature wi th  t i m e  are made and thermal conduct iv i ty  i s  then 

ca lcu la ted  from t h e  t r a n s i e n t  curve. Although exce l len t  f o r  some materials, 

probe measurements on water sa tura ted  hard rocks are d i f f i c u l t .  The la rges t  

problem is t h a t  of contact  r e s i s t a n c e  between t h e  probe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand sample. 

t h e r e  are a l s o  su r face  heat  losses.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs before 

Thirdly,  t h e  theory accompanying the  

probe technique app l i es  t o  i n f i n i t e  sample geometry zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASO i t  may be necessary 

t o  make measurements on very l a r g e  samples. Fina l l y ,  t h e  a c t u a l  probe geo- 

metry may in t roduce e r r o r s  (Woodside, p.  1692) although many may be compen- 

sa ted  f o r  (Blackwell, 1956). 

FLASH METHOD 

I n  search of a b e t t e r  technique t o  measure thermal conduct iv t ty  of water 

sa tu ra ted  rocks,  t h e  f l a s h  technique was invest igated.  This  method previously 

tes ted  mostly on metals shows g rea t  promise i n  the  measurement of thermal 

conduct iv i ty  of rocks. The method i s  very quick; i f  samples are d i s k  shaped 

hea t  l o s s  is minimized, and the  problem of contact  resistance is eliminated. 

A f l a s h  method was  t e s t e d  t o  measure the thermal d i f f u s i v i t y  of water 

sa tu ra ted  samples. 

of generat ing up t o  1000 j o u l e s  p e r  pulse, w a s  used f o r  t h i s  purpose. 

A model 503, General Electric Flash Tube, which is capable 

C a r s l a w  and Jaeger (1959) develo theory f o r  h e a t  d i s t r i b u t i o n  i n  

a c i r c u l a r  p l a t e  of material of th ickness L when i r r a d i a t e d  wi th  a thermal 

pu lse  of shor t ,  dura t ion  inc ident  on one of t h e  faces. The i r  equation is as 

fol lows zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

nITx 
L 

m 2 2 -n m t  
L T ( x ~ o )  cos - dx s/ T(x , t )  = - L T(x,o)dx 4- - L exp (---) cos - 

0 n= l  
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where a is thermal diffusivity in cm /sect T is temperature in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC, t is 

time in seconds, and x is distance in sample parallel to flow of heat. 

If a pulse of radiant energy is instantaneously and uniformly absorbed 

in a small depth of sample’s front end, then applying the initial conditions 

and integrating yields: 

m 

v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1 + 2 (-I)* exp <-n2w> (1) 
n=l 

where 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV =  T(L’t) and W = n2 at/L 
TM 

T(L,t) is temperature at back surface of sample at time t 

T is maximum temperature reached at back surface M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A plot of equation 1 is shown in Figure 1: 



7 

L J  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
from equat ion (1). A t  V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 

at t i m e  axis  i n te rcep t  ( t  

F igure 1, 

X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = (1.38 L / R  t 4 )  o r  

of t h e  in te rpo la ted  s t r a i g h t  l i n e  por t ion of 

= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.48 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW or a = (0.48 L2/v2 t x )  
tX 

(3) 

equat ion 3, y i e l d s  more accura te  d i f f u s i v i t y  values than equat ion 2 (Parker, 

1959, Jenkins,  1961). 

Thermal conduct iv i ty  can b e  ca lcu la ted  from a by t h e  fol lowing r e l a t i o n  

k = a PC, where k is thermal conduct iv i ty  and PC is t he  thermal heat  capaci ty  

oE t h e  sa tu ra ted  rock. The thermal heat  capaci ty  of water sa tu ra ted  rock 

is given by: 

PC = Ps cs (1-0) + 4) Pw C" (4 1 

where subsc r ip t  s denotes s o l i d  and w denotes water and (9 is poros i ty .  To 

estimate t h e  heat  capaci ty  of a water satura ted  sam?le, t he  s p e c i f i c  hea ts  

(C), and d e n s i t i e s  (P) of both water and s o l i d ,  and the  poros i ty  must be 

known. 

