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»I wish to submit the following dissértation, entitled
"1 Tlectrokinebic Phenomena in Cabillries''.in partial ful- -
f£illment of the réﬁuiieﬁéﬁts for the degree of Doctor of
‘Philosophy.

The purvose of this study is to check the validity of
the assumption of an electro-osmotic back pressure as the
cause for lowered streaming potentials in small capillaries
and as the source of a large portion of the filtration
resistance for com@ressible slufries;

Both the theoretical"i@Vestigation and the exmerimental
data lead to the conclusion that the effect of the electro;
osmotic babk ?réssure is negligible, and other caused are

‘'shovn to be responsible for the -changes in.streaming pot-
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Introduction:

B. T. Ruth, in his papers on the Theory of Fil-
tration, states that an electro-osmotic back pressure is an
appreciable factor in the filtration resistance,for-com-.
pressible slurries. o

MA consideraﬁle portion of the increase in resistance
to fluid flow through itself that is offered by a compress-
ible fiiter medium under increasing pﬁessure stress appears
to be due to electro-osmotic flow of-fiuid inrthe‘revérse
direction, and not solely to the contractidn of the capillary
voids; This hypothesis is well founded in the electro-
kinetic theory and is supported'by,a number of observations
made in these laboratories, as well as by others to be
found in the literature and in industrial practice.™ (17)

In support of this statement Ruth also reborts (18)
that the rate of flow tnrough leter beds of c”ushed mlner—i'
:alq can be prealcted for ‘all save the smallest sizes where
“this electro—osmotlc back preosure vould be effective.
mlso, the decrease with time of the rate of flow through a
compressible slurry is said to be caused by the build-up
of aﬁ electrical potential.

Other workers have also recognized the possibility
of such an elecfro-osmotic effect. McCormack; in his
boolk "4 Dpllcatlons of ‘hémical Engineering”'(ll), gives Qi*a
directions for a flltratlon eyperlment to show the e“”ect ‘

of changlng concentratlon on llltratlon rate. Ain increase
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in salt concentration with the corresponding increase in

the electrical conductivity of the solution should decrease

the electro-osmotic back pressure, and thus give an in-
creese in filtration:rates.

The basis for these assumptions of electro-osmotic

baclk nressure with fiow of Fluids thrcugh capillaries is .
& . o i

found in some of the more recent Jor s on electrokinetics.

It has been found that the streaming potential produced in

~very small capillaries is lower than that produced under

the same conditions in larger capillaries, and several

ifferent explanations have been offered. Bull (3)

credits this decrease to the electro-osmatic flow caused

by the Streaminé poteﬁtial built un across the ends of
the capilléry. Reichardt (lS) also gives the electro-
oemotic flow as the cause for the decrcased"streaﬁing
notential, deriving, however, a different eqﬁation to

express the magnitude of the effect. xonaghan, Urban and

.o

Aihlte (22) have ulSO carried out streamlnﬂ pobentlal

measurements; but they report.the decrease in potential
in'small capillaries as dueenrimarily to the effect of
increased conqucnlv1tj due to cur;ace conductance on the -
sralls of the caplllary. In s allcr ceclllerlc , hav-
ing a relatively nuch larger suffszce, the conductivity
is incre ased cuiflclently to have a notlceabWe eflect.
Ln none of the expercmenual wor; carr1ed~out by the
aboveminvesﬁigatc§e;whowever,_was‘there any attempt to

measure the rate of flow. xccovdlng to electvohlpeulc

theory a streaming potmn al is 3 grouuccu by chargeq

2L

Sl



being carried along by the stream of liguid fiowing through
a capillary. ’Therefofe, measurement of the change in
stresming votential should also indicate the change in rate
of flow, but no confirmatofy'tests have been madé.;
The disagreement as to the cause for lowered stréa.-

ing potential and the lack of‘dataion.the change in rate
of flow to support the statements regarding filtration

ndicate the need for further research on this subject.
i determination of the effect of ~api11ary size on the rate
of flow, streaming potentisl, and\surface conductivity in 

capillaries should help to fill the apparen%}éépfin the
électokinetic theory. It would rid igﬂpreséhting a |
clearer picture of the electrical efféct; if-any, to be
found in filtration, and perhavs suggest methodé 5? coun-

teracting such an effect if it reaches the magnitude

suggested by Bull and Reichardt.
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Zlectrokinetic Theory:

The phenomenon of electrc-osmosls, the movement
of a liquid through & capillary under the influence of an
clectrical wnotential, was Tirst cGiscovered by Reuss in
1808, and the reterse of this process, the production of
an electricel votential (streaming potentisl) acroés the
ends of~a capillary through which a liquid is flowing, was
observed by Quincke in 1859. Quincie carried out a number
of experinents and came to the conclusion "thét che electro-

motive force produced-by the streaming of pure water. under

F

a given pressure through a clay-plate is indevendent of the
size and thickness of the diavhragm; the electromotive force

is, however, propcrtional to the rrescsure.' @uincke, in
his researches, was the first to pcstulate the existence of
an electrical double layer at the phase buundary between
liquid énd solid, that is, a chargedICapillﬁry wall surfece
end =n oppositely charged liguid layer, which can be used

to explain electro-osnosis and streaning votential. iif'it
is assured thet the positive layer of the double layer is

in the liquid in a flass capilléry, a gradient of potential
2long the axis of the cavillary will dispiace\the positively
charged water layer along the negatively charged, but fixzed,
wall, dragging the rest of'the liguid in the ttube along

because of internal friction.  Similerly, if the liquid is

- moved by mechanicel means, the stresming liquid displaces



the positive charsges of the weter molecules alorng the wall,
and gilves rise to =n electrical potentisl =zlong the
tube (1).

| In 1879 *elmholtz presented a theoretical treatment of
the preperties of the eledétrical double layer af two phase

boundaries in tangentvial motion to one another. The gen-

eral form of his final equation relcting mobility to poten-

tial, although subsequently modified, is still in use. He

6]
e

made~the follewing assumption n his derivation:

(1) 'The liquid is oppositely charged to the rigid
wall of the capillery, Tforming an electrical @ouble layer
along the wali.

(2) The thicknéss of the double layer is extremely
small, but not vanishingly so. It is, furthermore, srall
when compared with the radius of the tube.

(3) The layer of liquid molecules in contact with the
*wall is not movahle. It is fixed.to the well regardless ‘of
“the mechanical force imposed on the liquid in the ﬁﬁbe.

The rest of the molecules in the liquid, near the walls. &and

- -

in the double layer, sre movable and subject to the ordinary

laws of friction 6f normel liquids.

(4) Only laminar flowv of the liguid can occur.

(5) The wali is an insulator and the contecined liquid
possesses the property of electrical conductance.

(6) Any external difference of potential is simply
superimposed'upén'the difference of potential in the liquid

itéelf._



Working from these assumptions, Helmholtz derived
expressions for streaming potvential and electro-osmosis
which gave the relationship connecting the electrokinetic
potential to the potential across the double layer, the
- Yiscosity and electrical conductivity of the liquid, the
pressure drop through the capillary and the electrical pot—'
ential across the ends of the cavillary. These derivations

follow in the form given by liacDougal (12).



Electro-Osmosig:

Let o be the depsity of charge on the capillary
wall and - o« the corresponding charge on the liquid layer.
Let d be the distance bebween the two layers, the thick-
ness of the double layer, and let P be the di-electric
constant of the medium. Then the electrical potential of
ﬁhe wall with respect to the liguid layer <7ill be gifen

by the equation
(1) - jlz,ﬁila%;si i f = electrokinetic potential

Consider first the electro-osmotic flow in a capillary of
radius r under the action of an external potential E. The
force on a unit area of the Helmholtz double layer willAbe.
given by Er/ , f=length of the capillary, and it will,
move with a velocity u { The liquidiin the interior of the
capillary will be carried along with the double layer and
soon the whole cross-section will be moving with this
‘velocity. The only frictional resistance ié ihvtﬁé double
Vlayer. If we assume the.§elocity gradient between the two
iayers to be u/d , assuming no slip at the wall, end if‘7 _
is the coefficient of viscoéity of the loquid, the fricti-
onal force on a unit area will be given by 1N%} Thﬁs, in

the steady state, we have
= U
(2) . TEH = T

. .If we eliminate o— and d by means of equation (1) and

rearrange, we obtain the electro-osmotic velocity as



(5)» (,{_—_ 5‘1)45/777/42 | N

Assuming d to be very small in comparison to the radius, r,
of the capillary, the volume of liquid flow, V, will be

given by V = wrly, or

: 2
(4) V = SpEC—
447

IT the electro-osmotic experiment is carried out so that
the liquids on opposite sides of the capillary are allowed
to change in level &s electro-osmotic flow takes place,
& hydrostatoc head will be built up, causing glow in the
reverse direction. If this head be P, the volume of reverse
flow will be given by Poiseuille's equation

o7 Pr7?

g oA | .

{5) vV o=z

If conditions of equilibrium are attained, so that there is
equal flow in both directions, we can equate (4) and (5) and

obtain an expression for the electro-osmotic pressure as

(6) P 2S8¥E L
o r* ,



Streaming Potential:

The velocity of the licguid Flowing under a
pressure ¥ at a point at a distance y from the wall of a

capillery is given by

o w= Fglacy -y

P = applied pressure
- % = coefficient of viscogity
1 =length of capillary
r = radius of capillary
v = distance of ligquid from wall
Congidering 'd , the thicliness of the double layer; as very
smell compared to r , the velocity of the charged liquid
layer -would be given be

Pdr

- (8) Uu = 17’/

The electrical current, I , produced by the movement of the

electrical charges in the double layer, ¢~ = <density of

;i charge, will be given by

. | .
(9) I = zwru = :‘L—':-——Ejﬂ:—

K

' The accumulation of these charges will build up a potential,

E , across the ends or the capillary; and this potential
will -cause a current to flow through the liquid, thiés current

being given by the Tollowing equation

(10) . I = E Ir
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"en equilibriun is reached these two currents will be

equal, and we can cocrbine (9} and (10) to obtain

Eliminating de¢ by use of (1) , we finally have the equat-
ion for the streaming potential produced by fiow through
a capillary

PP S

(12) —
4‘””7‘K
Helmholtz's original assumption of a planar double layer

hds been modified by Guoy (1) with the gssumption of a
"diffuse double layer', in which the charges are distributed
thrdughdgt a region parallel to the 7alls; but this produces
no change in the bcesec equations for electro-osmosis and
streaming votentials.

Thesé two equations heve Toried the baéés for consider-
able research in <tiae deternination of the‘QLQCtrokinet;c
potential for many substances. iThefﬁeaéufemeﬁf.of?étieaming
potential offered a simple, direct nethod of determinaing
the}électrokinetic potential, but discrepéncies‘hdﬁefépbeared-_
in the measurements made with very smell capillaries. The

electroxinetic potential determined from measurements on

"t

hese small capillaries has been found to be generally lower
'thgn that from larger capillariés;: This effect can appar-
ently be'éxplained on the basis of an electro-osmotic back
pressure produced by_the streaming potential, which vould
decrease the effective pressure, cauéﬁng flow throﬁgh the

capillery. This 1s the game effect which has been mentioned
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in’connectioh with filtration.

Bull (3) was one of the Tirst to develop an expression
which would enable the calculation of the electro-osmotic
back vressure. 7The derivation follows:

Let P, = actual pressure causing flow through the
' capillary. ‘
applied pressure.
electro-osmotic back pressure.
- ’
then the streaming potential will be given by

R
"

T~ E 36,f k H rnKE
E = or = .
o 4w qK & ———}fz?_———

and the electro-osmotic vpressure by

P = 2RSYE

™ r%
The total applied vressure is given by

,

rP= RB + ¥

and on substituting for P, and v,

a
AD

a0 p oL AmTEE L agPE

. 5( T r
If this expression is divided through by B = ?;ifig%
‘ : T r
we obtain

A
P 2wt r*4 K +

(14) - = »———\1————1 |

r y & g*

This equation can then be used to calculate the electro-
osmatic back vressure if the size of theAcapillary and the
electrokinetic potential are iknown. Bull presented calcul-
ated’ values which showed that in solutions of 2 x 10 N ITaCl,
' the ratio of ¥, /P, became of appreaiable size for capillaries

- . N R

e aaos S TN Vi IR R S s T eaa e e .
CL LlU v Qi wnlinre e ¢« B R L T e
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vofvradius less than 0.5//4. Ruth's statements coneerning
the electro-osmotic effect in filtration are based on this
equation. It can be shown (gec /pvendix A) that -the size
of the capillaries in a comprescible slurry such as ferric
‘hydro:iide is of the order of magnitude which should show

this edfect, hence an electro-osmotic back pressure is to

be expected if Bull's equation is valid.

z|

H

t

juation (14) can be rearranged to put it in a form

2

wnich will give a closer check on the actual change in
rates of flowr to be expected.

Since B = P(1 - » /P) is the actual pressure causing

flow, Poiseullle's equation for viscous flow becoizes

- (15) & = _Pr* (, - .8_)
g7l v F
Introducing equation (1%), we obtain
. 2g5% :
- _ PY‘L o _,——S—l———-—_—_—'_—;’;)
U = -—-—fﬂz/( [ 2‘7‘12"'1’7 K + ¢ 7

<~ - Prr(1-¢ = o K
e a= 25 ) , ¥ alj(dgf;;;- -

Reichafdt (15) has élso attacked the problem of variation
in.thé-atreamingrpotential produced in small'capillgries,
e presents as his basipflow equation for the fluid:ih the
double layer . . y

P (Tr-wyg ;.—éfcé‘ (ipi)"p//
(17) o« = ;’}“J; 7 o7 anf e 7 \deS T

J = length of capillary r - radius of capillary
D = di-electric constant ¥y = distance from wall
M = Viscosity P - applied pressure
I - potential across ends ¢ = potential et any point

of capillary. .+ in double layer.



If this expression is integratg—:d, holding P and ki constant,

we obtain

r- y % s
Uy = ;;7’:/’]' [ (r-4) ] ‘-177/ [4’],,
’ | 918) UJ = 7; ['2 ry - #*) * J—/n/ [¢)’ ¢>

The average velocity will be given by

r .
(19) ZR —= fo Uy 2 (r-y) oy

Ir this inter*ratidn is carried out on equation (18) , letting

d thlchness of bhe douole luyer, we obtain

(20) & = ;75 +2np,7r [I(‘f’y ¢)(r-y)4’y *'f(dzc,: fé(r 5)4’#]

In the range from d to r , 473 is constant and ¢ -9, - g .
Also, for the purpose of integration, we can assume cf)},- 45, :o'd,p’

in the range (0-+-d) . Then we obtain the following

m; | »viﬂf”zr [Slr (1-F J)‘)j

1lo(21) w o= P+

If we consider & as caused by streaming potentials,
it will be acting in a direction in Teverse to that of the

pressure, and could be expressed, from Lhe Helwholtz equat-
- $PrP

ion, approximately as B = EETY IR On substituting this

value for I, -we obtain

R a2
(22) @ = 3% T “S’TT’F’;_R(' TS

Zquation (22) can also be rearranged and written as

[74 ' 7 - E  .._ _ 2 2 .2.
| (23) “ »3«7/\‘(1'-(,}) ) ¢ = i 2 (1— 3',;' *‘-3‘—%;>

2 ﬁfr’—7 K
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Reichardt (4) also presents a different equation developed
wath the assumption that the relationship between 17 and }(

is given by

(24) J:ﬂﬁi—(l* (/)) 4”:2/}10”'20
B r A
) - W + L L=

= (- YW
A.= bulk specific conductance
2 = cenductance in capillary

~

Some experimental work heas been done by these investig—
ators in an attempt to determine the magnitude of the-
electro-osmotic effect on the streaming potential in cap-
illaries of different sizeé; but in most cases measurements
vere téken oniy of pressure and potential, and little
attention was given to the rate of flow..

