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Abstract

The electrophoretic behavior of the spherical, non-conducting particle normal to
a plane is investigated in this study. We separate this system into three topics. In
the first year, we consider the electrophoresis of a long cylindrical particle with an
arbitrary zeta potential normal to the plane. Moreover, we find the electrophoretic
behavior under the arbitrary applied field in the second year. Finally, with the aid of
orthogonal collocation method and bipolar coordinates, we extend previous analyses
in that the flow field inside the spherical particle can not be neglected, and the electric

double layer thickness for the particle is arbitrary.

We find that the electrophoretic mobility of the particle is affected by some
factors: double layer thickness, zeta potential, the strength of applied field, the
viscosity ratio between the fluid inside and outside the liquid drop, and the distance to
the solid plane. We find that the magnitude of the scaled electrophoretic mobility
increases with the decrease of double layer thickness. However, the polarization
effect must be considered when the magnitude of zeta potential is large. Besides, the
mobility will increase with the decrease of viscosity ratio. This is because the flow
inside the drop enhances the hydrodynamic drag on the liquid drop. In addition, we
find that the closer the particle to the plane, the more significant the distortion of

electric double layer. The electrophoretic mobility becomes slower.

Keywords: electrophoresis, normal to a plane, boundary effect, numerical method.
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Fig.2-1 Geometric configuration of the system in this study

Fig.2-2 Geometric configuration of the bipolar coordinates
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QEZO , &=0,m (2-19)
o8
¢.=0 , Mmoo (2-20)

1/2
v o o cosh 7 + cos
e pi3 e B(r=1)" ,i_%ﬁz}if%m{-a‘rr:c(”—(f) .
X

R-INF A BRTFEIAG

’F_k

RFEREEF AL Q180 pmp T
FEAERTR aR-19):5 5B A o ¥ ek AP Y g - LB ER

F o B BQ2)NRIRE T R § A R R

al!
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2-4 4B 8% 1

(2-13) 2 (2- 15)}\4'5"}“531’1‘!:;\ i 257 S PRI (s R T G A oo 5 A 4 0

Seifen 4 pE RS E A RHR T RHT A G AP R FE A A

AT LT RAFMAG T I b SRR ERF RN R IT- BE LG
it oo

1. -8 FHRPFIFZTARE

BiE- FAPLFEFOLGRT S - KL 25 5T i)

B3 T H T T PR R T RTRART U T kA
Zj e(¢e-+5¢-kgj)j
n; =n;mexp j=1,2 (2-21)
] ] [ kBT
PR Q-3 Ak R AR AR o R A G Rt [ AT LR DR

Ak
AC)
e

BB ETET Q)PP £ e RHPRE(0) ) gF T TR

AR HE T IR R R ) TR PR AR TSR SR A 8
BAAZRN Ao - R g BBMMTAL - P T B (- HERFRLRT
SRR AT oo bl A - TR T o

d b AR BT R AL R TG - BT

Fofmit st A d T fert e R A AL AL S AT ARG - R oA g

A 36 e AR YT EER 0 FP(QR21)NF e TS
Zjc Z] (5 ) i=1.2 2-22
n; =n:,expl ——— + ,J=1, -
j jo €Xp kBTd)e k T ¢ gi)lJ ( )

et R R HRETT Ao AT

2 zZ.e z.e
p=Y7; enJOexp£ k;Tq)ej{pk'ﬁ(amgj)} (2-23)

j=1

BN R AQDRARTER A T LT AN G



2 zjen, zie z:e
2 J7)0 j J
Ve =- exp| ———de | 1-——(50+g: 2-24
o =X p{ kBT%]{ kBT(d) g (2-24)
j=1
BAT R T R d T D 2 AR DR YL e T Hh el

P AN r2-14) 5 o 42T RIEE T 2 A2 BT 0 d (2-24)58 R RE 0 W E

#A2-24)5N B2 (2-14)5% -

2 zien. z.e z.e
V25¢=_z JSJOexp(_ J "’e]{l_k;T(Sng)}

j=1 kBT
2 zjeny, zjede
+> exp(— ) (2-25)
— kgT
j=1
J7750 J J
= exp| — od+g;
j; g p[ kBT(I)e]kBT( ¢ gJ)
mRRA AT AP g FIfr et M A e T d 0 - BRI
god ¥ 5T g BB FL G S e r D EL S AR 0 A P (2-24) 58 12~ (2-4)
SR T R T AR5
2 Z1€
\% -——V ¢.'Vg =—v Vo (2-26)
LS U I p, ¢
2 ozie 1
\Y% +——V Y% =—v 'V 2-27
253 KT be 25} D, e ( )

b Ay 28 KRS AN A8 40 0 mH S ERAT Y

#7740 1 (Zwif >t Appendix B)

. 2.2
zyen
E4\|/ __xsingZ ¢ 0 (nle%*ﬂmze GgZJ%
e kgT o€ o ) on
(2-28)
0
[y 2BL 4 on,, 282 | %
on on ) 0g
HPong =exp(—i—1;(|)e) TR RS kR A ong, =exp(oci—1;(|)e) & T

AL kR o
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AP E S QAPEIRIEF A T R AR N R TS e
ERME A i - HIAe Rt BR B Lo APTREYL - T ERA
Flzxo -7 @ ¢, =60,/ ~ nj=n;/n, ~ g, =g/, ~ U =U/{ e/pa ~
g =/ eal o B b F S A B~ (2-14)~(2-25)~(2-26)~(2-27) % (2-28)

R T @I E F L e

TR e e

v 2s = - <1+1a) ('f;‘) [exp(— be) — exp(chrde )] (2-29)
L Fl=t it o e dfde T 22 4250

V25" - é“ji) [y, + one o™ = é“ji) i) +ondeg) (2-30)
W EOESTEEF § ST PN

V2~V 0c Vgl = drPey -V g, (2-31)

Vg5 +ah,V de -V gy =drPery’ -V o, (2-32)

iv. 8 F] = i o fe sl

. i * * *
E4\|/* _ (Ka)2 XSI:IE_, * 6&+an* 08y | 9%
I+a) ¢

- (2-33)

* * * * V4
#7 Pej :U/aDj * nje =exp(—¢,Pe) > npe =exp(ad,de) N 9, = kl

ERAG LETRMTANERFEARfeZ BT E S ST R AT HET
e A PEFREIYEL G A - BER 2B BT A
be =Ca atm=no (2-34)
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be =1 at m=no (2-35)
Jl'LG]\t'L-,{EE% <ﬁi\lrﬁlh£lf§r%]”é#9515\]33'3”}‘5—1"[5&‘?2% F—Iﬁj”g%l'—rl—-

TR A (2-36)58 0 A 5N (2-37) A T AR R E o

d): =0 at N=0 and &=m or n=0 (2-36)

%
% =0 at £=0 or &=n (2-37)

oG
»&_?}4“%@4: f«&l)—»?a ,é\,]su,g);‘rtn}}gg‘f 4k @;gﬁ '1,{',“*" | 1.
U R = & BT RISV T Y FIE R Py

