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Theory of Clarifier Operation. Ill. Sludge Blanket and
Upflow Reactor-Clarifiers

ANN N. CLARKE and DAVID J. WILSON*

DEPARTMENTS OF CHEMISTRY AND ENVIRONMENTAL ENGINEERING
VANDERBILT UNIVERSITY
NASHVILLE, TENNESSEE 37235

JAMES H. CLARKE

ASSOCIATED WATER AND AIR RESOURCES ENGINEERS, INC.
NASHVILLE, TENNESSEE 37204

Abstract

The operation of three designs of axially symmetric continuous-flow upflow
clarifiers is modeled by means of the continuity equations. Class II1 operation
(hindered settling) with flocculating slurries is considered, and the larger
particles are permitted to disintegrate under the influence of viscous drag
forces by a first-order process. The equations are integrated numerically, and
the dependence of clarifier performance on clarifier type and hydraulic loadings
is explored. A number of applications to clarifier design are suggested.

INTRODUCTION

Ives in 1968 published an analysis of a conical sludge blanket clarifier
in steady-state operation (/). In these clarifiers, shaped like an inverted
cone with the tip cut off, slurry is received at the bottom and rises through
the clarifier at an ever-decreasing speed ; where the rate of rise of the liquid
has been reduced to the rate of fall of a slurry particle relative to the
liquid, a sludge blanket is formed. Sludge is continuously wasted from this
layer, and clarified effluent is discharged at the top. Ives also took ortho-

*To whom reprint requests should be addressed.
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kinetic flocculation into account, although in only a qualitative way. His
analysis resulted in the development of some remarkably simple design
formulas, use of which he illustrated.

In 1972, Chang (2) presented in his Ph.D. thesis a very elegant treatment
of settling in quiescent and upflow clarifiers, and a comprehensive review
of the literature. To our knowledge this fine work was not published else-
where, and the complexity of the computer program simulating clarifier
operation and the size and speed of computer which appears to be needed
make this approach inaccessible to many engineers.

In earlier papers in this series we have modeled quiescent hindered
settling with flocculating slurries (3) and hindered settling of flocculating
particles in rectangular clarifiers (4) by numerical integration of the con-
tinuity equations with suitable boundary conditions. In the first of these
papers we reviewed the literature on hindered settling. Here we extend the
basic approach used in the first paper for the analysis of upflow sludge
blanket clarifiers in which the feed is at the bottom and sludge is wasted
part way up the clarifier; we then turn to clarifiers in which the influent
is fed part way up the clarifier and sludge is wasted from the bottom.

ANALYSIS, UPFLOW SLUDGE BLANKET CLARIFIERS

We take the continuity equations for coalescing and disintegrating floc
particles in an axially symmetric sludge blanket clarifier to be

-1 4 + 1 10 4p 26 dc,
6t(’) A()a(”"") A 3\ " Bx
[n/2]
+ Z {C iCn— lvj n jln(r + Vy— j) jn jc}
; wCilon = vjln(r, + )" + j=;+1 kj,j-nci(1 + 8;,22) (1)

Notation is as follows:

x = distance from bottom of clarifier
I = position of sludge blanket waste plane
L = position of top of clarifier

2
. x
A(x) = cross-sectional area of clarifier at x, = n[re + z(r,, - re)]

r, = radius of the bottom of the clarifier
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r, = radius of the top of the clarifier
Quwasie = volume flow rate of sludge wastage
Qtecq = volume flow rate of influent feed
¢.{x, t) = number of n-particles per unit volume at x and #
V, = volume of an elementary particle
V. = volume of a k-particle = kV,

r, = radius of a k-particle, assumed spherical,

3 1/3
- ( le) Jk=1,2,3,...
47
Uk = _uk
2Ap(©)lgri”
Uy

= 1 172
97]((:){1 + Z<BS‘12::—HE> + 0.34pslrkuk}

= |velocity| of a k-particle relative to the surrounding slurry (2)
2.5C + 2.7C*
1= Mo €XP | T 70.609C
viscosity of slurry having solids volume fraction C €)]

