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5 . ABSTRACT *. LR

.. . . . P "3,
/, 4 . I'
" .

The escape of \suspended solids in the effluent from the

‘\u‘ . - .i-

| . final settler of the’ ac/ti’.vated slt!dge system &ccounts for t;:e ‘majority
n
I-of ‘the BOD5 discharged from the system. At presgn;,.there ﬁ insuffi--:

cient knowledge to enable the snspended solids ‘@once.a?;ration to be

4

-adequately predicted or controlled. To addrg’ss this pr%:blemé. tesearch
Y
was conducted to’ characterize the time-varying res;onse of - the settler ,

2

and to determine which of a numbb’ of design and Operating variables ‘

3 . . . .
significantly influence suspended solids removal. * o sy
- . \ . 4 ,' . .

. . Mixed liquor from an activated sludge plant treating munici—

&

“, -

p%l sewage was pumped at varying rates to a 2..4 m diameter settler. “

The activated sludge plant and teat settler were cgnfigurea“ 80: that i
. ?-9 '

air flow rate, underflov rate out of the settler, rake speed, ?;feedwell

‘\depth and settler depth could also be varied. The test set,tlen wasj
decoupled from the- @ration tanks so thgt the settler‘ fee#'l flow rate-lf“

was independent of underflow rate. »Sensors;ﬁinter.fac}:ed-to a m.-ini--':
computer monitored p’erfOrmance. ' 8N

. . A .

: ay : & : o
Step changes 1in feed flow .rate’ were app‘lied ta the settler‘

with the overflow rate changing between 1 0 and 1 7 m3/m -hr The
time constants for the responses folloving the stsp decreases averaged:
.26 min’ compared with a value of 17 min for the step incteases. ‘A
number  of responses folloving the flow increases displayed overshoot

<

which was attributed to the diecharge of floating solids. Because of" '

/
. the’ presence of overshoot,/ a second—order model was’ required to

predict t_he vsettler response for increasihg f_:lowsfv. A firstj-o-rder



- lodel wss sdquste to describe the response following flow decreases.

These results indicgte that hﬁ%raulic transients ysve»the ability to -
2

), degrade effldéﬁt quslity snd_pdlnt to the need to svoig on/off control

*
.. g

of lsrge influent pumps.‘h 7_ f;;l“.i'- ' ‘;';;'L &. A -

g ' o

':‘%n* A first-ard%r npdel sstisfscrorily described the changes in
> : g -

e ¢ Lﬁ-l

E_, effl nu suspended solids concentrstion indueed by either incresses or -

'd'Using regression.geehhidues'in-conjunction with s‘tworleveL
factorisl des%gn, the 1nf1uence of s):;hber of design snd operating

\ «
psrsmeters on. stesdy’stste removal of suspended solids was' investi-'

-

gated. Chsnges in MLSS concentration, sidewster depth snd feed flow

Q, rate sccounted for 78 percent of the ob erved vstisbility in effluent

/ suspended solids'concentration.- Sidewater depth and feed flow rate

" were interactive; the deterioration cho‘

"

'ing an increase in feed

flow ‘rate wss less severe ‘at a high sidewste

L 4

'depth than at a low:
-0 . N : ‘
one. Anslysis of previously published dats( ollected frgm settling
columns ‘of vsrious heights provided supporting evidence for a depth/

flow intersction. Over the rsnges_investigsted, changes in air flow

, . ' . . L . W
: rste,'settler underflow'rste; rake speed, and,feedweli depth had na

significsnt influence on effluent quslity. An incresse in variability

<

generslly sccompsnied sny incresse\\in the mean level of effluent

suspended solids .concentration.

-vi



P

Baeed on the experimental’results end the publiehedylitera-fj

an.

“~fture, -8 number of recomnendatione were proposed. Hydreulie 1oading

l

”‘criteria should be‘based‘on the total flow into the oettler rather

e

than on the overflow rate.' The total- flow into the eettler governg

the velocity of he vertical toller in the settler and hence the level ‘

of turbulence. Accordingly, recycle rate should be minimized oubject‘;
i. :

to the need to prevent thickening feilure. Depth is an inportant‘
.design criteria with higher peak inflows to; the plent tequiring

greater settler depths. % The HLSS concentretion determines the

division of” construction coﬁts between the eeration tank end the ‘final
. e .

'eettler.'

N

vit
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“the final steady—stste suspended sorids concentration

the 1nitia1 steady—state suspended solids concentration

_ effluent suspended solids . concentration at _kth time

interva1<(mg/L)

-effluent_'sussended solids concentration at’ k+l time

interval (mg/L)

the,efflueht‘sussended sdlids'concentrestion at time t
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settling (mg/L)

suspended golids concentration in {nflow ton thickener
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limiting snlide flux (mg/L)
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- Gspf " = ‘golids flux'eég;esponding to’the gstate point‘(kgkmz-d)"
:G(P) - ttansfer fenctioe . | | ‘
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CBAPTER 1’
INTRODOCTION . . . -
The activated sludge system consists of an aeration tank ’
: ffollowed by a settling basin. For 'an effluent of acceptable quality'

. “ .
to he produced, the settler must remove solids from the process liquid

prior to discharge. Secondly, the settler thickens Qﬁo-solids. The
‘thickened bio—solids are either. pumped back to the aeration basin as
return -activated sludge.or;aubsequently treated and disposed ofzas
waste activated sludgea'lDuring periods of peak flow to the treatnent'
plant, hiological solids are shifted. from the aerationttank;to~the
settler. There nnst'be sufficient volume in the settlfng basin'to_
'store the solids'vhich are subseduently returned-duringagornal_flow :
conditions.b Thereforei\the secondary'settler in the aotivated slndge
system must be'designed and”operated-to carry outxthree functionsf-
vclarification, thickening and storage. | |

Sizing of secondary settlers generally involves the use'of
empirical 1osding rates developed from past experience. The‘recycle
rate . from the settler is most commonly set based on the sludge volumel
index (SVI) - a - batch settling measurement - or in proportion to the
rate ofv inflow into the plant. Recently,:.a eoretical basis for
deg¢ign and operation has been developed (Dick and Youngg 1970): The
approach, knownlss solids fluintheory;venables thickening performance
to be evaluated using the‘resultsbfrom batch settling tests.

Althongh a consistent approach has been developad to
descrihe the thickening fnnction, clarification is poorly understood.

¢



_There is a lack of consensus fregarding the relative importance ‘of”

. design and operating variables On clarifier efficiency. There 1s no
'sv\widely accepted method for predicting the suspended solids concentra{
xtion iﬁ the effluent from the settler., Consequently, both cost opti-

mization and process performance of the activated sludge system haVe

vrbeen limited by the ability to~predict or control clarification (Adams.

, -

- and Asano, 1978)

-

Hethods for designing and strategies for controlling secon- -

‘dary settlers are frequently based on the éssumption that the’ process

operates at steady-state. In reality, \the system is subject to a

~variety of time-varying disturbances, the most important of which are

variations in the  rate ~of influent flow. There is very little7“
information currently available\ as . to: the effects  of time-varying .
-loadings on operational efficiency. | | |
‘ A research program was undertaken to identify which of a
number of design and operating variables significantly influenced the
‘efficiency of clarifioation. Secondly, an evaluation was carried out
of the response of the clarifier to time-varying flows and operating:

conditions. This thesis is a record of the objectives, methods snd

results, of the research.



LITERATURE REVIEV

_An enormous~ number of papers deal ﬁith topics ‘related to
'y ’ ) .

uclarifier design“and operati¢n. This literature review attempts to

Asynthesize the findings of the most important published research in

-

B order to,identify specific shortcomings in current knowledge. Accord-

v

ingly, the first two sections of the review are introductory,'serving

to describe settler operation, list major equipment options and iden-

{
tify methods ‘for .characterizing mixed liquor rsettleability. The

{g&lowing two sectiong critically examine current design procedures

s

and"dperating strategies‘ for achieving good settler performance.

Techniques for measuring hydraulic efficiency and the effects of den—

sity currents,and time-varying loads om settler'operation are reviewed

in‘the'section on‘hydraulics. Lastly, a description is,given of the
basic mechanisms involved in bioflocculation, existing clarification

models’ and the inflience of design and operating variables on clarifi-

. cation.’

vertical flqw; developad in the 1880'a and known a’r "Dartmund tankg”

2.1 Process Description \

Secondary sattlers are flow-through' units which are gener-

ally circular or rectangular. Tn Cermeny, however, square unire wirh

are stild in use (IRC, 1975),

s
°

"There are five major romponents to every aecondary basin:

Y

inlet, outlet, “gcum collectnr. aludge rollector "and siudge return.



f_The mixed liquor suspension is distributed to the basin through the
.inlet with the clarified effluent collected by weirs.:fﬁ Floating
materidl 1is removed by a skimming device ‘and accumulated solids are
'withdrawn by the sludge collector and return pumps.- Table 2.1
outIines the variety of equipment options available for.each of the'
five'components;'_; |

lheimmjority of sedimentation‘tanﬁs used in the activated
sludge process are circular units with a centre feedwell, peripheral

wall-supported weirs and a scraper-type sludge collector. This typi-

cal-configuration«is shown in Figure 2. l.r The popularity of circular,.

tanks, frequently referred to as clarifiera, 18 related to the ease ofih

sludge collection. Rectangular tanks employ either chain and flight-
or bridge collectors. Chain and flight mechanisms -with submerged
bearings are difficult. and expensive to maintain (Kalbskopf .1970;
McKinney). Trsvelling bridges, because ‘of travel time, allow uneven:
accumulation - of solids (McKinney). Sestak (1980) found the suspended"
aolida content of the settled sludge to be higher at the ends of the;
tank requiring that the rate of travel of the bridge be adjustable.
The rotating sludge collector used in circular "tanks largely nvercomes
these problems.‘ |

'Claimn huve haen made that peripheral feed tanks are more
efficient .than centre feed tanks (Boyle, 1976), To permit scum'_
remaval peripheral feed basins are constrained to use peripheral
weirs. The problem of inlet distrihution in periphefal feed tanks.
especially with highly variablo flows, has been raised as a possible

Afgadvant age (McKinney).



ANLE 2.1: Altetnnttve Seeondary Settler configg;gbz o
.. (Adapted from Joint Committee WPCF/A 1977; Karasstk
et al, 1976 Metcalf and Eddy, .1979; McKinney; Perkins
and Wood,. 1979; Task Committee, ‘ASCE, 1979; -U.S. EPA,

1975) ~-*
ank Shapes: - . . ’
. < Circular - Radial Flow o
e Rectangular - Horizontal Flow: ' S
e Square - = Up~Flow "Dortmund”™ Type '
nlet/Outlet- ’ o e O ,
. Centre-?eed/?eripheral e Peripheral -Feed/Centre Welr
e Centre-Feed/Radial Wier o Peripheral~Peed/Peripheral Weir

sleto . - ’ . K 0
" Support - Peripheral Support - Single Weir:
. - Cantilever Support - Double Weir ;
i . Notchea < "Vee" - 60° or 90° ° . i
- Rectangular - ST

\
ludge Collection: ‘
Collector: ; "““:>‘%

e Scraper Type - Chain and Flight
- Chain
B - Blade - echelon &~
’ - non~echelon (™

’

. ® Suction Type

Collector Support:

= Centre Pier Suppnrted - Bridge 1s Fixed
- Bridge Supported - ' ~ Travelling Bridge
' Rotating Bridge '
Centre Gear or Rim Driven
- %, Pull, 3-Arm or 4-Arm

v

» Sludge Ropper - Circular Tanks — Concentric

of fset

- Rectangular Tanks -~ Hopper at Inlet
) - Central Hoppe~

~ Hopper Outside of Tank: (For Tee Wirh Snerfoen
Removal on PRectangular Tanks)

i

s Return Sludge Pumps ’

~ Centrifugnl - Progressing-Caviry
~ Alr Lifr ~ Torque Flow -
- Plunger Archimad{nn Screw FPumrp

;g15p1n5 Devices:
» "Dipping Weir" - Slotted Fir~ or Veir
= "Sloping Beach” '

C— o — —_ p—r o — © e e p— e ws "
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- Scrapers are “most "commonly‘iused'“for 'sludge collection.
HcKinney has commented on the difficulty of adjusting the head differ—

.ential on' individual nozzles on suction-type collectors. The danger

then exists of pulling dilute concentrations of sludge through a.hole

Ty

" in the sludge blanket. Hydraulie suction collectors are best used for
sludges ﬁhich denitrify in the clarifier and must, therefore, be

_‘removed quickly (McKinney).

3

Sedimentation tanks are expected to ptoduce an effluent with -~

-an average=suspended solids concentration in the 20 to 30 mg/L range.

However, data collected from a number of activated sludge plants in

' the U. and summarized in Table 2.2, reveal that, for a majorbty of

e

("]

the‘plants, the mean’ effluent suspendeduiolids concentrstion eXceeded
30 mg/La; The facilities were.assumed to be ‘operating below'design'
. capacity. (Committee”.on Water Pollution Management, Aébg, 1989).
. :further, from -Table 2. é it. appears ‘a8 if small plants, with a

capacity of’less than 3800 m Iday, achieve better solids removal.

'With.reference to the grand means of Table 2.2, estimates of

the contribution of effluent suspended solids to effluent BOD5 were

made using the methods in "Ap‘pend'ix A~ Roughly,,,io ,to,,QQ _p,ercent

- -(depending on what assumptions -are made with regards to hydrsuli& and .

- it ‘-“"-‘r'w.»»

o solids retent{dn’ tihb) of the BODS in “the - effkuent csn be attributed“
to suspended solids released'over the. weir. Dick~(1970a) has placed}
.”the figure ‘at’ 60 percent.-'Therefore;'for'the'conventional‘activated'
sludge process. the suspended solids which the settler falls to reamove -

constitute the major fractinn of lmn,_. dischnrged by the nygram



.

: TA;LB~2.2:j.Cbnvantionnl Activated Slndge Pbrfor-lnce as Healnred at
: Selected Treatment Plants. | g
(Committee on Whter Pollutiou Hanagement, ASCE 1980)

R f R sz1uen; |
Plant Size " Number' .. .- . Mean BODg o Méaﬁ‘és; :
(m /day) = of Plants : (ng/L) : (mg/h) e
o_,to 3,800 . . 3 B X 2 18.1 I
3,800 to 37,900 8 . 41,0 0 T a2.8¢
© 37,900 to 378,500 . . 1 : - 22,0 L 43,0 -
©  GRAND MEAN 32.5 e




The solids concentration in the underflow from secondaryif
' -¢larifiers w111‘ be less than 20 000 mg/L or two percent (Joint g
Committee WPCF/ASCE 1977).~ A concentration of 10 000 mg/L is -
- regarded as’ standard for most’ clarifiers_ (McKinney) " As with the -
effluent quality, underflow concentration is greatly influenced by the'
"settling rate of the: suspension.f'Bulking sludges can . result in ‘an
underflow concentration of less: than 2000 mg/L (Pipes, 1979)

'Besides ,the 'conventional equipment' options previously

Iisted a number of modifications are available o upgrade clarifier
performance; Tube settlers and parallel plates (known as’ lamellas")
improve effluent quality when added to settlers. However, as pointed
out by Mendis and Benedek (1980), these shallow sedimentation devices

do nothing to improve thickening performance. An air grid or: alterna—

«tiVe washing device will be required whenever plates or tubes are used

1

'gn (U S. EPA 1975) Iron or aluminum salts can improve clarifier per=

.'if«formance~without harming the microbial population 1n the aeration tank;;'

‘ .(IEC 1975) . AnOther’modification to the.conventional clariﬁier is'

) the solids contact unit. Mechanicalvdrive.paddles are:incorporatedf
t,.ui!:h.in the tank to improve flocculationy Wedge'wire settlers have

PP -

found application in England (U S. FPA 1975) A grid constructed of
vir? which is ttiangniav in neccion 18 planed within the tank betwoan

the in]et and ontlet.
As can be sean from the preceding process description, A

large number of options and modifications .are availahle to the.

: désig 3 ‘E cerned‘with secondary'sédimentation.'°Howevef as implied

in rlie disvwssion on bffluent and underflow concentratinnae, affiéiohéy



.. ’ .. 10

-~

";in removing suspended solids 1is highly dependent on the settling rate

\'<of the suspension, as. well ss the configuration of -the tank itself.

- The folloving section will thetefore, outline the parameteps and

'.tests “used “to categorize~wthe rate;-of settling ,of_'mixed -liquor

. suspensions.

2.2 ;-;wmta of Settling -

:There'are threeimeasutements'oi mixed liquor settleabilitv
'in'common use: ‘settled sludge volume (SSV), zone settlingvvelocity
\»IkZSV) and sludge volume 1index (SVI) To,determine these measutements,?ﬁ
"~ a 1000 mL _graduated cylinder :is filled'\with .mixed liquor and the.
".bosition;‘of_”the solid-1iquid interface._is monitored 'with time |
:i(Stsndard Methods{.IQZSZ.T lhe volume'oceupied'bv‘tne'solids.below the
'intetface_ishreﬁerred to as theAsettled'sludge volume. The slobe‘of 'g
'the:stfsight41ine portion‘of tne'interfsée neight’versus'tim&;curve'
defines the zone settling velocity (ZSV). The sludge volume index
'(SVI) or volume per gram of 8ludge following 30 minutes of settling is '

" obtained from.

30 min settled 'volume (mL/L) x 1000 (mg/g)

SVI = MLSS (mg/L) ¢D) -

.ghefé: .ISVI - fsludgetvolume index (mL/g)
ﬁLSS - concentration of suspended solids in the mixed

liquor (mg/L)

.



‘ull’f R

Owing to the simplicity of the test,_the SVi- parameter has:'

wide acceptance in design and operatidn.‘ Unfortunately, as pointedﬁf

© out by Dick and Vesilind (1969), SVI is highly dependent on the.

.concentration of solids in the mixed liquor. As well SVI does not‘

rd

relate ip a consistent manner to either the zone settling. velocity or

. rheological properties such -a8- sludge yield strength or plastic vis-

i cosity. . Test results vary depending on the eylinder diameter and '

'height, the temperature, and the presence or absence of stirring.

Dick and Vesilind (1969) conclude that SVI is best used for in-plant‘

monitoring of settleability and is a poor test for use in research oru

)

“for plant-to—plant comparisons.y-
V A number of modifications haye been proposed to overcome the
shortcomings of the standard one—litre batch settling test. Yesilind
.(1975) suggests the following guidelines for settling tests )
v e a cylinder diameter as ‘large as possible with 20 cm a
-‘>'minimum,
.-'_cylinder height _eoual to the actual ' tank depth:'being
‘studied, o i o L |
y cylinder filled from thelbottom;'and
. slow stirring of cylinder contents.\

"~ The last item, slow stirring, is important as it enhances

"

agglomeration.z’without stirring,_turbulence is quickly dampened in

small dismeter cylinders'-resulting 4in poor solids agglomeration.

A

\.

.ﬁlow slong the sides oﬁ the cylinder i‘and bridging or arching ofa

-----

PREANPN

.;;"solids-scross the walls of the cylinder. Benry and Salenieks (1980),;ﬂ_L1f

ce e I e P
- e

1Stirring also minimizes chanelling - the tendency of trapped water tof S



| bﬁe‘di":t ;"‘-“‘ii"“"‘lﬁldihs. ta,t.es_ in. clsrifiers. '-I'he settling. 'apparatus.”, T

comparing stirred snd unstirred settling tests, found that for n\soder-

atel“y '_bulkingi sludges, much higher settling “velncities wete observe&“_j_-“,-

for the atirred test._ ?or sludges uith extreme Bulking, both tesos:-’"_-"f-:-:--

yielded similar settl‘ing rstes.‘: c

'---:’f:f.i,"‘..,,.Wh;L‘t.ej_(.l'9.7_5s', _ 1975b) examined the use . of s stirred test to‘

g . Syl .
Tt v Lo a e, ,

;

| consisted of a lO -cm diameter perspex tube, 50 em in height, which

incorporated a 1 rpm stirrer. , 'I'o avoid Eoncentrstio;i’e.ffeets. the.

;vﬁere:-' » SSAVlZO.. - 'sti‘rred,soe_cific VOlume index at 20°C

'z.. e

test was csrried out ar. one concentretion, 3500 mg/L. USing% the“,f',;':

resulting values, termed stirred specific volume index (SSVI) Whiteﬁ""'i‘?"‘

~was able to prediét solids loading rates which were within 20 percent_":

ol
of observed full-scale rates. The classificstions were established '

. based on the SSVI test results end are shown in: stle 2. 3.

The effeet of tempersture on -the SSVI values was estimated
to be (White, 1980)
x 1.04(Te"20) £or Te: 10 - 30°c - (2)

ASSVIZO - SSV;T'e

..

‘8SVIpe = stirred specific volume index at Te
. . N . . ‘ !,

Te = .= temperature {°C)

Reed and Hurphy (*1969) 1‘189 ptudfed ﬂ!e effect of temperd- -

"-‘—s

..ture ‘on settling rste. Their results indfcsted that tﬁe effecﬁ of

"' §~ .




TABLE 243. Settling Rate’ Classificttion lcsed On SSVI Tbat
s (Adapted from White, 1980) o

ST . TUSSVI; ¢ '1  | . sV, .
- Class . . (gl Sy

A

. Good Séitling': L e0=Ts0 L T s
;;Average Settling ' _'_ ' : Co.80- - o - 1
:.,Poor Settling | ~-‘ SRR 120 R :ﬂ: ERR R 0.5

- Test Results Uqrelihblé*;_ 250 ' .

ki

R X Depch of test cylinder 1nadequate to. model full-scalg tank.

e o

[ 3 N R [ v
. 'b A' RS " Lt . - R PO
T



“s'uepension‘" increeeee. This phenonena can be explained in terns of the, '
forces. vhich resi(t t Subsidence of particles. Por a dilute suepen—

i

“'_‘eion fluid drag force predouinate (Shin and Dick 1975) Therefore, |

' ‘temperature changee af}t‘ect fluid viecoeity and hence the eettling rate
! ‘
of - the" auapension. fAt a high lolids concentration, inter-perticle“.,'; .

forces prevdouinate (#hln and Dick 1975) <Theee forcee. _are mot

‘u:'.n. B
-

influenced by temperature changes and consequently settling rate does -
'not change mdtkealy wi‘th tenperature changea. -
Fitch and T(os (1976) observed that SVI varies with euspen-;‘
'.3ion'concentration They estinated that the transition from the;-_,"-»,:‘
dilute to intemediate domain occura*at a ‘settled ~8ludge volume of-
approxi‘nately 300 nL/L and that the variation'of SVI with concentra-J
tian in the 1ntemediate domain could be approximated by a straight'{ ,
line with an ordinate intercept of =600 mL/L. -Besed on-these.-.obeerwr\af-

'tiogs_,‘-i'e new settling perage_terv, the approximate slbuige-’ quality index

© *(SQIA), was presented: - ., L e L Cl ) _ R

%

(a)' for SSV <300 mL/L (dilute domain);

SQIA = SSV/MLSS (3)

-~ : ’
-

ﬁhere: SQIA = ‘“the approxinate sludge quality index (nL/g)

SSV = 30-min settled sludge VqumeO'(.nL,/L) S ‘T o
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(b) for 300, mL/L < ssv < 800 mL/L (intemediate domain);

- i ¢ -

PR . . N . .. -~
[ * Lo

200 + SSV/3
WLSS

L]

"SQIA = (8)

Pipea (1977), in comnenting on the index, disputed much of

. i~ -
B e 5"
Tawl o

ufthe evidence upon which SQIA was based. He maintained-that-a linear -~

relationship in the intermediate domain was, at best, an approximation

- < e
CLice

Uand that the’ intercept of the ordinate whs'unlikeiy ‘to. be -600 mL/L
" for all sludges. : Further, he stated that the dilute/intermediate
tranaition could be anywhere from 200 to. 700 mL/L. |
A 2~-L beaker (19 cm high x 13 cm Outside diameter) has been.‘

:proposed as an alternative to the 1000 mL cylinder (Nalge) However,
experiments carried .out at the Wastewater Technology Centre in 1980
revealed that no major advantage was gained in carrying out SVI deter—
;_minations in a Z-L vessel as cpmpared to fhe standard 1-L cylinder

: Based upon the nreceding discussion, thel SSVIditest;l'as N
4proposed by White, appears to be the best of the pvailable settling(;'
'measurementa for research and plant~to-plant comparisons- When using
the test, temperature‘eftects nust be conaidered and it-should not be
used to study a'very heavily bulking sludée‘as_depth considerationa
'fi?become impottant. ‘Ihe“'standard'.SVI_ neaaurenent, because‘ Of;-ltS“

. simplicity,‘ remains .ueefuid‘for ‘day-tOfdavv monitoring of _plant;

Asettle'abilit'y- : o RPN



Measﬁremente of # udge settling rate,.particul-arly SVI“?""

N 5
. vt i - ’ e

shown in ‘the fo’llowing sg,ction., bat-c‘h" "~

[ S l. —— é_ “..

tests using su;all diameter cy[l.inders are also finding application in

recycle flow rate. < As‘will

T e

Coamo -~

clarifier design. LR

2 2.3 h‘iﬂ . B -. g . " _V—W‘ . :f_..l _ . ‘i. yoaT

o e @ -

'I'here are two approaches- to- the design of secondary cl‘hri—

fiers. 'I'he mos t common procedure relies on empiricsl loading rates

e

developed from research and past experience. More recentlyo a design
‘ spproach has been developed based .on what is known as, solids flux ‘

theory . -
Whatever the basis, a design procedure ms}: account' for up

to four zones in. the eettler., 'I'he top of the clarifier contains clear

‘ nsupernstant. iln this clsrification zone,.. particles ih dilute suspen-

1

sion undergo flocculant (or Class 1I) settling.,_ The rate of settling

,.-m'
* e

zZe rsnge w

IRy . - ...-~‘~

= and concentretion of the suspensiqn, velocity gradients within the

s

is nodified “by particle growth which is a func't:ion of the si

.zone, the viscosity of the liquid therdepth of the zone and the over- DR

flow rate (Metcalf and Eddy, _979). For a given surface area of tank,
. ’ VAR
depth (or retention time) bécome's"impor'tant ‘because - it governs the,

time available for particle collisions. In contrast, for‘ \Class- I -

.

settling - discrete : particles ‘which~ do not. coa'l'esc'e during

,sedimentation'- Camp (1953) has demonstrated that the depth of a

. settler . does not influence its efficiency in- removing suspended

-

» Asolids. v

t
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The transitton from clarification to thickening wls distin-

- -

guished-»by a solidsﬂ.riquid interface. Below the interface, particles
bin a. suspension of intermediate concentrstion ‘settle at a uniform'

: rate. As will be discussed 1ater in this section, the rate of zone or

~ Y

Class III settling is a function of the suspension. concentration.

\

Below the zone of . constant settling', separsted by a,transiti.on zZone,

St "\3

" the solids undergo compression (Class. IV.'settling). Psrticles develop
‘a structure which exhibits compressive strength (Fitch,. 1979) No

further settling occurs 1in the compression z,one unléss additional

pressure 15 exerted (Fitch 1979).

2.3.1 ° Enpirical .Los'dirlg Rates. Empirical design criteria, such as

~,.those 1dentified in Tabﬁle 2 4 key in. on. fo.ur parameterS' . 8uLface -

P e e - -

' overflow ‘Fate (SOR) solids loediug rate. (§LR), tank depth; and weir
: , | o rAn
'loading rate (W’LR). ‘;he surface overflow rate is the plant 1nflow
: rate per unit of ‘tank fsurface area.. Bssed -on -theoretical’ arguments,
- Camp (1953) demonstr/st:ed that’ the surface loading rate for a tank
7

handling discret%on-)flocculant psrticles establishes the settling

.velocity (vo) of the slowest particle which is completely removed.

AFor tsnks th horizontal flow there will be partial removal for
particles with rates lese than vg while, for vertical flaw tanks, nn
psrticles with velocities less than vy will be remnved,. Tharafore,
surface overflow rate is a clarificstion parameter.

Selection of sn‘appropriate solids.losd rate ~ the mass of

.solids: applied per unit area - should result 1in a tank arei which

pPrevents thickening failure. However., as has heen diacnaened by
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TABLE 2.4: De-ign Para-eten for cn'cnlar Secoudary Sedincntation

o

Tanks for the Conventional Activated Sludge Process

 18‘

Z(Adapted from: Joint Committee .WPCF/ASCE, 1977; PFair
et al, ' 1968; Great Lakes; 1971 Kalbskopf 1970;
Loughton, 1980; Metcalf and Eddy, 1979 McKinney; * Perkinsn'
and Wood 1979; Task Committee ASCE 1979; U.s. EPA,

1975) .

‘1) Maximum Diameter (D)

a)
b)
c)
d)

D<30 m (PerE&na and Wood, 1979)

D <60 m (Joint Committee WPCF/ASCE, 1977)

D <6l m (Task Committee ASCE, 1979) '

D <10 x SWD (Metcalf and Eddy, 1979) (SWD = side water depth)

2) Hydraulie Loading (or, surface overflow rate, SOR) (SOR = Qi/A)

a)
- B)”

c)

*

SOR <1.5 m /mz/h (Perkins and Wood, 1979) T
Horizontal Flov SOR $0.5to 1.5 m 3 /m2eh (Ralbskopf, 1970)
Vertical Flow: SOR <2.5 1.5 n ' /m2eh (Kalbskopf 1970)"
Average: SOR 0.7 to 1.4 o’ /m -h (U.S. EPA, 1975).

CPeak: " SOR%1.7 to 2.0 n?/m?-n (U.s. EPA, 1975)

‘; o

. Pegk:‘g,' Q1 + Qr)/A <SO m /m *h (Laughton, 1980)

4

3) Solids Léading Rate (SLR) (SLR‘5~Q1 % HLSS%A)~

_;)_,

)

)

. & :
SLR 6.3.to 6.8 kg/m’-h (Joint Committee WECF/ASCE. 1977)

'For effluent SS conrentratinon <3n mg/L (Kalbekopf, 1970)

Torfzontal: ¥1ow- 8

SVl SLR Haxiﬁum
(nL/g) . (kg/w’/h)
100 3.5
200 1.1 - 1.3
300 0.8 - 1.1

Vertical Flow: SLR <7.5 kg/m?-h (Kalbskopf, 1970)
Average: SLR <4.1 to 6.1 kg/m®-h (U.S. EPA, 197%)
Peak: SIR <10.2 kg/w’-h (U.S. RPA, 1975)

TN
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TABLE 2.4 (Cont'd): Design Parameters for Circular’ Séconﬂary“Sediv '

mentation Tattkks for the Conventional Activated
Sludge Process ' K s

(Adapted from: Joint Committee WPCF/ASCE, 1977; .
Fair et al, 1968; Great Lakes,” 1971; Kalbskopf, ...

1970;  Loughton, 1980; Metcalf and .Eddy, 1979;

. McKinney; Perkins and Wood, 1979; Task Committee 3

ASCE, 1979; U.S. EPA, 1975)

4): Theoretical Detefition Time (T) or Depth (SWD).
" (Detention Time = V/Q1) "

'8)
.b).,

c)
d)

ez

£)
g)

T >6 h (Perkins and Wood, 1979)

T ->2-h--(Task Committee ASCE, 1979)

T 3}.5 to 4 (Kalbskopf, 1970 . | A
Por tank diameter <30 m 4 >3.3 m (Joint Committee WPCF/ASCE,

For

1977)

tank diameter >0 m d 4.6 (Joint Committee WPCF/ASCE,

1977)

SWD >3.0 m (Task Committee ASCE, 1979)

For

For

wefirs at perlphery

SWD >3.7 to 4.6 'm (U.S. EPA, 1975)

SWD >3.7 m (Metcalf and Eddy, 1979)

weirs ofhnr{ge located SWD >3.1 m (Metcalf and Eddy, 1979)

)

6)

Floor

a)
b)
c)
4

Slopes (S)

21:2.7 (20°) (Perkirs and Wool, 1977)

S 21:200 ro ':12 (0.3" to 4.8°) (Task Cormirree ASCF ™

s
S >1:12 (4.8°) ('oilnt “emwittee WPCF/ASCE, 1977)
S
Q

>1019.8 0 1" (A& va T.1) (Cafr et nl , 1968)

Rake Speed (Vr®

)
b)

Vr <0 6 vo 1.2 m/~in (Joint Cogm' tee W “piAg T
Vr _’“? t 4 rrvg/h (Tag' Commirn e
Vr ” L | YA

S



........