IR HTREG T TG 0 R A G P 2 R R T 0l A (2-38)50 o gt
PR B AR F 2 e - R TS AR R L Q398 4 - P

7 (2-40) % T gh¥H AL B B iE 2 o

08¢
o _, at N=no (2-38)
on
86(])* 0 2-39
—= at £=0 or &=n -
o g g (2-39)
% * *
00 =-E,-r at n=0 and &=0 or n=0 (2-40)
HeE 543z 52 28 ri 2 oo & irim ra RS
1/2
- :C*(costhrcosé) (2-41)
X

B AR L2 LAY EH T p T e THrs et B B

F_*
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MoETE R R T e A PEH T B R EE > AR S A5 F R AT
fREA T TS F A G r»t@nj/énf@a FoRAP i R EF RjAS A kA

nZ T EE > o X FITHET it R AR T A6 P EAHLE S e

B E[2-38): ] i ®EE T B REE AR S A5 T AT
og’
£ =0 at n=no (2-42)
o

LEBRafrETEA G EREER LT
gj =—-0¢ at n=0 and &=0 or n=0 (2-43)
AL R R R AL R

ag}‘
o€

=0 at £=0 or &=nt (2-44)

W mF S AN 2R R o AP - BUMEE S L - TR -

# & Ui # o 1345 Happel(S1)F ¥ 45 Lk g il gl SRR e E A R
i% * 5 = 483 ;% (kinematical 2 dynamical) :

(v-U)n=0 kinematical condition (2-45)

(v-U)-s=0 dynamical condition (2-46)

FARL D HE SRS ToE Fp 2 R TR S T R

*) ok a\ll* C*2 . . *

vy =—o U —— =——sinsinhnU at n=no (2-47)
2 on  x°

nﬁ;’@‘_%f@%,zu&l%};*fi%;ﬁlfh » F¥T & o A

v =0 w__, at =0 (2-48)
o

v _ _

2 -0 at n=0 and £&=0 (2-49)

Pt R T Lo S

v =0 -%é:o at £=0 or £=n (2-50)

23



He o =c'sing/xm U =U/(kT/ez,) ¢/ pa

2. FZE D RFHIFLLARS

(22
h\
>

RIF SRR RN A RS R o F S0 it AP et s
Hw A LT ARERFHE - TR AR R B ARP - B d 3 S

J_:E mﬁg ii—m@“’ e ‘ii@?g [ ri li_ f“l*\‘ 'FB :‘L’-“lg}‘%’ T - ‘}“‘J’F% °

(2-15)5% 4 g h AT Bk i > @R DR T S 4 oo AL b (TR

PR RRR R A R T HR G T RHT A G S R AR

o
B

VIR R E B R AR K e R eE R B TR A B M 2R i
LR S IR S ERNE AL ST R IEE L EALES S X

HPABER(2-15)F B EE 2 o BRDARVIE T @
VZ(34E,) =V 9-V¢, (2-51)
B (2-1)38 ~ (2-1D)5% ~ 22(2-16)5% % » (2-51) > B2 7 12 18 5
V*(8¢E,)
_szenjo

:O

i S 2-52
Efbe)—( —E(be) (2-52)

Hft e froix iz 3

)
—‘I’:o, n=n, (2-53)
on
S¢=—E. -r, n=0 (2-54)
o8¢
PV _0, e=o, 2-55
% E=0,m (2-55)
=0, N> (2-56)

24



L2 % - BEMEEARRFMIVIEGEM 4T Bl )t

-

W ZaRF2e VIR RFAVTTELGEE 5 BEREERED T H
drcdk D@ R Z B R EE LR Rk S AL 1R 015 (2-26)58 B RE A ¢
b R HA G RLP UL B R -
i 2% > APEQRI3)ABERE V2 RS B E
Vx(uV?v) =V x(pV) =0 (2-57)

oo B 2D ey de RAL 0 AP Y f 5] TR SRR S K Al P o B

BTk T > HovA Sz & S G

2

v, = o (2-58)
¢ sing o0&
_ 2

Vo= —— v (2-59)
¢ sing on

B(2-15)5 5~ pENEERAT 0 £ 7 - e (2-28) ~ (2-29)7% K~ (2-27) AT 5 Hom

2P E A7 2% Appendix B s & {87 17 ¢
g4y - Xsin&(dp 06 _ op o6 (2-60)
cu \ogon ondg
HY FE 3 E4m£%i )
2 A2 2 : _
B4 _p2p2: pro Xl 0 4 0 4 smhni+1 cos;coshni (2-61)
on o€, X Oon Xsin & g

FH-F O AKRZEROA BREREA BRI RS EHLET RBARIETT o

XA GEAL R &L o IR P IR R B A T R R R P

hena oo A RN (2-30) 0 AFTF AR HEA 1 fes S

E4y(© = X Sl(r;)?v (@@ _ @@) (2-62)

0g on  oOn o&
Ery® =0 (2-63)
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PR TORNORE 3 LR LRV S F R S el S8

SEnE CF T SRV S $ 2 L £ S EenE TF T V-3
MY FARIREATREE AR &2 ENQR60)NT A A R R R

L sk sk 42 o
ﬁ;‘i e m(mflﬂfé’\ I ©

WA RN BRiEE AP g - BRMkLE - TEN-RU

## o 95 Wacholder and Weihs[47]47 &1 » it if & & 4 dif B

0@ —Uy-i, =0 (2-64)
MOBFR (2-65)
0@ —vy-i, =v? i, (2-66)
7D = © (2-67)
HY THEBEn -t 42 TERFL2G i 22 2> (g WAk

1~ 073 ®) ) FRERBEG -~ (R A S A TIRFPMIN IMFE R AE
R g PR R ARG et o N (2-64)8 S (2-65) P T R AT R
Ao2p a2 gpd el a FARFAIPAAFAT RN 0 K
F2-66)k £ 2B d p g R NQ-67)R R ik *7 i 4 (tangential stress
component)i 4§ o @ 345 Happel &2 Brenner[51]:#-14 F w B8 B i% i fg 3 & Jsn
Sifie 2 IR AR T A

y(© =_71@2U s at =1y (2-68)

y® =

0 at =70 (2-69)
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oy (e) oy (i) 02

on on 3 —-sin &smh nU rat n=ny (2-70)
X
Tpg =g 73t M=o @71)

#P o=csing/x » * & L2 KT Y x =coshn—cosE ; @ FEIREET
A T A G

3 a2“!0)_ 3 a2y®

A0 0. c3sine 8% sing on? (2-72)
"ne N xz(l+sin2 é—cosicoshn)+i 6\|1(i) _3x2 sinh n 6w(i)
¢ sin? 3 3| % ¢? sing N

3 62W(e)_ 3 o%y©

X
NONENCY ¢? sin & 8?,2 ¢? sin & 6n2 (2-73)
"ne N xz(l+sin2 é—cosécoshn)Jrﬁ oy© _3x2 sinhn oy (©

¢ sin? & 3| o 3 sing  On
b AR IReiE R A 5 i
*(1) .
a";— =0y D=0 when N> (2-74)
n

—>0 at n=0 and £=0 (2-75)

PR EET LT S

(e)
\p(e)zo,‘a‘"a—gzo at £=0 and £=n (2-76)

