Korean Chem. Eng. Res., Vol. 50, No. 2, April, 2012, pp. 334-342

HEe| SEOIEA p 2l

oist.
=

ZMIEIM, 7013 ofnt, AR HI0|T FHE Sro=z

Qlsttf|gk ARS)7|HA| 2Bl 317
402-751 QURHA G- 8%
2011 102 6

011 8¢ 64

PN
A,

The Role of p, in the Unified Theory on Solid-Liquid Separation: Especially on the
Cake Thickness at Hindered Sedimentation, Cake Filtration and Expression

Sung-Sam Yim" and Yun-Min Song

Department of Environmental Engineering, Inha University, 253 Yonghyun-dong, Nam-gu, Incheon 402-751, Korea
(Received 6 August 2011; accepted 6 October 2011)

o
It

Az A melke] B
24 o)zl vhal theat 2 A
ool of3} tpgo] B A
sk=t 31gelAle) p,el

[eEki3

o p8 F2HE BTk oA Jote] ol R Hg 7Rsd, 1ol 9] p,2l

A2 ato] Aol o, b

Folzo] 84l el Sl A dAEl
A aelte] Robg Az dos AT 3, 3
Feje] ) AREIN pel ok, Aol 3
g, 723 niEko R IR A} Aol Folo] wAl: p,o

of
ol

W 1Y pol RS Qs 913, st
A8 Fele] Aol

7 ARkl pol A=A,

lo,

a3t 74134 el
F24S 92 5 Qsih o 3

A, L] o] B4Rl AR o7t hs st

Abstract — To know the role of ‘the solid compressive pressure to the first solid layer of a cake, p,” in the ‘unified the-
ory on solid-liquid separation’, we analyzed extremely compressible cake formed with floc for the following three oper-
ations with our new concepts. First, the role of p, was studied in calculating the sediment thickness of floc, and in
calculating the cake thickness in cake filtration performed with floc sediment. Second, we calculated the expression pro-
cedure using p,. Finally, the influence of p, on cake thickness in hindered sedimentation, and on the calculation of the
procedure of hindered sedimentation p, was verified. Thus the possibility of application of ‘unified theory on solid-lig-
uid separation’ and the importance of p, was verified. Through these processes, new theoretical definitions of the cake
filtration, expression and hindered sedimentation was established.

Key words: Solid-liquid Separation, Unified Theory on Solid-liquid Separation, Hindered Sedimentation, Sediment Height,
Cake Filtration, Cake Thickness, Average Specific Cake Resistance, Expression, Sedimentation
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Ruth ‘50] Alo|= ofsellx] Alo]=18] AAZzAE ASH6IR
HAEA], 7 A7ARE ALt BE AT7AREC] o] BAERTS
skl lek. 5, Ao =L % A, At} sk Tt o7 v
o} Fok= e TAPF o ko g wh= o, S aAEAE)
o] A&, 0)lA Alela AA7E vh= e (Ap /HA ®iglsith= A
ojct.

H|FEA] Alo] A (incompressible cake)L, X5 2] =4 Al
©] = (normally compressible cake)°|4= o] 74 0.2 Aliket Axprt
A% Aol A el ojuje] Wl dA|EE] vl
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suspension

712] 801z AR ST

73 454 (compressibility) 7157 no] 15.0F 2, v 4&Ado]
Z Alo] A (very compressible cake)ellA= o] AAIZAE AR5k
o} 228 Aal Ayl Lo ghS 7HAA Eof o]ZH 07 FA|
7} A Biek. 012 BAS] 8 Tiller pEh= &S 7Ps,
1 olate] AEUH M= T (e) BIA (o)e] WSsHA]
ethe AEE 422 (constitutive equation)e A F3FITHT].

Shirato G- ©] A4S 5 1 7S 215 ARHSBIYLC L, o]

Fo T Aol Aa} 29 ghg ekl 242 2] 98 A
2L, AAz
919 %

1 S p 7} 0l Ap 7 bl AFg SIS,
k0. o3 52412 A3tet At ofe] ghow Lheht

il

71 s8R, o] AlRFES 7435 (hindered sedimentation)©]L} $42F
< AHA 072 Erbssitie 2s ARt

‘[F

(expression)el] 2-88l= A
UHATH3-5].

