PLAINTIFF'S EXHIBIT

g

F qunerous authors (1, 4, 6,7, 11) have
I,gco:niud the importance of por-
p in Gltration. As long ago as 1937,

11) developed : lating
fﬂg&nion resistance to the porosity
¥ lion throughout a fixed bed of

5 Experiments which he performed
orly indicated that the pressure grad-
ot liquid passing through a solid

" changing and that the porosity was

% constant. While Tour’s procedure

", sound, some of his equations relat-

sity t0 pressure were not tested,
the work was not published. Ruth
in the period 1932-37, also devel-
a2 procedure for velating the filtra-_

_‘wiables in a solid of variable'por- °
... Carman (1) focused sttention on

Koeeny's equation involving the rate of

jorey function of the porosity and

ber variables. Several other investiga-

s considered Kozeny's equation but

wre not used it in the best manner in
dpation equations. In this paper the

Kpecny equation is used as a basis for

yetloping the differential equations of

tion. These equations are used in

jon with fixed beds of solids, con-

ot rate filtration of & solid with and

sithout precoat, and constant pressure
inration with and without a precoat.

RN

-

Iavelived ia Flitration

In the filtering of solids from suspen-
s 0f in any process in which a liquid
s throngh the interstices of a solid,
& flow is in the direction of decreasing
posure. The solids are supported on 2
<cteen, cloth, or. other solid bed known
1 the septumt or filter medium. In ordi-
ury fltration practice, the solids closest
w he septum are packed more densely
dun the rest of the cake. The porosity
~ 2 minimum at the point of contact
wiweent the cake and the septum and is
1 maximum at the surface where the
sed enters. Since the Gltration resis-
e depends upon the porosity, the re-

ance steadily increases as the liquid
w3 through the cake if the solids are

pressible. In order to treat quantita-
sy the filtration problem, it is neces-

«v 1o bave relationshigs between the
- e of flow, pressure on the liquid, and
= porosity in addition to the various
snameters. The information necessary
nan wnderstanding of the methods- used'
a Oiis paper is spmmarized ag, follows:
¥ Nolatioy of porcalty o premuro on the selida
e (7, &, 12) era presontod in addiion to new
. B iy ladicaled that the porosity may be
Spvaslly relaind 1o the presure om the solids
W6 power fwaction, In the prasvre rango vp
(4 1 Y Y -
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The Role of Porosity in Filtratios

Numericsl Methods fer Constant Rate and Constant
Pressurs Filtvation Based en Kozeny's Low

" F. M. Tiler Lomer Stoto Collage of Tachnelegy, Beowment, Teses
v ’ ‘:'

Bosed upon the Kozeny law relating the rate of flow 1o the porosity, a method
has been developed for determining () the pressure drop vs. the depth and the
flow rate vs. the applied pressure In o fixed bed of solids, (b) the pressure vs.
time relationship in constant rote filtration, and {(c) the volume vs. fime relationship
in constan? pressurs filtration. 1t Is assumed that the parosity s solely a function
of the preasure on the solids, thus sliminating solids such a5 certain naturally occur-
ring clays in which application of pressure causes only.a slow approach to the
equillbrivm porosity. L

Experimental porasity vs. pressure-data are presented for such materials as koolin,
colcium corbonate, carbon black (suchar), diatomaceous earth (hyflo), asbestos,
ond mb of these As a satisfactory appraximation, the per cent
voids can be related to the pressrs by a power function with powers ranging
from 0.01 so 0.05 for applied pressures up to 100 lbi/sq.in.

2. The Xossny squation s presontod by Carman
s used @i @ busis bar roluting tho rato of Suw
e the pressnre grodioat en o liquid, porosity,
spocifiec sufucs of the selid, oad the viscoity.
Other iaws reiuting the. faw rote to the pressuro
grodiont covid be veod squally well.

Poresity va. Prosswro oo Selfids ~

1n tho fold of soit michesics, 'the per cont
veids or woid ratie b frequeatly dotermined os

ployed  cassihs
termed & comsolidometor,
be plocad and mbjoctod to vortical loading. In
the simplast type of tosiing, the semple s placed
between perous plasas and Rept weturored wirth
wator whils tho lowd & applied. A1 tho ‘nstomt

the solid perticiss and the liquid within the
Intorsticos. Slace the liquid i fres o flow
throvgh snd oround the parses plates, tho oxcom
of, Hquid presssra abevo eimespheric, reforrod
to os the nevirui strem. cuwees the meisurc fe

. leave the veids (Fig. 1), resulting lu o conselido-

tion of the selids. As the waler flews ovi, tho

" nevtral sass drops, the olids finally corrying

e epplied lood. When the entire lead s berso

by the sefide e indicoted ia Figwra 2 the octwsl

prossure oo the solids s ghven by

. pressure- on solids =

)

where ¢ is the equilibrium value of the
per cent voids by volume or porosity
and (1'=¢) is equal to the average

applied pressure/(1 — 1)

the toad bs added, the #ress s wppiiod e beth  true area of the solids per square foot.
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Fig. 1. Compressien procans in @ eanmlidomotor.

In this type of test, the liquid is mot
confined, and the neutral stress must ap-
proach zero. The rate of flow of the
water from the sample depends upon the
permeability, and the time required to
reach equilibriume ranges from a few
minutes for the materials used in this
investigation to 24 hr. for soils classified
as clays. In addition to the primary
equilibrium which is reached, there is a
secondary creep effect which may con-
tinue more or less indefinitely.

In another procedure known as tri-
axial compression testing (10) , the
sample is placed in a water-tight cover-
ing in which the liquid pressure P,, or
neutral stress, can be controlled. After

adjusting the neutral stress, an inde-
pendent external load is added which
results in compression of the solids as
indicated in Figure 3. The neutral stress
acts equally in all directions and does
not affect the porosity ; thus the external
load over and above the neutral stress
(P —P,) is responsible for compres-
sion and decrease of the voids. Actually
in triaxial testing, the solid is not con-
fined laterally and changes in dimensions
occur along all three axes.

In filtration, the neutral stress in the
consolidometer and triaxial soil compres-
sion tests is equivalent to the liquid
pressure in the interstices of the cake.
In the static tests the neutral stress is

fig. 2. \oft, Equilibrivm steto in comprosmion
- precom.

Abevo, Distribetion of lesd botwoos
soiids end fiquid.
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constant throughout the solid; whereas,
in filtration the Jiquid pressure decreasey
in the direction of the Row of the Gltra¢e,
In this investigation it is assumed thay
the liquid pressure does nat affect the
porosity. Then the results obtained in
the simple consolidometer can be used
for predicting relationships between por.
osity and pressure on the solids in a
filter cake.

