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j ABSTRACT 

In the tangential.flow electrofilter, a membrane is supp~rt-
. , 

ed on a porous cylinder which rotates inside a larger, stat~onaryo 

cylinder. The cylinders'are insulated 50 that an electric field -
can be applied across the annular gap. 'Th~ suspension flows ~x~ 

ially bet~~en)the CYlindrrs while the filtrhte'is remaved fram 

the ~nner ~inder. In this device, the growth of a cake at the, 

membrane surface is mini~ized by the transport of particles away 

,from the membrane by fluid turbulence, centrifugaI force and 

electrophoresis and by removal of the cake by shepr at the rotat-

Îing surface. 

Experiments were conducted with anoaqûeous latex suspension 

with 0.02 kg/m3 particle concentration and 0.60 ~m parti~le diam­

eter and a zeta potential of -60 mV. Filtrate fluxes 'incr'eased 
J, 

~ith pressur~ difference, rotation rate and field strength. 

Above ~ critica~~ield strength, the flux declined. Particle 

r'ejections were always abo~ 94%. ' , 1 

A mathematical model wa\ derived to predict the tirne varia-

•. tion of filtràte flux. The model included c'ake build-up as weIl 

as- the four me;chanisms aC,ting to minirnize cake formatioIl_~'_-
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RESUME 

Dans l'électro-filtre A alimentation tangen~ielle une ,men-

"'" brane est fixée sur un cylindre poreux qui tourne ~ l'in~ériëur 
I .. I} 

d'un cylindre stationnaire de plus gran~e dimension. Les-cy-
\ 

lindres sont isolés de telle faço~qu'un champ électrique peut 

être appliqué dans l'espace interannulaire. La s-uspension ,). 

s'écoule axialement entre les cylindres pendant que le filtrat 

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

croissance du gâteau ~ la surface de la menbrane est munimisée .... 

par le transport d~s parti culés loin de la menbrane par turbu-
", 

lence l' force centri~uge et' électrophoJ:"èse ainsi que pàr les 

forces de cisaillements exercées sur le gâteau 1 ~a surfape de 
J 

la menbrane. 

Un~ série d f expérience's a été accomplie utilisant une' solu­
/ 

. tion aqueuse de latex, concentration des particules 0.02 kg/m3 , 
/ 

diamètre des particules 0.60 )..lm, p,otential zéta -60 mV.. Le" tau,x 
" de filtrat peut être augmenter suiyant la différence de pression, 

G 
la y-i.:tesse de rotation et la force dtf 'champ. -' Au dessus d' un.e 

certaine valeur du champ, le taux de fil.trat diminue 1 nouveau. 
" • .-L. 

Le pourcentage de rejet des particules ~tai~,maintenu au~dessous 
J 

a H€ LIOPP€ pqur prédire 'la Un modèle mathématique 

---- variation du filtrat en fonction du temps. èe modèle inclus la 
" ... -~-

.' ~ " 

formation et' la croissance du gâteau ainsi que l'effet des quà~ 

tres mécanismes minimisant la formation du gâteau. 
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CHAPTER l 

INTRODUCTION 

" 

/ 

,. 
1 

• / 

Filtration is the process in which dispersed part~cl~s are 
J 

separated from a flui~ by means of a porous medium. The main 
J 

features ofoa conv~ntiona1 filter are IthownJin Fig., 1.1. 'Tpe 

.j ----_ ........ - ...... , 

---------------r--- , 

D.P 
- --- -- - --------SLURI1Y ----------'-------....... - - ..::.- _ -.- ------------ ...... - ---

CAKE 
/ 

MEDIUM 
• MEDIUM -

J 

SUPPORT' 
"*' 

J 

FILTRATE 

FIGURE 1.1. Conventiona1 Filtration 
,," 

porous medium is held in place by a support through which the 
1'-. 

tJ 

fil trate can easily pass. Partic.les may be retained e'i thét Jn-:--" 
J 

, ! 

,J 

,/ 
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the ,pores of, the medium or as a cake on top of the medium or by 

a cornbination of these. 
M 

Not aIl of the features shown in Fig. 1.1 are ,distinguish-

able ~n every filter. For example, in many cartridge filters 
,i' "i, 

The 'choice '-Cf using paper media, the paper i5, self-5upp~~ting: 
'\~ .. ~ 

a fil ter design for a given process depends on man y factprs, 

among whiçh arè the properties of the solid particles sU?h as ~ 

siie, density and compressibility, the concentration of parti-
e. , 

, 
c~es -, the l?roperties, of the suspending fI uid such ap densi ty and 

visco~ity, the quantity of material to be handled, whether the' 

material to be retained is th~'solid or the liquid,'and whether 

the process i5 batch or continuous. Another importa~t_fac~or 
. , 

1 în the; 'design of a fil ter is the s,?urce of the dri ving force, 
1 ~ 

./ 

which may be gravit y, suction on the filtrate side of the medi-

um,' pressure on the slurry side of the medium, the application , 
-of a centrifugaI force or a cornbination of these. This choice 

\. ',' 

will aIse' derend upon the factors listed above .• /;< 

1.1 Types of Filtration Processes ;; 
"1 :rl,,~ \ • 

Filtration processes are conventionally'divi?êd~nto 
/ , . 
classes for convenience. However, :Î:n vir"t;ually a~ industrial 

'l 
filtration processes more than one ~É-these mechanisms takes 

part. 

..-/ 
/f' ' , 1.1: ï- Me>dium Filtration 

o t , 
ln medium filtration, the ~ticles are retained because 

they are larger than the holes in the filter medium. The filter 
/ 



o , 

./ 

(, 
1 -
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behaves as a sieve. 

1.1.2 Depth Filtration 
• 1 

In depth filtration, the -particles. are retaineqi within the 
, -...., - ("-

medium èven though they are smaller, often very m~ch smaller, 
t .. -- <y \ 

than the pores of the medium.lFor filtration, f~ occur, the.·. 

particles must impact on the walls of tp~ pore~, hence the / 

pa~:icl,es must leave the fluid streamlines., The rate at which 

th~s i5 achieved dftpends on,the balance of inertial and drag 
l , 

forces experienced by tneparticles. The medium may be either 

a bed of granular material or-a porous solide ~x~mples of the 
J / '.J 

former include deep~bed sand filters and precoat filters where/ 

the medium is a bed of diatomag.eous earth or similar material , . 
" 

supported'on a coarse screen: and of the latter, felt and sin~ 
---

tered metal,filters. . ./ 

1.1.3 cafe Filtration 

In cake fAl±ration, the solid material accumulates on the 

surface of the medium, 50 that after a short initial period, 

the béd of deposited solid acts a~ the fil ter medium. This pno-

cess continues'until the pressure drop across the cake exceeds 

the maximum permitted by economic or teçnnical considerations 

or until the space avai1able for thec~ke is filled. T~e most 
( 1 ...) 

j, i 
important factor in c~ke filtration is the permeability or re-

sistance of the'filter cake. This may Re controlled, to sorne 

extent 1 by al'tering thé particle' size distribution df the mate"" 

rial, sornetirnes by adding another solid to it. 

---
- ~, ......... ; -.... -.,1' .,., -.. .. ~ .. '~_'" • .t. ~ . 
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l' 
1 

/ As stat'ed above, r~al filtration proce es, ar.e often com-

posite in nature, sev.eral o~ aH of the f~ration mechanisms 

occurring simultaneously or consecutivelrl. For example, in cake 

filtration, 'the very important initial/layer of the cake must. be 
/ 

1 

retained on the surface of the medium,by medium filtration: If 

the pores are la~ger ,than the particles, depth. filtrat,ion must 

occur until the sizes of th pores ar~ reduced ta the point , 

where médium tittration 
- , 

ca occur and, subsequently, cake fil- ' 

tration. 

------

/1.1.4 Axial/Cross-FI0 Filtration 

The inhe~ent tim/ varia,~ion of 
1 
1 

,,-

the filtrate flux under a 
. 

constant driving for de in convention~l filtration can ~e elimi-" 
, 

nated if the slurry flow's parallel to the filter medium rather 

than'perpendicular to it. This/mode of operation is call~d 

J 

'j,_, axial or cross-flow filtration./ The .process is Show? in Fig. 

1. 2. 

The movement of the p~rmeate causes part~cle transporv to-
/! ~ 

ward tn~ fil ter medi~ and leads to an aggregatian of particles 
. .... 

at the medium. This is counteracted by the sweé~ing motion of 
[ 

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

concentration is established in the direction perpendicu~ar to 

';J the f.(lter medium. This phenomenon, called "concentfation 
- ~. 

polariza~ion", decreases the rate at which perrneate or f~ltrate 

can be obtained. To reduce concentration polarization, turbu- // 

Ience promoters are isometimes installed on the feed side of the 
1 

medium. 
'l, 

1 

1 

" 

<> 
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FIGURE 1. 2. 
~ , 

Ax~al/Cross-Flow Filtration . , 
.J ' 

Mikhlin (1976) has devised the novel filter sketched in 
1> ' 

Fig. 1.3. In this device, the fi1ter medium i~ supported on a 
fI', ' 

porO,us cylinder which rotates inside a larger, stationary cylin-
-" 

der. The slurry flows in the annular gap between the,cylinders 
j", 

while the filtrate ::Ls removed fJrom the inside of the rotating J 

cylinder. This process may be ca11ed "tangential fla\\!, filtra- . 
. 

J '. J tion". The superposition of the rotating turbulent flow and 

centrifugaI force. upon th~ axial flow i5 effective in reducing 

concentration polarizatioI1 (Mikhlin and Tan,ny, 1979). In addi-
o (r 

tio~,-~he rotation increases the shear.force on the surface of 

the cake. ~his prevents the cake from growing too thick and , 
may aC1=-ually shear "chunks" of the cake from the. medium. 

J JI ~ / 

. . 
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} .' ";;"{\ 
Tangential Flow Electrofil tration,·, . 

... 
", .. 

The present study involves a modifxcation of Mikhlin's, 

. ./ 

tangential f~ow filter. The bàsic ~idea is to add an electrical 
,f , . \ 

force d~rec~ed, away from th~ medium té the forces already pre-
'! 

sent. With the eleetrical force added, the proposed proeess 

may be called-"tangential flow elec,trofiltration". It is hy-r 
~ 

,pothesized that the addition of the.electrica1 force will permit 

1arger filtration rates for charged particles. Xhe"proposed 

process combines partie le migration aw~y from the fil ter due to -- ' ~ 
éentrifuga1 forces and f1uid turbulence generated by the rQtat-

/ j. .' 

ing membrane support and electrophoretic migratio~ due to a' OC 
" .., 

elèctrical field app1ied normal to the medium - s~e Fig. 1.4. 

# • 
J 
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\ 
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\ 

Dahlpeimer et al. (1970) have used cross-flow filtration" 

I.=.! 

to~dewater suspended solidsJsuch as kaolin clay slurries. Henry 
___ ~ 0 

)' 

(1977) used the cross-flow filtration prebess to con- ': 
• , c>. 1 

and Allred 

centrate bacterial cel1s. Reis and.Lightfoot (1976) employed a 

proces~ :own as -v e"lectroP~lar«a tion chrom~tOgraphy.·" to fraction-
, , 

./ 

ate protein mixtures. Owing to the fact that the kaolin Pfrti-
, 

cles, bacterial cells and protein mixtures were negatively 
-i 

ch~rged in aqueous "suspensions, a DC electric field should im-
i 

prove aIl of these processes. Tangential flow elect~ofiltration 

with its added rotating membrane surface should find applicatiqn 
, 

~in the filtration, concentration, clarification and fraction-

ation of ch'arged l'articles su~pended in fluids of low electrical 

conducti vi ty. 0 
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1 .• 3 Objectives 

The objectives of the present/w6rk were the following: ........... -
(i)' To det~rmine if the applicatibn of a DC electric 

"1 

field improves the sepârati~n of par~icles in the 

tangential flow f~lter •. . , ~ 
(ii) To de termine the/influence of electrical field 

(iii) 

- .... 

strength, rotational speed and transmembrane pres-
, 

sur7 drop on filter performance. 

To derive a model for the tangential flow electro­

filters which includes aIl imPortant~fl1tration , 

mechanisms and includes th~ va;iation of flux.with, 

time. , , 

The experiments were per.form~d on a polystyrene latex suspen­

sion. The individual part~cles were negatively charged and 

slightly denser than the water in'which they were suspended~ 

. , , 

~ ... .,.. .. -. "'-"<"v" , ... , -"'" , , 

/ ./ 

!. ) 
{, 

/ 

,\ 

/ 
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, 
CHAPTER 2 " 

REVIEW OF RELATED LITERATURE 

/ 

2.1 ~ross-Flow Filtration 

Henry (1972) has discussed the status of cross-flow fi1-
, \ 

tration module development, reviewed many applications of the 
~ 

cross-flow filter and discussed various mathematical models 

. which have been used to intérpret cross-flow.filtration data. 
/ . . . ,/ 

Virtually aIl mathematical models fpr the cross-flow filtration 

process are based on- a representation of the partic1e concentra-

tion polarization phenomenon that occurs in the suspension adja-

ceht to the-~ilter medium. The mod~ls assume 100% rejection of 

solute by the membrane • 

./\ 

2.1.1 Concentration polarization Madel 

During filtration; a layer of solids is formed at the sur-

~ face of the fil ter medium. A gradient in suspended solids con-

cent·ration i§ established in the direction p-erpendicular ta the 

membrane. The partic1es are trélnsported back into tn~- bulk ~ . '" 
stream by convective diffusion. This phenomenon, called conçen-

" tf 

tration polarization, was found ta_he of importance ip ultra~ 
-' 

With the~e mate":')' . 
~t" 

filtration of macromolecules like proteins. 
,-

~- .. j~ 

rials, a gel layer forros at the membrane surface due to prec1p-. 
. "'/- .. , 

itation of the ma-cromolecules when the concentrati"On ~exce~Rs --:' 

. the solubility limit, C. • / /' /;,. \~~:- ~-:;':;r 
s .\ "l>, 

/ 
/ 

) 

, 
~_t'~"'J,,~~,lr.Al'...l, ;j.t...~~ ... ,..,fI> ~ ~ .... :,.....;>,.' -- . -{ 

.. 

