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Abstract

The deposition of colloidal particles onto the collector surfaces of
porous media is investigated by utilizing the Brownian dynamics
simulation method. The pore structure in afilter bed was characterized by
the three different constricted tube models. the parabolic (PCT), the
sinusoidal (SCT) and the hyperbolic (HCT) congtricted tube. The effect of
various shapes of the total interaction energy curves of DLV O theory and
of diffusophoresis on the collection efficiencies of particles are aso
examined. The smulation results show that the particle collection
efficiency is strongly dependent on the shape of the total interaction
energy curve, but less dependent on the geometry of the tube The
diffusiophoresis effect will increase the collection efficiency of Brownian
particles. The present theoreticd model is adso compared with the
available experimental data at the end of this thesis.
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1-1

(dyestuff)

system)

(colloidal particle) (Reynolds number)

(continuous phase)

(micro heterogeneous)
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(ionization) (ion dissolution)
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1-2
(Brownian motion)
(driving force)
(diffusion)
(convection)

(sedimentation)

(fidld)

(phoretic motion) Anderson(1989) !



(diffusophoresis)( Dukhin & Derjaguin,
1974'%) (Ebd et a., 19887

(Staffeld et al., 19891%)

(long-range interaction)

[ (van der Wads force)
(induction effect) (induced
dipole attraction) (dispersion interaction)
(London force)]
[
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(trajectory theory)
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(Guzy et d., 19837 Chang et d., 2002®)
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tube)(Payatakes et d. 1973°%; Nera & Payatakes, 1978%)
SCT(sinusoidal  constricted  tube)(Fedkiw & Newman, 197772,

19794  HCT(hyperbolic constricted tube)(Venlatesan & Rajagopalan,

19807y
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Rem

(no-dip condition)
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1Ir
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2-2

5mMm
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(zigzag motion)
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( Gaussian white noise

) At V(1)
! (A(t))=0
%<A(I)A(t -t))=Kw(t-t) [2.17]
wt-t) (impulse function)  t

2-3 DLVO

Dejaguin =~ Landau®  Vewey  Overbeek®’

1941 DLVO

2-3-1

van der Wad (neutral
chemically saturated molecules)

(non-ideal gas)

1. (mutually orientate each other)
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2 . (induce)

3.
London 1930 (fluctuations)
Ruckenstein & Prieve (1976)!*%
(Mo)
€2(H +1 0
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A
N, = 2.19
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a=1-e [2.19d]
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diffuse region) 1910  Gouy!® 1913
( e y

Chapman'®

2 . (point charge)

Boltzmann

(dielectric constant)

4 .
2-3-4 DLVO
DLVO DLVO
(2-1) DLVO
(2-3) DLVO
\/t H \/t VLO VDL ( \/t :VLO +VDL)
Rajagopalan & Kim(1981)!**
primary maximum
(energy barrier) secondary minimum
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(accumulation)
minimum

(2-3)

secondary minimum

minimum

B

primary maximum secondary

primary maximum

primary maximum secondary

primary maximum

A C

secondary minimum
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1.

No. of Case Ng; Ne, NpL Nio
A 105 1 10.75 7
B 50 1 5.02 7
C 77 1 10 7
D 0 1 - 7
2.
No. of Case Ng; Ne> NbL Nio
A 210 1 10.75 7
B 100 1 5.02 7
C 154 1 10 7
D 0 1 - 7
3.
No. of Case Ng; Ng> NpL Nio
A 315 1 10.75 7
B 150 1 5.02 7
C 231 1 10 7
D 0 1 - 7
4,
No. of Case Ng; Ne> NbL Nio
A 420 1 10.75 7
B 200 1 5.02 7
C 308 1 10 7
D 0 1 - 7
(2-1) DLVO
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2-4

(Anderson et al., 1982°%)

KT

Vitro = —— L*KNC¥ [2.24]
m

C}{eXpé‘ F (%)/ksT - 1y, |2.254]
=K"Q Yn{expé“ F (%)/keTB- Lydy, |2.250)]

|2.24]  [2.25D] L

K

Gibbs F(y,)

yn( yn) n n
|2.24]

(redii of curvature)
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[ particle-solute interaction layer (diffuse layer)]