W =eelME ARk caeie SRkl ] 2,31 ARSSt
™, oli= Qoksld vt At

AR AFAdo] vl F AZOIAE Alo] A THEA ol &
& IAAELH T 28 5 Sk o] SlellA A5E Tiller[7]
1} Shirato 5[8]¢] Nd#} ¢HAs] ok ol

A, @RI} Alo] A7} whips F2-0] BAZAS prt Gol of
Y 23, Aol of3, fhatellA] 2] 1 27l 3= 7l p iz
=

o] F 7K & ARgeRE 719) i oz Aol Brbs st
A& AlolA A, FA xol, 37 A S AR = Qv &
oM olZE AdSEe A, HAe] FRolES Falslehs g
aEEelA pol TS welaAt gt

2.0 &

2-1. Aol AAIZEAL MES ZAIZEZ, J2|1 7013 Hx
HIX&H (o)

Alo]A Aol dA &41e] oA glo] A LletA AHE-H=
Ruth 5[6]0] #QFet AAZNS vha} o] e = At

o} o] Zteli= ciupulAl e} Hsh= ), Ao} ok
71 Z4A Hatol Sltk. Aot A AI7E ek Fate] IAY
2 o] Aol ZHlIX A = (Ap)elA] AeiAE &2t
8171 $18l AR 2k kel (ap,)e M S (Ap) O A (1) 7
o] xdd 4= 3t} Fig. 10] oj3pt XeiE= 59 oy ¥,

7 o] qkelo] =0} glct.
Ap = Ap,.+Ap,, @

Aols} ofs} Tk Betslo] i 3], ojna AR
¥ pi WE BAS0] Q1 Hlel o] A, 0l Fig. 19] A
&) o2 S “rglelq 1 Hle) o), Ho]2E PAER- ol%
o] FEp) % e A 8] W ko] glorw o ko] 7l
QolekT 7Rl S Bt A0 Helt), BAH 0% ALl
o8] (e, )2) AREAS] o] AAZAL o] el 4]
@yt =t

0, = 2 @

.dp,
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Fig. 1. Boundary conditions of a cake during filtration.

714 oi= Alo]AL] FA]4] vlAFe|t), o] AE-L TAIUEUY p,
7} 00l ApZHA] o] Foi XLk, Fig, 1 Q2% gt F-1-2] 3 WA <)
2= pas 0014 w22 k1 RS E p (solid compressive
pressure of the first solid layer)7FA|T}. ©] ShL1e] x| T3t 20|
= A YT BiA o] Yt 7t FEs wjet Wk
ghoh, 2ot o] 3o aA|E o] v Ao m R ofd #io]
ofube]gtal A7 e 1= mig- o fth BE AR A9 7oA
EF3E 7T, o7 o] ofd gt YIRS dPdo = &t
b= g IRt gt Tl tjal] 2Ee AlEskHE o] #irt.

6| W QRke] T o] Folxl Aol thaiA= 2 (2)9] A
ol S 7HIth 28y A JAksel e o S A ()
o AEAIA = glrh= Zo] o] =2 A4 Jldolt,

o] =ElE 7oz, g2l thael A 3y Akt

— Apc_pd

.dp;
[

©)

av

o= AHZE- /METkS of ). Ruth[9)= 22 v} 22 <=
gole ARkt

“©f 7 Aol BAFEAE) 00X Ap /A F= v, pelA
ApHAE Folok gt} o714 pa= 1Al 352 Sicell vlglshk=
3kt 2k ko] Uh(instead of having taken the limits of integration
in Equation 39 from 0 to Ap,, they should have been taken from p,
to Ap,, where p, is a finite low pressure proportional to the rate of
fluid flow).”
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2pZ o] TidS ebso] B4 % AR QISiHh
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7 = ARFer7] flelirs thaell Alrsks ofe] 4o Fesit.

