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'l'he dispersion model was used to study mi~dng levels 

in a full scal.e aeration tank ., The effect Gf a ir flo~; rate, 

water flow rate and diffuser type was investigated. The peak 

time technique proved satisfac tory in pred icting the theoretical 

tracer response curve generated using the dispersion model ., 

'l'he d ispers.ion model adequately described the 

l ongitud inal mi:Jd.ng that occurred in a full scale aera.tion 

tanl~ equipped with fine and coarse bubble air d iffusers .. 

Jlesponse curves fl:'c::m t:t'lO tanks-in-se:r ies t\le.re also 

ob~ained . 
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lm.'RODUC'l'ION 

'rhe activated sludqe processes comprise a variety 

of biological treatment systems. These processes a l l 

feature a reactor vessel, or series o.f vessels, commQnly 

known as an aeration tanlt. Here, suspended, colloidal and 

dissolved organic waste material is subj ected to intimate 

contact with an optimum quantity of active sludge organisms 

in an aeJ:t;>bic environment. After an. appropriate reaction 

time; the clarified reactor effluent should bave considerably 

lower organic content than the influent waste water. 

For the satisfactory design Of the reaction 

vessel, the kinetics of the removal reaction must be known. 

IiO\tleVer, with the kinetic informa:tion only., prediction of 

the performance of such a design is restricted to one o f 

two idealized flatll system.'3, pluq flow or backmi;,c (completely 

mixed) flow. J£ the :r:eaotor design closely approximates one 

of these i deals, then it may be considered, with neqliqible 

error , that the system has an idealized flow pattern. In 

some cases , deviation from i deality ma.y be considerable 

thus requiring knowledge about the f l ow characteristics of 

the reactor contents, e . g. the extent of longitudinal mi::c:ing 

.. 
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within the reactor. The residence time distribution of 

fluid in a reactor may be used to estimate ·these character

istics. For a ·first order re~ctiion', · the exact performance 

of the vessel as a reactor may be predicted only if the 

degree of longitudinal mi::cing can be quantitatively determined . 

For reactions independent of substrate conaent.ration, i.e. 

zero order" the level of mixing has no effect on the degree 

of conversion. Por higher order reactions, only the limits 

of convera ion may be detet'l\lined when the degree o£ lonqitudina l 

mi::;:ing is known . 

Previous work by Timpany .(1) indicated that the 

dispersed pluq flow ( d ispersion) model adequately described 

the longitudinal mix ing conditions of a laboratory model 

spiral flow aeration tank . The dispersion model is based 

on a backmixing equation analoqous to Pick ' s second. law of 

molecular dl.ffusion . The solution of this equation for a 

pulse tracer input gives a family of response curves with 

the intensity of di·spersion as the paramet.er . A characteristic 

feature , the peak time, of the experimental response curve 

was used to predict the theoret.i.cal response curve generated 

from the dispersioJl mode.l . 

http:paramet.er
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The present study w~a..s carried out in ord~r to 

applicability of the mod.el , fo.r use in pred.ict.ing- aeration 

... 

condition.$ o:f vary.ing air and. watex- fl0\-1 rates,. ln addition, 

the effe.ct of :the diffuser type on the mi~dnq level was 

invest.i.gated. The variation in the response curve due to 

the partitioning t.he test tank into two equal sized tanks-in

series was also investiqated., 

aeration sys tem for biological waste"'N'ater treatment syst.ems 

is claimed for a pasticul~r desi~: · yet. quant.itative 

This study attempted to quantitatively determine 

the deqr~ of lonqi.tuclinal m:LJ::.tng tald.nq place in aeration 

tanks of length to width ratios· larger than thos.e t raditionally 

encountered... Another object of the study was to reveal 
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whether , f or qiven operating· conditions , neglect of the 

longitudinal dispersion coefficient will lead to a significant 

error in calculating the extent of conver sion of the reactor • 

.. 




In a11 attentpi; to characterize nonideal flow 

pa:ttert)S within reactor vecssels, several model types have 

divided into various flow reg.illles connected in series and/or 

f196S) .. Chollette .et al (.1960), and Sil.veston (1966), ·regard 

nonideal flow systems" While the mixed model can be usecl 

:t"eadily if the o;,:der of components is ltn~,. 
' 

it is difflcult 

to visualiz~ a model that has little if any resemblance 

to t.he actual fl0\1 situation .within the reactor. Response 

mixed model. ror non-linear kinetics, this seque.nce of 

components, OJ: time schedule of mixing, affects reactor 

The results of extensive studies concerning 

- 5 ... 
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reactor flatJ character istic s have b een published in the 

chemical engineering li.terature.. Several authors, Dan ckt17exts 

(1953), Levenspiel ( 1957) (1962) , .Bischoff ( 1962) , and. 

Van der Laan (1958) , consider that longitud inal mi~inq in 

reactors may be described as a d iffusion process . The 

"Dispersion model• ·(d ispersed plug flow model) draws an 

analogy between mixing in actual flow and molecular d if 

fusion .. Hence., backmi::dng of fluid flowing in the :~t-

direction may be represented by an equa tion similar to 

Fick •s second law of molecular d iffusion. With a uniform 

intens.ity of baclani:dng. the equati on is t 

( 1) 

where the parameter D is the longitudinal dispersion 

coefficient, uniquely charact .erizincg the degree of back-

mixing during flow . The devel opment of this approach has 

previously been considered to be l:bnited to flot,., through 

tubular and packed heel reactors. Jn such considerations , 

the term ctdispersion" includes molecular as well as turbulent 
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to fit to experimenta,l da:t;a .• 

of taM. yields the fol.lowin.gt 

ae 
u ~ .... o....ax 

1> = Long;itt.ldin~l dispersion coefficient (ft:2/hr) , 

C = concentration of tracer (tng:/1), 

The solution of this second order di fferential 

equation for a tracer pulse input to a closed vessel is thfZ:n 

http:fol.lowin.gt
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required. Timpany ( 1966) presented the solution for a 

fixed end boundaries,. as determined by both 1-!iyauchi (1953) 

and Thomas a11.d t>icKee ( 1944) . '.t'his specific sqltttion ist 

( 3) 

\'17here: C = e:g:it concent.ra,tion o:E tracer at time t {:mq/1) , 

C0 = mass of tracer added divided by nominal 

tank volume (mg/1) , 

u 

L = tank length ( ft. ) , 


)ln = cot""1 ~~ ~U - u ) 
 , and
l_~ .. Jln 

9 = time divided by the theoretical detention 

time calculated f rom tank volume and flm-1 

rate .. 