Bofe o SRR AT T S 7 F U (no-slip)s@ B ik 2 o v
Vi = 0 at n=0 (2-77)

V§=O at n=0 (2-78)
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v©=0 at n=0 (2-79)
(e)
N0 a n=0 (2-80)
o

3> w2 EF A 2w R A AN R ER . o uiE
FEFIR I e TV R R LR FI T - PR R L e
SR RN SE S T S A R RGN BT - E L eANE =2 A T

W2 A Fr S AR IR A R E N IR R ¢ IRehAs N

1530 (2-16) » L b IRT PR IB R e T T EET o AR S
V2, = (ka)” b (2-81)

, 2] A2 2 _ :
v X 0 N 0 +cosF,coshn 10 sinhn 0 (2-82)

RS xsin§ 06  x on

* 2 2Lz Ny Ly 2 » e P . A% au 2= 2. 7 24 2 > g 'z
o M & & F]H I SN TGER g BEL T R A R TR Rl HAT O
3 SRRV IETE Sl NG UL SR - A s TU AR o

-1
g Tl #H o X 7 Bk & A& 5 (Debye length), K~ » @ # if]#(inversed Debye

length) K 2 77 4o
2 1/2
K:{ano(ezj)z/ng}
a (2-83)
A AP R A A LR B SRR N IR F R R 2 R
IR A A m b oo TR N IR R DT R A g A2t
V2. =0 (2-84)

28



ERTY S oEUETS St

de =1 at n=m, (2-85)
e =0 at n=0 (2-86)
Be _ g £=0,n (2-87)
o8
e =0 at M- o0 (2-88)
§79(2-52) R F ISR P RenE F A 8 R AT B S
%2 *
V769 )=0 (2-89)
HeFEIV 22 EF0e(Q2-82)% o PRS2 B RhiEE s
*
B0 _¢ at n=n, (2-90)
on
8¢ =—E, -r at =0 (2-91)
064"
RO _ o at e=0x (2-92)
g
8¢ =0 at N> (2-93)

FUE 58 (2-62) 8 3% (2-63) » % i *H VLR GF P PR T RS AN T A

T
E*4\|]*(e) _ —(Ka)2 XSl:l&v; a(l)e aS(I) . a(l)e aS(I) (2_94)
c o on on ok
By W =0 (2-95)
;E_! ¢
E*4 _ E*ZE*Z (2_96)
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2 2[ A2 2 _ .
E :% 62+ 82+1 cos.fcoshni_'_smhni
STL0ET on xsiné& o0& x Oon
r_ﬁ 5\: (2'68) _\‘ (2 71)m/]>? /‘-‘r \34 '/ i%‘é ﬁ I’-O- li. 7 ¥ FI é‘ .
W*(e) = %IQ)*ZU* at n=ng
v =0 at n=n,
*(e) *(1) *2 N
v _v =% gin2 EsinhnU at m=ng
on om X3
o _ ) —
Ty =Tng AL M=To
@ P “b & F)=0 shear stress n;(é) . n;(g) FR
3 o2yt K3 92y

oy _ o ¢3sing g2 ¢Psing

()

3x2 sinhn 6w*(i)

*
C3

sin§

on

3x 2 sinhm oy ©

T —y
n ' N (l+s1n E— cosécosh n)+ oy
¢ sin? & 3| ot
K 82y"@ ) N )
e ¢3sing 082 sing  on?
n N 2(1+s1n &E— cos&coshn)Jr oy *©)
¢ sin é 3 g

*
C3

ook AR 1}? po3R m_§ g i st (2-74)t8 3] :

() y
Ny, v M =0 when n— o
on

BB RERiEE L

\V*(e)
r2

—>0 at n=0 and £=0

mﬂ';ﬁu.ﬁ;théﬁlnii LN TN
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sin §

on

(2-97)

(2-98)

(2-99)

(2-100)

(2-101)

(2-102)

(2-103)

(2-104)

(2-105)



. *(e)
\y@)=o,§%g—=0a1§=0am1a=o (2-106)

Bfs o TH P RiERs b

v ® =0 at n=0 (2-107)
*(e)

a% =0 at n=0 (2-108)
n

2. FoE HALTHEET THREIEL TARG

Bid o AR EPBTH A N T T L0E 0 H RN P
*(2-21)N B AR RfE 0 T WD SE E P R PRI o F) PR E R AT T eh T i

Tt ARG

2o (@) et abed ]
Ve = (1+—a)¢r[(e e )] (2-109)

AR T = NS0T G

2 * *
V26¢* = V2¢* _V2¢: _ _&[(n’f _n;)_(e_d)rd)e _e%rde ) (2-110)
(I+ o),

Bk g AT DV VI VI oy o eF R g e
Y AR T ERT A G
V2g) 0,V 05 Vgl =Pepy” (Vs + V80" +V g]) Q-111)
+, (V80" +V gl Vgl
V2g5 — 0, V¥ 05 - V¥g5 =Peyy® - (Vo5 +V*80% +V g3) (2-112)
— 0, (V30  +V g}) -V gh

N ENRLTE Sl Al
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B4yt - (Ka)2 xsin&

(I+a) ¢
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[\
1
W
Eﬂ
pt
(;;'
P
1‘.
b
\_.
o

v

#9% O’Brien and White[9]2. 2% F]1 5 % - £ &2 % = £ > B30 0 % &
Sp S AR SC 0 AP LR SR A A 2 A B+ I 4T (sub-problem) k F o % -
B+ R 3 (1207 @A Problem 1) 2 A4+ 2 & > LR REAR L T h 4 T HEH
5= B+ AL (T f AL Problem 2) G AERF A hAe RHHIET T 4p
AT ME S o i e R H 2 2 FARTEY S PR BN fRaiidee @ B EAL
ReNE A BRAF LG PAX PR A T EF AP s u g

BB R AEpEE 0 H iR S48 5 R LR AT 2

3
P TN N N 2 v * U *,‘ , I R TN TN I
AFI 2 TARRZ A Upy=— U REL TS anB g R E
EZ
*" L 7 2
E o Fai dafbi  BPFRAhs Hef TR e R «a

O’Brien and White[9] » § S P #-F s sia f2=a B+ P3P > & Problem1 # >

R

-~

F, =fE, (2-114)

! */A .« - R L B < s Y be s 7
B¢ fileE, 24 ;@ f Problem 2 ¥ » A F rIF2Z B4 F2 L F, 0 B S

F, =f,U" (2-115)
—,t': v féﬁU*ﬁ\Fﬁg °’§/l /H;!i Iu'hpi: d 4 I g_?‘?i'r"l %‘&‘ff’:‘% ; 9 E:'FF1+F2 =O ’

BIT 0 F 2 & Fl% i T id B S

Ut
Up=—=-1 (2-116)
Ez f2

d%“flb'*E JaF5§~f2 U’ A5 E oA PREuBEU =11z Ezzl,
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- iéf{:Fl . fézeAv\‘%'JPi%l Problem I ~ Problem 2 0 & 4 o4& 3 2. » N &

AP TS B RSB o T 5 (2-116)0 DR F T AE R

FARTAER 2 53 E w3032 84 L F 0 2970 A5 APER

g d b2 4 T UL AT A Fe e v 4 Fp,o B AT AT

Fy, = 21 o(-V$)3s (2-117)
0
T 28 Ely 5 b
Fp =mtjoo ———3s— njco p—03s (2-118)
z 0 on @2 0 0s

-

HPoaRF2m TR 2R Ge(-Vo)i,  nditipFte d g f

#. 77 = 0S=2nwds > H FwmiwFiEf v 2 £ Appendix C »

*

, =27 I—%&b (1-coshncosg)—— % —sinhmsin§—— o’ dg (2-119)
on on oG

T

=n[-0" a £ “’ dE + (ia)? j—sm Eor 4’& de (2-120)
0

APl B B REAT > AP R BB PR A G TR B4 el

FATA R E RS I AR

* * * .

