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In the tangentialjflow electrofilter, a membrane is support-

ed on a porous cylinder which rotates inside a larger, stationaryFo

cylinder. .The cylinders are insulated so that an g&ectric field
cah be applied ac?oss the annular gap. 'The suspension flows Sx:/
ially petyeen the cylind?rs while the filtfgte‘is removed from

the inner &{linder. In this device, the growth of a cake at the

membrane surface is minimized by the transport of particles away

-from the membrane by fluid turbulence, centrifugal force and

electrophoresis and by removal of the cake by shear at the rotat- "

v

ing surface. w .

Experiments were conducted with an.’agqueous latex suspension

v

with 0.02 kg/m? particle concentration and (.60 um particle diam-
eter and a zeta potential o% -60 mV. Filtrate fluxes'fnbréased
with pressure difference, rotation rate and field strength.

Above a criticalﬁfield strength, the flux declined. Particle

v
1

rejections were always above 94%.

-

A mathematical model wag derived to predict the time varia-
tion of filtrate flux. The model included cake build-up as well

as- the four mechanisms acting to minimize cake formation. _
P
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b la vitesse de rotation et la force du ‘champ. 7Au dessus d'une

..... - ii -

RESUME

-

Dans i'électro-filtre 4 alimentation tangentielle une men- :
brane egt fix8e sur un cylind;é poreux gui tourne & l'in;ériéur . i

- ' d'un cylindre stationnaire de plus grande dimension. Leé’%y—
lindres sont isolés dé telle faQOn/qu'uﬂ'champ électrique peut

étre appliqué dans l'espace interannulaire. La suspension . B

. s'Ecoule axialement entre les cylindres pendant que le filtrat

B est recueilli dans le cylindre intérieur. Dans ce montage, la

croissance du gdteau 3 la surface de la menbrane est minimisée :
L

par le transport des particulés loin de la menbrane par turbu- ]

. lence,’ force centrifuge et &lectrophor@&se ainsi que par les

- foEges de cisaillements exercées sur le gidteau a la surface de
/

la menbrane. ) -

Une série d'expériences a t& accomplie utilisant une solu-
s

" tion aqueuse de latex, concentration des partlcules 0.02 kg/m

dlamétre des partlcules 0.60 um, potential zéta -60 mvV. Le taux ’%f

de filtrat peut &tre augmenter suivant ;a différence de pression,

certaine valeur du champ, le taux de flltrat diminue a nouveau.

i

Le pourcentage de rejet des partlcules EtaLt malntenu au~dessous

" “dev 943, | j/ '
Un modéle'mathématique a &t& développé pour prédire ‘la

“variation du filtrat en fonction du temps., Ce modéle inle§"ia T

J

formation et la croissance du gdteau ainsi que l'effet des qud~

v
\

(; tres m&canismes minimisant la formation du g&@teau.

— e i
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CHAPTER 1
D o o ] o .
" , - INTRODUCTION —~
' /
. . !
Filtration is the process in which dispersed particles are ‘
. » . , N
separated from a fluid by means of a porous medium. The main
features of a conventional filter are ®hown ,in Fig. 1.1. “The
7 . 3 .
< N .
s ' — 7
" o— — — -y —— __—.__—t- B
. SLURRY
AP | | TS o=
—_—— T - * .
- CAKE o ’
v i / - -
: v ' MEDIUM
, c -— MEDIUM
SUPPORT ~
J /

FILTRATE

-

FIGURE 1.1. Conventional Filtration

porous medium is held in place by a support through which the
e, ‘

' [+ B s

Particles may be retained eithefr in -

"filtrate can easily pass.
aee c =2

’
/
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‘} ) the .pores of the medium or as a cake on top of the medium or by
! a combipation of these. .
L ~ " Not all of the features shown in Fig. 1.1 are distinguish-

: able in every‘filter. For example, in many cartridge filters

: L ' ‘\ using paper media, the paper is(self—supg§§ting: The choice of

iy

a filter design for a giveﬂ process depends on many facters,

T

among which are the properties of the solid particles such as .

-

siZe, density and compressibility, the concentration of parti-

|

oy e ek e s

c;es) the properties of the suspenéing fluid such as density and
viscosity, the éuantity of material to be handled, whether the’
o material to be retained is the 'solid or the liquid, and whether

the process is batch or continuous. Another important. factor |,

Y

- ’ in the/de51gn of a filter is the source of the dr1v1ng force,
21

which may be gravity, suction on the filtrate side of the medi-~
um, pressure on the slurry side of the medium, the qpélication

of a d;ntrifugal force or a combination of these. Thislphoiée

-

will also depend upon the factors listed above. ;

4 -,

1.1 Tyﬁes of Filtration Processes - S

Flltratlon processes are convent;onally div1ded~1nto
/ .

y s classes for convenience. However, in v1rtually ali‘lndustrlal
L L

filtration processes more than one of-these mechanisms takes

part. ) %,
J ’ ;- o - ) s N
/ “#°.1.,171 Medium Filtration , .

/ 4 a i

! In medium filtration, the particles are retained because

{j) ’ they are larger than the holes in the filter medium. The filter

. v
<¥A€v

Kot e i 1o g = e - e we - . -
a2 e : N
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£ 4,

behaves as a sieve. ’ , s

1.1.2 Depth Filtration

In depth filtration, the particles are retained within the
- ¥

medium éven though they are smaller, often,very‘ﬁych\Smaller,

I

than the pores of the medium.(iFor filtration t6 occur, the-
N ' {'“
particles must impact on the walls of the poreé, hence the -~

particles must leave the fluid sireamlines.> The rate at which
L
this is achieved depends on the balance of inertial and drag
v / .

forces experienced by the particles. The medium may be either

a bed of granular material or—a porous sqlid.f E«gmples of the
/ >
former include deep-bed sand filters and precoat filters where,

the medium is a bed of diatomageous earth or similar material

supported ‘on a coarse screen; and of the latter, felt and sin-

s -

tered metal -filters.

e

-

1.1.3 Cake Filtration . .

P2

e In cake filtration, the solid material accumulates on the

»

surface of the medium, so that after a short initial period,

the bed of deposited solid acts as the filter medium. This pro-

/

cess continues ' until the pressure drop acro$ss the cake exceeds
-—

the maximum permitted by economic or technical considerations
or until the space available for the cdke is filled. The most

/ . v . 4
important factor in cake filtration is the permeability or re-

JUUBEES

sistance of the filter cake. This may be controlled, to some

extent, by altering the particle’ size distribution of the mate-

!
rial, sometimes by adding another solid to it.

o i
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DA 7 As stated above, real filtration procesSes are often com-

posite in nature, several or all of the filtration mechanisms

occurringusimultaneously.orlconsecu£ivél . For example, in cake

filtration, 'the very important initial/dayer cf the cake must .be

retained on the surface of the medium,ﬁy medigm filtration. If

the poreénare la%ger than the particles, depth,filffggion must
"y :

occur until the sizes of the pores arg reduced to the point P

5

° . where médium filtration can occur and, subsequently, cake fil-

R .
\J//’ﬂ\\\ tration.
. .
i

’ { . .71.1.4 Axial/Cross-Floy Filtration

7
.

-

Yo,
PN

ot The inherent time variation of the filtrate flux under a
, , J .
. constant driving force in conventional filtration can be elimi-~

P ! ,/ _

nated if the slurry flows parallel to the filter medium rather
P ‘ ) .

- than perpendicular to it. This'mode of operation is called

[

'i N ’
R . axial or cross-flow filtration.- The process is shown in Fig.

b

’ / 102. ‘:" / . )
. oo The movemerit of the pgtmeate causes particle transport/ to-
I’

4 . : . .
ward the filter medium and leads to an aggregation of particles
v . v / . -
at the medium. Th%s is counteracted by the sweeping motion of

the fluid parallel to the medium. A gradient in the particle

P

concentration is established in the direction perpendicdﬁar to
¥

~  the §§Rter medium. This phenomenon, called "concentyation

£

’ polarizagion“, decreases the rate at which permeate or filtrate

-

;o can be obtained. To reduce concentration polarization, turbu- -~

1

lence promoters are Isometimes installed on the feed side of the
S ' ' A ’ '/
medium. ,

’
-

Jp— .
o -/
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. | C2
Mikhlin (1976) has devised the novel filter sketched in
X , o
Fig. 1.3.

hay actually shear "chunks”

J

In this device, the filter medium ig supported on a
porous cylinder which rotates inside a larger, éiaéionary cylin-
der. The slurry flows in the annular gap between the, cyllnders
whlle the filtrate is removed from the inside of the rotating /
cylinder. This process may be called "tangential flow filtra=- =
tion". The superposition of the rotating Eﬁ}bulent flow and
centrifugal farce upon the axial flow is effective in reducing
In addi=~

concentration polarlzatlon (Mlkhlln and Tanny, 1879).

&

tloprAthe rotation increases the shear. force on the surface of
the cake. [This prevents the cake from growing too thick and

of the cake from thﬁimedium.
_/ L
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A.2 Tangenfial Flow Electrofiltration~

-

The present study involves a modification of Mikhlin's.
& .

tangential f%ow filter. The basic idea is to add an electrical
force direc;éd‘away from the medium to the forces already pre-

sent. With the electrical force added, the proposed procéss

may be called-"tangential flow electrofiltration”. It is hy-/’

- ?
. pothesized that the addition of the.électrical force will permit

larger filtration rates for charged particles. The proposed

process combines particle migration away from the filter due to
, A .
Eentrifugal forces and fluid turbulence generated by the retat-
. S R . ' o
ing membrane support and electrophoretic migration due to a'DC

. P .
electrical field applied normal to the medium - sée Fig. 1.4.

%
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FIGURE 1.4, %iangential Flow Electrofiltration

Daﬂlheimer et al. (1970) have used cross-flow filﬁration’
to dewater suspended solids such as giggin clay slurries. Henfy
and Allred (1977) used the cross-flow filtratkon p;géegs to con-
centrate-gacterial cells. Reis and,Lighﬁfoot (1976) employed a
process known aé”electfopolafgz;ti?n chromatography“to fraction-

ate protein mixtures. Owing to the fact that the kaolin p?rti-

! ° S

j cles, bacterial cells and protein mixtures were negatively .
| - ¢ . .
» charged in agueous ‘suspensions, a DC electric field should im-

A
prove all of these processes. Tangential flow electrofiltration
with its added rotating membrane surface should find application

-in the filtration, concentration, clarificafgon and fraction-

ation of charged particles suspended in fluids of low electrical

» —/ 4
conductivity. ’ '
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1.3 Objectives

~

,/
The 6bject§ves of the present-wérk were the following:
(i)» To determine if the application of a DC electric

field improves the separation of particles in the
tangential flow f@lter.'

»Y’F

To determine the:influence of electrical field

- -

(ii)
strength, rotational speed and transmembrane p}es—
sure drop on filter performance.

(iii) To derive a model for the tangential flow electro-

filters which includes all iﬁéortantiﬁiltration

mechanisms and includes thé varﬁation of flux with.

time. ‘o

T

The experiments were penformgd on a polystyrene latex suspen-

sion.

slightly denser than the water in which they were suspended.

The individual particles were negatively charged and

.
- 7 —
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CHAPTER 2 .

-

REVIEW OF RELATED LITERATURE

/ - .

2.1 Cross-Flow Filtration —

Henry (1972) has discussed the status of cross~flow fil-
. v
tration module development, reviewed many applications of the
3
cross—-flow filter and discussed various mathematical models

. which have/been used to interpret cross—~flow filtration data.

g

Virtually all mathematical models for the cross-flow filtration
process are based on a representation of the particle concentra-
tion polarization phenomenon that occurs in the suspension adja-

cent to the filter medium. The modeis assume 100% rejection of
¢

solute byvthe membrane.

o \

2.1.1 Concentration Polarization Model

During filtration, a layer of solids is formed at the sur-
face of the filter medium. A gradient in suspended solids con-

centration i§ established in the direction perpendlcular to the

membrane. The partlcles are transported back into tﬁe bulkv

stream by c0nvective diffusion. This phenomenon, called congen~-

v

tration polarlzatlon, was found to be of importance in ultra-

filtration of macromolecules like proteins. With these mateﬁ‘
7

rials, a gel layer forms at the membrane surface due to prec1p—

v e

itation of the macromolecules when the concentratxon exceegs .
2 P
the solublllty limit, Cq- - : qfw&

LA B
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A L L P E Al

\ i




.

o"
s
+

A model for concentration polarization during filtration

N =% 4 "
of macrosolutes has been derived by Blatt gg al. (1970) and

de Fillippi and Goldsmith (1970).  The mechanism is illustrated

, below. o . . f ' )
) ‘ ] ‘/ / . ) o
GEL LAYER / | :
— 5 —¥ // l
' |
J '
L e »
4 Cs , {
_J ! ,
J | .
s - BULK
qg S SOLUTION:
= . | C ‘
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b g ! :
| -/
o '
|
MEMBRANE ! e
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]

> FIGURE 2.1. Macrosolute Concentration Polarization Model

L
. 8oluyte is carried toward the filter @yﬁﬁpé bulk flow of perme-

L]

ate, J, -and is carried away from the filter by diffusion, re-

pqééented by a flux JD._ At steady state, the net solute flux

is zero. Using the stagnant film theory of mdss transfer to

describe the diffusion flux, the following rélatfonship is ob-

A

.

