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Nakano 5(5)< 974 FHF% thile] I8 2d9ES P88t #lAd dFg
2P EEAS AEET. AFEYB=0S 1Hst &4 By dujA(R=1)
< 7143t Runge-Kutta
expansiond}] 3|E T3}t B=0¥ W Dresnere] Ao} UXAstH o B=0 ¢
u] series solutione © 22 oz 74T I¥EE IE5LS FX profiledl
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ERHORE 0 2 SASE AlA A& 235 FAHH
Liu 3 Willlams(4)= FAF}F a4 stoy o] A% 82 Blo] 240 < R

<1)olt}. 1 Axs,

C=C+(C,—C)A—L)* n<a

C=C, n>a

William(6)= 1-B << R, R=1 ¢ A|gtH 7%l perturbation techniqueE A}-&-3}
Atk Liu ¢ Williamse 19 Z23E E& RY o=z St

Ly Lo RBl ) e err 0y
C, I+ —%5 erfc 57 )€ erfc oV T (17)
1714,

n'=nk, 1''=1R? (18)



At Liu ¢ William@4)2 ©] d|4<S R > 1-B 2 &F39th Liu 2+ William(4)
o] du3d olg EE ML A of" Wl 43 datast F A=
HoFEd. Iy o5 ol&°] 249 At 10% ololA LAIsHA] &= A3

A He7E EA%

%= profileo] a2l 7] wjEolth oA & WS Folok ¢ It F
AT systemoll X £t w& BATS THEY TE F99 dTA L2
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) _ C, _
simplifications  ©]-83}%] Dresnere= §% &= modulus ?boﬂ o 3

approximate closed forms T8tk A7 ol W3 =

1
% =1+1.536% ° £<0.02 (19)
b
C,, T
—¥ =1+t +5(1—exp|—y = £>0.02 (20)
C, 3
J2ih- L

A =0 21
aga S5 YA
C, J2h®
<, " 1+ 32 (22)
21 (20)2 Gill 5(8)°l 93 T tube flow systemo = G = AT
Sherwood & (9)2 Dresner®} Y3t systemS Graetz-types ©]-83to] 3|43}
ow F&g Xt m-¢ & LAEAT. Fisher 5(12)2 ©] XS tubeol 4 ¢
7 ZEo2 stk o] systeme E3F Gill F(10)0] AR FHfF
40| W3l= system(nonlinear wall boundary conditions) ©]t}. perturbation

series solution®] 93] LR A= T2 UFZFH #HS Al da] 3
T}, Barian(11)> ©| asnAE FX]& o

=
4 gASAT. FAR Aole] 58] UlF B 4L o] WolE Sourirajan(13),
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Hendricks and Williams(14), Doshi et al(15), Srinivasan and Tien (16,39),
Liu(18,19), Dresner(20), and Bellucci and Esposito(21) 5©] ATt Sourirajan(13),
Dresner(20) % Srinivasan¥} Tien(22)= tube WH-olA 9] F7F 35S 345
o] geometryx= X3t Bansal et al(23), Tsao(24), Winograd et al(25) % Rao <}
Sirkas(26) 59 ©& ¥ AFAEEZ AL T hollow fiber reverse osmosis
system o tiste] HE=Z At AFA= Hermans(27) ¥ Gill 3 Bansal(28-30)
o]t} o] %o Danavati et al(31), Doshi et al(32), ¥ Vinayak et al(33)5°| ©|
s HAAAT. olRE T/ ZEA
A

bulk solution®} AAS Ate]o] Azpgk WEAE F2d 5 dvhes HE AH5A

2

A wem ERA mEEe §3o]

o oA F¥ aF(buoyancy effects)E 1§+ 2% A+ WF{F & F(secondary
free convective flow)oll 7]1¢tt}. Ramanadhan¥} Gill(34)= ©] A& s|4 42
2 AYstdth. 1 A= AFUFR7F &5 profiled] Tt J3FS vF & U
S 9u$td. Hendricks et al(35)3 Johnson(36)2 A-FtlF7F 8 a3te] Ex)
of 7]0%S HdFAHo=R FRHT. Derzansky®} Gill(37)2 laminar horizontal
tube flowellX F&# a345 FAAth BAFTANA =2 AES Leveque type
S =2 7HAste 152 downstream ol 3l (about 16 diameter) A+ 2 Z3A|
771 system®] AFe Alofgthe AL FASAT. T 23 Raylaigh number
o] o2 YElH Sherwood number?] T3 22 #AAE JdE=Th

Sh=10.434 Ra'* Re=~540 (23)

Sh=1(.485 Ra'/* Re> 980 (24)

Chang ¥ Guin(38)2 &Y systemo] W3l Derzansky$} GillY #+4& AF3H3
o 2 2% 229 FRFEve)Y #3 Raylaigh numberZt ¢ 7x10°8 233
o 2 AEde =93 AG 7|77 HA. Sherwood numberd A+ Sh. <}
oAb &3} ZHolZAo|(pseudo effective transition length) Z. ( RO FAo| EIHE
2= AU /{7 EASskE dol)e] dAE v 2o
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Sh..=1.09( v, Ra)" (25)
Z,=1.19(v, Ra) 016 (26)

for v, Ra>7x10°

Srinivasan® Tien(39)2 % w53 @A parameter(R) Ato]e] #AE A3}
At A& TAHintegral approximation)®} FXA|ef4)-3 o] &t 53] A4 ujAl
H 2 UehteE AdsE 239 =S Fst gk wiAl parameter Re] ol A
A s= B2 U Agd we v zet Al v £50] 246
E dds 218 A58 A8 1 2dS o] &t 44 e Fate
JojA Ee 5% ¥d W F 708 parameter’t EAZT ol F
3 e

parameterE %92 diagrams AT OEZHN RY AAHES Z= curveE 1

T doem I Ay Ho ¥ FX(maximum wall concentration)s UENE £
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HA7l= 2 718 Ul f(the axial convection)7} EZ X Go] tF % Fito
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| Product flux J,
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Solution flow
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%///%

Ae UFol % B gWome §d9 5go] bukze SEA EE
A

o]t 43 4=A] (counterbalance) ¥ = o] v| st} AAIF SAlA HESA
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Jom FF tS o wt k ¢ #F#HE+= Chilton-Colburn J-factorE A}
Aol Belsho.