.~ﬁrban;'ﬁhite,'ﬁonaghan (22) also détéfmined the stream-
ing votentials &n a series of glass cavillaries and found
o decrease in the poééﬁtiéisaéﬁbaihed with small capillar;es;f
owever, they believe that this is due to an increase in the
appareqﬁ conductivity of the liquid in the capiilary due to
surface conddctance, which can be of appreciable magnitude
for dilute solutions in amall dapillaries. They report that
after corrections for surface conductance arebmadé, the
change:in the values of the streaming potentiai is within

~the limits of experimental error for their measurements.
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A variation in the viscosity of liquids in thin films
or capillaries has also bcen suggested as an explanation for
decreased streaming potentials. However, the work of Bostow
and Bowden (2} indicates that there is no deviation from
. Poiseuille's law in the flow of water through slits dowm
to one micron in width, and decreases in streaming potential
are found in cavoillaries of considerably larger size.

If the ®expressions, as devecloped by Zull and Reichardt,
are consideredvcarefully, it will be noted that ah important
error has been mede in thne basic assumptions for their der-
ivations, this error having been carried aloﬁg from the origs
inal statements of Helnholtzf This is the assumption that
an eiectrical force acts on theAliquid in the double layer
as thouzh the liquid itself were charged. A more correct
hypothesis would be that the charge on the capillary wall
is produced by the prefsdrential adsofption of ilons from the 3

1

e

quid, and that the liquid double layer is really a regionjz
" of increase. concentration of ions of the oppOsite‘kind éttr;
acted to the vicinity of the charged wall. The phenonena

of electro-osmosis and streaming potential can be aé féédii?‘
expiained on this basis as by the original Helmholt=z
assurptions. The ions would be carried along by the ligquid
to produce a streaming potential in exactly the sawe manner
as the charged liquid, as postulated by Helmholtz. .nd undern
the influence of an external electrical potential these ions’
in the double layer would move and carry the liquid with them

to produce electro-osmosis. This transport of water by ions
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is & recognized factor in the determination of transference
numbers, akxthough there is no agreement as to the eract
magnitude of the amount transported by different ions.

On this basis the velocity of an ion in the double

layer should be given by the exvrescion

(&7} u, =< 'u} - C %Z}

where uy 1is the velocity of the liguid, E// is the potential

drop along the tube znd £ is the ionic “Oblllty Using

ticn {7) to give the velocity of the liquid, we Then

m

eque

obtain

ar C£
‘,7// y-5) - €W

If we consider the potential drop along the tube as due to
streaming potential, we can substitute the value of E/P

cbtainable from streaming votential measurements in the

above. equation- and write

e e R [m ) - nEC

: Equation (25)-Will give the effective velocitw of the
ions in the double layer which éctuall& carf§ the charges
to‘éroduce'the streaning potential.' Tt would also enable
tne calculat oh of tne actual LlOU of ilquld tnrough the

capillary if the amount of golutlon carried along with the

ions were nowvm. Dut, as has beon mentioned gefore, there

is 0 agreement es to the magnitude of this transport of

solution by ions; and its effect could only be determined
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qualitatively, aven if the actual number of ions carrying

current in the double laver were know; and the determination

of this latter value appears invossible. Although the strean-
ing current can readily bz measured, it is ppoduced by

ions moving with a velocity depeﬁgnt on their distance from

the capillary wall, =nd neither this distance nor the

total nwnber of ilons is readily measurable.

Another factor which will melze the theoretical calcul-
~ation of the electrc-osmotic back flow more difficult is that
the only ionic velocities available are those determined in
dilute solutions.i'ln%the present case the ions are under
the influence ®f a high pctential gradient (If‘f.:BO mv and
the thickness of the double 1ayer is 10‘6 crm , We have a
potential gradienf of 30,000 volts/cm.) which will doubk-
lessly affect their velocity. However, this high potential
gradient would have the effect of decreasing the velocity
under the influeﬁce of an"external potential, and the
calculated values would indicats:the maximum change in stream-
ing potential or rate of flow to be exvected.

If we conéidér a capillafy 10¥ cm in diameter in
which a streaming potential of 6Q mv,/cm.Hg is produced at
25° C by 1 x 1077 N NaCl sblutionhith specific conductivity
equal to 1 x 1075 ohms™ cm™! - ,we canieasily shbﬁ that the
effect of the ionic mobmlity can not be neglected. The
avérage mobility of ilons other than.the hydrogeh ion is
6 x 1077 cm/éec when a potential gradient of one millivolt

per centimeter is applied. Then equation (29) gives the
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velocity of an ion at a ~istance y from the capillary wall as

= “'P—“ [ 2}0—'5‘ - > _ H4xéo x gxro”7 a-ooq]
s 724 (¢ %) 15,0 » 970

‘: ‘%7 Z (4 x07-9?) - o7 "”""]

From this it can be seen that the ions will have a positive
veleocity only when the distance from the capillary wall is
1077 em or greater, which distance is approximateély the
th;ckness of the doubie layer according the Reichardt (14).
Actually the double layer nust extend further than this. in
order to have a positive velocity of ions to produee the
;,streamihg cotenticl; and the rieasured streaning poﬁential
will be lower‘because of this reversed flow in that portion
-of the double léyer closer to the wall.

IAn equatioﬁ for the streaming potential produced by
tﬁé flow of a 1iquia.through a cabpillary can be derived,
using eauation (28) to give the velocity of the ions_garryl
ing therstreaming current. The curfent cairiéd'by an inﬁiniﬁ—j,.“f;;?

/
esimal cross-section of the caplllary will be

AT = am(r -9 dpo dy

and- the total current

(50) s I o= f 217("- b’) Uy 0 Jyv . A

On‘intréducing Uy, from (28] ahd using Poissonds equation to

express the relationship between ¢ and ¢-, we obtain

<% Fn ”Ep——é‘;l L

‘ 2 ; Sy
(31) I = f 21’1‘(!"'}’) [:/%1 (;r.}"#j__
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If we consider d<<{r and neglect c'i?, integration of (31)
gives the original Helmholtz equation for streaming current.
Inclusion of the term C 4/, still assuming d<<r , will

give the following equation for the streaming current:

(32) r - r*P2s _ gcBf

- T o7 24

The magnitude of the current carried through the bulk of the
capillery ond by surface conductance on the walls will be
given by ' ' ‘

1(3-3),.‘, I : Z szKB + :errfg]

-

2 -
= ICE (kv 2%)  po pulk conductivity
€ ks = surface conductivity

“lhen equilibrium has been attail::ed these two currents will
be equal, and combining them will give the following egu-

ation for streaming »otential in capillaries.

. b
(34) £ - 5
- | 7 4ﬂ7g(k3+21(5+___C”5‘
r 21T r2
In all save the smallest capillaries the term %;%%1_can be

neglected. EBquation (34) is then equivalent to the original
Helmholtz equation except that a corrective term for surface
conductivity has been included.

If fhe usual arrangement of a filter bed prépared from
small pafticles is used to pvrovide capillaries, it is guite
difficult to determing the actuai surface to be uged in
calculating surface conductivity. TFor such a case, much

better results are supposedly obtained if the resistance
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across the capillary bed is measured amd used to calculate
the conductivity. This should give the effective conductiw-
ity in the capillary which can then be used instead of

(ke‘ + 24% ) in equation (34) to give the following expresd-

ion
. A N S
- B - ~ C¥
(88) Z “4m 7 ("(f —)—"S,‘T;)

For purposes of comparison,;thé chéhges in the stfeaming
potential caused by this ionic mobility as in equation (55}
(zaaking no corneétion for surface conductance) were calcul-
aﬁéd, and are presented in table I along with those calcul-
ated according to equation (1l4). jThe data of Bull and
Gortner (é),”as used by Bull in his original article‘were

used in these calculations, and the average ionic mobility
. R -7 Con P -
was taken to be 6 z 10 Lo [ate

. fom.

Table I

. Lulculdted St reumlhb Potentldlc 1n Small Caplllarles

2 x'10™ 1 Maci , K, =2.9 x 10 rhos
Cepbllary Streaming Potential, E/P, lectro osmotic (Ky+2ls)
Tadius as calculatcd by equatlon -» Tactor, € r
(microns) (14) (35) " (34) 's:an(65) Bqn(34) Ke
5  30.0 50.0  23.5 .7z10° 7.8x107 5.7710°
2 29.9 30.0 17.7 6 lxlO3 3.6x10) 4.9x10°7
1 29.6 £29.95 12.6 2.4x107 1.0x10, . 6. 9x107"
0.5 28.6 - 29.85 8.0 7210 2. 6flO -10.9x10°%
0.2 25.0 28.3 5.7 o 061  7.7%10° 22.9x10°%
0.1 13.5 24,1 2.0 0.243  0.017 42.8x10°7%

Actually, any change in streaming potential with change
in capillary size as indicated in table I would be masked by
the change in the efrective conductance of thekapillary,

caused by surface conductivity.
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. Surface conductivity has been reported by diffenent
investigators(8, 9, 10, 20, 21, 22, 23, 24) as ranging from

P'to 2 x 1077 ohms™ per sq. cm. for solutions of-iaCGld

4 x 10~
of approximately 2 x 1077 N . Zven if the lowesf of these rep-
orted:values is used, & much greater chaﬁge‘in streaming
potential will be produced than that calculated from electro-
osmotic effects. This 1s shown clearly in the values cal-
cuiated from eQuatiqn (34), which also appear in tableiI;
Thisﬁncrease in effectiVe conduictance across the
capillary will also decrease the electro-osmotic effect.

" Bquation (35) could be written as.

gf‘ | 6 - Cgf

iy E - c¥5
(36) "’;‘ = HN?KE(""e)..' . 7 27 r* e

with the factor € representing the electro-oSmoticféfféct,
Table I also shows the change in K& , (KE = Ky 4"»’3—;."9—))
produced in caﬁillaries'of different'sizes, with the corres=
ponding change in € ; and it can be readily sceen that most

of the change in E/P is due to surface conductance.
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Procedure:

The choice of the tyre of capillary tube used for
the experimental ioric in this investigation was influenced
by the results obtained by previous workers. ihen using a
number of capillariés in parallel, as in.a filter bed, the
fects of partial clogsing of one capiilary are not very

pronounced;, and apvarcntly more cousistent results are

B~

obtainable by this method than by using only a single capillary.
Therefpra, it was decided to use a‘bed of graded sand to |
provide the,capillaries.,f3;nce‘the sand used was of guch a
size that it would all pass 100 mesh, it was found necessary
to use samples of crushed quértz for the tests made on
larges sized particles.
The sand was prepared by zgrinding several pounds in a.

ball mill until 85% passed through a 200 mesh screen. Then
the coarser fraction, above 270 mesh, was gradéd by using
o set of standard screens in a Ro-Tap shaker. in attempt
was nade to classify the finer fraction Of'sand'by Uéé of
an air classifier, but it was not too guccesq ul. ?ive‘

fractions were thus obtained; two of theue wcre further
classified in & makeshift elutrlator to glve more unlformly
sized fractions. The average diameter of “the particles in
cach of the finer samnles was determlned by measuring, with
a mlcrOAeter ocular, the diameter of 60-70 particles on a
microscopé slide. These diemeters were all measured in one
direction only, parallel to one oﬁhthe crosshairs of\the

micrometer, and should be truly average diameters. The
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larger particles, which would not fit in the field of view
of a standard microscope, were vlaced on a macrometallograph

g
and their images measurea on the ground glass. screen.
Magnification was checked by measuring the image of a section
of a meter stick placed on the stage. It was found that
average diaiceters deteririned by this method did not agree
withethé results of screen analysis. Tor example, a sarmple
paséing a 200 mesh standard screen and held on a 270 mesh
standard scréen should have particle diameters between 74
and 52 microns or an avérage size of 63 microns. The
average diameter found by microscopic measurements, however,
was 102 ‘microns. This was probably due to the derlinitely
elongated shape of the particles, The screen separation
would be based on the smallest dimension of a particle and
would Be inexact for any but equi-axed grains. Because of

~

this variation the averaze diameter obtained from microscopic

measurements was used in preference to an average screen

v

The sand, after being classified, was covered with aqua
regia and allowed to stand for 24 hours; then"it was washed
15-20 timés with distilled water having a specific conductiv-
ity equal to 3 x ZLO—6 mhos. As a check on the washing of the
sand, distilled water, after standing over the sand for one
hour, showed no change in conductivity. The sand was then
rinsed 4-5 times with the solution to be used in the.test,
covered_with»this sdlutidn; placed in a stoppered flaslk,

and allowed to gband at least 24 hours before being used.

In some cased this time was one or two weeks, but no apparent
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Disks of perforated platinum, of a size to Just fit
over the end of the male Jjoint, served both as electrodes
and gﬁ support for the saﬁd bed. Platinum wires were welded
to these disks,»ahd'led out through zlass seals to mak
connections with a potentiometer. In £illing the cell, a
disk of cloth was placed over the lower electrode and
served as a filter cloth to hold back the sand. TFor the_
finer particle sizes, less than 100 micfons, which would
have passed through the cloth, a layerrof approximateiy
5 mm of 100-200 mesh sand was placed on the.cloth to act as
‘an auxiliary~filter”bed. ' - SR

The manner in wﬁich the cell was connected to a water
supply and to thellectrical circuit is shown in
A 20-liter glass carboy was used as a reservoir Tfor the
solutions used in the tegts, and a second‘carboy was used
as a pressure tanit to aid in maintaining a constant pressure
in the system. Compressed air was bubbled through a weter
bottle, the rate of flow heing judged from the nusber of
bubbles, at such & rate as to naintain a constant pressure
in the system. Since the rate of flowvthrough the cell
varied for each type of packing and for each different
pressure, the rate of air:input o maintain constant pressuré
had to be learned>by experienge. There were SOme‘élight
leaks in the system, but these could be readily taken%accountr
of by edjusting the rate of air"inputé’and since seals
wouldrhave had to be broken to change 361utions, it swras not

thought worth while to malke the system completely air‘tight.
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An open end mercury manoreter was used to measure the pressure
on the system; this reading was corrected for thé'gravit&

ieéd of the solution by usiﬁg a scale, Tastened in place on
the carboy used as reservoir, to measure the head of solution.
This solution heed was converted to centimeters of mercury
by assuming that the density of the soiution was the same as
that of pure water.

The temperature ﬁaq controlled by placing the reser-
voir carboy into a thermostativally controlled water bath
maintained at)a_tempgratnre{aﬁfew degrees qbove the average
room temperatﬁféi;_The téﬁperature of'théirdom variéd, but
was very seldom more than 5 ¢ off from the temperature of
the bath. It is a reasonable assw.ption that no apvreciable
chahge in temperature would occur in the solution as it
flowed through the cell. This ethod was used because of
the need for completerelectrical shielding of the cell which
would have been noticeably affected by the electrical
current in the thermostatic controller snd the heating elem-
ents.

The rate of flow was measured by collecting and weish-
ing the effluent over & time interval measured with a stop
(wafch._ Tor the coarser éackings, where a comparatively
;rapid:flowiwas maintained, a sample of 40U-50 cc. of water
was collected over an even time interval and welighed to
0.1 gram on a trip baldhce. In the case of the Finer sand
packings, this method was not applicable because of the low
rates of flow. Therefore, a small sanple was collected in

a Weighigg>bottl¢, which was stoppered immediately alter
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filling, and wveighed on an analytical balance. ‘Since Tlow
ras drdpﬁise at these low rates, the time was measured from
thé,point of fall of a drop, assuming thet the siae of the
drops was unifors. |
The streaming potential - REE measured by use of a vacuum
iube;pétentiometer. Decause of the high internal resistance
of the cell, avout ane megohm,.not enough current would flow
’:jofofect the galvenometer of a standard vpotentiometer.
’%éso; an§‘flcﬁ of cﬁrrent thrbugh the potentiometer would
1qf¢ect readln of(the:cgllzdué to polaruzatioh. Therefore

thv vacuum tube Ctehtiémeyer, originally developed by

-~

John lastes (6) for use with glacs electrodes, Ves use
7ith this instrument,readihgs'could readily be made with an
‘accuracj of one‘millivolt. An Iplab standard cell was used
to set the potentiometer, and was ffequently,checkcd by compf

ariscn with two other standard cells.

