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The structure of a porous body can be
characterized by three parameters. each
of which can be directly measured by
simple experimentsl procedures. These

rameters are hvdraulic radius m. vis-
cous-flow permesbility P, and electrical-
resistivity ratio B/ R, which are shown to

be related by the simple equation
m = k-P-R/R, (1)
or, in dimensionless terms,
m R
e k & (1a}

For beds of loose particles of known
size and shapes, the hydrsulic mdius m
sy be calculated from the relation

idfractiong

m = ¢/s, where ¢ is the voig
the .

Fdatad an experimental proced
based on surface-tension phenomena has
teen tested. This wethod, known as the
dreak point for granular beds. or bubble
point for consolidated , gives m di-
rectly by the relation m = +/(Ap-g)
where v is the surface tension of the liquid
employed and Ap the pressure raquired to
bresk through the fim of sealing liquid.
The sealing liguid must easily wet the
porous medium.

The permeability coefficient P is a
property of the porous medium only and
is evaluated by measuring the resistance
to viscous fluid flow by means of a Auid of
known viscosity; that is. P = (u-L-9)/
(Ap-g). where u is the superficial fluid
velocity, w ia the viscosity, and 3p.'L the
pressure gradient.

The resistivity ratio E R is measured
by saturating the specimen with an elec-
trically conducting fluid. R is the resist-
ance in ohms, and R, is the resistance of
the fluid oceupying the mame bounde of
space as the specimen.

The correlation was tested on a great
variety of parous media, including beds of
glass beads: sand: and such materials as
bonded alumina. porcelain, carbon and
graphite, fritted glass, sandstone, and
polsvinyt chloride sheet. The niean value
of k was found to be 3.666 == 0.095. The
probable error of a single set was found to
be 0.65, or 17.69;. Covering & thousand-
fold range of hydraulic radius (a niillion-
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fold range in permeability), the correla-
tion applies to a8 wide range of porous
media. including packed graoular beds
and both rigid and flexible cousolidated

media. The correlation is independent of
the ity,.which covers the range of
;t;_ﬁ"‘-‘;?ﬁﬁ: 0.83. These are sdvantages
which appear to be lacking in previous

correlations by others.

Beyond the viscous-flow range of per-
meability the following modified forms of
the Revnolds number Re snd friction

factor f are suggested:
- cu-of RIRN?
Re = DY P :' -0 : o R———'f") (28)
_ m-Ap- ‘I/!
=0 mm (37

The critical Reynolds number Re,,,,,
beyond which the fluid flow canpot be
considerad ss 1009, viscous, is approxi-
mately Re,., = 5.5.

Tamiz A. Freros or Ixterest 1v Porocs
Mepts
Civil engineering
Permaability of esrth and sand structures,
such as dams, subseil drainage systems
Flow of welis from water-bearing forma-
tons
Intrusion of sea water in couastal areas
Filter beds for water supply and sewage
purification
Acration medis for sewage
Geological and mining engineering
Fluid flow in gas- and petroleum-bearing
formations
Geophysical prospecting by electrical con-
duetivity method
Leaching of ores and concentrutes
Chemieal engineering
Filtration of gases and liquids
Fluid fiow through packed beds
Gar diffusion and dispersion
Elretrochemical engineering
Permenble and semipermenble dia-
phragms for electrolytic cells
Medicine and biochemistry
Biochemieal filters
Mechanical devices to simulate natural
organs of the body with respect to fluid
flaw and electrical response
Electro osmosis
Miscellaneous
Al industri facture of
porous media, such as ceramic, metallic,
plastic, rubber, leather, textile. ete.
Agriculture, sa in porous character of soil
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This paper is concerned with the corre-
Istion of viscous-flow permeability and
electrical conductivity of porous media.
It is believed that such a correlation
would be of interest and importance in
maay fields of technology, as listed in
Table A.

Pormenbility Aleno

The most generally sccepted concepts
of Buid flow through porous beds are
based on the Koseny-Carman (6 to 9)
equations, which relate the pressure gra-
dient dp/dL of a fluid of deosity p, viscos-
ity », and superficial (approach) velocity
u to the porosity ¢ and specific surface ¢
of & bed of granular, nonconsolidated par-
ticles, Various forms of these squations

are
dp  fo
= f? 2)
-0
Re = 5 3)

In terms of average-particle diameter
and sphericity ¢,

dp _ 6fp(l — & \

dL poDe “

- oDup o

an(l — o ?

In thq viscous-flow region, with P =
(u-L-n) (dp-0

Re

L3 ,,
"™ Re = Re 6
m' =k, - 7

The coefficient &, is variously repurted
as from 3 to 5.3.

Usefuy) as these squations may be. their
limsitations are often overlooked. For ex-
ample. the porosity e is an important
factor. In loose beds of aolid particles of
known density, « may be calculuted read-
ilv enough from the apparent density of
the porous bed. In consolidated bodies of
such materials as porous ceramics, porous
carbon. or sandst there are compli
tions. One must distinguish between
pores that are open. semiclosed. and
closed snd between the microporoaity
contributed by the porous mature of the
particles themselves and the macropo-
rosity of the interstitial space around the
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particles. The porosity to be used in the
Koseny-Carman equaticas, therefore, is
frequently in doubt and sometimes im-
measurable.

Likewise, the specific surface s is an
important factor. Obviously, the internal
surface of microporous particles contrib-
utes little or nothing to the resistance to
fluid flow. ss compared with the external
surface of the particles. Even in beds of
ircegular but nonporous granules the ex-
ternal surfaces sometimes mate, and these
surfaces are “blind” to the fow of fuid.
The total surface of a porous bed may be
determined by the gas-absorption method,
but obviously this is not necessarily the
apacific surface called for in the Kozeny-
Carman equations.

The hydraulic radius m of Equation (7}
is defined, for a parous body, as the ratio
«/s. It iy therefore subject to the same

PR

point method should give the desired
value of m to be used in the Kozeny-
Carman equation (7). On the other hand,
the reciprocal average m calculated from
the distribution curve is likely to give
undue weight to the very small values of
m, which results from forcing the sealing
liquid (mercury) into semiclosed pores
and micropores.

