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Abstract: R andom flocs fo rm ed under conven tional operat ion condit ion are of fracta l natu re. T here is a simp le rela t ion of

D f = 3 - K p betw een D f , the fracta l dim ension and K p , the floc density index in the floc density function Θe∞ d K p
p .

T h rough a stepw ise agglom eration model, the p rocess of floc grow th w as discussed. It w as show n that a t each

agglom eration step , addit ional vo id w ater w as en trapped in the floc and thus affected floc density and structu re. By

analyzing the param eters of the agglom eration model, it w as fu rther p roved that a floc fo rm ed in th is m anner is of fracta l

natu re w ith its fracta l dim ension depending on the vo id rat io Εand agglom eration num ber m. A decrease in Εo r increase

in m m ay resu lt in an increase in D f , w h ich imp lies a transit ion of floc from loo se structu re to compact. M echan ical

syneresis and one2by2one attachm ent are tw o pathw ays fo r compact floc fo rm ation 2 the fo rm er can be realized by

p ro longed m echan ical agita t ion and the la ter by the flu idized pellet bed operation. Experim ental resu lts show that

spherical pellets of h igh density can be ob tained by bo th m ethods. How ever, the pellets fo rm ed by m echan ical syneresis

st ill show a tendency of decrease in their density w ith increase in part icle size, and the fracta l dim ension of such k ind of

pellets is abou t 2. 40 - 2. 47. In con trast, the pellets fo rm ed th rough one2by2one attachm ent show almo st iden tical

density regardless of the part icle size, and the fracta l dim ension can be considered to be near 3. T he op tim um condit ion

fo r flu idized pellet bed operation w as also discussed and comparison w as m ade on the density of compact flocs w ith that

of random flocs fo rm ed by conven tional operat ion. T he flu idized pellet bed m ethod is p roved to be the mo st effective w ay

to ach ieve floc compaction.

Key words: m orp hology ; f racta l; f loc d ensity ; sy neresis; one2by 2one a ttachm ent; f lu id iz ed p ellet bed

CLC number: TU 991. 22　　　　D ucumen t code: A 　　　　Article ID: 100627930 (2004) 0320253210Ξ

1　 In t roduct ion

T he rela t ion sh ip betw een floc st ructu re and floc den sity has long been a sub ject a t tact ing

scien t if ic concern in the field of coagu la t ion and floccu la t ion studies. In 1963 V o ld Carried ou t the first

sign if ican t w o rk and p ropo sed the‘ballist ic aggregat ion model’in w h ich the floc fo rm at ion p rocess

w as sim u la ted by successive addit ion of p rim ary part icles to a grow ing aggregate in a random

m anner [1 ]. Su therland m ade som e comm en ts upon th is model, and po in ted ou t that th is model does

no t physica lly rep resen t the m anner in w h ich real f locs fo rm [2 ]. L ater, he p ropo sed a modif ied ’clu ster

aggregat ion model’ by tak ing in to accoun t the p rocess of co llision s among clu sters w ith variou s sizes to

fo rm larger aggregates[3 ]. In addit ion to V o ld and Su therland’s theo ret ica l w o rk, T am bo , L anvanker,

F ranco is and o ther researchers conducted num erou s experim en ta l studies on the rela t ion betw een floc

den sity and floc size [4- 6 ]. It is w idely recogn ized that the effect ive den sity (buoyan t den sity) of f loc Θe
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decreases w ith floc diam eter d p in an inversely p ropo rt ional rela t ion as Θe ∞ d
K p
p , w here Kp is the

exponen t ia l coeff icien t. Becau se part icle grow th in a real f loccu la to r is a p rocess of random co llision

and aggregat ion, as a floc grow s, the ra t io of vo id space among the componen t p rim ary part icles

increases. T h is resu lts in a decrease of f loc den sity. Yu sa, H igash itan i et a l[7, 8 ] studied the m ethod to

alter such k ind of p roperty of the random flocs, and p ropo sed a techn ique fo r pellet2like part icle

fo rm at ion by u sing o rgan ic po lym er floccu lan t and exert ing m echan ica l ag ita t ion in concen tra ted