no = viscosity of liquid
N
C =Y ¢V, = solids volume fraction at x, ¢

n=1

psi = p,C + p(1 — C) = slurry density

Ap = (p, — p)(1 — C) = difference in density between a solid par-
ticle and the surrounding slurry

i

p, = density of solid

p,; = density of liquid

D = axial diffusion constant

g = gravitational constant

velocity of k-particle relative to the laboratory
" = velocity of the liquid relative to the laboratory

kn m-n = rate constant for the disruption of an m-particle into an n-
particle and an (m — n)-particle

wj=1lifn=j =0ifn #j

N = number of 1-particles in largest permitted particle

[N/2] = greatest integer < N/2

S
o

I

é
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We need to calculate the laboratory velocities vy of the falling particles;
this is done as follows. Generally we have

v =" + 1 Q)

where v, is calculated (for low to intermediate Reynolds numbers) from
Eq. (2). Below the sludge waste plane (0 < x < /) we have

N

Oreca = Q,(1) = A1 — Clx, DP"(x, 1) + Zl enlx, D)Vop(x, 1)} (5)
which yields, on use of Eq. (4),
o9 _ ¢
== X el ©)
and
1),: = & + Uy — Z CnVnUn (7)
A n=1

In similar fashion, above the sludge waste plane (I < x < L) we have

4 N
1) = 25+ 0= 3 Gt ®

where Q’f = Qfeed - Qwaste'
Inasmuch as Eqs. (1) constitute a highly nonlinear set of coupled

second-order partial differential equations, we immediately resign ourselves
to the necessity of developing a discrete representation of Egs. (1) which
yields a system of first-order differential equations with ¢ as the independ-
ent variable, We partition the clarifier into a set of horizontal slabs of
thickness Ax, as indicated in Fig. 1, and then carry out a mass balance on
each slab for each type of particle, making sure that in doing so we con-
serve particles at each boundary between slabs. We let

A(p) = A[p — 1/2)Ax], cross-sectional area of clarifier at x =
(r — 1/2)Ax
- 1/27?

nl:re + (r, — re)p 7 / :l for our model
c(”al’, t) = cn[(p - I/Z)Ax9 t]

C(p, t) = (cl’ 6'2, s e CN)

c%(n, t) = concentration of n-particles in the influent
U(”»P, t) = Un[(p - I/Z)Ax’ t]
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overflow | Tu !
4 -

sludge waste

-

feed f'—li-—'l

FIG. 1. Studge blanket clarifier.

V(n,p, 1) = v[(p — 1/2)Ax, 1]
Su)=0,ifu<O
=Lifuz0
Floc[n, ¢(p, t)] = the three sums in Eq. (1) evaluated at the point
(p — 1/2)Ax and at time ¢
m = index of the compartment containing the sludge waste
plane
I = index of the top compartment
o= knn! '[N/Z]!(i — [N/2D!
I Y m — ) NN!

©®

At a general point (i # 1, m, I), we represent Eq. (1) as follows. (We
drop the axial dispersion term for simplicity and for lack of a good estimate
of the axial diffusion constant D.)

g—;(n, 1) = m{v’(n, i—1,80cHm, i — 1, 0)AF¢ — DS[v'(n, i — 1, t)]
+ v'(n, i, t)e(n, i, )AGS[-v'(n, i, )] — Sv'(m, i, 1))
—v'(n i+ 1,0e(n i+ 1, 0)A0 + DS[-v'(n, i + 1, 1))}
+ Floc[n, c(i, t)] (10)

If i < m— 1, calculate v’ from Eq. (7); if i = m + 1, calculate v’ from
Eq. (8).
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At the sludge wasting plane, we have

dc 1
3 n,mt) = m
x Slor(n, m — 1, 1)]
+ vi(n, m, t)e(n, m, ) AM)S[— vy (n, m, t)]
— vi(n, m, t)e(n, m, 1)Am)S[v,(n, m, t)]
—ovin,m+ 1, 0)cn,m+ 1, )A(m + 1)
X S[—vi(n,m + 1, 1)]}

Qwas te

+ Floc[n, c(m, 1)) — A(m)dx

c(n, m, 1)

Here the v; are calculated from Eq. (7) and the v, from Eq. (8).

