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ABSTRACT

Identification experiments have been performed on a full scale
municipal wastewater treatment plant at Kgﬁpala, Stockholm. The
dissolved oxygen dynamics in the activated sludge process has
been examined with respect to air and water flow disturbances.

Maximum Likelihood identification has been used for the para-

meter estimation.
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1. INTRODUCTION

The activated sludge unit is one of the major unit processes

in a wastewater treatment 'system. In the process a waste is

stabilized bioclogically in a reactor under aerobic conditions.

The aercbic environment is achieved by the use of diffused or mechanical
aeration. After thewaste has been treated in the reactor (or aerator)
the resulting bioiogical mass is separated from the liquid in a

settling tank. A portion of the remaining mass is wasted as sludge,

In order to maintain the aerobic conditions oxygen has to be
transferred to the process centinuously. The oxygen which is
utilized by the organisms must be in a dissolved form. Therefore
the oxygen which is added through aeration must be transferred
from a gaseous phase to a dissolved phase before it can be

utilized by the organisms.

In this report the dissolved oxygen dynamics (DO) is considered
and its relations to different process variables and biological
variables as well as to external disturbances. There are several
reasons why the DO dynamics is interesting and relevant to consider.
Here we consider three reasons

0 water quality

0 economy

0 DO as an indicator of the process condition

In order to maintain aercbic conditions in the reactor the DO

concentration must exceed a certain concentration, say 1 - 2 mg/l.

Below this level the synthesis rate of organisms and consequently
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the organic substrate utilization, is limited due to the oxygen.

On the other hand the organisms cannot make use of an abundant
concentration of DG. Of economic reasons it 1s therefore natural
to try to minimlize the DO concentration and still maintein an

adequate bilological actiwvity.

The air flow to the reactor is constrained to a lower limit
by hydraulic conditions. In order to malntain g sufficlent
liquid mixing and to avoid clogging of the diffusers the air flow

must not be too small,

The oxygen transfer dynamics from gaseous to liquid phase is
therefore the most interesting dynamics from a control polnt of
view. The main control task is to keep the DO concentration
constant despite load changes to the plant at a level of 1 - 2
mg/l. The relevant input signal is therefore the alr flow rate

from the compressors.

Due to changes of the load to the plant the DO concentration can
vary significantly. It alsc depends to a large extent on the
biological activity. Therefore the DO coneentration is a natural
indicator of the process condition. The difficult instrumentation
problems in a wastewater treatment system makes the DO concentration
even more ipteresting. This is one of the few variables that can

be measured with a reasonable reliability. Thug the dynamics can

be used for estimation of other biological variables, such as

biological oxygen uptake rate.




Vhen the aerator is buillt as a long tank the DO concentration

is far from uniform along the channel. Instead it is varving
considerably along the tank. Because of the high substrate
conceﬁtration at the raw wastewater inlet the syathesis rate

is high there. Consequently the oxygen demand i1s large and the DO
level is low. Towards the tail end of the reactor the biological
reactions are getting completed and the corresponding OXygen
demand is comparatively low. The DO level can therefore rise to

relatively high values.

The DO profile phenomenon has been considered in the design of some
plants. The air flow is larger in the head end and decreases
along the reactor as the oxygen demand decreases, a so called

tapered aeration.

In order to examine the DO dynamics for a full secale municipal
plant several series of dynamical identification experiments
have been performed on the Kippala wastewater treatment plant

at Liding4 outside Stockholm.

The plant was completed in 1969 and has an average influent flow

of 1.3 m3/sec (~ 30 MGD). The flow is split up into three parallel
flows to the grit chambers. It is further split up into six

parallel flows for the primary sedimentation and the activated sludge

process units. Chemical precipiation follows the bioclogical treatment,

For the dynamical experiments one of the six aerators has been used.

The aerator has a volume of 6000 m3 and is 100 m long. The air




is supplied by diffusers uniformly along the tank. The raw
wastewater is fed into the tank by step loazding at four
positions between 30 and 60 m from the head snd. Ths

DO profile shows the typical feature, which was indicated above.
For a more detailed description of the plant and its instrumen-

tation we refer to {6].

In Chapter 2 the theoretical aspects of the DO dyvnamics are
discussed. A basic structure is presented and the consequences
of it are shown. The DC profiles are calculated and compared
to experimental data from Kappala and the DO concentration
sensitivity to different input variables and disturbances is

analyzed to some extent,

The experiments are summarized in Chapter 3. A brief summary of
the identification method is given in Chapter 4. There are seven
major experiments reported here and the basic results of them
are discussed and analyzed in the Chapters 5 - 11. After this
the results are summarized in the following three chapters 12 -
14 and further physical interpretations and comparisons between

the different experiments are made. The report is summarized in

Chapter 15.
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2, DISSOLVED OXYGEN DYNAMICS

The dissolved oxygen (/{0) concentration is related to both the
blower capacity and to the biological activity in the aerator.

The equations describing the DO dynamics haee been derived
elsewhere, Olsson (1975A) but will be repeated here for convenisnce,
In Olsson (1975B) some static analysis of thes equations has been

performed, and some of the resuits are relavant for this study,

The DO equations for a complete mix reactor and a plug flow reactor
are repeated in 2,1, It is assumed that the Kggpala ae rator dynamics
is possible to describe as a dispersed plug flow reactor, i,e, some
compromize bstween complete mix and plug flow, Some discussion is
made about DO profiles in 2,2, The MO sensitivity with respect to

different inputs or disturbances is discussed in 2,3,

2.1 Dissclved oxygen equations.

The PO dynamics for a complete mix reactor can be derived Hy taking the

DO mass balances over the aerator, see fig 2.1,

{t-w} Q 3

////
AERATOR SEPARATOR
rQ wQ B’

Fig, 2.1. Schematic flow diagram of a complete mix aerator,
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Then the dynamics is

dc
o - N
== =D (c; - (1+r)e ) + o 2 Yair (Cos'ccj -
dt
1 - Yx " 3
W ekl P - 2,1
/% Cx f(co) k2 d “x 2.n
Y K + 5
X s
where
Cy = DO concentration (mg/1)
Coi = influent water DO concentration
C,s = Saturation concentration of DO {mg/1)

D = dilution rate of the asrator (=Q/V)
r = return sludge flow rate ratio
k a = oxygen transfer coefficient

u_._ = air flow from the blowers
air

yield constant

maximum specific growth rate of microorganisms (h™ )

substrate concentration (BOD)

Ks = growth limiting constant
¢, = concentration of viable organisms (mg/1)
k. =

2 constant

decay coefficient (h'lj

Q.
]

The function f(co) reflects, that the biological activity is oxygen
limited for small DO concentrations. It resembles a Monod type function

and may be described either by




T i e, =

(2.2)

f(co)

or by

flc) = 1 - exp{-d-c) {2.3)
where K is a constant,
The limiting function f(co) is illustrated in fig 2.2, where the

form {2.3) has been used. Two different values of % are shown.

The first term of (2.1} describes the M) that is coming into the
aerator from the primary sedimentation and the amount of DO that
flows out into the settler, It is assumed that the DO concentration
in the return sludge flow is negligible, This is a reasonable
assumption, as the endogeneous respiration in the settler will

consume all the DO that is left,

The second term of (2,1) is the oxygen transfer through the blowers,.
It shows the wellknown fact, that the oxygen transfer is proportional
tc the difference between the saturation concentration and the actual
DO concentration. It is also proportional to the air flow rate, at
least for the flow rates that are actual in an asrator., The term

kLa is to be determined in the identifisation experiments, It is
significantly depending on the sludge condition and may be between
50 and 100 % of the value found for clean water, It is also

varying along the aerator as the substrate concentration and

the reaction speed goes down, see e,g, Fckenfelder et al {1970)

The third term is due to the biological uptake £or cell synthesis.
The oxygen consumption is directly proportional to the amount of

new cells created by synthesis, The synthesis is limited by the DG

concentration for DO levels below some 1 - 1,5 mg/l. The function f(co)
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Fig. 2.2, Iliustration of the function f(cg),
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is used to descrilbe this phenomenon. The last term in (2.1)

reflects the DO consumption due to endogeneous respiration.

In order to describe the biological activity in the aerator

the dynamics for different species of organisms as well as
substrate, bioscrption, and inert bacteria has to be described.
This has been described elsewhere (7Y% .+ and will not
be repeated here. The coupling from the DO equation to the

biological reactions actually is by the fumction f(co).

In a plug flow reactor the differential equation (2.1} has to be

adjusted for the different hydraulic conditions. The plug flow

equations are derived in [7] and are
2% = () (c) (2.4
= -y + (c - (c .
9t 9% ° prod ° cons
where

v = stream velocity (m/s) in the aerator
The production term is the same as the second term of (2.1), while

the consumption term is identical to the third and fourth terms in

(2.1).

For the steady state case it is clear thet (2.4) is just an ordinary

differential equation., The boundary condition is the known DO concentration

of the influent wastewater at the head end of the reactor.
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The biological equations coupled to {2,4) have more complicated
boundary conditions, The concentrations at the head and tail ends
of the reactor are actually coupled by the settler dynamics. This

is further discussed in [ 8].

2.2 Dissolved oxygen profiles

If the air inflow to the aerator is uniformly distributed along the
reactor, there will be a non-uniform DO profile along the tank,
Because of the high biological oxygen uptake rate the demand in
the beginning of the tank is very high, This results in a low

DO concentration in the head end of the tank. When the substrate
concentration decreases along the tank the subsequent synthesis
rate decreases and the N0 concentration can rise, In the tail

end the positive contribution from the compressors is generally
much larger than the negative consumption term from the biclogical
uptake. A typical profile from the Kgppala wastewater treatment
plant is shown in fig 2.3, It does not reflect the true steady
state conditions, as the flow rate of wastewater varies during the
measurements, It does,however, indicate the gqualitative nature of

the profilie,

DO profiles for different operational conditions have been calculated
in f 81 " " for a plug flow reactor, Even if a plug flow
pattern does not describe the Kgppala plant adequately the profile

calculations give a qualitative indication of the causes and effects

of the profile. Some of the results are shown here.
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The equation (2.4) has been solved together with the viable

organism and substrate concentration equations. Fig. 2.4. shows

the resulting DO profiles for some different air fiows, The
parameter in the figure is the product kLa u_se For simplicity,

let us call it kl' The value k1=‘0 corresponds to a flow rate

of about the double normal value. The DO profile has the typical
S-shape. Even if the flow rate is very high it is not sufficiently
high to supply the biological activity in the head end, Still it
results in an abundant concentration of DO in the tail end.

When the air flow is decreased to 75 % (k1=7.5) the largest

change takes place in the middle part of the aerator. The difference
between kl=7'5 and k1=5 shows even more, that the DO profile has

a maximum sensitivity for air flow changes in the middle of the tank,
When the air flow rate is decreased further the character of

the DO profile changes, It is no longer almost horizontal at the
tail end but significantly positive. This is a sign, that the
biological reaction has not been completed in the aerator, and
consequently the concentration of substrate in soluble and floc

phases are too high,

The calculations above show, that in a '"normal’ profile the maximum
sensitivity for air flow rate changes appears to be in the middle

part of the aerator and not in the tail end. This will actually

be demonstrated in the first experiment 740626. In [ g ]

an analysis of the sensitivity has been made, and it is shown that

the steady state sensitivity actually has a maximum at DO concentrations

around 2 - 4 mg/l, depending on the operational conditions,
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Fig. 2.4. Dissolved oxygen profiles for a plug flow reactor. The value

of k au is the parameter,
air

Numerical values:

V/Q = 4 hrs Influent substrate conc = 200 mg/1l
c =0.5mg/l

ol Compaction ratio in the settler = 4
s ™ 10 mg/1

= 200 mg/1

k2 = 0.25

d = 0.005h
X

1
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Tt is also demonstrated in the experiments, that practicly no DO
changes due to air flow rate changes can be observed in the head

end of the reactor.

2.3. DO concentration sensitivity

The DO concentration can be manipulated by most three variables,
the air fiow rate, the influent water flow rate and the return
activated sludge flow rate. The two latter ones are not really
the control inputs for the DO level, but should be considered

as external disturbances for the DO concentration. The major

input variables is all the time the air flow rate.

Another two variables will affect the DO concentration, the

substrate (BOD) concentration and the viable organism concentratdon
which can be related to the MLSS concentration. The BOD disturbance
comes primarily from the influent wastewater and varies in a diurnal
pattern. On top of this there are chock loads due to either industrial
wastes or due to rain storms, The substrate concentration will

be diluted.in the latter case.