. e :{
tained for the permeate flux. %
~ .
‘\\ o . ¢
. c |
D s .
J =5 1ln =~ T (2-1)
‘\ 3 C
\ L3
) [ ~
N Py



4

-8
g

¥ C = bulk concentration of solute - b

where’ D = diffusion coefficient

§ = thickness of stagnant film 5 .
- 4 -

The quantity (D/8) can be equated to the mass transfer coeffi-

cient, k. Consequently, e, L

J ='kln 2 & e (2-2)
. o . . \

N o .7, -
, . et \,\"‘" LT //
If Cs is not too much larger than;éﬁ the logarithm can be expand-

°

ed and Eq. (2-2) c¢an b( written =

J = (cs ~ C) (2=3)

Qs

This form has been derived by Porter an kNglsoﬁ (1972) . When

’ . i
particles are filtered, CS is taken to be the concentrat}on of

particles .at the surface of the cake.

o

+ To reduce concentration polarization and increase the per-

‘meate flux, much effort has been expende
S ;
ally by increasing the fluid velocity past the membrane or add-

to increase k, usu-

Y

"ing turbulence promoters on the slurry side of the membrane.

‘When'particles are filtered vather fthan macromg;ecular

~'sol{;?tes, Eg. (2-2) underpredicts the filtrate flux and daes 1ot

describe the flux-concentration relationship found experimen-
tally (Blatt et al., 1970;-Porter, 197%a). Several reasons
have been proposed for this. Blatt et al. (1970) hypothesized

that the major difference between the¢ filtration of molecules
L N ) .
and of solutes was the permeability/ of the gel layer or cake.

—

! L

U ——

- el
S




The gel layer; which results from the precipitation of macro-
molecules, is much less permeable’ ‘than the cake formed from the
accumulation of particleé on the membrane. This argument is

incorrect, however, as Porter has shown.

égrter Yl972a) pointed out thatr the filtrate flux was also
. ~ . . e

equal to the transmembrane pressure drop, APF, divided by the

sum of the hydraulic resjstances of the membrane (RM) and cake

or gel (R.): . ‘ ) ’ ! )

. R ‘ - ' (2-4)
R+ Hc i

-

At steady state, the flux from Eq. (2-4) must equal that from

Eq. (2-2): o v ; .
| 157 \& . .
N Cs AAPF
kln — = ¥ B - : (2-5)
M cC .

For a gufficiently high value of AP, the cake resistance at
steady stdte adjusts itself so that Eq. (2-5) is gatisfied. 1If

APF is low enough so that -

AP P ‘
& > i . PR , (2-6)
S L e

~ Y -

~ e

with the maximum physicaliy attainable value of Cs, then no cake

kS

~ or gel layer forms and

D

% . - (2-7)

)
T
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' 4 N .
. - - 4 -
- Ve ‘
R . R , . )
- - - .Y 4
\gs =
. .

_ At low APF, no-cake is’ present and the flux is proportlonal to

- _ -
g ; ; APg threugb,qu (2-7) . At high AP., a cake forms and the/flux
. . . . P
. is given by Eg. {2-2). In the latter case, the steady state
’ flux is thelsame regardless of the magnitude of the resistance
{ ” - b cake ’ o
L e of the cake. ’
. 4 , . :
R o S}nceQEq. (2~25'underpredicted the steady state flux and

- - “ -

. ' ,/.eBlatt's explanation was Jincorrect, Porter (1972a@) hypothesized

.

. that there was an addltlonal mechanlsm for transport of parti-

L a N

| cles azay from the membrane. This mechanlsm was the so-called

. walls of a tube in laminar flow, e.g. see Karnls et al. (1966).
S

e , .- Although qualltatlvely correct, quantltatlve predlctlons were

& 3

theoretlcally. -

) Trettin and Doshi +{1979) and Doshi and Trettln (1980) al-
‘ t i

‘;solute mass balance in dlfferentlated form with distance mea—

™

sured outward from the surfacé of thedcake rather than from the

sirface of the membrane.a Théy obtained solutlons of the tran-

A

"

- ~ i
P ¢

.o 1

o um was Fickian diffusion. They also included the resistance of

/ - was inversely proportional to the square rootgpf. time. At any

° . given time, the flux.was much larger thanfﬁ%e predictl9n‘of the
VN -

;/},(:) . }:5film theory model. I - )
" : ’ : ’ h )
- lf

! -

Ry &

. ' . "tubular plnch effect” .in which particles miérate away from the

-

:

not good. The effect of turbulent“flow has not _yet been treaé%d

lowed for the gtowth of a caké %lth time\by'writing a transient

: - sient mass balance for an unstrrred cell in which the only mech=~

ot

| ‘ anism of macromolecule or part%gle traf%port‘away from the medi- .

/ ' the cake in their analysis.' In their unstirred system, the flux
. f .

-

N
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2.2 Elg¥¢trofiltration ., Y o @%@n

The processes of electrophore51s and electroosm051s were
zﬂ
comblned to purlfy c01101ds by Beechold in 1926 utlllzlng a,
g

batch cell he called an electro-ultrafilter./ By measurlng the

/Jf‘ time required to reduce the concentration cof coptaminant in a

a

hydrosol by a specific amotnt, Manegold (1937) was able to study
o, S

“the effectiyéness of filtration, dialysis, electrolysis and

their intercombjinations. Much later, Bier (19%9) developed a

3

membrane technigue using an electrical field to dewater colloi-

dal suspensions. He was the first to study the process of elec-
v /

'

trofil®ration under cross-flow conditions. 1In his experimepts,

v

Bier used transmembrane pressure differences in° the range of

- . : . . s -
1400-4000 kPa in conjunction with a stationary membrane. - Moulik

4

et al. (1967) and Bier (1971) modified the batch (f\iltrat\i?m\ :

, equatlons to 1nclude the effect of the paftzcle mobility in theé

-

slurry adjacent to the filter medium. They neglected the effect

of fluid shear tangential ‘to the filter medium and did not in-

corporate Concentration polarization concepts in their mathemat-~
“ 3

ical models. . . —

4

Grushka et al. (1973) 1nvestrgated field flow fractionation

/

Tl with-am electrical field added. The fleld flow fractionation

T -

_coricept 1n;5IVE§Te§EEETIEHIE§“§~TE‘*“ar\£lgw between parallel
plates and imposing an eleetrlc field normal to the élrectlon of
flow. —The electrical field causes charged solutes tgQ concen-
traté near one of the walls. Therloﬁer velocity ?f the laminar

flow in the region near the wall means that solutes .in that re-

glon will be retarded, while solutes near the center llne will

- . L v

/

-



move down the duct with a h%ghe: velocity. Thisfprocess is like‘

’

conventional chromatographic ;épardtion because solute {(or paffi—

B . /
~ tle) banA; can be developed and eluted from the flow channel.

7 ] _

- JES—,

ra
.the process.

‘Grushka et al. did not investigate the effect of turbulence On

Henry et al. (1977), using suspensions of kaolin clay and

-

t}oil in water, investigated the effects of electric fiéld strength,
’ axial velocity and transmembrane pressure difference.on fiitrate
! flux in’a\inallel pliﬁe cross-flow filter. The electric field
strength varied f{rom 0-50 V/cm, Reynolds number from 1200-3600
and transﬁémbraﬁe préssure difference from 7-28 kPa. They ﬁouhd‘
= | a "critical voltagé“, Ec” at which the net particle migration
velocity toward the filter medium was zefo,ni.e; at the critical
voltage there wag a balance between tﬁe electrical migration away
= from the medium/and the velocity at which thé/particles are swgpt
;/ \ to&ard the me?g;m by bulk £Tow. Henry et al. observed that at
E <« Ec, the/ﬁ&ltrate flux increased with Reynolds number. There -
. .

o/ .. . - . . ]
- was a net pmigration of particles ‘toward the filtration medium

1

and a cake was formed. The concentration of the pérticles was
/ &
s higher at the filter medium than in the bulk, causing diffusion

of particles away from the medium. The overall effect was an

increase in flux as Réynolds -number increa;;EQ When E = E_,

there was no tendency for part;cles to concentrate at any’point

in the liquid film. Consequently, there was no cdhcentration’

‘ gradient and the Reynolds number did not affect the flux. For
E S\Ec, the concentyation of partiedes in the bulk was high%r

(” " than at the filter medium, cdusing particle diffusion toward the

|
!
I
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8 v

-medium and reésulting in a decrease in flux as Reynolds number

A

increased. I

-

Cooper ét al. (1965) noted anothér-effect of the electric

field which has been largely ignored by more recent workers. In
- el ;4 '

experiments conducted with dissolved organics, they discovered
-

/
-that the solute rejection increased with field strength to an

upper llmlt beyond which a contlnued increase in the fleIa
-

strength had no effect. They falled, however, to offer any ex-

planation for this.

2.2.1 Electrofiltration Model

Henry et al. (1977) presented a model for steady state

Jcross—flow/electrofiltration. The cross-flow/electrofilter is

illustrated in Fig. 2.2. The proceés combines particle migra-

tion away from the filter due to fluid shear and to’electropho—

,/

-

retic migration.
Henry et al. (1977) expressed the flux of particles as the.:
sum of a diffusive contri§g;i6§fand an electrophoretic~contr%bu;
tion. The eleétrophoretic velocity of a cﬂarged particle in a
DC elec;ric fié}d is conventionally written as keE' where Ke is
the electrophoretic mobility and E is the field strength. The @

/

mobility is the velocity of a particle under an electric field

~

strength of 1 V/cm. It can be measured experimentally in a'

microd-electrophoresis cell. For the diffusive contribution,

they used the stagnant film theory. At steady state, the fil-

e

Jirate flux is given bf l : ‘ ,

a
et



Cg l S ‘ '
\ LI =kln 2= + K_E [ (2-8)

AN - ' B —
N

Neglecting electroosmotic effects in the membrane and cake, ‘the

flux is also given by Eq. (2-4).

" E - e :
.—_.___’ e
{ ) .
— ‘___A_a s ,/
L] e ® ol o
. o ~ DIFFUSIVE  °
J+—r o * PARTICLE- .
o | TRANSPORT o
_ @—» +T——— BULK
y e O—+——ELECTROPHORETIC
. , — PARTICLE
e . T ’ TRANSPORT
y cakg FLO |
'MEDIUM .

FIGURE 2.2. Cross-Flow/Electrofiltration Concept

£

There is an error In the Henry et al. derivation. 'They put
Eq. (2-8) into the form "flux = APp/resistance” to derive an
express;on for the "film re51stance" and then added this re-
sistance to the cake and medium resistances. This is incor-
rect because Eq. (2-8) 'is valid only when a steady state flux
J exists. Establishing a surface concentration of Cg and a
field E will not produce a flux of permeate equal lto J.

B
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or

-

o]

/

»
- . J ™

s :
If E 3 E,, no cake forms and the flux (incluyding electro-

osmosis in “the membrane)_%as assumed by Hegryvgg al. to be given
) ) — it

|7

¢ ™
At the critical field strength, E =E_, C,=C and Eqg. (2-10)

» S

- . o
yields ;o
‘ N Lrﬁ:f _ et

A [}
x

F
oo .

The critical field strength is proportional to the transmembrane
‘pressfive. difference. .For élay suspensions at, APF ~ 7 kPa, Henry
e# al. (1977) found that Ec ~ 20 V/cm which was in good agree-

[ o . . )
ment with the value predlcted>b¥ Eq. (2-11)1‘ For §j> Ec,'the

. flux increases linearly with field sfrength as given by Eq.

» ~

- (2-9) . : L

-

2.3 Flow,ﬁetween Rotating Cylinders

<

-

Only the characteristics of the flow between a pair of co-

‘axial cylinders in which fhe inner rotates and’thg,outer is sta-
' N V4

.

tionary are considered.

by ' . ;

- - L) L

/ p ]
. APF o X /
J = -}-?——n;- + K E / - - (2=-9)
M - M , ,

. 2 - , '
Equating -Eqs.  (2-8) and (2-9) gives o
- ! - ~ CS APF

',') L (Ke - KM)E + kln E— “/-}-?-; , | i - (2—19)

- -
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2.3.1 Rotating Cylinders without Axial Flow . .