Ruth (8) developed an ingenioys per-
meability-compression  apparatuy in
which £ltrations could be carried out
while the pressure on the solids was con.
trolled independently, Loads were
in a manner similar to that used in the
consolidometer except that'a perforated
plate confined the solid at both top ang
bottom. After loading the solids, lignig
was introduced separately and allowed
to flow through the solids under ref,.
tively small heads. With this procedyre
the porosity of the solids could be cop-
trolled at'an essentially constant valye
while the filtration was performed.

EXPERIMENTAL DETERMINATION Of POROSITY
VS. APPLIED 10AD

3

Tho porosity was determined ia o coased
idometer consisting of o brem evp In which o
wot solid covid be compressod by e wivhis
loading procodera. Tha cup wos eppraxismatoly
S%Mnu‘udﬁtuﬂ“tp&u-hnw
abaut 1 in. Tho wet selid rostod en @ porew
plato through which molstwro cauld S o
wes squoctod ovt of the wiid. ln maet of e
ruas & lovor system wou vied 10 that tho lfead
on tho solid was four times the weigit cmpleyod.
A Amos diol served for mecswring tho thicknca
of tha s.lid. The procedwrs comsisted of 1o
following: )8

.
1. The totel depth was fovad befors the eapl.
was plocad in the cemsalidometer en top of o
porous steso. HE
2 Attor th wet solid wes plocsd In tho e
@ sacond porows siose ond brows plate wom
plocad en tep of tho selid end 10 min. allewed
te olupse befers the first reading wes rocordod,
3. Weighty wers added end 10 min. cilowod
between readings.

4. After this precedvre, the melstury coatent of
the solid was determined, ond porositios wor
caleulatad based upon the readings snd the finad
porosity, R o

The final per cent voids were calculated
from the per cent moisture 3 of the cakg
at the end of the tests in the following
manner : )

void vol. ;

void vol. + solid vol.
= 2/62.4

2624+ (1 —5)/p,

*(spgr.)

a__ stogr) @
) + (=9 @

where p, is the density of the solids sod

@
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P g4 s the sp.gr. Data and sample
Wu are shown in Table 1.
procedure outlined was applied to
jistomaceous arth (hyflo), kaolin,
8 iyated carbon (suchar), calcium car-
¥, mixtures of kaolin and hyflo,
et of suchar and hyflo, and as-

Lo final moisture content was
«%%. The final porosity is calculated
- g Equation (2) using a value of 2.60
o the specific gravity of kaolin. Thus
(2.6) (0.2586)
+* (26)(02586) — 0.7414
‘.‘\kumion of porosity at 11:30
jon in thickness = 0.4542

i
Rl 92 = 0.1350 in.

¢ske thickness = initial value — 0.1350

o 1018 = 0.135 = 0.883 in.

v

Teblo 1~Dato ond Semplo Calkw!

ke volume = {area)(
.fenin.) = vol. in cc. = (4.988)
(16.4) (thickness) = (81.7) (0.883)
=21 cc.

{otal volume of solids remains constant

wd can be obtained from the final por-

wity.

= 328 cc.
Porosity at 11:30 = (72.1 — 32.8) /721
= 0.545

Empirical equation as found from Fig-
weS
¢ 8 0.39p,— 90063

In the first stages of the investigation,
e effect of both time and pressure on
the porosity were determined. In Figure
1 the porosity of crushed limestone is
petted against the time &t different ap-
Jied pressures, It can be seen that about
§ min. were required to approach appar-
ot equilibrium closely. With natural
days and gimilar materials, the time re-
caired to reach an apparent equilibrium
- much longer.

In some runs thickness and porosity
{znerminations were made as- the pres-
afe was reduced, ie, after completing
%e addition of loads on the sample in
3¢ consolidometer, the loads were re-
~ored and Ames dial readings recorded.
Linle increase in porosity was noted,
id the conclusion was reached that the

P 2 was y
reersible. Carman () also indicated
fat bhis dats pointed to the irreversibility
4‘:: compression process with most
-

Ia Figure § some of the porosity vs.
Fesure daty are plotted logarithmically.
A5 2 fair approximation in the ranges
Srestipated, Figure S indicates that a
Preer function of the form

F e O}

Yoo, No, 9

volame of solids = (1 — 476)(627)

Fig. 5. Peroulty v pressuro.
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may be employed for representing g,

PO

\

"'[ R O N A | e
o_gt | O | data where 2, is in pounds force/sq.iy
odl Ot In Figure 6 data of Lindquist and Yoy
CELITR — LioqUumy (7). Ruth ua(:a)' and Walas (12) plotte
CeCO, = in a similar manner appear to follo
0.7} 05— RUTH a P the same relation. Values of ¢, and
r 1905 - LiDEUIST as found from the graphs, are given ;
§“l| P e ] Tadle 2
g f ﬁ 1] Terzaghi a.n'd Peck (10) have used
g et ik ithmic plot for representing
4C0; - WALAY linear relation of void ratio to applie
o 1 { pressure in the range of 10-100 kg
Cu0 ~ LINDOUTET 5T sq.cm. {142-1420 1b./sq.in.) for sand. 2
) the higher pressure, the sand grair
begin to crush. For some clays the sem
0.3/ L1 %o logarithmic relation yielded linear rei;
1 0 40 €0 tions up to applied pressures as high ;
PRESSURE, P.O.1 1000 kg./sq.cm. In terms of the vy
Fig. 6. Porosity w. proswro. iables used in this investigation, ¢
Terzaghi relation is given by
]:.=c,ln.".+:2 4
Tablo 2, While this expression is adequate in t
. MAXEAUM high pressure range, it is not satisfa
SUBSTANCE '-'E'a" . . DEVATION tory at low pressures which are impor
. . tant in fltration. In this paper the an;
Creshod limosiono 039 0.015 0.003 Iytical form of the pressure-porosit
Cakive :m m(‘(’m gz g:g: &gg: relationship is not of importance exce;
c.u-: o h Walas {12) 06 0018 0.002 a3 it may be used for interpolation. How
Porve asido Woles (12) [ 0.037 0.02 ever, in the succeeding paper (Part I}
Mogresivm carbonata Walas (12) 0.90 0.011 0.003 where an analytical equation is deve
l:;: h": 23: t::‘ﬂl- :: g~g;: gg; oped for the filtration variables, the fory
0% Mo 50% w: o8t 0.032 0.02 of the equation is vital to the mathe
25% byfls 73% koolie a.48 0.044 0018 matical work.
0% hyfo 100% koolia 059 0.045 0.008 Grace (5) has indicated that th
G:J“* .:.r:ﬂlg:* wchar &:: g-&‘;‘ :ﬁ: power function approximation (4) fo
h swehor 0.91 2017 0.008 the porosity is not satisfactory above 10
Alowinve oxido Undeuist Ib./sq.in. in accord with Terzaghi an
ond Youls 7} 070 0.0047 0.03 Peck. Therefore, at al times the us
Colite U-::‘l:.‘hm ot oon 06 of Equation (4) should be examine
Coppor eside Undaplst : with care.
Corben, norit A u ‘:::I“h n oa oot o (1: / € iﬁ e
, n ./8q.in.)  appr es zero  (atmos
ond Youlo (7) 070 0.021 03 phen/'c pressure) since an infinite valu

of « is predicted. Actually, after th
pressure is dropped below about 0.1 Ib.,
sq.in. gauge pressure, the porosity tends
to approach a limiting value. As a gen-
eral guide, Equation (4) should not be
used below 0.1 Ib./sq.in. for compres-
sible materials. Little error will be in-
volved if the porosities below approxi
mately 0.1 Ib./sq.in. are assumed con
stant.