2-2-1. Alo] 2 2] (constitutive equations of cake)

A Tiller®] TH22][7], B2+ Shirato 5¢] #|9ksk 2] [8]0] &
2 ARGE L Qi o] F 29 TR At v IAAEUE
oJatellAE HIA & ()P T HE(e)e] WSk fltks Zloltt. o) A
21 Aol =g Slo] ofn, 159 AAZE AR A
)2 A7} 59 7kl vk 2 WA ek f1g Zlolekar Azt
Sk o ARAIeE W82 AAF 2] = 107el vk

ErelME thyr 2419 224 ()9} (5)E AREEH gt o]

o] T ke gRlelN s Jshs 2 At FAABE B

o] JStlTH11]. Tiller ©] 0] p,>p, Q1 ZARE Ad5doict
[7)2 AZ3kSic.
For 0 <p,
a = ap] @)
(1-€) = Bp! ®)

1714 a, n, B, = Alo]2¢] 5435 YERE= A<= compression-
permeability cell(C.P.C.)oIA 2] A& AoH AREtt. ol = F
k2 454 (compressibility)0]2h= o152 7]l 1AL, E]~— A
Ne] S olFo] §lrk ngl Fhol 15 dow oids] 54o]
#Alo] = (extremely compressible cake)e} E#TE Ao BE @rs—}
A, Ao A T (flocyo] o we] ofsl F/g® Aol o] W
el &3h, 2 s=telxdi= o]:1 3% E 7R BAE = vhRe gt
2-2-2. HE3He 217 o3, 1)1 H2H(expression)
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I I AL PAENEE ) B

e Aol oFellA FAE Alo|AE IAESE 5 ES
U= $H2k(expression) =& (operation)l| A= 2 (6)0] T3t ZEL
& A w2l

I 2E vk ofefle] AL e o] A S B3l Y, 0)

o] ohd Z1& H‘ﬂohﬂr FEE FJAE vlE ol TA7E W= o
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o] 5L 27} ARFeE A2 AAAIZRAS 4 (6)] ALK,
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B9 AolAe] kel = Aol
I 2E vl o] YAHEC] ‘?:LE &4¥ p ]‘ A} S7¥eb, 10l
whE} A Alo] 2] Ht T g 7 AlE At dupdo=s
I ~E vlE o} o] YArEe] HAES T 2 o] HW §
o] BEFE o]Fo] AAES U ot & i,
Edrt. o] /S o] A, ol FE % k= 7134
Aol G5 F}. oAl o] 7]3EAQ1 S #lad = 3l
o] {IsiTt.

a9} AARE EASH= Al(system)ell A0 F T g, = A
®) 2ol et

liquid volume

€= ®)
total volume of cake

o1 4 (9)9) ROl BT k.

solid volume
6 =1 ©)
total volume of cake

Alol=L el 1A F-ul= Aol vie] uAl A% m S 1 Ao d
5 p,= thr ZlolaL, Alo)= A Ful= Aol WA Aol Alol=L

T L& 53k grolth. o) Z& A (9l disdskar gk 2 (10)
o] Hrt},
g, =1-Tel o D Ly w L (10)
p,AL Ap,L p,L

71 we A Fe] Ao A (m /A0 Folshd, o]
ol Aol o Tl Ho] AR Sl

21 (8), (9), (10)9] F7d> wAFe] TFo)&2] 44l o
2 st 9219 534721 VS Wl

2-2-3. Ruth?] 23} yo#2] F3lol&

&3] Ruth® 4], = 7FS Darcy?] 2olg} Bl= 2] (1) A
o] oufollAvt Fg 31, ot (A= AEA1A 5
= 07 QEo] gh},

H

dv _ Ap,

dt  po,W an
T Y AR o] 212 AL BE paRa] F HEA 5= 9l
= 2E sk A3 [1-5]. 91714 Vi= o9 (filtrate)

o= dEHt
e 10 sigshe ey Xl FuE HeuAd o vhE A
OF [m/m?CE A, [m]e] ©91E 7tk pis A1) A
oJt}.

t= AlZHsec]= EOPj dv/dts T9FE] J8) 5 57 A7k
Ae] 1 22 EX[m/stE SJnlshtt IHEE o] 218 ARSH
A= oo} %‘%‘011*1% ojdlo] uiE &1 dv/dts At 5= 3l
a1, AR A= o] Alkto] HA A solid blanket)?] ©]F o] Fth.