Much of the early experimental and theoretical work was

o ¢

provided by G.I. Taylor. 1In 1923, he analyzed the, stability of

incompressible viscous flow in the annular gap between concen-

-

tric rotating cylinders of infinite length in the absence Pf
axial flow. He assumed small perturbations off'the velocity com-

g

poneFts in the Navier-Stokes eguations and solved for the l?west
rate of rotation for which the perturbations would grow. At this
critical rate,of rotation, Qc’ the purely tangential flow breaks
down with the formation of a séries of. transverse vortex pairs,

the Taylor vortices. Taylor'é result for the critical rate was

iR, +r)
i o =
= Qc - 3 2* (2"12)
22b Ri v ‘
// — ¢ '
where Ri = outside radius of inner cylinder
R, = inside radius of duter cylinder Py -
b = gap width, R0 - Ri
with . ' 7S _
- b b \? -
A= 0.0571(1 ~ 0.652 -i-)-'- 0.[00056(1 - 0.652 §-—> (2-13)
i i ’

Taylor (1923) confirmed this result experimenté}ly.
For b << R, Eq. (2-12) can be put in the form of a crit-

ic4l Taylor number. The Taylor number is defined as

-~

{Schlichting, 1968):




ST IR G

g | . nniz N2 ‘ ‘ A ,
4 " ] ,,Tag—”r(ijt> ~ ) a (2‘14)‘

With b << R;, Bgs. (2-12) to (2-14) can Be combined to yield '

Py

-

¢

_— . .

2 P »

s
Ta = — = 47,4 ! {2=15)
c o433 - ,
/ P .

.
4 B
.

Schlichting (1968) suggested that the flow between the Cylindersf

s

"becomes turbulent for Ta 5 400.

The power regquired to rotate the inner cylinder (per unit

area of inner cylinder) is given by . .
. - R _/ —~

whery Ty is the shear force per unit area of the inner cylinder.

This force is written in terms of a drag coefficient defined by

C ' ] '
D 2 .
ST = b(QRi) ' ) (2-17) °

e ! . -~/ - J—
where 9 is tpe 'angular velocity. Hence,

0 ( N
C .
D 300 L
P, = 5 P(?Ri)/ ©- (2-18)

The drag cqefii&ien%,is a function of Ri/Ro and a Reynolds num-
ber, Re, defined as follows o -

,
. oo
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inder.

4
1
N
1
ot
8]

- —
/ " .
‘ 200R, 2
For the laminar regime. (Ta < 41.3), Taylor derived
Pyl ‘
‘g Ri
o g (2)
o P , o]
, 4
The turbulent flow (Ta 5 400), experiments yield i
¢, = are” 02 - ) (2-21)

@ ¥

Taylor (1936) also
e

where the constant a is a function of Ri/Ro

measured drag coefficients in this regime.

Taylor (1935) measured the variation of the pressure be-

tween thg”rotating cylinders. Since the outer cylinder is sta-
{

tionary,' the fluid does not rotate as a.rigid body and the pres-

sure'distribution is not hydrostatic. A sketch of the variation

,«

“of pressure with radial p051t10n as found by Taylor (for Re ~

D ) is sketched in Flg. 2.3.

Near the rotating inner cylinder
he pressure rises rapidly, reaches a plateau over most of the
gap and then rises rapidly again npear the stationary outer cyl-

An approxim§§e fit to Taylor's data yields the following

13

(2-19) and (2-14) shows that

Comparing Egs.

. o
o 3/2 \ .
. Ta =«——( ) - k@:EZ)

Ay

™~
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FIGURE 2.3.  Pressurs Profile Between Rotating Cylinders
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g //
expressions for the pressure difference between the cykinders

i
o
‘ PO - Pi = 0,27 —r— 1l .~ i—o- ) ' (2~23)

y o '
/ 1

- and between the pressure at the outer cylinder and the plateau

L]

-

pressure
i . R ’p(ﬂRi)z (Ri/ko)z ‘ ‘ 5
) PO - Pp - 0.27 _% ) +' O’Tﬁo/ T (2-24)
a e L 4 i R
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Taylor also found that the mean tangential velocity, Vgr was

inversely proportional to the radial po;ition over the central

80% of the gap. His data are well approximated by

-

-

t
9

. 5 . ‘
Vel = 0.52 QRi ~ (2-%5)

2.3.2 Rotating Cylinders with Axial Flow(/// B

P .

Four regimes have been distinguished for axial flow through

concentric cylinders with the inner one rotating - see Strong

and Carlucci (1976). These flow regimes are: A

L ARSIV A A L

(a) Purely laminar flow for low axial Reynolds numbers

and low Taylor numbers.

-

(b) Laminér-plus-Taylor vortex flow for low axial Reynolds -

numbers and moderate Taylor numbers,

‘@

{(c) Purely turbulent flow for large gxiai Reynolds<nu$bers

and small’Taylor numbers.

(@) Turbulent~plus—Taylor vortex flow for large axial

Reynolds numbers and large Taylor numbers. The bound- °

aries between these regimes are not well established.

In addition, the regipn of gmall axial Reynolds num-

bers and large Taylor numbers, say largéx-than 103,

e

has not been explored.

.7

Maynwmessn ot 5 R O
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: CHAPTER 3 .

. PEXPERIHENTAL APPARATUS AND PROCEDURE —

v
-
03

/ - -

- ) 3.1 \ﬁesq;iption of System and Operation

The tangential flow electrofiltration set-up consisted of

—

a rotatable cylinder with a ierfofated surface (1600 holes of

0.10 cm diameter over the central 5.0 cmi. This central portion

ETRE O e vy

brane. ,The membrane was held in place along its length by a

long. The retaining clamp was screwed to the rofating cylinder

by four screws, one in each corner. The end7‘of the membrane

were held by tape‘(Scotdh No. 898-3H1-17). The membrane area

was approximately 100 cmzi\'The exact value was determined for

—

each new membrane from the meéasured length of membrane_bet:we"e'i"r\g}Q

N J—

Ehg end tapes and the outside diameter of the inner cylinder.

The inner cylinder, whic¢h had an inngr diameter of 6,1 cm, an -
L g outer di;meter of 6.5 cmlgnd a length of 18.2 cm rotated coax-
ially in a motionless cylinder of inner diameter 8,1 cm. The

rotating seals were made by special rings which prevented elec-

‘ ‘ trical contact between the inner and outer cylinders. A cross-.

- able cylinder was coupled to a motor which was fitted with a

@ N '
~ .

J— - B

B v
s

- A - ) .o
{‘) Acropor is a registered trademark of Gelman Instruments Inc.,
'Ann Arbor, MI, U.S.A. .

s e e

*
of this cylinder was covered by a 0.2 um Acropor polymeric mem=-

reta%ning clamp which fitted into a slot 0.2 cm deep and 5.5 cm ‘

section of the filtration unit is shown in Fig. 3.1. The rotat-~

-/
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FIGURE 3.1. .Cross-Section of the Tangential Flow Electrofilter

Vo

.
s
~
F -
- t
\ D - : ‘ N
o
~ .



-,

oo

L

S
. !
1]
:
3 . ,
b :
4
%“
lﬂ:v
E

' feed line to measure the pressure of the feed as it entered the

the particle size distribution in the feed, a peristaltic pump

- 3=3 -

]
——

L&

regulator to maintain. constant rates of rdtation,
A schematic diagram of thegflow loop is shown in Fig. 3.2.
The feed was ¢irculated allong the gap between the motionless

cylindexr and the rotor. A gressure gauge was installed on the

gap. To avoid a possible mechanical influence of the pump on
. V4 - - M

g
was _used for feed circulation, A stabilizer was also employed

o

to damp pulsations in the flow. Rejected suspension was col-'
lected in a vessel separate from fhe'ﬁeed in order to maintain a
constant .feed concentrations The rejectzline was fitted with a

sample linewhich allowed collection of samples during a run. .
L ,a &

The transmittances of the feed and filtrate were measured
_/

[}

with a spectrophotometer (Baush and Lomb, Model DB). Thg spec—

trophotometer was first.zeroced with distilled water in the two
cleaned cells. A sample &f the original feed solution was —

-

e
scanned to determine the wgvelength that gave the maximum per-
centage transmittance. This wavelength was maintained through-

out., The maximum percentage transmittance for the present latex -

was obtained at a wavelength of 700 nm. 1In all measurements,

Wy -

the reference cell contained distilled watgr. Before each mea-

Ls - El

— K . s .
“surement, the isample was allowed to attain equilibrium (go s)

before the transmittance was recorded. After each measurement,

the cells weré cleaned with a dilute solution of hydrochloric

-

acid and;rinsed with distilled watenx.
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3.2 Electrical Arrangement .

~

The special ring on the upper portion of the filtration e

o
N J

unit was insulated from a chamber containing mercury (see Fig.

l)o -
3.1)..-The-shaft connecting'the rotor to the pulley passed

-

through this chamber making contact with the mercury. A bolt =
at the bottom of the chaﬁber served as_the first electrical con-

[ . ‘e
tact point. Since the/motlonless cylinder was made of stainless

steel, a bolt on it sefved as the second electrical contact

. ~

I

point. Dead end insulation between the special rings and the

screws that held then in place prevented short-circuiting.

/

The circuit.wused in supplying electrical power to the fil-

tration unit is i%ﬁustrated in Fig. 3.3. A varidc transformer/

(Superior Electric Co., Type 1168) received povsr at a voltage _ ?
of 115 Vv from‘z voltage source. To minimiZe péwer dissipation,
transformed energy was stored~ig a capacitor (General Radio Co.,
Model KBPé). Alternating voltage was converted into direct
voltage by three rectifiers (P.R. Mallory-‘and Co., Model TC 787 _;g
connected/in parallel. The use of three rectifiers made it

possible for two to act in concert to achieve full wave recti- B

EY

fication while the third acted ag:a filter to smooth the time

variations resulting in a more nearly time invariant output

e
- “

voltage. The polystyrene latex suspension served as the resis-

’ e

tance load. The current was measured with an ammeter (Simpson,

Model C464), I ~

N

- _

3.3 Preparation of Polystyréhe Latex Suspension

A method for preéh%ation of monodisperse polystyrene

)
/

.
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RN latices has-been perfected by' Kotera et al. (1970). The proce-

dure as applied in this project is the following:

(1) Styrene monomer (Aldrich Chemical Co., Milwaukee, WI,

o ‘ U.S.A.) was purified by washing three times with por-
tions of 1.0 M NaOH and rinsing with distilled water.

This removed activated alumina which otherwise would

have acted as an inhibitor.

(2) 1000 cm3 of a mixture of di§tilled water and reagent

>

grade methanol prepared in a volumetric ratio of 2:k’

"/ . - - 13 (
was poured into a bomb reactor.

1]
’ (3) 180 cm? of purified styrene 'was then added to the

' a .

. reacto;.

(4) 4.75 g of potassium persulphate was added to th; re-
*  actor as the initiator. '
(5) Imﬁedia;ely after the addition of the potassium per-
/ . sulphate, oxygen-free nitrogen gas was bubbled into

the reactor and the mixture stirred. The temperature

was maintained at 60°cC.

-

) : : 60°C with constant stirring and nitrogen bubbling.

The latex wag poured cut of the reactor and left to cool

’ - s

iE/s;orage vessels. . The latex was filtered through No. 16 fil-
. vy
[ ter paper before dilution to the desired concentration. ’

! /

. ' 3.4 Properties of Materials

“? The following instruments were employed to measure the
‘:)- properties of the feed system indicated in Table 3.1.
/ v

e " e s e R RS i sm i

(6) The system was .then left for 18 hrs in a fume hood at

Y
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. ' (1) pH was measured with a pH meter (Fisher Scientific
. o i

- Model 1403) . / _

(2) Electrical conductivity was measured with a conduc-
- r'd &
tivity meter (Leeds and Northrup Co., Model 4905-0-
/ ’ -

'33-09) .

o ‘ - (3) Mobility was measured with a micro-electrophoresis

’

A cell (Carl.Zeiss, Model 4325449). ' -

7

/
;e

3.5 Defipnitions of Fiug and Rejection

The filtrate flux in the tangential flow electrofilter is
defined as the volumetric flow rate throudh the membrane per’
unit area of the membrane.

The rejection measures the effect of the filter in remoﬁing
particlés. Seoud (1980) has shown that these latices obey

Beer's law at low concentrations. BAccording to Beer's law,
&
\ 7/ p o= 7KC . ” ; (3-1)
where T = fractional transmittance
.C = concentration

* ' X = constant dependent gn wavelength .and particle

size ! ’ ) .

1

-

From Eq. (3-1):

. | c-Im . ‘ (3-2)
/ N ‘

: The percentage rejection is theﬂ%ercentage particles in the

(; feed rejected by the membrane:

|
o
| ' B

(Ig
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, ( » )
. C o B #
B = (l j EE> x 100 - . “.’b (3—3) -
£
- ) .
_, where Cp = concentration of particles in permeate cod
Cg =~ concentration of particles in feed . .

