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By M. C. Levezrre,* Moxsex AIM.E. ‘
(Tulsa Mocting. October 1940)

EnowLEDGE of the theory underlying the

‘behavior of mixtures of fluids in reservoir

rocks is essential to the proper solution of
certaln types-of problems in petroleum pro-
duction, but is as yet incompletely devel-
oped. The object of this paperis to show the

~ application of well established thermody-

namic and physical principles to these prob-

" Jems, and thus to assist in the development

of the basic theory. For convenience the
problems to be considered here may be
divided into two groups: )

1. Static problems, involving only the
static balance between capillary forces and
those due to the difference in densities of
the Huids: i.e., gravitationa] {orces.

3. Dynamic problems, involving analysis

of the motion of mixtures of immiscible

Buids in porous medis under the influence
of forces due to gravity, capillarity, and an
impressed external pressure differential.

CAPILLARY EQUILmBRIUM IN SANDS
Upder this heading the static type ol

" problem will be discussed and the results of

experimental investigations on the capillary
properties of unconsolidated sands will be
presented. Although the discussion of this
section is, in a sense, prefatory to the treat-
ment of problems of mixture Sow, the con-
cepts developed here have considerable
intrinsic importance apart from their ap-

* plication to flow problems. For, it is reason-

able to postulate that the reservoir fuids
are, owing 1o Lbeir long existence in undis-
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turbed mutual contact prior to exploitation,
in substantiz] equilibrium. It follows that
their distribution in the reservoir at the
time of tapping should be entirely predict-
able from the theory of capillary equi-
librium, provided certain experimentally
measurable properties of the reservoir rock
are known. Knowledge of the distribution
of the several Buids in the reservoir is, of
course, helpful in the estimation of reserves
and in other problems. -
It is to be emphasized that throughout

" the discussion of capillary statics it is as-

sumed that the fluids are in equilibrium
from the capillary standpoint, Thus, water,
where it is referred to as being in areser-

-voir, will be understood to be interstitial

water, present at the time of drilling the
reservoir, commonly termed *connate”
water. ‘

The theory developed here is perfectly
general for any porous solid, whether 2
carefully prepared unconsolidated sand ora
natural sandstone from an oil reservoir.
At present, however, only problems in-
volving clean, unconsolidated sands can be
made to yield numerical solutions, since
only such sands have been adequately in-
vestigated experimentally. Experimental
evaluation of the pertinent properties ol
hatural reservoir rocks will permit the ex-
tension of the numerical treatment to prob-
lems involving these materials. We shall '
now consider in some detail the static
equilibrium of fluid mixtures in porous
solids: that is, the manner in which the
reservoir fluids are distributed vertically |
when the forces due tu capillarity are just
balanced by those due to gravitation,
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Inicrfacial Currature and Ca plﬂlur_\-
Pressure

Although it is not infrequently assumed
" Lhat sands may be represented as behaving
like a bundle of straight, cylindrical capil-
lary tubes, this analogy is in many respects
an unwarrantzble and misleading simpli-

fication, It is necessary for the purpose of

this discussion to discard this concept and
substitute 8 more realistic one.

Simple visual examination of a porous
material, in the pore space of which a mix-
ture of two fluids exists, shows that the
. imterfacial boundary between the fuids is
curved, and that the sharpness of the curva-
ture depends on the size of the intergrain
spaces and the proportions of the fluids
present. It is well established that the cause
of this curvature is the interfacial tension
between the fluids; the physical law deter-

mining the shape of the interfacial surfaceis

that the interfacial-suriace ree energy shall
be the minimum compatible with the vol-
umes of fluids present and the shapes of the
restraining solid surfaces. The view here
taken is that this inferfacial exrvalure is the
most significant property of ike sysiem from
the stand point of capillary behavior,

The curvature of the interfacial surface
gives rise 1o a pressure differential across
the interiace, which here will be termed the
“capilary pressure.”” When fluids fiow un-
der the action of eapillarity, the driving
force causing flow is this capillary pressure;
it Is thus of the first importance in problems
of capillary flow. The capillary pressure
is related to the curvature of the inter-
face by the well-.known expression! due to
Plateau: '

rerEeR) o

where P, is the capillary pressure, ¥ is the
interfacial tension or unit free surface en-
ergy, and R; and R, are the principal radii
of curvature of the surface. The expression

1 Roferences sre at the end of the paper.
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(}-;'1 + }_;',) is defined lsrl.he meot 'cmah_‘rr
of the surface and will be represented by C,
Fig. 1 shows the xpprozimate shape of

- SCGTON A-4

Fic. 1.—ACCUMULATION OF LIQUID AT CONTACT
POINT BETWEEN SPRERICAL GRAINS.
R rotates in plane of paper in upper view,
R; rotates in plane of paper in jower view,

the vil-water interface when only a small
amount of water is present between two
spherical grains. The radii of curvature, R,
and R, are vector gquantities and hence
have direction as well as magnitude. If both
radii have Lheir centers of rotation onthe
same side of the interface in question, both
radit have the same sign. But if the centers
of rotation are on opposite sides of the
interface, one radius is positive and the
other negative in sign. The latter situation
*prevails in Fig. 1. It makes no diflerence
which of the two radii R; and R, is called
positive or negative as long 13 the same con-
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\}ehtiun_is wsed throughout, In order Lo be
consistent with our later definition ol P,, we
shall say here, arbitrarily, that in Fig. 1 R,

- is posftive but R, is negative, That is, in

general if the center of rotation of a radius
of curvature lies an the side of the interface
occupied by the fluid which preferentially
wets the solid, that madius will be given a

pegative sign: If the center of rotation lies

on the side of the non-wetting fluid, the
radius will be given & positive sign. Asdrawn

in Fig. 1, Ry is numerically greater than K,, '
80 that the mean curvature of the interface,

1 i - . 1,
(E + 'E)r is positive even though R, 88
‘negative number. In general, the water-oil,
or water-gas, interface will have a positive
. curvature whenever the water tends to be
imbibed by capillarity.