Prossueos en Liquid end Selids
During Plltratico

A schematic diagram of the flow of :
liquid through a bed formed from a com
pressible material is illustrated in Figun
7. The particles are shown in a mame
which indicates that the porosity is de
creased as the liquid passes through th
solids and approaches the septum U
accord with common knowledge [
Figure 8 the liquid is shown as it passe
frictionally along the particles in th

L}

Fig. 7. llwsivation of comprossibility offoets in a flor caho.
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filter bed. The drag on each partich

Saptamber, 195
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Fig. 8. Acumulative drag Ia

ol 1O the drag on the previous par-
ic; and consequently, the net compres-
v pressure builds up as the filter med-
g approached, thus accounting for
o decreased porasity.
At the entrance to the cake, both the
~sure on the liquid P, and the pres-
:“ on the solids are equal to the applied
¢ P.t However, the applied pres-
e does not represent the net compres-
e pressure on the solids. Grace [©)
Ruth (?) have assumed that there
4 point contact betwcen the particles as
obicated in Figure 9 which illustrates
e conditions at the surface. The pres-
e P at the surface of the solids is
waterbalanced by a pressure P 4 dP,
sad the net increase in compressive pres-
are on the first layer of solids is
1-dP,). Thus, as the differential pres-
are drop is negligible for the surface
of the cake, the net compressive
¢ P, at the surface is essentially
sero regardless of the applied pressure.
The build-up of compressive pressure
seoughout the cake will be in accord

* with the refation
G i, = ~dP, (6)
: which is equivalent to
Y 4P, =P O]
" ; Eqation (6) is predicated on the basis
. { point contact and would have to be
M = =ibed if there were area contact be-
5 ad particles, Equation (7) is equiva-
o~ =t to writing a force balance stating
~ B -
’ o irce at surface = force on solids +
: — Ml iorce on liquid
¢ BEY 1 ihould be noted that pressures of
N Lymtion €7) are computed on the basis
1 the total cross section and not upon
“tarea of the voids or solids.
'; When the liquid enters the cake P =
:’."“ ?, and from (7) it can be seen that
i = 0. As P, decreases, P, increases;
:",‘ o if the liquid leaves at atmospheric

" ;uo gauge pressure, P, will increase

—

tCapital lettars 2, Pu, ond P, will be veod for
Peeres axprossod la bb./sq.ft, aad wmall lotters
Anod p, will bo usod whoe [b./sqin. i
Srloyed, )
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a filter cako.

The pressure on the solids can be
eliminated from (7) to give a direct
relationship between the liquid pressure
and the porosity. The elimination of P,
can be accomplished either with the ex-
perimental porosity vs. pressure data or
by means of Equation (4). If Equation
(4) is used, there results (in terms of
Ib./sq.in.) .

ba=p—p = p—[%]m ®
or solving for ¢
= (PP (9

[
_=’:':—7'P+dP;

Fig. #. Porca bulance orownd o particle.

The slope of the ¢ vs. p, curve is given
by

dy
il o
- [4 241
= _,_.rIT' ¢ (10)

The variation of ¢ with p, throughout
a cake for various filtration pressures
for the kaolin of Table 1 is illustrated
in Figure 10. Egquation (10) indicates
that the slope of the curves depends only
on the porosity and not g, and this is
borne out by the curves in Figure 10,
Even at the lowest pressure, the porosity

DIRECTION OF FLOW-
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varies from 5L.5 to 57.5%, which accord-
ing to Komys law would give a two-
fold change in filtration resi

eral authors (1, 6, 12) have de(cmuned
porosities under flow conditions without
investigating the variations in voids
throughout the bed. Since the porosity
does vary, sampling procedures should
be such that a true average value of
moisture content is determined. At low
pressures the porosity may change quite
rapidly with materials like asbestos and
kaolin, and low heads are no guarantee
of a negligible variation in porosity.

Kesony Equstien

The Kozeny equation (J) relating
rate of flow through a bed of solids can
be derived from the following modified
form of the Poiseuille equation.

dp, kn
e Ry

where k is a dimensionless constant, &
the lineal velocity in ft./sec., g the vis-
cosity in Ibum./(ft.) (sec.) ; Ry the hy-
draulic radius, P, the pressure in 1b.f./
sq.ft, gP, is the pressure in bl /sqdt.,
and & is the distance. The hydraulic
radius is given by

(I

Ry =

( Aow area (' length of path )
wetted perimeter /\ length of path

. void volume
~ “surface of solids (12)

Since the value ¢/(1 — «) represents the
ratio of the void volume to the volume
of the solids, the void volume is given

by

void volime = 1" (volume of salids)
a9

Substituting (13) in (12) yields

«(volume of solids)
(1 — ¢) (surface area of solids)

- (14)

Ry =

The surface area of the solids per cubic
foot of solids (exclusive of veids) is
termed the specific surface, §, which can
be substituted in Equation (14) to yield

1
Ra=1 3 (15)

The true velocity « in the interstices of
the salids is given by the superficial ve-
locity ¢ cuft./(sec.)(5q.ft.) or it./ser_
divided by the per cent Voldl, ie.,
w = qfa. Making substitutions in the
modified Poisenille equation leads to

dP, L] 1—4)2532 :
e T =D

Pogs 472

If consistent units, i.e, pound mass,
poundal, foot, second; or slug, pound
force, foot, seoond ase used, & has the

differential equation in P, and 5. Mett

ods of this paper will be devoted to ¢}

graphical mtcgrahons of the equation
In

value of 59, H L if in
units are used with the pressure being
pounds force/sq.ft. and 4 being lb.m./
(ft)(sec.), & has approximately the
value of 5.0. In this paper, P, is used in
Ib.f./sq.ft. and & is taken as 5.0. Carman
investigated Equation (16) for values of
$, ranging from 1,800 to 600,000 sq.ft./
cu.ft. of solid.

For round or square particles and for
cylindrical particles with length equal to
diameter, S, has the value of 6/D. For
cylindrical particles with length twice the
diameter, S, = §/D. For irregular par-
ticles, Dallavalle (2) reports that in
general the surface area is given by a
constant divided by an average diameter.
For rounded particles the constant was
6.1; for subrounded particles, 6.4; for
sharp particles, 7.0; and for angular par-
ticles, 7.7.

