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THE PERMEABILITY OF POROUS MEDIA TO LIQLIDS AND GASES
L. J. KLINkENBERG*

ABSTRACT

The standard procedure for determining the permea-
bility of porous media according to APl Code No. 27
(first edition, Octobher 1935) is based on the funda-
mental assumptien that, as long as the rate of flow is
proportional to the pressure gradient, the permaability
constant of a porous medium. is a property of the
medium, and is independent of the fluid used in its
determination.

Although this is true for most liquids, the permea-

hility constant as determuined with gases is dependent
upon the nature of the gas, and is approximately a
linear funetion of the reciprocal mean pressure. This
effect can be explained by taking into account the
phenomiena of slip. which are rclated closely to the
mean free paths of the gas molecules. The apparent
permeability extrapolated 1o infinite pressure gives a
permeability constant which is a charactecistic of the
porous medinm only,.

I Introduction

b
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"It has become common practice in the oil industry
to determine the permeability of core material with
dry air; the equipment usually employed for this de-
termination is arranged to operate with the outlet of
the sample at or near atmospheric pressure.™

This practice is based on the fundamental assumption
that, as long as Darcy’s law is obeyed, i.e., as long as
the rate of flow is proportional to the pressure
gradient,t the permeability eonstant of a porous medium
is a property of the medium, and is independent of the
fluid used in its determination.’® Tharefore, the results
obtained by laboratory measurements with air are taken
to be applicable to the homogeneous flow of elther oil
or gas in underground reservoirs.

The fundamental assumption that the permeability of
a porous nmedium is independent of the fluid used in its
determination is illustrated by DMuskat® with a few
measurements of highly permeable sandstones to air
and liquid.

However, Muskat® gives a table of results of mea-
surements on the permeability to water and air of a
number of oil sands, carried out by Fancher, Lewis,
and Barnes® showing large discrepancies between the
permeability to air and water-—most values found for
water being lower than for air. Many cases of such
discrepancies hetween the permeabilities to air and
those to water and other liquids alse were observed
during investigations carried out in the Iaboratories of

* Shell Development Co.,, Emeryville, Calif,

% I'resented by A. G. Loomis, Shiell Developmant Co.. Emery-
‘1-!1-181 Calif.,, nr Eleventh Mid-Year Meeting, Tulsa, Okla., May

9

¢1\luskat= has thoroughly discussed the limits of validity
of Darcs's law with respect to the transition of Iaminar into
turbnlent fow, fu the present study tbe experimentnl conditions
were chosen in the region of laminar flow.

*» Figures rffu- te REFERENCES on p. 211,
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the Bataafsche Petroleurn Maatschappij, Amsterdam,
Phe Netherlands, and of the Shell Development Com-
pany, Emeryville, Calif. In general it was found
that, with highly pe*meable media, the differences be-
tween liquid and air permeabilities were small, whereas
these differences were considerable for media of low
permeability.

These discrepancizs made it desirable to investigate
the validity of the assumption that the permeability
of a porous medium is independent of the nature of
the fluid with which the determination is carried out.

The investigation kas shown that the permeability
to a pas is a function of the mean free path of the gas
molecules, and thus ¢zpends on factors which influence
the mean free path, soch as the pressure, temperature,
and the nature of the gas. Therefore, when the mean
free paths are smzll, e.g., at high pressures, the
permeability to gas should be expected to appreach that
for liquids. The experimental data which support these
conclusions are discussed hereinafter.

II. Permeability of Porous Media to Different
Liquids

Tt is, of course, okvious that if a lguid reacts with
some constituent of the core material, e.g., if water
causes clay-containing core material to swell, then
differences between the permeabilities for different
liquids and air can be expected. The same is troe if
the core material is poorly consolidated so that part of
the pores may be plugzed off by loose material evoded
by the liquid. From 2 practical point of view, these
considerations may be very important; thus, if a prob-
lem arises about the waier movement in clay-containing
formations, the permeability of the formation to dry
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THE PERMEABILITY OF POROUS MEDIA TO LIQUIDS AND GASES.

air might be of no significance or even definitely mis-
leading.

The question to be discussed here, however, is
whether porous media in which no ¢hanges in the in-
ternal structure take place will show different permea-
bility constants to different flaids.

It has been a point of much discussion in the litera-
ture? whether the wallg of small capillaries, as they
occur in porous mediz, are able to adsorb malecules
to such an extent as to build up more or less rigid
layers several molecules thick. Such adsorbed layers
would reduce the effective pore diameter to a different
degree for different liquids and, as a consequence, the
permeability of a porous mass wonld depend on the
nature of the liquid. Some authors® prefer to speak
about an increase in viscosity of the liguid with a de-
ereasing distance to the solid wall—which amounts, of
course, to the same thing.

TABLE 1

Permeability Constant
(Millidarcys)
A

e —
4 = H ]
(=) ] [ [=]
2w He = =
ES RS ™| [
Liquid Used G% A g gF

Kerosine ....-c.oee-ss 48.6 45.8 e ees
Toluene ..c.c-cnar-en 47.6 50.2 370 342
Chloroform ........-. 49.8 50.6 3.66 3.36
Diethyl ether ........ b0.7 51.9 . -
Carbon tetrachloride... 49.5 50.8 3.68 3.33
Pentane ....coevceeses 50.2 50.1 e e
Isooctane .......-.-«s . e 3.67 3.42
Nitrobenzene ......... e cen 3.27 3.05

A careful survey of the literature, however, leads to
the conclusion that for flow through capillaries there
is no evidence for the presence of adsorption layers of
spch a thickness as to decrease yerceptibly the liguid.
permeahility of a porous medium.

In order to test this experimentally for porous media
and to avoid complications by swelling or erosion of
such material, permeability measurements were carried
out on Jena glass filters.

The results given in Table 1 were obtained.

The deviations, with the exception of those for nitro-
benzene, are within the experimental error.

Water behaves normally, as may be seen from Table 2.

To verify further the deviation found for nitroben-
zene, permeability measurements were carried out on
other filters; first the permeability to isooctane was de-
termined, then to nitrobenzene and, finally, the permea-
bility to isooctane was determined again. The results
are given in Table 3.

