
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

Maximum Likelihood Identification of the Dissolved Oxygen Dynamics of the Käppala
Wastewater Treatment Plant

Hansson, Olof; Olsson, Gustaf

1976

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Hansson, O., & Olsson, G. (1976). Maximum Likelihood Identification of the Dissolved Oxygen Dynamics of the
Käppala Wastewater Treatment Plant. (Technical Reports TFRT-7094). Department of Automatic Control, Lund
Institute of Technology (LTH).

Total number of authors:
2

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

https://portal.research.lu.se/en/publications/af1d6aed-8927-4618-9429-8a633a729758


Download date: 19. Dec. 2025





ï\,lAXIl4'tIM tIIffif,IHOOÐ TÐENTT}'ICÁ,TTÛ}{ ûÏ' fïig DfSSûLlrgÐ ûlfftEI,T

D]3[.q,}ßCS OT'THE
,l

KAPPA¡A WÁETßTfATER TNg.AN\4giüT PIA}fT

Gustaf Ol-sson
(1) Olof fiansson

/pl

(f) Oept of AutonatLc Control
Luntl ïnstltute of Technology, Lund, Swed.en

(2) oatema ¡s
Uyn8sfrann, Stred.en



AIISiF-4.CT

IrtrenÊl.ficstion e:çeråiients hra"o¿e beer' perfcrned cn a fi:Li scale

rnrurleipal r,¡åsteï¡ater treatment pJ,arri at KJppaS-a, SÈockholm' The

dl_sso:-ved rxygen dynanrlcs in the actåvated sLudge process has

been exarnlned r¡iCh respect to aLr and r'¡aÈer fLw disturbances.

ltaximun Likelihood tdentification has been used for the para-

neter es timat,Lon .
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1. INTRCITUTTTO}¡

The acflvated sludge unlt j.e one of the maJ,or unft proee$ses

ln a r¡astewater ÈreåÊ¡ßÈnt'Bysten. trn the process ¡ s;aste le

st¡blllzed blologLeally in a reaeÈor under aerobLc condltlons.

the aeroble envfron$tent ls sehfeved by the r¡se of dlffr¡sed or rnechanical-

aeratl.on. After thpwaete has been trest€d fn the re.aetor (or aerator)

the reeurtLng bfologlcal maes Ls separated f,rom ti¡e rfqufd tn a

settlfng tank. å, portLon of Èt¡e reeiaf.nlng naes ia wasted as sludge,

rn order to r¿afnt¡l.n the aerob{c condf tl.ons rxygen hae to be

tra¡rsferred to the procesa continuously. The oïygen whLeh Le

utLuzed by the organiema nust be Ln a dl.egol"ved form. Therefore

the orygen which fs edded through eeratl.on must be traneferred

from a g¿ü¡eoua phaae to a dfgsolved phaee before ft csr be

utllized by the organiane.

In thle report the dlegol¡red orygen dynanlcs (00) ls eonsldered

and fte relatLons to dlfferent process verj,ables and bfologfcal

varfablee aa well ås to External" dfsturbalces" There are several

rea8ons rhy the D0 dynmrtce Ls lnterestÍng and rel.evant to consfder.

Here rre coneLder three reåsons

o råtêr qualLty

o Êconom!¡

o DO as a¡r fndlcecor of the procese cürdl.tf.on

rn order to ur¡lntafn aerobl.c condltlone in the reect,or the Dû

concentratíon must exceed a certaln coneentråtlofr, say 1 - z w/t.
BcLo¡ th!.s level the eyntheers rate of organlsns and consequently
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the organlc eubetrace uti.li"zat{on, ls }trni"ted due to ths o:rygen'

On ttre other hand the organisms Êênnclt make use of an abr¡ndanÈ

concenÈretlon of D0" Of ecoRomlc reåsons l.È is theref,ore natural

to try to ¡nlnfmLze the Ðû concenËråÈlon and stj.Ll nnaintaln an

adequatë bdoLog{ea1 aetfwtty,

The elr iloÌ{ Lo Èhe reactor is coneÈreLned to a Lonrer lf"tntt

by hydraurlle condiËlons, In order to msfntatn a sufficlent

llqutd mt:dng and co avofd elogg3-ng of che dtffr¡sere the atr flow

Buat nût be too emall.

lhe orcygen Ërsr¡sfer dynmrlcs from gåBedua ro lfqutd phase Ls

lherefore the most lnteresÈl"ng dynamice from a co¡lt¡ol poLnt of

vlew. The naln eontrol task. ls to keep the D0 concentratlon

constant despl.te !"oad changes Eo tt¡e p:-sï¿t at a levetr of I - 2

rrg/L. The relevant lnput slgnal 1s therefore thê alr flcn¡ rate

from the eompreasors.

Dr¡e to changes of the load to the p!.rrt the ÐCI concentratlon cân

vary sLgnlfLcantLy. It aLeo depends to a largè extent oß Èhe

blologl.cel actLvlty. Ttrerefore the DO eoncentratLor? l-s a netur¿l

fndfcator of the process condttLon" ?he di.fffcuLt lnstrumentation

probleus 1n a wast€ß¡å,ter t,reaüment ãystem makee the DO concentration

er¡en Eore lrÊereetl.ng" fhf.s is oae of the few varfabLes that cen

be measured wfth a reaeonable rellablHty" fhüg thè dyneÍcs csr

be ueed for eetinatLon of other bf.ologlcaL variables, such aB

blologlcal orcygen uptake rate,

I

j
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trJhen tl¿e aerat$T 1s buflt as a long tank the Ðo concentratlon

ls far f ronr r¡nf fowr along the channeL. Instead lt ås varyfng

conslderabLy al.ong the tank. Beeause of the hlgh eubstrâte

concentrati.cn at Êhe raw vråstevat,er LnLeË the synthesis rate

ts hlgh tl¡ere, consequent)"y the ûxygen demand is large a¡rd the Ð0

level 1s 1oçr, lowards the taL!. end of the rescior Èt¡e bl.ological

reactLons are gettJ.ng connpS.eted a::d the correspondLng Õ)rygen

de¡nand f.s comparatfvely lcvE¿, Ttre Ðo Lavel. cån therefc¡re rfse to

relatively high vahee,

The Do profl.le phenonenon haa been consLdered {n rhe desfgn of sone

plaritg. The aLr florr ls larger in the head end and decreases

along the reactor ås the oxygen deanand decreeses, a so called

tapered aerstlon.

rn order to exe¡rLnê the Dû dynamlce for a full scale mr.rnlclpal.

plant aenËral eeriea of dynarnlcal ldentiffcatlon experfments

heve been performed on the Käppala naatetrater treatment plent

at Lidfngö ouÊslde Srockho!.rn,

The plant waa eonpleted fn 1969 md !:as an a\¡erage lnfh¡ent f¡"er

of 1.3 *3/""" (ru 3o MGD). iï¡e flcry fs spLlt 'p lnto three parel!.el
flowe to the grlt chanbers" rt fs further spl{t 'p rnto slx
parallel f!'or¡s for the prlmary sedlînentatLon and the aetfvated s1udge

prôce88 t¡nlte. Chenical preefplatfon follo¡re the biologf.cal treatnenü"

For the dynmlcal e:çerlænts one of the efx aeratore hae been used.

the aerator h¿e e volu¡ne of 6û00 *3 -d te 10CI ur lmg. rhe alr

åI
J

È

I

I
)

I

ì

J

t
:

,]

j

,I

:
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is supplied by diffusers unifornS"y along the tank" The raw

waste',{atÐr is fed into the tank by step ioa{iíng at foem

positions between 3û anC 6CI m from tl're l:.e¿d end, The

Ðo profile shows the typical" feature, whJ.ch was indieated above.

For a ¡nore detaiLed description of the p3.ant and its instrumen-

tation we refer to Ió] ,

In Chapter 2 the tìreoretical aspects of the ilr) dtr'namics ãre

discussed" A basåc strtrcture is presented and the eonsequenees

of it are shown, T?re Ð0 profiles s?a cai.culated and eonrpared

to experimental. data from Kappala and tl¡e Ð0 concentrati.on

sensitivity to different Í.nput variables ar¡d dj.sturbances is

analyzed to some extent,

The erperiments are su¡nÍnariaed in chapter 3, A brief summary of

the identification method is given in chapter 4. There are seven

major experimenÈs reported here and the basic results of them

are di.scussed and analyzed in the Chapters 5 - ll" After this

the results are sunrnarízed in the fol1.o-*i"ng three chapters 12 -

14 and further physical interpretations and comparisons betweer¡

the different experirnents are made. The report is s¡¡runarized in

Chapter 15,



2. DTSSCILVEÐ OXYGEJ\¡ ÐYNAMTCS

The dissolved oxygen {ûtj cûncentraii.on is related to both the

blower capacity and to the biologicar activity Ín ths aerator.
The equations descri.bi.ng the Do <iynamics haee been deri.ved

eLsewhere, Olsson (1g7SA) but wi1l. be repeated here for convenience.

In olsson (r97sB) soyne static a;laLysis of tr"le equati-ons rras been

perforined, md so¡ne of the resuits are rele.,¡ant for thi"s study"

The Do equations for a compl.ete mix reactcr and a prug f,r.ow r.eactor
are repeated in 2,1, It is assrrmed that the Kalppaia å.e 'atcî dynamics

ís possibl.e to describe as a dispersed plus f1ow ïeâctotr, i"e. some

compromize between conplete mix and plug f10w, sone díscussi.on is
made about D0 profiles in 2.2" The fCI sensitivi.ty with îespect to
different inputs or dísturbances is di.scussed in 2"3.

2" 1 Dissclved oxygen equations.

The DO dynanics for a complete rnix reactor can be

[X) mass ba].ances over the aerator cpo €i c ) 1

derôyed 'tl"y taking rhe

û.

l-w)

l+

SËPARATOR

w8

â+ tu
ry " æ

'% &&
,,\ 4'&

^-^¡-

Fig' 2.1. schematic flow diagram of a conpLete ¡nix aerator.
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Then the dynanrícs is

I

dc
o

where

1-Y

K +s
3

dr

x
f* Çfa k^d c¿xx) (2. 1)

Y
Y

"o = ffi concentration (mgll.J

coí = influent ï/ater Ð0 concentration

cos = saturatirn concentratior.l of [!CI (mg/l)

D = dilution rate of the aerator (=QlÐ

r = return sludge flow rate ratio
kL" = oxygen transfer coefficient

u^,.- = aír fl.ow fTom the blob,ersa1L

Y* = )rield constant
A

þ = maxinun specific growth rate of nicroorganisms ih

s = substrate concentration (B0D)

K, = Erowth limi.ting constant

cx = concentyatÍon of viable organisms tne/I)
k, = constant

d* = decay coefficient (i,-1)

t)

The finction f(co) reflects, that the hioLogical âctivi.ty is oxygen

limited for snalL Do concentrations. It resembles a Monod type finrction
and nay be described either by
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flc )-o- lj )\

or by

f{co)=}-exp[-*.co) {2.3)

where Í" is a cûnstânt.

The limiting function f(c") is iLlustrated in fig 2.2, where the

forrn (2.3) has been used, Two dj-fferent values of { are shown.

'Ihe first tenn of (2.I) describes the flO that is coming into the

aerator fro¡n the primary sedimentation and the arnount of IÐ that

flows out into tl'le settler. Tt is assurned that the DO concentration

in the retunr sludge flow is negligible, This is a reasonable

assunption, as the endogeneous respiration in the settler will

consune all the Ð0 that is 1eft"

The second term of (2"1) is the CIxygen transfer through the bl.owers.

It shows the welLknown fact, that the oxygen transfer. ii proportional

to 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 actuâl in an aerator. The term

k,a is to be determined in the identifiaation experiments, It is
L

significantly depending on the sludge condition and may be between

50 and 100 eo of the value found for clean water. It is aLso

vatying along the aerator as the suhstTate concentratiÐn and

the reaction speed goes dåwn, see e,g, Fckenfel.der *, ", {197Û)

Ttre third term is due to the bioLogical uptake f,or cel1 synthesis,

Ttre oxygen consumption is directly proportional to the amount of

new ceLls created by synthesis, The synthesis is limited by the DO

concentlation for D0 levels below some f - i.5 ng/l. The function f(co)

o
K +c
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ís useci to ries cril;e this ¡rlrenoroenon " Tire las t term. in (2 
" 1)

refl-ecËs llle D0 constoir¡rtlon due to endogeneous respiratlon.

rn order to descríbe the bioloeícal activity in the aerator

the dprarnics for different specíes of organisms as well as

substrate, bioscrption, and inert bacteria has to be described"

This has been described elsebrhere I Z 1 , and wiLl not

be repeated lrere. The coupli.ng from the lÐ equation to the

biological reactions actuaLly is by the fimction f(co).

ïn a pi.ug flow reactor the differentÍ"ai equation (z.l) has to be

adjusted for the different hydrautric conditions, The plug fLow

eqqations are derived in ll 1 and are

?co à"o

?t prod
(2 .4)?t cons

where

v = stream velocity (n/s) in the aerator

1'he production term is the sane as the second tern of (2.1), while

the consunption term is identical. to the third and fourth teilns in
(2. 1) .

For the steady state case it is clear thet {2,4) is just an ordinary

differential equation. The boundary condj,tion is the known Ðo co¡rcentration

of the ínfluent wastewater at the head end of the reactor.

+ t"o/lc )'o'
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The biological equations coupled to t2,4) have more cornpLicated

boundary conditions. The concentrations at the head and tail ends

of the reactor are actually coupleðby the settler dynarnics. This

j-s ft¡rther discussed in I I ].

2,2 Di,s6ç1ved oxygen profiles

If the air inflow to the aerâtor is unifo::nly distributed ai.ong the

treactor, there will be a non-uniform Ðû profile along the tank.

Because of the high biologicaL oxygen uptake rate the dernand in

the beginning of the tank is very hígh" T'ï'lis 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 l,O concentration can rise" In the tail
end the positive eontribution from the conpressors is generally

nuch larger than the negative eonsumÞtion te::ln from the biological

uptake. A typical profile fron the Käppala wastewater treatnent

plant is shown in fig 2.3. It does not refl.ect the true steady

state conditions, as the flor.¡ rate of wastewâter varies during the

measurenents, It doesrhowever, indicate the qualitative nature of

the profile.

D0 profiles for different operational. conditions have been calcuLated

in t a ], "r'; '1, for a plug flow reactor" Even if a plug flow

pattern does not describe the Klppala plant adequately the profile

calcuLations give a qualitative indication of the cãuses and effects

of the profil.e. Some of the results aye shown here.
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The equation (2.4) has been solved together with the vi-able

organisn and substrate concentration equations. Fig. 2.4. shows

the resulting Ð0 profiles for some dif,ferent air fLows. The

patameter in the figure is the product kL"'"ir. For simplicity,

Let us call it kr The value kr=LÛ corresponds to a flot¡r rate

of about the doubLe normal value. The IIO profile has the typical

S-.shape. Even if the flow rate i.s very high it is not stlfficientl'y

high to supply the biological activity in the head end. stiil it

results in an abundant concentration of ÐO in the tail end.

when the air flor¡ is decreased to 75 % (kt=7.5) the largest

change takes pLace in the niddl.e part cf the aerator. Tt¿e difference

between k1=7.5 and k1=5 shows even noÏ"e, that the D0 profile has

a maxinurn sensitivity for air flow changes in the middle of the tank.