. -IABLE;Z-A‘(Cbat!Q): De-ign Parn-etett for CIrcnlar 8econdat7' Sedi-
a ’ .7 . " mentation Tanks for the &muntional Actinted
Sludge Process - o
(Adapted from: Joint Committee WPCF/ASCE 1977 R
"Fair et al., 1968; Great Lakes, 197i1; Kalbskopf

1970; Loughton, .1980; Metcalf and Eddy, 1979; .7

'HcKinney, Perkins and Wood, 1979; Task Connittee‘
ASCE, 1979 U.S. EPA, 1975)

7) Feed Vell (dia. f - feedvell dia, f. d. - feedwell depth)

et

.
»

a) For 100% recirculation . : .
" dia. f = 0.2 x tank diameter (Joint Conmittee HPCF/ASCE 1977)
- f.d.  <0.55.to 0.65 x SWD (Joint Committee WPCF/ASCE 1977)
. b) dia. f = (. 17 x tank diameter (Task Committee ASCE, 1979)
c)  dia. £ = 0.15 to.0. 20 x tank diameter (Metcalf and- Eddy, 1979)
f.d. <l m (Metcalf and Eddy, 1979) ' A

j SR— i

_8) Weir Loading (WLR)

) For Qi <3800 n’/day: WLR <124 o’/day-n (Great Lakes, 1971)
Qo >jsoo'm3/dhy- WLE <186 u’/day-m (Great hakes, 1971)
b) WLR <120 to 480 m 3/dayem (Kalbskopf 1970)
) Por: ' .
I'arge Tanks: Weir {n Upturn Zome: WLR i2‘50 n’ /dayem
. , - (Metcalf and Eddy, 1979)
Welr Away from . WLR <375 md/dayem

Upturn Zone: (Metcalf and Eddy, 1979)
‘"‘ﬂ." Tankq: Average %W? . WLR <125 m? /dayem ..
' AR ' (Hethlf”and Eddy, 1979):
Peak: ' WLR <250 m®/day-m ‘

(Metcalf énd Eddy, 1979)

Wwhrrer A - gurface area of SOR = surface overflqw rate'
settler (m?) ' . w(ad /m *h) 7.
D = tank diameter (m) SWD = sidewate;ﬂﬂpﬁéh (m)
"a. f = feedwell diameter (m) T = theoretiz#] detention
f-d. = feedwell depth (m) time (h}y =
QL = wastewater flow into Vr - rake gpeed (totation
o plant (m /h) \ revs/h;tip speed
S = . floot q}ope (rise:rup) (w/min)) L
sm*'- q,;" Abg te VIR ~ weirylogding rate
' (kg/m om) ’ (n® /dad- m)



xhe p;ludge and the rate -of recycle as well ag. the tank area. -

Ttre imdequw og_mSl.R crite;;ia alone 18 demonstrated from .

"‘,‘,.' - -y!\-:“_v . A . -

the~ data frgm two treatment plants as. shown in Table 2.5." According

to the empirical aoil.idsh loading criteria liated in 'rable 2. 4

tanks ahould be expetiencing thickening failure.' In fact they

.-

' operated satisfactorily throughout the period for which the data in

"l‘able 2.5 was collected.

¢

€

As mentioned earlier, depth (or retention time) influences .

the rate of removal of flocculant particles.' Fitch (19-58)

el

_'demonstrated this with batch nettling tests and asserted that both

depth andl overflow .rate ‘influe’nced flocculant clarification.'
Fnrthermore, he bserved that there vas an. interaction bet.we.‘en the.‘
two. Therefore, depth as well as surface overflow rate are empirical
criteria aimed -at providing adequate clarification. .Cl'arification
depth i('s'the'd‘istance-.from the liquid surface "toA the. top of the' sludge
blanket. ' |

There will also be depth requirements for thickening and to

_ accomodate changes in fiow. Dick (1976) maint&ained that an adequate

-, ]
M

blanket height is required to prevent the claﬂﬁ}ed liquid from being
vithdrawn vith the- thiclreno.d pludge. Andev'son (1945) examined the
effect of sludge blanket dapth on uynderflow concentration. He found
that.ﬂfora bl-anl_t_et depth of 1.2 to 1.5 m, the underflow concentration
wa_s~ in exi:’esa. o‘f.‘ 20,000 mg/1., while' for a, blanket depth of 0.3_ m, the”

underflow concentretinn wag reduced to 6000 wg/T,.

)“

B

Yy
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‘TABLE 2,5:.

mckeni

'4(Adapted

. ....2,2..‘

ng Pbrforn-nca of - Two Clarifiern
from Dick and" Young, 1972)

- Location '

2

Solids Loading'

3 Aver
(kg/‘gg ﬁ)'

| Haxsm
' (kg[uzoh)

iPhiIadeIphia
-Middlesex

 '.-77

7.6

. .}4;2 N
S e 0 1Ls

—



‘ Adequate depth must alao be provided to store excess sludge
:which accumulated during high flow periods when the solids feed rate

-eXceeds the- underflow removal rate (Metcalf and Eddy,. 1979)

".-‘ .~ - .

'Thereforé, clattfier design must. ensure that the tank-depth°is gréat U

enough to provide for.clarification, thickening and solids storage.

\

' .Unfortunateiy, no allocation of - depth according to’ function ig made

~

,for .the criteria listed in Table 2. 4 , Criteria providing allocation :

of depth according to function would be the: equivalent of specifying

”sludge blanket depths for average and peak flow conditions.

With regards to effluent weirs, Anderson (1945) investigated v

both loading rates and location.< The existence of density currents

_which flow along the tank bottom and are deflected upWard by ‘the tank

.walls lead him to recommend weir loading rates ‘which were related to -

jweir location. Recommended rateg are as per item 8c, Table 2. 4

* . M

2.3.2 . DesigniBased on. Solids Flux Theory."An alternative approach

;to the design of the tank with regards to thickening is based on

solids flux theory . The .theory was first in introduced by Coe and

Clevenger - (1915) and applied ‘to clarifier design by Dick and others'“

‘(Dick, 1970a;.Dick, 1§7Qb;,pick and’ Young, 1972; Dick, 197A- Dick

1976-.xe1ﬁach et al;,~l976a,'l976b); Solids flux can beAthoug't of as.
the intensity of the "~ solids rain" enperienced at the bott&j\gf the
‘tank.' It is the rate per unit of surface area at which solids are

transmitted tnwards the tank bottom. S Common units are kg/m «day

(WPCF, .l976).‘ Solide £lux in"a',clarifier has Atmo' components:

4



nhere: iy Gy- = total* solids flux (kg/m2 d)

settling flux due to particle settling and bulk flux due to "the

downward movement of the tank contents as. the underflow is withdrswn"l""

J‘,,l...”.sh.,r;f;g;,_,ﬂ,4..,..
"for recycle and wasting‘.. o _
: : R oL T T IR IC I
. ’ . : B B AN S I B . - , sC 0, . v,
e e 3 e 0w N u_,;'.v’ﬁm ; RS TR AN S - SR L S R e T ':."_'-' ° S
« - ,b"o w8 P s ey RIS e T et T - .
- I AP Y L .l

TOTAL FLUX - « SETTLING FLUX + BULKAFLﬁXi o
or’ - '_ G = C v. + (Qu.c )/A ST (5)

. .~_1‘;, '

c, = suspended aolids concentration in zone of uniform " |

settling (mg/L) u B e

vy - ZS_V - zone settling velocity (m/h)

Qu - underflow rate consisting of - the sum of the recycle
'and wasting rates (ma/h)

A = surface aféa of settler (m3)

“The’ rate of zone settling, Vi has been found by - a number""

of researchers to be : function of the solids concentration,“

"i.e,, vy - f(Ci) (Richatdson and Zaki 1954' Vesilind 1968 Dick:“

~and ‘Young, 1972)._ A number of empirical relstionships have been
'.developed ‘to describe the velocity/concentration function.‘ 'I'hree of -

: the most common are. listed in Table 2 6.

SolidS'flux theory holds that there is a concentration,n'j

CL» which limits the downward transport of solids such that an.

i

.incresse in the rate of spplied solids reaults in sn increase in

l sludge blanket depth and the poasibility of thickener failure, ".To'
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”:' determine the liuiting eolids flux aaaociated with concentration CL'

‘-

f'ifa graphical procedure ie enployed baaed on the re8ults of q battery of .

o

. :.the ,aettling flux curve corresponds to- the limiting concentration,: ;

.-,the intersection of the Yoshioka construction with -the lower limb of .

f'eettling teats. At a variety of concentrations, zone settling veloci—»f

,.ties (Vi) are detetmined.-ff%

=

N

cohcentragions be developed as shown in Table 2.7.

'n»a .o-..wl u"-o—'.-‘--_z'

- = - - e

R R R ITIE S

‘The. settling flux (GiT -' vlci) identified by the tests,'f1“~i'

- when plotted on a graph of flux versus conceneration, will produce a’

curve with 'eharecteristic rising ‘4n4, falling linb ahown An "

- - L
. -

Figure 2 2 The line from the desired underflow concentr&tion, Cu,—“ -

:is the Yoshioka conebruction (Yoahioka,,1957) - The line has a slope.;

'.-of .} Qr/A. The intercept of the Yoshioka construction with the

-t

,abscissa identifies the 1imiting aolids flux GL . The ordinate of A

_ .éL? : Using the value of— GL the area (A) required for thickening.

lis determined as follows

wherer”“ ;cl ?‘er/Qi - recycle proportion

'Cﬁ = concentration of euspended solids in the underflow N

s

from the qettler (mg/L)

0 i

A,_.o v' ﬂ‘--f‘ A = (1 + al Qi MLSS

Lyl
<

;ck end Young (1972) recommend that the,%ii-ﬂ

'which ig just tangent to the falling limb of the aettling flux curve ;»';

L
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S TABLE 2.7

Suspgnsion Cb-ponentd for tha nhvelop-znt of lntch Plux'
Curves . -

(Adapted from Dick and Ybung, 1972) il{'

.'u§ubpeﬂ§ion Range 'f:'.t t f . . ‘f'- "3 5 'Coypohents

LS

L3

Diiute ﬁ"
Intermediat

e T N

P

Concentrate

i S __ MLSS + diarié}ér‘éf;ihgﬁ;'
- ' _MLSS + clarifier underflow g
',Clariffer un&erflow f?v.f‘“, )

Cew e e i 7\"“‘__._.,»,..'...
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"The.largest area is the required settler surface area.

* V. - o N 4 :
e ' T . . e W e ieee s . 29
. R ' . b .

' where: G = limiting solids flux (kg/m?.d)

- e = h

'.Iﬁgvgreaqsoidecermined"i€7f5eﬁ'cbﬂpsted éith‘the areslreqoired for

clarificstion, ususally determined from an empirical overflow rate.

- ,;T, Keinath et al' (l976a 1976b) extended the basic solids flux.

P

:design by plotting additional consttaints on the solids flux graph.

™ B2 €
a

The grsphical area which 18 bounded by the plotted constraints s the

o feasible'designldomain.f Additional constraints identified by Keinath'

Ve:e: .
w - o g ]

s

. a) clarificstion requirements .developed either from oveffloy-

tates.or'empﬁticsl7models;
' . b) maximum recycle limits;‘agd

'¢) minimum underflow coocentratioo.limits;

Bisgoni'shd Dick (l978),'in«comﬂenting on the'constraint

.procedure, felt that,abmpiimum recycle constrdintfwas=unjustified as

E~‘t'locu'm_\e"x‘;te_cl‘'.__e_vidence'of.‘the'."e\'fifeci: of éecycle:On:effluentvquaiity was

not“svailsble. _Futther, they‘sdvised_that snAadditional consttaint -
e e - L \

a maximm underflow. concenttstion - be addedA: "Their experience

indicated that the use of batch flux curves could lead to the predic-

tion of onjostifisbly hiéo underflow concentfations.

For an spplied solids flux of G, (Figure 2.2), the

' conceantration G is determined ~bxﬁthe intersection of the Yoshioka

line with the rising 1limb of the solids flux curve. This 1is the

concentration of the dilute sludge blanket which, for an underloaded

settler, occuples the regioonfrom the top of the thick sludge blanket’



A

to. the feed point (Liquidara and Kbinath, 1983) For d given recycle

i

rate, there is a maximum solids flux f identified by line a—b on '

. Figure 2 2 ~ which can be . transmitted by the dilute sludge blanket.
If the app;ied solids loading exceeds this maximum, the dilute blanket
propogates ‘to the surface of the settler resulting in a high concen-

/-

tration of -8olids -in . thé‘effluent. .As & settler which is overloaded

vwwith- respect to‘ clarification is also overloaded with respect’ to

thickening, the thick blanket also propogates upyards.
R :
Experimentai evidence indicates that the effluent suspended

Sl E ¢

”}solids concentration inCreases as wthe dilute blanket concentration*

increases (Dietz and Keinath 1982) The: degree of flocculation in_

.

fthe settler is established by the detention period of the clear zZone

‘above dilute sludge blanket (Dietz and Keinath ' 1982). ‘ Improved

S

clarification and an increased capacity to withstand clarification

failure therefore result from an increase in either the depth of

ﬂ

'feedwell submergence or the depth of the clarifier itself (Laquidara

" and Keinath 1983) o R - - T

Based on the theory developed by. Kynch (1952), attempts were
made to simplify the procedure for obtaining the settling flux curve.
: Kynch stated .that :the cdncentration just below the solids/liquid

interface could. be determined from the shape of “the settling curve

itself A tangent to the settling curve at point b" -on Figure 2 3

\'\//—-

will have intercepts Hi and tys . The corresponding iponcentration .

\

and flux will-be:

cb; = (MLSS-H )/H t ' o (8)
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Figure 2.3 Kynch Constvuction for Pataymination of

Valiag. 2%

Solids Tluv
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”hhd‘ o L o - ) .' ) o o | A: ,
= . ~ . ¢ -
Gy, | (MLSS Ho)/ti T (_9?
where: | Gy = the solids flux for point .'b" .ot the asettling curve
(kg/m+d)

ti = the X intercept of the taﬁgén:"to _;he se‘ttljtng. _gptiré- :

at poiant “b" (min)

As a variety of ta‘hgeﬂts can be drayni to the interf_ace gubsidence

curve, a variety of cb/Gb cdordinates_ can be calé:ul-ated and thus

-

the settling flux curve determined from a sinﬁle batch set:tli ng test.

Talmage and Fitch (1955) carried the process futther and

determined the" thickening area wit-hout developing the solids ilux,
- . ' ' N - '
curve at -all. ‘The procedure involves selecting the desired underflow

concentration and calculating a value, H,, as follows: . . >,
( % ~
MLSS-Ho .
l’lu T T ) ' (10)
u
whare : H, = Aepth  corresponding *to the desired under Mow

~oncentrattsn C, (~m)

The time, t,, tn resch the dani-ead underflow econcentration, Cys 1s

Aatarminad fram the tangent o rhe ermprevssinn l"’-’i""' "‘C" on th



. R ]
. ’

interface subsidence curve. - The procedure is as shown on Figure 2.4,

The required area is‘théﬁi

N .
- e ™ . »
- T w

A - 8 (11)

Unforgungtgly, a8 reported by Vgsilind (1975), research has
sﬁoﬁh that kynéh'ﬂthheory does not apply to highly cdﬁﬁressible
materials."As‘éétiygfed sludge fallg 15ro thi; categdry, design mvar
be baséd on a batge;§ of tests.
| Solids nflu’x".theory also provides 1nsight 1into the depth
required for ﬁludge storage. For an overloaded condicion - the

v applied flux (G,) exceeding the liwitihé flux (G) - Keinath"
et al. (1976b) deférﬁined the depth o?,sludga storage (AH) required by
calculating the aifference Betéeen ‘GL and G, multiplying by the
time (AT) for which the ﬁvérloading condition apr'led ana ﬂ‘wtd‘wé bv

the limiting concentration (r):

e

(CL . Ga)'AT BER
AR R
C"
vhera: AH = gqeortler depth required for "Vudge atorage (v
s
AT = perfied for whi~h gettlar iy i (f\ ’

c o nel'e T anlide flux (kq/"‘
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K

"INTERFACE HEIGHT - (CM)

/

. “TIME {MIN)

_Procedure:

a.) tangent to uppér limb, (1) -

b.) tangent to lower limb, (2)

c.) bisect-angle at C'

d.) 'tangent at C o

e.) select t corresponding to
required Hu'

Figure ? 4 T§1mage and Fitch Construction for -Determining

Thickener Area.

<

T
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Metéalf and Eddy (1979) recommend a similar procedure but used the

‘average of the feed'aﬁd underflow concentrations:

Tt
(G, = G )eaT .

L a .
LSS + €372 (13)

\

AH

Despite tﬁé advantages derived by using sblids fluxAtheory
i design, 'the  method 1is still approximate. Condi;ions ;n the
clarifier will d;ffer to a éegree from the idgallconditions‘aSSumed in
theory. In particular, solids flux theory ;;éumes ﬁﬁaﬁ:
| | a) solids are qniformly applied over the cross-section of.
the tank (Dick and Young, 1972);
- b) sludge removal produces a nniform.downward velocity (DicV
and Young, 1972); and fhat
c) settling rates in ful}*scale uniés can be determined by
using batch settling tests (F;tch, 1979).
As has < been shown, settlef design 1nvolves the correct
.“\\\~dineﬂifgning of "the tank' to ensure .adehuate area and depth for
thickening, ciarification, and slgdge storage. Besides being influ- .
enced by settler dedign, the performance of the activated sludge
system depends on sgettler oaperation under fiald econdir{on~. The
designer migt, tharefore, algo pay adeqnate attentinn ta rhe dyﬁamir
behaviour and tha contrallability of the ~YTgp{fi - These {gseues are

-

further explored {n th- hext gecrinn.
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- The mode of operating the activated sludge eystem “will

R

either directly 1influence clatifier perfornance by changing flux con+
ditions* within the settler or indirectly influence it by changing the
characteristics of "the suspension which is fed to the clarifier. of

the four activated sludge control options - air flow control recycle

tate control, wasting rate’ control and incremental feeding (or

step—feed) - the last three hpve a direct effect .on settler perfor4
mance and will be examined in- further detail.

,Whatevet the eontrol strategy employed, it wust lead to‘a-,'
net benefit invtotalieystem performance. System perfotnance is-eyalu-
ated with fegerdeAto four;objectives:

' a) prevention of- system failure;
‘b) minimization ;f‘diecharge of BOD; |
¢) minimization of operating costs; and

d) minimization of siu‘dge proee'eeing disposal costs

: (Keinach_e_g‘g.;1979)

A number‘of characterletica of the activated sludge progess
and of waetewaters in general make evaluation of controlﬁsttategies:v
difficult. A= pointed out by Q1saon:(l976),_tne response of the acti-
vated eludge system to operating changes 1s_strongly non-linear. A
second problem {s that the rec&ele sludge line introduces a process
feedback’ loop which makes the system difficult to model and understend
(Tracy and Keinath, 1974; Andrews, 1975; Olsson, 1976). _For instance,

3 chang~ {n recycle rate may improve conditions with respect to solids

flux in rho enttler, yet degrade the clarification characteristics of ..



'A-.'(Bisgoni and Dick, 1973) o S '. o

e e e e . ) e ————

&

the blological susyension. Chenges in system operatign introduce.

) transitory effects uh:lch are’ superinposed on dynamics elready created... .

by variattons in whstewater temperature, flov rate, end compositionu

2.6,1 . Recycle 'Con\:rol R

a) Constant Recycle S

The, recycle rate will either be set at a constant value or

8 e

vary i.n proportlon ‘to the rate of flow of sewage entering the aeration:

tank." Fot qons'ta‘nt' recycle, the sludge blanket will rise and fall».. '.

-vthroughout "the day asv the plant inflow vsrles. Recommended’ recyele.'

rates are-as shown -in Table 2.8.°

Hcl(inney has Qstated that a poorer effluent quality results :
1f a recycle rate is -used which is in ‘excess of that" necessary to
prO\ride adequste distance between the weirs of the settler and the
sludge blanket -‘during the highest flows<_.associated with "the d‘iurnal‘

eycle. Keinath et 31_" (1979) suppott‘ed the view that high recycle

‘rates degrade effﬁ&t quelit.y'. Observations made by Sorensen (1979;

1980) based on pilot plant operation indicated that ‘effluent quality

was ‘nst particularly affected by the recycle rate. Using a
fractional factorial design, ’!‘untoolavest‘gi al. (1980) examined the
effect of a number of ver_iables; including recycle rate, on floccula-
tion in the geration "bssin.. ~ Their experimental results demonstrated
that .the effect of .r:e:ey_cle.‘ _'wasv 1n’tei‘sct1ve, i.e., the effect of
recycle depended}.. on the levels of the other variables. At low air

[y

flow rates in the aeration basin, increasing sludge return reduced
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m 2,.‘8: .'l'ypiccl ‘Recycle no- llte Pcrcenngéa
o T T (After Tsugita et 'al., 1977) : o
' Recycle rate n -a pcrcentage of influent flow o

’

S e Average ] Lower Limit Uppet Limit
.. Type of process. o (Z)_ . (Z)V . Lo (z)__.
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~Scep"-?éed h - . L :, 50 ' 20 L S g 7.5_ -
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~ Extended Aeration S " 100° T - 50 o Lo 150 3
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'effluent 'solids. 5"It :was poetulated _that ‘an | incrense"in ’recycle‘

resulted tn a greater number of preformed floca in the aeration basin

‘to which colloids could adhere.- At high air.flow rates, an increase
'~in recycle resulted in a deteridration'af effluent quality.: It is;
likely that" high air- flow tates create ‘floc disruption and increasing'
the floc concentration in the aeration tank . by increasing recyc1e=

Amerely produces a’ greater number_ of' primary 'particlee. These -

perticles.have a.nerinum dimension of between 0.5 y.and 5 | and are

- notieettleable. L :

) Vith regards to underflow concentration, solids flux theory -

and more particularly “the state point concept can be used to predict

the underflow concentration and " control recycle (Keinath et al.,.“f*

1979) &Ihe state point 1s the intersection of the Yoshioka line with

9,1

a line-having a slope of Qi/A end an intercept of zerot The-coordi—

'nates-of the state point willitherefore;be:

<

. QleMiss . A
| o - 5 b
"and’ . . ' '
Gsp = MLSS . :;: R I (15)
where: Gsp = aolids flux corresponding to state point (kg/m? d)

Csp - concentration correaponding to state point (mg/L)

Increasing the recycle rete.is.the eduivalent of a clockwise rotation

of the Yoshioka line about the stete point,‘;s shown in Figure 2.5.

39
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The 'underfloh' concentration corresponeing' with each of the recycle
_ rates will decrease ‘a8 - the recycle rate is increased. ;“‘ ' .

| If the Yoaht/fa line cuts the flux curve, as is the case foru
'the dashed line with“slope Uy in Figure 2 5 then the aettler is::
) overloaded with respect &p thickening. An appropriate response to an'j
. overloaded! settler is to increaee the recycle rate so that she .
Yoshioka line no longer cuta the bateh flux curve. Using the graphi-l
ufcal representation, an increase in influent flow rate is - represented A

by an anti-cloekwise rotation about the origin of the line with slope

‘>

Qt/a.
| { An alternative and equivalent procedure to graphical examin— j:
jation is a numerical procedure based on Dick 8 velocity/concentration ‘
relationship of Table 2. 6 For a given settler area (A) and state-
‘point MLSS concentration, the following trial-and-error$procedure
establishes the recycle rate which results in critical loading

: STEP ltj‘Select a value of retycle;_ozf Qr/Qi; - -(15)7

Py
i oL A

I . 'IHSTEPIQ: From a battery of tests, select the batch settlinggp
coefficients a, n.

STEP 3: Deternine the limiting solids flux (G ):

a

: s PR 1/ - L
| A A,



~'Page .41 was removed due to copyright rdstrictions. The

" 'page contained Figure 2.5, bpta’i.ned,fga report by
.Kefnath et al. (1979), showing a batch settling curve,
fi.the‘“state point", and _Ti.nés representing varijous r'ecy'c1e'

rates.
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where: i'C£~- sugpended1:noLidé ¢9ncent£atibn-,n;'vliniting”lnnitds,

v’ .where: vy = ‘the " zqan }ettling velocicy »at ﬁniwff%

'A C N Y : _ "_:a. & v“‘.' .
(m/h) o T
) e " ‘ o . . A' ] . . | ) - st o
e : o, 71“ ) o - L cL L ;w . o - "_'.‘ oo

STEP 4: For a Yoshioka line'corresponding to a récycleggnte
of 91 and tangent to  the solids flux curve, the
underflow concentration 13'. o i< ‘

G, A . | | \ -,

u i QQi . : . ' - N "\(20) -~

-Determine the MLSS' concenttation corresponding to"

" the' selected tecycle and’ based on a solids balance

.,(

_araund the aeration*tank:

MLSS' = Cu'CI%EJ S (21)

1f ‘MLSS'_ equals the state-point MLSS concentration, the ecritical
\.recycie rate has been found. . If not, then a new value for « is

selgcted and the procedure repeated,



recvale rate required is:

The adeeuprocedure wiilibeﬂpbrticuierly'ueeful in conjunction with a -

computer. SN

Dick and' Young (19739, »uéing this method, were able to

obtain a comparison of predicted and observed underflow and MLSS

concentrations. For two pilot plants examined, the ranges were -10.to

+20 percent and -20 to +20 percent. White (19753) found he was able

to predict underflow concentrations to within +20 percent of observed

’

’ Valuee.. - Other ‘studies by - Schaffner and Pipes. (1978), Hibberd and

Jones (1974) and Munch and Fitzpatrick (1978) were unch less success—
ful in applying flux procedures to predict underflow concentrations.

Traditionally, recycle rate has been set. based on the»sludge'

[

_volume index (SVI). Using fhe SVI. values, the maximum under flow

—~——

-'concentration, Cu, is calculated as follows (Dick, 1976; "Séhaffner and

Pipes,

1978)5 _ ﬁz- - 3;‘5

(=N

c = 108/svI | (22)

R}

"Based on a mass balance of . sollds entering and leaving the aeranion

tank and neglecting solidn in the feod from the primary aarrler. the -

MLSS

st
a Or/Qi -c—':*—m:‘; 2%

where: MLSSg, = setpdtnt MLSS



The plant operator can’ check the accumnlation of solids in

the settler using the previously determined values and the measured

& .

influent ratet Qi (Schaffner and Pipes, 1978)
Accumulation = G A *‘Qiéuj“ : T (26)

Pipes (1979), in examining this procedure. analyzed data'

© from a large number of plants which were experiencing bulking. He
fOund, that for tvo-thirds of plants, ‘the underflow cogcentration from
the settler exceeded 108 /svI, Dick (1976) has also commented on the

inadequacy of SVI as a predictor of underflow concentration.

b) Proportional Recycle'

o As an‘alternaEéVe to conatant recycle,‘proportionallrecycle
is employed. Pronortional,recycle 1s used to establish_food-to micro-
organism'(F:M)'ccntrol and, thereby, maintain a constant growth rate
in the aeration tank (Buhr, 1975). The recycle-ratefcan be’ set“based.'
on & number of variables including: . ;" S o=

i) Influent flow rate (Tsngita et al., l977).
ii) Influent total organic carbon (TOC).(Olsson,ll976).
111> The difference between influent and effluent TOC'ner unit
of volatile MLSS (Flanagan, 1975). . -
iv) The respiration rates of the recycle and mixed liquor
sludges (Flanagan, 1975).

Al
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. . » . ) ot - SR 'r.@ e
v) The solids concentration of the wastewhter entering the
e A >
aeration .tank (Pearse, 1942). " . .
o . - L

Cashion gs'gl.‘(1979f used a mathematical modél‘and_pilot—

.scale facility to examine the F:M strategy. They fdund that effective

il F:M éontrol could :?t be applied by };f?igséfpe

that blosolids storage  in the recycle loop was required. "Eyen with

cycle flow alone and

biosolids storage, F:M'cpntrol, ag;hqugh“decreaéing the variability of
4v§olub1e TOC 1in the effluent, ‘incfeasedp particulaée TOC‘/due to the
fintrdduction of hydraulic transients.

- o

Using dynamic mode;a and cogfuter simutations, Busby and
Andrews (1975) determined that system pérfo?mance, as measured by the
kilogrqmé of BOD discharged per day in the effluent, could hé‘improvpd
by 10 percent using prqporttonal'recycle; Further, the simutations
- indicated ‘that 1ncfeasing the 'recyclé ratio 1increases the HLVRS
concentration in the aératldﬁ tank an& hence improves'BOb removal. Ae
increasing the recycle ‘rate leadéfto mof; anlidg in' the effluent from
the settler there 1is, thgrefbre, a recvycle ratio which optimizes
system performancé. This Optimuﬁ rgéyc]a ratfo wag”thoughc ro e g
function of the slﬁdge settling nharéftarist{es and €he ddfr““;ﬂn t Tme
o the geration tank (Bugby and Andfeww. 1975)Y,

hiaadvnntégos af pr;rqrt{oqa] recyrla conrrosl {n~lude tha
nead for varishle apead contral for>thg recy~le pumpa (MrKirney) gnpAd

the {increrred pogaih{lity of solids washout (Tengira ot al 197 7).

Additional crevator attention to the recycle rate will wl-n he

required. A mrcuwal prepared for the ' €. EP/ /Tgirgira et al.. 1977

YA cryrmesca le 1 Yoy [ 2P \Y»Q'-B'-(.‘T Chqr‘k an' "Frer v ee e e, Y v g



two hours for proportional control compared with once every eight-hour

.

shift for constant r:ecycle.‘

v

2.4,2 Sludge ‘Bianket Cdntfol. 'I'he depth of the sludge blanket in ’

the clarifier- can be used to either control the recycle rate or, ubing
~ .‘1
a constant recycle tate, to control sludge wasting (Sorensen, 1979).

| 7
Sorensen (1979) examined the latter sttategy using two pilot plants i

parallel. Strong evidence indicated that the waintenance of a. high

blanket produced a better quality of aefflyent. Sorengsen's results,

?

comparing sutomatir hlanket rantrol with man»"! oreration, gPa ghown

in Figuvre 2,4,

Clough (1974) and P11l (1974) have also commented on the
improvement of gffiue_nt quality obtained when the incoming clarifier
flow {a diséharged below the sludge blanket. 'Resch (1980) found that

the effi{ciency of vertical-flow Dortmund tanks improved as the .depth

co 4 - r

of the blanl"bs above the feedwall onutlet increaged. He felt that
hacauge eurh tanks conld maintain = good effluent quali.ty at higher
loadings 1{n ';mpatiaﬁv‘ to conventional ‘gettler~. they nhou'ld he
Nmn'dered‘@or use in middle ¢q lav'ze-eized wor"" Howaver, evidenro
from rwth*cknniqg of ensl rafnwn cuggenats that the 'ntrc;durtion nf
foeo? he“l\nwg‘ tho hlankar 14 :detr'w""w‘ 'Y the ~ '"'dg cancentrat{on 1n

4
rha nderflow (Koleghan, 1980),

Tee 18 made of the eludg~ h}anlm' in vertical~flow settlers

used for, the treatment of pnreble Aty . “regory (1979) maintains
that the mechan’ yme of clarffierd-- ir eneh nvrg vmg ava: fl’).r\cbula-‘
r LARE X | . ' meet g v ) ! ' A1A 2 R thae ‘-‘r'v"?r de Ty

wd
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Page 47 was removed die to copyright restrictions. The

page contained Figure 2.6; nhtained from a paper by

Sorensen (1979), :howing corparison of tw effl ants,
one effluent fre o ¢ + rnalled nn the 'agi  f

sludae hla ket ' camd e o

o, LI BN



of 2 to 3 m ‘dre neceaaary for good stability of operation. Deteriora—

tion of blanket stability can occyr because of poor diatribution of

inlet flow. ‘ To maximize flocculation 'in blankets, Degremont. have

developed a pulaated blanket sgettler (Bebin and Jacquart 1976)’ A

feed chamber {nsorporating a vaCuum which is alternatively applied and‘
broken 1s responsible for the pulses within the bed. .

‘ Olssan (1976), though noting the possibility of lmproving
effluent suspended'solids concentration with a deep blanket felt that
wasting based on blanket depth may be a poor strategy. He reasoned
that, based on this etrategf, wasting will occur when the blanket is
.at 1its highest and consequently, the inflow and recycle rate (aasuming )
‘proportional recycle) are aleo at their hlghest@ ﬂhe resulting sludge
W11l. therefore, occupy a lhrge volume and have a dilute concentra-
tion; Secondly, as the vasting rate s typically three percent ‘of the'
recycle rate, any wasting strategy aimed at improving settler perfox-u
mance is likely ‘to have 1limited “control authority . McKinney noted
that wasttng will be controlled by the operational requirements of the

Twdae pPocersing train a?d net by settler requirements.

A number of dev{cesg are gvaillable to Aetermine blanket depth

wher amploying a blenter sttategy ov checkinz for overloading.. The

Ar " rag 'neludos
a) » aqerieq of eampling pumps with inlet Il{ines mounted‘at
various depthe (Teugita et al., 1977),

h) alecttonic sensors based on the meagsurement of light

"Enuerion hetween gouree and rhotocell detector which

/

/
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may either be 'portable (Engler, 1978), fixed, or auto-‘
matic (Eur—Control, Partech), | |

“¢) sensors based on the measurement of the ktenuation and.
 s actering of ultrasonﬂc waves between the transﬁitting
nd receiving elements.: (Neo Nishi Bara), o ’
d) a sight glass with a 1light  source at the Llower end
(Tsugita et al., 1977), |
e) a core ﬁmpler consisting of a plexiglass tube with ball
‘valve which 18 seated when the samp]er strikes the tank
"bottom (Sherman, 1980),
£) an infrared blanket sensor (Flana“gan, 1975). S a
Walton (1974), using a photoce.ll-'deyic'e", meaéu'r:e'd.vari‘ation.s
in blanket depth of a factor of two over theAbastﬂﬁérea.