At the bottom of the clarifier mass balance yields

0 1
5;(11, 1) = eyay 100 1 Dt 1, 040

x |S[=v'(n, 1, )] — S[v'(n, 1, D)]|
— v'(n, 2, t)e(n, 2, AR)S[-v'(n, 2, 1)]}

Qfeedc c(na t)

+ Floc[n, e(l, 0] + = a5

And at the top of the clarifier,

0 1
5 (0 1 1) = Sy W0 L e, 1 DA

x |S[—v'(n, I, )] — S[v'(n, I, )]

{vp(n,m — 1, He(n,m — 1, ) A(m — 1)

(11

(12)

+ v, I —1,0c(n, 1 — 1, 0)AI — D)S[v'(n, I — 1, 1)1}

+ Floc[n, ¢(, 1)]

We can now write Egs. (10)-(13) in abbreviated notation as

d
a;(n, i, 1) = fIn, i, ¢(t))

(13)

(14)

where c¢(¢) represents c¢(1,1,1),...,c(N,I,t). We then use a simple
predictor-corrector method for integrating this system of equations. We

start as follows:
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predictor
c*(n, i, At) = c(n, i, 0) + At{f][n, i, ¢(0)]} 15)
corrector

e(n, i, At) = c(n, i, 0) + %—t {fln, i, c(0)) + f[n, i, c*(A)]}  (16)

After the integration is started, one can use the following somewhat
improved algorithm:

predictor
c*n, i, t + At) = c(n, i, t — Ar) + 2AH{fn, i, ()]} an

corrector
cm, it + At) = c(n, i, t) + —Az—t{f[n, i, c(t)] + fln, i, c*@ + AD)]} (18)

Use of the computer program which solves this system generates vast
quantities of data which the computer must summarize if one is to avoid
being overwhelmed with output. We summarize the results as follows.

First, from time to time during the integration we print out clarifier
profiles of the solids volume fraction, given by

SVE@, 1) = Y ¢, i, )V, (19)
Second, we calculate the influent solids volume fraction (ISVF), the
sludge solids volume fraction (SSVF), and the effluent solids volume
fraction (ESVF), given by

N
ISVF = ¥ °(n, 1)V, (20)
n=1
N
SSVF = E c(n, m, t) Vn[v}.(ns m, t) - v,"(n, m’ t)A(m)/Qwaste (21)
n=1
N
ESVF = Z C(I’l, I, t)an;(na m, t)S[v,',(n, m, t)]A(I)/(Qfeed - Qwaste)
n=1
22

The influent solids flux (ISF), sludge solids flux (SSF), and effluent solids
flux (ESF) are given by

ISF = ISVF-Q;.ca 23
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SSF = SSVF: Quugee 9
ESF = ESVF:(Qreca — Qwaste) (25
Lastly, the percent removal of solids in the sludge is given by
100SSF

% removal = R = (26)

ISF

ANALYSIS, UPFLOW REACTOR-CLARIFIERS

We examine the operation of upflow reactor-clarifiers of the type
diagrammed in Fig. 2. Here reaction to form the floc takes place in the
inner conical section, in which the liquid may be mixed; it is then dis-
charged in a relatively quiescent state from the bottom of this inner cone
into the cylindrical clarifier section. Here the bulk of the liquid rises to the
top and is discharged as clarifier overflow; a smaller fraction sinks to the
bottom with the solids and is discharged as sludge.

We use the same notation as before, except as indicated below:

m = index of slab containing the influent feed plane
r. = radius of outer (cylindrical) shell of clarifier
rver = radius of the bottom of the conical section
r.p = radius of the top of the conical section

A; = cross-sectional area of the clarifier section at the middle of the ith
slab

Mo
overflow H P

| i

feed
e~

Tbot
bo 2

L

iﬁ
sludge waste "—‘g‘—l

FiG. 2. Upflow reactor-clarifier.
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overflow |———r“__,|
I

T

feed

sludge waste I A -

F1G. 3. Another design of upflow clarifier.