- Imterfacial Curvature and Height

Io a petroleum reservoir rock, interstitial
water coexists with the oil at all leveis
throughout the entire reservoir and, as
stated above, we shall assume that these
fluids are initially in substantial capillary
equilibrium. Where the interfacial tension

is constant throughout the reservoir, a well-

known relation exists among the capillary
pressure across a given interface, its mean
curvature, and its vertical position in the
TESErvVoir.

-In order to derve this relation, let us
consider a large porous mass, preferentially
wetted by water, in which two fluids, such
as oil and water, are distributed in the
manner required for capillary equilibfium.
Let us suppose that a very small volume of
water, AV, is to be translerred {rom the
level & in the sand to the level A 4 dk.
Since, by assumption, eapillary equilibrium
exists in the sand the free energy change dF
(i.e., the isothermal reversible work possible
to get out of the transfer) is zero; dF = o.
However, the total change in {ree energy,

dF, accompanying this transfer is the sum

of two parts:

CAPILLARY BEHAVIOR IN POROUS S0LIDS

1. The partial change of {rec energy of
the water element in rising a distance dk in
a gravitational field, which is given by

(5F) = petv
where the element has the volume AV,

2. The partial change of {ree energy of
the water element in passing from a level &
where the pressure in the water is P, to a
level {(h + dk) where the pressure in the
water is (P, + dP,). This is given by

8F ‘

i7.) =87

The tota] change in free energy is the
sum ‘of these two, whence we may write
immediately :

iF F
iF = 5—;) dk + (5—1-,—) P, =
pegldh 4 AVIF, = 0 [3]
(2]

in which p.is the density of the water, and g
is the acceleration due to gravity.
A similar derivation may be made for any

or -—dR. - putdh

“other Auid present at equilibrium, with an

exactly similar result regardless of the na-
ture of the Auid. 1f, in the case under dis-
cussion, the second fluid is oil, the equation
corresponding to eq. 28 is

—dP, = pgdh tab]

{The subscripts o and w will be used to
indicate oil and water respectively.)

In accordance with our convention re-
garding the sign of the mean interfacial
curvature, P,, the capillary pressure across

.the water-oil interface is, by definition,

P, = P, — P., whence, differentiating,
dP, = dP, — dF,

Combination of this expression with eqs.
2a and 2b yields :

dP, = Ap..rdh [ac]

where Ap.. represents the difference in den-
sities between the water and oil,
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When the capillary pressure P, is zero,
the interface bas 3ero curvature, and hence
- {s in equilibrium with & flat interface (a
"free liquid surface™} at ity own level and
external pressure. However, as will be ob-
served below, there is a limit to the amall-
ness of the interfacial curvature that may
possibly exist in a column of sand of definite
properties. For this reason there is no inter-
face in the system across which the pressure
differential is zevo, We may, however, cal-
culate for any ¢quilibrium surface of known
curvature how far below that.surface the
hypothetical free liquid surface is, and it
will be convenient to call A = oat thislevel,
since at this level the capillary pressure is
likewise zero. In an oil-waler-sand system,
the hypothetical frec liquid surface is al-

ways below the lowest level at which oil is.

found if the oil is less dense than the water.
Therefore, calling & = o &t the level at
which the surface, I it actually existed,
" would have zero curvature, ¢q. 2¢ becomes,

on integrating between limits and recalling

eq. 1,
i
1
P.= Jpph =7 (-R;-l + -R—l) = yC [ad]

where 4 is the vertical distance of the inter-
face in question above the {ree liquid sur-
face. As indicated in eq. ad, the average
value of the density diflcrence Ap,, must be
used in the integrated form if this difference
" waries significantly with height.

It should be remarked that the free liquid
surface is not always hypothetical. For ex-
ample, where waler is being imbibed from
an open dish into & sand column standing in
an air-filled room, the free liquid surface is
real, and is the water-air interface in the
dish.

It is to be emphasized that eq. 2d was
. derived without any assumptions regarding
the fluids or system, except that they are
isothermal and in capillary equilibrium. It
applies equally well to water-air, water-ail,
or oil-gas systems, and the solid phase may
bave any properties whatever. A corollary
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of &q. ad is that all interfaces In any particu-
lar two-fluid system have the same curva-
ture and capillary pressure at the same
horizontal level. ' :

Approzimaie Mognitude of Copillary
Pressures in Oil Sands '

Eq, 2d is a direct means of estimating the
maximum diflerences in capillary pressure
that may exist in a virgin reservoir. For
example, in an oil sand 100 ft. thick, in
which the average difference in specific
gravities of oil and water is o.3, the capil- -
lary pressure at the top of the sand is 2bout
13 1b. per sq. in. greater than at the bottom
of the oil zone. The capillary pressure at the
bottom of the oil zone depends on the mini-

“mum curvature that may exist in the sand,

and hence varies widely depending on the
texture of the sand. Nevertheless, it seems
unlikely. that original capillary pressures
greater than o few times the value in the
above illustration will be encountered [re-
quently. Although, as in this example, the
pressures due to capillarity may be of fairly
large size, it must be realized that at equi-
librium they are exactly balanced by the
differences in gravitational forces on the
two fluids. It is only when this balance is
disturbed that part of the capillary pressure
becomes available to cause fiow of fuids.

'Eq. 2d likewise permits estimation of the
mean curvature of the capillary surface at
any height if the interfacial tension . is
known. In the example above the mean
curvature at the top of the oil zone is {as-,
suming it to be comparatively small at the
bottom of the oil zone) about é5,000 in.~!
(25,000 em.") il the interfacial tension is
35 dynes per centimeter,

Relation between Interfacial Curvature and
Saturation

Since eq. 24 relates curvature and hieight,
a relation between curvature and satura-
tion {fraction of voids occupied by a given
fluid) would suffice to determine, for given
values of the density diflerence and inter-
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facial tension, the height-saturation dia-
gram; i.e., the vertical distribution of the
fluids. It Is apparent from this that the
cwrvalure-saluralion function is the funda-
mentol relation necessary for solution of
problems of atatic capillarity in sands.
-Quite apart from its thermodynamic rela-