Ruth (6, 7) has indicated that the
Kozeny equation should be modified by
replacing « by (¢—¢,) where ¢, is a
constant representing a portion of the
voids unavailable for flow, termed the
dead volume. Grace (5) has indicated
that Ruth’s dead volume hypothesis is
not valid and that in general Kozeny's
equation is inadequate. Grace also has
shown that the value of & in Equation
(16) is not constant and has investigated
its variation with porosity. No attempt
has been made in this paper to evaluate
cither the validity of Ruth’s modification
or Grace's experimental data, and calcu-
lations have been made directly with the
unmodified Kozeny equation. The meth-
ods fundamentally would be the same
regardless of the functional nature of the
right-hand side of Equation (16).

Flow Through & Pixod Sod

The fundamental problem involved in
the flow of a liquid through a fixed bed
of solids revolves about the caleulation
of the pressure as a function of the dis-
tance. The use of Equations (7) and
(16) in conjunction with either Equa-
tion (4) or actual porosity vs. solid
pressure data permits the calculation of
P, vs. 5. Variables involved may be
summarized as follows:

g Equation (4) o be walic
the assumption is made that the porosit
depends only on the pressure on th
solids. This is equivalent 0 assumip
that the equilibrium porosity is attaine
immediately and is contrary to the fac
as illustrated in Figure 4. When ¢
pressure is built up slowly as in indy,
trial constant rate filtrations, it is prot
able that the time effect on consolidatig
is unimportant. However, if the rate

quite high as exemplified by many labo,
atory investigations, the time effect proy
ably cannot be neglected. In constay
pressure filtration, the initial depositic
of solids at a high rate may represe
a case in which the time effect is impo-
tant. Both the nature of the solids ar
the total fltration time will determir
the importance of the transitory peric
in which the porosity is a function ¢
time as well as pressure.

Suppose a liquid fows into a rectan
ular bed of fixed thickness (Fig. ;
under an applied pressure P, while at ¢
opposite side the liquid leaves at pressy,
P, which is necessary to overcome t
resistance of the septum. At the pois
where 5 = 0, the liguid pressure is 7
and at the other side where * = L ¢
value of P, is P,.

The Kozeny equation may be rea
ranged for integration to give

L P

s f5 L[ e d
g P (1-0?

47

Reversing the limits on the right-har
side to climinate the negative sign ar
integrating the left-hand side yields

P,
kquS,2L =/ e b s
Je (1—-¢3
5}

where the right-hand side must 1
evaluated gumerically. The value }
represents the pressure at which t
liquid leaves the solid at s = L, and e0
responds to the pressure required

overcome the resistance of the septw
If the upper limits in (I7) are s and |

EQUATION DESCRIPTION VARIABLES CONSTANTS EQ NC
Moxany Mow FO¥0 +.covernniinnnnniniunenaas P ahns [
1] ¢
€ € *

There ate four variables P, P, ¢, and
x from which it is desired to eliminate
P, and . Theoretically, P, should be
eliminated between (4) and (7) to give
a relation between ¢« and P, similar to
(9). The porosity should then be elim-
inated between (9) and (16) to give a

Chemical Enginooring Progross

corresponding to some arbitrary point
the bed of solids, integration produces

. P "
hquSAr - ad n
7o ﬁ =g e ¢
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pividing (18) by (19) gives

shere y = /(1 = ¢)2. Equation (20)
B ates that the value of P, for a given
aplied pressure P depends only on 5/L
rdnot on q, g, 0 S, .

Is order to solve Equations (18)-(20)
t1s mecessary to relate ¢ to P, as was
xeviously done in Figure 10. With this

7 wdormation it is possible to obtain the

wot bf the Kozeny function &/
b 11~ ¢)? for each P, and numerically to
5 =egrate Equations (18)-(20).

GAMME 1. Suppose ¢ ligeid s to fow
Gvegh o fcod bod of the hoolin for which ¢ v
h s plottod te Figuro 10. Colevlations for ob-
Wing the pe vo 2/l roloticaship of 100 1./
wa. ore thewn ia Toblo 3.

A plat of tha dota in Tabike 3 Ffor en appliod
svowrn o 100 1h./sqle. Is shevm in Figuro 11
with curvos fer 25, 50, ond 75 Ib./sq.in
"W the corvas de not depart greatly from
Svight knew, thoro is doflaito curvaturo. Ou the

“ 49, No, 9

100 Ib./sq.ln curvo, tho slepa ot x/L = 1.0 Is
abowt 2.4 timos tho slepe ot x/L = 0.

OQwic of Plew vs. Appliod Prossuro

Of more interest than the pressure
drop throughout a fixed bed is the varia-
tion of the rate of flow with the applied
pressure. Consider a rectsngufar solid
of constant thickness L in which the
liquid flows in one surface and out the
opposite. Suppose the total mass of dry
solid is w Ib./sq.it. If ¢ represents the
per cent voids at distance x below the
surface and the true density is p,, then
the mass of solids per square foot in
distance dr is given by

dw = (density) { volume of solids)
= g, (1 ~ e)dx (21)

where (1 — ¢)dx represents the true vol-
ume of the solids. Integrating from zero
to L yields ’

L
w =gy S (1—qds
0

The variable of integration in (22) ¢an
be changed from x 10 P, with the aid
of the Kozeny equation (16). The dif-

(2)

Chaemical Enginoering Progress

ferentia! ds is obtained from (16) and
substituted into (22). The limits of in-
tegration are changed from L to P; and
O to P. Thus combining (16) and (22)
and changing the limits of integration
to avoid a negative sign leads to

= e P_i_dp
T hsE f =0T
)

The value of this integral can be found
graphically in a manner similar to that
used in Example 1. A plot of a relative
rate kuwS,q/p.ge = gE vs. P for
the solid of Example 1 is shown in
Figure 12. It can be seen that the de-
crease in the porosity with increasing
pressure has & pronounced effect on the
flow rate. Calculations show that the
average resistance defined as P/q at 100
Ib./sq.in. is 1.5 times the resistance at
§ Ib./sq.in.

(23)

Tere Selide la Sorios

If the liquid is flowing through two
so0lids in series as would occur with two
layers of graded sand or a precoat in
fitration, Equation (23) must be modi-
fied. Suppose that the pressure drops
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from P to P, in the first solid and from
Py to P, in the second solid, where Py
is now the pressure required to overcome
the septum resistance. Equations similar
to (23) can be set up for each solid sub-
ject to the condition that the flow rate
is the same through each. Thus

Fon £ o
1
= TwsE | = ¥
I3

JoP2 P o*
Shusy f Ty 03
Py

where the subscripts 1 and 2 are used
to denote the values of the parameters
¢ p w, and S, for the two solids.
Theoretically, P, can be eliminated from
these two equations to give g as & func-
tion of the inlet and outlet pressures P
and Py If both solids were incompres-

tally, it is desired to obtain relationships
between the volume fltered, pressure,
and time.

