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ABSTRACT -- 
O f  a l l  the methods reported t o  date, the capacitance probe comes 

closest  t o  meeting the constraints  of measuring l i qu id  saturat ions of 

cores a t  high temperatures and pressures (i.e. 2150' C and 500 psi).  

Changes i n  l i q u i d  sa tura t ion  i n  the inner .4 inches of porous core are 

re f lec ted  i n  a one t o  four percent change i n  the resonant frequency 

of the probe. 

takes place, the smaller the change f o r  a given change in l i qu id  

saturat ion.  

s i x t h  the  core thickness, and the  properties of the core m u s t  be 

uniform throughout f o r  the measurements t o  be meaningful. 

The higher the temperature at which the measurement 

The depth of penetration of the prolbe is only a b u t  one 

iV 



- INTROIIUCTION 
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The problem of dctemining l iquid  sa tura t ions  i n  porcus cores was 

1 2 3 4  given much a t t en t ion  i n  the l a t e  f o r t i e s  ' 
six tie^^'^'. The techniques which were developed were a l l  concerned 

with low t o  noberate pressures, and room temperatures. The methods 

are each su i t ed  t o  a d i f f e ren t  s i tua t ion  and are l i s ted  together i n  

Table 1. 

and briefly i n  the mid- 

When norking a t  high temperatures and pressures an addi t ional  

constraint,  the necessity of a core casing which can withstand these 

conditions, is required. 

available material, but automatically eliminates techniques such as 

microwave at tenuat ion,  f o r  which the casing acts as an e f fec t ive  

.Metal  is the cheapest and most readi ly  

sh ie ld  t o  the signal .  

The cons t ra in ts  which need t o  be s a t i s f i e d  here a r e  as follows: 

(1) the measurement must be made outside of the porous rock sample 

under study without interrupt ing the fluid flow pat tern,  

(2) the sa tura t ion  indication must be independent of f l u i d  

d i s t r i h t i o n  i n  tile volume scznned by t he  measuring device, 

(3) the sensing element should have a small f i e ld  of de f in i t ion  

enabling several  independent measurements t o  be made along the 

length of the core sample, 

(4) the properties of the f l u i d  phases should not  be influenced 

by the addit ion of any required tracer substancos, 
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a 
(5) the device must be modified t o  accomodate high temperatures 

and pressures in the  core. 
J 

To date, no one has published r e su l t s  of a technique satisfactorily 

meeting all these requirements. 
4 

It is the purpose of t h i s  paper t o  describe and evaluate a technique 

which does neet a l l  the above c r i t e r i a ,  and compare it w i t h  methods 

4 i n  use. 

THE CAPAC!XTANCE PROBE 

Description of t h o  Method: J 

This technique measures the di€ference i n  capacitance between water 

f i l l e d  porous media and steam1 f i l l e d  porous media. 

conskmt of abut 78 at Z5*C due to the dipolar nature of the water 
0 1. molecule but decreases to about ?6. at 250. C. 

Water has a d i e l e c t r i c  

J 

However this still represents 

a significant difference f'rom the  value for stcam at about 2 f o r  most 

temperiztures. J 

As the content of pore space changes from water t o  steam, the 

r e s u l t m t  decrcase i n  d i e l e c t r i c  constant for the nate r iz l  reduces the 

signal measured by the probe. J 

The dielectric permitt ivi ty,  or constant, of the material at a 

measuring frequcncy  is given by* 
, 

J 

* Terms are defined in Appendix I. 
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The values for C and t5f w i l l  increase as the araount of water i n  the 

material  increases. The conductivity v i s  that of the material and 

changes both With the degree of l iqu id  saturat ion and w i t h  changes in 

the content of any impurities in the pore water of the sample6'. As 

the measurements are t o  be made isothzrmally, it is assumed that 

changes i n  c are due t o t a l l y  t o  changes i n  l i qu id  saturat ion.  These 

-changes are.non-linear,and require a separate calihration for each 

core sample. 

Apparatus: 

A block diagram of the apparatus i n  use is as shown i n  Fig. 1. w i t h  

the core casing and probe i t s e l f  i l lustrated i n  Figures 2 and 3. 

probe i s  a capacitor which i s  part of an osc i l l a t ing  c i r c u i t .  

resonasit frequency of the c i r c u i t  depends upon the probes capacitance, 

A small pcrcenbge.of this capzcitance depcnds upon the dielectric 

The 

The 

consta-it of the narrow i n t e rva l  of: core being measured, and t h i s  is a 

functi& of t h e  l iquid saturation. 

The probe osc i l l a t ing  circuit  is housed w i t h  an i d e n t i c a l  crystal 

stabilized o s c i l l a t o r  i n  a small grounded metal b o x  at tached t o  t??e probe. 