su spen sion. A fter p ro longed agita t ion under the po lym er b ridging, the vo id w ater is d ispersed from

the already fo rm ed random flocs and den se pellets fo rm even tually. T he m echan ism of th is p rocess is

described by Yu sa as‘m echan ical syneresis’[7 ]. Fo llow ing a sim ilar p rincip le bu t d ifferen t opera t ion

m ethod, T am bo and W ang carried ou t a series of studies on compact f loc fo rm at ion by a flu id ized

pellet bed opera t ion [9- 13 ]. U nder a w ell2con tro lled condit ion, p rim ary part icles are con t inuou sly

in troduced in to the flu id ized bed and at tached on to the su rface of the grow n part icles. T h is m ethod is

found to be successfu l in the trea tm en t of h igh tu rb id ity su rface w ater such as that from the Yellow

R iver in Ch ina. T he m echan ism of th is p rocess is described as ’one2by2one at tachm en t’ [9 ]. T hese

studies have b rough t abou t imp rovem en t of the conven t ional f loccu la t ion p rocess and show ed the

po ssib le pathw ays to p romo te the fo rm at ion of compact f locs w ith large size, h igh den sity, grea t

set t ling velocity and low mo istu re con ten ts.

In early 1980s M andelb ro t in t roduced the basic idea of fracta l geom etry [14 ] , W h ich p rovided a

comp letely new theo ret ica l app roach to the study on the structu re of f locs. In a fracta l geom etrica l

system , the st ructu re of an ob ject can be characterized by its fracta l d im en sion w h ich, in the case of

part icle aggregat ion, ind ica tes the degree of the occupat ion of the em bedding space by the part icles

compo st ing the aggregates. A num ber of studies demon stra ted that the fracta l d im en sion w ou ld be

affected by shearing fo rce and the coagu lan t do se du ring floccu la t ion [15, 16 ]. How ever, there are st ill

quest ion s on how the fracta l natu re of f locs affects their den sity and o ther p ropert ies, and how to

con tro l opera t ion condit ion to alter their fracta l natu re. Pellet ing floccu la t ion opera t ion has show n its

advan tage over conven t ional opera t ion in p romo ting compact f loc fo rm at ion, bu t theo ret ica l study is

st ill needed to b ridge floc mo rpho logy w ith floccu la t ion opera t ion modes. In th is paper, a theo ret ica l

analysis is f irst p refo rm ed to understand the rela t ion sh ip betw een floc mo rpho logy and floc den sity.

T hen pathw ays to alter the fracta l natu re of f locs and to realize compact f loc fo rm at ion are p ropo sed.

T he characterist ic den sity2size rela t ion s of f locs fo rm ed by differen t opera t ion m ethods and w ith

differen t su spen sion s are revealed on the basis of experim en ta l resu lts.

2　F racta l na tu re of flocs

2. 1　Fracta l d im en sion and f loc den sity coeff ic ien t

A cco rding to the concep t of fracta l natu re, the m ass of an ob ject M and its rep resen ta t ive length

L have the fo llow ing rela t ion

M∝L
D f (1)

A pparen t ly in the Euclidean geom etric system , i. e. fo r non2fracta l ob ject, D f = 3, bu t in the

non2Euclidean system , i. e. fo r fracta l ob ject, D f < 3, w here D f is ca lled the fracta l d im en sion.

Conven t ionally, w e are u sed to the Euclidean geom etric system and like to w rite Eqn 1 in the

fo llow ing w ay

M = ΘV = ΑΘL
3 (2)

w here Θ= den sity, V = vo lum e (V = ΑL 3) , Α= geom etric facto r (e. g. fo r spherica l ob ject, Α= 4Πö
3).
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Con sidering a floc, its rep resen ta t ive length is the floc diam eter dp , and its den sity fo llow s the

T am bo2W atanabe floc den sity funct ion [4 ]

Θ= Βd
- K p (3)

w here, Β= coeff icien t, K p = floc den sity index.