The determinat ion of thermal conduct iv i ty requ i res  measuring both t h e  

thermal d i f f u s i v i t y  and heat  capaci ty.  The thermal d i f f u s i v i t y  is measured 

using t h e  f l a s h  technique as descr ibed above. Single,  sho r t  (5 m sec.), and 

in tense  pulses of in f ra red  are u t i l i z e d  f o r  heat ing t h e  f r o n t  f a c e  of samples. 

Samples are d i s c  shaped, 3 mm t h i c k  and 2.0 c m  i n  diameter. Their  f r o n t  f aces  

are coated wi th  a t h i n  coat  of camphor black f o r  maximum and uniform absorp- 

t i o n  of inc ident  energy. Figure 2 shows a p i c t o r i a l  diagram of t h e  thermal 

d i f f u s i v i t y  equipment. ~ ~ ~ L - O S C S a E  , C A V t R A .  
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The heat capacity of water saturated samples i s  calculated from equation 

5. 

lated from available tables. 

using calorimetric methods on samples which were employed for electrical 

conductivity measurements. 

Heat capacity of water at  different temperatures and pressures is calcu- 

Heat capacity of dry rock samples is estimated 

RESULTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A sample of the measurement results follows. 

Sample Transient Measurement zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

= 1.85 seconds t4 

Temp. = 55OC 
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CAPILLARY PRESSURE MEASUREMENTS 

Most rock p roper t i es  depend upon the  pore s t r u c t u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e  rock, t h a t  

is pore geometry, volume, s i z e ,  and d i s t r i bu t i on .  Because of t h e  in f luence 

of pore s t r u c t u r e  on rock resist iv i t ies and seismic v e l o c i t i e s ,  measurements 

of c a p i l l a r y  p ressure  curves--one of t h e  more d i r e c t  ways t o  cha rac te r i ze  

pore s t ruc tu re - -were  undertaken. 

BACKGROUND AND THEORY 

Capi l la ry  pressure measurements involve two phys ica l  phenomena--surface 

tens ion and we t tab i l i t y .  

When two immiscible f l u i d s  such as hydrocarbons and water i n  a pore 

system are placed i n  contact ,  t h e  su r face  of contact  is almost always curved. 

This r e s u l t s  from t h e  f a c t  t h a t  t h e  molecules of one of t h e  f l u i d s  w i l l  nor- 

mally have a grea te r  i n t e r - a t t r a c t i o n  f o r  each o the r  than i n t r a - a t t r a c t i o n  

f o r  t h e  molecules of t h e  o ther  f l u i d  across  t h e  contact  area. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs a r e s u l t  

t h e  fluid where the intermolecule a t t r a c t i o n  is greater than  t he  int ramolecule 

a t t r a c t i o n  tends t o  draw up i n t o  a sphere,  causing a curved su r face  of separa- 

t i o n  between the  f l u ids .  

A curved su r face  between the  f l u i d s  can only be  maintained i f  t he re  

is a n e t  f o r c e  across  the  f l u i d  i n t e r f a c e  wi th  an a t tendant  ne t  p ressure  

across  t h e  i n te r face .  It is t h i s  pressure which is def ined t o  be  "cap i l la ry  

pressure" f o r  the  immiscible f l u i d  system. 

tu rns  out t o  be the pressure  d iscont inu i ty  across  the  i n t e r f a c e  separa t ing  

immiscible f l u i d s .  

Thus t h e  c a p i l l a r y  p ressure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W The magnitude of t h e  c a p i l l a r y  ?ressure, D c ,  is given by P la teau 's  

equation 



where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa is t h e  "sur face tension" of t h e  two f l u i d s  and R1, R 

c i p a l  r a d i i  of curvature of t h e  contact  sur face  between t h e  f l u ids .  

are t h e  prin- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

Thus 

Plateau 's  equat ion p red ic t s  t h a t  t h e  pressure change across  t h e  i n te r face  

is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa funct ion of t h e  geometry of t he  i n t e r f a c e  (as expressed by the r a d i i  

of curvature of t h e  sur face)  and t h e  r e l a t i v e  i n te r -  and intra-molecular 

a t t r a c t i o n s  of t h e  two types of f l u i d  molecules (accounted f o r  mathematically 

by t h e  su r face  tens ion,  a ) .  