9 219 a, B $EE AT B ATRES 2] ()9} Zo] H2
stch, 71 Ay} Fo] AAEE LAt ghs 71 o] Ayl g9t
Aol A= Aguu, TP U bRl & ATl e dV/dte]
& E9) 7AE AiEl A Zsfe] 2 (11)01 @%EVI et 1
e 27} Ajket AZE- A (3)S HEA7E pol Sl wet
a7/t S7Fek] dvidte] 2 o] s *éﬂé% T Stk 2 (3)ell A

(@2 hlslol AR aka 4 (12)% Pen
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d_V _ d_X _ Apcl_n—pcl_n (13)
dt dt pa(l-n)W
21 (134 v 22 B48 & 4 9l

A, Alo]Z2] EAJQI Ao El=

A, $27) 2FellA] -sllTE 2FAA Ap st AHE

A dV/det EHe] B9-oli= AR X8 S5 UehjEE
dx/dtz Tde 4= Qluk.

TR 3 pa G i AR s giAEe] A8 S5
ool o) £, IHIARANE ARAHY S22 A
4 Sich

=, o A= pt olFellk e] st 7ks 7RIt o]
ZoZ 2 (13)S AH8I] A £ dV/dts ARt o] pa= o
2 FoMe Ap 7 S7FIER & o2 F =] Xl 2] 1/1009]
HEE pell tate] 1 delM e 55 Felth HE o o
AL etElell M o] F 71x] Aol FAlE eko® U2 2 (15)0014
T 9= Qltkh T12lar o] FAIE Waehs Beke] £ A 59
T R £2o] ot o]g} o] Ak 0 F b Ap A7
AREE s AlREL A2 AIE 48 S Stk AAR 110004
A SR A58t 171008 S7FAIR1 B9-2] Ak T3t
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>
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23, DMRE|ENE, of20|3, LEhoIMS] FH Al
2 (D 10y 557 Bt 330 6,5 7L lonw, F A

Adsta A @} (5)F dilshd 2 14y} 2

pe B

s o ap; |
l-g,, = = =W— (14)
“ J’A 5 dpv J‘Aﬁf dps ppL
7 A1-e) P apiBp!

o Aje] AE-g sk, Pk 4 (15F Y=k

l-n-f _1-n-
W _1-n 1ap e as
Pyl =n=BB Ap,~—p,"
o] A& Frmahs BgelA] AR, Aol ofsh, 43 ol 9
3 e 208 27 Q3o nw o] A4S 9l2) A FHE BE A
_9

“ N
TN AR 4 Ak 0] 4 (15)% s o AR

S, 701 =18] 529901 249 n, B, BE ARSI, Bgh ] of
gol B AR AU p, 5 golof Fitt o] PhE: ARShs Sl

p,A thetols 2 Tl Al o]t
23 Pelste] ARE RE $27k A, Fe Aol e

11 sk Adolrt.

o)A AF}of|A = Alo] A F7 (cake thickness)Elal F-Er}. £
gk o1} A(cell)ellA] A @ers oieh= Z-¢- Aot of
Al $1ell B E Y-S w2 BRI 5 Qo] Aol FAE =
A = Qlrk 23y dxke] SHERQD E2 (floc)] oJTfellME A
AE o] Alo]=7t 4072 G5 A o} Alo| 2 FA|2] 74
o] wll-¢- o3t}

A2 ofTel|A] ofu] FAJE Aol ol IAES T ES A
Ul #gol B2 =g AX|ste] o2k g2 Aol T
(cake thickness)g SsFAU, F2tellA U 59 oFo g Aol
FAE AL 5 ok

AR - = 7 (thickness)2 =
o8 T2 ARSI} 13 o)
o] 3] FRE $ Hol=
/}\ji&?ﬂ E%—g] %X] T O 7o

e Az e

2

ke

HH U= 320] (height)ZH=
T 559 zolg 1A
SR L= S - R o d
7 & (sediment)yS Al
AR HFo] 9lo] A= a1
AAEAES dLsiopd, 7H o] EHoY HAES BT
Alolzaetar Ak 183 HIE AR Alo) A 0] (cake
height)eh= g0 B Th= #o]= 57 (cake thickness)ER= &S A}
£& Aolt}.
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2-4. ZK4EIM, 710|3 Odnf, RiRle| ALk} 2+ Z=&l| 0|2X0]
oI