The deviations shown by nitrobenzene, however, are
not a result of adsorption layers on the walls of the
capillarics, but are caused by electro-kinetic phenomena.
When a liquid flows through a capillary, a difference
in potential is formed between the ends of the capillary:

7
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the streaming potential. This streaming potential gives
vise to an electro-endosmotic lignid flow, which is op-
posite to the hydrodynamic fiow. A similar phenomenon
takes place in a Dporous medium. The permeability
found, consequently, is too low, dependent on the nature
of the liquid. The characteristics of most liquids {i.e.,
the value of zeta potential, dielectric constant, and
specific conductivity) are such as to cause only small
electro-endosmotic effeets. ’

In the case of nitrobenzene the electro-endosmotic
effect could be made vanishingly small by inereasing the
conduetivity (simultaneously decreasing the zeta po-
tential) of the nitrobenzene by dissolving a very small

TABLE 2
Permeability Constant
(Millidarcys)
Liquid Used G Filter G; Filter
JSOOCtETIE . coveveransan 78.8 2.31
Water c.e-cernemneven 79.4 2.27
TABLE 3
Permeability (Millidareys)
,—-———-——L'__‘"_"'_‘
- m
8 8 B
Liquid Used e ] 3
Isooctane ......... 2.38 2.26 63.5
Nitrobenzene ...... 2.17 2.01 62.8
Iseoctane ....... e 2.34 2.24 .
TABLE 4
Nature Permeability
of the Gas (Millidaveys)
S T 3.06
Hydrogen «.ocoueonsnasrsnasseoes 4.23
Carbon dioxide .o ociaiiinaers 2.88

amount of a ferric salt in the liguid. In doing s0 2
permeability was found which was the same within
the experimental error as for other liquids such as
isooctane.

Therefore, it can be concluded that, if no changes in
the jnternal structure of the porous medium can take
place, the differences in permeability to different liquids
are in most eases within the experimental error. The
diserepancies found between air permeability and
liquid permeability fas discussed under (I}] are ap-
parently due not to the nature of the ligunids used in
the determination, but to the value of the air permea-
bility following the ordinary procedure. That the dis-
crepancies were not due to the behavior of the liguids,
but to the behavior of the gas, became clear at once
when the permeability of a Jena glass filter was
measured with different gases, as shown in Table 4.

The explanation of the diffcrences between the
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permeabilities to different gases is found by applying
the results for the flow of dilute gases, as found by
Kundt and Warburg * * and by Knudsen, to the flow of
gases at normal pressure through porous media.

HI. Theory of Slip

It has been proved by Kundt and Warburg® that,
when a gas is flowing along a solid wall, the layer of
gas next to the surface is in motion with respect to the
solid surface. In other words, if the wall has a zero
velocity, then the velocity of the gas layer in the immedi-
ate vieinity of the wall has a finite value. As a conse-
quence the gquantity of gas flowing through a capillary
is larger than would be expected from Poiseuille’s
formula. This becomes evident by the following simpli-
fied considerations of the kinetic theory of gases.

Consider a layer adjacent to the wall which is thinner
than the mean free path X\ of the gas molecules, so that
practically a molecule does not collide with other mole-
cules present in this layer. At g given moment half
of the gas molecules in this layer will have a component
of velocity moving towards the wall; the other half in
the opposite direction. The molecules moving towards
the wall have had their last collision somewhere in the
flowing mass, and, therefore, will have an average
velocity component in the direction of flow different
from zero. A part of this average velocity component
will be lost in colliding with the wall. Even if the
molecules lose it entirely, then still the average velocity
component in the direction of flow of all the molecules
contained in the layer will amount to half of the aver-
age velocity component of the molecules moving towards
the wall. The gas in the layer, therefore, will have
a finite rate of flow. Let wo be the velocity near the
wall with respect to this wall. Assuming a constant

‘velocity gradient in the direction perpendicular to the

wall dzv, the velocity at a distance z from the wall
will be:

Wemwo 42 %‘zz

We suppose, furthermore, that the molecules which had
their last collision at a distance z from the wall have
an average velocity component in the direction of flow
equal to the velocity of flow of the gas in this place.
The average distance # from the wall at which the last
collision took place will be proportional to the mean free
path x of the gas molecules z—¢x, in which ¢ is & pro-
portionality factor.

Hence the average velocity component of the mole-
cules moving towards the wall is:

w.,—;—c)«-d—“«

Ef the collision with the wall is entirely inelastie, so
that all the molecules lose their average velocity com-
ponent in the direction of flow, then, as stated above,
the average velocity of all the molecules contained in
the layer under consideration will amount to the half

of the average wvelocity component of the molecules
moving towards the wall.
Henee:

Wa=— %(\Vu +¢h %)

W.,_c)n((li—\:- (1)

Kundt and Warburg showed that the assumption that
the veloeity gradient i—i: is constant does not hold; near
the wall the velocity gradient is greater than at a large
distanece from the wall. Furthermore, in the above
congiderations it has been assumed that the molecules
after having collided in a certain region have an aver-
age velocity component in the direction of flow equal
to the velocity of flow in this region. The average
velocity gradient, however, depends on the velocity-
distribution funetion in this region; hence, not only
on the velocity, but also on the velocity gradient, as
was pointed out by Jiger ™ and Jeans.® The value of ¢,
ag calenlated by Kundt and Warburg, therefore, is
inaccurate. It has not yet been possible to make an
exact caleulation, but the value of ¢ seems to be slightly
less than 1.

1V. Flow of Gas through a Straight Capillary

Warburg * applied the effect of slip to the flow of gas
through a capillary whose radius is large compared
with the mean free path. Following Warburg, consider
a capillary of radius zs and length I with its axis co-
incident with the x-axis, and assume that the velocity
is a function only of the distance » from the axis. The
differences of the drags in the x-direction on the two
sides of a cylindrical shell of gas, whose radii are
7 and r+dr contained between the cross-sections z and
x4dx, give rise to a foree in a direction opposite to the
flow:

d d\
ar\*ar
In which z is the viscosity of the gas.

For a stationary motion, this force must be balaneed
by the normal pressures on the plane ends of the shell.
The difference of these normal pressures is:

~ 2= rd\)dr

| IR
ax dx - 2-rdx
Hence:
—HE!—-( QE 2xr d‘()dl d\ 271 dx
dr
1( (1‘1) dv X
dl‘ T dl' d\ i
Integration gives:
dw_ 1 dp .
rar o By dx =4 (2)
Integrating once more:
1 dp .
W= d\" *+AInr4R (3)

As the velocity must be finite at the axis (r=e), A=o.
The integration constant 8 ¢an be found by putting in

PN AR sk o Al it
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the boundary condition [eguation {1)] at the wall

(r=ro)-
We=ch dw = —c)&(gﬁ)
dr Jr=re
Substituting this in equation (3):

(& —1dp ,
cx(dl' )r=ro T 4p dx r’+B
1 dp

’ dw 2
B.——C—?\(—Jl"' f=re '—4—.“'dxrc

According to equation (2):

My
dl' r=ru_2#

B:—CR";Z“;-E-— 1 dx e
This substituted in equation (3):

W= — -4%—3% (Tl —1r - 2ehr.)