I f  t h e  contact  sur face  happens t o  be spher i ca l  (as  they tend t o  be), 

P lateau ' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs equation then becomes 

Pc = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 a / R  

where R is t h e  rad ius  of t h e  sphere. 

Wherever t h e  immiscible f l u i d  contact  su r face  encounters a s o l i d  (such 

as at  a pore w a l l  i n  t he  pore system of a rock, t h e  angle between t h e  tangent 

t o  t h e  immiscible f l u i d  contact  su r face  and the  s o l i d  su r face  a t  t h e  point 

of contact  is a constant  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0 i n  Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4). 

t h a t  i n  genera l  t h e  molecules of t he  s o l i d  have a grea te r  i n t ra -a t t rac t i on  

f o r  t h e  molecules of one of t h e  f l u i d s  r e l a t i v e  t o  t h e  i n t ra -a t t rac t i on  of 

t h e  s o l i d  f o r  the molecules of t h e  o ther  f l u i d .  Thus t h e r e  is a tendency 

f o r  one of t h e  f l u i d s  t o  d isp lace  the  other  f l u i d  from t h e  s o l i d  sur face,  

a phenomenon ca l l ed  "wettabi l i ty" .  The angle 0 provides a measure of the 

w e t t a b i l i t y  of one f l u i d  r e l a t i v e  to  t h e  o ther  f o r  t h e  s o l i d .  When measured 

through e i t h e r  one of t h e  f l u i d s ,  i f  it is less than 90°, t h a t  f l u i d  is sa id  

t o  be  t h e  wet t ing  f l u i d ;  i f  i t  is g rea te r  than 90°, t h a t  f l u i d  is sa id  t o  be 

non-wetting. It is an indi- 

This is a r e f l e c t i o n  of t h e  f a c t  

Thus t h e  term "wet tab i l i ty"  is a r e l a t i v e  one. 

ca t ion  of how much more one f l u i d  tends t o  "wet"  t he  s o l i d  sur face  than t h e  
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other  f l u id .  It is  a charac ter iza t ion  of t h e  relat ive molecular a t t r a c t i o n s  

of t h e  three o r  more materials (so l id  and two or more immiscible f l u i d s )  

involved. 

D is t r ibu t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Immiscible F lu ids i n  Pore Systems 

The ava i l ab le  evidence ind i ca tes  t h a t  i n  petroleum rese rvo i r s ,  water 

tends t o  be t h e  wet t ing f l u i d  and hydrocarbons tend t o  be t h e  non-wetting 

f l u i d  f o r  t h e  rock sur faces  such as pore walls. 

Consider now what happens when in t roduct ion of a non-wetting phase 

(hydrocarbon, H i n  Figure 4A) i n t o  an i n i t i a l l y  wet t ing f l u i d  ( w a t e r ,  W i n  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4A)  satura ted  pore system is attempted. The hydrocarbon water i n te r -  

f ace  cannot en te r  t h e  pore system u n t i l  t he  i n t e r f a c e  is s u f f i c i e n t l y  curved 

t o  accomodate t o  t h e  l a r g e s t  pore openings ava i l ab le  (i.e., t h e  r a d i i  of 

curvature i n  P la teau 's  equation f o r  Pc must be equal  t o  or  less than t h e  

dimensions of t h e  pore openings). This requ i res ,  i n  tu rn ,  a s u f f i c i e n t  

c a p i l l a r y  pressure (Pc) given by P la teau 's  equation. 

pressure (Pc) requi red t o  achieve en t r y  of t h e  non-wetting phase i n t o  the 

pore system is ca l l ed  "displacement pressure" and represented by t h e  symbol 

Pd. 