This expression may be used to gen.era.te a family of curves 

with D/uL , the dispersion numbe:c- 1 as the parameter .. 

The applicabi.lity of a particular model in pred ic... 

tinq r 'esidence time distributions may be confirmed by 

http:applicabi.li
http:gen.era.te
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comparing- the experimental tracer !:'esponse curve to the 

theoretical JTesponse curve. 'I'his theoretical curve is 

generated us ·· nq a characteristic feature of the experimental 

curve . Previously, the variance of the e~~perimental response 

curve was used to determine the value ·o f the d ispersion 

number., D/uL . Van der Laan (1958) has shown tha:tt 

-D :. D 2
2(-) .- '>· 2(:;-l 	 ( 4 )(1-exp t~ )ux.. \AU 

2'~here· • CF = 	 variance or second moment of a curve about 

its mean. 

'l'impany (1966) found that, \.gith high degrees of 

dispersion, the variance technique was inadequate as values 

of Co/4000, and less , had to be a.ceura.t ely determined using 

common laboratory equipmen-t. :Cn addition, tests would 

have to be continued for at least ten detention times to 

accurately calculate the variance of the response curve, 

the long tail becomes dominant in calculating the second 

moment o f the eUJrve. Por the lonq detention times involved 

in full scale testing (4 to 15 hr}., an. eltt ensive test 

progxam t>TQuld be difficult to carry out. • 

.. 



Ti.mpany ( 1966) used the time of peal~ exit concentration to 

predict the P/uL value for the theoretical dispersion 

mod$l.o Equation ( 3) was differentiated* set. equa.l to ;aero, 

and solved for the 9,. or tp/t, ValUe assoCiated with each 

D/ UL . ,Thi.s peak time technique was found to pt'ovide an 

adequate fit of the theoretical to the ex};>eri:mental respoRse 

curve·. The folJ.owing apptC>:~d.mate empiri·ca]. itelationships 

as det~X'mined by Timpany (1966) were useda 

D 
- a ( 5)
uL 

.. ,. 
and. 1) 4. 027 ( 10) -a.. og (tl?/t)- = 

wher~; 	 t p = time of peak exit concentration (hr), and 

-
t = theoretical detention time (hr). 

'l'impany and Murphy ( 1967) considered that tile 

dispersion model appeared to be an adequate .model to describe 

spiral flm.; ae;rcrtion tanlts • These investigators obtained 

response curves frQ!l\ both a full scale prototype tank and 

a 1/!3th ga.omet:ric seale l .aboratory model. Their p~eliminaxy 
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results suggested that the axial dispersion c:o-ai'ficient, D, 

for the prototype equa.lec:l that of the model divided by tbG 

square of the scale factor. A similar factor was proposed 

by Danckt:lerts {1953) when co.nsidaring scale-up of rotating 

stirrers. 

The residence time distribution (RTD) does not 

g-ive the exact flew pattern in the react<or . As indicated 

by Jla\1ld.ns (1·963), i .t! is possible to have an in:fi.nite 

num'ber of different ilow models all yielding .identical. 

respons.e aw:-ves. ln using BTD' s, the time schedule of 

mi:d.ng: of reactor contents ia not known. P:rediction of 

:JZeact.o.r perfo.t"!!\;Ulce by the use of the RTD and k .:.netic rate 

oonstant is then lilnit:ed to reaotions unaffected by this 

time schedule of mi:d.ng; !.e. first order reactions. Such 

pred ictions a.re al.ao l!nti.ted to isothermal 1reactions. l'or 

second orele:t Jteactions, or non...isothermal reactions, only 

the limits of tbe ex't$nt o·f reaction may be calculated 

from the RTD and rate constant information. 

In predicting reactor performance for an isothermal 

constant volUllle first order reaction, a mass balance on an 

elemental section of reactor length y.i elds the foll.qwing 

differential equation (DanokwEu:ots (1953)) •.. 
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kC (1) 'n - o 

e is the concentration of 'reacta!lt. ' at cross section 

1k is the reaction constant in tin1e ... • 

Tb._is equation has been aolved analytically' by both Danckwerts 

is& 

(8) 

wharet 	 a =)1 + 4l~t (D/uL) ., 

e = £J:action _of reac:rtan.t unconverted.
Co 

When )) e; Q, equat:-iOl'l ( 8) beCOllleS 

e - kt- = e	 . ( 9)co 
Which .iS the SOlUtiOn fZO$ plUg f 'lc)w1 and When :0 = o6 , 

equation (B) takes the fo1;m1 · · 

c . 	 ~1 
~ · ·::;; ,. . . 	 ( 10).· . l ... 	lt.-tC· o 
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the soluti.on for a COlnpl.etely miJt:ed reactor . Levenspie! 

and lU.sehoif ( 1959) have solved equation (7) numerically 

for seeond order reactions. 

Although the completely mi~~ed system has cons id

erable advantages t e.g:. reduced e£fect of shoelt loads , more 

stable operation an.d more uniform Oi~ygren requirements, 

the majotr clisadvanta.ge in such a system .is the reduced 

substrate ~emoval as compared to that obtained by a plug: 

flow system. This becomes Jteadily apparent when comparing 

equations (9) and (10) • The plug flow system is somewhat 

unstable in its operation as small changes in operating 

coi'tditions, not damped as in the comple.t .ely lt\ixed s.ystem, 

may severely affect reactor performance . 

Kilbury et al (1965) pre.sented laboratory results 

indicating increased subst:r.ate removal obtain~ by operatinq 

a tanlt-·in~series vessel a.s comprured to a completely mixed 

system. This data was questioned by McKinney (1965) wh9 

e lailt\ed better performance from three parallel tanl~s a.s 

opposed to three tanl~s-in•series~ Hat"'ever, under the 

experimental conditions reported by McKinney, the oxyqen 

demand in the first t anl' exceeded the O?tyqen transfer 

.. 
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capacity. This severely lim!ted any significant oonolusions 

that could be •o..ra.'llm f:rom such a study. 

McKinney ·(1962') also claims that when the aeration 

tank contents are. eomplete.l.y mi~~ed.,. the resulting activated 

sludge process is distinctly different from the convent.tonal 

activated sludge p:t'ocess. Unf<.»rt:unately, the "conventional 

activa.ted sludge p:ro.eesa0 was not defined with :respect to 

the paramate;rs defining tni;~d.ng levels. 

