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kBSTRACT

The equilibrium conditions applicable to a
single liquid phase held by capillary forces within
the pore space of a reservoir rock sample are
reviened. It is shown that, if the conditions for
both chemical and capillary equilibrium are satis-
~, an extended form of the classical Kelvin rela-
tionship is obtained. Using available thermodynamic
data, it is also shown that the classical fOrm of the
Kelvin relationship can be used to compute air/brine
capi1lary pressures for core plug samples. Experi -
mentally, it is only necessary to allow such saenples
to reach equi 1ibrium in a COrKtZkf)t vapor Pressure
environment. Thus, the conventional methods for
determining capi 1lary pressures can be useful ly
supplemented by vapor phase desorption experiments.
Although such experiments require relatively long
equilibration times, they are simple to perform and
are free from the difficulties consnon to other
methods, A convenient way to establish a constant
vapor pressure environment is to use saturated sollJ-
tions of such salts as BaCl z, KN03, and K$O+. The
avai1able vapor pressure data for these 5f)lutiOnS are
reviewed and tabulated. Using these data Kelvin
capillary pressures are calculated for a range of
NaCl brine composi tions and a range of temperatures.
Some preliminary data using this technique are
reported for a pair of matched Berea core plugs of
approximately 10 cm3 pore volume.

INTRODUCTION

It has long been known that a relationship
exists between the curvature of a gas/liquid inter-
face and the vapor pressure of the 1iquid phase. ‘
Since interface curvature is directly related to
capi 11ary pressure, it fol10WS that a measurement of
the reduction in vapor pressure over a concavely
curved interface can be used to determine the

References and i1lustrat ions at end of paper.

capillary pressure applicable to that interface. A
rigorous thermodynani c analysis of this approach to
the measurement of capi11ary pressure is given else-
where. L 3 Capi11ary pressures determined by vapor
pressure reduction are called Kelvin capillary
pressures.

In tnis paper previous work on the measurenwnt
of Kelvin capillary pressures is briefly reviewed.
It is then shown that the corrections to the classi-
cal form of the Kelvin equation are of negligible
magnitude for values of the air/brine capi nary pres-
sure which are less than about 100 bar (1450 psi).
Next, a simple experimental method for controlling
the water vapor pressure for a partially desaturated
core P1ug sanple is described. The corresponding
Kelvin capi1lary pressures are presented in both
tabular and graphical form. Some preliminary data
for a pair OF Berea core plug samples are given. The
measured saturations for these scmples ranged from
3.3 to 6.8 pore volume percent.

PREVIOUS WORK

Scientific studies on the retention of liquids
in porous solids by capi 11ary forces have been car-
ried out for over 250 years. However, the first
application of the Kelv+ equation to the interpret a-
:io; of such data appe , to be due to Zsigmondyq in

. The literatur l-elating to this use of the
Kelvin equation is now ver; extensive. The earlier
work is reviewed by McBain and by Brunauer. b Some
of the more recent work is cited in reference 3.

Although the method was first applied to the
study of core plug si=+kles by Calhoun and co-workers 7
in 1949, it has selom been used in this field.
Recently, Hsieh and Ramey O have reported some high
temperature water vapor adsorption/desorption data on
Berea saerrples. However, Hsieh and Raney suggest that
for these data adsorption is dominant and the Kelvin
equation is not applicable. On the other hand, the
equivalent or Kelvin pcre radi i calculated from the
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~dl and R&ey data at the highest relative vapor
pressure range from 1.9 to 3.1 nm. Uncertainties in
the liquid phase specific volume and surface tension
are such that these Kelvin radi i may actual ly be too
small by a significant 3nount. Consequently, it
seems possible that the saturations may include at
least a smal 1 contribution frmn capillary-held
liquid.