PR, Aol A o}, 42 o] a e ARk A (138 (155
ARGEITE AR ] 222 S 2] (13)ellA] ATstar, 1 W] 3
FAE A (155 ARSIt} 7 Z22k9] ol o] A AHslr]
A3l A =AE ofeligl 2ol st

2-4-1. A|0] A I3} (cake filtration)

A 27 oA Aol o2t AR w) A AT Ale] 3 a1
A e Wiz o), 27| e wel wrt o1k wel Wl
7} sty 2337 vl wste] Ale]A ofzte] 7l & Aot

Alo|A el ARE3E7] S8l Ruth7t A|RISH9] 21 (16)°0] AHE-
1=

w=cv=-—85 v (16)

71M C= DA AN vid A= Alolae] A A
Zolt}, pi= ofdle] W% S HEe] uA ARHEE, S = Ao
0] A AgRi-golr o] Al 7= B S8k 244 5 3l
T #HEolth I3 EE i3] C glo] AikE

21 16y 2] (1)l vidskar gejsha Alo)a ofwrizke] B2
Z 0w AMgsk= 2] (17)0] €Tk

dt At pog,

dV AV Ap,

cv 17)

AZeA AVAV vs. VO] BTN 718715 & 5 olem, 1 7]
717k Beolth, a2 Al9le R o] LeiA Qome, o)A
A%l 23t a7t A Hch,

o A (1714 T8 a2 A (12)9] o, 7k SYslof sk, 2
(1214 p, #t= AT 5 Sk
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Alo1=L oA3}e] =38] 2715 ALISFE AVAV vs. V e A4
& ek}, o= o121 o3t 717k B4k p, glo] LR AL
oJugic.

o)L o3t 7170e] p, S L eEw, A (1575 AHglo]
well th Alo|A9] IS Arket 4= Qlek

opde] Ak Aol of 3 &I 2] T o7 S vt 2ol A
EEis

(1) o3k Al bl Alol=7E fler s Wzt dolar, of a7t
TREE A @Y YArse] B AlolAw #skE glo|o),

) A IRNE o, 7F GRS gk 7, p, A4 DA 3k
7R}, Aol ol Ap e A 3 EoF A3k grolot.

2-4-2. & (expression)

P2 Alo]A ofelld FH Aol S
o whao R B9 Wi Zlo] )R Z3jol}
QL1 23] o] Ak Jlojeka e
sho} olgH 0% o]} sl Hue the] 5 AAlole.

(1) e ofafolla] 9 Aol W) £ L 3golx
2, ojsheh wre] Wel ke 9kt AlAtelA S FRkA Belsi.

@) S p= APh ok Wsie s ofelel gl A
o722 A Fo] W= pi= Fig 19 285 ) a-vk=d8 A ¢
2R He717F w2zl oJel] wele aAE ol At ekl

A= =710 paz AlolAL ool 9] g 7HA| AL Qi o] we)
orzk L= A (13)¢ ARsE] AR 4= 9l 7L ekzle] 2
AR 7} A F7KK] A FRAlel WA v okl )
Ao Ap2) TAIIERE ek, 3] Ffai el 2lA)
ol Addhz shol wYshAl HW sAgEe] o ol FHolA] oF
Al Har, RS FRE o]« TRl i F o= -
o] Etol2ell A= =g Zloltt. ool oAt el YAl
‘W)AE vk ogje] AIE o] whe- 2R e ellA Ap 7HA
S7Fehe #doletaL Ao gitt.