(osmotic
flow) [ polarization effect
(relaxation effect) (2-4) ]
Anderson & Prieve (1991)R!
r (length scale)
( rp|NC¥|D C,)
1
v —%L thf_p% NC, [2.26]
d =(1+n'Pe)K [2.274]
n'=(k?) 3 S deol-F () feT) o) oy, [22m)
pe=fal | KC, |2.27¢]
mD
[2.26] [2.27¢] d (relaxation cnoeffici
Pe D
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L'=0
d/r,®0
[2.26]
[2.24]
[2.24] [2.26]
(normalized velocity field)
(electrophoresis) (Anderson et a., 1989™)

(Morrison et a., 19702 Keh

et al., 1985, 19961*%)
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1
(kr,0 1) r,0 k't K
k = gﬁj ?“1330 %3/2 |2.28]
[2.28] e 1.6” 10*° coulombs  n
89" 10** coulombs V't cm* T
298.15K N, Avogadro’'s 6.03" 10® mole™*
K
1 307100 |2.29]
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r [kt

2-4-1
rp
d
NC, Ee e (y.2)
L/a'0 1 L
a a d-a
F () y,/LD 1
Keh & Hsu (2000)*
T . o 0
Vi, = 8Lm|_ KNC, £+;lel(l ) [2.28]
| :rp/d [2.29a]

(1 )=15.095I °- 39.083! °+38.002I *

[2.290]
- 17.093| ® +2.3135] 2- 0.2374] +1.0006

|2.28] [2.29)] | [

p

d (4-5) Keh & Hsu* 2000
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Vdiff T

d R (1)
2-4-2
rp
E.§
L/a'0 1
Keh & Hsu (2000)1*
ok, T . o O
Vi :8L|_KNC¥ -1-q)FR,(1) [2.30]
m a
=LKy - -Uy [2.314]
LK VdiffO
1,5,1,5 25
F(1)=1- =1 %+=] °- =2 ° 2.31b
(1) 6 '8 256 |231
[2.30] [2.31] L,
KW
Gibbs U,



[2.30]

. akT . ~ 0
Vi, =8Lm L'KNC, r+zj|:2 (1) [2.32]

[2.32]



(2-4)
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0.6 -

Vdﬂ’; /Vé:,)

0.4

0.2

0.0

(2-5)
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2-5

Spielman & Fitzpatrick (1973)!%

retardation effect

(retardation factor) F,(H)

[2.190] F(H) F,(H)



DLVO

31
(3l)
3-2 Langevin
Langevin (Ramarao
et a., 1994 Chang & Whang, 1997*", 1998™#) Langevin



DLVO

3-3

24

3.22]
[3.20]
[3.2¢]

[3.2d]

[3.2¢]

b

Cunningham



[3.20]  [32c]  [3.2d] [3.1

% =b(U-V)+ —FLOr;pFDL +A(t) 3.3
[33
% +bV =bU + —FLOr:pFDL +A(t) 3.4
R, (t) = Qexpéb (z - t)pA(z )dz 35
A
t=0 IR (1)=0 3.6
36 [34
Y =V,ep(- b +U g e bR, 1)+ 2 (-
p 1%}
[3.7]
v=3 3.9
dt
R(t)= ég(‘jexp(bz ) A(z )dz gexp(— bn)dn [3.9



[S=
t=0 | [3.10]
TR (t)=0
oV o1 1, {0
S=§+ g exp(- bt)g+U jt- & exp(- bt)%+R(t)
|
+8q:Lo+FDL 9‘? +eXp(_ bt)_ 18
& bm 5 b by
[3.11]
R() R Guassien
&R, u_€ Sy 0 Ugn, §
a_ =¢ Ua 3.12
SR”H ;eri/SVi (Srzi-S\Z/ri/s\fi)l/zagrnH [ ]
n m (normal distributed number) N,
M, 03] noom
A =%2p(i exp(-22/2)dz 313
A=N, M, a=n m
S :%gl- exp(- 2bDt)g |3.144]
52 =%g2th- 3+ 4exp(- bDt) - exp(- 2bDt)§ [3.14b)
sz—i’-ex(-th)‘2 [3.14c]
Vri_bzg]' P s -14C
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[3.7]

Maxwellian

VO:UO+\/O'

3-3-1

[3.11]

|3.144]

(Chandrasekhar, 1943)

