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Experimental Studies on Flocculation of Solid Particles
and Solid-Liquid Separation with Couette Flocculators
Part 2: Flocculation Kinetic Modeling
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Abstract— The study on flocculation in a Couette flocculator showing Taylor vortices and subsequent solid-liquid
separation characteristics were conducted experimentally. For this study, silica or kaolin suspensions in water were
used to investigate flocculation by cationic polymers. The minimum flocculant concentration to show the maximum
separation efficiency was found proportional to 0.425-power of the suspension concentration. The adsorption ratio of
polymer flocculant on suspended particles decreased as the suspension concentration increased. An empirical floccula-
tion kinetic model without floc breakage was suggested 1o combine the kinetic model of Huck and Murphy into that of
LaMer and Healy. The important paramelers were the initial suspension concentration, the unflocculaled suspension
concentration, the retention time and the root-mean-square velocity gradient.
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Fig. 1. Schematic diagram of continuous experi-
ments.
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Fig. 2. Conditions of maximum separation effici-
ency with minimum dosage of flocculant.
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Table 1. Values of constants h, and h, of Eq. (1)

Symbol System h; hy

S1-CO Tix-0-Sil 3¢ M- 0.244
Accofloc C-480

S1-C2 Tix-0-Sil 34M- 0.189
Accofloc C-482

S1-P2 Tix-0-Sil 34M- 0.210
Separan CP-402 0.425

$§2-C2 Ze-0-Sil 39- 0.118
Accofloc C-482

S3-C2 Ze-0-Sil 45- 0.080
Accofloc C-482

KN-C2 kaolin- 0.160

Accofloc C-482
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Table 2. Comparisons of surface coverage frac-
tion of Tix-O-Sil 34M particle by Ac-
cofloc C-482 flocculant from experiment

and Eq. (3)
C / g
s [me/l] Experiment Estimation
200 0.3-0.5 0.46
400 - 0.34
700 — 0.29
1000 0.25-0.35 0.27
2000 0.2-0.3 0.23
3000 0.2-0.3 0.21
5000 — 0.19
7000 0.15-0.2 0.18
10000 — 0.17

Table 3. Values of constant K, of Eq. (12)
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Fig. 3. Effect of flocculant concentration on floc-
culation (Tix-0-Sil 34M-Accofloc C-482;
C,=3 gll; Ta=3671; t=152 sec; t,—=100
sec).

Ael Hag Jehle Fejagel 7
2ol APRS £5mY 22 Helg -
1002 47 & $1%ol o} Q& YAtz

2}

;;{Z
1o
o -lm
X
fr

30 oX b
i
rlo
ri

o, fr 32
2 o
T r—\f Q e T

ACH
o 2 g B
HON g omo ™
Lo b o
o
e
-3 024_
< o
ol;‘ 1S Hr o
i !:1 < r]O
N
1 X ‘{ﬁ
o T
e 2
I e >
B F
2 e
R
rl o 4
L (o]
flo ko
R
olo o

4
2
b
23
g
o
R

wo rlo
K3
ot
ox

£

Ir & 2 oo oo fr N

N
S
ols
T
ir
pol
LZ
oX
N
=

ol
o,
3
o 2 4

>
o

1]

o}, oj2idk dA Fig.4 9 ARAE E3e] 2
Urh AF AL Al A F

r
v olo
i

RN
>

>

)

=
e
-«

3

]

£

w

<

o] 5 $AES NFHsko] YA AlAly
Co., Model PM-6) 2 40vf #xl|sto] 2kod4l zlo|),
wd g o2 g3lo| hg A dojd ol ZAE 9

b
>
ol
o
Hr
(N
N,
ol
>,
R
2
i
mkl'
o2
ol
o
N
o %
o
A

4
gl

Aetdfle £5mV S depdichs 71Ee oA

(10, 11]7F & d7oM= galsiglet, SAAe Fof

go| 27 FErch W Aol A7 1002 F7
A

A
2| AASA] g 2

SttEs Mi28T M1z 199041 2%

@)Cs=2 mg/l

(b) Cy=5 mg/l

) C,=10 mg/

Fig. 4. Effect of flocculant concentration on floc
size (Tix-0-Sil 34M-Accofloc C-482; C,=3
g/l; Ta=3671; t;=152 sec; t,=100 sec).