Substituting Eg. (3-2) into (3-3) yields -

1nT- ‘
R - ’ "y
. " (lﬁ i-h—,i.l;—>x 100 ‘ (3‘4) -

where Tp = fractional transmittance of permeate

T, = fractional transmittance of feed
A g ’ - »

3.6 Proce€dure for a Run. i

Before filtration of lafex, distilled water was run through -
the-appatratus.at N = 2q00 rpm and AP = 68.9 kPa. The distilled
water flux was measured (J.) and compared to the flux when the
Acropor support was freshly put in place {Ji). Experience hadh

shown that when Jf < 0.75 Ji (Ji %~ 0.1 cm/s), the support was

. clogged beyond regeneration. In such a cése, it was remoggd
| and a new one inserted. On the other hand, inyf”> i.Z‘Ji, the
- filtration device was investigated for leakage. To begin a run,

feed was circulated through the apparatus with the rotor sta-

tionary and no applied voltage. The rotor was kept stationary

cessively high transmembrane pressure difference was created

T when the rotor was rotated while the cylinder was empfy or par-

(;/ ’ tially full. The time when the run was began was recorded and

'
L
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the rotor set to the desired speed. The transforﬁen was then
set to the deéiréﬁ voltage.
.The time of first appearance of filtrate was re;orded and
samples collected a£ 10-minute int;rvals. The time required to
collect a volufpe of the filtrate was recorded. Samples of the
rejected suspension were collected simu1t§peousiy. The trans-
mit?ances of the filtrate and reject were measured duriﬁg the

.

time between the collection of samples. After 90 minutes, fil-

7/
tration was stopped and the support regenerated.

@

3.7 Procedure for Regeneration (

, Regeneration of the Acropor membrane was accomplished by

washing away the cake of accumuiated particles. The technique
involved the fléw of a cleaning solution through the Acropor in
the direction opposed to the filtrate flux using the regenera-
tion line shown in Fig. }.2. This backwash employed a solutién
of 1.0 M NaOH for 20 minutes at a transmembrane pressure dif-

ference of 0.5 kPa. During the backwash and subsequeht-rinse,
-/ < .
the rotation rate was 2000 rpm. The temperature of the caustic

7
-

solution was maintained at 30°C. The backwashing was stoppea/

after 20 minutes because the caustic solution became ineffec-

tive after this time. A second, fresh portion of 1.0 M NaOH

N A}

was then used in backwashing for another‘io minutes. Distilled
water-was then run through the apparatus in the normal direc-
tion until the pH of the filtrate'approached that of the dis-

tilled water. e
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CHAPTER 4 i o

i -

" " -

EXPERIMENTAL RESULTS

R -
* :
o ;

a4

.

4,1 /Introducti@ﬁ“wsaﬂf s ~

[

' In the tangential flow electrofilter, the permeate flux

is expected to be, high at start-up and then to decrease with &,

%
time to a ’'steady state value as a cake builds up. Sample flux- i

“//TT‘
/

time as expected. Steady state is not reached in 90 minutes /' o

time curves are presented in Fig. 4.1. The flux decays with

which was the duration of the experiments. /JLong transients gg@e
been found by others. For example, Henry (1972), in a stuéﬁ of

cross~-flow filtration, achieved steady state only after 18 hrs
/

4

of operation employing a transmembrane pressure difference of
! > -

414 XkPa. . /

o

{ S .
4.2 Effect of Electric Field on Filtrate Flux

ﬂgince the latex parficles are negatively charged, a DC

, electric field directed away from the surface of the membrane

causes the particles to be repelled from the membrane surface.
1

Cake build-up should decrease with incréasing electric field

strength yielding an increasing flux as electric field strength
increases. Figures 4.1, 4.2, 4.3 and 4.4 show the effect of

electric field strength on filtrate flux for the tangential flow

i

electrofilter at different rates of rotation and measured trans-
!

v . ’
- . |

;

a flux of 0.01 cm/s corresponds to 212 gal (U.S.)/ftz-day.[
+ e

. Al ‘ ‘I

- [
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a membrane‘ﬁfessure drops. The flux increases-with electric
field strength for any value of the time up to E = 131 V/cm.

From Fig. 4.1, the flux for E = 175 V/cm is higher than that

Y

R

for E = 237.5 V{bm for.any value of-the time after 20 minutes.
I This suggests an optimum electric fielé/strength beyond ich

the flux starts to‘@ecrease with increasing electric fiald

strength. This optimum electric field strength is determined

;in Chapter 6. The decrease of flux with electric field strength
S

at high fields is attributed to the production of hydrogen bub-

bles which either inorease the resistance between the cake and

s
¥
Ly

the membrane or clog the pores of the membrane. ,

Figures 4.1, 4.2, 4.3 and 4.4 contain only sample runs.

, . i
The same obs?rvations apply to all runs conducted with the tgn-

gential flow electrofilter. _

4.3 Effect of Rotation on Filtrate Flux ‘ -

A&

e b *~
3 Figures 4.5 and 4.6 illustrate the effect of rotation rate

on filtrate flux. The flux increases with rotationgfagg.for

i

;;,_.any value of the time at diffe&ent electric/fieldzidéd measured .
)
. . pressure drops:“The increase pf flux with rotation is greaterﬁé
for those-cases’with an electric field than those wikhout an
electric ?ield~(Figs. 4.5 a;d 4.6) suggesting a possible inter-

action between electric field strength and rotation. The mech-
L3

anisms responsible for the increase of flux with rotation rate

are discussed in Chapter§_5 and 6. .

~

el
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4.4 Effect 0of Pressute Difference on Filtrate Fluk

Figure 4.7 illustrates the e%fec;’of pressure difference
on filtrate flux. The flux increases with APm for apy value
of the time. The effect of AP on the flux at a»fixed time is
greater when the inner cylinder is rotated and an electric field
is applied‘(see Fig. 4.7). When Afm is doubled from 68.9 kPa to
137.8 kPa, the flux after 90 minutes increases by 51% with a

field of 150 V/cm and only 33% without a field.

4.5 Rejeltion of Particles by the Filter : -
Figures 4.8 and 4.9 contain sample plots of.percen£ rejec-
tion, see Eq. (3-4), versus time for various operating condi—
tions. The degree of rejection of particles is better than 94%
for all conditions. The rejection decreases somewhat yith\in—
creasing rotation rate. The larger fluxes at(higher rotation
rates eviaently parry—some particles through the membrane. —The
effect of electric field strength on rejection is negligible
wﬁen thére is no rotation. With rotation, application of elec-
“"tric field reduces £he rejection of partiéles by.a maximum of

2-3%. The larger fluxes obtained at higher rotation rates are

again'}esponsible for carrying particles through the membrane.

4.6 Reproducibility . /

Figures 4.10 and 4.11 illustrate the extent to which the
experimental results are reproducible. Figure 4.10 contains the |,
K E);\ » *
fluxes from runs conducted during stages of the project with .

different Acropor supports and the corresponding rejections.

'

A
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The agreement between the runs i§ very good. Agreement bet&een
‘the percent rgjections from the runs is within 2%. In both

Fig. 4.10 and Fig. 4.11, the greatest difference betWéen{rqns

-

occurs at the beginnifig. This is due to the fact that the time

: |
spenit in setting the rotating cylinder to the correct rotation
. 4
rate was not the same for each run.
v ‘
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CHAPTER 5

N
{

MODEL FOR THE ELECTROFILTER

o

"o
\

; . ,

5 P The tangential flow electrdfiltra;ion process employs gour
particle, transport mechanisms to minimize accumulation of par-

E ticles on the filter medium. These transport mechanisms are

i .

- '?g. fluid turbulence, centrifugal force, electrophorésié and sHear

stress. Turbulence, centrifugal force and electrophoresis serve
to move individual particles away from the medium while shear
on the surface removes chunks or layers of the cake. Figure 5.1

shows a cross-section of the tangential flow electrofilter. The

Diregtion of Feed Filow “ ‘
’ . E .
~ -
) Rotating Surface . Cgfke
- ~ with Thickness -&, (

* T Acropor as Membrane )

v

\

FIGURE 5.1. Cross~Section of Tangential Flow Electrofilter

cake filtration mechanism is assumed to apply. All particles

{j) reachiﬁé the membrane are assumed to be reta;Ped.

-




5.1 Derivation of the Model

The fluid velocity normal to the cake equals the permeate
flux éﬁd is denoted by J, the volumetri? flow rate per unit fil-~
ter area. Because of turbulence; centrifugal forces and elec—

[trféal forces, the particles do not move toward the cake (or

medium) at this velocity. The particles are assumed to have a

i

velocity relative to the fluid, Ug e directed opposite to J,
hence the velo;ity of the particles relative to the cake is

J - Us. The rate of cake removal (mass per unit-area per unit
time) due to shear is denoted by ¢R.. Assﬁﬁing that the particlé

concentration is uniform, a mass balance on the’ cake yields
. J
S ds, )
pp(l - ¢) EE— = (J - US)C - ¢R {5-1)

.

where éc = thickness of cake X

; , ‘ o = dehsity of particles .,

o
>
H

L]

= void fraction within the cake
= particle concentration in the bulk

= rate of cake removal by shear forces at the cake

surface . -

. Denoting the resistance of the membrane as RM and- the resis-—

tance of the cake as )

Re = Ko, - (5-2)

/
- e

i . ) _ . ) \/\/\ ‘\
p where Kc is a constant, the flux is given by )

v . -

( . | T L “(5-3)
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N

7 o - - 5=3 -

f% where ARF = pressure drop across the cake plus membrane

which drives the flux

When no cake is present, the flux is J,. Assuming AP, is con-

stant,
g . - AP ‘ ’ ‘
- K F
t N T: Jo - R——-—-M - - (5"4)
i or
. v
- AP ’
N F
i? T
% Substituting Eg. “(5~-5) into Eq. (5-3) and-redxranging gives
2 . K .6 : :
B l l C C ' ~ N
A ===+ E (5-6)
J JO APF {
1 ) From (5=6):
3 AP : I ‘ ‘ ‘
q 5 = K_?_(% - é_) (5-7)
- C O

Differentiating Eg. (5~7) with respect to time éhd’assuming,;z
. again that AP, is constant yields :

i

; ‘ - e % o “ - (5-8)
¥ at o -

dt KCJE "

§ ~ . Substituting Eq. (5-8) into Eq. (5-1) and rearranging yields
5 . - B
;j g:) - the following differential eqguation for the variation of the
ke A ]
; pjg%eate flux with time
3 ) ) o
S ° “ .
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- —2,/ 'a% = K[J - (US + EB)J - (5-9)
- J
where - .
. ) .
KCC .
K = = (5~10)
Dp(l e)APF )
The initial condition is the following.
att=0 , T=3J_-" / (5-11)
o ‘ . .
n Egquations (5-9) to (5-11) complete the model. . ,
) Since US and ¢R are constant, Eg. (5~9) can be rearranged
as follows. At steady state, dJ/dt =0 and .the steady state
flux, J_, 1is ) Y,
N -
Tp = Ug + ¢p/C _ » (5-12)
Hence, Eg. {(5-9) can be written !
Y '
i 1_2. 9% ~ K(J - J_) ‘ (5~13) !
] J " o
* g /’ ’ *
¥ r l - ™ 4 ] \/;:‘
The solu;iquaf Eg. (5~13) subject to Eg. (5-11) is
o ° - ’ )
: 1.1 ;
J J . - -
1 o o) 1 1 . —143
coll W e ol A o G (s-14)
Jm J + l’f
N jf .,
e ’ ;

Equatiog’(5-14) can be rearranged to the following dimen—

sionless form:
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Figure 5.2 gives the predictions of the model from Eq. (5-15)

in terms of a dimensionless flux, J/JO, versus a dimensionless
2

time, KJO t, for several wvalues of Jw/Jo. Whgn Jm/Jo = 0, the

model predicts the standard cake filtration flux decay curve.

As J /J is increased, the steady state flux is' reached more
%

qulckly. Hence, any force which 1ncreasé§jp shortens the time

( J

Figure 5.3 shows the predictions of Eqg. (5—}5) plotted as

required to achleve steady state.

t

e
(JO/J)2 - 1 versus dimensionless time. 'On these coordinates,

classical cake filtration (Jm/Jo = () yields a straight line.
»

The curves approach the origin with a slope given by{Eqg. (5-17)

see below. For Jm/Jo > 0, the fiux function qﬁproaches asymp-

L -
-

totic values for large times.