" 
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A model for concentration p01arization during filtration 
. ~ , 

of macrosol~tes has been derived by Blatt et al. (1970) and 
" .......,-

de Fillippi and,Goldsmith (1970). /T~e'mechanism is i11ustrated 

below. 

. , , 

....J 
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1 

BULK 
SOLuTION' 

~FIGURE 2.1. Macroso.lute Concentration Pp~arization Model 

.• 1 

Sol~te is ca+,ried toward the fil ter P.Y~.~lH; bulk floW of perme-

ate, J, :~nd is carried away from the fi1ter by diffusion, re-
. 

p~esented by a flux Jo. At steady state, the net soluté flux 

is zero. Using the stagnant~ film theory of màss transfer to 

" describe the diffusion flux, ~e fo1lowing relattonship is ob-
:}---' 

--------- ;~ t"âined for the permeate flux. '~" 
./ 

(2--1 ) 

/ 
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where' D diffusion coefficient 

é thickness of stagnant film '"' 
,~, 

::-.~ 

J) 
- i /' 

,-"j\> - r ~~' , , C bulk concentration of solute " 

-~ 
The quantity (D/ô) can'be equated to the rnass transfer coeffi-

cient, k. Consequently, 

C' 
J = Ikln s 

C. 
. , 

( 2-2) 

.~ 1 
!~I 

: 
l 
'1 
! 

f 
i , " :,v '~J, , . / 

If Cs' is not too rnuch lar.ger than"'e!";' "the logarithID can be expand-
" 

l 

ed and Eg. ( 2-2) can b( written --< 

. 
J 

k (C - C) = -C s ~ 
(2-3) 

This form has been derived by 

p~rticles, are fil tered, Cs is tak,en to 

,particles.at the surface of the cake. 
, 

,N~lson (1972). When 
• i 

the concentrat~on of 
• 

~o reduce concentration polarizatio and increase the per-
,> 

'meate flux, much
6

effort has been expende to increase k, usu­
,/ 

ally by increasing the fluid velocity pa rnembra~ or add-
" 

-7 ing turbulence prom,9ters on the slurry s the membrane. 

When particles are filtered r.ather 
~,";y-"''' ~ 

t- - solutes, Eg. (2-2) underpredicts the fi trate flux and daes ..not 

describe, the flux-concentration relatio experimen-

ta11y (Blatt ~ al., 1970; - Porter,' 197 al. Several reasons 

have been p'roposed for this. al. (1970) hypothesized 

that the major difference between th filtration of rnolecules 
J ,\ . 

and of solutes was the.perrneabilit~ of the gel layer or cake. 

• 1 

1 
1 • 

r· 

1 
1 
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,,-
c, The gel layer, which r:esul ts froI?/the precipitation of macrG)-

, , 

'-. molecules, is much less permeable" than the c;aké formed from' the 

accumulation of particle~ on the membrane. This argument is 'II 
\.. 

incorrect, however, as Porter has shawn. 

Itrter \(1972a) pointed Ol,lt thê!tr the filtràte flux was also 
, . 

. " equal to the transmgmbrane pressure drop, ÔP~, divided by the 
D 

~ 

. 
sum of the hydraulic res~stances of the membrane (RM) and cake 

or gel (Re) : T '. " 
.' 

lIFF 
, 

/ 

J (2-4) .. RM + Re 
;... ~~ 

At steady state, the flux from Eq. C2-4 ) must equal that from 

Eq. (2-2) : 
,/ >. 

0J \ 

~ • . . 
e ~lIPF j/ s kln -= ( 2-5) e RM + ,Re 

For a @uff~ciently high value of,lIFF , t~e cake resistance at 
/ 

steady state adjusts itself 50 that Eq. (2-S) 'is $atisfied. 
, .../ 
If 

lIFF is low enough 50 that 

(2-6) 
, 

1 ~ , \ 

with ~e maximum physically attainable value 9~ cs' theh no cake 

or gel ~er forms and 
l' 

\, 
(2-7) 

.../ .. , 
1"; 

-
/ 

1 
-.. 
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. . / 

, 

;./ 

At l,~w .IlPF , n~ cake is" pr~1ient and 'the flux' is proportionalo;to 

llFF throug~ .Eg; '(2-7). J>1;..high llPF , a cake forms i~$:i the flux 

'. 

.0 

~ 

.~ 

:;. 

/ 

, > , .../ "',- - "',-. ", 

is g.tveri by Eg. (2-2). In the latter case, th~. s~eady' state 

Hp,,- ~s. th~-!s~e '~gardless ot' the ma::;'itude of the resistance 

of the cake. ~ ~ 
, . . 

.' S.tncç ,Eq. t2-25 ',underpredicted .the stea~y state flux and 

.Blatt 1 s éxplanation was .incorrect, Porter (199-29') hypothesized 
, . 

that there wasQan additionaT' mechanism for transpo~t of parti-
, 1 

cles away from the membrane. This mechanism was the so-ca1led 
Ilil . . 

"tubul9-r pinçh effect" ,in which" particles m~grate away from ~he 

wal1s of a tube in 1aminar flow, e.g~ see Karnis et al. (1966). 
./ . , 

Although qualitatively correc"t, qua'ntitative predictions were 
" 1 _ 1 

not good. Thel effect ot' turbulenf'" f10w has, not,,Yet been treafed 
c 

theoretlcal1y. 
j , (;t 

~-... E, 
- :fJ!."'" 

Trettin and Doshi 11979) anq Doshi and Trettin (1980) al-
, 1 1 
lo~ed for the growth of a c~~è ~ith time 'by'writing a transient 

"solute mass balance in differe~tiated form with distance mea-
, 1 " ' , 
.. 1 4 ." 

sured outward from the s~rf~c~ of th~/cake rather:tn~n from the 

surface of the membrane., ;h~y obtained solutions of th~ tran-
, < l' 

sient mass balance for an unstirred' cell in which the only mech:" 
- ~ 

an,ism of tnacromolecule or part\Cle" tran'sport. away from the medi- ./ 

um was Fi-ckian diffusion. They 'also inc1uded the resistance of 
. . 

the cake in their analysis. In fheir unstirred system, the flux 

was inversely_proportional td the square root~pf_time. At any , 
~ 1 

given time', the flux·was rnuch, larger l:han.-the predicti.9n ,of the 

\ 
,\, 

\ '\ . 
, : ,..; 'film theory moael. 

"-
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2.2 E!Ïtrofiltration, if \'j ~. 

Tne processês of electrophoresis and electroosmosis were 
, . {l, 

cqmbined to purify 'colloids by Beechold in 1926' ~tilizing ~ . ~, ~ 

batch cell/he calied an electro-ultrafilter.f By measuring th~ 

t±me req'uired to reduce the concentratio~ of contaminant in a 
• t 

hydrosol by ~ specifie amo~nt, Manegold (1937) was able to study 
r ~ '0' ~ , " 

\ -the ~ffecti'Y~ness" ':f filtration, diéilysis 1 electrolysis and 

thei~ intercomb~nations. Much l~ter, Bier (19S9) developed a 

membrane technique using an electr~cal field to dewater cOlloi­

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

trofil~ation under cross-flow c~nditio~s. In his experim~hts, 
Bier used transmembrane pressure differendes in'the rang~f 

/ ' . 
1400-4000 kPa in conjunction with a stationary membrane.~,Moul~k 

" ' 
et al. (1967) and Bier (1971) modified the batch filtratiOn, - --.- / ' '- ~/ '\ 

equations to inclqde the effect of tqe particle mobility in th~ 

slurry adjacent to the filter medium. They neglected the effect 

of fluid shear tangential 'to the fi~ter medium and did not in­

corporate êoncentration polarization conc,epts in their mathemat-
" /' 

ical models. 

Grushka ~ al. (1973) investigated field flow fractionati9n 

~ith~ electrical field added. The field flow fractionation 

.cowcépt involves ,establishing a larnrna~ow between parallel ---------- . field normal to the/direction of plates and imposing an e~ectric 

flow.~e electrical field caus~ C~arged solutes ~ concen­

tratë near one of the walls. The.lower velocity of the laminar 
r 

flow in th~ region near the wall means that solutes ~n that're-

gion will by retarded, while ~olu~es near the center-line will 

,: ...... ~ ......... _--_ ... __ ._ ....... _._.--.. ---...:.-".--

/ 

/ 

1 
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, -
move down the duct with a h~he~ velocity. This process is like 

, 

conventional chromatographie ~~paration because sol~te (or parti-
~. ( 

cIe) bants can be developed ~nd eluted from the flow channel. 

Grushka et al. did not in~estigate the effeet of turbulence 'on - .,...--

.the process. 

Henry ~ ~ (1977~, us~ng suspensions of kaolin clay and 

oil in water, investigated the effects of electrie field strength, 

axial velocity and transmembrane pressure difference-on filtrate 
1 

1 ~lux in a~~llel Pl~te r9Xoss-flow filter. The electric field 

strength varied f~om P-50 v!e~, Reynolds 'number from 1200-3600 

and trans~e~brane p~essure difference from 

a "critical vOltag~l., E , at which the net c· 

7-28 kPa. They found 

partiele migration 
-. - ! 

velocity toward t e filter medium was zero, i.e. at the critical 

voltage there wa a balance between the electrical migration'away 
./ 

°from the medi~ and the velocity at which the particles are swept 

toward the med~um by bulk f:row. HÉmry et al.oDserved that a t 

E ~ E , the~ltrate flu~ increased with Reynolds number. There' 

w~s a e ne~ lJligration .o{/ particrê:s 'toward the 'filtration' medium 
/ , 

and a cake was formed. The concentrat~on of the partieles was 
b 

higher at the fil ter medium th an in the bulk, causing diffusion 
-

of particles ~way from the medium. The ovérail effect was an 

increase in flux as Rêynolds'number increased,' When E = Ee' 
. . 

there was no tendency for partiel'es to concentra te at any point 

in the liquid film. Conseguently, there was no concentration· 

gradient and the Reynolds number did not aff~ét' the flux. For 

E >,Ec' the eoncent~ation of parti~s in the bUlk,was hig~~r 

th,i1n at t,he filter medium, c8:using particle diffusion toward the' 

, 1 

~ l 
1 , 

, 1 
1 

1 

1 

1 
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, 
. medium and résulting in a decrease in fluxas Reynolds number 

increased. 
1 • 

Cooper !! al. (1965) noted anothërJeffect of the electric 

field which has been largely ignored by more recent workers. In 

experiments conducted with dissolved organics, they discovered 
J , 

-that the solut~ rejection increased with field strength to an 

upper l±mit beyond which a continued increase in the field 

'strength h~d ~o effect. They failed, howev;~, to offer'any ex-

planation for this. 

2.2.1 Electrôfiltration Model 

Henry et al. (1977) present~d a mode1 for st~ady state 

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

illustrated in Fig. 2.2: The ~rocess combi~es particl~migra­

tion away from the filter due to fluid shear and to electropho-

retic migration. 

Henry ~ al. '(1977) expre:3sed the flux of particles as the.' 

surn of a diffusive contributi~and an electrophoretic,contribu­
J 

,/ 

tion. The electrophoretic velocity of a charged particle in ~ 

OC elec~ric field is conventionally written as KeE1 where Ke is 

the electrophoretic mobi1ity anâ:E i5 the field strength. The 

mobility is the ve10city of a particle under an electric field 

strengtft~of lV/cm. It can be measured experimentally in a' 

micrô-electrophoresis celle For the diffusive contribution, 

l$-

/ 
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( 2-8) 

Neglec,ting electroosmotic effects in the meritbrane and cake, 'the 

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

* 

E 

/ 

J-

e-. e-. JO 

e-+ DIFFlJSIVE 
e-+ PARTIClE· 

;d 

0'+' 
TRANSPORT 

J 

~ BULK 
e--. 

./ &+ ELECTROPHORETfC 

\ r --- ,PARTIClE· 
TRANSPO((T 

, .,,' 

CAKÊ FLOW 

F~ 2.2. Cross-Flow/Electr~filtration Con~ept 

( , 

1 

There is an erro~ ~n the Henry et al. derivat~ "They pdt 
Eq. (2-8) into the form "flux -LtPF/resistance" to dérive an 
expression for the "film resistance" and then added this re­
sistance to the cake and medium resistances. This is incor­
rect because Eq • .(2-8) 'is valid on1y wm.m- a steady state flux 
J exists._ Establishing a surfaceJconcentration of es and a 
field E will not produce a flux of permeate equal' )to J.-

--
,. - J 

'l' 
" 

- ---' '"-
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.~ / , 

/ ... 
• ! -

If E ~ Ec' no cake forms and the flux (~nçl~ding.electro-

osmosis in 'the membrane) • to'be;given ~as assumed by Henry ~t al. 
\-

by 

- . t.P
F ~, . 

;:r=~+ KME 
RMl • 

y 
Equating ,E~s:' (2-8) 

, / ;/ 
and (2-9) gives 

J 
Cs tlPF 

.(K - KM)E + kln - -/-
. e C RM 

At the critica1 field strength, E =~ c' 

yieids 

~ 

.. ' 
! 