The volume passing during the time t throngh a shell
between two cylinders of radii r and r4-dr is:

_ wx dp ( der
=g t 1+—r° ¢S]

As the mean free path is inversely proportional to the
pressure, we may write:

4 ea= L
p

If per-unit time = gram moles pass through the
capillary, then:

PV _

e RT
This substituted in equation (4):
— nTa! ) .L
n RT dx=— B (p dp+ = dp)

Integrating this over the whole length of the capiflary:

P2
. ot b o' | p¥ Pt b
BT I - ~—— = UL - ko - SIS N
n RT | 5% f(FdP"I" To dP) Bn { z + To 62! P!)}
1
Therefore:

BY _ Tret mips ( b
2 =p= . — . 2 1+ —
T == g (P 2 i &(mﬂh)ra)

if % is the mean free path at the mean pressure
pP=%(p-}p:}, then:
are! — 4ck
= 8 (pw—pz)-p-(1+ - (5)

If there is no slipping of the fluid in contact with the
wall (¢h=p) then equation (5} is reduced to Poiseuille’s

equation.

V. Flow of a Gas through an Idealized Porous
Medivm '

The simplest picture which can be formed of the

laminar flow of fluids through a porous medium is that
in which all the capillaries in the material are of the
same diameter and are oriented at random through
the solid material. Such a model, although it would
have the same permeability in all directions, is, of
course, in many respects too simple to use as a basis
for quantitative predictions; but,’ as shown herein-
after, it makes possible qualitative predictions.
Consider a cube of the material with an edge of 1 cm;
the direction of flow is perpendicular to one of the
planes of the cube; and let there be n capillaries of
radius 7.
The amount of liquid flowing through per unit time
$5 found by applying Poiseuille’s law:
]
"%‘ =% Bg#r— (p—p2} £6)
According to Darcy’s law, the amount of Yiquid passing
through would be given by:

-:—-':—I:—- {(p1—p2) {7}

in which K is the permeability constant.
Combining equations (6) and {7) gives:

K=3" '“8*'- (8)

For a gas, if slipping of the gas in contact with the wall
is taken into account [see equation (5)]:

3. D 1y 22
Q=3 2% (i (1+ ) ©
Or, eombined with equation (8):
K — den
Q=X p—paF 1+ (10)

Darcy’s law gives, for the flow of gas through a porous
medium of the above dimensions:

Q..—_l}'. (p—p)B (11)

Equations (10) and (11} lead to:
K=K ( 1+ Aok (12)

r
As the mean free path is inversely proportional to the
pressure, We may write:
: 4cX
¥
in which b is a constant. This substituted in equa-

tion {12) gives:

b
P

K.:K(1+ % (13)

a relation between the apparent and true permeability
of an idealized porous system to gas.

Vi Permeanbility of Core Samples and Glass
Filters 1o Various Gases at Different Pres-

sures

1f the simplified considerations given in Sect. V are
valid net only for a system of straight capillaries, but

e i b
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can he applied to aetual porous media, then, according
to equation (12) or (13}, it would follow that:

1. Gas perms=ability is a linear funection of the recipro-
cal mean pressure.

2. Gas permeability does not depend on the pressure
difference {p.—p:) as long as the mean pressure

= pu;le—p, ig constant.

3. As the conatant b is inversely proportional to » (the
radius of the capillaries) the value of & may be
expected o be small for highly permeable samples,
and to be larger for less permeable samples.

or i —
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Permeability Constant of Jena Glass Filter G:A to
Air at Different Pressures (Permeability Constant to
Isooctane, 2.36 7Md).
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Permeability Constant of Core Sample “A* to Air at
Different Pressures (Permeability Constant to Iseoctane,

23.66 Md).
¥IG. 2

4, At .the same mean pressure, the permeability is
different for different gases, ag the mean free
path X has different values in this case.

5. The apparent permeability K, extrapolated to in-

finite pressure (-4%—:0) should give the true
permeability.

To verify the above conclusions, permeability mmea-
surements have been made with glass filters and with
core samples from a large variety of fields.

In order to test the first conclusion, ie., that the gas
permeahility is a linear function of the reciprocal of
the mean pressure, gas-permeability measurerents were
carried out at different pressures, from about 1 e¢m
mercury up to 20 atmospheres. In Table & results are
given of measurements of a glass filter to air at various
pressures; in Tables 6 and 7 similar measurements are
given for two core samples.

Fig. 1, 2, and 3 show thaf the apparent permeability
is approximately a linear function of the reciprocal
mean pressure. This linear function, however, iz an
approximation, as becomes evident from Tables §, 6,
and 7, wherein the value of constant b increases with
increasing pressure.

Even with an idealized pore system, the factor b can-
not be expected to be constant, as the theory of Eundt
and Warburg cannot be applied to the flow of gas
through a capillary if the mean free path is no longer
small compared with the radius of the eapillary (ie,
deviations to be expected at reduced pressures}.
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Permeability Constant of Core Sample ¥F to Air
at Different Pressures (Permeability Constant to [so-

octane, 170 Md).
FIG. 3

In the second place, it has been assumed that a law
of flow is applicable which in fact is strictly valid only
for capillaries of such a length that the influence of the
ends is negligible. The capillaries in a porous system,
however, will not have a constant cross-section over a
length larger than their diameter.

This change in the factor b, however, will not be dis-
cussed here in detail.

As to the second conclusion, i.e., that the permeability
does not depend on the pressure difference (po—p) as
long as the mean pressure is constant, this has been
verified several times and found always to be the case.
The data in Tables 5 and 6 illustrate this point.

From the examples already presented and from cthers,
shown in Table 8, it is evident that the factor & is
smaller the higher the permeability of the sample, as
may be expected.

To verify the conclusion that at the same mean pres-
sure the permeability is different for different gases,
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measnrements were carried out with air, nitrogen, car-
bon dioxide, and hydrogen. The results are shown in
¥ig. 4, 5, 6, and 7. According to equation (12), at a
given pressure the apparent permeabilities for different
gases should increase in the order of their mean free
paths, which is confirmed by the present data. The
same permeability for different gases, however, should
be found if the permeabilities ave compared at pressures
when the mean free paths of the gas molecules are the

TABLE 5

Permeability Constant of Jena Glass Filter “Gy AM 1o
Air ar Different Pressures

(Permeability Constant to Iscoctane: 2.36 Md)

p=Path L

(Atns.  (mbs. (Athos- oot Ko

phered) pheres) pheres) - darcys) E b
0.02195 0.01771 45.55 6484 274 0.8
0.04007 0.01694 24.96 3713 15.7 039
0.05505 0.01591 18.18 2796 118 0.60
0.09810. 001508 10.19 16.65 7.05 0.59
0.34976 0.00852 2.859 6.69 2.84 0.64
0.4615 0.00757 2367 5.64 2.39 0.64