J= U, (31)

o2 channel FEjollA F/F EF(no eddy diffusion)®] tsle] Chilton-Colburn

factors AFH A2 FojA =,

1 (32)
o714 f= Fanning v}A o]t
21299} (30)= 4] (28)° WdsH
C, 2J,Sc*?
Tb = eXxXp %[Z (33)

Fanning v}&74~ = Reynolds number®] 32 UEl Blasius B (1)o] wet
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Zo) e},

f=0.08Re™ 11 (34)

&3t XA (correlation)E°] &3 42 YEbY} UTH
ghok E2jgto] Hlo] A wEAA(R<1)olztd &2 T3 fluxt AA Sl st
=242 FAH ETFHofok . o] A% 4 (25)=

D=49C + ,C~J,C, A= R =0 (35)
Z] #-5hH
c._ el )
C, 75 (36)
b R‘I’(]__R)CXD(T)
21 (29)¢F (30)= 2 (34)° tidstH
exp(—2 J, Sc )
C U,
: - %] SCZ/S (37)
R—I—(l—R)exp(}’—U)
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) o2 AAE WA eddy Fao] EASA SETE LRE A1 wad

it
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v

. Gill 5(8)2 eddy &21S welata] sjAatTh eddy A=l o
$t Gill#} Scher(43)9] 215 AH&-3te th& 7
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o [ x J,ScO T
c, Plon, 757, _ o9
Cb - { T[]WSCO'75 J
R (= Rexe| o2 057

o] 2l BHAOo =R 2 Reynolds numberg A9t 2(35)9F 22 A& R

N

oFt}. Thomas(75)% eddy SAt=E Edste afA 2 & T3ttt ol 2

HE vud o Z dAFS BT

il

212, o9 A4

gy FAANAN FE £59Y AL dH4Fe & UFod. &4 A
D 7F e w4 Ao Y Auj o wepN FAE 7] AT 7124
< FY3t ey ooy FAHAA RS WA F55+E macromoleculed]
EAS U2 a3 AAZE aEsteor stk o] A9 macromolecular solution

o te e S4o] W Fasich

1) A=A =

2) AEsroAel 27|84k (self-diffusivity)
3) AHFH

4) IFToA FAAH= AZF

=g I FHA WwolsoA A= EWE gel-polarization modelE ©] A2 A ut

o9 g ol 7]x3S}(Fig. 4). ©] gel-polarization model T3 #Zo] F 7
=

o gedoz v 4 3l
1) BE £F modulus ¢F 7F FEE 4L RAAE HeIN s} gelo] A
SERT A

2. Cwil 2me 2 RoME WA FE7} gl He B .9 S5}
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A

Solution flow

b

Fig4 A £=1 gejojguto Ao F&= profile

& 3} ol

23 FAae o

(39)

7FAIA bulkZ 9] macromoleculed] oF <3

Ho Mo F=7F gel

NAel Fwe] =T 1§ ol
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@7l ¢, Wale ¢, & o
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la

5

A9e o

o] 9%

(40)

J,= kln gg
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% (back-transport rate)oll <

4=
=

ol bulk2e <

%

}o]

S

53 F% profileo] UL

= =
T =

.&0

3kl Leveque

o

2 E  thin-channel lengthell

o,

To-

A

solution&

Leveque

solution+>(44)

(41)

( dh )0 33
1.62 ReScL

Kkd,
Ds

Sh=

A & (equivalent hydraulic diameter)©]T}.

(42)

(43)

In gg

U, D> )0.33
d,L

o

J=

(44)

o 71 A,
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o] gel-polarization model= Michaels(45)°] Ao 2 A A3}t Blatt et
al(46)°] ¥l =HZQ gel-polarized FJe] EAE sttt A3 datas}
dhdezs d & dAsIEeY AFH]  dSodMde ESESACH
Porter(44)<= gel-polarization theory <} A3 datarlo]e] X}oleo] sl =3}t
1+ colloidal suspension®] $Fe]od Al WAYS= & 2}o]E tubular pinch effect
2 AW A=siAdt o] dYE colloid WA HdfF= WA
(shear-induced radial migration)ZA] &% XHOZHE JHDd o3 F7IE
Zt=t}. Shen¥ Probstein(75)2 ©|&% A3 Atold Ao|7t FEAAZTANA &
2 ¥ O Z macromolecule £N 9 Thkst Ad EAlo &S Aolgtes AL 11
stATH ol &3 dAolA ol e FE EAQ et HEE o] Fo

Ay, ARAes ¥Eo ¥E oEAE 7S (imiting flux)F X E 3ol

4

HHN'

—~

i
i

AR Fro ST oEqAL FAIY 4 glth. Probstein 5 (76)2 &
(integral method)S F3ll gel-polarized G GlA fluxE Bolst= FAg Site
2 bulk =R geldt HE FxolA TATH o] RS 2@0)olA bulk &

=
A FARE FWAFT gl FEAN FHT F A2 ovisn 1 He g

In Ti (45)

144 Astel 49 daa® MmP FE o5 2 U

ok

S HAFT Trettind

Doshi(47)= ©|&3 A3 ELA= A o|E(film theory)d] FA A 7]k
ta FAsAY. 252 =2FAN S E7] A8 HEE Al ARSItk

dC _ d
dy dv

(46)

138 45X (linear axial velocity)9} 22 thak2l o] % profiles 7Hg3ste] 152
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O3 Zo] ¥ HeE A= HF Sli(cdosed form solution)E HE 2L
=

1 1 9
V= aE] (D @
o714,
1
D 3

. o C
F, = concentration polarization modulus, -~*
b

D=7 (49)
3

a=-—7" (50)