Both o;cillators a r e  tuned t o  a ;xut  7.5 ElHz w i t h  about a 1 M z  differcnce. 

Thus a l y  differences i n  beat frequency between the two osc i l l a t ing  

circui'r, is 'sampled' at i / l O O O  times the beat frequency. 

of the field mcsurcd by the probe indicate that changes in the resonant 

f r eque : iq  due to changes i n  l iqu id  saturat ion are of the order of l /JOO 

of the kcat frequency and me therefore measurable. 

Calculations 
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The frequency difference is measured by heterodyning and amplifying 

the resu!ting frcquency difference signal, 

and the d.c. output recorded on1 a 10 mamp chart  recorder. 

are  shown in Figures 4 and 5. 

This signal is then r e c t i f i e d  

The c i r c u i t s  

1 

Calculation of the  Field Equations f o r  the Capacitance Prober 

Since the measurements =E, taken a t  a frequency of about 30 MHz, 

I n  

, 

the signal travels on the outer. surface of the eapacitance probe. 

' DIELECTRIC 

' HALF SPACE 
* .  - . .  

calculating the f i e l d  configura.tion then, the probe m y  be modeled w i t h ;  

PROE 

(conductor) 

-1 
- .  . 
, DIELECTRIC . .  
* HALF 'SPACE J . .  

, *  

. '  . .  
. 

4' * - .  

' .  ' . 

Since the capacitance is EL function of 'geoaetry only, I will 

node1 the static case. The im]?edance of the ]probe at high frequencies 

w i l l  then depend upon its capacitive reactance, which is a function of 

frequency. This will determine the resonance condition of the probe, 

with the  d.c. capacitance appearing as a scale factor. 

The s t a t i c  case reduces t o  
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Since the geometry is symmetric and divis ib le  by two, the result 

by superposition becomes 

- . .  4 9  
D 1 . . HALF SPACE 

The normal component of E = E,COS 6 
COS 8- r 

and the n m l  component is tiiscontinuous, (due to t h e  induced surface 

charge) . 
The f i e ld  due t o  the induced surface charge must be added to the n o m 1  

component. 

charge density. 

-on Gauss' Law, this is 1 5 where r b  - the surface 
€0 

the noma1 component of the elcctric field j u s t  inside the  hundary. 

(% = the  o u t . w L ~  noma1 to the surface) 
4. 

NOH 
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The induced charge and Q hzve opposite signs, as expected. 

Tno approaches are now possible; 

(I) Calculate V, E at al l  points, using Coulombs l a w ,  by in tegrat ing 

over the surface charge distribution, and then add the f ie ld  

due t o  the point chiuege Q. 

(2) Use the method of iniiges and the fact that the normal compnent 

of D is continuous. This is the aplpoach I will use. 

Using equations I. and 2.8 

j u s t  outside the diclectricIEI-DI- E,, such that 

the nor ra l  conponent of 2 is c:ontinuous across thc hundasy s ince  there  

is a zero f r ee  charge density. 

Far jmigc charges, the f i e l d  you calculate must always be outside the 

region in which you have the image charge. , Note that both E,, and Eni 

point i n  the sane di rect ion,  outward form the d ie l ec t r i c ,  ( s ince  the 

f i e ld s  a re  zdded such that - Q, appears) 

Now E, is as if the d i e l e c t r i c  is replaced by the  inage charge 

located a distance D behind the boundary. 

For points ins ide  the  d ic lec t s ic ,  E,,;.givcs r i s e  t o  k m  alternate 

sets of point charges: 

(a) A charge Q together with an i r q e  charge 
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at a distance D from the lmundary .  

(b) a single charge 

QtI = 9 B' = (7 -1 Q 
6r41 

which replaces 0; thle die lec tz ic  extending i n  this case on both 

sides of t h e  bounby (i.e. to all space). 

Choice (a)  is ruled out by the constsaint that w e  chasges must always 

be outside t h e  region in hi .& the field is required. Therefore the 

problem reduces t o  a f i e l d  of a point charge 

c- 
The potential due tc two opposite chaxges is then 

and t h e  electric f i e l d  is 

Using these equations, I have plotted t h e  ficld l i n e s  dues t o  

t he  ca-citznce probc w i t h  :tn applied d,c. vo1W-e using the  method 

of *e:  hand f i e ld  nappin:" and curv i l inw cqumcs. 

as chow in Figure 6. 

