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As shown in Table 1, values of S, vary from 0.085 to 0.577 for the glagg
beads and Hygiene sandstone core, respectively. Clean sands tend to have
small residual saturations. Corey2l has shown, for some sandstone coreg ~
that when extreme care is taken to remove all the clay from the core, the nm“ !
sidual saturation can be reduced almost to zero. Conversely, sands contain-
ing some clay tend to have high values of residual saturation. However, the
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physical significance of residual saturation should not be oversimplified by 1~
saying that the presence of clays causes large residual saturations as was _me w |
indicated earlier by Brooks and Corey.22 S 55
To illustrate the fact that residual saturation is not entirely a function of 2 g8 To 2
- P N ' [ h(SN3
clay content, some desaturation and permeability data were obtained from a i 8w *
clay loam soil, Fig. 6 shows relative wetting permeability and effective satu- _ m & w o 3
. . e s s = - w =z =
ration plotted against capillary pressure head in centimeters of oil. The val- | ~ (X222 35 e ]
ues of A, Sy, and Pp/y, are given on Fig. 6. This medium, a soil called ~ g | E@
3 m 9 ]
o x
TABLE 1.—HYDRAULIC PROPERTIES OF POROUS MEDIA INVESTIGATED ﬁ = 2 m m ]
- = - 8 B )
) ) Ph/7, g8 . % L
Porous Media - Paw Hs:m n NEN..M n Sp A in centi~ g m . E 2 %oy
K . meters 1g5 Safos
g2z =y
Volcanic Sand 365 | 351 | 110 | 18.0 157 | 2.3 16.0 £ mwm
~ =
Glass Beads .383 370 10.5 6.3 .085 7.3 28.0 B mﬂ\vm )
Fine Sand (GE #13) | .360 377 2.85 2.5 .167 3.7 41.0 y 8 8 \ 3 °©
Touchet Silt Loam | .469 | .485 0.500 | 0.60 270 1.8 75.0 _ vk
Fragmented
Mixture .441 443 15.0 11.3 .276 2.9 17.2 i o - :
Berea Sandstone .206 .206 481 .348 .299 3.7 43.0 + T e om
Hygiene Sandstone 250 250 .178 .128 577 4.2 54.0 .
Poudre River Sand | .364 | .364 | 22.6 | 31.9 1125 3.4 14.0 m £
Amarillo Silty 455 | 455 2.34 | 2.97 | .250 2.3 38.0 .J 8
Clay Loam
, S B
" \\Q\.
Pullman clay loam, contains a high percentage of clay. When the experiment b e ke
was run, considerable materialwas aggregatedinto various sizes as E&npn&, = P
by the high permeability. The residual saturation for this medium is seen t0 “ > o
be zero. Conversely, Amarillo silty clay loam shown in Fig. 5(c), containing 1
an appreciable quantity of clay [certainly more than the glass beads, Fig. " “ Jo
5(a)], has a relatively high residual saturation of 0.250, as indicated in Table1. M f ]
Perhaps the physical significance of residual saturation can be mxbpﬁnmu i
in terms of a discontinuity in the distribution of pore sizes. The pores that" ™
hold fluid at saturations from 0 to Sy do not seem to contribute mﬁiﬂnp:ﬁ% ! PO P L Lowat o0y _
to the flow of fluid through the medium relative to the flow contributed by the = f = S g 8

21 Corey, A. T., “Personal Communications with the Gulf Research and Develop~
ment Co., Fort Collins, Colo., 1955. B
22 Brooks, R. H., and Corey, A. T., “Hydraulic Properties of Porous Media and
Their Relation to Drainage Design,” Transactions, Amer. Soc. of Agric. Engré«
St. Joseph, Mich., Vol. 7, No. 1, 1964, pp. 26-28,
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FIG. 7.—THEORETICAL CURVES AND EXPERI-
MENTAL DATA OF CAPILLARY PRESSURE
HEAD AS A FUNCTION OF RELATIVE PERME-