Since bare platinum elect oaes‘were used, some\difficﬁl—,5
~ties were experienced with volarization of the electrodes.

sut it was Tound that if stopcock € wefe-élosed,'stopping.flow
through the cell,rand at the same time the feversing_switch D
vere thrown, the polarization potential could be measured.
1t was. found that this polaerizing potential would show séme
variatioh but would usually rémain.ccnétant for several min-
utes if ths pressure did not vafy.; “Then u81nr the coarser
sand for'packing, so that Lne e;fecu ot 01051ng tne stoncoch

was almost ins tanuaneous, uhls polarization potentlal could

be cheoged very closely. If the potentiométer.wias set at the
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prover value before the stopcock was closed, and the tap key
of the potgnﬁiometer pressed immediately afﬁer slosing, there
would be no deflection of the galvanometer. Similarly, the
.full value of the streaming potential appeared immediately
on ovening the stopcock.

In the Tirst tests the resistance in the cell was‘measured_
by determining the différence in potential produced by.
conneé¢ting a high resistance shunt (megdhm cafbon radio rgsis-
tors, whose resistances were checked a;ainst a 100,060 6hm ‘
plug box as wall as against a standard wirewound megohm
‘:rééistor) invpafaliel 17ith the ©ell. Fromithé;aiﬁférehceﬁinﬁ;{
neagured poténtial the resistance of the cell itself could
be measured, Since the streaming potential. should be direct-
ly vroportional to the resistance'across the ends of thé cap-
illary. .

However, this method introduced difficulty due to the
increased polarization caused by current flowing through the
electrodes. Also, this polarization was more difficult to
measure because current wouid rlow through the-sﬁunt, tend-

ing to didchergze the electrodes. On closing the stopcock
" ) o fev ] Py b

ct
sy
@
'3

otential would reverse to reach a maximum, which walue

wag asswred to:be the true polarization, and then would
start to fall off as the clectrodes discharged through the
- shunt. However, if the vroper value of the polarigation
were foﬁnd and the potentiémotéf set before clasing the Sﬁ‘

'sto§§Ocks, results could be checled with seeming accuracy.

If the shunt were disconnected.at the same time that the
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stoncocks were closed, the polariz@*ion vould be so great’
that The difference beb“een the pnolerization and potentiél
readings would "be almost the same as in the case when no éhunt
- were used.

To check the resistance zeading a D.C. heatstone bridge
was set up, using the cell and thé,Shunt as one arm and two |
10,000 ohm resistance boxes for the other. A D.C. cufrent
of .40 volts and a sma11 Dcrtable alvanometer. were used to
check the bridge b lapce, with the.01rcu1t S0 ﬂrranred that
' tqe current could be rever ed through whe cell. to counter-

B -

act polarization:. Wne DOlnt of. oalance was talzen as that™
voint at which, on closing the gwitceh, the.galvanoﬁeter
‘needle would pause on zero for a moment and then gradually
Tall cway as the elctrodes became sliwﬁﬁly polarized. This
behavior remained the scme when fhe current was reversed
repectedly.

Theré wes some discrepmancy in resistances measured by
the above nmethods, and as a further checl:, measurements were
also made with audié‘frequency alternating current. The
resistance egell was balenced againSt a stendard wirewound

megohm resistor by means of a 100,000 ohm decade potentio-

~1

meter. ﬂhécﬁum tube oscillator, siving zlmost a pure sine
wave, was used as a source of alternatlng current. - The use
of a varldblu air condenser to- balunce capacitance and in-
ductance. in the circult made 1t‘possible to obtain a sharp
mini mur in the head phones. |

o In 211 cases the resistance was measured after the
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solution had been forbed through the cell under high pressure.
It was found_thaﬁ resistance measurements made immediately
after the cell was filled and before the bed had been,tﬁorough-
1lv packed by the streaming liquid wefe usually noticeably
lower, especially for thevsmaller gsized particles, and showed
much greater variability.

The first tests were made with @iffé:entvsolutions
through the same san@~bed without changing the packing. Abset
of readings was taken, using distilled water; then‘a small
“LampuntioffNéCl wasfa@dedtandxtwo or three liters<6f the result-
1iné'ésiutibh }orééd:thfougﬁvthe;cell so thafrthe concentration
became constant throughout. This waé allowed to stand so akou
to attain equilibrium at the surface, and a gecond set of
readéings wds taken. Thies process was continued until the
limiting concentration of 1 x lO—éﬁ vras reached, below vhich
most of the conductivity would have been due to impurities in
the water. However, such a series of Funs usually required
3 to 4 days,-and it was found that the sand bed appzrently
“became clogged and the rate of flow decreased. Using the
'fate oflflow as a standard, fesults apparently wvere more
uniform if readings were taken- sooner after the cell waé
packed. The passage of éolution through a cell apvarently
was ‘the contribﬁting Tactor, since one cell was packed and
allowed to stand Ffor over a month and still showed this‘
effect. Hence it was decided that the best results would be .
obtaiﬁed from freshly packed sand beds.

'In meking a test run, the cell was partially assembled,






After filling, the cell was connected to the circuilt
previously described, using rubber tubing to male connections.
Small bubbles were almost invariablyltrapped in making
conneétions, but in the upper part of the circuit they colleeted
at the top of the cell;‘causing little interfefence, and in
the lower part they were carriedAbﬁt with the flow of liguid.
At the start, the valve to the compreesed air supvly was
ocnened until the Dressure reached the ma:z 1mum to be used in
the ran, and was then adjusted so thet the air bubbled into
the sustem Jjust rapidly enough to mieintein the pressure. j;:
It was found that flow could be™ closely enough controlled from
the outlet valve of the laboratory compressed air supply.

Approximately two'liters of solution were forced through
at this high pressure before talking data for all cases except
the finest packings. For these packings the rate. of flow was
so low that this would heve required too long a time,-hence
it was assumed that in any case equilibrium packing had been
attained in two hours. Since the sand had been coVered with
the test solution and this solution was also used in filling
the cell, the concentration in the cell could be considered
identical with that in bulk, even though only a small quantity
of solution had passed threugh the cell. 7

After this treatment 1t was assumed that the condltlouc
in the ‘cell would not change durmng the test an, which
aesumptlon seems verlfled by the results.‘

In order to Drevent back oressure from. @auslng reverse

flow and loosenlng the sandvln the cell when pressure was



being reduced, stopcociizs A and C viere ovpened and B was left

]

closed. Then, when the pressure had been reduced to the
desired value, 4 was closed, B opened and the solution started
to flow again.

The experimental data cobtained in the various tests are
tabulated in Avpendix B and have been used for calculations

vhienh vwill be considered later in this revort.



Réte of Flow:

The rate of flow of a fluid through a bed of sized
_particles should he predictablé if the size and Shape of:the
pqrticles, the dimensions of the packed bed, the pacliing
characteristics of the particles and the viSCOéity of the
fluid ere known. The exzact determination of partiglelSize
ééd shape for the usual heterogeneous mix is very difficult,
as is the determination of the nacking characteristics.
;;Howeﬁer,7ifva'homogenebus material is crushed and subsequently
separtated into fractions, the shape factorishould be approx-
“fiﬁaﬁél&.cdﬂstantffbrlaiinpdrticlé'sizes, and the vacking
charaéﬁeristicéséhbﬁié.be almostvthe same. TFor surh fractians
tﬁe determination of an average diameter, while it will not
enable the calculation of the exact voluﬁe of the particles,
the exact surface area or the exact capillary size, should
make possible the célculation of ﬁhgwratio of sﬁrface areas

or ‘the ratio of capillary sizés for filter beds prepared fron
different sized particles. |

_ The assumption of fhe same shape factor and packing
characteristics for all_siZes of particlgs leads directly to
the assumptioh of a consbant void volume, independent of
particle size. This can readily.be shown for spheres or reg-
ular prismé,*and éhould hbid for other shapes, allowing for
different void volumes with different shape factors. On the
‘basis of %ﬁese assumptions, an expfession relating the rate

of flow of flﬁid thfdugh a packed filter bed to the size of
tge particles can be derived.
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brom ”01seu111e s equation for v1scous flow, the quaﬁ—
tity of flhld Ilovln throuﬂh a 3jstem of i) canlllarles is-

given by

quantity of liquid

(57) o Q =
Q=N IL P 1T = number of capillaries
871 r = radius of cavillaries
P = pressure
7 = Viscosity
1

length of capillaries

\\]

If we introduce the above assumptions, e can write ﬂn;r2? Cy,y
énd r::CéD . Then we obtain .
D %
(s8) @ = & (GD . op*
577 -
" Thus the rate of flow through_é‘filter bed should be directly
pfoportional to the square of the narticle size. Ruth (5)
has carried out experimental work with beds of crushed‘minérals
and reports good agreement except for very small sizes where
an elecﬁro—osmotic back pressure wduld}be effedtive.

The primary purpvose of the present investigation was 1o
determine the magnitude of this electro-osmotic back»pressure.'
This should be most simnly achieved by comparing the value
of %/D for filter beus made from different sized partlcles.
Accorclnﬂlv values of Q/D were calculateu Irom‘the'exper-
1mencal data presented in Appendix B; and are tabﬁlated in
Table 1T .

in eaulvalent capillary radius ﬁas aiéo“calCulatéd andf
presented in Table II to enaﬁle a more direct.compariSOnLWith
earlier”statements based on canillary size. This calcﬁléﬁion

is based on a combiaation of Poiseuille's law for flow in



caplllarles and the measurementuof the rate of Ilov and tne ‘
Velectrlcgl conductivity for the sand bed.

”he aquantity of liquid flow1ng through a system of
capillaries is given by equation (37); and the conductivity
of fﬁé liquid, (if surface conductivity cah be neglected)

carried in a system of capillaries, is given by the equation

(39) K= v TE K
K. = ‘eonduetivity across: svstem of
“capillaries”
K, = spe01flc condu001V1ty of sol-
6 ution

Thus, we can substitube the exvression

(40) Nnr®* - .,/9"_—
7 Ks
into equation (37) and obtain the folluwing
. 2P K
41 - =L Qe
(41) @ 87 Kg

Equation (41) im independent of any éssumptions as to the
ﬁumber~of length of caplllaries present. The ratio Kaﬁrshould
be -constant fof all sizes 6f packing (assumlng corsﬁant void
volumm) if surface cornductivity can be neglected. ITf surface
conductivity can not be neglected, the corrget value of ﬁ}
which should be used can be determined by plotting values of
K. for different sizes against l/D_,‘the reciprocal of
thé\barticle size, and extiapolating to 1/8=0 . Thus, all
tﬁe;quantities in the equéyion except the capillary rgdius

can in turn be calculated.
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An average ratio of é%:: 0.035 , and the individual

rate of Tlow values were used in calculating:the equivalent

capillary radii presented in Table II .-

IT

=4 . ‘ o
~a. 5 x 1077l NWECl, Temp. 307 C .

Rate of flow througch sand filter beds.

Particle size Iquivalent cap- Rate of flow %2 x 104

illary redius

Q(£ls

D(microns) e —

: - (microns) cmilg min
6.0 0.83 0.0080 0.83

8.2 00,98 0.0042 0.66 -
10.7 1.65 0.012 1.00
BO o T 17,45 0.244 0.97"
7L - T 9.88 0.428 0.87
o8 s 0 148 0.900 0,78 :

o ' ' average 0.85%0.10
N _4: e - o ;
b. 2 x 10 " IiI WaCl, Temp. 25 C .

6.0 0L81 - 0.0026 0.72
10.7- 1.54 0.0094 - .0.82
-12.0 . 1.595 0.0100 - 0.695
31.5 L4075 0.0895 0.90
50.0 6.52 0.168 0.67
57.0 8.27 0.270 0.83
71.0 10.37 0.425 0.82
72.5 10.41 0.430 0.84

1108 14.80 0.865 0.74&
154 16,40 - . 1.07 0.595H
160 21.00 - 1.75 S 0.68
_ _ average 0.77%0.08 -
c. 1 x 107% 1l NaCl, Temp. 25° C .

6.0 0. 675 0.00180 0.50
14.5 2.03 - 0.0163 0.77
S1.5 4,57 0.083 0.84
57.0 - 8.50 0.287 0.89
72.5 9.45 0.355 0.675

108 14.7 0.860 0.74
160 19.2 0.57

1.46

averag

e 0.7120.11



' TABLE IT (continued)
d{‘ Distilled water, Temp. 25° C .

Particle size Iquivalent cap- Rate of flow 4
D(microns) illary radius Q(—£&ms. ) 92 x 10
6o (microns) ~ cmHg min. D .

6/ 6.0 0.83 - 0.00273 0.76
14.5 - . 1.94 0.0150 0.715
31.5 - 4.23 0.0706 0.71
57.0 7.52 : 0.224 0.89
72.5 10.3 0416 . 0.79

134 ' 16.7 1.11 0.62
- average 0.7120.05

e.. Distilled water, Temp. - 25° C .

Screen an- Ilicro.lleas., Equiv. cap- Rate of | 4 4
alysis,Dg Dp(microns) illary radius flow,Q Q@ x 10 .92 x 10
(microns)-: o "~ (microns) _Zhs. __ Dg - Dy
. : oL R ' cmHg min. °
63 "= - 102 13,97 0.77 1.94 0.74"
96 141 - 18.4 1.34 1.45 0.67
135 195 27 o4& - 8.95 1.62 0.77
177 321 35.3 4,94 1.57 0.48
251 510 53.9 11.5 1.83 0.44
356 670 : 61.7 15.1 1.19 0.34.
503 910 82.5 26.9 1.08 0.32
611 - 1440 106 . 44,9 1.20 0.21
1000 1860 - 133 69.5 0.695 0.20

The values of Q/D? in table II show considerable var-
:iation, but the only definite indication of a chanée with
varying pérticle size is in section)e . The data in this -

. section of the table.are from material different from %hatlL
uged in the remainder of the‘tests,andﬁof a different size
range, and will therefore be'discussed.separately. To place
all the other values on the same basig, those from table Ila
can be corrected for the change ig viscosity from 30° C. to
25°'C:3 then'the_average vélue of Q/D2 changes from 0.85 to
0.76‘.“ There is a élight decrease 1in Q/D2 in paséing to the

more dilute solutions, but not enough to justify any state- .
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ment to the effect that the ratq of flow increases with
increasing concentration. Because of changes 1in packing
characteristics on repacking and the effébt of clogging of
'the filter beds during use, so mueh vériation was found in
.tests on beds of the séme éized particies, using the same |
solution, that not much significance can be attached to the
changes reperted aﬁovef Tnis can be seen in Figﬁre 4 which
shows the variation“in rate of flow obtained on repeated
repacking of the cell with the same sizedsfraction, ﬁsingﬁ
solﬁtions having the same conductivity, at the same temper-
‘ature. It can be seen that the rate of flow, when plotted -
vs. P , for any one run held very closely to a sfraiéht liné;’
but that there.wés as much as iO% variation in the rates of
flow for different padkings. This is very likely due to
differences in the way the'particles settledrand packed in
the cell. - "he thickness of the vacked layer varied not more
than 2 mm.giﬁ a total depth of 70 mm., hence could ndt be
responsible f8r the variation in rate of flow; Also noted
with thése packed sand diaphragms was a gradual falling off-
in the rate of flow with time. | a |
It was thought that this change in rate of flow could
be caused either by clogging of theféapillaries or by settling
or reforming.of the paclked sand diaphragm. In,éfaer to be
freé of‘the’poséibiiity oiichanges in the packing character-
istics dﬁring flow, a,series of teéts<were carried out on a
sintered glassyfilter crucible. ‘After standing in chromic

‘acid cleaning solution for one hour, the crucible was washed
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several times with distiiled water and placed in the stream-
ing cireuit as previously described, except that no'pnovisionr
was ﬁ-de for measuring streaming poténtials dr resisﬁénce

in the cell. 1stllled vater was then forced through under a

'Drescure of anoroxlmately 20 cm. of mercury, and after 500 cec.