3

2.4.3 Step-Feed Control. ‘A specialized activated sludge configu-

ration allows for‘ the addi‘tion of influent feed from the primary
settler basin along the length of the aeration basin. The con epr,
known as "step-feed”, originated with Gould (Torpey, 1948). A
constant recycle rate with sludge returned to the head end of the rant
{8 used with bthe system. For an overloaded settler, the control
action {inveolves shifting the. addirfon of influent fe&d tbw’érds the
outlet end of the aeration tank, As a consequence, blosolids are
stored 1n the aeration tank near the inlet end while the flow leaving
the aeration tank con.tains a reduced solids concentration. The net

effect 1s to reduce the solids loading applied tn the settler. Using

st"p‘feea, Tarpev nad Chaa{ek (1955) achievad avarage guspended s~111-
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concentrations at three New York treatment plants of 6, 19 and
Busby and Andrews - (1975), using computer. simulatf6ns,

examined che utiliﬁy of wvarious control strategies in preventing

'thickening failure when the’ system was undergoing sludge_"bulkingf&;;

Greater benefits were derived from the step-feed strategy than efther
wasting rate or recycle rate based on sludge blanket height. In addi-
tion, step-feed was thought to be valuable in preventing upsets caused
by shock organic overloads or toxic slugs.

Many of the problens in undefstanding and controlling

activated sludge *operation arise because of the unique hydrgnlic

conditions in fhe settler. Density currents, which influence perfor-

. . Y
mance, occur in all secondary clarifie;%,’ Clarifiers do notwpperate

at s;eady—étate but are subject tgca‘nunber of time-varying distur-

.bances. " A8 well, ;thg ‘dcgntrence of other nechanisms "besides

°

sec:ling - mechanisdesuch as flocculation and eutTapment - make it

"difficult to relate hydraulic efficiency to removal efficiency. These

o

points are furthet discuangg in the following section.

2.5 Hydraulic Considerations . . . .

There 1is general acceptance that "settler performance is
dependent on the hydraulic charécteristics of the tank. A substantial
body of literature exists which describes the ' development of tech-

niques for evaluating hydraulic charactertistics.
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- 2.5.1 Evaldatibn;fechniques. ‘Hiscp:ically, bas;E\Pydraulics have

——

been ?cudied by nehaﬁrihg the diiutidn of a tracer as it passes from
1n1ét.;o‘point of dia@harge.. Tracers used'includé-dYe;, salts;'and
rédiohctive 1so£;pes: The method of additioﬁ vill either be
continuous, for-deﬁermining the‘direction of flows and ﬁhg location of
;tagﬁant areas or instanganéoug, forsthe development of résidence'time
distribution (RTD) curves (Hazurczyk.gg_gl., 1986). |

Based on the evaluation of, a Ires}dence' time distribution
curve, @ny reactor can be classified into _oge_}aﬁ_'éhree .hydraulic
régimes:' plug flow, complete mix or arbitraf; flqw; For a. plug flow
reactor, the tracer passes as a slug thr;ugh the system with né dilu-
t;on. In contrast, for the coﬁplete mi; system,.the tracer is instan-
taneously mixed throughout the tank volume. Thg regulﬁing concéntra-

o

tion of tracer in the system effluent will exhibit exponential decay:

C = Co EXP (-t/T) . ¢ (25)

where: = C = concentration of tracer
.Cq = 1nitial tracer concentration; the mass of tracer added {
divided by the tank volume

t = time after tracer addition

T = theoretical retention time; V/Q

All gettling tanks exhibit characteristics of the arbitrary

4

flow regime which is intermediate between plug flow and coﬁplete i x.

PDeviation from plug flow {n settlers can be attributed to the

L
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existence of stagnant zones, small-scale eddies and large recircula-;
tion patterns (Villemonte et al., 1966).. Hydraulic - efficiency for
arbitrary flow systems 1s chsracterize . by a .number of pmrameters
measured from ‘the RTD-icurve,i which 1s generally graphed~'in ‘a
non-dimensional format'(d'ﬁé yersua t/T). Some of these parametersn-
are indicated 1in Table 2.9 for the RTD curve of Figure 2 E

Alternatively, RTD data can be used to  fit parameters ‘to -

' ~various flow models. Common models include the dispersion, N-tanksﬁ

in-series and dead space models. The . dispersion model was developed
from a mass: balance of tracer entering and leaving an element of flow
and, assuming that the mechanism of tracer mixing 1s similar to that  h
for diffusion of matter on a microscopic scale, by applying girk' |
second Law (Krenkell.l962) The dispersion model contains two - psra-_
meters - the dispersion index }d) and the average flow-through time,

: %,A Levenspiel (1962) developed a procedure for estimating these para—‘
'meters based - on a statistical analysis of the RTD curve. Using

Levenspiel's procedure, mean flow-through time is related to the cen=

trnfd of the RTD curve as follows.

= ItsC . ' ey
t zC ; S . _(26)
where: C = concentration of dye in the reactor effluent collected

at time t following tracer injection.



" TABLE 2.9:

.83

~i

’Paraneter- for dmrlctcrizing !!ydraulic !fficicnciea fro-
Residence Time Distribution Curves
.(Adapted fronr Dague and Baumann, 1961,» Icvenspiel,

1962; Villenonte et al.,' '1966; Villemonte “and Rohlich, °
¥962) : . : _ . . o o

K3

" -Parameter . =

" Estimate of; .

T, =gy /T - . Severe .short-circuiting
T, =t /T " Stggpant_zcncs . i
T, = €, /T Anount of edd&ing
515%’ tb/T- " Turbulence and large scale
- ’ recirculation
L E/T _Deadspace .
ﬁz'-ftp)/fh ‘1Indcx.of ghort~c£rcuiting- a "
CLotg/T o Flow through eff}ciency"
:ﬁﬁefg;f' Qt; '?:('time to half area, Al ELAé'
ty = _as defined by Figure 2.7
t, = as dcfined by Figure 2 7
- first visual trace time
';pj = t;time to peak concentration' |
St - centroid of RTD curve, T - Lte C/ZC

- theoretical reten:ion time, T = V/Qi‘.



'Page 54 was removed due to copyr1ght restr1ct1ons Tbéf'

g-:ned F1gure 2. 7 obta1ned from a paper by

'V111emonte et a] (1966), show1ng a tracer washout curve

w1th the parameters used to character1ze 1t .?"

. g
. - ‘
.
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" ‘The variance -of the RTD curve is celculated according to the following

. '-formulae'~"'
? '°z~._-- ze?c 52 T ) . . .('27)
e “IC o S T
- o B '~~~(§EJZ,, o T 8y
where: .ai'; “the variance of the RTD curve (C veet)
:'og = the. variance of the non-dimensional RTD curve (é?fo vsf

The variance of the non-dimensional RTD curve is related to ‘the. dis—

ersion index for one .af three possible system configurations‘-'open,

'closed and open/closed (Levenspiel 1962);\ Commonly, the configurd-

tion will be cloaed as the tracer is injected into and collected from
(

pipes entering and ~1eeving the "reactor. For a closed vessel the

1following equation’ applied"
o= 2 -2 (L-xp (-17a)) (29)

The - above - equetion is solved by cut—and-try methods to ohtain the

'dispereion index (d)
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\f:h‘a ﬁl;:'v'_ }

Another model commonly used to characterize flow in- reactors,f§3”‘

“1s the N tanks—in—series model. The reactor is assumed to be repre-ﬁe,._

sented by ‘a series of "N" completely uixed vessels. The predicted”

7
concentration is then
S ‘ -CONN ‘e:s]-l.m(_‘m)‘ﬁ R [—(30) '
e __i r._;{(N‘1)I “..' < . o . .ei;i-' i -
where: Cy = initial coﬁcentration

e

N = number of completely mi;ed tanks of equal volume

9 = nornalized time - t/(V/Q)

’ .
)

« K " = . .« . ‘1_

- As the. value for N approaches infinity, the reactor sssumes plug flow o

conditions.- Estimates of N can be obtained using the variance of the .

the non-dimensional RTD ‘curve as follows

'
{

Alternatively, the value for N can be estimated using a proeedurel
known ag nonlinear least squares..; The technique' cbnsists of . a;'v
computer séarch for estimates of the model parameters with the search‘:
terminating when the residual sum of sQuares - the sumfof squares of¥~:

: the differences between the observed and predictbd values f has p

.»‘

. reached a minimum‘(Wolfe,‘l965 Thackston et al., 1967)¢, Detsils of

.$¥._

No=olah e D

,

I



.the nfoceddre as applied "to the N—tanks model are contained.“in a
recent paper (Chapnan, 1982). |
| | A model presented by Levenapiel (1962) enables ‘the existence
}-of unnixed volumes in a reactor to be estimated. The model visualizes.
. the contents . of the reactor to be divided into two zones - a zone of
active mixing where the tracer is instantaneously and completely
disperaed and a zone of dead spaé”—Into which :ﬁ@ tracer. cannot
penetrate. For such a reactor, . the RTD curve. resembles that of a

'reactor W1th 'a much smaller volune. The appropriate model -is8. as

=

'fbllcws:
PR 2 '
C = Co-(vg) ° EXP(~ o5 .'..T);‘, (32)
where:; V. = total reactor volume

Vb = “active"” volume

The slope (m) of .the ln(C/Co) versus t/T plot. provides -an estimate of

the fraction of the volume which is active,
V/Vb = g (33)

Attempta have beeri made to use residence time'dﬁstribution
curves  in counjunction with data ffom settling columns to design
settlers (Silveston, 1969). However, a tumber .of‘ reseatchers have

‘questigned the effectiveness of tracer studies in evaluating settler
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‘performance ‘(Mcxinney} Fiedler and Fitch 1959' Bayley and Adams,

1964; Hall, 1966; Kalbskopf 1966' Silveston et al., 1979; Hazurczyk:"

et al;, 1980) Mazurczyk-et'al (1980) for instance, were unable toﬁ

establish any direct correlation between dispersion curve characteris-

- tics and performances as measured by effluent suspended solidJ‘concen-
) . /“4 . .
'trations. Bayley and ‘Adams - (1964) found that : although

»

improved the hydraulic efficiency of ‘a settler, no- ‘corr

improvement in solids removal resulted. . Kalbakopf : (1966) observed

" that agitation in the inlet zone actually improved solids removal.-'It;

was therefore COncluded by a number of researchers that the effect of':

-

flocculation on solids removal was not accounted for in tracer: study .

results (Bayley and Adams, 1966 Hall 1966' Kalbskopf 1966)
A second major problem with ' tracer studiss is .the non‘

reproducibility -of residence time distribution curves (Bayley and

Adams 1964 Bruce, 1964 Silveston et al.;_1919) As stated by Hall""

(1966): “...a given pattern '1s not fully reproducihle,-though ‘the °

broad pattern may be reprodaced." Silveston et gl.'(l979).found'that

—

variations in RTD curves .cguld be attributed to small changes in’

tracer density, injectionﬁ!ime and temperature from test to test.

o .
Besides conventional tracer studies, a number of ‘other tech=

niques have been used to evaluate ‘gettler performance. Sludge flow

within the clarifier has been monitored by using a tracer which 1is

abgsorbed onto a portion of MLSS entering the tank (Katz and-

Geinopolos, 1964' Maturczyk et al., 1980). Velocity profiles can be

established using current meters or floats with vanes set for the

depth at which velocity is to be measured (Andérson, 1945).

o,
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Idéntgfying the solids profile and sampling the éffluent at severél

points 'along the lw;ir are techniques which have been successfully

:émployed (Apdetﬂqn;ﬂl945;4Mazurczyk et-al., 1980).

2.5.2 Derisity Currents. The most prominent hydraulic-featur;‘of

ysec0ndpr§ settlers 1is a vertical rol} induced by density effects

-associated with the incoming flow. The existence of density currents

"in secondary settlers was . first identified ®hy Andergon 1(1945)' at

Chicggb and sussequently confirqed b§ others (Sawver, 1956: ﬁh&lin,
1966; Annis, 19793_§rosby and Bender..1;§0).

From thé,‘nﬁmerous studieg, a lcharacteristic flow parr;r"
emerges: |
| 4) the incﬁming flow plunges from ;he feedwell untfl {t {s

-~

deflected laterally by the sludge blanket,

b). the flow then moves as-a thin layer acrcss the top of

the blanket until turnad upwards *nwarda tha wefra hy
the tank sidewalls,
cs a countercurrent is {nduced {n the top of the tank =such
that up to two~rh1r4e af the frank volﬁme {8 moving hack
N
towards the inlat (Anderenn, 1047),
Baged on thig ch tgctériutih ﬁn"rqfn, Collinsg and "roeby (1980) gub-
diviaod gettlar vﬂ1umé ihPQ énnr roneg: frlar mana, harisontal zana,
{fnactive zoonn and\upflow =nne, The dapth of 'he hnr(;9n¢w1 zone 18
dependent on the sertling rate of the incoming «~ :apang’in (Hnureryh

Et _ﬂ__l_v.. ‘980: CQ]]‘Y\R and Croshy, 1980) Tha dapm' ! [ LRERIV

danvymanag gg the gettliag rate "+ rerneq,



60

-0

With respect to.the movement of solide below the horieontal
flow zone, Anderson (1945) found no perceptible velocity in the sludge
blanket. Mazurcyzk et al. (1980) established Chat the solids were
carrled along the *horizontal flow zone above the sludge blanket inter-'
face. Eventually, the solids recirculated downwatd and inward toward'

»

the inlet structure and sludge draw—off..

The precise effect of density currents on solids removel ie
unknown. Potential benefits of density currents include increasedr]
ilorculation and increased movement of solids Ainto the quiescent blan—i
ket (Nazurczyk et al., 1980) A1ternative1y, Sawyer (1956) expressed
the opinion that the:extreme turbylence ereated at the feedwell by the
vlunging £low raduced the concentration ag vhich thickened sludge 1is
removed. The velocity pf the current above the blanket increases the

poeribilicy of scour. In this regard,~Clements (1969) reported- that a

velaetey of 20 mm/nec will resuspend activated sludge flocs-

¢
v

7.5.3 Transient Loadings. 1In additfrn to density currents, the
pregsence o~f trangfent loadings in the activated sludge system

s

influences removal efficiency. Almost al) aevage treatment plants
exparience large yariaeiona in f{nflaent wagtewater compoeition,
cencentration and flow vare. Typterally, flow {nte min{icipal activared
°lvdga plante varier from about 5N rercent to 150 parcent of the daily
mean flow (Rekheff e"\d Jenkine, 196R), Variaf tons in flow are also

increagad “{thin tre plante g nfluent, glude Tanring prd o vafiety

AL AP v e Ve voalf
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4

o " A complete assessment of clarification pe}formance theréfore

s - "

" requires éhat th& ‘dynanic“ response of the clarifier to time-varying

loads be established. Such 1n£q:natibn is requfred in order"to

3

cVaiuate steady-state design criterta, determine appropriate gampling

| frequencies for data_ loggers and bénao;s monitoring effluent quality,

and for developing control strategies and optimization techniques.
For instance, Lech et 3l.‘(1978), having examined the efficacy of a

number "of control strategies "using computer simulatioqg, concluded

~ {

that the" choices for neqsuredﬁ and controlled variables depended

hea?ily uﬁoﬂ‘the dynamic behaviour exhibited by the gettler, At a
wgrkshopfon hgtomagic,cohtrol, Andreﬁg (1975) alsno "ommeQ%ed‘qn the
need for‘;n improved clarifier médel_so fhat compute’' coutrol stga:e-
gles rould be subsequently explqréd.l -

| Altﬁough q.number of studies have examined the effecgiof
transient loadings oﬁ acti;ated sludge, they have geﬁerally concentra-
ted on 801u$1é\300 removal in the aeration basin;‘ Only a verfhféw
regea;cﬁers have examined the infiuence of traunsients on clarification
efficiency. Shih (1976) used time-e=ries analysis to Qna}yze data
collected from three full-size activated gludge plants. He fouhd thﬁt
as MISS concentrations w;re negatively correlated with 1pf1uent flow
rateg, no'sign‘ficanu correlatinn~ were found relating nlant.iﬁfluenr
flow rate to t"t;1 effluent BOPc. Frém‘che regsults, it wea honci&d°d
rhat as sewage fré#tment plante have internal compensating ~apgcitv 'o
Agmpen ovt diurnal varfations, no hour-to-hour control was needed‘

Porta et al. (1980) obsarved that effluent from a full-s~2le

slarifier deteriorated due tn signifidant hourly ~r-iatisgns ‘o
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influent‘ flow.” The squrce of the influent vsriations was traced to
the action of infl,uent punps._ Sone danpening of the surges occurred
before they entered the final CIarifierl. By implementing neasures to
control the surges, the city of Detroit was able to forego the addi-'
tion of four clarifiera at cost. savin‘gs ostimted to be $18 million.

Collins and Crosby (1980) hsve also identified a number of (
characteristics of the tr&nsient perfornsnce of sec:;dary settlers.
They found that’ turbulenc_e, though quickly 1induced, dampens  out
slo\:rly. Secondly, the movement of the- ra'ke‘ arm in the 'clari»fier ”was
observed to result in a trailing wave of solids,'v 90° out of ppabelgwithl
the rake. ' . A |

In conclusion,'this aection on hydraulics has reviewed the
use of tracer studies in evaluating .settlers and the effects- of
density currents and transie/mf loadings on clarificiation efficiency. o
Although tracers have long been” sggued to the evslustion of settler
hydraulics, the evidence suggests that there is no direct correlation
between cheracteristics of RTD curves and | suspended solids removal.‘
Plocculation sn important mechanism 1in solids removal, 1is poorly
estimated by‘ conventional tracer techniques. The existehnce‘ of a
vertical roll above the sludge blanket 1s "well documented.. These
currents {ncrease wixing in settlers. Transient loadings ars created
by variations in the influent received at ‘the plant and the. 'd'rpetation‘
of pumpe within the plant, - The small amount oflresearch devoted_ to
the influence of transients on clarifier efficiency indicstes that,
n‘rh'ough there 18 a certain /smount of dampeniné within the 'plant_;

~
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transients can léad to a significant de_'teri’ora:idh in effluent

'qe;llty.,
R
2.6 Clarification -
- 2.6.1 - B:loAfloccul,atien.. A number of questions arise as to the

nature,' of solids feqoval in the secondary s'ectler. In pa‘g]ticular,

?

what are the, fu_ndmhtal wmethanisas involved in the floccuiation of

.

activated sludge particles? Secondly, g_iven_ the flocculant nature of

activated sludgs aqépensibn and the non-ideal hydraulic c‘\araeterlis-'

.tic"‘;"*.' fmthe seftle'r:, how can ‘clarifier performance be estimated?
Bioflocéulatien and the modelling of- eiarifica'tion will ther'efore.be
the next topics exaninegl.- | | | |
| .'Activat'ed- -siudge ‘microorganisms are mainly _g-r_an': negative_
bacteria which carry a net negative chargevu(Tenney and Verhoff, l§.73;
Brown and Lester, 1980). The/cells are therefore hyd_:;oph:lnc in solu-
tion and with a tyﬁieel_‘ size of .1 to 100 u f;‘l»l into the supraeei— |
loidal ran'ge..a.s defined by Table 2. 10'., Bacteria will t;end to form a
stable colloidal suspension because of “the repulsive forces developed
by their similar chatge.

.Flocs, or packets of bact’étia,v have been visualized as

eonsisting of ‘a "backbone™ of filaments to which zopéleal vbtheria

become attached (Parker et al., 1972; Palm et al., 1978). The
ho,.lding the similarly chefz‘ed cells together consists of long
polynefs (O'Melia, 1970' Tel.meyf.and Verhoff, 197.'3'). Excessive growth
of the filaments into the bulk . fluid results in a sludge which settles

and compacts poorly (Palm et al., 1978; Sezgin et al., 1978). A
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j,variety of nntrient and’ environnental conditions have been identified

‘”ff;g poaaible cauaea for the shift from zoogleal to filamentousa"

microbial populations;“' Potential causes include process loading‘fgr;

‘juintenaitiea (Logan and.Budd 1956), specific combinations of substrate
-‘loading and dissolved oxygen ’(Palm et al.,“ 1978), aeration tank :
'configuration (Tomlinson, 1976), and biological aolids retention time
‘(Bisgoni and Lawrence, 1971) Logan and Budd (1956) observed a lag
period of four days between ¥ 1 change in environmental conditions fa
the aeration tank and a correspanding change in SVI. | .

The clarity of the supernatant is thought to be dependent on
rthe-presence-of naturally-produced polymers:(O'Helia,.l970;vTenney and,:
Verhoff, 1973) These polymers"are anionic- and .consist mainly ’ofhv
polysaccharides with some protein ﬁnd nucleic acids (Brown and Lester,'

1980). Bacf‘

"locéulated throughx the mechanism of polymer.

: bridging'vhi

fis adaorbed at "the surface of the bacteria, ‘with the remainder of the o

1is presented schematicaliy 1n Figure 2. 8. The polymerﬁ o

'molecule extending into- the solution. If the polymer length is suffi—“?i .

' cient to bridge the minimum distance established by repulsive forces
~.and a second particle becomes attached a bacteria-polymer-bacteria‘
complex resulta. The attachment of the polymer to the cell surface isrl
by means fof ion exchange and~ is reversible (Tenney and Verhoff,
1973);l There is therefore an optimum polymer dose, with over-dosing
resulting in all aites on the cell becoming covered with polymers (see-

Reaction 4, Figure 2 8)
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Page 66 was remoVed due to cqpyr1ght restr1ct1ons : Theﬁ
Ly
page contawned F1gure 2 8, obta1néd from & paper by
0! Me11a‘ show1ng schemat1ca11y the : steps occurr1ng dur1ng

: _po]ymer br1dg1ng



The degree of bioflocculation ie dependent on pH theA

.ﬂ concentration of the cells, and the bacterial grqwth phaee (Tenney and

"'.'Verhoff, ,1973) As shown m Figure 2.9 1: ia only during declining'

iwlfor endogenoua grouth that the ratio of Jﬁlymer to cell wmass - 1is
Ifaufficient to ensure good flpcculationf_-Tenney and Verhoff (1973)'

.ipbstulated that exocellular polymera are. added to the aolution during
/zcell lyaiau The . presence of divalent aetal ions - Ca++ and Mg -
.f.henhpnces the ability of the anionic polmers to adaorb the negatively

'.ch%ged cells (O'Helia, 1970). 4;“'._ S | )
The intensity of . dﬁitation of the bulk fluid also influences
;llthe flocculation of cells.f Parker et al. (1972) determined that'
fconditions in activated'aludge aeration tanks are conducive to floc‘
_? breakup rather than ‘floc aggregation. The turbulence in the aeration
tank disrupts the floc by either fracturing the filament'"backbone
(floc splitting) or ehearing the polymer-cell bond" (surface particle_

' erosion). ) The- resulting size dietribution of particles in - the
'7‘aeration tank is bimodal reflecting the »two mechaniamS’ of“floc“'
»:breakup;' "Prinaryvparticles~ due Lo. aurface erosion-have dimenaidns‘
in the ‘0. 5 to 5w range. Floc sizes,tin the 50 to 500 M range,'are-h
-,establiahed by floc splitting. Thntoolavest et al. (1980) found thatdh
the efﬁectiveness of the final eettler is greatly influenced by the‘

‘ concentration of non-eettleible prinary particles.

-

236 2. Clarification Hodels.v Conditions in the ectivated eludge.
- aeration tank will determine the clarification,-aettling, and compac-"

tion characterietice of the mixed liquor ‘which is introduced into the
_ . \ v . .
< .
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page conta1ned F1gure 2.9, obtalned from a paper by

Tennex ‘and Verhoff (1973), show1ng the exper1menba11y

obta1ned relat1onsh1p between m1crob1a1 growth po]ymer

product1on, and turb1d1ty

'Page 68 was removed due to copyr1ght restrict1ons. -The
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se‘ttler.‘ For a given suspension quelity,_a knowledge of how various

..'settler psrsneters affect the concentration of ;olide in the effluent '

'.is required for good clsrifier design end operation., A number of .

.. _.4 -
,inodels are’ ourrently svnilsble for evalneting settler performance 1n

_: terms of the effluent suspended solidd concentration. o /
Pflenz (1969) carried out ‘a two-year study of secondary
sedinentation on orne. circular and ‘two rectangulsr full-aize tanks.

The effect of overflow rate (OR), influent solids concentration

61,(MLSS), ndxed liquor settleability ss neasured by the sludge volume N

"f“index (SVI), temperature and wind on the concentration of solids in

~»f’the clarified effluent was studiedy Baseixon Pflanz 's work, a number
l;of other researchers have developed. models for -clarification in
‘secondary settlers. Ghobrisl (1978) and Busby and Andrews (1975) in
.their pspers present a nodel of the following form

Ce = kpf--(i+ £ iss .- - (34)
where: ;Qi~.-‘-fate of plant inflow - ‘
Qr = rate of settler recycle " ‘

dCe - effluent suspended solids concentration (mg/L)

kpf. = Pflanz proportionality constant

- -

- Also | based on Pflanz'sl ﬁork,'~Ke1nsth"g£; al. ‘(l976a) 'developed a

slightly different,eguetion:3

.‘ o . Ce - 4.5 + k'pf.(Q‘)‘-bﬂ.SS R (35)
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L

where:. k'pf -‘iodified‘Eflanelptoportionalitj ;qhié&ﬁf-f

A nodificstion to the equations develo d directly from the

,Pflanz reseatch was prOposed by Ghobrial (1978) based on his studiesw

Sl

.of a. hench-scale activated sludge system. These studies indicsted

. >, N
that the sludge blanket level in the clsrtfier has a pronounced effect

on the efficiency of the tsnk when the blsnket rises sbove a specifiedli"

4

‘limit. His modificstion sssunes the following fqrm ‘ﬁf”» -
R "-',vlvn ) :
‘Ce = _Qi_I;QE_ o MLSS » —B - (36)
” : - (v /V) R
o . S y..-
. . : o
where: kn ° i - GhobriaL constant (h/m) ' ' !
| VB/V - ratio of sludge 'voluie to settler volume 1351

.(VB/V)cf:- .criticsl ratio of sludge volume,to.settler -
volume S o A

. & S -
The\criticsl eludge blanket - height depends on tank config—_
uration, inflow and outflow arrsngements, bottom slope and a numbet of -
. <other factors. : Unfortunstely, slthough a vslue of (V /V) '13ﬂ .

ipresented for. the test epparatus, no method was given for its computa—_

'~ tisn for other applicstions. ' : ' . ' y



KE’EPA study carried out by Rex Chainbelt Inc. (Agnev,tl972)
resulted in two nodels. One was develpped from a multiple regression

anaiysis of results from a full sizs tan“'

Ce = 18.2 + Repa (Qi/A) - 0.0033 MLSS. . , - (32)

Where: . Kepa = EPA constant -

As the above equation had a low coefficient of determination, it wasl

concluded from the study that the effluent suspended solids concentra- .
. I : : R
tion cannot be estimated from parameters _commonly used to' operate

wastewater:treatment plants.
TuntoolaVest gi ‘gl:’ (1980) carried out a'.fractional
, .
factorial experiment on a pilot plant facility which was supplied’ with

. a synthetic wastewater. 'VMLSS concentration,, air flow rste, and

»

b- recyclevrste were studied to determine how flocculation‘in‘the aera~
tion tank influenced suspended solids removal. . The results supported

Parker's contention;that the.environment in the;aeration_tanh 1s floc
o ¥ . . N . -

diSruptiue (Parker et’al;, 1972). Secondly, variables were found to

To

be interactive, “that is, the magnitude of the effect of one variable

depends on the levels of the other variables; " The single most
- - Pl ’

important variable or interaction was. found to be the air flow

rate/MLSS concentration interaction, with 87 percent of the vari—

-

ability in settler effluent spspended solids concentration accounted
\

‘s
B f
PN

for by changes,in this interacbion alone.

1,
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The .Effect of two settler varisbles,. overflow rate and
”:detention time, was also examined by Tuntoolavest et al. (1980)

Columns of vsrying height were used to vary detention time for a given
‘overflow rate. The simplest equetion which expresses the effect of

these two vartables and MLSS concentration is» T

Ce = 0.01345.MLSS-0.0024+MLSS- (V/Q1)+0. 00389+ MLSS- (Q1/A)=6.51 " (38)

A

"fhe coefficient of nultiple determination for this equation is 0. 82

In, other qprds, 82 percent of the vsriability in effluent suspended
solids concentration could be explained by the combined influence of
the above variables. A number of other equations of varying complex-

ity were developed from a step-wise regression analysis.

-

Polta and Stulc (1979) exsmined the effect of automatic

sludge blanket control in 1influencing overflow and -underflow solids’

concentrstions from a gravity thickener. . Variables monitored besides

blankgc height (hB) included: ;;inflow. sate 1(Q1),"‘inflow -solids

concentration (Ci) 'and temperature. ' Blanket height and inflow

solids concentrstion were found to be the most significant variables. B

s

The following two e ions employing these two variables were
.developed fromga linear- ession analysis:
h .8 o a

Manpual control: :
[ . . A

T

Ce = ~508 - 520 hg + 0.761C, : (39) -

i : . - -
L
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ﬁhere,_:l‘ , cin' ,puepecded‘: a‘__olj,de.' . coticent:ret:lo‘n' in .‘inflow ' ta
~ .. S thickeher ‘(ig/L) :
' - - .hB = blanket .height'(l}l) | '
Y ;
. Automatic conmtrél: . ‘ I
Ce = -;02' - 660 hB + 0.453C, o . (40?

2

'I'he coefficient of uultiple determination for the . first equation

_(nenual control) was O. 72 with 0. 50 for the eecond (eutomatic con~ '
t:ol.‘); *
N

2.6.3 .Clarificacion’Veriab'les. The ‘models described in the’
:precediing 'peragrapﬁe and summari.eed in Teb‘le 2.11 -employ 3., total of
Ifiv‘e varisbles. 'An understanding blf. the relative importance of the
'variables we‘s gained __by performing a.sensitivicy ana‘iysis. For the

initial conditidns of Table 2.12a, reflecting “average” design and

»operatih‘g condtti‘ons, the percentage change in efflhent 's‘uépended'

eolids concentretion was determined for a given change 1n the value of
*

the variable used in the models. The responses for a +20 percent

chenge in yariabl’e‘ level are presented in Table 2.12b with results for -

-

a -29 ‘pe;'centv change presented in Table 2.12c.

A Q}irbrising resu];'t of the sensicivity anlays,.is is the rela-
tive importance of MLSS concentration for. all of the mo'd_ells examined.
.’.l'hel 1nf1uen¢e of tﬁis v.etfiable'is most procounc:ed for ,t'he Tuntoolaves:
et al. (1980) and Polta/Stulc (1978“) models and, v"rilth the eice_,pt-ion of::lj:

)'4 . * ! . ‘ A ) . . . A



| TABLE 2.11: Operating snd Desigh Parsmsters foi the Activated Sludge
L . Settler which are used in lbdcllh_‘ing;.‘clcriﬁcdt}on

Varisble

Model - . QU/A V/Q MLSS hy Qr/A _ Comments |
Busby and Andrews (1975) /. v v v  Based o'ti‘P'_flanz"s - .-
S t . full-gcale study ;
. : . 0 . . * . S '
Ghobrial (1978) Y 7 Y / / _.Pflanz's work and
T , S o columng - -
Agnew. (1972) | A Full-scale clarifier
ntoolavest et al. (1980)'Y ¢ ¢ - Pilot plant and

, o .+ columns - .
Polta and Stulc '(1979') 3 Y : c¥le thi’ckener‘ v
/ /o .

A o '

it ¥
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TABLE 2.12: Sensitivity ‘halysiu \
a) Inittial Conditions for Average Désign and Operation

Variable © Value _ . .Comhent

MLS< 2550 ng/L Average for range, Table 10-~4
(Metcalf and Eddy, 1%79)

Qr/Qq 302 From Table 2.8 of this work .

Qi/A 1.0V7 w3 fm”op Mid-range, Table 7.3 (U.S. EPA, 1975)

h =~ sSwp 4.1 m Mid-range, Table 7.3 (U.S. EfA, 1975)

h/(Qi/A) 4 h -

hp 1.5 m Hid-rgnge, Figure 25

(Polta and Stulc, 1979) ‘ \

"' Remponse {in Ef flvent Suspended Solidae Concentration for a
20 Parcent Tncresse in Varfable Level

- T ar——

Change Effluent SS Concentration

Qi/A v/Q MLSS Qr/A hp
Model (+207) +207) (+202) (+20%)  (+202)
Busby and Andre '~ (1077) +15%2 - +20% +5% -
Ghobrial (197R) +152 172 +20% L5 L20%
Agm‘aw (1972) 19% — -8% -
Turtoalavegt et al. (1onm V7Y 43 +59% : -
F-" a and Seyla (1970) L84 - -39

—_——— . . e e mere— e e ———_e s [N

Ve oge 'n REFL o Suspended Solide Concontratine for "
ro pe
Y werree 0 vt ahle level
ge Fff!uant SS Concentration

— . e ———— . ————— Cree——

o1/4 V/Q MLSS Qr/A hg
1ndal -0 cony f-20%" (~-207) (-202)
vehy an? Andya  1- - 162 - ~207 5%
Wk tal (19°m 152 'n5y 20 5v ~20%
grew (1077) -RY : 18 : -
wrte ey st gy gl. (10 VA Cgw 177

(oL \ . L 4-,...‘) n"! '101
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the Agnew equationy an increase in MLSS concentration 1is accompanied

by an increase in effluent suspended aol&es concentration.

Support for the importance of MLSS- c?qgszfration as a clari-
¥1cation parameter also comes from the work of’Tebbutt and Christoulas
(1975) on primary sedimentation. They concluded thaiﬁghe effect of
the influent SS concentration on solids removal was congiderably more
important than was the overflow rate. The effect of influent SS con-
centration was attributed to its influence on feed density and the
degree of flocculation within the sgettler. The Purdue researchers
(Tuntoolévest ég gl.; 1980) commented that, as a proportion of the
mixed liquor suspension consisted of primary particles, increasing the
MLSS concentration simply {ncreases the concentration of non-
settleable particler {ntroduced into the settler.