A· t.n.orouq1'l revie\>J of all aspects oi fle»J patterns 

in chemical reac:tors may be found in the diseU$sion by 

Lavenspiel and Bisohoff E1963).. 'Ibis complete di.scussion 

covers t;he.concept. of residence ti.me distributions; dispersion, 

liJ.il~ed a:nd taflks;.o;.in.,..serie.s models, aru:L the application of 

nonideal patt.e~ns of flow to chetni~J, reactors. over 300 

references are included. 

il!lwtensive labm:atory studies by 'l'ho~s and ltcKee 

(1.!:}44}, indica.t.e¢1 that the tank tended to q.r;eat~ mi;1cing 

with tnax-eased au flaw rates and w;ith distr:i.buted hyCI~aulia 

loading... An excellent review of the sanitalt'Y enqineering: 

litwatllil'e dealing with mixing considerations was pl:'esentad 

by Timpany ' 1966).. Among others, he revietr1ed· the previous 

http:tni;~d.ng


wm:lt o;' <;alvert and BloO-dgood ( 1934), Hasseltitle ( 1~32 ) ,, 

~.ssener t l935) .,, at\d Kehr ( 1936) ,. :Who all found considerable 

mixing of !:le~aticm 'tanlt. con.t~ts taking place.. Although .. 

many in'5f~s.t.l.gat~ons . have been. carried out,. th~ present s!t- . - . . . - . . 

uation was ade,qll,a'!!ell' . des~ribeei by 'Win\pany,. ••A better. 

unP.erstand;I.J,lg af the mecmanis.ln ot x;emova:). and i:h~ .fl(IW . 

i .. 

I ., 
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wx.t?~Att ~QUI~ AND TSCIU.nQUES 

A. ·Desax'iption of Syfat~ 

· . The aeration .~ used foJ: the test progx'ant was 

one of si.K .ae~atic:m taMs ~t th~ Surlington. $1;Y\otay \V"ater . 

Pollution control Pl~nt, 8url.1lngto~, · Qn:t;;tri.o"'· .Each ~~a,tion 

t.a.nlt, 270 ft ·n '2.1 t::t. :~. l.S ;i;t $ .•w"~*' co~tal.J'ls a ~4 i!l;o 

diaJne.ter al:.t head~~, the, .centr:-e ltae ·loca,teti 44 in)t> above 

the tank fl()Ql; and 36 in. from the wall, · Diffusers ~Y be 

ins'talled a~ 16 in. centres. on E!ach side of theheacier~ 

All. ae.ration · ~nks were initially eqq~pped.wii$ fine bubble 

diffusers • t>rocess air is EU1p~lied bf tluzee. centr.i~ugal 

a<;~q~~essor;\J bavin9 a max~~ ~isfeh~ge of t.t.ooo scfm each .~· 

1\. 36 in. 4~arrtet.E!X' m,ain. hea<iel1 dis~l.'but~s at~ to the s i~t 

branch ba~del!'sc~ each equi.)?p~d ~ wi.tl:l a butte:t:fly valve 

capabl~ .Qf t~ot.tling the ak £low to t"Aat. p~U"ticn.Jla:t: 

aeratJ.on ~k. •. 

a~w wat;e:r drawn i;!;'om .Ham.ilt<m ua,xoboUX" w~s di.s

cllarg:ed inte» the test ~anli t:hrough .a. 12 in" i .nLet loca~ed 

at ~ v~rtical. cen~e line of t:pe .t~ and 1 ft below the 

liquid s~face. Effluent was d!seharged over a standard 

'ttelJ: cov~~ one•balf the width ·Of the taM. A 2 1/2 in~ 

- 16 
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foam contr·ol a.pzoay line \':7aa located along- the length of 

the test i:ank., This li.ne contained 50 spray nozzles spaced 

at 5 ft irtervale. 

Wa'te~ flow measur~nts 't'>lere made using a venturi 

flo:t1 nozzle installed in the \'later feed line,. This nozzle 

t>~as supplied as having an accuracy of ± 3 percent unoalibrated. 

Air flows 'to the test tank were measured. using 

a .5/ 16 in•. diattteter s:tandard steel .Pitot tube . Tltis was 

the only possible method of measu.rinq the air flow to the 

test eection without inter·fering wit11 normal plant operation. 

Using the orifice flow meter installed on the 36 in. main 

air header and by shutting off the air supplied t.o the rest 

of the plant, it was found that the pitot tube gave results 

ranging from 10 to 30 percent lower than the actual flow 

rate. The extreme erro.r in air flow measurement. ocet.U:red 

when the butterfly valve was throttled considarablyr this 

was :required whan coarse bubble diffusers were installed. 

'il'hese lower flow readings were attributed to the non....i deal 

l .oaati,on o.£ t11e pi~ot as .& 

1 . 	 The p i.: tr.ot was !nstalled in the 12 .tn . air header only 

36 in .. downs-tream from the ao.nnect1on to the 36 in. 

air header, and. · 

http:pi.:tr.ot
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2. 	 The butterfly control valve v-Jas located appro~imat.ely 

12 in. dm>~nstream of the pitot. 

These extreme errors in aix- flow measurement 't1ere 

overcome by preparing a curve of flm-.1 rates indicated by 

the pitot against t hose indicated by the orifice meter. 

This ucorrection curve" is shown in Piq. 3.. For the tests 

using t he coarse bubble diffuser s, the air flow rates 

recorded were those obtained usinq the Jt correc tion cw:ve'' ;. 

Pig ., 1, As previously men-tioned, the pitot tube was the 

only means of determining air fl.ow·s to the test s ection. 

Process air could not be shut off, even on a n intermittent 

basis , d.ur inq the test program, a period of approzdmately 

four months. Process air temperature and pressure were 

recorded continuously. 

A shelter located at the effluent end of the 

aeration tank housed the tracer monitoring equipment . This 

consisted of a G •. K,. Turner & Associates Model 111 r~cordinq 

fluorometer and a Bausch and Lomb V,O.M .•-5 strip chart 

recorder . Fluorescence measurements were made using 

primary fil t ers 1-60, and 58 and a s econdary filter , 23A. 