m

i—-m|?
=7 = S — m)| Foor — (oot — rtop)f_—' 27N
Our general discrete approximation to Eq. (1) is

0 1
5; (6 0) = g 0, i = 1, el i = 1,046 = DSW i — 1,10)]

+ 0'(n, i, tye(n, 1, OADS[—v'(n, i, 1)) — S['(n, i, D]
— V(i + 1, )i+ 1,046 + DS[—v'(n, i + 1, )]}
+ Floc[n, ¢(i, t)] (28

At the bottom of the clarifier

%’ n1,1) = {v'(n, 1, )c(n, 1, HADS[—v'(n, 1, 1) — S['(n, 1, 2)]|

A(I)Ax
— v'(n, 2, t)e(n, 2, )AQ)S[—-v'(n, 2, )]}
+ Flocln, (1, t)} 29

At the top of the clarifier we have

%;(n, Lt)= 1, e, I — 1, 0)A0 — D)S[v'(n, I — 1, 1)]

l '
A e I -
+ v'(n, 1, t)e(n, I, ) AD|S[—=v'(n, L, )] — S[v'(n, 1, 2)][}
+ Floc[n, c(, )] (30)
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At the feed plane
Tni)?l—x{v}‘(n’ m—1,0cn,m—1,0)A(m — 1)
x S[vi(n, m — 1, 1)]
+ vi(n, m, Heln, m, )AM)S[—vi(n, m, t)]
vi(n, m, t)e(n, m, t)A(m)S[v,(n, m, t)]
vi(n,m + 1, 0c(n,m + 1, 0)A(m + D)S[—v(n,m + 1,2)]}

Oreeac (1, 1)
fAgm)Ax G

de
a(n, m, t) =

+ Floc[n, c(m, t)] +

Next we need to calculate the velocities of the floc particles with respect
to the lab in the regions above and below the feed plane. Below the feed
plane we have

N
v, i, t) = v(n, iy t) = Ay Quase — 2 Uk, G, ek, i, )V, (32)
k=1
Above the feed plane we have

N
Ul’l(”? i9 t) = U(na i3 t) + Ai_l(Qfeed - Qwaste) - Z U(ka i? I)C(k’ ia t)vk
k=1
(33)

We use Eq. (32) in Egs. (31), (29), and (28) if i < m; we use Eq. (33) in
Egs. (31), (30), and (28) if i > m.

Again we are plagued by an overwhelming quantity of data available
from the computer, which we summarize as follows. We obtain the clarifier
profile of solids volume fraction from Eq. (19) as before. The influent
solids volume fraction is given by Eq. (20) as before, the effluent solids
volume fraction is given by Eq. (22), and the sludge solids volume fraction
is given by

N
SSVF = ¥ ¢(n, 1, )V, 0’ (1,1, 1)A1/Q yasie (34)
n=1

Influent solids flux, sludge solids flux, effluent solids flux, and percent
removal of solids in the sludge are given hy Egs. (23)-(26), as before.

RESULTS, SLUDGE BLANKET CLARIFIERS

To illustrate an application of our clarifier simulator, we exhibit in
Figs. 49 the dependence of sludge blanket clarifier operation on feed
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rate; see Fig. 1. These figures exhibit the variation with time of the solids
volume fraction at various points within the clarifier for feed rates of 2500,
3000, 3500, 4000, and 4500 ml/sec. The values of the parameters used are
given in the caption of Fig. 4.

In Fig. 4 the feed rate of 2500 ml/sec is well below the capacity of the
clarifier for this influent. The top of the principal sludge blanket is grad-
ually rising to the sludge wasting plane, and a sparse secondary blanket
of single particles is slowly developing in level fifteen. The percent solids
removal is 1009 as measured by effluent solids volume fraction (ESVF);
it is 83.18% and rising after 300 sec as measured by sludge solids volume
fraction (SSVF).

In Fig. 5 the feed rate has been increased to 3000 ml/sec. By 800 sec
the principal sludge blanket is well established, and we see a secondary
accumulation layer at the top of the clarifier. By 3000 sec the principal
sludge blanket has moved up to the ninth level in the clarifier, and the
secondary blanket has developed at level twelve. The percent solids
removal after 3000 sec is 88.85% (as measured by SSVF) and still increas-
ing; it is 99.43%, (as measured by ESVF) and slightly decreasing. The sys-
tem is approaching, but has not yet quite reached, steady-state operation.