Sub st itu t ing Eqn 3 in to Eqn 2, and con sidering L = d p , w e get

M = ΑΒd
3- K pp ∞d

3- K pp (4)

Comparing Eqn 4 w ith Eqn 1, w e get

D f = 3 - K p (5)

Eqn 5 show s that as long as K p > 0, D f < 3 alw ays ho lds. F rom the concep t of fracta l natu re, w e

understand that an o rd inary floc is a typ ica l fracta l ob ject.

2. 2　 Eva lua tion of fracta l d im en sion

T he fracta l d im en sion of a floc can be evaluated by m easu ring its p ro jected area and perim eter as

has been done by A ratan i et a l. w ho revealed that under o rd inary floccu la t ion condit ion the fracta l

d im en sion of floc has the value of D f = 1. 2 - 1. 8 and D f increases w ith the increase of agita t ion

in ten sity [17 ]. T he ballist ic aggregat ion model p ropo sed by V o ld resu lts in a model f loc w h ich con sists

of a cen tra l co re and an ou ter reg ion like a group of p ro ject ion ten tacles’ as show n in F ig. 1[1 ].

L anvankar et a l. u sed th is model and calcu la ted the den sity2size rela t ion of ferric hydrox ide flocs

as[5 ]

Θ∞A
- 0. 338
p ∞d

- 0. 676
p (6)

w here A p = p ro jected area of the floc.

A cco rd ing to Eqn 3 and Eqn 5, the fracta l d im en sion of the model f loc can be calcu la ted as D f =

2. 324. A s is show n in F ig. 2, Su therland’s clu ster aggregat ion model f loc[3 ] is apparen t ly loo ser in

st ructu re. T he floc den sity index is evaluated as K p = 0. 9- 1. 0 and the fracta l d im en sion is D f = 2. 0-

2. 1. T am bo and W atanabe’s experim en ts on alum inum hydrox ide flocs revealed a rela t ion sh ip as

show n in F ig. 3 and Eqn 3. T he value of the floc den sity index K p w as found to increase w ith AL T

rat io (a lum inum concen tra t ion do sedösu spended so lid concen tra t ion ). U nder o rd inary coagu la t ion

condit ion s, K p = 1. 0- 1. 4.

F ig. 1　V o ld model floc F ig. 2　Sutherland model floc F ig. 3　T am bo floc density function

3　Sim p lif ied m odel of m u lt ilevel f loc

3. 1　M ultilevel f loc m odel

A cco rding to Su therland’s clu ster aggregat ion model, the p rocess of f loc fo rm at ion can be

con sidered as a p rocess in w h ich p rim ary part icles agglom erate w ith each o ther to fo rm sm all clu sters,
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F ig. 4　Stepw ise grow th model of floc

and then the sm all clu sters agglom erate step by step to

fo rm larger ones. Suppo sing the first step of part icle

agglom erat ion is the com b inat ion of p rim ary part icles

to fo rm so2called first2level aggregates ( F ig. 4 ) , the

effect ive den sity of the aggregate Θ1 can be calcu la ted

by the effect ive den sity of the p rim ary part icle Θ0 and

the vo id ra t io of the aggregate Ε1.

Θ1= Θ0 (1- Ε1) (7)

T hen if the second step of agglom erat ion is

con sidered to be a com b inat ion of the first level aggregates to fo rm so2called second2level aggregates,

the effect ive den sity of the second2level aggregate Θ2 can be calcu la ted in a sim ilar w ay:

Θ2= Θ1 (1 - Θ2) (8)

w here Ε2 is the ra t io of vo id w ater among the first2level aggregates in a second2level aggregate. A

com b inat ion of Eqn s 8 and 7 yields

Θ2= Θ0 (1- Θ1) (1- Θ2) (9)

Fu rther, if agglom erat ion p rogresses in a stepw ise w ay to the n th level, the den sity of a n th level

aggregate becom es

Θn= Θn- 1 (1- Θn) = Θ0 (1- Θ1) (1- Θ2)⋯ (1- Θn) (10)

w here, the param eters w ith sub scrip ts n- 1 and n are tho se connect ing w ith the (n- 1) th and the n th

step s of agglom erat ion, respect ively.