Entirely aside fromy the question of
what values of m, ¢, and # to use in the
Kozeny-Carman equations is that of the
organization of the network of pores, the
effective velocity u, of the fluid in the
potes. and the effective length of path L,
of a parcel of fluid. These factors may be
lumped under the genersl heading of tor-
tuonity, a term which conceals a great deal
of ignorance. If the tortuosity 1s universal,
thes the Koszeay-Carman coefficient k,
should be a natural coustant. For an

sources of error as ¢ and & sep y.
There is, fortunately, & method that can
be used to measure hydraulic radius di-
rectly. If & porous body is saturated with
a liquid which easily wets the body, the
liquid is Jocked into the pores by surface
tension forces. In the well-known bubble-
pressure method, and also the new break-
point method described later, the force
required to break through this sesling
liquid is d. At the saturation level
in the bed, the follawing forces are in bal-
ance over a unit area of bed:

Force supported = open area-Ap-g

Supporting force = wetted perimeter
of grains-y-cos ¢

The ratio, open area/wetted perimeter
= hyderaulic radius m

y cos 8
m e m—— 8
Ap-g @
If this is true for any section of the bed,
it is true for all sections of the bed, pro-
vided that (a) the structure of the bed is
reasonably (or better. statistically) uni-
form and (b) the unit ares chosean is tauch
larger than the areas of the apen pores.
By proper choice of sealing fiuid, cos ¢
may be taken as unity. Hence

. __openarea XL ¢ ©)
wetted perimeter X L &
Equation {$) is also used as the basis

for determining “pore-size” distribution

in a porous body. sometimes by use of
mercury or some nonsetting liquid. Opin-
jon varies as to whether m, given by

Equation (5) by the bubble-point method.

is identical with the reciprocal average

value of m as calculated from the distribu-
tion curve or with the value of m caleu-
lated from independent measurement of

«and 5. In the experiments here reported,

the squivalence is quite good. The break-

point method is believed to salsctively
exclude closed and semiclosed pores from
the numerstor of Equation (9), as well as
ta exclude the blinded surfaces from the
denominator. If this is true, the break-
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lluminating di of this point, the
reader is referred to & recent article by
Scheidegger (24), wbo concludes that the
tortuosity can bave values in an ex-
tremely wide range and that it is not sur-
prising that the Kozeny-Carman relation
ia frequently in poor agreement with ac-
tual experimentsl results. This empha-
sizes the danger of extending the very
useful Kozeny-Carman eguations into
regions of application where they were
not intended. For treating permeability
in consolidated porous bodies, one must
therefore search for a key to tortuosity.

It is recognited that much important
work in this field has been published since
the classical paper of Carman. For granu-
lar beds, Brownell and Katz (2, 3, §)
introduced arbitrary correction fsctors in
the form of exponents of the porosity.
Leva and coworkers {17) used the Ko-
zeny-Carman relstion to estimate suriace
of tower packings. Ergun (14} considered
the problem of mixed flow, partly viscous
and partly turbulent. in packed columns,
and Wagstaf and Nirmaier (30) further
verified the Ergun equation. Browoell (5)
deduced s modification of the Kozeny-
Carman equation which applies to beds of
spheres consolidated with resin. Tiller (27,
35} and Grace (I3) have applied the
Kozeny-Carman relation to the unit op-
eration of filtration. and Whitney (37) 0
the dewatering of wood pulp and fibrous
materials. Hatfield (16} studied the per-
meability of porous carbon and graphite.
Much information is to be found in books
by Dallavalle (13). Muskat ({9), and Ter-
zaghi (36). It has become clear that no
single general equation based ouly on the
variables used by Koaeny-Carman has
vet been proposed that is adequate for
such an extensive range of application.

Before leaving this subject, the suthors
wish to point out an spproach that could
give permeability solely in terma of po-
Tosity and specific rurface, provided that
the fine structure of the bed iy koown.
This can be done by evaluating the point~
to-point variation of the hydraulic radius
within the porous structure. Application
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of the method to certain geometrically
predetermined beds is given in the ap.
pendix.*

Boctrival Resistivity Alsne .

Electrical-resistivit. measurements
have been made on many porous noncog.
ducting bodies. the pores being filled with,
a conducting medium (Z, 10, 17, I7, 15,
21,22, 20, 32 t0 37). At first one might be
temptad to reason that if such a bedy
were, sy, 4077 porous, thea it would cop.
duct 409 as well az if the body were 1007,
porous (i.e., no solids present at all). Thy,
is far from the truth; the resistance alwayy
is much higher. The first record that could
be found of this discovery was made by
Velisek and Vasicek (29). To explain thig
result, they reasoned as follows: Since the
pore structure ressmbles & threedimen-
sional network, oniy one of the three di-
mensions is in a position to conduet,
namely, the one coinciding with the direc.
tion of the potentinl gradient. On this
basis, ¢ R/R. = 3. For porous bodies con.
sisting chiefly of fissures, two dimensiony
conduct, and s0 « B/Re = 1.5. These
suthors were qualitatively correct in their
reasoning. [n the present waork « R/R,
ranged from 1.5 minimym to 3.0 maxi-
mum. Ia some recent work by Cornell and
Kats (1), ¢« R/R, ranged from 1.8 to 5.9
for sixteen samples of sandstone, and
from 6.1 to 10.7 for eight samples of dolo~
mite and limestone. De LaRue and Tobins
(12) have recently determined the ioflu.
ence of suspended nonconducting parti-
cles on the conductivity of a liquid, The
equation that they evolved will be dis
cussed later in zelation to the present
work.

When a porous body is itselfl an elec.
trical conductor. the mechanism of con-
duction is more complicated. as shown by
Sauer et al. (23). The conductivity of the
pore structure. however. can be wnde.
pendiy measured by the use of direct
current. as will he explained under Expen.
menta] Methods. There are other dis
turbing factors that can influence the
measurement of resistivity ratio unless
proper conditiony are chosen to avoid
them. The phenomena of supercondu:-
tivity at low electrolyte concentraticn.
doubly ionized layers. internal reactan-e,
and such are deait with in the cited refer-
ences.

[ bility end Electrics! Rusiativity Togethor

A very early attempt to rorrelate per-
meability with resistivity ratio was made
by Wirth (32), who presented an ejua-
tion that reduces to m! = 2P R 'R.. The
form of this equation is believed to b
correct, but the coefficient 2 derives from
the assumption of Poiseuille’s law for
capillary flow. This is known to give sa
erronecus result for porous beds.

*Complete dats may be obtained as document
4933 {rom the Americus Documentation [usututs,
Photoduplication  Servics, Li Congsese,

D. C.. for 3250 for photopnaw or
81.73 {or 3>-mm. microfilm.
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Much work has been done by Wyllie
Gregory (33, 35) aad by Cornell aod

ts (1), all of whom introduce the
;stivity ratio as a correction factor for
ari0us permeability equations. Cornell
oot Katz, for example. identify (L,/L)*

« amentg Sih < R/Ry in the ideal form of the
ﬁ"“n ‘ Fozeny-Carman squation

LT g d an, (LY
il 2eml)
ould con. :

ere 100% 3 ghich reduces to

all. Thiy o m’ = kPR/R, (1)
|cellw."_'