Other recent studies in which the Kelvin
?quation ha; ,~en enployed are those of Morrow and
co-workers. - In this work room temperature
desorption isotherms were reported for water vapor in
contact with a set of low permeability gas sand
samples. Kelvin capillary pressures ranged from
about 700 bar down to about 14 bar. At pressures
below about 55 bar approximate agreement was found
with independent high-speed centrifuge data. Thus,
in the range of air/brine capillary pressures frOM
dbout 55 bar (800 Psi) to 14 bar (200 psi), it
aonears to be clearly established that the Kelvin
eciuation can be used to determine valid capillary
pressures.

The experimental technique used by Morrow and

utilizes the Gibbs condition for chemical equilibrium
between the phases, a condition unknown to Thomson
(Lord Kelvin) in 1871. Thomson’s treatment also
assumes ideality for the vapor phase and incompressi.
bility for this liquid phase, Thus the classical
Kelvin equation is actually an approximation. The
exact treatment shows, however, that the corrections
for liquid compressibility and vapor non-ideality are
oft:n of negligible importance. At the sane time, the
Stalysis shows that the classical expression is not in
conflict with the conclusion that a relatively large
ne9ative Pressure may exist in the liquid phase.

A further consequence of the rigorous analysis is
the prediction of a definite limit for the application
of even the corrected form of the Kelvin equation.
This limit arises because the liquid compressibility
increases as the vapor pressure and liquid density are
reduced. Eventually, the compressibility increases
very sharply, and the liquid becomes thermodynamically
unstable, However, an extraPolation18 of available
PVT data for water suggests that this limit corre-
sponds to an enormous negative pressure in the liquid.
At room temperature this extrapolated pressure is
about -2100 bar. or -30.000 Dsi. This imr)lies a

co-workers y- 10 is extremely simple. Sanples are Kelvin capillary- pressure of “21OO bar, a relative
eauilibrcted in a series of controlled humidity cham- vaDor oressure of 0.22. and a Kelvin oore radius
>ers. Saturation is then determined gravimetrically.
This nz?thod is actually widely used in fields other

$;:n &eB:;’?f:;art ;:?$ri;;;;:; :’ :f3 :y:: ;;:

literature dealing with s{andard test methods. )q A
/ariation of the mthod utilizes saturated solutions
of various salts for humidity control. In Figure 1 a
schematic illustration of a controlled humidity
chamber is shown.

In the work of Morrow and co-workers y-lo
equilibration times of up to 3 weeks were ~e@ired.
The solutions used to control the humidity were
sulfuric acid solutions of varying concentration.

A somewhat nnre cmplex ve;;ion of the method is
that described by Weatherwax. In this work the
vapor phdse was circulated through the sample, while
NaCl solutions of varying concentration were used to
control the water vapor pressure. Equilibration
never required nm’e than 8 days, but runs were car-
ried out for as long as 44 days. The highest rela-
tive pressure used corresponded to a Kelvin capillary
pressure of only 6 psi (0.4 bar).

In the present work saturated solutions of
BaC12, KNOJ, and K2SOq were used to control the water
vapor pressure to which the sanples were exposed.
TWO advant~ges of this variation of the method should
be mentioned. First, since an excess dnount of the
solid salt was always present, the water vapor
depends only on the temperature. NO independent
determination of the anount of salt in solution is
required. Secondly, any possible complication due to
the adsorption of S03 on the sanple is avoided.
Such com lications have been reported by some

1!-17workers.

NEGATIVE PRESSURES AND THE KELVIN EQUATION

AS indicated o-eviously, the relationship
between :~e ~.,rva~,;r~of 3 gas/liquid interfdcv and
the vapor pressu-. :}fthe liquid can be subjected to
an exact thermcdynmic analysis .z-j This analysis

.— __ . -- .—- —- —.—

equivalent to 2.5 molecular diameters.