1.198 0.0450 0.838 3.76 1.59 0.71
1.199 00343 - 0834 3.76 1.59 0.71
1.6679  0.0546 0.600 3.43 1.45 0.75
1.688 0.0270 0.594 343 1.45 Q.76
1.758 0.0462 0.56% 3.36 1.42%  0.75
2,517 0.04416  0.3974 3.04 1.29 072
- 2.908 0.0358 0.3439 3.02 1.28 0.81
3.245 0.0445 0.3082 2.90 1.23 0.74
3.859 0.0422 0.2592 2.79 1.18% Q.71
4.571 0.0430 0,2189 2.76 117 0.76
5.353 0.0458 0.1868 2.65 1.12°¢  0.67
5.501 0.0318 0.1519 2.65 112 0.68
5.612 0.0481 0.1782 2.70 1.15 0.82
6.014 0.0294 . 0.1662 2.64 112 .72
6.484 0.0419 0.1542 2.64 112 0.78
9.484 0.0329 0.1054 . 264 1.08 *
10.91 0.0289 0.0917 2.48 1.05

12.08 0.0450 0.0828 2.48 1.05 -
14.04 0.0335 0.0712 247 1.05 N
16.48 0.0282 0.0606 2.46 1.04
15.98 0.0185 0.0527 2.44 1038
19.31 0.0210 0.0518 2.42 1.02

* At hipher pressures the calculation of b has mot been carried
out, ag the influence of the experimental error on the value of ¥
is so great as to make that figare unreliable.

same. As the mean free path is inversely proportional
to the pressure, the same permeability for different gases
will be found at pressures which are proportional to the
mean free paths, For hydrogen, air, and carbon dioxide,
for instance, the mean free paths of which are, respec-
tively, 1,123 x 10°* em, 608 x10® em, and 397 x 10 em,
the same permeability should be found at pressures in
the ratio 1.85:1:0.65, or whose reciprocals are in the
ratio of 0.54:1:1.54. As may be seen, the experimental
results check this prediction quite closely.

Finally (as may be scen from Fig. 1, 2, 3, 5,6, and 7)

the apparent permeability K. extrapolated to infinite
pressure is, within the experimental error, equal to
the liquid permeability. This is illustrated further in
Table 9, in which the permeabilities at atmospheric
pressure, the extrapolated permeabilities at infinite
pressure, and the liquid permeabilities of a number of

TABLE 6

Permeability Constant 1o Core Sample “A” to Air at
Different Pressures

{Permeability Constant to Liquid: 23.66 Md)

g ButPe 1
2 Pr—P: P Es
(Atmos- {Axtmos- (Atmes (MLiYi- K_.l,
phetes)  pheres) pheres)~t  darcys} [ B

0.01036 0.01627 96.56 290 12.25 0.116
0.01087 0.01603 92.00 280 11.82 0.117
0.01189 0.01577 B4.09 259 10.96 0.118

0.01633 0.01508 &L.20 197 8.31 0.119
0.02023 0.01425 50.03 165 6.98 0.120
0.02336 0.01414 4283 148 6.25 0.122
0.08149 0.05734 3172 117 4.97 0.124

0.05921 0.01081 16.82 75.6 3.20 0.130
0.08882 0.03062 11.26 - 600 2.53 0.136
0.1464  0.03101  6.329 46.6 1.97 0.142
0.3433 0.01635 2013 34.2 1.446 0153
0.799 0.00351 1251 28.6 1.207  0.166
1570 0.03652  0.636 26,79 1133 0.209
1.581 0.01558  0.632 26.58 1124 0158
1.802 005370  0.5332 2649 1119 0.214
2.037 0.03422 04210 2623  1.108  0.220
2.045 0.02052  0.4392 2633 1112 0.220
2.657 0.03511  0.53764 2322 1.066 0.18
3.007 0.05166 03325 2343 1075 0.23
3.224 003704 ©3101 2300 1060 0.20
4.368 0.04600 02290 2502 1038 0.26
5.049 0.03296  0.1981 2472 1.045 0.23
5.100 0.02492  0.1961 2462 1.041 0.21
6.34 001779 01577 2434 1029 *
6.34 0.03729 0.1577 2429 1027 -
6.42 0.03446  0.1553 2425  1.023 i
8.94 0.01615 01119 2379  1.005 -
8.94 0.03177 01119 2385  1.008 .
919 0.03221 01088 23983 1012 .
12.45 0.01707 0.0802 2366  1.000 cen
12.48 £.02033  0.0800 2382  1.007 aen
16.44 0.04056 00608 2367 1000 .-
16.45 0.01954  0.0608 2397  1.005 vas
20.01 0.01821 0.0493 2355  0.995 ces
20.01 0.01105 0.0£99 2365  1.000 ‘e

® At higher pressures the ealeulation of b has not been carrled
gut, as the influence of the experimental error on the value of D
is so great as to make that figure unreliable.

glass filters and core camples of different origin are
given. That the gas permeability extrapolated to infi-
nite pressure is equal to the liguid permeability is
plausible, as the mean free path in the liguid state
would be approached by that of gases at very high
pressure, .
It is cvident from the foregeing results that the per-




TABLE 7

Permeability Constant of Core Sample “F” to Air at
Different Pressures

{Permeability Constant to Liguid: 170 Md)

=~ PitP: i

p= T h—p2 ? Fa

{Atrmos- {Atmos- {Atmos- [ALilti- Ko

pheres) pheres) pheres)—! darcys) E b
0.01865 0.02717 601 900 5.29 0.071
0.01779 0.02652 56.2 863 5.07 0.072
0.02130 0(.02528 46.96 758 4.44 0.073
0.04890 0.01821 20.46 455 2.687 0.082

- 0.1738 0.00843 5.75 268 1.58 0.082

1.701 0.02017  0.587 1849 1.087 015
2.659 0.01625  0.3761 1800 1.058 016
3.641 0.01511  0.2748 179.8 1.057 021
4.619 0.01412  0.2165 1791 1052 0.24
7.04 0.00821  0.1420 1767 1.038 0.27
12.89 0.00582  0.0776 1739 1022 0.29

TABLE 3
Permeability Factor b
for for
Isooctane 1
Sample (Millidareys) 5 =%
Jena glass filter G, A ...... 2.36 0.58
Jena glass filter Gs No. 3... 2.13 0.76
Jena glass filter G: No. 5... 4.36 0.76
Jena glass filter Gs ........ 85.6 0.138
Core sample A ............ 23.66 - 0.116
Core sample B ............ 24.40 0.096
Core sample C ............ 321 0.174
Core sample I} .,.......... 92.3 (¢.067
Core sample B ............ 105 0.067
Core sample F ............ 170 0.069
Core sample G ........... . 1,054 0.035
Core sample H ............ 1,347 .0.022
T
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meability as defined by API Code No. 27* is dependent
on the nature of the fluid used. As shown, however, it

Jis possible to determine a permeability constant whicn

is characteristic only of the porous medium, by taking
into’ zccount the phenomenon of slip; experimentally
this is done simply by extrapolating the gas permeabil-
ity determined at various pressures to infinite pressure.