Two problema remain: (1) the theo-

made by 2 ) retical jusufication of an equation of the
‘Plain thyy “ M foregving type and (2) the determination
Since the 3' of the coefficient over a wide range of con-
:o-dimen. ditions. The present authors have under-
ttu: die wken to solve both problems.
conduct;
ﬂledileo. 24 heerstical Sasis for Rolating
On thiy tormesbilivy 1o Resistivity Retle
:3::' Sioce fluid velocity in the 1007 viscous
5 n fow region is chamcterized by the rela-
stinth ton
i R/Ry unp ~em'ygradp  (12)
el spd?H and electrical current density by the
1.8 to 8.9 elation
ne. aadyd
sdof dolo I(r) ~ ex grad E (13)
1d Tobiag™s>
che infig. it can be seen that the phevoniena are
ng parti- % mlogout.
uid. The . Equation (12) states that the velocity
| be dig- ¥ of & fluid of unit viscosity is proportional
present 1 the pressure gradient and three de-
-1 ining structural di i of the
a0 elee petwork. These dimensions are porosity ¢,
¢ of con- bydraulic radius squared m* (which pro-
hown by duces the drag in viscous flow), and tor-
v of the tuonty x. which is the 'fudge” factor
<e inde- iotroduced to make Darey’s law hold.
{ direet .3 This equation may be recast into the
- Experi~ §  more familiar form,
her dis- wnl,
‘nce the g PRRLL LAY "S-
) niess : 7 ap kP = em’x  (120)
Zo:v;ﬁ Equation (13) states #hat the current
\tration, flowing through unit area of a specimen
Jctapee, the pores of which are filled with a con-
od refer ductor of unit resistivity is proportional
to the potential gradient and two de-
termining structural dimensions of the
Together setwork. These dimensions are porosity ¢
ate and tortuosity x. which is precizely the
" m::. ame “furdge’ factor uzed in Fguation
a equs (31}, Lere introduced to make Ohm's law
R :"I'!u bold. This equation may be recast into
N - the more familiar form,
3 to be
es from E
lax for (L =Ry = xT = xR
give sa 3 I (13a)
- or
}:c“llt‘v:: Ro/R = X
Coogrem.
pnas of

Combining (31a) and (320) 8o as to
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eliminate ¢ and x, one obtains the simple
relstion

m' = kPR/R, 0y

Ta prove this relation is the object of
this paper, and therefore. independent
measurements of hydraulic radius, per-
meability, and resistivity ratio have been
made.

EXPERIMENTAL METHODS
Uncouselidated Packod Geds

It ia of prime importance that the packed
bed, once formed. must not in any way be
disturbed during the course of the several
measurements made upon . The assembled
g this is shown
Cell details sre shown in

for
in F:gun 1.
Figure 2.
The solution used for the tests was 0.4V
RyCO;, DN‘Pll‘td from Baker's analyzed
HO crysial snd distilled water.
Thu 'oluuon was anajyzed frequently. This
particular electrolyte was chosen for the
following reasons: (1) it is availsble in
highly pure form: (2) it is stable to aimos-
pheric air; (3) it has no effect on cell parts,
such a8 pyrex glass, rubber, Tygon, Monel,
electrodes, stainiess ateel screens: (4} it has
no effect on the materisls tested, glass
bends, silica aand: and (5) ali the pecessary
physical properties, such aa density, viscos-
ity, surface tension, and electrical resistivity,
are sccurstely known as 8 function of coo-
and ture within the
range of the work. Thcu physical properties
are listed in Table 13.7
Maierials Tested. Superbrite glass beads
were obtained from Minnesota Mining &
Minerals Co. in four graded sizes na follows:

Grade U.R sieve size
No. Through On
108 40 43
108 E 60
110 & 80
11} 100 120

Particle sizet
1 2 3 Avg.
392 300 410 397

23! 200 225 203

228 200 2l 4= 214

136 130 157 148

|l Rcexnmd average of sereen opesing.
L ':: from compapy (presumably mmerome-
3 \hu\md by suthors. Average of Afty besds
@ rasdom wam,

. IR R under muero-
mpc ‘with ﬂn microweter. O\-n‘ 935 of the
beads wace perfect spheren. th balency somes
what ellipaovdel

The glass beads were found to be free of
extranecus materisl. A water extract was
substantially ss nonconducting as the water
uved. The specific gravity of the beads was
measured and found to be 2.572.

A bag of clesa, dryv, washed, sized quarts

.sand of very light color was obtained. A

screen snalysia on new U. 8. standard
screens gave the results shown in Figure 12.*
This ssnd war then carefully sod exbaus-
tively sized, and two ranges, 40 to 60 and

*See footnote on page 394,
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Fig. 3. Principle of break-point method for determining hydrsulic radius of packed beds,

60 to 80, were selacted for testing. Siace the
plot of sccumulative weight fraction sgainat
6/D (Figure 12) gavs practically & straight
line, it follows that the reciprocs] sverage
diamster [or the chasen cuts truly represents
the diameter for which specific surface and
sphericity can be ealculated. The bydrautic
radius aod porosity of six duferent beds
were d by the break-point method
and yielded specific surface by the relation

¢ = ,5q. em./cc. of sand
(14

The specific surface of true spheres of
dismeter D,, would be ' = 6/D,,, where

—
(1 -~ om

The cell ia then vibrated to pack the bed,
and during that time the upper screen and
electrode are placed sad pressed down
firmly. The cell ia then filled and connected
to the constant-level feed tank. All air is
carefully vented from feed lives and ceil
Clampe e-1 and ¢-3 are opened. and ¢-3 is
closed. The flow of electrolyte iz controlled
by o

The depth of bed is measured by taking a
series of teo readings erouad the cell. Since
the outer edges of the electrodes are clearly
visible, this distance is actually measured;
from the average value. the calipered thick-
ness of the two electrodes and 190 screens in
subtracted. The inside diameter of the cell
is. of course, known.

Permeability. After steady state condi-

D,, ir the reciprocal average di for
the cut. Sphericity iz then defined 18 ¢ =
w/s.

Five beds of sand gave the saccompanying
results. The specifie gravity of the sand was
measured and found to be 2.640.

Preparation of Bed. With the lower elec-
trode, screen, and wire seal ring ip place, the
cell was partly filled with potash solution.
enough to cover the added beads or sand.
An accurately weighed amount (spproxt-
mately 200 to 250 g.) of particles was
added slowly through a funoel, the siem of
which was swirled above the surfuce of the
fiquid. In this wav a uniform and level bed
is formed, free from trapped sir bubbles.

tions are reached at aoy parvicular flow rate.
the overfiow iz diverted to the liter-measur-
ing cylinder, and the time w fill is measured
with a stap watch. Ay tegular intervals the
iost in head i» t1ken on the manometer. and
the outle! temperuture is recorded. Severul
flow rutes ure tried. and the proportionality
of fuw rate to head is checked immediately.
Any deviation from proportionality would
be cause for rejection of the data as not
representing  viscous-flow conditions. The
correction for pressure drop through the
acreens has been shown to be negligible.

Permeubility is calculated from the equa~
tion

Restirs ox FIvE Beos oF Saxp

Mesh I 8
through/on D, e m, . . em.™t cm."t .

10/60 313 26.5 0. 423 300 190 0.634
40/60 318 26.8 0. 4470 302 190 @ 634
10760 316 27.35 0.4325 281 190 0 877
60/80 27 19.25 0.4350 416.6 290 0.696
80/80 3 18.67 0.4570 450 290 0.645

Average 0.657
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Resutivity. Simultaneously with the fore-
going permeability tests, the resistance R of
the bed is tuken on the impedance bridge.
Sharp null points are obtained, by use of
1.000-cycle current and telephone detection.
Ry is caleulated from the dimensions of the
bed and the specific remstivity of the solu-

P=

tion, on the basis of Ohm's law. The re-

astance of the electrodes, screens. and leads

bility test, {alling-col

method.

lowered 1 cm. at a time at 153-min. intervale.
Past the breakpoint, Ay/Ar increases rap.
idlv. Sufficient pointa are recorded to fix the
slope of the new line accurately. The unastu-
ration line in the bed 1s usually clearly
visible, because air has been drawa into the
bed. It has been found impossible to reverse
the procedure and to drive the air out of the
bed by rairing the leveling tube, It iz. there~
{ore. considered impractical to repeat the
break-point tests. and 1t is preferable to
sart all over.

tion of the two lines. as shown

was rocasured and found to be ligibl

Hudraulic Radius. At the conrlusmn of
the ubove-mentioned measurements of per-
meability and resistiviey, and without any
disturbunce 10 the bed, the liquid level s
dropped to the top of the bed (with the vent
open). Clamps ¢-1, ¢-3, and ¢ are tightly
clored. and c-2 is opened. The leveling tube
is then adjusted to the wp of the bed. The
cellyloid millimeter scale is then taped to
the leveling tube, with the zero mark at the
level of the water,

The leveling tube is then lowered 2 em. at

2 time. at 3-min. intervals, and two readings,

are taken: the position of the zero mark of
the millimeter scale with reference to the
stationary meter stick and the level of the
water in the leveling tube with reference to
the millimeter scale. The top of the bed,
with reference to the meter atick, is, of
courve, noted and remains constant.

