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A Theoretical Relationship between Sludge Age and Sludge Recycle
based on Mass Balances of Total Suspended Solids Contents
in Conventional Activated Sludge Processes
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Abstract

Two rational formulae depicting the relationships between sludge ages and recycle
flow rates have been developed to determine sludge wasting volumes at a particular
sludge age.

A sensitivity analysis shows that the recycle ratio is the most important variable to
be measured as accurately as possible in determining the sludge wasting volume to
maintain a particular sludge age when the system is controlled by wasting recycled
sludge. On the other hand, the final clarifier solids capturing capacity is the most im-
portant variable to be measured when the system is operated by wasting mixed liquor.
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dge process: (1) sludge wasing rates, (2)
, return sludge flow rates, and (3) aeration

There are three major process control rates. By evaluating the process and adju-
variables for a conventional activated slu- sting these rates, the wastewater treatment

P Iy e —————— plant operator can control the process.
* A3 QAR FTAYY 2ud, TEZE The sludge wasting rate and return slu-

1. Introduction
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dge flow rate are of special interest since
these rates appear to be coupled for the
purpose of Process control. Provided ‘that

the influent wastewater ¢oés not comtain

toxic materials, the treatment plant is ade-
quately designed and that the facility is
maintained in a reasonable manner, the
activated sludge process can and should
produce an effluent low in BOD and- sus-
pended solids using a wide variety of desi-
gns and equipment.

The principal purpose of this study is to
develop a rational relationship between slu-
dge wasting volumes and recycle flow rates
at a particular sludge agé. The relationship
will be formulated based on mass balances
of total suspended solids contents in a con-
ventional activated sludge treatment system.
A sensitivity analysis will be conducted to
delineate the most important variables to
be measured in determining the wasting
sludge flow rate.

2. Process Evaluation

Two conventional activated sludge treat-
ment systems have been chosen. Each of
them has a single aeration basin. The one
is the system where the waste sludge is
withdrawn from recycle lines. The other is
the system where the mixed liquor is dis-
charged to a thickener and the overflow(or

underflow in the case of a flotation thic-
kener) is returned to the aeration basin.

Both of the systems are assumed to be
well-opperated at steady state conditions.
The mixed liquor in the aeration basin is
completely mixed with the sludge recycled.
The schematic configurations of theacti-
vated sludge systems used in this study are
shown in Figure 1 and 2, respectively. The
notation is also shown. Primary treatment
and disinfection are not included in this
research.

Notation

The following symbols are defined as
shown below. The rest of the symbols whi-
ch do not appear here are explained in the
text where they first appear.

@=1flow rate, L/day

X=concentration of total suspended solids,
mg of TSS/L

A, F and T denote the aeration basin,
final clarifier and thickener in Figure 1 or
2, respectively.

Indices

The following indices are used exclusively
throughout the text.

i=effluent from primary clarifier to ae-

ration basin
a=effluent from aeration basin to final
clarifier
r=recycle flow

Q;
xl
AE— ¢ >
A Qa=Q,+Q, F | G=0-a,
Q, *e
Xe
Q.+ Q,
Xfm ™
w
Xy = X,

Fig. 1. A Conventional Activated Sludge Treatment System Controlled by Wasting Recycled Sludge
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Fig. 2. A Conventional Activated Sludge Treatment System Operated by Wasting Mixed Liquor

w=waste sludge flow from returned slu-
dge line or from aeration basin
e=final clarifier effluent
b=overflow from gravity thickener(or
underfolw in the case of a flotaion
thickener)
u=thickened sludge flow
The completely mixed continuous flow
biological reactor with the sludge recycled
is assumed to be operated with a fixed
constant ratio maintained between the rate
at which nutrients are utilized and the rate
of bacterial growth. The theory and opera-
tion of continuous systems has been revie-
wed by many publications and is not dis-
cussed here.
2.1 Wasting of Return Sludge
For the system and notation of Figure 1,
a portion of the returned sludge must be
wasted in order to maintain a particular
sludge age. The mean solids residence time
or sludge age, &, can be defined as
XA Ba. 1
where V is the volume of the aeration basin
in liters. The mass of solids in a final cla-
rifier may not be taken into account if it
does not represent a significant fraction of
the total suspended solids in the system.
Define that Sy is the fraction of the total
suspended solids settled and consequently
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returned into the recycle line. Sy is then
expressed as