" tion to capillary pressure and height, the

curvature of the oil-water Interface is a
geometric quantity determined by the di-

mensions of the interstice in which it exists -

and by the proportions of the fuid phases

present. There is thus the theoretical possi-

bility of determining mathematically the
mean curvature corresponding to a given
water saturation in an interstice of given
dimensions. However, analytical attempts
to evaluate the curvature-saturation func-
tion have failed in all except highly over-
simplified cases. For example, the problem

has been attacked by Smith and others*=7

for regularly packed spheres. In actual
sands or sandstones the extreme jrregular-
ity of the intergrain spaces prohibits ana-
Iytical treatment. Some characteristics of
the saturation-curvature function, however,

may be determined without recourse to ex-

tensive experiments, and these will be dis-
cussed briefly before proceeding to the
experimental evaluation of the function.
It is evident from Fig. 1 that changes in
water saturation in a pore of any shape
whatever result, in general, in curvature
changes at the water-oil interface. It is like-
wise true that there is a lower limit, greater
than zero, to the curvature that may exist
in 2 column of sand of definite properties,

 although this fact is not readily deduci-

ble from purely geometric considerations.
Rather, it is demonstrable by the simple
experimental observation that in sand col-
umns containing twa fluids in equilibrum
it is well known that substantially complete
water stturation prevails up to a defi-
nite distance above the {rec water surface.
Again, the simple fact that a solid imbibes
a liquid to near-saturation shows that there
is no interfacial configuration of zero curva-

ture typical of any saturmtion (less than
unity} in the sand, -

Smith,"? Keen? Versluys® and others.
bave pointed out that there are three gen-
-eral types of-occurrence of water, or regions
of water saturation in & porous solid:

1. Saturation region. Complete water
saturation.

2, Pendular region, Lowest water-satura-
tion range. Water occurs as pendular rings
around grain-to-grain contacts. The salid,
where not covered by water In the pendular
rings, is covered with a very thin film of
water if the contact angle® is zero,* or by
oil if not. Fig. 2a ilustrates this saturation
region.

3. Funicular region. Intermediate water

‘maturation, Addition of water to the pendu-

Iar rings of Fig. 20 causes them to grow and
soon they become so large that they touch
each other at their edges and merge. ‘This
state of coalesced rings is indicated in Fig.
ab. Additien of still more water causes cam-
plete coalescence of the funicular rings, the
result being a web of water across the inter-
space between three or more grains. Both
of these configurations are inc¢luded in the
funicular saturation regian, since in either
case it is possible to pass from any position
in one fluid to any other in the same fluid
by a tortuous, cordlike (funicular) path
through that fuid.. o

The nomenclature is that used by
Versluys.®

Saturation Hysteresis '

Previous work in this field™" has shown
also that the curvature-saturation function
is not single valued over its entire range;

® It la balisved that the contact angle in natural
patroleum resarvoirs is substantislly sero, with few
saceptions: thit view is based on a cansiderable
amount of evidence which, if not ng:roqsly coh-
clusive, in strongly presumptive, It may be pointed out
that the therma }rnnmic disgussion presented here is
valid regasdliess of the magnitude or wnistence of the
contact angle; il the contact angle i not sero some
changer in the numerical values of Lhe curveture-
saturation relation and permeability-saturation
curves must be made, but these changes are in pres
dictable directons. In tbe ezperimental work de-
scribed in the [ollowing pages wodoubtedly the
contact angls was sefo, R
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there is a considerable hysteresis loop in the
function. The reasons for this behavior are
.derivable from the geometry of the system,
and have been discussed in detail by Smith,
who shows that there is & lazge variety of
configurations that may stably correspond
to a given average water saturstion. This is
particularly true of the funicular region of
saturations, ‘ ‘ :

Aside {rom this ambiguity In the curva-
ture-saturation relation, which is probably
often unimportani, we may - regard the
curvature-saturation function as character-
izing the sand to which it applies. This view
obviates any necessity {or inventing fictions

about the sand, such as a suppositious dis- -

tribution of ‘pore sizes' of ''equivalent
circular section.” The latter concept in
particular is likely to be misleading, since
the same intergrain space is capable of
behaving as though possessed of many

different such sizes. It is sufficient 1o state,

first, that the intergrain spaces, the pores.
are in fact of various dimensions, and, sec-
ond, that any such space may containinita
capillary surface having a curvature larger
than a definite minimum. Thus the sand has
- a characteristic distribution of inter{acial
curvatures with respect to saturation.

Displacement Pressure

It may be noted in passing that the capil-
lary pressure existing at the maximum posi-
tion of the top of the saturation zone in a

vertical sand column is numerically the -

“displacement pressure,’? since it is the
minimum pressure difierential that suffices
to displace water from the water-saturated
sand.

Ezperimenial Evaluation nf
Curvature-saluration
Function

The attempts of Smith and others toeval-

uate analytically Lhe curvature-saturation:

function bave been mentioned previously.
The results of this work give curvature-
saturation plots that undoubtedly are of
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the proper forn: and hence arc of value but
which cannot be applied quantitatively to
real sands ‘or sandstones. Therefore' this
function has been investigated expetimen-
tally in the present research.

b

Fi1g. 2 —SATURATION RINGE,
a. Pendular saturation rings. i
b. Funicular saturation regiom, water exist-
ing as coalesced rings. .

Of the various theoretically possible
techniques for evaluating this function,
the height-saturation method was chosen.
Essentially, this comprises letting water
and eir come to capillary equilibrium in &
vertical sand tolumn, snd measuring the
resultant water saturations at a number of
heights. Similar work by King,' Haynes
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sud heen? uud Smith'% hus been reported,

* but these experiments were incomplete be-
cause the permesbilities, and in some cases
other properties of the sysiem, were not
measured.