When the air fl.ow rate is decreased furt?rer the character of

the D0 profile changes. trt is no longer almost horizontal at the

tail end but significantly positive. This is a sign, that the

biological reaction has not been coripleted in the aerator, and

consequently the concentration of substrate in soluble and floc

phases are too high"

Ihe cal.culations above show, that in a rtnormalTt profíle the naximum

sensitivity for air flow rate changes appeals to be in the middle

part of the aerator and not in the tail end. This wi1L actually

be demonstrated in the first experiment 74t626. In --[ I ] :t;''

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

the steady state sensitivity actually has a naxinun at DO concentrations

around 2 - 4 mg/L, depending on the operatíonal conditions,
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It is also demonstrated in the experirnents, that practicly no Ðo

changes due to air fLow rate c?"langes can be observed in the head

end of the reactor.

2.3 " DO concentrati.on sensitil¡i,tv

The Do concentration can be manipulateð by most three variables,

the air flow rate, the influent water flow rate and tlie return

activated slurige flow rate" The two Latter ones are not really
the control inputs for the lÐ level, but should be conside¡ed

as exterrial di.sturbances for the IJO concentration" The najor

input variables is alL the tine the air fLow rate.

Another two variables wiLl affect the llo concentration, the

substrate (BOD) concentration and the viable organisn concentratri¡on

which can be related to the MLSS concentration. Ttre BoD disturbance

co¡nes prinarily fron the influent wastewater and varies in a díurraL

pattern. on top of this there are chock loads due to either industrial
vrastes or due to rain sto:ms, The substrate concentration will
be diluted.in the latter case"

Ïn order to roughl.y describe the static gain {or the control aut}rority)

fron different inputs, let us consider eq (2.1).Thg sratic gain

from different inputs has been considered in T s ] The ai_r

flow input comes from the a"* ,"ir. The wastewater influent ftrow

is related to the dilution D. Tu hydrau1ic disturbance due to the

retum activated sludge flor¿ ra'Ëe r is also shown. There is an indirect
influence from a disturbance in the terrn r too. The growth rate of
organisms will be affected, as the slu<lge age of the organisns is
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<le'rendi.n¡ on Èhe return s]-udge flow rat,e. This influence, ltot ever,

is very sLor and takes days. l,hen the rettlrn sludge flol'is

changed the available sLud¡'e ln the settler' ho\,/ever, rvil'l be movecl

more rapidly to Èhe aerator, and a tranaportation of sl-udge

foll-oç¡s, Due to this transportatl-on the sludg. 
"or,""r,rration 

in the

âerator can be influenced wlthLn the order of hours.

In order to calcuLate the DO sensitlvlty Èo rlifferent lnputs

and dl-sturbances eq (2.1) Ís linearlzed. .In steady stâte

and for srnall dLsEurbances the change ln ÐO due to the inputs

can be rvritten

Àc
o

The expresslons for G, ,..,Gt* have been derlvecl in [8] p 103 ff.

Conslder the norr¡alizerl values of the sÈeadv stete transfer

fr¡rctfone

Auair + G
AQ + 4""-

2
ue1r o e

x

The ma:dmun sensltlvlty Ci wfth respect to alr fLow changes wllJ"

l¡e of the order 7" The na:dmr¡n appears at about 2.5 - 4 ngll-, rvhlle

tlrere 1s a zero sensLtlvl.ty at elther zero DO concentration or at

sat uratÍon concentratlon "

The sensftivity with respect to lnflr¡enÈ r.rater f'lorv chang'es fs

an order of rnagnitude smali.er. It hæ a maxlmun of about 0.5. The

eensitlvlty wfth respect to dlsturb¿rnces ln substrate concentration

Gl or I{LSS concentratfon Gl is hlgher and can be estlmated to34
be of the order 3 - 5 for the actual systern. The values of the

three last transfer functLons are negatlve.

= ClÀr"i, + C2 ¿\Q + G3 ôs + C4 òcx

g

Ás I

4
Ac = Cj

Ol
+ct

3
c
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2.4. Nonlfnearitles ln the rf

The dynorl.ce of the DO concentratfon fs nonllnear' as eq. (2.1)

ghoers. Even lf (2.1) represènts a conrplete mÍx reactor Lt can

glve sone quaS"ftatlve LnformatLon about the nature of the nonlLnearltfes.

The dynæ1cs r¡ith respect to aÍr flow lnput ls vcry fast conpared to

the metabolls¡r and to the hydraullc reeponae tlmcs. Therefore lt,

fs reaeonable to åBsr¡re, that both the substraËe concentretlon (s)

srd the organlsn concentratlon (c*) are consËant durÍng changee ln

air flcn'.

As the alr flor¿ 1e urifformly distributed along the eerator, the

dyrørfcs ls gftnllar all along the tank. The dlfference between the

dlfferent parts of the tenk 1s dræ to dlffcrent concentratfons Ln

gubstr¡te and organfsms, a¡rd thlg drangea of course the operating level

of thc DO concentratlqr.

For the analyele the tank 1s dlvlded irto snall eoupertnents of

complete nix reactors, each one ¡sfth the voh¡rc VO. In thc actual

tfme eeale a and cx are conatant 1n eq 2.1 ¡¡rd thercfore the D0

dynmics ca¡r be deecrlbed by

dc
o -c )+k u (c -c )-g(s,c)f(c) (2.5)

dtk ork 1 rlr oa ork
D (c

ork-l x o

whcre D - dllutlon constsrit
k

k -ka1L
g(erc ) - coneta¡rt fr¡rctlon of cubat:¡tc and organism coneentratÍons

x

Ttrc lnput .u ls not llnearly ælated to the DO concentratlon.' alr
Depcnding on the blological uptake rate the frnctlon g hås dffferent

v¡hcc.

An appro:dmate analysfs 1s nade by lettlng eo and uair var:/ around the
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steady staÈe valuea

"o = .l *Åco

'r,¡ = gt +6,u
alr

whlch gives

d( ¿c
ork =Ð (c

k
oc {¡L )+

o rk-J. ork Drkdr

+k (uo +ôu ) ( c cð 4L ) * e(s,c ) *f(c'+Àe3 Q.6)
:_ 0s ork Õrk oo

Only DO concentratlons Larger than I mg/1 r¡l-Ll be considered

vrhy the fr:nction f (') ls practicly constånt equal Êo one" The

terms that cancel fn steady state are cancelLedu

a(rco)

-E-

dr
Dt^"o T kLuoac + k au{c - k- ôu¿c1o

(2.7'

(2. 8)

I 0go

where the subscript k has heen neglected" Eq

in the forrn

(2,7) Ls rewritten

cl( ac )

*
I kr(uo+ou) + nu3 aco {e -c") ¡ u

ost
+k

I

Some general obser:vatlons from (2.8) can rLow be ¡nade

* ttrre "tfu€ constant" of the .s]'sÈem depends on c]ìe amplitude

of the f.npuÈ, as the i¡asic system 1s b{U.net" t* t"r,

* the galn of Ëhe system depende on the operaËLng l-evel- and is

Ç=
uo+ au + D

k

Áo
og

c
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It can be observecl , tiraÈ the response time for an tnput

'''*"doesnotdependontheslÊ3,c}'stat'ecOncenÈratlonco.
In a long channel- type aeraÈor, r.rhere tlie ÐO concentration ís

wldely differenc in the head en<l and tail- end, the response time

should s¡íl-L ba the same. Observe, that {t fs also Lndependent

of the bioloßfcaL uptake rate In this ti¡r,e scal-e" Thus for a

constant alirplitr-tde of tl¡e input u the "time constant" of tire

system would be tl-re safnee as long âs uo Ís ConstânÈ along the tank'

To give a feeling for the nrsnbers lnvolvedu assume that

k uoçr5. D l-s Less than 0.L and can therefore tre nêglected here.
1k

t'or very enal! dleturbances the real Èl.me conståfrt therefore

1a about 12 ¡ninutee, If Àr¡ fs 50 I of uo Èhe Ë1ne eonstant

cen be I mlnucea f.n the estLntted srodel.

Ttre gaLn of th€ Bystem 1s lower close to the tell end of the åerator

where the DO concentratfon ls hlgh and {e htgher fn the uridd!"e of

the aeretot" Ctrose to the head end the galn Ls smell agaln, buÈ then

thle üralysis l,B ûot v81fd cry longer. The reaÉ¡olt ls that the fu¡ctl-on

f(c ) le gettfng lnportant' 8êe further sectLon 2"3'
o

Some step responses of the D0 concentratlon due to EtePs in the aår

flov are shgll¡n 1n flgure 2.5. They denonatrate, thaÈ the "tlme congtent"

ls fndependenÈ of the opêraÈ|ng level, but the gaÍn 1s 8ma11er - ' ' , fa-'

cloeer to the saturatlon concentrat{on.
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r.r3

CCINCENTRATÏ

ns/t

Ftg., 2-5

a(tì
ON

0 6 12 18 24 30 Time {rninJ

Step responses of D0 due to changes in air flow rate" The air flow

rate in steady state is the same for ail" the cases, br.rt the biologicai.

uptake rate is dj"fferent. The air fLora'is increased 50 % over the

steady state value. The time constants are the sarne for the different
cases, about I ninutes. The gain, howe'r¡err is diff,erent

a

\o

a
ftt
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2,5" Nor¡llnearltfes Ln Èhe hrâstewater tnf,luenÈ flm,¡

The ÐO dynamf.cs fa nonlfnear al-so ln tl¡e !¡asteeüåter l"nfluenÈ floq¡

fnput Q. Let !¡euff,fee here to analyze the eorçlete mlx equåtion (z.l)

to *row the eharacter of t?:e nonS.tnearlty.

The changes due to netabol.fem can be neglected, so s and cx are conster¡Ë

fn (2.1). Moreover, only Ðo crncentratLürs Larger than about l *g/t

are eoRsidered, so the fr¡neËlsn e(co) Ls aasuned to be crnstânÈ and one.

Eq, (2.1) c¿n therefore be rewrl.Ëten as

de

dr
t¡. Q +an Q 

"u 
* *, (c -e)*aoÉ¡ o 4

nhere 11,... a are crnstsrts"
4

Let c^ and Q very around the eteady state operating polnt,
o

Q - Qo +òQ

c - co + Àcooð

d(ac)
o

dr
arô,Q * 

"rOQ co + arQ"A.o * 
"?r3Qó"o -.3å.o =

r Í ^, 
( Qo +ô(ì) - au i aeo * (a

The 'otime constantt' of the sysËen Èht¡s Ls

1 
n t2": iAQ

-1
T ¡-ar(Q'+aQ) * url

rn or<ler to examÍne hor¡ much Ào wil-t fnfLuence T let us l_ook aÈ

the order of rnagnltude of a and a23
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a
L

kå
c¿¿ !

then a^ixt ts of the or¿er 0.1 - (t,2 tat the acÈual ptant, whl.le

a^ is of t-¡6 order 5. Thererore ¿he anpli:ude of ,'- :s, of rninor3

importance for che "È1me cons¿ant, .

The galn oi- the sysr-em ts

Ça
ö

3
-a ¡q ".rt û )

2

Tne constants
c
oi

v

can be almost ne¿iect.ed comparei ro arco, and ;herefore the

gain 1s abc,-t pÌ'rÐort Lonal to ::e opera';.ing lÉ'rel of rhe Ðo ,:.oncentretion

thus the galn ought tc be somewhat larger ln rne ta:_1. end ihalr in the

nfddle part due to dlsturbances 1n the infh¡enc water flour.

;,*etc"
r¿o

_aI
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?.6, t{onllneari.tåee ln the reÈr¡rn sl { ¡¡t,

The analysis for the retr.lrn eludge fLm* Lnput nonllneari.tles can be

perf,onned cÕtnpi-eteLy analogoua t,s seetton 2,5. Eq {2.1) fs

rewrltten fn the for::¡

dc
a

dr
+bL b - D (1+r) e -e)+boso J1 rz

If the reËurn sS.udge f!.oç¡ r La varåed

r ,-ro +Ar

then the equatfoî¡ {e rewrLtten åe

d{ac )
o -D[ (1+r)¿c + co4,r+êrêc

dr o o o
I -b

2 0

= [ -o (l+r+Àr) - b, J ac - D coAr
o

The conatant b2 fe of the order 5 whl.le the term D (1+r+¿r) ls of the

order 0,1 - 0.2" therefore the ?'tlme conatarltrt fa aL lndependent

of the nagnltude of the lnput Àr. As for the wåatewater lnput the

galn fe negetÍve æl.d proportLonal to ttre DO concentratfon.

It should bc euphaelzed that the lnflr¡enee f,hat ls ¿fscussed here is

only thc trydrautrlc fnfkænee fro¡n the ret,u¡rr eludge flor¡ rate. there ls

a aecondary tnfluence fn a longer tlme geaLe, For a changLng retufi!

sludge fluc rate, the a1udge coneentrÊtfon wf3.1 change. Therefore

the bLologfcal oxygen uptake wlll cha¡rge" Tlre first etrange can be

eeen wlthfn the order of hsurs, when aludge elmp!.y Le noved from the

aettler to the aer.ûtor wf.th an changfng epeed" In the order of days

thc n¿t¡bolJ.arn wlll fnf3.s.¡ênee ttre total aludge rnaer

ll i ':'>



3. HXPEFI¡'TËNTS AND DATA HANDLTNG

A sunnary of the experinental conditians is m¿de in this chapter.

The different experiments are then described in detaii i-n

the cleapters 5 - 1i, where ar.so the identificatíon results
are given, Tlre sunmary is given i.n 3.i. The data handLing procecure

hes been somewhat.complicated anc it is briefly describeci in 3.2.

3, L Sunmary of the experiments

As nrentioned in chapter z there are three interesting inputs to the

Do concentration, The najor i.nput and nanipulative variable is of
course the air flow, here calied v 21" The disturbances to the Ðt

concentration nainly have tc do r¡¡ith changes in flow rates of the

hrastewater or the retuT-n sludge fL0w rate, here call.ed v g and

v 52 respectively. It has been able to manipulate all these three
variables in order to examine the cause_effect relationships
for the Do. There are also other i-nteresting variables which will
disturb the Do concentration, sr¡ch as the substrate and MLSS

concentrations. It has not been possible to manipul^ated those

variables, but the MLSS concentration has been register'd at the

tail end of the aeratoï"

Table 3.1 surnnarizes the experinents"
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t¡\rJf-f,, J . -t

S{n4¡,{ARY ûF THF EXPE,qïþ.çþITS

i-¡ul ated Dtiier re 1e- Samplinq ¡l Total exp,

tíne ¡h,mín)ri. a.b Les r¡ant :-nputs tine {sec)

Variab 1es

v 9 = infLuent water flow tc grit removal chanber L {to aerator 1+z}

v 16 = suspended solids of prinary sedi.nnentation ef.Ëluent

\Ì 2I = air flow rate to aerator Z

V 27 -- suspende<i solids concentratj-on in aerator Z

Y 52 = tatal return sludge flow rate to aerator Z

D0 oxygen outputs are caltreå \Ìf75, \iLT4 and Vl7S"

Theír Locations vay Y from experi.ment to experj-merrt

Experiment

744626

7 4t627

7407t2

v 40826

7 44827

740828

v4t126 A

B

21

0 ?1Jt

52

2T

a1

I

21.

)1

\6,?7 ,52

â

a- F4
¿ / ,JL

10

3{l

3û

3û

ór

J ,"1

185 û

>+i

760

;t1,4
I¿I

899

4CI5

3,.13

\ t11

¿ 11

6. 3û

6,7.t

7. 04

I 
"1't
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Some experinnentaL desi-gn considerations ?rave r:f, coi"rrse to be dcne.