The feed rate is 3500 mi/sec in Fig. 6. The principal sludge blanket is
established more quickly than at the lower feed rates, and is less dense.

20

O o

(8]

compartment no.

0

Fi1G. 4. Sludge blanket clarifier solids distribution, 7, = 0.01 P, p; = 1.05 g/m],

pr = 1.00g/ml, ry =0.02cm, I =47.5¢m, L = 100cm, r, = 30cm, r, = 50

cm, & = 0.01 sec™ !, Ouaste = 200 cm?/sec, I = 20, N = 4, ¢°(n, t) = const/n?,

Oteea = 2500 ml/sec, influent solids volume fraction (ISVF) = 0.002, %,
removals = 83.18 %, (SSVF) and 100.00%; (ESVF).
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20 —- 3000

o

-—sludge waste

o

[8)]

compartment no.

1 i 1 — .

0 2 ¢ 4 6 8x 107

FiG. 5. Sludge blanket clarifier solids distribution. Qreeq = 3000 ml/sec,
% removals at 3000 sec = 88.85%; and rising (SSVF), 99.43% (ESVF).

20

o
=4

<10 Q00 sec.sludge
g waste
5]

Q

g 5}

[=4

(&)

(] 1
-2
0 2 ¢ 4x10

FiG. 6. Sludge blanket clarifier solids distribution. Qreca = 3500 ml/sec,
% removals at 3000 sec = 97.82% (SSVF), 99.84%; (ESVF).

The increased flow rate prevents the accumulation of single particles at
the top of the clarifier, and the other secondary blanket has been pushed
up from level twelve to level fourteen. Removal efficiency is still high;
after 3000 sec it is 97.82% (by SSVF) or 99.84%, (ESVF).

We have increased the feed rate to 4000 ml/sec in Fig. 7. At this feed
rate the principal sludge blanket lies well above the sludge waste plane
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154
o *
[ =y
- =

500

élo ,/ waste
5
Q
85T

o] 2 c 4 6xI10™

Fic. 7. Sludge blanket clarifier solids distribution. Qreeq = 4000 ml/sec,
o/ removals at 3000 sec = 61.75% (SSVF), 99.93% and falling (ESVF).

(level ten), and solids are still building up in the upper levels of the clarifier
after 3000 sec. The secondary blanket has been pushed to the eighteenth
level of the clarifier. There has been a drastic drop in solids removal as the
feed rate has increased from 3500 to 4000 ml/sec; the percent solids re-
moval is 61.75% (by SSVF). (The figure of 99.93% calculated from ESVF
is obviously unrealistic, given the way in which the secondary blanket is
building up in the top of the clarifier.) The clarifier is obviously seriously
overloaded hydraulically by this 14%; increase in feed rate.

The effects of further hydraulic oveloading are shown in Fig. 8; here
the feed rate is 4500 mi/sec. The feed rate is now sufficiently high that no
secondary blankets form and the principal sludge blanket is evidently
being slowly forced out the top of the clarifier. The percent removal (by
SSVF) is now only 28.17% ; by ESVF it is 52.49%; and dropping at 3000
sec.

The sharp drop-off in clarifier efficiency with increasing feed rate is
illustrated in Fig. 9, in which SSVF and ESVF removal efficiencies at
3000 sec are plotied against feed rate. Clarifiers of this design apparently
exhibit very high efficiencies so long as they are not overloaded, but their
performance deteriorates drastically on relatively slight overloading.
Inspection of Figs. 4-8 indicates that performance slumps when the
concentration maximum of the principal sludge blanket rises above the level
from which sludge is wasted. The section of the clarifier above the sludge
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wasting level functions only as a buffer; it could help absorb short-term
overloads, but it does not appear to increase the steady-state capacity of
the clarifier significantly. In particular, the plots in Fig. 8 do not indicate the
occurrence of significant fallout of coagulated particles from the rather
dense sludge blanket which is formed near the top of the clarifier.