Sy F it Bros Hﬂ\ 1
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Fi16. 3.—BRASS APPARATUS FOR DETERMIN-
ING CAPILLARY EQUILIBRIUM OF WATER DIS-
TAIRUTION [N UNCONSOLIDATED SAND,

Two very aimilar procedures were wsed in
the present study. The first comprised
packing sand in vertical glass tubes and
measuring its porosity and permeability to
both water and air where possible. (The
manometer taps, used during permeability
measurements, were closed while the sys-
tem came to equilibrium.) The tubes were
sbout !{ in. in diameter and up to 1o ft.
bong. Two such tubes were packed with
each sand used. One tube of each pair was
saturated with water, which was then al-
lowed to drain from the sand into the
accumulator tube (Fig. 3). The water level

CAPILLARY BEHAVIOR INlPOROUS SOLIDS

in the zccumulator tube was kept constant
by removing water as it drained. The other '
tube of each pair was initially dry; water -
was fed to the accumulator tube as fast as
the sand imbibed it. Equilibrium was thus
approached from both directions and the
maximum extent of the hysteresis zone
defined. The saturation changes in the
sands were followed by means of the
conductometric technique previously de-
scribed,’? 1" metallic screens at top and

- bottom of the columns serving as electrodes '

by which to introduce the aiternating cur-
rent. The electrical potential drop along
the sand column was measured at 6-in.

"intervals by means of stiff wires sealed

through the side of the glass column, Be-

~eause of its fragility, this apparatus was

later replaced by the one sketched in
Fig. 3, where a brass tube replaces the glass
one. At the end of the run the brass tubing
was cut into 10-cm, sections and the water
content of the sand in each section deter-
mined gravimetrically. With either appara-
tus it was found that very little change in
distribution of water took place after about

. two weeks (imbibilion and drainage rates

were followed, for the brass apparatus, to
gauge the progress of the experiment); how-
ever, the experiments usually ran several

. times that length of time,

In all, four previously sized and ignited
sands and two that contained clayey mate-
rial were thus studied. Of the glayey sands,
one was & clean ignited sand to which 5 per
cent by weight of Drilloid (a bentonitic

" drilling-mud addition sgent) was added,

and the other was a naturally octurring
surface sand (Queen City, Texas, forma-
tion). Table 1 -summarizes the proper-
ties of the systems investigated by both
techniques. )

Resulis of Height-saturation Experiments

When the results of these experiments
were plotted (Fig. 4) in dimensionless form
as ,
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it was found that the data for the four clean ‘

sands fell satisfactorily nexr two curves, one
for imbibition of water and the other for
drainage. K is the permeability of the sand
to a_homogencous fluid, expressed in units
consistent 'with the other varizbles in the
group, and ¢ is the fractional porosity of
the sand. The {orm of this correlation may
“be derived from either of two assumptions:
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mturation, & definite fraction of the total
surface of the sand itself.} '
It is believed that the nearly wertical
trend of the drainage data at low water
ssturations in Fig. 4 represents a relatively
poor approach to equilibrium, caused by
the low permeability to water in this saturs-.
tion region. This view is substantiated by
the results of an experiment on the capil-
lary depression of mercury in an ‘“air-
wetted " sand (the mercury-air-sand contact
angle was probably near 140%). Because of

TABLE 1.—Properties of Systems Used in Height-saturation Experimenis

Sand Now.o.oviiannns .. H 11 I v v vl
Screen analysis. cooieean Mlog«;ro so Per %{enlh Ou ci
[ 11 us 5| 200-31% - 100~ 100 Mes j00-300 een City
Per Cent by Mesh do-100 Mesh 50 Per Cent Mesh Sand*
Wi, Drilloid 2o0-135 Mesh
Type experiment... ..., Drain-|lmbi-| Drain-| Imbi- Dnin-l!mbi- Draig-i imbi-| Drain-| Lmbi.| Drain- Tmbi-
agt |bition} mge |bition| age |bition| sge |bitioo] age bition| age |bition
Permeability to  wir,
darcys: -
Top hall column...... v.80 | .43 3.77 | 3.30{ 17.1 | 17.5 2.20 | 3737 3.30 | 3.27 o.650l 0.737
Bottom hall column...| 2.14 | 2.30 3.19 | 3.%71 1% 3| 17.5] 2.52 [ 2.72 3.76 | 3.76, 0.750] ©.B30
Average....... veevna 107 | 237 300 ) 38 173 | 178 236 ) 2.7 3. &3 | 3.82; o.700, ©.781
Permeability o water. !
darcys:
Top half eolumn...... 0. 328 3.48 3.60 o.119 -
Bottom hall column...| 0.334; 7.48 .60 0.038
AVETREE ywe s o 182 2.al . 3.60 0.072
Average porosity, per ceni 40.3 |a1.5 lab.1 |ab.4 | 39.1 | Jv.0jaB.2 |40.T |39.5 30.4 [38.3 (30.4
Interfacial tenmion, dynes i .
F e e pevess 70 1 |10 3 10 6p |70 s |70 49 (10 CH
Druration of experiment,
BAYR. o i 15 16 1} 30 E1.] 33 183 41 8 1% 10 T4
* Bcreen analysis:
Pra Cewr 3y WT.
mroomesh, . coiiciiii s R T R T T TR RS R >0.1
JOO=200 oy v e eeaonsnranmtrarn et v e e e 5.9
P15 ok F 1 AU R R T T R R 5.6
F LI FE R R R R R R E.s
. 100.0
POromity in U .. cuovenennnneeentarias i saaaasnar it aerntsvsiaiias 433

1. That the height at which a definite

water saturation is found at equilibriurs is

inversely proportional to sn '‘equivalent
circular diameter " of the voids in the sand®?
calculatad from its porosity and permea-
bility, inversely proportional to the density
difference and directly proportional to the
interfacial tension,
" 3. That the inter{acial surface area be-
tween the two fluids is, at a given water

the low viscosity of air compared to that of
water, & much accelerated approach to
equilibrium was attained. The broken por- '
tions of the curves of Fig. 4 represent &
reasonable estimate of water distribution in
the low.saturation region, based on Smith's
theoretical work and the mercury-sand-air
experiment.