Compared to MLSS concgntratiqn, overflow rate was a ‘less
important variable. For the Ghobrial etudy, rhe {nfluences of over-
flow rate and detentinn time were the same. Tuntoolavest et al.
(1980) concluded that the two variables affr-ted clarification about
equally. Tebburt (1969) obsearved that the removal of galide from

crude sewage was virtually independent »f the “urface rvarfloy rare in

the tradirional derign range Fireh (1957 awaminal the affoce of
detention time and nverflou vate 'n al tde rem-~val n n aatrling
eolvmn.  The resnlty ahouwn fn Figure .10 {ndf qte *he . g¢ the «+ rvaa
for the 2 Twep nf nerrent yrwmava' “rE more yvyr hor vy a1 ¢} in

verti nl Tyl e e e ipg " ' v C : - ) i




Page 77 was removed die to copyright restrictions. The page
contained Figure 2.10, obtained from.a paper by Fitch (1957),
showing the experimentally obtained re]ati6nship between

average solids removal, detention time, and overflow rate.
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For the. two models iniqrporating blanket height, the

sensitivity analysis revealed that this parameter . relatively

important. However, the response in the sensicivityﬁ

Wy

sis 1is seen
to be in‘the opposite direction for the two models. ‘if is possible
that for a particular settler an optimﬁm blanket height exists such
thag.raising or lowering the height away from the optimum will re;ult
in deterioratiop of effluent quality..

Besides fecycle rate which was determined to be unimportant
for all of the models analyzed, thetﬂva;iﬁbles t{dentified as posaibly
influencing clarification include: temperature, wind and rake speed.gzl
Mazurczyk et gl; (1980? reported that the incoming flow could ?ise
_toward the surface of the settler provided that this flow was 0.7°C
,warﬁer than the tdnk contents. Pflanz (1969) observed th;t a signifi-
céﬁt deterioration‘ in removal efficlency resulted for a settler
operated 1in the 2 to 3°C range as comﬁared to operation in the 13 to
L5°C range. As well, it was noted that a wind velocity of 6 q/s
produced a auﬂpéﬁd:d golide conrantration of 113 wg/L ¥n the lee-side
v;;; while the we;thqr—stde concentration was f3 mg /L. Wind“
introduced seiches (or ievel oscillationsg) at both the tank aurface
and blanket interface, exert a .pdsefhle detrimantal fnfluence on the
onrtler (Croshy and Bénder, 1980, “i{nnally, Creely and PBandey (‘980:
determina’ rhat rrmncal c"ffetor oy dn o “fvare’ al-dge eettlers f{n

advargely B A T T T e O T+h) A ammanly yged fo

rr et e

s 1)



2.7 Sn-agz o . “~§ K fl> | ' o R
W

The coat and efficiency of the activated aludge ayatem are

profoundly influenced by the efficiency,of aalida removal. A majority

of the BODg discharged from the conventional activated aludge ayatem“

<regsults from the loaa of aolida over the weirs of/the settler. A

large number of conventional activated s udgeﬂ plants- produce an-il

effluent containing a concentration of auapendedqaolids greate% thanA; "

30 mg/L. Requirementa for very 1low effluent auapended aolids
- A -}l

concentrations have generally been met by adding grahular filters or"
. .

poliahing lagoons ‘to the activated aludge systeﬁ (Bush and Irvine,:

1980) The processing of.solids waated from the underflow‘of the

secondary settler, along with primary aolids,saccgunta.for 50%?ercent
& G

& N . i =
14 ¥

of the total treatment operating costs.

A numbé&r of factors influence theﬁﬁerformance of the aettler

4

in capturing and concentrating bio-Bolids -and tﬁeae are aummarized in
Table 2,13, ° Suspension characteriatica areandetermihed by ‘the

composition and flow characteristics of the wastewater and the "
' % S
environment in the aeration tank. Settiing and compaction rates are

governed by the relative proportion of filamené%ua‘; to zoogléal

bacteria {n the floc. The relative rate of growthdaf the two types af
&

{ 2
hacteria is related to the level of diasolved oxygen, the rate of

Aubstrate loading and poaaibly the aeration tank configuration.' 3

-
(e

Flocculation occurring in the. aeration tank and aettler
T A
depends on naturally produced exo-polymers which bridge tQF diatance

H

between adjacent negatively charged cells. The rate of polymer pro- T

Auericn ta relared to the growth phare nf the nicrnorgpnismd'and hence

4



oy

wu 2. 13. Mry

of ¢

'a\g;'

80

' Pactote.. wAffocting c1-rificltion and -

thickcning An: Glreular Scttloro

‘X-_a

wAsrﬁWATKR CHARACTERISTICS/ATMOSPHERIC conolrxons ﬂ a3

Eotablighed by'

a)

" b)

c)

e

\

Wastewater conposition and physical chatacteristics. e

brganic otrength pH, tenperature nnd ionic concentrqtion

Wastewatet flow ratq

rates, duration and intensity v

. o

Atmosphetic conditions.

3

wind velocity und direction, anbient air tempenature

.?sUSPznéroN'pgonRrIEs:

A

Lut

-(Gi@en:

.

A .

Established by

ua)
b)

c)

d4)

Concentration of non~

settleable dispetse

solids.

‘ Concent rat ion of exo-polyme

Total solids concen ration

(MLSS)
Physiological state of

microotganisms

@

growth rate

proportion of filamentOu

to zoogleal bacteria

’ W

l
l
R
3
g
il
E
I
|
J
l

-

- wastewater characteristics/atmospheridfconditidns)

Controllcd by: N
SRT .~ o

Alr fiow rate and typewof diffusers
Recycle rate

.Hydraulic tetention‘time of aera-

tion basin . v_é'l
HLSS concentration '
, _ SR
Flow mode (plug/complete mix)

Q

-

Continued..../
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TABLE 2.13 (Coﬁg’d) Sunmary of ictors Affecting §§ari§lcaeion and’
S /,!hiek.ning 1n Clrcular Settlat- : , -

ki .’l

SETTLER Pzapoanncz. ‘ _ .

‘.
Y . 2.
;> VL - .2

e

(Giygn: wasteWatet characteriatica/atmospheric conditions and suspen—u.

. g
sion propatties) ~ o = . é;@ ¢ T
Establiahed by: ' Conttolled bz i ,
a) Tank configuration l Settler dia&e;er and ég?th e
-:b). Rate of. loading _ | Dianéier and depth ¢"°*;»
) ;Configtrétion and effective | Weir locat1$n and loading -
‘ " ness of sludge collection | Overflsw rate ‘ ‘
equipment . | Decention time
d) Settler operation | Recycle rate/blapket height 5
S | Rake. speed’ S
l A ‘ hd ‘.“ A
v
= i: [ 3
,r‘ s
) £ "Lp Q“%;«:
I;‘é . ‘ '
%
% ¢

B



R o 82

. o ' o
5 the solids xetentibn tine (SRT) of the system. In the aeration tanks,

-%he air fldw rste necesesry to maintain a udnimum dissolved oxygen

o
- 3

concentration r%sults inﬁs level.of turbulegce uhich limits floe size

R4
W

ind produces non-‘bttleshle psrticles.

L2 -

% The efficiency of a clsrifier in renoving snd concentrating
.8 A

solids will depend on the nstpre of :the- solids introduced and the

L L]

dpttler chsfhcteristicn as established by tank configuration, the ,

“

effectiveness .of . the sluage removal equipment, methods of operatlon,

& v
Ry ‘.

snd the rate - of’ loading. : Empirical 1oading rates, ' most” commonly

Y

derflow rste and detention period, hsve traditionally been used to

T

.estsblish_ scceptable removal efficiencies, Settler performance 1is

£

ks

most  commonly evsluated'on_the basis of hydraulic efficlency as mea-
sured-by t%séer techniques. Research indicstbs that these methods are
\
inadequste as they are not “based on the clsrification and thickening
properties -of the mixed liquor Furthermorée, they underestimate
flocculstion .ss a renoval mech nism; The existence of vertical
. currents nithin the settler and transients within the plsnt result 1in
Jhydrsulic conditions which are far from ideal. The curreants {ncrease
mixing. Transients arising from veristions in Influant and the
operations within»th; pPlent can raguir tn a 49tn'{nra”1id Af efflumnt
ouality-

An slternstive to empirirgl lrsding criteria 1e-pvnvideﬂ hy
the solids flux theory. Fvidenre auggests that fhe nreurnoy nf ;he
solids flux wethod in predicting thickening parfoarmance 1111 he in the
20 percent range. 1In contrast, rlarf{ficrt{an remaing poorly under

}
. atnod. In rarticnley, {r appomva thar rhe ~ale of MY "R o gy g Loy
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nnd sludge ‘_ﬁanket depth have been underestiiuted in compatieon to
overflow rate and detention tine. The ' MLSS concenttation deterninea*

" the concentration of. non-settledble prinery particles entering the
- ,

settler, the degree of flocculation end the nagnitude of densitxA
:H currents within the settler. The sludge blanket‘ptovides,a quiesgcent -
zone- for sedimentqtion and, 1f the blankettis above tﬁeﬂfeedvell‘odt~
1et,~enhances fleceuletion. j» |
While the litetatdre prevideS'oone ftsight intotthe‘effects

of process and design vatiebles on clerificetiou, no clear conclusiona
can be reached coﬁperning the relative naguitudes of their effects.

Secondly. the dynauics of eolids removal in. the settler remains a

relatively unexplored area.

A
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'RESEARCH OBJECTIVES AND EXPERIMENTAL PLAN - e
3.1 Research Objectives )

For the activatedlsludgersyetem, the concentration of sus-
pended solids 1in the ‘effluent from the fina& settler is the major
determinant of procese efficiency. At present‘ there is insufficient\__ej

]

knowledge to enable clarification ‘efficiency to be either predicted or

controlled. In particular, as revealed in the llte ture, confusion
‘ exists as to the importance qf~numefoue desién parjmeters and opera-
ting strategles. The influedce of time-varying loadings on clarifica-
tion has not been fully investigated.

As indicated by Table 2.13, a large number of variables were
identified as. potentially influencing clariftcation efficiency. In
order to develop an expetimental program which would contribute to
maximizing process efficiency, attention was focussed on those vari-
ables which could be controlled by nelec:iﬂg appropriate design levels
or inﬂtitnéing control 1oops. Parameters, such as the temperature of
the raw gewage entering the plant, are of interest in order to rroedict
process parfarmance bit dn not enable removal efficiency tao be
maximized as their level cannot be selected at the design stage or
@cnnomically controlled. Based on available experimental equipment, =
total of geven "deﬂigﬁ _and operating” variasblee were 'selected for
{nvestigation. A 148t of these variables is contained in Tabla 3.1.

The tabls als~ indicates previdus arudies which make refaerence to the

vardahle s the merhand vwn prteteared o aeeount far thae ohpayved
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" TABLE 3.1: Variables Sea.ected for Invelt:lgat:l.on ’.

v

Variable . Regearcher(s)- e Postulated Hechanism(s)

1) MLSS - Pflanz (1969) * --Changes solide loading to
I Tuntoolavest Eg.gl,fal980) " . clarifier . -.
L ’ = Changes concentration of '
dispersed ‘solidd entering

jclarigier '
' 2) Feed flow Hazem (1904) ; - Establishes settling velo-

rate - Camp (1953) R ciﬁ} of slowest particle
. i C . 'to be completely removed

Tuntoolavest et ul. &1380) Influences flocculation
’ and particle ghear in the

aeration basin

-Stirs and resuspends

4) Speed of .Crosby and Bender (1980)

sludge L ., 8olids from sludge blanket-
scraper ' : . -
5) Air flow Parker et al. (1972) . . Influences floc shear
rate Tuntoolavest et al. (1980) changing number of disg-
‘ persed solids entering
A settler

6) Feedwell Keinath et al. (l976b) " Influences flocculation-

. depth HL11 (1973) .~ and entrapment in sludge

?f blanket

7) Sidewater Fitch (1969) o . . » Influences flocculafion
depth Parker (1982)
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vcﬁanges iq'clar;figr ;ffiqiency.
Having selectedt;griaﬁléé'ﬁhfch could be 1;vestigafed“ﬁsing
. C . ‘ .
available equipment, a sénigs of experiments were designed.to study
, _ ' )
both the steady-state and dynamic performance of clar}ﬁf@gtion; More
specifically, the objéctives of Fhe research program were:-

) ¢ ‘
1) To evaluate the response of the clarifier to time-

varyiné-changes,in hydraulic flows and oﬁerating cond{-

v

W - 2
tions, "\

2) To .detetmihe which. of the seven design and 'operating
variables significantly influence the' efficiency of
suspendéd solids removal 5ﬁ£1ng steady-state opefatiod?ﬂ

3) To qﬁanfify 'the regults using statistical design and
analy;fé.techniAues,

4) To compare the obse:véd results with those obtained from
‘previously published research, and

5 » .
5) To establish the implicatioms of both the dynamie and

~

steady-state vresulte to activated sludge design and
Q

operation,
o
\
3.2 Experimental Plan
Get'l_e_tva_l_ Plan: In order to weat the n~utlined ~hjactives,

axperiments wera performed on n teor clarffier mod{fled tn receive

wixed liquor from Pflor Plape 71 »t Environment Canria’'r WVastiuataer
. g
Tech“nlnqv Ceapre 40 R Y fogran Myppety, The et Yoo a b 000 1w
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v

vere instrumented with a computer providing for automatic data logging'

land contrdl.' Infornstion from the sensors was - supplemented with data

collected 'mauually \frhm settling tests and; gravinetric‘ solids

analyses. - ) -

The experinenbal program was carried out in three phases.‘

Initially, preliminary inforuation ‘was collected to establish opera-

ting and monitoring procedures and to plan the subsequent phases. The
second phase was devoted to exsnining the dynemics of,clarification
using step tests. The influence of design and operating variables on
clarifier "efficiency was ereln;ted using a series of fectorial
experiments. Following analyses of results and conpariaon With other
research, implications were:'drasn regarding design and opereting

practicesg.

The experimental plan which was followed in each of the .

-three pheses is discussed in’ more detail in the following sectionsp

Phase I - Preliminary

Initially, work was earried out with the ajm of making the

system fully operational, collecting some preliminary hydraulic infor-
mation and calibrating inetrumentation. Prior to seeding the plsnt
anftunve was modified and a data base for on-line'informetion created.
To seed the system, waste activated slndge was tr;cked from
the an?ingron Skyway TrestmenEA‘Plant end added to the aeration

basin. Wrh liquid in the process. the PI flow controllers were

raned A e Titaa mering rrhadule wag instituted, " egt;b]_’j_shing a

?’4 . . ’ - ‘.‘. . ..

[ 3
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) ¥

"gsolids retention time in the three to five-day range. On-line sensors

. Q@ o
i d

were ca}ibrifed snd a:manual testing routine implemented.

Phase 11 — Dynamics A : e

- v

, .Secondé;y clarifiers are designed on the agsumption thgr the

process operates‘at“bteady-staté. In'?%ality, this is not true. The

-

activated sludgé'ayétém 1s subject to a varlety of time-varying dis-
t%{béné@g 1ﬁc1uding uncontrolled variations in flow, cewage composi-
tion, and weather conditfons. Varfatione In influent flow rate with
ttm; have a saignificant {impact on pracess perfbggance. They are
{nduced by diurnal fluetustione in Adomesric watér damand, tha {nfil

tration of watar into sewers dvring atnagme, and fndorgtrial discharges

v L | .
whf’Eh “hange froem ghift *o ~bifr, Flow rqri:*1~"ne ave alen {ndured
. R 3.

within frreatment rl-ntg aa ! fluan' ., wac' ' aed vecv-le rvmpg. are

turned on ‘or off. -

O To obtain a ~omplete plrtyre of th- ~n'fda remov-l rrocess,
\
ir {g degirable tr astabligh the reapcnan of the rlarffier tn changeg
: 9 . . "~ .
in load{ng »nd. 1o V»'tim-‘ar, to ‘hnngﬂo I hvdraulipe VYoadirg. "ueh
4

Informarinn {fa wecful {n amaer~girg - 1 w " fring dagign crtardia anl

in devel-ping operat’\g gtre'egiar Fooo tha sy mantal program,
L]

an Yeove lod o Q'f t s Ay e pas o \re ')g L) or TNy wa 'ﬂq"jv"‘

ty plan M otemdy ¢« ete poarpl e [ \a v - The 'Qﬂ.gf" ~f timao

vaqudresdl v cample e v 0 gt eal 3t are v rad the mee ot of v

reqw 421 vt ohre ¢ Sy wna en ! cone Tt ’ P i "pnq o

how ' ' Y phe o . o Cm
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The dy;hmics of a bﬁrocess' c;n~_be_ identified by "modelling
fré; first priﬁéiples or éxperimentaliy'b; introducing &idﬁurbanées_'
into the system and‘meapurihg the response. The lack of agréement in
the literatﬁre rggﬁrding the mechanisms pfIclarification-dicthted that .
an‘expi;gﬁiﬁfal approach be used to ihvestfgaté the dynamics of clari-
ftcanipn. Disturbances introducéd into the systeﬁ can be sine.waves{
ramps, steps or pulses. Step testing was {dentified as the ‘moqt
dirgct wethod, vi;ld{ng results which are easy to. aha;yie (Luyben;
1§7?\. |

9t°h cganges were- made to the rate 6f flow 1nt6 the clar;-
fler hy ~hanging the aetpoint {n the digital'cgntroi';oop of theffeea-h
flow pump. A atep aize of 40 L/min’ was uséd,_,rep;egenting a
40 ;;'“ﬂﬂ' éhavnp in the hydrawlie ioadkng rate, Dué}ng the test, the
ferd flow rare tn the settler and the suspended enlids cqncentration
in the effluoné and underflow were‘monito?ed ueing:on*linefsedsors.
The daté'colleqtéé f?@q‘the hensqrs.wa; stored .{n diac files on the
HP-1000 fof _iaéer-.plptting. Aftar stéady-stgfe- monditions. were
rqnchdd.foflow?;g A stnﬁ {ncrease in flow t&tg, a. ftep decreasé of
equa! mernftude wag 1nrfoduceq.' ‘

A m<1orfoﬁjonr(ve of the atep te;tinz was to {dentify the
domineiht rime ¢rnefant (;) nf'rﬂr settler with respect to clav{fica”
tion, The dom! vant ti{me arnatant hg*nhligh“; t$e “rime—gcale” nf tha
rrveceat and 1a 'Wn;wvnd }n ¢ der te eata ~catvnl algorithme apd ro
"riner asmpling r{mea (Rdgatr 1970),

"tr » firat-ardar avatem - for a gyqatem with a responae

1

white ' Teoanrr e ' # flrer-crder linpar di{ffarentia)l
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equat}on_- thé rate at which thé process chdﬁées from one stéadf-stéte
condition to another depends on the time constant. ?o} the test
“clarifier, the c;me constant was -esumaﬁed by meééuri_ng from the plots
of the response the iéngth of tiné.requireé for the process to reach
39, 63 and 78 percent of the total change in stead;—state values. The
length of times corresponded fo a specified fraction of the dominant
time constant (39 percent, 0.5 t; 63 percent, 1.0 r; and 78 percent,
1.5 1). A single estimate fnr r#a time conatant weg then ahtained by
ove;aging thé three values, \

fhe order of the dynaéicsAwia eatimated wy uaing a Iinear
lesst ' squareosg teohnique. Thevwefhdd. degaribed 1n Aarafl hy Agtroer
and Bykhoff (}971), {; baced on fitting modele rn tha gbsarved dnata.
The models wete‘obtained by writing, ae d’sﬁr;ke"tfme equatione, thae
diff;Yentiai equattions poatulated to represent the .dynamics of the
system. ihe order of the process wae tharefore rea;gd by increaging
th; ;rder, ntarting ‘at a- firat-arder mrdel, and using = sequential
F-teat ta determine 1f the improved €1 ;én afgn{ficant. The marhed
was employed for the clarifier study becaim~ I+ was re]rnrh:a’:v eimple
to empqu and sémé of the aenfrunra neede’ ro ca;ry our the analy~t-
;‘rand& existed. |

4

Ovea mafor 'd'{ﬂﬂaVan'ﬂgﬂ B3 rho met hnd {a thnt m’n'aaﬂfng

reonltg cap srige {f the recidunle the M lf ran-os hatwe n nlae: ad
and p’°4'"§91 vale g ars rorrel*od (Antyrom apA vaﬁnff, LA O R T 'Y
~rder te vl mip it P oAnttal ’-v-uhin carc wap taken ¢ el o
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results from theArepeated-ledst_squares analyses of dsts from one of
the runs. The intervsl in each analysis was incressed until the
method provided consistent results with respect to the order of  the

system.

Phase IIL - Stpady-State
The most impdttant questions to'beiaddresses by’ Phase III of
the rerearch included: | :
*» Do any of the reven variabies influence'effldentvquslity
significantly?
. Which‘vsriables are the most imp;ttsnt?.
- What {8 the nature of the relationship between the impor-
tant variables and effluent quality?
A number of difficulties had to be overcome 1f sstisfac—

tory answpra ware ‘to “be provided tn these questions, For instance,

the numher of varishleq included in the research was large, requiring
!

potentially a large experimental program. Not 2all of the variables
which could influence effluent suapended solids concentration could be
rwn'rolled Y, 1h Aome ~aces, be measured.: Changes in the strength
and  direectirn of the wing, 11 quid _temperaturss. and wastewatsr
Atreng"h and ecomporitiean were acurces of expaerimental vsrisbiltty‘or.
nniee. Same guidence fram previong clgrifier remearnch indicated thétﬁ
rn'lvr(onoh(ps: Wﬁi\@»rning remnal off!'~1enoy worm complex - that is,

)
g .
e ’v"'""”i"”o ~f variatles wae np{thaer 1fneay nor addit{ve.

A rigcrous apyrosch to these and ather research difficul-

thes han hen vy Prx and co worlarn ietng statintical design
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techniques (Box gg-él;; 1978; Box and Hunter, 1961). 'In pérticu;ar;
an expgrimenCalldesign4p;6cedure was selected which’reqqi}ed fhat each
of tﬁe variables under invesﬁiéacion 'be mﬁidfained at ’one. of  two
levels during the course of anvexperimental run. Such "two-level”
'designh could.be carried out in a-sequence of moderately-sized sets of
experiments reqﬁiring relatively few runs per set (Box,ggigl., 1978).
A major_aqvantage‘zf such an experimental strategy.vas'that inférma_
tion giined,in one set directly influenced fhe choice‘of experiments
in the next. Randomization of the run order wiﬁhin a set of exéeri—
ments ensured that there was a sound basis for deducing cauéality (qu
et al., 1978). )

For seven variables, a sequehce of designs requiring eight
runs per design was {denfified as an efficient arrangement for screen-
Ing variables (Box and Hunter, 1961). A complete factorial iﬁ?olying
seven varilables would require a total of'27\or1128 runs. Eight runs
representéd 1/16 of the total number, therefore an eight-run design
was dentgnated_aé‘a 27 (1/16 x 27) design. FEach of the varfables
was either set at a high ("+") or a low ("~") level for a part{cular
run. For a set of efght runs, mach of the var{ahlar wag maintained at
a "+ level fnr four rung and & - lavel far four runs. As congider-
able phygical effort ;pq reruired fro rafae an! lawer the weir !9 the
toat eclartfie -, anch Jdagign was hloclk-4 ahawt £t jerntoer depth, That
fa, rhé ‘sur ama ar whieh efdevatar deprh wae At 2 ¢ J-vel were
conductad ame 1Eror Annthev  the =ely posftfnn Tauered and rthe fauy

S R han carviad ant.
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The original 27°" design was further modified by adding a
" ‘number of runs for which .the. variables were set at: centre-point levels
‘midvay between the "+" and " 1e{je The centre—point designation»
was "0". As the levels of MLSS concentration were controlled during
‘the factorial by shifting the points at which influent and recycle..
sludge were added to the seration tank the additional 0‘ runa were.
included to re-equilibrate ‘the system followin.g the changes in feed or
recycle distribution. As well, the centre—point runs identified time
trends in the data arising from changes in influent composition or
shifts in other uncontrolled variables. .

Variables vwere assigned the levels Iisted in Table 3 2. The‘
feed flow and recycle rates were selected so that the corresponding
overflow rates covered the range of values contained in ’existing
design guidelines. Given the levels listed in Table 3.2, the overflow‘
rate ranged from a low of 0.68 m’/m?-h (for a "-" feed flow rate and a
"+ feed flow rate) to a high of 2.03 m/m?+h (for a "+" feed flow
rate and a "-" recycle “rate). The U,S. Enviromnental lProtection
Agency (1975) recommends.that for the conventional activated sludge
'aystem the average overflow rate be 1in the range of from O. 70 to
1.36 mafm'-h with peak flow rates in the 1. 70 to 2.04 o3 /m?.h range.
Similarly, rake speeds varied from 2 to 8 rev/h while the recomnended
range was from 2 to 4 rev/h .(Task Committee ASCE, 1979).

For the other variables ugsed in the two'—le‘vel factorial,
levels were selected on the basis of p’relimin_ary exper.iment_ation‘ ‘so_as‘ '
to produce ag large a change as pnsaihle from the m— to the "“+"

lovele, Tha Wn(ruda af the chango in Iew-ls wag limited by the size
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Lebgl

Abbreviatiod]‘: 'V&t;éble - - f‘e%'f : Q"

u+n

- r . —»—

5

ML oMLss Qfeed: 16" - Qfeed: "A"
.I_ - , _ Qras: - ";;* Qras: ""A"
FD Fegaﬁélf Depth " 0.81 m“€§g¥  1.27 m
RS Rake Speed ' 2 rev/hﬁ;uy .5 rev/h.
FF ' Feed Flow . 100 L/min *° 120 L/min
UF . Underflow' 20 L/min ~. 40'L/ain
SD Sidewater Depth 1.48m  »  N/A
AFC MrFlow  51L.5L/s 590 L/s.

Qfegd: “A""‘

. Qtas: Q!ZL/-.

- 1.72 m

. A8 rev/h
140 L/min’
60 L/min

1,94 m

66.5 L/s
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of the existing equipment and the need _to maintain a viable treatment

_syatem. ._ ) | :
= A list of the 1evela at which each of ‘the variables was .
.maintained was the design matrix.' The design matrix for the first.
fr;ction« (also known as the principal fraction) is given-uin

',Table 3.3;: Upon completion of. the runs ' for ‘the - principal £raction;e
) any ambiguitiea were reaolved-by adding complementary eight-run aets.i‘
.Designa for theae sets were" generated by awitching the sigus on one or
all of the columns of ‘the principal fraction (Box and Hunter, 1961).
'Combining all the data from the aequence of factorials,_conclueions

could then be drawn regarding the importance of the variables and the

nature of their’ influence on effluent clarity.



. TABLE 3.3 Design Matrix for Prigcipal Praction
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e

Run

lVariable Lével*

© - Nomber . - ML FD RS FF UF SD AF
1 Z - » R N A -
2 + - - - - T+ +
3 - + - = + - +
b + + - + 4 - T
5 - - + + - - B
6 + - + - + - -
7 - + + - - + -
8 + + + + + + +
' * Table 3.2 {dentified the variables with the 1isted

abbreviations.

-
PRy

agssociated’



: CHAPTER 4
HAIBRIABS AID HBTHODS
The researc:r;rogram required that step and ramp inputs be
'applied to the clarifier and that seven variables be controlled at
:prefselected levels. Hodifications ~were therefore made to a. test
‘clarifier. The clarifier was - positioned\next to a large pilot-scaleh
activatedAsludge system which provided mixed thuor.. Sensors interr
faced to a real-time computer continuously monitored performance. -
The equipuéht and procedures used An the research are des—'
cribed in more detail in the following sections. |

4.1 Test Clarifier S

. \\

The test clarifier was a 2 4 nm d meter settler modified to

a

,enable sidewater depth feedwell depth snd ra speed to be vsried.;,

Provision for control of sidewster dep. was made by con-
structing a moveable weir. ,The existing weir was cut auay from the
tank wall, a plate welded on the back, and the resulting ‘box supported
by hangers and bolts from the top of the tank.. A flexible hose con-
nected the outlet from the weir box to the tank outlet.

Extensions were designed for the inlet feedwell so thsth
reedwell depth could be increased in increments of 15 cm. A,yuriable:'
' apeed motor was used to drive the sludge scraper arms Rahe speed
could be control]ed from O O to 12, 0 reV/h / .

Additional details vof' the settler sre presented inf

Figure 4.1£ Prior to the previcusly descrisedb-modificstions:.

R
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Heinke et al. (1977) determined thé‘hydtaqlic characteristics of the

test settler for various overflow-rates.

s

4.2  Pilot Plant
An activated sludge pilot pléntishpplied the test clarifier

with mixed + 1iquor, The plant, 1located at Environment Canada's

' Wastewater Technology Centre, in Burlington, Ontario, consisted of a

Smith and Loveless‘exteqded aeration plant‘ahd pumphouse. |

| 15 .ensure that resuits from the reseg;chh had the wiéest
applicability,.the pilot plant was ocerated in che coﬁ;entional mode.
Baffles were 1n§lalled in existing wall supports, proportioning the
aeration tank into fhree compartments.of équél size.’ Mixing chgraq~
teriqtics Qere‘chcrefore changed frcm complete mix.to three CSTRs in
series.‘X Flow ratés verelalso celected 80 chat the ﬁ}drcuiic rcccntion
time of aeratiow tanks 'was' in the ‘range typical for con?entional
activated aludge systems. Operating characteristics of the pilot
plant wefe as shown in Tagle 4.1,

The pilof plant was seeded with .wasté accivated sludge.
trucked from the Bcflingcon ‘Skyway Sewage Trcatmenp Plant. A low
sludge agé was‘se]ccted fﬁ an attaempt to avnid nitrification in the
aaratiaon tank, Subgequent dcdiirificatfnn in the settler would recnlt
in floating sludge, lncreaeihg the solidn Aonrontra*ioq in the 8éﬁ§ler
overflow. Direct wasting of mixed liqv~r from the neration fanka wao

ured to control the SRT.

Initially, degritted sewage ‘pumped from the Burlington

'S]r.yway Sewnge Treatmoent Tlant 1rag added 411.',;,'(.(1"', oo vha aeratian
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' fABL! 4.1: Design and Operational Data for Pilot Plant #1

'De§cfiptioh _ Level
.inflﬁéét flow S S 262 u® /d
Recycle flow (100%) - ' 262 w?/d
Aeration tank volume . 66.3 o
ﬁydfaulic teteﬁtion.tiue ' 6.1 h T
MLSS concentratfon = 2000 ig/i
" Setpoint SBI_(Qluage age) 34 .

Diffusers . Keen "Afrcomb™ (2.5 w submergegce)
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-
. L

tanks. - That is,'rherevvas no primary sedimentation. - As a conse-
quence, during plant shakedown, co‘ncrol valves became clogged with

stringy material. To overcome the problem, the’ influent was passed

"through a. vertical acreen before - being added to the aeration tanks.

The screen, manufactured by Dorr-Oliver, contained' a fwedge-wire.
surface with 900 ym openings. Approximately 10 to 15 percent of the\
1nfluent solids, including the" coarse naterial ‘which clogged the
valves, was removed by the screen. Modification and instLllation
details have, been given by Speirs (1981). Kronis and Tonelli (1980)

§

have evalueted the effectiveness of such devices in screening combined
sewage.

.':' To exercise control nver the rate at which mixed liquor was
rrsnsferted from the aeration basin of the activated sludge plant to'x
the test gettler, a pump with automatic flowﬁcontrol was inntalled. ‘A
potential disadvantage of;this arrangenent nas that the .pump hight
shear the flocs contained in the mixed liquor. The effect or ‘air flow.
rate on floc shear would then' be masked. A progressive—cavity pump
was. selected . to reduce the potential for floc shear. The pump
coneists of a helica]'ro'nr placed in a housing or stator which itnelf
has an internal thread. Cavities are defined by the rotor and
atator. As the rotor turne, axial fraw develops with the enclosed
cavitiee contsining entrapped fluid moving cont1nuoue1y from inlet to
ovtlat. Tew {gernal velocitiee are - developed by progressive-cavity

rureps (Czarnecki and Lippincott. 1976) Fioc shear was accordingly

LIRS R | dvr{v\g the trannfer of mtx.d liquor- ' \
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A fee&back loop 1s created in the: activated sludge system by
the tecycle of underflow solids from the eettler &o the aeration

tank. Due: to the strong interaction between the two unius, the

<

proces's‘ is ql:Lfficult to understand and model (Olsson, 1976). The tegt

clarifier and pilot plant we:e' configured in otder to minimize the
feedback 1loop’ between the test rlarifier and the aevation tanka.

»
o

Adding the test clarifier to Pilot Plant #1 resulted in a asystem with

- v

) R R4 .
three aeration compartments and two final settlers -~ the previnusly

described test clarifier and a “system” clarifier consisting of a

A

hopper=bottomed tank builr tnfegraliy r.'o.’ the geration tanks. As shown
in Pigure 4.2, the undefflqw lines from the “system™ and test ~lari-
fiers were joined, foming n aifigle “’wyntet? rgcvclé" 1ine, Durirg fh'é
axperimental program,_ the floyw '(1n Hiia 1ine Qag niih\'tafr'\ea a' na
congtant rate hy cn.:itro”'lng the gyatem recyrle pump (Tump #1 in
Figuﬂre 4.2). The und~rflow rete from the rest clarifier, rontralled
by' Pump #? (Vfgurn 4,2) war  vyaried in ncnﬂrdanr; w(é% thae
experimental Adesign. WfPJ this ‘Yra"gomp;r. the ;afa nf flow of
frludge Into tha soration br 'in from tha twy eattleare wag hald conerant
whilae varfatione werea -wada ';\ rthe und.wrﬂ"w fram the vegt cla-{f'er.
For tha romhia~rinna ~' fe-d flnow vate and reerv-~1n vata spnl ed te the
.