1 J 
1 

(2-9) 

(2-10) 

C and Eq. (2-10) 

(2-11) 

The critica1 field stren9,th is proportiona1 to the tra~membrane 

'press~x;e, difference .. ·For ~lay suspensions aï:, ~PF ... 7 kPa, Henry 

e~ al. (1977) found 
1 Q 

m~nt with the value 

that E - 21)-V/cm which wa.s in good agree-c . . 

predicted:DY Eg. (2-11). For E > E ,. the 
. "" :. J C 

. flux increases linear1y with field stren~th as given by Eg. 

1.(2-9). j 

2~3 Flow ketween Rotating Cylinders 

Only the characteristics qf the flow between a pair of co­

"axial cylinders in which the inner rotates and the outer is sta-
, 

tionary are considered. 

,.;; .. f', 1 

... 

r, 

/ 

.j 
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2.3.1 Rotating Cy1inders without Axial Flow 

'J . Much of tne §~rly exper~mental and theoretical work was 
~----

provided by G.I. Taylor. In 1923, he analyzed th~ stabi1ity of 

incompressible viscous flow in the annular gap between coneen-

tric rotating cylind~rs of infinite length in the absence pf 

axial f1ow. He assumed sma1l perturbations of~the ve10city com-

ponents in the Navier-Stokes equations and so1ved for the lowest 
1 

rate of rotation for which the perturbations would grow. At this 

eritical rate of rotation, ne' the purely tangentia1 f~ow breaks 

down with the formation of a series of transverse vortex pairs, 

the Taylor vortices. 
1 

Taylor's resu1t for the critical rate was 

where 

with 

n 2 _ 
c 

outside radius of ~nner eylinder 

inside radius cf outer cylinder 

gap width, Ro R. 
~ 

TayJ,or (1923) confirIlled thi's resu1t experiment~1y. 

(2-12) 
o 

j 

(2-13) 

For b « Ri' Eq. (2-12) can be put in the forro of a crit-

icâ1 Taylor number. The Taylor number ls defined as 

(Schlichting, 1968): 

---

o 

j 

~\ 

1 
l 
1 

1 
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Ta 

2 rlRi (~)3/2 

v R. -
l 

(2-14 ) 

With b « R" Egs. (2-12) to (2~14) can he combined to yie1d 1 _ 

Ta c 
1T

2 
-;;:::::;ll:;:;;' .. 4 7 • 4 
,10.0433 

Schlichting (1968) suggested that 
/ 

becomes turbulent for Ta > 400. 

The power required to ro~ate 

the 

the 

area oi inner cylinder) i5 given by 

---

( 2-15) 

flow betweeb the cylinders,' 

inner cylinder (per unit 

., 

(2-16) 

where Lr is the shear force p~r unit area of the inner cylinder. 
j 

; ./ 

, 
/ 

This force is written in terms of a drag coeffi~iept defined by ~--
/ 

(2-17) 

where Q i!s ~ie '~ngular velocity. Hence 1 

CD 3 ,'<1 

P - -;0;- P (nR. ) 
r ~ "1 

(2-18) 

-
1 , 

The drag coeff.icient, is a function of Ri/~o and a Reynolds num-

,ber, Re 1. defined as follows 

G· 

() 

. (, 
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./ 

2pnR. 2 

Re = 
. ~ 

II 

For the laminar regime" (Ta < 41.3), Taylor derived 

The turbulent flow (Ta> 400),/ experiments yield 

c -= aRe-O. 2 
D 

~ 

* 
( (2-19 ) 

(2-20) 

(2-21) 

where the constant a is a function of Ri/Ro. 

measured drag coefficients in this regime. 

Taylor (1936) also 
/ 

Taylor (19J5) ~easured the variation qf the pressure be-. , 

tween th.~ 'rotat:'ing cylinders. Since the outer cylinder is sta-
1 

tionary,t the fluid does not rotate as a~rigid body and the pres-

sure' distribution is not hydrostatic. 'A sketch of the variatïon 
-. ) ~ 

-.-' ., / ef pres'Sur'e w:1.th radial position as fôûiid by 'l:aylor (for Re -

t, .5) ~s sket~h~d in Fig. 2 ~ 3. Near the rotating inner' cylinder 

'/ 

fi. . h . f / he pressure r~ses rap~dly, reac es a plateau over most 0 the 

gap and then rises rapidly agai~ar the stationary outer cyl­

ïnder. An approximate fit to Taylor' s data yields the 'following 
C' ;.Jo' JI 

* 
• 

Comparing Eqs. {2-19) and (2-14) shows tpat 

-" 

Ta _ Re (~)3/2 
2 Ri ~2) 
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..4, 

/ 

expressions for the pressure difference bet~en' th~'c~inder1i .----
(2-23) 

~and between the p;essure at the outer çylinder and the plat~au 

pressure 
:' . .-

2l . , P (nR.) 

P - P 
Jo. (2-24) '- o . 2,:7 '1 0 • 9 0 P + 

----
,/ 

/ 
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---:; 
Taylor also found that the mean tang~n~ial velocity, vS' was 

inversely proportional to the radial position over the central 

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

( 2-25) 

./ 

2.3.2 _R..;.o....;;t'-a'-t;;..;i;;.;;n.;..g~c.;;.'i~l.;;;;i.;;..;n..;.d..;.e...;;.r..;.s--:.;YU;:;;·;..t;;.;;h.;;;.c..;.A.;;;;X...;;.~;;;.' a=l_/;;;..F.;;;l...;;;.O~ 

, 1 

Four regimes have been distinguished for a~ial flow through 

concentric cylinder~ with the inner one rotating - see Strong 

and Carlucci (1976). These fiow regimes are: 

(a) Purely laminar tlow for low axia! Reynolds numbers 

and low Taylor numbers. 

(b) Laminar-plus-Taylor vortex flow for low axiai Reynolds' 

numbers and rooderate Taylor numbers~ 

(c) Purely turbulent flow for large axiai Reynolds(nUfoers 

and small Taylor numbe~s. 
-------

(d) Turbulent-p1us-Ta~lor vortex flow for large axi~l 

Reynolds 'numbers ~nd large Taylor numbers. The bound-

aries between these r-egimes are nQ~ weIl es~ablished. 

<In addition, the regipn of ~mall axiai Reynolds num­

bers and large Taylor numbers, say larg~than 10 3, 

has not been explored. 

/ 
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CHAPTER 3 

EXPERIMENTAL APPARA~US AND PROCEDURE 

3.1 .pesc<Îption of System and °eeration Î 
The tangentia1 flow electrofi1tration set-up consisted of 

-
a .rotatab1e cy1inder with a perforated surface (1600 holes of 

Q .,10 cm diameter over the centraIS. a cm). This central portiqn 

* of this cylinder was covered by a 0.2 ~m Aeropor polymerie me~-
~~-

b;ane.~~The membrane was held in place along its length by a 

retaining clamp which fitted into a slot 0.2 cm deep ~nd 5.5 cm 
v 

long. The retaining clamp was screwed to the rotating cylinder 

by four screws, one in each corner. The endrof the ~embrane 
l ' 

were held by tape' (Scotch No. 898-3Hl-17). The membrane are a 

was approximately 100 cm2 :-~ The exact value was determined for 

_~~Ch -new membEane from the meas,ured length of membrane _betwe-ë, 

th~ end tapes and the outside diameter of the inner cylinder. 

The inne:!;' eylinder 1 whiéh had an inner diameter of 6 .• 1 cm, an 

outer diameter of 6.5 em and a length of 18.2 cm rotated coax-

ially in a rnotionless 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-_ 

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

able cylinder was coupled to a moter which was fi~ted with a 

/ 
1 

* • - ~..I~ 

Acrepor is a registered trademark of Gelman Instruments Ine., 
Ann Arbor, MI, U.S.A. 

.~ ~_ r" 

o , 
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regulatg,r to maintàin. constant rates of rdtation. 

A schematic diagram of the {flow loop is shown injFig. 3.2. 

The feed was êirculated a~ong the gap between the motionless 

cylinder and th~ rotor. A pressure gauge was installed on the 

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

gap. To avoid a possi~le rnechanic~l influence of the pump on 
J -

the particle size qistr~bution in the ,feed, a peristal~ic pump 

was used for feed circulati.on. A stabilizer was also employed '. o 
to damp pulsations in the flow. Rejected suspension was 'c01- ' 

lected in a vessel separate from the'feed in order to m~intain 

constant.~eed concentration. The rejectAline was fitted with,a 

sample lin~hiCh a~lowed collection of samples during a run . 

. The tra srnittances of the feed and filtrate were measured 
--;- \;. 

with a spectrophotometer (Baush and Lomb, Model DB). The spec-

trophotometer was first.zeroed with distilled water in the two 

cleaned cells. A samp~e 6f the original feed ~olution was 
/-

scanhed to determine the w~velength tha t gave the maximum per-

centag~ transrnittance. This wavelength was maintained through­

out. 1 The maximum percentage transmittance for the present latex 

was obtained at a wavelength of 700 nm. lri all m~asurements, 
-t'lof,. "'c-

the reference ;.e1.1 contained distilled watfr. Befo~e each rnea-
_______ -l (-

_surement, the Isample was allowed to attain equilibrium (~O s) 

before the transmittance was' recorded. After each measurement,/ 

the cells wer~-'~l~aned with"a dilute solution of hydrochloric 

acid and- rinsed with distilled watell'. 
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3.2 Electrical Arrangement 

) 

-' .. 
,~ 

\ 

The spec}al, ring on the upper 'portion 'of the filtration 

. unit was insulated from a chamber containing merc~ry (see Fig. 
'0 . 

3.1) .• -The.shaft connectipg,the,rotor to the pulley passed 

through this cha~er making co?tact with the mercury. A boIt 

at the bottom of the chamher served aS-the first electrical con­
f 

tact point. Since the rotionless cylinder was made 'of s~ainless 
steel, a boIt on ~t served as the second electrical contact 

'1 • 
/J 

point. Dead ~nd inîUII/ation -between t~e special rings and the 

screws th~t held, the in place prevented short-circuiting. 

The crrcuit~us d in supplying electrical power to the fil-
1 

tration unit is irlusttatèd in Fig. 3.3. A variac transformer 
1 

(Superior Electric Co., Type 1168) received power at a voltage 
j 

'e' 

of 115 V from a voltage source. To minimiie power dissipation, 

transformed energy was stored in a capacitor (General Radio Co., 

Model KBPC). Alternating volta~e was converted into direct 

voltage by three rectifiers (P.R. Malloxy./and Co., Madel TC 7~f 

connected in p~rallel. The use of three rectifiers made it 

~ossible for two to act in concert to achieve full wave recti-
q 

fication while the third acted aé'7 __ a filter ta smooth the time 
; '-

variations ~esul~ing in a more n~arly time invàriant output 

voltage. The polystyrene latex suspension served as the resis-
1 

tance load. The current was measured with an ammeter (Sim~on, 

Madel C464). .. 
/ 

3.3 ~reparation of POlystyréne Latex Suspension 
ft / 

A method for prepara t,ion of monodisperse polys:tyrene 

" 

/ 

. / 

/ 
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, 1 

1atices has-been perfected by' Kotera ~ ~ (1970). The proce­

dure as applied in this project is the fol1owing:' 

(1) 

( 2) 

Styrene mo~~r (Aldrich Chemical Co., Milwaukee, WI, 

U.S .A.Twas purified by washing three times with por-

ti9ns of 1.0 M NaOH and rinsing with disti11ed water. 

This removed activated alumina which otherwise would 

have act~g as an inhibitor. 

1000 cm 3 of a mixture of distilled water and reaqent ..... 

grade methanol prepared in a voiumetri~ ratio of 2:1 

was poured into a bomb reactor. 

(3) lBO cm3 of purified styrene'was then added to the 

reactor. 

(4) 4.75 9 of potassium persu1phate was added to the re-

aotor as the initiator. 

(5) Immedi~tely after the addition of the potassiu~ per-

/ su1phate, oxygen-free nit~ogen gas was bubbled into 

the reactor and the mixture stirr€d. The temperature 

was maintained at 60°C. 

(6) The system was ,then 1eft for 18 hrs in a fume hood at 

60°C with constant stirring and nitrogen bubb1ing. 

J ' 
The latex w~ poured o~t of the re~~tor/and left to cool 

in .-s..torage vessels •. The latex was filtered through NO,_ 16 fil-
,~ . J 

ter paper befOre dilution to the desired concentration. 1 

3.4 l'roperties of Materia1s 

The fol1owing instruments were emp10yed to measure the 

properties of the feed system indicated in Table 3.1. 

/ 
-' 

" 
--':~' _' 1 

_" ______ . .......t . __ " !.. 
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TABLE 3.1 

Propert~es of Feed Syst~ (25°C) 

" ... 

Polystyrene Late~ Partieles Late~ Suspension 

Mean Hob.i1ity, Zeta DeoaHy, Viscosity, IH.acter, 
J( Potential, PlI Ils 

Conductivity 
d e 

p t 
\ 

0.60 Jnl 4.22xIO-r. ~- -60 IIlV 982'~ 8.91~0-4 !L 26.5JC10-6 aho 
S CIl 

-- -- . 

$;' wbere 

'-. 

\ . 
.' \ 

1 

--

hUi! 
'l:. -x .. ~n-

a 

Il - dielectric constant 

-4 - 7.81x10 

'-. 

) -, 

\~ 

,.,,, 

\ 

'" 

\ ' 
l 

~ 

~. 

c,. 

- ~ 

, i 

'-. 

L· ~ ~ 
. ...,..,. .. __ . 

,-~.~~ ~~-~ ... -

\ \1 

- , 

Partiel .. 
Concentration, 

Cf 

2.0x10- 2 ~ i 
1ft 

- ------ --_.~ 

\ 
... 