The ordinate of Figy. 4 and 5 is, referring
to eq. 2d, .
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- is interfacial curvature multiplied by a fac-
tor that is a property of the sand slone.
Hence the curves of Fig. 4 may be regarded
as generalized curvature-saturation plots,
applicable to all clean unconsolidated sands,

Where, as in the imbibition experiments,
waler advances into the sand, displacing,
for example, air, it is invariably found that

. the water does not completely displace the

air from the sand, Part of the air remains

apparently trapped in what would other-

wise be & region of 100 per cent water
saturation, Microscopic examination shows
this residual air to exist as globules sur-
rounded by water. It is thus unable to
escape by ordinary flow. From Smith's
work,* it appears highly probable that such
residual globules are thermodynamically
unstable; it is believed that they tend to
disappear by solution in the water and

subsequent diffusion to more stable posi-

tions. This behavior has been observed
experimentally in onc case in the present
research, and is believed to have been typi-
cal of all the cases studied, although per-
haps too slow to attract motice in any but

the one instance mentioned. The lower -

curve of Fig. 4 has been drawn in accord-
ance with this view. -

The experimental results (Fig. 4) demon-
strate that clean sands of low permeability
retain more water at a given height than
more permieable ones. The hysteresis zone
is clearly evident in Fig. 4, but it is scen to
be of limited verticsl extent. Hence, al-
though it is dificult to state from the re-
sults obtained the saturation corresponding

to a curvature falling in the hysteresis zone,

the curvature corresponding to a given
water saturation can be estimated with
relatively small error.
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Clayey Sands

The data for clayey sand do not correlate
on the basis of Fig. 4. The results, plotted in
Fig. 5, show that more water was retained
at large values of A, the height, and less at
small ones than the clean-sand correlation

“predicts. Use of the permeability of the

water-saturated sand to water for X in the
ordinate did not improve the correlation.
These results are explainable by the fact
that clays and shales sorb water, the water’
30 taken up being held more tightly than
the same amount of water would be held by

_capillarity. The amount of so-called “hy-

dratable” material in natural sandstones is
thus important, since, as these data show,
it affects strongly the curvature-saturation
function. The large "' connate’ water satu-
rations of some reservoir rocks therefore
may be attributable to the presence of
“hydratable” solids mixed with the sands.
The lower permeability of clayey or shaly -
sands to water than to dry air is probably
explained by the swelling of these “hy-
dratable' materials in water, which reduces
the effective size of the fow passages.

CAPILLARY THERMODYNAMICS IN
Two-FLUID SYSTEMS

Some of the thermodynamic properties of
two-fluid mixtures in porous salids are of
particular interest, among them the free
surface energy. .

Let us consider an element of sand con-
taining, for example. only water and ail,
and suppose that there is, at the same hori-
zontal level, & water reservoir, which has a
surface of zero curvature, and that both
sand and water reservoir are enclosed in an
otherwise oil-filled space. Evidently, the
pressure in the water in the sand- (because
it is bounded by & curved surface) is less
than that in the water reservoir (the two
are not assumed to be in equilibrium), and
it is readily shown that this pressure de-
ficiency is P., the capillary pressure, in the
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7 sand. For the water, the partial change of " whenee the difference in free energy per
{ree energy with pressure is unit volume of water in the external reser-

BF) ” vuoir, Fy, and in the sand, Fy, is
6P : F;—Fl-Pu—Pl"‘Pc {4]
or, since water is substantially incom, i- . C
ble y. PrEsl” Sinee P, Is the free energy increase (the
' ilol}_lcrmnl, reversible, work necessary) ac-
Fy—Fy= V(Py=P) (3] companying the transfer of unit volume of
8
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water from the sand to the zero curvature
reservoir at the same level, we may consider
that '

rp=(3) W

where V represents the volume of water
transferred cut of the sand. It is evi-
dent from this that the negative capillary
" pressure, —P,, is the partial free energy per
unit volume of water in the sand with re-

spect to that of water at the same level and -

external pressure, but bounded by a zero
curvature interface. Thus viewed, the capil-
lary pressure is clearly a close analog to
the “partial frec energy' of Lewis and
Randall'* and to the "chemical potential”
of Gibbs.!* For this reason some authors
have called P, the ""capillary potential. 1718

H, arbitrarily, the element of sand is so

chosen that it bas unit volume of pore.

§pace, it is evident that the volume of water
in it and its fractional water saturation are
numerically equal, and 4V = —d5,, since
V represents water transferred ot of the
sand. Substitution in eq. § and rearrange-
‘menl, gives

dF m —PdS, 16]

where dF is now the increase in frec energy

of the water per unit of pore space when the

water saturation is changed by the amount
dS5e. The reversible work pecessary to de-
crease the water saturation by a diflerential
amount is quantitatively cooverted inte
free surface energy, whence dF must also be
the increase in free surface energy.

The difference in free surface energies
between two saturation states in the same
" sand, thereloie, is, per unit of pore volume,

S
AF = — *

o Pds.

This integral i= the area under the capillary
pressure-saturation curve and may be de-
termined graphically.

Although, in the foregoing derivation, it
has been assumed that only water and oil

CAPILLARY BEHAVIOR IN PORCUS SOLIDS .

were present, & completely similar result is
obtained for water-gas or oil-gas systems.

Eq. 7 Is rigorous as derived, but its
numerical evalustion necessarily assumes
that P,, capillary pressure, and S., water
maturation, are uniquely related, Inasmuch
as saturation hysteresis exists, this is only
approximately true, and some uncertainty
is thus inherent in this manner of evaluat-
ing the free surface energy.

Extent of Interfacial Fluid: Fluid Surface
" The surtace tension + is by definition the

“unit free surface energy

(éf - or ar do
ba ¥ Y

where ¢ will be defined as the two-ﬂuid'

interfacial surface area per umit of pore
volume. If all the change in free surface.
energy is due to areal changes in the
fluid;fiuid interface, it is evident that the
difference in interfacial surface areas be-
tween iwo saturation states results from
dividing eq. 7 by v, the interfacial tension:

Fy—F,y
Y

It is important to note, however, that two
kinds of interfacial surface exist in the
sand: )

1. Water-cil (or water-gas). The unit
free surface energy of this surface is vy, the
interfacial tension.

2. Solid-liquid; either sand-water or
sand-oil. The unit {ree surface energy of

1 Swy

- -:r" 5. Ptd-s- [Bl

Oy — o =

- these sutfaces is not known, and undoubt-

edly is different {or the sand-water and the
sand-oil interfaces.