In order to roughly describe the static gain (or the control authority)
from different inputs, let us consider eq (2.1). The static gain

from different inputs has been considered in T81. The air
flow input comes from the term Uos e The wastewater influent flow

is related to the dilution D. The hydraulic disturbance due to the
return activated sludge flow rate r is also shown. There is an indirect

influence from a disturbance in the term r too. The growth rate of

organisms will be affected, as the sludge age of the organisms is




denending on the return sludge flow rate. This influence, however,
4

is verv slor and takes davs. '‘hen the return sludge flov is

changed the available sludge in the settler, however, will be moved
more rapidly to the aerator, and a transportation of sludge .
follows. Due to this transportation the sludge con;entration in the

aerator can be influenced within the order of hours.

In order to calculate the DO sensitivity to different inputs
and disturbances eq (2.1) is linearized. In steady state
and for small disturbances the change in DO due to the inputs
can be written

= G Pl
Aco C],Auair + G2 aq + 3 as + C4 Acx

The expressions for G, ,..,G, have been derived in [8] p 103 ff.

1 4

Consider the normalized values of the steady state transfer

functions

ac =cf Auair+G£ aQ +cé°s + o Acy
o _alr - il 2Cx
u q s c

alr -

The maximum sensitivity Gi with respect to air flow changes will
be of the order 7. The maximum appears at about 2.5 - 4 mg/l, while
there is a zero sensitivity at either zero DO concentration or at
saturation concentration.

The sensitivity with respect to influent water flow changes is

an order of magnitude smaller. It has a maximum of about 0.5. The
sensitivity with respect to disturbances in substrate concentration
Gé or MLSS concentration G] is higher and can be estimated to

4

be of the order 3 - 5 for the actual system. The values of the

three last transfer functions are negative.
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2.4, Nonlinearities in the air flow input

The dynamics of the DO concentration is nonlinear, as eq. (2.1)
shows. Even if (2.1) represents a complete mix reactor it can

give some qualitative information about the nature of the nonlinearities.

The dynamics with respect te air flow input is very fast compared to
the metabolism and to the hydraulic response times. Therefore it

is reasonable to assume, that both the substrate concentration (s)
and the organism concentration (cx) are constant during changes in

alr flow.

As the alr flow is uniformly distributed along the aerator, the
dymamics is similar all along the tank. The difference between the

different parts of the tank is due to different concentrations in

substrate and organisms, and this changes of course the operating level

of the DO concentration.

For the analysis the tank is divided into small compartments of
complete mix reactors, each one with the volume Vk. In the actual

time scale s and ¢ are constant in eq 2.1 and therefore the DO
x

dynamics can be described by

de
2 =D (¢ =~-e¢ )+k u (¢ =c ) -g(s,c) £(c) (2.5)
dt k o,k-1 o,k 1 air os o,k X °

where Dk = dilution constant

k =k a
1 L

g(s,c ) = constant function of subst mte and organism concentrations
x

The input .u . is not linearly related to the DO concentration.
air

Depending on the biological uptake rate the function g has different

values.

An approximate analysis is made by letting ¢ and u - vary around the
o a




steady state values

C

o
c +4AcC
e ] 4 8]

[

u u® +an

air

which gives

d(ac

dt

- ac

+k (W +A0) (e =2¢c°
1 s 0,

) y - gls,c ) * £{c+ac }
O,K I3 X 0 s]

Only DO concentrations larger than 1 mg/l will be considered
why the function £(°) is practicly constant equal to one. The

terms that cancel 1n steady state are cancelled,
AN

: d(Aco)
<]
S klu ac  + kl auf{c

~-c%) - k Auéac
o 1 0

[o}

= - D ac
k

(¢} 08

dt

where the subscript k has been neglected. Eq. (2.7) is rewritten

in the form

d( aco)
_— = - k (u”+au) + D ] ac + k (¢

-c®Yau
os ©

Some general observations from (2.8) can now he made
* the "time constant' of the system depends on the amplitude

of the input, as the basic system is bilinear in u
air

the gain of the system depeads on the operating level and

*

(2.8)

2.7)

(2.8)

is
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It can be observed, that the response time for an input

in uai does not depend on the steady state concentration c°.
r 0

In a long channel type aerator, where the DO concentration is
widely different in the head end and tail end, the response time
should still be the same., Observe, that it is also independent

of the biological uptake rate in this time scale. Thus for a
constant amplitude of the input u the '"time constant” of the
system would be the same, as long as u® 1s constant along the tank.

To give a feeling for the numbers iavolved, assume that

L k1u°$£5. Dk is less than 0.1 and can therefore be neglected here.
! For very small disturbances the real time constant therefore
is about 12 minutes., If Au is 50 % of u’ the time comnstant

can be 8 minutes in the estimated model.

The gain of the system is lower close to the tail end of the aerator

where the DO concentration is high and is higher in the middle of

the aerator. Close to the head end the gain is small again, but then I
this analysis is not valid any longer. The reason is that the fumection

f(c ) is getting important, see further section 2.3.
o

Some step responses of the DO concentration due to steps in the air
flow are shown in figure 2.5, They demonstrate, that the “"time constant'

is independent of the operating level, but the gain is smaller. - = o7~

closer to the saturation concentration.




18

R bl
CONCENTRATION | - ;
/- !
: r
]
' !
m‘/
P
/
Py :
4 i 4
[ ]
el v
0 6 12 18 24 30 Time (min)

Fig. 2.5, Step responses of DO due to changes in air flow rate, The air flow
rate in steady state is the same for all the cases, but the bioclogical
uptake rate is different, The air flow is increased 50 % over the

steady state value, The time constants are the same for the different

cases, about 8 minutes, The gain, however, is different




2.5. Nonlinearities in the wastewater Iinfluent flow

The DO dynamics 18 nonlinear also in the wastewatsr influent flow

input Q. Let it suffice here to analyze the complete mix equation (2.1)
to cow the character of the nonlinearity.

The changes due to metabolism can be neglected, so s and cx are constant
in (2.1). Moreover, only DO concentrations larger than about 1 mg/1l

are considered, so the function f(cO) 1s assumed to be constant and one.

Eq. (2.1) can therefore be rewritten as

de
o
— = g +a G c +a c - ¢ ) +a
at lQ 2Q0 3(08 o 4

4
Let ¢ and Q vary around the steady state operating point,
o

where al,... a,6 are constants.

Q= Q° +aQ

c =¢c®+ Ac
[o] [o] o
d( ac )
e S

= ra +a AQ c® + a0°Ac +a A0Bc - a_Ac =
1.AQ 2 Q o 2° 2 s

dt o] (o] 3 [o]

= L/ — A
[a2<Q +AQ) aB]Aco+(a1+ac YO0

29
The "time constant"” of the system thus is
T (Q° + 2 i
= [- + +
[-a,(Q Q) a3]

In order to examine how much A0 will infliuence T let us look at

the order of magnitude of a2 and a .
3




Then a_{{, is of the orcer 0.1 - 0.2 for the actual rlant, while

a_ 1is of the order 5. Therefore the amplizude of . :¢ of minor

importance for the "time constant'.

The gain of the sys'.em is

H 2 5
G =
a, - a,(Q%+a0;
The constants
¢
3. = oi
i ——
v

can be almost nejzlectad compared to azc°, and thereiore the
a

gain is abgs.ot proportlonal to tc-c operating lzvel of the DO zoncentration

Thus the gain ought t> be somewhat larger in tine tail end than in the

middle part due to disturbances in the influer.: water flow.
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2.6, Nonlinearities Iin the veturn sludge flow input

The analvsizs for the return siludge flow input nonlinearities can be

|

performed completely analogous to section 2.5. Eq {2.1) is

rewritten in the form

de

Q2
- b - D{i+ + b - + b
dt 1 ¢ r)c@ 2 (COS ca) 3

If the return sludge flow v 18 wvaried
r =r° +Ar

then the eguation {s rewritten as

d(ac )
O = -p{ (I+r)ac + c’Ar+asrac ] -b.ac =
dt 0 o] 0 2 o
= [ -D (4r+ Ar) - b, Jaec -D e®ar
2 o o

The constant b2 i8 of the order 5 while the term D (l+r+Aar) is of the
order 0.1 - 0.2. Therefore the ''time constant’ is al independent
of the magnitude of the input Ar. As for the wastewater input the

gain is negative and proportional to the DO concentration.

It should be emphasized that the influence that is discussed here is
only the hydraulic influence from the return sludge flow rate. There is
a secondary influence in a longer time scale. For a changing return
sludge flow rate, the siudge concentration will change. Therefore

the biological oxygen uptake will change. The first change can be

seen within the order of hours, when sludge simply is moved from the

settler to the aerator with an changing speed. In the order of days

the metabolism will influence the total sludge mass




3. EXPERIMENTS AND DATA HANDLING

A summary of the experimental conditions is made in this chapter,
The different experiments are then described in detail in

the chapters 5 - 11, where also the identification results

are given, The summary is given in 3.1, The data handling procedure

has been somewhat complicated and it is briefly described in 3.2.

3.1 Summary of the experiments

As menticned in chapter 2 there are three interesting inputs to the
DO concentration. The majer input and manipulative variable is of
course the air flow, here called V 21, The disturbances to the DO
concentration mainly have to do with changes in flow rates of the
wastewater or the return sludge flow rate, here callied V 9 and

V 52 respectively. It has been able to manipulate all these three
variables in order to examine the cause-effect relationships
for the N0, There are also other interesting variables which will
disturb the DO concentration, such as the substrate and MLSS
concentrations. It has not been possible to manipulated those
variables, but the MLSS concentration has been registered at the

tail end of the aerator,

Table 3.1 summarizes the experiments,




TABLE

3.1

SIMMARY OF THE EXPERIMENT

DO oxygen outputs are called V173, V174 and V175,

Their locations vary from experiment to experiment

r—TExper’imemt];’Lfa'.-&ij,oulateé]O-ther rele-iSampling N iTotal 2Xp,
variahles vant inputs |time {sac) | time {(h,min)
7405626 21 - 10 | 1850 % 5,25
740627 5, 21 16,27,52 30 547 E 4,33
740702 j 52 8,27 30 730 E 5,30
740826 21 5 30 348 2,54
740827 21 27,52 30 766 6,20
740828 ) 27,82 60 424 7.04
741126 A 21 - i0 899 2.30
B 21 - 20 405 2.15

Variables

V 9 = influent water flow to grit removal chamber ! {to aerator i+
V 16 = suspended solids of primary sedimentation sffluent

V 21 = air flow rate to aerator 2

V 27 = suspended solids concentration in aerator 2

V 52 = total return sludge flow rate to zerator 2
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Some experimental design considerations have of course to be done,

In crder to get a high signal-to-noise ratio a large input a2mplitude
is necessary, There is a natural lower and upper limit on all three
input signals,

The air flow must not be too small. Then the mixing of the asrator

is insufficient, and there is alsc a risk for cliogging of the
diffusers, Alsc the air tubes must be supplied with a minimum pressure
in order to work properly, There is naturally a maximum Iimitation

of the air flow, The primary limit has to do with ths pressure

in the air tubes, If the pressurs gets too high, then a safety valve

system gets into action.

The influent water can be varied between quite wide limits, The filow
can be redirected between the grit chambers and a significant
disturbance can therefore be achieved, The flow can alsc be kept
constant during an experiment. Then th2 natural variations are

lead into the other aerators.

For short times the return sludge fiow rate can be varied quite -

significantly, and this possiblity was alsc used.

The nonlinearities of the U0 concentration naturally limits the
possible amplitudes for the inputs, see chapter 2.4-2,6, especialiy
for the air fiow input, There is 3 trade-off
between the different constraints, Some of the limitations were
poorly known in the first experiments, With

better system and plant knowledge it has been possible to design better

experiments,
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It is desirable to excite the system with a persistently exciting

input signal, such 2s a PRBS signal. This was possible to do for some

experiments. For water inputs, however, the inputs mostly had to be made

like step disturbances or z few rectangular pulses,

3.2, Data handling

The Siemens 304 computer at ths plant is supplied with good data
acquisition programs, which makes it easy to acquire the interesting

data. Only the standard programs for data acquisition have been used

During the experiment the variables are stored at the disk memory, and
afterwards punched on paper tape, 10 characters/sec. The paper taps

is only of 5 channel type and has therefore been converted to & channel
paper tape. At the same time some unnecessary information at the primary

tape was removed.

The 8 channel paper tape was in turn used to get the data in the PDP
15/30 computer at the Department of Automatic control, Lund Institute

of Technology. The data was transferred into standard files on DEC-tape

for further use by the identification program IDPAC, see chapter 4.
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4, IDENTIFICATION METHOD

The Maximum Likelihood (ML)} method has besn used to estimate
parameters in linear muki-input-single-output models for the
DO concentration dynamics. The structure of the system is
briefly described in 4,1, A more detailed description can be
found elsewhere, e.g. Astrom-Eykhoff (1971) or Eykhoff (1974},

The identification program is mentioned in 4.2,

4,1 ML identification

The basic structure of the assumed system dynamics is linear with
constant coefficients, The structure is given by the difference
equation

-1 -
(1+ 2@ +o..+2a™) y(©

2 ( b,,q L+ +b..a ™ u.(t) +
2, 0bya + vee #0500 i
i=1

 N( 1+ clq-1 ..+ cnq'n) e(t) (4.1

where q-1 is the backward shift operator, and p the number of inputs.