V. :{v exp(- bt) +U @l - exp(- bt)g F.(H) F(H) R(H)

1 &+ FD

bgm

+|&

-2 e DR (H)

b

[3.15]
|3.164]
3.160]
F(H) +§(hLTL KNC, gF
[3.17]



c7||—\

(1- exp(- bt)) “Z H) F,(H) F (H)

bt ai(T

a:LO+FDL. p
- LKNC¥_F( )t

+?R(t) *g

T bm ge

N —

S, = s+.—°@1 exp(- +U§
| e

(-

b

s

[3.18]

3-3-2

V. ={V; exp(- bt) +U @- exp(- bt)g} K (H) R(H) R (H)

i 1 8F ak T
IR (g0
f b§ m

DLﬁ exp(- bt)HgFl( )F(H)+ Gor KRG, F( )

[3.19]

S = sb+,_g1 exp(- bt)+U § - (1 exp(- %Fl(H)FZ(H)FS(H)
e

N b . . .
+ia(t)+§¢L%r+nFDL£ p(b t). ;pr(H)F(H)+§(;‘:]- O, (1)t
[3.20]

3-4



h,=-=2P, [3.21]
rf
p, = 4 |3.22]
P Ngen
[321]  [3.22] Y,

Irf Idep Ngen
3-5

F= mp% [3.23

DLVO
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DLVO

4-1 DLVO
DLVO
DLVO

(2-3) (2-1) DLVO
(4-1)

0. 391 OnGn SCT( PCT HCT)

1mm
1000 ppm
1cp 2.0cnysec N

Rem ™

2.0



parameters val ue

NC, 1 10" *mol /cm*
C, 1000 ppm

d, 100mMm

d, 1nm

Ky 1.38" 10 “erg/K
K 1 10°

L 1107

S 0.111

T 293K

u, 2.0cny'sec

e 0.39

m 1cp

r 1g/cm’

r, 1g/cm’

(@)



4-1-1 DLVO VvV, H

(4-1) DLVO

DLVO A primary
maximum  secondary minimum (

) ( a

d) DLVO
A
B primary maximum secondary
minimum
primary maximum A
( a d) primary maximum

secondary minimum

C B secondary minimum



primary maximum secondary minimum



iy 100
5 50 |
A z 0
> 5‘ >'7
i
H
t
f §
5t B0
14 : o/
; ;. CASE A
t ] - CASE B
f: - CASEC
; E! —-—-—- CASED
o LlE ‘ 00 LB ‘ . ‘ .
0.0 . 0.0 0.2 04 0.6 08 10
H H
(©) (d)
200
sl N B
R TP o
> >
e f
100 |
¥ CASE A
1 ~ CASEB
T CASE C
: —.—.—. CASED
200 LEL . ‘ . : ‘ . : .
0.0 0.2 04 06 08 10 0.0 02 0.4 0.6 0.8 10
H H
(4-1) DLVO oM Ng, =10 N, =70

( aOASEA N_,=1050 N, =1075 CASEB N =500 N, =502 CASE

N, =210.0
N, =154.0
N, =315.0
N, =231.0

C N,=770 N, =100 CASED N_,=00 N, =00 ( b FTASEA
N, =10.75 CASE B N, =1000 N, =502 CASE C
N, =100 CASE D N_,=00 N, =00 ( cOASE A
N, =10.75 CASE B N_,=1500 N, =502 CASE C
N, =100 CASE D N, =00 N, =00 ( dCASE A
N, =10.75 CASE B N_,=2000 N, =502 CASE C

N, =420.0
N, = 308.0

N,, =100 CASED N, =00 N, =00
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4-1-2 DLVO F H

(4-2) DLVO
A primary maximum  secondary
minimum
( a d
DLVO
A
A
B primary maximum secondary minimum
A
( a d B
C B secondary minimum

( a d primay



maximum
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@

1e-7

5e-8 |

2e-7

Force(dyne)
o

Force(dyne)
[=]