The distance z and y are calculated and
plotted immediately, in the manner shown
in Figure 3 (D). As the breakpoint is ap-
proached, the increment ay/Ar starts to
increase. At this point the leveling tube is

Yol. 2, No. 3

The

in Figure 3(D) is considered to be the break-
poiat, and 7, giver the effective head of
liquid supported by the sund owing to sur-
{uce tensiun. Neglecting the angle of contact
9 giver

m = ~1— . cm. (16)

Tepq

Density of Particler. Density was de-
termined by comparing the weight in air and
in water by use of a 200-g. ssmple and taking
care 1o avord errors due to entrapped air.

Rigid Perous Materiale

The testing of rigid materials has the
intrinsic advantage that the sarme specimens
may be tested over and over again. It is
necessary oualy to take the following precau-
tions: (1) only clear liquids or clean gases
may be used, to prevent clogging of the
pores with fines; (2} the faces of specimens,
particularly the fine oner, must not be
handled with the fingers, a3 grease or wax

A.L.Ch.L Journal

may seal off some of the pores and give
erroneous resuits; (3) specimens must Le
thoroughly dry before testing for gas per-
meability; (1) specimens must be freed of
entrapped air (by evacuation) in order tn
obtain 100<; saturation with liquid before
testing for liquid permenbxlnh or reaistivaty .

(3) specimens must be carel'ully sealed a1
the edges (o prevent by-passing of Suid: and
(6) when the bubble-point test is made for
hydraulic radius, the fluid chosen should
easily wet (have an affinity far) the apeci-
men.

The speumem nere prepared i in the fon'n
of true cylndri dukl, 2pp!
in. in diameter and !{ in. thick, with faces
strictfv parallel. All specimens were theu
accurately calipered.

Materiale Tested. Porous porcelain filter
disks from the Selas Corporation are made,
it is understood, by incorporaung carbon 1o
the ceramic mix, »o that, oa firing. the
carbon burns out. leaviog a porous srruc-
ture. The following grades were tested: XF,
XFF, 10, 01. 018. 02, and 03.

Grades PC 40 and 60 and PG 40 and 60 of
poroua carbon and graphite from National
Carbon Company were tested. For ap esti-
mate of m, based on grain sise, distribution.
and other dats, the resulta shown in Table 3
should be consulted.

Of fritted-glass filter tubes made by Carn-
ing Glasa Works and supplied by Will
Corporation. three grades were tested,
coarse, medium, and fine.

Waler Permeabdility, Falling-column Meth-
od. In this method, also known as the
method of Terzaghi (28), the specimen

Fig. 5. Apparatus for measuring gas per-
meability of rigid specimens (a. by use
of rotameters, (b) by use of water
displacement.
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Fig. 6. Apparatus for measuring bubble-
point pressure of rigid specimens.

mounted below a column of water, and the
beight of the water column is measured
against time. The ipside ares of the tube
being known, the permesbility esn be cal-
culated. The apparatus used is shown in
) Figure 4. Cut 4 shows how the specimen is
s mounted, cut 8 shows how the specimen 1s
evacuated and saturated with water, cut C
shows the assembly during test, and cut D

: shows the method of plotting the data.
" Ifa = srea water columa, 3q. cm.
B 4 = ares specimen, sq. cm.
. L = thickness of specimen. em.
R = head of water, cm., at time
. L, sec.
-~ tun ¢ = slope of line, 3 logi ;3¢
Then P = ~230G tapn ¥ (ale,/ A9},
8q. em. (7)

For viscous-flow conditions the plot of
Jog H vs. t must be straight; otherwise, the

experiment must be rejected,
Gas Permeadility. ln this test dry nitro-
geo gas from a cylinder equipped with a
sensitive gas-pressure regulator is passed
through the specimen. Pressure drop is
measured by water manometer. Gas flow is
measured either by a precalibrated Brooks
laboratory flow meter (supplied by Ace
Glass Company) or by the time required for
‘4 water displacement {rom s calibrated pi-
petie. The apparatus u shown in Figure &.
In use of the Brooks fow meter only one
fioat is used, not two, as suggested by the
manufacturer. The instruments were recali-
brated before use. Moreover, the ball must
be bandled with care. If it is dropped on the
floor, the calibration will change. The usual
temperature and pressure corrections are
applied to reduce readings to the tempers-

tare of the experiment.

For each specimen, several flow rates are
used, covering a threefold range. Propor.
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tionality between Bow rate and pressure
throp is proof that the fow is in the viscous
runge, otherwise the experiment is useless.

If the pressure drop is oniy & matter of 10
14 40 cm. H,O head, then the correction for
cxpansion of the gns in the specimen is
wegligible. Where the pressure drop through
Us speamen is sppreciable, the following
cormetion factor must be applied to each
different flow rate, after which the true per-
mrability may be calculated:

rorrection factor C = 2
Pt D

2p;

=T+ ap 8

where

pr is the upstream absolute pressure (cm. of
¥
Pr in the downstream abaolute pressure (cm.
of H,0)

4p = p — py, cm. of H,O

_ Culy em
ap g ' o

Hydraulic Radius, Bubble-point Method.
The specimen is mounted as shown in Fig-
ure 0. When mounted, the specimen is cov-
ered with about 1 em. of & liquid of known
surface tension which is allowed to permeate.
Itin not y to & te the i
and maturate, as this procedure gives the
aume result as the simple permeation pro-
codure,

The cell is connected to & dry nitrogen
evlinder through a sensitive pressure regu-
laior. The preasure is slowly increased until
« rlow but steady stream of bubbles is seen
riang through the sealing Lquid. Any bub-
blen from the edge do not count, only those
afuing from some part of the upper surface
of the specimea. The bubble pressure is resd
On 4 mercury gauge Or water gauge s
applieable. If the pressure is 100 bigh for the
mereury  gauge. for example 40 cm. of
grenter, the Bourdon gauge on the low-
pressure side of the regulator may be read.