ABILITY TO THE NONWETTING PHASE

FIG. 6,—RELATIVE PERMEABILITY TO
THE WETTING PHASE AND EFFECTIVE

SATURATION AS A FUNCTION OF CAP-
ILLARY PRESSURE HEAD FOR PULL-

MAN CLAY LOAM
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remainder of the pores that hold fluid at saturations between Spand 1.0. Thus,
for the case of Pullman clay loam, every group of pores signicantly contrib-
utes to the total flow relative to all other pores in the porous matrix, i. e., a
discontinuity in the distribution of pore sizes does not exist. There is also g
wide range of pore sizes as indicated by the extremely low value of X and 7.
Clean sands may not have a discontinuity in distribution or pore sizes, but
generally they have only a very narrow range of pore sizes, i. e., they have
layger values of A and 7. The data for the glass beads (Fig. 4) show some
discontinuity in pore sizes (Sy = 0.085) but the discontinuity is not caused
by the presence of clay because the beads were clean and free from soil,
Perhaps, for small grains, the layer of fluid absorbed may constitute a mea-
surable value of Sy.

Pove-Size Distribution Index.—The pore-size distribution index, 1, was
measured directly from the best-fit line drawn through the data points by eye.
It could have been calculated by the method of least squares but, because there
was little scatter in the data, it was not difficult to draw the curve through
the data points. For the data shown in Figs. 4 and 5, values of X ranged from
1.8 to 7.3, as indicated in Table 1.

Porous media composed of single-grain materials have primary porosity,
i. e., the porosity consists of spaces between the grains. Porous media having
primary porosity tend to have large values of . Porous mediathat have sec-
ondary porosity, i. e., pore spaces available for flow within the aggregates
in addition to primary porosity, have small values of x. Fig. 6 shows datafor
highly aggregated Pullman clay loam in which the value of A is 0.46 or 77 is
3.3. This value of 7 is near the theoretical lower limit, 2.

The fact that sands generally have large values of X and soils with struc-
ture have smaller values of A has considerable practical significance. Al-
most without exception, sands have been used for modeling flow systems in
the prototype or soil. In recent papers by Brooks and Ooumwuq and Corey
et a1.23 similitude requirements for modeling porous media were examined.
These authors determined, among other things, that when, the flow system
involves partially saturated media, the pore-size distribution must be the
same for both prototype and model. Obviously, sands or glass beads cannot
be used to model a flow system in clay loam.

Relative Pevmeability to the Nonwelting Phase as a Function of Capillary
Pressuve and Saturation.—Having determined the hydraulic properties Pp, A,
and Sr, Eqs. 32 and 33 were solved to obtain relative permeability for the non-
wetting phase as a function of capillary pressure and saturation. The solu-
tions of these equations using the parameters determinedabove are shown as
solid lines in Figs. 7, 8, and 9. The data points in each case represent mea-
sured values.

The datafor relative permeability to air as a function of capillary pressure
and saturation obtained from the air permeability cell are plotted in Figs.
7(a), 7(b), and 8. The air-permeability data obtained from the multiple flow
cell are shown in Figs. T(c), 9{c), and 9(d).

It canbe geen from these figures that the measured values of relative air-
permeability are in reasonably close agreement with the theoretical curves
in everycase except the Bera sandstone, Undoubtedly, the failure of the theory

23 corey, G. L., Corey, A. T., and Brooks, R. H., “Similitude for Non-steady
Drainage of Partially Saturated Soils,” Hydrology Paper No. 9, Colorado State Unives
Fort Collins, Colo., August, 1965.
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in the latter case is a result of the anisotropy of this medium. Because air
flow across bedding planes is restricted by the layers that remain saturated
at some capillary pressure, the measured values of Kypw are less than the
theoretical values at corresponding values of Pc. This phenomenon has been
described by Corey and Rathjens.14

In comparing measured values of Kypyyw as a function of S with theoretical
curves shown in Fig. 8 and 9, the measured values of Krpw tend to be dis~
placed toward smaller values than predicted at the midrange of 8. The prob-
able reason for this displacement is a result of the theorywhich assumes that
Kenw is a maximum at § = Sy and that Kppw = 1 at 8§ = Syp. Therefore Kpy
is defined in a somewhat arbitrary manner, i. e., the value of K,y used to
calculate Kppw was obtained by extrapolating Kenw as a function of Pg/ Yo to
larger values of vn\v\ o. Avalue of Kepw was chosen sothat measuredvalues
of Kppw would extrapolate to a value of 1 at Sy. The measured curve, there-

TABLE 2.—COMPARISON OF w_o\eo WITH w_.u\eo

) Capillary H.uamm.mﬁ.o Head
Porous vedis | Pabbing Prossuro Heud, | at Which Alr Fret Bestn
centimeters

Volcanic Sand 16.0 16.0
Glass Beads 29.0 28.8
Fine Sand (GE No. 13) 41.0 31.8
Fragmented Mixture 17.2 17.0
Touchet Silt Loam 75.0 77.8
Berea Sandstone 43.0 51.0
Hygienc Sandstone 54.0 57.0
Amarillo Silty Clay Loam 38.0 ) 27.4
Poudre River Sand 14.0 9.1

fore, is fitted to the theoretical curve at this point—hence, the reason for the
lack of agreement at the mid range of S.