Fi = (FEZ +Fp, )problemi =fi' ’(1 = 1,2) (2-121)
PR R A T RHTITIQ121)R  x Q-116)3 b 113 B T
4o(2-122) 5% ¢

Y (Fe, + Fpy,
! E D
UTn _ U* _ -L *Z >X<Z problem 1 2-112)
E, 2 (FEZ +Fp, )problemZ
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d T ARG Z AP BN - B2 Ry AR BlE D 2 auE R
A g 0 % fe % (Orthogonal collocation method) &% f-2. & i % ¥ %
(Pseudospectral method) % d® o i+ R fie =2 3037 & RFR X P LA 2 d 30 H
VAR AT > EERG EmE A BB RG LB P
Ao BEFIRYIIPpEFEIFE AP E IR - B 3 RS A 3
YA PRY BEAE - B S - & Rk 5(Orthogonal coordinate) » 5 ifE P&

bt(Mapping)2- 6 7 1 a3t B ®¥F H - BT 0 i@t DRIFZEAAFEE o A

N

TV M ATEDLRR

o

wikehh A RIL L Bt [52,53]
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3-1 3

P
=i
cll
E-\
N+

feii2 AR Z N P - A2 3o e iE X fEG Bk FE oA A2
#_12 Chebyshev polynomial & f & et 2 fie /2 T2 A2 & e 27 7 0L
A_4v 18 #1472 (Method of weighted residuals, MWR) - fd o i@ * MWRBL & (3%
% ¥ 3 I f(Trial function)fr:# 5% & #e(Test function) » &5k & fics R 5T
(Weighting function) o ™ ¥ 2 S Hcif 5 — R F 2 BT B il A
#c s @ REE SHh) {%ﬁ 3 4 Hc(Residual) B | 1% Rrg T ETHE BV E_F BT~
47N e ffie 3 ¢ iRk Sl 5 T # deltad #i(Shift delta function)d(x-x;) & & — 4

w]erfe ¥ 2h(Collocation points)x; F » fizi®iT/2 ¥ > & Jf e fic y BhF AA#ECS R oo

chjg‘/z{ {:ﬁ’-?\z & F\ Z_ f{fg‘; x:lrgtll 'g ;f,k:lrgt)g E’;ﬂ ’ _;Fl_ N flé,bji‘ﬁ/ \:lrgt? ‘a f—;
N
un(x)= Xagdi(x) (3-1)
k=0
BV gpa P RFPN - 2 >0 2 Sfich (Complete set of orthogonal function) e i
M E Y 2 (3-1)7% 0 &N+l Bl gkt o s A A Ec(Resival) 5 F oo Bt #TE)
cfie § BEWE - ot B REL 2 R vt E - wenidk e o A f
2. G fel Bho fre
N
u(xj)= Y agdy(x;) (3-2)
k=0
He X % b'%i%fﬁ’».’fﬁﬁ’n%_%@ ’ u(Xj) % E’iﬂ_%_,%_hxjj S fciE o AR BN+ B

Al d (3-1)32 (328 T @

N
uN ()= 2 ux)a() (3-3)
z

qj(x) & $ &> Fe B Bhp 46§ 5 5% (Interpolation polynomial) » v £2 3 B~ chfie §

Benin B R AR OB RS HCE AP o d MO H B BReniE B ) I S 3E SN ende

36



e T oo

AF B[-1,1]] 22 N =t & = % 38 ;% (Orthogonal polynomial) » B~H — = jigs &
R AT e b1l A ERE T N+l BAe R B iBfE 2 eniE Boanfe B OBRAL S
Lobbato points © ##7 3 12 Chebyshev % 3 ;i3 N % %7 ;¢ ¢

Ty (x) =cos(Ncos™ (x)) (3-4)

F]2t ¥+ &>t Chebyshev polynomial :fe % 8 > 7# f 5 Chebyshev-Gauss-Lobatto

oo H & Ve -

= cos[%jj (3-5)

$HI3 STE B B MR 36 5 T 2

1-x)T (x)(=1)"
qj(x):( )2N( )= (3-6)
N (x —x;)
H
2, j=0N

c,= , G-7)

L 1=j<N-1
LE R peii b1, +1]% B P - A B 4 7 3

FREFu)DE S B F RPN S I A o (3-3) S HxITAAK

x o PlA A
duy(x) N d*q;(x)

o — 2 uxj) n (3-8)

dy j=0 dx

bk A EEI O el Bhx=x ks B BT OB 40T

dfun(x)) N d*q;(x))

Tk E )T

dx j=0 dx (3-9)

N
= ¥ D{u(xj); 1=0,.,N
j=0

2o D%‘ﬁ TE - RN A fle i A B A k=1,234 A u R A - S = s
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R B = ) A SA LA

d b E @ KAEES Lv e - i Ak 2 s Bt h
Y

2 #r 47 i (Discretization) :

d
d—y(uN>z<D§))1j<D (3-10)

2 Py =0 (xp) > @ =[utxe)uxp), e ux)]”

FH(3-6)78 5 v 2 @ 5] - = A 2t (D)) 5m 377 5% (Explicit form) :

C_i—(_l)i+j i#]
Cj Xi_xj
_X-
—12 1<i=j<N-1
1 2(1-x
@y =120 =x) (3-11)
NP+l o
6
2
_2N6+1 N

ILE 2 fe iz -1,41]% B P che el &4 7 &
- B = 2K R 4E(Boundary value problem)(4r 4 = ¥ #7iF * 4R 5
- Z MR EFL L ) 0 7 I A 3 2 (Separation of variables) o H#-= %

$cr2 Chebyshev % 78 ;% e %7 % #icE B (Double truncated series expansion) :

N M
W:WNM(Xa y)= 2 zaann(X)Tm(Y) (3-12)
n=1 m=0
P pEX yr e ® MEET R J‘Ebgt(Order)_'rh’Z BN A3 e i AREBD ﬁ’“rﬁmﬁb

BEko Hoe w5 (X)) ¢

TC.
X. = cos(— 1=0,----- ,N 3-13
i (N) (3-13)