Eq. (4.1) can be written in polyncmial form

P
A@™h vy = > B @™ um + Ac@™ (o) (4.2)

i=l

The disturbances e(t) areaésumed to be a sequence of independent

gaussian random variables.
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The problem to maximize the likelihood function is reduced to

the problem to minimize the loss function V,

N
1
Ve Zaz(t) (4.3)

with respect to the unknown parameters., The residuals £{t) are

defined by

P
-1,4-1 -1 , -1
E(1) =[ Cla T 7 A IY(E) - 37 8,0 Duy(t) ] (4.4)
i=1
N is the number of samples and l? is the covariance of the
residuals, The parameter x.can actually be estimated independently

of the parameters as, bi and ¢, and is
Az 2 A
A= =V (4.5)
N

where @ is the parameter vector, consisting of ai’bi and <.

The parameter.x.can be interpreted as the standard deviation of
the one step prediction error.
In the identificationsnot only the estimates but also their standard

deviation is given. The latter is calculated from the Cramer-Rao

inequality.

The system order test has been performed with the well-known
F-test, see Kstrgm-Eykhoff (1971). The test quantity

) an - Vnz N « n2

Fl’z = . nZz >nl (4.6)

vﬁZ n2 - nl

asymptotically has a F-distribution, where nl and n2 are the numbers
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of system parameters and an and Vn2 corresponding loss functions
respectively,

The residuals can also be tested for independence and normality.

Generally all models found are of low order, either one
or two, In most cases there has been great difficulties to find
second order models toc, Therefore the statistical order tests

have been used to a small extent,

4.2, Identification program

The data analysis and the identifications have been performed

on the PDP 15/30 computer at the Department of Automatic Control,
Lund Institute of Technology. The interactive identification

program package IDPAC has been used extensively. It is described
elsewhere, see Gustavsson et al (1973), Especially for a relatively
poorly known system like the activated sludge system the inter-
active facility has been invaluable,

Not only the manipulated variables have varied during the
experiment but also other variables which may influmnce the DO
concentration., With the IDPAC program such cause-effect relationships

have been examined to a great extent with a very reasonable effort,




EXPERIMENT 740626. AIR FLOW RATE DISTURBANCE

The main purpose of this experiment was to give a preliminary
estimate of the dominating time constants for the dissolved
oxygen (DO) transfer from the compressors. Of that reason

the sampling time was chosen relatively short, only 10 seconds.

At the time for the experiment no analysis had been made of the
DO profile sensitivity for air flow changes. Therefore, the three

DO probes were located equally distributed along the tank.

5.1 Recorded variables

For the identification purposes the following variables are

interesting
V021 - recorded air flow rate to aerator 2
V173 - DO concentration in the middle (65 m from inlet)
V174 - DO concentration at the tail end {94 m from inlet)
V175 - DO concentration at the head end (20 m from inlet)

Sampling interval = 10 sec

Number of samples = 1850

Experiment time 5 hrs 20 min
Fig. 5.1 shows a plotting of the air flow rate, where the mean
value has been subtracted. The shortest pulses of the input are

about 2.5 minutes, while the longest pulse is 90 minutes. Some

very fast oscillations of the air flow are registered. They have

to do with pressure variations in the air tubes. With the present




rﬁ_—

30

air fiow control system those variations could not be avoided.

The DC concentration in the middle (V173) is registered in Fig. 5.2.
Some characteristic features are observed. The response to the step
changes of the input is very rapid, much more rapid than was
expected. The air flow oscillations also are transferred to the

DO concentration, and a high frequency ncise is added to the DO
concentration signal. On top of the fast response it is possible

to see approximately a first order response to the DO signal.

The head end signal verified the qualitative theory, that the
DO variations should be small. In fact the DO signal V175 had
almost a constant mean value with a high noise level added on top -

of it despite the air flow disturbances.

The tail end DO signal V174 is quite different from V173, see Fig.

5.3. Both the noise amplitudes and the time responses are different.

5.2 Maximum likelihood identifications

Two different models will be discussed. The first one has Vi73 as
output and the other one has V174 as output. The air flow is input

in both models.

5.2.1 DO concentration V 173 {middle part)

The DO signal V173 is considered the output y and the air flow
rate V 21 is the input u of the structure (4.2). The actual variables

are the changes of the real signals. The DO concentration is measured

in per cent of the saturation concentration (about 10 mg/1) while the
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air flow rate is measured in normal m"/min. The average value of the

input is 79.5 Nms/min and the average output is about 4 mg/l.

Model structures of order 1, 2 and 3 were tried. For the

third order model a very poor convergence was achieved. 1In the
minimum point calculated the gradient was too large. Several
starting points were tried, but no better third order model couild

be achieved.

Table 5.1 summarizes the identification parameters., From the
F test {4.6) the second order model should be accepted. Its
parameters have an acceptable accuracy and the minimum point have a

reasonable value of the maximum gradient value.

The time constant of the secand order model verify the
observations from Fig. 5.2. There is a fast time sonstant except

the expected one of 11 minutes.

The fast time constant indicates, that the DO sensor is sensitive
to gaseous oxygen and not only to dissolved oxygen. If this is the

normal case or simply caused by a poor membrane was not well-known

[11].
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1 TIdentification results of middle DO concentration

(Vi73) as function of air flow input. (V021)

2 order

1840

-1.384 + 0.051
0.393 + 0.049
1.972 £ 0.143
-1.896 £ 9.145
-0.749 + 0.055
-0.142 £ 0.040
0.228 = 0.004
47.80

75

1.5 E-2

0.985, 0.399
10
11.0 min, 10.9

s¢ecC.

Identification results of tail end DO concentration

V174 as function of air fiow input V021.

1 order
N 1840
a, -0.875 £ 0.014
2, ’
b1 - 10 0.848 + 0.09¢%
b, * 107
¢y -0.219 £ 0.045
€2
A 0.241 = 0,004
N 53.54
F
abs., max
grad 1.35 E-4
discrete
poles 0.875
At (s) 10
time const. 75 sec.
TABLE 5.2
Case 1
N 1840
3y , -0.995 + 0.001
b1 » 10 0.595 = 0.044
c 10 -0.641 + 0.330
A 0.206 = £.003
' 39,24
Abs max
grad 2.0 E-4
At (s) 10
Time const. 33.2 min
Discrete poles 0.995

2

Data 1-900
-0.994 = 0.001
0.668 + 0.096
-0.440 + 0.417
0.233 + 0.005
(24.34)

8.0 E-3
10

27.7 min
0.994

3

Data 900-1830
-0.999 + 0.001
0.610 + 0.057
0.048 + 0.477
0.182 + 0.004
(15.49)

1+

I+

3.4 E-4
10

166 min
0.999




5.2.2. DO concentration Vi74 {tail end)

The identification results of the tail end DC concentration
V174 as function of the air flow to aerator 2 are summarized
in table 5.2. It was only possible to get convergence for first

order modal of the dynamics.

In table 5.2 three different first order models are shown.
The first one is based on all available data, while the
second and third ones are based on the first nhalf and

second half of the data set respectively.

The time constant of 33 min. found for Vi74 is significantly
longer than the 11 minutes found for V173. The accuracy, however,
of the 33 minutes time constant is relatively poor. The

reason is the short sampling interval, which makes the discrete
pole very close to 1. A small erroer in a, will therefore create

1

a large variation in the value of the corresponding time constant.

In the model simulation, Fig, 5.4, a trend error can be seen. A
new identification was attempted with the trends of the input and
output removed. The parameters did not change much, and the loss
function remained the same. The model error still has a trend in it,

see Fig. 5.5, but in the other direction.

The residual independence has been tested, Fig. 5.6, for case 1.

Now consider the cases 2 and 3, table 5.2. Case 2 is based on the

first half of the data set, while case 3 is based on the second one.
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Figs. 5.1-5.3 show, that in the first half of the experiment there
is a long rectangular disturbance, but in the last half only

fast modes are excited. Thersfore the determination of the long
time constant should be more accurate in Case 2 compared to Case 3.
If the time constants in Tabls 5.2 are compared it is noted a large
difference Between Case 1 and 2 on one hand and case 3 on the other.

In case 3 the system is alimost approximated simply by an integrator.

The model output from case 2 is plotted in Fig. 5.7.




EXPERIMENT 740627. DISTURBANCES IN INFLUENT WASTEWATER FLOW RATE

AND AIR FLOW RATE.

The purpose of the experiment was to verify the relationship between
the influent wastewater flow rate and the DO concentrations in
different parts of the aerator. The air flow rate was alsc changed

independently of the water flow rate.

There were practical limitations to change the water flow rate.
The y are considered more as a sequence of step changes than
a persistently exciting signal. The dominating response time from

the water flow is expectad to be of the order one hour.

6.1 Recorded variables

The variables that were purposefully disturbed are not the only ones that
are interesting for the identification. Some other variables are
unpurposefully disturbed during the experiment, such as the suspended
solids concentration in influent wastewater and in the aerator. Their
relationship to the DO concentration will also be examined.

The interesting variables for the experiments are

V9 - influent water f ow to grit removal chamber 1
V 16 - suspended solids of primary effluent

V 21 - air flow rate to aerator 2

V 27 - suspended solids concentration in aerator 2
V 52 - total return sludge flow rate for aerator 2

V 173 - DO concentration at two thirds from the inliet (~65 m)
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174 - DO concentration at the tail end (~95 m)

30 sec.
547
4 hrs. 33 min.

Sampling interval
Number of samples
Experiment time

The influent water flow V 9 is the total flow to aerators 1 and 2.

The infiuent water to aerator 2 is therefore half of V 9.

The variables are plotted in the Figures 6.1-6.7, where corrections
for outliers and missing data points have been made. The step in
the water flow rate (Fig. 6.1) is relatively large, ranging from
0.2 ms/sec to 0.5 ms/sec. The average flow for V 9 is about

0.45 ms/sec, which corresponds to one third of the total plant
input. In Fig. 6.2 the variations of the suspended solids of the
primary sedimentation effluent are registered. There is a slow
variation in the suspended solids concentration with about 2 hours
from the minimum to the maximum, which apparently has to do with

the diurnal variation. The air flow rate is plotted in Fig. 6.3.
There is only one step applied during the experiment.

The suspended solids concentration in aerator 2 shows only a

slight variation, why there is probably a negligible influence

from it in this experiment, Fig. 6.4. The total return sludge

flow rate was coupled in this experiment to the influent flow rate
by a ratio controller, Fig. 6.5. Because of this it is impossible
to distinguish between the two signals V 9 and V 52 in the identifi-

cations. Consequently all influence from the return sludge flow

is represented by the influent flow V 9,
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The primary outputs are the DO concentrations V173 and Vi74,

V173 is plotted in Fig. 6.6. There is a clear connection between

the big flow rate step (Fig. 6.1) and the response in V173. As

the air filow rate change is relatively small, its contribution in the
DO change is of minor importance here., There is here- as in experiment
740626 - a relatively high noise level of the signal Vi73 and a
significant difference between the responses of V173 and V174,

The DO probe V173 was not changed from previous experiment.

6.2 Maximum likelinhood identification

The identifications have been performed for the two different
outputs V173 and V174. The influence of influent flow rate, air
flow rate as well as the three inputs V 16, V 27 and V 52 has
been examined. It has only been possible t¢ achieve first order

models.

The influence from the variables V 16 (suspended solids influent)
V 27 (MLSS) and V 52 (return sludge flow rate) are shown to be

negligible.

6.2.1 Tail end DO concentrdation Vi74

The tail end concentration V174 has been identified as function of
all the variables V9, V16, V21, V27, v532.In table 6.1 parameter
values are shown. Case 1 is the model with the two manipulated
variables as inputs. Both of the b parameters have acceptable

variances, even if the air flow influence is the clearest. This

fact was also observed from the experimental data plot. The time
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constant is long, more than two hours. The accuracy is not very
reliable, as the pole is close to the unit circle, It is,

however, natural to expect, that this time constant should be bigger
than the one in ex?eriment 740526, The flow rate influsnce is

of the order hours, so the model time constant will apparently

find a value betwsen the air flow time constant and the water flow

time constant. N¢ second order model converged.

Consider the deterministic model input, Fig. 6.8. It does not

behave well, and because of the long time constant it loocks like an
integrator. The main error is due to a linear trend. In order to
correct for this linear trends were removed from the V174.
Corresponding model is listed as case 2 in table 6.1. It is true,
that the loss function is smaller fpr case 2, but on the other hand
the relative accuracy of the b parameters is poorer than in case 1.
The influence from the water flow (bll) is no longer significant. The
model output is not satisfactory, Fig. 6.9. Therefore a better

experiment has to be constructed,

As illustrated by case 3, the influence from the variable V27
(MLSS concentration variation) is negligible, compared to case 1.
Moreover the MLSS 6 parameter accuracy is low. Even the sign is

wrong. As a first approximation to a model case 1 .is accepted.