K= 20 n=fF) 51
n+1D(a+2) g (51)

o] 21e p=2, Kz% o ®, Probstein 5(76)°] A& 213 FAdstth. 2 (45)%

A2 @e] gokd FAHATE 1% ol o WA YAk

PN
T
data®} HlwelA= (vt IS5 flux o C,/C, THAAN LA 74 54

o2

o
L

exact solution®} gel-polarization model& B3} o] HluE C,/CK4 oA

- 2 dA Py C/Cp4 (F B P2 bulk FE)NA exact solution©] T

=2 fluxE et o] 232X E 25 bulkkd] FE7F ¥S AH(C/COF =
= %}]\_) gel-polarization O] E——% /\]——g—'(:)']-oq gel TEE -5-],7] _(H—a—H 94/]\:}_% /\]'%":ﬂ":]’

(2
=

19 Ee 27k WAEC 9 5 dva AFFgnt gep] 35 of
& /O 0N AFgalel AT AT AAY AL ¢, B T 99

4

L

i
jinc)

4ol wyow Aol 7Fsd Aotk
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Kozinski ¢} Lighfoot(48)2 F3} 3] X (permeable rotating) diskoll &3l 2+ 4
A E&(two dimensional stagnation flow)< 31243} t}. gel-polarization ©]&3}
22] macromolecular &9 te]d o] ¢lof 4HESt(osmotic pressure) $HL|
I mdox FaF LS HoAAFEH. el FAHNA AT ades 3
Goldsmith(49)2} Carter ¥ Newick(50)oll ¢]& # & = At} Dejmek(51)= ]
Fol| A AHFstat 8384 A 3 (hydraulic resistance) 32 Al A dFS 2

st7] 9l EREES dAFeE M= A7 BHe AAS T Albumin
o] stejojFe tigt 19 ZI+= hydraulic model(gel-polarization theory)S A A

3l AT gel-polarization modelo] A¥ 4 data®} o2 2 X Folx EF
stal Ao M= olBollAM dSE F fle H7HA ol yEhdn.

7HE Azl Ao ® e 22 Sl AdH

1) Azl wet B3 vt =83t

2) ¥EE&Y = JoAMY FaTt T fluxell oMY FIEeE dAEA F=
.

3) macrosolute®] FE F=oju} G o3 FHEo fie S HgE BT
skl 35X A et
4) 3ol B o] &4 wijA|AF 2 W3l macrosolute &0l 23T},

o5 RE Aol i AWAFS Tt vl AU Ve JRHL RojE
.
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electrical coductivity microprobeE AF&3toH o|Z2E53 T XS HAFS

. Hendricks?} Williams(14)= #Z2 7|'Ho2 {27

—|~
o\
rlo
<
o,
Og{;,‘f
kil
>
s
Lo
olNr

T 55 Wt T profiled 48t B 22 WS ZEE probeE AR
sl 25& 20mol A B2 g7bA] ¢

number 1600 ©]/goll A w-¢- gk SR AFo thste] o] WMoz FAAT
OS2 o2y APF Atold FTERE dAE EAW. Goldsmitho}
Lolachi(52)+ Nernstian fashiond A4 @4 o] 2902 W iEE+= Ag-AgCl electrode
£ A}8-3}4] batch cell#} annulusdlA &

2ol 73 HAI tubed hFF o] S HIWF Aolnt =7 I gﬂ1(downstream
region)ol tdll annulus®] A Ay= HAd wigh AXGEGYG HAS] SEATH
aH Y tube FHEHIQ o]E3Y HnE o 252 F XA h Welider(53)= Z
" & £ Ao W3 unstirred batch cello|Ad % EFS =A3st7] 9s)
holographic  interferometryE  AF&3tA T Johnson(36)2 A<t F(natural
convection)d} JAHF  gystemoll A FE  profiled SAH37] d FHo=
helium-neon laserE 7}% interferometerS AM&-3tth 19 Z3+= Johnson¥}
Acrivos(54)°ll &3l AAEH 84 2SS & wEESA| AT interferometerd] = A
THIE SA3st= 47 light beam®] WhARO] o8l A zbgk @ xp7p &

s
e o= Holth. Mahlab 5(142,143)2 unstirred batch cello| A 99 &%

Atk WEAE beam®] B4 FA o] &3 o2 EAo] AAHI Ui datas #

4371 A8 AHeE T 9
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o

| 1=
F AT} stirred systemol A &

)

(non-rejecting section) = T X] 3}
A 2T FFdol pulseE 7FFoEA EF
Thayer 5(68)2 L& 7|W& AME3)
Z71Ho 7 nfEo g BHau HHS HAF :
sl AdRASRe soldel ARz Frtekgen B A )
B ol ze 2

o} Hl

Y= T3 #EEHAC
9] module®] FHo 7|E

Hol 3 A3t
el

TF0] 5
concentric cylinder 402 =Tt
annulus W] regular toroidal vorticitesE 7}4]
EEAAES
afe)
FSA T

Ao 9 Z8S vk olH Tayler
Afolel 3 M st

= 22} E&°] EAtE annulus® FAE o] o] &
1Tk Lopez(65)= 19 FHI =8 =&olA
T BASE &4 AAE F

ol A skim< A

T A
macromolecular gel layer®} 5
As
ZSEET-E I B

&
st7] fleiAM wiA
= A=

24. 2B $
FE BT 2AE sHEs
§HoF o HIS FUHAII= WY
ds ATER FF3= Aotk oA bulk &A=
TYd F A=A gEAH ke Lees} Lightfood(69)
AT BF 7hsstta Btk 258 o] EAE o|EFHoE
7Hed e AdE Ao BE AAAHQ] AP 27 (65 70)°lA & ut
o} o] HIF ¥ stA e Aste 92 Atk oA dFE A &
9o AT 22 7edQ] el g
EOE FHEE HROE v ESS UEo] AMSdte Ae® a4 1A 7
FH AN (71-74). ©] BF % EFo 7Idete E2le mHAA Y gel
o4 -
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£ ogsty] o3 AES W Dejmek(51) LHHAQ 29 Ao s 4
319 2™, Sammon¥} Stringer(82), Belfort(83)<