~ 

/ 

~ 

1 
CA) 

1 
• CO 

r' 

" 

,,-

~ 

, i 

'\ 

'-. 

\ 

r 

.\ 
\ 
1 
\ , 

. , 
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(1) 
--~. 

pH was measured with ~ pH meter (Fisher Scientific, 
. 

Model 140A} ... 

(2) Electrical co~ductivity was measured with a conduc-
~ 

tiv~y meter (Leeds and Northrup Co., Model 4905-0-

33-09) • 

(3) Mobility was measured with a micro-electrophoresis 

...J cell (Carl,Zeiss, Madel 4325449). 

3.5 Defiqitions of Flux and Rejecti9n 

The filtrate flux in the tangential flow electrofilter is 

defined as th~ volumetrie flow rate through the membrane per' 

un~t areaof ~he membrane. 
-

The rejection measures the effec~ of the filter in removing 

particles. Seoud (1980) has shown tpat these 1atiees obey 
1 

Beer's law at low concentrations. Aecording to Beer's 1aw, 

T -xc = e ( 3-1) 

where T - fractional transmittance 

~C - concentration 

K constant depen~nt qn wave1ength-and particle 

si-ze 

From Eg. (3-1): 

-1 nT 
c-~ ( 3-2) 

The:: percent;age rejection i~ the "perc~ntage particles in the 

feed reject~d by the membrane: 
, . 

\ J 

\" 

, , 
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J where concentration of particles in permeate 

~f concentration of particles in feed 

Substit,uting Eq. (3-2) into (3-3) yields ' 

(1 ~- 1nT-- ) 
R. - ~ x 100 

j 

where Tp fractional 
~ . ., 

of 
--~ - t-ransm~ ttance permeate 

Tf fractional transmit tance of feed 

3.6 Proc~dure for a Run/ 
. 

(3-3) 

-". 

( 3~4) 

Before filtration of latex, distilled water was run through 

the-appafatus.at N ~ 2000 rpm and ÂP = 68.9 kPa. The distilled ,ro 

water,f1ux w:s measured (J f ) and coropared to the flux ~hen the 

Acropor support was freshly put in place (J.). Experience had 
1 ~ 

.shown that when J f < 0.75 Ji (Ji::: 0.1 cm/s), the support was 

c10gged bey~nd regeneration. In such a case, it was remo~ft 

and a new one inserted. On the other hand, if J f' > 1.2 J., the 
-1 

filtration qevice was investi~ated for leakage. To ~egin a run, 

f~ed was éirculated through the apparatus with the rotor sta-

tionary and no applied voltage. The rotor was képt stationary 

until the-·gap between the cylinders was full (0:: 5 s). An ex-

cessively high transmembrane pressure difference was created 

wh en the rotor was rotated while the cylinder was empty or par­

tially full. The tïme when ~he run was began was recorded and 

_----- 1 

./ 

\ 

1 
i 
( 

! 
1 
• / 1 
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the rotor set to the desired speed. The transformer, was then 

set to the desirèd voltage. 

The time of first appearance of filtrate was recorded and 

samples collected at ID-minute intervals. The time required to 

collect a vol~e of the filtrate was recorded. Samples of the 

rejectea suspension were collected simultaneously. The trans-

mittances of the filtrate and reject were measured during the 

time between the collect~on of samples. After 90 minutes, fil-
1 

tr~tion ~as stopped and the support regenerated. 

3.7 proèedure for Regeneration 

, Regeneration of the Acropor membr~ne was accomplished by 

washing away the cake of accumulated pa;ticles. The technique 

involved the flow of a cleaning sOlutio,n through the Acropor in 

the direction opposed to the filtrate flux using the regenera­

tion line shown in Fig. 3.2. This backwash employed a solution 

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 caus tic 

solution was maintained at 30oe. The backwashing ~as stoppe~ 

after 20 minutes because the caustic solution became ineffec-

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

was then used in backwashing ~or ~nother'IO minutes. Distilled 

~ water--?s then run through the apparatus in the normal direc­

tion"until the pH of the filtrate approached that of the dis­

tilled water. 

1., 

/ 

. ' 
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CHAPTE:R 4 --- : 
EXPERIMENTAL RESULTS 

- * In the tangential flow electrofilter, the permeate flux 
1 

is"expected to be,high ~t start~up and then to decrease with 

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

time curves are presented in Fig. 4.l~ The flux decays with 
/ 

time as expeéted. Steady state is not reached in 90 minutes / 
/ 

whioh was the duration of the experiments. ~ong transients ha~e 
/ , 

been found by others. For example, Henry (1972), in a stud§ of 
,/ 

cross-flow filtration" aChieved steady state only after ,18hrs 
/ 

of operation employing a transmembrane pressure dif~e~nce of 
/ 

414 kPa. / 

( 

4.2 Effect of Electric field on Filtrate Flûx 

tince the ~atex particles 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 increasing 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 
• 1 

electric field strength on fi1trate-flux for the tangential f~~w 
Î 

elect~ofilter at different rates of rotation and measured trans-

* A flux of 0.01 cm/s corresponds "ta 212 gal (U.S.)/ft2 .day., 
1 y 

1 \ 
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, membrane pressure 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 V7cm is higher than that 

for E = 237.5 V~cm for any value or-the time after 20 minutes. 
1 .~ 

This suggests an optimum e~ectric field strength beyondS:Ch 

the flux starts to'decrease with increasing electric ~i d. 

strength. This opt~mum electric field strength is determ'ned 

~in Chapter 6. 
,~ 

..-----­
The decrease of fl~x with electric field strength 

/ 

at high fields is a.ttributed to the production of hydrogen bub-

bles which either inocease the r~sistance between the cake and 
/ 

the membrane or clog the pores of the membrane. 

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

The same observations apply to aIl runs conducted with the t~~~ 
f ~, 

gential flow electrofilter. 

4.3 Effect of Rotation on Fil trate' FluX' 
p ~ ~ 

Figures 4.5 and 4.6 illustrate the effect of rotation rate 

on filtrate flux. The flux increases with rotation\:i~·t~, for 

rany value of ~he ti!11E> at diffJent electric' field~/~easured, ' 
pressure drops.· The increase of flux with rotation is greater~ 

, . 

o , 

. ----for those cases with an electric field than those without aq 

electric ~ield ·(Figs. 4.5 and 4.6) suggesting a possible inter­

action betw~en elec~ric field strength and rotation. The mech-

anisms responsible for the increase of flux with r9tation rate 

are discussed in Chapters. 5 and 6. 

.. 

-
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4.4 Effect of Pressure Difference on Filtrate Flux 

Figure 4.7 illustrates the effect/of pr~ssure difference 

on filtrate flux. 
:tI 

The flux'increases with ~P for an~ value m 

of the time. The effect of ~P on the flux at a fixed time is , m 

g~~ater when the inner cylinde'r is rotated and an electric field 

is applied (see Fig. 4.7). When ~Pm is doubled from 68.9 kpa to 

137.8 kPa, the flux after 90 minutes increases by 51% with a 

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

4.5 Rejelction of Particles by the Filter 

Figures 4.8 and 4.9 contain sample plots of,percent rejec-
-

tion, see Eq. (3-4), versus tirne for various operating condi-

tions. The degree of rejection of particles is better'than 94% 

for aIl conditions. The rejection decreases somewhat ~ittt in­

creasing rotation rate. The larger fluxes at higher rotation 

rates evidently parry sorne particles through the membrane. -The , , 

effect of electric field strength on rejection is neglig~ble 

when there is no rotation. With rotation" application of elec-

----tric field reduces the rejection of particles by,a maximum of 

2-3%. The lar~er,'fluxes obtp.ined at higher rotation rates are 

again responsible for carrying particles through the membrane. 

4.6 Reproducibility 

Figures 4.10 and 4.11 i11ustrate the extent, to which the 

experimental results are reproducible. Figure 4.10 contains the 
~ 

fluxes from runs conducted during'stages of the project with 

different Acropor supports and the corresponding rejections. 
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Agreement betJeen 

-the 'Percent rEijjections frorn the runs is wi thin 2%. In both 

Fig., 4.10 and Fig. 4.11, the greatest difference betW'een..;;r~ns . 
occurs at the beginningr.- This is due to the fact that the time 

1. 
spent"in setting the rotating cy1inder to the correct rotata.on 

rate was not the same for each rune 
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CHAPTER 5 

MODEL FOR THE ELECTROFILTER 

/ . 
The tangential flow electrofiltratian process employs four 

1 

particle. transport mechanisms ta minimize accumulat~on of par-

ticles on the filter medium. These transport mechanisms are 

fluid turbulence, centrifugaI force, electrophoresis and sHear 

stress. Turbulence, centrifugaI 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 

-------
Direc;t ion of 'Feed Flow Of;-

./ 

l + 
~ !J jE 

~---

--------, ----~---.,L ,- V 

J<otat ing 
with 

Surface . 
/ 

-
Acropor as Membrane 

coke 
of 

Thicknes5 -Bc 

.' 

FIGURE 5.1. Cross-Section of Tangential Flow Electrofilter 

cake filtration mechanism is assumed to apply. All particles 

reaching the membrane are assumed ta pe retained • .. 
/ 
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5.1 Deri vati_on of the Madel 
~ 

The fluid velocity normal to tHe cake equals the permeate 

flux and is denoted by J, the volumetric flow rate per unit fil-
. 

ter area. Because of tûrbulence;-c:entrifugàl forces' and elec-

trf~al forces, the particles do not move toward the cake (or 

medium) at this veloc~ty. The particles are assumed to have a 

velocity relative to the fluid, Us' directed opposite ~o J, 

hence th~ velocity of the particles relative ta the cake is 

J - Us. The rate of- cake rerooval (mass per unit·area per unit 

time) due t~ shear is denoted by ~R. Assuming ~hat the particle 

concentration is uniform, a mass balance on the/cake yields 

where ô c 

./ 

thickness of cake 

density of particles 

-'" . 
" 

;' 

~ - void fraction within the ~ake 

e - particle concentration in the bulk , 

/( 5-1) 

~R = rate of cake removal by shear forces at the cake 

surface 
~ 

oenoting the resistance of the membrane as RM and~the resis-

tance of t~e cake as 

. f 

w~ere Re is a constant, the flux i8 given by 

(5-2) 

. (5-3) 



I~----

o 
/ 

-Differentiating Eg. (5-7) with respect to time and" assuming ~ 

again that ~PF is constant yi~lds 

D 
(5-8) 

Substituting Eg. (5-8) into Eq. (5-1) and r~>a,rranging yields 

the following differential equation for the variation of thê--
, \ 

p~eate flux with time 
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1 dJ [ 
- ~' dt -= K J (5-9) 

where 

(5-10) 

The initial condition is the f011owing. 

o (5-11) 

Equations (5-9) to (5-11) complete the mode1. " 

il . 

Sïnce Us and <P R are constant, Eq •. (5-9) can be rearra~g~d 

as fo11ows. At steady state, dJ/dt ='0 and _the steady state 

Henc~, Eq. (5-9) can be written 

.}~}t 1 dJ 
- 2" dt,""" K(J.- J oc'> 

J , ~I 

.. -
The SOlu~io~.~f Eq. (5-13) subject to Eq. (5-11) is 

1 
J oo 

~ ~ ( 1 1) 
ln ~oo - ~ 

, 

--J 

-----
1 1 

+ Jo - J - KJ 00 t 

" 
Equatio~ (5-14) can be rearranged to the to11owing 

sion1ess forrn: 

(5-12) 

( 

(5-14>, 
/ 

/ .-
J 

dimèn-
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~ 

/ 

KJ 2t 
.0 

(5-15 ) 

Figure 5.2 gives the predictions of the model from Eg. (5-l5) 

in terms of a âimensionless flux, J/J , versus a dimensionless 
. 0 

time, KJ 2t, for several. -varues' of J /J. When J /J - 0, the o 00 a " 00 a 

model predicts the standard cake filtration flux decay curve. 

As J /J is increased, the 
" 00 0 

quickly. Renee, any force 

required ta achi~ve steady 

, . 
steady state flux is~reached mo~e 

./ 

which increase~s shortens the time 

state. (-~ , 

Figure 5.3 shows the predictions of Eq. (5-15) plotted as 
• 

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

classical cake filtration (y",,/Jo - 0) yields a straight line • 
• 

The curves approach the origin with a slope given bY~ (5-17) 

see below. For J /J > 0, the f~ux function approaches asymp-
00 0 

totic values fo'r large times. 

5.2 Special Cases 

5;2.1 Cake Filtration 

In classical cake filtration, the feed flows perpendicular 

to the filter medium resulting in the retention of aIl solut~ 

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

duces to zero. In Eg. (?-13), therefore, 'J~ - 0 and 

l (5-~~) 1. dJ _ KJ 
- J2 dt 

! 
i 

./ 

/ 

\ 
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with Eq. (5-ll)j'as the initial condition. Integrat'ion of Eq. 

(5-16) yiel,ds j 

) 
J 

'" 1 Il 2Kt 
J2 - --- --J 2 

0 

(5-17) 

./ 

By assuming negligible membrane resistance, a similar re-_J 

suIt was obtained by Kraus (1974) for cross-flOW filtration. 

Mikhlin and Tanny (1979) also presented a 'classiéal cake fil~_ 

tration model which reduc~s to a form similar to Eq. (5-17} 

with the assumption of negligible membrane resistarice. 

5.2. ~ Small Time Solution, t -+ 0 

By employin~,~arlor series expansion, a small time solu-
, 

tion 'can be obtaineq for Eq. (5-14) in a forro that can be com-

pared to Eq. (5-17) • 
. . 