®
teqt clertffer duydng t"e factor{gl axperimenta, Tahle ° ° Vot s vt

‘

rn..iurunA{ng F]oﬁ votea In '« other 1inaa ¢n tha plant

Wirh rhe eera"ftrp hggin bafflad tarte “hr - compartmentsa,
pir'ng wnaq r'ﬂ‘"ﬂu(aﬂ‘ tey )V vy Nn re 'o ”n:'lr”]qc B | WUhen Opefat""il
norwally, the p’c ¢ 1n"" W =9 yary "o v ra 3dded *to the head spnd nof

th rcay ' & e v omye v Voo AR Y - J P . tVe
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TABLE 4.2: Flow . Rates . 1n Test Clarifier and Pilot Plant nu-mg
o Steady-S:ate Exper-entation (in L/-in).

Test Clarifier

. Systen MLSS

Syscém Clprifier o

“FF. ' UF A SE::gez Recycle - Wastage;' - FF -~ UF

L 1A0.(+) 0 60.(H) ]/ 140. wo. T 1s. o128 s
C140.(+) 20.(-)7 . 140, 140. 15, 125.  120.
100.(=)  60.(+) - 140. 140, 15. 165. 80. .

| 140, . IS, 165.  120.

1&&( -) 120.(-) 140,

" Based on a three-day SRT;
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- influent was added to the last of the three compartments ("C") with
the recycle sludge 1line emptying into the first compartment. The "+.“.
MLSS level was obtained by reversing the arrangement, 'i.e.,' recyc'le ,.

into compartment "C" and inflow to "A" .

© 4.3 On-line Monitoring and Control |
. ’ “ ) \ . :
a) Computer ‘' Hardware: Data” acquisition and process control

were’ implemented using on—line senaora and a real time computer. The ’

»

,computer ‘was a Hewlett—Packard 1000 21MX-E-~ Series with the RTE ~IVB

operating system. It had 160 k—words of memory with 120 M-bytes of

‘disc .ar.orage. &n HP-2240 front*end microproceasor interfaced the
sensors to the minicomputer and provided signal conditioning and
ontical iaolation. ' Computer peripherals included five CRTs, a
‘magnetic tape station, two plotters, and a line printer..

b) Sengors: A variety of sgensors were’ interfaced to thes
HP~1000, A brief description of each of the sensors is given in

Table 4.3 with iocations given in Figure 4, 3 'I‘he turbidimetera,

solids meterd, ‘and dissolved oxygen aensors had bEen previously uaed

v 2

on 8“°U‘" PilOt plant ‘at - the- Vaetewater 'l‘etf‘hnology Centre. An 7

- . - - R ~ Rt

évaluatfion of their- performanv-o was condUcred by Step‘henson et al. Lo
(1981), | |

A Partech ASLD 2000 Mark Vv sludge blanket monito-r iir'as
pounted on the test clarifier. As supplied, the unit measured s]udge
blanket hefghr by unwinding a probe from a cable drum until the
enl{ds-1iquid interface was .encounlt‘ered. _ The m,oni‘tor’ 'yas'm;odi;fied,h by.:

v

Tomnenring AIRIERT AUtpir’ etghal tines €rog the' ‘front<end ‘of the



. TABLE 4.3:

'Proceih !quip-ent for Clarifier

!1gure 4. 3)

Ieséatch -(Réfer

to

Designation

Function

Description

PUHPS

Pilot Plant #1 :ecycle

. Test clarifier ML feed

Fl
F2
F3

F4

sl
§2°
s3
S4
D1
D2
D3
. D4
T Tl
T2
SBl

T i Sl e Vi el pen e m

Solids p"fobe

Test clarifier upderflow -
Wasting control for Pilot Plant #1

FLOW HETERS
Pilot Plant #1 inflow

Pilot Plant #1 recycle
Test clarifier ML feeq

~

Test clarifier underflow

Wasting c9ntro1.fbr Pilot Plant #1

aeration tanks

Total air to

s

SENSORS
for #3 aeration tank
Solids probe
Tufbiﬂimeter

for ;eé: clarifier underflow
for test clarifier efflueﬁt

for Pilot Plant I

Turbidimeter effluent
DO probe for
DO probe for

DO probe for

seration tank "A"
seration tank ;B'
aeration tank "C"

”Float' DO probe for checking

'Tempetatute probe for aeration tank “C"

'Temperature probe for test c]a'1fier

Qludge blanket monitor

C ———— i tme

‘2 in dia WEMCO .
2L8 Moyno located -

outside of pump--

house

Z in°'dia WEMCO.

with throttiing

- valve

- 2L4 Moyno

1 in dia Brooks

mag meter

2 Iin dia Brooks-—

mag meter

1 in dia Brooks

mag meter

1 in dia Brooks

mag meter

1 in dia. Brooks

mag meter

Foxboro Vortex
meter

Clam Monitek
Clam Montte?
Lisle-Metrix
Ligle Metrix
pHOX

pHOX

pHOX

Zutliig

_RTD detector

RTD detector

Partech ASLD.2000

Ceme e e —
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ﬁ . ,'-."> : ‘ ., o '. ' '."‘ ‘
"computer to make-and-break“ relay switches locsted in the electronic

control box - of the unit. The motor controlling the cable drum could;

‘then be turned on or off and the probe raised or lowered. The modifif

cations td the sludge blanket  detector permifted a6lids ~profiles = ...

height versus concentratiOn'data - to be collected automaticall}.
g The transmitters with local indicators for the sensors were
located.in the pumphouse. They were linked to a terminal box which in.
turn was connected via two coaxial cables to the front-end of the
- computer located in'the main building at. the Hastewater lechnology
Centre, Digital displays vfbr all fprocess rows' were locstedv'in a
‘ panel box in the .pumphouse, allowing the pilot plant. operator to
monitor the process conveniently. | |
. Sensors were calibrated by comparing sensor- outputs to the
results of measurements using standard procedures.. For‘instsnce;'for

the solids sengor, aver the. range of the instrument,,paired data was

collected consisting of gravimetrically determined suspended. solids-

B

' concentrations~ and corresponding integer numbers representing- the ,

sensor signal as registered hy the computer. Regression techniques

) ‘were' used to develop an empirical relationship between_the'standard

and corresponding sensor output. ‘The resulting 'equation (or

equations) was entered into the computer which then converted the
‘sensor signal to the appropriate engineering<-units. Additional

_ details of the regression technique are given by Speirs et al. (1983)

c) Final Control Elements: ) Air and IIquid ‘flows: were -gon~ ...

‘trolled using'the”computer:‘ For the plant tnflow,xtest clarifier.z-

“ o - - [
-3 Alad © ea

/ .

recycle and system recycle lines,' automstic valves were the final - “f:

I



control elements.

A positioner edd variable speed motor contrclled’

S

the rate at which mixed liquor was

)

C‘/‘ “£a- the test clarifier.

umped from' aeration compartment-

...‘..~.,,.

, A Paraju t AC frequency controller was

driving the ‘Root.s--

' connected to ~the motor positive .displacement

T blower.

- ‘Zrequired air flow levels.-'a:'. ;4 " -_; L

e

desired levels. Controller settings were o

s,.v. .
...,_-l- e e e
. .

"-(vu-p mh—«\-qo-

—-o---«

Judgement (COughanowr and Koppel 1_965). S \\ ' 'q.. S
. ""‘ - '

In addition to on-line monitoring, a. number of analytical

-

'tests were performed on samples collected from the system.,

The

results for such "off- line

'provide a complete description of .plant operation and established the

.accuracy of the sensors and therefore the need for the recalibration :

or repair. " '

- < .

Com‘positeA 'samples. we‘re obtained - raw sewa'ge before

screening and effluents from both the test and system clarifier.

' » samples were collected of mixed liQuor from aeration compartment e

Grab

and return. sludge from the : system returp sludge line. Ta‘bl'e ) 4.4
'indicates which tests were. performed on- the samples as well as the
frequency of teating. . ; P e -:5..',' ","'."“" R .»._-;'-_= . *_‘ PR

" ..,,.,.. -..,._,,,v’

+ - e PR . .
g - ] N .-y

T e .
. ""—vq-.,‘
Cow ., ‘-h -

. .tions,‘ samples were dried in &*microwave (Campbell'and Crescuolo,

et

I

.«-,-(..'vw Ceeew

1982)

... . . -
I T .A.r.-__;_” s : et N

'. Digital PI control algorithms were\gse'd to keep..flo.ws at the

\tginally selected "using '

testing supplemented the on--line data to'

'l‘o reduce the time required for enspended so]:ids- determina- -

The measurement of settling rates employed a’ co'lum with a

Hotor -speed was therefore var,.d An- order to satisfy ther R

-’q.:f'

-

Yt
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TABLE 4.4: Sampling and Testing Meau .~
ST : . o o N @Frequency of
Sample . - Type Measuremént ° Measurement
. . Imfluent . _Composite. - pH. 2
o : o o_Suspended Solids 1
e Volatile Suspended Solids z
e Ammonia -4
| e Unfiltered BODg b
i -,?iltered BODg ° -4
Mixed ° Grab °.QXY8en Uptake Rate . 2.
Liquor . .  ‘Suspended Solids "1
Coe e - ‘e Volatile Suspénded Solids s 2
» 3(]St1txed Sludge Volume' 3
v . ~Index (White, 1965b) e
: Zone Settling Velocity : 3
. Supernatant Suspended Solids 5
(see text) :
Return Grab . Suspended Solids "1 -
Activated - - . Volatile Suspended Solids 7
Sludge . . )
. Test * Suspended Solids 1.
Effluent e Volatile Suspended Solids 2
Systen ' Composite - pH - .2
© Effluerit . : » Suspended Solids ' -1
' ' -HVolatile Suspended Solids 2
« Ammonia 4
o Unfiltered 'BODg . -h
- Filtred BODg 4
Frequency: - 1l: Everyday.
. 2: Everyday, except weekends and holidays. _
. 3: Two or three times per week during factorals.
© 4&: Occasional. ‘
5: Two or three times per ueek first faccorial only



", :6,5 v Soft'are

N
R

-”volume'of 31l.l stirred ut 1 rpm; An estimate of thQ concentration»’

N v

of dispersed soiids contained in the mixed liquor and supplied to ‘the"

11

-test clarifier was | estimated by . sampling the supernatant 1nb thel"

_ column. Following 36 min of settiing, a sample of supernatant was';

: siphoned off and the concentration of suspended solids determined oF

Onwline dissolved oxygen measurements were' compared to readingsk_g:

1

‘.Obtﬂiﬂed on ‘a portable YSI dissolved oxygen meter. L

. . v -t
ERA . b 6 n 4. u -

N

f'“fm“ . Flows vere controlled alarm conditions monitored and dataf

@

' collected and analyzed under the supervision of software executed on

-

'''''''

*the minicomputer.- A portion of the software developed for the project,'

_was devoted to controlling liqufd flows and blower output on the basis

of digital PI control algorithms. " An alarm was sounded and a message

sent to the system CRT if flowa were found to- be outside of pre*set d

1imits or a technician had forgotten to re-install ‘a sensor following

,.calibration. Another set.of programs sampled the sensons and storédf,w;;,p

- L

the data in disc files.; Sensor data had one of two forms -vaveragedifjfdlf"

s

data or “"dynamic"” data. Day-to-day monitoring of a11 of the sensors

resulted in data collected at 5 sec intervals and stored as lS-min '

¥

averages.' The dynamic data” wasn collected from the sensors during

step testing and was not averaged; A third group of programs was .

devoted to the analysis and presentation of results either as print*
outs or plots. L . o “

All of the programs written in FORTRAN '77, were doLumen—

, ted. Program listings, sample outputs, 1nstructions and an index were



- ,>16 progxams developed fgn ths research were documented in this way.
. ‘ ‘,J{"

P
»
i
. 3
‘
—
b

Lo T e .- -

7_,placed in a folder located “in the _computer ‘room. 'All of the

-~
-t - . . T ot - . : Q ',
. '_ a - ” ' . , A -t

The scope of the research and the complexity of ‘thé process

[ ?

i'equipment required the skills of a. number of people. The individuals

,..o.-~

3

ﬂ-performed by the pilot plant,operator on an 8 00 to. 4: 00 basis, Monday

to. Friday. Call-ins o resnlting ﬁrom alarms, iwereA handled as

b e - -~ - -

:required; On weekends and holidays, a roster indicated which of a

 4.7_ ' E;peri-ental Procedures

_:number of operators,carried out the necessary sampling and testing for

this and,other‘projects at the Wastewater_Technology Centre.

»

~

a) Clarifier Dynamics. Step~and ramp‘inputs were applied to

AR -
- - - . - B - . b
- - . | Lo

i
- it

'data acquisition program.; The program sampled outputs from three of

" the PI control loops. For ramp changes {n flows, the control loop was o

) vthe sensors and stored the data, in a dise file- along with time

"stamps "y thatvis, the times at which the sensors were sampled. The

frequency of sampling was specified by the user when the program was
Tun.

Step'changes in flow~were made by changing the setpoints 1in

‘notified that it was to read setpoint valuss from a disc filear

i~who contributed to the research and their duties duri?g the program .

‘are - outlined Ln Table * 5. Roueine~plant maintenance and saﬁpling was'

the- clarifier as’ the effluent .suspended . solids concentration was

.‘monitored with time.~ Clarifier.response wag tracked using thefdynamic



TABLE 4.5; Clartfter p.-u‘rch a.nbml« =T Daften f7 T h

£,
‘

S 113°

fE [T

Individual Cogpgtment, .'?.;t . Hajor Duties ‘m; T
.vagﬂChapmgdj-"‘\Euilftime ;;ﬁ Projdht nnnaEEméﬁt )
s S e e  Experimental planning -
STt 3 - ‘Data -analysts’ and presentation
" Gordon Speirs" dccasidnal . Modification and testing pf DSM )
' ' . . screen ) K
.= ‘DO sensor calibration B AP A
. g e Tuning of: air leW'ioop~'“'°"” ‘ et
. " ‘ LA e e bR e
Jim Matthews . Full-time .e Plant ope:ation T -
S ‘ e Mechanical repairs
’ e Plarit modifications
= Sensor calibration . -
. Eric Luxon Odcasionél e Sensor installation and N
' . : interfacing - .
Cel ‘e Sensor tropblespooting
Brian Trapp Haif~time » Sampling and ahaljtic;l tésting
' . Haintenance of composite'samplets‘
hrian.anagbgni_,Qc;qéioqai e Software and. data*base management.
e o ' -'Software developmenc
" ‘Mark Yendt Occasional . Software development‘
Ron Gillespie ) Occaéional ¥~/“" . Selection of airrow moni:oring
Crene AT . and. control. aquipment’ L -
B T ) = Pilot plant modifications. - -. '~ -
) ¢
. ,
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4
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\pecified intervals.' The list of setpoints in the file comprised the

b ramping functiona“.

.7 . . design factorial were completed.

&

factorial (”+/ ) runs and a number

S - T

T py Steady-State Factorials' ‘

.b‘

- -,

Each fraction consisted of eight

of centre—point (- 0") runs. .

Several days were required to complete one’ run. On the

.

L yfirat day of the rnn,»the glarifier was ﬂtained ‘Wdshed down and any

neceseary changes made to the feedwell depth ‘welr position, and rake

speed. The clarifier was then filled with the flows set at the

required design levels. Influent

feed and recycle were shifted to

match experimental design requirements. The 15-min averages - were

plotted each morning, providing 8 pictorial diary of plant operatior.,

"A set of the plots for onebof the

. has been photorednced gnd*ia presen:ed as Figure 4 45 o

7

days of a run (Factorial 4&?‘ #10)

. U

The»flow—through vial in the test clarifier turbidimetnrquac

cleaned each morning to remove condensation and deposited solids‘

response.

Data collected frOm the morning following the change*oﬁerf to the

start of the ~ next ~change—OVer was sveraged tto obtain the elarifier

_For - the first fraction, design levels were maintained for’

two days follow{ng the change-over.
of run was one dsy. Each factorial
run. .,Following the completion of
'were recalibrated and major repairs

For the second and third

and the number of centre*point runn

Foar centre*point runa, the length
run was followed by a centre—point
the rung for a fracting, wenqérv
carried out.

frsctions, the length of the.runs

were chnnged. Two fartorial runa

ln-all three . fractions of the. .-

P
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Figure 4.4 Example of Dafly Plots of On-Line Dats.
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of one-day duration were completed on _'l\xesday and Thursday of- éach

week with centre-point levels in operation .over the weekend. This

, achedule had the advantage of shortening the length of time to

' complete the runs. for a fraction. Also, results collected over the.

'.‘,..,,‘-: -

weekend tended to be less reliable and leas typical than those collec-
ted during the week. During the week, analytical tests were conducted-
by one technician and the pilot plant operator wu on hand ta catch
‘any operational problems. .During the weekeénd one of a number of
operators ca/rried out the teating and the pilot plant operator was

only present if called in by an alarm condition. 'Furthe,r, it was

>

observed that on weekends and holidays, the organic strength of the

ewage entering the plant was very much ‘weaker 1in comparison to the

strength during the week. - Becauae of these’ reasons, as far as ‘'was

posaible, factorial runs were carried out during the week.

c) Work Sche_dul'e: Using the equipment and procedures cvutlined

in the previous secttons, data was collected from May 1981 until July

1982, Table 4.6 presents a brief description and'schedule of the

completed experimental work. ' i

v



T

runs

TABLE 4.6: A Description and Schedule of Research Completed
‘ActiVity Dates Wka Completed
Dye Teﬁting 12/8 -"19/8/81 - 8 runs at different levels of - -
et e e e o - feed flowurate, sidewatet dePth*‘
v * and’ underflow rate® "7 ° ¢ s
praq;c Test
Series #: 1 25/8 - 13/9/81° e Step changes in feed flow and
T T ' - . .- -underflow rateés
2 1/11 - 5/11/8t  « Step changes in feed flow rate
3 23/2 - 20/4/82 *.Step and ramp changes in feed
flow rate
4 5/5 -14/5/82 . Changes in MLSS, air flow and
rake speed
5 28/6 ~ 1/7/82 - Step and ramp changes in feed
flow rate
Steady-State Testing _ .
Factorial #: 1 3/11 - 22/12/81 » 8 factorial ‘and 7 centré*point
: ; runs -7
2 23/3 - 21/4/82 .8 factorial and 5 centre-point -
- . runs . .
3 16/5 - 28/6/82 » 9 factorial and 6 centre=point

0

A R LIRS
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CHAPTER 5

IBSULTS AND DISCUSSION * -
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Off-line data collected from the pilot plant provided back-~;'"

ground information concerning wastewater strength and the overall

efficiency of treatment, . Appendix c containa plots uof the mostf-

b b
important measurements with mean and standard deviations indicated.

" Table 'S. l summarizes the off-line data with respect -to the "~

composition of _the influent wastewater and presents a classification...'

v

average, the strength of the sewage entering the pilot plant could be

-w.classified as  "weak”.

system developed by Metcalf-and Eddy (1979). Ths table shows, that on-

As indicated by the plot. in Appendix C the majority of

a-,";‘

targetted in the experimental plan.- However, during weekends snd

‘ inatantaneous SRTs were maintained in the three to five—day range as

holidays, instantaneous SRTs routinely exceeded five days. The

organic strength of the wastewater entering the system during the

weekend was much weaker than that - during “the . week In order to

'y

prevent the MLSS - concentration from dropping below 1800 mg/L the

wasting rate was therefore decreased on weekends and holidays.

Correspondingly high SRTs occurred during these periods..'-

The average efflnent ammonia concentration was 4.9 ng/L (as

N) representing a reduction of 70 percent in the average .influent

ammonia concentration. Table 5.2 gives additional informationgregard-

ing nitrogen concentrations for three ‘of' the monthsg .covering the

121°
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© | TABLE :5._1‘_:-' Off-l.ine Dat.a. Coq:oliuion of Inflnent Uutev‘ter '
‘ Seqag_e Strength Classification*
Standard = -
RS . Mean - Deviatlon ﬂ ‘St:rong ~Medium,'..., . Weak
Ueasur.ement e (1I8/L) | (mg/L) - (ms/L) . 4'(1!8/?)_,' | (ms/L)

Sus_péndedSoli‘d_s s . e o voaso e T 00~ - %
| Unfiltered BODg o4 32 400 - 2200 110 - |

Filtered BODg . 36 e R

Ammonia (as W) 7 CAZT UGS oS0 - w25 0L 12

- - R
R o o e
. R T FU S
. p . e w L3 - - . . . <
* After Métcalf and Eddy (1979). - '
. " . -
' . I : ! AR L k L) A <sn pea——
"v PEREETY » _— S " o -~ cetmy
- e
" ° ® e i < s awtt b
. e . -
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. . o .
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Lperiod of active rehearch.r As ammonia concentrations were lower ih"‘.
:‘the effluent “than “in- *the influent and ah nitrate concentrations
; increased from.influent to effluent, it can’ be concluded that, despite
.low“SRTs, nitrification .was- occurring.. Conse%uently, a portion of the

wisuspended solids lost in the effluent from the test clarifier during

the experimental program was floating solids caused by the denitrifi-,

‘h

ffcation of sludge Uithin the clarifier. . /f
-_ “The* BQDS concentratiohs 'of“ﬂuﬁfiitered ‘'samples from the
system.clarifier had a mean value of 11, Bng/L and a standard devia-

tiou of 10 3 mg/L while for the filtered samples the mean _was 3 8 mg/L

-

-----

" and the standard deviation was 1 4 mg/L. Therefore, two- thirds of the
'total effluent BOD5 was attributed to the escape of solids from the
‘settler. Further, there was very little variability in the concentra-
fibtion of soluble: BODS in the-effluent. Major excursions from average
" total BODS levels were therefore caused by the discharge of suspended
solids. " These observations, confirmed by the literature, indicated
that] improving. activated sludge performance mainly depended upon
.obtaining a better understanding of clarification.

) To summarize, the off-line data indicated that weak sewage'
was '’ entering the syst;;.. Instantaneous SRTslwere controlled in the
three”to five-day range ‘during the week. -During weekends~and holi-
days -~ periods of low organic loading - higher instantaneous SRT's
were required to maintain MLSS concentrations. Two~thirds of the
effluent BODs from the system clarifier was suspended and‘one—third'
wag soluble. There' was considerable 'variation in the :suspended

e

fraction; very little in the’ soluble fraction,



’j“while_ for the ‘remaining tests flow was. decreased from 140 ~to- -

B e v wea o,

"~'.'o_'. . . - . - . - . e
e . PN R B G

.élariffersnynamics _'

In order to investigate the effect of transient hydrsulic f.‘

x'losdings on clarifier performance, step changes were made to the feed

flow rate into the clsrifier. The concentration of suspended solids

. in the effluent was monitored as changes in the setpoint of the feed

£1ow pump were made. Data was analyzed for 15 of the step tests. For'

seven of the tests, the flow rate was increased from 100 to. lAO L/min,

.

P

e e

C e e he

100 L/min. As the recycle rate ‘was maintained at 40 L/min during the
step changes, . the overfiow _ rate j,changed between l.02t and f
. 1.6,9 m?/m'z-,hr. , . . Ce e, . _— * . ™ s L &r' .

S

In addition to introducing changes to feed flow rate,

Vchanges‘were also made to' the level of a numher#of\other variables.

The variables included the air flow’rate,'ﬁLSS concentration and the
. , ‘ ) - :

speed of rotation of the;es;udge scraper arms. 'Knowledgex of the-

A

these‘variables aided in interpretation of steady-state results and'

' enabled a more complete'déscription to be deveiopedaof the djnsmics of

EY

'clarification.

The results of the dynsmic testing are discussed in the

following sub-seetions.

5.2.1 To estimate the order.

Resporise to a Step Decrease in Flow.
_of dynamics, a linear least squares analysis was performed on the data
(Appendix D) collected following a step decrease in flow.

Values for

the residaal eum of squares were calculated for.a’series“of linear

’ time-varying response “of the clarifieqy to .changes 1in stheﬁﬁievel of



. models - atarting with firet—arder linear ‘model "through to ‘a'

'fifth-order linear model. The reduction in ‘the residual ‘gum of

_squares from one model to the next 1ndicated the order which best

. )
- )

represented the response to a step down. - ' . - ;.' ST

| Assume that two ‘models are “fitted to Nd data points. " The
first model.containsfnpl parameters.’» The second contains~the same'
parameters as the first plus a number of additional parametere result-

ing in a total of.. np; parameters To determine 1f the additional

e B4

.

parameters result in a model which has a significantly better fit, a

"statistic, Y, is'calculated as follows:

. " , can T S

- ’ RSS, - RSS; Nd - ap;

Y = ' o (41)
Qhere: RSS; = residual sum of squares for model 1,

RSS; '= residual sum of squares for model 2,
Nd - npmber of data\points to which models are fitted
np; - = numbernof parameters contained in model 1, and

np, - = number of parameters:contained in model’ 2.

14

b
Y haa an f—distribntion. Therefore, if the value of Y is greater than
F(np; - np;, Nd - np,, B), we are confident at the B percent level
that the addition of che parameters was justified. A wore detailed
discussion of the.prncedure as applied toﬂrhe tdentification of sverem

dynamics is found in Astrom and Eykhoff (1971).



Misleading results from the. least squares analysis can arise

‘ if there are serially correlated residuals. As effluent suspended

-

tsolids measurements collected close together in time are more likely .

to be correlited than are measurements separated by a’ suitable length

gf time, a preliminary analysis nas made of the effect of various time

~

intervals on the results from the least .aquares procedure. Consianent'
.estimates\ f the order of - dynamics were obtained provided that . data

) points were 8 arated - by a time interval of not less than 5 min. A

&
time 'interval of 8 mtn\\gas .selected and used in the subsequent

"~

*analyses of the ”step-down data.w

The plots for the step\::éfEases are contained in Appen- iw

dix D. No time lags are evident from the change in feed flow rate to

\

the start of - the change}in effluent concentration. The order of thev‘

response as estimated from the 1east squares analyses is presented in

T

TKble S. 3. In addition, the table contains estimates for the time'

constant (r) the process gain (Kp) and the atandard deviations of

1eff1uent turbidity preceding and followtng the step change.

Table 5. 3 indicates that a. first—order model,is adequate to

describe the responsde of the- clarifier to step decreases in feed flow

rate., Therefore, the appropriaﬁe transfer function,'relating time-

varving inputs and outputs, is:

ey - Cels)
S R e
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TABLB 5.3 Su-ary of Results._for CIarifier lesponse to

. Step .

Dtcre-e 1in Fbed !lo' From 140 .to 100 L/-in
Effluent Suspended Solids
~ ‘Concentration
. .z' ,4.
Mean : Standa;d Deviation .
o Before - After Before - _After - ,
Step Step - - Step. Step "Step-. Kpr . 2.
Nunmber ‘(mg/L) (mg/L) - (mg/L) (mg/L) '(mg-min/LZ). (min) Order®
20 749 se6 43 . 19 0,51 26.  lst
3 44.8 - - 2.0 .- - - 26, st
7 48,9  41.3 1.3 1.0 0.19 24, lst
" 8(b) 48.3 38,5 L6 1.1 10.25 .32, - lst.%
9 43,4  36.8 1.0 1.0 | 0.17 23. . . lst
.10 - 34,1 - 1 - 30. lst
21 27.5  22.4 2.6 2.4 0.13 20.  1st
25 - 16.1 - -~ .2 - 25. let
Kp The prdcess gain is the ratio of the change 1in output to the
) change in input (Liptak, 1970J.

- 3-,’ (Liptak, 1970).
Order tested at the 99° percent confidence level.

t:~ The time required for the output of a first-order system to

‘reach 63.2 percent of a complete response to-a step fnput
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where:. ‘ Q(s),vf_transfer funetion,

Ce(s)‘-.Laplace transform of function describing effluent
suspended solids concentation,

“

Qa(s).= Laplace transform of function describing feed flow o

' rate, . ) R R

. Kp = prgcesa'gain,;" N S . A_(_\//’/’
T . - process time constant, and o
s‘ - Laplace transform variable.

1
Bl
v

- The procesa 'time eonstant (r)~ averaged 26 min. with a
standard deviation of 4 min, In comparison, the theoretical residence
time, or HRT, based on net flow rate over the’heir wasi?O min before
the step decrease and 150 min after the step.. The process gain for -
the seven step decreases averaged 0.25 mg/L per L/min change in. feed
flow rate. The variability of the effluent turb@ﬂity, as estimated by
the standard deviation, decreased following a step decrease in. flow.
rate. / .

For step decrease #2, the *estimate for the time constant

(obtained from the 39, 63, and 78 percent values) was compared to an

‘estimate obtained from the fraction Incomplete method. At any time t,

s "G ¢

The valun For the fracr'on fncomplete (FINC) 1¢ determined from:

PN, Ce(t) - Cei ,
LR AN - A LIS
g ] Cef - Cai (43)
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. 3
v R
. . .

.

where Ce(t) -Mthé'effluenquuspended solids concentratison at time

.

B “«}Cei = the initial steady-state suspended eolids enncentra-
tion, and

Cef = the €final QVQQdV“ﬂtgte n"ﬂpqndeﬂ ~n1tdp enepntra-
tion. . » .

.

The slope of ln (FINC) versus time r'ot fn an eastimate »f the time

a

constant. For ntep decrease #2, rthe regulrs ar~ plnotted - in
Figure S.1. Based on th; plot, the time canatent {g arnrevimately
23 min., compared Ato. 26 min basad on the 39, A3, and 7R percenr
valueg, Berauvne there was fpnnonghie qgréemonr between the two esti
mater, all of the other stepr changee wsre analyred using the a'» £
nand 78 percegt velnaeg ounly.

"nm-plota and mmivnes of data from 'he "aapnnes r . the ataep

decreases Indirate that fead €low vate Te v Toposr Crart.

"{nfluencing rreveen performance.

8.2.2 B“qugseAcn &;SFEP_;cheasa in VlQW~ The raeponas ta a atep
de~reapa in flow was conslster® from *teer to test, hafng choracrerizad

.. " ]
by & axrone ti-1 decay fn ' = off ant gugr "'ad e~lidr ¢ ncantyn
tion. Am can he asen from tha plotr ot dned 4o Jppadix T, ef " Tiane
turhidiry {nevaapad €ollowing earh arpp fnrreane 41 Tand fla:. ratae.

Rnwev ., 'l\ ANt Tt tn the reepf,,,-‘ﬁ, [ A PNT g qt p U rveon: ~a "'f-'qq

plor: w 1 el - ahla varvr{: ~{ {1 tha eV ot - Vot v e e
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O

reflected'this variability. In particular, consistent results regard-

ing the order of dynanics could not " be obtained ﬁsing the least

3 hFEN

equeres technique despite repeatedu attempte using a number of .

different intervals between the adjacent data points. Thefefore, the

results of the least- squares anlayses are not presented and no esti-

‘mate- of the order was made’ for the dynamics,

For the step increase responses, Table 5.4 contains a
%

summary of the estimated time constants (1), the process gains (Kp)

A

the time iags (tp, the length of time between the start of the
chahge in flow and the start of the change in reeponee); the meen and
standard deviations before and after the. step change and values
characterizing overshoot . | |

| The average gain for the step increases was 0.22 mg/L per
L/min increase in ‘flow rate. The variability of the response, as
estimated using the satandard .deviatioq: inc}eaaed; as weil, The

-

average time constant for the sgtep increases was of the order of
. ) v
17 min with time lags averaging 1.6 min. -

The presence of overshoot in some of the responges implies

that a model must be at Jleast second~order {f the remponge of the

settler to 1ncreases In flow rate 1s to be predf it -7, The tyanefer
furnctton fnr g enamand order mnAdal v tth rlmo 1ng ta:
acpy - Ce(s) . Rp e rheY

Yela) w2
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where: G(s), Ce(h),,ba(s). Kp, 8 are defined aséver equatibn 42,

~ TD -_ timé lag.‘

.- RN

w, = natural frequéncy of oscillation, and
z = damping ratio.

A

-

‘For those'responsoé displaying overshoot, there was a wide variation
in the degree of overshoot. ‘

1Y

N
(Y

5;2.3 ﬁesp§nse to Changes in Other Variables. Changes were intro-
duced to the air fflow rate, MLSS concentration and the rotational
spee& of ﬁhe‘hcraper é:ms. The responsé inlterms ofleffluent quality
was' 6bserved from daily plots of the 15-min averages. During. the
tests the setpointg;for all ofAthe other codtrdlled variableg remained

constart.

a) Air Flow Rate: Figure 5.2 is a plot: of »the élarifier
response to a change' in air flow rate from 56 L/sec to 76 L/sec. The
plot indicates thai; over the rénge'tested, clarifier effluent concen;

tration was unaffected by the change in air flow rate.

b) MLSS Concenfration: Four tests were conducted to invésti-
‘gate the influence of tiﬁe-varying M£SS conceﬁtrations. For the first f
test, the'MLSS concentration was inc;e;sed by shifting the point of
addition of return activated sludge (RAS) from the first aerafion tank
to the third aeration tank (referring to Figure 4.2, from tank "A" to
tank "C7). “The point of ;ddition of raw sewége remained at tapk A",

As tank "C" supplies the test clarifier with mixed liquor, altering

the concentration of MLSS in this tank altered the concentration of
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Figure 5.2 The Change in Effluent Suspended Solids Concentration
Resulting from a Step Increase in Air Flow Rate (May 5-6,
1982).