6.2.2. 'Center DO comncerntration V173

As for the variable V174 there is only a significant influence on the
DO concentration from the manipulated variables V 9 and V 21. The

relative importance, is, however, different here. This fact was

discovered already in the plots, Fig. 6.6 and 6.7, Table 6.2




TABLE 6.1

Case
N

a3

by, (V9)

10 -+ b, (V21)
by, (V27)
“

A

v

At (s)

time const.

TABLE 6.

Case
N
21

b11 (V9)

a2
10 b21(V21)

10 - by, (V27)
10 * b,, (V52)
c
A
\'
at (s)

time const.

1

3¢

Identification of the tail end DO concentration

V174 as function of air and wastewater influent

flow rates.

1

541

-0.996 + 0.002
-0.132 £ 0.107
0.124 + 0.022

+

~-0.248 + 0,046
0.222 £ §,007
13,28

30

123 min,

541

-0,996 = 0.003
-0.015 £ 0.060
0.085 = 0.016

-0.361 = 0,048
0.214 £ 0.007
12.37

30

136 min.

Trend removed

3

541

-0.997 + G6.002
~-0.%28 % 0.107

0.134 *+ 0.024

0.354 + 0.266

-0.247 % 0.046
0.222 + 0.007

13.28

30

147 min.

2 TIdentification of the DO concentration V173 as
function of air and influent water flow rates.

4

541

-0.937 £ 0.011
~0.304 + 0.055

0.335 + 0.064

-0.745 £ 0.05C
0.179 + 0.005
8.623

30

7.7 min

5

536

-0.912 + 0.016
-0.420 £ 0.080

H+

0.461 £ 0,085

-0.711 + 0.054
0.177 + 0.005
8.440

30

5.4 min

(b11 delayed

6 * 30 sec)

6

541

-0.907 = 0.022
-0.286 * 0.065

1+

0.438 £ 0.098
0.669 % 0.999
-0.408 * 0.211
-0.689 + 0.065
0.178 £ 0.005
8.545

30

5,1 min

+

I+

6,4
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case 4 shows a first order model. The parameter accuracy estimations
are satisfactory. The time constant of 7.7 minutes is much smaller
than that of V174, and is still larger than the one found in
experiment 740626 (75 seconds). The model tries to make a compromise

between the air flow time constant and the water flow time constant.

Case 6 shows the influence from the variables V27 and V52. They
do not contribute significantly to decrease the loss function,

which was expected. Their accuracy is also poor.

In case 5 it has been examined if a better model accuracy could be
achieved, by describing the water flow input with a time delay. A
slightly smaller loss function was found for a delay time of 6 sampling
intervals (3 minutes). The system time constant was consequently

smaller than for case 4.

As it was discovered that the sensor membrane was poor in the experi-

ment the time constants for V173 are probably too small.

Fig. 6.10 shows a comparison between the model deterministic output

and the experimental output of V173. The model is the one from

case 4.
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EXPERIMENT 740702. DISTURBANCE IN RETURN ACTIVATED SLUDGE FLOW RATE.

In this experiment the ratio control between the influent flow rate

and the return sludge flow rate has been rgmcved. A re ctangular

pulse disturbance of the return sludge flow was made. The pulse amp 11 tude
was sbout 100% of the average flow value, 1i.e. from about 100

liters/sec to about 200 liters/sec. ,The pulse length is about

2 hrs 25 minutes.

The DO concentrations were measured in two points with the sensors
V173 and V174. Because of electrical malfunctions only V173 data

could be used for the evaluation.

7.1. Recorded variables

The main influence on the DO concentration comes from the return

sludge flow rate V52. The suspended solids concentration of the
aerator also varies a s a result of the disturbance, and may

also influence the |

DO concentration. The influent water flow rate was changed uninten-—

tionally at the initial part of the experiment, and therefore

also the water flow rate is exa-mlned.




The relevant variables for the actual identification are

V9 - influent water flow to grit removal chamber 1
y 27 - suspended solids in aerator 2
V 52 - total return sludge flow rate for aerator Z

V 173 - DO concentration at 2/3 from inlet

Sampling interval = 30 sec
Number of samples = 780
Experiment time = 6.5 hrs,

The signals are plotted in the figures 7.1 - 7.3,

where corrections are outliers and missing data points are made.
Fig. 7.1 shows the return sludge flow rate V52 as well as the DO
response. It is possible to find quite a clear relationship betwsen
the variables. 1In fig. 7.2 the water flow is plotted. The large
step in the beginning should be noted. There are also some rapid
changes of the flow rate during the experiment. The MLSS of the
aerator 2 varies about 5% of its total value during the experiment,

Fig. 7.3.

7.2. Maximum likelihood identificatiocn.

ML identification has been made for the V173 output, excited by
the three different inputs water flow (V9), suspended solids in

aerator 2 (V27) as well as the return sludge flow rate (V52j.

Only first order models have been found. 12 time comstants of

the dynamical models are of the order one hour.




43

Case 1 of table 7.1 shows the results with only return sludpe

input for the model. The accuracy of the bl parameter is not
satisfactory. The time constant of the corresponding model is 71
minutes. Compare this value with the time constants of table 6.2.
The influence of suspended solids concentration is negligible here.
The influent water influence is not either significant. In order to
try to improve the accuracy, the data sst was cut, and only the data
41-780 were identified. This resulted in the model of case 2, table
7.1. There is only a minor improvement. If the loss functions are
normalized to the sane number of samples, case 2 corresponds to

V = 5.123 (alternatively the values of:kcan be comnared).

The model output of case 1 is compared with the real output in fig.
7.4. Tor the case 2 there is only a slight chanpe in the model output.
Also by including the NLSS (V27) there is only a negligible model

output change.

The residual independence test is shown in fig. 7.5. The residuals

are not satisfactorily independent.

TALLE 7.1 JTdentification of the center NO
concentration Vi73 as function of
the return sludpe flow rate.

Case 1 2

b 783 740 (L1-780)
a -0.993 % 0,004 -0,594 % 0.004
160 * b, —0.534 £ 0.330 0,452 £ 0.320
c1 -0.762 ¥ 5,035 -0.774 £ 0,03°
X 0.114 £ 0.003 0.114 + 0.003
\Y 5.130 4,842

At (sec) 30 30

time const. (min) 71 89
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8. EXPERIMENT 740826. ©DISTURBANCE IN AIR FLOW RATE,

In order to compare different sensors two identical DO sensors
were placed closs to each other at about 2/3 from the inlet in
the aerator. The air flow rate was disturbed by a simple

rectangular pulse with about 45 minutes duration.

The water flow rate was not constant during the experiment, and
therefore, the models found were of first order with a significant

input influence from both air and water flows.

8.1. Recorded variables.

For the identification the following recorded variables are
interesting

Ve

influent water flow
V21 - air flow
V 173 - DO concentration

V 174 - DC concentration

Sampling interval = 30 sec
Number of samples 348
Experiment time 2 hrs. 54 min

As the DO sensors were located close to sach other they should

0]

show almost identical signals.
Fig. 8.1 shows the water flow, which is not purposefully disturbed
during the experiment. The air flow pulse is plotted in Fig. 8.2.

The two DO signals are drawn in Fig. 8.3. It is shown that the

variations but not the absolute values of the signals are similar.




8.2. Maximum likelihood identification

As the DO sensors show practicly the same variation it iz only
interesthing to identify one of them, vi73.

Table 8.1 shows the result for two cases, one with only the air

flow as input and one with two ilnputs. The value of the loss functioms
are tested against each other, and the case 2 is significantly

better. Also the model . autput is better for case 2, fig 8 .4. The
autocovariance of the residuals for case 2 ig ghown in fig 8 .5.

The V173 curve has actually still a fast mode, which is shown

clearly in fig B8.3. This fast mode makes the overall time constant

for the model relatively small, only between 4 and 8 minutes.

TAPIT 2.1 Tdentification of the 1O concentration
V173, excited by the air flow and influent
water flow rates.

Case 1 2
I 340 348
ay 0,015 ¥ 0,010 -0.,8708 £ n.Nn29
Lll (v9) — 0,487 £ 0,151
1060 * b (v21) C.401 £ 1.111 N.843 £ 0,192
Cl 2k -0,525 = 5,067 -0.502 £ 0,073
10 % 0.260 % 0.010 0.255 £ 0.010
% nL.117¢ 0,1135
ot (sec) 30 3N
tine const. (nwin.) 7.8 3.8

T = 12.7
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9. EXPERIMENT 740827. DISTURBAMCE IN AIR FLOW RATE.

In order to check earlier results from 740626 the air flow rate was
disturbed with a PRBS type signal. The locations of the DO sensors
were now different from previous experiments, and the three sensors
were placed 6 meters apart around about 2/3 from the inlet of the

aerator.

Only the air flow rates and the DO concentrations were recorded at
every sampling interval (30 seconds), but a few other interesting

-

variables were recorded at every 5 minutes for check-up purposes.

9.1. Recorded variables

For the identification there are three interesting variables

vV 21 - air flow to aerator 2
V 173 - DO concentration 66 m from inlet (=66%)
V 174 - DO concentration 72 m from inlet (=72%)
Sampling interval = 30 sec
Number of samples = 760

Experiment time 6 hr. 20 min
The DO sensor V175 was placed at 60 m from the inlet, but it did
not function properly during the experiment. For check-up purposes
some variables were recorded each 5 minutes. The relevant signals
here are

V 27 - MLSS in aerator 2

V 52 - return sludge flow rate for aerator 2

Number of samples = 76

The air flow rate disturbance is shown in Fig. 9.1. The longest

pulse is 2 hours, and the shortest one is 2.5 minutes. The DO

responses are shown in figures 9.2 and 9.3. 1In both the DO

variables there are trends which cannot be explained by the air flow
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9.2.

2.1.

L7

rate changes. Instead the trends are related to an unintended change

of the return sludge flow rate, fig 9.4, during the experiment. The

MLSS of aeratcr 2 is not affected signific mtly by the return sludge

flow change, so the response in the DO signals from the return sludge
flow is because of the hydraulic changes in the aerator. The MLSS

is plotted in fig. 9 .5,

Maximum likelihood identification

As for most of the experiments only first order mocdels have been
found . Due to the trend caused by the change in

the return sludge flow the resuits ave aulte poor,

DO concentration V173

The DO concentration was first identified with only the air input,
see case 1 table 9 .1 . The diagram 9 .6
gives a clear indication, that the trend is significant and must
be taken into accoumt. Before the error wg related to the return
sludge flow an attempt was made to just remove a linear trend from
the output, as the response to the return flow ought to be very
slow compared to the response tn the alr flsw. The DO signal
with the trend removed is shown in filg 9 .7, and corresponding
model is the case 2, table 9.1. There are two major differences
to case 1, Firsly thetime constant is now only 2.5 minutes,
as the slow variations are nbtt dominant any longer. Secondly, the
static gain from the alr flow is now only about 8.1 10_3 compa red
3

to about 20.8 10 ~ for case 1. From the plotting fig 9.8 it is

demonstrated, that the fast variations can be reasonably well
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TABLE 9.1 Identification of the DO concentration V173
as function of air ficw rate and of return
siudge flow rate.

Case i 2 3
N 760 760 74
a -(.984 + 0.004 -0.818%& + 0.015 -0.958 + 0.025

I
. 1
10° + b, (V21)

3
107 - 021(V52)

0.332 £ 0.065

1.477 + 0.118

0.692 + $.416
0.009 + 0.406

10 - cy -0.880 = 0.356 -0.9%6+ 0.393 -0.541% 0$.183
10 = X 0,270 = $6.0607 0.246 + §.006 0.923 * 0.076
v G.277 8.229 §.316
At (sec) 30 30 5 min
time const. 32.0 min 2.5 min. 115 min.
Lineay trend
removed

TABLE 9.2. Identification of the DO concentration V174 as
function of air flow rate and of return siudge
flow rate.
Case 4 5 6
N 760 | 760 74
a -0.982 + 0.004 -0.905 + 0.010 -0.842+ 0.052

1,
10° - b, (V21)

102 - b,, (V52)

0.114 = 0.017

0.247 £ 0.022

0.543 + 0.184
-0.260 = 0.195

cy “ -0.383 + §.038 -0.411 + 0.031 -0.085 + 0.122
A 0.162 £ 0,003 0.097 =+ 0.002 0.256 = 0.0621
v 3.852 3.550 2.416

ot (sec) 30 30 5 min.

time comnst. 27.3 min. 5.0 min. 29.1 min.

linear trend
removed
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explained. There is however a somewhat longer time constant in the
system, which is not included in the model. This 1s seen at the
beginning of the longest alr flow pulse, fig 5.8. By inspection
of the curves it is estimated to be of the order 12 minutes.