In crder to get a iiigh siqnal-to-rroise ratio a large inp:.rt amplitude

is necessary. There ís a natural, lowey and upper limit on aLl three

input signai,s 
"

The ai-r flow must not be too small. Then the måxing cf the aerator

j"s insuf,ficient, and the::e ås aLso a risk for ciogging of the

di-ff,users, .{lso Lhe air tubes rnust be sryi:p1ied rsith a ynrnimum pïessure

in order to work pr:operl.y" Ttiere is natur¿l!"y a maximum li¡nitation

of the aår florç" The primary li"mit has to do wåth the pressure

in the aj.r tubes" Tf, the pressure ge-ts too hi-gh, tlien a safet;r valr¡e

system gets intü action

The influent water can be,¿ayied bet¡¡een quite wide lirnits, The florr'

can be redirected betv¡een the grit cha¡nbers and a signi"fi.cant

disturbance can therefore be achie',¡ed" The flor,¡ can aLso be kept

constant during an erperiment " Then the naturaL variations are

lead into the other aerators.

For short tines the return sludge flow rate can be varied quite

signåficantly, and this possiblíty was al.so used .

The nonLj-nearities of the ûû concentration naturalLy limits the

possibi.e arnpl.itudes for the inpr-lts' see chapter 2.4-2"6, especial.iy

for the air flow input" There i-s a trade-off

between the different constrair'¡ts" sone of the limitations were

poorly known in the f,irst experiments" With

better system and pLant knowl.edge i.t has been possible to design better

experiments 
"
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rt is desivable to excíte the systern r.¡ith a persísteiltLy exciting

input sigrral., sucfu as a Pfr.BS signal. T'his was possibåe to do f,or sone

experiments" For wat,er i".ûpi.¡ts, hor+ever, tire inpr.:ts r¿ostj"lr' had to be made

3.i.ke step disturba¡lces or e 'few rectangular pulses 
"

3.2. Ðata h¿nd3.i.ng

The sienens 3t4 compL¿tsr aï tl¡e plant is supplied r¡åth good data

acquisition programs, whicl'l makes it easy to acquire the interesting

data' Only the standard progrems for data acquisition have been used

Duri.ng the experiment the varj"abl.es are strred at tire disk n¡emory, and

afterwards punched on påper tape, l0 eharactersfsec. The paper tapâ

ís onLy of 5 ehannel type and has therefore been co¡lverted to I chennel

paper tape. At the sane ti¡ne some unrlecessary j.nfr:rmatiûn at the pri-urary

tape hras renoved"

The 8 channel paper tape was in turn used to get the data in the pDp

15/30 comPuter at the Department of Auto¡n¿tic control, tund Institute
of Technology. The data was transferred i-nto standard files on DEC-tape

for further use by the identif,ication prrgran IDpAc, see chapter 4.

il

::

(

;'

f



4 . I DE}ITT FT CATION METT{OD

The Maxirnum Likelihood ($Li methc¡d has been used to estinate

parameters in linear muti'input-single-outpçt modeLs for the

DO concentration rJynanics, 'lhe structure of the systêTn is

briefly deseribed in 4"1., A nore detailed description can be

for¡r:¡d elsewhere , ê.8, Åstr$m-eykhoff (197i) or Eykhoff (1974i '

The identificatíon plogram is nentíoned in 4'2'

4.L Mt identificatåon

îhe basic stnrcture of the assumed system dynamics is linear with

constant coefficients" Ttre structure is given by the difference

equation

(1 + alq 1 *... * 
"rre-n) 

y(t) =

p
= 2 ( brre-I* ... + binq-n) ur(t)

i=1

* \( 1* crQ-l +... * crrQ-n) e{t) (4.1)

where q-l i, the backward shift operator, and p the ntlnber of inputs.

Eq. (4.1) can be written i"n polynomíai' form

n(q-l) y(r) = Z nrte-l) ur(r) * Àc(q-l) e(t). (4.2)

irl

Ttre disturbances e(t) 
""u"4rrrt"d 

to be a sequence of independent

gaussian randon variabl"es,

+

p
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The problen to rnaximize the likelihood function is reduced to

the problem to nininize the loss function V,

N
1

tr=,2
t=1

with respect to the unknorirì paraneters, The residr¡als ¿(t) are

defined by

F

Zé,u

vn2

t4.3)

{4.4)

(4.s)

(4. 6)

€.(t) =[ c(q-t)]-t [A(q-n)r(t) - U Bi(q 1¡ur(t)

i=1

N is the number of sanples and \2 i, tl're covariance of the

residuals. The paraneter tr,"* actual.ly be estinated i.ndependently

of the parameterr *i, b" and c. and is

,, .^' v(g)
N

2I

where e is the paraneter vector, consistíng of a. rb. and c..

The parameter \ can be interpreted as the standard deviation of
the one step prediction error,

Ïn the ldentlficatfong,tot onl.y the estinates but also their standard

deviation ís given. The latter is calculated fron the cra¡ner-Rao

inequal.ity.

The syste¡n order test has been performed with the werl-knovm

F-test, see Âstróm-Eykhoff (1971). Ttre test quantity

vnl - vnz N-n2
n2 >n1F

2I

-
n2-nl

asymptotically has a F-distribution, where nl and n2 are the nu¡nbers
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of system parameters and Vn, and V
nZ comesponding loss functions

respectively"

The residuals can also be tested for indepenCence and nornality.

Generali.y atl nodels fourd are of row order, either one

or two. In most cases there has been great difficultíes to find
second order rnodels too" Therefcre the statistical order tests

have been used to a small extent.

4.2, Identification am

The data analysis and the identifications have been perfo:mcd

on the PDP 15/30 conputer at the Department of Autonatic control,
Lund rnstitute of Technology. The interactive identification
progran package IDPAC has been used extensively. It is desc¡ibed

elsewhere, see Gustavsson et al (19731. Especially for a retratively

poorly known system like the activated sludge system the inter-
active facility has been invaluable.

Not only the nanipulated' variables have varied during the

experinent but al.so other variables which nay infh_rnnce the rCI

concentration. With the IDPAC prog"an such cause-effect relationships

have been exanined to a great extent with a very reasonable effort.
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5. EXPERIMENT 748626. AIR FLOW RATE ÐISTURBÂNCE

The nnain puryose of this experiment was to give a preliminary

estinate of, the dominating time constants for the dissolved

oxygen (00) transfer from the conpressoTs, 0f that rêason

the sanrrpLing time was choeen rel.atively short, only 10 seconds"

At the time for the experiment no analysís had beeri nade of the

DO profile sensitivity for air flow changes. Therefore, the three

DO probes were located equal.l.y distributed along the tank.

5.1 Recorded variables

For the identification purposes the following variables are

interesting

\¡O21 - recorded air flow rate to aetatot 2

Vl73 - DO concentration in the middle (65 m fron inlet)

VL74 - D0 concentration at the tail end (94 nr from inlet)

VI75 - D0 concenûration at the head end (20 m fron inlet)

Sampling interval = l0 sec

Nunber of samples = 1.850

E:rperiment time = 5 hrs 20 ¡rin

Fig. 5.1 shows a pl.otting of the air flow rate, where the mean

value has been subtracted. The shortest pulses of the input are

about 2.5 ¡ninutes, while the longest pulse is 90 ninutes. Sonre

very fast oscil.lations of the ¿ir flow are registered. They have

to do with pressure variations in the air tubes. With the present
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air flow control system those variations couLd not be avoided.

rhe Do concenrration in the middle (v173) is registered in Fig. s.z.
sone characteristic features are observed. The response to the step

changes of the input is very rapi.d, much more rapid ti¡a:n was

expected. The air flow oscillations also are tra¡rsf,erred to the

Do concentration, and a high frequency noise is added to the Ð0

concentration signal. ûn top of the fast response it is possible

to see approximately a fi.rst order response to the D0 signal.

The head end. signal verif,ied the qualítative theory, that the

Dovarfitlongshoui.d be small. In fect the Ðo signaj. v175 had

alnost a constant nean value r+ith a high noise level added on top,
of i.t despite the air flow disturbances.

The tail end Do signal v174 is quite different frorn v123, see Fig.
5.3. Both the noise amplitudes and the tine responses are different.

5.2 ldaxim¡m tikelihood identi fi cat ions

Two different nodels wirr be discussed. The first one has vi.7s as

output and the other one has v1.74 as output. The air flor¿ is input
in both models.

5. 2.1 DO concerrtration vr7s{¡niddl,e 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 l0 mg/l) while the
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air flo,¿ rate is ¡neasured in normal *37*irr. The average value of the

input is 79.S XmSTmin and the average output is about a ng/I"

Model structures of order 1, 2 and. 3 were

third order model a very Ðoor converge¡Ìce

nini¡num po5.nt calculated the gradient was

starting points were tried, but no better

be achieved.

tried. For the

was achieved. In the

too large. Several

third order model cor¿td

Table S"L sunmariees the identif,ication pararneters, Fron the

F test {4.6) the second order rnodel should be accepted. Its

paraneters have an acceptable accuracy and the mini¡num point have a

reasonable value of the maxírnu¡n gradient value.

The tine constant of the second order model verify the

observations fron Fig. 5.2. There is a fast tirne conetant except

the expected one of 11 ¡ninutes.

The fast time constant indicates, that the DC) sensor is sensitive

to gaseous oxygen and not only to dissolved oxygen, If this is the

norrnal case or sinrply caused by a poor ne¡nbrane was not well-knovrn

[11] .
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TABï"Ë 5"1 Xdentification resr-:lts of rliddle û0 ccncentration
{V175} as fi¡¡rction of air flow input" (1'021)

v

N

tl
A*2

bt
bz

c1

tz
T

F

abs. rnax
grad

discrete
poles

Ar (s)

tine const

Case

N

^L

1"35 E-4

0"87s

10

75 sec.

1

1840

-0.995 r 0.CI01

0"595 t 0.t44
-0"641 r 0.330

a.206 t 0"û03

39.24

?.a E-4

10

JJ. ¿ m1n

0 .995

I or,ier
1840

-û.875 t t"t14

- LO? 0,848 r û.û96
.10?

-û"219 r t"045

t"24t t û"0CI4

55.64

2 orêer

1 84CI

-1.384 ! 0.051

û.393 r 0.049

L.972 I 0"r.43

-1.896 r 0.145

-4.749 t û"û55

-0.L42 r û"040

t.228 r 0. û04

47.80

75

1.5 E-2

s,985, 0" 399

10

11.0 min, 10"9 sec.

TABLE 5.2 Ïdentification results of tait end DO concentration
V174 as function of air flow input V021.

2

2

Data 1-900

-0.994 t 0,001

0.668 t 0.096

-0.44t r 0.417

t .233 r 0.00s

{24.s4)

8"0 E-3

TU

¿/"/ mLn

û"994

3

Data 90û-1830

-0"999 t 0.001

0.61t r 0.057

0.048 t a.477

0.L82 t 0.004

(1s.4e)

3"1+ E-/r

r"q

166 n¡in

0.999

bt

"1

'10
'10

¡.

ì/

Abs nax
grad

ar (s)

Ti¡ne const.
Dl.screte poles
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5.2.2 " Ð,0 conctntratîon Vl74 { taj-L endl

The identifícation results of the tail end ÛÛ concentration

VL74 as fi¡nctisrr tf t.he ait fLcw t0 åerãtot 2 are sui'¡marized

in tabLe 5"2" It was onì"y possibl.e to get eonrrergence f,or first

order model of the dynamics.

In table 5.2 ttrrree different first o:.*er models ar* sho'¿¡n,

The fi.rst one is based on all a:qall*ble dala, wìríle the

second and thir'd onÊs ãre based tn the first haLf and

second half cf, the data set respectively.

Ttre time constant of 53 rnin, found for Vi74 is sígnificantly

longer than the 1.1 minr¡tes for¡nd f,or V173. The accuracy, however,

of the 35 ¡ninutes time constant is rel'atj-vetr"y poor" The

reason is the st¡ort sampling intervaL, which nnakes the discrete

poLe very close to 1. A srnall. er'rsr in a, will therefore create

a Large varíation in the value of the eorresponding time constant"

trn the nodel. simt¡lation, Fig. 5,4n a trend e1rt¡ cån be seen. A

new identification was attenipted wj"tlx ttre trends of, the input and

output removed. The paraTneters did ntt cliange rnuch, ffid the I'oss

function remained the same" The ¡nodel error still h¿s a tre¡ld in it,

see Fíg" 5.5, but in the other directi"on'

Ttre residual independence has been teste{, Fig" 5.6, f*r case L

Now consider the cases 2 and 5, table 5"2" Case 2 is based Ûn the

first half of the data set, whi.le casÊ 3 is based on the second one.
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Fi.gs. 5,1-5"5 show, that in thre fi-rst haLf of the experiment there

is a Long rectangular disturbance, but in the last half only

fast modes are excited, Theref,ore tþ¿e deternoination of the long

time constant should be more aeclrrate in Case 2 conçared to Case 3.

If the time eonstants in TabLe 5.2 are compareð ít is noted a i.arge

difference between Case I and,2 on one hand and case 3 on the other.

In case 3 the systern is aimost *pproxirnated simply by an integråtor.

The model. outpLrt from case 2 is pl.otted in Fig, 5"7



6. EXPERIT'frNT 740627. ÐÏSTUÊ,Bfu\CE$ TN INFLUENT WASTEWATER. TJLOIÅJ RATE

Ai\¡Ð A,ÏR. FLOfiT RATÊ.

The purpose of the ôxilerinent was to verify the relatíonship betrçeen

the inf,Luent wastewater flcrry rate and the ûo concentrations in

di.fferent parts of the s.eratûT, The air flow rate was also changed

i.ndependently of the r¡¡ater fLob¡ rate,

There were practical limitations to change the water flow rate.

The y are consídered rnore as a sequence of steÏ) changes than

a persistentLy exciting signal. The domínating response tirne from

the water fLow is expected to be of the order one hour,

6.1 Recorded variables

The variables that ¡¡ere pu4)osefui.ly disturbed are not the only ones that

are interesting for the identification" so¡ne other variables are

unpurPosefully disturbed duri.ng the experj-¡nent, such as the suspended

solids concentlation in i.nfluent wast,ewater and in the aerator. Tleeir

relationship to the Ð0 concentratj.on rçii.i. also be exani.ned.

The interesting variabl.es for the experinrents are

v9

v16

v2L

v27

v52

vL73-

influent water f ow to grit rernoval. chambe:r i.

sr,lspended solids of primary effS.uent

air flow tate to aerator ?

suspended solids cÕncenttation i¡¡ aerator a

totaL return sludge flow rate for aerator 2

DO concentratior¿ at tlro thirds from the inlet (*65 n)
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L74 - DO concentrati.on at the tail end (^€5 ¡n)

Sanpling interval = 30 sec.
Nu¡nber of samples -- 547
Experiment time = 4 hrs. 33 nin.

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

Tlre infi.uent water to aerator 2 is therefore half of V 9.

The varíables are pl.otted in the Figures 6.1-6.7, where cortections

for outliers and rnissing data points have been made. The step in

the wate! flow rate (Fig. 6.1) is relatively large, ranging fron
71

0.2 m"/sec to 0.5 m"/sec. The average flow for V 9 is about

0.45 n"/sec, which corresponds to one third of the total plant

input. In Fig. 6.2 the variations of the suspended solids of the

primary sedinentation effluent are registered. There is a slow

variation in the suspended solids concentration with about 2 hours

fro¡n the ninimum to the maximum, which apparently has to do with

the diurnal variation. Ttre air flow rate is Plotted in Fig. 6.5.