TT.
= cos(=i =0, M 3-14
Yi (M) ] (3-14)
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e* R feiniE fs 0 v
N M
YNM (X4, ¥i) = 2 Zany Ty (X)) Ty (v4) (3-15)

i=1j=0

bR R AR R - - MR HEIX S w R y S e RSk S R e & kT

02 Aot — K BREFEE S mAN T B A

fam (X, y) = ZZfNM (Xi’Yi)qi(X)qj(Y) (3-16)

i=1 j=0

Ao xH o ANFFET 0~ y? m A MBI 0 qi(x) 5 X7 o a0 46 5 3855 0 ()
By ehp dE SR

(1-x%)Tx ()1
CiNZ(X - Xi)

qi(x) = =0, N (3-17)

(1 -y Ty ()1
CjMz(y_Yj)

qj(x) = J=0,0eeee .M (3-18)

FRUBMARE  RIHE S 2PN AN T RS o blde 0 TR X

S E A -

of , N M aq;
mx:y) > 3 fam (x5 y) = q;(y) (3-19)
ox i=1j=0 ox

MUEE I - s B i R s - iR s B

{a(pﬂ)fNM (x, Y)J
p T
Ox"0y X=X}, Y=Y

0Pq; (xy) 0 (1)

N M
=2 2 fam(Xi»yi)

(3-20)
i=1j=0 oxP oy"
N M
= 21 'Zo Pam Ef;})fNM (Xi»¥i)
i=lj=

AFmECEIE b - RikhAs B PNMS{;) » {;*g:g_ A G 2 AR hie
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3-2 3 B P st

—HA T APEIR BN FI A - T AN-1D 1A b itd ik
AEESHFFAPRE PR FEIPRE AR D L2 B Fp R A E R
IRy B SR e ¥ AR R A R, T

H

AL FER A A pehy B s o

W KA - @A hy @ U - LA R B (e A PR Y oD
B AT g Uy B AR E Y G RE R AT o Fp h e ¥ RE bt
ZRERS TR - R ek S o R AR S R DR R R

0<nN<ng, 0<E<m > B 7 WM RN 3

No nNo
=X+ — 3-21
n ) ) ( )
T TT
_ n 3-22
& 2}’ 5 ( )

ARE R IR S ng SN<oo, 0SEST 0 AiEAR G Pkt g T
N — o0 cFE o @ AT E AP EE(2-55)58 FI(2-84)50 o A AR P IRF E L
BHAFRGFEERET LR n=ng 0t BAFRFLE=0 E=n~END>0= B
B g L AR oo i R e G j(2-55) ~ (2-60) ~ (2-70) ~ £
(2-7D)m 838 ¥ g o B AP BRI - B 2Rl AR A 2 g (2-70)
BQIDF 2 AHE R G HR A RS AL R R(T) SR
ERHD S RIFEFEL 33 ZARAAP LY G 0 ok AP R R L

BITH - AREHAN L7 plicE P E DT At QR R AR R
el g b 5 0 4o T A - B A drw > AP A En=1In, 7 2 n=2In, i A

PaEfin? winkgh s HEINEFEAEDRE
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n/n, g zlc ylc

11 0 1-000033 0

11 0-174533 1-000033 5-8E-06
11 0-349066 1-000031 1-14E-05
11 0-523599 1-000029 1-67E-05
11 0-698132 1-000026 2-15E-05
11 0-785398 1-000024 2-36E-05
11 0-872665 1-000021 2-56E-05
11 0-959931 1-000019 2-74E-05
11 1-047198 1-000017 2-89E-05
11 1-22173 1-000011 3-14E-05
11 1-396263 1-000006 3-29E-05
11 1-570796 1 3-34E-05

Table 1 The values of polar coordinates (y/c, z/c) calculated from bipolar coordinates

(n.&) when n=1In,

n/n, € zlc ylc
21 0 1 0
21 0-174533 1 2-63E-10
21 0-349066 1 5-19E-10
21 0-523599 1 7-58E-10
21 0-698132 1 9-75E-10
21 0-785398 1 1-07E-09
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21 0-872665 1 1-16E-09
21 0-959931 1 1-24E-09
21 1-047198 1 1-31E-09
21 1-22173 1 1-43E-09
21 1-396263 1 1-49E-09
21 1-570796 1 1-52E-09

Table 2 The values of polar coordinates (y/c, z/c) calculated from bipolar coordinates

(n.€) when n=2In,

g0 R R T IR B 5 A ARk Beeni e BT B dp i 70 5
E M >N B R A R SRR AL o (yie, ZOFR I I o S
% ylo AT R AR (at y =0 =z $HLR) > S AR T ARA P B =210,
LA A U R U S S LR

Mo SN<2In,, 0<SE<m > H 7 PR R0 5 ¢

n=10n,x+11n, (3-23)
T T

=—y+— 3-24

E=Y+7 (3-24)

SErL s JO3E A R TR AR B T e B (5

0_0m_m 9

o _ (3-25)
ox onox 2 0n

o _ [mj o (3-26)
ox" (2) on
0 _0%& _md (3-27)
oy 08dy 20k

o" _ (Ej 0 (3-28)
ayn 2 8&1’1
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bR AEE S AN R T e

9 _0M 1oy 2 (3-29)
ox  on ox 8
" . 0"

- (10 3-30
ox" ( 110) o' ( )
0 _00_nd (3-31)
oy 0Edy 2 &
0 =(E) 0 (3-32)
oyt \2) e

KRR ABIPE WY EE T 0 2L B ARTT .
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3-3 % ?rﬁ?ﬁil’p" {E-’»M&.

BRF RS MU R RN AR AP RE A BE- DR
E SRR o F o AR P B B OR R GE 7 AR B 4 2] (Domain
Decomposition) = & i % & [52] > ~ TI%L—E\&“ AR F kS P oy e R 2 0
Fooo MTE AR - 0B PR A B AR 5 BRI AR A B 0T o

+ & — Helmholtz = 42.5¢ :

Vo-f($p)=0, a<x<c (3-33)

TR PRGBS H A RIS B R R R a<x<b @ R

Eb<x<c: PR *(3-33)\F & {35

20— = <x<
(a0 bone
APE LB D GRS 0 BIA R )
Lo, —F$; =0 (3-35)
X
(L —F;)o; =0 (3-36)

B L AVEE F ifiesBLa F 4 Sl chiifice't o @ (3-36)5 7 11 B =&
)
L11 _F11 L12 _Flz Ll,N+1 _FI,N+1 ¢l 0
' =| (3-37)

L., —F

N+1,1

L

N+1,1 N+L,N+1 FN+1,N+1 ¢N+1

2 HEAPRN FEN FAELREL AR T c BREFAEFLS LA R
BEdz g B9 fplo- gL vt B fs - BLEPN Rings - Bipt o BB
ER S Rha BB et R BEEF e S B E ARG h Al E
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o A Y A A s U A A BB R 2

Outside region 0

Inside region

Fig.3 Combination of two derivative matrices
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3-4 A pAEd ik

bRy P o TEET = Jf L H R {2 Poisson-Boltzmann * 423% o @ 5 7
» iF Jﬂz FF L HE - Ag 4 L2 (Newton-Raphson
iteration scheme) o # % Fj2 4R BEL(x) =0 P » 3t — S BBH > 8a 17—