- of distilled vrater had passed through the filter a series of

f measurements were made of the rate of flow and the conductiv-
ity of the effluent.
It one considers the evnle531ons develoned by ‘Bull and

Reichardt Ior the electro osmotlc back nressure,

I i)
- 8 ,P
7 ' wz (;~¢ ) »57”(13)
qj: 7~rr r‘f7/1’

it is evident that a change in conductivity of the solution
should also afiect ¢ . This 1s shown by the figures in ﬁhnig‘
table IIIi, which show the effect of change in conductivity |
iéd size of capillary on tﬁis calculated eleetfo—oémotic
back pressﬁre. The data of Bull and Gortner»(é), vhich were
used by Bull (3) in hié'q;iginal article were used. | |
f "E/P =30 nv./cm.Hg | R
Ks = 2'é9 x 107° ohm™tem, =1
= o 01poises 7
Using the helmhthz equation to equate E and f
2 Tthr :z/( “:'
5 3(%)“‘7“

and on substituting the above values and converting to elec-

2?,
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trostaticiunits, we obtain

2 TE F“?fo’ = B.25 2 10? r=
R 2 :
5{~ﬁ' ,
Using this equation we can calculate the value of ¢ for
various capillary sizes as shown in table IITa . If the
assumption is made that 5' does not change appreéiably with
concentration we can also calculate the value of @ at

other concentrations.

ABLE IIT
Llecbro oumotlc bach pressure ¢  for different
-gﬁ q1zed cablllarles, at different conductivities.

K =3 x 10~ -5 ohms’l cm.’l

r,imicrons ; Eq'n(16) ; Ta'n(23)
5 0.0005 0.0005
2 0.003 "0.003
1 0.012 - 0,012
0.5 0.046 - 0.049
0.2 0.233 0,303 .
0.1 '0.548 1.2 (impossible)

K=23 x 10’6 ohms-1 cm.-1

S 0.005 : 0.005
2 0.0295 0.030
1 0.118 - 0.121
0.5 ~ 0.326 0.485
0.2

0075 S Tm T

Thus a not;ceable change in the rate of floW'w1th cbanbe
in concentratlon should be found for canlllarles hav1ng
radii of the order of l.nlfr%nd measurement of change in flow
rates accoﬁpanying changes in condentration should proviqe a

check on the electrical back pressure.
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AS can be seen~fr6mAthe data for the glass filter cruc-
ible, as presented in table IV, the conductivity decreased
at the start as the filter was being washed free of electro-
lytes by the distilled wafer; and there was a'corresponding‘
decreaéé in the rate.of fldW." But the rate of flow continued
to decrease when NaCl was added to the streaming solution to
increase the conductivity. No definite conclusions could be
réaqhed as ﬁo vhether or not the increased conductifity par-
tially counterbalanéed thgvdebreaée in f;ow due to clogging

of the Ffilter.
~TABLE IV.
Rate of flow through sintered glass filter, T= 247 C ,

P (cm.g) Q(gm./min.) Q/P K}ohm'l em>l)

18.66 54.2 2.9 8.0 x 1079
15.87 38,3 2.41 5.14 x 10-°

- 19.42 44,5 2,29 4,35 % 10-°
15.24 55.2 1.93 1.47 x 10-4

x 10‘5

17.65 33.5 1.89 1.14

To prevent this cloégiﬁg effect iﬁ the filter, two
gintered glass filter crucibles ﬁefe ?laced in the circuit
in series and & manometer connected between them, so that
only the pressure drop causing Tflow through the second filter
would be measured. 'Jith this arrangement, the results tab-
ulated in table V were obtained.iiIt'éan be séeﬁ,that‘fhere

is again no noticeable change in the rate of flow with con-

-

ductivity.



-TABLE V.
Rate of flow of pre-filtered solution through sintered
| ..géiss filter, T=21"C -
P(in.Hg) Q(gms./min.) Q/P K(ohm"l cmzl)

8.12 95.3 11.7 4,05 x 1072
7.78 . 91.53 11.7 2,57 x 107
7.68  87.7 11.4 2.1 =x 1072
7.85 90.0 11.4 1.04 x 107%
9.4 x 10-°

5. 8.05 93.3 11.6

. To-check whether or not the siie is such that aq%lec-
tro-osmotic back pressure is to be expected, the equivalent
ra@ius offthé‘dapiilaries in the sintered glass filter bed
éaﬂ be;céléulated. Assuming that the Voids OCCUDY approx-
imatély 20% of the crbss—sectional area, as indiéated by
conductivity measurements on the sand beds, we can proceed
as follows. |

Dimensions of packing, 0.3 cm, thick
- 2.5 cm. diameter
Cross-sectional area =0.20 XTx iﬁigl = 0.982 cm? F1 cm

in.Hg

Poiseuille's equation, §/P =

Q< gms./sec.
_7=0.01 poise
P= dynes fcm>"

Cross-sectional area -N 71-:1?8 = l.vO cm?

2 = .5  x proerx23 . _ 5, 5,077

13, 6x2.549x2F0 x40

r=3.7 x 10°% cm.
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A change in the rate of flow of approximately 1¢% should be

expected with capillaries. of this size on'a'change in con-
. -t Cm'-

ductivity from 4 x 109 to 2 x 10‘5°f”%ut no such change
could be .detected..

To obtain a‘furthef check on this change in rete of
flow»with concgﬁtration, avseries of tests were conducted

on a sand bed nrevared from the finest sand sample,'packed

in the regular streaming votential cell. Tistilled water

and 17/100 aCl were alternately streéﬁéd througih the cell and
the rates of flow.measured. The cell vias not distﬁibed.durigg
the tests save for changing of coﬁnections;‘and therefore
there should be no changes due to differece in packing. Con-
ductivity measurements were made in the bed itself, singe the
rate of flow was too slow, 10 cc. per ﬁbur, for“feady colled;
tion of a sample for a conductivity teét;f,When the resist-
ance scross the bed did not change after é“days flow, it waé
‘assumed’ that the concentration of the solutioﬁ in the bed
vas the same as thet in the bulk of the ligquid.

,VTheﬁresults obtained in this test are tabulated in
table VI ,'and show & gradual‘clogging ofrfhé filtef bed as
the run prbgressed,'butﬁno apparent change with change in
chcentration.v Frevious calculgtions have inaicated_an equ-
ivalent capillary radius of éb?roximafely l~ﬁicron, and
according to Bﬁll's.equaﬁion there should be a decrease in
the flow rate of approximateiy;lO% in passing from a "
N/;OO aCl solution to distilied water with;a conduétivity

of 4.5 x 1070 phm' com~t



TABLE VI.
Effect of change in concentration on flow through

sand'beds.

. Date Tempn. 3, Rg ' P Q/?
: (°c) (megohm) (gms,?min.) (cm.Hg)
Jan.1l9 25.5 1.8 0.1255 44,0 0.00285
19 24.5 0.03 0.118 43,0 0.00274
19 24.0 0.03 0.113 42.8 0.00263
19 24.0 0.0257 0.1156 42.8 0.00264
19 24.0 0.0233 0.1112 42.4 0.00262
20 23.5 . 0.0213 0.1075 41.9 0.00257
121 24.5 0.0212 0.109 4]1.8 0.00260
.- 22 25.5 1.75 0.106 42.9 0.00247
2583 25.5 2.025 0.0057 42.9 0.00246
: 24 27.0 2.00 0.110 43,0 0.00256
24 27.0 0.123 0.0955 42 .4 0.00223
25 26.8 0.0213 0.0954 43,3 0.00220°
26 . 23.2 1.65 - 0.0862 44,9 0.001¢2
26 23.2 0.0345 0.0839 . 4z.7 0.00197

Because the change in rate induced by chnged concen-
tration could have been masked by the gradual clogging of
the sand bed, this test was:srepected using two celis in
seriéé; measuriﬁg the pressure drop over the second cell.
only. The results avpear in table VII'; and-do shdﬁ’theiv
predicted éhange in rate of flow with change in don@uctiv—
ity of the solutioni However, the magnitude Sfffhefchéﬁge‘i:
is less than'thét calculated by Bquation (1€) or (23) and
is in ageecement with the 1ldeas previously expréssed in this:
baper. That is, the electrical back pressure is less than
that Calculéted on the basis of the liquid itself being

charged.



TiLBLE VIT.
“ffTect of change in~concentratibn on flow of pre-
filtered solution through'sand~bedé.
Date Temp. Xpx 10° R P 0 /P
(°c) (mbos) ((etmis).z} (ecm.Hg) (gmsZmin)

liar 8 25.0 4.7 450,000 19.05 0.179 0.0094
: -9 25.0 4.7 490,000 18.88 0.1755 0.0093

10 :.85.0 430 490,000 18.6 0.170 0.00915

10 25.0 70.0 99,000 28.9 0.279 0.00965
10 25.0 70.0 87,000 12.27 0.117 0.00855
10 25.0 70.0 83,500 21.8 0.207 0.00950

11 25.0 &7 £70,000 - 15.57 . 0.1385 0.0089
11 25.0 4,7 470,000 - 15.37 . " 0.137 0.0089
1z 25.0 70.0 - 85,000 14.95 0.139 - 0.0093

A8 Tor the implicetion that this effeét'ig of importance
in 1lluruu10n, considér’the case of a solution having a
conductivity of 3 x 10~ %onms~L cmsl. (tap water as supplied
in the laboratory had a conductivity of 2.5 x 10™% omms~temTl)
»”itﬁ such a sotution a 3i: decrease in ;ate of fiow is -calcul-
‘ated oy eouatlons (1e) or (23), (neglectinv surface’conductiv—
ity), for- cunllWafles Jltﬂ a rudlus of 0.2 mlcrons, whlch is
about the mlnlmum 313e for ordlnary flltratlons. And it has
beev uhovn that the aCUual chunge is leso thun thlo calcul-
ated value.‘ Hence, one should be Justlfled in oaylnv that |
the electro- oqmotlc effect is negllglble in flltratlon. thé ;
data in table IITe , which.were mentioned Drev1ously, Dresent
some 1nterest1ng facts. .Tlrst, there is the extreme dlfferﬁ,
. ence between the average diameter on the basis of screen |
analysis and. as measured by'a microscope. This must be due

to the particles being, on the whole, felatively long or



elllb301dal in shane rather than equi-axed or spherical.
The screen enalysis glves an average of the rimimum dlmen—‘
sions whereas the microscopic measurement,gives a more truly
average diemeter which will not agree with the sdreén analys-
is'except:ih»the case of equi-axed particles. Similarcdis-
agreements in gize analJ51s have been recentlyvréportedvby'
thtenhouse (18). ‘ ,

on thé basis of the rate of flow, the avorage screen
diameter seems to give a better measure of the caplllary k
size. However, if the .question of turoulent flow is- cons1d-‘
ered, this appgrenﬁ agreement is shown'tQ ﬁe'1n erfor* |

Experimental work on the flow of fluids through_sand
beds indicates that deviatipn from the linear relationship
. between pressure and velocity is caused by the start of
turbulent flow.. This first aprears when the Reynolds number,

computéd with the average particle size from screen anal-

ysis as the diameter, is 5 or lsrger (14). On this basis;
the limiting velocity for wiscous flow of a bed of particles
héving an average size of 100 microns would be 0.5 cm. per
sec., From the equlvalent capillary radius determined for
this sized fractlon from ‘rate of flow and conduectivity, a
pressure drop of 6.5 cm. of mercury would produce turbulent
flow in the cell used in this investigation. There would
'then’nd longer be a linear relationship between velocity
through the bed and.ﬁhe pressure drop across 1it. -Howefer,
because of the very gradual transition from viscous to turb-

ulent flow in Dacked'beds Drobablv no great deviation would

be found 1n the Ureqsure range to 10 cm. Hg as uced in the
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preseut cése. Therefore the assumption of viscous flow
should still be.applicable.

ﬁhen.we considéf he beds packed with larger particles,
'hcweVer, it is apparent that the assumption of viscous flow
is»no'ldnger valid, and that the relationship between pressure
drop and rate of flow will not be the same. For e: ample, the
1imitingrpfessurerdrop for the 177 micron fraction twould be
Zi;i,cm; of mércury, which indicatés that all'the measurements

were in the turbulent range. Thus the values of Q/D2 baoed

-

'iAon Lbe averaﬂe ulameter Lron microscopic measurernents are

aurobablj the more cor;ect. ‘hoy decrease Tfor nurthlGS'
larger than 177 microns, whiqh is to be expectéd if turbulent
:flow is encouhteréd,"singe4the friction drop‘bépomes propor-
tionately gf%ter.r

Also, this may explain the slightly lower values obtalned
7ith the largest particles in the other tests, since they are

~just in the size bange where turbulent flow will first appear.
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‘Streaming Potential and Surface Conductance:

‘As has'been shown previoqsly, the streaming pot-
ential obtained in a system of'capiilaries depends directly
~on the electrical'conddctivity betﬁeenxthe ends of the cap-
“illary. ‘ﬁence, anythihgﬂWhich_changee,this conductivity
will change the streaming Doteﬁfial; Also, it Was'memioned
that the ChleL effect of change 1n canllTary size on stream—

ing Dotentldl measurements would be that caueed by a chanﬂee-

in res 1Suance due to 1ncreaseé surlace conduct1v1ty

- Tr . .\.,'

Wor 1rrerular perulcles one can Pot obtain . the surfdce
;afee as a speclflc function of the partlcle size, and hence
cannot obtain an cxact expression for the change in:condueﬁiv-
ity. However, if we'ean'assume a constant shape factor; the
_surface area should-be’difectly'eroportional to the reciprocal
of the diameter of the bartlcle. This can be readily shovm
'for’snhereu and rerular nrlsms qnd should hold for all solids
lposue381nﬂ the same saape factor. Then the effective spec-

1f1c;conduct1v1ty in a Lllter bed weuld be given by

ke = Ky o+ K Sl

:;jwhen G is a constant whieh takes 1nto consideration the shape
'yeftthe pértiéle. (Infthis investigation, the constant G was
w:takeh to be n:ﬁf, which is the theoretical_value‘calculeted
,Efor‘Cleseipackeq spﬁeree;A‘It alsb’agrees quite eloeely with

";feeults besed;on;thefrate bf'eelutibn of_crushed quartz in

hydrofluoric acid (7)1), Thus‘the»etreaming‘potentialawoulﬁ
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be given b&

. ps . -5
5@ B 4w 7 Ke : HW?ﬂG+fG€@)
or o .
PP /'(B . "/‘Tl". ks .
(42) ‘E = __7(%‘2____ Ty %

Ytherein both i K ana "'”"7/‘/56 _are constant for any given test.

[ 2 .'"

Thisgt ééuaoioqﬁndlcates that the plotting of 31/D vs. P/u B
snould 5lve a ctralght llne.- trapolatlon of this llne to
;; l/D O should uhen ﬂlve the value of ®/P° 1ndependent of su=x-
:‘Iace‘conductdnce and epable the calculation of the true value
of the elctrom1neulc’pptent1al.’ Lt v1ll be shown later that
méaéufemént ofrthe'resisﬁance across the capillary will not
alvays give the correct value for use as Ky in the stream- .

ing potential.equation; Also, the surface conductivity can

be determined directly from the equation of the line obtained

vilen plottlnb P/E . 1/D . This equationcan be represented
as
(43) B/E =.. 4 1/D +B . A = 47K G
| 7y
B = yuw=Hs
zZs
and the surface conductivity is given by
. o _ 4—4__ ' 'kD

Average values of P/E and 1/D from the data in Appendix B
are tabu;ated in table IX and. Dlotted in rlgure 5 ; The con-
stants A and B , to determine Lhe lines as drawn, viere eval-

uated analyticallyroy the method of- least squares,'and most



53

of theqpoints fall very close to these iihes. Values of
surfaée.conductivity wereacalcula#ed from these constants
and are indicated on théjéraph. The electrokinetic poté
ential for_phe»differént solutions were also calculated from
the values of P/ at&i/D;.o , and are iisted'in table IX;
‘*theylagree very well with the values reported by Bull and
Gortner (4),for.éimilar matérials and show the sawme changes

_with concentration as reported by other investigators (1)... .