743} jR8o) alaEel Aebdsl —13mV oA
dpeluloiet, b Blodel St A4z wslel cist
o A Helfgo] Hulx Fol4] AR LA
719] £5mV 9] AEeldYE Jeliglon] AAs]x ¢
£ SAEE o4 —10mV ol4te] MBS ek
Sich, olefdt A g m]Fof wol ST AbHIE
thz] A Aol Fxol o8 HA=RE Ao oZgn
d Sa25e AepdaslE A9 0ol sbae
| 9% AslEs zgoel FH 33 JTFUE
iz FZelkEc}(4, 12, 13], 2oz o]
A el e A Eo] 2usl FA
HEge] L7} 2u Aetd = 0o 7hke A
| ol S35 ARE=7toll$- 20 —"ﬂ.ﬁiﬂ?_r

l‘

o oo
ol OfN rlo oX
& ko
o G
—Hu
_9_

24
g

o ol

2 o o _&
X N{ﬂ
oX o 2

~0



FAE FA7E o] 2

ol

A7 sl oA Hee g
717} 24 4% A% 4

#

op %
o
g
o
fu
At
mjy
e
&Y
e
.?L
X,
gL
o
N
ma o8
fo
wo
x
i
o et ofy fr o

o

T Qlet, z2elng FAge —“r“%: Folx H&
Az 7] Slskd Yo A
Rol Ao} AAE A w_ M= E7HY S 3
o\l'%" ne »AAiE}'.

x

3-2, 8Lk 2

7183l L5 22 Smoluchowski[14]el 2]
slod AAs ‘319_”1 Camp 9+ Stein[15]o} ¢i5lod 4-3
2ol H-& %5 o] Slzlss el A
Foll ﬁ]aﬂowﬁ‘} SAE For dAsch s A
o wldBAE Zevhn }éﬂ“r% ~ Camp 9}

Stein[15]-& &3 dellA ¢ Tl 5 Al S}ed
& &9k HE £ Tl % ,]6]—0:] Smoluchowski
2rlo] hiodofolza] AL e g S| Fic, 7]

2ol ehsled Smoluchowski[14]7F Altd l=bel &
45412 Camp 9 Stein[15]0] 2ldlo] FA=|o] of
# Aoz ZHEcH

dCs _ _ 2 ¢4s

@ -3 §d3C,,CG (8)
oi7]14] Coe A7} tolAe] dabss, Cov ASol &
ZH o} X}’lc‘_x_, E't‘ ‘%‘ ]% O]‘EF”E‘ %‘%‘%‘Ev s'\-‘:"
AR A, G BT SEFHE ik,

LaMer &} Healy[lG]-E oA SAAE o&g A
gbrol mells AREHcE, 1E dATe mabdest
g iz mgsl dodold aubrtrel 3doe M 4
7S AHEEien At SR8 SHeAde SAA
o 247} xtEe] FAsEE FAE 69k w1 EA
£ (1—6)ol wlalgckn 7Hgstdct, ol @ g8 Ant
Aoz Aziel FasiA JAsE PS¢
w3 SR g4 iyl Yot At AR ¥
Asle e 2z glabss Cof AFol vlagict

23S M A, $ shg sl MiAlsl A

b

_,_,

——=-K,Ci0(1-0)G (9)

4 (8)e %@iy} el 27 5sol el BT

2 solch, ) Abdslld Al (8)%

9 &

3 omool gefol HE AYH AF 35
150
120
s 2 %
E g f ° o o
90 - ° 2 . e ©
_d ®
]
< .
<
=
T 60}
FS| Ta G (kec)
® 98 29.1
301 O] 1835 69.2
slope: 354.8 K4G A | 2753 | 1149
& 3671 164.6
B | 4588 | 2175
T1{ s506 | 2732
0 i { i
0 50 100 150 200
tg [sec)

Fig. 5. Model prediction of Eq. (11) by experimen-
tal data (Tix-0-Sil 34M-Accofloc C-482;
C,=1gll; C/~4 mg/D.