5.2 Special Cases

5.2.1 Cake Filtration -

Kl

In classical cake filtration, the feed flows perpendicular

=
B3

to the filter medium resﬁlting in the retention of all solute

- particles and the cake builds up until the filtrate flux re-

duces to zero. 1In Eq. (p=-13}, therefore,-j; = 0 and

1 a1 _ ;o " _
SxE- K (5-16)
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" with Bq. (5-11),as the initial condition. Integration of Eq. ‘/
) (5-16) yields S " %
l; = - -/ ; o . {,
. . , |
L. L - 2kt _ (5-17)
2 2 .,
J JIo '

By assuming negligible membrane resistaﬁce, a similar re-~
sulé was obtained by Kraus (1974) for cross-flow filtration.
Mikhlin and Tanﬁy (1979) algo presented a ‘classical cake fil- -
tration model which reduces to a form similar to Eq. (5=-177

v with the assumption of negligible membrane resistance. Y
. ‘ ’ ~

/

5.2.3 Small Time Solution, t > 0 - B

By employianTaylor series expansion, a small time solu

+ion can be obtained for Eg. (5-14) in a form that can be com-

pared to Eq. (5-17) . ’ T

/

Equatioﬂ (5~14) can be rewritten as

i e Joo «/
- (N l'_ 3— . ‘
L, in 2 |+ %_(%_ - .}) - Kt (5-18)
» N o 1 - — ® o ’ ‘
o ) J ‘ | —
% . o . N ‘ S /
e ‘ ) Let !
4 Y —\% (5_19)
» J z I
. ‘ ) p
then’ R . -
' (o £(Y) = Kt : ' - C L (5-20)

-/
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Pt ¢ 7
’tk»/) / -
: S where
: . v =~ W, * . P
b . < ' . e
J a ,
\ . 1 - 'j:' .
Y ' - . .
] - ' £flY) = 12 1n ° + —é——(%—- - ﬁ) . {5-21)
. ‘ J,, 1-3 79 "o \"0
k — The Taylor series representat\ion' for—£(Y) as J =+ Jo 'is
s .
) / -] ks
. fy) e + () -y ‘(s:'—*z)z)
) 1 o dy v (o} S
. . o}
where N
J /
¥ - s ©(5-23)
[P O J c ' 2 ' ’
e}
. /
B , . {
’ Since f(Yo) = 0, Eq. (5-22) becomes ’ .
o £(Y)" = %) i -‘-17 - . (5-24)
oo Y J J
o) o -
s )
Differentiation of Eg. (5-21) yields .
' af 1 1 ‘ o
- e -1 , (5=25)
o I\ -9 A : ' .
[ - ’ /
\ and—/ i
df) 1 A
' - . (5-26)
' (a‘f Yo 2[1-42 3 o
. 3; 1 . :
/ LY

o + ‘ . 7
O - * substituting Eqg. (5-26) into Eq. (5-24) and the result into

1
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Eq. (5-20) gives _ ) )
P—— ; e 7 :
. J - .
s 2K(1-33)t ' (5-27)
J J o - Lo
/ Q . e .
' S '
A plot of l7 - Fl? versus t should yield a straight line at
g S A PR J
small time with slope ZKV(I - 32) . Far classical cake filtra-
/ (o]
tion, J_ = 0 and Eq. (5-27) reduces to Eg. (5-17). — -
' ! N —
5¢2.3 8teady State, t > «
If the particles travel outward relative to the'fluid s L4L9

e

(US > 0) or if the cake is continudusly removed, a steady state

flux will eventually be established. This Eteady state flux is
‘given by Eq.~(5-12). At steady state, the particies are carried

by bulk flow toward the medium at the same rate as the sum of
’particle transport’due to turbulence, centrifugal forces, elec- ‘ )

trical forces and shear effects.

5.3 - Bxpressions for Slip Velocity, U_

Three mechanisms contribute to the particie slip velocity,

. U.. The velocities resulting from each mechanism alone are

s
assumed additive: e . .
+ + ' , -
/ Us -t Ut Ur/ Ue . (5~28)
where' Ut = particle velocity due to fluid turbulence

Ur = particle velocity due to cehirifugal force

Ug = 'particle velocity due to electric force

—
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5.3.1 Velocity Due to Turbulence

The smallest rotation rate of this study, N = 1200 rpm,
gives Ta = l 8x10 Hence, without  axial flow the fluid is
turbulentv It is assumed that with the axial Reynoclds numbers
used here (Re ~ loz) the flow is still ;turbulent.

ParéicleS‘a:e ﬁransported away frém the surface of thp fil—

- ter medium during the motion of eddies from the rotéting surface

[

'into the mainstream. This turbulent transport is assumed to be

characterized by a velocity which is proportional to U, the
¢ [ ' ' .
: . friction velocity. A similar hypothesis was used by Friedlander

) ‘ and ‘Johnstone (1957) to describe particle deposition from tur-

bulent pipe flows. Hence (i

v U, = K. u ] (5-29)

——

-

where K _ is a constant which should depend upon particle size

T Tt e F e a3 e o

and density and fluid propefties. The friction velocity is de-
/ ; v
! ' fined by . {

P ' Cu = Y6 . (5-30)

N . .
Qhere T is the total shear force acting on the medium {or cake)
surfaééf“"iﬁig‘éﬁgg} force is the result of both the axial flow '
and the rotation of -the inner cylinder. ﬁgr the rates of rota-
tion used here, N 1200 rpm, the shear force due to rotation

far exceeds that from axial' flow as shown in Appendix 2. There-
!

] ) fore, T is Treplaced by‘rr, the shear force due to rotation

lﬁ) l »alone. With this substitution and using Eq. (2-17), Eq. (5-30)

can be/written 5 !
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¢ CD “ )
u, =y (QRi) ’f_ 45-31)
Conseguently,
e
\ ) J
J S .
- - " , ! S
U, = K |5— (GRy) | ' (5-32)

\ —
! S
In the present work, the Taylor pumber is very large, thus 1t

/
*is ‘assumed that the axial flow has essentlally no effect on the

fluid turbulence and the drag coefficient is given by Eg. (2-24%.

Substitution of Egs+—(2-21) and (i -19) into Eq. (5-32) yields

: 0.5 0. 1
o 8,0.9 o
v, ( ) (_2p> o (533

The turbulqnt transport -velocity is proportlonal to Q 9

Taylor (1936) has provided data from whlch the constant
Thls constant is a func-

"a" in Eq. (2-14) may be estimated.

tiOn of R./R . Fortunately, he made

S

tus essentlally identical to the one used in this study. 1In

\
his systemu R, + 3.20 cm and R = 4,05 cm. Using the last

3):

point in his Fig. 9 (Re = 2.57x105, CA - 1.82x10

-2

, a = 2.,2x10 (5-34)

and

~

L -

R -0.2
c, = 0.022 Re™

measurgments on an apparaz

(5-35)
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5.3.2 Velocity Due to Centrifugal Force /
» —

As a result of the rotation of the fluid within the annu-
~ - _’/ :
lar gap, the particles will develop an outward radial velocity,

V., if they are dehser than the fluid. In the present work, the
particles are about 8% denser than the water in which they are
suééended. The particles are small enough so that they follow
Stokes' law in gravity free fall. Their terminal settling ve- I

locity under gravity is approximately l.7x10‘_6 cm/s yielding a

terminal Reynolds number of about 1.1x10™°.

Following the analysis of Friedlander (1977) for a cyclone

¢

it is-assumed that the particles foll%gathé mean tangential ve-
. Y :
locity of- the fluid. This tangential motion causes an outward
3

force on the particles. Assuming that the particles follow

Stokes' law, their radial velocity at a radial positdion r is

“
-

. pa? ve'2 ° ,
v, = -\ ' (5-36)

where veAis the average tangential veloci&y of the fluid. Us-

ing Taylor's result for Vg given by Eq. (2-25) and'hpplying it

at r = R,, the following expression is obtained

U_ = 0.015 -—E—Eu—-l— ' (5-37)

[

" The slip velocity due to centrifugal forces is proportional to

-

the square of the rotation rate.

\
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- 5.3.3 Velocity Due to Electric Force
4 :

o,
7

The latex pafticles used in the preseﬁt.worklare negatively
. . charged (Seoud, 1980) . Consequently, the particles were’ made L
to move away from the membrane by a DC electric field with the
rotating cylinder being the negative pole. Following Bier
o (1959) , Moulik et al. (1967) and Henry et al. (1977), the elec-

trophoretic velocity is weritten as ,

: U =KE ) (5-38)

- - - {

5.4 Cake Removal Rate, ¢, '

D Littlé\attgg;fbn has been paid to.the removal of filter

cakés'in axial flow filt;ation and no models exist in the fil-

tration literature. However, the removal process is analogous

‘\1

to the %ﬁéaring off of fouling deposité in heat exchangérs.
/; B .

-

A Some experimental and modelling work has been carried out on

- 4 N = \ .
! \ ~ “this phenomeg@ﬁ. “ , .

» According to a model proposed by Kern and Sé&tog (1959),

3
¥

i' ) the rate of removal of dirt deposits din heat exchangers is pro-

A LY

. portional to the shear.stressﬁéxerte?#on.the éurface of the
? | deposit by the flowing fluid. They aés&ﬁed~§hat, instead of g
being removed particle—by-éarticlé, dirf:fs sheared off in
:9hunks at random planes andithat plajés of weakness occur aé
g ‘ any depth. Using these assuﬁptions, Kerﬁ (;9665 developed a
— . time-dependent model to aescriﬁe fouling using classical f}uid
dynamics and heat ekchanger design'§$riables. It wés later

‘ established experimentally by Taggifk et al. (1972) that for
: N

]
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feed solutions containing highly crystalline substances a tena-

!

cious bond between the crystals and the wall is formed. The

_ scale offers a high resistance to shear and, in the case of

4r the shear resistance was so

mugb higher than the fluigd shea; that the removal rate was neg-

salt solutions of LiS0, .qnd Caso
" 4

ligible compared to the deposition rate. Since the latex par-
ticles are not crystalline, Kern's shear stress removal hypoth-

esis is adopted:

¢p = Kpt . e ) (5-39) ¢
where KR is a dimensional constant which depends on the.char~-
acteristics of the particles in the cake. As in Section 5.3.1,
T is replaced by T, yielding ; k\ -
- C
‘ D 2
. d}R KR 5 D(QRi) s . (5-40)

a

Utilizing Egs. (2-21) and (2-19), the following relationship

is obtained \\\\

aKpp 0.2 : \ :
- o l1.6,1.8 -
r ‘(‘;)—rz(p) Ry 8 p (5-41)

-

The removal rate is proportional to pl-8,

\

5.5 Evaluation of Pressure Driving Force, APﬂ' y

—_—

ence between the pressure drop between the outside of the cake —

g

"

The pressure difference causing fiiﬁfation is the differ-
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and the inside of the inner tube, Pi - Pii’ and the pressure ’
difference due to rigid body rotation:
- - _ _ P 52 2 _ 2 _
APF (Pi Pii) 5 2 (Ri , Rii ) (5-42)

7 P

v .
The holes in the wall of the inner tdbe are assumed to be full

of liquid which rotates as a rigid body. Hence, if the pres-

S

sure difference Pi - ?Eikﬁﬁggkequals that due to rigid body ro-

tation, there is no flow:

In the present apparatus, it was impossible to obtain

Pi - Pii directly. The gauge pressure of the feed as it éntered<
the gap was ﬁ;;éu;ed. Assuming that the feed enters at Pp, the . °~
measured pressure difference was T g
‘ sp = Pp - P ’ (5-43)
@ .
where Pa = atmospheric pressure -

-

The driving pressure |was obtained by assuming that the filtrate
runs down the inside of the inner cylinder in a very thin film,

i.e. the inner cylinder is empty. A sketch of the preésure

e

profile in this situation is given in Fig, 5.4. Thé/pressure

’

is atmosphetic within the inner cylinder. At the outside of
. ~ < »

J% the medium (or cake), the pressure is Pi. The pressure within

f \ .

__— the gap has already beeh described - see Section 2.3.1. The

-

sharp increase in pressure at R, is due to the resistance of

-,
54

the medium and the cake. - ,

3 ¢

i

<
In Appendix 3, it is shown that .
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Ro Radius

P

Pressure Variation 'in the Radial Direction with

JInner Cylinder Empty

FIGURE 5.4.
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¥ =.0.0453 : (5-45)"

Hence, APF is lower than APm by an amount which varies from
"'\‘ ) " /
0.4 kxPa at N = 1200 rpm to 2.0 kPa at 2800 rpm.
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DISCUSSION OF RESULTS

6.1 Introduction

-

The data presenteé in Chapter 4 showed clea;ly the bene-
ficial effect of adding an electric field to the tangential
flow filters. The filtrate flux increased in the presence qf
the electric field. At the saﬁe»time, there was little change
— 4 | in the particle rejection by the filter. - Above a certain field
strength, (about lbO‘V/qm for the suspension used he?e), tﬁe v ‘
flux decreased with increasing field strength. Y, :

In this chapter, the flux data are compared ,to the predic--

1 . tions of the model presented in Chapter 5. The characteristiés
of thé cake are obtained from the fluxes at small times. The
h ,ﬁeffects of rotation rate and electric f}eld strengék are com-

pared to‘the predictions of the_ﬁbdel'for the fluyxes &t 90 min-

utes. The power consumptioanffthe electrofilter and its rela-

tioﬁship with the 90-minute fiﬁx’are”also'examined. T

6.2 Behavior for Small Times b

\

Figures 6.1 to 6.5 are p%éts of 57 - —ijvvgrsus time as

J J )
: . suggested by the small tim% solution to theomode;, Eq. (5-27).