Such an estimate for the limiting negative
Pressure is, of course, highly speculative. It is
therefore of interest to consider the available
experimental evidence. In 1950 Briggs19 reported a
negative pressure for liquid water as large as -275
bar (about -4000 psi). This corresponds to a relative
vapor pressure of 0.82 and a Kelvin pore radius
equivalent to 19 nmlecular dianeters. More recently,
liquid stretching measurernents20-21 on cyclohexane
have indicated that a relative vapor pressure of 0.76
is still ccxnpatible with thermodynamic stability.
This corresponds to a liquid phase negative pressure
of around -60 bar (-870 psi) and a Kelvin pore radius
of roughly 16 nmlecular diameters. These results
provide direct evidence for the applicability of the
thermodynamic analysis referred to above.

CORRECTIONS TO THE KELVIN EQUATION

We now turn to the question of the various
corrections which are identified by the rigorous
treatment :: the problem. It should be noted in this
connection that the case to be analyzed here is some-
what different than the one-component case treated
previously. 2-J This is becduse we now have four
components associated with three fluid phases. These
phases are the saturated salt solution used to control
the water vapor pressure, the gas phase itself, and
the aqueous NaCl solution within the sample (see
Figure 1). The four components, which will be denoted
by numeral subscripts, are H20 (l), NaCl (?), inert
gas (3), and the salt (4) used in the external
equilibrating phase.

Component 3, the inert gas, is of course a
pseudo-component, since in the present case it is the
air in the humidity chanber. Thus, it is assumed that
the total gas phase pressure, PG, is always 1.0 bar
(14.504 psi). The independent intensive variables are
then the temperature, T, and the NaCl concentration in
the aqueous phase retained in the sanple. This con-
centration is expressed either as weight percent or as
m, the nmls of NaCl per kg of water.

4a6
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the various changes in chemical potential, Au, defined
a<,In the previous treatment z-’:

‘d = RTln (aZ/a. )
I

(API)G (1)

(?)(~bl)~ = ‘(az-%+) 8pG

“-b’)L = v] Pc+ (AuJ[
,.

(3)

In eq. (1) R is the gas constant, 83.144 cm~~,-i bar K-l, ~jle az and aq are, respectively, the
relative water vapor pressures for the brine phase
within the sample and for the equilibrating salt solu-
tlon, The parameter denoted as B in eq. (2) is the
mixed second virial coefficient for the gas phase.
In eq. (3) V1 is the partial molal volume of H# in
the brine within the sample and P is the capillary
press~re. The $hemical potential c$anges denoted as
(AIJI)Gand (MII)L represent, respectively, the effects
of gas phase non-ideality and liquid phase compressi-
bility. Thus, the total change in chemical potential
for the liquid is (AII1)L,while that for the gas is

(MI1)G= (AIJl)~d- (Avl)~ (4)

According to the Gibbs condition for chemical
equilibrium, the total changes in chemical potential
for the two phases nust be equal. Eqs. (1) - (4) can
therefore be combined to give the following exPreSSi On
for the capillary pressure:

Pc = (Vi)-’{RTln(a2/.a+) - (Aul)~ - (AII1)~) (5)

This expression differs from the one-component
expression obtained previous ly.2-3 First, the correc-
tion representing the change in the gas phase pres-
sure, APG, does not appear, since pG is now held
constant. Secondly, the quantity represented by VI
differs slightly from the mlar volume for pure liquid
HZO. This, in principle, requires a correction which
does not arise in the one-component case.

As for the magnitudes of the various corrections,
that given by eq. (2) may be considered first. Values
for the pure gas second virial coefficients, B,, and
8~j, and for the interaction coefficient, Bl$, are
reported by Harrison *z. Of these three coefficients
B,, is much the largest in magnitude 23. However,
since the Ml fraction of HO in the gas phase is only
about 0.03, the inert gas fair) second virial coeffi.
cient, 83$, makes the dominant contribution to 8.
Thus, it is found that the mixed virial coefficient,
B, is about -10.8 cm3rrol-1. A more rigorous analysis
of the effect of gas phase non-ideality, following
that given by Guggenheimz+, indicates that the para-
meter B in eq. (2) is even smaller in magnitude, about
-6.0 cm%ol-’. In either case, it i% foundidfrom
eqs. (1) and (2) that the ratio, (AIJl)G/(APl)G , is
less than 0.0005 for capillary pressure values less
than 100 bar. The gas phase non-ideality correction
may therefore be considered as negli~i>’t- in
comparison with the usual experimental errors.