QFak A ZF f=7lof = 2 (13)02 & 3.:1:,% 2] (5% 1 &7re) oF
2 EAS AR 4= Qt) oo 2 A3S %EH glelslk Zlojt}, o}
2. o] Qo] WA Sk, Al wee el sl 4 (15)
& thA] Agsto] M2 pa Ak 4= 2lan, 1 3gel A9 /‘]ﬂ
= 2 (13y& ARgsto] AR 7hssitt. olglA sl o] TR
w7 €] ARV} 20l 5 Anke = Qlom, 2 TR A A Al
i 7hsei

A (15pI FAE B p2 ARSI 0] oletere, 4
ﬂli~ b B oFF 2 Z71AI7I0) 4] FAZ ARtelaL, 1
of QFRE a7 218k ARHE A (13)0% ARIERE TS W
sfgiet.

2-4-3. 1H3%4% (hindered sedimentation)

A3 o] Lotz A2 A (solid blanket)e] e t)
© ovjeha A 0w Mgt FAAHo] YA s A
O] w2 g lees A AellA AlLgit.

219 iR ol Mol 1M A 2l v
oI, IR Foll dofuhs el thsh EajAQl s, 343
AL oA 12 &) FREE 7l thet o] 221 ke #4o]

g

_ﬁ
9

RISk -2l Theal o] P e Heln
(1) 29 A1 27 47k E Q1 B 24 (floce] TAIGERY

AbefEla P a.
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2 pE WA o & Sl i Sl

) 34 AIZF =71 373 Al (sedimentation cell) Y-l £ =
B YRt ol 2R 3ke] p & Wbt =, A elA] e B
st p 8 W=t o pAlal EEsht o, o17] 9 pd# mjj-g- k2 gk,
2 o} R p, atEe thECE QATE FYeh FHEol R A
@9 pE p= vHro] et B tigt pa Ak = Sk

(3) A FT5 w3 o)F: R A B Ao ER A
= 7P S Zoll tistol&= Fig. 12 EE AREE = ik A A}
U rRo] FEE IASE ] p,olth. 11 vl At
A & A 1A Ao FE v AEelA ofdlE FEE I
AdssteEs ‘%A,E HAe) it a1 A Aol ALket

| 495 Ap = & < Stk 1212 2 (15)°] 2]
=] 7] }_E/\] o] 7“ ]/&%L z’: ohﬂr
(4) A B vk aAgEtE] p oA ApE SR
SR 2] p, 7 A gkola, Ap s/t 57k o]

Zk(mechanism)°|t}. o] ZPg2 bata) FARHAl 1A
= Za8 S7RI7IH, A (15)F AREstel 1 w31 FAE Al
I, 7 ST SEE 2] 13y ARE-3te] Alrksitt. A (15)
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Fig. 2. Floc thickness variation in cake filtration.
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Table 1. Constants of constitutive equations
Cake from a n B B
Bentonite floc 2.87x107 1.125 4.09x1073 0.317
CaCO, suspension  3.95x101°  0.149 0.1389 0.0595

1
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P Filtration (CaCQ-)
S os Expressior (CaCO;)
E, A
g
“
E 06

05 r

04 . . . . .

0 1000 2000 3000 4000 5000 6000

time [s]

Fig. 4. Water content during filtration and expression.
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a : empirical constant defined by the Eq. (4) and measured by
CPC [-]

A :solid-liquid separation(hindered sedimentation, cake filtration
or expression) area [m?]

B : empirical constant defined by the Eq. (5) and measured by
CPC [-]

C  :mass of solid in cake formed by the filtrate volume V [kg/m’]

L :thickness of cake during filtration, expression or height of the

compression zone in hindered sedimentation [m]
: mass of cake solid [kg]
n :compressibility of a cake defined by Eq. (4) and measured by

CPC []
Ap : filtration pressure [Pa]
Ap, : pressure drop across cake [Pa]
Ap,, : pressure drop across filter medium [Pa]

ps :solid compressive pressure of the first solid layer [Pa]

p, :solid compressive pressure [Pa]

R,, : resistance of filter medium [m™]
S :mass fraction of solid in suspension []
S, :mass fraction of solid in cake []

t  : operation time [s]

V : filtrate or expressed liquid volume per unit operational area
[m*/m?]

W :mass of dry cake per unit filter or expression area [kg/m?]

J2[o|A 2K}
o : local specific cake resistance of a cake [m/kg]

o, - average specific resistance of a cake [m/kg]

B : empirical constant defined by the Eq. (5) and measured by
CPC [-]
€ : porosity [-]
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