DABLE TIX.

. “Experimental values of 1/D and P/E. s I

a. 5 x 10~% N Nagl, , T =300 C.
Xg=7.5 x 107 mhos., . - ¢ =66 mv.
D(microns) 1/D(em.”1) P/E 1/R
6 1667 0.170 3,22
8.2 1220 0.161 2.50
10.7 935 0.137 - 2.38
50 200 0.106 2.15
71 141 0.108 .-
108 : . 92.5 0.098 2.04
o 0 0.0964 _—
b. 2x 10~% N NaCl, T =259 C.
Kp = 2.6 x 10~5 mhos., ¢ =76.5 mv.
10.7 935 0.0578 1.07
12 833 0.0538  1.064
51.5 317 0.0435 1.05
50 : 200 0.0%52 ~ 1.02
57 175 0.0351 1.06
71 141 0.0364 1.00
- 72,5 138 0.0351 1.04
108 29235  0.0333%3 1.05
134 , 74,5 0.0336 0,955
160 62.5 0.0375 _—

e 0 0.03215 ===




TABLLT IX (continued).
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c. 1x10°% W 1acy, T=25° ¢.
hB-l 21 x 1079 mhos., § =86.5 mv.
D(microns) 1/D(em7l) P/E 1/R(m.C.) 1/R{L.C.)
6 1667 0.0585 0.848 3.11
14.5 690 0.0263 0.643 2.58
31.5 317 0.0216 0.591 2.48
57 175 0.0183 0.543 2.16
72.5 138 0.01795 0.495 2.06
108 92.5 0.0151 0.465 -
- 134 74,5 _—— - 1.91
160 62.5 0.0168 0.400 -
o 0 0.01325 0.391 1.74
d. Distilled water, , T=25° C.
- 'KB 1.97 x 10-6 mhos.,  §=50 mv.
6 1667 0.0161 0.185
2145 690 0.00758 0.157
31.5 317 0.00592 0.156
57 175 0.00475 0.130
72.5 138 0.00415 0.118
134 74,57  0,00345 0.102
0 0.00306 0.088
e. Distilled water, = 25° C.
Kﬁ 1.97 x 10~ mhos.
Dg D, P/E 1/R. 1/Dg 1/D,
63 102 0.00388 0.124 159 98.0
96 141  0.00357 , 0.119 104 71.0
135 195 0.00298 0.109 74,1  51.3
177 321  0.00289 . 0.102 56.8 31.2
251 516 0,00301 0,099 .39.8 19.6
356 670 0.00283 0.091  £2811 14.9
503 910 0.00293 0.086 19.9 11.0
611 1440 0.00273 0.0835 16.4 7.06"
1000 1860 0.0800  10.0

1 0.00316

5.38

The measured values of regigtance agross,<the -cell should

:a¥do eéngble fhe detormination of surface .conductivity,

and

should. serve as a check on the values calculated from

streaming potentials.

The conductivity across the cell can
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be expressedAﬁy
(42 a) '/& = Ckﬁ = C(KB + Ks%,)

and a Dlot of l/Rcvs. .1/D should enable the determirnation of
sur;ace conductlv1ty in the same way as from streamlnﬂ not-
entials. The above equation can be wrlttenul
‘ ‘ ~' "./i':‘Cf(_sG
- l - /}'.—L -f-_B
(43 a) | R, L B B'_.‘cffa
and determlnatlon of the congtqnte'A' and B! Wlll glve the %

surface conauct1v1ty as K = g__g? . .Values of l/RCfrom.Lhe

Arpenchx B

data in Esg===n ars lso tabulateu 1n tuble IL and. are plotted
‘agalnst 1/D in Flgube 6.
| The data ;rom the flrst two tests Jéfe not included in
the vlots since tiney were thought to be éonsiderably in
error. These first resistance measurémenté were gased"on the_“
'chanre in streaming Dotenulal Droduced hy vlacing a shunt
across the ends of the fllter-bed. Apnarently they are 1n
error because of the extremeHdifficulty_of measuring the 1ncréaséal'
eleétrode polarization-caused»by‘the current flowinguthrqugh .
the-shunt.‘,Thié is indicated‘by the'facf that no changeiinﬂ
resitance was detected with change in @érticlg,size when using.
the 2 x lO 4 N WaCl solution, although ﬁhere wéé a markédf:
change 1n streamln" Dotentlal. |

| The other dlrect current resisance Qea uréments’ﬁere’"
made with a Iheatqtone bridge, the re31st nce of the cell
belng h;gh,enough and therdurrent accordlngly so low that

polarization was almost negligible. Frequent reversadls of
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current direction alsé aided in counteracting the effeét of
‘ polarization. | | |

These measurements give results in agreement wifh those

foom stfeaming potentials if only the larger sized particles

are considered, but there is a définite difference for the
smaller sizes. Since there was the possibility of polariz-
ation errors in these direct current resistance measurements,
they were further checked by use.iof a theusand cycle alterqat-
ing current bridge; Since no streaming potentials were to be
- measured, a smaller cell which could be placed in a thetmOSﬁl
aticaily‘controlled water bath was used for thesenméasu;émeﬂﬁs.
The falues of 1/R from dhe altermating current measurements ‘
with a 1 x 1@“4 N NaCl solution are also tabulated in table IX
and plotted on Figure 6. It can be seen that they agree quite
closely with the direct current measurements. Values of
surface conductivity wefe also calculated from the ﬁldts in
Figure 6, the measurements for the t&o smaller csizes béing _
omitted from consideratioh. This omission will be Jjustified
later on in the report.

A nuﬁber of measurements were also made on a»series of
particles in the larger size range to determine whether.br"
"not the linear relationship between 1/D and i/Rcor P/E'cbuld'
be considered as valid for all the larger sizes. The stréame_
ing potential and direct current resistance measurements are
" tabulated in table IXe. The streaming potentials for the
largest particles'afe evidentiy low because of the effect of

turbulent flow as previously discussed.
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Because of this error no attempt was made to determine surface
conductivity or electrokinetic potential from these stream-
ing votential measuremgnts.

Hoviever, values of 1/D and 1/Raze plotted in Figﬁfe47,
and the surface conductivity is calculatéd. Because .of thea
different size range, these plots had to be made to a larger
-scale and could not be combined with the previous ones. 

" Both *the vélues)dle;from sCréén anal&sis and from micro-A
scopic measurement were uséd, but there is no indication of
a close:ﬂcorfeSPOndencé to a straight‘liné?pIot for eiﬁher set.
Qf:meaéufeménts; - . | —

A series of altermating current reistance measurements
were also carried out with this set of larger particles. The
reéults are tabulated in table X and values of 1/D and 1/R,
are plotted in Figure 7 to determine surface conductivity.
These measurements all indicate fair agreementiwith the prev-
ious results, and again do not4indicate elther method'of size
analysis as‘being more correct. |

Also, &t can be seen from the measured resistances with
solutiors of high conductivity, for which surface conduct-
ance is negligible, that the errors due to variations in
£illing of the cell and in seating the~ground'joints are

probably not greater than 1%.
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TABLE X.

AsC. Rélistance measurements on filter beds of crushed quartz.

‘Xp Dy Dy Cell Resistance 10%/R. 1/D, 1/Dy
1.23 x 1072 63 - 102 4610
R 135 208 4640
'y 503 910 4630
2.50 x 107% 165 102 22,800
' 135 208 23,200
'y 503 910 25,000
2.42 x 1079 63 102 222,000 4.50 159  98.0
e 96 147 231,000 (4.33..°104.  68.0-
' 155 208 235,000 4,26 94,1 48,1
' 251 = 418 244,000 4.10 39.8 23.9
~ +v. 503 910 251,000 . 3.99.. 19.9 11.0 o
o+ 1000 1860  249,0000 17 4,027.-10 . 5.38 i
1.14 x 1079 65 102 435,000  £.30 159  ©8.0
K 96 147 458,000 2.18 104 68.0
Y 135 208 481,000 2,08 74,1 48.1
T 251 418 488,000 2.05 - 39.8 23.9
'y 503 910 497,000 2.01 . 19.9 11.0

1t 1000 1860 525,000 _ 1.91 10 5.38

‘A plausible explanation for the lack of correlation

betueen resistance and streaming potentlal measurements for,r
beds of small ‘sized Dertlcles is: that there is a decrease

in the area effective for surfeace conductrvmty below the )
tneoreu1Cdl value; thls decrease belng due to an increase in
the apvarent contact area between the particles becausecof
the effect of the double layer. This is shown in Figure 8,
and an analytical expression shbﬁihg»the magﬁitude of.this 5”
el'fect can be derived on the basislof a filter bed packed
with spheres. This analysis, while not directly applicable,
should give at least a qualitative ezplanatidn for the vari-

ations noted in beds of particles having various other shapes. -
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for a sphere heving a diameter D and carrying a double

layer of thickness‘d, the effective surface area should be

w(D+2d)% , and when d<<D , the “surface area is mDb% Also,
the‘numbef of spheres in a unit volume, assuming close padking,,
is 12/p° ; therefore the effective surface area per unit vol-
‘ume of vacking should be TLEZ . “

| However, because of 1nterference of the double layers,
"tne effectlve surface area of a glven sphere is less than
Itne sunuosed value 01 TrP This is shown in 1gure 8. Thé
aotual effectlve ourface is shovm by ABC and the qunoosed
surche by H'B'C' — This is equivalent to having the contact
- area enlarged from a poinﬁ, as at 4', to a circle of radius
l ALY, The'inefféétiVé surface area at the point of contact
will be that of a”spherical'sevment of heinht d from'a sphere
of radius (D/2}—d) ~ Since fTor close nacked soheres there are
12 points of contact for each snhere, Qnd the area‘of a

spherical segmenu is given as A=2wrh , the effective sur-

face area wiil be given by
(45) S = w (D%:z‘i)?f}- ‘2‘7"1r(D/,.+J)c?

This can be simplified to give S-= n{ﬁkawp-zp4§; then the
effective surface area per unit volune is ” |
) : ,‘%7’, 2 P/

For the nurnoqe of comparison with the exnerlmental
data, values of -5 - 81;2 - V"”’D'Q S
calculated and are plotted vs. 1/D in Flgure 9. This shows.

assumlng d 1, were



Figure 8




that the first apparent deviation from a straight line
appears with a ratio of /D of about 0.015. The experimental
data in Figure 6 show a deviation from a straight line when
l/D is greater than 0.0-,.lndlCﬂulnﬂ a double leyer thickness
of avproximately 2 t0 3 microns+. This value for the double
layer uhlckne S izhélearly too large. ZFrevious investigat-
.ors (l, 14, 17, 21) have reported that the thickness is of
the order of 10~% cm., which is smaller than the above val-
ués by a factor of lOd .i'AIso,.theithickness of the doﬁble
layer ”ould ngrdlv be 10% molecular dlaneters as requlred by
the flgure of 2 or 3 mlcrons. ) L

Hovrever, the 1nuerference of the déﬁble layers may be
the same as thaough they were actually this thick. The
charges on the walls would supplenent each other iﬁ reducing
the motion of ionévin the liquid even beyondlﬁhe'double layer
and thus enlarge'the apparent area of contact. Tﬂere’is no
way of calculating the magnitude of this effect, but it could
easily vproduce the given results.

The hyvnothesis of’the interference of the double layers
will also explain the diécreﬁancies between streaming pot-
ential and resiStance measﬁrements. At first glance, red-
uction in conductivity should mean a correspondlng reductlon
in values of P/=E. Fowever, consider that the streamlng pot-
entia; is produced by a balance of the electrical current,
due to charzes in the'double’layer‘beihg carried along'by’the,
moving liguid, and the reverse5éurrent depeﬁﬁént onrthe,cgnéu

ductivity. The double layer interference reduces the surface
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condéﬁtivity, but it also reduces the number of charges in
the double léyer which can be carried along by the moving
liguid. These two effects apparently balance each other,
and the reculﬁiﬁﬂ treamlng notenulal is almout ‘the same as
though there had been no double layer 1nterference. |

Because of this effect, the use of the measured resist-
gnce across a cell in cbmputing electrolinetic potentials is
liable to give incorrect resudts, and is apparently the basis
for claims of electro-osmotic. back pressures of aporeciable-
magnitude. Calculations of electro-osmotic back pressures
mad; correctly, that 1s, ‘taking account of the surface con-»
duct1v1ty, 1nd10ate that it is negllglble ior canlllarles of
the size used in this investlgatlon, and could not possibly
account for the obseved discrepancies between’streaming pot-
ential and re31stance.. '.

The data of Bull and Gortner (4) , as shown in tableMYI
also give results indicating this "double layer interference! {
I only the larger particles are considered, plotting of P/E
vs. 1/D ghves K = 3.67 x 10-9 ohms~l. However, if values of
P/E for the two smallest sizes are ancluded in thqblot, sur-
face conductivity is obtained as 0.9 x 10-° ohmsfl, which is
considerably lowver. Even on the basis of thisuiower value,
the erXfective eonductivity in fhe filter bed should be changed
from Kp= 2.89 x 10-50mms—1 em."L to Kp=153.2 x 10-Sonms-Lenl
for particles 4.6 micrqns in diameter. The conductivity
based on measuredrresiétance waé~rbported as 3.58 x:10-5mhm’lémfl,

indicating thaﬂFhere»was also considerab1e>"double layer inter-
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ference!' Ahd as mentioned before, use of this measured regs-
istance would tend to give incorrect results in calculating the

cineitc potential.

TABLE XT.
Streaming potential data from Bull & Gortner (4)
D(microns) 1/D(emsl) E/p¥(EL- ) P/E X(ohms~lem.-1)

cm.Hg

214 46.7 30.15 0.0332 - 2.89 x 10-5
163 61.4 29.31 0.0342 'y
128 78.2 26.62 © 0,0375 '

98 102 24.19 0.0413 '

74.9 133 22.93 0.0456 Ty

3l.1 323 - 20.12 0.0497 ve

4.6 2180 6.25 - 0.1600°  3.58x 1070

*Iittle significance can be given to the thifd and fourth
figures tn these values of E/P since the average residual
‘may be as high as 1.22 from a series of 5 measurements.

The hypothesis of "double layer interference'' 1s also
supported by the changes ohserved.in.th§%r§$i§tanpe of the
packed cells after fbrgihg liqﬁid throﬁgh:é% h£éH presSﬁré;?
The pérticles were thofoughly.washed with the solﬁtion to
be used andvthen allowed to stand, covered with ﬁhé4éoiuﬁibnii
" for 24 houfs or longgr; this same solution was used in
'washigg out the cell and in traméférring the sand. There-
fore, the‘changéuin rééis£ance could not be cauéed by a
changefin-fhe bulk éonductivity»of the solutionl

The elctrical resistance oftthe-cell packed with fine
sand varied;considérably in the gravity packed coﬁdition;
the resistanée being always lower than that obtained affér _

flow;of.;iquid'under high pressure. No measurable change
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in the_voluné of the packed bed was observed after forcing
ligquid thfough, but the resistance was increased by an apprec-
‘iable amount; especially with thé‘sméllesﬁ particle sizes. -
This would be caused by the compacting of the sand bed to
cause ''double layer interference'!. i

0nly a few measurements vere taken of the electrigal
resistance of the freshay packed~cell because of thé extreme
variability, but these are shovm in table XIT to indicate

the changes observed. .

TABLT KII.
ffect of llquld flor on cell conduct1v1ty.