In the oi] industry the permeability of core samples

It is, therefore, evident that the discrepancies between
the permeability to liquid and the permeability to gas
at atmespheric pressure are in macy cases—at least for
formations of moderately high vermeabilit¥—mot of
first importance for practical purposes.

For formations of low permezbility, however, al-
though the absolute discrepancies may be small, the
percentage differences are congiderzble (see Table 9),

TABLE 9
Permeability Constant Permeability
for Gas at: R
. Constant
 Atmospheric Infinite for
Pressure Pressure Ispoctane
Sample’ Gas (Millidarcys) (Millidarcys) (QIillidareys)
Jena glass filter Gs A . ..oovvnionns AT ot 409 2.34 2.36
Jena glass filter Gs No. 3. ... vve - 3 5.04 2.13 213
Jena glass filter Gs No. 5........--- S 9.89 4.3¢6 4.38
Jena glass filter Gu.oovarvoncnnnn-ne N P 97.6 o 8§5.6
Core sample A ..... e BIX o 28.2 23.6 23.66
Core sample B ..vveeevernnannns AT ot et 28.0 * 014
Core sample F' ... .oiiirnianes AT o e 195 170 179
Core sample D . ... coooiiiniinnnn AT oo aceacnr e 102 2 923
Core sample B . ..viviiriiiianinnns AT ot 124.1 106.5 ®
Core sample G vevevirvmmeanaeanns AT veeeeraa e 1,096 1,054 b
Core sample B ... ...t ALY vt e meaiarrm s 1,406 1,347 1,352
Core sample K ooennnnnianinnnnes Hydrogen .......eeo--cns 8.0 5.9 -
Core sample K . ovvnniea i innen- AT et 7.2 5.9 ®
Core sample K _.ovoooiiieianianns Carbon dioxide .....ovve-- 6.9 5.9 :
Core sample C c.ovvvvvnnanrernnnas Hydrogen . ....e--vesee-n " 50 3z 53.
Core sample C ..o F-X 1 O 45 ) 32 321
Core sample C ... ..oomiiannans Carbon dioxide . ....anee-- 42 32 321
Core sample L . .ooooriien et Hydrogen ......oecsennns 5.64 2.5 255
Core sample L . .....oviaoiinns CNitrogen . ..oooieienienn 4.431 2.5 235
Core sample L . .ooiivn et Carbon dioxide . ...voavns 3.84 295 2.35
Core sample M ... ..o Hydrogen ..oo.-veore-nns 15.92 11.10 1045
Core sample DL ... oonniianainnss Nitrogen ....o--.euseveas 13.65 11.10 10.45
Core sample M ... veiacvinninann Carbon dioxide ... cvvvaun 12.83 11.10 10435
Core sample N _vovimeniiireoanns Hydrogen - ...... e 20.8 : 14.56 14.68
Core sampie N ....... s NILTOZEIL - cvvvvrnernanrn 18.75 14.76 1463
Core sample O oot Hydrogen " .. ...covcnunns 44.70 35.50 36.20
Cove sample O ..o..ioiininiuraonn Nitrogen ........ceccuunes 41.85 35.30 36.20
Corve sample P ... ...t NIitrogen .....-...oe-cees 68.9 60.2 6L.2
Cove sample R ........onviiiinnnn NItYOEEn .ovencranrnrnans 182.8 166.6 166.1
Core sample 8 ...oiiaiiiiiiin Nitrogen ......connues w.. 2220 2043 19407

* The apparent permeability has not been extrapolzied toinfinite pressare, 48 only menasurements =

were made,
b The permeability to liquid has not been determined.

is measured to establish geologic correlation and for
quantitative caleulation of the production rate of pro-
ducing strata. In these calculations several approxima-
tiong have to be made, so that it is not necesszary to
know the permeability with a high degree of accuracy.
In addition, an oil sand in general is not homogenecus
with respect to permeability, so that i is necessary to
average the values for a given productive interval; and,
furthermove, the permeabilities as measured in the
laberatory on samples which have been extracted and
dried may not represent the formation as it exists under-
ground, because of the shrinkage of clays or other hy-
drated materials.

'1

sadicad pressures

so that in these cases it is advisztle 1o tzke into account
the phenomena discussed hereinbelore,

Vil. APPARATUS AND PROCEDURE

A. The Determination of the Permeability 1o
Liquids
In these determinations the feliewing poinis require
attention:

1. The purity of the liquid: Zunspended and colloidal
contaminations in particuiar may clog the sample,
and thus cause a reducticn in permeabllity.
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2. Saturation of the porous medium: During the de-
terminations all pores should he saturated com-
pletely with liquid. Gas bubbles, if oceluded in
the pores, would cause the permeability of the
sample to be too low.

The apparatus for the determinaticn of the permea-
bility with liquids is illustrated in Fig. 8.

2, and n»: are the porous samples to he measured.
They are mounted between two glass caps provided with
normal ground joints, so that they need mot be re-
mounted when placed in another apparatus.

Glass filters were fused direct between two ground
joints.

By placing two samples on top of each other, as indi-
cated in Fig. 8, the samples can be examined simul-
taneously.

b, and b: serve as manometers. When small differ-
ences in pressure have to be determined, the liquid
used for the permeability determination also serves as
manometer liquid. (The manemeter tubes are longer
than indicated in the drawing.) When the pressure
differences are great, the manometer tubes are filled
with mercury.

e is a glass filter serving as an additional device to
remove suspended particles from the liquid before the
liquid passes through the samples a, and a..

d is a reservoir of about 700-ml capacity, from which
the liquid is displaced by mercury. The mercury passes
from the Mariotte flask f through a central overflow
into reservoir d under the influence of a constant differ-
ence in level. By means of cock k with a double bore, d
can be commected at will with either the rest of the
apparatus or with the side tube e.

Before the determination is started, the apparatus
should be filled with the liguid and the core samples
saturated. To this end, flask f, the connecting tube,
and part of the central tube in d first are filled with
merecury—care being taken that no air remains trapped
below cock m. Vessel d then is evacuated via side tube
e with a rotating ocil-vacuum pump. When a satisfac-
tory wvacuum, e.g., 0.5 mm of mercury, has been ob-
tained, side tube g is immersed in a vessel containing
the freshly distilled ligquid to be used. The cock in
tube g is opened slightly, so that the liquid is sucked
in slowly. Volatile liquids boil violently upon entering
reservoir d if the pressure there is appreciably lower
. than their vapor pressure. The turbalences of the
liquid, as it leaves the cock bore, prevent retardation in
beiling. The liquid thus almost completely is freed from
dissolved gases while flowing into the reservoir 4, which
is of great impertance for the saturation of the samples.