Sf o QPXT:‘Xgmx‘ g ]

Considering the relation of @n Xn=(1—
SP)@.Xn, substitute it for @.Xm in Eq. 1L
9. is then

‘Eq. 2

- VXm
b= Qwa'l'(l_Sf)Qme Eq 3

From the definition of Sy in Eq. 2,

- QrXr+Qwa
Qme"‘ Sf
Substituting Eq. 4 for @u.X, in Eq. 3 under
the assumption of X,=X,, Eq. 3 is modified

to

Eq. 4

Eq. 5

Qv _ XuS, _ (1—8:)Q,
vV T X, |
The mass balance for total suspended
solids in the aeration basin can be written
as
QX +Q.X,=QuXn Eq. 6
Using the definition of R=Q,/Q,~ and assu-
ming that X; can be negligible, X, can be
expressed as

= (AR Xy
X,=—5

Substituting Eq. 7 for X, in Eq. 5, @/ V
can be formulated as

_Qw___. Sy ___1_____ (1"'Sf)
v “R( (I+R) 6, :, )Eq' 8

where 2,(=V/Q;) is the hydraulic retention
time of wastewater in the aeration basin

Eq. 7




in days(based on the primary effluent flow
only). As shown in Eq. 8, the daily volume
of the recycled sludge to be wasted can be
set once the values for recycle ratio, R,
final clarifer solids capturing capacity, Sy,
and hydraulic retention time, #,, are chosen.

2.2 Wasting of Mixed Liquor

For the system shown in Figure 2, a por-
tion of the mixed liquor should be dischar-
ged into a thickener to maintain a particu-
lar sludge age. The mean solids retention
time, 6., may be defined as

09= VXm
QX ot @aXa— @ X,

Define that S, is the thickener solids cap-
turing capacity. S, then expressed as

X
=YXy .10
5= 0. % Eq

Considering the relation of @:X,=(1-—S.)
@,X, and substituting it for @,X, in Eq.
9, 8. is then reduced to

_ VXy
T SQuX ot @uXn

The equation above is the identical one
with the formula proposed by Hartley
(1985). He has also developed another for-
mula to determine the daily wasting volume
of mixed liquor at a particular sludge age
with effluent loss of suspended solids and
thickener capturing capacity. However, he
did not try to express @, in terms of recycle

Eq. 9

a Eq. 11

flow rates.

Define that Sy is the fraction of the total
suspended solids returned into the aeration
basin. It may then be given as

S =
. Regarding the mass balance of total sus-
pended solids in the final clarifier, @nXn
in Eq. 11 can be expressed as

o (I_SI)QTXY
QuX =L 2R

Substituting Eq. 13 for @.X. in Eq. 11

Eq. 12

Eq. 13

_~«72~.__

with the relation of @,=RQ;,

Qw — Xm (lﬁsf)RQ:'Xr
vV 0¢S¢Xm VSfSch

Since the waste sludge is directly withd-
rawn from the aeration basin, X, is equal
t0 Xm @./V in Eq. 14 is finally ended up
to

Eg. 14

Qo _ 1 (1 (-89 RQin)

VT S\ Sy VXa
Eq. 15

3. Discussion of Resulis

3.1 Wasting of Return Sludge

A sensitivity analysis has been performed
by simulating the proposed formula, Eq. 8,
to investigate how the response, @,/V, is
affected by a given set of solids retention
times over some specified range of interest.
4 and 8 hour hydraulic retention times of
wastewater in the aeration basin were cho-
sen, which are fallen within a typical range
for a conventional activated sludge process
(Metcalf and Eddy, Inc., 1979). The recycle
ratios ranged from 0,25 to 0.5(Metcalf and
Eddy, Inc., 1979). The typical solids captu-
ring capacity was assumed to be between
0.992 and 0.995 in the final clarifier.