-2e-7 +
-5e-8
HS CASE A
PEoy CASE B
'; 1
-le-7 J — -
0.0 0.2 0.4 0.6 08 10 0.0
H
(©) (d)
= 1.5:6 [
1.0e-6;-
567 |
5.0e-7:—
gi 0 ?:: R
5007 |
-5e-7 .
M H CASE A
Sl § 1 . CASEB
T (PUSOE—— CASEC
E — —.— CASED
-le-6 s : I 1505 LI . w r
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 04 0.6 08
H H
(4-2) DLVO F H Ng, =10 N, =7.0 ( aOASEA
N., =1050 N, =1075 CASE B N., =500 N, =502 CASE C
Ng, =770 N, =100 CASE D N_,=00 N, =00 ( b )XASE A
Ng, =2100 N, =10.75 CASE B N, =1000 N, =502 CASE C
Ng, =1540 N, =100 CASE D N_,=00 N, =00 ( cOASE A
N, =3150 N, =1075 CASE B N_,=1500 N, =502 CASE C
Ng, =231.0 N, =100 CASE D N,=00 N, =00 ( dLASE A
Ng, =4200 N, =10.75 CASE B N_=2000 N, =502 CASE C
Ng, =3080 N, =100 CASED N, =00 N, =00




4-2 DLVO

DLVO
(SCT PCT  HCT)
DLVO
4-2-1
(4-3-3) SCT
DLVO N, £0.7

c > B > A N, >0.7
D > B > c > A
maximum  secondary minimum

D

Z
|

=0.5 D

Re
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N, >0.5

primary maximum  secondary minimum

DLVO primary
maximum secondary minimum
C B N 3 0.7
C
primary
maximum  secondary minimum A
A

43b)  (43<) PCT  HCT
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SCT D N, =08 N. =04
B C N, =125 N =09
SCT A PCT
HCT (h,»0)
SCT N, =05 A
PCT HCT
(4-4) DLVO (4-1-b)
D primary maximum  secondary minimum
D N £0.5
N, >0.5
A N =1050 N_, =210.0 SCT
(4-4-3) DLVO
DLVO



B N.=500
N, =77.0 N, =154.0
secondary minimum
Ne. £2.0 N £3.4)
DLVO

B DLVO

44b) (440 PCT

il
(h,»0)

N, =100.0 C
primary maximum

(

B
HCT

N..=0.8 N. =04
C DLVO
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NRE
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(@SCT (b)PCT (QHCT N.,=10 N,,=7.0 CASE
A N_,=1050 N, =1075 CASE B N_=500 N, =502

CASEC N_,=77.0 N, =100 CASED N_=00 N, =00
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(4-4)
(@SCT (b)PCT (QHCT N.,=10 N, =7.0 CASE
A N_,=2100 N, =1075 CASEB N_=1000 N, =502

CASEC N_,=1540 N, =100 CASED N_ =00 N, =00



4-2-2

458  (45c¢) DLVO (4-1-3)

ST PCT  HCT

DLVO A B C
D
DLVO
D
(4-6-3) DLVO (4-1-8)

SCT

DLVO B

C D

N..£1.0
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primary maximum
secondary minimum B

DLVO

primary maximum  secondary minimum

N.. >1.0

DLVO

primary maximum  secondary minimum



A N..>06 ( 463 DLVO

(4-6-b) (4-6-c) PCT HCT
B D SCT
PCT HCT N £20 N £1.6
A primary maximum  secondary minimum
DLVO

N, >2.0 N >1.6

DLVO
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(@SCT (b)PCT (QHCT N.,=10 N,,=7.0 CASE
A N_,=1050 N, =1075 CASE B N_=500 N, =502

CASEC N_,=77.0 N, =100 CASED N_=00 N, =00
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(4-6)

(@SCT (b)PCT (c)HCT

N.,=1.0 N, =70 CASE

A N_,=2100 N, =1075 CASEB N_=1000 N, =502

CASEC N_,=1540 N, =100 CASED N_ =00 N, =00
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4-2-3

SCT
DLVO
(2-1)
scT (4-7-9)
(4-7-d) h,
DLVO
(4-7-8)
DVLO
DLVO
D
(4-7-a) (4-7-d)
DLVO D
primary maximum  secondary minimum
A (N, Ng,=1050 N, =210.0

Ng, =315.0 N, =420.0) primary maximum
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CASEC N =1540 N, =100 CASED N_=00 N_=00 ( COASE
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N.,=2310 N, =100 CASE D N, =00 N,=00 ( dASE A
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Anderson & Prieve
(1990 Jun et a.(2005)*" Elmidlech &

O'Mdia(1990)*®  Ba & Tien(1999)"

DLVO
4-3-1 Anderson & Prieve (1990)*
Anderson & Prieve 1990
NC, =10°mol /cm*
L' =10 "cm
d,=10"*cm
Vs =257 10 %cnys
(4-8)
Vd Vr
Vdiff Ve
DLVO