G RIE ok Y BF el E - o F AP A - T - 2 E[65]

F A E - B FX)=0 A T 4eBlw 77 0 BeSdic F fx Aun M 2 x

%ﬂ;/\ Xr+1 ’ -ﬁ_ B’\&’ﬁié‘xrﬂ Eﬁlf%ﬁli X%%& Xr+2 °
2 B EEM AN G
F

X, =X, ———

r+1 T dF (3_38)
&)

ERx, ALk, LA

%X
jnd
o

\

Xr+1 Xr
-

Fig.4 Newton-Raphson method for one dependent variable
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A0 n iE o 250
F(x)=F(x x,,-,x,)=0i=1~n (3-39)
K3 S AR AR LT S S
0(x, )8, = —F(x,) (3-40)
He
905) = Fy(x,) =0 = (3-41)
J
F(x,) =[F (x,),F,(x,),-+.F, (x )I" (3-42)
O =Xy —Xy,X, = [xm,xzo,---,xno]T (3-43)

THRk R AE kSt e B R R A e o R i B

v

RER el c - 21 S A

Y

I F]

FA P R(338) 8 B 5 LA B e

AT (344 2 BH L BT A T  H
-SRI AR,

A AX=B7 Z 41304

kS A

B LB

%’ﬁd B IS 7 R IPE S

740 #H{2-51)58 1 (3-38) N e SN E B

‘3 ?f\lﬁ‘g’_" —}"\? :Z. IE’ 4

» g

FRis#e sr2 38 B

47

”

_Iag—ﬁ

5

-
‘ ~

B B R

RIE #ox, B r x E413 8

# (Gauss elimination method) %f%x,,, *

_@ ﬂ ﬁ_ _Xl(k+1) _Xlk F -
axl 8X2 aXn 1
Xy ~ Xk F,
OF, OF, OF, . . i
ox; ox, ok, || : (3-44)
aFn aFn aFn Xn-ik+1) — Xm-nk n-1
_axl 0X, Ox | Xnk+) ~ Xk E, |

R f% Poisson-Boltzmann ~* #2;% > F(2-51)



v (¢T(k+1) - (I)Tk) - (Ka)z ((I)T(k+l) - (I)Tk )=0 (3-45)
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3-5 Qyfires)

* < 31 & § 2 Chebyshev % 3858 5 A KR eht Qe iz 72 #7F »m - 5
BNE AL AERFY 2 N - A TR I FANFAL S S
BAFE A LR R BAF AL T R FIARF BREOE T kv P il

At o g nE E fEd-Sfict Chebyshev F BN EREFF L > W

1 1| X N 1
Lf(x)dx = jl[z a,T, (X)dx} =>(a, L T, (x)dx) (3-46)
k=0 k=0
H? T, (x)5 k = Chebyshev % 38 ;% » 2 % & F ;%(3-4) o % — S #c/? Chebyshev

BRRHE GHET 4T A AeT SN

ay :iif(xj)pk(xj)wj (3-47)

Yk =0

¥+3% Chebyshev-Gauss-Lobatto ; m 3 H

Y =T (3-48)
. i=0,N

w,=12N (3-49)
T 1<j<N-1
N

Py (x;) = cos(x;) (3-50)

@ Chebyshev % 78 ;\ ¥ & =
1

T.00 = 5 Ten 00 =55 T (3-51)
(AT A T G
1 1
[ To(xdx = a0 2(k T (3-52)

-F'— ;1.5.(3_4);& AN EIIJ

1—cos((k+D)m) 1-cos((k-1)m)
2(k+1) 2(k-1)

[ T (x)dx = (3-53)
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AEfgTFeEdis T et 8584%

AT AP G R RERF DT AERTFARBEFL LS 25 7 AL
THEL ARt o R H T A e df 2 AR50 o gl B AR O TR R
JPE S AT AR S fr o d 303 fr N L e P H R R RS B
B P RS AL R § e e B AT T R ) fh et AR5 Al b A A
BRSBTS AU AR L AR BT RS - RUER o R A
A THET AT A B e T fRRATARR D 208 PIT A B AT R (T
RHche) M THFR (T REOP) R RS (TR PR AR

T s o

1. _If;,-"%'er
THFT AR G - 2 A P AR T el U R E R - 2 - TR
g § B g RS AP er e d 2 h A o B 4-1(a) 2 (b) A

H_tka=0.01 11 2 ka=3.98 2 T R =4 (o ] 4-1(b)¢ AT L f BT D

kT

A 5 - $HAL < M R 0 B Bl 4-1(a)¢ T HRT A G R4 2

o

Al o d BP fP BT UFN TETCHACETERLALE L
Hood MamE A AT R A SR DEHO W hkaf) pEiz o T A
BRESE - m B ERE <3S LG JET E SRR RIT A AR g X DT h
FBa A R LT HET s G L FRER YR T A G IET

PREAER 0 TR TR £ T2 B T R s PO S A 2

ERAE RFHIF DT A G T f I ARGk <@ HA PG T
g B E S AP R G T AR R agiE- B o T 46 T

fj_%”ifgéc ' @ g¢ej~;,z g»}; ArEEIL S @ Mrﬁﬁid)eiﬁiﬁiifﬁ?? Rz I RTINS



1L 3%

Bl 4-2 L & F1% 1 A5 T 910 B RAT- 2 R HA G (y) 0 (a)fe(b)A o
¥ Fxa=0.01 % ka=3.98 pF ;5 o B LI JL'E RHEA WL 0 R - P
A LR 3 - R AU P E o Tl F @ doa Rl @R A B

B

TR E] A s o g S B B S - R AR i o £ R 7

-

FREE DR RART AR d Y T IR AR B gk

\F‘b

mEED
Bl 4-3 Pl E g F]X it £ 5 T 2¢~=1.0 FRFREZ- 2734 () » (a)fr(b)~
b ¥ xa=0.01 % ka=3.98 PFefia) o R i'g s mEE R oo d YR RS

Pk 2 Ea A n s Bl T L 2 ER L et A aiEd o HR

BERed P2 e TER AT 2 o L RAPT g4
T REREEROEEE ARG TR BT AR TR RE L
L

(R AR T S MR IR RO L

HoABFTHADRE I NLT AR AERPIREXIIDR A L P FA

IIL % 4e § =

BRAE- BRI e R g2 S ndoG T RN F RIS & P

W BB o B KA PR 20 T 08 DR B R AR 4 T
FoAeW 45 6 0 d 0 de L RE REPITEER L e efeT R AR
S RSO R ST PR RN S PRSP U R L LN %8
B ehisldes = (ka) - 0t BB o T IR 4447 T B IR ER 0 T R
S BN g B e e T2 B o
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%