As shown in Figure 3, the portion of the
recycled sludge to be wasted should be
reduced as the sludge age increases. At a
particullar sludge age, the sludge wasting
volume must be increased as the recycle
ratio increases. The sensitivity analysis
shows that small changes in the recycle
ratio caused relatively large changes in the
daily volume of the recycled sludge to be
wasted. Thus, the recycle ratio, in addition
to total suspended solids contents in waste-
waster, is the most important variable to
be obtained as accurately as possible in
determining the sludge wasting volume to
maintain a particular sludge age.

The effect of the solids capturing capacity
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and hydraulic retention time on the res-
ponse, @,/V, is relatively minor in deter-
mining the sludge wasting volume in this
system.

3.2 Wasting of Mixed Liquor

The oter sensitivity analysis has been
conducted with Eq. 15 to see how the res-
ponse, @,/V, is affected by a given set of
.solids retention times over the specifed
region of final clarifier solids capturing
«capacity, thickener solids capturing capacity

and daily volume of recyled flow. As used
in the previous analysis, the solids captu-
ring capacity in the final clarifier was
assumed to be between 0,992 and 0.995. A
well-operated gravity thickener has typi-
cally a solids recovery of about 95%(Vesi-
lind, 1980). The solids recovery in a flota-
tion thickener could be increased from 85%
to 98 or 99% with polyelectrolytes as flota-
tion aids(Metcal and Eddy, Inc., 1979).
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Fig. 3. Determination of Recycled Sludge Wasting Volume

The results are shown in Figure 4. The
fraction of the mixed liquor to be wasted
should be reduced as the sludge age increa-
ses. At a particular sludge age, the sludge
wasting must be increased as the recycled
mass rate per a unit mass of total suspen-
ded solids in the aeration basin decreases.
The sensitivity analysis indicates that the
final clarifier solids capturing capacity is
the most important variable to be measured
as precisely as possible in determining the
sludge wasting volume.
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To maintain a particular sludge age, the
same mass of solids ' must be wasted whe-
ther the system is controlled on the basis
of mixed liquor or return sludge. An inter-
esting comparison can be made between
those two systems shown in Figure 1 and
2. When the return sludge is wasted, the
wasting volume is less by a factor of about
3 or 4 because of higher total suspended
solids contents in the recycle line.

When the sludge age is preset, the daily
volume to be wasted can be determined
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Fig. 4. Determination of Mixed Liquor Wasting Volume

using Figure 3 or 4. In other words, the
precise sludge age over a period can be
checked, if desired, using those two figures.
The relevant data to the suspended solids
concentrations are also needed to follow this

procedure.

4. Conclusions

The following conclusions can be drawn:

(1) The sludge wasting volume at a par-
ticular sludge age can be accurately deter-
mined using the proposed formulae shown
in Eq. 8 or 15, whether a conventional
activated sludge System is consrolled on the
basis of wasting recycled sludge or mixed
liquor.

(2) The recycle ratio is the most impor-
tant variable to be measured as accurately
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as possible in determining the sludge was-
ting volume, when the system is controlled
by wasting recycled sludge.

(3) The final clarifier solids capturing
capacity is the most important wvariable to
be measured as accurately as possible in
presetting the sludge wasting volume, when
the system is operated by wasting mixed
liquor.

(4) When the return sludge is wasted,
the wasting volume is less by a factor of
about 3 or 4 due to higher solids contents
in the recycle line over the specifieed range
of variebles investigated in this study. The
facror indicates a coincidence with the com-
mon agreement that wasting volume can
be significantly reduced when the waste
sludge is withdrawn from recycle lines
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rather than directly from aeration basin.

Experimental verification of the proposed
formulae is now carried out at a conventio-
nal activated sludge wastewater treatment
plant, and the results will be also presented
in the upcoming issue.
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