20 3000 sec

o

S

[—

:,E, 10 -—sludge waste

£

]

€57

8

H 1 1 1
0 2 c 4 6 8xI07®

FiG. 8. Sludge blanket clarifier solids distribution. Qge.q = 4500 ml/sec,
% removals at 3000 sec = 28.17%; (SSVF), 52.499%; and falling (ESVF).

|OO F————i ° o oo T
1

751
E .
o -
2 50 {
b4
52

25

0 2000 4000 mi/sec

feed

FiG. 9. Sludge blanket clarifier solids removals as functions of feed rate Qreeq:
o, calculated from ESVF; -, calculated from SSVF; 1, increasing at 3000 sec;
|, decreasing at 3000 sec.
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RESULTS, REACTOR-CLARIFIERS

We next turn to the effects of feed rate on the operation of reactor-
clarifiers of the type illustrated in Fig. 2; these are shown in Figs. 10-15.
The influent characteristics and clarifier parameters for ail these runs are
given in the legend to Fig. 10.

At a feed rate of 1000 ml/sec this clarifier achieves 1009, removal, and
a steady-state is closely approached after 600 sec. No solids rise above the
feed plane (level 10), as shown in Fig. 10. At a feed rate of 1500 ml/sec,
shown in Fig. 11, percent removal is 87.99% (SSVF) or 90.30%, (ESVF)
after 600 sec, by which time the clarifier has essentially reached a steady-
state. [On a per unit area basis, this corresponds to a feed rate of 4167
ml/sec for our sludge blanket clarifier; rwp2 (sludge blanket)/r,? (reactor-
clarifier) = 2.778.]

In Fig. 12 we have increased the feed rate to 2000 ml/sec, and the per-
cent removal has dropped to 82.18% (SSVF) or 84.97% (ESVF). This
corresponds to a feed rate of 5556 ml/sec in the sludge blanket clarifier.
In Fig. 13 the feed rate is 2500 mi/sec; the percent removal is 65.52%;
(SSVF) or 75.16%, (ESVF). Here we see for the first time the formation
of a primary sludge blanket. The upper section of the clarifier has not
reached a steady-state after 600 sec, and the two percent removal figures

20t

I5¢
S
=
+~ 10 ~—feed compartment
5
E
g 5
Q
Q

600sec
-3
0 C | 2X[10

Fic. 10. Reactor-clarifier solids distribution. L = 100 cm, i= 47.5 cm, ryoc =

10 cm, Ftop = Scm, ro =30cm, Qreq = 1000 ml/sec, Quaste = 100 ml/sec;

other parameters as in Fig. 4. Percent removals after 600 sec = 97.5% and
rising (SSVF), 100.00 %, (ESVF).
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are still drifting toward each other. The hydraulic loading corresponds
to 6944 ml/sec in the sludge blanket clarifier.

In Fig. 14 the feed rate is 3000 ml/sec, and a steady-state is achieved in
fess than 600 sec. Percent removal figures are 54.24%, (SSVF) and 55.50%;

20200 4Q0 600sec

15
o
[ =4
€10 —feed compartment
£
) =
a
ED
Q
(3]
c()x.l
0] | 2x107?

FiG. 11. Reactor-clarifier solids distribution. Qreea = 1500 ml/sec; other
parameters as in Fig. 10. Percent removal at 600 sec = 87.99%, (SSVF) and
rising, 90.30% and falling (ESVF).

I00 200 400,600sec

feed compartment
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F1G. 12. Reactor-clarifier solids distribution. Q.. = 2000 ml/sec, % removal
at 600 sec = 82.18% (SSVF), 84.97%, (ESVF).
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(ESVF), indicating removal of better than half the solids at a flow rate
corresponding to 8333 ml/sec for the sludge blanket clarifier.

The behavior of this design of clarifier under overloads is shown in
Fig. 15. We see that clarifier efficiency decreases much more slowly as we
go past the breakthrough point than it does for the sludge blanket clarifier.
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600 sec
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FiG. 13. Reactor-clarifier solids distribution. Qecq = 2500 ml/sec, % removal
at 600 sec = 65.52% and rising (SSVF), 75.16% and falling (ESVF).
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FiG. 14. Reactor-clarifier solids distribution. Qe = 3000 ml/sec, %; removal
at 600 sec = 54.24%;, (SSVF), 55.50%; (ESVF).