A ssum ing that the vo id ra t io s a t a ll these step s have the sam e value, i. e.

Ε1= Ε2= ⋯= Εn= Ε (11)

then, Eqn 10 becom es

Θn= Θ0 (1- Ε) n (12)

A t each of the above m en t ioned step s, if the agglom erat ion num ber of the low er level aggregates

in to a new ly fo rm ed aggregate is m , then the rela t ion sh ip betw een the diam eter of the n th aggregate

d n and that of the p rim ary part icle d0 is derived as

d n= d 0 [m ö(1- Ε) ]nö3 (13)

w here n= agglom erat ion level.

Sub st itu t ing Eqn 12 in to Eqn 13 to elim inate the agglom erat ion level n and after rearrangem en t,

w e get

Θn= Θ0 (d 0öd n) - 3ln (1- Ε) öln [m ö(1- Ε) ] (14)

D eno t ing Β= Θ0d
- 3ln (1- Ε) öln [m ö(1- Ε) ]
0 , K p = - 3ln (1- Ε) öln [m ö(1- Ε) ], Eqn 14 can be rew rit ten as

Θn= Βd
- K p
n (15)

A pparen t ly Eqn 15 has the sam e fo rm as Eqn 3. Becau se 1 - Ε< 1, K p is a lw ays po sit ive.

T herefo re, the simp lif ied m u lt ilevel model f loc fo llow s the sam e size2den sity rela t ion sh ip as o rd inary

flocs, and the floc den sity index K p rela tes to the agglom erat ion num ber m and vo id ra t io Ε bu t

irrelevan t to the agglom erat ion level n.

3. 2　Fracta l d im en sion of the m odel f loc

In the p ropo sed m u lt ilevel model, becau se agglom erat ion p roceeds in the sam e m anner a t each

step and the resu ltan t clu ster a t each step becom es an elem en tary part icle fo r the nex t step , the model

f loc ho lds the p roperty of self2sim ilarity. Self2sim ilarity is the basic p roperty of a fracta l ob ject [14 ].

T herefo re, the model f loc is con sidered to be typ ica lly fracta l. Fo llow ing the rela t ion sh ip betw een
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fracta l d im en sion D f and floc den sity index K p as show n in Eqn 5, the fracta l d im en sion of the

F ig. 5　V aaiation of fractal d im ension D f w ith Εand m

p ropo sed m u lt ilevel model f loc can be calcu la ted as

D f = 3+ 3ln (1- Ε) öln [m ö(1- Ε) ] (16)

W ith any value of Ε (0< Ε< 1) , ln (1- Ε) < 0 and ln

[m ö(1- Ε) ] > 0. T herefo re D f is a lw ays less than 3.

T h is acco rds w ith the concep t of fracta l natu re.

In o rder to invest iga te how D f varies w ith the tw o

param eters m and Ε, w e took differen t values of m and

drew the D f - Εcu rves in F ig. 5 fo llow ing Eqn 16. It is

seen from F ig. 5 that there is a tendency of decrease in

D f value w ith increase in vo id ra t io Ε, and the sm aller

the m value, the mo re dom inan t th is tendency is. In addit ion, D f increases as the agglom erat ion

num ber m increases. T he lim it vo id ra t io is abou t 014 w hen spherica l part icles of iden t ica l d iam eter

are p iled up [18 ]. T herefo re w ith a given m value, D f reaches the m ax im um at Ε= 014. A s show n in

F ig. 5, even w ith a sm all m value (e. g. m = 5) , the value of D f is st ill as large as 2. 24 at Ε= 0. 4.

F rom the above discu ssion on the simp lif ied m u lt ilevel model f loc, w e understand that to decrease

vo id ra t io Εandöo r increase the agglom erat ion num ber m at each step can resu lt in an increase in the

fracta l d im en sion D f. T he increase of D f value imp lies a tran sit ion of the flocs from loo se st ructu re to

compact st ructu re. T herefo re, to decrease Ε and to increase m are tw o po ssib le pathw ays to m ake

compact f locs. T he fo rm er is ca lled m echn ical syneresis[7, 8 ] , and the la t ter is ca lled one2by2one

at tachm en t [9 ].