The threshold c a p i l l a r y  

Pore channels are normally i r r e g u l a r  i n  shape. Once t h e  non-wetting/ 

wet t ing f l u i d  i n t e r f a c e  is i n s i d e  such a pore channel i t  w i l l  migrate t o  t h e  

f i r s t  equi l ibr ium pos i t ion  where Plateau 's  Equation can be s a t i s f i e d  a t  the 

non-wetting/wetting f l u i d  contact  and at  the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsame t i m e  the contact  ang le  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 can be maintained wherever the  f l u i d  i n te r face  contac ts  t h e  pore w a l l s .  

The ava i l ab le  c a p i l l a r y  pressure (Pc) and t h e  su r face  tens ion determine 

the  curvature of t h e  f l u i d  in te r face .  The contact  angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 f o r  t h e  
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p a r t i c u l a r  combination of rock and f l u i d s  and t h e  geometry of  t h e  po re  channel 

then determine where t h e  f l u i d  contact  curvature can be  accomodated. The 

pos i t i on  of t h e  immiscible f l u i d  i n te r faces  w i th in  t h e  var ious  pore channels 

comprising t h e  rock's pore system determine t h e  r e l a t i v e  amounts of  w a t e r  

.and hydrocarbons w i th in  t h e  rock ( the  sa tu ra t i ons ) .  Thus zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa combination 

of pore geometry, w e t t a b i l i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(e), f l u i d  sur face  tens ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(a) and c a p i l l a r y  

pressu re  (Pc) con t ro l s  t h e  water s a t u r a t i o n  i n  t h e  rock. If t h e  c a p i l l a r y  

pressure is changed, t h e  f l u i d  i n te r faces  n u s t  migrate t o  new equi l ibr ium 

pos i t ions  (Figure 2B) wi th in  t h e  pore channels where t h e  new i n t e r f a c i a l  

curvatures and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 can be  accomodated, thus changing t h e  s a t u r a t i o n s  of t h e  

component f l i i ids  . 

Capi l lary  Pressure  Curves 

These concepts l ed  to  t h e  idea of making c a p i l l a r y  p ressure  measurements 

on cores.  Usually i n  these experiments (Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 )  t h e  c o r e  sample is i n i t i a l l y  

at a wett ing f l u i d  s a t u r a t i o n  of 100%. 

as long as one is a r e l a t i v e l y  wet t ing f l u i d  and one is a r e l a t i v e l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnon- 

wett ing f l u i d .  

convenient combination, t h e  ai r  ac t ing  as a wett ing f l u i d  and t h e  mercury 

as a non-wetting f l u i d .  

Any combination of f l u i d s  can be used 

For example, mercury-air is a commonly used and exper imenta l ly  

When t h e  i n j e c t i o n  c a p i l l a r y  pressure experiment starts, t h e  non-wetting 

Normally (un less f l u i d  completely surrounds the  e x t e r i o r  of t h e  rock sample. 

g rav i t y  dra inage occurs through very l a r g e  openings), t h e  non-wetting f l u i d  

does not  en te r  t h e  pore system u n t i l  t h e  ex te rna l  p ressure  Pc is l a r g e  enough 

t o  bend t h e  wetting/non-wetting f l u i d  i n t e r f a c e  i n t o  a rad ius  of curva ture  

Is, small enough to f i t  through the  l a r g e s t  pore openings a v a i l a b l e  on t h e  

sur face  of t h e  rock. 
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Once Pc exceeds t h i s  "displacement pressure", f i n g e r s  of non-wetting 

f l u i d  e n t e r  t he  pore channels of t h e  rock and i n  each pore channel entered, 

progress t o  the f i r s t  po in t  where, f o r  t h e  Pc appl ied,  P la teau 's  equation 

can be s a t i s f i e d  at  t he  f l u i d  i n t e r f a c e  and t h e  contact ang le  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 maintained 

at  the pore w a l l .  For the  non-wetting f l u i d  t o  proceed pas t  t h i s  point  as 

a continuous phase enough pressu re  must be appl ied t o  t h e  non-wetting phase 

t o  fo rce  t h e  f l u i d  i n t e r f a c e  i n t o  a conf igurat ion wi th  s m a l l  enough r a d i i  

of curvature t o  pass f u r t h e r  i n t o  the  pore channel. The f l u i d  i n te r face  

w i l l  then move t o  t h e  next p lace i n  t h e  pore channel where Plateau 's  equa- 