=)
e e BAL A% JFHOR ojTolom i o9 JFS
hyA

t}. o]# 3 W-E-S Table 3.10] YERASITH

Lee9} Merson(104)ol <Ja] ol dis] EHu Mgt HZo] Y. 152
scanning electron microscopeS. 2 F Eu]F WA X] Z(cottage cheese)ol] &g+ 2
H AES AFSIAT y-globulin® porous matrix WAl granles 3 AJ3IA T
B-lactoglobulin®} bovine serum albumin(BSA)= gF2 “(sheet)= 43S
2l d&(stand)= SFATE a-lactalbulmine w11 78 YAE FAASA
o] AFZHE B-lactglobulin® y-globulin®] 299 WFS o|F+= UJL
e Th Lee(105)9F Hickey(106)= HE3F B-lactglobuline] F& gloz HAEX

A 258 28y oJH mechanism 2% 29 ZAAZ F QATE ol AL
AAZ FHHY FAAEL] YR o]Fofxl ZHO=E Lee 5o 93 dAHZFHo=E
=34E =Eo|UTh

32. @t A=A
321 #4-83 a3

A Y dAE RRE ARAA FHAA SYF BAY FHAA EE

(interaction) £X3] 838t3 A US AHolth. IR cellulose acetate -
e FAE 2 dE 28 A-ZY F3ke A o
g &2 EYH Atelel dst Wgs 2sk=tl Jonsson(108)2  sulphite
liquorsf’/] A AL fluxE FAE oIt Ba stth. A E phenols

o] g = A A8

o

(Kesting, 107). LA ¥

th

_26_



Table 3.1. Description of fouling phenomena and foulants.

Foulant

Source

Author

Heavy metal oxides bacterial

slimes CaSQ,, CaCOs;

Organic and inorganic colloids

Iron

Corrosion products

Microbial slime

CaSO,

Casein

Polyhydroxy aromatics
Organic acid & polysacharides
Protein

Organic material

Organics

Calciumphosphate complex

Ca, P, organic material

Pectin and insoluble

cellulose-like material

Dissolved organic material
Oil

Calcium salt and humic acid

water, sewage treatment

including iron coagulation

stainless steel test loop

wasterwater from sulphite
pulping of wood
alumtreated sand filtered

primary effluent
Sulfuric acid, pH-adjusted

primary sewage

Polluted surface water
whey

wastewater

polluted surface water
milk

simulated brackish water
plating wastes

whey

tricking filter effluent
maradin juice

secondary sewage effluent
oily bilge water

surface water and sewage

Leiserson(84)

Kuiper et al(85)
Cruver & Nusbaum(86)
McCutchan & Johnson(87)

Grover & Delve(88)
Carter et al(89)

Agrawal et al(90)
Wiley et al(79)

Feuerstein et el(91)

Feuerstein(92)

Beckman et al(93)

Lim et al(94)

Cruver & Nusbaum(86)
Beckman et al(93)
Glover & Brooke(95)
Minturn(96)

Bevege et al(97)

Hayes et al(98)

Bashow et al(99)
Watanabe et al(100)

Winfield(101)

Jackson et al(102)
Bhattacharyya et al(103)
Sammon & Stringer(82)

guste] gz dojuch 1
gREe B84 o4 pen



(Kesting, 107). o] &A-E&T systemol|A] A FAH] oA HA £2
o] zpolZHE FHYITH o]ALS oY FH S AY =

=, O]%_O]%, O]%'%L%X]—/ /}g‘
SA-AFA Aol 48 JbeASs ANIH F2E%R= /b sith(Deanin,

of

109). Michaels 5(110)2 polyvinyl methyl etherE F 3o 4

oFre] flux At A @ wiAlEe]l SUEHeE As HASATE Busy$t
Ingham(111)> poly ethylene glycol®] HiAl &S FAI7]7] SJ8te] A7
plasma proteine 7}t ¥th EE9s e @A oo &Z-EEw A5
&40l EA4T B glomw FF o] AUt AFFTAHAA dojdnt
BdeAgge FR7F FAJA g fste] B2 =¥o] e, 5 52

MERH Ade] FAHAY. 554 el A% WY Aoz sht L 1 o

Hopfenberg & (113)2 FAHSE 23S Thdst AW GA < g& nlo|2A &2
e FsAT. 15 ol 54, &4 Ao 39 & 3

o} 22 QAF 2 AR} 29 Az T8 8o Aty AEA AT
Pristoupil 5 (114)2 PVC &2 2o] nystd &l filme] FAS A3t e
I73& CHy-CHCIY 2§34 &2 WY
o o8 1g3} HA= Azt FAsIAT dulldLe 23] uncoilH A =
Jackson(102)2 &% 29SS AloJdt= nucleation-growth 7|F+& A3t

nucleation 22 colloidal ionhydoxide Aol oJ3)] o] FofX™ <J=}e] = 7|7}

Lo
o
olol
2
A
JB
"
=
o]
-
A
o
=]
(0)¢}
o
5
=
@
=
o
.
Q
2

eas 53 flul S7HESE e o]FoXit. pH & 9A Z7]d FFS
| dt} &, 574 (isoelectric point) A oA 9] coagulation "¢ 2 YA &
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t}. detergent-water system< fluxs 7r4A]7]= detergent-membrane & 282

o] 7} & o]qlt}. o] systeme HESH W 2 Fel oilS TSk

Winters9t Isquith(115)= ¥ 3¢ ds3 22 dd9 AAS T8 A9

(microfouling)©] T sttt 3T 1) w5 =

AR 249 w50 o3 w1 85tz 3. 2) wElgotel] 3 H2H o

(attachment and coloniation) 3) T-& #H|AE| &3t colonization. 4) debris,

detritus ¥ inorganic ¥4#}e] 4. HF %= EA A E(adhesion-inducing

polymeric material)= "¢ %& FEdA &FHES ZEE= glycoprotein polymer

ojt}.