'.suspended'solida in the. feed to the'clarifier. For‘the aecond‘test;

7

thefureverse procednre was 'carried out.. The point of addition of

recycle flow was ahifted back to tank A" from tank “Cr. -

) Preceding the start of thf third test in this ; ries. raw':l
se?age was pumped» inta tank “c", Hith ;ecycle flow emptYing into
tank “Af. " The third teat consisted of & two-stage increase in MLSS
concentration. fhe point of addition of raw sewage was shifted from
tank .;C; to tank “A". | Following that operation,j RAS addition was.

shifted from "A” to "C".  The reverse ‘procedure’ was followed for the

final test in the series. The clarifier response to’ these changes in

'iMLSS concentration is contained in Figures 3.3 to 5.6. Note that the

response of the settler in terms of effluent suspended solids is the )

: solid line in the upper plot while the. forcing function is -the solid

Iy
l

' line'in the lower plot. The dashed line is a’ plot of suspended solids

concentration in the settler underflow.

The forcing funttions created by manipulating the points of .

addition and recycle were not steps. Therefore, the methods used in

analyzing the response following step changes in flow rate could not
be applied to the response following the more complex changes in MLSS

concentration. Instead, a first—order difference equation was fitted”‘

to the data.

"For a first-order model, the appropriate differential

‘equatior relating output to input is:

T dCe(t)

Sc - * Ce(t) = xp.sx.ssu) (45)

- 136
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'ﬁnetéé; - Ce(t)i- = tine—varying effluent auSpended solids output
| gMLéS(t):- time*varying MLSS concentration ) e-' i R
. : IR
';J t. . ‘.f; time constant of system e
; kﬁ'i ] proteas gain.'d
i i . 3 F_..

153

e

PER
o T

The above equation can be approximated using a finite diffetence in

place of the derivative

.‘ T,
T(Cey,) - Cey)/Ts + Cop = Rp MLSS, - (46)
where: .‘CeK+l" -‘effiuent suspended solids concentration"‘at;‘tne

P

K+1 time interval

- Ceg - concentration at-the Kth time interval
.ﬁLSSK = MLSS concentration at the Kth time interval -
> v . . .

Ts. -Tthevsampie-intervafJ

\
By solving the following equation for Cegs) the following pesults:

K+l

Ce - (1= r/Ts)Cew + (Ts/r)iKp-HLSSk (ai).

or,

(48)

Cegyq = s Cey + b MLSS
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. ) . . + . '“-. 2 . - ,,
where = ' a;;b; »'= functions of t, Ts or Kp. .. . s
. - ‘ A.H . . .«

Values of effluene suspended solids concentration (Ce) and

MLSS concentration were automatically stored in data files at a’

specified interval (Ts) by the data c011ection programs.' Regressing

GeK+1 on Cey and HLSSK provided estimates of a; ‘and b, . The

‘process time conetant (t) was .;hen related to the regtesston
.coefficiedt a) déing‘(oisson,‘198é):. |

o

8 5 e-Ts/r . - 49y

Table 5.5'summarizes the values for the reggessidd conétane
, @) and the estimates‘of the time constant (r).
,‘Based on Tqble'S-S; tﬁe most fmfoétent points ead be eum-
‘marized as follows: |
-1) A cdaegefihjeffluent concentration followed 2 change‘dn
.+ MLSS cdncentretioﬁ. The process galn was in the range%of
4 to 7 mg/l of efflueﬁr Rugpaended ) 1 An rer g/l change

in MLSS concentratien, B .
t4) Three of the four responees ~orld "a» adegysrvolv madalled
vaing firat order dynami- r, ANZIE R vy yogf e

fannt fray te rherefdéé:

G(s) ~ ﬁg%gggw ' ‘T §FTT\
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tion dZvand

MLSS(s) = Laplace transform of function describing'

MLSS concentration.
111) Thé average process time épnstant (1) for the four tests

was approximately .flve hours, ' indicating that the

reépoqae to Sydraulically induced changes.
c) Rake Sggggi' As eff'uent concentration was monitored, the
rotational speed of the sludgs s+raper arms was incréaeed from 5 tn
8 rev/h. . As shown 1n Figurr ~ °. no noticeable change in effluent

concentration war obrerved.

5.2.4 ‘Discussion of Dynamic Results. The observation that the

transient response of the ac'ivated sludge sgystem to changer in

_hydravlic loading wae nonlirear finds gupport fn th~ publighed litera-

ture, C'1Jine and Croshy (17°80)  for {fnstan:e. expressed ccencern

about the affecte of trreratent hydranlic loada ¢ clarifier o - frr
mance., "hey dndigatad thar arbalan s el uld ke genernre’  cary
quick'v 2t higher velncft{~e %t that fr 111 Ao off 3q a tlv- qen!

aqual re | or zref"ér than, th» *~tant (s Fr{me of rthe sarvlay,

Tn the lirter~tyr on the p"nndy"n!n'o rrrfarvmance af *ha
serandary rlar{fier. {t wne note!’ thar do {at{one { 'p Camp a mwmddel of
Jdeal aettling were rreatsd by = "Adonaft: cusrent {* 1c pomtulated
that thie "éennitv curreat ry ver*toa? 511 @axe ta oa w Tmyp frilvnpen

ave: trha Av: amfen "ol H - ! rhe St G ~ EPR ] S .
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where G(s), Cé(s), Kp, 1, s are defined as per édua-'

response to MLSS induced changes was much slower than the
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'feed'fipw rate altérs the gomehtum of ﬁhe vertical roll. ,Ag a éonse-
iquence;'fhg level'of turbulenceVand'mixing 1n.the tapk :ré_alterea as ’
afe the rate ;f scoufr’ of-solids_frpm th¢ gjudge.glankefr;pd-popgibly
thé stability éf sludge/supernatant intérfaée. B 7

A step decrease in flow décr%?sgd the level of‘mixiﬁg*in'xhe
supernatant above the sludge. The exponential decliné‘ in effluéﬁt'
suspended solids observed following a step decrease ;n flow rate

reflects a decay 1in the level of turbulent energy. The decrease In

i
Y5,

the leQel of.viriability of effluent s;spended solids foilowing the
step decfeages was evidence of the decreééé‘in tdrbulenée'in:;ﬁg\tank.
The wide ;ariability in thé‘respongeﬂof-thé ciarifier to a
step {ncrease %n‘ flow rate from one run Eonnanother indi;atéd that
several mechanisms, in addition to an increase in turbulence, were
respénsible. The flow of mixed 1liquor into a clarifier rlosely
resembles the flow of a sediment-bearing river into a lake: Both
situﬁtions result in a surface of discontinuity created by differences
in velocity and deﬁsity between two fluids. As described in .the
.1iterature on ph}sfcal limnolagy, waves and, in particular unetable
eddies may form at tha gurface of discontinuity (Swmith, 1975). The
explosiv~ collapse of distortions 1in rh) surface of diQCﬂnrtnuitv,
referred to as Kelvin"Hp1mh01tz ingtahflity, has ;eon oheervad
followed by a return to stable conditions (Smirh, 1975). C{ven the
sim{larities between flow i; a secondary clarifier rn lake flow, it is
posgible vhat aome of the {irregularity in the plo'+ of the elar{fler

responer or he  attribured to the gen- ' and enllener  nf
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5

undulations]in the sludgé blanket pfior to the.establishment of stable

Y

conditions at a higher fiow rate. . ¢

. The presenc; of floating solids on the " tank autface alsom
1nflﬁenced the response of the clarifier to a atep increase in flow.
Denitrification occurred during the course of the experimentation’

causing some- flocs to float due to the entrapmen;f of‘ nitrogen
bubbles. Those solids, trappéd between fhe scﬁm baffle and thel
effluent weir, were dislodged by a sudden increase in feed flow rate.
The presence of>overshoottin a number of the runs was attributed to
the presence of floating solids outside the scum baffle. For full-
scale settlers, the ratio of surface area between the. scum baffle and
effluent weir to total surface area 1is lower than for t& test
clatff;er. The - degree of,pvershqgt*%iil, therefore,'be exagéerated at
pilot-scale in comparisoh'toffuil—scale.‘ 7 |

Variatione in HLSS concentration were induced by shifting

the points of addition ;i raw sewége and ,ecycle sludge. . Conse-
quently, changes were pbserved in\fhe level of suépendedlaogidé in the
effluent from the test: clarifier. Such results could arise from
nitered -energy leyels aévdensity 41fferences change; from changes-in\
the rate at which nonsettleable solids ente;ed the settl%r, ;p'from
changes in the volume of the clarificagion zone as the siudge blankgt
changes. Given that the MLSS induced responses were much slower th;n
the responses induced by time-varying hydraulic loads, the last two
the explanations seem.more plausible.

In summary, the results of repeated’ hydraulic step tests

indicated that the level and variability of the concentration of
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-suspended solids in tne efflnent from the clarifie; changed following
va change in feed flow‘rate intO‘the clarifier. The response to~a step
decrease in flow was characterized by a first-order decay in the level
of turbulence in the fluid above the sludge blanket. The responses to

a step increase in flow were faater_and displayed congiderable varia-
L ’ F

. A, ) : '
tion from one run to another. A step increase in flqw resulted in an

increase in the level of turbulence and possibly the generation and
collapse of -undulations in the vsludge blanket ° (Kelvin—ﬂelmhoitz
instaoility). Overshoot, observed in some.of the responses to a step
increase in flow, was attributed'to the ptesence of floating solids
between the scum.baffle and effluentvweir. They were swept over the
welr by the 1ncreased momentum of~the “"density current” as the flow
Ancreased. Cnanges ffi - effluent suspended solids concentration were
also observed following _changes 1induced in MLSS concentration.
Because the-estimated time constants for these responses-was large;

.~

they were 1likely created either by a change in the rate at which

nonsettleable solids ‘entered the settler or by changes in the volume
of the clarification zone above the sludge blanket.

f

" 5.2.5 Modelling Recirculation Effects. Evidence of the existence

of a vertical voll within final aettlers comes from tracer studies as
well as from the dtrect'neaaurement ot fluid velocities within the
tank. Reseatchers have observad that tracer washout.curves obtained
from settlers subjected to a pulse input of tracer frequently display

a series of twn or more peaks of concantration which attenuate with
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time (Murphy, 1964; Thyn and:Hansson, l975);v The ‘existence of these ;‘
peaks indicates that fluid is recirculating within the settler.

’ One view of the clarifcation process ho1ds-that'it is the=
concentration of "primary particles entering the settlerkuwhich":
largely determinesﬁ‘the efficiency .of suspended solidsa removal
(Tuntoolavest et gl;,‘1980); "Primary particles” are stripped from
the flocs by the action of turbulence in the aeration basin and are
‘too small to settle. If this view of clarification 1s correct and it
is assumed that action of both flocculation and scour can be neglec-
ted, then primary particles entering the settler will be discharged inv.
the effluent. in effect, acting as an inert tracer. A number of the
plots of settler response following step changes in feedﬁ‘low rate - -
‘display a repeating series of peaks. The plots for step decreases #1
# and #10 (Appendix D) and step increase #2 (Appendix D) show them
mostvcleatly.v Their presence is direct evidence that flow is recircu- _1
lating within the test settler,

To confirm that the peaks were caused by fluid recirculation
and gain additional insight. into the mechanisms responsible for
suspended gsolids .removal, output from a recirculation model was
compared to'plots of the settler response. The modellconsiSted of a
series'of.CSTRs with a plug flow line rec&cling a portionvof the flow
back’to'the first CSTR. A form of this model was used previously by
'Thyn and Hsnsson (1975) to study fluctuations in a tracer washout

_curve from a final settler.

a

A step change‘ in. feed flow rate -into the settler ‘was.

‘therefore assumed to correspond to a step increase in inert tracer
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into the recirculation model.  The response of the model- was
determined byfa FORTRAN program which solved differential equations

derived from mass balances using an’ Euler-type integration.4

.. A schematic oT the flow model ‘is given 1n Figure 5 8'

Figure 5.9 “shows..thé nodel output for two reactor configurations

fbubjec;ed to pulse inputs of inert ‘tracer. Both configurations have

the same tank volume although one has recirculation and the other does
not. The effect of . recirculation is firstly to push che tracer, peak‘

through to the effluent at a faster rate. Secqndly, g,gpr;ion'of the

-

tracer 1is recirculated back to the inlet and re-in;roduded into the

.

“tegetor. A second and thtrq.tracér pedk thgrefore"appears in tHe -

~

':~‘ A comparison of'the 6utput froﬁ thé reciréulation model‘énd
the response follpwing a step decrease in feed flow rate are shown in‘
Figure 5.10, (By plotting!moving averages instead of raw data, the

, !
settler response has been ftltered to remove high frequengy noisg.)

The butﬁdt'of thé/recirculation qodel to a étep'decrease injtracer

»n

concentration consists of an exponential-decrease in.tracer concentra-

tionvupon_wﬁich is sdpefimﬁosed equally'spaced‘piateaus, attenuating

~.withftime. The shépes of the two curves afe quite similar, giving'

.'credence to the hypothesis that fluid recirculation influenced the

transient response of the settler.
Figure 5.11 shows the mode1<outp§t for a step. increase in’
influent tracer concentration and the'filtered response of the settler

following a step increase in feed flow rate. Thefe 1s little simi-

~ larity in the. shape of the plots containinggﬁhe‘iredicted and measured
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«

values. The plot'of the model output i1s an exponential increase in
'- .v . B .- ' - B \\ .
tracer concentration with plateaus which./éttenﬁate with \time. In
- \
.contrast, the settler response shows a greater number of peaks with
. . \

the peaks maintaining their identity much longer than predicted by the
\

\
\

modeli‘.'f;:: S ' ‘ \
: _ The discrepancy rbetween the :two‘ plots ,contaﬁned in
?igure 5.11 indicates ghat the‘settler response to a’ step inc;\ase in
'flow-rate cannot'be.explained‘simply in terms of an 1increase i&i;the
_concentration of non-settleable solids‘ entering the settler. - To
obtain a model output with a shape similar to the settler respons of ‘
Figure 'S5, ll(a), pulses .ag well as a step increase have to be fed inko‘
the recirculation model. This suggests that re-suspension is a factor\\
‘which helps to determine the shape of the response of the settler
- following 4 - step increase in flow rate. A more complex model would

\

account:,for 'thef influence of transient hydraulic.‘conditions on
.partic1e~re-suspension. For a short'period after the step increase, «
:the feed flow rate into the settler exceeds the effluent flow rate
'over the weirs. More momentum 1is transferred -to the circular roll and
theiopportunity'for particle‘re—suspension ia'enhanced.

5.3 . Steady-State Data ' | '

. 5.3.1 ©  'General. Data was collected from runs for a total of three

_fractions:of the deésign factorial; The design matrix for the first or
principal fraction is presented in Table 3 3 The design matrix for

'the second: fraction was generated by awitching the signs in all of the

columns of the matrix of the principal fraction. The third fraction

{
.
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was generated by switching the signs of the column for feed flow rate

in the design matrix of the principal fraction. - "As for the principal. N

fraction, blocking for the additional fractions ‘was about sidewater
depth. , o o - ‘ a ‘ -

A summary of the data collected from the runs for the threev
tractions is contained in Appendix E. In addition‘i‘igure 5,12

pr_esents the ‘means . and standsrd deviations of. effl 3 suspended

B8

aoli-ds vfrom the test '-clarifi-er.. ‘ These turbidimeter values were
plotted according to run sequence fot the factorial rums. The'mean
effluent concentrations ranged from a low of 16 mg/L (Run #23) to . .a
high of :79 mg/L’ (Run #19-R) The range of engineering varisbles o
covered by the fsctorials was as shown in Table 5.6. .

The standard deviations for both facto’rial and centre-point,
runs were plotted . against the means for the same run. The results,
: shown 1n Figure 5. 13 indiéated that, alt‘hough the standard deviations

and means are not highly correlated (ry, = O. 65). there s a trend

Xy

»

between the two valles. As the mean efflyent ‘s'usp'ended solid's

‘concentration increased, the standard deviation tended to increase.

4

)
.

5.3.2 ! Regression'Analysis. ln.‘order' to _develop a pred'i'c.tive _"

equation for the s8dlids concentration in the effluent from the test
clarffier and to separate those variables which significantly
influenced effluent clarity from those which did not, regreasion'

techniques were employed ‘I'he objective was to select a model with

the mximum predicti‘ve power  whi 1e avoiding "overfitting".
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ar

-TABLE 5.6 Range of Engineering Design and Operating Parameters.: /

Parameter L _L.f' o _Range . -

Overflow Rate > Y 0,68 - 2,03 w¥/en
Hydraulic Detention Time ‘ ‘ 0;9§‘4 3;73 h_.v .
Solids Loading Rate - - 1,05 =.6.59 kg/wPeh. -
'.Veloéity'Gradient ' o T 137 - 156 sec™!
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”Overfitting" results in models which are unjustifiably complex (Box
and Jenkins, 1970). h

A stepwise regression technique was employed to select an-
appropriate'regression equation. .A FORTRAN progrsm, titled "BAKLM",
was written on the Hewlett-Packard minicomputer. : Starting with a’
predictive equation containing all the terms thought to influence

g

effluent variablity, the program examined each term to determine its
contribhtion to the predictive equation. Terms are eliminated one by
pne from ‘the 1initial regression equation starting with the term with
the lowest degree offpredictive power. Decisions regarding the suit-
ability of a term for inclusion or elimination from the predictive‘i
equation were made on the basis of a partial F-test. The partial
F-test value wag calculated agsuming that the variable under investi-‘
.gation was the last to enter the regression equation. If the partial
F-test value for the vyariable was greatervr than a tabulated F-value at
a preselected level, then the elimination of terms from the regression
equation was stOpped and the regression equation at that stage adopted
as suitahlae. .

Details af the “Rackward Elimination Procedure” are
described by Traper and Smith (1966). In order to "‘debi;;:"uand test:
the program, a enmpl- problem contafned in Draper and Smith was solved
urirg "RAKIM”, The Program output wmatched that contained in Draper
and Smpirh. The 0ufput "BAKIM" and the output for the test data from
Drapav and Smith are presented i{n Appendix F.

The design of the three factorisls nllowed estimates ‘to be

made nf the {nfluence of the individual varisbles and their two-factor
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interattiqne with feed flow rate, In addition, two "dumay vatiables;
~ were aeded to the starting regreseion equation. Changes lﬁ‘tempera—
ture or cempoaitlon ofl_the influent sewage over tlme woald have
resulted in differences iﬁftte.average level of effluent clatity frgm
.one set ‘of runs to anothet; The “dummy variables ensdted that

B

differences in the overall level of effluent quality from factorial to

-

'factorial_were removed. Therefore, the stepwise regressZon started

with the terms eontaihed at the top of Table 5.7 and pr gressed 1n

th tﬁe table. As a check, the multiple coefficient of
determination was calculated for each regression in the process. The
value eerved as a measure of how successful the particular equation
“was at explaining the variability in the effluent data.

The terms listed below the line in Table 5.7 were those
which significantly 1nfluenced effluent clarity while those above the
‘line did not. The appropriate regreeaion eguation therefore contained
three variables -, MLSS coqcentration, slﬁewater depth, feed flow
rate - and the‘prodpct;o§ tyo variables'(feed‘flow rate‘and sidewater
detth}.\_fn statistical terpa thefptoduct ot two. yariables 18 known as
a“"téo-factor interactlon". Exptessing flows as hydraulic loading éer
unit area of settler, the apprdpriate regression equatlpn explainiag
.78 percent of the observed variability'in'effluent suspended solids

from the test clarifier; was:

Ce = -180.6 + 4.0-MLSS * 135,6-Qa/A + SHD (90.2 - 62.5-Qa/A) * (51)
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" TABLE 5.7 Results 6fAStepwise légfeiaiop of'OnéLipe’Dlta

Terms contained in starting rééféssion.éﬁuétion:7 

Variables:

-Underflow

Interactions

MLSS

Feedwell Depth -
Rake Speed

Feed Flow

Sidewater Depth

HLSS/Feed Flow"
Feedwell Depth/Feed Flow
Rake Speed/Feed Flow ‘

-Underflow/Feed Flow
Sidewater Depth/Feed Flow

Air Flow , Alr. Flov/Feed Flow
Intercept Term (b)
"Dummy #1" ‘ .
llmmy '2-1
Number R Partial ‘ Variable
of .Terms. (%) F-Test Eliminated
16 83.1 0.04 '
. . Air.Flow
15 - 83,0 0.07 - Du y
14 - 82.9 0.20 . "Dumms.
' . Rake Speed
13 82.6 0.24
. R - Underflow/Feed Flow
12 82.3 N 0.27 "Du”l' "ne
11 82.0 0.38 . W
: A MLSS/Feed Flow .
' - -Rake Speed/Feed Flow
9 81.0 0.51 ‘
‘ . ‘ Air Flow/Feed Flow
8 -80.4 - 0,58 -
. s : ' Feedwell Depth
7 79.8 -0.59 ,
. - Feedwell Depth/Feed Flow
6 79.1 - 1.16 .
Underflow '
5 77.9 4,58
_ Stop Elimination!: F-value (952) = 4,32
: : Sid ter Depth -
4 73.1 10.21 Stdewater Depth
MLSS -
62.2 11.14 E s
N id F
11.2 3.06 ewater Depth/Peed Flow

I 4

' Feed Flow
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where: Ce . = effluent suspended\soiidachncentratioh.‘mg)Lli
| .Miss"s cencentretion; ofh'sqsnended’ﬁaolidé in'ithe .mi*ed
liquor, g/L- _. . |
Qa/di'-'clerifier feed flow rate per unit.ofvsurfaee area,
. #/h o R .
SWD -IEidewater'depth:,m. :
A‘ h = surfaee area of’eettier'less areas ecpdunted»for-bi

the feedwell and weirs, mz

Craphica1~ representatione- df‘ the above"eQuatien were:
deyeloped. Regression equation predictions were generated by holding
conetent the value for one of the three variables whiie,changing in
'iﬁcreqhu.'ﬁ“ﬁv. alue!:of the other two. Ae.indieeted in Fignre 5.14,

‘ ; - '
_~y*water‘depth constant, ‘an 1ncrease in MLSS concentration or

feed flow rate (due to a change in either plant inflow or'recycle"
' rate) resulted in a deterioration in effluent quality.

With MLSS concentratien held‘ conatant, predictions of”

h 4

effluent quality were determined as feed flow and aidewater depth

changed. As indicated in Figure 5.15, the lines were not parallel to |

one another reflecting the .presence of the interaction between feed
flow rate and sidewater-depth in the predictive equatiog. Iherefore,
the relative deteriorationvin effluent quaiity for‘a given increase in:.
‘feed flow rate naeﬁgreeter fpr a low sidewatergdepth than for a hiéh

one.. for' variabies involved in an _interection, the response to .
'chnngee‘in one of the variables dependeron the level of therbther"

: variable.

e
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.;v75,3L3} L Biggnostic~uodel$Checks; The adequacy of the regression

equation was checked by carrying out additional statistical tests and ’

"1

e by analyzing the residuals. _-;fh_fk | ,

In_ addition, to partial F-values;' program BAKLM also .

. displayed the 95 percent confidence liMits for ‘the model coeffi-.
‘-cients.( For the regression equation adopted Table 5.8 presents these

resnl;s. As zero 1s-not contained in the confidence limits for these'r'

’ﬂjmodel coefficients listed in stle s, 8 the corresponding varisbles

f;are seen ‘to’_be. significante A statistically signi icant regression

f:ﬁwas obtained as the observed F-value for the model (also listed in _.‘f.

-~
t

'Table 5 8) exceeded the reference F-value. In other words, the

~

'proportion of variation observed in the _data which was sccounted for

‘ by the regression equation ‘was grester than conld be expected by
jchance in similar data sets (Box et al., 1978) " The - observed F—value‘.

for lackrof-fit was less” than the corresponding reference F-valde.

iThe model therefore displayed no lack-of-fit ‘at 'theh 95 percent-

"\‘confidence level..‘ ”
| A residual is the difference between the vaIue observed ‘at
_ one "set of conditions and the value predicted by .&he regression“

s equation at the same set of conditions. Regression analysis assumes
. i .
.that errors in the observed response are independent and normally

s

) didtributed- with a zero mean and‘ a constant variance. 1f these,_

'_assumptions are correct and. the model is adequate, the residuals will ’

R

“ be normally distributed with a zero mean. '? The residuals vere

therefore exsuined in order to detect any gross inadequapies in the
‘ model and to determine if any of the. unexplained varistion in observed‘"'
: \ o . :

L N . . .
W
. L. S

~ "-‘~ . - €
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Analynil of vhriancc lible

R ¥

(S

rAuL; s.a confidencc Ll-ltl for icgras-ton’coefficienta -nd'nxp.naedj~4; )

a) 951 Confidence Liuits on ngrelsien Cpefficients

:  Term

'MLSSﬁConceﬂ;rgtioﬁ.
_Feed Flow Rate '
- Sidewater Depth -

Feed Flow Rate/.

- Sidewater Depth Interaction '

\

~

./ Source

Model

(

.Tabuiatea‘F%Valuegi

Residual- . .
Lgpk—offfit,

- Pure error

Mean

Total (corrected)

Total (uncorrected)’

) : )"‘7)—_"“&;"1 .
Cuefficient ; ‘ D
Values 952 Confid@nce Limi:s"
&, oa,i S 1,62 = 6. 45fﬁ
135 60 60.2&;" 210.95.
90,16 - 2,49 177, 83

. 62.54 .. 106, 20 - "-18.89
b) - Expanded ANOVA Table R
. 88 or W B
. 5064.46 - 4 . 1226.11 . '18,54¢1)
. 1433,92 ° 21 | 68.28 — .. .
£ 1667.02 .13 - 82,08
"366. 0 : 45086 - -
45343.86 - - - 1 . - .
6498.38 - 25
51842.22 . 26 -
" . B - ‘ “ _‘.“.
(1) P[4,21,95%] = 2.84
. (2)  P[13,8,95%] = 3.26
B
W
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1 ‘effluent clarity could be attributed to other variables which were '.

neasured (but not controlled) during experimentation. : B

[N

| 156. ,.

»The nethods used to analyze the reaiduals were graphical' -

(Draper and Smi-th 1966). The residuala .uere plot_ted in the fo/l}osing

' vays:
. a) in 'time. order;" |
T b) ‘against the predicted values obtained from the adopted.
-regreasion equation, | -
" ¢) as frequency histogran;s = for, a11 ‘the runs and for each
o ..: 'of the three fractions of the factorial ‘and
| .‘_‘d) against the following *"ésured‘values' liquid tempera-
4‘ ture, zone aettling velocity, oxygen uptake rate of the
'v_nixed liquor and the concentration of suspended solids in
the influent to the pilot plant. | '
The residual plots are contained in Figures 5.16 to 5. 22,}

They display no gross discrepancies from the assumption that the
' Y

residuals are normally distribut’ed with a zero, mean.‘ Therefore, there

is no reason to reject the adequacy of ‘the regression model developed
ausing the-'backward_ elimin_ation technique. Turther, ‘none of the
ujnexpl.a,ined-vari‘ation in effluent .a_uspe‘nde_d 5’;;1145 could be attrib.ut_ed
to varifations 'in_ liqui-d. teﬁperature, zone settling Veloc'ity, oxygen

»uptake nate or influent suapended solids concentration. (The p'revious
t

'_atatement should not be interpretted as meaning that there 1s no
'relationship between liquid temperature,_ zone aettling._.'velocity and

"other ' meaa'ure‘d (but uncontrolled) variables ‘and ghe quality  of

5

. -

effluent secondary aettlers. Rathen‘t means that no influence could

b I

-

. 3
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£

be diseerned given the changes in those variables which occurred by

- chance during the course of the experimentation. As succinctly stated

by Box et al., (1978): "To safely infer causality the experimenter
cannot. rely on natural happeninga to choose the design for -him; he
must choose the design for himself....”) -

&

i

5.3.4 Comparison with Other Research. To establish the

credibility of the findings of this study, these ‘results were comgnred

with those obteined_ by Pflanz (1969), Fitch '(1957), Tuntoolavest

et al. (1980), and Parker (1982).

| Pflanz observed that the concentration of suSpended solids

in the effluent fron the three full-scale clarifiers 1ncreased as the

MLSS concentration increased. The rate of this increase was measured

by Pflank\?nd Table 5.9(a) presents his observnbioaoffg:/:’rectangular

-

settler with\a\depth of l.2\m.
; f

As 1indYcated from the stepwise regression analyais, NLSS -

_ concentration was found to be an important variable with effluent sus-

Table %.9 b) presents neaeured values averaged and grouped eceordtng
. f / : . '
to flow conditions. - ‘ ' ‘ '

¢ .
.

The efficiency of the test tlari‘l!r was compared with that

: observed by Pflanz at the plant‘ at Celle, which had a circular

o~

"y

~clarifier 33 m in diameter and 2.3 m in depth. For a 30 ng/L effluent

Y
suspended solids concentration, permissihle loading rates for both the

Celle clarifier dnd the test clatifier were plotted. As.ehown in

pended solids concentpdtion from the test clarifier‘ increasing byL;
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TABLB 5.9 Co-parison of lhfluence of ] Cbncentration on Effluent .
Snspended Solida Cbncentration < L ‘ - —.,

(a) Estimates for the Pflanz Data for the P!nal 1hnka at lennigsen
(After Pflanz, 1969)

-~ Increase in. Ef fluent SS

MLSS Range 5L3_ " . Overflow Rate o ‘per g/L Increase in MLSS
(&/L) (w/h) - (mg/L)

2.0 ~ 6,0 - 0.89 | 5-6

2.0 ~ 4,0 . - | 100 7

4.0 - 6.0 1,00 SN © 10 - 11

_— - l

(b) Results from "Test" Settler at '+“ Sideu:ter Depth -

Flow Rates . ' Average Increaee in Effluent §s
FF UF Overglow Rate per g/L Increase in MLSS
(L/min) (L/min) /m?en) (mg/L) :
100 60 © 0.68 ‘ 5.5 ‘
140 60 1.36 - . 2.5

140 20 2,03 ' 3.5

S0 e —m— R
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Fiéﬁr‘e ?.23, the pemissible rates were higlgr fer the full-scele
clarifier than for the pilot-seale test clarifier.w Over the range of
loadings common to both studies, the relative change in effluent
quality was similar for the two clarifiers.‘ For instanceJWSEr the
Celle clarifier, an increase in overflow rate fromIO 85 to 1. 15 m/h
required that MLSS concentration decrease by 0.9 g/L in order to
maintain a 30 mg/L effluent. For the test. clarifier, the same change
in overflow rate would require a decrease of 1.1 g/L in MLSS concen-
tratién. Therefore, given the differences in-areas and depths between
the clarifiers studied by Pflanz and the test clarifier employed 4n
this,serieS“of experiments, there was reasonable agreement regarding
the influence of solids and hydraulic loading. |
Conclusions differed,  however; regarding the importance of
recycle rate. Pflanz found that variations in return aludge flow did
not influence effluent quality. For the test clariffer, the equipment
was ‘configured so that the rate at which flow was pumped - into the
sétrler could be contrelled independently of the rate at which under
f‘l..ow was pumped out, For the coovent{onal acrivated gludee syatem, »
feedback loop exists between the aettler racyrle apnd faed flow rareg.
By increasi.rrg the recycle rate the underflow aind feed flow ratee are
avtomatically {ncreasad. The resulte from “he Ffactarial analygig
k‘ndioaced that an (ncrpaee in underflow vmte dfd nar Alan{ficantly
influence effluent qu.ality whereas an {ncresse in feed flow rate

v

deteri rated effluen' qualitw. Becaugse an increamre in fred flow ratae

EN@rar et mat ! oa) Vs Fryom rn "\C"f‘ﬂ?e in "’""""1.9 rote for e *nrinn-t
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v iystené,.these\results suggest the net effect of such an 1

deterioration in effluent quﬁlity.L -
" Garrett et al. (1983) also studied the effectrof recycle’
~ rate on effluent quaiity. At the City of Houston's Southwest
' Haétewgtér. Tréatmeﬂt Plant, they reduced the recycle rate from
100 percent to. SO'lﬁércent of the inflow rate, As a result,~ ﬁhe '
effluent suspended \soli&s concentration from the final settler
dbgyeaaed from.10.2 ng/L to 6.9 mgly, These results, in Eontragt to
those of .Pflanz,; éupport the conclusion that recycle vrate‘ has the
poteuliai to inf;uence ef{luent.qpality.