Equation (5-14) can be rewritten as 

" 

Let 

then' 

( 1- ~: ) 1 

~ 
ln J 

• 00 

00 1 - 1 

J 

-­\ ! 

y' '1 
-~ 

J 

f(Y) - Kt 

." 
' " 

'. 

... 
J 

+~L(L'-
J oo Jo ~) 

: 

~ Kt CS-lB) 

(5-19) . 

/ 

'(5-20) 

----_!.~---

1 

1 
./ 

\ 

1 

1 

! 
" 

.-- ' .. 

1 
1 

-. 
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where 

\ . 
f(Y) 1" (l 

~= ~ ~ 

The Taylor series representation fo'r-f""(Y) 
, .. 

.,p 

f(Y) - f (Yo) + C~) d'Y Y 
(Y - Y ) 

0 
0 

'where , 
/ 

Y 1 
0'- ? '. 

0 

Since f('Yo) - 0, Eq. (5-22) becomes 

-
f (y)'-, - (di) (1 1 ) 

OY Yo ~ - Jo2, /' 

/ 
Pifferen~iation of Eg. (5-21) yie1~s. 

f 
and 

J 

df 1 ( 
Id'! - T ,M' 2~ 1 

1 

- J .fi = 

as ,i -+-

/ 

( 5-21) 

Jo 'is 

:'~~ 
, (5 .. 22) 

j 

(5-23) , 

-, J 

, 

-
(S-24) 

(5-25 ) 

) 

(5-215) 

• Substitutinq Eq. (5-26) into Eq. (5-24) and the result into 

-

>, 

• 
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Eg. (5-20) gives 

1 1 2K (1 :2--2:= 
J Jo 

/ 

-
(5- 2 7) 

should yield a straight line at 

- J«J l J • Far classical cake filtra-
o 

reduces to Eq. (5-17). 

/ 

5.2.3 Steady 5tate, t 
. 

If the particles travel ou~ward relative to the fluid h 

(Us > 0) or if the cake is èontinuèusly rembved, a steady state 

flux will eventually be establishedo This ~teady state flux is 

given by Ego (5-12). At steady state, the particles are carried 

by bulk flowkoward the medium at the same rate as the sum of 

particle transport due te turbulence, centrifugaI forces, eIec-

~ricai forces and shear effects. 

503 . xpressions for 51i Velocit , Us 
-

Three mechanisms contribute to the particle slip velocity, 

Us' The velocities resulting from each rnechanism alone are 

assumeÇ1-addi tI;è: 

Us -' Ut + Ur + U (5- 28) 
J e 

--' 
where Ut particle .velocity due te fluid turbulence 

U particle velocity due to ce~trifugal force r 

Ue ""'t'particle velocity due to elë-ëtric force -
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5.3.1 Velocity Due to Turbulence 

~he smallest rotation rate of tpis study, N - 1200 rprn, 

gives Ta 
, 4 

1.8xlO. Hence, without' axial flow the fluid is 

turbulent. It is assumed that with the axial Reynolds numbers 
r 

~sed here (Re _ 1,0 2) the flow is still ;turbulent. 

Particles' a,re transported away from the surface of the fil-
--, 

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

, . 
'into the, mainstréam. This turbulent transport i5 assumed to be 

characterized by a VelOC\ty ~hich i5, proportional to uT' the 

friction velocity,. A 5imilar hypothesis was used by Fried1ander 
~-

and 'Johnstqne (1957) to describe particle depo'sition from tur-

bulent pipe f1ows. Hence ~ 

(5- 29) 

-
where Kt is a constant whicn shou1d depend upon particle size 

1 

and density and fluid properties. The friction velocity is de-

fined by 

(5-30) 

where T is the total shear force acting on the medium (or cake) 
~' 

surface. This shear force is the resul t of, both the axial f10w 

and the rotation of ,the inner cylinder. Fjr the rates, of rota­

tion used here, N ~ 1200 rpm, the shear force due to rotation 

far exceeds that from axîa~ f~ow as shown ip Appengix 2. Thece-
1 

fore, T is replaced by' Tr , the shear force d~e to rotation 

.. alone. With this substitution and using ~q. (2-17), Eq., (5-30) 

can be written ~ 
1 

/ 

" 

). 

/ 

! 
! 
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\ 
1 

\ 

\ 
\ 
\ 

\ 

j 

/ 

15-31) 

(5- 32) 

In the present work, the Taylor' 'purnber is' very large, thus i t 

'is'assumed th~~ the axial flow h~S ~ssentially no effect on the 

fluid turbulence and the d~a'9 coe~ficientis given by Eg. (2-24'. . , . 
1 

Subst!titution of Eq~.--(2-2,l) and (~-19) into Eg. (5-32) yields 
\ 

p ~ K (~)O.5(L)O.lR:"O.8nO.9 
Ut t 2 2p ~\\ . 

(5- 33) 

l ' 

\ - 0 9 
The turbul~nt transport.ve16city is\proportional to n •• 

\ \ 
, Taylor (1936'>' has provided datai from which the constant 

" '. . 
"ail in_yg. (2-~4;) may be estimated. \This constant is a func-

\ . 
tien of R. IR .' Fortunately, he made Imeasurements on an appara-, 

j ~ 0 \ ',- --' ,.r- -' , 

tus essentia11y identical to the one used in this studY: ln 
\ 

his system, R. ~~ 3.20 cm and R 
~ ~ 0 

4.0~ cm. Using the last 
-'3 

j 

point in hi~ Fig. 9 (Re - 2'. 57x10 5 , 

a -

and 

-2 2.2xlO 

• 

/ 

el-D, 
1.82xlO ) : 

(5-34 ) 

(5-35) 

1 
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1 
5.3.2 Velocity Due to CentrifugaI Force 

• -----As a result of the rotation of the fluid within the annu-
~ 

lar gap, the particles will develop an outward ~adial veloci~y, 

1 

V , if they are d~nser than the fluid. In the present work, the r 

particles are about 8% denser than the water in which they are 

suspended. The particles are small enough so that they follow 

Stokes' law in gravit y free fall. Their terminal settling ve­

locity under gravit y is approximately 1.7xI0- 6 cm/s yielding a 

terminal Reynolds number of about 1.lxlO-B. 

Following the analysis of Friedlander (1977) for ~ cyclone 

it ~-assumed that the particles follow thè rnean tangential ve-
j Cf 

locity of, the fluid. This tangential motion,causes an eutward 

force on the particles. Assurning that the parti,cles fellow 
, 

Stokes' law, their radial velocity at a radial~osition r is 

d
2 (V'2 ) Pp P _e_ 

1811 r (5-36) 

where ve"is the average ~angential velocity of the fluid. Us­

ing Taylor's result !or ve given by Eg. (2-25) and'~pplying it 

at r - R., the following expression i$ obtained' 
, ~ 

p d 2R . n2--­
U - 0.015 P P ~ 

r II 
(5-37) 

. The slip velocity due te -centrifugal forces is proportional te 

the square of the rôtation rate. 
---
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5.3.3 Ve10city Due to Electric Force 
i 1 

--

" The 1at7X parti~les us~d in the preseri't" work, are negatively 

charged (Seoud, 19~_O). Consequently, the particles were" made ... 
1 

to move away from the membrane by a DC electric field with the 

rotating cylinder being the negative pole. Following Bier 

_ ~'_ (1959); Moulik et al. (1967'1 and Henry et al. (1977), the elec­

trophoretic velocity is w~itten as 

,y 

-; 

--

(5-38) 

on has been paid to-the remova1 of filter 

cakes 'in axial flow filtration and no models exist in the fil­

tration literature. However, the removal process is analôgous 

to the ~s'lièaring off of fouling ~ep?sits in heat exchangèrs. 
1 

Some experimental and modelling work has been carried out on , 
.~ ~ , 

'FJhenomefri. '~t1lis ./ J 
$ 

According to 
. 

model proposed by Kern a:qd 
\ 

a Sea,ton (1959) , 

the rate of removal of dirt deposits ~n heat exchangers is pro-
~ ~ 

portional to the shear stt'ess' -exerte'd on the surf,ace of the 
. l -

, ; / . 
deposi t by the flowing f'l,u!i-d. They asstirned-that, 1nstead of ./ 

'\ J 

being "removed particle-by-particle, d,ir~s sheared off in . 

,yhunks at random planes and,that plaies of weakness occur at 

~ny depth. Using these assu~Ptions, IKern (~966) developed a 

time-dependent model to descri~~ f6uling using classical fluid 

dynamics and heat exchanger design·~ariqbles. It was later 

established expeFimentally by T~O~~k ~ al. (1972) that for 

~ ~J 

- --~--

1 l, , 
1 ~, 

c 
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feed solutions containing highly crysta11ine substances a tena-

cious bond between the crysta1s ahd the wall is formed. The 

scala offers a high ~esist~nc~ to shear and, in the case of 

salt solutions of L~S04 .~~aS~4' the shear resistance was 50 

much higher th an the f1uid shear that the remova1 rate was neg-
/ / 

ligible compar~d to the deposition rate. Since the latex par-

tic1es are not crysta11ine, Kern's shear stress remova1 hypoth- ~\ 

esis i5 adopted: 

cp ... ~ T 
R R (5-39) i 

where KR is a dimension~l constant which depends on the,char-

açteristics of the particles in the c~ke. 

T is replaced by Tr yielding 

/ , 

As in Section 5.3.1, 

~ 

" 
(5-40) 

/ 

Uti1izing E~S. (2-21) and (2-19), the fo110wing relationship 

is obtained 

\ 
(5-41) 

The removal rate is, proportiona1 to nI • B• 

5.5 Eva~uation of Pressure Driving Force, ÀPF ./ 

Th~ pressure difference causing filtration is the differ-~ 
.' A 

ence between the pressure .,.drop between the outsïde ot the cake 

.< . / 

---



/ 

• 
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. . \... 
and the inside of the inner tube, P. - P .. , and .the pressure' 

~ ~l. 

difference due to rigid body rotation: 

(P. 
l. 

P .. ) 
~~ 

(5-42) 

The ho~es in the wall af the inner tJbe are assumed to be full 

of liquid which rotates as a rigid body. Bence, if th~ pres-
--.::::::::: 

sure differ-ence P. - -P-;-rlûst equals that due to rigid body ro-
l. ~l. 

, 
tationr there is no flow. 

In the present apparatus, it was impossible to obtain 

Pi Pii direc.tly. The gauge pressure of the; feed as it entered 

the gap was measured. Assuming that the feed en~ers at P , the p 

measured pressure difference was 

ÔPm = Pp - Pa (5-43) 

where Pa = atmospheric press~pe ---
The driving pressure\was obtained by assuming that the filtraté 

, 
runs down the inside of the inner cylinder in a very thin film, 

i.e. the inner cylinder is empty. A sketch of ~he preêsure 

profile in this situa~ion is ~n in Fig. 5.4. Th~.pressure 
is atmosphe~ic within/~he inner cylinder. At the outside of 

-1\ the medium ~gI:---cake), the pre:sure is Pi' The pre~sure within 
, , i ' 

the gap has already beeb described - see Section 2.3.1. The 

sharp incr~~se in pressure a~~ i8 due to t~e re$istance of 

the medi.um and the cake. , 
In Appendix 3, it'is sh0wn that , 

" . 
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/ 
(5-44 ) 

1/J =.0.0453 (5-45)' 

~ > 

Hence, ~PF is lower than ~Pm by an amount which varies from 
/ 

0.4 kPa at N - 1200 rpm to 2.0 kPa at 2800 rprn. 
, . 

.----_ ... -

./ 

/ 

j 

1 
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-- CH1\PTER 6 

DISCUSSION OF RESULT~ 

6.1 Intrbduction 

TDe data presented in Chapter 4 showed clearly the~bene­

ficial effect of adding an electric field to the tangential .. 
flow filters. The filtrate flux increased in the pr~sence of 

the electric field. At the same' time, thete was little change 

in the particle rejection by the filter •. Above a certain field 

strength p (about 100 V/cm for the suspension ~sed he~e), the , 
flux decreased with increasing fieLd strength. 

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

tions of the model presented in Chapts'r 5. The characteristics 

of the cake are obtained from the fluxes at smal~ times. The 

..,..., effects of rotation rate. and electric field streng~h are com­

pared to\the predictions of the k~del 'for the fl~xes at 90 min!. 

utes. The power consumption.Joff the electrofil ter and i ts rela­

tionship with the 90·minute flu~are'also examined. 

6.2 Behavior for Small Times , 1 " i 
,\ 

F~gures 6.1 te 6.5 are p~~ts of ~ - ~fv~rsus time as 
o J J 

suggested by the small time solution te theernode~, Eq. (5-27). 
'J , 

~For N - 0 rpm and E - 0 ~/cm, th~ data are well-represented by 

straight lines as expected from the cake filtration result, 

Eq. (5-17). For non-zero rotation rates and/or field stre'ngths, 
----- - ---~- ~ 

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

/ 

--- ------- ---------------------------_ .. _~ 

, 
J 

". 
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asymptotic values as time increases. The behavior of aIl the 

data was similar to the samples shown in tl)ese ti~~res. Qual,:" 
1 

itatively, the data follow the predictions of the m~del depict-

ed in Ftg. 5.3. 

The slope of the curves in Fig~. 6.1 to 6.5 at small times 

, ted in the cak~ filtration form like F.igs. 6.1 to 6.5., rr:jle 
, . slopes of sma11 time were obtained by ,least squares fit to thes'e 

\-, 
1 plots for times less than or equal to !(Lrninutes. These slopes f 

are tabu1ated in'Tables Al-l and Al-2 in Appendix 1. 