4　Experim en t and resu lts

4. 1　Exper im en t of com pact f loc forma tion by m echan ica l syneresis

4. 1. 1　M ethods of experim en t

Concen tra ted su spen sion w as p repared u sing kao lin ite clay (A SP 170 m anufactu red by Engelhard

Company, U SA , m ean size 0. 55Λm ) to tap w ater. T he clay concen tra t ion w as adju sted to 3 göL at

pH = 7. 0. A conven t ional jar test w as conducted as fo llow ing: (1) adding po lyalum inum ch lo ride

(PA C) in to the su spen sion and m ix ing rap id ly at 300 rpm fo r 3 m in; (2) a t the end of rap id m ix ing,

adding non2ion ic po lyacrylam ide (A ccofloc N - 100PW G, MW = 1. 6×10) in to the su spen sion and

changing the m ix ing speed in to 60 rpm to start p ro longed agita t ion; (3) after g iven period of t im e,

stopp ing agita t ion to let part icles set t le and then tak ing pho tograph s u sing a telepho to len s fo r part icle

shape ob servat ion; (4) p ick ing single part icle gen t ly u sing a p ipet te and then dropp ing it slow ly in to a

qu iescen t set t ling tube fo r reco rd ing set t ling velocity and part icle d iam eter u sing a single2fram e,

m u lt ip le f lash techn ique; ( 5 ) after t ran sfo rm ing the reco rded data ( single2fam e, m u lt ip le2im age

pho tograph s) th rough a dig it izer to the compu ter, ca lcu la t ing the den sity of single part icles one by one

from the p ro jected area diam eter and term inal velocity u sing Stokes o r A llen equat ion acco rd ing to

R eyno lds’ num ber of the part icle. T he do sages of PA C and po lym er w ere con tro lled at AL T = 0. 002

and PT = 0. 001 (PT = po lym er concen tra t ion do sedösu spended so lid concen tra t ion ). T he agita t ion

speed of 60 rpm at the second stage is h igher than that fo r o rd inary floccu la t ion to m eet the

requ irem en t of m echan ica l syneresis.

4. 1. 2　Experim en t resu lts

T he aggregates w ere found to undergo compact ion to becom e pellet2like. U n t il 30 m in, on ly

bu lky random flocs fo rm ed bu t part icles becam e den ser and den ser betw een 30- 60 m in and gradually
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becam e pellet2like. A t 120 m in they w ere already spherica l in appearance. St ill longer agita t ion

seem ed to have no apparen t effect. F ig. 6 is a comparison of the part icle appearance at 30, 60 and 120

m in.

T he den sity of part icles after each period of agita t ion w as m easu red. F ig. 7 show s their den sity2
size rela t ion s. D u ring the p ro longed agita t ion, part icle den sity increases w ith t im e bu t show s no

change after 120 m in. T h is co incides w ith the ob servat ion resu lt and indica tes that p ro longed agita t ion

can b ring abou t part icle compact ion. T he effect ive den sity of a part icle w ith abou t 0. 1 cm in dianeter

can reach a value larger than 0. 1göcm 3. O n the o ther hand, in sp ite of the part icle appearance, there

st ill ex ists a linear rela t ion sh ip in the log log p lo t as Θe (d
- K p
p . Calcu la t ing the den sity2size rela t ion

u sing the data of 120- 360m in, the floc den sity index w as evaluated as K p = 0. 53- 0. 60. Fo llow ing

F ig. 6　V ariation of the appearance of aggregates in jar2test

F ig. 7　Θe- d p relation after various duration of agitation

the rela t ion of D f = 3- K p , the fracta l d im en sion of flocs fo rm ed under th is opera t ion condit ion can be

calcu la ted as D f = 2. 40- 2. 47 w h ich is m uch h igher than that of o rd inary flocs and even h igher than

that derived from V o ld’s ballist ic aggregat ion model.