In order to estimate the influence from the umintended change of the
return sludge flow, the signal values were picked for a 5 minutes
sampling interval. Thus only 74 samples were achieved. In case

3, table 9.1 the result is shown were the DO signal is assumed

to be excited of both air and return flow. As expected there is

no fast time constant because of the long sampling Interval. Instead
the dominating time constant is 115 minutes. The quality of the
parameters is very poor. The b parameter corresponding to the

alr flow has become quite inaccurate. One reason is

the small number of data. Another reason is that the input signal,
fig 9.9., 1s not represented accurately any longer. Also the return
sludge b parameter is small and inaccurate The model
output does not describe the fast variations of the DO.
It only gives a rough average variation, fig. 9.10.

It should be observed that the parameter values of cases 1,2 and 3 réspectively

are not directly comparable because of the different sampling intervals.
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9.2,2. DO concentration V17%

The behaviour of the V174 signal is quite similar to the V173

signal. Figure 9.l1 and case 4, table 9.2 ghow a model with only
the air input and no trend correction. If a linear trend is removed,
fig, 9.12. the resulting model behaves quite satisfactorily, case

5. The time constant found is 5 minutes, which is shorter than in
experiment 740626. The location of the sensor is however different.

Fig. 9.13 shows the model output and the real cutput.

The model with the return sludge flow as input, case 6, is poor
as for the other DO signal. The parameter accuracy is not satisfactory
and also the model output, fig. 9,14 does not follow the experimental

output.
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EXPERIMENT 740828. DISTURBANCE OF INFLUENT WASTEWATER FLOW RATE

The water flow rate has been disturbed in a more sophisticated manner
than in the previous experiment 740627 (Ch. 6). The DO sensors were
located somewhat differently now, separated 6 meters about 2/3 from

the inlet of the aerator.

10.1 Recorded variables.

During the experiment 12 variables were reccrded. For the identifi-

cation there are only 5 interesting signals

Vo - influent wastewater

V 27 - MLSS of aerator 2

V 52 - return sludge flow rate

V 173 - DO concentration 66 m from inlet (= 66%)
V 174 - DO concentration 72 m from inlet (= 72%)

60 'seconds
424
7 hrs, 4 min

Sampling time
Number of samples
Experiment time

The values from the DO sensor V 175 were not usable for the

identification.

The influent flow rate V 9 is plotted in Fig. 10.1. There are two

large spikes in the flow data, starting at about 150 and 260 samples
respectively. It is doubtful if the real flow is the same. It

might be only transient flows in the Parshall flumes with no resemblance
in the plant flow. The plotted values, however, have been used in the
identification. The MLSS concentration V27, Fig. 10.2, has a

relatively significant variation and may influence the DO concentration.

The total return sludge flow rate varied unintentionally during the

experiment, Fig. 10.3.




T

52

Especially during the last phase of the experiment the flow rate
increases quite significantly. The resulting DO concentrations
are displayed in Fig. 10.4 and 10.5. Their maximum and minima

occur almost at the same times.

10.2. Maximum likelihood identification

Only first order models have been found for the dynamic models.

The second order model structures did never converge to a

reasonable minimum.

The major influence on the NO concentration naturally comes from

the influent water flow in this case. There is also minor influences
from the MLSS of aerator 2 and from the return sludge flow rate. It
is however difficult to judpe from identifications only which one is
the relevant one. Rather physical judgement may decide which signal

to accept.

10.2.1. DO concentration V173

The DO concentration is first identified as function of only the
water flow V9, and the result is shown in table 10 .1, case 1. As
the plot in fig 10 .6 shows there is an unsatisfactory model error
in the last half of the experiment. Different time delays for the_r—
water flow input were tried. It was found, that a 1 minute time

delay could improve the loss function, but no visual improvement

could be seen in the model output. The residuals for case 1 are

satisfactory, fig. 1Q7.




TABLE 16.1.

Case

[
(@]
.

b, (V9)
10 - b,, (V27)
b (V52)

—
o
L]

& t(sec)

time const

TABLE 10.2.

Case

N

2

10 « by, (V9)
10 - b, (V27)

2
10° - b, (VS2)

1

10 * A
A
At (sec)

time const
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Identification of the DO concentration V173 when
the water flow is excited (V9).

1

424
-0.969 + 0.005
-0.344 + 0.031

-0.453 £ 0.042
0.113 = 0.004
2.704 E-2

+

60
32.1 min

2

424

-0.967 £ 0.005

-0.349 = 0.030
-0.101 + 0.046

-0.469 = 0.042
0.112 + 0.004
2.675 E-2

FZ,l = 4.6
60

30.0 min

3

424
-0.964 * 0.005
-0.379 £ 0.031

-+

0.549 = 0.175
-0.476 £ (0.042
0.112 + .004
2.644 E-2

I-‘:,j’1 = 9.6
60

27.2 min

Identification of the DO concentration V174 when the
the water flow is excited (V9).

4

424
-0.978 £ 0.010
-0.699 + 0.199

+

I+

+

-0.214 + 0.056
0.542 + 0.019
0.622

60
45.6 min

5

424

-0.975 = 0.010

-0.724 £ 0.200
-0.335 + 0,329

-0.213 + 0.056
0.541 + 0.019
0.620

F5,4 =1.4
60
39.1 min

6

424
-0.958 £ 0.011
-1.011 + 0.222

H+

+

0.411 = 0.139
-0.226 + 0.057
0.536 + §.018
0.609

F 8.8

6,4

60
23.5 min




There is a slightly positive trend in the DO concentration data.
If the trend is removed the model cutput behaves 1like figurelD.g
’

which 1s somewhat umsatis factory toco.

As the MLSS fig.10.2 and return sludge flow fig 10.3 show
variations during the experiment their influence 1s examined.

If the MLSS (V27) is assumed to excite the DC there is an improvement
in the model, case 2, table 1G1l. Also the model cutput, fig 14.9

is better, and the maxima at about t=200 and 250 are better explained

If the return sludge flow rate is tried instead as the second
input the result is alsoc better, case 3, table ]0.l. The model
output is changed slightly, fig 10.19Q,and the maxima at 190 and

250 are not so well preflicted. On the other hand the values towards
the end of the experiment are better predicted.

The b31 parameter in case 3 is, however, false. Of physical reasons it

must be negative, and therefore the positive value is caused by other

effects. The model in case 3 is therefore not accepted.

10.2.2 DO concentration V174

The same types of inputs as for V173 are examined. In case 4, table
10 .2 the model for only the water flow input is shown {cf case 1).
The time constant for case 4 is significantly longer than for case
1. The bll parameter in case 1 is somrewhat more accurate than
corresponding b11 in case 4, If the MLSS (V27) is added as an extra

input, case 5, the improvement is negligible, unlike case 2. The

b21 parameter is also very lnaccurate. There is, however, a much
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larger improvement, if the return sludge flow rate (V52) is assumed
to be an input, case 6., ot only the loss function is better, bLut
also the last part of the deterministic output of the model is
improved, fig. 10.11 (cf. fig. 10.10). As for the V 173 case this
model, however, cannot be accepted because of the positive sign

of b .
31

10.3 A note on analop versus digital multiplication,

If the return sludge flow rate V52 is multiplied with the

return sludge concentration V58 the total solids of the retum
flow results. This signal is achieved by an analog device

at Kappala, called V70. The signal V70 is shown in fig 10 .12.

If corresponding signal is shown in a digital way, by multiplying

V52 and V58 in the computer the result is displayed in Fig 10 .13.

There is a notable difference in the noise 1lewvels.
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EXPERIMENT 741126. DISTURBANCE IN AIR FLOW RATE

The air flow rate was disturbed in a similar manner but with different
input sequences as in previous experiments 740827 (Ch. 9) and 740626
(Ch. 5). The locations of the sensors were also somewhat different.
The membrane of the V173 probe was replaced since previous experiments
and some differences here could be noted. The fast mode which was
discovered previously did not occur. Therefore it could be concluded

that the poor membrane caused the fast mode.

11.1 Recorded variables

There are four recorded variables of interest here

vV 21 air flow rate for aerator 2

V 173 - DO sensor located at 60 m (=60%)

vV 175 DO sensor located close to V 173

V 174

DO sensor located at 84 m (=84%)

The sensors V 173 and V 175 were located close to each other in

order to check up both calibrations and noise properties.

The experiment was made in two parts, A and B. defined in the

table.

Part A B
Sampling time (gec) 10 20
Number of samples 899 405

Experiment time 2 hr 30 min 2 hr 15 min
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The variables of experiment A are plotted in figures 11.1 - 11.3.
Note that the V173 and V175 signals are not identical.
Later the models will be compared. The signal V174 has a different
nolse chiracter and a different signal amplitude. Note the large difference in
absolute DO concentration from 60 to 84 meters along the tank. This
is the steepest part of the DO concentration profile.
Corresponding signals from the part B of the experiment are plotted

in the figures 11 .9 - 11 ,11.

11.2. Maximum likelihood identifications

In no case it has been possible to achieve a reasonable model of second .

order. . In some case second order models

have been found with one of the pcles on the real negative axis

11.2.1. DO concentrations V173 and V175

The results of the ML identifications of V173 and V175 are summarized
in table 11.1. The V173 model for part A is listed as case 1 and the
V175 model as case 4, Theyhave similar time constants, about

26 minutes. The static gains are slight 1y different, which was
observed already from the plotting in figure 11.2. The model output
for V173 (case 1) is shown in fig 11.4 and its residial covariance

is plotted in fig 11.5. The residuals are not completely acceptable,
but no better model could be found. The V175 model output is shown

in £fig 11.6. In both fig 114 and 11 .6 it can be observed, that the

maxima of the DO concentration cannot be predicted very well. The

reason can be either a varying sludge concentration in the actual




TABLE

Case

N

a12

107 - bl(VZI)
=

A

v

At (sec)

time const.

10 - b, (V21)

1
A
Vv
At (sec)

time const

!'l"::____________________________________________________________________————————————————————————---

5¢

Identification of the DO concentrations V173 and
V175 when the air flow is excited (V21).

1 (Vi73) (A)

859

G.994 = $.001

0.308 + 0.048

-0.576 = 5.035
0.341 =+ 0.008

52.352

10

26.1 min

4 (A) (V175)

899

-0.994 + 0.002
0.409 = 0.066

-0.427 £ 0.047
0.349 = 0.008

54.790

10

26.0 min

2 {(v173) (B)

405

-0.979 + 0,003
0.985 + 0.095

-0.564 = 0.036
0.383 + 0.013

29.669

20

15.4 min

5(B) (V175)}

405

-0.977 + 0.003
1.272 = §.104
-0.527 * 0.036
0.380 £ 0.013
29.247

20

14.0 min

3(B) [%(V173+V175) ]

405

-0.978 * 0.003
1.122 £ 0,093

-0.518 + 0.035
0.335 % 0.012

22.730

20

14.7 min
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part of the aerator (where the suspended solids concentration were
not measured) or a varying substrate concentration (BOD or COD).

The latter could not either be measured.

The results from part B are listed as cases 2 and 5 in table 11.1.
The most notable difference is the time constant. It is only 14-1S5
minutes here, Part B has a lonper sampling rime, which would favour
a better accuracy of the tiwe constant. Then the input in part B

seems to excite the system better than that of part A,

In case 3, table 11.1 the mean value of the signals V173 and V175
has been defined as an output. The resulting model has a time constant
between the cases 2 and 5. Also note, that the loss function is

significantly better than any of the cases 2 and 5.

The model outputs from the cases 2 and 5 are shown in the figures
11.12 and 11.14 and corresponding residual autocovariances are

shown in figs. 11.13 and 11.15. Lspecially the V175 residuals are

not good and a clear oscillation is shown with a period time of the
order 40 seconds. Those oscillations can prohably be related tec the
input air flow oscillations. They are discussed earlier in experiment
740626 (Ch. 5). With the average signal of V173 and V175 the residual

autocovariances could not be improved, see fig. 11.17.

Now consider the Cl parameters of the models fer V173 and V175.

™

In part U (cases 2, 3 and 5) the parameters are quite similar. In part

A (cases 1 and 4) they differ sonewhat more.
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11.2.2.D0 concentration V174

The identifications results with V174 as output are summarized in table

11 .2. The cases 5 - 8 are from part A and case 9 from part B.

Case 6 shows a first order model with a relatively long time constant.
he precision might be poor, as the pole

is very close to the unit circle. Fig 1i.7 shows the model output

compared to experimental data. It is clear, that a trend has to be

removed from the data. This is done for the case 7, when a linear

trend of V174 was subtracted. The resulting output from the model is

shown in fig1] .8, which is significantly better thanll.7. Alsc note
that the time constant is smaller

This is quite natural; with the trend removal
an integrator (pole at one) was removed, and therefore the pole of

the system was moved away from the unit circle.