The samples and the manometers meanwhile are
evacuated through tube i, which has been substituted
for the overflow h by means of a mercury diffusion
pump. For this purpose the fwo manometers should
be closed at the ends. With samples of low permeability,
time frequently can be saved by simultaneously evacu-
ating the lower manometer as well.

As soon as the pressure is about 0.01 mm mercury
(measured with a McLeod manometer) ecock k is turned

s0 as to provide a connection between vessel d and the
evacuated part of the apparatus. Under the influence
of the atmospheric pressure, plus the hydrostatic pres-
sure of the mercury, the ligquid passes into the ap-

T il
Il
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RUBBER
™~ TUBING

Apparatus for the Determinatien of the Liquid
Permeability of Glass Filters and Core Samples.

FiG. 8

paratus—filling it completely. By continuous pumping
during this filling operation, the last remnant of gas is
displaced by the liquid vapor, while traces of gas, if
liberated from the liguid, are removed as well. If no
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gas bubbles are left under the samples, the pores may
be assumed to be free from gas and the saturation
to be complete.

Tube i then is replaced by overflow h again, after

Apparatus for the Determination of the Liquid
Permeability of Glass Filters and Core Samples.

¥IG. %

thermometer t has been inserted for reading the Yiquid

temperature. The apparatus is now ready for use.
The liguid then is passed through the apparatus by

maintaining a constant difference in level of the mer-

cury. The difference in pressure across the sample is
caleulated from the levels in the manometers and in
the ascending tube of h, after these levels have become
constant. The rate of flow is measured by collecting
the outflowing liguid during a measured time in 2 cali-
prated cylinder, or in 2 tared weighing bottle at low
rates of flow.

By varying the height of fiask f, it is possible to de-
termine the permeability at various differences in pres-
sure. By continuing the determinations for some time,
it can be ascertained whether the permeability remains
constant and whether the pores do not get clozged by
contaminations.

In some cases 2 modified apparatus (Fig. 9) was
employed. This was done if the use of mercury bad
to be avoided, e.g., because there was a risk of the
liquid becoming contaminated when in contact with
mercury. To prevent contamination by cock grease,
na cocks are allowed to come in direct contact with
the liquids,

&, and a. are again the glass filiers {or core samples)
to be measured, b and b, the manometer tubes, and ¢
an extra filter.

Prior to the deterraination, the reservoir 4 is filled
with liquid which has heen deaerated as well as pos-
sible. The apparatus then is evacnated—which takes
place simultaneously through tube i (which is substi-
tuted for h during the determination), maneometer tubes
b. and b, and the second supply flask e When the-
air in the samples virtuaily has been dispelled by liquid
vapor, air is admitted into e; the liquid rizes through
e and fills the whole apparatus above thig, so that the
filters become saturated fully. If deaeration happens to
be incomplete, the liquid boils when passing through e,
so that the last traces of gas in the Yicuid practically
are removed completely and pumped o throuzh mano-
meter tube b, Before the determinations, the supply
Aask e is filled also, owing fo which suFcient difference
in level is obtained to allow of a permezbility measure-
ment—swhich is carried out as described hereinbefore.

Organic liguids presented no dificulties in the deter-
minations with glass filters—provided contamination
of the freshly distilled liquids, by dust particles or con-
tact with rnbber and the like, was prevented. With
water, however, difficulties were encountered, inasmuch
as the permeability dropped during the determination,
even if freshly distilled water was used. This was due
mainly to mechanical clogging of the filters, as appeared
from experiments, in which two G, filters had been
placed after each other. In these experiments, made
when the apparatus had not yet been provided with
an extra filter (c, see Fig. 8 and 9), the first filter
decreased much more in permeability than the second.

As contaminations causing mechanieal clogging could
not be suppoesed to be volatile and pass over during dis-
tillation, it was supposed that the troubles were cansed
by microorganisms developing in the water after dis-
tillation. This difficulty could be eliminated partly by
sterilizing the water by adding either formaline or oxi-
dized silver wires, and finally was eliminated entirely
by the addition of the extra filter c.
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B. The Determination of the Permeability to
Gases at Different Pressures

As it was desirable for our investigation to apply
lower as well as higher pressures, two apparatus were
canstructed—one for determinations at pressures be-
low, and one for determinations at pressures above
1 atmosphere.

The apparatus for the gas-permeability determination
at low pressures is illustrated schematically in Fig. 10

The low-pressure part is wholly made of glass, in
order to prevent possible errors due to gas liberated
by rubber connections. .

As in the apparatus for liguid-permeability deter-
minations, the glass filters were provided on either
side with a ground joint. Core samples were fixed
with Pebe cement between two hemispherical glass caps,
each provided with a ground joint, as schematically

!‘z uw\lum

Permeability Apparatus for Low Pressures.

FIG. 10

indicated in Fig. 10 (XM). Either the glass filter or
the core sample thus could be mounted by means of the
ground joints. Tube B, whichk has twoe rectangular
bends, was slipped over the slightly thinner tube A,
and this connection was sealed with picein.

The pressure before and after the core sample can
be measured direct by means of the open mercury
manometers M; and M. If the difference in pressure
is slight, it can be measured more accurately with the
oil manometer Os, which can be switched off (by means
of threeway cocks 4 and 5) at larger differences in
pressure,

If the pressures are of the order of a few centi-
meters of mercury, the pressure after the core sample
can be measured by means of the oil manometer O,
the second limb of which is connected with the high
vacuum of a mercury diffusion pump. This manometer
virtually works as a closed manometer. If necessary,
a ecorrection can be made for the pressure in the “closed”
Yimb, as the vacunm of the diffusion pump can be mea-
sured with a MecLeod manometer.

The gas is drawn through the apparatus by =
rotating oil-vacoum pump.

The gas current enters the apparatus through a

calcinm-chloride tube. This is generally necessary to
insure reproducible results, as most core samples
are more or less hygroscopic, and the permeability may
change with humidity (swelling of clay particles}.

The rate of flow of the gas and the pressures pre-
vailing in the apparatus are adjusted by three exchange-
able capillaries ci, €x, and e By means of these capil-
laries it is possible to attain any desired pressure
distribution without affecting the vacuum in the pump,
which serves simultaneously as pre-vacuum of the
mercury diffusion pump.

To measure the rate of flow of the gas when a sta-
tionary condition has established itself, the graduated
pipette P is connected by means of the threeway cock 1,
and the air from the pipette is sucked through the
calcium-chloride tube into the apparatus. By means of
the leveling vessel and cock 13 the level outside the
pipette is kept flush with that inside—so that the air,

Pk Al ITEAT

Permeability Apparatus for High Pressures.
FIG. 11

in being sucked in, maintains a constant pressure.of 1
atmosphere, and the stationary condition is not dis-
turbed. The time required for a given volume of gas
to be drawn into the apparatus is measured, As this
gas is saturated with water vapor, retained in the
calcium-chloride tube, a correction for this has to be
made in the volume.