Eq. 8, therefore, is wvalid only if the
amounts of sand-oil and sand-water inter-
faces are constant over the range of satura-
tions S, to S. . This condition definitely
does not prevail in the pendular region of
saturations, and possibly does not obtain in
certain parts of the funicular region. Eq. 8
therefore is inapplicable for relatively low
water saturations, but probably may be
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applicd where water saturations of a5 per
cent or more sre involved.

If, in the integration of eq. 8, 5., is

" chosen equal to unity (rooc per cent water

saturation), the integral gives the total

two-fluid interfacial surface at So, since

‘at 700 per cent water saturztion there is
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obvicusly no two-fluid interface in Lhe

sand. Fig. 7 shows, as an example, the re-
sults of the graphical integration of the
capillary pressure-saturation curves of Fig.
6. Although, because of the existence of
saturation hysteresis, significantly different
results for the extent of the two-fuid inter-
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_Jace are obtained {rum the curves of Fig. 7,
" the order of magnitude of this area is well
defined. Also shown on Fig. 7 is the surface
" area of the dry sand, computed by the
method of Carman.'* The two-fluid inter-

facial area is seen to be less than that of

the sand itsell over the region of applica-
tion of eq. 8. ’

Occasiopally, it will be necessary to choose
between the curvature-saturation data as
obtained by imbibition and drainage exper-
iments. In this connection it is helpful to
note that since the states in the hysteresis
zone persist indefinitely if undisturbed, but
are permanently altered if a small but finite
disturbance occurs in the system, these
stales represent mefasiable equilibria. It ap-
pears likely that the conditions under which

hydrocarbons accumulate in and are pro-

duced from the earth will lead 1o distribu-

tions of the Buids corresponding more.

closely to the imbibition equilibrium than
to the drainage equilibrium. Where, there-
fore, it is necessary to choose between the
two sets of data we shall use the lower,
Computations made for this paper are on
this basis.

Equnmriun DisTRIBUTION DF
TeHrREE FLUIDS IN SanDs

Although only two-fuid systems have 5o
far been discussed, an analogous treatment
of three fluids may be made. It may be
shown that eq. ad applies equally well to
the oil-water, oil-gas, and water-gas inter-
{aces; when so applied the physical con-
slants appearing in it must, of course, be
those for the two fluids bounding the inter-
face under question. Since the interfacial
curvature is fired (within the limits of
maturation hysteresis) by the geometry of
the system, as pointed out above, it is
reasonable to assume that the relation be-
tween total liquid saturation and interfacial
curvature at the gas-liquid interface is
independent of the number or proportions
of the liquids which, together, comprise the

CAPILLARY BEHAVIOR IN POROUS SOLIDS -

totsl liquid saturation,® This assumption
fizxes the slope (at & given toial liguid
saturation) of the total liquid saturation
versus beight curve for fluids of definite
densities and interfacial tensions. The verti-
cal position of the (S, + 5.} (total liquid)
curve is fixed by the amount of oil present.

In order to illustrate the application of
these principles to the determination of the
original fuid distribution within a reservoir,
the distribution of gas, oil, and water at-
equilibrium has been calculated for a clean,
uniform, unconsolidated sand containing a
relatively small amount of oil. The condi-
tions assumed were as follows: oil-water,
gas-oil, and water-gas interfacial tensions:
35, 20, and 65 dynes per centimeler, respec-
tively; specific gravities oil, water, and gas:

‘0.7, 1.0, and 0.1 respectively; sand permea-

bility: 1 darcy; porosity: 35 per cent; total
thickness of oil interval: 8.5 [eet.

The results of these computations are
shown in Fig. 8, from which it may be
observed that the vertical transition from
gas Lo ofl is sharper than that [rom oil to
water, but that both the gas-oil and water.
oil contacts are zones of rapid transition

_ {rom a region saturated primarily with one

fluid to a region saturated primarily with
the second fluid, rather than levels of
saturation discontinuities. The thickness
of the transition zones depends upon the
amounts of the fluids present and upon the
character of the fluids and of the reservoir
rock. It is interesting to observe that these
cajculations indicate that some oil may be
contained in portions of the sand that may
be expected from their saturations to pro-
duce only gas or water, an observation that
has been confirmed by analysés of cores
taken from above the 'gas-oil contact”
and below the * water-oil contact” in pro-
ducing oil fields. It should be borne jp mind
that Fig. B represents no attempt to portray
the conditions in any actual reservoir, but
is illusirative only. Had the calculations

® The oil must spread on the water for Lthis ssswmp-
Lion Lo be completely walid.
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been made on the basis of a greater assumed
quantity of oil in the sand, the transitions
from one saturation region to another

would have been similar, but small quanti- .
ties of oil would have been found in the gas

sand at points higher relative to the gas-cil
contact. ' ‘
Additional theoretical and experimental
work remains to be done on the three-fluid
static distribution problem before it can be
considered solved; however, certain qualita-
tive deductions may be made with respect
to the conditions encountered in oil reser-
voirs. Thus, it is to be expected that in any
particular fairly uniform sand the transition
zones from gas to oil and from oil to water
will be fairly definite. Because of the shapes
of the permeability-saturation'®? plots,
the transition with height, of the composi-

tion of the fuids produced will be much |

more rapid than the corresponding transi-
. tion of saturation with height. Probably the
complete transition zone [rom 100 per cent
water to 100 per cent oil in the produced
- fluids will often be only a few feet thick.
However, even in a -continuous Teservoir
these levels may vary several feet f[rom one
part of the sand to another as the permea-
bility varies. 1t is probable that in nearly
all cases the gas-oil contact will be more
sharply defined and will exhibit less varia-
tion than the water-oil contact. Except in
thin sands, wherc there may be partial
overlapping of the contacts, it is to be
expected that the existence of these transi-
tion zones will not malerially interfers
with proper well completion and not seri-
ously impair reserve estimates based upon
apparent thickness of the oil sand.

MoTtion o Fruip MIXTURES IN
Porovus SoLips

Previous work on the flow of fuid mix-
tures in porous solids has failed adeguately
to account for all of the three influences
that cause motion of the Auids: capillarity,
gravity, and impressed external pressure

Hulyh! Abwve Lowey! Lavel ot Whick OIf Octwe, Foed

differentials. We shall show briefly how
these influences may be properly evaluated,
with the aid of the ‘concept of upﬂllry
pressure.

i
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Fic. 8,—CALCULATED DISTRIRUTION OF OIL,

GAS, AND WATER IN A UNIFORM UNCONSOLI
DATED BAND.