t i o n  can be  s a t i s f i e d  f o r  t he  new pressure (Pc) and t h e  contac t  angle (0) 

maintained a t  t h e  pore w a l l  sur faces.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs t h e  pressure Pc is increased, t h e  

curvature of t h e  wetting/non-wetting f l u i d  i n t e r f a c e  inc reases  and the  f ingers  

of non-wetting f l u i d  can penet ra te  i n t o  smaller and smaller pore channels 

as they seek new equi l ibr ium posi t ions.  I f  a "bottleneck" (cons t r i c t ion  

i n  the  pore channel between two l a r g e r  pore openings) is encountered, beads 

of non-wetting f l u i d  w i l l  break off  t o  fa11 into any l a r g e r  pore space beymd 

t h e  bo t t leneck  u n t i l  t h e  Pc is l a r g e  enough f o r  the non-wetting f l u i d  t o  

pass t h e  bo t t leneck  as a continuous phase. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. Typica l ly  from t h i s  experiment we g e t  a curve such as t h a t  on t h e  r i g h t  

s i d e  of Figure 6. General ly, as t he  pressure  needed t o  inject non-wetting 

f l u i d  inc reases ,  t h e  f l u i d  i s  enter ing  pore channels w i th  smal ler  and smaller 

cross  s e c t i o n  areas. 

s i z e  d i s t r i b u t i o n  curve, the  magnitude of Pc being a measure of pore s i ze ,  

the  increment of Sw f o r  a given Pc being a measure of t h e  por t ion of t he  

Therfore the  curve is o f ten  i n te rp re ted  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas a pore- 

t o t a l  poros i ty  cons is t ing  of t h a t  pore s i ze .  
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L 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

However, i t  should be remembered t h a t  t h e  curve must  a l s o  r e f l e c t  t h e  

number, d i s t r i b u t i o n  and s i z e s  of t h e  bot t lenecks o r  cons t r i c t i ons  between 

l a r g e r  pore openings. 

Hysteres is  Measurements, In i t ia l -Residual  Curves and Pred ic t ion  of Water 

Drive Recoveries 

The quest ion n a t u r a l l y  arises as t o  what w i l l  happen, i f  a f t e r  i n j e c t i o n  

of non-wetting f l u i d  i n  t h e  c a p i l l a r y  pressure experiment, t h e  pressure Pc 

is now reduced. When t h i s  happens, of course, t h e  non-wetting f l u i d  tries 

t o  flow back out  of t h e  pore system, o r ,  more co r rec t l y ,  t h e  wet t ing f l u i d  

tr ies t o  d r i v e  t h e  non-wetting f l u i d  back out of t h e  pore system. 

I f  Pc is reduced, t h e  non-wetting f l u i d  w i l l  f u l l y  withdraw from the 

pore system u n t i l  Pc becomes smaller than the  pressure  necessary t o  support 

a continuous non-wetting f l u i d  phase at  the  smallest pore bo t t leneck  

(cons t r i c t ion)  t h a t  has been passed i n  the  i n j e c t i o n  process. A t  t h i s  po in t ,  

t h e  continuous non-wetting f l u i d  f i nge r  .is broken, and some non-wetting f l u i d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
is trapped i n  t h e  pore system behind t h i s  cons t r i c t ion .  The non-wetting 

f l u i d  can then b e  withdrawn u n t i l  t h e  pressure becomes i n s u f f i c i e n t  t o  

support  a continuous phase at  t he  next l a r g e r  cons t r i c t i on ,  when again t h e  

non-wetting f l u i d  f i n g e r  is broken and some more non-wetting f l u i d  is l e f t  

i n  t h e  pore system. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThus, when Pc is f i n a l l y  reduced t o  zero,  non-wetting 

f l u i d  w i l l  be  l e f t  trapped i n  var ious p a r t s  of t h e  pore system. This  r e s u l t s  

i n  a "hysteres is"  c a p i l l a r y  pressure curve. The amount of non-wetting f l u i d  

l e f t  trapped i n  t h e  pore system w i l l  i nc rease wi th  inc reas ing  i n jec t i on  

pressu re  Pc reached, s ince  smaller and smal ler  cons t r i c t i ons  are passed w i t h  

higher and higher Pc's. Thus, i f  w e  were t o  car ry  out t h e  hys te res i s  
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experiment t o  severa l  d i f f e r e n t  and increas ing Pc's, w e  would expect t o  

ob ta in  curves something l i k e  those i n  Figure 7. 