These values of Kpw for all media studies herein are given in Table 1. It
should be noted that many values of Knw are larger than the corresponding
values of Ky. Because Kppw is made equal to unity at S = S, by the above
procedure, one would expect Kpy to be smaller than K. The reason for this
probably lies inthe fact thatgas fails tobehave as a continuum in fine-textured
media, which causes the apparent measured permeability to a gas to be larger
than the permeability to a liquid. J. S. Aronofsky calls24 this phenomenon “gas
slippage.”

Bubbling Pressuve.—The relationshipbetween Kypw and Pg, as givenby Eq.
33, predictsthat Kppw = O when Pe = Pp. This was nearlythe case for most

24 Aronofsky, J. S., “The Effect of Gas Slip on Unsteady Flow of Gas Through
Porous Media,” Journal of Applied Physics, New York, N, Y., Vol. 25, January,
1954, pp. 48-53.
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of the media studied; that is, air did not begin toflow through the medium until
P, = Pp. For this reason, P, was called the “bubbling pressure.” The capil-
lary pressure at which air first began to flow through the media, Py’, is given
in Table 2 so that these values can be compared with the Py values.

There were some marked deviations from this observation as seenfor the
fine sand, Amarillo silty clay loam, and Poudre River sand. These media were
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FIG. 10.—PREDICTED WETTING PHASE RELATIVE PERME-
ABILITY AS A FUNCTION OF CAPILLARY PRESSURE HEAD
COMPARED WITH EXPERIMENTAL DATA

Studied in the multiple flow cell and the premature air flow can be attributed
to experimental techniques. In the case of the fine sand, the writers believe
experimental techniques were also the cause for the premature air flow. In
every instance for the unconsolidated media, air flow at capillary pressures
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lessthan the bubbling pressure, Pp, did not affect the agreement of the exper-
imental data with the theory. There is close agreement between the theory
and the experimental data for each media with the exception of Berea sand-
stone. The lack of agreement between Py, and Py’ in cases where Pp' > Py,
can be attributed to stratification in the horizontal direction. Conversely,
when Pp' < P}, vertical stratification may have existed near the boundaries
of the cell. In any event, Py is assumed equal to Pp’'; also, it is assumed to
have the physical significance of representing the smallest capillary pressure
at which a continuous gas phase exists.

H. Bouwer25 referred to “critical tension” which is similar to bubbling
pressure head. Hedefined “critical tension” as the capillary pressure head at
the center of the range over whicha permeability reduction occurs. Bouwer’s
critical tension, therefore, would depend on the value of X as well as m._o\v\ and
would always have a value greater than Huc\.x. Critical tension may be useful
for estimating the thickness of the region that is nearly saturated above the
water table but it only approximates bubbling pressure as defined herein.

In drainage problems, the locus of points in which Pe = Py is extremely
important, because plants are generally sensitive to the soil region where air
is not readily available. Drainage systems are conventionally designed with
respect to the water table, but if plants are sensitive to the region of no aer-
ation, bubbling pressure might be a more realistic reference than watertable.

Relative Permeability to the Wetting Phase as a Function of Capillary Pres-
sure and Saluration.—In the case of unconsolidated media studied in the air
permeability cell, the experimental procedure providedno direct comparison
of measured values of Ky with theoretical curves of Kry as afunction of Pg.
This wasbecause the theoretical curves were computed from the parameters,
X and Pp, which were obtainedin a separate experiment. Ingeneral, the pack-
ing and the resultant values of porosity, ¢ and Pp, are difficult to reproduce
with precision, especially in a totally different container. Experimental data
of Krw as functions of saturation, S, also were not available for the media
studied in the air permeability cell. The data of Table 1 show the different
porosities obtained in the air permeability cell, ¢, and in the liquid per-
meameter, ¢yw. For cases in which all the data were obtained on one sample
( multiple flow cell and rock core data), the porosities were the same.