(19)

o— VO INPEOAME o,
e 1OFT8 CARaCITangy
H coanccTan;

—— 70 vACEUN Suwe
ane saeg

Fig. 7. Resistivity cell for porous solid
1

The bydraulic radiuses for fritted glass,
with both water and CCl, are compared
below:

Med-
Coarse  ium Fine
m, (H0), u 163 2.76 1.52
m, (CCL), & 18.1 208 1.28

This indicates that CCl, tends to gve a
low reading oo glass, probably because of a
smali angle of contact which is ignored in
the equution above.

Electrical-resistivily Ralio. For noncop-
ducting porous bodies made from such -
terials a5 cersmics and plastics. the appara-
tus shown in Figure 7 was used. The speci-
men i+ mounted between copper elecirodes
1 xatisfy y {or K:CO, sclution! at the end

Tiw gas p! is then reduced and the
procedure repested to give a series of read-
inge, which are averaged. Increasing the
fluw rute through the specimen until gas
evolves gl over the surface does not in-
¢reume the bubble-point pressure apprecizbly.
Mave x certain point. however. the pressure
inrfeases owing to pressure drop through
the wpecimen. With a little practice. the
bubibie paiat is reproducible.

It is important to use a sealing fluid that

of a l-in. 0.D. glass wbe. The assembly is
held togetlier with Gooeh rubber. and the
electrodes are pressed tightly agninsr the
specimen. Each electrode is perfuruted with
two small holes to permit evacuation of the
specimen and suturation with an electrolyte
of known electrical resistivity,

The rell is connected first to & Hyvac
pump and the :wur exhausted. Then the
eiectrolyte is stowly introduced uotil the

is just i d. The water will

2
weLs the porous body. Water is llent for
&lsw, porcelain, sandstone and, most ce-
runie hodies but is useless for porous carbon
wwl graphite. For these materials CCl, or
Cully mucy be used.

The bydraulic radius is calculated from
the equation

e 2
m Apg,cm.

where

boil a little until all the air is displaced. Then
the yacuum is partially released (until boil-
ing stops). aud additional electrolyte is
sucked through to sweep out any partly con-
centrated electrolyte present in the speci-
men. The vacuum is fioally released alto-
gether, the tightness of contact of electrodes
is checked, and the resistance is then meas-
ured. The temperature is recorded, aad the
electrolvte analyzed.

For this work the Heath-Kit Model BI-B!
was used with 1,000-cycle aiteroating cur-
reat and teleph d ion. F: Iy »

Y = surface teosion of liquid at p
ture of experiment

4p = bubble-point pressure, cm. B/O

¢ = 080.6 cm.sec.”t

A.LCh.E Journal

poor null poi;t was encountered, which was
somewhat improved by use of » weaker
electrolyte, i.e., about 0.1N. The capacitance
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effect in the cell was then balanced out, and
sithough this sharpened itbe pull point, it
did not sppreciably affect the value of the
resistance. This means that the reactance of
the circuit was small, certainly under 5%.

The specific resistivity of the solution was

direct current (except for a amall leakage
curreat at very low current density}.

The apparatus used is shown in Figure 8.
The electrodes must not be placed in con.
tact with the specimen. Provision must be
made to vent gases (H, and Oy) evolved at
the cathode and anode, The specimen can be

read (rom the charts, the applicab.

tration and temperature being used. Inde-
pendent checks of tha resistivity were made,
apd these generally checked the estimated
value 10 within %1 or 3%. If (r} = specific
resistivity of the electrolyte, Ry « (r)L/4,
and from this R/Z, is caleulated.

For electrically conducting porous bodies,
ruch a8 porous carbon and graphite or por-
ous metallic membranes, a different tech-
pique is required. The porous body itself
would conduct alternating current, so much
more than the electrolyte that the resistance
of the latter could be eatimated ouly by
subtractiog two large quantities of almost
equal magnitude. Therefore direct current is
used, and as long as the potential difference
across the membrane is sppreciably Jess than
the decomposition potential of the solution,
the membrane itself provides po path for the

TaeLe B. Scuuary or Resvers Snowy 1x Tances 1

Befervace 18ble 1 2
Esperimenters iU m
Meterial teated Giaes beads  Quartz sasd
Burueture Packed bed  Packed bad
Number of sew of dsta T 6

Range of propertim
Parucle slze, Dyls) 18307 207-318
Ephericity, & 1.00 0 83-0.50
Porcaity (marrod, e 038043  0.43-0 46
Bydrauiic radius?. minl 2¢.742.8 18.7-07.9

evacusted and maturated either before it is
mounted or while it is in place. The suthors
favor the latter procedure. In principle, the
total polarization of the cell is measured
with and without the specimen in the path.
During the measurements the current (a
matter of milliamperes) is kept constant.
Voltages are read at various currents, and
the slope of the volt-ampere curve is estab-
lished. A comparison of these slopes, with
and without the specimen in the patb, per<
roits csleulation of the R/R; value.

R, = resistance of electrolyte with
specimen in path, R; = resistance of elec~
trolyte without specimen in path, and
Ry = (r)L/A, then

RiR = BBy

a

{lodivaduai poinwu sre plotted in Figure 100

h] 4 5 [}

[3}] th [§%) 1}
Porcelasin Carboo Gl int  PVC sbeet
Rigid ig Rigid Flaxible
7 3 3 3

0 22-0.57 0.340.35 0.5
0 33-23.7 0-17.2 1.5-16.2 .63—4.82

L] . 1
Permeabalsty. Plut) 23 4+-106.§ 40.8-37.7  0.007-30.4 4.0-23.8 0.055.62 0.1%1.%4
2.71 T

7

Resativity matio, 8/R¢ 3 874.06  3.73~4.2

Derived fumcuons
b niPI(R ARG
Basge

3.4-4.51 2.31-3.47
Avg 4.10 3115
k 2 62 18.90
at .08 332
a% 3.6 1.615

ke = emtP! Range 5.70-10.59 3 92-4.&

Avg. 7.20 8.

pay) on a3.00

4 19-12.30 4.9 &0 B.23-14.49

243422 2.70-3.10 3.97-5.75  3.65-4.08
13

3.3 2.9 +.7 4.5
2.1 1.08 14.38 13.33
3.87 2.3 4.7 1.53
1.243 2.067 8.778 8,214
S00-11.40 4.35-7.10  7.20-13.10 B.00-19.30
7.78 5.45 10.6¢ 12.9%0
3.3 17.54 .90 T80

This method for R/R is not 80 accurate
s the a.c. method previously describied. The
thicker the specimen in relation to the elec-
trode apacing, the grester the precision.
When both methods have been used on
ceramic bodies, 3 comparison indicates that
ip most cases the d.c. method gives a some-
what lower value for R/R,. The agreement
is geverally within 10<%.

Noavigid Porevs Shoots

Porous sheeta of polyvinyl ehloride. rulb-
ber, or woven fabrics are easily tested in the
apparatus shown in Figures 13* (permeabi:-
ity and bubble-point tests) snd 14° (resistiv-
ity test), Some physically weak muterinis
bave to be supported by coarse screens to
prevent bending. The shoeets are sesled a:
the edges where clamped between the fucez
of the glass-spoal pieces.