A laboratory pump was used to continuously sample the 
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e-ffluenu at a ~ate of 100 rnl/minJ.. This s~le t·Ias take~'l at 

a location. 5 :ft from the side wall opposite the air headez:, 

2 ft beldw th.e liquid. StU7£aee a n(!.. 3 in. from the tank end .. 

Afte.t" pas.sing througl1. the :tluorQmeter• the temp~.rature of 

the effluent sample '\'las -ttetermined at periodic interva~s 

during' the cour.se of a test .. 

Two types of di.ffusera were used in this _s tudy. 

One -was a fine bubble deviee de.scribed as a "Precisio~ 

Tube" by the manufacturer• Chicago })ump Company of Chicagof 

Xllinois . This di£fuser is. a 3 in. perforated. ri.bbed. :metal 

cannister. 2.4 in... long, 'that. is \!~Trapped in Saran cord, 

The o.ther diffuser us.ed was a c oarse bubble device. a · 

11 Sparjer"', supplied by Walker Pro.cess E.quipment Incorporated, 

of Aurora ,. lll.inois . The Sparjer orifices were 7/32 in. 

in diameter. Even air distribut.ion alonq the lenqth of 

the haade:r was assumed as : the di£fusers were evenly ,spaced 

throughout the tank length. 

ln order to dete:ttmine th.e, res.ponse o.f two equal 

tanks-in~series_. a partition was installed across the 

entire tank width at the 135 ft tank length,. This partition 

was made o£ l/2 in. plywood supported by 2 in. x 4~ in. frames. 
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a. Description of Expe:!:' imC3n'ta.l Procedure 

':!'be tracer used in this study 't"Jas Commercial 

Rhodamine B E1ttra, supplied by DuPont of Canada Limited. 

As a wide range of fluid temperatures would be encountered, 

and sdncs fluorescence intensity increases with decreasing 

temperature, i't was necessary to determine the relationship 

between fluorescence. intensity and temperature. t.rhe 

f luorescence-temperature curves det.ermini.ng this relation

ship are shatm in Appendix A. Fluorescence readings obtained 

during the tests were converted to standard :flu'o;cescence 

readings at 20°c. The fluorescence-concentration calibration 

curve at 20oc is also shown . in Appendix A. From the work 

of •euerstein and Selleclt ( 2) it was noted that Rhodamine 

B has a photochemical decay half-life of 31 hr. While this 

decay rate determination was a qualitative measure only, 

such a hal:f....life t'l1as not thought t.o yield erroneous :result.s 

in residence time studies of short duration. The effect 

of suspended solids at the concentrations encountered \,as 

considered neglig:i.ble . Samples of Hamilton Harbour water 

were analy~ed as follo't-JS 1 

http:det.ermini.ng
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Date pH' 	 Total BOD Turbidity Total 
Alkalinity as SiJ2 I<jeldahl 
as CaC03 as N 
mg/1 mg/1 mg/ 1 mg/1 

1967 
May 17 7 ,. 4 lOS ..... 14 4! . 8 

June 6 7 . 6 106 11 

.July 4 7.:0 86 ....... 8 1 . 1 

July 18 7 . 3 102 11 -
Aug .. 22 7 . 6 109 --~ 12 o.s 

Aug. 25 a •.l 92 	 3 . 9 11 

,......Sept. 9 7 . 5 110 	 12 -
• samples taken in vic inity o:f WPCP r aw water i ntake . 

No background fluroescence in the Hamilton Harbour 

't'<7atar was measux-able at any time.• using the fluorometer range 

sensitivity (xlO) that was used throughout the tests . 

ln studying the mixi ng characteristics of the 

d.i :lffusers. statistical techniques· were used in planning 

the e::tperiment.al program .and in interpret ing the results . 

http:e::tperiment.al
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An exper!ntental design t.est program was used to determine 

the main and interact.i()n effectts of the detention time 

and air flow tate on 'the dispersion numbe:r:. A desaription 

of the. rotatable c:enb:'al composite experimental design that 

was used is given in Appendtk B. 

P~tior to a test., a quantity of tracer was weighed 

(usually 300..400 gil)· and dissolved ln 5 gal of water. Air 

and water flOW rtatea wes"e adjusted and one hOW!' later t.be 

tracer solution was added. to· the influent end of the tank. 

l:t was considered that this method o£ dye input. approximated 

an idea1 puls.e Junction. An experl.Jnental tracer response 

~ve was then obtained. 

The ~aaer mea.sUZ'ement was discontinued after the 

well-defined peak of the response cut"Ve was obtained. This 

re$Ult.ed in a response ·Cl.U'Ve that 111as truncated. us.ua.1ly at 

1ess than one nominal detention time. Response c:ul"Ves of 

several <llet.ent.ton times in duration were not obta.ined due to 

the test time required (24-48 htt) ooupled with the additional 

t!Jt\e required to washout the tracer tn p~epara.tion f~ the 

following ~est.. Only two or t.'hree tests could then be 

catried out in a week. 

http:re$Ult.ed


- 24 ... 

As T~any (1966). bas pointed out.. aft.er one 

<llisp~sipn models all predi.at essent..i.ally the same response 
. . ' ~ . . . ' . ' . . . . . 

when using the fine. bubble diffusers,. it was necessary to : 

use. the fc:Jam control spray line. Water delivered by ~is 

of the ur haad~~ ~~·· ·· ~>:•¥ J.ine for foam control was not 
!.~,,._, 

aarosa the. diffusei'S ~ed "o 'the fins bubble d.evtces 

~n the other· tanks; it was necessary to· almost completely 

close ~e butterfly valve controlling the au supply to the 

test secti:on. 'l'hts resulted in the extreme errors in the 

air flow :tneasurements using t:he pitot tube. 

The t .ests on two tan:SS·in-s~ies were performed 

using ..Sparjers" as the aeration device. 

http:predi.at
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c . Sources of Error 

The prime consideration of this prog'¥'am was to 

determine whether or not. the disJ?ersion tnodel c:.ould adequately 

deseribe t.he l.ongitudin.al mixing taking pLace in a full-scale 

aet"at.S.on tank. Lack of fit between the theoretical and the 

experimental .:esponse curv~a should be accounted for . Slight 

discn:epana1es between the two curves could be attributed to 

the following• ) perqent erro21." in water flow measurement, 

fluorescent b'acer deeay and/or adsorption by suatpenaed solids 

or eondJ:'ete walls,. error in determining t.emperatw:'e at which 

the trae• ·aonaentration is deterndned, and .neglecting spray 

watet> t low. These errors were considered minimal. 