When w e  withdraw t h e  non-wetting f l u i d  from t h e  pore system zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby reducing 

Pc, we are simulat ing the  displacement of a non-wetting f l u i d  by a wett ing 

f lu id .  

measure of t he  res idua l  non-wetting f l u i d  f o r  t h e  i n i t i a l  s a t u r a t i o n  reached 

at t h e  p a r t i c u l a r  Pc used on the  i n jec t i on  experiment. 

Thus t h e  amount of non-wetting f l u i d  l e f t  i n  t h e  pore system is a 

pc 2 

pc 1 

s 

_ _  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAFIGURE 7 : 

\ 

withdrawal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 \ 

)4ys?eresir Capillary Pressure 

Curves (schematic) 

I 

1-4 residu a1 1 
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The mercury i n j e c t i o n  technique was  chosen t o  measure c a p i l l a r y  pressure 

curves because 1) t h e  measurements are quicker than o ther  techniques and 2) 

t h e  pressure  a v a i l a b l e  is g rea te r  than i n  o ther  methods. 

Measurements of c a p i l l a r y  pressure curves were made w i t h  a Model 1057 

Before measurements 

The samples 

Af te r  samples were 

Ruska Mercury-Injection c a p i l l a r y  pressure apparatus.  

could begin both t h e  samples and the  apparatus were prepared. 

must be less than 2.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcm i n  diameter and 3.75 c m  long. 

cu t  t o  t h e  proper s i z e  they must be completely dr ied.  The measuring apparatus 

must then be  cleaned t o  remove o ld  t r a c e s  of mercury and ca l i b ra ted .  The 

sample is  then placed In a pycnometer and t h e  system is evacuated. Mercury 

is then in jec ted  t o  f i l e  t h e  system and t h e  bulk  volume of t h e  core  i s  

calcu lated.  Nitrogen is next forced i n t o  the  system and add i t i ona l  mercury 

is again i n jec ted  t o  r e f i l l  t h e  system. 

under var ious  pressures  combined wi th  c a l i b r a t i o n  information r e s u l t s  i n  a 

c a p i l l a r y  p ressure  curve. 

The volume of mercury i n jec ted  

Figures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 through 28 show cap i l l a ry  pressure curves f o r  numerous 

samples. The poros i ty  absc issa  is a measurement of t h e  f r a c t i o n a l  poros i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr 

as a func t ion  of t h e  poros i ty  ca lcu la ted  i n  an  earlier phase of t h i s  pro ject .  

For example, i n  Figure 28 f o r  sample zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC-2-41 t h e  t o t a l  po ros i t y  previously 

ca lcu la ted  w a s  15%. About 50% of t h i s  poros i ty  w a s  i n j e c t e d  wi th  mercury 

at  higher  pressures.  

i n j e c t i o n  c a p i l l a r y  p ressure  curve whi le t h e  red l i n e  (5) t o  The r i g h t  shows 

t h e  withdrawal curve. 

The b lack l i n e  (g) t o  t h e  l e f t  i n d i c a t e s  the  loading of 
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i d  

From the basic capillary pressure curves and hysteresis 

curve, interpretations of pore size, pore structure, and 

permability can be made. 

Figures 29 through 44 show pore size distributions for 16 

of the samples tested. 

in cm and the ordinate charts distribution as cm , 

bution numbers indicate the area under the curve; the total 

area is normalized to one. 

histograms to easily understand pore size distribution, 

equation used to calculate pore size distribution is: 

The abscissa.shows the pore entry radius 

The distri- 
-1 

These curves may be viewed as 

The 

(Purcell, 1949) 

where Pci is capillary pressure 

ri is pore entry radius 

Sm 
and is mercury saturation as a percentage of pore volume. 