No pew principles are involved, but «
word of caution is offered in dealing witl.
bydrophobic materials, such as polyvinyi
chioride. In the resistivity messurement u
welting sgeat had to be added to the electro-
Iyte to achieve 1009 eaturstion of the pores
during the evacuation and saturstion pro-
cedures. Obviously the specific resistlvity of
sofution used had to be measured, rather
than ealculated. In the bubble-point test no
“wetting agent should be used, ss this would
lower the surface tension of water to some
indefinite value. The correct bubble-poin:
pressure is obtained, because the sams pres
sure is required to force water into & hydro-
phobic specimen, ax to force the water out of
s bydrophilic specimen.

EXPERIMENTAL RESULTS

The ranges of this experimental work is
summarized jn Table B. Also shown is the
work of other investigators for which
sufficient information is at hand to test
the proposed relation. Individual pownts
will be found plotted in Figure 10. Tables

*3e8 {00tnote 00 Page I

T0 9
T 5 [ Eonsemblc
[eINED “ 3

Glam besds Booded slumins Jaodswos
Packed bed Rigid Ripc
L]

14 1 o

136-G. 100
i 06
0.33-0 41 030047 0 11-0.23
15.6-700 15.5-109 2 0.30~¢ 45
4.6-30.041 81-22¢ 0.002-0.42
3.80-3.30 4.87-13 ¥0  12.10-36.20

2.4024.87 27361 2.08-6.64

Esparimenters: (1) MacMullin snd Moceini; (2) Plaia and Masricon; (3) LaRua and Tobiss; (4) A. D. Litile, Ine.; (5) Cornall aad Kats

*See f0othots 304,
!BMM&",MMMWW!«M1NL

Vol. 2, No. 3

A.LCh.8. Journal

ER™ 3.5 4.3 3.
TR0 n.53 17.47 190.62
7.47 LN 6.95 39 64
6.85¢ 0.123 13.080 35.479
3.83-7.35  0.00-16.00 6.40-15.00
3.41 12.40 w.ae 5.100
3. 1438 52.40 421.23
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Tasrz C. Couranisox or R/R as MEASURED BY PRESENT AUTHORS, Witk R/R, CaLcy-
14TED FRow THE EqQUation oF DE LaRtE anp Tomias

R/Rq as measured. for pnckeq beds. I_Z/R. as caleuiated from Equation (21), which applies

to rand P of g particles.
Glasr beads (See Table 1)
Col. . R/Rs cale. R/Ry meas. <, Dev.
1 0 3835 120 3993 +53
2 0 4183 3.70 4 000 - 7.5
3 0.4268 3.56 3.900 - 61
4 0.4247 3.60 3.876 -71
L] 0.3973 3.98 4.083 - 26
6 0 4056 3.88 4.083 -50
Average ~38
3and (See Table 2
8 0.4470 3.32 4.050 -180
9 0.4470 3.32 4.275 -223
10 0 4325 35 3.902 -2 3
it 0.4356 3.47 3 920 ~113
12 0 4570 321 3.730 =139
Aversgs -136

1 to 9* contain the results of individual
sets of data.

ADDITIONAL EVIDENCE
Revistivity Ratie as ¢ Function of Veid Fraction

De LaRue and Tobias (12) have mess
ured the fractional decrease in conductiv-
ity of a fluid medium resulting from ran-
dom susp of various duct-
ing particles in the fluid. The particles
tested include glase spheres, polystyrene
“evlinders. and sand. of varying sises.
These were suspended in an agueous solu-
tion of ZnBr, of approximately the same
density as the particles, the slurry then
being agitated to give random disper-
sions, The volume fraction of dispersed
phase ranged from zero to s value ap-
proaching that for loosely packed beds.
The authors found the following relation
to hold. to a high degree of precision:

R'Ry = o7 @n

The relation is plotted in Figure 8.

Now arises the question of whether this
equation hae validity when extrapolated
to the region corresponding=io packed
beds. where all the particles are more or
Jess in intimate contact with surrounding
particles. The answer is seen in the data
presented in Table C. One concludes that
the De LaRue-Tobius equstion gives con-
sistently low values for B ‘R, but is good
to about 4% for packed beds of glass
spheres. For packed beds of irregular
grains. the equation can not be depended
upon. even at an approximation, The
equation cannot be used at all for consoli-
dated porous bodies.

Gloss heods

Plain and Morrison (20) measured the
flow permieability of fourteen media com-
posed of packed spherical glass beads.
using the Tersaghi method. By using

*Ses {ootaote ou page 394,
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three fuids of widely different viscosity.
they were abls to determine the limits of
viscous flow in terms of 8 critical Rey-
nolds number.

In their Table I porosity € and sphere
dismeter D are given from which has been
calculated hydraulic radius by the rela-
tion m = Ded/6(1 — ¢). Several values
for permeability P are given, and those
values demonstrably within the viscous-
Bow range were selected. Since Plain and
Morrison did not measure the resistivity
ratio R/R,, the pressnt suthors have esti-
mated it. using the De LaRue-Tabias
relation, Equation (12), which has just
been shown to be applicable to uncon-
solidated packed beds of spheres. This
information is detailed in Table 7. sum-
marized in Table B, and plotted in Figure
10.
The results support the proposed Equa-
tion (1) very well and give a mean value
of k = 3.4,

Bondod Perevs Aluming

A series of measurements on porous
matenals was carned out by A. D. Little.
Ine. (18). Among the properties massured
were porosity, air permeability. and elec-
trical-resistivity ratio. No attempt was
made to measure hvdraubic radius di-
rectly, However. among the materials
tested were u1x samples of parous honded
85% alumina bodies, for which the manu-
facturer (Norton Company) supplies ac-
curate data as to grain size before bond-
ing. The grain gize had been determined
by microscope. with the average results
given in Table 3. The manufacturer also
estimated sphericity of grains (before
bonding) as ¢ = 0.80. During firing. the
Lond spreads and tends to round off the
grains and broaden the points of contact,
thus causing cementation, This increases
the sphericity to an estimated ¢ = 0.90.
The hydraulic radius m of the bonded
specimen can then be estimated. Suffi-
cient data were available to calculate P
and R/R..

ALCh.G. Journal
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Fig. 9. Resistivity ratios of random disper.

sions; plot of De LaRue-Tobias equatiopn
R/Ry = 72

This information is detailed in Table 7,
summarized in Tsble B, and plotted in
Figure 10. The results support the pro-
posed Equation (1) very well and give a
mean value of & = 3.59.

Seaditens

Coruell and Katz (/1) measured the
porosity, gas permeability, and resistivity
ratio for twenty-four different samples of
sandstone, dolomite, and limestone. The
samples coverad a wide rangs of these
properties. Gas flow was in most cases in
the viscous-turbulent region. and the
pressure drop through the specimens was
of considerable magnitude. Equations
were developed to segregate the viscous-
flow contribution a from the turbulent
flow contribution 8 to the total perme-
ability. Suitable corrections were made
for gas expansion within the sample.

Only a few specimens were tested for
equivalent pore size (diameter of circular
capillary having same viscous-flow per-
meability). In their Figure 1 they show
distribution of equivalent pore size vs.
accumulative percentage of the total
voids smaller than this size. No details of
the method are given. other than that it
was based on the water displacei from
saturnted specimens as Air pressure was
applied to the specimen.

The authors did not make any direct
measurements of hvdraulic radius m or
equivalent pore size. In handling their
dats, they used a modified form of the
Kozeny-Carman relation. given in their
Equation (10).