A SHAL Folslolg Wel $ALE Bz 4

!
Zshed ohgat o] EEA,

dC,s ~
3= "KiColCot (1-0)G 10
o17) 4 K,=(2/3) &d? o]t}

Al (10l Al (4)E wHidsk AAzEA
Cs=Cso, t=t,0H Ce=Cs5 HLslod HEsb ofel
o} 742 Alo] AElgc),

Cs=Csoexp (-K,Ct™ Gt y) 1
03714 K, =K;K,& 3% Aolth, = LaMer
Healy 24 (9ol 4 (4)F ZAzAL =&t
A yael oheat 28 Aol 4

SSO

e e 1
A7 K=K K2 $AEE Algolth, 4 (113
(12)8 H3F $x74 G+ A1y A7 &

AE1 \:!'S!Tg_‘ /\]—-g-o-,}\c}-,

HWAHAK KONGHAK Vol. 28, No. 1, February, 1990



36 ksl
60
FS| Ta |G [ksec]
®| 918 29.1
50 O] 1835 69.2
A& 2753 { 1149
al 3671 | 164.6
slope: 354.8K3G w| 4588 | 2175
O] 5506 | 273.2
40 .
J
Q30
S 2
20
o
» »
A,
10
o .
% D)
0 1 ] 1
0 50 100 150 200
tg [secl

Fig. 6. Model prediction of Eq. (12) by experimen-
tal data (Tix-0-Sil 34M-Accofloc C-482;
C,=1gl; C~=4 mglD).

A (1D (12)5 A7 et vl
o} oz Jehlo]Ael, o37]4 FSE 43 7]
vebdc}, o5 H4AlY 71871 27t KCiG et
K,C%¥G o] zér‘i i
Sod wwd A

°il Gk
Ro®g °?°] Smoluchowski
o Murphy[ZM Belof4 of
g Z #Elat

¢ & ek, ades
ehasiod olof Slsto
A7 AAE A

Au-t
\J
o

By

jh?“

Py

=

_>L
>,

g 24 2ANRS £ K& Foln o A
£ Z3slod Table 3ol Yebdich, Table3 9 Az
ol A Tix-0-Sil 34 M-C-482 A@A 9] &5 A7} 7}
A AA FALEsb #2e] Tix-0-Sil 34 M-C-480 7}
Tix-0-Sil 34 M-CP-402 AdAe] $xAlg7t |3

£ WA 5 oy, o] AL Al 1% AF[1]1A e]n]
A28l bl ot LS Aol et SAA
7&31 FAEEs HEE o] o] F &=5of 2] &

A7} Apo]E Rolv] AU HEMzlolA 33 A9
o] &8kE s} FAlEk C-480 7 CP-402 9] SAEE A4
7} wl=dt Aol o] & HurAsle] Fo}, Kaolin-C-482
AgA e At AgA e} A EAo| theag £x A
47} thet E4E A diste] wlasle] Bl 4
27F dAtect $3 57} 35 ¢ Uk S
5 A Aubdez gEQIRY] FErF FoMETE
2A Uehtsd ol ZEsold Sl Hf AE
HololA] Ha|Ego] F1 AFAIZ] BokAle A¥A

°(

A

sholl l3e] e Ao 4AEe,
4.8 B
A= $A7NE o §3je] ool LA n¥} At
Q27 2 AHeel By 94 2 2o 2ejEs
¢ AT AAE B

Felslelot ¢ 243
i =l 0, 425%
Az A AR

~
>
=
N
-
A
oﬂ

ke FEt FrtESE 7-}:1‘_3}%\“—} 7F°’| St ]-
AA s S FELE AL VPE}"H“

AL AAsidet, ol ZAZ FAE o] °‘°1‘—’r
A e wleld 2] dekelbe w=, A F A%
Helsial e duhiae v, HE S5 9 A
FAZE B sk 49A $AS5s wHle Ve
LaMer-Healy 2% Huck-Murphy %3 7|22

Falgich,

Lo 19879 E Fud AfEead shEdT
zA]of] 95led o] Fo]F o] ojol] ZIALE Za= v}
ey

ol
H



-~

“

)]

©

DWQ-UpOOU'W
o

=

N<&s 7 GRIIAE

Z9E 3471% o848 29 e &

NOMENCLATURE

. exponent to be estimated

: exponent to be estimated

¢ flocculant concentration [mg//]

: suspension concentration [g//]

: initial suspension concentration [g//]

: mean floc diameter [um)]

. solid particle diameter [cm)]

. separation efficiency [{1-C,/C,} x 100]

: root mean square velocity gradient, [P/V]'?

[/sec)

. constant to be estimated [i=1, 2]
: flocculation rate constant [i=1, 4]
. constant

. constant

: constant

: Taylor number, u,danl'uR}'% dimensionless
. time [sec]

: retention time [sec]

. settling time [sec]

: volume of sediment [cm?]

: zeta potential [mV]

Greek Letters

: constant [i=1, 2]
* fraction of surface coverage
. fraction of collision resulting aggregation, di-

mensionless

10.
1L

12.
13.

14.

15.

16.

3o gelo] By AYA
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