The result is 
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Capacitance Calculation: 

The e l ec t ro s t a t i c  capacitance per u n i t  length can now readi ly  be 

calculated from the f i e l d  plot. By Gauss's l a w ,  the charge induced 

on a surface $s equal to the flux ending there. This is the  number 

of flux tubes Nf multiplied by the flux per tube extending i n t o  the 

die lec t r i c .  The capacitance per un i t  length is 8. 

c = 9 f6CGd5/'1*e+er. 

Nr 
Plugging i n  values from the f i e ld  map the r e s u l t  is 

where the "length" is the ckcmfference cf the inner swface of the 

dielectsic. Kultiplying by this value gives 

The capacitance of the probe itself may be calculated from the 

equation for the capacitance of a coaxial capacitor 

The r e s u l t  of this calculation, using the probe dimensions is 

c = 2 4 . 8 8  pl l tafavGclS.  

Therefore the percentage of the tc tal  eignsl due t o  capacitance changes 

i n  the core material is  of L\C c,:-~,c.r OT bnc t o ' b o r  percent .  

Capacitive Reactance of the Circuit: 

The resonance properties of the  probe, upon which the output signal 

depends, depend themselves on t h c  capacitive reactance 



1' q 
Different iat ing this equation at a constant frequency y ie lds  

Therefore changes in the capacitance 

- c 
of the med:ium r e s u l t  i n  changes 

of the same order of magnitude in the capacitive reactance of the probe, 

and hence i n  the s ignal  output of the prcbe. 

Depth of Penetration of the  Signal: 

The divergence of the e l e c t r i c  f i e l d  ca1cu:lated for points ins ide  

the d ie l ec tz i c  indica tes  that the f i e l d  falls to l$ of its value w i t h i n  

.4" inside the boundary of the die lec t r i c .  This may e i t h e r  be calculated 

d i rec t ly  by taking the divergence of E, o r  by wlcu la t ing  the decrease i n  

the value of E as you increase the value of r, ( i .e .  calcula te  the  value 

of E a t  the surface of the d i e l e c t r i c  and then at a distance r within the 

d ie lec t r ic . ) .  A similar calculat ion reveals  that the a s i m i l a r  at ten-  

uation occurs about one-eigth of an inch on e i t h e r  s ide  of a dividing 

l i n e  between the two chmges. 

be approximated by a rectangle 1/4 X 1/2 inches extending i n t o  the 

d ie lec t r i c .  

The area measured by the probe can then 



C ONC LUSI ON 

The d i e l e c t r i c  probe is potentially a n  e f fec t ive  means of 

- 

c 

quant i ta t ively determing l iquid  saturat ions i n  porous media. It i s  

easi ly  modified t o  f i t  the experimental conditions of high temperature 

and pressure (i.e. 250' C and .SO0 p.s.i.). 

The f i e l d  measured by the probe is of the order of 1/25 t o  l / l O O  

of the probes' beat frequency. 

sampled a t  periods of 1/1000 of t he  beat frequency, the changes i n  

beat frequcncy due t o  changes i n  l iqu id  sa tura t ion  are e a s i l y  measurable. 

Since changes i n  the beat frequency a r e  

The divergence of the e l e c t r i c  f i e l d  shows the maximum depth of 

Since the core is about 3 inches penetration t o  be about .4 inches. 

th i ck ,  this requires  t h a t  for the measurements t o  meaningful, the 

porosity and perneabili ty ofVthe core must be equivalent t o  the rest 
& i s  p*A J 

of the core. 

c 
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APPENDIX I 

DEFINITION OF TZ!?!4S USED IN TME TEXT 

€v = Real permitt ivity of d i e l e c t r i c  of porous core + some water 

6 = Complex d ie l ec t r i c  permitt ivity of core 

(J- = ConductiviQ,y of porous core + some water 

W = f = frequency of probe sign(a1 voltage 

Co = Real permitt ivity of air 

D = distance from probe t o  core 

= r a d i a l  component of the e l e c t r i c  f i e l d  (polas coordinates) 

€e= angular component of the eliectric f i e l d  

E, = component of the e l e c t r i c  f i e l d  normal t o  the surface of the d i e l e c t r i c  

Gb = surface charge density induleed on the inner surface of the d i e l e c t r i c  

i> = polarization vector i n  Uie ci ie lectr ic  

VI = u n i t  n o m a 1  vectar perpendicular t o  the inner wall of the d i e l e c t r i c  

= e lec t r i c .  displacement vector = CV 5 f Ir 

= potent ia l  of the e l e c t r i c  f i e l d  

c = capacitance ( f a r a d s  or picofarads) 

I$ = number of f lux l i n e s ' i n  material  of core 

Np = number of potent ial  l i nes  i n  material  of core 

fz = outer rad ius  of probe 

= inner r a d i u s  of probe 

Ir 

IC 

L. 

l(c = capacitive reactance of pro'& 
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