Equations for Two-component Mizlure.
- Flow

Let us consider, for the sake of simplicity,
the flow of & mixture of only two fluids, for
example water and oil, in a porous solid in
a gravitationa! field. By analogy to the
well-known D'Arcy's law, we may write for
the oil .

K. [P, .
Qou = = [T&' = gp. 8in u] fol

and for the ;uter _
- —— [B—P—' - sin a] . [zo}

Qe ue Loa B
where g.. 3nd ge. tre the rates of oil and

water flow in the direction %, per unit of

. F.
cross-sectional area normal to u; m and

(-6&%'-') are the pressure gradients in the v -

direction in the oil and water, respectively;
pe a0d pe nre the oil and water viscosities;

("
N
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o is the angle made by the direction v with
the horizontal; K, and K, are the efiective
© permeabilities’? to oil and water, respec-
tively, and the other symbols have their
previous significance. Egs. ¢ and 10 are to
be regarded as algebraic definitions of the
efiective permeabilities, and are statements
of the fundamental law of viscous flow of
fluid mixtures through porous media.

Since the water and oil are separated by
curved interfaces the pressures in the two
phases are not in general equal in the same
plane normal to . As a reasonable simpli-
fication, we shall assume that this pressure

differential between the fluids is P,, the

capillary pressure, which would be calcu-
iated knowing the interfacial tension and
curvature of the interface. The latter may,
" as shown previously, be determined ap-
proximately from the water saturation ex-
isting. Since, as defined, P, = F, — P,,
obviously

BP,) 5}’.) 6}’.)

Tl TN/ T o
Hence the pressure gradients in the two
fluids are related by & quantity which, sc-
cording to the above assurmption, is a func-
tion of saturation gradient and saturation
only. Further, the quantities K, and K,
efective permeabilities, have been shown
to depend in steady mixture flow prind-
pally on the saturations existipg 1331080 A
secondary eflect of pressure gradient and
interfacial tensicn on the effective permea-
bilities has been previously reparted.i?
However, it is advisable tentatively to dis-
regard this effect, since it now appears that
it may possibly be merely & manifestation of
the "boundary effect.” and therefore not

[11]

typical of the behavior of the interior of &

large mass of sand. It is reasonable and con-

venient Lo assusme that the efective permea-

bilities are functions of saturation only, for
unsteady flow as well as steady. These two
assumptions permit numerical evaluation
“of the rate of flow of buth fuids at any
point at which the saturation, saturation

CAPILLARY BEHAVIOR IN PQROUS SOLIDS

gradient and pressure gradient in onc fluid
are known. However, because of the neces-
aity for evaluating the pressure gradient in
one or the other fuid at every point in the
system, these equations are mot actually
very useful. But this dificulty disappears
for the special case of mixture flow in which
(1) the total fluid rate per umnit cross-sec-

. tional area

[x2)

is constant over each cross section norma!l
to the direction of net flow, or vares in an
explicitly known fashion, and {2} no motion
of fluids occurs normal to the net flow direc.
tion. In this simplified case we may combine

=g+ q.

".eqs. g, 10 and 11 to give an expression for

Je, the fraction of water in the flowing
stream passing any point in the sand:

E [P _ i
fu = 1+ rﬂ-[(éu) £dp sin :l |131‘

o#-
:+K by

This equation provides a relation between

Je,stream composition, and, by assumption,
implicitly, water saturation and saturation
gradient. It therefore suffices, together
with appropriate boundary conditions, for
the solution of any flow problem falling
within the restrictions stated above. Such
solutions are obtainable by numerical
means. o

Eq. 13 conveys a considerable amount of
information regarding certain problems in
oil production, but we shall forego detailed
discussion of it until it can be shown to be

. quantitatively applicable. Good qualitative

correspondence between theory and experi-
ment have, however, already been observed
in many cases.

Tae Bounbary Errecr

Discussion of capillarity in sands would
be incomplete without particular mention
of the special behavior of the fluids as they
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tflow past u distontinuity in the capillury

properties of the porous medium. Such s
discontinuity, for example, is the outflow
face of a sand column.

In the interior of & uniformly saturated,
uniform sand mass, no fluid fow due to
capillarity occurs, since the pressures due
to capillarity act equally in all directions,
and hence exactly cancel each other.

At the cutflow face of the sand column,
however, there is & discontinuity in the
capillary properties of the sand, since the
water passes abruptly from s region of
relatively high capillary pressure (Lhe sand}
. into a void in which (since the restraint
imposed by the sand grains is absent) the
oil-water interface bas oo sensible curva-
ture, and the capillary pressure therefore
vanishes. Capiliarity in the sand tends to

draw the water into the sand from the void,
& tendency that must be overbalanced by -

. .the impressed pressure gradient if water is
to pass {rom the sand. Since part of the
impressed pressure gradient goes to over-
tome the capillary pressure and hence is
ineflective for overcoming frictional energy
losses in the water, the water moves less
rapidly than normally in the boundary.
The water thus accumulates in the bound-
ary grain layers, and the increased water
saturation causes a decrease in the permea-
bility to oil. The boundary thus makes
egress of both oil and water more than
normally difficult. This whole behavier will
" be called the "boundary efiect.”

" Where water and oil are flowing steadily
through the boundary, it is possible to
show, and has been observed experimen-
tally, that there is & safuration gradient,
from a relatively high water saturation in

the boundary to the lower one to be pre-

dicted for steady fiow in the absence of
" gapillary forces, or at & very large distance
from the boundary. Similar behavior is ob-
served in unsteady flow. The boundary
efect thus involves distortion of the “'nor-
mal"” saturation profile in the sand. The
distance to which appreciable distortion

takes pluce can be shown (eq. 13) Lo vary,

directly with the interfacial teasion of the
fiuids and the permeability of the sand, and

Inversely with oil viscosity and total liquid -

mate. Calculations show that. at ordinary

- reservoir flow rates, the poundary effect is

confined to & zone » few feet in diameter

" near the well. therefore probably {s not an

imporfant [actor in behavior of warge-scile
reservoirs. However, it is extremety Tmpor-
tant to recognize its existence and nature in
interpreting the results of small-scale labo-
ratory experiments. Indeed, it seems likely

" that many such experiments reported in the

literature have bec. impropurly interpreted
becauze of {ailure adequately to account for
the boundary effect.