There is only one step appl"ied during the experinent"

The suspended solids concentration in aerator 2 shows only a

sLight variation, wh)r there is probably a negligible influence

fron it in this experinent, 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 irpossible

to distinguish between the two signal.s V 9 and V 52 in the identifi-

cations, ConsequentLy all influence fron the return sludge flow

is represented by the influent flow V 9.



The primaly outputs are the ÐO concentratj.ons Vl73 and ',1\74.

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

the big flow rate step {Fig" 6"1) and the response in V173" As

the air flow rate change is relatively smaL1, its contri.br¡tion in the

DO change ís of minor importance here" There is here- as in ex.perinent

74A626 - a relatLvely high rroise level" of the signal V173 and a

signíficant dífference betweÐn tlie responsrs of V}.73 and V174"

The DO probe V173 was not changeC from prer,'ious experímerrt"

6. 2 Maximunn likelihood identification

The identifications have "Oeen perforned for the tr*o different

outputs V'/.,73 and V174. The j"nfluence of influent flow rate, a:.r

flow rate as well as the three inputs V 16, Y 27 artð, V 52 has

been exa¡nined. It has only been possibJ.e to achieve first order

models.

The influence from the variables V 16 (suspended solids infLuent)

V 27 (MLSS) and V 52 (return slud.ge flow rate) are shown to be

negl.igibIe.

6.2.L Tail end D0 concentretion Vf,74

The tail. end concentratiorÀ Vl74 has been identified as fu¡rction of

all the variabl"es V9, V16, ¡¡21, V27, V52" In tabLe.6.1 paramet,er

values are shown" Case I is the nodel with the tr+o rnanipul.ated

variables as inputs. Both of the b parameters havE acceptabJ.e

varíances, even if the air flow influence is the cl.earest. Thi"s

fact was aLso observed from the exçerimental. data p3.ot. The time
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constant is long, n¡ore than two hours, lne accuracy is not very

reliable, as t'he pole is close to t,he unit circj.e. Tt is,
hr:wever, natural to erpect" that'Lhis tine ccnstânt shor¡ld be bigger

than tlre one in erperínnent 74a626" The flow rate i"nfl.uence is

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

find a value between the ai.r flow time constant and tt¿e water fLow

time consÈant. lüo second order mcdel converged.

Consider the determinístic modeL ínput, Fig. 6"8" It does not

behave well, and because of the long ti"me constânt it looks like a¡

integrator. 'lbe maín error i"s due to a linear trerìd. 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 fi.¡nction is smaller f6¡ case 2, but on the other hand

the rel.atíve accuraey af the b parameters is poorer than in case l.
The influence from the water flor+ (brr) is no 1onger significant. The

model output is not satisfactory, Fig. 6.g. Therefol€ a better

experinent has to be constructed,

As ilLustrated by case 3, the i.nfluence fron the variable yZT

(MLSS concentration variationJ is negligi-bt.e, conpared to case l.
Moreover the MI"SS 6 parameter accuracy is low, Even the sign is

wrong. As a first approxÍmation to a model case L is acaepted"

6,2.2. Center D0 concentration Vl73

As for the variable V174 there is onl.y a significânt influence on the

Do concentration from the mani.puLated variabl.es v g and v 21" The

relative ir¡rportance.is, however, different here. This fact was

díscovered already in the plots, Fig. ó.6 and 6.2, Table 6.2
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TABLE 6,1 lder¿tification of the tail end DO concentration
VL74 as functioi'l of air and wastewater influent
flow rates.

Case

N

t1
bl1 (ve)

10 . bzt(v21)

bEr u27)

"r.
I
V

Át (s)

time const.

Case

N

"1brr (ve)

N2

I
541

-t"996 r û"0t2

-û.132 i 0" i,CI7

a.124 t 0.022

-0.248 t 0.046

a .222 r 0.0û7

13. 28

30

123 min"

4

541

-0.937 r 0"011

-0.304 ! 0.05s

0.335 r 0.064

-t.745 t 0.050

0.179 t CI"005

ö. ozJ

30

/. I mln

2

541

*ú.996 t 0.003
*0.015 r 0.06CI

0.085 t 0.016

*û"361 r 0.048

0.214 r ü"û07
'l..2 

"37

30

13ó min.

Trend renoved

(

536

-û"912 r 0.016

-CI.42û r 0.080

û.461 t 0.085

-0"711 r û.054

a.r77 ! û.005

8.440

30

b,4 m1n

fb-.. delayed' tl
6 * 50 sec)

J

541

-û.997:r 0.û02

-0.Y28 t û;107

0.134 t t.424

0.354 t 0.266

-0 .247 r 0.046

0"222 r 0.007

L3.28

5{J

147 nin.

6

541

-0.9û7 ! 4.t22

-0.286 ! 0.065

û.438 r 0.098

0.669 t CI.999

-û.408 t û"211

-0.689 r 0.065

0.r78 r 0.005

8.54s

30

5.1 min

F
,4

TABLE 6.2 ldentification of tire DO concentration V175 as
function of air and influerit i{ater flow rates.

' bzr
10 . b31

10 . b41

ol
I
V

at (s)

time const.

(v21)

(v27)
(vs2)

6
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case 4 shoÌrrs a first order model, The parameter accuracy estinations

are satisfactory. The time constant of 7 " 7 minutes is l¡uch snaller

than that of 1'1174" and is still larger than the one found in

experiment 740626 (75 seconds). The rnodeL tries to nake a conprornise

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

Case 6 shows the influence from the variables V27 and V52. They

do not contribute signi.ficanttry to decrease the loss function,

which was expected. TheLr 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 ti¡ne delay. A

slíghtly smaller loss function was found for a delay tirne of 6 sampling

interval.s (3 ninutes). The systen tine constant was consequently

snaller than for case 4.

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

nent the time constants for VL73 are probably too small.

Fig. 6.10 shows a comparison between the nodel determínistic output

and the experinental output of V173. The ¡nodel is the one from

case 4.
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Ðr'sTt'RBANcE IN RETI,R}¡ AcTIvÀrEÐ SLTJÐGE gr"o¡.¡ RÁ?8.

In thls ercperlment the ratlo control betseen the Lnflr:ent f!'oqt rate

a¡¡d the retura sludge flsw r¿te has been re¡roved. A re cÈægular

pulse dlsÈurba¡rce 1f the return sludge flcr¡¡ r¡as made' The pulse anplltude

was eboüt 1008 of the average floe vah:e, l.ê. frdfi about 1S0

llters/sec to about 200 llterelsec' 'The pulse Length is about

2 hrs 25 mLnut¿s.

The Ðû concentraticns were meaeured ia tl¡|'a polnts ¡rLth the sen'sora

V!.?3 ar¡d V1?4. Because of electrical aalfunctions only V173 data

could be r¡sed for the evaltlatfon.

7.1. Recorded

The maf.n LnfluenCe on the ÐO cencentratf'ofi couee from the return

sludge f1æ¡ rate V52. the srrepended solLds conceÊtratfon of the

¿rerator algo varlêa a s a regult Of the dleturbsnce, and naF

also influence the

DO concentratlon. Ítre lnfhnnt weter flonr rate was c&ra¡rged u¡lnten-

tlonally at tlre tnltlal paft of the experlment,, and therefore

also the lrater fLol¡ rate is exaqlned'
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The relevant variables for the actual. identificatíon are

V 9 - influent water fLoro to grit rernovaJ" chanber L

V 27 - suspended solids ín aexatot 2

V 52 - total return struclge f,1ow rate for aerator 2

I!' :.'73 - D0 concentration at 2/3 fron inlet

Sampling interval. = 3Û sec
Nr¡nber of samPtes = 78Û

Experirnent time = 6.5 hrs 
"

The signals are plotted j.n the figures 7 "L - ? "3r

where corrections &re outLiers and nissing data points are made.

Fig. 7.1 shows the retuñ} sludge flow rate V52 as well as t.he D0

response. It is possi.ble to find quite a clear relatiorrship between

the variables. în fíg. 7" 2 the water flow is plotted. The large

step in the begi.nning shoul.d be noted, There are al.so sone rapid

changes of the flow rate during the experime¡rt" The MISS of the

aerator 2 varies about 5% of its totaL value during the erperiment,

Fig. 7 .3.

7.2. l,faxinurn i.iketihood identifi.cation.

ML identification has been made for the V1.73 output, excited i:y

the three different inputs water flow (V9) " suspended solj.ds in

aerator 2 (V27) as well as the retufll sludge flow rate (V52).

Qnly first orde:' models have been found" Tl¡e tirne constants of

the dynanical nodels are of the order one hour.
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Case 1of tabl-e ?.1 shor.¡s Lhe resul-t,s toiÈh onl-V return slr-rdge

inout for the irlodel". Tl're åcüi-¡iåcy cf the l,, paratneter is not

satisfactory. The tine constant of tire correspon<líng model is 7l-

minutes" Compare tiris çaLue t.rith lhe tine itnstants of tabLe 6.2"

The ínfl-uence of suspenCeci solírls concentrâtlon is netl-ii',ibl"e hera.

Ttre lnfi-,,¿ent water infiuence is noÈ eif,her sågnlficanC. In orcler Lo

tr.r/ to årnprove Eire accuracy, the dat,a gÊt f.ias cut, and only lhe clata

4l-780 were. j.denLiËied" This resulted ín ihe ¡,<¡del- of case 2, talrle

7.1-. Tt-rere ls only a mlnor intprovcrneni. If the ioss ftrnctions are

nor¡ralized to tire sa¡:te numirer of samrrles' c¿Ìse 2 corresponds to

V = 5.123 (alternativel"y Llre valtres of hcan he connarecl-).

The lrodel output of case 1is conpared i,ritir lhe reai ûutf,ut in fi¡.

7.¿+. For the case 2 rirere is only a sllghr change in tire nod.el orrtpr:t"

i\lso by inclucling Ëhe ILS;q (V27) there is only å ne¡líÍlít¡}e inodel.

output change.

Tlre residual ind,ependence test is slror^¡n ån fig. 7.5" The resitluals

are not satåsfactorily inrle¡;en<1,ent "

T,\XLN 7 " l- T<1antíf{catlon of fhe cenÈer ÐfJ

concentratlon Vl?3 as function of
t.he re î:urn s 1url,qe f lorv rate .

Case l_

Ì1

â1

lCJo

"1t
V

&t,'u
1

ôt (sec)
tlrnc eons t , {nrin )

J a>)

-0.993 t 0"û04
-t.534 r CI. 33û
*fi.762 1 C.035

ii.i_l_4 I 0.003
5 . i-30

1r'l

7L

740 (41-780)
--t"994 ! C.004

n /.ct + i'\ arl'-\;"+JL - \.:.JLi

._c.77r+ i 0.138

0 . 1-11+ t 0.00 3
4.842

30
o^() -)
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t' 8. EXPERTMENT 740826. ÛTSTURBA}iíCE IN AiR FLûW RA.TE.

In order to compare different sensors tt{û identical. ÛC sensors

were placed close tc eacir otirer ai about 2/3 from the iniet in

the aerator. The air f,1ow ratê was disturbed by a sinple

rectangul.ar pulse witll abor¡t 45 minutes duration.

The wåtôr f,iow rate ,¡,¡as nût consf,.åJìt during the experiment, and

therefore, the ¡nodels found,¡¡ere of first order wj.t.h a signifieant

input inf,luence from both air and wâter f,Lows 
"

8. 1. Recorded variables.

For the identification the fo1lowíng recorded variables are

interesting

V 9 - i-nfluent water florv

V 2L - air flow

V 173 - D0 concentration

V I74 - DO concentration

Sanrpling interval = 50 sec
Nunber of sampLes = 348
Experiment time = 2 hrs. 54 min

As the D0 sensors were located close to each other they shoulé

show almost identical signals"

FiS. 8.1 shor,rs the water fÌ.ow, which is not purposafuLly ¿i*o,t"Oud

during the experiment" The air flow putrse i.s plotted in Fig. 8.2.

The two DO signals are drawn in Fig" 8" 5. Tt is shown that the

variations but not the absolute values of the signals are sirnilar.
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8.2.

/i5

11ke ood I f l-cation

As the Do sensors shor"r practicly Lþ¡e same varlation ft is only

lnterestûng to ldenttfy one of them, V1?3"

Table 8.1 shc¡¡¡s the result for tî¡/o cåses' one with on3-y the air

flow as lnput end one wiÈh cwo inputs. The value of tl¿e loss functions

are tested against each other, and the case 2 is slgníficantly

better. Also the model ü¡put is better for case 2. fL* I .4. The

autocovariance o.f the resid,-l¿ls for c,ase 2 is shtktn in fig I "5'

The v173 culs/e has acÈualtry sfi]-i" a fast mÛde, whlch fs shttrn

clearly Ln fig 8.3. This fast mode makes the overs.l"l- ¡ime eûnöcant

for the ¡nodeL relatlvely small, onJ-y berr*een 4 and I minures.

TCclrLi l i cation cl tlre llo concentration
\'173, excílcC bv the ¡ir f lor'r anrl infl-uent
Ìrater f 1or; rates '

, "_L

Case

li

â,
-l

(ve )
0 tk i.r

I
0 (\21)

Il-

34û
rì ôì¡ + n n1Ô

''':,,: -r() - 
!fú, l.

c.1i01 1,1"111
_.fi "525 t ("-, 

"Ai,7

^at/\+^^'ln\i.Li)|. - \'¡ /l J

a.Lr1(
1.rì

'1 ç

2

J¿l I I

-n. û73 t
0.¿i;7 t
^ 

ol.? +0.UTJ -

-ar q{ì? +

/r })C( +
\. " LJ J

iì I l'ìr,

ln

1.

I 1

O ar?o

i. I \1

n.192
Ð.071

¡"n11

2L
c1

rô,.L
v
ôË (sec)
titììc const. (t;,ln.) aÕ-J. (!

I ]t2.7
4 ,r
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9. EXPERIMËNT 74A827. DISTUR.SAI,¡CE Ti'¡ ATR FLOW RATE.

In order fo check earlier resi¡Lts froin 74û626 the air flow ¡ate was

disturbed with a PRBS type signal. The locations of the ÐO sensors

were now dif,ferent from previous experiments, and the three sensors

were placed 6 neters apart around about 2/ 3 f.rom the iniet of the

aerator.

Only the air f1o'¡¡ îates and tl'le DO concentrations were recordeð. at

every sampling interval [5Û secondsl, but a fel other interesting

variables wefe recorded at evêry 5 minutes for check-up p'¿4)oses.

9. 1. Recorded variables

For the identification there are three interesting variables

V 2L - air flow to aetatar 2

V L73 - DO concentration 6ó m from iäLet {=66e")

V 174 - DO concentratioli 72 in frorn inlet {=72%)

Sampling ínterval = 30 sec
Number of samples = 760
Experiment tine = 6 hr. 20 min

The DO sensor V175 was placed at 6t n from the iniet, but it did

not function properly during the experiment. For check-up purposes

some variables h¡ere recorded eacir 5 minutes. The relevant signals

here are

V 27 - MLSS in aerator 2

V 52 - leturn 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 ûne ís 2,5 minutes " The DO

responses are shown in figures 9.2 and 9.3. In both the D0

variables there are trends which cannot be explained by the air flow
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rate changes. Insteåd the trends are related to ån unínEended change

of che return s!.udge flor¡ rat,e, flg 9"4, duríng the elçeri.ment. The

MLSS of aeratûr 2 ls not af,fecleC sfgnifS-c rntly by the return sludge

flow change, Bo t.he response in the DO sl.gnals from the returrl sludge

flow 1s because of the hydraullc changes ln the aerator. ?he MLSS

fs plotted fn fig" 9 .5.