14: 04 25 January 2011

Downl oaded At:

912 CLARKE, WILSON, AND CLARKE

100

75+
g
oS50
£
2
*

25|

) I L J
0 1000 2000 3000

Qfged

FiG. 15. Reactor-clarifier solids removals as functions of feed rate: (o) calcu-
lated from ESVF at 600 sec, (@) calculated from SSVF at 600 sec.

RESULTS, ANOTHER TYPE OF UPFLOW CLARIFIER

We last address ourselves to the design of the upflow clarifier shown in
Fig. 3. The shape of the device is similar to the sludge blanket clarifier,
but the feed is in the middle and sludge wasting takes place at the bottom,
as with the reactor-clarifier. Figures 16, 17, and 18 exhibit the effect of
decreasing solids volume fraction in the feed. The percent removals (SSVF)
are given in Table I.

The effect of feed rate on percent removal is indicated in Fig. 19. We
note that the effect of overloading on this clarifier seems to fall midway
between the effect of overloading on the other two designs, being more
precipitous than that for the reactor-clarifier and less precipitous than that
for the sludge blanket clarifier.

TABLE 1

Dependence of Percent Removal on Influent Solids Volume Fraction (ISVF)

ISVF 9% removal (SSVF) (1200 sec)
0.01 98.27
0.05 74.86

0.10 63.95
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Fig. 16. Third upflow clarifier solids distribution. r, = 25 cm, r. = 10 ¢cm,

I=25cm,L =100cm, x = 0.1sec™!, N = 5,1 =10, ISVF = 0.10, Q¢ecq =

700 ml/sec, Qya.ste = 83.3 ml/sec; other parameters as in Fig. 4. Percent removal
at 1200 sec = 63.959% (SSVF), 63.96 %, (ESVF).
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FiG. 17. Third upflow clarifier solids distribution. ISVF = 0.05; other param-
eters as in Fig. 16. Percent removal at 1200 sec = 74.86%; (SSVF), 100.00%;
(ESVF).
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FiG. 18. Third upflow clarifier solids distribution. ISVF = 0.01; other param-

eters as in Fig. 16. Percent removal at 1200 sec = 98.27% (SSVF), 100.00%,

FiG. 19.

(ESVF).
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Third upflow clarifier solids removals as functions of feed rate.

COMMENTS

In all three types of clarifiers the upper section of the clarifier (above

the sludge wasting plane in the sludge blanket clarifier and above the feed
plane in the other two) provides a buffer capacity to deal with short-term
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heavy shock loadings. Monitoring the solids concentration somewhere
near the bottom of the upper section of the clarifiers would evidently
provide much better control of clarifier overflow quality (through feed
rate adjustment) than monitoring solids in the clarifier overflow. The
computer programs used permit one to estimate the effects of sudden shock
overloads in solids concentration or feed rate of various magnitudes and
durations. This information is needed to design the clarifier itself an.' to
select the place for the monitoring equipment used to control overload.ng
and maintain effluent quality.

The data presented here barely scratch the surface of what can be done
with these clarifier simulators. The geometry of the clarifier (including the
location of feed or sludge wasting planes), the effect of various feed rates
and solids concentrations, the effects of particle density and size distribu-
tion, the effect of the rate of sludge wastage—all these can be economically
simulated. In addition, with very minor modification, the programs could
include the effects of a mixing tank and flow stabilizing device “up front”
to determine whether these are optimal solutions to the problems of
shock hydraulic and solids loadings.

These programs do not include terms for axial dispersion since we did
not have any means for estimating axial dispersion constants; such terms
could quite easily be added if desired. Also, the programs do not include
a mechanism permitting the coalescence of particles of the same size.
We believe that the energy dissipated in the liquid by the falling floc par-
ticles may provide such a mechanism through the small-scale turbulences
which this creates; we are currently exploring this point.
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