If the filtration is carried out at con-
stant rate, the mass of material deposited
per square foot w and the applied pres-
sure P which is the upper limit of the
integrals in Equations (23) and (7°)
will vary together, As w increases in
Equation (23) or (24), the value of P
must also increase if ¢ remains constant.
If v is the volume of fltrate per square
foot, m the average ratio of the mass of
wet to dry cake, and s the per cent solids
in the slurry, then

w = spv/(1—ms) = 3pgd/(1 — ms)
(29

where  is the time and v = g#. In the
case of a dilute slurry where (1 —ms)
is approximately unity, (29) reduces to

w = sp0 = 5pgé (30)

sible and ¢, and & were inte.
gration of (24) would produce

Elimination of Py yields
(P —~Py)
= 26
(wyay + teas) %
where
= Bl —a)5t
T e @
and
k(1 — )5
B e————n u
o P ()
The quantities a; and ay are the re-
sistances per pound mass per square
foot of solid. If the porosities are not
constant, it is necessary to perform the
integrals in (24) by numerical methods
and adjust the value of P, so that the
equality is realized.

Coastent Qato Ciltraties
In the previous sections the analysis

P
wn AS3 s
T e T @
. . 1

Combining (29) with (23) gives

()]

This equation represents the desired
solution for constant rate Gltration in
which # is given as & function of the
upper limit P. The lower limit P, is
constant oniy when the septum resistance
does not change, e.g., when the solids
are 1aid down directly on something like
a wire screen, If & precoat is involved,
the changing pressure P would cause the
precoat resistance to increase, and P,
wonld not be constant. If P, is small,
slight changes would have little effect
on the results,

If £ is not small enough so that ms
may be neglected, m must be obtained
by an integration. Thus

mass wet cake
mass dry cake -
mass moisture
mass dry cake 32

L
p/ ox
9 39

s

=1+

m=14

P o
[, o
Py
P . 34
Py —~'JP'
.[’: (1—¢)

When « does not vary too widely, Equa.
tion (34) may be replaced by

m= 1+

— pe
m-l-f:h(l_‘) 35
which is usually sufficiently accurate i
an average value of ¢ for liquid Pressureg
between Py and P is used.

For the case of constant porosity, in_
tegration of (31) gives the usual yim,
form of the constant rate equation. Thy

. tpe a
F—Pl-l—m;:qz‘ (“)
where a, the filtration resistance, j;
given by

kl—0)St
@ = -—P—.;’—‘— n

Equation (36) would only be valid for
an incompressible solid in which the
voids were independent of the p "

EXAMPLE 2. Suppows ¢ salld Moving tho ey
porasity charoctoristics a3 the koolle fn Damaply
115 %0 bo Gitered in o uait with sogligiblo capes;
rosistancs ot o constent roto of 0.5 gel/(ak)
{eq.ft.). Furthor supposo that tho shurry b dileey
ond contoins 0.5% wolids by wolght. Ol
peramotors hovo tho vafuos: :

# 72 ) contipeiso

» == 624 thm./oudt.

20 = 124.8 ham /ouds,

S, == 3000000 sq.ft./cudr.

¥ = min. = 8/80 : i

Sinco s == 0.008, me will be small, end {1 — =
maoy be takon o1 valty, Chonglag tho rele

goliens por miavta te consiciont walts yiolds &
valve of  (0.5/0)T.40) = 000113 k)
(soc.}{rq.f1.). Substituting tho velvos n (31) yicks

(0.005)(62.4)(0.00067 2{5)(41(10*H0.001 1 Y40

(124.8X32.01

. ’
—nw= | £
=nw _f Tt oa
L

In (38) P is In pounds per squars foot. Chesd

L
has been simplified in that the thickness P 1 ¢)ds Iog to pewnds per squaro inch bads te
and the mass of cake have not changed ‘ ( . -
with time. In a fltration process, the ¢ é
thickness changes with time; and the Substiruting for dr as obtained from ¢ =18 el o
equations must be modified. Fund: y's equation yields . . ;
Toblo 4 ] ,_,_,
” ° 0 ) ‘% © 50 0 7 © L] ll!é'_*
. 0.574 0534 o420 o2 o0.50% 0.499 0.494 LY 4 o483 .48 l.‘g 3
[ . 100 ”0 % 7 0 2% £ E 2 10 9 ‘g
T'—‘ 0.448 (1)) oa92 ows 0340 0248 LX) (%] 0an oas oz |
= . B
.
s
- Ead -
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‘. | 4 CONSTANT RATE FILYRATION

tor such applied presswrn p, tho latogrel mes
s oveloniod mumoricaily ta givo the fimo. In
tebls 4 the culeviations are iliwstratod fer
= 100 1b./sqtn,

The integral corresponding to Equa-
tion (31) is found by calculating the
wea under the curve of ¢/(1—¢)
phated against p, The graphs of o/
{1—¢) vs. p, for applied pressures
nnging from 5-100 Ib. /sqrin. are demon-
-wrated in Figure 13. The ares under the
arve for 100 Ib./sq.in, is found to be
%39 b./sqin. or 3800 lb./sq.ft. The
tme tequired to reach 100 1b./sq.in. u
oined from Equation (39) and is
¥ = (188)(26.15) = 483 min. In Fig-
we 14, the lpplied pressure is plotted
winst the time. The curve for Ex-
aple 2 is typical of the type encountered
i the constant rate filtration of a com-
pressible material

Gomtont Ruto Filtration with o Procoat
Equation (24) for two fixed beds of
wlids in scries can be modified to give
% equations for constant rate Gltration
sith 3 precoat. The mass of solids per

Yol 49, No. ¥

P b
fg 1 Prevors v g‘
.‘hmfmt.
$ltratioa. Bw_‘__ -
a
RO
o B
.: F‘-

1
20, ~ % -_'-JLG*!
3

v

L HINUTES iz o s

square foot wy of the precoat wil) remain
constant while w; will change with the
time in accord with Equation (29).
Solving for w in (29) and substituting
the result in (24) in the place of w,
gives

_ati=mn [T
T Thegst [ T
3

P, 3
L 2 __4p
kutw, Syt (1—e) ’
Py

(39)

The value of P, will equ:.l pR,.q/g, if
the septum
and the flow is viscous, whlle P, will i in-
crease as the filtration process continnes.