Ingham¥} Busby(111)= 3FHE& A albuming A&EH o2 H7I8IAS Wl gel 3

el 7108k T3 flux® 49} protein®] FEo oJg T3 fluxd FAE T

oAtk 0.01 mg/ml o]sfoll A F&o] dojwtil 0.1 mg/ml o]/Foll A gel F o

B 7] A Fsk AT

Howell 5(116)2 9478 Azte g F&3to] 3 o]

Sttt AGAIE 5% olstE FAF A H FX profile2 AW =&

o 7 WA Al 10802 FEe 3o §d F3Fo] dojdnh Al WA @A

= ¥ gelo] F4H ] wkg 7ol o Aui=t
3

2 24e Ze EYU2 598 AFdAME bgE W] HE8dn. dE 9
Lee(105)= A|7FA] E8]l9te] &% F% - (monolayer moisture content)- A4~

“d (hydrophobicity)< ®Fg3s-S #4
Aol e ojwl g FBAE BA}A FHch
:

Eykamp(117), Lee(105)¢} B2 & AFAEL cellulose acetate +2|9Ho]

1z
ol
-1
s
£
.
H
T
o
c
X
L
3
o
)
S,
Q
~<
0]
=
3
O
g)'-.
c
=
)
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protein FFAl HE non-cellulose 2| HET} Qo] A= AS 3G, 9
g zpolo] e FAP EHY9e BE ANE HE e etk
Freeman(118)& RITH% el F] T2 385 & (electrokinetic) A4S
8)3te] pore size, pore shape, pore frequency % zetapotential ©] F83 54<
S AEA U} Kaneko 5(119)9] W= zeta potential> £, At 2 84
=0 Wt 29 pored W3 HRE T3k SFo] =EH A wHo] drpu
A EAst=A AT

& F83% 5442 = surface tension, surface charge, surface potential ©] 32U
o ol EFT £y HdA 2o 2HH EEHTH

Lee(105)= AI7FA "o #2ots HeEA=T v 22 WHS A3

=2
t}. polysulfone diphenylen sulphone ¥H&5 @92 57 = o] Zth(Fig. 5).

ofl

JI

s 0

Fig. 5 Polysulfone =

-S0,9 AtA A= FAl(donate) E A 7N BlF# HAH(unshared electron)E

2 5
AR guig §4 BA AR Si AT FAD.

T

polyamide &% amide group

O
||
H o &3l linked ¥ hydrocarbon®] WHE T2 o] Fojx it}
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(Fig. 6).

i 3 }
M’WWC—(CH2)4—C|I3—N—(CH2)6—N—(“3—(CH2)4—(|?—N(CH2)6 M

[
O O O O

Fig. 6 Polyamide®] sequence

rr
=
1
b
ihd
o
oft
Ru)
i

amide 22> F& surface energy®t surface tensions %t
O5F HR3tEE M Zh= polarity WiEo] Tt

cellulose acetate(CA)&2] 22 acetylated D-glucose &9 & Zr=th(Fig. 7).

O
CHg—O—I(lj—CHg
O
OH ™~
O
G=0
CH
L —In

Fig. 7. cellulose acetate.

rr

A2 FEY HFEEZ(uneven distribution of electron clouds)Z A3l A

2

]
polarity~= charge density, dipole moment ¥ F4Z2% A4 &Fo=Z e
At} A3 Zggo] S AAEA dojd Ao = o AdT

cohesive forceZ A= 4& 2822 solubility factor =, 2o st o



# Z(species)®] chemical affinity®2 HZE T}

de NedE §3x, 2) ReuAY FEE EE 3) AFH S

ojf

o 9

Hayes 5(98) 24l $1ojA calciume] &g A3ttt EDTAZ &2kl
whey?] pHE 622 ZZ&AS Wl 3 flux’t 719t 2814, sample Ao
= calcium®] &0 #ato] oju 2L PA X
Lee(105)= calcium©] ¥ FE7FA= protein®] stabilitye] #{Ao=z 23
2 FPoy ¥ =2 T &9 ionic strength7t T3] F7betth e
3 UF 28 2ol et wheyol 4% phosphorusQ} leucin o] & oj
2y 5489 vuys AL e a8y 2
+ phosphorus’t FL&3HA FE3t=d 1A AL Ca, lactose % B
-lactoglobulin®] Z7tol]l oJa] th& WO o]Fojxv st EelHe] o
% A3 (multi-binding)® AE-S 93 phosphoruse}e] A o] &4 314t
Lee 5(120)2 whey & EDTA$} calcium FH7F &35 AF3% T} protein

ad)

sheet®] thinningol] ¢]& CaCl,} NaCl®] ionic strength”?} FAFSHH ©] A2 ionic
strength”} calciumell 93t 53 289 7tsARY F8FS Yv|git). protein
2 249 ion Y7t FAHHOZN &=t FUFSEE “salting in" o] g
ol EA WMottt WA oJn]9] “salting out'® ¥ ion strengtholl Al dojnt

3 gI=

rr

4%ttt EDTAT calcium-caseinate complex®] Z7|E FFAA|ZIH
Ui 2 AAs =S 784 F8AZ

Bevege(97)+= humic acid, bentonite clay, divalent ¥ trivalent ion°] HE&E A=
o] &A%gFo 2 EXSI= simulated surface waterdl i3] A3 =0, clay-humic
acid®} humic acid-multivalent ion® A3 2883 ud WAt} 37EA] 73
Av 2 polyvalent cation?}] F3E &3t polyelectrolyte®] destabilization©]th.

& 715AES humic acid®l] cation®] S =Zo|t}.