Permeability can also be calculated directly from the 

capillary pressure curves: 

S=l 

4 ds 
K = 1,426 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@A K = 1,426 X 10 @A 

4 [  
(Purcell, 1949) 

S=O 

K is permability 

@ is porosity 

X is a lithology factor dependent upon mercury contact angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 
and surface tension. For the curves the number O,216/psi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
has been used. 



21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm 
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Figure 8 

Experimental Capill ary Pressure Curve for Sample NM-28 
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Figure 9 

Experimental Capi 11 ary Pressure Curve for Sample C-1-32 
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m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

OR- M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

00 0.20 0. a0 0.60 0.90 f .0O 
' SATURAT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIO! l  

Figure 10 

Experimental Capillary Pressure Curve for Sample OR-M 
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8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Q 

$. e- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoc- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA37 

, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOQ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 1 1  

Experimental Capillary zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPressure Curve for Sample OC-37 
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OC-31 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 12 

Experimental zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACapillary Pressure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACurve for Sample OC-31 
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OC- 15 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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SATURATIGW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 13 

Experimental Capi 11 ary Pressure Curve f o r  Sample OC-15 
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I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 
&0.00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0'. 20 0.40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ. 60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.88 1.80 

€3 
6) 

m 
6) 

w 
a 

6) m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0c- 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 14 

Experimental Cap! 11 ary Pressure Curve f o r  Sampl e 0C-10 
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L d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 15 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Experimental Cap i l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAarv Pressure Curve f o r  S a m 1  e NM-41 
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Figure 16 

Experimental Capill zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAary Pressure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACurve for Sample NM-216 
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8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Experimental Capill ary Pressure Curve for Sarnpl e C-2-7 
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C- 1-45 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 18 

Experimental Capillary Pressure Curve for Sample C-1-45 
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c- 2- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA57 

Figure 19 

Experirriental Capi 11 ary Pressure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACurve for  Ssmpl e C-2-57 
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Figure 20 

Experimental Capill ary Pressure Curve for Sarnpl e C-2-61-2 
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Figure 21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Experiment81 Capillary Pressure Curve f o r  Sample C-2-11 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA22 

Experimental Capillary Pressure Curve for Samole C-3-4 
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Figure 23 

Experimental Capi 1 1  ary Pressure Curve for Sample C-2-61-1 
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C-1-5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
37 
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Figure 24 

Experimental Capillary Pressure Curve for Sample zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc-1-5 



C- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1-33 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA38 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 
I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

00 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.17 0.33 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.50 0.67 e.93 
POROSITY 

Figure 25 

Experimental Capill ary Pressure Curve for Sample C-1-33 



C-1-52 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 26 

Experimental Capillary zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPressure .Curve for Sample C-1-52 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

39 
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Experimental Capi 11 a r y  Pressure Curve f o r  Sample C-1-58 
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Figure 28 

Experimental Capillary Pressure Curve for Sample C-2-41 
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Ld zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S is mercury saturation 

and Pc is capillary pressure. 

The chart in Figure 45 lists the calculated permeabilities 

for 16 of the rock samples. 

Sample 

c-2-11 

C-2-4 

C-2-57 

C-2-611 

C-2-612 

C-2-7 

C-1-33 

C-1-5 

C-1-58 

C-2-41 

NM- 2 0 

NM-2 8 

NM- 4 1 

oc-10 

OC-37 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
OR-M 

Porosity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 8 )  

37.34 

16.41 

21.05 

28.99 

28.56 

24.39 

7.0 

12.8 

9.2 

15.03 

15.09 

20.88 

17.71 

20.33 

21.69 

33.89 

Theoretical Permeability (mi 1 lidarcy 

0 . 8830 

0.8980 

0.6429 

0.5540 

1.3361 

2.6077 

0.1840 

11.9571 

0.5899 

0.5313 

0.0209 

0.1990 

0.2626 

0.5055 

0.0130 

0.1498 

Because the calculation of permeability is dependent upon the 

area under the capillary pressure curve, calculations were not 

attempted for the near vertical curves with very low saturation, 

such as C-1-45, but it may be assumed for these cases that the 

permeability is very small. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F 