Tt;e liquid phase compressibility correction, ?,
defined by eq. (3), can be shcwn to have the following
form,

(ADl)~=$BT(Fl)-l (Aul)~ (6)

Here, .?T is the isothermal compressibility of the
brine pt.ase. An equation analogous to eq, (6) has

I We can now write the following expressions for I been derived by Keyes .25 Compressibility data for
aqueous i4aCl solutions are given by Rogers and
pitzer. ~b For a capillary pres~ure of 100 bar eq. (fJ)
indicates that the ratio (AU1)L/(AMI)L would be about
0.002. For smaller capillary pressures, this ratio
would be proportionally smaller. Again, it-is seen
that the correction-represented by (AIII)~ may be
nealected.

The final correction to be considered is that
o for v,, the parti!’arising from the use of MIV1

molar volume of H20 in the brine phase. Here, Ml 1s
the molecular weight of H20 and VI” is the specific
volume of pure water. The treatment given by Harried
and 0wen27 shows that Vi can be written as

V,= M,v,O {l+hn3i2]-’ (7)

In eq. (7) the parisneter O is approximately 0.001 for
NaCl solutions at 25”C. Thus, if the molal concentra-
tion does not exceed unity, the fractional correction
will not be greater then 0.001. Further, it is seen
that this correction will tend to cancel that due to
the liquid compressibility.

We may conclude from eqs, (5), (6), and (7) that
all of the corrections to the classical form of the
Kelvin equation are of negligible magnitude. Thus,
for the type of three-phase, four-component system
considered here, eq. (4) can be written as follows,

Pc=+ln(~)
Mlvl

;8)

I

CALCULATE CAPILLARY PRESSURES

The relative water vapor pressure represented in
m. (8) by m2 is a function of both temperature and
NaCl concentration, while ah is a function of both
temperature and type of salt. It will therefore be
useful to compute values of the capillary pressure,
P for various temperatures, brine concentrations,
a% types of equilibrating salt.

The vapor pressure data for the three different
equilibrating salts mentioned above, K2SOq, KN03 and
BaC12, are given in Table 1. The corresponding vapor
pressure data for NaCl solutions are given in Table 2.
Both tables include references to the sources of the
data on which the tables are based. The relative
vapor pressures for the NaCl solutions given in
Table 2 are in good a reement with those tabulated by
Robinson and Stokes. 33 It should be anphasized that
the vapor pressure data for various types of electro-
lyte solutions are generally very accurate and have
usually been verified by a number of independent
studies.

Capillary pressures calculated from the data
given in Tables 1 and 2, using eq. (8), are recorded
in Tables 3, 4, and 5. These tables correspond to the
three different salts used in the form of saturated
aqueous solutions to provide a controlled vapor pres-
sure condition. These results are shown in graphical
form in Figures 2, 3, and 4. It is seen that in each
case both temperature and NaCl concentration have a
significant effect on the Kelvin capillary pressure.
The trends with temperature and brine concentration
are, hcuever, nearly linear. Consequently, linear
interpolation in Tables 3-5 or in Figures 2-4 will
usually be sufficient to evaluate the Kelvin capillary
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pressure correspond ng to glven values of temperature
and NaCl concentration.