Fig. 10 shows measured values of Kpy as a function of P./yo- The solid
curves are computed from Eq. 28 using values of y and Py /y o obtained with
the air permeability cell. The slape 7 as computed from A (Fig. 5) and the
measured values of 1 from Fig. 10 are noted in Table 3. For most media,
the two values of 17 are in close agreement, which means that the agreement
between measured and computed values of Kpy, is good.

In the case of the Touchet silt loam, the computed curve is displaced to-
ward higher values of MO\,\O at corresponding values of K. In the case of
the fragmented mixture, it is displaced slightly toward lower values of Pc/vor
Evidently, in the case of the Touchet silt loam, the pressurized sleeve of the
air permeability cell caused this soil to be compressed more (and thus have
smaller pores) than was the case for the same soil when packed by the auto-
matic packer in rigid columns used for the Kyw measurements. It should be
noted, however, that the slopes of the measured curves on a log-log plot of

25 Bouwer, H., “Theoretical Aspects of Unsaturated Flow in Tile Unwwsmmmom
Shallow Homogeneous Soil,” Proceedings, Soil Science Soc. of America, Vol 23,
No. 4, July-August, 1959, pp. 260-263.
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TABLE 3.—COMPARISON OF COMPUTED AND MEASURED VALUES OF 7
Porous Media 7 =2+ 3\ (computed) 7 (measured)
Volcanic Sand 8.9 9.0
Glass Beads 23.9 20.0
Fine Sand (GE No. 13) 13.1 14.6

Touchet Silt Loam 7.4 5.6

Fragmented Mixture 10.7 10.9
Berea Sandstone 13.1 11.1
Hygiene Sandstone 14.6 14.1
Poudre River Sand 12.2 14.0
Amarillo Silty Clay Loam 8.9 8.9

Krw as a function of Pg/y o as indicated in Table 3 are nearly the same as
for the calculated curves. That is, the measured values of 7 are in close
agreement with Eq. 30 although A was determined in a separate experiment.
Evidently, the pore-size distribution index isless sensitive to packing differ-
ences that are the values of ¢ and Py. The best agreement between theory
and experiment for Kpy as a function of P¢/y o are the data obtained from the
multiple flow cell and on the rock cores, in which Ky was determined on
media identical tothat used todetermine Py, and X. For the consolidated sand
stones, the agreement with respect to both Py and y is excellent as shown in
curves 2 and 3 on Fig, 10(b). Evidently, anisotropy of Berea Sandstone has a
less noticeable effect on Kpy, than on Kypy. Bubbling pressure can also be
determined from the curve of log Kpy, as a function of log Po/yq. It is the
intercept of the straight line with Kyy = 1.0 as indicated in Fig. 10.

A comparison of theoretical curves with measured values of relative per-
meability to both wetting and nonwetting phases as a function of saturation is
shown in Fig. 9 for two consolidated sandstones and for two unconsolidated
media. The data fit the theory reasonably well.

The data of Table 1 show that some values of K, which were measured in
the rigid columns were higher thanKpw measured in the cell. It is practically
certain that the boundary between the medium and the rigid-walled permea-
meter affected the measurement of Ky,. This is evident because the value of
Kw was often higher than the maximum K,y measured in the cells even when
the porosity of the medium was the same. For cases in which the reverse is
true, the result canbe attributed to “gas slippage.” However, the higher value
of Ky can only be attributed to a lesser resistance along the boundary in the
rigid column as compared to the cells with the pressurized sleeve. An un-
realistically high value of Ky should not affect the measured values of 1 but
would affect the absolute values of Kpy.