As. prevJ.ously •ntioned, air flow measuements when 

usinc;J the fine blabble diEfusets· indicated slightly lower flows 

than actual. This minor syst.el\\at.ic error should still allow 

a quantitative relationeh!:p betwe~ the dJ,spersiQn coefficient 

and the air flow· rate to Qe determined. An expression 

could be derived and, al'though not abeolute, suCh c;r.n expres

sion woul.d inQca.te the effect of increased au flow on the 

dispersion 1.\um.b_.. The degree Of long! t.udina.1 mixingr associated 

with •ch type elf diffuser eould also be aOinpal:'ed. 

http:inQca.te
http:syst.el\\at.ic
http:aet"at.S.on
http:l.ongitudin.al
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·The two principal assumptions made for th!s study 

were• 

l., tthe 1t11at.hod o£ dye input. app~oxlmat.ed a . pulse 

function, . altd ·.: 

·a~ The.r:e was ,un£f.t>rm -aia: -dis~!'bution to. the 

. diffusers-along . the .length of the a.ir header• 

.The .physical ·.magn!tucie·,of the expu-nta:h system 

pre<:.lude.d..•obtai-ning an ideal t..est, situa:tion.. ·-Sueb co.nd::Ltions 

as pOOJt test,· media, foamlng .Qf traeeJ:, txa.cer adsor:pt.ion by 

acmctatet.e' and dif:tieu1t;y in air flow meas\U:ement we~e en.eountered. 

http:app~oxlmat.ed


EXPERlMENl'AL lmSUL'JS 

A. ;Data Analysts 

The da-ta f:trom the tracer response cw:vas obtained 

dwd.ng the tests we.-e· t.l"ans#~red t:o data catds by taki~9' 

fluOJ:omet~ ~e$.dings. at. equal. time intervals... A aom.put.er 

pt"ogra:il'Olie was w.ttten to analyze the individual test results . .. 

Uai.n9' the calibration curves in Appendix A, 

f1uorometu readings wez'e ·converted to readings at. 20°C and 

then tutac:er c:onoentJ:atioM w~e aalaulat.ed. The t.:Lme of 

peak ex!t. dOil<:e:n.~a.tJ.on was determined from the response 

c:rt.U:ve ana the d111persi.on raumb- D/UL was calculated usin9' 

equation. (,5) o~t (6). 

In <#cier ta c~e the expeJtimental response 

curves to the theol!'etlaal ~vea generated using equation (3), 

the ~pa.zt!.menta1 cutVes were reduced t.o dimensionless 

plots of C/Co vs t/t. A plotting l"out.ine was inaorp~at.ed 

into the progt~e to allow b~ the theoretical and 

exp<arimetltal reap~n:ae c:urves to be pri:nted simultaneously.• 

The ,...,-.~ne used for 'these calculations and 

eu:tVe plot~ib9' is rep:rodue•d ln Apttendix c .~ 

http:inaorp~at.ed
http:d111persi.on
http:dOil<:e:n.~a.tJ.on
http:aalaulat.ed
http:aom.put.er
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a. Experimental Results Using Pine Bubblca Diffusers 

The dispersion c:oef·:tU.eient (D) was detetnlined 

using "PJ:eotston tf\Jl)Q''' dif'fuset's !~ a.k rat:as of 700 to 

2'170 sefm or 6 . 4 to. 25.3 sc'fm/1000 cu ft. tank vol·wne. These 

cor~:espon,d to· ~t atr rates of 2. 0 to ·a.o ·sc:fm p~ diffuser. 

!n addition, re·aponse cw:ves w~e obtained over the J:anw$ 

of liquid detention times' oi 4 . 75 lut to 13. 20 u ·. The 

exper.imen'tal ~esults obtained using the "'P~eeision Tubes'' 

are s~:t~ed in Table 1.! . 

Typical experimental ~esponso czurvee obtained are 

sbown in Pigs.. 2 and 3 . The thee»:etical response curves 

calculated fram the experimental peak t~s are also shown in 

rigs . 2 ·and 3. 

'l'b.e analysis of variance (as outlined in .Appendix B) 

yieldea t.be following results. Only t.he fb'st order effect 

o-f air flow on the disp~sJLon c:::oef£icient t.fas signifieant. 

Second cdea:- and interaction effects of air and water flow 

.rates were insignificant. 'llle effect. of the watet' flow rata 

(det.ent i on 'titne) on the dispersion coefficient. was also 

insignificant. rrom the analysis of variance, an exp~ession 

des~ibing the affect of the air flow rate on the dispersion 
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,·.:fYL§ .IX · . . : (. 

o o ,- _- , , '._ • - '- ' I • • ' ~ - I ' 

'test Air Watex' Theoret.ical Peak Associated D 
No• .. l"lat;.t . l'lCM ;»et,n T4Jne ,., n;\lL . . f~~/lu: 

ggf!!): ... 1921 hi · M 
.. . \>- . ' ~ ·' 

4 1740 1260 9. 01 2.as 0 . 879 7110 
~ ·, ' ' . . . ' . ' '. ' . . . '· '.t 'i j ., . ' · ' 

5 1750 860 13 . 20 1 . 61 1 . 130 6240 
(.. : ·. ~ ' . ' : ~ :_I :. : ,,.,. ' 

8 990 1890 6 . 01., 2. '77 0. 437 5310 
. ,,. '' 

lO as3o 1260 12. 01 1 . 014 .6150 
: ;·:; 

11 2170 1260 9 . 01 3. 06 0. 786 $360 
•!: .: . 

12 950 12. 01 3 . '75 o;a97 5440 
' . , .r,.. • '· 

13 100 1260 '9 . 01 3 . 60 0. 581 4750 
' \ . -,' 

14 1790 2390 4 ~75 2. 25 0. 412 6320 
·,., 

15 1730 1260 9 . 01 0. 811 6560 

16 1730 1260 9. 01 3. 08 0. 777 6290 
r.-. 

18 1730 1260 9 . 01 3. 20 0. 729 5900 
~-. 

19 1730 1260 9 . 01 3. 06 0. 786 
. 