SuMMARY

The static equilibrium vertical distribu-
tion of fluids of different densities in porous
solids has been discussed from a largely
thermodynamic standpoini. The sbandon-
ment of the "capillary tube” concept of

sand structure is urged, and the sybstitu-

tion of the concept of a characteristic dis-
tribution of interfacial two-fluid curvatures
with water saturation is suggested. Expeni-
mentsl determination of this curvature-
saturalion relation for unconsolidated sands
is described, and the results obtained are
correlated 50 as to apply to all clean uncon-
solidated sands. The extent of the two-Auid
interfacial surface area is shown to be

- determinable from thermodynamic consid-

eration of the curvature-saturation relation.

The concepts developed are applied
briefly to problems in the flow of mixtures
of immiscible fluids in porous media, with
emphasis on the proper accounting for the
efects of capillarity on mixture flow, The
existence of & boundary ¢ffect, characteriatic
of any discontinuity in the capillary prop-
erties of the solid medium, is pointed out.
The importance of adequately aceounting
for its influence in the interpretation of
data from small-scale Bow experiments is
stressed.

il
Wl
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DISCUSSION

D. L. Karz,® Ann Arbor, Mich.—Dr. Lev-
erett’s paper is » timely one and of particular
interest to me. Thie percentages of oil saturation
remaining in depleted oil sands based on Bow
experiments are of the order of 30 to 6o per
cent liquid saturation. This concept has led
us to neglect the ability of oil and water to
drain of their own accord down to a final
saturation of B to 10 per cen! in the upper
portion of thick sand sections. This means that
oil will drain from thick permeable sands and
reduce the final saturstion much lower than
any Buid drive could reduce it, It follows that

® Amsistant Professor of Chemical Enginesring.
University of Michugan,

Geal. Survey 1pth Ann. Rapt..

claims lor efficient recovery of nil from thick
sands by Buid drives probably are unsound il
compared with the recovery by drainage of the
¢il to the fial saturations indicated in the
paper.

It should be poted that Dr. Leverctt bases
the water-oil-sand relations on the preferential
wetting of the sand by the water but states
that exceptions to this preferential wetting by
waler may occur. This possibility that water
does not preferentially wet the sand sbould pot

- be forgotten when working with naturslly

occurTing systems.

S. C. Hzrown," Los Angeles, Calif —Dr.
Leverett's paper contributes to our knowledge
of events within a produding reservoir in &
manner aptly stated by 5. E. Buckley just
a year ago in the following words:"

“Regardless of the geometrical complexity
of the conditions met in actua] practice and
the resulting difficulty in drawing exact con-
clusions, the underlying physical principles
oy be discovered through laboratory investi-
gation, and once delineated and understood
may be relied upon for the interpretation of the
behavior of individual wells and of complete
reservoirs. In fact, & knowledge of these prin-
ciples is absolutely essential to any intelligent
study of the drainage of oil and gas, the spacing
of wells, the value of gas injection, or the use
o! water-looding in secondary recovery
operations.” ‘

The patient investigations of Muskat,
Botset, Wyckof and Lewis likewise clarify
our conceptions of reservoir behavior. Field
reservoirs are too complex and loo erratic in
their behavior, and there are too many factors
in simultancous action {or us to rely upon them.
In the laboratory it is a simple matter to
eliminate in turn all the disturbing factors
except the selected one for each particular
investigetion. A subsequent campilation of Lhe
results of necessity will reveal 1he performance
of the well or that of Lhe reservoir. The methad
is comparatively new in the oil industry,
although it has had a general application in
other sciences since the fourth century B. C.
Thbe industry is fortunsie in having the work
of these investigators. No longer need we
deal with the uncertainties of Held data,

ruulnn Petroleum Ceologist and Engineer.
E. Buckley: Trens, A.LLM.E. {1p40) 136, 104.
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particularly where these data originate in
observations by untrained individuals.

" Mr. Leverctt's suggestion that we discard
the analogy between a sand and a bundle of
straight, cylindrical eapillary tubes is timely,
Any such snalogy is misleading. Uren first
pointed this out some years ago in the following
words:? “An oil sand is not a ‘bundle of
aapillary tubes’ converging on & well."”
" Furthermore, the idea that the Jamin effect
can stop fow was discarded by Versluys in the
following terms:" "], Plateau proved that
Jamin had not taken all the necessary precau-
tions with his experiments. With the precau-
tions Plateau took, the effect was much less.

The writer believes thal the Jamin efflect would ‘

not be observed in a cylindrical tube, if it were
possibie to work more accuritely than Plateau
did.” As a matter of fact, Plateau did the best
he could to see thal the tubes were clean.
With the laboratory refinements of today,
undoubtediy it is possible 1o improve upon
Plateau's methods. This should in itself prove
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that the application of any such effect is now
unwartanled, Botset came to this conclusion
by e:penrnenhhnn with an mgemoul elecl.ncnl

|ppnr|tus which showed very clearly that:

. even in the case ol mixtures any
pressure gradient however wmall will cause
fluid to move through a porous medium.”

Buckley apparently agrees with this, for he
said: " "It follows that so jong as & pressure
gradient exists in & continuous ‘body of sand,
Bow will continue.”

The preponderance of opinion obviously is
agrinst the concept of the capillary tube and in
favor of the more realistic one; namely, “'the
concept of a characteristic distribution of
interfacial two-fluid curvatures . with water
saturation,” as ofiered by Leverett. This is
clearer and in exact agreement with laboratory
resuits. We cannot explain all that we observe
in the ficld, but laboratory experimentation,
supported by the integrations of the simpler
partial differential -equations of the second
order snd second degree, in tipie will reveal
with precision that which we desire to know.

W Wyckoll. Boteet and Muaskat: Trass. AL M.E,
{1013) 103, 235,