Aip- &P AP R b+ 0 TR fE2EM M4 2 Poisond 7 A2t A

“‘}

2o R T R4S AT RAF R RELETFPATF]T LG ©
T 0 & F 0 ad A (mobility)U/E $tka (T BI(H ¥ g0 chig— a5 32
i Boltzmann A #7182 &%) o KB P T g IR AR hkar] SPFE
TREATEALE  VPFEFOTAEERAG DA S - FEE o fhraik Bk
X R R SO o B RAR R R A e Vb BY T g M oa
Tt ERFAER AR AP T AR AR T A2 TS T
Hx o pfHEAPLERLI RS L7308 B 49 5B 48R iEETRI X
BA@EF-BIRE - D)EF S BIREF AR PFFQ) VAR oK
o REZAPRF S od WY S AeR A RAN R Lo T R By
PEPFER cARDST UG A R L RAFREANI LA R AR
AF R 525 % et D a4 §god 300 b 4 A5 /Y fRT A
R oehg it R F] e
B 4-10 2 S it g LT FAEFXL0 2T 0 BFX R AER

1

(mobility)U™/E $fka it ® > # # (ane=1.5~ (b)ne=2.0 > ¢ B ¥ ¥ 125 3] txcar| hps

\

%o AR feH 4840k o 3 LI T dp g PP TAE R AP LR o

~

fr
r*
Eir
ok}

kat Ao Fl? ARDcRI4-8 BT b erdf g o AARY g Ida

E=H

AT REHN T AR RO PP R A TR ARG ARG
FRR AT R Rl R DTIE Tk » TR R o FIT R R
V-3

YRR EE LY PR E W ER A RS E I

o

PIRTH ot - FFTHFERIM TS R I EF AR R AER
R AR 0 R AR RRRC] o

Apawd 224 kg o B 4-11 Fne=1.5 FE RS HralF B TR R4
A B 4-12 B Ene=2.0 PR $calF BT 4 Bl o F LA P g 24
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AT g PR AR 411 & 2R 412 A TR B g F A G Tt
AR AR B X AR RN R B 49 RF R AT R
PR B S E R R M FER LA S AT A R R VA PR o
LA Yl A N DA 'JF% e v 2 st RenF 8 d BlP woup &;Tm'ﬁ
MAfE AR PET AT P G T E N THEAR T AT <A
R4 o BERA TE R 413~ 4-15 PIE L K - B { ek A7
et o Wi BT B 4-15 fo B 4-16 SR AT ¢ ]k e At Az T A o -
e T AL OTRFEA G T AR PIATR R P NT A AR o e FlER Y sl ede
*PIE @ BET A TR
£ RAP G PATF o F IR T AR R DR - B 417 A7 R
#R BT R ke T T HngtH 0 BY P T 2F N hxa=1.0 BF o 8 Ene<L0
PO RO AR R frd e R AM o RERME S g AT T A R

PIR T 4pyg < ehpe s o
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(a)

(b)

0.01 (b)xa =3.98

=10 (a)xu=

tential(¢, ) for 7,



Fig. 4-2 The stream function profile in problem! for the case 7, =1.0 (a)xuz =0.01
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(b) xa = 3.98
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S—

Fig. 4-3 The stream function profile in problem2 for the case 7, =1.0 (a)xuz =0.01

(b) ka = 3.98
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Level FI8
14 -1.80514E-06
13 -5.03312E-06

= 379.50305E-06
///iM&lE-OS

3 ‘7710 -2.11665E-05
/// 72139E-05
. /Hjesgseos
7——=4.04507E-05

i // 6  -4.68358E-05
5  -5.06068E-05

. ———4  -545727E-05

3 -5.80261E-05
2 -6.34793E-05
o T -0.00024122

(@) y

Level FI8
15  0.000353533
14 -0.000509525
. 13 -0.00137258
12 -0.00223564
11 -0.0030987
10 -0.00396175
9 -0.00482481
-0.00568787
7 -0.00655093
6 -0.00741398
5 -0.00827704
4 -0.0091401
3 -0.0100032
2 -0.0108662
1 -0.0117293

(b)

Fig 4-4The potential function profile was related applied field in problem 1(¢n;") for
the case no=1.0, ¢~=1.0 and (a) ka=0.01 (b)xa=6.3
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Level FI8

14 -7.17501E-05
13 -0.000227267
12 -0.000405707
11  -0.000586421

-0.000734116
9 -0.000877319
N 8 -0.00102589

7 -0.0011779
-0.00126322

5 -0.00134897
- 4 -0.00140094
| 3 ,00144349
/3.00150004
2+ W0 1 -0.00390118
) : / /
9

:

l =
= 13—
| 13/
| R
(o) 4 —
0 1 2 3 4
(a) y
Level FI8
15 -0.0730326
14 -0.146069
L 13 -0.219105
| h 12 -0.292141
| 11 -0.365177
10 -0.438213
3F “. % 9 -0.511249
| 6. % 8 -0.584285
7 -0.657321
B 6 -0.730357
| 3 5 -0.803393
4 -0.876429
B 3 -0.949465
. d 2 -1.0225
1 -1.09554
N i
1 -
ok ; 4 4 f——
0 1 2 3 4
(b) y

Fig 4-5 The potential function profile was related applied field in problem 1((1)21*) for
the case no=1.0, ¢~=4.0 and (a) ka=0.01 (b)xa=6.3
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Level Fl4

15 -0.135
14 -0.377186
13 -0.619371
12 -0.861557
11—=1.10374
10 -1.34593
3 9 -1.58811
8 -1.8303
7 -2.07249
6—2.31467
5  -2.55686
T 2.79904
3 -3.04123
2 2 -3.28341
N 1 -3.5256
1
1
13-
15-
0 e
4
(@)
Level Fl4
15 -0.135
14 -0.377186
. 13 -0.619371
5 - 12 -0.861557
o 11 310374
o 10 -1.34593
3 9158811
| 8  -1.8303
7 -2.07249
- 6., 231467
i 5  -2.55686
4279904
i 3 -3.04123
2 7 3.28341
1 -35256
N i
B 11
11-
1 -
1.
B 13-
| 1
| 14 1
| 15
o= : : 4 ==
0 1 2 3 4
(b) y

Fig 4-6 The potential function profile was related applied field in problem 2((1)22*) for
the case no=1.0, ¢,~=1.0 and (a) ka=0.01 (b)xa=6.3
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Level Fl4

15 -0.135

14 -0.377186
13 -0.619371
12 -0.861557
11 -1.10374
10 -1.34593
-1.58811
-1.8303
-2.07249
-2.31467
-2.55686
=2.79904
-3.04123
-3.28341
-3.5256

= Nw & 0o N W

(@)

Level Fl4

15 -0.135

14 -0.377186
$3—-0.619371
12 -0.861557
1T -1.10374
10 -1.34593
-1.58811
-1.8303
-2.07249
-2.31467
-2.55686
-2.79904
-3.04123
-3.28341
-3.5256

AN(.\JJBLHCT\INLD

|

(b) y

Fig 4-7 The potential function profile was related applied field in problem 2(¢,,") for
the case no=1.0, ¢~=4.0 and (a) ka=0.01 (b)xa=6.3
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0.6
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E
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(@

Fig.4-8 Variation of scaled electrophortic mobility(U*/E*) as a function of inverse
double layer thickness(ka) at various scaled surface potential ¢, for the case when the
surface potential remain constant at unity and without polarization effect. Key a=1.0,

1’]():1.5
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-85

-8.55 |~

-8.6

-8.65 [~

(a)