If the determinations arve mot made with air, but
with hydrogen or carbon dioxide, the bomb containing
this gas is connected as indicated in the drawing. The
pressure is kept constant at 1 atmosphere by means
of a manostat.

Fig. 11 is a schematical representation of the ap-
paratus for gas-permeability determinations at pres-
sures above 1 atmosphere. The sample can be mounted
in this apparatus by means of the same glass hemi-
spheres with ground joints as are used in the ap-
paratus for low pressures and for liquid {igooctane}.
The sample, therefore, such as it is can be interchanged
hetween the diffevent apparatus. The core holder X is
made of metal, and the sample is placed in it in such
a way that the pressure inside and oufside the glass
wall is the same (apart from the slight pressure
gradient in the sample), so that there is ne risk of
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breakage owing to the high pressure. The pressure i ardy f:m_',‘;;;_ R0 o A3 1ra P’ 1928

befove the sample is read on a precision manometer of
the Bourdon type M.; the pressure difference, across
the sample on a differential manometer M., with di-
butylphthalate as manometer liquid. The readings of
the latter manometer have to be corrected for the
specific gravity of the air, which, at 20 atmospheres,
is no longer negligible with respect to that of the
manometer liquid. The gas current is measured by
conducting it into the graduated pipette P, the level
inside and outside the pipette again being kept flush.
The gas current is regulated by means of needle
valve 4. The pressure before the sample is kept con-
stant by means of an electromagnetic manostat. The
pressure regulator consists of two chambers, connected
by a glass capillary reaching close to the bottom of the
Jower chamber, which latter contains mercury. The
top chamber is filled with air of a slightly lower pres-
sure than that to which the apparatus is to be adjusted.
When the pressure in the apparatus increases, the
mereury in the capillary tube of the regulator rises
until electric contact is made with an iron needle,
which passes through an insulation in the wall to the
middle of the capiliary. A relay then is closed, and an
electric cuxrent flows through the windings of the
electromagnetic valve A; this opens, and gas escapes
until the pressure in the apparatus drops sufficiently
to interrupt again the electric contact in the regula-
tor. The air buffer serves to level out possible fluctua-
tions. By means of needle valves 1, 2, and 3 the mano-
stat can be adjusted so that the pressure fluetnations
in manometer 3. amount to only a few hundredths of
a centimeter of water pressure. The gas passes from
a bomb to a drving bomb T containing ealcium chloride.
With this apparatns, permeability determinations
were made at pressures up to about 20 atmospheres.
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BISCUSSION

Morris Muskat (Gulf Research and Develormert Com-
pany, Pittsburgh, Pa.) (written): Dr. Elinuenterg’s
fine paper is so thorough and complete in itz report of
experimental data and discussion as to lzave litile
room for additional comment.

As Dr. Klinkenberg points out, the theory of slip in
the flow of gases through capillaries has been available
for some 63 years. Yet those of us who Zave been
working on permeability measurements for ke laszi 10
vears must accept with embarrassment the responsi-
bility for having overlooked the basic aprications of
this theory to the flow of gases through porsus rmedia.
Occasional discrepancies between permeability messare-
ments with gases and liquids undoubtedisr have een
obzerved by all experimenters, However, it seers that
the line of least vesistance has been followed heretoiore
in attributing these discrepancies merely 0 exDETI-
mental errors. It has remained for Dr. Aiinwenberg
to trace them down and to prove withont gzastion that
they are an expression of a real physical TZenomenon,
and to expose in addition the quantitative Zz=iuzes of
the effect in such a way that it can be comrolted and
interpreted.

TPerhaps the only excuse that can be givsn for pre-
vious failure to recognize the phenomenon of slip is that,
if the mean free paths as established by omer meihods
were used and the effective pore radii ge—eraily ac-
cepted as characterizing reservoir sands -were iniro-
duced in the theoretical formulas for fiow =ith 2lip, the
correction term would have been @ priori predicted as
being far too small to play any role in tte measure-
ments. Of course, the hasic reason for ths apparently
anomalous importance of the slip is the tre—cendous sur-
face area in a sand as compared to that in a ezpiliary
fube. In any case, although for this reasen cne passibly
may condone the failure of previous experimerzers to
find the explanation and trace down the &iscrenancies
between the gas and liguid permeability, &z the zame
time it makes all the more commendable Drr. Eiirken-
berg’s perseverance and baldness in goirnz ahezd with
biz apparently over-optimistic working kyrothesizs and
ultimately showing that it is, after all, well iourded and
significant.

A particularly valuable feature of Dr. Klinkenberg's
work is that it shows how, by an extrap<iazticn of 1he
air-permeability data for low pressures z1 for an
infinitely high mean pressure, a permeatiiiy identieal
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with that measured with Hquids will be obtained. Thus
there is no need to feel! that the whole method of
permeability measurements with gases must be dis-
carded. Rather it is necessary only that the measure-
ments be carried out for several values of the mean
pressure and the results extrapolated to infinite mean
pressures. All the inherent advantages of gas measure-
ments thus can be retained, and one does not have to
return to the disadvantages and complexities of direct
liguid measurements.

Although the reviewer has been among those who
insistently have opposed the expression of sand permea-
bility in terms of effective pore radius from the point
of view of applications to the oil industry, it must be
recognized that in other industrial problems ihe deter-
mination of the effective pore dimensions is of great
value in itself. It, thevefore, would he of interest to
compare the effective radii corresponding to the liquid
perineability and that involved in the slip phenomenon
as given.by the constant &, A simple check shows that
5K’ is not at all constant, as it should be if the ahove
effective pore radii were the same and the pore-size
distribution were not of importance. However, a more
detailed study of 5 and its variations may shed light
upon the geometry of porous materials, such as might
be diffienlt to obtain in other ways.

M. C. Leverett {Humble 0il and Refining Company,
Houston, Texas) {(written): This paper is an excep-
tional presentation of evidently painstaking experi-
mental worl, which demonstrates that in the precise
measurement of permeabilities with gases the phe-
nomenon of slip must be taken info account. Inasmuch
as the importance of this phenomenen has not been
appreciated previously, this paper is a valuable con-
tribution.

Particular attention should be given the author’s
remark that the errors in permeability measurements
with gases due to slip are “in many cases—at least
for formations of moderately high permeability-—not of
the first importance for practical purposes,” S8Such
errcrs well may be significant in laboratory studies of
the behavior of fluids in sands. However, in most of
thie fundamental studies of this type so far made the
:..nds used have had permeabilities so high as to malke
siip corrections mnegligible.