CONCLUSIONS

Recent theories found in the literature of petroleum technology were ex-
tended to derive some generalized empirical relationships among pressure,
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saturation, and permeability for two-phase flow in isotropic media. The equa~ ' of the viscosity or specific weight of the fluid;
tions are general to the extent that they may be applied to any media of any | Ke = effective permeability; the permeability of a porous medium to a par-
pore-size distribution that satisfy the proposed relationshipbetween capillary ticular fluid phase when the medium is occupied by more than one fluid

pressure and saturation. phase;

|
Experiments conducted on unconsolidated and consolidated media verifieq " Kp = Ke/K; . . .
the empirical relationship between capillary pressure and saturation. From [ K, = component of K in the x-direction;
the experimental data, certain properties of media were determinedand their | k = shape factor; a dimensionless parameter dependent on the geometry of
physical significance evaluated. The results presented herein indicate that, ﬂ pore space but not on size;
if the hydraulic properties 1, Py, Sy, and K can be determined, other empiri~ L = distance between two points in a porous medium;

cal relationships among capillary pressure, permeability to air and water, |  Le = effective length; distance traversed by differential fluid elements in
and saturation can be obtained. These relationships are essentialin the solu= | moving between two points in a porous medium;
tion of drainage problems. . Ly = the distance between two points in a porous medium in the x-direction;
The hydraulic properties of media considered herein are not only useful = subscript denoting nonwetting phase; a fluid that does not directly con~
for predicting empirical relations hips among the variables, but have consid- “ tact the solid surfaces in the presence of another fluid which wets the
erable physical significance as well. Relative to drainage design, the two surface :.s an air-water system, for example, water is usually the wet-
most important properties considered are bubbling pressure, Py, and pore- ﬁ ting and air the nonwetting phase); . X .
size distribution index, A. Because air permeability is zero in the capillary P = pressure; usually a measure of the compressive force of fluid at a point
fringe, where capillary fringe is defined as Py, /v, consideration should be | and, in the case of a static fluid, is usually the average intensity of the
given to this zone of negligible aeration. ! surface force acting on the fluid element at a point (in the case of a
The pore-size distribution index, ), becomes important when a physical ' wetting fluid in porous media were absorptive forces act, the meaning
model is needed of a prototype system. This parameter is useful in satisfy~ | is expanded to the quantity which is measured by atensiometer atatmo-
ing one of the most important criteria of similitude for constructing.valid | spheric pressure); : i ;
models. Because the functional relationship among permeabilities, satura- P}, = bubbling pressure; approximately the minimum Pg on the drainage cycle
tion, and capillary pressure must be similar for model and prototype, simi- at swEn: a continuous nonwetting ﬁwmmm exists in a porous medium;
larity is satisfied by requiring A to be the same for model and prototype. P; = capillary pressure; the pressure difference (Ppy = Py);
P* = piezometric pressure; the quantity P + yh;

q = volume flux; the maximum component of the volume rate of discharge
of a flowing fluid per unit area of the bulk medium (in an isotropic me-
dium, the area referred to is a cross section perpendicular to the po-
tential gradient producing the flow);

qx = component of q in the x-direction;
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r = subscript meaning “ratio” or “residual”;
§ = saturation;the ratio of the volume of wettingfluid to the volume of inter-
connected pore space in a bulk element of the medium;
Se = effective saturation given by (S - §,)/(1 - S4);
8r = residual saturation; saturation at which the theory assumes that Key is
zero and Kepw is a maximum;

APPENDIX.—-NOTATION

e e ——— _—— e

. N T = tortuosity; the ratio (Le/L)2;
The follow : Vi € ’
ing symbols are used in this paper: u = component of fluid velocity in the x-direction;
A = area: | U = mean value of u; the average value of u over a cross section of fluid
e = subscript denoting “effective”; » v = WMH,%NM&AUEE. to x;
h = elevation of a point in a porous medium above a datum; - “ i
= : o . - > N w = gubscript denoting wetting phase; a fluid that wets the solid surfaces of
K = maximum vmmemvEJ\ to m.vmuﬂoﬁmw fluid phase when only one phase the Bm%u. (in an Mwwnéw.»mmu.vm%meova water is the wetting phase);
occupies Emw. media (sometimes called “intrinsic permeability”); with y = specific weight of fluid; weight cwu,:aw volume of fluid; ’
porous media that are stable in the presence of the fluids occupying A = denotes a &memsom. ’ ’
ki

them, K is a function of the geometry of the media; it is not a function




88 June, 1966 IR 2
V = denotes the gradient operator;
€ = exponent in Eq. 27;
1 = exponent in Eq. 29;
A = exponent in Eq. 24; the pore-size distribution index;
1 = dynamic viscosity;

42 = unit of permeability;
¢ = porosity; the volume of pore space expressed as a fraction of bulk vol-~
ume of the porous medium; and
o = interfacial tension.
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