6360 

20 2360 191.0 a. se 0.49'7 6100 



FIGURE 2 


EXPERIMENTAL AND THEORETICAL RESPONSE CURVES 
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FIGURE 3 

EXPERIMENTAL AND THEORETICAL . RESPONSE CURVES 

TEST No. l9 
FINE BUBBLE Dl FFUSERS 

0/UL : 0·786 

• - THEORETICAL 

0 - EXPERIMENTAL 

w ..... 

1·2 

1· 0 

0 ·8 

() 0 ·6 
u 

" u 

0 ·4 

0 ·2 

p 

j 
j 

ser-r.., 

/" 
... \: 

~ 
';) Cl~

I h 

t ~ 
~ ~ 

I 
0 

: 

0·2 0 ·4 0·6 0 ·8 1·0 

t/i 
0 

I 



- )2 

coefficd.ent over the range of applied atr flows of "100 scfm 

to 277 0 sefm was o'bt.ained. 'l'his exp~~ss!on is a 

D = 5340 + O. 14 QA 

wh~ea D = longitudinal dispersion eoeffiaient (ft2f;h.r), 

and 

QA • applied air fl.ow J:"ate ( sofm) 

this exp3:eseion wae obtained frOill the analysis of 

~iance Chat is pazt of the experimental design that was used.• 

c . ExpEUtimen.tal Results Ua1ng Coarse Bubble Diffusers 

With SpatjeJ: diffusers iQtalled in the aeration 

tank, t:esponse CU"•es wet'e obtained over the range of air 

flows of 2350 sdfm to 2960 sofm (21 . 6 to 27.2 scfm/1000 cu ft 

tank volume) and over the ranqe of liquid detention ti!nes 

of 4 . 75 hr t.o 13 . 29 N: . -the air flow rates applied. a.orrespond 

t .o unit au .ra!f;.es of 13. 1 scfm t o 16. 5 scfm pex- diffuser . 

Table lXX e~i~es the e~per1mental ll!'esults obtained using 

S$)CU''ex> coarse bubble diffusers . 

·Typical response curves obtained using spa.rjers 

are shown in Ficg. 4 and 5 . PrOJn the analy.sis of! variance, 



~ABLE .st:E 

.. 8Jg&JRN"I.M.. ~usttLlGS 'ttslNi gOA:RSE 'BW@LE DDPU§BRS . 
- . - ; . . .. . . ~ - . .. . . ·-· - .. 1 - .. . - -. . - 

it'~t!t Aitt ·· · wat.E¢ · · ~$bltetica1 · · Peak ·Assocd.atea ri 
No• 'i'low tlew netn if~· 'l'ime b!fit· ft~~ 
, . -n· ·c ,._:aslm 1 -·IOIU . ·hE · · hr 

102 27•()'0 1~:70 8i94 2·. 96 o~·sis 661'0 

10'3; 2&0'0 1270 8'iJ4 2.o15 0•916 7470 

104 6 <· ()]; 2: •3'3 (),297'0 l89o· ...· :: .,&'23· 75'6•0 

to& ·2:.350 126·0 9~01 ; .·o9 0'•'713 6'25'0 

1·0'7. 2l80 5 ·0 ;94,. 3' ···6i·' ::'191~ ' 2:•3' o..t 7490 

toa •':2640 23:90 4~75 2•·17 ()'•441 6860 

111 2960 126·0 9'•01 2'.;14 0~·93'2: '7540 

1·12· 2910 945 :ti•·Ol· 3 .-04 1.·•·2S'3 7610 

lij 26·90 1260 ·9\{01 2·.-92 0•847' 6:850 

114 2690 129-0 a.so 2.92 0.;816 6760 

115 2690 1260 9.-0l· 3 .;00 O•Sll 6560 

116' 2690 860 li ..~:28 3.-$8 1.'152 6320' ' 

117 .242-0 945 12.01 3.25 1.146 6960· 

... 



FIGURE 4 

EXPERI MENTAL AND THEORETICAL RESPONSE CURVES{ 
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FIGURE 5 

EXPERIMENTAL AND THEORETICAL RESPONSE CURVES 
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f:he following results were obtained. over the range of atr 

and water flow rates ,studied, 'the effects of both the ai.r and 

wa~et' fl.ow ~a'tas weure insignificant, i.e. first order, second 

ordet- and .interaQtion affect-s of au and water flow l:'ates 

were insignifieanto The s1qnificant value .of the dispersion 

coefficient obt.ained was 6760 !t2,/hr. 

P. bpuiment.al R.esults· Using 135 ft. Length Tank 

Two respon~Je curves were obtained using the 135 ft. 

length tank at a liquid clet.Etnt.ion 'time of 4.5 lut and an applied 

air rate of 1350 scfm (24. 6 safm/l.OOO cu ft. tank vol'U11le) . 

(Au was applied at a tate of 2690 sefm to t.he 270 ft. long t.ank 

(24. 6 sofm/1000 cu ft tank volume). Equal air d1sb'ibution 

'bet.ween the two 135 ft tanks was a~Jsumed.) 

'l'he d.i.spc;.n:sion numbeJts obtained fe»: these t.wo· tests 

WeJ:e 1-.18 and 1 . 16. The corresponding disperl!lion coeffic::ients 

were 4790 ft21hr .and 4690 ft2,1hr respectively. One of the 

·J!'esponee am:vea obtained is shown 1n l'i.g. 6. 

http:bpuiment.al


FIGURE 6 


EXPERIMENTAL AND THEORETICAL RESPONSE CURVES 
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E. 	 Experimental Results Using 'lWo 13·5 ft Tanks in Series 

Tha ~p~tn\ent:al ltesponse aurva obtained frCIIl\ two 

tanka•in•saries, equipped with coarse bubble diffus_.s, is 

showtl .in Pig.•. '7 . Also shown. ln li9'. 7 .is the response curve 

obtain~ under the same condiUons of ait- and wat~ flows 

but. wi.th.out the pa.ftit!Lon in t:hc;~ tank. 
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FIGURE 7 

EFFECT OF PART IT ION lNG TEST TANK· 
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lilSCUSS;tOlf ·O'I ·REStl'LTS ' ;, 

A. Use of Dispersion Model 

l'o•·:~all the -pe~im,ent:al response ctatves obtained 

under .a, ~~iety t~t· test eondlt.iona; t:he use of t.be peak. 

time t'.eelmique.•. usil.ng' equat.ians (S) • ' (6); pr()vad e.ffeative 

in predid.t.in.g the assOc:.iat.ea thaoret.ical response aurve, 

generated ueing the di·spersion. .-odel. 