EXPERIMENTAL METHOD AND RESULTS

Vapor desorption measurements were carried out
on a pair of matched Berea core plug samples. The
experiment initial ly involved three samples which were
desaturated to a top end-face capi11ary pressure of
about 40 bar (580 psi ) in a Beckman L5-50P rock core
ultracentrifuge. It was observed that one of the
;entrifuge cells did not seal properly, so that the
~ata for the sample originally in this cell were dis-
regarded. The dry core data for the two remaining
samples are given in Table 6. Temperatures during
sample cleaning did not exceed 120”C.

I The s~ples were nominally two inches in length
:,nd one and d half inches in diameter. Samples of
these dimensions are suitable for use with the Beckman
l~IR-16.5 rotor. It is seen from Table 6 that pore
,volumes were in excess of 10 cm3 and dry weights in
~xcess of 110 g. The samples were initial ly saturated
~ith a 2.0 weight percent NaCl solution.

After centrifugation the average saturation, ~,
i:1 both samples was approximately 8.5 percent. Most
‘i the sample length, however, was in each case at a
‘significantly lower saturation, since the top end-face
saturation was about 4,7 percent. Both sanples were
next placed in a control led humidity chamber contain-
ing a saturated solution of K SO%. Changes in satura-

f,tion were followed by weight oss measurements. These
Imeasurements indicated that the sanples were either at
;r near equi1ibrium after 96 days.

It should be noted that this first desorption
‘step involved different nx?chanisms than the subsequent
desorption steps. At the beginning of the desorption
process the effect ive capi 1lary pressure imposed by
the iwnidity chanber was about 23 to 24 bar. At the
end ~f the process, since the NaCl concentration
‘wit~,inthe sample increased to about 2,6 percent, the
!;api1iary pressure had dropped to 18 to 19 bar. At
Ihe same time the saturation dropped from the initial
talue of about 8.5 percent to around 6.5 percent.
.iowever, the initial saturation and capillary pressure
,distributions were highly non-uniform. As indicated
Iabove, the top end-face was initial ly at a capillary
pressure of shout 40 bar and the corresponding satura-
tion was OIIY 4.7 percent. At the bottom end-face the
sat’:”ation was presumably at 100 percent and the
,capi11ary pressure was zero. 36 Thus, during the

l~rastic redistribution of the aqueous phase within
recess of desorption there also there also occurred a

each sanple. Over most of the length of both SdmpleS
the saturation actually Increased from roughly 5
percent to about 6.5 percent, Near the bottom end-
face, on the other hand, on the saturation dropped
from 100 percent to 6.5 percent. It follows that the
first nominal desorption step ~st have involved imbi-
bition and adsorption over wst of the sample length,
with drainage and desorption occurring only near the
bottom end-face.

The samples were neyt placed in a humidity
chamber in which the water vapor pressure was con-
Itroll@d by a saturated KNI’;3solution. In this case
I:he first weight loss measl,rements were not made until
l.lhfJIJt60 days haa elapsed. It appeared from subse-

,[j., ent medsuremcnts that equilibrium had already been
;“ ~[.heal. The samples were kept at the saturated KN03. _ -—-. — ——

vapor pressure for an additional 100 days. Over
this period of time no further weight changes Of
significance were observed.

Finally the samples were placed in a chanber
containing a saturated BaC12 solution. Again, equi-
librium appeared to have been reached at the time of
the first weight loss measurements (63 days). Over
the next 61 days no significant further weight loss
was observed. Tables 7 and B record the final values
of the fluid weights, as well as the total elapsed
time at each of the constant humidity conditions.
Temperatures were held at 23 $ 0.5°C over the entire
equilibration period.

The fluid weight data permit the calculation of
tb:. resulting brine concentrations within the samples
ctt each hwidity condition. It was assumed that all
of the NaCl originally present in a sanple at the end
of the centrifugation step remained in the aqueous
phase during the subsequent equilibrations. These
calculated NaCl concentrations are given in Table 7.
From these concentrations values of the aqueous phaj$
densities were interpolated from literature data.
Any change in liquid density due tc the negative
pressure in the liquid phase was neglected. Satura-
tions were then calculated from the fluid weights and
densities. These saturations are recorded in Table 8.