9.2. Maxlmum likeLlirood i.dentf ficatlon

Âs for nost of the experiments onJ.y f{rst order models have been

found . Ðue to the trer¡d causeEi by ttre ehange in

the return sludge fi-on^r the resuit.s äre ., tiite poor.

9.2.L. DO concentraÈ1on V173

The DO concentretlon was flrst ídentlffed v¡fth onlv the air input,

see case L table 9 .l- The diagrann 9 .6

glves a clear indication, that Lhe trend is signÍficant and must

be taken T.nto accourt,. Before the erroï yg felated to the return

sludge flow an aÈternpt r"¡as made to Jr¡st remove a Linear trend frorn

the output, as the response t.o the retunl fLo'¡ ought to be very

slow compared to the response !Ð Lhe alr fl"o",r" The DO sig::al

wlth the trend removed is shown ln flg 9 " 7, and correspondíng

model 1s the case 2, table 9.1" There are two maJor differences

to case 1" Fir*þ tlietf-me consLant ís no'o¡ oniy 2.5 ninutes,

as the slov¡ varlations are nbt dominant any longer. Secondl"y, Èhe

statlc galn from the alr flow ls novr only about 8.1 1"0-3 compared

to al¡out 20.8 L0-3 for case 1. From the plotting fig 9"8 tt ls

demonstrated, that the fast varlatfons can be reasonably well-
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Case

N

^!-
1or . b,u {./21)

10" . b^- tvs2)¿t'
10'c,

I

ôt (sec)

time const"

TABLE 9. ].

TABLE 9.2.

(v21)

(vs2)

-0.880 t 0"556

t).278 t Û.ÛÛ7

t\ 27i

5U

32 " û min.

flow rate.

AT

760 I

-t.982 r û.0Û4

û.114 t 0.017

-û"583 t C.C3Û

û"1û2 t Û.t03

3"952

JU

27 "3 m.tn "

-0.936t Û. 593

a "246 t Û. Û06

¡ i,lat
Ú " LLJ

J[J

1"5 rn1n.
Livrear trend
rernoved

q,

,/ orJ

-0 " 9Û5 t 0. Û1Û

t.247 t t.022

-0.41i r 0.031

0"û97 t 0.002
( qqíì

30

5"U m1n"

linear trend
remcved

3

74

-û"958 ! 0.025

t .692 r Û. 416

0.009 t 0"406

-0 . 51,11 Û. 183

0"925 t C"0'/6

i1.316

5 min

115 min"

6

74

-û.842t 0.052

ù.545 I Û"i84

-û.260 i Û"195

'0.085 t A.122

0 "256 i 0. tzl-

2 "4\6
5 min"

29.1 nin"

L'i

Icler¡tifi-cation of, the DÛ cot'lcen{:ration Vl-73

as function sf, a-ir flcw rate and of return
siudge flow rate.

i2
76t 76t

-Û.984 t ,3.ÛÛ4 -0.8i8 t Û"t15

0.332 t Û"Û65 L.477 t 0"i19

trdentification of ttrre DÛ concentration Y774 as

function of air flow rate and of return sludge

Case

N

a
1 )

10 b
2l0 -b

tl
I
v

At (sec)

time const.

11

2L
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explalned. There ls however a someli¡haE Xonger time consts.nt in the

systeîr, whlch 1s not trncluded i"n the mo<iel" Thls l-s seen at the

beginning of the longest al-r fì-ow pulse, flg 9.8. By ínspecË1on

of the curves it ís estlmated to be of, the order 12 minutes.

In order to estl-nate ths lnfluence from the ',rrintended change of rhe

return sludge fl-otrn the signal values wê{e pldced for a 5 minutes

san,pling inËerval. Thus only 74 samples were achieved. In case

3, te.bLe 9.1 the resulc is shor^rn were Lb¿e ÐÛ slgnal fs assr,mred

to be excited of both aLr a¡:ld retålrn flow. Â.s expected Èhere is

no fast tlme cûnstant because of rhe long samp3.lng lrrterval. lnetead

the domLnaÈlng tlme constant 1s 1l-5 rninutes. The quality of the

parameters ls verly poor. The b par€ûneter corresptndfng tc the

alr flow has become qulte lnaccurate. One reason 1s

the suralL nunber of dat,a, Ànother reâson ís that the input signalo

ftg 9.9., Ís not represented accurately any longer. Also the returtt

sludge b parareter is small- and lnaccurate The rnodel

output does not describe the fast vartatíons of the Ð0.

It only gives a rough ãverage varfatf-on' flg' 9 .L0.

It should be observed that the parameter values of cases 1,2 anC 5 rëspecti.,'e1y

are not dLrectLy comparable because of the dif ferent sarnpl-f-r¡g fnt.ervals.
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9.2.2" ÐO concentratlon Vl74

The behavlor¡r of the Vl74 slgnal Ls qulte gL¡nl-lar Èo the V173

signal-" F:!.gure 9.11 and case 4, table 9 "2 shü.r a ns<iel t¡Lth only

lhe alr input and no trend correctLon. trf a lånear trend is removed,

f.Lg, 9 "L2" the resultlng nnodel- beharres quire satisfactoriLy, case

5. ?he tlme consta¡:Ë found i-s 5 ininutes, whicl: j"s shorler than in

experl"ment 7{+ü626" The locaÈfon cf the sensÕr Ls h$i.rever different"

Flg. 9.13 shov¡s the nodel outpr3t and ti.¡.e real cutput.

The model, wfth the reÈurn aludge flow as input, case 6, is poor

ae for the other D0 signal . The frarå¡neter ac.curacy Ls not sat{sf,actoqy

and aleo the model outpt¡t, f1g. I,14 doea not folLow the experi¡nental

output.
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1.0. EXPERTI!ß¡¡T 740828. DTSTURBANCE OF INFLUENT WASTEïI'ATER FLOTÂI' RATE

The $rater ftrow rate has been disturbed in a more sophisticated marrner

than in t.he previous experiment V4t627 (,.Ch. 6). 'Ihe Ð0 sensols were

locateC sonewhat differently now, separated 6 meters about 2/3 fxam

the inlet of the aerator.

1û.1 Recorded variabies.

Iluring the experiment L2 variables ¡¡ere recorded. For the identif,i-

cation there ale only 5 interesting signals

V 9 - influent wastewater

V 27 - MLSS of aerator 2

V 52 - return sludge flow rate

V I73 - DO concentration 66 m from inlet [= 66e")

V L74 - DO concentration 72 m fram inl-et (= 72'")

Sanpling tine = 60 lseconds
Nu¡nber of sanples = 424
Experiment tine = 7 hrs, 4 min

The values from the ÐO sensor V 175 were not usabLe for the

identifícation.

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

large spi.kes in the flow data, starting at about 15û and 26û samples

respectively. It is doubtful if ttle real flotr¡ is the sarne. It

rnight be only transient flows in the Parshal"l flunes with no resemblance

in the plant fi.ow. The plotted values, however, have been used in the

identification. The MLSS concentration V27, FLg" L0"2, has a

relativeLy significant variation and may influence the D0 concentration.

The total return sludge flow rate varied trnintentionally during the

experiment, Fig. 10.3"
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10.2. 1.

i¡2.

Especially during the Last phase of ttre experiment the flow rate

increases quite significantly. The resulting DO concentrations

are displayed in Fig. 10.4 and 10.5" Their maxilnum and minima

occur alnost at the sane ti¡nes.

I'faxlmum lfkel"ihood f dentl flcatl.on

Only firat order models have been found for the dynænic models.

The second order ¡nodel structures did ner¡er converge to å

reasonable mlnimtm.

The rnaJor lnflr¡ence on the DO coneenÈratftn naturally comes from

the lnfluent water flor¡ ln Èhls case. There ls also rninor lnfluences

from the ÞíLSS of aerator 2 æð frsn the return sludge flow rate. It

ls hovrever dtfflcult to Judge from ldentiflcatlons o'nly which one is

the relevafit ofie. Rather physlcal Judgernent may declde which slgnal

to accept.

DO concentratlon V173

The D0 eoncentrãtion le first identifled ee functLon of only lhe

wåter flcnr V9, and the result fs shown ln tabLe 10 .t, ease 1. As

the plot fn ftg 10.6 shor,rs there is an unsatlsfactory nodel error

1n the lagt half of the experfment. Ðffferent tlne delays for the

water flow lnput were trled. It was found, that a l" mfnute tÍne

delay could lnprorre the loss fr¡nctlør, but no vlsual funprovement

could be eeen ln the model output. The resfdr¡¿lg for caee I are

satlafactory, flg. 1O7.
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TABLE 10.1. Identification of the DG concentration V175 when
the water flow is excited (1/9).

Case

N

t1
10 . bll(ve)
10 . b2ru27)
10 . bsr (vs2)

tI
10"À
V

Á t (sec)

tine const

Case

I

424

-0.969 t 0.005

-0.344 t 0.031

-4.453 ! 4"042

0.113 ! 0.004

2.7CI4 E-2

60

32.1 min

424

-0.978 I 0.010

-0.699 r 0.199

-0.2I4 r 0.056

0"542 r 0.019

0.622

60

45.6 min

a¿

424

-0 "967 * 0.005

-û.349 t 0.030

-0.101 t 0.046

-0.469 t 0.042

0.112 ! 0;ûCI4

2.675 E-2

Ft, =4'6
60

30.0 nin

424

-0.975 r 0.010

-a.724 r 0.200

-0.535 ! 0.329

-0.2L3 ! 0.056

0.541 r 0.019

0.620

F- , = L.4
5 r4

60

39.1 min

3

424

-0.964 r 0"005

-0.379 t 0.031

0.549 t û.175

-0.476 ! A"042

t.i.rz t 0.û04

2.644 E-2

F-,=9-6
Jrr

60

¿/.¿ mLrL

6

424

-0.958 t 0.011

-1.011 t 0.222

0.411 t 0"139

-0.226 t 0"057

0.556 r 0.018

0"609

Fu,o = 8'8
60

23.5 min

TABLE L0.2. Identification of the D0 concentration Vl74 when the
the h¡ater flow is excited (V9).

q4

N

^l
10.b
10.b
L02

tl
10.À
v

11 
(v9)

2L$27)
b31 (vs2)

llt (sec)

time const
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There 1e a sl"tghtly pcsttlve trend 1n the DO concentraËion data.

If the trend ls removed the ¡nodel output behaves 1lke ftgureJ.0 . g,

whlch Ls so¡newhat unsetls facÈory too.

Às the MLSS fig.10"2 and return sJ-udge flov ff.g 1û"3 shoqr

varlatÍons during the experiment, thel¡ lnflt¡ence Ls exaslned.

If the MLSS (V27) l"s asstsned to excLËe the DO there is an improvement

fn the nodel, case l, table 101. Àlso the model output, flg 10"9

ie better, and the maxLura at about t-ZCIû and 250 are better explaJ.ned

If the rêtuÍrl sludge flow rate fe tried lnsEead as the second

lnput the reeult fs alao better, case 3, table I0.1. The ¡Tode!.

output is changed slfghtly, flg lO.l-q,and the maxLma at 19t and

250 are not so well preúlcted. On the other hand the values to$erds

the end of the experlænt are better predlcted.

Ttre b' parameter in case 3 is, hoi*ever, false" 0f physical reasons it

¡nust be negative, and therefore the posi-ti.ve value is caused by other

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

L0.2. 2 DO concentration Vi"74

The esre typee of inputs ae for V173 are examlned. In case /+, table

10 .2 the model for only the water flcnl lnput ls shoh.n (cf case 1) "

The tine congtarit for case 4 ls slgnlflcantly longer than for caee

1" Ttre b paråneter 1n case tr ls sonÌrer¡hat rnore accurate than
11 -

correepondine br, 1n case 4. If the MLSS (V27) lg added aa en extra

fnput, caee 5, the lmprovement ls negltglble, unlike case 2. The

bzt perrüneter 1s also very fnaccuråte. There fs, however, a much
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larger lmprovenrent, if the return sludge f Lor¡ rate (V52) is assr.med

to be an inpute câse 6. liot only the l-oss fr.:nction is better, l>ut

also tire J-ast part of the detemrinlstic output of the model is

Ínrproved, fig, 1û.11 {cf . fig. l-0.10), .,{.s for the V l-73 case this

model, hornrever, cannot be accepted because of the positive sign

of 1¡

31

10,3 A note on anaLo¡, versus díglcal nui-cf pllcatLon.

If the retuûr sludge flan¡ rare V5? Ls nultfpJ.fed wlth Èhe

return eludge concentratton v58 the rocal solLds of the rêturn

flor¡ reeults. Thls sfgnal ls achfeved by an uralog device

at Keppala, called V70. The slgnal V?0 is ghorsn in ftg l0 .i.2.

rf corregpondlng slgnal te sho\rn ln a dlgttal way, by multtplylng

v52 æd v58 1n the compurer the resulr is displayed Ln FLg 10 .13.

Ttrerc 1s ¡ noteble df fference fn the nol.se lcvele.
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11. EXPERIMENT 74LL26. DISTURBANCE IN ATR FLOW RATE

The air flow rate was distu¡bed in a similar rnannel but with different

input sequences as in previous experinents 740827 (Ch. 9) and 740626

(Ch, 5). The locations of the sensors were also somewhat different.

The rnenbrane of the Vl73 probe was replaced since previous experiments

and sone differences here could be noted. The fast mode which was

discovered previously did not occur. Therefore it could be concl-uded

that the poor menbrane caused the fast ¡node.

11.1 Recorded variables

There are four recorded variables of interest here

V 2L - air flow rate for aerator 2

V 173 - ÐO sensor located at 60 rn (=60%)

V 175 - D0 sensor located close to V 175

V L74 - DO sensor located at 84 n (=84eo)

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 nade in two parts, A and B. defined in the

table.

Part BA

Sampling time (sec)
Nunber of sanples
Experinent tine

1tr¡U
899

2 hr 30 nin

20
405

2 hr 15 min
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The varfabLes of experfment A are plotted 1n flgures 1"1.1 - 11.3.

N.rre that rhe v173 and vl75 sÍgnaLs ere not ldenticaL.

Later the models sdl-Ll- ba conpared. The sfgnal- t/174 iras a dffferent

nolse châracter and a óíff,erent signai ampLitude. Note the large dif,ference in

absolute D0 eoneentratLon from 6Û tCI 84 sleters al.ong the tank. Thls

ls the steepest part of the Ð0 corrcent,r.åt1.on proffie.

Correspondlng sS.gnals from lhe pari E sf the expertrrnent ðrË plÕtted

Ín the fl-gurea 11 .9 * l":. .11"

Ll".2 " Marlntm llkeLlhood f dentf flcations

In no caee it has been possLble to ac}¿ieve a reasonabie model of second -.

order. .. In some cåÉ¡e socond order nodels

har¡e been found wLth o'ne of the poLes on the real negatl-r¡e æ<fE

11.2.1. DO concentrêtfons Vl 73 and V1"75

The results of the ML fdentlficåtloûe of V173 and V175 are sumarized

ln table 11 .1. fhe V173 model for part A ls listed as c,ase I and the

V175 ¡rodel ae case 4. Theyhave elml.lar tL¡ne constênts, about

26 ¡nfnutea, The statlc gal"ns åre sllghÊ l"y different, which was

obeerved already frorn the ptr-otttng f.n ff.gr.rre 11.2, The nsodeL outptåt

for 1/173 (case L) ts shawn f"n ffg LL .4 and lts resLdial covarie¡rce

fe plotted tn flg 11.5" The reslduale are not conpleteLy åcceptåblee

but no better ¡nodel cot¡ld be for¡rd" The Vl-75 model" output, ls shoútn

1n fig 1!..6. In both flg 1l4 and 11 ,6 tc eån be observed, that the

maxfma of the D0 concentråtlon eånnsÈ be predicted very nrell" The

r€asor¡ csr be etthêr a varyfng sludge concentråÈlon ln the actual
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TABLE L1"1. Identi-fication of the D0 concentrations v173 and
V175 when the air flov¡ is excited (V21) "

Case

N

a
2t0 (v2L)

1j_

),

v

At (sec)

time const.