Due to the short sampling time it was tried toc estimate the time
constant better with a longer sampling interval. Therefore each
third value was picked from the data, case 8. The resulting time
constant does not differ very much from the one in case 7. The

linear trend of V174 was removed also here.

In part B (Case 9) the model time constant is quite similar

to the one from part A.
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the air flow (¥21) is excited.

TABLE 11.2,
Case G(A)
N 89%
a12 -0.996 £ §.001
107 b1(V21) 0.425 = 0.042
c1 0.025 £ (0.042
A 0.136 = $.003
v 8,348
At ) 19
time const 38.0 min

7(A)

899

-0.9%4 + .01
0.540 = 0,046
§5.01C = 0.044
0.135 = 0,003
8,240

15

29.7

Trend in
V174 removed

8(A)

300

-3.984 £ G.002
1.621 + G.087
-35.308 = 0.052
0.216 £ 0,009
6.983

30

30.3

Trend in

V174 removed

The plotting of the model output is shown in fig. 11.12 and its

corresponding residual autocovariances in fig. 11.19. The cl

Tdentification of the DO concentration V174 when

9(B)

405

-0.988 * 0.002
1.017 £ 0.086
-0.244 * 0.046
0.256 * 0.009
13.311

20

28.7 win

parameter is very small in the cases 6 and 7. This means that the noise

is almost white for the 10 sccond interval. It is, however, not

white for the 30 second sampling time, case 8, as the corresponding

cl parameter is significantly larger. The same conclusion is made

for the case 9 for the 20 seconds sampling interval.
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12, AIR FLOW RATE INFLUENCE ON THE DO CONCENTRATION

In the identifications it has been verified, that the air flow

is the deominating input to the DO concentration, It 4s also the

input that gives the fastest response time.

In 2.2 it was demonstrated, that the DO sensitivity to air flow
changes is strongly varying alicng the tank. This fact was demonstratad
in the early experiments. No influence whatsocever from air flow to

the head end concentration of DO could be noted.

A falling membrane of the sensor V173 caused confusion in the beginning
but resulted in a spin-¢ff coneclusion. The consequence of the poor

*
membrane was, that an unreasonably fast time constant was found (Chs. 5,8,9)

It is hardly possible to detect on-line by any static methods, that
a membrane has a poor quality. The results from the dynamical
responses show one easy method to on- line test the sensor for

the membrane quality.

A reasonable time constant was found in the experiment 741126 {(B)(ch.il)

where the sensors V173 and V175 gave similar results, about 14-13

minutes.
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In all the experiments the time constant for the V174 sensor has been
considerably higher than for Vi73 or V175. In experiment 740626
it was 27 - 33 minutes and in 741126 (B) (Ch. 11) about 28 minutses.

In all cases this sensor has been placed towards the tail end

cf the reactor.

The time constants found are approximately the inverse of the
overall oxygen transfer coefficient, see eq. (2.8). Therefore

the long time constant would indicate a oxygen transfer coefficient

towards the tail end of the reactor.

The oxygen transfer rate can actually vary along the reactor

due to different concentrations of COD and MLSS, see [2], ch. 7.
Usually, however, the oxygen transfer coefficient will increase
along the tank due to this reason. Between the probe locations this

variation is probably quite small, and it certainly does not

explain the difference in time constants.

The only explanation for the long time constant towards the tail
end must be less mixing, probably caused by a smaller air flow rate.

The decreased air flow rate may be caused by clogging of the

diffusers.

Differences in membranes of the probes cannot explain the time

constant differences. Usually the instrument time constant is

of the order one minute.
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Some static calculations can verify the identification

results. Typically the alr flew rate in Kgppala is about

u = 50 N m3/min and aerator
alr

For six aerator this means

u = 18000 Nm°/hour
air

With respect to the known efficiency of the plant aeration the oxygen

transfer is 30 g cxygenim3 * hour, or

k a —e ) = 30
L® Yair (co co)

W = 2, -
ith e, 2.5 mg/1 and €oq 10 mg/1

we get

k aau = 4
L air

which corresponds to a time constant of about 15 minutes.
Typical values of the oxygen transfer rate coefficient found in

the literature [2] vary from 3.5 to 6 depending on the degree

of mixing.
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Some static calculations can verify the identification

results. Typically the air flow rate in Kgppala is about

u = 50 N m3/min and aerator
air
For six aerator this means

u = 18000 Nm>/hour
air

With respect to the known zfficiency of the plant aeration the oxygen

transfer 18 30 g oxygenim3 ® hour, or

- - 3
kLa uair (cos co) 30

With = 2, >
e, 5 mg/l and Cos 10 mg/l
we get
which corresponds to a time constant of about 15 minutes.

Typical values of the oxygen transfer rate coefficient found in

the literature [2] vary from 3.5 to 6 depending on the degree

of mixing.
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13, INFLUEWT WASTEWATER FLOW PATIL INFLULNCE Ol TEL DO CONCENTRATION

Changes in the influent flow rate is an important external disturbance
to the DO concentration. The influent flow rate and its substrate
concentration make the loading to the plant. Naturally the gain from
the influent flow rate changes to the DO concentration must be

negative.

13.1 Identification results.

Tdentification results (Chi, 6-7) have verified that the pain is negative.
The time constant is about 30 minutes for the probe V173 (case 1, ch.

10) and 45 wminutes for the probe V174 (case 4, Ch. 10) further downstream.
The cases 2, 3 and 5, 6 respectively are further discussed in chap. 14

and are not considered pertiment here.

In Chapter 6 both the water flow and the air flow rates

have been disturbed. It would be natural to expect two time constants
for this case, but no second order model could converge. Therefore

the achieved time constant is a combination of the two dynamical
transfer functions from water and air flow respectively. For the

sensor with the poor membrane (V173) table 6.2 shows a time

constant which is a combination of the very fast rep onse of the sensor,
the oxygen transfer and the water influence. For the sensor V174

table 6.1 shows relatively poor accuracy, This was

discussed in chapter 6. No conclusion of the time constant

due to water flow disturbances can therefore be drawn from expt

740627 in Ch. 6.
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In expt. 740826 (Ch. &) it was discussed that the water flow may

have influenced the result. The sipn of the parancter b, in table
L

8.1 is, hwowever, positive., This is not phvsicnally reasonable, The

accuracy 1is too poor and thercfore the result can not le accepted.

The reason is, that the flow was rot manipulated and had an

insimmilicant amplitude variation, fipy. 8.1,

13.2. Peasons for different tire constants,

In the preliminary analysis in 2.5 {t was assumed that the
aerator was a complete mix reasctor. It was then demonstrated
that the time constant was determined almost exclusively by

the time constant for the oxygen transfer. This means, that the
time constant should be of the order 15 minutes instead of the

achieved results 30 or 45 minutes.

The aerators in Kgppala are not at all complete mix reactors,
and therefore we will discuss if the flow type makes any difference

for the time constants for water distmrbances. Of that reason we

consider an aerator which can be described by n subreactors in series.
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The mass balance equation for subreactor k for the dissolved oxygen
concentration will now be derived. It is analogous to eq (2.1)

but the hydraulic flow is shown in figure 13.1.

Q(1+x) Vk O{1L+x)
— e
ck—l j Ck ck
i

Fig. 13.1 Schematic diagram of subreactor k with corresponding

flows and DO concentrations.

Then the mass balance is

dck Q(1+x)
= ) (ck—l - ck) + u (e
dt k

- ck) - gk(sk, € i’ ck) (13.1)

The first term is simply DO mass in minus DO mass out. The second temm
is the production of DO from the compressors and

u=k au
air

At the moment we assume that u is constant in the whole tank, i.e.
independent of k.

The last term corresponds to the bioclogical DO uptake in reactor k.
We also assume, that gk is independent of ck. This means, that the

DO concentration is hiph enough so the synthesis is not DO limited,

i.e. the function f(co) in eq (2.3) is one.
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Eq (13.1) is now linearized around a steady state operating pecint.

Consider small distuwrbances in G,

Q=Q°+ Q
(13.2)
c =¢°+ Ac

k k k
During the interesting time interval we assume, that the substrate
and microorganism concentrations do not change. Therefore the
function gk is constant due to changes in 0.

Straightforward linearization gives

d Ack 1+r Q° {i+r)
o = -V—- (ck—l - ck) AQ + . { ag g - Ack) - (13.3)
k k
- u Ack
Call
0° (1+x)
D =
k v
k
§e = c® - ¢°
k k-1 k

Then (13.3) can be written in the form

dac

= - (D + + +
(k u)Ack DkAck_l

Ve | =]
"
Oy,

e 60T (13.4)

dt




or in Laplace fomm

Dk Dk S ck

C(s)= —F5 ¢ (s) + —2Z
k s + (D +u) k-1 q (s +(Dk+u))

Q{s) (13.5)
The first subreactor has a slightly different equation, as
it have the hydrualic flows as in figure 2.1. The Laplace

transform expression correponding to (13.5) is

- (14+1) 2°
¢ (s) = L qts) (13.6)
1 Vk (s + (D1+u))

Now consider eq (13.5). It shows that the change in DO

concentration caused by a change in the fliow rate has two

Assume there is a flow disturbance in the head end. As the tank
has a constant liquid volume the hydraulic change is distributed
to all parts of the tank simultaneously. This corresponds to

the last term in (13.5). There is then a concentration propagation

trough the series of subreactors, corresponding to the first term

in (13.5).

The concentration change in the first subreactor is negative.
As the first transfer function in (13.5) always has a positive gain,
the concentration propagation causes a negative gain. The sign

of 8Ck in (13.5) is usuaily negative. Therefore also the contri-

bution from the last term in (13.5) has a negative gain.
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The time‘constant for both the transfesr functions in (13.5).15
the same. For a complete mix reactor Dk can be neglected compared
to u, which makes the time constant about 15 minutes. If the reactor
is described by a large number of subreactors (almost a plug flow)
than Dk is large compared to u. On the other hand the gain of the last
transfer function is small, as gck gets small. Therefore the response
time is primarily determined by the first term in (13.5). For the

plug flow case this corresponds to a pure time delay.

“"ow assume for the moment that the aerator in the Ké%pala nlont
has a plug flow pattern in the actual locations for the IO
measurements. Then the water velocity is about 0.4 m/min. The DO
sensors en expt. 740828 (Ch. 10) are separated in space by ¢ m,
which corresponds to a flow transport time of about 15 minutes.

This transport time can explain the differences in time constants

between the two sensors.
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RETURN SLUDGE FLOW INFLUENCE ON THE DO CONCENTRATION

When the return sludge flow is changed there are two effects.
Thé first one is due to th; hydraulic change and is analogous
to a change in the influent wastewater flow rate. The second
one is due to transportation of MLSS. An increase in

return sludge flow rate will change the MLSS concentration in
the aerator, which in turn will change the biological uptake

rate of DO.

14.1 Return sludge flow identification results

The main result due to changes in return sludge flow comes from
expt 740702 (chap. 7). The time constant is found to be 70-
90 minutes, i.e. longer than that of the influent wastewater

flow changes. The gain is negative as expected.

It is found that the accuracy of the influent wastewater para-
meters (table 10.1) are much more accurate than those of the return
sludge flow (table 7.1). The reason is the amplitude of the

input disturbances. The changes in the influent water flow

caused significantly larger flow changes in the tank than the

return sludge flow rate changes.

In order to examine the time constant the mass balance for the DC
concentration is derived similarly as in chapter 13.2. For a

disturbance in r instead of Q the expression (13.5) is slightly

changed in the last term to
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R(s)
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(1+r°) s + (Dk+u)}
s + (DE+“)

where r° is the stationary value of r and R(s) is the Laplace

transform of the change in r.

The fact that the return sludge flow input gives a larger time
constant than the influent water is again due to the hydraulics,

The influent return sludge enters the asrator at the head end. The
transportation time for the return sludge to the DO sensor therefore

is longer than that of the influent water.

If the aerator would be plug flow everywhere, then the transport
time from the head end to the DO sensor would be 4-6 hours. The
time constant of a little more than one hour shows, that the aerator
could not be purely plug flow, see (14.1). Instead it seems to be a
high degree of mixing in the first part of the reactor. Then it is
reasonable to describe the first part of the aerator with a few
complete mix subreactors in series., Eq {14.1) then suggests that the

response time to flow disturbances is reduced considerably compared

to plug flow.

(14.1)




14.2 Influence of the MLSS concentration

In the experiments it has not been possible to directly manipulate
the MLS5 concentration. Only by return sludge flow changes

the MLSS concentration has been gradually changed to some extent.
It has also been unintentionally changed by natural disturbances
during some experiments.

The influence of the MLSS concentration has been taken into
consideration in the experiments 740627 (chap 6, case 3

and 6) and in 740828 {(chap 10, cases 2 and 5).