\ 
6.2.~ Specifie Cake ~esistance 

The sp~cific cake resisj:anc..e, ___ o., is defined bY ___ ~PPJ.~_.:!:ng 

D~rcy ',5 law to flow through the cake: 

J =-

If the membrane resistance is negligible compared to the cake 

resistance, Eq. (5-3) reduces to 

l!.p /6 .~. , 
J F c _. KC ( 6-2) 

Equating'Eqs. (6-1) and (6-f) yields the cake resistance per 

unit< thickness: 

K - a~pp(l - E) . C 

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

(6 3). 

/ 
J 

" 
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(6-4 ) 

Let S be- the small time slope of/Figs. 9t. l to 6.5: ...... 
~ 

" ,'1:. 

S - 2K( 1 ~/) 
Jo 

(6-5) 

then 

J.' 

(6-6 ~ 

The specifie cake resistance can be computed from the slopes 
-" , . / 

t~bulated'in Appendix l, 6PF as given br Eqs. (5-44) and (5-45) 
_~ ij 

and J oo " 

For N '- 0 rpm and E - 0 V/cm, the partiele ~Ilp velocity 

is zero because the axial f10w is larninar, hence~~ = O. Spe­

cifie cake resistances for this situ~t~~~ ar~~19~ed again$t 

the ?ressure driv;nq force in Fig~ 6.6. Also pîOtted are the 
, , / 

data of Doshi and Trettin (1980) for a polystyrene latex with -a smaller particle size at a larger concentration and under a 

'- --l~rger l1PF " The agre,ement ~b~tweenvthe Il-=:-values is good. Both 

sets of,ld,atashow that'the éake is compress'ible because CL in­
j 

crease~ ~ith l1PF" McCabe and Smith (1967) suggest that for 

Many ma terials 

(6-7) 

. " 

\ 

~~----(--- ._._-
-, 
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wi th 0.1 ~ R, .:;; 1. ,The lines on the ~lot are drawn wi th R, = 

0.22, the value found by,Doshi and Trettin. The fit i5 very 

good. -- -

For non-zero N and/or E, no J oo values are available. In 

this case, ~-values were calculated using J 90 instead. A rouih 

-, '~r me,asur~, of the error is obtained from the a-values at N o rpm, 

.. 

E = 0 v/cm, In this situation, 25-30% error ~as incurred when 

experImental J 90-vàlues were used rather th an the true J
oo 

value, 

Le. J = O. 
- 00 

-
Specifie cake resistances calculated from Eq,- (6-6) with 

J 90 in place of J,oo are shown in Fig. 6.7~or one value of the 

measured pressure difference. 
~ . Increasing either the rotation 

rate or the field strength decreased the specifie cake resis-

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

bed of spherical particles, it is readily shown that' 

a. = (6-8) 

Values of-the constant'have been found experimentally to lie, 

. between lSQ and 180. The deê~re-ase in a is pr.obably due to 'an 

-increase in the void fraction within the c~ke. Also shown on 

the ordinate of Fig. 6.7 are values of a ca~ulated from ~q. 

~- (6-8) for void fract~on, ~, or-O.2, 0.3 and 0.4. At higher N 

and E, the particles approach'ihe cake at.a lower rate. Hence, 

they have time to position themselves in electrostatically 
/ ) 

,7 / ' 

favoraJ;>le,positions. Since the particles:ln: the cake a~ also 

negatively charged, a very porous structure is favored. At 

i 

/ 
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low N and E, wheje the fate of arriva'l of particles at the cake 
1 1 

is larger, the ~article~ are forced into/rnore closely packed 
i 
1 • 

(lower E), less electroptatically favorable, positions. 
1 
1 ___ 

, yields decreasing a with increasing values of N and/or E. Doshi 
1 

/"' 

and Trettin (1980) alsPI used this rnechanisrn to explain the faet;i 

, / that a increases Wit~brlk ~onc~~tration. 

The relationship shown in Fig. 6.7 fo~\ 6P 
1 " rn 

also found for 6P - l3J.8 kPa. Both sets of data rn , 

6à~. 9 kPa wJs 
'. 1 

were redJced­
../ 

to the -~sarne f;:>rm 't'y Ploltting the ratio of the c k\ resi~tan'ce 
at a field strength E to that at E = 0 versus E.' Figure 6.8 

\-
shows'that the data for both -pressure differences are brought 

together on these coor inates. At 

'" the cake resistance de reased by a 

a factor of 20 at N - 200 rpm. 

6.3 Behavior at Lon 

a field strenrth 

factor of 8 r N 

/ \ 

.' 

1 
1 
1 

-/ 

1 
1 

COmbining Eqs. (5- 12), (5-28), (5-33), 

(5-38) and (~-4l) yiel s 

of 60 V/cm, 

o rprn and ,-

(5-37) , 

(6~9) , 

D , 

ylindèr introduces the terms in Eg. 
1 

Rotation of the inner 

(6-9) accounting for t rbulence (proportional to nO. 9 ), cen-..,.' , 

trif1g~1 force (proportional 

face \(prOportional to nl • S). 

to n2 ) and shear at the-cake sur-

The final contribution is due to 

'. ..------

- / 
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theJ':Êùectric field.' Since no experimental values of J co were 
'" ( 

available, fluxes at 90~inutes, J 90 , were used tovdete~rnine 

the eftect of rotation rate and electric field strength. 

~ tP 
6.3.1 Effect of Rotation Rate 

Of the terms dependent upon/rotation ~ate, only that due 
'- - , 

to centrifugaI force, the second term on the right-hand side of 

Eq. (6-9), does not con~ain an arbitrary cônstant. For the pre-

sent system at the highest rate of rotation (N = 2800 rprn or 

~ - 293 radian~/s), this terrn has a rnag~itûde of I.3xlO-6 cm/s • 
t . - ----Since this is several orders of magnitude smaller than the mea-

"' 
surçd J 90-values, it i~ unlikely that centrifugaI force is an 

, 
important contribution to J oo ' ./ 

'" 
Figures 6.9 and 6.10 present J 90 as a function of rotation-

ra:t_e :aised to the 0.9 power, NO. 9.' The p"IO):S show a good lin- ./ 
) 

ear relationship, hence it is Iikely:that the major contx;ibution 
~. -

The order of magnitude of rotation to J is through turbulence. 
00 

-4 of .Kt is 5xI0 • 

Figures 6.9 and~6.10·show a larger effect of rotation rate 

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

In Eg. (6-9), there is no interaction between rotation rate and 
/ . 

field strength. The ~ffect shOwn i~ the figures probably ap-

pears because J 90-values, were used rather than J oo ' At 90 min-
, 

utes, the approach to J is not the same for each rotation rate 
/" 00 

and field strength, i,.e. at 90 minutes the amount of cake built 
• "'\.. 'J ~~ 

its specifie res~stance are themselves functions of N 

This ~troduces .the interaction seen tn Figs. 6.9 "nd 

Çl 
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At steady state, the cake should build up until ~hé flux __ ~ 

i5 given by Eq. (6-9). 

J • 

6.3.2 Eff~ct 6f Field Strength 
// 

Equation (6-9)·"shows a iinear dependencé of J ~n ,field 
00 

strength, °E: Figure~ 6.11 and:: 12 s~~~ J 90 aS~J funC~ion of 

field strength at the two values of 6P. The fluxes increa~èd 
.; " m ' 1 1 ' 

/linearlY with ,field strength ,tlp to E :::-: 100 V/cm. Beyond' this 

field strength, there was EVbroad maximum and then a decline in 
, , 

flux. The flux decline is probably due to ~he gener~tiot of 
, , 

'hYdro;-en bUbb1es. which aécurnulate~ at~ the surface ~f t~~ cake, 

thus clogging 1 the pores. _ / ' 

Fitting the JgO-points at E < '10'0. V/cm by least squares 

yields the following slopes in Figs. 6.11 and 6.l~. The slopes 
j .M 

in Tabie 6.1 should equal the mobility of the latex suspension, 

TABLE 6.1 
, 

Slope-s from Plots of J'90 Versus E 

cm/s 
S~ope, Vlcm 

"" .-/ 
~ 

Rota t'ion Raté, rpm ""tlP;-"... 6 8 • 9, kPa 6P m .... 137.8 kPâ' 

",." 0 1.40xlO -4 ~ -4 
2.90xlO 

- -4 ..... 
4. 20xl0- 4 , 1200 2.50xl0 / 

" / 

3.70xlO-4 
--::;. 

-4 2000 S.40xlO 
, .. " dl -4 6.90xl:0- 4 2800 4.50 0 . ,-

, 
'" 

; 
1 
[ , 

! 
i 



~~-- "..-~ .. "",-- ~~\ 

:~ ~ 
,-

~ \. 

\ 
.,p 

; 

1 ... 

.\ 

\ 

( 
1 

-

'tr.oa 

1/) 

~ 
u ..... 
~O.04 
~ .. 
X 
::> 
H 
r:... 

( ] 
~ 0.02 

. 
-. 

• 

.. 

~ 

\ 
• l' 

llP = 68.9 kpa 
1 m 

.-IN 
(rpm) 

-~, 0 

X 1200 . 
• 2000 . 

Q 

-<r 2800 

. -( 
\ // 

\ 

'" 

110 

\, 

//' " 
/1/ " 

~ 

"-

~ 

\ 

'\ . ',-

..... 

, 

,~ 

, . 

4 

\ 

~ 

" 

0'1 
1 

1-< 
(X) 

o .' , \ 100 o ~ 250, .. 
ELECTRIC FIELD STRENGTH, E (V/cm) 

J 

" 
FIGURE 6.11. Variation of Flux wi th Field Strengt-h 

'-

"-

\ 
( 

\ 

,. 

a 

'" 

j 



., -
r-

" 
~ 

", 

. , ~ \ 
"'-~ 

'~ 

~ 

1 
l' 
r 
~ 

, . 

1 r 
~ 

~ 

cl 

.,. 

" 

--:-

tn 

" El u 

0 
.0'1 
IJ .. 
~. 
H 
~ 

/ -...... 

'" 

'r-

" 
o.~06 

0.04 
"-

~ , . ~ 

.. , 

" 

\ " 

l 

--' 

. , .' 

'. 

'\ 
., 

~ l' , , 
.. 

: 

.. 
, . -
\ 

\: 

\ . '. 

t "'-. -
'\ . 

'~ .' , , ' , ' 

, ' 
1 ~ 

~' 

~ 

/~ . \-
... 

\1 
-

" 
, 
, 
\ 

lIP m = 13 7 • 8 '~f a 0'1 
1 ~ 

~ 

N . \~ 
(rpm) 

o 

0 o ' 

0.02 X '12~ of 

" 

\ . 
\ 

" ~ 

o!) 

~ 

~ 

'. \+ 
200 • \, 2800y '" , . 1 

. -0 1 t 1 l ,. 1 
~50 Q ~ 1"'\ 1 nn 1 J::. f"\. ":) rHl ":) .... 1 

\, -\ 5v 
EtECTRIC FI~LD STREN9TH, E (V/cm) ,. 

~ 

riGURE 6.12. - . '" 

J 
1 -

\ 

L 
.~ 
( 

1 \'-..-1 ~-~~~ 

j' 

""'""'!-...---.....::.-__ ... __ ~_~~~ _ d. 

VariatLon'of Flux wit~'Fie1d'Stre~~th 
~. 

, . !li,. 
Ir- !;\, "" ~. . 

~ 
...~- .Q 

" 

J 

" 

• , - \\ 
, 

" ~ 

i: . ' 

" 

'--- 1 



" ~ 

l 
( 
", 
~ 

1 
Î' 
[ 
f /' 

V 
~ 
t 
~ 

t 
~-

1 
'J 

f 
~ 

f 

t 
i 

...... ~--

( 

". '. 

6-20? ... ." 

Ke 4. 22xÜl,-4 ~y~! .• As seen in the 'previous secti-6n r th~re is 

an interaction of ro t"â't ion , rate and, fièld strength. However )" 
J / ' ~ -

the order of magnitude agr~ernent between the slope<and Ke l~ndt< 
support. to the, model. ---It i5 aIse possible that"there may be ~n 

~jeçtroosrnC>,~ic ;,low through the cake wpich causés a' larger in-
If 

. !..DeaSB in: fl Ux; ~ith Ethan the model predict~:. 

y • 

o _ 6.,\4 Po~~r Consurnption and Flux .. 
/ , 

, A gqod filter'should provide a,high flux with a low power 
". _ F) l ' 

consumpt1.on.' In the tangentiai flow e'lectref il ter, 'power- is 
, ..' - "1 ' . '" ' 

required to rota te tpe inner cylindel:::" ,'\:0 rnaintain the electric 
6C 1 • l' \ 

field and to pump.~he suspension thrpugh the annular gap. The - .. ~~ 
, ,~,..-

power 'r~qœired ta rotate the inner cylind~r goe5 tb"overcorning 
__ , ~ , f 

friction in the bearings and ta 'ov~rcomi~g~the s~ear,force5 at 
/ ~ 1 

,the surfacé of the cylinder. ' Only the "p-ower required to over-
, -.> 

corne surface shear, is considered hete. The friction i~ the 

bea~ings depend~ on their' ,design."! Power rne~su,re'ments on 'the 
) - , 

actual device are required to account for thi p • . ) , 

, The power r:e:quir.ed to ovetcome'· shear per unit ar6a of the' 
. 

inner cylinder'is giv.en by cOmbining Eqs. (2-l8)~ (2-19)' and" 
" ~ /, / 

(5-35) : , . 
, " 

/ 
, (6-10) 

The "pump!ng power i5 giv~n by the produc~ of the vo1urnet-. 
~ r,ic, flow rate of suspension and the axial pressure drop. Assùm-

ing ~~lly,developed:fl~w and fo11owing Bird.!! ~ (1960), the 
1 • ~ ~ , 

\ , 
, . 