Test»jo. rartlcle ‘rResmstancé (mepohms)
size Gravity pack After flow

. at 40 cm.Hg
61 : 57 75 8.1
62 - 31.5 5.7 6.7
63 14.5 2.1 6.6
46 14.5 0.46 l1.52

A possible cause forkhis change inwéleqtrical resist-
ance would be a changevin-the porosity of the éand bed.
‘MuSkat (iS) renorts-ﬁhat the Dbrosity in packed beds of fine
'Uartlcles may vary between 40 and Q0%. - But change inipéros-g”
ity, sufficient to have an appreciable effect bn the elec-
trical resistance, would also cause a noticeable change in -
the volume of the packed bed. o

Another ewnlanation sugﬁested by thaln and Eoster (8),
is that low values of ouriace conduct1v1ty are obtalned when

ligquid is forced through a canlllury because the doubTe'
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léyér is ﬁragile, énd the ekcess mobile ions are swépt away
by the sﬁreaming iiquid. Then; when flow of liquid is |
stopped, the liquid in the body of the capillary is lowered _
‘in concentration through migration of ions to the double
layer; and the effective donductivity is.deoreased.' However,
if the capillaries were allowed to stand in contact with a
large volume of solutioh; ions would diffuseiintb the cap-
illaries to build up this decreased-concentration; there
would then be an 1ncrease in conduct1v1ty. In the Dresent
case, no increase: 1n conductivity was noted when the cell
wias allowed to stand after 1t had been pacPed oy flow at
" high pressure. | o
- Thus, the hypothesis of a "doublé layer resis@ange"
seems to be the only logical explanation for the observed
‘ discrepandies between measurements of resistahce and Stream—

ing potential across packed sand beds.
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Discussion of Results:

’The measuréments ofrﬁhe rate of Tlow of solutions
of different concentrations thrbugh filter beds, prepared |
from various sizes of graded sand, show it td‘be proportional
to thé.square of the dverage particle diameber; However,no
indicatioqfwas observed of a lover flpw.rate than thatjcom-
puted from the above‘proportiohality:for beds of the smaller
particles, as-reported by Rﬁtﬁ (19), although a possible
explanation may bé found in the da?a in tabke II. In section
e of thisuﬁable; valués of Q/Dzvas'based on ayerage diameters
from screen analysis and from microscopic measurements are
reported. TFor the same samples, values of Q/Dz , based om
- screen analysis, are more than double those baéed on micro-
scopié measurements... Noﬁ consider the results obtainedsfrom

tests on a number of beds of graded particles if screen anal-

ysis viere used to determine the aqﬁfégé Qiameféfféni§:fofif:‘f2: o
those particles below the range ofvébfeeﬁ analysis. Then,
it is evident that valies of Q/D2 would be much?lowér:fo? the
smaller sizes, bu% énij because of the difference in'the
nethods of size analysls and not because of an electro-osmoﬁid'
béck pressure. B o

Thgleleétro-dsmotiqrbaék pressure also haé been cited
as the causé fdr the gradual deéréase,in the rate of flow
with'timélfor filter beds of fine'particles (19). The data
in table iY could bewﬁséd as an example of this,:since the

rate of flow gradually decreases as though an electro-
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osmotic back pressure viere building‘up. HoWever, measure- -
ments of streaming potential indicated that the full value
appeared immediately on starting flow, and that ‘there was no
'*building up'' ar increase in the potential with time.
BAlso, the data in table-V_indicete‘that thejdecrease in rate
observed in table IV must‘have been caused vy clegging of the.
capillaries, since pre-fllterlng qhould have no effect on the
electrlcal propverties and there*ore should not nrevent a des
crease in rate of flow caused by electrdo=zosmotic back press-
ure. B A |

An electrd-osmotic Back-nressure was detected in the
course of thid investigation, but it was -of measurable mag-
nitude only for very Dure alstllled water flow1nﬂ through a
filter bed of the very finest sand. The calculations carrled
-out for the flew of tap water through capillaries show that -
;thls electro osmotlc effect Would be negligible for filtrat-
ilons w1th ferrlc ‘hydrox 1de, whlch is a typical examﬁle of a
very compres31ble,slurry. Llso, these calculaulons did aot
A,taketiﬁtd‘aceount the effect of us1ng~a fllter-ald, which
would have tﬁe effect of increasing the capiilary eize and
decreasing any electro-osmobic effects. However, it must be
admitﬁediﬁhat the'use'of-oréanic sleehﬁe;hev;ﬁs very low
electricai Cbnductivity might lead to the prOdﬁctipn of an
aonr601able electro osmotlc back pressure in fiitration.

Ieasurements of the streamlng Dotentlal Droauced by
NaCl - solutlons flow1ng through Dacked beds of sand, ds rep-

orted in table IX and figure 5, qrelrn agreement w1th thév
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fhypothesis"that the lower ﬁotential ohserved in small cap-
illaries is entirely due to the effect of surface conductance
and not to any electro-osmotic back pressurs. The surface
conductivitgies for solutions of NaCl and sand have been
calculated from these measurements and also from the meas-
urements of.the resistance across the packed beds. For
vurvoses of comparison, the surface conductivities, as det-
ermined rrom the differ8nt methods of measurement, are

© tabulated in table XITI.

| ' TABEE XIII.

Surface conductivity, mhos x. 10~9,

lllethod of  Distilled 1 x 1041 2.x 10-41 5 x 10~

measurement ‘viater WaCl © NaCl NaCl
Streaming h e
Sand - potentiai 1.1 548 4.9 8.1
nack- L ‘
ing Resistance 11l - 4,76
' : S.la
Resistance
v (Difrom_screen:.1l.7b 5.1a 4.7a
Quartz analysis)
pack- Resistance . -
ing (D from micros 2.5b - 4,8a ~7.5a

scovic meas.)

-g&. Resistance reasured by L.C. bridge .
b. Resistance measured by D.C. bridge.

- There is fair agreemsnﬁ in the values.salculated by differ-
ent méthqu, ﬁithla definite increase'in the surface conduc-
tigitf accompahyihg an increase ih ths concentration of the
fsolutiqns. These fesults'are in aéreemeﬁﬁiwiﬁh those reportd
for XC1 solutions_by Urban, ‘hite gﬁd coworkers (19,w20, 21,

22, 23) as contrasted with those of MdBain and hos associates
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(8, 9, iO) and Rutgers, Verlende and lioorkens (16) who
renort values approximately twenty timew as large. Sur-
face conductivities cadcubated from the streamlng potential
measurehents of Bull and Gortner (4) also agree with those
presented in this report. For purposes of comparison, the
surface conductivities determined‘by these_different invest-
igators are-tabulated in table XIV. |
There has beeniconsiéeraﬁle discussion based on the
-UQifferences,in resultStreferfed to above, but no agreement
ﬁas'been reached. However, theeretical Calcuaations by both
proups of investigafors (10, 16, 20), do agree vith the ex-
'perimental work of Urbah, WWhite et al. and with the'present
results. Because of the discrepancies in the published‘ex-
perimental measurements of surface conducti#ity and the lack
of'correlation between measurements of resistance and stream-
' ing Dotentlal noted 1n thls vorlc;- thl shpulq be alfruitful

~f1eld for addltlonal research.
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Summary;

l. The glectro-osmotic back pressure posulated by
Ruth (18) is shown to he negligible for commercial filtrations
Aﬁdebrease in the wvalue of Q/Dg for beds of progfessivelyr |
finer particles, reported as due to eiectro-osmotic back press=i«
ure (19), is ‘shown to be*due to the use of different meﬁhods of
size analysis; and a decrease in raté of flow with time, aleo
reported as due to electro~oémofic effects, 1s caused by nmeth-
“anical clogging of ﬁhe capillarieé. The possible exception,
where an electro-osmotic back pressure might be appreciable,
is for'filtrations involving organic sblvents of very low
electrical conductivity.

2. The surface conduétivitieszpf'ﬁaCl solutions
on sand pérticles have been calculated and agree.with the
exverimental work of Urban, hite and covorkers. These meas-
urements also agree with theoretical calculations, but are
smaller by a factor of twenty than those of McBain af al.

3. The electrica%kesistance actoss packed beds of K
fine particles was found to be much higher than £hat'td be":
expected on the basis of surface conductitity calculaﬁions;
this higher resistance being due to a decrease in the effect-
ive surface area Qf_the particles caused by ''double layer
interfersnce''.T It is shown that the use of the measuréd
resistance inbeléctrokinetic calculations with bedé of fine

particles may be a serious source of error.-
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Symbols.

4, B = constants in equatioh relating P/E and 1/D.

A', B' = constants in equation relating l/Rc and 1/D.

C, Cl; Cs = constants.

d = dielectric constant.

Dxi average particle diameter.

D, = avérage particle diameter from microscopic measurements.,

g = average narticle diameter from screen ahalysis. o

[e TR w

= thickness of theFQTGCtrngl double layer.

= electrical Dotentlal across the ends of a caplllary.

ML

 fé“- constant relating surface area and particle size.
I = electrical current.

"X = electrical conductivity.

Xp=. specific conductance of a solution.

Ks: surface conductance at a phaseyinterfaCea

Ko = electfical conductivity of a packed cell.

1l =length of capillary.

I

nunber of capillaries.
P = pressure causing flow through capillaries..

Q = quantity of liquid flowing through capillaries.

2w
n

electrical resistance.

R, = electrical resistance‘of'a;packed cell.
r = capillary radius. | .
'S, S ; surface area

velocity of fluid in capillaries.

ol
)

V = volume of liquid flowing through a capillary.
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 Symbols(continued).

distance from the capillary wall.
electro-osmotic factor.
coefficient of viScosity.
electrokinetic potential.
eléctrical notential at a point.
electro-osmotic back pressure.
density of electrical charge.

microns.



(2)
(3)

© (6)
(7).
(8)
(9)

(10)
(11)

S (12)

(14)
(15)

(16)
(17)

(18)

(19).

(20)
(21)

(4'

(5):
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APPENDIX
A. Capillary radius for filter cake.

The equivalent capillary radius for a compressible
slurry can be estimated by making use of two assumptions; ‘
these assumptions being that the equivalent cross-sectional
area of the capillaries is 85% of the cake area (based on the‘
experimental work in this paper) and that the length of the
capiilaries is eadal to the thicknesé of the filter cake.

On this basiés, the following filktration data for a ferric
hydroxzide Siﬁrry (5) canxbe‘combinéd with;PBiseuillé‘é

equation to calculate an -equivalent capillery radius.

;’Filfer cloth area --4.40 sg. dcn.
Xg. of solute-free solids per dcm? of wet calie -- 0.0838
Grams of suspended solids per gram of water -- 0.00645
Temperature -- 28 C |

Viscosity-- 0.936 centipoises
For a fittration run with 19.6 »nsi., %%%7:-9.57 min./liter

when the filtrate volume eguals 2 liters.

| , 3
L 1000 - cr,
Q= 957 x 60 % 440 — 0-00396 ooo—=72

0.00645 x 1000 x 2 _ 0.35 cmfzthickness of calke.

1= —0.o838 x 400 =
P - 10.6 psi = =2 %0 B 9000 1y 58 x 10° %‘%ﬁi
fr r= 0.25 on®

0.25r° x 1.38 x 10° - 10-5en.

0.00596= 575 0.00936 x 0.85 > T

o

1.7
‘0.17 microns



B. Summary. of Experimental Data (Only those tests
on freshly packed cells with solutions of the
same conductivities- have been included in this

table)
5 x 10™% M NaCl, K = 7.5 x 107° mhps, T =30°C
E/P Q/P
Test Noe Dm r nv. ms . Ro
Microns Microns cm, om.Hg smin. megohms
22 & 24 10,7 1.65 7ed 0.012 0.42
20 & 21 50 7,45 9.45 0.244 0.47 .
16 & 19 71 - 9.88 9.52 ° 0.428 ~ =ee D
12% 108 C 14,3 10.8 0,900 S
2 x 10~% M NaCl, K 5= 2.6 x 1075 mhos, T =25°%
Test Nos Dm T E/P - Q/P Ry - -
40 6 0.81 J— '0.0026 PR
39 10.7 1.54 17.3 - 0.0094 0,935
38 12 1.59 18.6 " 0.,0100 0.94
36 ' 31.5 4,75 23 0.0895 0,95
41 50 652 28.4 0.168
35 57 8.27 28.5 0.270 .945
33 71 10.37 27.5 0.425 1.00
34 72.5 10.41 28.5 0.430 .96
31 _ 108 -14.8 30.0 0.865 .95
37 160 21.0 = 26,7 1.75 _—

1 x 10™% M NaCl, Kg = 1.2 x 107° mhps, T = 25°C

: o E/P /P
Test No. Dm T mw{ o« gl{ls. ’ RC

' Microns- Microns cn.Hg cm.Hg.min, megohms -
45 . 6 «675 17.1 0.0018 1.15
46 - 14,5 . -2.03 38 0.0163 1.52
44 3l.5 = 4.57 4643 0.083 1.65
43 57 8.50 54,7 0.287 1.79
42 72 .5 9.45 55.7 0.355 - 1.97
47 108 14.7 66.1 - 0.860 - 2.10

48 160 '19.2 - 59.5 - l.46 2.44

% At 7.1 x 10"° mhos



Distilled'ﬁeter,<xéf;f2

Test No.  .Dm

6

14.5 -
81,5

- 87~
154 :

'T‘:‘I'”'r_f
- «83- -
o le94 .
4230
S 7J52
72, 5 T

'716.7

x io#s;mhos,{w
we

62
132 .

169

.21l
241
290 ‘

 0.,00273

° ..0.0150 .

L 0.,0706

0.416
11

Distilled water, Kb 2'x 10"'6 mhos, T = - 25%
- S T C/P - Q/P
mv. __ gms

Test No.-

Screen

: 31qe:fv
7 200;270}?;?,
-~ <150-170 " .

100-115

- 65-100
48-65

35-48

ST 2835 -
2 2028 -
. v __'l47-_20” B

Soreen

e Analysis

Dm mlorons e
(Mloro-:;f~

scopic

Measure-'g_ifﬁ-@;;;;

ments)
\{1021*“

',7141;""

395,

@2l

510

- 870 -

.. 910.
1440.
1860

r

Mlcrons

T is.e

274

. B5.3 .

53.9

. 82.5
. 106
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¢, Sample Calculations:

Cell resistance fram shunted E/P for test No. 1.

Average E/P = 112.5 mv./cm.Hge

With 2.44 megohm shunt, avg. E/P = 39.2 mv./cm.Hg.
With 5.25 megohm shunt, avg. E/P - 60,0 mv./cm.Hge
Ry, = cell resistance
Rg = l}%?rq "‘1} Rg R: = shint resistance
3 =
(E/P), - potential, no shunt
(E/P)g = potential with shunt_

Rg = (88 _ 1) 2,44 - 4.56 megohms

[¢)]
(e}
.

fAb)

- (3285 _ 1) 5.25 -4.59 megohms

&

Average Ry = 4.57 megohms

Electrokinetic potential for 5 x 1007 1 NaCl, for table IX.
Kg = 7.5 x 10~ mhos

(P/E) = .0964 cmHg/mv when 1/D — O
T = 309, % = .00798 poises
D = 80
f= _E4m7K
i)
$= 47 x 00798 x 9 x 10™ x 7.5 x 1072 o
0.0964 x 13.6 x 980.6 x 80 - ¢



Equivalent capillary radius for test No. 40

Q/P = .EE S.q
7 = 0.798 poises at 259
Ky/Kg = 0.035

Q/P = 0.0026 gms/cm.Hg.min.