In terms of a; and ay a3 defined by
Equations (27) and (28), Equation
(40) may be transformed into

= 1=ms g (P =Py} _ go(Py — Pa)
spqd ay g1ty
(41)

Elimination of P, and substitution of
#Rug for g,Py yiclds

9P = p(Ru + t0yag)q = 7 a1

42)

The solution of Equation (39) in the
most general case requires the numerical
determination of P, and @ for each ap-
plied pressure P. The determination of
the exact solution is rather tedious unless
the simplifying mumptlon is made that
the p y of the p t iy
If Py is not large, the variation of P,
and «, through the precoat will be small.
The porosity will be at its minimum
value at the side where the lxqmd exits.
As a satisf, the
value of ¢ may be taken as constant at
its minimum value and can be calculated
on the basis of the maximum value of
P, At the side where the filtrate leaves

the precoat and p, = Py, p, is At a maxi-
mum and is given by
=p—p (43)

The value of « corresponding to this
value of p, may be calculated by using
Equation (4)

€= (p=pa)* (44)

ar it may be abtained directly from the
experimental data. Since ¢ is being
assumed constant, the value of P, may

be determined from Equation (41), thus
k(1 —4)S5y*
Py Pyt oy =L

= Py+amyiq (45
'

Values of ¢; and ay will change during

the course of the Gitration. As the 6ltra-

tion pressure P builds up, the value of

« will decrease and ay will increase. ~

With the values of P and P; fixed, # is
found to be

_a-m) e [T
prem ol ey
P,
(46)

EXAMPLE 3, Suppers & heuvy precost of 1.0
18./sq.0t. of & Slter ald with the fellewing char-

For i pressible solids (39) b
an integration

g _ (1=mdp o8 o
% wdSs (- Y
= " ——__" —
WSy (1 ""‘:) (Pr=Fy)
(40)

Chemical Engineering Progress

tics is laid dewn «pos a replvm with
nogligiblo rasistemen
per. = 23

So = 1,000,000 sq.0./cu.fs.
= 008 p, "

Furthor suppess that the meteriel of Examplo 3
is bulag fNersd vndor the fellawing conditiens
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which ero idoatical with thase of the previevs
enemple:

wyr. = 20

$ = 2,000.000 sq.th./cv.h.
s = 0.004

3 —m = 1.0 (epproximately)
q = 0.3 gol./min./(sq.ft.)
2 =1 contipole
» 2 624 bo.m./cufr.
=0
¢ = mn

Omw choaging %o Ib./sq.n. ond minutes, Equation
(39) becomos

P
0.00163 «
0.00112 =—.,_/ Ty o
~

N 3
= 0.000197 -2 .
i—a"
whorg py it In pounds per squore lnch and & b
tho valve of the porosily carrespeadiag te tho
salid prossere at tho Bquid exit frem tho precoet,
- Equations (45) and (46) bocomo

£ = HOTNHONONN 1 — o
QLDRINTA4) o

= sslon
L1}

p
..l
r= "’/ T
m

The value of # int minutes correspond-
ing to the applied pressure p in pounds
per square inch as given by (49) can
be obtained by graphical integration of
«?/(l = ¢) between p; and p. Since
the solid being filtered is the same as
that used in Example 2, the value of
«%/(1— ) will be the same for equal
values of ¢, and the curves of Figure 13
may be employed for obtaining the
values of the integrals. In Example 2,
where there was no precoat and neg-
ligible septum resistance, the integration
was carried out with the lower variable
of integration in (49) equal to zero. In
this example, the lower limit of integra-
tion will not be zero, and the numerical
value of the integral in this example will
be smaller for a given applied pressure
p than in the previous example. This
amounts to saying that the time required

“wn

4

to reach a given pressure will be smaller
with the added resistance of the precoat.

In order to calculate the value of the
integral in- Equation (46), it is 6irst
necessary to obtain the values of p, for
different values of the applied pressure
p. Since pg is zero in this example p,
will equal p at the outiet, and «; can be
calculated from the relation o = 0.85
p,=0-018 = 0,85 p—9915, With ¢y, #; can
be cbtained from Eguation (4) as illus-
trated in Table §.

Examination of the first two columns
in Table § reveals the fact that p is less

the integral £ will remain constyg,
while dy/dé and Py will both vary, Ty,
cases present themselves depending upor
whether the septum resistance is oy,
stant or not. In the simpler case of cop,
stant septum resistance, Py may be y,.
Placed by

0P, = pRa 2% o1

where R, is the septum resistance ap,
viscous flow through the septum is 4
sumed. If « is constant, on integratioy
Equation (50) b

than p,. Since p is the applied pressure,
it must be greater than or equal to py.
At 2 = 146 lb./sq.in, both p and p,
are equal, and the time is zero. There-
fore 1.46 Ib./sq.in. represents the initial
pressure necessary to overcome the re-
sistance of the precoat. In Figure 14
the variation of p, with time is shown.
When the total pressure had increased
to 100 Ib./3q.in., p; had changed to only
237 b./sq.in. Actually with a amaller
and more reasonable quantity of precoat,
the values of g, would have been smaller.

The applied pressure for the filtration
of the solid with a precoat is plotted
against the time in Figure 14 and can
be compared with the same fltration
without a precoat. Although p, is
actually a variable, little error would
have ensued from having assumed g,
constant and equal to about 2.0 Ib./sq.in.

Cansicnt Prossere Filtration

If the applied pressure P remains con-
stant, the rate of filtration will decrease
as the cake thicimess builds up. Equa-
tion (25) can be adapted to a constant
pressure filtration if @f is replaced by
vand q by dv/d4. Thus

IS do v
(1—ms) gpy, d# Cdo

I 4
&
= T—=s9F, (50)
’A: (1—-«)

where C represents the combined value
of the constants on the feft-hand side of
the equation. Conditions for solving
(50) will differ from those of constant
rate filtration in that the upper limit of

apy dv -
g1 — wus) v =P-A

_ | dy
=P wRags ¢

where o is defined by Equation (33)
Integration of (52) leads to the usyy
parabolic relation of v to # expressed 5,
L. -
i 7 Ty R =P
If « is not constant, a graphical ints.
gration must be carried out to obtain th,

v vs. 0 relationship. It is possibl
solve for the volume in Equatian (50'
to obtain

r
. c L
v= e 4P,
d/de (T Rkd
4 .l;“:-*-%

(54

Since P is fixed, the value of the integra
will depend upon the lower limit o
dv/ds. Thus, the integral is a function
of du/de. It is passible to choose valoe
of dv/dg and then calculate v, The valu
of @ then can be obtsined by a secom

.numerical integration as illustrated §

the following example.

EXAMPLE 4 The solution of Eguation (30
will bo carried ewt for the tome soild vsod b
Exomples 2 snd 3. Suppose the sppliod prowers
is 100 1b./aq.in., the preduct uRa/gs = (10,000
{144) or simply 10,000 when tho prossers
s in powsds per squers lach ond € = L1¢
(109, i erder 1o seive this preblom, voriow
volves of dv/é8 will be chosen, thus fixing P
ond the fimits om (34]. The lsitial raks of iy
tion [a such that o} the presivra drop e scrms

2
ad

» oppliod prowers 1.0 12
[ 0ss 0849
o'/t — o 409 404
o B./sgbn. 1.38 1.40

L4 ]

"
f (U nl"'
L] .