1 (vi73) iA)

899

û,994 r t.tût
0.308 r t.û48

-CI.57ó t 0"Û3þ

0.341 t û"008

52 "352
10

26. 1 ntí¡i

4(A) (vl75)

899

-0.994 t 0.002

0.409 r 0.t66

-A.427 ! CI"047

0.349 r 0.û08

s4.790

10

26.0 min

2 {vr" 73) (B)

4û5

-t"979 È C"üû3

CI"985 r û"095

-0.5ó4 r CI.CI36

0"583 f 0"015

29.669

2û

LS " 4 mi¡-r

s(B) (vl75)

40s

-t.977 t 0. t03

1"272 r S.1CI4

-Ð.527 t t"036

0.380 r 0.015

29 "247
¿\)

14.û min

3 (B j F-r(Vi 75+v1 75) l

40s

-0.978 r 0.û05

I .t22 i 0,093

-0"5r8 t 0"û35

û.335 r 0.012

22.73t

2t
14" 7 min

1

b

Case

N

,L,
LO'.b (1/21)

1

"r.
¡.

V

At (sec)

time const
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part of the aerator (where the suspendeC solíds concentration were

not measureC) or a varyinrr substråte concep"tration (BoÐ or CCrÐ) '

The l-atter could rrtË elther be measurecl"

The resul-ts from pârt B are lleterl as cases 2 and 5 Ín table 13-"3-"

The rnost notable cllf,ference l-s the tl"nie cÕnstânÈ. It is only i4-1-q

núnutes here. lart. B .tra¡¡ a longer sanrpLLng time, rvhich "'¡oul-d favor¡r

a better accuracy of, tiie tir'e constånt, Th"an Ëhe input la part B

seenrs to excÍte the systen better than that cf part Ä '

In case 3, Cablê L1,1" the mea¡r value *f the signals Vl-?3 and V175

has been deffned ås an culput. The resulting mo'Cel has a Èí"me constant

betrueen the cases 2 arrd 5, Ai-so frote, that the Loss fr¡rction is

sfgnificant.ly better than any of tire cases 2 ar¡d 5'

The mo<le1" outputs fronr the cases 2 and 5 are shown in the figures

11.12 and 11 .14 and correspon<1f.n¡ resf dual autocovarlance.s are

shorn¡n Ln flgs. 11.13 and 11.15. I:speeLal1y the V175 resf duals are

not good and a clear oscill"atLon le sliown v¡lth a peri.ocl tine of the

order 40 seconds. Those osclllations can prohabLy be rei.aÈecl to tl¡e

lnput air floç¡ oscf"l-lations. They are discr¡ssed earller in e:<periment

74A626 (Cfr. 5). I.¡íth the average si¡;naJ- of V1.73 ând V:175 the resíduaL

autocovariances could not be f.nprovecl , see fig. 11 .17.

Itror.¡ conslder the cl pâraneters of the models for i¡173 and VL75.

In part ü (cases 2, 3 and 5) the parameÈ.ers are "1uiie sirnflar" In part

¡\ (cases I and 4) ttrey dlffer so¡re..¡haÈ more'
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1I.2.z.DO coneentratLq'n vL74

The ldentfffcatLona results wlth V1?4 aB output åre Íttûmårlzed 1n table

11 .2. the caaea 6 - I are from part À a¡rd case 9 fro¡a part B.

Caee 6 shong a flret order model with a relatively long tLne constant'

he prec!.e1on nnlght be poor, as the pole

la very cloge to the t¡nft cLrcle, Ffg ti,7 ehæts the ¡rodel outPut

coaapared Ëo experimental data, It ts clelr, that a trend has to be

removed fron the data, Thi.s l"s done f,or the csae 7, when a linear

trend of V174 ¡ras subtracted. The reeu[ti'ng output from the nodel is

¡houn fn flglL.8, shlch te aLgn1fic6t1y bctter th¡n11,7. À!"co note

that the t1æ conetsrt ls emaller.

Ihls te qulte natural; r¡lth the trend rernoval

¡n lntegråtor (po1e at ûfie) wae Ëemoved, and therefore the po3.e of

the system wts moned away from the unÍt circle.

Due to the ehort sopllng tl¡ne l.t waa trled to eetfmate ttre tl-ne

constant better !¡Lth a lolrger saryllng lnterval. Ttrerefore each

third value wae picked frcm the data, c88ê 8. The resultf.ng tfun

conatant does not dlffer very much froru the one 1n case 7" The

lÍneer trend of V174 waa renoìred aLgo here.

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

to the one from part A.



TABLE 11"2. Identification of i
the air flow (V21)

o,L

cOncentration Vl74 when
cited 

"

he Ðt
is ex

Case

N

a

bl(v2i)

"1
À

V

ar( )
time const

6 iA)

899

-0 " 996 t û. ûù11

a.4?-5 È 0.042

0"t39 r 0,842

0. 136 i t.0rl3
8.348

1CI

38.0 ¡nin

i iA)

899

-t " 
994 t Û. f"r,31

r"540 r 0.CI46

0"01û r 0"044

0.135 I 0.003

L24t
1t
29.7

B (A]

30û

-ü"984 f 0.0t2
i.62r r 0.t87

-û.308 ! 0.052

0.216 t 0.ÛÛ9

6"983

3t

30. 3

e (B)

405

-û.988 t 0.002

L,ûL7 r 0.086

-a"244 t 0.046

0.256 r 0.009

15 " 31.1

ô^LV

28.7 min

1
2

1.0

Trend in
VL74 removed

Trend in
V174 removed

The plortlng of the nocleL tuÈput ls shorsn ln ftg- 11"18 and its

corresponding resfduaL autocovarlances 1n flg' l-l-'19' The c,

parameter 1s very snaLL l"n fhe cases 6 ancl 7' Tirls neans that Èhe noíse

is almost whLte for Èire lû second fnterrral" IL is, horvevetr, not

r¡hite for Lhe 30 second sampllnP, tlme, case B, as Ehe corresponding

c pararneter ls signlficantl-y tr-argar. The sânie concluslon is nacie
1'

for ttre case 9 for the 20 secancls samplf.ng trnterva}"
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l-2. "\IR FLOII R/afE INFLL,ENCE ON TltE ÐCI üONCflI{TRATIûI{

In ¡he ldentlflcatdûns i-t has been verlfted, thac che air flow

Ls the dsniErat{ng lnput to tire Ðû concentratlon. It is also the

input that gives the fastest resoonse üine,

In 2.2 Lt wae dernonetrated, thar ttie ÐO senslt{vlf"e to al"r flevr

changes fs etrongly varying aicng Lhe tanic. Thfs fact was de¡nônstratÐd

Ln the early erçerf.ments" l¡o inËl-r¡enae what,soever fron alr flfir to

the head end eoncentratl.on *t' Ð0 cor.¡Id be noted,

A fa1l1ng menbrane of the sensÐr V173 caueed confr¡slon f.n the beglnnång

but reaulted 1n a spin-Ú.ff cor:alusLon. The conseqlJence of Èhe poor

æmbrane was, that s[r unreesonably fasÈ time constsr¡t was for¡nd (Chs.tU,U,r)

It le hardly possibJ.e to deteet on-lfne by any static methods, that

a ¡eúra¡re has a poor qerallty" T'!re results from the dynamical

responsea ghorr one éåsy method to on* l"l.ne test the sensor for

the ue¡nbrane qualfty.

A reaeonable tlrre eonB:drt ¡saa f,sund ln ttre experlnent 74LL26 (B)(ch'il)

where the senaors V173 and Vt?5 gave slml.lar resultå, about 14-¡"5

nlnutes.
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Ïn all the e:<perfaents the cime constanË for the V174 sensor has been

consl.derably higher than for V173 or V175. In experfunenÈ 74C626

1t wae 27 - 33 n{nuteg a¡rd 1n 74L3.26 (B) {Ch" 11) about Z8.mi.nures.

In all c¿aes thfs eeneor hae been placed tosrarde the teLl end

of the æactor,

The time constants found aï"e approxinateLy the inverse of the

overall oxygen transfer coefficient" see ëq" i2.Bi. Theref,¡re

the long time constanÊ r.¡outrd indicate å 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 coef,ficient i¿ir.1 increase

along the tank due to this reason" Bet,ween the probe locations this

variation is probably quite smaLl, and it certaínly does not

explain the difference in time constants,

The only explanation for the long time constant tùwards the taiL

end nust be less mixing, probably caused by a smaller air flow rate"

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

di.ffusers.

Differences in ¡nembranes of the probes c¿rnnot explain the time

constant differences. Usually the instrurnent time constant is

of the order one minute,
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Some stâtlc calcul-atfsrig cen veråfy the Ldentlflcstlon

results. lypf.eally the alr f,Lorv rate 1n Kåppa3.a is about

u - 5t N r3/*1o and aeretcr
ear

For sfr åeratÐr thLs mearxs

u - 180011 Nm3alr /hour

lrrfth reapect Ër tï¿e kn{xrn efftclency cf the planË aeratlon the cxygen

trangfer fs 3t g o:ryg"rr/*3 * hour, 0r

kl,t 
"tit

(c -c)-30osÐ

stf rh c - 2.5 ne/l and c - Lû ¡ngll
o og

re get
k au :g
L alr

¡¡hfch colresponds to â tfme consts¡t of abor¡t 15 urlnutes,

Typical valuee of the orygen transfer rat€ coeffl,cfent fourd in

the literature LzJ vaty from 3.5 to 6 dependlng on the degree

of mfxing.
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Süûe statlc calculatfÕ'ns cån verlfy the ldenti.fåeatLon

results" lypfcaL1y the air flow rete fn Xáppala ts about

3u -50Nm /¡otn and aeratûr
air

For slx aerator thfs meåns

u - 18000 Nm
aÍr

.1
/herur

Wlth respect Ëo Ehe knor¡n effi.efency *Ë the pf.ant aer¿tLon the o:cygen

tranefer fe 30 g o:qyg"o/*3 * hour, or

k-au (c -c)-:1ÛLelrono

ÌltÈh e - 2"5 W/l and c lCI roe/f
o ÕB

re get
k au :!
L elr

whtch corre¡¡ponda to a tlme ctnståf¡t of abòt¡t 15 mtnutes.

Typical values of the olygen tranefer rate coeffLeient for¡nd fn

the literature 121 vary fron 3.5 to 6 dependtng ü! the degree

of mÍxlng.
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l-3. IljI¡Llnl{T IIASTXI'Ij\T]IIì irI,t}I: PÁ.Tji lÌ{Flttriicli ûì1 TlìX n0 CO}ICE}:ITR¡.TI0II

Changes in Èhe influcnt flor.¡ rate is an ir'rpcrtant e:çternal clisLurbance

to Èlie D0 concentratlon. The fnfluent flor.¡ rate a-nd its sul¡strate

concencrat.-Lon maL:e tlre l.oadlnll trl Lile p1-ar-tt. llaturalS"y tlre fÌaln fro¡'r

the influent flor.r raÈe changes ÈÕ Ëhe DO co¡ìcentration roust, l¡e

netatlve.

13.1 ldentiflcation results.

Tclentificatíon resr¡l-ts (Clr. (¡-7) have verLfieri tlr¿t the p.ain is negaLive"

The time consÈant is ai:out 30 minutes for the probe V1-73 (case 1, cir.

10) and 45 rninutes for the probe tJ1.74 (case 4, Ch. 10) further downstrean.

The cases 2, 3 and 5,6 respectivelv e.re further discr¡ssed fn ehap. 1.4

and are noÈ consLciered pertlnent. here.

In Chapter 6 both the weter flcn¡ snd the alr flow rates

have been dlsturbed. It would be natural to e:cpect tsro time eonstarits

for thfe case, but no secoñd order model coul-d converge. Therefcre

the achier¡ed tirne constant i.s a combf.natlorn. of the two dynmfcal

trânsfer fr¡rctfons from ¡¡ater and alr flon respectively, For the

sensor w1Èh the poor membrane (V173) table 6.2 ehe's a tfme

eonsÈant whfch ls a courbfnatlon of the very faet rep onse of the sensor,

the oxygen transfer ånd the water lnfh¡ence. For the,sensot VL74

table 6.1 showa relatlrrcly poor accuracy" This was

dfecussed ln chapter 6. No eoncluslon of the tfme constanÈ

dr¡e to weter flolr dieturbances can therefore be drærn fron e:çt

140621 in Ch. 6.
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In expt . 7'\]t'2{' (Ch . n} it rqas dis cus seC rhaÈ the r^¡atcr f 1or¡ aay

lrn'¡t: lnf luencecl tlre rcsrrlt. " T'he s1-¡¡n nf the p:rrenetcr ir11 ír tahle

8.1 ls;, lrornrever, pos{tlvc" 'l'lrls 1s n(}t f}i}\rsic,'rl.!..¡ r¡:n¡,;otlûl'lc. 'l'l rc'

accr.¡rac)¡ is tto poor nnrl tlrercforc thc r¿,rsu.l.f. c¡n not I'e accept<-id.

'fl¡e reason Í.s, t1¡at tlre f i<¡r¡ r..'âs n{'ìt t,ranipr-l3.ateql ancl haci an

insí¡ni Iicanl al,rp1ítucle varíarion , fi''., n 
" t,

L3.2 . lle asons for dif ferent eir;e constan"ts

In the preLl.nLnsry ânel"ysl"s fn Z "5 tt wås ¿rssx¡rnêd that the

aerator was a eomplete rnLx rescÈor" It 14?âs then denonstråÈed

that the tlme coneÈânt r.rås detennlned alnost excluslr¡ely by

the tLne constsnt for the o:ctgen trånsfer. llnis neane, t'het the

time congÈsnt should be of the trder 15 mi.autes lnstead of the

achl.eved resulÈs 30 or 45 rnlnutes 
"

The aerators ln Kåppala are not at all" cønplete mix reactors,

and therefore we wtl1 dlscuss Lf the flow type rnakes any difference

for the time constants for water Cfeturbånces. Of that reason. hte

consider å.n aerator v¡hlch can be described by n subrescttrs fn series.
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The nass baLance equsËLon for subreået$r k for ttre dissglved o>qygen

coricentråtdon wiLl now be derived. IÈ ls analogous to eg (2"1)

but the hydraullc f i"ow 1s shou¡n ln fLgure L3.1.