0798
0 x 0.035

H|O
L]
(o)][e)

r =

0.66 x 1078

0.81 x 10~% cm



D. Detailed Experimental data

Run No. 1 cell packed with 108 micron sand_(170-200 mesh)
May 30 Distilled water, Ky = 4.1 x 1076 mhos, T = 30°C
' Rg = 4.57 megohms, (calc. from shunted E/P)
Pressure Potential Rate
P, cmig E,mv. Q,gms/min E/P Q/P
20.4 2250 16.5 110 .81
12,0 1375 10.0 114 «83
28.6 3195 233 112 «82
16.5 1870 —— 113 ——
20 .,3b 795 1l6.4 39.2 - .81
28.6D 1120 23.1 39.2 .81
28.5& 1’710 e— 60.0 - o
16 053 990 — 60.0 Rttt
Run No. 2 Same cell packing as No. 1
June 3 1 x 10~% M NaCl, Kg = 1.4 x 10~° mhos, * = 30°C
R, = 2.0 megohms, (calc. from shunted L/P)
P E q E/P o/P
9.0 460 6.1 5l.2 .67
17.5 865 l4.4 49.5 «82
24.4 1195 20.1 49.0 .83
32.1 1560 26.1 48.6 '7.81‘:
32.4a 1165 _— 6.0 -—
19.7a 715 —_—— 3643 ——
Run No. 3 Seme cell packing as No. 1 & 2 ' ,
June 4 3 x 1074 M NeCl, Kz = 3.9 x 10~° mhos, ¥ = 50°C
Ry = 1.02 megohms, (calc. from shunted E/P)
P E Q E/P - Q/P
20.7 380 16.4 18.4 .79
BL.7 575 24.9 18.1 79
11.0 200 8.8 18.2 .80
"14.5b 210 —_— 14.5 ——

30.6b 490 _— 16.0 —

a 5.25 megohm shunt across cell electrodes.
b 2.44 megohm shunt across cell electrodes.
c 0.98 megohm ehunt across cell electrodes.



Run No. 4 Same cell packing as No. 1, 2, & 3
June 5 5 x 104 M NaCl, K_ = 6.9 x 10™° mhos, T = 30°C
Rg = 0.47 megohms, (calc. from shunted E/P)
b E Q E/F o/
16.2 165 12,7 10.2 .78
32,9 - 25.5 —— .78
33.90 345 - 10.3 —-—
16.4b 140 bt 8.5 hndadnd
28.3b 245 - 8.7 ——-
Run No. 5 Cell packed with 95 micron sand (200-270 mesh)
June 26 Distilled water, Kp = 3.7 x 10-6 mhos; T = 300C
R, = 5.95 megohms, (calc. from shunted E/P)
b E 2 E/P o/
11,7 1150 6.9 98.5 59
21,8 2070 12.8 956.0 «59
30,7 2870 18.1 9345 «59
16.6 1540 9.6 92,7 «58
16.6a 750 - 45,2 ——
748 330 ——— 44,7 -——
26.0a 1150 —— 44,3 ————
33,22 1445 19.3 43.5 .58
13,42 —— 746 ———— 57
Run No. 6 Same cell packing as No. 5
June 27 1 x 10=% M NaCl, Ky = 1.1 x 10~5 mhos, T = 300C
Rg = 2.37 megohms (calc. from shunted E/P)
P E Q E/P o/F
17.0 665 9.3 39.1 55
3l.9 1270 18.0 39.8 « 5656
41.5 1650 23.7 39.8 57
10.1 406 5.75 40.2 57
22.5 885 12,7 39.4 «565
22,90 460 12.8 20.1 «56
34,9b 705 19.8 20.2 57



Run No. 7 Same cell packing as No. 5 & 6
June 27 3 x 107% ¥ NaCl, K; = 3.7 x 10~% mhos, T = 30°C
E E Q E/P /P
17,7 225 9.5 12,7 « 535
27.9 360 15.2 12.9 <545
3844 495 21.3 12.9 «55
13.4 170 7.4 12,7 «55
21.2 270 11.6 12,7 .55
Run No. 8 Cell packed with 95 micron sand
July 4 5 x 10~% M NaCl, Ky = 6.5 x 1075 mhos, T = 30°C
P E Q E/P Q/P
15.7 128 11.8 8.15 J753
21.6 172 17 .4 7.98 .806
32.1 258 23.6 8.03 s736
40.6 324 29.8 7.98 734
10.8 - 87 8.1 84,07 J749
21.3 169 1545 7.94 .728
3049 243 22.3 7 .87 723
21,8 174 15,8 8.00 .728
32.4 255 23.3 7.87 719
Run No. 9 Same cell packing as No. 8
July 6 5 x 1074 M NaCl, Ky = 6.8 x 10=Smhos, T = 30°C
P E Q E/P Q/P
21.1. 153 13. 7.21 .66
3645 271 24,1 7442 «66
14.5 103 . 7.10 <63

Run No. 10 Cell packed with 71 micron sand

July 6 5 x 10=% M NaCl,Kp =6.8 x 10=Smhos, T = 30°C
P4 E Q E/P e/®
20,15 248 9.82 12,3 «487
13.50 161 6.50 11.9 .482
30.70 368 . 14.86 12,0 .484
41.10 487 19.90 11.9 .485
13.80 161 654 11.8 483
17.55 204 8.40 11.6 478

25.70 298 12.12 11.6 472



Run No. 11 Same cell packing as No. 10

July 7 5 x 107% M NaCl, K_ = 7.1 x 10~5 mhos, T = 30°C
? E ) E/P 9/
19.1 209 8.76 10,9 .458
28.6 308 13,06 10.8  .456
38,5 413 17.72 10,7 460
11.8 130 5,40 11.0 457
25 .45 272 11,74 10.7 461

Run No. 12 Cell packed with 108 micron sand

July 7 5 x 104 M NaCl, Ky = 7.1 x 1075 mhos, T = 30°C

2 E i) E/P /®
15.65 172 14.2 11.0 .91
20,70 225 18.8 10.9 .91
25,4 275 23,2 10.8 .91
30.55 329 277 10.8 .91
36.6 394 33.3 10.8 .01
12.5 134 11,1 10.7 .89
17.0 181 15,1 10.7 .89
25,2 269 22.4 10.7 .89
35,45 377 31.8 10.6 .90

Run No. 13 Same cell packing as No., 12

July 8 5 x 1074 M NaCl, Ky = 7.1 x 105 mhos, T = 30°C
P E Q E/P /P
18.0 186 15.6 10.3 .87
22.8 237 19.9 10.4 .87
30.05 310 2645 -10.53 .88
37.2 385 32.9 10.4 .88

Run No, 14 Same cell packing as No. 12 & 13

July 9 5 x 10=4 M NaCl, Kg = 7.35 x 10~Smhos, T = 300C
E E e) E/P o/F
19.5 190 17.0 9,74 .872
29,55 287 25,9 9,74 .878
37.15 361 32.6 9,73 .878

11.75 115 10.4 9.88 .882



Run No. 15 Same cell packing as No. 12, 13 & 14

July 10 5 x 104 M NaCl, K : 7.35 x 1075 mhos, T = 300C
)3 E 9 E/p o/
16.75 156 13,9 9,32 4830
27,85 261 23,9 9.44 .864
35.05 324 29,9 9.22 .854
10,52 98 8.6 9,33 .822
20,57 188 17.4 9,14 .844
33,55 314 28,3 9.36 .846

Run No. 16 Cell packed with 71 micron sand

July 10 5 x 10™%M NaCl, K, = 7.5 x 10~5 mhos, T = 30°C"
P E Q E/P Q/P
19.05 192 8.30 10.1 436
24,3 246 10.62 10.13 .437
33.0 326 14.44 9.87 <437
12.4 132 5.46 10.65 .441

24,95 245 10.88 9.83 «435

Run No. 17  Same cell packing as No. 16

July 11 5 x 10=4Y NacCl, Kp = 7.5 x 10=5 mhos, T = 300C
- P E Q E/P Q/P
20.85 ’ 195 8.64 9.35 o414
34,80 318 14.32 9.15 412
13.03 123 5.36 9.44 412
24,73 229 10.30 9,26 417
12,93 120 : 5.28 9.28 .408

Run No. 18 Same cell packing as No. 16 & 17

July 13 5 x 10=% M NaCl, Ky = 7.5 x 10~5 mhos, T = 300C
E E 2 E/P o/p
118,35 - 163 7.28 8.89 «398
27,6 248 11.26 8.98 .408

35.1 315 14,38 8.97 «409



Run No. 19 Cell repacked with 71 micron sand

July 15 5 x 10~4 M NaCl, Kz = 7.5 x 10=Smhos, T = 300C
P E Q E/P Q/P
18.7 175 8.00 9.36 .42
26,6 246 11.56 9.25 434
34,5 323 15,02 9,36 .436
9,65 91 4,12 9,42 427

Run No. 20 Cell packed with 50 micron sand

July 14 5 x 10~4 M NaGl, K = 7.5 x 105 mhos, T = 3000
L P E Q E/P Q/P
41.65 397 10.38 . 9,52 .249
13.55 128 3432 9.46 .245
28.8 275 7.04 9.54 .244
. 29,15 274 7,12 9.41 .244
41,3 390 10,12 9.44 .245
21,65 203 5.30 9,37 .245

Run No. 21 Cell repacked with 50 micron sand

July 16 5 x 10~ M NaCl, Kz = 7.5 x 10-5mhos, T=300C
Rg = 0.47 megohms (calc., from shunted E/P)

2 E 2 E/P o/F
12.55 120 2.62 9,56 «208
26,415 246 5.48 9.42 «210
35.55 338 7.50 9.53 «211
18,0 169 3.82 9,59 212
22.8 216 4,80 Q.47 .211
26.5 252 5,60 9,49 o211
32.15 303 6.78 9.43 .211
29.8c¢c 205 —— 6.87 -
37 45¢C 260 - 6,24 ———
26,0c 170 —~—— 6.53 -———
18.0c 115 . ——— 6.38 -
12010 '75 Radendend 6.22 - -
26.65¢ 170 —— 6.58 -
56.650 240 handenhnd 6.58 - e =

17.15¢c 108 - 6,30 ——



Run No. 22 Cell packed with 10.7 micron sand

July 17 5 x 10~4 M NaCl, Kg= 7.5 x 10=5 mhos, T =300¢
Rg 0.42 megohms, (Calc. from shunted E/P)

E E Q E/P /P
33.6 258 «432 7 .68 .0129
23,3 174 «300 7 .47 .0129
11,7 87 o149 7 e44 <0127
27 .6 215 ——— 7.78 ——
29,7 229 « 380 7.72 .0128
14.75 115 «120 7.79 .0129
10.35 80 «1.33 7.73 «0128
10.55¢ 52 «132 5,03 .0128
19.40c 102 o247 S5.27 0127
30.15¢c 162 « 385 5.37 «0128
18.1c 101 —— S5.57 ——
25.0c¢ 142 —— 5.68 ~——

Run No. 23 Same cell packing as No. 22

July 18 5 x 10°% M NaCl, K = 7.5 x 105 mhos, T = 3000
R; = 0432 megohms (calc. from shunted E/P)

P E 8 E/P o/P
29,.,65¢ 162 375 5.45 .0126
18.35¢ 100 232 5.44 .0126
18,45 135 .232 7.34, .0125
10,9 225 .390 7.27 .0126
35,55 257 — 7.24 _—
25,9 176 — 7.36 ——
14.6 107 ——— 7433 —

Run No. 24 Cell packed with 10.7 micron sand
July 20 5 x 107¢ M NaCl, Ky = 7.5 x 10-5 mhos, T = 300C

' Rg= 0.42 megohms, (calc from shunted E/P)

3 E 9 B/e o/p
30.5 222 326 7.27 ,0107
11.85 86 .129 7.26 .  .0109
16,4 119 .184 7.26 .0112
24,6 175 .270 7412 .0110
34,7 253 .380 7.29 .0109
34,7c 185 - 5.32 —-——
13.4¢ - 66 - 4,93 —
22.2¢ 110 — 4.96 —



8|

Run No. 25 Cell packed with 8.2 micron sand

July 22 5 x 1074 M Naci, Ky = 7.5 x 10~5 mhos, T = 30°C
P E Q E/P o/P
29.1 122 .121 4.20 .00417
28,9 183 ' .120 6.34 .0041%7
35.8 220 .149 6415 00417

14.8 102 —— 6.20 ——

Run No. 26 Seme cell packing as No. 25

July 23 5 x 10% M NaCl, Ky = 7.5 x 1075 mhos, T = 30°C
Ry = 0.50 megohms, (calc. from shunted E/P)

3 E Q E/P o/F
29,0 176 .1184 6.28 .00408
13,35 82 .0545 6.15 .00409
22,35 136 .0934 6.08 .00418
35.4 216 .1494 6.10 .00422
35.4c 145 .1488 4,10 .00420
18.55¢ 75 - 4,05 -—
23.35¢ 95 - 4,07 —

Run No. 27 Cell packed with 6 micron sand

July 24 5 x 10~% I NacCl, Ky= 7.5 x 10~5 mhos, T = 30°C
Rg = 0.51 megohms, (calc. from shunted E/P)

2 E Qe E/P o/P
39,25 222 .1210 5,65 . 00308
14.10 82 .0426 6,10 .00302
19.0 113 .0574 5,93 00303
24,75 143 .0754 5477 .00305
33.85 198 .1026 5.84 .00309
13.5 81 .0404 6.00 .00299
21,2 123 . +0646 5,80 - .00305
35.5 204 .1090 5,74 .00307
30.3¢c 130 0930 4,30 .00306
39.25¢ 167 .1204 4.26 .00307
35.7¢c . 155 ——— 4.34 ——
14.6¢ 67 - 4,59 ———
22,.45¢ o7 ——— 4,33 ——



Run No. 28 Cell packed with 8.2 micron sand

July 25 5 x 1074 M NaCl, Ky = 7.5 x 10~5 mhos, T = 3000
RC = 0.28 megohm, (calc, from shunted E/P)

3 E a  EE o/r
36.0 163 .1306 4.53 .00363
12.6 62 .0450 4,83 .00375
21.4 98 L0772 4.58 .00361
33,35 146 .1236 4,43 .00371
13.65 65 .0508 4,77 .00373
43,25 195 <1574 4,50 .00374
35.14c 125 .1222 3.56 .00348
14.6c 53 ,0528 3.36 .00361

24,.6c 87 0878 5.54 .00357

Run No, 29 Cell packed with 92 micron sand

July 27 5 x 104 M NaCl, Kz = 7.5 x 10=5 mhos, T = 300C
Rg = 0.58 megohms, (calc. from shunted E/P)
P E a E/P o/e
27 .45 229 13.72 8455 «500
34,7 290 l6.88 8.36 514
41.0 342 20.64 8.34 «503
13.1 109 6.46 8.32 «493
19.4 le62 Q.42 ' 8456 485
13.55¢ 70 - . Sed7 . ———
21.15¢ 110 — 5420 = =e-
28,95¢c 155 ' —— 5.35 —-——
36.95¢c 210 —— 5.67 ——

Run No. 30 Cell packed with 134 micron sand

August 26 2 x 107% M NaCl, K;=2.67 x 1075 mhos, T = 250C
' Rg = 1.00 megohms, (Calc. from shunted E/P)
P E | Q. B oE
36,2 1090 39.2 30.1 1.08
26.2 800 . 28.4 30,5 1,08
13.5 410 14.6 30.4 .1.08
18.6 558 20,1 30.1 1,08
31,5 1 930 34,0 | 29,6 - 1.08
10.7¢c 160 11.5 . 14,95 1.08
18.2¢ 275 | 19.6 15,1 1.08
27.7¢ 415 29,9 15,0 1.08
32.1c 485 —— 15,1 -

32,35 955 -— 29,5 -



Run No. 31 Cell packed with 108 micron sand

August 27 2 x 104 M Nacl, K = 2.65 x 10-5 mhos, T = 250C
Ry = 0.95 megohms, (calc, from shunted E/P)

P E Q E/P />
37.0 1123 324 30.4 876
24,45 747 21.5 30.6 .872
13.6 423 11.9 3l.1 .874
18.65 8§75 16.2 30.8 «869
28,7 875 24.9 305 868
14,55¢c 220 ——— 15.1 -
2l.5c 3535 —— 15.6 -
32,05¢ 505 - _ 15.7 -
33.15 985 Amdaband 29.7 hndandend