. mia. -
Pago 476

Tablo 3
148 s w0 23 0 75 100
0.843 0.029 o o 0802 o oy
ES EE -} .09 202 2.41 2.90 224
146 120 1.9 2.0 27 226 px 4 )'
L j
o ¥ EA ) s 1434 2027 2546 1
‘1
[ 254 583 143 263 s as
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*‘,-rdp.=p=!wm./n.b. Thes

= S o 190,
'#“" ak. ~ Togog — 001 M/me

{39

fow rolu corrosponds te 4.5 gel/
B k) B ls ghvon la minvios and po G

afoad

,..m.nmu(wb-m

0,0l
o 10,000 % " ' =

Oﬂl'"('“"m(l 16510, Cokule.

jor abtaining v vs. dv/dd from (58) ero
“ ia Toble 6. The 100 Th./sqis. curvo for
,",,)vl.'.hﬂ.unnn-bnvn‘hr
wmhmﬂhuﬂlm

pots of d#/dv vs. v as well as lines

constant & are shown in Figures 15
od 16 It can be seen in Figure 15
gt the lines of dF /dv vs. v are virtually
asights 8 fact that has frequently been
,qmlnud experimentally. In ana-
glfomthestrmzhtlmelmﬁgure

(34)

Teblo 0
L:"-, /e, a0 0098 009 0073 008 0028
.:_;-. f./min. 08 054 o 048 0.30 018
" 100 o8 % 75 ") 25
100
/ T‘_"_,dp. o 2012 arr . 1420 207
g
’ .
v ° 0am 0.698 1840 ™ 13.03
¢ {(min) ] 0.8 12 k¥ 3 12.4 7.6

in the d#/dv relationship at the begin-
ning of the fitration. The line which is
indicated as coming from Figure 15
represents the straight line through the
points for times greater than 20 min. It
is apparent that for the points up to 20
min. a line of smaller slope could be
constructed. Since the slope is smaller
at the beginning of the filtration, the re-

R 15 may be represented by sistance must incresse as the filtration
2 proceeda. An average slope up to 20
F) min. is 25.5 min./(ft)®; whereas, the
oo o il (57) " Gmal limiting value of the slope is 25.9.
¢ 18 po . R The value of 25.9 corresponds to a filtra-
7 Equati Jbich integrates into tion resistance of 4.16(1011) ft./ib.
: mass.
o 1= ot + Kbo 8 ™Ihe iaitial slope and Sltration resis-
= fqmation (58) is simply the equation of tance cannot be cakulated with certainty
(-9 ge well-known filtration parabola. Thus  as can be scen from Figure 17. In this
R e graphical procedure of Example 4 figure, the Kozeny function /(11
) k;mpresslble solid confirms the fact is plotted against the liquid pressure for
ue of the m wnsnnt pressure ﬁltnuon datacan ag apphed prusure of 10 1b./sq.in. The
lower d by a parabol: d area under the curve be-
ral is a M is, however, a deviation from the een 60 and 10 1b./sq.in. represents
] mrabolic form at the start of the filtra- the value of the integral in Equation
‘at won where v is zero. (54). In this region the liquid pressure
ne In Figure 16 the line for 10 Ib./sq.in. falls from 10 to 6.0 Ib./sq.in. in the cake
as u shown on an enlarged scale in order and from 6.0 to zero across the filter
w illustrate the deviation ftom linearity medium. The area under the curve can-
"
-
- -
t . ‘ ' .
wl = y. g
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-not be determined with certainty in the
portion of the curve between 8.58 and
10 Ib./sq.in. since an extrapalation of
the experimental data is necessary as in-
dicated by the dotted extension of the
curve. The porosity data were taken
from Table 1 with an initial value of
Pe = 1.42(p, = 10— 142 = 8581b./5q.
in.) and an initial porosity of 0.574 cor-
responding to /(1 — ¢) = 0444, Ex-
trapolation to p, = 0 leads to a value of
/(1= ¢)= 0.508 for which « = 0.592.
In this region of low compressive pres-
sure, the solids may be quite plastic; and
it is difficult to obtain the porosity-pres-
sure relations with accuracy. Therefore,
there is an initial region of uncertainty
m evaluation of the volume-time rela-
hip. As time prog , the rela.
tive effect of this u'ma becomes
smaller. The double-hatched region
from 858 to 10 Ib./sq.in. has an area
of 0045 while the total area from zerc
to 10 Ih./sq.n. is 3.86 ib./sq.in. Thus
the uncertainty becomes quite small as
the volume of fltrate increases.
The initial 6ltration resistance can be
calculated from Equation (37) using the
initial value of «3/(1 — ¢), thus

= k(1—-aS2 _ (5)($)(101%)
et (124.8) (0.508)

= 3.16(1081)£t./Tb.m. (39)

The average fltration resistance at any
time can be written as

iss (2= gormuiors)
-

n‘
.:..‘.;.("')
e

The ultimate resistance approached as
dv/dg becomes zero is

52 P

ap = —2

Pe P
a
f (1—-¢ dP,
]
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(61)
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For the 10 1b./sq.in. run just considered,
Equation (61) becomes

o = 152900 (10)
2 (1248) (3.86)

= 416 (101)ft./Ib, mass (62)

This is equal to the value previously
found from drawing a tangent through
the d# /dv vs. v line. From these calcu-
lations it can be seen that the filtration
resi increases approxi !

above its initial value, Nevertheless, the
ultimate value is approached quite rap-
idly, the average resistance at 20 minutes
being within 1.5% of the maximum
value. It should be recalled that in the
initial stage of the filtration, equilibrium
consalidation may not be reached. Since
the porosity decreases with time, the
initial porosities would be larger than
the equilibrium values as reported in
Table 1, thus leading to smaller initial
resistances than those which have been
calculated. From this standpoint, the
filtration resistance would be expected to
increase more than 309 above its initial
value,

Constant Presswro Piltratien with

The previous method may be simpli-
fied somewhat if R, is taken as zero. If
Ry, is zero, the value of Py representing
the lower limit of Equations (50), (54),

!

The right-hand side of Equation (63) is
a constant for a given applied pressure
P. Thus integration of (63) yields an
equation of the form

t2 = Ko (64)
where the K is identical with the con-
stant in Equation (58). From (64) it
can be seen that v and 0 are related by a
perfect parabola in contrast to the prev-
ious case with a fnite septum resistance.
Again (64) is subject to the [imitation
of the time effect on consolidation. The
filtration resistance found from (63) is
not only constant but is also equal to the
limiting value given in Equation (61).
Thus, as the filter time is increased, the
resi of the medium has a ! ing
effect on the filtration resistance.

Constaat Prossuro Pilrratien with Procoot

‘The equation for constant rate filtra-
tion with a precoat can easily be modi-
fied for a constant pressure ltration.