Whei'l coneidering the use of the dispersion model 

to describe the ld.x.lft9 1taking place, the prominent features 

of an experblerital response eurve must be t'eoognized. Por 

all the experistefttal curve• obtained, there was a consider

able lag t;ime until a si9'1\1fic:ant amount. of tracer r:eaehed the 

exit . In ·•onte tests, the lag til'Qe was as. gr·eat as )0 min. 

Thls t.1me l .aq is significant as the normalized response curve 

also represents the exit age distribution fu.nctioa. Thus 

·sufficient time is allOWed for adsorption · of lllOst of the sewage 

pollutants with no raw sewage leaving the aeration tank 

immediately. 'l'he actual response eurves all featured a lag 

time, an initial positive curvature followed by an inflection 

point and a negative ~va~ure. Even though a finite stage 

model can be U~Jed to predict a tilae lag, these other typical 

- 40
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./ 
. ';, . : ''"'_. : :.l: .. 1 ' : ~ ,.. , • • , 1mOdel. · 

.·. ; 

with au diffusers. . ' 

Usinq :the fi:ne bubble dl£fusers; Piq. 8 shows 

the effeCt ·of ;liquid detention tiJae (water flow . rate) on the 

dispe.1tsi'On coefficient;,, D, and on the disperst:on nWllhe1:., .. 

detention thte on D and n/U,L. ueinq coarse ·bubble·diffusers. 

·· · P:or · both diffuser's sttudiea,: C!hanqing.· the water flow 

resuit.s are in aqreement wlt.h :those found by Timpany (1966). 

;Chanqing the· watel' flow rate affects ortly the longi.tudi.nal 

bulk veloaityi. u, thus altering the d1apeJ:>sion n~, :n/UL. 

As t.he liquid detention tit&ie in.creases, the "utJ: •.term 4eereases 
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FIGURE 9 
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and complete rnixinq is approached, i.e. D/UL ~ tXJ . Ti.mpany 

(1966) found that .for a constant air flow and detention time., 

ll/ut. can be considE!Ired a cons~nt ewer the range o£ 12 to 

30 degrees · Oentigrade. 

The Z"esults obtained when using the Precision 

'l'~es indica:ted that onl:y i=he first ordQl:' ef'fect of air flow 

on t:.he dispersion coeffieient was significant. In the statisti

cal analyaia of the t'esults, significance was tested at the 

95" confidence level. 

A plot of the diapersi.on coefficients obtained f or 

various applied air rates is shown in l'ig. 10. These 

results were obtained ovet" a. are.nge of applied air rates of 

2 to a . se!fm per dif£usu. The design air rate for these 

diffusers is 4 to B ac::fm/diffuser. When usiaq this particular 

expetllaen~l design, the resuU:a obtained apply only within 

the limtta of experimental eondit.ions studied. Fig. 10 

itt.dicates that. a dind.nishil\9' increase in mixing is obtained 

for 11\oreasing applied air rates. This result is similar to 

that ()btain.ed by 'l'impany (1966) when he studied fine bubble 

aeramic_diffusetts. 

http:btain.ed
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This effect. is also confU'nle4 if signifieanc:e is 

tested at. the '"' confidence. level. The second order effect. 

o£ ail:' flow r:at.e then bec:c:ees· sign-ificant. and t;he coefficient 

As previously stat.ed, the dispersion coefficient is 

drasotibed ast D ·~ 1!40 +· o. (i4 QA. l'h.is express:Lon ·was 

de.J." lh'ed ercxn \he experimental. design used. However,. 'the 

0 • 203 •1eas""'.. expl'e. i 1 •i D ......o •A i.an ··. · .- '..· 3 · · .·s~ea es on. re a"' ng ' A D - 1 . 49 (•nA'A. .J

The con'elati.on coefficient for this loq.l.oq ~egression was 

0 . '781 . 

Wit:h the S.par;er., installed, the test .results 

indicated tha't the appliecl air ~a~e had no significant effect 

on the dispersion coeffieieaif. w:L thia the range of applied 

air :rates studied (13 . 1 to 16. 5 scfm per diffuser• . The 

rec:ommended applied -.u rstea for the.se Sparjers, as installed. 

are 8 -to 11 scfm/diffuser. AlthOUgh the ~- range of 

applied aiJl' rat es ·lJtudied may have led to the ~esult of 

insignificall~ ef£eat of air rate, the Sparjers could not. be 

$t.udied at lower au flow rat.es due t.o plant limitations. 

As fine bubble diffusers were installed in the othu five 

aSJl'ation tanks, t.be butter~ly val ve eould not be throttled 

http:loq.l.oq
http:con'elati.on
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a.ufficien~ly . to overcome th~ . difference in head losses 

- ~,n rtg. 11,. the diaP.IS¢sion coeffici~ts,. Qbtained 

uaing Sparj~s, .. are plotted against. applied air rates. The 

least squaltes ~:sression (l.~·loc;r) relating D to gA w-.s found 

364to be• » ·• ~98~0• • HQWeVEU", the correlat.~ol) . coeffi.aient 

f<:~r tbie .~tegtre'seion was o.3·'7.~ . Jt. ean then be ass\Ut\ed th•t 

the least. -~es line has no significance, D is then 

indep~en\. Qf QA as was .indicated by the expuimental design. 

ln Pig. 12, t.he di•persion coefficients obta.ined 

When using ~e- s~:]E;¢s ('fable 11~ .) and the P:recd,.eion Tubes 

(~able ;Ell --e. plotted agai~at tll,e a:pplied au ~at.e. A 

log.·lOg .-Elpe$.~Ji<m em. this data gave an expression rela.ting 

· t. · · ~ 11 · 1oo·,._ 0 • 246 ~ 1 t·D · 0 QA a.s .;a;.~ . t;JWJU ll • .•..'-\IVA .. ·.. • T:ne OO~X'E! a ..l.On 

aoeff~c1~nt ffi# this regl!'$saion wa,s o.a2o. The aegree of 

mining ·i!l.PPeAr* to be governed only- .. )>y the qu~tity- of air 

~ppl:le~ .a,n(i t' tndependent:.o:£ 'the JneaDs of a.J?plying the air. 

tffb$,1\ Q01npa~:tng t.he 'eaults obtained with tbe Sparjers 

and wS,th tl\e Precision !J.'\Ibes. $imilar applied ak JC"a.tes must 

'be co~a.sid•~• For the Sp;!W',er$ then,, t.he .significant value 

of th.e dispersion coeff~clent obU.ined was 6710 ft2/hr. 