Fitch_(l9$7)'studied,the removal efficiencies using séttling

columris . and a suspension of calcium carbonate. His results were

e
w

»:'blottéd ‘(Figufe 5.24) in - conjunction with a similar plot
(Riégre 5.24), developed from the test clarifier predictions expressed
as ﬁgrcentage rémoval% Both sets of plots indicated that the rela-
tionship\§et§een remov;Ingficiency and overflow'raﬁe was linear, or
nearly 80, and;_that; as liﬁeé‘fot both sets were not parallel to one
'anoth;r. an inCeractioh was 1nyo1§ed: To confirm éhe existencé of the
'1ntgfaction, Fiﬁch'é data was subjecéed»to the backward elimination
technique., The results'were ;s indicated in Table 5.10.

o ' ‘A8 can be seen, column height, overflow rate and the
intéraction between them could not bé eliminated from the ;egrension
equ;tian, The three terms significantly {nfluenced effluent claritygaﬂ
Analyaia of “the Pi;ch data therefore prnvided strong seupport for the'

conclusiong that bhoth overflnw rgte and depth were {mportent



N

REMOVAL EFFICIENCY ¢

89. 0

88.0

87.0

~Figure 5. 24‘(5) was removed due to. copyr1ghtkrestr1ct1onsb

A e gt T e e
- TS & R L}7§ii 'f

- . "; . N
G . H e,
’ + ’ A \; toe L
a0 - -~ . ' B
o o L Tg
e i
UL T ¢ wE 4
e R °E
a7 \ 7 . &
i oS . ‘.
IN i
B e
- . by
/ R “. i3 ’A» .
& . Y v
[ N
r ;; .

The f1gure, obta1ned fr\\\a_paper by F1tch‘(1957).,showed

< - -
ST e, T anih

_ %
the re]at1onsh1p between removal eff1c1enc§ and over— . 2
/*p‘
flow rate for different sett11ng column heightsﬁ v :
& ; .
SN |
§ . "
) ;g -
. g - - g
N oS .
K y .

~ .
b ‘ i . b a2 B X
~ LSt - Y.
~ 1. 24"" -
2o *
! b -
i< ] 4
1 - g . N 1 !
R > R
1.0 1.2 1. 4 1.6 1.8 r 2.0

r

OVERFLOW RATE=- (@1/A) by T

' Figure 5.24 (b) Removal- Efficiency Verfus 0verflow Rate for Regression %

Predictions.

~



'\;u.v . 3 _;M:‘-;;- ~;i7-,.! o R o S
R S f‘, | . 177
| .

St ¢ o - i i ’ '
-3

d

TABLE 5.10 Results of’Siépiisef?egreicion for Fitch Data

Terms cbn;aingq_ih:sfartihg.fédfessioﬁféquation:
Variables: ‘ a Interactions: R
Column Height A Overflow Rate/Column Height
Overflow Rate ~ . | o -y
Intercedt Term (b)  # = =

P
V. ’

: s ey . — —e
Number .~ . R2 ' Partial . . Variable '
of Terms x). - F-Test " Eliminated °

v

4 96.8 5.0 . - | L
~— Stop Elimination!: F-value (952) - 4,28 :
# 7 ) o . "Columnnﬂéigbgi 7 N

3. 96,1 321.17 4 o
’ o ' Ove;flowvR#%e/ColumnﬂHeigh;
2 439 19.54 I
k o : ngrflgg‘Rate:“7 I -

- e

=
Q



'clari fication' variables and that there 1’s indﬁed sn interactiom

between them. )

G

(1980) was that the MLSg concentration exerted a uﬂjorﬁcfﬁ‘gs on the

concentration of suspended solids in the clarificr fffluant. As well '

R - "ﬁ y
'they determined; that 87 percent of the variahi ity ign effluent clarity v
-i .' Lo
" wds; accounted for by the air flow rate/HLSS concentﬁation interaction. -

thereby suggesting that velocity gradients at hifgh alr flow rates were.,'

shearing the biological flocs. Although the results from the test'

®

'.clarifier confirmed the importance of MLSS, concentrat‘ion, they: did. not Ny

provide evidence for the importance of air flow rate.c Air flow rate
’ ,53 -

was one of the first variables dropped from the regression g‘quat«ion

when using the backward eliminatfon procedure. ' - '_;;’ ¥ i &

. «a

'I‘he differencés between the two studies ‘can be attributed to
v K

differences in the range of variables, the use of tapered aeration and o
- - R LT

to fundamental problems with the measurement Of;i turbulence. For the

research conducted by Tuntoolavest et al., cha‘nges in the air flow
rates'created average ghear of G-values\ which ranged from 162 to
200 sec 1_. Due to the limited capacity of " the3 blowers on the acti~
vated sludge pilot plant, the G-values for this study were both lower
and varied over a narrower range, from 137 to 156 sec 1{.

s

The G—values for this study ‘were calculated using measure-
t

nénts of’ the total air flow rate delivered to the three aeration
tanks. ‘I‘apered aeration was used to natch the air supply to the

oxygen demand as- exerted by the glicro-'organis'ms.‘ As a result, the

valves on the air lines to compartments “"B” and "C" were throttled

‘
iR



A

fback ftf' comparisoﬁ to compartment '?A"; 'l'herefore, the G-value in
S d'-conpartment:”c , estabiiahing éke hydraulic envirqnment ‘of the mixed
- - , : @ ‘. ,
'liquor;prior tb4its diseﬁarge»tb the test settIer, wag actually lower‘ y
P"\, .

than the G-value based on total air flow rate to aIl three aeration

COmpar ments. With only Qne air flow meter located on’ the discharge‘v

=~ B VLA

from the hlowers, G-values were based on. total air flow rate. ,

Y

o :,g" ’ @ A fundamental prohlem 1n examining the ianuenée of air flow

2,

tdte on floc shear has to do with thé fundamental nature of turbulence
;;n’.g-ahd‘howgdt relatea,to the average shear velocity{ .?urbulence consists
i of.higﬁly\unateady eddieahdr rotational flow elements. ATﬁe largest
feddies haue the lowest fredueney fluctuations in velocity and have a’
size vhich is ofqtne same- order of magnitude as the flow domain as
determined by the walls and floor of the tank and the liquid surface.
. ‘Energy from large eddies is transferred 0 smaller and smaller'eddies,
a proceas known as "energy“ cascade" (Rodi .1986) | The amallest '
eddies, with the highest frequencies, dissipate the mechanical energy -
| into heat through viscous forces. The mechanical energy imparted to a
fluid is distriuuted to eddies with a range of frequencies.
-Tnevaveraée shear Qelocity is a measure of the ener;y input
per unit’volume. In easence. it represents an infinite comBination of
turbulence scale and intemnsity measures (Kalinske, 1971) Invﬁater~
mining floc shear, interest centres on how mich energy 1n contained in
those eddies which are of a size to disrupt the flocs. Eddies which
are of the same order of magnitude as the flocs - from approximately
100 y to 1600 y — can ahear the flocs into smaller floes or strip awsy

primary particles. In contrast, lsrge-scale eddias aimply transrorr



"7gthe floo from one place to another in the aeration baain. Determining‘“

s ¥ 2

rche effect of neration equipment and air flow rates in floc ahear‘l'

o requirea a knowledge of the distribution of turbulent energy amongst

the various eddy frequencies. | The average ahear' velocity “An this
context ia simply not an adequdte characterization of the nature of
- turbulence.‘ A o
Direct evidence'for.the influence of aideﬁater'depth on'
effluent quality at full-dsale planta was preoented in a recent paper
.by ‘Parker (1982). He lﬁated conditions which he believed would
optinmize suspended solids removal in the activated eludge system.;
With reapect to the aeration tank, deeirable design and operating
procedures .are those which lead to lower mean velocity gradients and_
henceA produce fewer prinary 'particles. -For clarifiera, Parker_'”
recommerided the use of deep tanks, low overflow_rates; inboard weira,
'and large diameter feedwells.,

In order to'demonstrate the importance ofdaidewater depth
~in‘c1arifier design, Parker obtained historical‘operating records from
a nunber of plants designed by his firm. The‘reéults, reproduced on
Figure 5.25, indicated that the average, concentration of suspended
solids in the effluent decreased aeﬂtheydepth of the tank increased.
" As well, process stability, represented by the spread of the 10-per-
centile and 90-percentile values, improved with depth.

. Parker's ' obgervations regarding sidewvater depth are-
completely consigtent with those obtained from the test clarifier.

The regression equation developed from the factorial results predictedo'

{mproved effluent clarity with increased depth. An unpaired.Student's



-

Page 181 was removed due.to copyright restrictions. The
page contained Figure 5.25, obtained from a paper'by
Parker (1982), showing the efféct of depth on effluent

suspended solids concentration. = .
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-test was: carried out to conpare etandard deviatione for runa conduc-‘ T

4

ted with the test clarifitr at & high depth to the standard deviations '

for rung at a low depth. 'l‘he reeulting value of the t—etatistic

(2 75) was. significant ‘at the 95 percent confidence level indicating

3

‘that process sgability ‘was better at the higher depth. However, it
SK*

not eimply a function of sidewater depth elone.». The test cIarifier

research indicated that thoae conditions which reduced the mean level

of effluent suspended. solids also »tended-»to impro-ve proces's.stabili'ty. N

L )

5.3.5 Discussion of ' Steady-State Resulta. -A conceptnal model

commonli employed in sanitary engineering visualizes clarification ‘as
a proceas consisting of a single partiele settling in a column of

water. - The particle attains a constant velocity as the farce due to

the wei-ght of the particle in water is balanced by the. drag force._' If - .

the flow of water around the particle is laminar and the particle v

spherical, Stokes's Law will predict {its velocity._, If Stokes's Law
applies, settler overflow rate and'.wat;er temperature are the variables

‘which determine removal efficiency.’

From the results of this _"aet‘ of experiments and.,the reaultsv :

and observations of other researchers, a more complex and less -easgily

t

quantifiable picture of the clari-fica’tion process emerges. The clari-

fier contains two zones delineated by the"aludge blanket interface.

Above the 1interface there 1s considerable turbnlence. Particles are.

srecalled .from Figure 5.13 that there was a general relation-,'
ebn the mean level qifuauspended solids f6’r -a run and the'

deviation of the same run. Therefore, process stability is.

182
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re;_ncve_d fz;&m' suspension by sedimentation,, :fldccu]:~ation and entrapment
in .._the. sludge .bla'aket‘ (Gregoty; 1:9/7'9).' "Benlcw.', the 1>nte‘1_'f‘ace,v1,flowv |
conditions._ are qufieﬂscent_ and..sludge v_'is thickened.' The setf:ki;‘in'g and
floccalation properties of the “auapeﬂsion afe determined by the
'bioiog-icai .a‘ature of‘ the fmiec;.— These pi-opertie's are 1hf11\xepced‘iby
conditious in the- aeration tanks and vary with time. ’

Turbulence in the. settler is created by the existence of a
dens'ity current. As desctibed in the literatuz:e_, the incoming flow
plunges.down froﬁrthe feedwell until it 1is defleCted laterally b} the
sludge blanket. The flow tcen moves as a thiﬁ”sheet or “intensive
flow zone" actoss'theftop of the blanket. It 1is turned upwards tdward
the weirs by th‘e walls of a settler. A counteér-current 1s'induced in
| the upper " levels -of the tanic "with fluid moving back toward the
influeﬂt.‘-Velocfties in the "infensive flow zone” ate,ﬁigh. Anderson
(1945), for instance, measured velocities of the Qrd’er of 4. m/min.
. In contraat.'no.measurable velocity was found in the slddge blanket.

A number of fotces coabine to'create thebcd;cuiar roll in
secondary clarifiera. Flow is accelerated by the difference in den-
lgity between the 1incoming flow which has a high suspended solids
concentration and the clarffied liquid which has a low concentration.
Temperature ‘differences between the two liquids increase the density
effect. As demonstrated by Murphy (1964), even in the absence of den-
sity diﬁferences, the vertical roll {n eecandary aettlers is created
by the momentum of the {ncoming flow.

The presence of turbulence in the settler means that, super-

impnaad on the megn velority of the fluid in the "denniry cur'renr".

peyy
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there are velocity fluctuations or gusts of varying size and inten-'
-.@.,

:‘aity in a11 directions (Smith 1975). Providing that the scale and

intensity of the turbulence is within certain limits, the flocculation‘

\

- of particles is promoted. However, vertical velocity fluctui§ions

will maintain particles in suspension and prevent removal by.
settling; As well erosion: from the sludge blanket of previously N
settled particles is enhanced as the intensity ‘of the turbulence

- ) : o W

-

increases.

The suspension.enteringythe.secondary settler is biological,
flocculent and 1its settling properties v?ry:over.timefu'The raté'at<'
which the suspension settles and compacts 48 governed by the propor-
tion of filamentoua to zoogleal. bacteria in the flocs. A floc whichj.
is largely composed of filaments settles and compacts very slowly._Asfw
a filamentous floc has a large surface area to volume ratio, it tends
to sweep“the fluid clean of smaller particles as” it settles.‘ Exoéi
polymers, produced by the bacteria, promote flocculation through the
action of polymer bridging. In addition to flocs, the suspensionz
contains colloidal particles which are too small to sgettle. These
colloids are mainly cell walls and. other cellular debris (Rickert and
Hunter, 1972). 1If not incorporated into a floc, these primary par-'
ticles pass through the settler and consulbute to the concentration of
suspendﬁﬂ~solids in the effluent.

The conceptual model incorporating flocculation and turbu-
. lence 1is useful 1in explaining the results obtained from the ateady-

state experimentation. For instance, MLSS concentration was observed:

to significantly(influence the concentration'of suspended solids in
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_‘the effluent. There are three possible reasOSE‘for thinfl'Fithly,'if

L4 S . X
- the proportion of nonsettleeblefteflular debris in the mixed liquor

regains constant for a given set of egpditions in the aeration ‘tanks,

increasing the MLSS concentration vill .increase the rate at which

‘these particleh enter the settler29 Secondly, the density difference"

\“"' 1t

between the incoming fldw end'_the. clqrifierv 1liquid 1increases.

Thirdly, the %g\icknees of the sludge blanket in the settler increases

N h . L4 Lo 3 .
- agythe ®61ids flux loading increases. The volume of clarifier liquid

above- the blanket 'decreases accordingly. o Opportunities for. _the
flocculation of dispersed particles are diminishedn, Therefore, at’

higher MLSS concentrations, the ‘settler must handle more nonsettleable

5;,partic1es in a smailer clarification volume at higher levels of
4}

4’“’,’ <4 ,‘:
turbulence. The net effect ‘18 a deteriora@ion in efflueng quality.

Similar arguments can be used to explain the importance of .

nfeed flow and sidewater depth in influencing removal rates. - An-

increase in feed flow rate was observed to-result in a poorer quality

effluent. ~With the_change in. flow ihto the sett]ler, the momentum of

‘the "density current“'in thevtank”was increased. Additionallenergy

)
was therefore available for nixing the contents of the clarified zone

and for keepinz pnrticles in suspension. Opportunities for erosion »f
perticles from the sludge blanket were enhanced. FWinally, the rate ar

vhich nonsettleahle parr‘~les entered the gettler was 1ncreaeod with

an increase in frod flow rate.

As the depth of the settler increesed; with all other con-

R . .
ditions remaining constant, the"concenrratiOn of effluent solids

decreased. The 1ing¢rease in Aapth resulted in a larger volume of



-

clcrifiefmliquid:ebove the oludge blanket interfece; The perinEterlof e
the 'density current” was expanded therefore the length of time a.
particle renained in the settler was" increesed enhending opportunities‘,'
for renoval due to flocculation. Ihe !hportance of the sidewater
depth in influencing clarificetion provides strong evidence° that
flocculation is a nejor nechanism promoting colids renovel. As well
rwith additional dietance between the top of the eludge blenket‘and the
effluent’ weirs, there was less opportunity for disturbances generated '

~

at the interface to reach the weirs.



e CHAPTER 6

SIGNIFICANCE TO DESIGN AND OPERATION
Settler design and .operating procedures are, effective if
they lead to a ‘net . henefit in total system performance. Systenm per-
vfotmance can be evaluated with regards to the following four criteria:

a) prevention of system failure;
b) minimization of the dischar;e of BOD;
c) minimfization of cabital and operating co§ts£ and
d) ' minimization of sludge processtng and diqpoqal costs
(Keinath et al., 1979) )
In éther words, the:bést destgn or the bhest operating strategy is the
one which produces the cleanesﬁ effluent at fhe lowest cost.

For secondary settlers, prevention of system faflure
" requires that design and operation prevené thickening failure. If the
surface area of thé setglér-is insufficient or the racycle raté too
low, the applied soiids loading will exceed the capacity of the
settler. The height of tﬁe sludge blanket in the gettler will
accordingly increase, eventuallv renulring in high suspended solidc
Ibs; a9 the blanket 1s swept into the affluent weir; Therefore,

ptoceduraae to maxfmize c~lari{ffar performrnce wirr ho guhject r« rhe

rénuvn(oq thsr the Settler not he allawn' 1., Fafl {4n *hirkaning.
6 Significance to Design

Providing that the patential for thickening faflure has heen

N ooy tnit vavigd Ve - ent

oran he given ta optimizing the clarificatd~n
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function of the dettler. Based on the work of Camp (1953), surface'
oVerflow rateq- the rate of plant inflow“per unit of surface area -~

has been used by ' the engineering profession as the fundamental
. 8
parameter determining clarification efficiency. Although Camp 8

analysis was based on the model of a discrete particle settling in a
2
column of water, he recognized that for activated sludge, settling

efficiency was increased due to flocculation. Camp contended that
flocculation due to turbulence at the inlet and drag .at the walls and

floor was most effective in shallow sedimentation tanks with high

velocities.

~

As a result of Camp's work, design procedures have concen-
. . :

trated on the selection of appropriate tank areas; either ignoring or
ninimizing tank depth. The folloving two quotes serve to illustrate

this point:-

1) "Although it may appear that increasing the depth“
will increase the removal, it {8 untrue. ... For a
given volume, the best settling tanks should be N

- designed to a more shallow depth than is common by
today's design standards.” (Aqua—Aerobic Systems,
1975)

L “ - .

2) "Camp's work points out that'clarifier design
may be arrived at independent of depth."
(Mazurczyk et al., 1980) - ‘i

The results from the factorial runs confirm that the plant
inflow rate {8 an important design psrameter. Accordingly, where"
miltiple clarifiers are ueed, the designer must ensure that preferen-

>

*ial feeding of the clsrifiers is avoided. Where sultiple clarifiers
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are gupplied from a'common channel or pipe, Perkins and Wood (1979)
recommend the use of flow-splitting over free-fall welirs,

The factorial results do not 8Bupport the contention that the
depth of clarifier has an insignificant 'effect on effluent quality nor
the contention that the best settling tank design is the one with the
shalloweat depth. On the contrary, the study results clearly indi—
cated that removal ‘efficiency for a given flow and MLSS concentration
improved as tank depth increased. As discussed earlier, increasing
the depth of a settler enhances flocculation, decreases the turbulent
energy per unit of clarified volume and decreases the likelihood that
disturbances created at the sludge blanket interface will reach ‘the
launders. |

The depth of the settler and the rate at which the feed
‘entered the settler were found to be interactive. Therefore, the
deterioration in effluent quality resulting from increased flow into
the settler was' greater for a low sidewater depth than for a high
one. This suggests that, not only 1is sidewater depth an {mportant
design parameter, but that it should be increased as the frequency and
magnitude of peak flowe into .the plant {increages. Deeper tanks also
provide/atorage for aludge diap]a?nd“from tha aaeratfon bagin during
peak hydraulic eventg,

A design procedure which accounts for settler depth is baged
on the reaulto of column studies. Ag described by Conway and Edwards
(1941) and ford'and Eckenfelder (1970), a column 150 mm in diameter
and 3 m in height {s filled with mixed lquor. Samples are collected

from ports located 0.6 m apart. The percent golids removal 1s platted
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versus overflow rate for vatious depths. From the plots, the required .
settler'sres snd'depth are seledakiwfith the values increased by a
factor of'safety. | ' .

The design procedure based on column studies is fundamen—
tally more sound than the: procedure based on overflow rate alone. The
column studies account for the actual;Clarification properties of»the‘

floc and for the inprovement in solids removal'shich accompanies an

incressev in depth. However, the colunns do not reproduce 'the
hydraulic environment snd subsequent solids distribution which exists

in a full-scale settler. At the start of a coluan test, particles‘are'
distributed uniformly over the cross-section of the column. Subse-
quently, the suspension settles under quiescent conditions. .In a

full-scale settler, due to the action of . the -"density current";

neither the flow nor. the solids distribution 18 uniform over the

cross-section. Arbitrsry factors of safety must be used to resolve

the differences in performance between the two types of units. More

research 1ig required 't0‘ document and"improve the sbility'uof the

columns to-predict full-scale performance.

As well, column studies do not account for the influence of
recycle rate on solids removsl. The results from the test gsettler
indicated that the total rate of flow entering the settler influenced
removal efficiency. For a given tank volume and influent fﬂow rate,‘
. Ancreasing the recyclé rate incressed the momentum of - the density
.current and hence the amount .of turbuient mixinx. Therefore

hydraulic loading criteria should be based on the rate per unit area
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of the totel flowlﬂinto the ‘eetthgfﬁainstead of .overflqw rate
ealculated-in‘the'traditibnal manner. R
. MLSS concentration also influapced effluent quality and
therefore must be considered in order EB‘ achleve cost efficient
'designs.. Effluent suspended solids cqncentr;tiqn increased as MLSS
4dencentration increased. The rate of chenge ﬁg? the test settler was
found to be 4 mg/L per g/L increase in MLSS (for dHanges in MLSS which
ranged from 1.2 to 6.2 g/L). MLSS is therefore a key parameter with
regards to the optimization of overall capital costs for the activated
sludge system., For low MLSS values, the required volumzbfor the\aera-
tion basin’ is large while for the settler it 1is small.‘ For. high MLSS
values, the situation is reversed. As pointed out by Tuntbolavest
et al. (1980), evidence for a direct relationship between MLSS and
effluent suspended solids concentration suggests that optimal acti-
vated sludge designs call for low MLSS concentrationsr |
"Effluent suspended solids conceftration did not change
significantly uith air fiow rate. The ‘8tudy therefore failed to
confirm the results of previous research'as_to the effeet of'air flow
rete on floc shear. Given the current state ef knowledge in this
area, the designer of the gctivated sludge system would be prudent to
design the oxygen transfer eystem to be as. efficient as economically
poesible. Fine bubble aeration, dissolvedfoxygen cantrol loops, and
step aeration are elements of an efficient transfer system. Besides
‘reducing the possibility of floc shear, these measures result {in

A Y

energy savings.
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Floating' solids contributed to the solids concentration in ‘
. the- effluent from the test clarif:ler. It ia Amportant therefore to
equi,p all aecondary clarifiers with scum baffles and skimera. . Scum
baffles are. inset from the xwe,irs res_ulting in. an ,annular ate'a‘ ‘for
floating:solids to-'escape. fn: order to avoid thia; consideration"
should be given to the addition of a horizontal baffle underneath the
effluent weir and the scum baffle as recommended by Stukenberg et, al. '
(1983). This plate would deflect floating ‘solids avay from the
annulus between the scum baffle and . weir. Also, it would, deflect the,
upflow zone of the "denaity current” aws)) from the ’zone.. In this
function, it 18 to be preferred over the use of inb‘oar‘d laund'ers.
- Considerable expense is involved in cantilevering weirs into the tank

and once located inboard they are di-ff\icult and dangerous to clean;'

6.2 __gnifimce to Operation

A good operational strategy for secondary. aettlers is to_
minimize the re,cycle rate subject to the previously stated provision
that the settler not be allowed to fail in thickening. Decreasing the
recycle rate reduces the feed flow rate “into the settler, thereby
reducing the intensity of turbulence within the tank. Recycle rate
-kshould therefore be mintained constant, at the lowest \talue which 1is
consistent with the proper functioning of the settlet with regards to
thickening. With recycle . rate constant, the sludge blanket in the.

settler will rise and fall due to diurnal fluctuations in flow. Q

safe ninimum recycle rate 48 achieyed if %or peag diumal fl% rie

¥ LR B P yQzy
there‘ is suffici?nt 'distance f?rom the to'% of th ug ';b%fnékef* td;*?.he " ““’
Sorep. »ﬁm“ . ‘# g :;_‘._'1;';;174.""_“"ﬂ‘;‘v‘"'? i .- . t -:- m, ‘.;‘ -

soali R LR U - FERY 3
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effluent-yeirs to prevenf'iny,solids scoured from the blanket from
reaching the weirs., J
The tecycle rate determines the range of 8ludge blanket;.'
depths asaociated with the diurnal fluctuations. ~In termsvof«effluent
quality, wmaintenance of low sludge blanket levels is proneﬁiy the
" safest stragegy. With low ,bianket levels, the‘ratio of ﬁerbnient
energy to‘supernatanc volume 1is lovered end there is less chance for
disturbances - generated at the sludge bianket interface_t%ﬁreaeh tne
effluent weirs. \ v | | .
The anceniration of solids in the underflow from a clari-
fiei w;éh a low blanket level will tend to be dilute as there is more
oppontunity foriauperﬁhtant to be pulled'though'ﬁhe'blenket. Provided

that the treatnent plant has a separate thickener,;ﬁthis is not

serious. With a thickener to concentrate the clarifier underflow

Vi

prior to conditioning, clarification and thickening can be optimized
separeiely. However, if the plant does not have a separate thickener,
‘the choice of bianket deptha will be a‘tradeoff between the two func-
ltions. |

The strategy of varying the recycle rate in proportion to
blanket height: or the rate of plant 1inflow vedffers from the
disadvantage of further increaeing flow into the gettler during
periods of peak flow. A nigh_rate of feed flow creates high momentum,
increasing the velocity of the roli in the tank and hence increasing
effluent turbidity. However, carrying a high sludge blanket does

offer the advantage of enhancing solids ,removal by enttapment.

Sorensen (1979) examined this strategy and found strong evidence to

P
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,'indicate that effluent quality was tmproved (see Figure 2.6) "The

strategy will be inspprop“hte if the sludge in the ‘settler

dengtrifies or the plant_{is subject&to high peak flods. Strategies

which control recycle rate based on other ‘variables ~such as’ the

respiration rateé of the mixed liquor (Flanagan, 1975) or the solids

concéntration'of the influent to the aeration tank (Pearse, 1942) are
likely to disturb the“settler and offset any potential gsins.

The results of the dynamic testing of the pilot-scale ¢clari-
fier indicsted thét the deteriorstion in effluent quality following a
sudden increase gipflow rste was much. fsster thsn the improvement in
quality following s sudden .decrease of the. same magnitude. Large
surges 1in hydraulic flow 1in thej/plsnt will therefore result in a
poorer quality effluent -with the deterio ation persisting long after

the surge itself has passed. To prevent uwrges, on-off control of

. %
large influent or . recycle pumps should be svoide « For small plants

. subject to large ‘and sudden influent f10w changes, flow equilization ‘

. _);4‘

‘should be investigated. Stephenson (1983) has suggested that special

attention be given to the design of outlet weirs in the primary
settler and aeration tank to eid in -dampening out hydraulic surges.~
In addition to equipping clsrifiers with scum removal equip-
ment,_sn snoiic zone can be provided-at the inlet of the aeration tankf
to control flosting solids'csused h} denitrificstion. "With a retene
tion. timE\of 30 to 40 min, the anoxic zone results/in the reduction of
nitrites snd nitrates as they are used as electron acceptors by the
Bacteria (wheatlsnd 1981; Tomlinson snd Chanbers, 1979) _ Briggs and

o i,

Joties (1978) reported thst 50 percent denitrification is consistently

@,
-~
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echievec with the use of'the zoﬂe.e As a result of adding an anoxic'
. zone, - oxygen requirements are reduced slightly and the mixed liquor is
less susceptible to denitrification in the secondary clerifier.

' Improved clarification can be obtained using the step feed |
nodificatidn whicnaelléws for theladdition'of influent feed from the
primary settler along the length of the aeration basin.' A constant
recycle rate is maintained with eludge returned to the head end of the
aeration basin. During~periods of hydraulic overloading, the point of
eddition of influent feed_is shifted towards the outlet end'of the
aeration 5asin.~ Consequently, bioSQIids are stored 1in the aeration
tank near the inlet end while the flow entering the settler contains ‘a
reduced solids concentration. The net effect is to reduce solids-
loading‘to thelsettler leaving the recycle rate unchanged. 'For rela-
tively‘ high average overflow rates, Torpey and Chasick (19%5) used
etep—feed in conjunction with iow MLSS concentrations to obtain aver=
age effluent solids concentrations of 6, 17 and 19 mg/L at three New

York treatment plants.
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The major objectives of this study were.f'

a)_. To. evaluate the response of the clarifier to time-vsrying changes-
in hydraulic flows and operating conditions. 7 '; fI o

.b) To determine, using statistical techniques, the influence of the-
important design and opersting variables on solids removal during
.steady-state operation. '

' c) To compare the experimental results with those obtained.by other
iresesrchers.

.Researchuwss conductednon a24m diameter settler to-which_

:mixed, liquor was pumped from .an activated sludge plant treating

municipal sewage, Performance of the settler and activated sludge

plant- was monitored by sensors interfaced to a computer.‘ On the basis

:of the results of the study and the supporting literature, it can be

.concluded thst A )

‘l) Suspended solids 1in .the effluent from the final settler of an
'activﬁted 8ludge plant treating municipal sewage account for the
majority of BODg discharged from. the system._ Consequently, the
greatest improvement in overall system efficiency will come from
improving the solids removal efficiency of the system.-

2) A first-orderAmodel adequately described the change in’ effluent,,
suspended solids concentration following a step- decréase in feed

o flow which'changed the overflow rate frOm l 7 to l 0 ma/m -hr{.

54
h

]
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4)

6)

R LT

The »changgljih isblids concentration teflécted_ the - exponential

- decay. of turbulence within the tank.

Effluent suspended solid concentrations increased following step -

ingreases in feed flow rate equal 1in magnitude to the step

-

decreases. As some of the runs displayed qvershoo;,:thefefwaé_‘

considerable viriibility in the shape of the response from run to

-3

 run ponsequently, a second-order model was required to predict

the settler response - for increasing flows. The presence - of
overshoot was attributed to the discharge of floating solids
N )

previously trapped in the annular area between the effluent weir
and the scum baffle.

Thé ;esponses to étép increibesfin'flow rate were considerably
faster than thg responses to step d;éreasé; of equal ﬁagnitude.
The time constants for the increases averaged 17 min. compared to

. o .

g'vdluegof 26 min for thev§ecrease. |

Changes in the concenﬁration of effluent suspended solids
followed time-varying changes -in MLSS cogcentration "with the
majority of respénses adquately wodelled using first-order
dynamiésa '?or a 1 g/L cﬁangé in MLSS conceatration, induced
changes in effluent solids r)hged from 4 to 7 wg/l. for MLSS
concentrations which ranged. from 1.2 to 6.2 g/L. Regponges
following changee in MLSS concentrarion were wuch glower than
those following changes in feed flow rate, -having time constants

of approximately five hours- : o

Based upon regreasion analyses, changes 1n HLSS concentration,

" feed flow rate 1nto the settler and sidevater deprh accounted for



7)

8)

9)

10)

.'\

78 percent of the variability in effluent - auapended_ solids

<

concentration from the - test ;clarifier. Effluenp ﬁuality

deteriorated' as either MLSS ‘or feed flow rate increaaed.

L

Increasing sidewater depth improved effluent quality.

13

The effecta of aidewater depth and feed flow rate on effluent

quality were interactive, that is, the magnitude of the effect on
effluent quality of changes in one of the variables depended onh

the level of the other.

‘Data ‘collected by Fitch (1957) using Jgftling columns and a sus~ o

penaion of calcium carbonate were subjected to regression analy—"*'

sis. The resulta from this analysis were consistent with those

from the teat clarifier in . that both overflow rate and column

depth were found to be important variables and that there was an

L4

interaction between them.
Analyais'of rebiduals = the differencea betWeen the observations

and model predictions - indicated ' that none of the unexplained

-variation in’ effluent auspended aolida concentration could “be

attributed to- variations in 1liquid temperature in the . aettlet,
the zoneé aettling velocity or oxygen uptake rate of the mixed
liquor or the influent suspended solids concentration to the

plant.

Over the ranges inveetigated, the changes in air flow rate in the‘* .

seration tanks, rake apeed recycle rate out of the clarifiet and

'feeawoll depth had no aignificant influence on effluent quality.
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°

e

Changes‘ which redulted"in an .increase -in the mean ‘'level . of

ﬂ_effluent auapended solids concentration alao regulted in an

o

wincreased vari&bility in the concentration. )

The resultsgwerelconeistent with the view that flocculation and

entrapment as well as sedimentation® are responsible for solids

removal - in the settler. . The degree of flocculation and

entrapment is influenced by the biological nature of the flocs

end the existence'of a vertical "density current” or .rpller whichh

T 4

Jal
creates turbulence within the settler. .

A number of‘ recomméndations concerning the design and

)

,1opqration of secondary clarifiera emerge from this study:

1)

2)

3)

4)

3)

The selection of sidewater depth 18 an important design consider-

ation. - Depth sheuldﬁbe related tg the ratio of average to neak

hydraulic flows, as well as to the need for preventing thickening

>

fatlire. : o K o R

w—

Hydraulic loading criteria ‘used 1in clariffer design should be

based on the feed flow rate - the sum of plant inflow and recycle

¢

rates, : . )
MLSS concentration is a key parameter with regards to the opti-~
mization of overall capital costs for the activated sludge

systems.  Designs therefore ghould investigate several target

S

MLSS concentrations.

Recycle rate should be min{mized mubject to the need to prevent
thickening failure.
Because large. surges in hydraulic flow regult in the deteriora-

tion of effluent quality long after the surge is past, on-off

‘o

s
e

v d;:t;f. ' "“? :ii ‘ S ‘Igg'uf“’
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>

control \?f large ;,nfluent ot~ recycle punps should be strictly
avoided. Flow equalization should be inveétigated .‘;or snall

plants subject to Iarge varlations in hydtaulic flows.