For N = 0 rpm and E - 0 V/cm, the’ data are well-represented by

straight lines as expected from the cake filtration result, ?

-
-

Eg. (5-17). For non-zero rotation rates and/or field strengths,

M e e e e e e e e —— ——

the data are linear at small times and then appear to approach

¢ -
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asymplotic valdes“as time increases. The behavior of all the

a8
I

data was similar to the samples shown in these fighres. Qual-~
itatively, the data follow the predictions of the mpdel depic&-

ed in Fig. 5.3. Jﬂ
The slope of the curves in Figs. 6.1 to 6.5 at small times
\

is equal to 2K(1 - J,/J3.) - see Eq. (5-27). 'Each run was plot-

. ted in the cake filtration form like Figs. 6.1 to 6.5. Tpe1'

slopes 'of small time were obtained by least sqguares fit %9 these
pléts for times less than or equal to 40 minutes. These slopes-
are tabulated in Tables Al-1 and Al-2 in Appendix 1.

u . ,
.
. P

6.2.1 Specific Cake Resistance

The specific cake resis$aﬁqe,mg, is defined by applying

Darcy's law to flow through the cake:

ap_/8
J ~F e

"If the membrane resistance is negligible compared to the cake

Equating ‘Egs. (6-1) and (6-2) yields the cake resistance per

resistance, Eq. (5-3) reduces to
Q Tos -
_APF/dc ‘

e

N i R

/ - -

T El

unit thickness:

[

,KC - aupp(l - €) ’ | N - (6 3).

Combining Eq. (6-3) with Eq. (5-10) yields

¢
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Q@ = —F ' (6-4)

~Let S be the small time slope of ‘Figs. 6.1 to 6.5:
o,
,.J.Li:

- )
s-zx<1-33‘;)
. O <

then ,

!

_ SAPF
J
o]

The épecific cake resis;ance can be computed from the slopes

(6-5)

- o

(6-6)

[ &

tabulated in Appendix 1, 6P, as given by Egs. (5-44) and (5-45)

JEpEn s/
1

and J_. o

-

Por N'= 0 rpm and E = 0 V/cm, the particle s8Iip Vvelocity

is zero because the axial flow is laminar, hencg/gw = 0. Spe-
cific cake ;esiséances for this situgt}gg arg;plpt;ed againkt i
the Pressﬁre driving force in Figs 6.6. Also plotted are the
. data of Doshi apd Trettin (1980) for a polystyrede/iatex with
a smaller particlé’;ize at a larger concentration and under a
Fe The agreeméhtLbetwéen&the a~-values is good. Botq
sets of,daté/gﬁow that the cake is compressible because o in- ’

J

creases with AP McCabe and Smith (1967) suggest that for

many materials
,é/ﬁf\“\ . — R .

@~ (et - C  (6=7)

F°
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with 0.1 € 2 £ 1. [The lines on the plot are drawn with & =

0.22, the value found by:.Doshi and Trettin. The fit is very

!
|

good. ~ - 7 )
For non-zero N and/or E, no J_ values are available. 1In
this case, a-values were calculated using Jgouinstead. A rouéh
/// measurg,of the error is obtained from the a-values at N = 0 rpm, .
E =0 V/cm. In this situatién, 25-36% efrof was incurred when
90

—vélues were used rather than the true J_ value,

i.e. J_ = 0.
-

2

Specific cake resistances calculated from Eq. (6-6) with

J90 in place of J  are shown in Fig. 6.7 for one value of the
- -
Gﬁmeasured pressure difference. Increasing either the rotation |

rate or the field strength decreased the specific cake resis-

tance. From the Kozeny-Carman equation (Carman, 1956) for a-

5

bed of spherical particles, it is readily shown that ' e

. . 2 - o
o = 180(% ; €) ] . (6-8)
Vi d E P
e P P

- .
' v

Values of-the constant have been found experimentally to lie
. between 150 and 180. The defrease in o is probably due to an

‘increase in the void fraction within the cake. Also shown on

the ordinate of Fig. 6.7 are values of o calculated from Eq.

-

~(6-8) for void fraction, €, of/o.z, 0.3Kand 0.4, At higﬁer N

- and E, the particles approach‘iﬁé cake at a lower rate. Hence,

they have time to position themselves in electrostatically '
- 2 / N

favorable. positions, Since the particles .in the cake art also

negatively charged, a very porous structure is favored. At
- [

S G VU - —ue - - . [T
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(N

‘ylelds decreasmng a w1th 1ncrea51ng values of N and/or E. Doshi

1+ 6-12 ~ o

/
low N and E, whe;% the faxe of arrival of particles at the cake

is larger, the particle# are forced into’ more closely packed
(lower €), less electrostatically favorable, positions. This.

. | S

and Trettln (1980) alsprused this mechanism to explain the facy/
that o increases withbulk concentration. , /
The relationship shown in Flg. 6.7 fon AP - 68 9 kPa wd;
also found for AP = 137.8 kPa. Both sets of data were red ced-
|

to the'same fprm py plotting the ratio of the ¢ kf resistance

at a field strength E to that at E = 0 versus E.” 'Figure 6.8
: N\
shows' that the data for| both pressure differencels are brought

together on these coordinates. At a field strength of 60 V/cm,

the cake re51stance decreased by a factor of 8 at N = 0 rpm and

RS .//
‘a factor of 20 at N = 1200 rpm. . |
: <
. 7 \ / ‘\..é
6.3 Behavior at Long Times \ ! ‘
. / ‘|.
Combining Egs. (5412), (5-28), (5-33), (5-34), (5-37), o
(5-38) and (5-41) yields B / - —
/ 2. .2
0.1 /o.d_“R.% :
J = 0.098 K. [ & R 0-80-9 . g g1s/ SER LT . -
o }: p bR . o ! H \,i
Ay i / ’ - d
» : 1\ 0. 2 - -
H l1.6,1.8 - i
,} +O.OO96/p_IER(‘-6) r,1+6al® 4 k& (6-9)

Rotation of the inner ¢ylinder introduces the terms in Eq.

(6-9) accounting for turgﬁlence (proportional to 90‘9), cen-

trif gal force (proportional to 92) and shear at the’bake sur=~
T

1.8

face |(proportional to Q ). The final contribution is due to
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ghgﬁélectric field. Since no experimental values of J_ were

a?ailable, fluxesuat QOﬁminutes, J90' were used toudete§mine

the effect of rotation rate and electric field strength.
j‘g—g\»}\ Lé ' ‘

6.3.1 Effect of Rotation Rate

Of the terms dependent upon. rotation {rate, only that due
Sl
to centrifugal force, the second term on the right-hand side of

Eq. (6-9), does not contain an arbitrary constant. For the pre-

-

_sent system at the highest'rate of rotation (N = 2800 rpm or
Q = 293 rad{ans/s), this term has a magpit&ﬁe of l.3xlO_6 cm/s.
3
3 ' - —
Since this is several orders of magnitude smaller than the mea-
“my . \ .

sured J90~values, it is unlikely that centrifugal force is an

important contribution to Jpe S

90

ra;e‘raised to the 0.9 power, No'g. The pi@;s show a good lin-

. ) . .
ear relationship, hence it is likely' that the major contgibution

Figures 6.9 anmd 6.10 presenE J as a function of rotation-
J

4

of rotation to J_ is through turbulence. The' order of magnitude
of X, is 5x107°. o )
. . )
Figures 6.9 and 6.10 show a larger effect of rotation rate

at larger field strengths. This is not predicted by the model.

N

In Eg. (6~9), there is no interactio? between rotation rate and
field strength. The effect shown iﬁ‘the figures probably ap-
pears because Jg,-values were used rather than J,. At 90 min-
utes, the gpproach to J_ is not the same for each rotation rate
and field strength, i.e. at 90 minutes the amount of cake built

and its specific resistance are themselves functions of N

. | p— - e

[ P
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6.10., At steady state, the cake should build up Lntil thé flux

4 . \

is given by Eqg. (6 9).

6.3.2 Effect 6f Field Strength
// 3

Equation (6—9)/Ehows a linear dependencé/of J;/én,field

) strength, E. Figures 6.11 and 6.12 show Jgp @8 7 function of

—

fleld strength at the two values of AP . The fiuxes‘iﬁcreaeed
11nearly with field strength up to E =~ 100 V/cm. Beyoﬁd’this
field strength, there was a/broad maximumn and then a decllne in

flux. The flux decllne is probably due to the generatioﬁ of

7 hydrogen bubbles which accumulated at the surface of the cake,
f . 1Y - .

8

¥

thus clogging Ithe pores. P

Fitting the Jgo—points at E < 100, V/cm by leasE/équares
yields the following slopes in Figs. 6.11 and 6. 13 The slopes

e K
in Table 6 1 should equal the mobility of the latex suSpen51on,

s
3

TABLE 6.1

Slopes from Plots of JQO Veréus E

cm/s ¢
) Slope, —76_11-1
‘ . -
. I
Rotation Rate, rpm A‘p;“"“; 68.9 kPa | AP = 137.8 kPa
‘e , "‘4 — -'4 ’
«°0 1.40x10 2.90x10
: -4 -4,
1200 ~ 2.50x10 7, 4.20x10
2000 3.70x1074 .} s5.40x107°
. - iy * -
2800 4.50x1074, 6.90x10" 4
! . ]
¥ /
_ .

-

i
c,i
i
}
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' ! -~4 cm/s . . . .

K = 4,22x10 ~—4—. As seen in the *previous sectxoh, there is hes

3 e " L V/em .
3 » . - S . : ’
an interaction of rotation rate and.field strength. However, L

3 . L
A the order of magnitude agreement between the slope and K lendg

support to the ﬁodel.‘ It is also pOSSlble that there may be an

T

e}egtroosmotlc flow through the cake which causés a larger in-

crease in flux with E than the model predlCtS. . , o

-~ .
¥ o -

> 6 .4 Power Consumgtlon and Flux R S

P ‘ A good filter should provlde a, hlgh flux w1th a low power
. . "‘“"\:E%

Fi

RO

»*
consumptlon. In the tangentlal flow electrofllter power ls
quuire@ to rotate the inner cyllnder,wto maintain the electric

field and to pump the suspension through the annular gap. The

1 . G-

- power‘reqﬁured ta rotate the inner cylinder goes tb overcomlng
” e’ .

. friction in the bearlngs and tO‘overcomlmg the shear/forces at

,the surfacé of the cylinder.f Only the power requlred to over-

Seh L ad

d . © come surface sheax is con51dered hete. The frictioén in the

bearq.ngs depends on thelr des:.gn.‘Power measure’ments on “the
3 ’ .

actual device are requlred to account for thls.ﬁ

"

" The power requlred to OVercome shear per unit area of the -

inner cyllnder 1s given by coyblnlng EgS. (2—18), (2-19) and”
B Y .,
(5-35): e UL L .

N P
P e <. e

P_ = 0. 0096 - ° 8,0. 2, r 26028  (6-10) ™

' . The ‘pumping power is given by the product of the volumet-
- ric,flow rate of suspension and the axial pressure drop. Assum-

{ ;- ing fully, developed -flow and following Bird'gﬁ al. (1960), the

Pl -
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e

pumping power per TUnit.outside aréa of the rotating inner ctyl-

_ inder is ‘ : T N
’ , . s
- P 1T°ckR_"F (k) ‘ . v
N o : . , .
~ 4 :/’# /
where F(x) is given by Eq. (A2-5) in Appendix 2. . —

s

The electrlcal pGWer is’ glven by tge product of. the volt—

v

v a

age drop between the 1nner and outer cylznders and the current.

Per unit areé of the inner cyllnder the electrlcal powér is

Coee T
P, = VI/2TRL N (6-12) .

2 * - »
+

Cons1derlng the gap' between the cylxnders as ‘the space between

two parallel plates & distance b apart,

Y = bE = (R, "~ Ri)E ' . (6-13) . |
# .
and ‘ o ’ < . , \>
I = (2nR,L)EC T L (61 .
. i e - ’ \ )
where ’C; = electrical conductivity of the euséension )

N

i o

Hence,'the electrical power can be written

o ﬁ _ ¥ ) B ,
Po= (R, ~ R;)CE o (6-15) .