4. 2　Exper im en t of com pact f loc forma tion by one-by-one a ttachm en t

T he one2by2one at tachm en t mode is rea lized by flu id ized pellet bed opera t ion. F ig. 8 show s the

flow chart of the experim en t system fo r the trea tm en t of h igh2concen tra t ion su spen sion s. R aw w ater

w as p repared u sing kao lin ite clay in the sam e w ay as described above fo r the fo rm er experim en t. PA C

and po lym er w ere also u t ilized. T he opera t ion p roceeded in tw o stages. F irst, raw w ater w as

coagu la ted by adding PA C to the su spen sion in the flash m ixer. T he do sage of PA C w as at a level ju st

to b ring abou t destab iliza t ion of the clay part icles bu t no t let them grow larger. A fter a deten t ion
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F ig. 8　F lu idized pellet bed separation system

period abou t 2 m in in the flash m ixer and pH

adju st ing, the su spen sion is led to the bo t tom of the

flu id ized pellet bed. A t the bo t tom in let of the

flu id ized bed, po lym er floccu len t w as added to the

destab ilized su spen sion. T he up 2f low rate w as

con tro lled at 18 m öh. M odera te agita t ion w as exerted

in the flu id ized bed at a G value abou t 30 s- 1. A fter a

start ing period, a f lu id ized grow n pellet layer w ith

very h igh concen tra t ion w as fo rm ed and reached a

steady sta te. U nder th is condit ion, as p rim ary

part icles en ter the bed, they dispersed qu ick ly to the

su rroundings of the grow n pellets and at tached on to

their su rface. W ith the great d ifference betw een the

concen tra t ion s of these tw o k inds of part icles w ith

m uch differen t sizes, the oppo rtun ity of con tacts

among p rim ary part icles is m uch less than that betw een p rim ary part icles and the grow n pellets. W ith

the great shearing fo rce in the bed, random co llision and agglom erat ion are rest ricted and one2by2one

at tachm en t becom es the dom inan t mode of part icle agglom erat ion. A s pellets grow , the flu id ized layer

is self2renew ed con t inuou sly and the su rp lu s part icles overf low in to the separa t ion co lum n.

F ig. 9　Particles in the flu id ized pelled bed

Experim en ts w ere conducted w ith kao lin ite clay

su spen sion s of 0. 3, 1. 0, 3. 0 and 10. 0 göL in tu rb id ity

a t up 2f low rate of 18 m öh. T he op t im um do sages of

PA C and po lym er fo r the trea tm en t of these

su spen sion s are AL T = 0. 006, 0. 003, 0. 002, 0. 001

and PT = 0. 003, 0. 0015, 0. 001, 0. 0005,

respect ively. F ig. 9 show s the appearance of pellets in

the flu id ized bed w hen raw w ater tu rb id ity w as 3. 0gö

L. It is clear tha t part icles fo rm ed th rough such k ind

of opera t ion are den se and spherica l. F ig. 10 show s

the size2den sity rela t ion of pellets. It w as seen that (1)

F ig. 10　Θe- d p relation at various raw w ater tu rb idity

in each case the size of pellets w ere dist ribu ted in a

comparat ively narrow range, and as raw w ater

tu rb id ity increased, the effect ive den sity of pellets

increased as w ell ( the average Θe w ere calcu la ted as 0.

112, 0. 139, 0. 170, 0. 292 göcm 3 respect ively in the 4

cases) ; (2) in each case the pellets held almo st equally

effect ive den sity regard less of their sizes, and the

characterist ic of random flocs, i. e. a linear decrease in

effect ive den sity w ith part icle size did no t appear in the

log2log p lo t a t a ll; (3) comparing F ig. 10 w ith F ig. 7,

a lthough spherica l and pellet2like part icles have fo rm ed

by bo th m echan ica l syneresis and one2by2one

at tachm en t, part icles genera ted in the flu id ized pellet
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bed show m uch larger den sity. T he fracta l d im en sion of the pellets thu s fo rm ed canno t be evaluated

from the Θe- d p rela t ion. By comparing the data show n in each graph of F ig. 10 mo re carefu lly, it is

no t iceab le that larger part icles seem to have larger den sity. T he reason is st ill unknow n bu t a t least

w e can draw a conclu sion that pellets fo rm ed in the flu id ized bed are comp letely differen t from the

conven t ional random flocs. T he fracta l d im en sion of such part icles is though t to be very clo se to 3. 0.