) " 

.... 
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\ " 

pum;t?ing power per rlni t. outside arèa of the rotati~~~ .i!)n~r cy1.­

inder is 

p 
p 

, ,..::.-/ 
where F ~K) is given by Eg . .0\2-5) in Al?pendix 2. 

'(fi-1l) 

The e1ectrical power is' givep by: 't~e ,pro~uét of; the volt- / 

age drop between the i'nner and o~tei:\::Ylinde~Sa and the current. 
;\ 

Per unit area .of the inner cylinder:" the eiectrlcal· po.Wer is 

p 
. .e VI/2nR.L 

• 1.. 

~ , , / , 
'-, 

, .:~ 
:- .... (6-12') 

~on.sidering th~ gap' between the cyl~nders as 'the space between 
-' 

two para11el plates a distanc~ b ·apart, 
.. 1 l' / ,. .. 

v = bE 
'. ' 

-J 

and 

:1 (2rrR.L)EC 
J. e 

/ 

where -c 
e elec~rical.conductivity_ of the ~uspension 

fience;/the electrical power can be ~r.itt'en 

p. (0= (R 
e -0 

R. ) C È2 
J. e 

, ,' ... 

(6-15) 

'since the value of Jco~is proportional 'to ,the ,field strength, 
,.-/ . " 

the .:j.ast egua-çion '~'rj:ngs out the effect .of th~ "conductivity of 

the suspension on tne electricci.l pO\ièr r.~g~i~ement. 
.. .' 

r 

.. 

\ 
... 

( 
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6":'22 .. 
1 , .. ~' 

• 
The total powe~per" unit i.Qùtside area of th$= inrier cylinder' .. , / 

1 1 \ • 

is ' 
1 ,,' . 

_1 
y .' 

r 

p' i=,p 
T r 

/ 
'1 

P P 
..~ 

(6-16) + + .-
p e . 

,< . -, 
-~ 

1 

The contribuhon 
~- ! 

1 

of each of the terms to the totaÎ- powe;r re:quire-. 
, ' 

ment i8. giv.ejn .. in Table ?~2., fi~~ typical values of' N and El'. 

. " r -
f .: .' 

j 
. \ TABLE 6. 2 l. 

.'. . da.lc~lated- Pow~r .Requiréments ."-A-

" 

) 

. 
~/~ / 1 

~ 2 . 1 • Power, W/m .N E . 
rpm 

< V Icm 
P "~ - p. P PT , . r . p. ,e ' 

", 1 _ 

oJ . 0 0 '3': 2xl'O-4' 0 3.~lO-4 
... \ 

'3.2xlP-4 ',/456' --, . 0 . 50 0 456 1 
~ . 

, , 
3.2~10-4 12QO 0 59.5 1 , .Q S9.5 

. . .../ .. 
°3.2xI0.-,4. 1.200 50 10 59:5 -.; 456 515.5 

-2%0'0 0 63.8; 3.2xl0- 4 
0 638 . 

1 

3.2xl0-4 , 456 ' 28.00 50: 63 .~8 1p~4 . . . 
..... / 4'1. 

oqly wpen there'is no rota~ion'~nd no field is the pump~ng power 

important. " 

Figure" 6,13 shows the" va,lue ~f ;90 which :e'sult. f~om a ~ 
~iven expenditure of power. The power 'for 'rotation wa~ compu~ed 

& 
~' ' 

from Eg. (6-10), whi'le the electrical power wa.s co,rnputed from 

Eg. (6-12) using the measured values of the current and voltage. 
, . ~ 

b The p~mpLng power was neglected except for N.- 0 rpm and/E-

. .0 V/cm. 1 The flux rises "'râpidly. with power. For N ;.. ,O. rpm, the , . 
... .. 

"'c. ' 
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~ 

flux reaches a broad ma~irnum and ',then decli:ne's due to t'he gen-

eratlon of hydrogen bubbles as méntio~ed earlier. This behav-
, - 6 

ior is expected at aIl rGtatipn. ra-t:'e's. for suffi~iently hi<;Jh' 
6 

electrical power inputs. , 

An inq.e~ of filter performance Whi~h should no{ be 'mîni-

-inized ,is the tot"aJ/ power exp~'nd'ed ~er unit flux. This index, 
'..-/ - / ~ 

.: calculated f:;-om J 90-values, is shown as' a function of the elec:. 
, -

. tric field strength in Fig. 6';14. For,rotation rates of 2000 
~ 

and 2800 rpm, the p'ower per unit flux passes through a 'minimum. 
~L ...--/', • 

at 40-60 V/cm; The snape-s 'Of t~e .curves 'are in accord with " 
~ 

the model as',showrl below. 

Neg1ecting the 'pump'ing power ,-' 

~ p 
, T 

.. .' 

.' (6-17) 
/ 

~hete ~l and aZ aré~antities'~~i~h may,~e readi1y obtaiQed 
.' i - _ 

..--/ from Eqs. (6-10) a'nd (6-15). Using the re'su1ts of Section 6.3, 

the steady state flux may be written 
\ \.. 

,..--. 

a nO• 9 
/ 

J. = + a 4E 
00 , 3 

( 6.-18) 

~ . .....: 

wbere and 
"',1' 

be fpund fram Eg. (6-9) ,. 
, 

Hence a
3 a 4 may 

, .... / 

\ (6-19) 
\ 

At Low' field strengths:
c 

~. 

, ; 

/ 

, .. 

--
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and the pow~er ~;r u,ni t fju>;. 

,high field stre~g'thJ , 

~ 

PT (~! )~ ~~ 
+ 

/. '" 

J 
an$i the power per:, un~t flux 

,.. 
, ' 

(6-20) 

increasea witn rotation rate. At 

. , . 
. , 

(6-21) 
./ 

./ 

increase's with field strength. A 
1 _._ 

, minimum in P-tf 1 J oo ---a:t ': "parth:iula:. !Valué of E is f.ound by dÜfer-
, , 

" 

, - . 
. e~tiating Eg. (6-19)., Thr. minimum' value of PT/Joo occurs at 

\ . 
• 

(6-22 ) 

fond the field stren9th at/~hich, the minimum PT/~~ occurs in­

cre~ses with,rotation ~ate. The predictions are in quàlitative . ~ 

agreement wi th the resul ts presented in F~g. '/6.14. .._-\ 
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. CHAPTER 7 

CONCLUSIONS 

~ 
/ -

1 

The ta~~ent1al flow electrofi1ter is a modification of 

the ta~gential flow fil ter in which a De electric field is im-
! " 

pased between the rotating inner cylinder and the stationary J 
./ 

oute.r cyTinder--:-~- In the tangential flow electrofil ter, fc;)Ur 
! 1 

transport mechanisrns are used to minimize the accumulation of" 

particles at the surface of the fil ter medium. These ~r~nsport 
./ 

mechanisms are; fluid turbulence, centrifugaI force, electro-

phoresis and shear stress at the rotating surface. Turbulence, 

centrifugaI force and electrophoresis move'indiviqual particles 

away from the,filter medium, while shear on th~ surface removes 

aggregates of particles. A steady sta~e flux results when the 

particle velocity to~ard the membrane due to the filtrate flux 

equals the particle velocity away from the membrane due to the 
_/ . 

cumulative effect of the four transport mechanisms. 
/' ~ ~ 

Experiments were conduct'ed with a dilute, aqueous polysty­
"-

rene latex suspension having a particle size of 0.60 ~m and a 

zeta potentia1 of -:':::60 mV. _Rotatiof ~.fotes,. up ta 2800 rpm an'd 

electric field strengths up to 240 V/cm were employed at two 

values of the transmernbrane pressure difference, approximately 

68.9 kPa and 137.8 kPa'. The measured filtrate fluxes and par-
/ 

ticle retentions showed the following: 
, 

" 

( a) Filtrate flux increased with electric field strengthJ.' 

up to about 100 V/cm. 
\ 

Rejections were at most 1-2% '. 
1 

, ~.,,~ -_ .",,,,, ......... I_ ......... ~_ ..... oIo.. _, 

'" ',i~s' ., ',1;( , 

" 

y, 



./' 

; 

r . 

- '7-2 .. 

q 

lowèr a t higher field strengths .. 

lb) Filtrate flux inclêeased with rotation r'ate, while re-
/1 

j ections decreased somewha t. 

~ 
In qll cases, the particle rejections were larger than 94%. 

c-
A mathematica,l model was deriv,ed for a filtration process 

in which a cake b':lÎlds up on the su~ce of the fil ter medium ..... 
.. ).c.. / 

The model takes into 'account any removal meçhanism leading to a .. . \ --' 

steë30dy sta te fil tration flux. In applying the model to the 

t.an.genti.::i:l flow electrofilter, aIl four mechanisms of particle---
, 

transport were taken into account •. Computations from the mode1 
1 / 

showed that C"entrifugal force was mu ch less effêctive th'â'n the 

" other mechanisms for the rotation rates and equipment si~e used 

here. 

Th~ small time (t ~ 0) versioD of the model pre~icted that 

a plot of -(I/J2 -: i/Jo 2) ,versus 't~me sho~ld yie:ld a straight 

line near time zero.' The flux data for aIl rates oV rotation, . ( 

field strengths and pressure differences were linear as pre-
. 

~icted. The specifid cake resistances were obtalned from these 

plots.~ Without an electric field, the specifie cake resistances 
~ 

were simil?lr to th,.9se found by Doshi and Trettin ".1.980) for a 

commercial latex. Both "increasing rotation rat~" and in~;~asing 
J' 

electric field strength decreased the specifie cake resistance, 

Le. the cakes were more porous. 
, 

The steady state version of -"the model was used to predict 

the effects of rotation rate 

filtrate flux. 

and,electrioç; field stréngth,on the 
-W- ' 

1- \. 
fluxes at 90 minutes, J 90 , were 

, \ 
The JgO-values were roughly • 

Th~ measured 

compared to these predictions. 
, 

'l. 

... 

. -/ " 

1. 

" 

. .; 

J 
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te:.' 

""'-

NO• 9 ; indicating .thât 
1 

prppo.rtio~l;., to turbulence may be the 
~/ 

major rotating 'me.chanism mo~ing particDes away from,the filter 
" ~ .. " 

medium. The J 90-values inc;èased linearly with elect~tc field 

strength. - T-he, rat,e of increase wa~ in fair' agreemeiè wi'th the 

-m?del predict~on. Above a field strength of 10'0 V/cm, if 90 

reqched à broad maximum and then declined at higher field ~ 
~/ 

strengths. This de cline is attributed to the generation of -
,J 

p.rogen . bubbles which black the pores of The mode 

do es not apply ta this situation. 
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C 

CD 

d 
P 

E 

E c 

F (K) 

f (y) 

f (Y
o

) 

G(K) 

l 

J 

N-1 

NOMENCLATURE 

, parameter defined in.Eq. (2-13) 

constant in Eq. (2-21) 

parameters in Eq. (6-16) 

parameters in Eq. (6,-17) 

"gap" width == 'Ro -' R., cm 
""~~ 

concentration of solids in bu1k, g/cm; 

drag coefficient 
amp 

e1ectrical conductivity of the suspension, V7ërn 

conpentration6f solids in feed~ g/cm
3 

" 3 concentration of solids in permeate, g/cm 
. , 3 

saburation concentration of solids, g/çm 

-J1a.rticle diffusivity/ cm2/s 

particle diameter, cm 

e1ectrical field strength, V/cm' 

critica1 e~ectrical field strength, V/cm 

pàrameter defin~ in Eq,. (A2::'S) 

function, see Eq. (5-20) 

function, see Eq. (5-22) 

parameter defi~ed' in Eq. (A2-4) • 

current, amp .. 
volumetric filtrate flux per unit ar~a, ~m/s 

( 
\ 

---­diffusion flux of solute ,away from membrane, cmls .' 
~ 

. . distilled water flux for used Acropor support at 
N -. 2000 rpm, ÔP m "',' 6 8 • 9 kP a, cm/ s 

J 



J 

( 

/ 
./ 

''1> 

C> 

-, 

J. 
~ 

J 
0 

JO 

J 9•0 

J 
<lO 

K 

K 

k 

Ke 

K 
e 

_KM 

KR 

Kt 

L 

R, 

N 

P 

"P 

Pe 

Pp 

!'r 

Q "". 

- N-2 - / 

, 
distilled water flux for fresh Aeropor/Support at 
N ~ 2000 rpm, 6Pm ~ 68.9 kPa, em/s 

-
volumetrie flux per unit area when t = a with poly­
styrene latex suspension as feed, cm/s 

,/ '; i" 

distilled water flux when t 0, cm/s 

volumetric flux per unit area after'90 minutes of 
operation, dîn/s 
...-; 
volumetric flux per unit area at steady state, cm/s 

j parameter defined in Eg. (S,-la) 

constant in Eg. (3-1) 
,r mass ~ransfer coefficient, crois 

~ , 
./ 

, (~ 
con'stant in Eg. (5-2) 

electr~phoretic mobili ty, '~7~ 
electroosmotic coefficient as defined in'Eg. 

cons~ant in Eg. (5-39) 

constant fin Eg. (5-29) 

J 
C 

(2-9) 

length of ~nher cylinder, cm 

exponent in Eg: (6-7) 

rotation rate =-60Q/2rr, revolutions per minute 

pressure, kPa 

(.o.~power. reguir:d to rotate inner ~Ylinde,r, W 

'~eléctrical power per unit (outside) area ofinner 

) .. 

cylinder, W/m2 _ -, ' 

pumping power per unit (outside) area of 
inqer, w/m2 

, , 
, . 

rotational pow~r per unit (outside) area 
cylinder, W/~2 ", 

"", 

, 
cyl-

inner 

, -total power consumed (rotationa~, electric land 
pum~ing) per' unit· (outside) area ot inner cylinder, 
~m, _~ ~ 

volumettic circulation r~te, cm3/s 
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radius, cm 

perceritage rejection of particles 

radial pa,si tion, cm 

filter cake resistance, ~ cm/s 

Reynalds'number ~ 2R,pu,/~ 
. 1. 1. 

f 'lt d' . kPa 1. er me l.um res1.stance, ~ cm/s 

parameter defined in Eq. (6-5) 

fractional 

number, 

2 / 
r2R i (-~) ~/2 

'V Ri 
yond which flaw cea'ses ta be laminar 

onal transmittance of feed 
\ 

fractional transm~ttanc~ of permeate .. 
particle velocity, ~m/s 

, 
peripheral velocity of rotating inner cylinder 
cm/s 

J~ friction velocity ,= ~ 

voltage,' V ' ~ 

mean tangential velo~ity of fluid 

dummy variable, see Eq. (5-19) 

dummy variable, see Eg. (5-22) 

o. 52 ~mi' 'cm/s 

, > 

Gr~ek Symbols 

ex 

Ô 

6c 

IlP 

D 

specifie 'resistance, crn/g 

boundary layer thiekness,' cm 
, . 

thiékness oI cake, cm 

prëssure differenqe due to axial flow, kPa 

, 
1 

• 

, / 
,/ 

/ 

/ 

" , ' 
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( 
6Pp 

6Pm 

E 

, \. ç 

\- Tl 

-K 
il' . r: " ~s * 

\! 