324. €= 2 pH

Muller 5(121)2 F &2 wheyol il UFA F3F&ES M2 & pH =3

sl A A8tk pH 4.3-45 o|gtoll A FHEEE SEgkoy pH=45 o]FellA

whey %9 stu= S7H8FA T

Hayes 5(98)2 calcium TXE9 JIFS FAstA o™ T3 33 pH o&E8S W

A o] F AFE EH= caseinoll A HeZ FHo] des FAHAD F 3

=2

vy 24

mode®] A#EH(Lee, 105). & X pHE protein® M8t 54 S 2 caseing UHE
Fal WA protein®] Sl YIS £

. pHE 9 Z7)de & Xt 535 (zeta potential=0)ol| A - flux7}

UF 3 ROIA BEHIUT. o] SdHAAN 2 dA7E SA-HL &

of ™t pHO YPF2 protein aggregation®] HE S} aggregation

At o] A2 ionic strengthdll F&FS

ATt

whey systemol] W3k ooA, T2y} & 74 U= natural systemol A L
’JE2 flocculating agentZ A 283 Aolal, FeE|to] FARSAY Fgde &
Aste L&AV B 29 Aot

Winfield(101)= 3h=9] 234 X 2]4=2] ROSIA pH 69149 fluxZ} ph 5 W pH 7
Hoh =4 vEstta st

a0 93 whey protein® W4 (denaturation)©] RO|A fluxE F7HA1ZIHHaL
Hayes(98)2} Muller(121)&= H.33}F k. 28y UFdM <= 128X &gt o]k

717 casein Ad&Z B-lactoglobulin AFo]9] g o] FAH A+ Ao=Z F74

Thomas 5(17)% Kuiper 5(85)2 29 ZA=2ZA F1 fluxZ7t 553 TAsEE
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rlo
©
g
2
l-'O
ot
fuj

Ae BEeAT. W= wiAl&= ¥3kE AT Kuiper

=
flux ZAE B3R Belfort(122)= WA E RO &zw AN Aars BF

(

SRt F5 &l proteing H7IS F polyethlene glycol 3} systemol| A 5

2o ALRY flux ZAa7t Bo AztskA @AsEd o] A-S Gutman(123)d] ¢
dl A= By gHew Fgde FFY £E4Y Avgyo Fa JF
AAFo]th(Jackson et al , 102, Minturn, 96, Hiddink et al, 124). 2% 4% &=
ol SAT 29S syl s 2dHo= EA(superceded)stAl AT

65)1 oyt 1R FAA anr) 3y
Madsen(125)= ©|2& o2 A gHt ¢ EL flux/l Yee o5 A9s)
ATt 1= thin channel system©lA] wave?} vortex”} A== o] AU
o 1= E3 pore model=9 #olH-E 135t long-jump diffusion theory 2}
oscillating pore opening 0.2 FoX = E}Es Ao AT modelS AL3A
Tt Gerndel(126) milke] FHejoftoll A H2=2 o A FA0 &3 AFE

s 2t A9edd buk $EO GE AATAY T JE4e mY

=

.

=5

33. e 54 =d

3.3.1. Kimura and Nakao =4

Kimura®} Nakao(127)= Michaels(45) €3t gel polarization modelS 4743}
CA #¥ RO % UF &%l fouling models 7]Z3} At
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s~ S 62

T2 flux

=
o
TN
oX,
)

waa A% (el me =q9n ang A

R,
fi=ah RA B AG)ERE 2L Al 0l A (5T AL F 9l
o
%%‘Ffl—f:_ey*ml(t) ot (55)
T aroﬁfzcb )
6, v flux &l digk AZF 45 (time constant)©|3l r 2 2](57)% Zo] % ¥

A,

ln%
r=k— L (57)
w
A 555 my, r B o, 7t FOAAY FAHLE T 5 Tk

=
2 3} (membrane compaction)”7} F-A|

=2

helal 3t == A4 RO o thsiA He

g 5 QoW (m=0)2 55% v o] FHEHTH

f,(I—r)
ln[ f,—r

—)=L ) (58)

_,(

L“\| ~
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APH Ao} ofgA & X st=Ad e A2 Ho] AA FTh

3.3.2. Carter and Hoyland =4
Carter?} Hoyland(128)2 3 3} RO & ZlA Z(rust)e] 295 FA dis|

ATF3ATE o] 2S5 (transient fouling layer)e] W& Fo ¥z &% r 9

A7 E% 1, o] =AY E 0dZe) §& molt)
dE
A )

LHATY AA F=7F kM9 shear 1, o AHH LR fEITa A,

Wzrd_Kl.TW.E (60)

olal, 7] K, =wl&/doltt,

B3 & Blasius 2o @} 1, & X34,

E r Rel.75
h Kl [1_ exp(_ K T)] (61)
3714,
_ 164
= K, K,pv*

h = F2 %£0]9 1/2

Re = Reynolds number

_36_



Ho|A g £33 &% 9} ferric hydroxide H5X° ¥l7tslA] gt}

3.33. Gutman =4

Gutman(123)2 e F fouling model & ojH RAXZ FHYSHA HE&HA S+=
AL AT AY. dAle RO W3l “turbulence burst model"S =433t
LA ZRE YA reentrainment”’} turbulence burstol] 2o]3] Yojupar o] A

< laminar sublayerS €3l AUzFo=A BomRE iz JdF7F AALH.

o] &= 1001 o HlEdte] AR 1A oA dojue AL LA
7N A1 A (starting point) = 299 F4 = (net rate)©] th.

CZJI;]_ —lam e (62)
Carter= @A 254 S715 A L@FAAY owg F712Q Ads 1L

resistance) R, & Z=3IATh I E| oA AlZkel] dOigh f

el fluxt 2o SAAGATEYT FAY & A5 FHAE GEs

of Ae 7zt AR
J: < 2K,
JAU
K.\ AUy
2—5+ 17
Jo _ aay, |, | © J ( U( JAU ))
A 1+A1U] 2Kg+1 exp K+2(A U+ aay) t (63)
Jy
Ji> 2K,
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Jy ad, S\ oA
F= g [l e T (64)
AU

rr

A3 data9} vlae o] Edo] mEW AIZHY wWE fluxe] W= x27] flux J,

FTEAAAY 2HEY FE a THY £ U, EAXYEAST K, % parameter

Aol 27] fluxe ol2#d 2 dASHA FAT HF flux @2 st g A

(processing of sewage water)ol|A Kt} 2 oS HT}

3.3.4. Belfort and Marx =4

Belfort®} Marx(122)= 229 As<= A F871 $18t] gel Afiltration
equations g3 T F2(standard filtration equation)S A=t o]
¥ F3} F3)(accumulated permeation volume) Vo 23} s}

qe %
oE ofel Belwhe duste P52 FaAFd 49 fuxe dehleh

(5-25) " - (s ) (s Ja e (©5)

n=1, during the initial transient period

n=0, during the steady state period

B: constant characteristic of the membrane

o=1w0), for variable suspended feed concentration with ©

W= w0) =0, for constant suspended feed concentration with ©

27] Ao] 717m=1)el thste], 919 2& HEsT VE U,
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Kk
+k+ 5 (66)