The brine concentrations were also used to
calculate values of the Kelvin capillary pressure from
eq. (8). These calculations used graphical interpola-
tion from large-scale plots of the results given in
Tables 3-5. Very minor corrections for the effect of
brine concentration on surface tension were then m d
These corrections were based on literature data. 3t.%1

Thus, the Pc values Liven in Table 8 all refer to the
initial brine coficentration of 2.0 weight percent
NaC1. The surface tension of this reference solution
is taken to be 72.88 n#4m-1 at 23.O*C,

In Figure 5 the capillary pressure and saturation
data from Table 8 are plotted using a logarithmic
scdle for both variables. It is seen that on these
scales the pressure versus saturation relationship
appears to be linear. The data for the two SmpleS

are very similar. At the same capillary pressure
slightly lower saturations are observed for the san-
ple with the slightly higher porosity, as would be
expected. Thus, the water vapor desorption data do
appear to be satisfactory with respect to
reproducibility.

DISCUSSION

It is obviously of interest to compare the
capillary pressure data presented above with similar
data for Berea obtained by the more traditional tech-
niques. Two such techniques are the porous Plate
method and the ultracentrifuqe wthod. Although the
p~op~rties of Berea iandston~ samples have been- stud- ,
ied for many years, it appears that no ,Ilta suitable :
for this comparison have yet been Published.

The only data which might appear to be !
suitable are those recently reported hj !Iullien and ~
co-workers. 39 Using a 13erea sww~e zl!.h a per~ne- I

-J

ability range similar to that u.+, “n the l)rese~t
work, the lowest brine sdturatlon ob~c!v.?,id~$ shout
10 percent at a capillary Pres~’~r~ ~f JJ~’Jt 1 bar.
Resealing the pres$ure to. WtlJu!~t f~I ~r! t’A?’’ctL’[l
factor of two In lnterf.aclal t+nsioo, this hl,$,$s~

—.-
0
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mwssure value would be about 2 bar, A comparl son
~ith the present data indicates an expected capi 11ary
n-essure of 7 to 8 bar (see Figure 5) at a saturation
If 10 percent.

This rather marked disagreement can, however, be
Attributed to actual differences in the pore structure
If the sanples used. Those used in the present wrk
Iere never subjected to a temperature higher than
Ibout 120”C. On the other hand, the sanple studied by
)u11ien and co-workers 39 had been calcined for two
lays at 600”C. It is quite possible that calcination
lltered the size and shape of the microporosity asso-
:iated with the clay ccxnponent of the 8erea sandstone
;anple. It is known, for example, that the surface
irea of simi1ar 8erea sanples is sensitive to the
Iature of the fluid phase which is involved in the
measurement.”0 Whereas the area measured by low tem-
perature gas adsorption is about 1..4 m2g- 1, the area
~hich is observed when the pore space is saturated
tiithbrine is about 2.5 m2g-A.

Unti 1 experimental evidence to the contrary
)eco.mes avai1able, it would appear that the water
~apor desorption method does provide a valid technique
‘or obtaining capi1lary pressure data. Although the
method has rarely been used in core analysis, it is
experimental ly both extremely simple and highly reli-
ible. Thus it is free from many of the difficulties
encountered with more traditional methods.

A disadvantage of the simple v?rsion of the
nethod used in the present work is of course the rela-
tively long equilibration time which is required at
?ach capi 11ary pressure level. On the other hand,
theseequi1ibrat ion times COU1d probably be shortened
>Y providing for some circulation of the vapor phase
through the sanple.