Q (1+r¡
k

r.¡ t r+r )

ï-r c
k

l7

k

Flg. 13.1 Schematl"c diagram ef subreactor ïr. wlth corresponding

f 1or¡s and Ð0 concentratf.ons,

Then the nass balance ls

U"* Q (1+r)
("u_, * cn) + u {*" - "o) - Bu(s*, "*k, "t ) (13.1)

vdt k

Tt¡e first te¡¡r is sfnrply D0 mass ln ¡ninus DO mass ot¡t. The second Èe¡m

fs the productlon of D0 from ehe cÕmpressors and

u-k¿u
L alr

At the momenÈ we assune that u 1e constarìt 1n the whol"e tank, f..e'

lndependent of k,

The last term corresponds to the bfological Ðt uptalce 1n reaetor lc.

lle also assufle, that gO 1s lndependent of en. Ttrls Íre¿uìs" thaù the

DO co'ncentratlon ls htgh enougþ so the synthesis is not ÐCt LfinLted,

1.e. the fr¡rctlon f (c ) ln eq (2,3) l"s one.
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Eq (13.1) ls nær llnear{zed aromrd a stead-rz state 'speratlng poínt"

Consider smalL dfsturbances fn Q,

Q'Qo* a
(13' 2)

c - co + '\e-k -k "-k

Durlng the trntereating t,lme iatervel !¡e ås¡aï&te, thet Èhe sl¡bstrate

a¡rd m{.croorganlem eûncenÈrsttons do not rhange. Therefore the

functfan g- l-e constaflt dr¡e to changea 1* Q"
k

Straightfsrnrard Lf.nearl zatf.on gf-vea

d ack

dr

1*r
: 

-(ot {) sc +
Q'(1+r)
----(

17
Y

k

rg-k-1 a%_r - acn) - (13.3)

(13.4)

Cal1

- ,'ock

Q'(1+r)

v

c
k

-co
k-1

cu
lc

D:
k

k

(

Then (13.3) ear¡ be written 1n the forn

dac
k

dr
(rn u)ac¡ *ono"u-, + 3å*o^q
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Q(s) (13"s)
D,

K lel +
or.5"u

c(s)*
k s+ (Dk+u)

9- 1 q (e +{no+,,1¡

The first subreactor has e sltghtl"y dLfferent equat{-on, as

it hsve Ëhe hydrualtc flatrs as ln ff.gure 2.L. îhe Laplace

transforn expression correptndJ"ng to (13"5) fs

c (s)
1

- (1+r) ci
tl (s) trJ" þJ

t
-¡-

k
(s + (or+ui)

Now conefder eq (13"5)" It shol,ts that tÞre change in ÐO

concentråtfon caueed by a change {n thc f l"t¡¡¡ raÈe has two

Assume there ís a flow disturbance in the head encl. As the tank

has a constant liquid volune the hydraulic change is distributed

to all parts of the tank simultaneously" This corresponds to

the last tern in (13,5). There is th¡en a concentraticn propagation

trough the series of subreactors, corresponding to the first term

in (13.s).

The concentration change in the fårst subre¿ctor is negative.

As the first transfer functir¡n in {i3,5} aLways has a positive gain,

the concentration propagatirn causes a negative gai.n" The si"gn
rof ôcn in (13.5) is usuaLly negative. Tnerefore also t!:e contrí-

bution from the last tern in (13.5) has a negative gain,

v
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The time constant for both the transfer fr¡nctions in (13.5) is

the same. For a compLete rnix reactor DO can be negLected conpared

to u, which makes the time constant about 15 ninutes. If tlÌe reactor

is described by a large number of subreactors (almose a pLug fLow)

than D.- is J.arge comparei t0 u" 0n the other hand the gain of the last
K

transfer function is small, as $c,, gets smal'l. Therefûre the response
K"

tine is prirnari.ly determined by the first term in (13.5). For the

plug fLow case this corîesponds to a Pure time dela;'r.

'lcx¿ assrrne for rhe mo¡:lent thaÈ the aerattr ín the í.å'ppala ll¡¡t

Ïras a plug fJ"orr patlern fn the actt¡al locatians for the lìO

lneåsuremenÈs. Then the r¡ater velocity ls about 0,/r m/rnin. The ÐC)

sensors en expt. 74A828 (Cir. 10) âre separated in space by 6 rn,

which corresponds Èo a f Is^¡ transp,srt time of abouL L5 nd.nutes.

Thls transport. ÈÍme can ex¡rlaf-n the differences in time constânts

betrveen Èhe trr'o sensors.
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14. RETI]RN SLUDGE FLÛW TNFLUENCE OTi THE DO CÜNCENTRATION

When the return sludge flow is changed ihere are t!'¡o eft-ects'
')

The first one is due to the hydrautric change and is anaì'ogous

to a change in the influent i^rastewater 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 biologicat uptake

rate of D0,

14.1 Return sluCge flow identificati-on results

The nain result due to changes in return sludge flow comes from

expt 7407A2 (chap . V). Thre time constant ís fouid to be 7t-

90 rninutes, i.e. longer than that of the influent wastev¡ater

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 ttre return

sludge flow (table 7.1)" The reason is the anplitude of the

input disturbances. The changes in the influent water flow

caused significantly larger flow changes in the tank than the

Teturrt sludge flow rate changes"

In order to examine the ti¡ne constant the mass balance for the DO

concentration is derived sirnilarLy as in chapter 13"2' For a

disturbance in r instead of Q the expression (15.5) is slightly

changed in the last term to



D.
k

oo [*o

{l+ro) [s + (Ðo+r-r] t
n(s) (14. 1)t(s)-

k
tn-r(") +

s* (Ðn+u)

where ro fs ttre etatloriåry qalue

transfo!ilr of the change 1n r'

of r and R(s) is the laPlace

The fact that t?re retuûi sludge flow input gi.ves

constant than the influent water is agai"n due to

The influent return strudge enters the aerator at

transportation time for the return sludge tc the

is longer than that of the influent water.

a iarger time

the hydraulics.

the head end. The

DC senssr therefore

If the aerator wotrld be plug flow everywhere, then the transport

time from the head end to the DCI sensor would be 4-6 hours" The

time constant of a little more than one hour shows, that the aerator

could not be purely pl.ug flow, see (14.i). Instead it seens 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 nix subreactors in series, Ëq {14"1) then suggests that the

response time to flow disturbances is reduced considerably cornpared

to plug flow.
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14"2 Inflt¡ence of the MLSS concentraÈLon

In the experlments ft has not been poeslbS"e to directS-y manipulate

the IILSS conceRtratlon. Only by return sludge flo',r changes

the MLSS concent,ratl-on has been gradualS-y changed to some e:cÈent.

It hss also been unLntentl.onally changed by natural disturbanees

durfng son€ expeflments'

The f.nfluence of Èhe I'ILSS concenlratton has been tsken lnto

consfderatÍÕn 1n the experl.menee 74t62.7 (ehap 6, case 3

and 6) srd fn ?c+0S28 {chap trt, cases 2 and 5)'

The accuracy oi the MLSS Para¡neters is poor and therefote

no conclusi.ons about the MT,SS influence rvill be made. The

sign ofb in ch. 6 is even wrong cCIrryared to physical" models"
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15. CONCLUSIONS ANÐ RECOM},ÍENDATIONS

The Do probes are anong the few reliable activated sludge instru-
ments. As long as it is properly naíntained and calibrated it is
therefore a most t¡seful signal and is easy to work with.

Ttle Ldentfflcatlon resultseonfi.rn, thåt ghe alr flo¿ f.nput f.s

the most lryortarit fnput s{gnal to che Dû coneentration. It hâs

a Èlme constarit of about 15 ¡nLnutes. Two fmportånt byproducÈo

of the air flow experf.rnenÈa hrere achieved

* lt le poaafble to on-líne detect a poor ¡nembrane

* clogglng or lnsufflcfent rnlxLng can be detected

It 1s not feaslble to measure DO fn the upper part of the tank,

ag the DO concentratlon {e too lorv to be measured assurately. It

1s also very Llttle affected by the air flow changes, dte to the

large bfologlcal uptake raÈe.

The moaÈ lnportant exterrraL df.sturbance 1s the influent waste&¡eter

flow rate and probably also the eubsrrate concentråtlon" The IaÈter

hae not been posslble to test ln any experfment" The ryplcal tlm-e

constant for dÍsturba¡rces ln flow rate 1s longer than 30 srlnutes fsr

D0 eensors located 1n the later half of the tank" Çne lmportant

byproduet of tl¡e water flcn¡ ldentlffcatlons has been detected,

* hydreultc flosr pattern ean probably be tdentified
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By loeatlng D0 sensors at dffferent places the dif,ferent tLne

delaye can be measured. By such a meËhod fL Ls not necessary

Ëo fnduce sny trace mat,erlal Ln the ta¡rk ln order üo get a

flow pattern. The stateÍ€nt Ls only tn¡e aB long as the D0

concentratÍon cafi be measured fairly accurately, Therefore the

nethod c&lnot be feaeLble 1n the head end of the reacÈor, where

the DCI concentretfons are too snall.

Some recmmendatf one for f,uture e:çerimenÈe w111 be made.

(1) lt 1e deslrable to make a ¡nore thorough test wfth alr

flos ctra¡rgea. ÎÌren DO sensors should be located at rmany poLnts

aloqg the tsrk 1n order to test urfxing ærd eLogging con-

dftlons. It shouLd be remarked, that Èhe ptesent model

fs accurate enough for the pur?ose of DO control.

(11) DO aenaora ehould be placed along the tank f'n many space

pofnts (or alternatfvely many experlments) for flol¡ rate

ctrangee ln the fnfh¡ent ltastelteter. Then ttre hydraulice

cari be teeted more thoroughlY.

(lfl) Ttre fnflænce of MLSS and substråte concentratlons ts

poorly known. In order to make t¡ge of the DO concentratlon

to estfnate the process condlttrone and the ncn-measurab¡.e

varl.eblea, lt fB hlgh1y deglrabLe to eatabllsh a better

¡rodel relating DO to MISS and subetrate concenÈrations"
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ûì
t

r¡,
I

s

I



rtt
ls¡

'flq
rtO coitcFitTpATIoq

v 173

pÊTlrP¡¡

SLIIDGE

FL0q

v52

GO.

fra

t'

I,
F'
i

v,
C9

I

I

I

óT . ll sêc

s¡r¡PLFS

Flc. 7.1. Fxoerirnent 74O7n2. Inout (return slu¡loe flor rate) anrt output
(fÐ concentration v 173) ¡eco¡diries.. -

rIlll'Iff TASTF¡ÂTEF

ñ.oa R l€ .l/.""

ô1. tl ¡.€

SlrttFs

ll¡ f.2. [r!.rliüìt t{0m2. Rt@ldtn€ ot tnf¡uant ra¡tGiltar f¡d
rala v c.



Fllt cta@tÎF^îIrñ

llt^tnn 2 &/l
v2,

r{¡
ü,

J
{
!

I

¡t

1.l0r.c

nt. 7,t. !ql.!im? 740t1r2. tÊølditrt of the ¡{¡SS $eûtnrion.

fN CONCEI{TPATIOÍ{

v 173

3¡ptrs

tl,

ll,'
r!l

I ill!
,['!

t
þlü

t.

Af = 30 sec

SÂrrPLES

tg8

Fig. 7.4. Experi¡ent 74o7oz. comr¡arison of morJeì output and ¿xocrirpntar
. dat¡ for the m concentratlon v 173, The rndel is of flr¡t ordcr

ïith a return sludge flo,, rate v 52 ås fnout.

r
úr
G¡
I

I



¡
T

t¡t
t
o

J,

tla. t.5. lrç.dnt 7a0702. Âutosvtd,sc! o! thÈ ærldurlr of

tll llÞt o¡d.r Þd"¡ of V 173 rith thc rtuñ rltlla.

. llq nt. l/ 52 ú lûDur. Ii. rtnl¡ht tln.r tn th.

. 6t1año llritr for 5 t.

I{FLIIEqT [¡STE!¡ATER

FLcilPAIEVg m37sec

ô.T - 3l sec

SATPLES

gø,

Flg. e.l" [xperiment 74nF?6" Reqlstratlon of the influent ¡râsteeater
f,lm rrte V 9,

tt7it
G,

t[
g

tñ€
cl¡



AIR FLOW RATE

u?t il n3/sec

fS¡o

f\

ôT = 30 src

SAPPLFS

øo 3øø.

Flg. 8.2. Experiment 740S26. Peoistration of the rnanipulatert d{sturbance
of the alr flow rate v 2l

lÐ cortctitTPATloüs

v 173, v 174

v 173

u t74

AT . ll s¿c

sÅr?LEs

ea. 3@.

Flo 8.3. txperiment 740R26. Reqistration of the n0 concentràtlons
V 173 and V 174.

Ct

ro



r
rn coqcr{TpÂTloil

v 173

G'
I

rl|

?

Â'T = 3n sec

SAI'PLES

08. 3ãû

Fiq, S .4. Experiment 74n526. Corsparison between mode.l outDut and
experJmental data of the n0 concentration V 173. The modei.fs of ffrst order, assuminq a.!r flo¡r VZ.l and Hater flow
Y9 as lnputs.

o

llt. ¡.5. !¡p*l¡trt 7,10!?6. 
^u!r¡t o¡d* -*, "r;äiïffi""í"i::':*':.:: i.!,¡ t{r. ¡t¡ f¡d nrâ y2l ü ltrpqrr. ltì. atnißir ¡itr.r¡n th. t I 6fid.¡c. llrltr.



ÂTP FLOI{ PÂTI

v27
r m37sec aT . tl sêc

ro

Fia .þ.1. Experlmnt 74nAZl. Redor,tinç of th. afr flçr rate input v2l

tn

sÂryLES

M COqCENTFATIOil

v 173

ôT = fl sec

sÂrrPtEs

tn

tc

F

Fio. 9.2. Fxperi¡nent 744827. Recordins of the rÐ concentration V 173.



ll-

m cortctitTÞÊTI0q

v l7e

dÏ r 3î 5¿6

SAt¡PLFS

Flq. 9.3" Fxperirent 140827. Fecording of the n0 concentration V 174

qETIIPiI SLIIDGE FLOH PÂTE

u 52 llters/sec

AT' 5 nln

SAT.PtFS

¡0.

Flp. S.a" Exoerinent 74n827. Reco¡dinr of the returr slurtoe flw rate

unousooseful l.y di sturbert.

c,{



l--

F

llst¡ c0ÍcEil1t^Tt6r
¡EP^101 2 tlr
v?7

1.5 ¡ir

Sll|P¡.l3

Ffa. 9.S. E¡p€riÞt ?¡tO!:17, R.co"dinß of rhc !¡tSS of ænto" 2,

M æi¡CENTRÂTIO{

v t73

lttt\¡
G'

I

tll
^¡F
I

o
I

ÂT . 30 scc

SÀTPLES

Flg. 9.6. Experiment 740827. Cornparison betïee¡ nodel output a¡d
ergerinental data of the nO concentration V 173. The îþdel
ls of fi¡st order, assuning only air input V 2l as input.
No trcnd in data is removed. Thê trend er¡o¡ is probebty

caused by the unpu¡posefully distu¡bed returrr sludge flor
¡atÇ v s2.



{

ttl ctllclxlr ltotr
v l?t

'1

,tt
ÚY

A1 . lû r.c

t¡¡tt¡s

tlt. t.t. E¡Þ.rim! 7a0l27. gO cótrøtEtlor V 173 rha ¡ ftËt ord.F
tüd hd bill reEd fEr th. r¡p"¡imtrt d¡ß¡. tìa tmd
l. ¡hü l! rlr fltuË.

lI) @i¡CENTRAITON

v 17t

ÂT . 30 sec

n
tÐ
I

ant\l

SAJIIPI^ES

gge.

Ft¡. 9.E. Eçerinent 74OgZ7. Conparison betveen nodel ourput and experinental
d¿ta of the m conccntration V lZ3. The ¡r¡odel is of first order
rssuning only air fror v zl as input. A lineai. t¡end is renoved
fion thc V l7j deta. Cor¡pere fig. 9.ó.

\



r
ÀI? FUI n^ÎÉ

v2t i r3lrin

ô1. 5 dû

sÁ¡?¡ls

LC.

Fif. 9.9. Erp.timt ta0t27. Rc@fdi¡g o¡ thê .i¡ ¡ld Ëtc tîpùt v 21.