Run No. 32 Cell packed with 92 micron sand
August 27 2 x 10-4 ¥ NacCl, K?: 2.64 x 10-5 mhos, T = 250C
Ry = «99 megohms, (clac. from shunted E/P)

P E ) E/P o/F
32.25 806 18.16 25.0 « 563
1l.2 278 6.18 24.8 « 082
17.085 422 9.40 24,7 « 582
25.2 633 14.08 25.1 «558
37.2 o027 21.02 24,92 «568
12.15¢ 145 6.56 11.9 541
24,0c 300 12.28 12,5 «553
33.05¢ 423 18.28 12.8 « 555
16.%9c 210 - 12.4 _——
1907 485 headedand 24.6 - an an

Run No. 33 Cell packed with 71 micron sand
August 27 2 x 1074 M NaCl, K;=2.62 x 107 mhos, T = 25°C
Rg = 1.00 megohms, (calc. from shunted E/P)

b E 8 - EA o/r
54,95 958 14.80 27 .4 o424
12,75 343 5.20 26,9 «408
17.20 488 7 .36 27.2 0411
24,20 660 10.06 27.3 «416
30,2 830 12.66 27 .5 «419
10.95¢ 142 —— 12.9 —
20.55¢c ' 270 —-——— 13.1 -



Run No. 34 Cell packed with 72.5 micron sand

August 28 2 x 1074 ¥ NaCl, Ky = 2.62 x 107° mhos, T =25°C
'Rg = 0,96 megohms, (cale. from shunted E/P)
2 E a E/P Y3
3668 1053 15.68 28,9 «429
9.75 273 4,04 28,0 «414

17.2 488 7.28 28.4 0423
23.55 662 10.00 28,1 .425
30.0 840 12.86 : 28.0 .428
13,75¢c 190 —— 13.8 ———
23.5¢ 330 —— A 14.0 ———
33.0cC 475 ——— 14.4 ———

Run No. 35 Cell packed with 57 micron sand _

August 28 2 x 107% If NaCl. Kz = 2.62 x 1075 mhos, T =259

Rg = 0.94 megohms, (calc., from shunted E/P)
E E Q E/P a/r

36,8 1050 9.96 - 28.5 «270
10.75 301 2.80 28.0 «260
15.95 446 4,14 28.0 «260
22,35 - 638 5,90 28.5 <264
29,15 822 7.72 28.2 «264

31.75¢ 455 -—- 14.3 S

Run No. 36  Cell packed with 31.5 micron sand

August 29 2 x 10~¢ M NacCl, Ky = 2.62 x 10-5, T = 250C
| Rg = 0.95 megohms, (calc, from shunted E/P)
B E Q E/P Q/P
37.65 865 3.36 . 23.0 .0892
9.35 215 .814 23.0. .0872
15.15 337 1.330 22,3 .0878
22,4 505 1.974 22,5 .0882
28.9 - 653 2.564 22,9 .0888
10.9¢c 120 N 11.0 ———
21.30 24:5 - - 1105 - en

32.6¢ 380 - 11.7 ——



Run No. 37
August 29

2

5l.4
10,5
17.35
25,15

Run No. 38
August 30

B

39.1
11.75
17.7
25,25
32.85

1l1l.9¢
32.55¢C

Run No. 39
August 31

E

12,45
19,95
28.85
36,15

36.15¢c

Run No. 40
August 31

B

34,05
11.65
17.95
24.6
29,7

Cell packed with 160 micron sand
2 x 10~¢ M NaCl, Ky = 2.62 x 105 , T = 250C

E

845
290
464
663

Q

52.70
18,16
30.26
43,46

E/P

26,9
27.6
26,7
26,4

Cell packed with 12 micron sand
2 x 10~% M NaCl, Kg=2.60 x 10-5 mhos, T =250C
Rg = 0.94 megohms, (calc. from shunted E/P)

E

725
221
331
475
620

110
310

Q

. 588
117
175
e 252
<329

- e o

/P

18.55
18.8
18,7
18.8
18.9

9.2
9.5

Cell packed with 10.7 micron sand
2 x 10-4 M NacCl, Ky = 2.60 x 10-5 mhos, T =250C

Rg = 0.94 megohms, (calc, from siunted E/P)

E

215
. 543
495
614

320

Q

115
«186
« 269
540

E/p

17.3
17.2
17.2
17.0

8.85

Cell packed with 6 micron sand
2 x 10~4 M NaCl, Kp=2.60 x 10~5 mhos, T=250C

E
280
105
175
217

260 .

Q

.0878
0308
«0470
0646
.0780

8.75

o/F

1.68
1.73
1.74
1573

/2

«0099
.0099
0099
.0100
.0100

o/p

00926
00932
«00934
«00942

o/p

00258
00265
« 00262
«00262
. 00263

The values.of E/P from this run were discarded because a
leak developed which prevented the complete stoppage of
liquid flow through the cell and made it impossible to
read the electrode polarization correctly,



Run No, 41
September 1

B

38.2
13.05
19.3
30.2

Run No. 42
September 2

B

12,95
19.90
27,95
37.60

15.9b
23.25b
34,0b

Run No. 43
September 2

12,7

19.4 0 -

R 27585
35.45

14.6b
22.0b
51 .45b

Run No. 44
September 2

E
11.55
20.45

29,75
38.4

Cell packed with 50 micron sand
2 x 104 M NaCl, K, =2.59 x 10-5

E a E/P
1089 6.40 28.4
370 2.14 28,3
547 3.06 28.4
867 4,96 28.7

Cell packed'with 72.5 micron sand

mhos, T-= 250

/P

.168
164
«159
164

1 x 1074 ¥ NaCl, Ky = 1.21 x 10~5 mhos, T =250C
Rg = 2.15 megolms, (Calc. from shunted E/P)

Rg = 1.97 megohms, (D.C. bridge)

E ) E/®
718 4,46 55.5
1110 6.98 56.8
1558 9.84 55,7
2098 13,34 55.8
464 —— 29.2
706 —— 30.3
830 - 20,4

Cell packed with 57 micron sand

1 x 1074 M NaCl, Kg=1.22 x 10~5mhos, T = 250¢
Ry = 1.81 megolms, (Calc. from shunted E/P)

Rg = 1.79 megohms, (D.C. bridge)

B Q E/P
692 - . 3.58 54,5
1056 - 5.50 . . 54,5
1532 8,10 © 55,1
1940 10.32 54,8
458 ——— 31.3
686 , -——— 31.1

994 ——— 31l.6

Cell packed with 31.5 micron sand
1 x 10-4M NaCl, Ky = 1.21 x 10-5

Rg = 1.65 megohms, (D.C. bridge)

E Q E/P
58 - «960 : 45,7
1378 2.466 46,3

1780 . 5.212 - 46,3

/P
.282
.283
291
.291

mhos, T = 250C

/P

" 0830
.0828

- .0829

.0834



Run No. 45
September 3

2

43.6
12.5
21l.5
32.2
44.0
21.9

Run No. 46
September 4

E

14.1
23.4
32,6
42,1
24,2
30,9
35,9

Run No. 47
September 5

v

11.2
21.0
42,9
435.5
22.1
33435

Cell packed with 6 micfon sand
1 x 10~4 M Nacl, Ky = 1.21 x 10=5 mhos, T =250C

Rg = 1.15 megohms,
E Q
758 .0804
204 -
366 ——
562 ———
776 -
——— «0400

Cell packed wlth
1 x 104 M Naci,

RC =

1.52 megohms,

(D.C. bridge)

E/P

16.3
17.0
17.4
17.6

14.5 micron sand
Kg =1.21 x 10~9mhos, T = 25°C

(D.C. bridge)

00183

In gravity packed cell, Rg = 0.46 megohms

E
562
894

1234
1600

Q

«389
494
«599

Cell packed with 108 micron sand
1 x 10~4 M NaCl, Kg = 1.21 x 10-Smhos, T= 250C
Rg¢ = 2.10 megohms, (D.C. bridge)

E

700
1390
2160
2832

Q

37,46
18.62
28.40

E/P

62.5
68.2
66.2
66.0

- an =

/e



Run No., 48 Cell packed with 160 micron sand
September 6 1 x 10-% M NaCl, Kp=1.21 x 10-5 mhos, T =25°C

Rg = 2.44 megohms, (D. C. bridge)
c =

R 2.42 megohms, (Calc. from shunted E/P)

P E a E/P o/e
11.5 678 - 59,0
20 01 1218 hadad od 6006
32.1 1906 - 59,3
41,5 2468 60.54 59.5
16,0 ——— 23,32 -
25.4 - o 36,92 -
13 3 65b 404: bt 29 [} 6
27.7b 826 hndadad 29.8
36 +8b 1092 . - 29.7

Run No. 49 Cell packed with 200-270 mesh quartz
November 26 pistilled water, Ky = 2.05 x 1076mhos, T = 25 ¢

R, = 8.4 megohms, (D.C. bridge)

4 E Q E/P o/p
4,42 1204 : 3.56 273 «804
7.66 2114 = ‘ 6.28 276 «820

10.65 - 2914 8.82 273 +828

Run No, 50 Cell packed with 150-170 mesh quartsz o
November 26 Distilled water, K; = 2.0 x 10-6 mhos, T=250C

Rg = 8.4 megohms, (D.C. bridge)

P E Q E/P /P
4,04 1200 - 5430 297 1.31
6435 . 1880 8.72 296 1.37
9.44 3124 12,54 330 1,33
9.22. 2350 - 255 N
6.75 1720 ——— 255 L
4,54 1160 - 255 ———
4.44 1330 - 299 | me——
S5.64 1670 , ——— 293 ——



Run NO. 51
November 27

Cell packed with 100-115 mesh quartz
Distilled water, Ky = 2.0 x 107°

= 9,05 megohms, (D.C. bridge)

R

mhos, T = 259C

c
? E Q E/P o/F
4,18 1376 12.2 329 2.92
6,03 1964 17.4 325 2.89
8.22 2680 23.8 325 2.89
39.9 hdadiand 11205 hadadd 2.82
1.68 540 4,8 322 2.86
Run No. 52 Cell packed with 65-100 mesh quartz

November 27 Distilled water, Ké = 2,0 x 10-6 mhos, T=250C

R

¢ = 9+8 megohms, (D.C. bridge)

B E Q E/P o/E
39,64 - 171 ——— 4,32
4,83 1640 23.0 334 4,76
7 .47 2492 35.4 333 4,74
1.54 500 7.14 325 4,58

8.86 2950 - 333

Run No. 53 .. Cell packed with 48-65 mesh quartz

November 27

s E [ /P /e
1.85 548 ——— 297 —-—
"398l 1090 38,0 310 10.53
4,90 1460 50.9 298 10,38
7.83 2320 7848 296 10,07
3415 970 ——— 308 ———
S5.11 1750 - 342 -
9.78 3070 - 314 ——
Run No,., 54 Cell packed with 35-48 mesh quartz
November 27 Distilled water, Kgp=2.0 x 1076 mhos, T= 259¢C
Rg = 11.0 megohms, (D.C.) bridge
2 E Q E/P o/
1.68 520 22.4 310 13.3
4,43 1340 56,9 302 12.8
8.75 2550 116. 291 13.3

Distilled water, Kz =2.0 x 106

Rg = 10.1 megohms, (D.C. bridge)

mhos, T= 250¢



Run No. 55
November 27

P
1,91
S5.54

10.88

Run No. 56
November 27

E

1.65
6.74

Run No. 57
November 27

B

1,51
353

Run No. 58
November 28

3

10.25
6.89
4,04

Run No; 59
November 28

v

4.26
6.63
9%91

Cell packed with 28-35 mesh quaptz
Distilled water, Kz = 2.0 x 107 mhos, T=25°C

Rg = 1l.1 megohms, (D.C. bridge)

E Q - EB/P o/P
510 43.0 267 22,5
1390 108.5 251 19.9
2640 196.8 243 18,0

Cell packed with 20-28 mesh quagtz
Distilled water, Ky = 2,0 x 107 mhos, T = 25°¢

Rg = 11.65 megohms, (D.C. bridge)

E () E/P /P
422 51.8 256 31.4
1440 161 214 2347

Cell packed with 14-20 mesh quartz v
Distilled water, Kg = 2.0 x 10~6 mhos, T =25°C

E 2 E/P o
282 61.9 186 40,9
624 117.8 177 33.4

Cell packed with 150-~170 mesh artz
Distilled water, K;=2.0 x 10"°mhos, T = 25°C

Rc = 8.3 megohms, (D.C. bridge)

E Q OB/ ofp

2696 15.8:- - - . 263: 1.34
1824 9.3 « 265 : 1.35
1076 5.48 266 1.36

Cell packed with 200-270 mesh gquartz
Distilled water, Ké:=2.0 X 107™°mhos, T = 25°C

Rg = 7.7 megohms, (D.C.‘bridge)

E Q E/P o/P
1052 3,06 . 247 720
1590 4,74 240 714
2378 7.20 240 736



November 28 A test also was made wlth the unpacked cell
placed in the streaming circuit to determine
the pressure drop due to frictional resistance in
the connecting tublng as a function of the
rate of flow, This was then used to correct the
pressure reading for coarse sanples where the
rate of flow was high enough to cause an
appreclable frictional pressure drop.

P. cm Ho0 P cm Hg Q
27.2 . 2400 179.
19.7 1.45 139.
12,5 0.92 92.5

5.3 0.39 47.8
2.8 0.21 22.3

Run No. 60 Cell packed with 72.5 micron sand
November 28 Distilled water, K = 2.0 x 10-6mhos, T -250¢

Ry = 9.25 megomms, (D.C. b:idge)

P E Q E/P o/P
13.50 3226 5.53 239 <410

8.47 .2040 3.54 241 .418

5.33 1290 2.24 242 420

Run No. 61 Cell packed with 57 micron sand
November 28 Distilled water, Kz =2.0 x 10-6 mhos, T =25°C

R, = 8.1 megohms, (D.C. bridge)
In gravity packed cell, Ry = 7.5 megohms.

P E . q E/P o/P
15,45 3240 3,49 210 .226
10.89 2204 - 2,44 211 .224

566 1196 1.26 212 .223

Run No. 62 Cell packed with 31l.5 micron sand
November 29 Distilled water, K, = 2.0 x 10~6 mhos, T-250C

RC = 6.7 megohms, (D.C. bridge)
In gravity packed cell, Rc = 5.7 megohms.
B E Q E/P o/F
17,93 - 3012 1.28 168 .0713
12, 65 2152 0.892 170 .0706

7.70 1304 0.538 170 0698



Run No. 63
November 29

E

23.47
15.86
8.39

- Run Yo, 64

November 29

2

11.20
7.54
4.15

Run No., 65
November 29

2

44.00
25,60
12,35

Cell packed with 14.5 micron sand
Distilled water, Kz =2.0 x 10-6 mhos, T =25°¢C

R, =6.65 megohms, (D.C. bridge)

C
In gravity packed cell, R, = 2.1 megohms
E 9 E/P Q/P
3120 352 133 0180
2100 «240 132 .0151
1110 «126 132 .0180

Cell packed with 134 micron sand-
Distilled water, Kz = 2.0 x 1076 mhos, T = 25°¢

Rg = 10.3 megohms, (D.C. bridge)

E Q E/P Q/P
3246 12,44 290 . 1.1
2190 | -— 290 -—
1206 4.63 290 1.11

Cell:packed with 134 micron sand
Distilled water, Ky = 2.0 x 10-6 mhos, T = 259C

Rg = 5.67 megohms, (D.C. bridge)

E Q E/P o/pP
2644 .1255 60.0 ,00274
1614 L0706 - 63.0 .00276

728 .0334 62.3 .00271.

Additiénalumeasurements,were taken of the rate of flow .
and are listed in: the body of .the report in tables IV, V,

VI, and VII,.

Also, additional resistance measurements are

tabulated in tables IX and Xe.