~ ki (67)

k
G =kyy tht (68)

2] (67)TF (68)2 Voo oA wESA AZHTH AL
8 =k + 1+ 8) )

o]a1, o] 22 standard filtration equation®} FAMIES Zteth FFH FE<

o1 At

suspended solid®] A|4=2 Ao tfgh xd2 o] F3H

N

3.3.5. Hiddink5 ¢ =4
Hiddink 5 (124) whey$} skim milke] ROOIA o, s=&=, 2 &
2 A& 7IQlske= total flux FHAY FRol W AE AT fluxe

osmotic pressureS 1#H 3} 24 (70) o] AAHECTH

VANY sdanllVAN
Jv= P;e - (70)
=5 B3 fluxe an=0 o o o] 2o 2XE A=A
wob B Bo] wAdTY Rolv mwdMe 829 F4e TAADAGI
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Fold A% lactoset ol =213 HAS olaiTozA 48 + . I
A

w 3L A (7D W T3 fluxe] AlLkel Zhs skt

_(aP)_[= Jo)_[=x Jv

n= (2 ) (e oo [ ) (e Jeo [ £2) 2
flux= 2 (7003 (71)°] wet AMdEAE 43 A= T3 fluxet A5 1
A2 RY 7HAstEd 4 Uk o] 2HZEZRYH 299 A7|(magnitude of

fouling)= 2] (71)9] curve®} A3 Ao} zpolE HAE & JUth

Jonsson & (108)2 Eeutoll A WS stgtEs F78317] H8] mass spectroscopy
9} gas chromatograhy S AF-8-3}3AT.
Watanabe(100)= &2 9to] 2=

colorimetry S AH&-3FATh pectin T& #4317 A o2 HE AlH A

pecting  £A3}l7] 93} gel filtration¥

Glover(95)+= TEM(transmission electron microscopy)oZ H2AEHY FXE &+
A3t A T Lee(105)v= $Hejo#t HFo|A radio actively labelled phosphorus2}
leucines AF&-3FA T counting liquid scintillation spectrometer® o X] &} % .
Kaneko(119)~= RO &F73}o| A zetapotentiale =3I A electrokinetic
2% -8 Freeman(118)°] A A3}t

Baier(139)¢] =&l #We AFF 7He] wEtHol At o7lde MAIR,
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multiple attenuated reflection infrared spectroscopy, ellipsometry, critical surface

tenstion determination % contact potential determination ©] UTh. MAIRZ}

ellipsometry= optical methodEX4 &4 & FIA A #Z| o5t z7} =
He AT FAZE X3} refractive indexES EA3st= 7]7]olth. W A=y}
contact potential determination 2 ES AT3st7] fs] Zash uA FTHE O
stel o §43% AR AT
35. 24 A ¥
351 FHTY A
Table 3291 Ae) Wie 7)&shgh
Table 3.2 Pretreatment methods
Process Product Operation Author
Heat treatment whey UF Hayes et al(98)
and pH adjustment Whey RO Smith et al(129)
pH adjustment whey RO Smith et al(129)
whey UF Lee et al(120)
ion exchange whey RO Smith et al(129)
whey UF Hayes et al(120)
Ca-sequestering agents Smith et al(129)
whey RO
(EDTA) Lee et al(120)
Glycol addition to feed ol eptide,
Y . Polypep UF Melling(130)
solution enzyme
Change of ionic strength whey UF Lee et al(120)
Modification of side chain
whey UF Lee et al(120)
(sulthydryl-, carboxyl-)
Pre-ultrafiltration whey UF Lee et al(120)
FFAS A48 4 AAYSE R ol fE A FNH AustAT. 35
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of 10%% glycerol FH7H130)= fluxs S7HA7]1a -o|AL &EE9te F7Hd
hydration®]] ]3] 7}5- protein®] WiA&S F7HAZIth @S Aojstr] 9ls)
BSA$} B-lactoglobulin B+ B—lactoglobulinf’/] carboxyl group®] ZAlE W
drto] S HAFARE 36t = el kg EH2e EAUF 82 A
$ 7Fsslth Lee T(120)2 4438 #3HolAM pH wW3le} EDTA H7p7b &)tk
i AEA A

¢ Table oM EA% R ool FA YA A= B2 22 o] A3

olgi g =& WRldle= AAl(purification)®] IFZ, TFAS HIAL FHo=E

ol
S

AEe2  ®WH(biological methods), &2 W' (adsorption methods), &3

(coagulation), o #Z}(filtration)s°] St

352. #g e EA
Table 3.3 #2899 545 WHIA7I= A8 7HA HES HEW AT

&

73

Table 3.3 &&=te] 54 W7

Type of manipulation Product Process  Auther

Charge membrane

sulphonate polymer UF Gregor (132)
sulphonation, amination RO Nomura et T(133)
electrically polarized- RO Wallace et al(134)
electret membrane
o ) UF Wang et al(135)
Immobilization of enzymes on milk, raw sewage
) . UF Howell et al(116)
the membrane surface albumin, haemoglobin
Use of protective cover colloidal particles RO Belfort et al(122)
fixed
dynamic
Use of small electric current Spiegler(136)
HAas FE4 29 Aloje] #9224 charged membraned] A& ®Htoh & %
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ANA 7bsdS 7FRYal Channabasappa(137)2 33ttt &22te] E4E

al
48 AE Qe a8 ge BUung ¥e flud 2t Aol F¥HL
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ATE Wang 5(135)2 milkE 3Ho]odzst 49 34 744
F A2 FAANAM 12%9 F7H7F ATk Bt
152 HE3F enzyme-membrane system©l A gel-layer®] 37 a49 HISEE
E EF3t= models AFEATE ©] pair modelo] A4F Ao} AAZko] & oA
A3hs Hol FAT Belfort 5(122)2 RO 2] Hol A protective covert top<]
AHES AltstA =T ©] protection type fixed(Millipore, Nuclepore membrane)
o] A4 dynamic precoatZA F7HE fluxet ZHAE Al &S U AT
Spiegler(136)¢] T &3] o HE 10-100 mA/cm® o] <& AFZS AL&3ta 2-20 V
9] potential differenceE 7} W fluxel] IH4 =t = Zst R ok e