24" 10°%cmys 257 10°cm/s

Anderson &
Prieve
(4-8) ( Ng. =05
Nge =1.0 N, =15 N, =2.0) V,
VI’
Vdiﬁ
Ve
(4-1-9) B



HE£20 primary maximum
H£10 DLVO

(4-8)
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\

0.03

0.02

(s/wa)A

002

ETT=NRY

(d)

-0.03

0.04

0.10

0.08

0.06

0.04

0.02

0.10

0.08

0.06

0.02

DLVO

T

(4-9)

N, =502 ( a)Ng =05

=1.0 N, =70

NE2

N, =50.0

2.0

( PN =1.0 ( CNg. =15 ( d N,



4-3-2 Junetd. (2005)>"

Jun et al.

N,, =10.75

|, =0mm

|, =60nm

(423

X = (2Dt)"?

|, =80mm

2005

SCT
DLVO A
Jun et d. (2005)1"

N, =005 N_=1050 N_=10 N, =7.0

(Einstein equation)

|41
D
100nMm
I, =20mm |, =40mm
|, =100mMm
Junetd. 2005 (4-2-b)
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(4-2-c)

order

Jun et 4.

2005
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I, (mm) 20 40 60 80 100
D 10°(mm?*/s) 161 106 08 077 072
D, 10°(rm?/s) 064 067 067 067 067

(b)

I, (mm) 20 40 60 80 100
D 10°(mm?*/s) 143 15 121 133 165
D, 10°(m/s) 031 035 041 035 023

(©)

I, (mm) 20 40 60 80 100
D 10°(mm?*/s) 185 166 241 227 211
D,”10°(m?/s) 036 011 024 012 013

(4-2) (@ Junetal.

(2005)" (b) ( )
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4-3-3 Elmielech & O Melia(1990)*

Elmidech & O Mdia

1990
DLVO
KCI
(4-3)
(4-9) a h,
a =2—Z [4.2]
[4.2] h,
(4-9) SCT PCT HCT Bai & Tien™
(a =1.0118" 10° (Nyo )™ (Ngy ) " (Ng,) ™ (N )™™)
SCT PCT  HCT
(4-5) (4-6)
0.0IM

DLVO
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primary maximum

(M, % 1.OM)
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KCI (mol /1) fo(mv) f (mv)

Exp. 1 0.3 -28.2 -17.5
Exp. 2 0.1 -41.0 -29.3
Exp. 3 0.03 -62.3 -39.0
Exp. 4 0.01 -80.0 475
Exp. 5 0.003 -89.5 -56.4
Exp. 6 0.001 -89.0 -60.0

d, 200mm

d, 0.753mm

U 0.136cmy/s

L 20cm

(4-3) KCl
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(4-9)

-
1e+0
1e-1
.‘/
.-/
e
| |
le-2 :
:5! experimental data
Y SCT
......................... PCT
———————————— HCT
—_— = model of Bai and Tien
1e-3 : . e T S ——
1e-3 le-2 1e-1
KCI(M)
SCT PCT HCT Ba & Tien

Elmielech & O Melia(1990)"*
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4-3-4 Bai & Tien(1999)"*

Ba & Tien 1999

DLVO
NaCl
(4-4)
(4-10) SCT PCT HCT Bai & Tien

SCT PCT HCT

(4-5) (4-6)

DLVO

(Myo 3 LOM)

Ba & Tien
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NaCl (mol/1) fo(mV) f (mv)

Exp. 1 0.1 7.0 112
Exp. 2 0.01 -15.7 -18.1
Exp. 3 0.001 -19.3 -21.2
Exp. 4 0.0001 -20.7 -22.8

d, 460mm

d, 0.802mm

U 0.103cmy's

L 10.3cm

(4-4)

NaCl



(4-10)

e
e
1e+0 e
le- | e
-
Ve n
e
e
PR
1e-2
n experimental data
il SCT
.................. PCT
—————— HCT
— —--—-  model of Bai and Tien
1e-3 sl PR S S P
1e-4 1e-3 1e-2 1e-1
NaCI(M)
SCT PCT HCT Ba & Tien

Bai & Tien(1999)"
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DLVO
DLVO
primary maximum  secondary minimum

DLVO

DLVO
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