Noting that D; = 1m for a circular
capillary of uniform crosssection and that
the authors arhbitrarily take &, = 0.50,
ons finds that this equation reduces to

v dulpg R
m ap g R +PR/R,
This is identical with Equation (1) save
for the numerical coefficient. Thus Cor-
nell and Kats assumed a coefficient of 1 a8
being of the right order of magnitude (a
very close approximation), whereas the
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© GLASS BEADS PLAIN & MORMISON)
e GLASS FRIT RGN, ¢
& S4NOD R.8.M.
Vv SANOSTONE CORNELL & KATZ
2 o °"SELAS" PORCELAIN R.BH.
5 ® BOMDED ALUMINA A.DL.
] @ CARDON 8 GRAPMITE RO.M,
‘::;.,. 39 + PV.C. SHEET R.&H.
-
[}
< SOLID LINE ——
v_o] LOG;om = 0.26204 0.3000 LOG o PR/
13;.:3:&" % m20(3.666 $0.090)¢ F-R/R,
e 2 /’0’ v
d give g & ° ( v t

ired
sisti
mples of 4 [}
‘ne. The
of theseH
cases in
wod the 18
ens way | present suthors have experimentaliy de-
juationg termined this coefficient 25 being 3.666 %=
viscous- 0.088. The results given by Cornell and
irbwant Katz in their Table I1I ali fall exactly on
perme- the curve represented by Equation (22)
¢ made since Dg (or m) was calculated by means
ple. of this relation.
sted for MacMullio and Mucciai have caleu-
circular lated m from the pore size distribution
w par- curves in Cornelt and Katz's Figure L. for
v show the four samples of sandstone for which
uze v this was measured. Since fine pores con-
e total tribute more to m than do coarse pores.
*taily of the effective hydraulic radius must be the
that it reciprocal average value of m. For aqual
4 from increments of total void fraction,
iIre was - 1
 direet mirecip. avg.) m 23)
smor The method of caleulation is detailed in
% fhar Table 10.
o their The re<ults are detailed in Table 9,
summarized in Table B. and plotted in
ircular Figure 10. The data deviate widely {both
ad that plus and minus) from the expected values,
. 0.50, although the average value of & = 4,37 is
es to ' not far from the expected value, k = 3.67.
This fact emphasises the desirability of
direct experimental determination of hy-
(22 draulic radius by reliable methods.
1) save DISCUSSION OF RESULTS
‘:ﬁ"; It was first necesaary to establish the
ade validity of the break-point aad bubble.
a3 the point methods for the t of
hydraulic radius. The data on giass beads,
1956 3% Vol 2. N3

1 2 3
L0Go(P-AR)

Table 1, indicate an approximate concor-
dance between m (breakpoiot) and »n (D
and ¢}, Agresment is closest for uniformly
sized beds, but m (breakpaint) gives high
results for bedr of mixed sizes.

MacMullin and Muceini believe that
their experimentally determined values of
m have real meaning with respect to per-
meability. These values of m may not
always be strictly the same as those based
on true values for total specific vuids and
total specific surface. but they reflect the
fact that some of the surface may be
blanked off. contributing nothing to sup-
port of the sealing liyui) in the hreak-
point method or to drag in permeability
tmeasurement.

The justification for use of surface-
tension methods of determining hydraulic
radius rests on the demonstration that
these methods can be appled ¢o all mao-
ner of porous media with reasonably con-
sistent results.

The work on sami, Table 2, was pre-
ceded by man) measurcrents on hreak-
point oaly. to arrive at the effective speci-
fic surface of each cut of sand and thus to
arrive at the sphericity ¢ of the sand in
the permesbility measurements. Inde-
pendent measurements of sphericity all
checked closely. and the average value
was usedjto check the m values found in
the Sow experiments. The closs checks in
all cases merely indicate the reproduci-
bility of the break-point method and are
not aay inhereat chack on the “trus”
value of m,

A.LCh.E Journel

Fig. 0. Correlstion plot for MacMullic equation m® = MPR/R,.

All the rest of the work was doze on
consolidated porous media. such as Selas
porcelain, Table 3; carbon and graphute,
Table 4; fritted glass. Table 3; and poly-
vinyl chloride sheet. Table 6.

To these experimental results are
added the caleulatad results based on the
work of others. us for example. gliss
beads. Table 7: bonded alumina, Table 3;
and 3andstone. Table 8. Thus one is able
to double the number of experimental
data which can be used to test the validity
of the proposed relation. m' = kPR 'R..
Out of a total of ffty-two sets of data,
twenty-eight are contributed by Mue-
Mullin and Muecini.

The authors wish to point out that 1o
their work each set of results represents
the average of severa) independent check:
on m. P. and R 'R, slternative fluids and
methads being frequently used for these
tests. They are sure that in all cases the
permesbility measurements that they
made were in the viscous-flow range. well
hetow the critical Reynokls number.

The entire fifty-two sets of resuits are
plotted in Figure {0. log m v3. log PR. Rs.
To be dimensionally consistent. the
straight line through these points must
have a slope of 0.50. The position of the
line was determined by least square
methods.

In each column of esch table is recorded
the stant k of the eguation, m* =
kPR/R,. ths deviation from the mean
k = 3,808, and the square of the devia-
tion. Using the relations
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one finda the following:

Experimental
work columns  Whole array
1-28 columans 1-52
k (mean) 3.800 3.666
E(k) 0.122(3.3%) 0 098(2 7))
e(k) 0.646 (17.65) 0.703 (19.2¢;)

The authors are satisfisd with the ac-
curacy of the mesn value of k, although
the probable error of any single set, when
their technique is used, is as high as
0.646. or 17.86z. The expected error
therefore in calculating any oune of the
three parameters m2. P, R/’Re from the
ather two is 17.85;. The expected error in
calculating m from £ and R/Ry. however,
is only half this, or 8.8S;. The expected
error in estimating effective specific sur-
face (# = ¢/m) ig about 10%.

To test the alternative correlation of
Koseny-Carman, thev have listed k, =
entP-t in the tables. For packed beds
only,

Experi-
mental  Plain and  Whole
— work Morrisoa array
columns  columns (26
1-12 2042 points)
& 6.15 5.42 5.76

Carmap himsel! recommended the
value k, = 5, although many other work-
ery seem to prefer a value of k. = §.5.
Thus. the Kozeny-Carmaa correlation
for packed beds is verified. However, iu-
spaction of the tables for consolidated
porous medin reveals a wide deviation,
k, reaching values as high as 16 on some
samples of sandstone.

The new correlation does not hold for
straight-walled capillaries. for which
R/R. = 1, and m' = kP. In such cases
ko = 2.0 for round eapillazi¥¥ (Poiseuille’s
law) and mav range from 1.2 to 3.0 for
other thaa round cross sections. For por-
ous media the constant k = 3.666 appears
to be outside this range.

The new correlstion covers a thousand-
fold range of hydraulic radius and a
millionfold range in permeability: it cov-
ers a wide range of types of porous media.
including packed granular beds and both
rigid and flaxible consolidated niedia, and
the correlstion is independent of the
porosity, which covers s mage of ¢ = 0.1
to ¢ = 0.85. This would seem to justify
ths use of this correlation, even though it
lacks some desired precision.