Li 
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Figure 29 

Pore S i t e  Distribution Curve for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASample C-1-33 



44 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c-2-61-2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 30 

Pore Size Distribution Curve for Sanple C-2-61-2 
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Figure 31 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Pore S i z e  Distribution Curve for Sample C-2-61-1 
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46 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2- 57 

Figure 32 

Pore zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASize Distribution Curve for Sample C-2-57 . 
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Figure 33 

Pore Size Oistribution Curve for Sample C-2-4 



6) 
6) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
v zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N 

fl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cs> 
t- 

8 
6) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6' 

48 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c-2- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1-1 

Figure 34 

Pore S ize  D i s t r i b u t i o n  Curve f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASample C-2-11 
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Figure 35 

on Curve for Sample C-1-58 
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Figure 36 

Pore S i z e  D i s t r i b u t i o n  Curve for Sample C-1-52 
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Pore Size D i s t r i b u t i o n  Curve zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor Sample C-2-41 
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Figure 40 

. Pore Size Distribution Curve f o r  Sample zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'NM-2fl zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 



55 

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 
P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N 

8 
CU' 
c- 

NM- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28 

Figure 41 

Pore zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASize Distribution Curve for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASample NM-28 
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Figure 42 

Pore Size Distribution Curve for Sample OR-M 
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Figure 43 

Pore Size Distribution Curve for Sample C-2-7 
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Figure 44 

Pore Size Distribution Curve for Sample OC- l f l  
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CONCLUSIONS AND FUTURE RECOMMENDATIONS 

THEKXAL CONDUCTIVITY MEASUREMENTS 

Af ter  cons t ruc t ion  and t e s t i n g  of a f l a s h  technique t o  measure thermal 

conduct iv i ty  of rock samples it w a s  found t o  be  f a s t  and accurate.  The 

success fu l  system is now ready t o  measure add i t iona l  samples. I n  the  fu tu re ,  

i t  is hoped t o  rep lace  t h e  f l a s h  tube with a lasar source which would concen- 

t rate more energy on the sample. 

extended t o  higher temperatures and pressures t o  b e t t e r  s tudy  t h e  range of 

condi t ions found i n  a geothermal reservo i r .  

Measurements wi th  the lasar are a l s o  t o  be 

CAPILLARY PRESSURE MEASUREMENTS 

Var ia t ions i n  pore s t r u c t u r e  was noted by measurement of  c a p i l l a r y  pres- 

s u r e  curves but  more samples must be run zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto note  a pa t te rn  between pore 

s t r u c t u r e  and such rock proper t ies  as seismic v e l o c i t i e s  and r e s i s t i v i t i e s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 

Considerable scatter i n  t he  ve loc i t y  versus poros i ty  curve f o r  rock 

s u i t e  C (Columbia P la teau Volcanic Basin) was noted. Therefore cap i l l a ry  

pressure measurements have been concentrated on t h i s  p a r t i c u l a r  group. 

is hoped t h a t  w i th  add i t i ona l  samples, a pa t te rn  between pore s t r u c t u r e  and 

It 

v e l o c i t y  w i l l  emerge. 

Kwon (1975) has developed a re la t i onsh ip  between formation f a c t o r  and 

c a p i l l a r y  p ressure  curves by stat is t ica l  means. With a d d i t i o n a l  c a p i l l a r y  

p ressure  curves, a b e t t e r  understanding of r e s i s t i v i t y  measurements should 

the re fo re  r e s u l t .  

F ina l l y ,  i t  has been found that the  mercury i n j e c t i o n  technique works 

For rocks wi th p o r o s i t i e s  of less w e l l  only f o r  rocks of h igher poros i ty .  



than lo%, a brine-air technique must be used. Equipment to  complete these 

measurements is "on-order" and upon its arrival,  the measurements w i l l  begin 

on t ight  samples. Purcell (1949) has discussed the relationship between 

nercury/air and brine/air techniques and therefore a comparison i n  the two 

:ypes of curves can be made. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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