7
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r. 2)

3)

4)

6)

. cost.

RECOMMENDATIONS FOR FUTURE WORK

A fundanental uodelling and simulation etudy should ‘be ‘conducted

on both .secondary clarification and thickening with the models

) “

validated’ by the results from this and other pilot and field

studies.

‘As the sidewater deptﬁA of a"eettler influences removal

"efficfency, there ‘is a need to eetablish optimum .depth to

diameter ratios in terms of both removal efficiency and capital,
4

&

] ! . ~

Floating solide due to denitrification contributed to the

concentration of suspended solids in the test settler. The

effect of pre-denitrification on effluent quality should be

quantified.

. .y - .
Clarification dynamics should be investigated mOre_extensiveiy{
The research should employ a'variety uf step sizes in hydraulic

flows, exanine the effect of the. same size step at- different

. . . e

PR X o e : )
sidewater depths and monitor.the sludge hlanket,height.dutingwthe_7----”-

changee{'~{--°

,“v.—u-.-.m,'é..-‘-Aa—. - - Ve e

T e e - - e e - - - s

_ Better data is required concerning the effect of air flow on the--

floc ahear. Eddy size as well as the intensity of turbulence

L PR

~-ehou1d ‘be considered.

Methods should be developed for ‘reducing the frequency and

intensitj of hydranlir surges in wastewster treatment plants. In

201



D)

8)

9)

- influent wastewater pumpa.

Lt glna L D 202

_tparticular, apecial attention ahould be paid to the control of o

3 .

Research ia required to docunent and inprove the ability of'
eettling columns to predict the ,petformaneef‘of fulléacale'
aettleis. | ' | -
Altetadtive feedéell 'cenftguratioaa; shduld Jbe ‘developee and
evaluated. |

To further study the influence of procete variablea and ayatem -

dynamica, data should be collected and analyzed from a. number of-

' full-acalewactivated aludge planta uaing on-line sensors.
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APPENDIX A

. .
PROCEDURE FOR BSTD!ATIM (X)HTRIBUTIOH OF -
EPFULBHT SUSPEIHED SOLIDS TO KFFLUENT 30!5

- . - . ¢ s O LI
T T A ~ -o-r---ww-~~~.‘ R ¢

Calculations for Table 2.2

;ggestida:. For the grand means'bf Table 2.2, how much of the effluent

bBODs is due to the sﬁspended solids“concentracioh?

. Influent Characteristics - From Committee on.  Water Pollution
 -Managemént; ASCE, 1980, - Tablg:-Z, for

‘conventional system:

Number . Mean BODs Mean SS

of Plants ' (mg/L) - (mg/L) -
3 186.3 o 202.0
8 N - 165.6 ' 145.8
1 | | 140.0 . 128,0
GRAND MEAN 168.6 . 158.4

Process Charactetisticq -'From-Me;caif and Eddy (1979), Table 10.4,

for conventional system:

Bydraulic retention time. (e) 6.0 h

Solids retention time (o ) . 5 to 15 days
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\
Procedure:
s R
K T . e ‘ L ‘ - R

a) From Benefiul& aﬂd ﬂhndhll (1980)

s L el e s s e A
® ubn‘yo...qn ~-oo,--'° """' st er ween
R

o q.- . - " Yo - ﬂ e, 070 g B e .
.: “ s""’;“""’"bn Inso‘lnlflemg' "'“3'(1“42'x’kdx10) ’
o where c, - effluent SS (ng/L) o

kd .= decay cogff%ggsqgﬁ.f 0 36 Qay
| M, | o
X "= & ratiq of active to total mass
Ta T , .

G

'B)JFrqﬁlchinney (1974):
o ST AL S -kB i . e r.“ .4__.°. : e
w4 . m c oo R

f . 1+ xd ¢ ec

-whefe_km ' = metabolism factor -515(h'1):,

M = en&igenods m@ss'-'d.Z“; kd:x’Ha x'éc (mg/L)

L v ! : e L

Moo= inert o;ganic nass ‘;\ ~f‘ RNy

L

= 0.35 x 0.75 x INPSS x 6, /e
Mip = 1nert 1norganic mass ‘f f!'; R ?\  f.7,'

o = 0.25'x INF +SS x. 8./8 "

e C
]

effluent BODS (mg/L)
Sg- = 1influent BODg (mg/L)

Y = maximum yleld coefficient = 0.63 A



o

(L)% @ @
0
T e Insoluble BODS
R R SN "-'(fda'y,.s_z v f'_ -

_(ma/L),

5 -'0-78 T 286 - - eer ST
Srvio 0400 lae

Y S

I 0D LA ‘Fraction of effluent 8S which is b:lodegradable T e e
(3)x o7 Fraction ot :beal‘BODs which-4s insoluble\rl': S
4 s e e e E o ~3,n;‘.¢

DI

M od@es o -
’ e - w .
Xt : e -
o _ o L T S v e,
. R . . . . . -
P R . P f
T . . . . :
« e . e R - he .
v = P . R e T tae
\ : _ RAEES
- . S
. . - > ,.
. f O S L ., )
L3 s - R B i Fro -4 e Fe ) e
. . - - . .- P - e g S Py S ﬂ(ﬁ.;u_ LN ) GH ‘ s 5 ey o
. . * Sk 4
B 2 - e
- . . \ '
A ’
M - -
.
. ‘.
IO R .. o °MA§ % - “ { ¢ » ’ e
.t K i ¢ .
¥ 2 » *
' .
1
ST . e .
L B ] . P
bt s 5 o b
e ‘ iy - o P
- * . e el
A et XN
-,
XS .
5 “
;
. * *
R i
® . et
“
. s
ey
a
-
-
p
~
. .



[

o

-

.
e o
kR ‘ -
14
.

. <
o
o
N
' .
. ’
e “-




N

-

- -

w
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»

. ﬁitgrq;ﬁre review initiated and relevant papers éolietted.
* ‘Initiatibn of. re~design- of piLot-plant-equrpmenq;-b

. . - EREY - L . v .- L ‘,.A B -

T e w " . . ' .
. . i .

t, 1980: - __ . B RS

- = \ hd o L . T T - I D
. . - . .. . a . Y v e

. = Dye tests conducted'Sn'aeréiibn tanks of PP#1 to determine mixing

characteristics. ‘
» Literature review.

~ = .Jldentification of required instrumentation and pilot plant modifi-

cations. ™~ . v . . . S -

P - .

September, 1980: } | |

e Analysis of tracer study results for aeration tanks.

.* Cost. estimates for new instrumentation.

-

October; 1980: -

* Modifications initiated to extended aeration plant. -

* Meeting with Dr. Les. Grady at’ Purdue University to discuss project
. objectives. ’ _ ‘ _ o .
* Meeting with Dr. Dan Smith of University of Alberta to review

. Proposed experimental program. :

.

November, 1980:

*

» Ongoing modifications to extended aeration plant.

* Completion of renovations to test clarifier and placement next to
aeration tanks, =

* Overhaul of pumps and flow meters.

December, 1980:

"« Insulation. of :eét clarifie:.

Installation of three of four'pfocéss'pdmpg.f_
e Pipework completed for step~-feed and step-recycle.
* Identification of air flow monitors. '



“o Jlmury, 1981:

MORTHLY PROJECT DIARY (Cont'd) -

First draft of 11tefathre>revieh was' completed.

o Laboratory trailer located next to;tés:_fa;;lityq.__
e A shédrvas,cpnstructéd:td Tover ‘the clarifier feed-pump.
February, 1981: .-” A .
-;.fThrbidimqtgrs'ingcailed on efflueht‘lingq;i_,”u .

Process insggumentation;vigéd~§q di§1l§1gd1gp1ay"pane1
box prior to interfacing to HP-1000 ‘computer. . -

. Pipewqu'cOmpleted. 4 .
* Review of research proposal by Thesis Commiﬁteg.',

‘.FN\:‘ Yol ' : R ) @ e, e T :’ e " !
March, 1981: * . = v e et

_April, 1981:

Test clarifier and activated -8ludge system filled.with water to
‘check for leaks in tanks and piping., .- : W

‘Plping modifications -carried out to allow
connected in serids. : '

*

“for mag. meters .to be

wnd terminal =

S

* Magnetic flow meters were calibrated. , B
» Keen "Aircomb” diffusers were replaced. _ g . T
° Plant was seeded on Aprfl 2i with waste sludge from Burlington

. Skyway Treatment Plant. ' : W
= Statistical- design reviewed with Dr, John “Hchregor of McMastetr

- Un{versity and Joe Stephenson of Wastewater Technology Centre.
May, 1981: - SR
-~ Pump controllers were “tuned” and 1influent . 8ewage controlled at

"~ 140 L/min. L S ‘
* Installatfon of blower control equipment initiated.

-sewage.

* Tracer study on test clarifier was‘initiaééd.

Clogging of pump control valves due to “stringy” material in feed

J_“‘: 1981:

A stationary vertical screen was installe

d to screen. raw sewage and
prevent clogging of control valves, ' ' ‘

*

C e e

R



‘-/tlﬂir,,w:i';i:re:d’“?"”fl“ﬂ‘"ﬁwqrt ""di} """" ST e o 223"'
»l Vortex elr Flow meter. positioned in‘air line.' - .t.,?n . L
. Calibration of on-line sensors initiated.

4 oo cee e : B - ' . -
| mﬁ €, 19'81-*;' T .' .
A . A
. Beat tracing for piping was installed. .
' Completion of tracer study for test cla(\Tier. .
Step . changes introduced to inflnw and recycle rates to test clari—
fieno w ou """j . .

aira el

)
3.

Septe-berj 1981: . - _ ',- <Lt

Housing construc;ed for wertical ‘stationary screen. . v
e --A ~lack “of reproducibility in pHOX DO measurements resulted in
further calibration and investigation. S
* Circuit boards for the. Parajust blower controller were replaced and
computer control”of air flow rate was initiated.

,~Qctober, 1981:‘

. Completion of pipe insulation and heat tracing.
= Packing in system recycle pump was replaced.,

-,‘Project review with Dr. Dan Smith.

? v
o

movember, 131 -

. ‘Nine of the 16 runs for the first factorial were completed.

e Variations. in the suspended solids concentrations in the test
clarifier underflow were observed to be related to the action of
the rake.

. Parajust blower. controller failed air- flow rate’ was controlled
using nanual adjustment.

December, 1981:

e The remaining runs for the second fictorial were completed.

e Preliminary step test results reviewed by Dr. Gustaf Olsson of the
' Lund Institute, plans developed for 'additional dynamic runs.

Tan



e

. Jamoary, 1982:

e

LR

.

Plant nain;enanéefcarried out and mag meters re-c@libra:ed;.h
' e Program "BAKLM" written and 4ebugge§p;,. T et

L -

'!&br;ary,”IQQZE‘.

. . . \ " N
* Analysis of results from first factorial.

* Review of results in conjunction. with Dr.-

."chadtgthnivetgity.f )
e Second set of runs designed.

John MacGregor' of.

. 'Efflugnt‘tutbidimetéra and solids~ﬁeter§ were %e-calibrated.

lhrch,l982 T

et

e A series of dynamic tests were carrted”dyt.
*- Runs init{ated for Becbnd,factorial,

.

April, 1982:

_* Runs for éecondxﬁggtoriai were;compléted.

June, 1982: g
Runs for a third factorial wené,coﬁp}e;éd.
Review of results with Dr. John MacGrego?‘

* A furthér series 6f»dynamicgtests*completed.

July, 1982:'

. Completion of.expérimen;hi'work on July'l, 198

-

July, 1982 to Pebruary, 1983:

* Analysis of results.

2.

e ‘ : R _f-?uwf :  ;"i-}224
HONTHL!\PIDJEéT §§A1¥w(06§t?d)ﬂ' -

. s ’
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OFF-LINE DATA PLOTS °

..

225 .



- 226

~

w,_,wavxw . (SAVO) 3WIL 103roMd 1

++

B I e e e 1 6 8 . § Te/s

. (SAVD) L¥S *1VO INIT-440

.
T+

v

(SAYD) 1¥S



227

OEY

(SAVO) 3IWIL1 133rodd

o

i

X

3

M :

. - r.mw. -

2cest ¢t

ss IN3IN1443 zm.»m»m <_.<D mz: 440

NN -7

N

o«

qm\m



- 228

)
-
[ 2
.
{
[T C
A S
)
A L
i

S

SV

C3WIL 123r03d RS

x
X A
K - X
X )
r‘..%:f - K« . -
X 4
. ) xnx X
. X .
1%
. : o
LY
« .
. n
] > f.

x -
x -
———— — - - -
- a
xX -
. b3
xx b, H
x K
n « b4

x 4 A
) AN

X

2 28/

508

I".e1

T 81 - 6 8 L 9 18/S

N3NNI *VLVa 3INII-440

.
[~}
-

=3
©

g &
175wy gaog

;

ori

‘091

‘08t



229

O

oev . (SAVD 3WIL 123rodd ~
-, ‘ ) . IT - ) 3 n.
RAVAN A | A - 1 D—Jm w +L> N 1 .}
1“49%* : : a A M&» + : B
H A +.._ i A .m—”.*.*. B ’
++ - : . .% a
N A _ _ " ) ] ) ;
+ + +
471 | + Ig
H ! .
+.I !
" S
m4

SO08 IN3INT4433V1Va INIT-440

‘0t
ac
S
Sl ;i
-
DNS
~N
—
e ™
‘0€
‘GE
‘0r



230

— s

e N\ —
o oer ~(SAVD 3WIL, 133r0dd- 1

——a—
>>
- - +.l - — - = i
+H
+4~.._..
4+ . 4
+ P4
1 +
i
v .=n.. At
. - 4+ ) ) +
- __ ] I N | ,
L 9 S ¥ € 2¢2/1 2T 11 Bl 6 8 -4 9 18/8

G008 IN3NT4433V1VQ 3INIT-440

& €

=]
/5wy soog

o =]
- ™

[
o
n



231

»

ogr © (SAVD IWIL 123rodd S
IR gy LYY T RARE f  a AE
s, ¢ >~uwmw.. *umﬂv o
- A . A
- Ha ‘A 1A A | & (e A
- - —1-—1-- H-—ar -2 -
ABA H A
Al )~ .a
i . . A A %D .
: bv&> :
A bl A e
+ + A a al
+ bt ol
W_A A A% !
F4+7 4 -
d - 1 - - S L - -
+ | + T +* ,+#+ +.+4.r|
" : h H H
A + +
+H. t
: # b4
*
P : 1 ot A
« .\\. : . ’ .
. | | - . ) : h ”ﬂ” *
... 4 8 5 ¥ E mmmxn el 11 Bl 6 8 L 9 18/S

mIz _.zu:._n_n_m 3 LNJNT4ANI <H<D mz: 440

=]
oy

vl
C1/Bwy  ERN



232

oy (SAVD) 3WIL 133rodd “

T—T1TT—7T—T1+71—1 0
e O
0l 0
N R a
e ol ! X | *w
L350 TR PO 50 R PV R e o & v i e PO
| F 4 ] ﬁ«ﬁi H oy U

T +w{rui Hr Y fade e H |
fw; Aulumuﬁ. _+ + L +: Nt S 14 .cmh_ﬁl
“ﬁ. . v 1 .O@\J
RS 0 O O O O
A + ...ch_l
o + >
+ o N

o 08

+
- + | lom
.f ; . | 001
|| T+ | .
L9 S v £ eewr @ 1T el 6 8§ £ 8 Taic OfF
| - /B 5%t @ IASS V1vO INIT-440

<



233

oEy (SAVO) 3IWIL 1J3rodd . I
+ _ SRR
+ ..
| w.. = :.mnﬂ.n* wq ) | BB
T I+ . +
+ | EL+ B +. T
D i S A U it P ! I
B " 2ok Bl | " + + +{+Y, 1
| + | + PR
SR by | LS WLy W 3
ek J_Tl T O P T e i
+ . + 4 +
4+ 0. o+ + |
o Yo+ T
+ [r@
| f
L8 § v € ces er T el 65 8 & 9 1o/s

m:o <H<D ANIT- 440

.
© ey

-

o

™ o

w

o~ ©
(Aop/SSATW Buw/zo Bw g1x > wno

W, .



734

S - Oe¥

22

7 (SAVD) 3WIL 1LI3rcyd

-

+ 4 I-’:“'I+
B il
B i
~
BN
¥ ‘
L

Y

n

5
B
S IN3NIANI

| ,. J 0oy

~
£
-

SS ININTANI VLVO 3NIT

g8/t 21 11 81 m. 8 L 9 18/5

-440

&

001
"0S1

‘002

>'s

8
(/B

H “00E

“0SE

‘0S¥



235

© OEY

(SAVO) 3IWIL LI3[0¥d

+

SaI)

" |-ss nrvda A

A +pb>  F

Y

G

¥ E e2¢28/1 2 11 a1

SSA 3 65 ININTANI

6

v 1va

8 L .9 18/§

“INIT-440

S S
Ty) .

SS IN3NTANI

‘601

-1



236

.

v €
~ SSA IN3NTANI

S D Y

228/t 2t -1 a1

6 8 (L

~

) S

79 T8/

AY1va 3INI-440




237

oEY . (SAVOD) 3IWIL 123rodd !
: 4 ,, : +.‘_, 1 # H
R AP T (N Y NN I AR 51 S I - U
IEE o I e = ieod
N1 I (P g ¥+ + |t aad} |
+ 4+ + 4 LL_.‘. + N. + .
R {5+t - =t -1+# ¥ J}
+ M # L S B A
..u..?t.?.- ,...I .‘.ll lllH..I. - I.H..._.IM.I.*.HII.... 1! !
* H
+
+
AR a
+ *.4. j
_ +
L <y se8/T 2T 11 81 6 -8 L 9 18/5

4u> oan_.Em_m mzoN <_.<D wz: -440

2

01

4!

A

(utw/woy 34 ONTTIL13S 3INOZ



|

238 -

e

-

. (SAVOD) 3WIL 193rodd

&

!

+

S—

-+

+
H
+

]

S5

228/ ef 11 8l 6 5 L

“¥OADIT G3XIW *V1VE@ 3NIT

9 1T18/s

-440

‘0°E

60
S0 .
o1
G-I

SN

oz wv

oA
suw

v/

"S°E

0
Sy
0°S
S's



0EY

N
—

o
.
o

tn
.
N

o
Mo
/5 ssAw

Mose
al:

o x.OoV
1 Sy
H 0°C

L8 S ¥V € cee e

SSA dONOIT Q3XINW

6§ L © 18/5°5°

-6
AVAVO 3NIT-450

I

o



oer.  (SAVD) 3IWIL 133r0¥d S

w )

 f oo

A >. b ~

. 1 . “4 oos

R a2 e VI G e ,.u\\,,_._m ~g mraxmo.om
SSA IN3NT443 WILSAS VLVO mﬁji% :
. mm“.v } .
B 3 . .



APPENDIX N

~STEP TEST PLOTS

-t



242

o

o'y

(44) 3INIL O3ISdVTI
SE 0°E. sz 02 sr 0T . §s7 0o

2 g = T T T ™ v T - 08 d
. m

| w0 B

{ oe

- l i)

- m

001 <
i

>

oet m,

NMAANA ot (

* . W

o9t ¥

<4 3WILl 03sdvI3
S€ 0FE N 0% S°t - e'r 4 sD- o079
Ll LJ L 4 . - .1. ¥ LA ﬁ

“ m

~ "

I < Tt

[ § r

¢ ~ g l

- t : w0

1 [7)]

m

| -

O

2e-100zaan i1 W ¢

0 €

C

(d31S) HIW/T PBT-BYT . 0 CT# NNY



243

(<49 INIL 03Sdv3

0E §2 0= st o1 “§°0 0D
T T A L T ¥ J« 08 m
B
‘08
m
r
(o]
. ‘00l =<
2
\\JWo
” et -l_._.
~\
ort
3
_ 1
‘ (44 3IWIL Q3Sdv3
0t §s2 . 02 g°1 o't S0 ‘00
.1 H L N L] v g

g8 g
"INDJ SS IN3N1443

00sJAQ .ﬂqc

g
C1/6w)

(d31S) “Tw/7 PAT-BY1 ©0 °‘E# NNY

-



':v 244 ’

" u‘ -
Ty ; , .

K

) INIL 3SdVI3

!
18 ‘0021AQ 4.:....

(dALS) YTw/ T PAT-BYT ©B. “L# NN

L

e/ 3lvy K004 0334

oy  s® o€ s 02 s o't s0 g0
. L

: 4y INIL 0354v1a —_— N

er . SE 0% 572 02 st 0T . s7D 0o

g

/8wy

"INOJ SS IN3NT443



25

YY) Mzmh 3sdv3
o SE "0 s2 02 ST 07 S0 00

u. ™ T L — - = T v v .8 mn
m
m
I { 0 ©
J n
o
‘001 =
P
>
dm—_ﬂ
....(/\().)\.1 d:m,
: . 3
_ | ot 1

MY 3IWIL Q3Sdv3 - .

(1] 4 St 0°Et [ ] 07¢ St 01 S0 00

o T T T Y T Y ‘v OSB
Ty
¢ n
) r
| @
_ " Z
' %,
w2
. . =)
: . — : 0w @
= ' - 4 q.l
(d31S) Yrw/7 PRT-3¥1 o0 ‘(9) 8# NNY i



286 -

<

. (4 3WIL 03sdVR

o€ s2 02 -3 ST T2 S0 ' o0 .
- ,. L - ~ i | L 3 - - g
‘08

Y T

(1 I 4

_SE

(44 3INIL 03SdVE’ o : o
0t s72 02 ST 8% §D. 00

g
BT/ 31vy K04 0334

d
-
*DNOJ SS IN3N1443

. t
. _ 1 08
t

0asiaa .*.:u

g
(1/Bw)

“(d3LS) “rw/7 PAT-BYT PO ‘6# NNY



s

(d3LS) Yrw/7 gRT-@yI

oy ‘BT# NNA

| (D 3IWIL 03SdV13 “
ay SE CE g2 072 < 87t N i ¢ 'S0 0o

N - T Y T T T - 4 - 5 18 JJ
: m
m
B | e 08 U

I o

()

001 =

a

o

R m

_.\.u

. - ot O

a

_ : -

—e . vo1

, . <Y . INIL a3sdv3 .
oY ST 0 33 07 S°1 0t ] 00
BEREE " - q. Ld - g v 08

: . m

. _ m

n

i r

' C

P

b or -4

| ¢

f n

8

_ 1 % 2

" 0

B |

E 009130 JUA $

7]

0N

Y

LV 4



% (W) IWIL 03SdvIE. -

oy . s® 0 sz oz si

.4 " T .
B R "

]

v

(UIW/T 3LVY MOTd 033

(“49) 3NIL03SVII

v - .., . F

o - s ot s 0w o

. [t ’
- 18°xx1240 -.1:. .

g
"INDJ SS: IN3N143

(d3LS) “re/7 oT-BYI

"oopwﬂm*.z:m;;

¢
1/6w)

.



249

. 4 INIL 03SdVI .
SE 0€ ‘g2 02  sT o7

SD. 07D

,,-, N ¥ T P v -8 4—

m

-

y 08 @

m

Q

e V0T =
P

. 021 A

_ dN—,S.

. ‘\.l».

. . wi S
. | -
_ 091 <

(4% - 3WIL @3SdVT3

€St 0T . g7 i §1- 07

.80 0.
— Rild

T ) g = v T T

28185240 +du

v

‘INOD SS IN3NT443

(d31S) uru/7 PAT-BYT e

‘G2# NNY

g '
C1/Bw)

N



250

S r——

w @ mw v, %, v v ' m

L L e | g N =y e

g8

¢
4T/ ILVH A0S 0334 -

g l.'

S . (uEe 3NIL O3SV Y L ..

T e

LS L v B v L
. . . - 3

|

-.I.388 .JE |

K}

(d3LS) Ut/ BrI-@ar 0 ‘2# NNX

'8

g £
C1/6w) -INOJ SS IN3NT443



251

3

(4T%) INI1.03SdVT3
or VE 02 ol 0

08 s

-

v v L —
K ]
- -

R s

o 0 02 of . )

3

E |

Hg-____--___-_

< |4t ] wn,

‘o

(d3LS) uIH/T Br1-@aT. g ‘e# NN

.
>

074 0334

ave/ D 3LVY A

%

*ONOD SS IN3NT443

/By



252

-  -m--,..dm _. L

....awW

__Us

(4%%). INIL 03SdYT3

L

m4~»

<8 J—I,._Shus

(d3LS) Yru/7 gyi-poT :.u.o ‘VH NNY

5y

8 8

R 4

g

MY/ 31VY A4 0334

8 ¢ g

178w -oND3 s§ INaNT443

8



253

£ (41w 3NLL @3Sdv3
. R o - 0e w o
LA Lol N v LA L4 v 1,, N

(Ui W11 0354VTa
0 08 0§ oy oe o2 0!

v v T v v

|
~ 281 ‘mntiag Jnu

N

~

(d3LS) UTu/7 PY1-pBT ©0 ‘Z# NN

¢ &
/8= -ONDD SS IN3NT443

g

U/ 3LvY A0 D334



" (W) 3WIL GISAVII

“  .w v s o O ve w 2 - ot

—r -+ M 2 _— . ¥ L4 —
|
!

i &

A0 0334

¢
ve/D 3lve

t
[
L |
A ]
== 3
| 3% INIL 03SdVTI .
7 V0o oS o - e . ©2 Ot

4 L L L4 .. L —\
. , ,
, C
. o

. 2.6—8.. Juu

(d3L1S> “Yrw/7 pyi-paT. 0 Jnﬁx NN

o

-

8

INOD SS IN3M443

g
/By



455

s

(UI%) 3IWNIL 03SdvT3 _ 5
‘08 o . 09 08 or o€ ® 01. AT
o ! " 1™
"vot

(4T®/ D 3LVH A0S 033

(u¥w) 311 G3SAvT3 ‘
. ‘08 .E/,wdo...ﬂ o B 4 ot °

“INDD §S IN3M143

_:!.8_&,*:

g
/5w

(d3LS). .HTu/T PYI-BBT D ‘2T# NNN



256

‘ . NG BMILO3SdVE ¢
08 ‘0L, 1 e, o W

— ™ v

8 &

g §

47=/D 3Lvy AGTS 0333

g

™ w - W w v e e

» . - Xt

e

d

(d3LS) YTw/T BrI-2al "uo..ﬁm*,z:m

~

" d

i 4

g

/6%y *NDD $S IN3M443



257 .

-

(UI%) 3WIL 03SdVI3 .

oW v os or %« S w ol 0

R L4 L 4 L4 v T

(1) WL 0354v13

¥ LS v ¥

w0 MW . TS o ® w0 0

8

| (d3LS) YTE/ BYI-@aT *°0 ‘S2# NN

~(uTw/D 3LVH AOT4 0334

8

/B ':anaszs N3443



..
. .
. ¥,
~ el
S
.
1
~5




| L s

o N 9.0 0 86 0 . e 0 .
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o o I 0 .» 'y :
@2 N800 WA 20 236 LY K0 a0 00 LM BE 166 1ne xS 22
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: 0 o o 0. 0 .+ .o
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o Mal 1.277 5.0 19.2 399 1M 0.5 M9 4 2.1° 0.8
. 3 ? %3, !
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s /1 w a0 1000 2.0 1% Sz 183 10 2.2 4.3
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Input Data Matrix and cOr}élatfon”Mitrix:Qr 

WAD WS W

EhtZee

Inputs:

‘ nnmx

- 22857948

‘= 82413372
-.umnf

.730"7“

22857948

+1. 00000010

=, 13924238

~ 97295816
 -81625263

s.oooooooo
1L uazsooo

6. 40512590

LY

. =82413372

-.13926238
« 99999991
£ mSS'IOI

ss«nm_

:

29, 5999'9960

16 18817&09

-~ 24544512
~ 97205518

. 02953701
. -1.00000010
-~ 82130513

L

Outputs:

78. 50000000 -

74. 30000000

104.30000000. :
. 87,60000000

‘98, 90000000
109. 20000000
.. 102, 70006000

’ ‘f 12, 50000000 - -

Resu]ts of 'StépQH'?ise. _Ré.gressifpﬁ”a!s, Obtainedby Draper and Smith(1966).

- $3..10000000

: 115, 90000000

83..50000000
113. 30000000

109, 40000000

| 95.42307500 -

- T3071745

- 81625268

- =+53467065
- 82130513
- 99999999



Resul ts from Dﬁa.p,,n and Snn th (con t) 264

Pred1ctions and Residuaf'ls'- -

" |55, 8000000 $1.8000130° Lesosero: . .
. 213,3000000 1123270100 -~ ,9729900 .
109.4000000 m.m.mm . -a2348%00

Bagic ANOVA Table::

auu.rce _ ar. aunlggs. ll-.u lg:_:." 'f:"'; o Ovmll!' ,
- Total . Y nu.vusooo.__f‘ e B T P
' Regression 4 2067.9000000 - ' €88.9750000° " . 1114795200 .0
" Residual . s T47.8634900 . Csga2enrz e -

e

' Tablg of Partial F-.Va]'ues:

Var Dm - Limits lhndud 4 Partm,
No. Mesn ieat 'mlm JErvor. | - Petest

4 29.9999990 -.umaa 14909970 .7osou,1.'. .‘ " 0812794

: el S T

'3 . 17692300 - .'mum,&_- x.uzz«sf\".'rw»l  oiseaes.
2 481538450  .SI01700  2.17eses T2ITT . .496aa02
. - o o-lasssess’ T o T
1 T.4615383  LSSIIOAY 22088833 .Ted7ell  43y7sess -
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'Output from Program "BAKLM" for Input Data from Draper &

-Smith (1966)

LU-—1 LL=6 N 13 NI 5 NC 1 NR-O & P
FILE CONTAINING CALIBRATION DATA

: _‘,f-;--- X MATRIX & Y VECTOR
”.260D+02
2900402
5600+02
.3100+02
.5200+0é'”
- 5500+02
.7100+02

1000401 7000401
-1000+01
1000401
1000401 . 1100+02
.1000+01 " .70C
.100D+01
1000401
.1000+01

~.1100+02

1000401
1000401 2000
1000401 2100402
.1000+01 '
1080401

" - 3 )
+100D+01 1000402

COLyMNS MEANS:

- 7460+01

oo STANDARD
.588D+01

CORRELATION MATRIXQ-?

1.00 .23
.23 1.00

282 .14

.25  -.97
.73 . .82

.1ooofq1;
.1100+02 -

.7000+01"

.3000+01
.31oo+02.~.
5400402
4700402
.4oou+oe\\\23oo+oz".
;6563162
fseooiyé sooo+01,

.2000+01

.100D+01
1100402

.4820+02

.1560+02

.1500402
.800D+01
.8000+01
.600D+01
- /900D+01
.iibu+61.
2200+02
,180D+02
.400D+01

9OOD+01

.118D+02

DEVIATIONS:
.641D+01

- -.82 .25 .73
-4 -T97 g2
1.00 .03 -.53

.03. :1.00. -.82

-.53 -.82 .1.00-

,sooofdlf

.300D+02

¢

HALDOL
‘_ ********** LINEAR LEAST SQUARES et drdedede e ok b
.sobp+01'
5200402
12000402
.4700+02
3300402 .
.2200+01

6000401

's

4400402
. 2200+02
2600402
3400+02
,1200+62ﬂ
L1200+02

b 4

.167D+02

785402 |
7830402
.104D+03
.876D+02 -

959D+02

.109D+03
.1030+03
7250402
.9318+02

.1160+03
.838D+02
,1130403'
.109D+03

K
-

.945D+02
e

.1500+02

365



' ‘Output from Program "BAKLM" (con t) : 266
b-ESTIMATES WITH 95% CONFIDENCE LIMITS R
62,40537° . .-99.17783 - 223 98857 .-
1.55110 ~_ ' Z.16633 - °3.26854 -

51017 . . .1 15888 - 7;12 17922*'af:§ .
. 010191 . -1.63844 - . 1.84226 . . = -
U - 14406 RS P53 IR 49101 S

’COEFFICIENT OF MULTIPLE DETERMINATION-,98 2%
‘PREDICTED VALUES : I RESIDUALS —

178.49524 St .00476 : :
72.78880 . .y 51120.H.1;v;‘ e

105. 97094 -1.67094

89.32710 - -1,72710°

95.64924 . -.25079

°105,27456 3.92544 ,

'475.67499 -3.17449 -
91.72165 1.37835, |
115.61845 . 28155 | S .

- 81.80902 - ©1.99098 o »\\\-&
112.32701 ' .97299 o o\
111.69434 -2.29434 | o

********** BASIC ANOVA TABLE ********** ‘ ' . K - f‘, o

SOURCE: - ss¢ o pr: »Ms: ' F: - .
MODEL ; 2667.900 4. 666.975 111.480
RESIDUAL: 47.863 8. .pg.983 |
MEAN (BO): - 118372.327 -1, - Lo
(TOTAL (CORR.): 2715763 12, S
TOTAL (UNCORR. ): 12108¥ 13, 1
o

********W EXTRA SUM ‘qSQUARES ********** . .

ADDED LAST: . SS:. ~DF: MSE. T F:‘ o - | e
B(Y) 25.951f“, 1 1. 25.951 - 4338 e
B2 273 o7y 2.973 . 497

B(3) 109 1 09 ’].;ois -

BaY 2w 1 g g
< , -
Ar. k
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