1lr. d¡!¡ ¡r i¿enticat to thos. of fi8. 9.1, buÈ ü¡y êrcrlf ¡0

relar F plot!.d.

M MNCENTRATION

v 175

ôT=5nin

SA}{PLES

¡8

Flt.9.10.E:çerincntT4osz?.CouparisonbetxeenrBodcloutPut¿rrdc¡PcliGntal
dÂta for thê m concentretion v 173' Thè nodel is of first older

essuning ai¡ flow V 2l ¡nd rctu:n sludge flov rate V 52 as inputs'

ùrly cvery l0 data point is picked fron thc exPerinent' CoñPare

Ylth fig3. 9.ó and 9.8.

tnf\t

F



r'r

M CüCE{TPÂTIO{

u 174

À1 - Tl sec

S!¡PLFS

* Flo. 9.11. Experirreft 7a1827. Comoarison beùreen model output and

exÞcrlmntal data for the no concentråtion v 17t. The

rcdel ls of first order with only air flnw rate V 2l
¡s lnput. The trenrl error is prohahlv caused hy the

unpurposefully disturüed retuwr sludoe flow rate v 52.

m cû{cTNTRAtÎ(nr
v t74

AT . 30 s€c

sÂ¡æLES

uao.

Fig. 9,12, E¡(p.ritrcnt 740t27. DO concentIation V 174 rith a first ord.r
t¡ÊÍd r¿Eovcd f¡on the cxperirnental deta. 1l¡e trend is shorn
ln thc figulc

,tl
ao

I

I



m cnïcFrtTÞ¡Ttroil

v 178
It)

,tt
e
I

I

¿,T ¡ It Sec

4øø

SÁl?LFS

Fl a.

a

g'13' Exoerrneât 74q*27- r'onoarison hetneen norer outout anrr exoerimentlìd¡t¡ of the rf! c¡¡çp¡tration V l7a. lhe Forteì is of first orrter rJtñ
, fi¡y ülr ft6a V 2l as input. ¡ llnear tren¡t ln v 174 is reroved"

æ ûilcaaTr^nfi
Ita

4t. t d¡

3¡¡rt¡l

[t. t"l¡. !?.rtet !lo!l?. caf¡rt¡d ].ù.s Fd.l or*rc ¡a rr?.rL.¡a.l
lrtr to¡ tt¡ Þ 6acnrl6 f lt4. n¡r rod.l ll ot flrt ortr,
¡td,r¡ ¡a! f¡¡, t tl ad nlG r¡,u¿fr f¡.d s¡tr,,Z r l!pÉr.
qlt ñt' ¡O ôù potlr t, ,lct ¿ !Ð eh. ¡e.r3l!Ê. CeG ,r.t r

üt. t.¡¡ -¿ t.¡!.



r
úr

I{FLf .r{T r¡AsTti{ÂTER

ru¡ûr PATE

r q r3¡r".

Flq. lO .1" Fxperircnt 74nR28. Rcaordllg
lnfìuent f,]*r rate v a.

rtss rôTfFirTÞÂTIn¡l

^F?^'!no 
2

.FlC, t0 .2. Fxoeriment 7¡lo82F. Rccording

of aerâtor 2.

Ai'lmin

sÂr?L Ës

l¡

of, th¿ lnout slonrì

AT=Inln

a qrrrol.F<

R

-

o

of, the ¡L55 concèntrrtlon

¡r.



ÎOTAL RETI'P¡I

SLIINGE FLNÌ{ RÁTE

v 12 1lters/sec

AT-lnln

s¡fflEs

Flo. 10.3. Fxnerlment 74nFlZA.. Rrcor¡tla¡ of the total rcturn slu¡loe
flan r¡te V 52.

m f.rwrF{TpÀTlnrt

!, 173

t
t\ ,t

G't

Ar"lPJn

s!r¡PLFS

Ffq. l'0.4. Experrnent 74ogzg. Rciordlng' of the fil concentratlon y 173.



t-
(:

m rf|1r-Fr{TÐÂTlnit

v l7t

a
Jl

GI

a

AT.lmln

<,lr¡tl.s<

F{q. 10.6. Experiment 14$82a. ronnarison of the ¡mdel outout and

the experirnental data of the fio concêntration v 173. The

mdel is of first order with the rater flor¡ rate v I as

{nput. llo trend correction ls made.

¡I.

e
t

Èq. l'0.S. Fxperlmnt 74n82F. Rêcoidlng , of thê m concêntratlon V 17¿.

M CMCEilTPATIN{

v 173

AT-Inln

SÁYPLES

4gg.



^¿

rì

!&. fo.t, l¡f.slr¡c t{Oa2l. ¡luÈoov.rfðÉ .f tà. st¿q:¡ rl rS.

tltaC .t-t ¡-L .f Vtt3 ytsh ßh. lellsr s.G.! fl* t E !¡t

i lrt!.. 'tibr .!s¡lt¡ß t¡r¡ ¡n rtt. t t Gãftd..q tlrtE.

DO @NCENllAlI(t

[T - I rd.a

SA¡IPLES

øø t ølt.

ftg. 10.8, EpêrlænÈ ?40828. Cæparlson of, Èhê ûod¿l outprrt Éd th.

atp¿rlænlal drtr of thc DO csncentr.Êlú¡ V L73. lhè þodcl It

of flt3t ord.r slth Èhe {nfluenÈ ¡t.ùèa flol, rr lnPuc (v9). A L1¡¿¡r

trËûd ln Èhc DO cotctntt!!1ttr hr, bcc¡ rc¡or¡çd.

lrtv

e



M M{CE¡ITRATTOiI

v 173

Þ
I

6T=lmin

SAT.PLFS

-- 

I 

-
ttøø"

uaa.

w

FlC. f0.9" Experircnt 740R28. Conparlson of the ,rode.l output and

erperfmntal rratà of the M concentration V 173. fhc
mdel is of first order .¡ith two inputs, thr ïater flol,
rate V 9 and the l-tSS concentrailon V 27. tto trund

corrcction ls made

M @ilCEIITPATTON

v 1t3

6T.lm{n

SAilPLES

î4,

FlS. 10.10. Experirrent 74082s. Cornparison of the íPdel output and

€xperlrnental data of the Df) concentration v U3. 'the

íodel is of first orrler with hro inouts' the xater

f'loï V q .nd the return sludge flor rrte V 52. {o t¡end

corr€ction is na¡le.



to

l?¡

DO CONCE¡ÌT8ATIO!í

Y 1?¿

FlB" 10.U

;\1'r 1 aia

ll't

C9
I

SATGLES

aø

ExpcriDe[t 740828. Couprrkon of-the ûod.l outpr¡t ütd

.qcrlæntsl darr of, Èhc Do conc.ntrltlot V 17{. Thc æd:l

f¡ o[ flree ordersi,th tïo inputr' chè lnf,¡'lrntsrÈcr flov V 9

æd th. rcÈu¡¡ rlud8e fLci, rrtê V 52. No ¡tÊnd cotaccclon 1¡ l¡dr

t øO.



F

rtrå¡, 60LrD6 rf.ofi rl¡

gntr¡ s¡.ttÉl 2

rors/Ír

Â1 - 1rla

sÂlçLES

tlt. 10.12. ExPcrülcat 7408?8. Rccordlng of the.ü¡ålog ouÈPut of th' totrl

flr¡¡ of roll'd! !n thc rcÈur¡ fLc¡. to thc ltl¡tol 2, V 70' thc ¡l8s¡1

L th. outP¡¡t of r¡ .n.1og raulÈfp1lar of thc algnrlt v52 (r'turn

rludgc flcr rrtc) G¿ V58 (return tludgc concêstretion) ' C@PâtÊ

vlth fl¡. 10.13.

ÎûÎ¡L SOLIDS FLÐl¡ U¡

SLIIDGE 2
l1 -lrfn

10ñs/EF

SÁÍPLES

\ffi.
fìt8. 10.13. É:qcrlnant 740828. E tlr.tlo¡ of tlre rl¿nal ? 70. Ttc rlgoel

1¡ rchlcvcd bt ¡ultlplylng thc llgnrla Y52 (tcturn rludg' fl'Gt rrtr)

-d V 58 (¡rtun t1ud8. concêntrrÈ1cì) dtgitally 1n tha corput'r'

C.ÊprtG lflth f18. 10.12.

'| l
I'
lr

I

I
t

I
I
t.

ur

ID

a

F

rt
a

út

¡1



Âtrp Ft-ß{ ÞÀTF T0

åEPATT]P 2

¡,lln31,n1

¿1 ' Ul scc

¡3

FlC"fr.1" txperlnent 741126" part A" Heeordfng

Y 21 to aerator 2.

v 175

m fî¡rcF¡tTpaT¡nrt

u 173

ôT. t0 src.

ffi"

of the ¡lr flor¡ rate

srrplFs

slf?LF5

u.

Flg. li.2" Fxperirrent 141126, part A. Recordlnos of thê m concentrat'lons

V 173 and v 175.

t



f$ fírfir{t¡fln

utt

At'lôtæ

r¡FLr3

flE. U,!. Exo.rlmt 7¡U1?6! oårt ¡. 9¡coF{lro of ttr ñì co¡cñÊrttloñ v l7{.

¡

m coqcEilTPATI0ft v 173

âT . l0 src

SAYPLFS

,tgg.

F{c. 1L4. Exper{rænt 741126, part A" Comparfson heb,een the mdeì output

and exoerimntal clata of the fx) concentration V 173. lhe nndel

ls of first order lriÈh one input, the air flott ¡¡te V 21.



I

Ë4. ff .t. l4.rt¡!t tll!!6. t.R A. ¡¡¡toc.rs-t-a ot ttE rrtdq¡. 6f
¡tr llEt or-s s-l of s,lr. DO qonGnGaa I lt¡ vf th rt

. dt ll' hß. t tt ¡ lntc. ti. ¡cntths lfr¡ .s ttt ! t

-ttih¡ú 
¡t¡c..

m cnflîF{rÞ/lÎIôrt

l, lt5

!,1 r !O s¿g

(rt oLFS

' FlC. rx,6" ErDerlnÞnt 711126, part 4. Conoar.lson tretïeen the rrodel ortput
lnd exoerfmentar data of the fû concentratron v t7s. The norter

{S of flrst orrter Ílth on¿ lnput, the rir flor r¡te V 21"



r-

ro
I

a
a\¡

I

tn ñlrcf|fît.Tlol

I t7,

A" c lô 3.c

sÍ.lFs

tlf. ll.t [¡¡arlÊit t¿1126' or?t 
^. 

cdÞrrlsil baþed thè farl"l outDut

rtd arpcdmt¡l d.t¡ out¡üt of &. m concstr¡t{on I l7a.

ñ. Ëdal l' ol ftr.tt or{êr rlth oû. l¡eut. th rlr flù rlt Y ?1.

iû trtr¿ Go"¡actlü Ir l.da.

n0 cor{cEilTRAflo¡{

v 174

ÀT' l0 sec

s¡t plfs

Flg. U.8. Experiment 741126, part A. Cornparlson of mdel outDut anfl experimen-

trl dåtå for ffl concentration ì, 174" The i¡odel ls of flrst order

*ith one lnput, the alr flo¡ rrte V 2t- | llnear trend in V 174

dtta ls rcnoved.



t-
I

ÂIR non Ttt

AlB ltB 2

tr .3/.to

ål . 20 ..c

Flg" t1..9. ExpêrlænÈ t{1126, p.rÈ !. Rccordlng of th. r1r flæ rrÈc

to acr¡Èor 2.

Y 1t5

ut co{ccEr¡lR^1lots

v lt3

Al . 20 .Gc

9 1?3

v t75

sAlfLts

Ëf'g" 1t.t'0. E:ecrlenr 7a,'l26, p¡rÈ B. Recordlngr of thc tþ co,ac.ntrrtloGr

T 173 nd v 175.

SAJ..PLES

3.



I

!O CüICETTRAIION

r tt¡

41. 20 a.c

s¡tcLEs

flg. 11.U. Ep.rlnent t¿112ó, part B. Rccordlrr3 of Èha DO corcÊrCr.Èlon V 1rô.

cÐNc8trlRAlIOr

1?3

Ât - 20 r.c

strcLEs

!lg. $.12. E¡çcrlÊ€¡t 7411?:6. prrt B. ccoplrlson of Èhc ûodrl, outpuÈ rnd

c4erlaental drtr of tha DO cqrc¿¡¡rrrtlon V 173. Thc rod.l ir

of flrst ordcr vl.th thc lnpuÈ ¡1r f1æ r.ÈG v 21



tfa. E.f¡. E4.s''6t t¡l1:I6, !.Ê l. Artecürlúd o! tlr n.laut¡ ot aå.

GlËa oldrs æ¿.¡ el I ltl rlth d¡. rlr flÐ t 2¡ I lnp¡c. lll
aStdtbt ¡t¡. rn dr 5 ¡ sfld.ûq U¡tt¡.

m concsxltÀltoll

v 1.75

ô1 - 20 ..c

SA¡fL'S

!$. 11.14. Erpcrlncnt t4t,L26, P¡rG B' conP't{úon of ÈhG EodGl output æd

cperlnntrl drÈ. of Èh' Do coocênÈrltlon V 1?5' llrr ¡odal f¡ o(

Ít't È gtd.s r13h thc ¡1r flcp rrtc V 21 lt lnPut'



ô

tl|. !f.f:t. tT.rtl¡t taU¿6. ?.æ !. Aüooürt6ð of ch' þl¿s¡t '!
tù. !t'r3 or¿.r E¿.1 ct t lt' vlrh tt' ¡1' tld v 2t' t 1qÞc'

lt ¡sEndrr ¡,lr¡ ¡r th. 5 t @tf¿'¡d lldlt'

t9
DO CONCENTNÀTIOIT

(v173 + v'-'¡s)12

ÀT - 2O r¿c

ttt
¡

SA}IPLES

¿øs.

ft¡. 1!..16" E¡p.rlE€8t l4'-t,26, PrrÈ 8. Corparbotr bGÈrGG¡ Ed.l outPut rnd

cxpcrlænral data. the algnal le thc rncr.8€ v!!'r.E of, thc DO

coacrnErttls¡ìg 11173 a¡td Vt?5. The aodcl 1¿ of, ffr.t ordcr ¡rl'th

thc ¡1r flon r¡te v21 ae lnPut.

----
$t6.



ata. 11.1t. ¡*.¿!.È ?4U.26r PlrÊ !. Aqlcry1-ð ol th. B.ldsl¡ ot

a t1aÈ ortr úd.¡, of Ít€tdohlto (r4t! + vlt5)/1 rlth Èô.

dr tlc nÈ. v 2l s t!gd. th..Èt¡!8ht l1ûr ¡E ßh. 5l

qfll¡at Urlt..

10

tfa. ¡f.¡t. ¿.p"J-"c f¡fiZe, p¡t t- AG€o¡dEo o! tà' F lå¡&

.t dr. ltit csd.s -d.1 ol I ¡ta rtlå tù' 'lr flry lrE

t ¿1 - lqP!¡!. lt jtrlt¡t3 llu rn tt i ¡ stl&¡c l'rlt"

aloI

DO COIICE¡ERATION

v 1t4

al - 20 .cc

SA}fi.ES

iJe-

ffg. 11.18. E4erlti.tr 7'1126, p'rt B' Gorprrflon of th¿ rodcl oulPuÈ 
'¡rd

.rP.rl¡€Et¡t data of tlre' D0 cosc¡atrttloo V 17{' thr ¡ode1 tr of

llr¡t oratcr rith thc air flo¡¡ rrt' v 21 ¡¡ faput'