——

The accuracy of the MLSS parameters is poor and therefore

no conclusions about the MLSS influence will be made. The

sign of b in ch. 6 is even wrong compared to physical models.
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15. CONCLUSIONS AND RECOMMENDATIONS

The DC probes are among the few reliable activated sludge instru-
ments. As long as it is properly maintained and calibrated it is

therefore a most useful signal and is easy to work with.

The identification resultsconfirm, that the alr flow input is
the most important input signal to the DO concentraticn. It has
a time constant of about 15 minutes. Two important byproducts

of the air flow experiments were achieved

* 1t is possible to on-line detect a poor membrane

% clogging or insufficient mixing can be detected

It 18 not feasible to measure DO in the upper part of the tank,
as the DO concentration is too low to be measured assurately. It
is also very little affected by the air flow changes, due to the

large biological uptake rate.

The most Important external disturbance is the influent wastewater
flow rate and probably also the substrate concentration. The latter
has not been possible to test in any experiment. The typical time
constant for disturbances in flow rate is longer than 30 minutes for
DO sensors lecated in the later half of the tamk. One important

byproduct of the water flow identifications has been detected,

* hydraulic flow pattern can probably be identified
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By locating DO sensors at different places the different time
delays can be measured. By such a method it is not necessary

to induce any trace material in the tank in order to get a
flow pattern. The statement is only true as long as the DO
concentration can be measured fairly accurately. Therefore the
method cannot be feasible in the head end of the reactor, where

the DO concentrations are too small.

Some recommendations for future expgriments will be made.
(1) It is desirable tc make a more thorough test with air
flow changes. Then DO sensors should be located at many points
along the tank in order to test mixing and clogging con-
ditions. It should be remarked, that the present model

is accurate enough for the purpose of DO control.

(11) DO sensors should be placed along the tank in many space
points (or alternatively many experiments) for flow rate
changes in the influent wastewater. Then the hydraulies

can be tested more thoroughly.

(111) The influence of MLSS and substrate concentrations is
poorly known. In order to make use of the DO concentration
to estimate the process conditions and the non-measurable

variablea, it is highly desirable to establish a better

model relating DO to MLSS and substrate concentrations.




16)

(1)

(2

(3

4

5]

(é)

(N

(8

9)

(10)

(11)

o
.

REFERENCES

Rstrgm, K.J. and P. Eykhoff (1971} "System Identification," a

Survey, Automatica, 7, 123-162,

Eckenfelder, W. W. and D. L. Ford (1970} "Water Pollution Control,”

The Pemberton Press, Jenkins Publishing Company, Austin and New

York.

Evkhoff, P. (1974) "System Identification,' Wiley.

Gustavsson, I., S. Selander and J. Wieslander (1973} "IDPAC User's
guide, Rep. 7331 Dept. of Automatic Control,Lund Inst. of Technology.
Hansson, 0. (1975).

Strandh, S. (1969) KﬁppalafSrbundet 1957-1969, Stockholm (in Swedish).
Olsson, G. (1975A) "Activated Sludge Dynamics I. Biological models, "
Report 7511, Dept. of Automatic Control, Lund Inst. of Technology,
Lund, Sweden.

Olsson, G, {1975B) "Activated Sludge Dynamics. Static Analysis,"

Dept. of Civil Engineering, Univ. of Houston, Houston, Texas.
Petersack, J. F. and D. E. Stepner (1573) "Compﬁterized data management
and control of a secondary wastewater treatment plant,' Paper, presented
at the International Association on Water Pollution Research Conference,
London, England, September 1973.

Petersack, J. F. and R. G. Smith (1975) "Advanced Autematic Control
strategies for the activated sludge treatment process,' Environmental
Protection Technology Series, EPA-670/2-75-039, May 1975.

Schuk, W. (1975) Personal communication. Blue Plains Pilot Plant,

EPA, Washington, D.C.




AID

FLOW *

N m3 / min
=)
W
N
L ]
'y

W
N
10

]

AT = 10 sec
("2}
e~
i ‘ - SAMPLES
2. 320, 600, e, 1,263 1.5€3

Fin, 5. 1, Fyperiment 740826, Afr flow variations,




| g;z”hlt’l'gﬁz%?{ii i)
: | Pl | P
| concenreation . l[ :';:'i--..-"l *'ﬂ'] ' '?] ﬁ!

v 173 rii &Hi’}' | )
,’.sil | I8
a | i f 1 |
M i FJ Mi

-3 SAMrLES
?J:!ﬂ - ann A0 Nn 1nn0
Fi ZA. Fxperiment 740626, ™ entration V173 chano first
DO COMRENTRATION V 173 “
4t ﬂ 4
L;. ! ;;i £
]frs:! iy
. 1 A g
| ] i I
*
0 E |
. i
o '
R 1 i
¥ 'r.‘._ 1Rrd
{ 1
5 1 4
i A
§
-1
-2
T=1n
SAMPLES
-3 - >
1000 1200 14nn 1AON 1800

Flg. 5.2B. Fxperiment 740626, N0 concentration V173, second part.



)
& -
DYHCENTOATT

v 174

¥
T= 17 sec
_ SAHPLES
- — — —
8. Jea. - Ged. S84, 1.2 1.5E3
Fin 5.3, Fuouriment 740626, N conesntration Y174 chances. § linear trend 15 removed from the *

Aata. The trand 1s also fisplayed,

. E////’ \\x///,\\\\ \\
0 CONCENTPATION if ;
V174 AIP
U: Fxp. data FLOW )
(8]
T Fadel output RATE
v 2l

-25.

n {,-.x
5‘# aT = 10 sec,
SAMPLES
8. sea. 628, aga. 1.2E3 1.5E3

Flg. 5 .4, Fxperiment 740626, Recordings of air flow rate V 21 and DO concentration V 174 together

with model output,




DN CONCENTRATIOM EXPFRIMENT

CHANGES

MANEL

1<)
i
AT = 10 sec
S
2 .
L
| _ ) ' _ e SAMPLES
a, 322. 602, 328, 1.263 1.5€3

Fia. 5.5, Fxperiment 740626, Comparison hetween the experimental and model outputs of the
M concentration ¥ 174, The medel is of first order, & linear trend is removed,

8. B0E- 7. 308

2.5¢8-1

.00+

(X ] 18861 PR

Fig. 5.6. Experiment 740626, Autocovariance of the residuals of the

first order sodel of the DO concentration V174




1 DO COMCENTPATION V174
=
wn e
N
] . 4T =10 sec
)
~N
1]
1
.
% e SAMPLES
a. i 2ea, 128, o2d. 808, 1.€3

Fin. 5 .7. Experiment 74N626, Comparison between the experimental and model outputs of the PO
concentration V 174, The model {s of first order and is hased on data 1 - 9n0,




0.5

0.4

1.3

0.2

IMFLUENT WATEP FLOW RATE
1 m3/sec
e |
4
F AT = N sec
1 MWW“M’M
SAMPLES
J.ESTeB " 1.25E+2 2.5G5+2 3,75E+2 "S.Q5E 2

Fia &1, Exceriment 74N627, Input disturbance, influent water flow rate V9,

120

120

110

o

| wAtER V16 ,
- = Ilﬂ
. ik !

SUSPFNDEN SOLINS
PPIMARY SEDPIMENTED

.J‘ ) ; aT = 3 sec
Tll L ,;JJ:?A; '

iy

[ SAMPLFS

"B.C3E43 " 1.25€92 " 2.508+2 3.75E+2 S.E2E+2

Fla 6.2. Fxperiment 74n627. Fxternal disturbance from the primary sedimented
water cusnended anlide




T

AIR FLNM RATE V21
N m3/sec
70
aT = I sec
65
60
SAMPLES
55 = - . — . . -
8.C2543 1,252+2 2.50E42 3.75E+2 S.ECE 2
Fla ¢.3. Fxperiment 740627. Inout disturhance, air flow rate V71
2.28 7
M SS CONMCENTRATION
AERATOR 2 ga/1 i
v 27 .
nt
2.22 J | 1
it r
i EIJ
2.16 1|l
2oy AT = 30 sec
I SAMPLES
§.£2540 "1.25E82 " 2.58E+2 "3,75E+2 " 5.B2Es2

Fiq 6.4, Fxperiment 7401627, MLSS concentration in aerator 2 during the
experiment.




1 TotaL  eeTuRn
SLURGE FLON PATF _

| V¥ 52 liters/sec

i
}ﬁq H“l’] *!|"v|
IR ié

Mgl “ll'“' i

SAMPLES

8.CC5+0 T 1.25542 2.S0E»2 3,75E+2 " S.0BE+2

31

Fia 6.5. Experiment 740627, Varjation of total return sTudae flow rate
during the experiment.

N0 CONCENTPATION

T W
| i ["l !
! { } ¥ !l "‘“‘ﬁf\q

I

vV 173

5, 00E+8

&, C2E+0

%4
- N ¥ Ut
SAMDLFS
B2 T1.25842 " 2.5CE+2 3.7SE+2 "5.E3E+2

Fia. ¢ .h. Experiment 74N627, M concentration V 173 as & result of
purposeful excitation of watér and air flow rates,



S.Cuc+]

p0 concentration vi74

AT = 30 sec

.

ﬁi
+
"
¢
w
N
&
=t
L3
i3
"; SAMPLES
. . I
[Wva }.25E+2 2.53E+2 3,75E+2 5.CCE2
Fig. 6.7. Experiment 740627. DO concentration V 174 as a result of
purposeful excitation of water and air flow rates.
DO CONCENTRATION
VvV 174
®
-—
AT = 30 sec

-1e.

-20.

b

“=

SAMPLES

— ey i —

a. 125. 250. 375, 500.

Fig. 6.8. Experiment 740627. Comparison between model output and experimental

data for the MO concentration V 174. The model is of first order,

assuming water flow and air flow as inputs.




DO CONCENTRATION
vV i74
m
AT = 30 sec
i
) "
o . \
'
‘\\
I\'
. i SAMPLES
g & . . e . oy i e e e e
a. 125. 2508. 375, S@a.
Fig. 6.9. Experiment 740627. Comparison between model output and experimental
data for the DO concentration V 174. The model is of first order,
assuming water and air flows as inputs. A first order trend is
removed from the DO data.
DO CONCENTRATION
V173
- * r H
AL
a1, r T
R Vi Y
i \ | fg‘ !! rII | _"
WP a el e 1
IR :
o | H F r !id
S| f li .
'. aT = 30 sec
7 i W “.lg )
Lilh T § T
fiale ]
. - > SAFPLES
Q. 125. 25@. 375. Spa.

Ffa. 6 .10, Experiment

740627, Comparison hetween model output and experimental

data for the ™M concentration V 173, The model is of first order,
assumina water flow V 9 and air flow V 21 as inouts.




,l,,ﬂ,,i\
A b

-
I

=

FLOH

%

y 52
NQ CONCFNTPATION

P””1 s

SAMPLFS

a. ) 208, 408, 6ea. 82a.

Fia. 7.1. Fxperiment 740702, Input {return sludae flow rate) and output
(M0 concentration V 173) recordirigs. .

7 "FLWHA.TFUTE

RLON RATE
s |
=
WA At
N
=
AT = ¥ sac
;:J
SAMPLFS
N %52, w3, 520, B888.

Fig 7.2, Experiment 74N702. Recordings of Influent wastewater flow
rate V9,



1.83

1.8
e

1.75
]
i
8
. ———
s A ca e
T
———TCL
——tTew
@ —*-—-——..-....4,-.'._;..-_1':
s R
—rs £
(=]

SANPLES
8. i 208, uge, 608, 820,

Fla. 7.4, Experiment 740702, Comparison of mode) output and experimental
data for the N0 concentration V 173, The model is of first order
with a return sludge flow rate V 52 as input.

S Y



Ve

Pig. 7.S. Experiment 740702. Autocovarisnce of the residuals of
the first order model of V 173 wvith the return sludge
flow rate V 52 as input. The straight lines sre the

sonfidence 1limits for S §.

! INFLUENT WASTEUATER
[]ll FLOW PATE V @ m/sec
I l?-l i
SR
N h| ‘ !!Ni AT = 30 sec
i
il
1
@ . i'
i L
" | }*# ' |
sgi. ) },ﬂiﬁl
3 SAMPLES

2. ) lee. 288. 306.

Fig. g.l, Experiment 74NR26. Reqistration of the influent wastewater
flow rate V 9.




gaé

8e.

.’B .

66

I p L i v

AIR FLOW RATE

v2l N ma/sec

Wﬂ-"“’““""’”‘ﬁ

AT = 30 sec

SAMPLFS

2. ) lea, 208. 300.

Fig. 8.2, Experiment 740826. Reaistration of the manipulated disturbance

of the air flow rate v 21

N0 CONCENTRATINNS
V173, Vv 174

fn) A ’#MN&
B %W ﬂ i

{4
ol q il i
=) ’{
‘\J v 174

‘ LW'{J’ AT = N sec
bt " SAMPLES
= :

a. iea. 203. 3e9.