Royssids Nembar
Since pore diameter has no mesning
within s porous body, the Reynolds oum-
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ber can be written in terms of the effective
hydraulic radius m,

Re = T2 (29

”

whers u, is the “effective” velocity within
the porous body. One recognizes that this
velocity varies from point to point, just as
m does.

It has been pointed out by Carman (6)
and others that if L, = the effective
length of path of fuid through the bed
and u = the superficial velocity of the
fluid then

o~

y, = = (23)

1’3
L

el

Likewise it can be shown that
R _ 1(5_)
R,  €\L (28)
Combining Equations (23) and (26) gives
1/1
y, = u(R/R..)

(20
Substituting in (24) vields
/i ire
Re = M.(R_' R") (28)
n ]
Plain and Morrison (20} defined their
Reynolds number differently:
Re = Dw,e (29)
L3
In their experiments on glass beads they
arbitrarily take
L/L = v/2.5 = 138,
g0 that
u,' = L3
¢
Also.
ma ——— 2, (for beds of spheres)
1~e¢8
and one can use the LaRue-Tobhias real-
tion
R/R, = « ** (for beds of spheres)
Combining yields
atlp. :..:_.e_(i’i)”’
Re 1—¢6D'u' 138 7 \ e
(l/l
g8 - ¢.R¢ (30
A9 Plain and Morrison reached a criti-
cal Reynolds number, Re’ = 75 in their
bed 9, for which ¢« was 0.33,
1035
948 0.63
Carman (6) defines the Reynolds num-

Re,,, = <73 = 5,54

ALCh.E Journal

ST0722809

, pl mup
Re”’ = Fefades @1
Therefore

Re = ((R/RO.)II’I'RE‘" (32)

For random-packed beds, where ¢ ap.
proximates 0.40 and R/R. approximates
4.0, then

Re = (0.4 X 4)'"Re’’ = 1.265 Re'*

Carman gives the eritical Revnolds
pumber as Re”,,), = 2; hence

Re.,,, = 1.265 X 2 = 2.33

Chilton (10) defines the Revnolds num-
ber as

Dup - 6m(l ~ & up

ke = » [ L] @3
Thus
= Ll . %)m re
Re = 60 —4 ( e/ BBy

For random-packed spheres ¢ will aver.
age 0.4, R/R: 4.0, and ¢ = 1.0, and s0

Be =509 (0.4 Fe

= 0.323 Re’”"

Chilton gives the critical Reynolds
oumber as Re'”,,,, = 20. Hence. Re,, =
0.325 X 20 = 6.50.

Summing up. MacMullin and Muccini
prefer to use the Plain and Morrison data
oo critical Reynolds number. as they were
aimed specificallv at determining its
value; that is, Re,,,, = 3.5. and below this
value 100 viscous flow prevails,

Frictisn Pactar

Tn the viscous-flow region the product
of the friction factor and the Resmnolds
number must be a constant. ip order that
u be proportional to 3p; that is.

m’ e rms
I X Re = WR—. = 3.666 (3%

Substituting the value of Re [Eijuation
(28)1,

- mye' *
! PRy 89

and breaking down P into its components
yields

m A ¢ -
f="1, ®Ry @

This form of the friction factor differs
from that of Carman, who gives

v MApg 4
- ulp '

As 8 special case, for packed beds of
spheres, one may apply the LaRus-Tobias

38)
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! relstion (R/Rs} = ¢8, and Equation

s T mlz:,zs JI&MI cien

'

(37} takes the form cgecim:;:. ratio of sf;-
cific voids to specific
/= _”_‘_,éu."/ . (37a) surface ¢’

Re’’ wlp M == mean effective value of
ghich is practically identical with Equa- m for permeability
sion (38). N = normality, gmam equi-

The subject of this paper is limited to valents per liter
gox in the viscous region. It is suggested, P = permeability coeflicient
powever, that & new plot of f ve. Be, as of apecimen
defined by Equations (28) and (37), 2 ¥ pressure
gould vield rewarding results. In this R = electrical resistance

. . paper the proper location of the plot in R/Re= electrical-resistivity
2 the viscous-flow region snd the approxi- ratio, & property of the
=253 % wate point of departure where turbulent specimen
. gow begins to take over have been estab- f¢ = Reynolds puruber

Wnolds nug, F: ished. In order for the new equations to (") = specific electrical re-

£ pe valid, it is recognised that the hv- sistance

\ drsulic tadius, as defined, is s experi- ¢ = specific surface (mac-

e up ; mentally determined property, based on roscopic) of porous bed

n - wriace-tension phenomena. Where it has ¥ = specific surface of (non-
% peen possible to check m from particle porous) particles in
; sze, sphericity, and porosity measure- bed
2 3 ments, the agreement has been tolersbly ¢ = time
Re'* (30, X u = velocity; unless other-
3 ;m’:l acted, the super-

s ¢ will 3 c fluid  velocity
HOTATION X through a unit cross

0. 20d 30 D tion of speci in

v A = cross-sectional area of direction of gradient
“Rer specimen ] u, = effective. or local, ve
g = cross-sectional ares of locity of Buid ic pores

.' liquid column in the of spacimen

% Terzaghi method for V = gross volume of porous
I Reynolde liquid permeability & specimen
ce. Re,,;, w C = pressure-correction w = weight of specimen

q factor in measurement z = distance in specimen,
od Muceiaf 33 of permenbility to gas measured in direction
rrison date flow ] of gradient

1 they werg D = particle diameter ! 1z, = head of liquid sup-

‘mining j D.. = reciprocal average par- ported in break-point

1 below thig ticle diameter i method

its. = density of solid part of y = liquid removed from
specimen mi-2 bed. as measured in
E = voitage drop through level tubeu.mi’n break.

specimen  ° volts point me!

he product E(k) = probable error of the s = specific viscosity rels-

* Reynolds mean value of & 0 tive to water

order that k) = probable error of & sin- y = surface tension

e gle determinationof & 0 Ak = devistion from the
f = friction factor 0 mesn value of &

568 (35 g = scceleration of gravity N e = void fraction of speci-

A = static head 3 fuid ¢ men {total voids)
{Equation H = hydroulic head in Ter- ¢ = macroveid fraction
zaghi’s method for per- (exterior to particles
meability ! of bed)
electric current anp. ¢., ™ microvoid fraction (in-
« = current density on terior of particle of bed)
superficial area of spee- n = viscosity of fluid
mponents men amp. [ @ = angle of contaet of
= coefficient in MacMul- Buid with solid part of
lin squation for per- specimen

7 meability 0 « = gpecific electricsl con-

= coefficient in Kozeny- ductance

tor differs Crrman equation for u = mijcrons, 10~ cm.

s permesbility (1] I = permeability to a par-

= thicknesa of specimen ticulsr fluid, where
in direction of gradient ! II = ulap—
38 L, = effoctivelength of path p = deusity of fluid
B of fluid in traversing ¢ = sphericity of particle,
1 beds of :ﬁ specimen 1 8/(Ds")
ue-Tobise -»f; = bydraulic radius of x = tortuosity function
or, 1956 < Vol. 2, Ne. 3 A.LCh.E Journal
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