4. 3　Con trol of the f lu id ized pellet bed process

R ational con tro l of chem ical do sing is the p rerequ isite condit ion fo r the flu id ized pellet bed

opera t ion. T ab le 1 show s the resu lts of experim en t u sing 3. 0 göL kao lin ite clay su spen sion w ith

variou s do sages of PA C and po lym er. O verdo sing of PA C resu lts in a decrease of pellet den sity o r

m akes pellet ing impo ssib le, and in the con trary, overdo sing of po lym er b rings abou t fo rm at ion of

large clump s o r spo il f lu id iza t ion condit ion. T he op t im um chem ical do sages fo r 3. 0 göL su spen sion are

recomm ended as AL T = 0. 002 and PT = AL T ö2.

T ab. 1　Condition of pelleting and resu lts of treatm en t at d ifferen t coagu lan t do sages

( raw w ater tu rb idity: 3. 0 göL )

AL T ratio 0. 001 0. 002 0. 003 0. 004 0. 002

PT ratio 0. 001 0. 0005 0. 001 0. 0015 0. 002

F lu idized sta te △ ○ ○ × × ○ ○ △

Θeof pelletsög·cm - 3 0. 20 0. 17 0. 11 - - 0. 17 0. 21 0. 25

M o istu re con ten t of
pellet sludgeö%

73. 5 75. 6 81. 6 - - 75. 6 75. 0 72. 9

Supernatan t
concen tra t ionöm g·L - 1 20. 0 2. 0 1. 0 - - 2. 0 1. 0 80. 0

○: w ell pellet ing; △: fo rm ation of large clump s; ×: impo ssib le fo r pellet ing

F ig. 11　Relation of raw w ater tu rb idity,

AL T ratio and Φpo ten tial

W hen m etal sa lts such as alum o r PA C are u sed as

coagu lan t, zeta po ten t ia l is a very u sefu l param eter fo r

determ in ing the op t im um do sage[10 ]. C lay part icles

u sually has a zeta po ten t ia l of 225 to 230 mV. Fo r

conven t ional coagu la t ion opera t ion, a zeta po ten t ia l of

210mV is often taken as the m in im um requ isite degree

of destab iliza t ion. Fo r batch coagu la t ion opera t ion

such as jartest in a labo ra to ry, the m in im um degree of

destab iliza t ion is low er and a zeta po ten t ia l of 213 to

215mV is though t to be op t im um. Fo r the flu id ized

pellet bed opera t ion, the op t im um do sage of PA C is

m uch low er than the fo rm er tw o cases. T he

co rresponding zeta po ten t ia l is abou t 220mV. F ig. 11

show s the rela t ion betw een op t im um AL T and raw

w ater tu rb id ity w ith zeta po ten t ia l Φ as referen t ia l

param eter. A s raw w ater tu rb id ity increases, the requ ired specif ic do sage, i. e. AL T rat io decreases.

5　D iscu ssion

A cco rding to the p ropo sed m u lt ilevel f loc model, f loc den sity can be exp ressed as

Θe= Θ0 (1- Θ1) (1- Θ2) ⋯ (1- Θn) (17)

o r

062 　　　　　　西　安　建　筑　科　技　大　学　学　报 (自然科学版) 　　　　　　　　第 36 卷



Θe= Θ0 (1- Θ) n (18)

if the vo id ra t io in troduced to the grow ing floc is the sam e at each agglom erat ion step.

F rom Eqn 17 o r Eqn 18, w e understand that the in troduct ion of new vo id ra t io to the floc at each

step is the reason fo r the decrease of f loc den sity w ith increasing floc size. By m echan ica l syneresis,

h igher level vo id w ater can be dispersed from a grow n random floc and rest ructu ring of p rim ary

part icles w ith in the floc can p roceed to certa in ex ten t. A s a resu lt, the den sity and fracta l d im en sion

of the floc can be increased. How ever, from the experim en t resu lts m en t ioned in the p reviou s

sect ion s, w e no t iced that there is st ill a tendency of decrease in floc den sity w ith increase in floc size.