Fia 8.3. Experiment 740R26. Registration of the NO concentrations
Vv 173 and v 174,




!|l-==?_____________________________________________________________________________________

N0 CONCENTRATINN
-] V 173

AT = 30 sec

; SAMPLES
a, ) 0@, 208. 320.

Fia. 8 .4, Fxperiment 74nm26, Comparison between model output and
experimental data of the ™ concentration V 173. The model
1s of first order, assumina air flow V21 and water flow
Y9 as inputs.

8.3

-
L]
2. } is.

a.%@?;af

Fig. 8.5, Bxperi 740826, Aut ance of the residusls of the
first order model of V173 with the influent flow rate VS

md the air flow rate V21 as inputs. Te straighe lines
sme the 5 % confldence limirs,




P R —

ATR FLOW RATE
v 21

K
Y m/sec

1089.

AT = 3 sec

87.5
__k
S
-

75.

g AR
2. :ZGB. i ugzg. 808. SA"'PLES 828,

Fia [9.1. FExperiment 74ng27, Recording  of the air flow rate input ¥21

)
-] ™ covcentraTION
v 173
K i
AT = N sec

-]

o
=

)

v*bk SAMPLES

8. . 208, 4ed., 82a. 824.

= Fia, 9.2, Fxperiment 740827, Recording of the ™ concentration V 173.




g N0 CONCENTRATION
o v 174
# IR
) hg,l{-iiu Hl’
I AT = 31 sec
W SAMPLFS
8. ) 263, sga. ~  bea. B8ea.

Fia. 9.3, Fxperiment 740827, PRecording of the M0 concentration V 174,

V\A RETUPN SLUDRE FLOW PATE

v 52 Titers/sec

66.

AT = 5 min

60.

SAMPLES

o 20. uo. 60, 82.

“8‘

Fia. 9.4, Experiment 74N827. Recording of the return sludae flow rate

unpusposefully disturbed,




gl  wss covcenteatzon
i AERATOR 2 g1

v 27

2.7

T =S ain

2.50

SAMPLES

a. ) 28. 4a. 68. 82.

Fig. 9.5, Experiment 740827, Recording of the MLSS of asrator 2,

DO CONCENTRATION
4 vV 173
f
1
. ! 4
|

2.25

i

R AT = 30 sec

5|

ny

?. SAMPLES i _
8. ) 208, [TTR 603, 8za.

Fig. 9.6. Fxperiment 740827, Comparison between model output and
experimental data of the NO concentration V 173, The model
is of first order, assuming only air input V 21 as input.
No trend in data is removed. The trend error is probably
caused by the unpurposefully disturbed return sludge flow
rate V 52,




DO CONCENTRATTON
V173

AT = 30 sec

™ o SAVPLES
. 288, u2a. 823, 8e4.

Fig. 9.7. Experiment 740827, DO concentration V 175 when a first order
trend has been removed from the experimental dats. The trend
is shown in the figure.

DO CONCENTRATION
V173

8.125

i

SAMPLES
8. 4 200. ugd. 500. “bea.

Fig. 9.8. Experiment 740827. Comparison between model output and experimentai
data of the DO concentration V 173. The model is of first order
assuming only air flow V 21 as input, A linear trend is removed
from the V 173 data. Compare fig. 9.6,




rk—i -

les.

ATP FLOY RATE
v21 N a/sin

87.5

‘nb

8. 28, ud. 58. 83.

62.5

F SAMPLES

Pig. 9.9. Experiment 740827. Recording of the air flow rate imput V 21.
The data are identical to those of fig. 2.1, but only every 10
samples are plotted.

e

DO CONCENTRATION
vV 173

1.5

——

0. N 0. ud. 60. 80.

Fig. 9.10. Fxperiment 740827. Comparison hetween model output and experimental
data for the DO concentration V 173. The model is of first order
assuming air flow V 21 and return sludge flow rate V 52 as inputs.
Only every 10 data point is picked from the experiment. Compare
with figs. 9.6 and 9.8,




N0 CONCENTRATION

vV 174

AT = 30 sec

SAMPLES

e. 208, 400, 603, 8@a.

<« Fia, 9,11, Experiment 740827, fomparison between model output and
experimental data for the M concentration V 174, The
mdei {s of first order with only air flow rate V 21
as input. The trend error is prohably caused hy the
unourposefully disturbed return sludde flow rate V 52,

DO CONCENTRATION

V174 /

a.s

a.

.-0. 5

_ | y

8. ) 208, wga. 6ca. 800.

SAMPLES

Fig. 9.12. Experiment 740827. DO concentration V 174 with a first order
' tyend removed from the experimental data. The trend is shown

in the figure.




N CONCEMTPATION

vV 174

AT = 30 sec

SAMDLFS
a. ’ 208, uea. 600. 82a.

Fia, 9.13. Experiment 74nR27. fomparison hetween model outout and experimental

data of the M concentration V 174, The made) is of first order with
only air flow ¥ 71 as input. A linear trend n v 174 is removed,

‘

2.8

5 A\M/\

e

-; SAMPLES

G e 30, %a. %0, 5a.

Pig. 9.14, Izpariment 740827. Comparisca b model output and s 1

dats for the DO comcencration V 174, The wodal is of fitet order,
memming sir flow ¥ 21 end retum sludge flow rate ¥ 52 ss inpucs.

Galy every 10 data point ie picked from the experiment. Compare vith
fige. 9.11 =d 9.13.




] INFLIFNT WASTEWATER
FLW RATE
va ms,’sec

e.

*

_f""
f

@8.375

* i L\J L.,b M"‘w‘\

AT = 1 min

-

SAMPL ES
8. ' iea. 2¢8. 320, ug3,

al lz

Fig.10 .1. Fxperiment 740828, Recording of the input siaonal
influent flow rate v Q,

o] MLSS CANCFMTDATIAM

AFPATND 2

3.

AT =1 min

N Samo) FQ

@, N ‘188. 280, 389, “dd.

.Fla, 10 .2. Fxperiment 74082R. Recording of the ™M 3S concentration

of aerator 2.




o

A&l

40,

TOTAL RETUPN
SLUNRE FLNWY RATE

vV 52 Titers/sec

AT = 1 min

SAMPLES

-y

B. ) 183. 263. 323. 4za.

Fla. 10.3. Fxneriment 74nm2a, Recording  of the tota) return sludae
flow rate v 52,

MY CONCENTPATINM

v o173

SAMPLFS

Fig, 10 .4, Experiment 740828, Recording  of the N0 concentrationm Y 173.

| T 89, 294. 586, sig,



N COMCFNTRATION

1V174

A

AT = 1 min

SAMD| FR

 T— TR 589. 99, 89,

F'i,u. 10.5, Fxperiment 74NR2R, Recording . of the N concentration V 174,

NN COMCENTRATION g
vV 173
&
—
=/
)
MM/ AT =1 min
®
)
SAMPLES

. 8 ) 12a. _F 2068, 322. 420,

Fig. 10.6. Experiment 74082R, romparison of the model output and
the experimental data of the N0 concentration V 173, The

model is of first order with the water flow rate V 9 as

input. No trend correction is made.




| P 9. 28,

Pig. 10.7. Experiment 740828. Autocovatrimnce ef tha residuale of the
first evder model of V173 vith the influent vater flow rete V9

os ispuet. The etraight lines are the § 2 cenfidenca limits.

~Ni
1 DO CONCENTRATION
I
g v 173
i
|
' 4
AT = 1 min
i
SAMPLES
8. 122. 263, 328. ug2a.

Fig. 10.8. Experiment 740828. Comparison of the model output and the
experimental data of the DO concentration V 173. The wodel is
of first order with the influent water flow as iaput (V9). A linear

trend in the DO concentration has been removed.




NG CONCENTRATION

4 V173

AT = 1 min

SAMPLFS
2. 1ea. 208, 3ea. ued.

Fi9. 10.9. Experiment 74082R, Comparison of the model output and
experimental data of the N0 concentration V 173. The
model is of first order with two inputs, the water flow
rate V 9 and the MSS concentration V 27. No trend

correction is made,

PO CONCEMTPATION

vV 173

ATl = 1 min

SAMPLES

8. 122. 218, 3¢3. uoa.

Fig. 10.10, Experiment 74082R, Comparison of the model output and
experimental data of the N0 concentration V 173, The
model is aof first order with two inout}s, the water

flow V 9 and the return sludge flow rate V 52. No trend

correction is made,




8.6

0.3

2.3

DO CONCENTRATION

v 174

AT =1 min J

SAMPLES
2. ) 1e8. 20a. 3@a. ue.

Fig. 10.11. Experiment 740828. Comparison of.the model output and
experimental data of the DO concentration V 174. The model
is of first order with two inputs, the influent water flow V 9

amd the return sludge flow rate V 32. No trend correction is made
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Fig. 10.12. Experiment 740828. Recording of the analog output of the total

flux of solids in the return flow to the serator 2, V 70. The signal

1s the output of an analog multiplier of the signals V52 (retum

sludge flow rate) snd V58 (return sludge concentration). Compare

with fig. 10.13.
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Fig. 10.13. Experiment 740828. Estimation of the signal V 7C. The signal

is achieved by multiplying the signala ¥52 (return sludge flow rate)

ad V 58 (return sludge concentration) digitally in the zomputer.

Compare with fig. 10.12.
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Fig.11 .1. Experiment 741126, part A, Recording of the air flow rate
V 21 to aerator 2.
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Fig. 11.2. Fxperiment 741126, part A. Recordinas of the N0 concentrations

¥ 173 and V 175,
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Fla. 13.3. Fxoeriment 741126, nart A, Pacorviing of the M concentration ¥ 174,
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Fia. 11.4. Experiment 741126, part A, Comparison hetween the model output
and experimental data of the N0 concentration V 173, The model

is of first order with one input, the air flow rate V 21.
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Pig. 11.3, Experimant 741126, part A. Autocovarimcs of tha residuals of
the first ordar model of the DC concantration V 171 vith the
uir flov rata ¥ 21 es input. The scraight lines are the 5 T
esufidenca limits.
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" Fla. 11.6. Experiment 741126, part &, Comparison hetween the model output

and exverimental data of the M concentration V 175, The model

is of first order with one input, the air flow rate ¥ 21,
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F19. 11.7 Fxperiment 741126, oart A. Comparison between the model autout
and experimental data outbut of the N0 concentration ¥ 174.
The mdel 1s of first order with one fnput, the afr flow rate ¥V 21.
No trend correction is wade.
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Fig. 11.8. Fxperiment 741126, part A, Comparison of model output and experimen-
tal data for DO concentration V 174, The model is of first order

with one input, the air flow rate ¥ 21. A linear trend in V 174

data is removed.
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Fig. 11.9. Experiment 741126, part B. Recozding of the air flow rate

to ssrator 2.
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¥ig. 11.10. Experiment 741126, part B. Recordings of the DO concentrations

V 173 sad V 175,




12,

4 DO CONCENTRATION

v 17

AT = 20 gec

SAMPLES

1e8. 208. Se8. %88

Fig. 11.11, Experiment 741126, part B. Recording of the DO concentration V 174,
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Fig. 1'1.12. Experiment 741126, part B. Comparison of the model output and

experimental data of the DO conceniration V 173. The model 1is
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Mg. 11.11. Experisent 741126, psrt 3. Autocovariance of ths residuals of the
| firet order model of V 173 with the air flow V 21 as input. The

straight liase sre the S I confidance limits.
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rig. 11.14. Experiment 741126, part B. Comparison of the model output and
experimental data of the DO concentration V 175. The model is of

gizat order with the air flow rate V 21 as input.




) J
1
11
SRR
=y

Tig. 11.15. Experiment 741126, part B. Autocovarisncs of the residusls of
the first ordar model of ¥ 175 with the aiz fiow V 21 as iaput.

The straight lines are ths 5 2 coofidence limits.

&
DO CONCENTRATION
(V173 + V175) /2

4

i

AT = 20 gec

SAMPLES
128. 288. 308. T edd.

Fig. 11.16. Experiment 741126, part B. Comparison between model output and
experimental data. The signal is the average value of the DO
concentrations V173 and Vi75. The model 1s of first order with

the air flow rate v21 as input.
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74g. 11.17. Experiment 741126, pare B. Autocovarimes of the residusls of Pig. 31.19. Expsriment 741126, parc B. Autocovarience of the residuals

a fizst order medel of DO concentration (V173 + V175)/2 with the of the first order model of ¥V 174 with the air flov rate

wlr flow rute ¥V 21 as input. The straight lines are the 5 2 ¥ 21 s input. The straight lines are tha 5 2 confidencm limite.

confidasce limits.
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Fig. 11.18. Expericent 741126, part B. Comparison of the model output and

sxperimental data of the DO concentration V 174, The model is of

£irst order with the alr flow zate Vv 21 as ioput.