W. 8. Walls (Phillips Petroleum Company, Bartles-
ville, Okla.) (written): Mr. Klinkenberg’s excellent
paper is of interest to the general understanding and
clarification of the fundamentals of flow of liquids and
gases through porous media. He is to be complimented
on his careful investigation of this problem.

Discrepancies between the permeabilitics to air and
those to water and other liquids have been observed
in many core lahoratories; however, the magnitude of
the discrepancy encountered under routine testing con-
ditions has not been considered sufficiently large to affect
seriously the practical application of permeability data
for well-completion purposes or reservoir studies,

YR

The effects of capillary size and pressure on the flow
of gases have been discussed in connection with the
kinetic theory of gases and lignids in texts on physical
chemistry, such as Herzfeld and Smallwood's discussion
in Taylor's Treatise on Physical Chemistry, D. Van
Nostrand Company, Inc., New York, N. Y., but Mr.
Klinkenberg has clarvified the matter by obtaining ex-
perimental data for actual core samples. .

Although the flow of gases at low pressures may be
considered to be in the region of laminar or viscous
flow, some differences in the usual coneepis of laminar
flow are encountered in this region. At low pressures .
the mean free path of the gas molecules becomes large
with respect to the size of the pores, and the phenorenon
of slippage occurs. In some respects the usual concept
of laminar or viscous flow ts altered when slippage is
encountered. Attempts to measure the viscosity of gases
under conditions when slippage occeurs will give values
dependent upon the capillary size and the pressure.
Viscosities measured under such conditions vsually are
referred to as apparent viscosities; as they are not
the true viscosity of the gas, but decrease with decrease
in pressare, and are dependent upon the size of the
opening throuzh which the gas is passed. Under such
conditions it seems logical that Poiseuille’s and Darcy's
laws should not be expected to be obeyed rigorously. At
high pressures the mean free path of the gas molecules
becomes small with respect to the size of the pores, and
slippage is not encountered. This condition is in the
region of ordinary viscous flow, and Darey's law is
obeyed.

In the routine testing of cores for permeability, the
deviation due to slippage is usually small when air is
employed, because the ‘mean pressures commonly used
ave approximately 1 atmosphere for samples having
high permeability and from 1.5 to 3 atmospheres for
samples having low permeability. When a Soxhlet ex-
tractor is used for extraction of the oil from the core
sample in routine work, it is probable that the ¢il
residues are not removed so thoroughly from the sands
having low permeability, which will compensate partly
for the divergence in permeability to air. The sreed
and simplicity of determining permeability to air are
very much in faver of its use in routine core analysis,

Mr. Klinkenberg's paper is very useful from the
standpoint of clarifying our fundamental concepts of
fluid flow, but will not affect seriously the present status
of core-analysis methods.

George H, Fancher (University of Texas, Austin,
Texas) (written): Mr. Klinkenberg's paper is a vala-
able contribution to our knowledge of what is probably
the most important single physical property of ¢il and
gas sands, viz., the permeability. Despite the con-
siderable amount of research which has been conducted
in this field during the past decade and the impressive
array of data and information concerning permeability
which has been accumulated, and the further fact that
the Klinkenberg phenomena have been known a long
time, the work is new, timely, and significant—especially
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f£rom the theoretical point of view. There is no question
that it has been proved that, when the permeability of

a porous medium is measured with gas, allowance and -

a correction for the fact that the test fluid is a guas
rather than a liguid must be made in order to determine
the true permeability of the medium. Nowhere in the
literature is there more convincing proof of the fact
that permeability is inherently a property of the
medinm when lignids are used to measure permeability.
The theory for flow of gas 1s supported by convincing

data, although there remains opportunity for further .

work and fact finding in tying the theory down. Com-
plete test data would be nseful to all workers in the
field in order to hasten progress, and it is hoped that
Mr. Elinkenberg will find it possible to supply these
data.

It is interesting to recall, in the lght of this new
informalion, that in comparing the permeability of a
sand measured with a gas to that with & liquid, some
investigators have rcported better agreement when the
Weymouth mean pressure was used rather than the
arithmetic mean pressure demanded by theory. When
it is veealled further that the Weymouth mean always
exceeds the arithmetic by an appreciable amount, the
matter je clavified, especially for test pieces of low
permeability over which a pressure drop of 100 or
150 psi may be used in experimentation. Of course, no
physical nor theoretic justification of the Weymouth
mean can be made for this work, and its use is not
necessary nor warranted if the Klinkenberg method
be followed.

Practically speaking, the permeahility of 2 sand in
excess of, shall we say, 25 millidareys, may be evalu-
ated in the usual simple way, using air as a test fluid,
with satisfarkory overall accuracy. Considering the
fact that wa usually ave interested’ commercially in
permeability higher than 25 millidareys for practical
reasons aud that the small piece being tested is mot
thorough:« representative of the entire sand body, it
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is beljev--! that Mr. Klinkenberg’s findings will not - !

affect youtine permeability measurements except in
the case of tight sands (low permesbility), and mno

serious diffienlties will result in following usual meth-
ods of testing permeability in the majority of cases.

M. D. Taylor {Shell Development Company, Emery-
ville, Calif.) (written} .# The universally favorable
tone of the reviews and comments is, of course, most
gratifving. In reply, I should like to agree with the
comment made by several of the veviewers, viz., that the
effect of slip is usually too small fo be of practical im-
portance in field ealculations, and to repeat that other
effects incidental to the recovery of representative core
samples and their preparation for measurvement easily
may intreduce more serious errors than meglect of the
effect discussed in this paper. The adoption of a limicing
permeability above which the effect of slip can be
neglected in practical caleulations, such as a permea-
bility of 25 millidarcys as suggested by Mr. Fancher,
does not appear to be particularly attractive. A plot
of the data presented in Table 9 for coré samiples mea-
sured with air or nitrogen shows. that neglecting the
effect of slip for core samples of 10 millidareys will
cause, on the average, an error of about 25 per cent
(based on the value measured at atmospheric pressure) ;
for a sample of 25 md the average error wold be
about 17 per cent; for a 50-md sample it is about
13 per cent; for a 100-md sample about 11 per cent,
and for 1,000-md sample about 5 per ¢ent. It appears,
therefore, that as the permeability increases, the error
caused by neglecting slip decreases gradually, and there
is no limiting permeability beyond which the error drops
rapidly. 7

The use of variations observed in the quantity & to
ghtain information on the geometry of a porous ma-
terial, as suggested by Mr. Muskat, has been the sub-
ject of considerable investigation, but no definite con-
clusions have been reached, It appears that the sig-
nificant factors are; 1, the radii of the capillaries at
their narrowest parvts; 2, the rate with which these
radii increase; 3, the length of the narrow portions;
and, 4, the distribution of capillary pore sizes in
the sample as 2 whole,

« yuthor's closure prepared by Af, D. "Tayler due to the
puthor’s absence in army service