T he reason fo r th is m ay be at t ribu ted to incomp lete rest ructu ring. T here m ay st ill ex ists h igher level

vo id w ater w ith in the floc. T herefo re, the fracta l d im en sion D f, a lthough as h igh as 2. 40 to 2. 47, is

st ill less than 3.

In the up 2f low flu id ized pellet bed opera t ion, becau se part icle grow th p roceeds th rough one2by2
one at tachm en t of p rim ary part icles on to the su rface of a grow n part icle, a lmo st no h igher level vo id

w ater is in t roduced in to the part icle du ring its grow th, hence the floc den sity can be exp ressed as

F ig. 12　D ensity2size relation of pellets in

comparison w ith conven tional flocw

Θe= Θ0 (1- Θ) (19)

U nder such circum stances, f loc den sity on ly

depends on the den sity of p rim ary part icle Θ0 and vo id

ra t io among p rim ary part icles Ε. T h is m akes it po ssib le

fo r part icles to becom e iden t ica l in den sity regard less

part icle size. By analyzing size dist ribu t ion and den sity

of p rim ary part icles under d ifferen t raw w ater tu rb id ity

and PA C do sage, and comparing w ith the den sity of

pellets fo rm ed in the flu id ized bed, the vo id ra t io of the

pellets w as evaluated as 0147 to 0158 [9 ]. T he lim it vo id

ra t io fo r p iling iden t ica l spherica l part icles is abou t

014 [18 ]. W ith irregu lar shaped part icles, the lim it vo id

ra t io shou ld be greater. T herefo re, fo r the pellets

genera ted, Ε= 0147- 0158 is though t to be the first

level vo id ra t io bu t no t include the influence of h igher

level vo id w ater. In th is case, the fracta l d im en sion is clo se to 3. T he Θe- d p rela t ion show n in F ig. 10

p rovides evidence to th is assump tion.

F ig. 12 summ arizes the den sity2size rela t ion of clay pellets (3. 0 göL clay su spen sion) fo rm ed by

the flu id ized bed opera t ion in comparison w ith that of o rd inary flocs. T he advan tages of f lu id ized

pellet bed opera t ion over conven t ional f loccu la t ion is very clear——m uch larger part icle size and

h igher den sity, and above all, rem arkab le change of the fracta l natu re of f locs.
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絮凝体的分形特征和致密型絮凝体形成

王晓昌, 金鹏康
(西安建筑科技大学环境与市政工程学院, 陕西 西安 710055)

摘　要: 传统混凝条件下形成的随机型絮凝体具有分形特征, 其分形维数D f 与其密度函数 Θ3∝ d p
- K p 的指数

K p 之间具有D f = 3- K p 的关系. 通过建立分步成长絮凝体模型, 讨论了在絮凝过程中逐次导入颗粒间的空

隙率对絮凝体密度和构造的影响. 模型参数分析的结果进一步证明了分步成长的絮凝体是一个典型的分形,

其分形维数取决于空隙率 Ε和颗粒结合个数m. 降低 Ε或提高m 均有利于提高D f , 使絮凝体由松散型向致密

型过渡. 脱水收缩和逐一附着模式是达到这一目的的两种操作模式, 前者可以通过延长机械搅拌时间来实现,

而后者通过造粒流化床实现. 实验结果表明两种方式均能提高形成的球状颗粒的密度, 但是前者所形成的团

粒依然具有颗粒密度随粒径增大而降低的特点, 其分形维数为 2140～ 2147; 而逐一附着模式所形成的团粒密

度基本上与粒径无关, 其分形维数接近于 3. 通过讨论造粒流化床操作条件, 并将试验得到的致密型絮凝体密

度和常规絮凝体密度进行比较, 说明该方法实现逐一附着型絮凝体操作是促使絮凝体致密化的有效途径.

关键词: 形态学; 分形; 絮凝体密度; 脱水收缩; 逐一附着; 造粒流化床
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