6.5

4.5

o
o
AN L L Y L LA B B B

(b)

Fig.4-9 (a)Variation of total force in problem 1(f;) (b) Variation of total force in
problem 2(f,) as a function of inverse double layer thickness(ka) at various scaled
surface potential ¢, for the case when the surface potential remain constant at unity

and without polarization effect. Key a=1.0, 1p=2.0
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0.75
0.7
0.65
0.6
%50.55
0.5
0.45

0.4

/E
' L L L L L L O LU O ORI |

~H
)
=
(=}
o)
-
(@)
o)

( a) Ka

0.8
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*U\J 0.65
= 7 3.0

0.6

/ 4.0
0.55

' L [ L [ Y L I I BB |
N

\\l \\\\\l \\\\\l [
107 10™ 10°

(b) Ka

0.5

Fig.4-10 Variation of scaled electrophortic mobility(U*/E*) as a function of inverse
double layer thickness(ica) at various scaled surface potential ¢,. (a)ne=1.5 (b)ne=2.0
for the case when the surface potential remain constant at unity and with polarization
effect. Key a=1.0,Pe;=0.01,Pe,=0.01
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Fig.4-12 (a)Variation of total force in problem I1(f}) (b) Variation of total force in
problem 2(f,) as a function of inverse double layer thickness(ka) at various scaled
surface potential ¢, for the case when the surface potential remain constant at unity
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Fig.4-14 (a)Variation of electrical force induced by the imbalance charge density
distribution in problem 1(DEF;) (b) Variation of electrical force induced by the
imbalance charge density distribution in problem 2(DEF;) as a function of inverse
double layer thickness(ka) at various scaled surface potential ¢, for the case when the
surface potential remain constant at unity and with polarization effect. Key a=1.0,
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68



35

25

0.5

E
[any
4]
N EEEEE R U R B R R R R

-0.5

Ll l
10°

(@

40
35
30
25
20
15

10

E
| LLALLI [N AL LA N DL BLNLE A R

107

(b)

Fig.4-15 (a)Variation of electrical force in problem 1(E;) (b) Variation of electrical
force in problem 2(E;) as a function of inverse double layer thickness(ika) at various
scaled surface potential ¢, for the case when the surface potential remain constant at
unity and with polarization effect. Key a=1.0, no=1.5,Pe;=0.01,Pe,=0.01
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Fig.4-16 (a)Variation of electrical force in problem 1(E;) (b) Variation of electrical
force in problem 2(E;) as a function of inverse double layer thickness(ika) at various
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Fig. 5-1 Variation of scaled electrophortic mobility(U*/E*) as a function of inverse
double layer thickness(ia) at different scaled applied electric field (E = 1.0 to 5.0) for
the case when the surface potential remain constant at unity.
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Fig. 5-2 Variation of scaled electrophortic mobility(U*/E*) as a function of inverse
double layer thickness(ka) at various scaled applied electric field (E = 1.0 to 5.0) for
the case when the surface potential remain constant at unity.
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no \o 0 0.5 1 10 100
0.5 18.62316 | 24.62838 | 28907 | 47.8126 | 54.5581
1 822184 | 10.66268 | 1214115 | 16.86964 | 18.06295
1.5 591304 | 7.370767 | 8.236236 | 1045062 | 109615
2 500036 | 6.06578 6.6335 | 8123695 | 8.4383
25 455788 | 5.43989 5.3963 70632 | 7.3025
3 43204 | 5110093 | 55121 6523 | 672641

Table 1 Drag force (F /m ratio) for the fluid sphere

with different ny and o

APDEEN =10 =10 #f2 4 5 HizieiE 5 12141151 > @ &%

ERGIE eSS I e p) Q2 S

wHa(exn)| grieiE | EEfE | FL(100%)
21X46=966 12.14115 12.17125 0.24792
21X76=1596 12.14115 12.15025 0.07495
26X76=1972 12.14115 12.14726 0.05032

Table 2 Drag force (F /m ratio) for the fluid sphere

with different ny and o

Ho (Exm)f 2 BcF A 4355 b e e Bhiic 1 21x46 5 6> T AE S 9 d
B AEE=nd 3 5t 20 BRE B E=0>F thd jRiF P 250 =21n, F
G e b P45 PR BEFIn =0 o e Ry BFF S5 KT B 6-1 B 6-2 -
Bl 6-3 o @ filt dow AT LR AP AN b R REPT S g A
RABEfErg L L pd ok P Y REEERZEY F AU A

W R 26X 76 G AP e i o
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FRCITNOEHHIRPIHRAT I FLAEET R T UFFFIAR Y 0 I

Tt RH R HT R T AN ST R A

053100 2. FFfg ;N8B 257 5 R %F o

gy
o T | e ffil’gg;;;
0.5 28.907 | 28.90628 | 0.00249075
1 12.14115 | 12.14712} 0.04921115
1.5 8.236236 | 8.238643 | 0.02922451
2 6.6335 | 6.686423 | 0.79781413
2.5 5.8963 | 5.9568 | 1.0260719
3 55121 | 5.56999 | 1.05023494

Table 3-1 Drag force (F/m ratio) for the fluid sphere

with 6=1.0 and different n

N poe o, | THENREGE
o EJ%?F’?EJ% Qﬁr}j EJ% (100%)
0 8.22184 | 8.68154 | 5.59120586
0.5 10.66268 | 10.69016 | 0.25770257
1 12.14115 | 12.14712 | 0.04921115
10 16.86964 | 16.87936 | 0.05762042
100 18.06295 | 18.10583 | 0.23739978

Table 3-2 Drag force (F /n ratio) for the solid plane

with ng =1.0 and different &
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Fig. 6-1 The system mesh for 21x46 grids (a) Total view (b) Zoom-in
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Fig. 6-5 The stream function profile in problem 2(y,") for the case 1p=1.0,6=1.0,
and (a) ka=0.01 (b)xa=7.943
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Fig. 6-6 The stream function profile in problem 1(\V1*) for the case np=1.0,6=1.0,
and (a) ka=0.01 (b)xa=7.943
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Fig. 6-8 Variation of scaled electrophortic mobility (U*/E*) as a function of inverse

double layer thickness (ka) at various o for the case when the surface potential

remains constant and low. Dash line: hard spherical particle. Key ny=1.0, Pe;=0.01,

Pe,=0.01
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Fig. 6-10 Variation of electric force induced by the charged particle in problem 1(E;)
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remains constant and low. Key o =1.0, Pe;=0.01, Pe,=0.01
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1945 Happel and Brenner 3 » enfg A v (FH e i 5 5 4o

A.1.1 ¥ R i& B 3 (operator of gradient V)

\% =i1hlai+izhzi+i3h3i (A-Z)

q, aq, aq;
A.1.2 $7 R & & 3 (operator of divergence \% V)

Vov=ihh| 2 ( ! j+ 0 (Vz j+ 0 [“ J (A-3)
oq, \ hyh, oq, \ hsh, oq; \ hh,

A.1.3 * R iB¥ + (operator of curl Vxy)
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z=2(91,92), P=pq1,92), P=4q3 (A-8)
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Appendix B
e el bl R
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Appendix C
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