28 anodeZ A ZE3lal cathodews #2 T Yol = metal electrode©] o}

o
I~

oo |

o
=

rok
}ﬂ

353. 24 WA 2 A93
Table 3.4 o] &3 Z7Ae] WHelet 28 9 HZH thalA Yel AT} 7|2 Z
o2 FEu XA shear-stress ¥H3+e] of Fojt}.

Type of manipulation Author

Hiddink et al(124)
Altered linear velocity Thomas et al(17)
Kuiper et al(85)

Use of static mixers and displacement rod Dejmek(51)

Use of beads in a fluidized bed Hiddink et al(124)

Use of moving balls Lowe et al(138)

Use of rotating membranes or rotating elements Lopez(65)

=g 2R AdHE S7F A1717] AR A FAY Ve 5H2 v &
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= Buk olygt 29 FAZH aHE TAA77] Yl AHEEY. HZd e 28
o]y disc7} 3] A 3F= rotary module ¥ fluidized bed system©] 71 1t}

rotary module(65)< single pass processoll A LHE AAE FAHNA IAF §
fA40] AW dAZH B YA 7 2R HT fluidizing beads(glass, 2-3 mm

diameter)®] Z}-8-2 turbulence promotor =2 X gel

JLEI JATH(124).
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354. M3
T AHe odEd AA ¥l olygt vAETH 1FE JEHE FA5H]

CERIEE
g 712 71&e FA2 Uedth =3 7oA AFE Be 7o v
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ol
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=
op
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Ac)
2
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=
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o Bt} B2 RS FHIT
Baier(139)<= blood tissue, oral ¥ uterine cavities, saliva % sea water®}

systemol| A 7 Z(adhesion) S AF3tATE o5 272 1A W Z70] cellular

K

material®] 2 o] ol WAISTE 2 A (conditioner)™ proteinacious”} A|Hj A o]

o o] AEF AW EHoA cellular speciesZFE muco-polysaccharide} 7

& A% 34

ol

=% anchor pointE A3ttt 183 ZHA= H&st 5o
a#EojHok 3t}d. blood?t non-physiological interface®] 7AH-f, ZHA|=
fibrinogen©]3l, maritime environment®} oral cavity® B¢ ZHA=

glycoprotein©| o
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unfolding, orientation change &3 #-2 macromolecule®] &2 &XJo| tfst F

%)
I8 Aol Hgsitt o & E°] Norde®t Lyklema(140)+= E93H3 3ol A

N

2

7F otyzt im &2 Aotk AT WolM el FEHe FaAol &l AA
Me dutd oz FAHED o & E9 2% Full(Sandu, 141)% % olyel, Af &

H o4 A Tl (free surface energy gradient), wall potential gradient, streaming
potential gradient®} 22 ZA=0]
& 9t fF83k E4%o] multiple attenuated internal reflection

spectroscopy ellipsometry, critical surface tension determination, contact

potential determination ¥ 7]E} T A Th(Baier, 139).
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Appendix

Symbols
A membrane constant, eq'n 4
pB
A =0y
_ 3G,
a T h
ai specific filtration resistance
az concentration of foulant
To
B =Ap
C concentration of solute
diffusivity coefficient
dn equivalent hydaulic diameter
E effective thickness of the fouling layer
Cy
f Fanning friction coefficient
L
f =7
a gravitational acceleration
h half channel hight
] Chilton-Colburn factor
Ji permeation velocity of fouled membrane
Jv permeation velocity

| J, | absolute value of the permeation velocity

| J, 1 L limiting permeation velocity

K

constant, eq'n 51
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Ky, Ky, Ks, proportionality constants

Ky hydraulic resistance of fouling layer per unit mass

I mass transfer coefficient

ki, k2 mass transfer coefficients for lactose and salt respectively
ks, ks, ks, ke, k7, ks constants

ko liquid side mass transfer coefficient

L channel length

I thickness of deposit layer
m mass of foulant per unit area
my coefficient of membrane compaction

n, n1 constants

P applied pressure

AP pressure drop across membrane

AP pressure drop across the cake
regection coefficient

R membrane resistance

Ra Rayleigh number

Re Raynolds number

cg)
. B k1n<q7

Ju

I . . . .
T intrinsic membrane resistance
Tq rate of deposition
Te rate of re-entrainment
Ty rate of removal
s exposed suface area for transport
Sc Schmidt number
Sh Sherwood number
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t time

u axial velocity
\% transverse velocity
Vi accumulated volumetric throughput

Vw,vw dimensionless permeation velocities

< |

mass average velocity

w(0) turbidity of feed time ©

X axial distance coordinate
y transverse or radial coordinate
V1 transverse or radial distance from membrane surface

Greek letters

K4
.
a average specific cake resistance
B fraction of surface cleared by turbulence burst
B membrane constant, eq'n 63
& boundary layer thickness
g parameter defined according to eq'n 21
n parameter defined according to eq'n 14
S accumulated time
Or = m(f}icb
0l dynamic viscosity
v kinematic viscosity
T osmotic pressure

Am  osmotic pressure difference across membrane
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b4 osmotic pressure of lactose
b2 osmotic pressure of salt

p fluid density

0 Staverman reflection coefficient

T shear stress, time, (eq'n 53)

Subscripts

b bulk condition

g gel condition

0 condition at channel inlet or zero time
p permeate condition

w membrane surface condition

Operators

v "nabla" operator

% substantial derivative
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