P 

4k. :p 
Ps * 
T 

La 

Lr 

cl>R 

1/J 

--- --1/J 1 

~ lpII 

n~ 

n c 

( 
* 

~L , ' 

.' 

- N-4 

..1 
, , 

pres~ure differènce c~us~ng fi+tration, kPa~ 

measured pressure difference, ~Pa 

porosity or void fr~ion 

zeta p~tential of ~ex suspensi~n, V 

dielectric constant of latex susJension' 
• 

.. 

ratio of radius of inne'r cylinder to that of outer 
cylinAer, y 
fiuid V\,OSit;, g/cm: s cl 
viscqsity of latex suspension, g/cm·s 

2 luid, cm Is 

~luid density, 

densi ty of la tel{' 'suspension, .. 
shea~ force on rotating inner 

shear force due to a 

sheâr force due te rotation, Pa 

----

Pa' 

rate' of aake 
of the cake, 

removal by shear forces at the surface 
g/crri2 .s 

~arameteun Eq. (A3-7) 
~ 

parameter defined .in Eq. (A3-4) 

parameter defined in Bq. (A3-6) 

• ~ngular velocity of rotation of inne~ cylinder, 
radians/s 
• 0 

critical angular velecity~ radiàns/s 

, 
~:/. 

J 

. 
• p 
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Subscrfpts 

a .... ., 
e 

'i 

ii 

0 

p 

r 
-' 

s \ 
0 

t 

• J 

on axis o~ ~gtation 

due to electric force 

putside of inne~ cylihder 

insidé of inner cylinder 
, / 

inside of outer cylinder 

~ateau 

due to rota,tion 

relative to fluid 

due to fluid turBulence 

• • 

) 
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TABLE A1-2 l , 

1 

Srnall Time Slopes from Cake Filtration Plots 

E, V/cm 

Or-

25 

45 

87.5 . • 131 

-n-s 

237.5 
./ 

'1 

- ) 

. 
0 

1 4.70xl04 

6P = 137.8 kPa­
fi . 

s'lope: S ;(s/m2) 

N '(rpm) 

1200 

. 4 , 2.91xlO 
, 

1 

2000 

-1 

1.57xlOi 1" 3 . . 7.90x O. -. 
ô.llxl03 2.S8xlO 3 " 3 1.17xlO 

3 2 - 1.68xlO_ 7 ... 62xlO 

'2.46XlO 3 2 8. 55xlO , 1 3.56xlO 2 

J.94xl0 3 
. 

- - l 

v 

1.68xl03 - -

/' 

J 
, 

.J 
.. 

J 

. 
2800 , 

1.28xlO 4 

3.33xlO~ 

-
3.60xl0 2 J 
2.52xlO 2 

-. - 1 
a \ 

, ( 

f 

1 • 
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APPENDIX 2 . / ' 

SHEÂR FORCE ON THE INNER CYLINDER ~ 

.' 
) 

The shear force on the rotating inner cylinder has an axial 

t::omponent 1 Ta' due to khe axiàl susp~nsion flow as weIl as a~ 

tangential component, T , due to Fotation. The sheat force is . r , 
given by the vector sum·of these two·components. The ma~nitude, 
~ 

of the shear force, T, is given by 
/ 

T=~· J Ta 
2 +, "'T l' 

2 (A2-l) 

----'. 
~/ 

In ot;der to estimate the import'ànce of la and Tr , each is assurned 
.; 

have the value it would h~n th~ apsence of the other: 
~ , 3' 

For a volumet~ic feed flow rate, Q~ oZ_~6.7 cm {s, the av-

to 
\ 

_erage a~ial veloci ty ois 1.46 cm/s an'd the Reynolds number bas~(t 
, 

on the hydraulic diameter is 130. ,:Therefore, 'in the absence .of 
., 1 ~ G 

j 

rotation', the axial flow isAaminar. The ,equa tions for the sur-
, , \ 0' ../ 

face shear stress for axial f10w through an 'annulus can be de-
- ' , 

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

/ , 

,~ 

"- (A2-} > 

(A2-3) 

• 

• 
./ 

/ 

/ 
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The tangential eomponent of the shear.foree is given' by 
• 0 

Eq. (2-20) after substitution of Eq. (5-35): 

'\ 

9 58 10- 3 1J.Q .. 2 pO. 8R . 1. 6 dl. 8 • , x. ~ 

/ 

(A2-6) 

, 

Using the physieal properties of water ât· 25°C, 'a volumet ... 

rie ,flow' t.ate o.f 26.7 cm3/s and a r~tational spe'ed' of 1200 :t;pm, .. 

the foll~wing values. were eomputed 

, -2 
Pa l' = 1.02X10\ a 

...- /' =!: \14 .. 5 Pa 'tr 

H_~nee, 
" 

for all runs with rotation, "( 
·a can be neglected. 
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APPENDIX 3 

1 v 

,pressure difference over rigid body rotation. It is given by 

Eq,. t5-42): 

. -l 

~ 

tlPF "= (Pi ~ Pii) - ~ ~2 (Ri 2 '- Ri~ . (5-42) 

In the present work, the measured pressure 1 tlP" was the differ-, m' 

, ence between the feed pressure and- the atmosphex:.è. It was as-

sumed that / 

'~ 

• 

To der ive the xelationship between ~Pm and ~PF' two 

consider_ed. 

'. 
Case 1: inner cylinder full of liquid 

(S-43), 

. The pressure pro'file for this casè is" shown in Fig. A3.1. 
~ j 

The pressure is taken to be atmospher,ic on the axis. Since the 

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

for the 'sffiall filtrate flux), the pressure increases ,quadrati-

cally with radius to Pii at Rii : 

.... -,-

- (A3-1) . 

/ 

continues'to of th'e inner The pressure rise across the wall . ...... 

, 
../ 
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F,IGURE 11.3. 1. . PresSUre Variation 
Inner Cylinder Ful~ 

in Radial Direc,!:ion wi th: 

\ 

/ tube. The sharp pressure increase' at-R. is d~to the'resis~ . " .' ~ 

tance of th.e medium and the C~ke.' The press,ure profile ~éross 
, 

the gap is desCJ:'il:)~d in Section 2.3.1.' 

Co~ning Eqsy,(2 ... 23), (2-24), '(A3-1) and (5":'43) yields 

J, 

" / 
AP - A'IF -F m 

~ (A3-2) o 

where 
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. j 

1/1 • = l -
l 

For the present .apparatus: R .. 3.05 
~~ 

cm, Ri 3.25 cm, R 
0 

~ , 
4.05 cm and tJi I = 0.926 .• 

-_/ 

e, $. 
Case II: inner c;tlinder emEt~ 1 -

, 
The press.ùr~ profile for this case is sketchèd in Fig. 5.4 

discu~S~d 
.r-

and in Section 5.4. For this case 

" 
\. . P .. P (A3-4) 

~~ a 

boP -m 

o where 
, ... 

(A3-6) 

.For the present apparatus: $11 0.0453 . 

. . Discussion 
. 

The form of the equation for llFF can be written as follows •. 
_/ 

'ru" 
0 pn2R. 2 -o.t , 

llFF .... t:.F - ~ 
!JJ (A3-7 ) m 2 i(l r . 

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

creases. The large difference between tjJI and tjJ1I shows that 

1.. " 
l' 
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, -
the condition within the inner cylinder can have an ~rnportant 

, 

effect by reducing the driving force for filtration. 
v . 

In the present work, experirnents were caxried out at two 

va~ues,of 6P' 68.9'kPa and 137.8 kPa. 1 Table A3-1 gives the ,m' 
, 

/ 

values of 6PF pred~cted b3 the two cases for fQur values o~ the 

rotation ra te (.wi th p -= 982 kg/n?). 

TABLE A3-l ~ 

Filtration Pressure Diff~rence 
_/ 

, c 

l,Rotation 6Prn = 68. 9 kP~ 6P In = 137.. 8, kpa -.' 
Rate 
rprn Case l Cas!,! II Case l' Case II' 

- , 
1 0 ?68.9 68.9 1"37; 8 137~ 1 1~. 

\ 

l ' 1200 , 61.3 , 'p8.5 ? 130.2 l37. 4j l 

'1· . , , 
2000 

. 47.8 67.9 116.7 1-36.8 

2800 27.6 ~ 66.9 .96y /l3~.8, 
, ""'--'" 

For the srnall pressure differences us~d h~Vè, the effective" . 
driving force for filtration is reduced'significantly i~ the 

.~ 

inner cylinder runs full. , 
\..r 

_/ 
To t.est this ~nalysis" prediction~ of the ç"iecrease ,i'n flux, 

, 
with increasing rotation rate w~re compared With flux data for 

distilled water., Since there i5 no cake when 'using distilled --

water, 

- 1 

" 

/ 

) 
1 

, 
î 

Y 
\ 

j 
1 
'. 

1 

l 



-----------......... ------~---~~--~--~ ~ 

/ 

) 

/ 

'" --

- A3-S -

where'RM;- the membrane resistance, is not a func~ion,of the 
." " 

rota~tion rate. Denoting the flux at the same ~p without rota-_ m / 
o tion as J arid combining Eqs. (A3-7),and (A3-8) yields 

/ 

(A3-9) 

~ 3 
,Assuming Case l ahd US~l)g (P,;= 9 82~&g/m ), the fol,l0wing com-

parison betwëen the p~edictions of Eq. (A3-9) and measureme~t$ 

is obtained _ 

TABLE A3-2 

Fluxes for Distilled Water 

Flux Ratio, J/Jo 

• 137.8 kpa 

~ 
Rotation 

Rate 
~ rpm 

toP , = 6 8 • 9 kP a m 

predicted 
M easured Eq. (A3'-9) 

Predicted "Measured Eq. (A3-9) 

. 

-

0 1. 00 1.00 1. ocr 1.00 -
1200 0.89 . 0.77 0.95 0.87 

2000 • 0.70 Q.62 0.85 0.71: 

0.40 0.50 0.70 0.63 
Il 

. 289..0 

The agreement between the predlc~ions and the data is fair. 

Equation (A3~9) predicts that the quantity (1 - J/Jo) shou1d 

bQr0port.~on~:ll to n~ 1 wlfîle the data show a more 1ine'ar refa­

tiop~hip. Thislis probably.(due to ~he fact that the inner cyl­

±nder was not complete1y ful 1. At the higher ,fluxes, the inner 
A 
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tube ran more full. 

obtained in the filtration runs 

the more likely. ~en~e! i~t 
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force was essenhially independent 
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the very much lower fluxes 

believed that Case II is 
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experiments the driving 

of 'rotation rate. 
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APPENDIX 4 
/ 

-COMPARISON OF POWER REQUIREMENTS FOR ROTATION OF 

THE TANGENTIAL FLOW FILTER AND THE ROTORFERMENTOR 

OF MARGARITIS AND WILKE 
/ 

/ 

. The tangent'ïa1 flow fil. ter is similar tcY" a device ~llsed by 

Margaritis and Wilke (1971) to remove liquid from a fermentation 

bro.th. 
~ 

Tpe power requirements for the rotation_of the present ~ . 
design are plotted ~n Fig. A4'.1 for~several diameters of the 

," 
rotating inhe: cylind,er.",-- In ,all ca§es-, Ro/Ri = 1. 25. A sirnilar 

plot from Margaritis and t-1iLke i5 includèd as Fic:r. A4.2. 

Table A4-1 presents a comparison/between t~~ rotational 
. 

power tequirements of the present design and the rotorfermento~. 
/ 

The ~angential.flow fi1ter requires 1ess power for rotation than 
i 

\ / ", 
Margaritis and Wi1ké'S d~vice. 

" 
"./ 

, TABLE A4-1 

Power Reqqirements for Rotprfermentor (RFr 

• and the Tangentia1' Flow E1ectrofi1ter (TFE) 

r 

Power per ùnit len~h, W/m 

Rotation 
Ra,te 
rplll 

500 - , .-/ 
1000 

2.54 

.TFE 

0.0~6 

fr.234 
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F~rœfA4·1. Plot of Rotation Rate Versus Power Per Unit Length 
for Tangential~Flow Electrofilter 
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FIGURE A4.2. 
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Plot of Rotation Rate Versus Power Pe~ Unit'Length 
for Margaritis and. Wilke RotorIermentok 
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