The method, as used in th~ present work, is
:learly restricted to the low saturation, high pres-
sure region of the capi1lary pressure curve. Other
nethods no doubt require shorter equi libration times
in this region. However, these times are stil1 suff i-
:iently long that experimental difficulties frequently
arise. These difficulties may require that an experi-
ment be terminated before equi 1ibrium is reached.
Thus, the long equilibration time of the more reliable
dater vapor desorption method may not prove to be as
disadvantageous as would appear.

CONCLUSIONS

1. Water vapor desorption is a valid technique for
obtaining capillary pressure data. It is par-
ticularly suitable for the low saturation, high
pressure region of the capi 11ary pressure curve.

2. The interpret ation of water vapor desorption data
requires the use of either the classical or the
corrected form of the Kelvin equatiOn. It is
known that this equation is valid for air/brine
capillary pressures as high as 275 bar (about
400D psi).

3. Corrections to the classical form of the equation
are negligible for air/brine capi 11ary pressures
of less than 100 bar (1450 psi).

4. A simple technique for obtaining water vapor
desorption data involves equi 1ibrating a par-
tially saturated core plug sanple in a constant

hunidity environment. Such erwironments are
provided by saturated solutions of such salts as
KZS06, KNOJ, and 8aCl z.

5. Water vapor desorption data for a pair of Berea
core plug samples indicate a saturation of about
3&erc~t at an air/brine capi 1lary pressure of

.

NOMENCLATURE

Physical Variables

8=
D=

m=
M=
P=
R=

;:

;:
a=
s=

AN =

vapor phase second virial coefficient
coefficient for effect of NaCl concentration
on partial ml ar volume of H20
NaCl concentration in mols per kg of H20
nnlecular weight
pressure
gas constant, 83.144 cm%l- 1 bar K-1
phase saturation
temper ture

tspecif c volume
volume
relative vapor pressure
liquid phase conspressibility
chemiCal potential change

Subscripts

1 = component 1 H20)
I2 = component 2 NaCl )

3 = component 3 (air)
4 = ccxnponent 4 (K2SOq, KN03, or 8aCl ~)
c = capi 11ary property
G = vapor phase property
L = liquid phase property
T= isothermal property
w = brine phase

Superscripts

0 = pure ccxnponent property
- = partial molar property
id = ideal gas property
* = correction term
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MI. AII; [ I.w,,R ?K[<SURI: FCW SATIJRAIIP SAL I $OLU11ON$.. —,.

:.x”,, , ‘r ?0 25 30
. .. —- .. —--- -— --— . .

salt Relative Vapor Pre$5ure, a ___-.-— .-. .-. —

h , \!)$ a 0.9735 0.9703 0. 968?

KN03D 0.9373 0.9748 0.9119

8aC17c
II. 906 ? 0.90?7 0.8387

——-. —.-—. .—— ——

a Leopold and Johnston, ref. (?8).

h Stokes .ind Roh inson, r-f. (29), for 25°; Hexler and Haseoawa.

ref. ( 30), for temperature depwsdenc?.

d

L Ac.heson, ref. (31), f!w 20° and ?5°; CO] I ins and Nenzie$, ref.

(3?), for 300.

——.
B—

—

—

TA8LE 3

CApl LLMY pRESSUR[S FOR ADWOUS NaCl SOLUTIONS

IN rQul L IBRIUM W TH A SATURATED K2SOflSOLul]13Nd

Tmp. ,“c 20 25 30——

m, MO1 kg -1 Capillary Pressure, P-, bar

0.03 36. ?7 40.66 45.02

0.10 31.73 36.04 40.33

0.25 25.04 29.25 33.42

0.50 13.80 17.83 21.84

0.75 ?.49 6.20 10.04

1.00

.

SPE lbdtii5{ -
TABLE 7

RI LAIIv[ VAPOR PR[SSUR[S [OR AQuEOUS NaCl SOLUTIONS

~

a Canputed frcsn vapor pressure data. Tables 1 and 2, using the

Kelvin approxtmat ion and specific volume data of Ro9ers and

Pitze., ref. (26).