3

0 thy

the maximum pressure is applied
precoat. Initially then

du dv

g, dé
P
=-rf_ /1
w,Sy? _:_'_"
(66)

To start the solution, a value of 'du/a
must be’ found which will satisty gy
equality. Smaller values of dv/dg are
chosen, thereby fixing the left-hand tide
of (65) and the value of Py. In the
step Py which replaces P in (66) i
determined. With P, known, the inte,
gral of the center member of Equatioy,
(65) may be calculated along wiy
values of v. After v has been found
as a function of du/dd, the values of ¢
may be determined by graphical integra.
tion.
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In Equation (39), ¢ is replaced by
dy/d¢ and ‘qa by v, thus

by dv
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Fig. 17. Right, intogrel of Kexony funciea in constant prossura Altretion.
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"f, tota! orsa perpeadiculor b flew,
q.f.

4 = Intorespt sa tho groph of d8/dv
wa v, rociprocal of the intiel rato
of Ritration, soc. or min./f.

, & exponont sccurriag ie Equatien (4)

¢ = constont dofiacd by Equation (50}

¢ G = constents In Equation (5)
p = perticia diamotor, #.
[ = defined by Equation (23), lgvs.'/
poge. Bt /(sec )b L)
= convorsion foxtor from (bf. e Ibl,

¥ numorical equivalent of tho stan-

X = twico tho rociprocal of the sopo of
d8/dv ws. v, soc or min./mg.M.
| = coko thicknon, R,
» = ratie of mam of wot 1o man of dry
ko
» = sppilad prossere, b.t./sqin.
» = applod prowra, .t /sqdn.
hp,a:pn.wmdlqul‘uﬁh-wld,
4./sq.h
"’,npnﬂmdﬁq'l“uhfmn‘ld
ib.f./eqdn.
7, & peossuro on liquid, b.f./sqft.
pe 5 presssre oa Bquid, B.f./sqbn
P, = premwro an sefidy, Ib.f./aq.ft.
po = pressurc on solids, th.f./1q.m.
= rav of filtration, cv.ft./(sq.){sec)
or suporfcial velecity ft./1ec.
fa = rosistanco of the septums, 1/ft.
Ry = hydeoulic rodivs, .
5= por cont solids ia surry
§.5 % = wrfoco oron/cu.ft. of solid matoriel,
q.f1./cudr.
» = overega wolocity of Kitrato in volds
of filtor coko, ft./se
v = velumo of filtrote/sq.fi., cufh/sq.ft
o % = tobol mazs of cabe, Ib.m./sqft.
2 = ditence mecsurod from #itrato ow-
tranco te coke, M.
7= wolvo of #/(1 — o
2 = por cent moishure
co oy = Rliration reslstancos, #./B.m.
4 = filirolion resistones during comstomt
prossuro Riwation, #./To.m.
wa f =2 per cent voids er povedly
4 = dead volumo
t = par cont wolds af ono pound por
square inch, consant in By (4)
» = demsity of liquid, 1b./cuv.
i = true demally of solids, 1b./cwdt.
» = viscoslty, tham./(f.)ewc)
4 = ma of fltretion, wc.
f = fime of fliration, min.
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Discussiony

W. M. Blior, (National Lead Co, Fair-
haven, N. 1.} : In using the Kozeny equa-
tion we assume that we have streamlined
flow. Is it possible ever to form a bed of
solids or a Glter cake in which the flow of
fluid through the cake is not streamlined
and the equation is not applicable?

F. M. Tdllon That is quite possible. In the

of pressure; that is, the time re-
quired to reach equilibrium is assumed to be
quite short. In other words, one can see
that even with a cake, possessing 3 signifi-
cant varistion of porosity with pressure, as
the cake is laying itself down on the bed and
approaching its equilibrium porasity, an
amount of time would be required that is
significant with respect to the amount of
filtrate flowing. Presumably this factor
would increase the effective porosity of the
cake. Have you considered time lag and
eliminated it as being an insignificant item?

P. M. Tille: No, we certainly haven't
eliminated it as an insignificant item. You'll
find that there iz a general assumption here
that the equilibfium pnmsity is obtained in-
, aod that is not true. Figure

equations which I showed, I factored out
the viscosity term as 1/», indicating that the
velocity was inversely proportional to the
viscosity ; if we had turbulent flow, the vis-
cosity would be much less important in cal-
culating the resistance which would be pro-
partional to sbout 8.2 power of the viscosity.
We would find also that the velocity would
be proportional to the square root of the
pressure drop. There is no reason that we
couldn’t modify the equations for turbulent
fow.

Ansaymovs: Have you ever found any thu
showing application of the Kozeny

llhmu:ewmnonotpotmywm:hme.
For ialy like cal b Blter
aids, etc., you'll find it takes about ten min-
utes to reach an initial equilibrium after
which 3 gradual creep continues for quite
some time. With materials like natural
clays, it may take 24 br. to reach the injtial
equilibrium with the creep (oma on conun-
ually. Actually, the d at
the present hme, represent the first approxi-
mation, and we can hope that the next set
of equations will include the time effect.
There are pot many data on the time effect.
it is important practically inasmuch as the

for highly viscous imaterials passing
through porous beds—-materials having a
viscosity of 1,000 poises with high pressure
drop?

F. M Tillors That represents quite a diffi-
cult problem. In the first place, many of
these liquids with so high a viscosity, par-
ticularly like Du Pont viscose, may behave
as non-Newtonian liquids. The laws gov-
eming the flow rates will not follow the
ordinary Kozeny cquation. 'l'!ntuaprob-
lem which T don't think has been compl

porosity is at & when the bed is
laid down and the resistance is at a8 mini-
mum. In the initial states, you may have
a smaller resistance than you will have after
the equilibrium porosity bas been reached.

Anasymows: In the operation of a Schriver
plate and frame-type press or a Sweetland
leaf-type press, would your remarks about
coatrolling the pressure of the liquid indi-
cate that longer operation of the filter with-
out cleaning the leaves or plate or more
rapid filtration could be obtained by keeping

solved. There are many other problems
which are side products of the filtration of
highly viscous materisls. It is difficult to
tell when the filtrate has been properly
clarified and to evaluate filter sid character-
istics.

. Ancaymouss Would you expect sand to
compress under- pressures of possibly 3,000
or 5,000 1b./sq.in.?

F. M. Tilon Yes, you certainly would. In
fact, you'd probably have crushing of the
particles with pressures of that magnitude.

Chemical Engineering Progfeu

a ively high back p on the liquid
leaving the unit?

F. M. Tiler: The compressibility of the
solids is dependent upon the pressure drop
of the liquid through the solid. If there is
point contact between particles, it will oot
make any difference as far as the compres-
sive pressures are concerned, whether there
is a pressure drop from 10 1b. to 0 ib. or
100 15, 10 90 Ib. through the cake. The
resistance should essentially be the mame

Presnted ot A.Ict.l Ferty-Aith  sanusl
mssting, Clevelond,

Page 479

Al gm et

u..:m._.—__:? .r-..-m

. e

e

N e

T SR R T 1 it 3 Jar

FEVHUYT (v 173 NEEI AT

[ TR

4

I