3

«

Since the value of J, 18 proportlonal to the fleld strength
e

the last equatlon brlngs out the effect of the conductLvlty of

7

the suSpenslon on the electrlcal power requlrement. - .
7 ' o - - ot -

TR e R TRt A
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L] ° . < . .
. The total power’per uhit whtside area of the inner cylinder- . -~
, <, \‘ A N I A . , -
is- S - . ’
- L : L o e L '
> ! \ . . A . - s,
[ — -+ P + v - .
Poi=p, + P+ P T o (6-16) :

4 . " . - : ’ - L]
L ~ . . . : . o

g -
- ¢

J’ The contrlbuﬁlon of each of the terms to the total power require-.
ment ig glven in Table 6, deor typical values of N and E. .
S .3

+ - ] - ‘ N . y —

[4 B . - S
. Y

R o ©
| P .7 TABLE 6.2 .
Calculated bower . Requlrements N4
R - P .
_‘,—'{— : N Ty - 2 B } y -
N E " Power, W/m §
v . rpm V/em j
. N Pr' K P‘p , Z,)e . PT o ,
. - N 4"
‘ 0.l . o0 0 3%2x1074 o | 3.2x107%
o0 |7 50 0 ‘3.2x10”% |Vdse T 456
[§ 1 N o . .
- - 1200 0 59,57 3.2x10 -4 0 59.5
, 1200 50 .|° 59:5 ;| 3.2x107% | 456 515.5
2800 0 63.8. | 3.2x107¢ 0 638 -
.o 2800 | 50 63:8 | 3.2x1070 | 456 | 1094

- .

only when there is no rotation'®nd no field is the pﬁﬁplng power )

/ \ N

-

important. - - ‘ )

‘ 'Figure26.13 shows the value of JQO which results from aNﬁT\\_——N\\\}

. - ¥ . R R
given expenditure of power. The ﬁbwer for rotation wa¥ computed

§ - ’

from Eg. (6-10), while the electrical powerbqu computed from
. Eg. (6~12) gsing the heasured values of the current and voltage.
K » The pﬁmping power was neglecfed exeept for N.= 0 rpm and E - -
i ) .0 V/om. The flux risesfrépid}y-with power. For N = 0 rpm, the
/,. * o |
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flux reaches a broad maximum and‘then declines due to the gen-

\

eration of hydrogen bubbles as mehtioﬁed earlier. This behav-

ior is expected at all retatlon ratés for sufflcxently high:

~ - -

electrlcal power lnputs.
) e
An 1ndex.of fllter performance Whllh should not be mlnl-

mlzed is the total power expended per unit flux. This index,
. v t T
* calculated fryom Jgo—valueéﬁ is shown as a function of the elec-

tric field strength in Fig, 6. 14, For;rotaﬁion rates of 2000
. N . . . .
and, 2800 rpm, the pbwer per unit flux passes through 2 minimum,
-
at 40-60 V/cm., The sﬁapes Df t@/;e curves -are in accord w1th o

£

the model as.showd below. . ;
Neglecting the pumplng powar;? . ) L]
" QPT = alnz'a +.a2E2 \_, PR - (6=17)
N ' : .7 ‘

- 0 ’ -

whetfe a, and a, aré<%3antities which may -be readily obtained
- . i .i _ *,/ ’
from Eqs, (6~10) and (6-15). xUsing'the results of Section 6.3,

the steady state flux may be written

! o 0.9 ) 3
T =a32 " + a,b S (6-18)
‘~ - * N - ) '&‘. v.//
where a; and d4 may be found from Eg. (6-9).' Hence
/ ) . ' ’
P, a,9%'%% ag? - P
-2 i o (6=19)
. g 0.9 . o \e
- w aqn + a4E .
) K I } > X . sz
At low' field strengths: = .
LY ’ ' . ‘/ t
~
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1.7
_jE > (_a_l).Q . . - (6-20)
o0 3 ‘h B 3

and the power per unit fYux increases with rotation rate. At
= * ' ‘ .

high field strendths- ) Lo . .
- P a -t o ' e
. 2 (2) L : (6-21)
., ,/ v Jm a4 [ s N -
i S . . s

and the power per unit flux increases with field strength. A

minimum in ?T/Ja“at a“paf&iéulé} %alué of E is found by differ-
-entiating Eq. (6-19)., ThF'minimum'value of PT/Jco occurs at

N
4 > ' t ¥l

. / »
a A asa, N\ - : :
/ E=— |1+ (‘—iX—i’-) Q-1 _ (6-22)
N a4‘ az‘, 33 ) B
X d '

.
[
- / '

°

and the field strength at which, the minimum Pp/J, occurs in-
| gth at , ©

’ . § s :
creases with rotation rate. The predictions are in quéeltatlve

., s , J . o “»..,_,\
agreement with the results presented in Fig. 6.14. A
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_CHAPTER 7
o o
CONCLUSIONS -

s

a . ! ~
- )
,

» o B —
The tangené&al flow electrofilter is a modification of

the tangential flow filter in which a DC electric field is im-
- /
posed between the rotating inner cylinder and the stationary
/

outer cylinder., In the tangential flow electrofilger, four
/

et et - - » . » 0 o
. transport mechanisms are used to minimize the accumulation of

particles at the surface of the filteriyedium. These transport

mechanisms are fluid turbulence; qentrifugal force, electro-
phoresis and shear str;ss at the ;oﬁatiné sﬁ}face. Turbulence,
centrifugal force and electrophoresis move "individual particles
away from the filter medium, while shear on thé surface removes
aggregates of particles. A steady starte fléx results when the
particle velocity toward the membrane due to the filtrate flux
equals the particle Yplocity away from the membrane due to the
cumulative effect of the four traniport mechanisms.

Exper@mengg were conducted wiéh a dilﬁte, aqpeoué polysty-
re;e latex sus;énsion having a particle size Bf 0.60 uym and a
zeta potential of <60 mV. Rotatiqﬂ rates up to 2800 rpm and
electgic field strengths up to 240 V/cm Qére employed at two
values of the transmembrane pressure difference, approximately
68.9 kPa and 137.8 kPa. The measured filtratg fluxes and par—b

ticle retentions showed the following:

(a) Filtrate flux increased with electric field strengths

t

up to about 100 V/cm. Reject}ons were at most 1-2%

-
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" other mechanisms for the rotation rates and equipment size used

lower at higher field strengths.

-

(b) Filtrate flux increased with rotation rate, while re-

I3 ’ /
jections decreased somewhat., ) ’ ‘
[+

In a1l cases, the particle rejections were laréer thég 94%.

A mathematical model was derived for a filtration Brocess
in which a cgke buflds up on the suEﬁfce of the filter meaium.“ I
The model tgkesainto“éccount.any removal megﬁanism lea@ing to a
steady state filtration flux; In applying the model to the
taqgential flow electrofilter, all four meghani§ms of particle’: E—
transﬁort Qere taken into account. * Computations from the model
showed that centriéugal force was much less efféctive thg; the

o

here.

v

The small time (t ~+ 0) version of the model predicted that

a plot of“(l/J2 - }/Joz) yersus‘t;me should vield a straight

line near time zero. The flux data for all rates of  rotation,
- M '
field strengths and pressure differences were linear as pre-

dicted. The specifid cake resistances were obtained from these

iy
’

plots.” Without an electric field, the specific cake resistances .
were similar to those found by Doshi and Trettin (1980) for a
commercial latex. Both increasing rotation pate“and in&reasing

; S
electric field strength decreased the specific cake resistance,

-

i.e. the cakes were more porous.
The steady state version of/the model was used to predict -

the effects of rotation rate and'electri?field strength .on the '
. W /

filtrate flux. The measured fluxes at 90 m&nutes, J90' were

compared to these predictions. The Jéo—valdes were roughly |,




= reached a brdad maximum and then declined at higher field

-

{ ) N ‘ .

LS

Py

',l

‘ilr

¢ prppo;tioﬁgg)to NO.Q; indicating,thét turbulence may be the
e . . .
major rotatiné'mechanism mobing particles away from the filter
ooy '

nedium., The Jgo-values inc;éased lineéfly with electric field
- strength. ' The rate of increase was in féir'agreemeéé with the

‘model prediction. Above a field strength of 100 V/cm,

Ygo

> 7
strengths. This decline is attributed to the generation of
The mode

e drogen,bubblesvwhich block the pores of t ilter.
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NOMENCLATURE

El

parameter defined in.Eq.
constant in Eg. (2-21)
parameters in Eq. (6~16)

parameters in Eg. (6-17)

"gap" width = ho —xRi, cm

a8

(2-13)

4

concentration of solids in bulk, g/cm?

drag coefficient

amp

electrical conductivity of the suspension, Trem

‘CIln

conéentfation'df solids in feed,, g/cm3

concentration of solids in permeate, g/cm3

saturation concentration

‘pérticle diﬁfusiviiy,kcmz/s -,

particle diameter, cm

of solids, g/9m3

4

L

electrical field strength, V/cm

critical electrical field strength, V/cm

pérameter defined in Eq.
function, see Egq. (5-20)
function, see Eq. (5-22)

parameter defined in Eq.
current, amp
volumetric filtrate flux

diffusion ﬁlux of solute

. distilled water flux for

N =~ 2000 rpm, APm =/§8.9

(A2-5)

(A2-4) -~

L

per unit area, cm/s
P B
away from membrane, cm/s

@
used Acropor support at
kPa, cm/s



.
( _
- - *

J distilled water flux for fresh Acropor/éupport at

* N = 2000 rpm, APm = 68,9 kPa, cm/s
Jg volumetric flux per unit area when t = 0 with pol&—
styrene latex suspension as feed, cm/s
J° distilled water flux when t = 0, cm/s
Ja0 volumetric flux per unit area after-90 minutes of
operation, cm/s
. z J. volumetric flux per unit area at steady state, cm/s
X , parameter defined in Eq.'(S—IO) ; S,
¢
X constant in Egq. (3-1)
k mass ‘transfer coefficient, cm/s f/\
% > ’ 1 (\
. constant in Eq. (5-2) -
K, electrophoretic moblllty, —74§
. KM electroosmotic coefficient as defined in ‘Eq. (2-9) .
KR constant in Eqg. (5-~39)
", K, . constant in Eq. (5-29) B
- L length of inner cylinder, cm — -
[ ' exponent in Eq. (6-7) ‘
EN . o +
N rotation rate =-60Q/2w, revolutions per minute .
© e
P . pressure, KkPa
C P - k\,power required to rotate inner cylinder, W
Pe ' gelectrlcal power per unlt (out51de) area of inner
. - : cylinder, W/m2 .
\ P pumping power per unit (out51de) area of -
P inder, W/m
P rotational power per unit (outside) area
cyllnder, W/m ’
Py total power consumed (rotational, electrical and !
- . pumglng) per unit- (outside) area of inner cylinder,
. , I W/m - N
! M "
Q - volumetric circulation rate, cm3/s
g " - ‘ ’ , .
3 ‘ ‘ . :
i ) ,
N /



o

@7
Greek Symbols

_ dummy variable, see Eg. (5-22) Co

~

radius, cm

percentage rejection of particles

radial position, cm ~

filter cake resistance, kP
- cm/s
Reynolds" number = 2Ripui/u T ’ Y _

filter medium resistance, %%%E . 1
parameter defined in Eq. (6-5)
fractional trangmittance

time, s

ional transmittance of feed

fractional transmittance of permeate

4~

particle Vélocity, cm/s

peripheral velocity of rotating iriner cylinder = QRi,
cm/s
E CD . i

friction velocity = 5 (QRi), cm/s N ,

voltage, V' - — ’ ' /’//

N

mean tangential velocity of fluid = 0.52 QRi,'cm/s

dummy variable, see Eq. (5-19)

a
¢

60
AP

specific cake resistance, cm/g

. boundary layer thicknes;, cm

4 .
thickness of cake, cm

préssure difference due to axial flow, kPa

»



L=

Ay

- N=4 =

o

AP pres§uré differénce cgdsing filtration, kPa,
APm measured pressure diffe;ence, kPa )ﬁ )
e porosity o; void frggtion m. ‘ /}n“
4 zeta potential of tz;: suspensidn, V
n dielectric constant of latex suspension’
K ratio of rédius of innéf ¢cylinder to that of outer
- ¥ cylinder, R, o
(/1:i fluid vi cosity,.g/cm°s 7 ’
u;* viscosity of latex‘suépension, g/cm-s - |
v Kineyatic viscodity of luid, cmz/s'
P v * %luid density, g/cﬁ3
pp pérticle density, §§2m3 . ; ’/)
bs* density of latex 'suspension, cn -
‘ T shear force on fo%ating inner cVlinder, Pa:
Ta shgar force due to axial flow, Pa ‘ -
T, shear forcg dueAto rotation, P;
¢R . rate’ of cake remqgal by shear forcéglat tﬁe surface
of the cake, g/cm<.s L .
V] éarametet/in Eg. (A3=7) . )
/y; parameter defined iﬁ/éq. (A3-4) .
@I; - parametef defined in Eq. (A3-6) ‘
Q- éngular velocity of rotation of inner cylinder,
radians/s . :
Q; critical a?gular velocity), radians/s
_._,."p f
g
In . this study, u = u  and p = p,. = ) = ‘
S, .
;v 4 g
- )y .