Temp. ,“c 20 25——. . . . 30

m, mol kg -1
_ Rel atlve Vapor Pressure, o

0.10 .99664 0.99664 .99664

0.25 .99172 D.99172 .99171

0.50 .9835 0.9835 .9835

0.75 .9753 0.9752 .9752

1.IXI . %69 0.9668 .9667

Ccwuted frcm osmotic coeff ic Ier.t data of Pitzer et al ref.— —*
(33), using vapor phase non-ideal ity correction of 61bbard &

Q, ref. (34).

TABLE 4

CAPILLARV PRESSURES FCX A@ EOUS NaCl SOLUTIONS

IN EQUILI BRluf4 WITH P SATURATEO KNO, SOLUTIONa

Tem#. ,°C

m, aml kg
-1

O.lm

0.10

0,25

0.50

0,75

I.CKI

20 25 30

Capil Iary Pressure, P.. bar

87.45 107.26 128.62

82. !13 102.64 123.93

76.22 95.85 117.03

64.98 64.43 105.45

53.67 72.60 93.64

41.99 60,93 81.45

a Computed fram vapor pressure data, Tables 1 afrd 2, usfng the

Kel win approximate ion and speclf ic vol~ data of Rogers @d

P\tzer, ref. (26).



IAEILE 5

CAPILLARY PR[SSUR[S FOR AQUIOUS NaCl SOLUTIONS

IN [QUII 16RIuH kil TH A SATURAl[O BaCl, SOL Ull ONa

Temp. ,°C ?0 ——. .J!?__25——

m, m~ __ Capillary Pressure, P., _bar—.

0.00 132.23 140.44 148.78

0.10 12?.73 135.8? 144.09

0.?5 1?1.05 129.03 137,19

0.50 109.81 117.6? 125.61

0.75 9B. 50 105.99 113.80

1.00 86.82 94. 1? 101.60

a Computed frcm vapor pressure data, Tables 1 and 2, using the

K@lvin approximate ion and spec iflc volume data of Rogers and

Pitzer, ref. (26).

TA8L[ 7

SANPLE uEIGHTS ANO CALCULATE NaCl CONCENTRATIONS

FOR 8FREA PLuGS AT vARIOUS EQJIL1BRATION CONOITIONSa

SamDle fqulllbr. fluid Ht., haCl Cone. ,

No. Condition g Wt. percent

8-22-6 Centrifua. 0.9268 2.00

B-22-6
‘2s04

0.7132 2.60

B-22-6 KN03 0.4156 4.46

B-22-6 8aCl z 0.3563 5.20

8-323-1 Centrifug. 0.9829 2.00

B-323-1 K2S04 0.7849 2.51

8-3?3-1 Kt#33 0.4?40 4.15

B-323-1 BaCl z o. 39LM 5.04

TABLE 6

BASl C CORE OATA F(J7 NONINAL TldO-J NCH 8FREA PLUGSa

Sample Ory W., Pore Vol ., Porosity,

No. cm3—— 9 pet cent——

B-22-6 113.0518 10.789 20.22

8-323-1 121. B337 11.343 19.82

a Grain density = 2.655 g cm-3; gas permeability approx. 250 md.

TA8LE 8

CAPILLARY pRE5WRES OETERMINEO 8Y t@l L18RAT10M

OVER SATURATEO SMT SCWITIONSa

Sample Equil{br. Time, SW. Pc ,

No. Condlt Ion Jl!XL&EC?!l!_ bar

8-22-6 K2S04 % 6.51 18.0

8-22-6 KN03 162 3.74 62.3

8-22-6 8aCl z 124 3,19 92.8

B-323-1 K2S04 % 6.82 18.7

B-373-1 KN03 162 4.07 65.1

8-323-1 8aCl z 124 3.33 94.4

a Calcul at ion assumes all NaCl ramains in aqueous phase. a Al 1 results calculated assuming T = ?3°C.
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