T R

L.
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SN + = N-5 ~
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Subscripts - ‘
a on axis of rgtation
~ - 1 . _

] N “ -
e ‘ due to electric force
i outside of inner cylinde
ii . inside of inner cylinder

. -
o . inside of outer cylinder
P "siateaun {
r " due to rotation
s | relative to fluid
o ~ - - "
. . . -
t due to fluid turBulence
0 - '
- : L 3 1Y
» /
/ .
_ S
< Q
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7
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APPENDIX 1

-

TABLE Al-1

‘]

Small Time Slopes from Cake Filtration Plots

APm = 68.9 kPa.

Slope, S (S/me)

/ NS
L N {(xrpm) s //}
E, V/cm -
0 1200 ¢ 2000 2800[
] 4 4 4
0 8.00x10%%| 6.35x10% | 4.90x10* | 3.90x10
25 2.05x10% | 1.32x10% | 1.94x103 | 4.02x10°
45 1.19xr0% | 6.54x10° | 1.16x10° -
' 87.5 9.62x10° | 1.89%10° | 1.16x10° | 3.80x10%°
131 - .- "4.75%x10% | 2.01x10°
175 2.76x10° | 1.16x10° - - -
239.5 3.26x10° - - -
: _ ‘
¢ ‘/ ) ,
/
- "/‘
. 4
c \ v
S
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TABLE Al-2

JRENGY

»
Small Time Slopes from Cake Filtration Plots

*

AP = 137.8 kPa- . -
Tm .

Slope, S KS/mz) "

' N (rpm) VW
E, V/cm -
0 1200 2000 2800
) ; 4 | 4 4
0<% | 4.70x10% | 2.01x10 - 1.28x10
25 1.57x10% | 7.90x103 - 3.33%10°
45 6.11x10° | 2.58x10° | 1.17xi0°> -
87.5 - 1.68x10° | 7.62x10% | 3.60x10° |
b 3 2 2 2
~ 131 ©2.46%10° | 8.55x10% | 3.56x10° | 2.52x10
~ 51
175 1.94x10° - - -
¥
, 237.5 | 1.68x0° - - - ,
_/ - \ i
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<o ‘ ' . APPENDIX 2 e

]

. SHEAR FORCE ON THE INNER CYLINDER

P ’ -
- . L)
- R N .
* N
, . /
. K .

S «

The shear force on thé rotating inner cylinder has an axial |

tomponent, T_, due to the axidl suspension flow as well as a-”
. £ ' '

tangential component, T.r due to rotation: The shear force is

¢ & 1

given by the vector sum®of these two ‘components. The magnitude

EY ! N _
of the/shear force, 1, is given by < ,
/
T = . (A2-1)

3 N . - \-N/"’"-

e/,
and t_, each is assumed

In otder to estimate the importance of T, r

' I
' to have the value it would h&&%ﬁjn the absence of the other.
' , 4 f R
For a volumetric feed flow rate, Q, of 26.7 cm37§, the av-

erage axial velocity is 1.46 cm/s and the Reynolds number based,

Q

on the hydraulic diameter ;s 130. . Therefore, 'in the absence of
I3 R S .
rotation, the axial flow is laminar. The equations for the sur-
- . o, . v ‘,) / i
face shear stress for axial flow through an annulus can be de- °
[\ -

rived ‘from Bird, Stewart and Lightfoot (1960):

-

/

L 4u0 TG (k) . : | -
. ’ Ta m[m-r g . . >~ (A2 ~2) )
\_\1 o R Q . L R !
, : . ‘ ! J
where//\ . s
7 /

, K = R;/Rj (a2-3)

. ¢ v



s

s ~ )
! - A2-2 - ,
- s - ;,l
G(k) = g + l;:_ﬁi . C ‘ J(A2-4I
o 2k1lnk ” ~ ’ o

o A
F(K)t(l_K)*‘ lni'(

7

The tangential component of the sheaf.force,is given by

Eq. (2-20) after substitution of Eq. (5-35): -~ B
‘ . T !
’ N \ M ‘~ ) / '
j r, = 9.58x1073 40-2,0-8g 1-61-8 T azee)
y ' L, -

ﬁsing the physical properfies of water ét»ZSOG,‘a volumet-~

7

ric flow Pate of 26.7 cm3/s and a rotational speed of 1200 rpm, ..

the following Values were computed
T_ = 1.02k107° Pa - . - -
a * \ .

/

- ~/rr %,14.5 Pa

-

Hence, for all runs with rotation, T, can be neglecéed.

'
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- : . ¢
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- APPENDIX 3

4 - .-
.
] -

E ' A RELATIONSHIP BETWEEN AP_ AND AR

g *
P AN . ' /
- .
» - - - ’ //
? The pressure driving force cagsing flltratlon :LS the excess
< .
o pressure dlfference over rigid body rotatlon. It is given by
'Eq. (5-42): '
. . _ _~ ] 2 2 '_ 2 T - )
, | bPy’= (B - Py) - TR RiN_ , (5-42)
f// . In the present work, the measured pressure, AP&, was the differ-

- ence between thé feed pressure and the atmosphere. It was as-

3 . - sumed that ,
?) o | e

‘ r AP - PQL( P ) ‘ ‘ (5-43)
. . m = Fp a ‘ ‘ .
S ' A

A P } e S

) To derive the Telationship between 4P and AP, two cfses were

-

vo.
-

. p considered. N g )\
: ’ ~

et

Case I: inner cylinder full of liguid

-

The pressure profile for this case isﬂshown,in Fig. A3.1.

The pressure is taken to be atmospheric on the axis. Since the

/

fluid inside the inner cylinder rotates as a rigid body (except

J—

[4
for the small filtrate flux), the pressure increases .quadrati-

»cally with radius to Pii ae Rii:

| S . \
) 2 - " : ;
‘ Py = p&} mR P . (A3-1) .
- The pressure continues  to rise across the wall of the inner
C / i ‘ ) . C
- ’ h ~
- >
- / e .

. .
R , .
+ AN
] o ‘ '
. * s - o
s s 0% - - . . . . ﬁ E . 5
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I f S
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N < - A3-2 ~
7
. A P
-~ ’ ' i ,
o | | l
e, : - I _/ l !
- m . ' o - P ’
1)) I . [o) S
g I -
D:- ¢ 'P . ‘o ,
» I I p ' e , '
S | ! ,
“ i’l ! l. 3
" _ - l %é
l . | ¥
l N
I , |
P . l o ® i R {
' | | -7 _ ]
| [ - 3
//. . l | - ' ~ é
R, | l | 0 !
. I I ! ~ .
: | | , | S
L — . ' > §
o Rj R; , ) Ro & ... -
. . - s o - Radius :
FIGURE A3.l." Pressure Variation in Radial Direction with
: Inner Cylinder Full . .
' ‘ / ' \ . 3
tube. The sharp pressure increase  at R; is due to the resis-
tance of the medium and the caj‘ce.‘ The pressﬁﬁre profile across
\‘ . ! » . | P
the gap is described in Section 2.3.1. . :
Combfning Egs, .(2-23), (2-24), (A3-1) and (5-43) yields
) i . R .- T
R s e’r? , o
APp = APy = —a=— ¥y Co - (B3-2)
, - . R I
where : .
~ .
// —/l/ - /
- ’ ° L




- A3-3 -

- 2

Rs 1.9 R; + 0.1 R_ %
Yoo=1~ 0.27 == -1 1a3~3)"
I RO 0.9 Ri + 0.1 RO )

For the present apparatus: Ry; = 3.05 em, R, = 3.25 cm, R, =

4.05 cm and Y, = 0.926. . i .

3

. i
: &
b +

Case II: inner cylinder empty

o

The pressure profile for this case is sketched in Fig. 5.4
1 d * ) - * /
and discq&sed in Section 5.4, For this case

v ' _ ’ Lo , _
“ Pl]_ - Pa v (A3 4)
replaces Eq. (A3-1). The final result ig—" b
O . ' _/_/’
szRi2 * ":
B APL = AP - — uin ;a(A3~§)
O where T i o v
Vor = U - (Ry./R)Z P (33~6)
II I ii’7i . .
.For the present apparatus: wII = 0,0453. : -
*» Discussion ' _ ‘

*

. The form of the equation for APF ca?/be written as follows.

2. 2 C o,
‘ ' pf Ri ’
APF = APm - it @ , /./ (33~7)

s
‘ ' . )

The pressure driving force decreases as the rotation rate. in-

o

cieases. The large différencg between wI and wII shows tha£

,$ , . ’ " ) 9.




. " -4

o

~.

‘

the condition within the inner cylihder can have an important

effect by reducing the driving force for filtration.

In the present work, experiments were carried out at two

values.of Agm

values of APF

rotation rate (with p = 982 kg/mB).

68.9'kPa and 137.8 kPa. ' Table A3-1 gives the

predicted by the two cases for fqur values of the

-

& o /

TABLE A3-1 .,

Filtration Pressure Difference

APF,ckPa

. , - , )

. | Rotation AP = 68.9 kPa | AP = lB].g kPa

Rate - - 4

rpm Case I Case II Case I'| Case IT
n 0 68.9 66.9 137:8 137\8y

1200 .61.3 ' 88.5 5 | 130.2 137.4

s ! 4 ' d !
2000 ° 47.8 |-, 67.9 | 116.7 136.8
2800 27.6 66.9 9645 135.8,
) A R

o 4]

t . ' ]

For the small pressure differences used here, the effective,

driving force for filtration is reduced significantly ifLEhe

» [ 2

inner cylinder runs full. . ) ’ X
- -

V4

with increasing rotation rate were compared with flux data

4

distilled water.. Since there is no cake when using disti}led—f

for

1]

water, Y o ) ) g
. A ’ s ‘ . . o “\1
E Pp , ;} o K -
J Ll ) . . R . . 4 (Aa-gl
. o R : . .
M : /

To test this analysis, predictions of the decrease in flux:

__“i‘l“““‘\




() -

poitan s et =

- A3-5 - " n
o

-

where‘RM:'the membrane resistance, is not a function.of the

’ 9 -
rotation rate. Denoting the flux at the same APm without rota-

tion as J° and combining Eqs. (A3-7).and (A3-8) yields

@

, , ‘ -
) d_ =1 _.Eiigiiii |
1°. . 2APm
. #

Assuming Case I and using (p = 982§&g/m3), the fo%}owing com-

parison between the predictions of Eqg. (A3-9) and measurements

is obtained . .

TABLE A3-2 s
w ok

Fluxes for Distilled Water ‘

Flux Ratio, J/JO

’ AP — 68.9 kPa T AP = 137.8 kea

Rotation G
Rate . . . i

kh Predicted Predicted .
— Irpm EQ. (A3-9) Measured Eq. (A3-9) Meatsured\_N
B 1.00 1.00 1.00 1,00 ‘

1200 0.89 - . 0.77 0.95 0.87 ,
2000 ° 0.70 0.62 0.85 ) 0.71- °

© 28Q0 0.40 0.50 0.70 - 0.63

. , .

The agreementibetweeﬁ—fhe predictions and the data is fair. !

Equation (A3~9) predicts that the quantity (1 - J/Jo) should

bé:;&oportional to Qg, wHile the data show a more linear refé-
. ﬁiopéhip. Thisfis probably/due to the fact that the inner cyl-

inder was not completely full, At the higher fluxes, the inner .,

a
ot
7

, . //z
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¢
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P - S . . R ) ‘< ) s s K ,



v

.
'
2 /
- f
. ,
" -
.o# ¢
T
. L
-
!
.:'/
~
R N
-
~ \
- / N P
]
LY 1
\
/-\ .
-
: e /

e L

R St A = i e s DY o Bt ot da e b B




. APPENDIX 4 ) . y
“ . ————— s .

- ~

"COMPARISON QF POWER REQUIREMENTS FOR ROTATION OF
B ~

THE TANGENTIAL FLOW FILTER AND THE ROTORFERMENTOR

OF MARGARITIS AND WILKE

~ S
~_ . - — -

/ .

LN

The tangential flow filter is similar to”a device used by

Margaritis and Wilke (1971) to remove liquid from a fermentation
. broth. The power :gquirements for the rétationiof the present
design are plotted in Fig. A4.1 for .several diameters of the
rotating inner cylinder.~ In all ca§e§3 Ro/Ri = 1.25. A similar
plot from Margaritis and Wilke is included as Fig. A4.2.
/ Table A4~1 presents a comparison‘between the rotational
, power requirements of the/ﬁresent design and the rotorfermentor. '

e

The tangential.flow filter requires less power for rotation than

\ . *
Margaritis and Wilke's dgvice.
-  TABLE A4-1 ’ )

| 4

Power Reguirements for Rotorfermentor (RF)

.and the Tangential Flow Electrofilter (TFE)

3

Power per unit leng}h, W/m

e
. . D (cm) .
Rotation S— / - : .
L - ’ Rate 2.54 5.08 . 10.16
rpm :
g .TFE | RF TFE & [ RF TFE RF
—— _‘L/
o 500 0.036 0.195 0.449 1.95 5.23 29.2
T _/ o :
1000 67234 1.17 3.12 13.7 36.4 234
— )
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