With the Precision Tubes, at this s ame applied air rate, 
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(25.7 sc:fm/1000 au ft tank volume) the dispersion coefficient 

that would be obtained is 67()0 ftl,!iu:. Consid.ering the 

repea.tabili.ty en'O$ involve4 in these tests, these two 

dispeJtston C:Ofiffic:ients obtained may be consi.d•ed icientical. 

:Sn. the field test:s Qalttied out ~Y t'impany (1966), 

.reaponae cn.¢ves were obtained usinq a. 66 ft. long, JO ft. wide, 

and 15 ft deep aerat.ion tank equipped wtth Spujer diffusers. 

With an applied ail:i rate of 22.2 scfm/1000 cu ft tank. volume,. 

dispel:'sion eoefficients of 6310 and 5150 ft2/hr were obtained. 

11D 11'.t'hese values obtained cOti\pare we.ll with the significant 

value of D (6760 £t.2/hr) obtained usinq Sparjers in this study. 

c. Effect of Altering 'l'ank Geometry 

ror. \:he two tests using the 135 :ft. tank, thE! 

applied air J"a'te per uait tank volume was the same as that 

used for sev•al of the tests with the 270 ft. tank. With 

identical l iqUid bul~ veloo1t1es, t.he expected cUsper~ion 

coeffic:i~nt would then be equal to that obtained on the 270 ft. 

tank. 'lbe dil!lpersion coefficients obtained were approximately 

0 . '7 times those obtained in the full length tank~ i. e. 4750 ft2/hr 

compcrq"ed with 6630 ft2,/h.r. As insufficient tests were carried 

McM.ASTER UNIVERSITY LIBRAR',G 

http:repea.tabili.ty
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the ,._l~erea ~k .l..,gth. ·0.. . pOs~i.ble uneqUal aiJ:' ciist.r:J.but.ion 

(cp:ea·te~ a:b .· a.ppl;i.ed at. tll.e influent entl} ·1ed t.o the unexpected 

~esul.t.., • . ', ,'f~bulence. f,:r:Ql'4 the liquid entering t.he· f.i.r.s:t. t.ank 

may have a+,o PI'C:Wided an, addi.~iQ~l d~gree o~ mixing,. 

Tha .ef~~at of pcu:tit.$-oninq the 270 ·ft tank into 

numbeJt of the 135 tt taM. 

Do 	 :lff.eet. of Longitudinal Mi.xi:ncg on Parf'o.rlQallce as a 

aeactcx-


Xt was stated il\ the Xntroduetion that this etudy 

longitudi.nal dispersion ooefficient would significantly affect 

the predicted reactor performance,. 'l'he use of t.he dispersion 

lD.Odel 't.o pred1ct reaotor p•formance. is limited t.o first o.t:der 

t5ctions ainca the t.i.me sdledule of mixing is not. known,. The 

solution of conversion fo~ . such first order reactions as g-iven 

http:a.ppl;i.ed
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in equation (8) is a funct.ion of D/UL and kt.., A eompu:t.el: 
I 

PJ:ogr~ was ~il.tten t.o determin~ the exrt n:t of :rea.ation 

flow (D/uL ;;I 0) eo complete !;J.li:Q.ng (D/uL • J.Ooo·~ .:; usi:n.'9' 

equation (St • 

In r19. 1.3, the effect CJf mixing lEJved .on conversion 

is shown for k:i•s of 2. 0 and 10. 0 . 'l'llese two values we:re 

aeratioa syat.sm.. (90% ~Gm01/al of substrate for a c::ompletely 

mi"ed sy$t.em. gives a ki. value of 9. 0.) 

lrOltll"ig. 13 and using a ''kt of 10. 0, it oan b~ seen 

would be go. . . Pot thc:J test ta.nk studied (LeWa lOa 1), the 

D/UL wlues apPI'oximated .1 . 0. The actual conver.siGn would 

it appears that. neglect of tbe dispersion cMffieiant in 

inclusion of· a !"elatively $11Bl1 saf·ety factor in reactor 

sizing'. 

http:J.li:Q.ng
http:eompu:t.el
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cAlso' shown i .n Pig. 13 ·is the effect Q£ partiti ning 

fJN:m 90 . 8% t,c> 9? . 3%. This ef:fecttvaly in<:!'teases the p.er

formanee c>f the reactc¢ by 7. 2%, assund.nq a first rde:r 

rea~on {(97 . 3 ..90. S) /9o. a :K. 100",4) •. Hc:Mev~, . J.f a kt o£ 

sbiftim.J.·· t-owards a . 'plug fl~· system yields greater advantages. . 

.of mi~ngJ does not lead eo s1gnifJ.eant error in calculating 

http:assund.nq
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E. Significance of Mixing L.evels Determined 

The values of t.be disp~sion coefficients obtained 

during this study ranged from 4i50 to '7610 ft2/hr. Timpany 

{19.66), i,n his tests involving a 66 ft x 30 ft x 15 ft aeration 

tank* obtained dispersion coefficients-of 6310 and 5150 

ft2/hr.. lf a minimum D value. Of 5000 ft2/hr is assumed, 

when considering conventionalapplied air rates, then it 

can be concluded that most activated sludqe process aeration 

tanks could be considered to be completely mixed. This does 

not consider systems wherein the aeration tanks are physically 

compartmentalized into tanks-in-series systems. 

The outcome of this quantitative investigation into 

mixing indicates that much of the current literature favourinq 

-
cC)IQpletely mixed systems appe:ers to be over-emphasized and 

perhaps misleading. This could be especially tr'\le where 

"completely-mixed.. systems are claimed to be designed. The 

advantages of complete mixing are well Known but it appears 

that most activated sludqe systems inherently take advantage 

of extensive mixing., In the case of diffused air systems, 

the considerable itlixing taking place a=-esults from the larqe 

quantities of air beinq injected to satisfy the oxygen 

requirements of the proce·ss. 
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As a )!'esul.t of these hlgb mixing' levels encountered, 

parhaps a :re•eval.uatrion of the general applicability of 

ta~~d. and step aerattion Ls x-equired. These concepts are 

based on th~ aasu:mption that a pluq flow system is frequently 

encounte-red in ael'e.tion t.anks. Sf most. · aeration tanks t.end 

towuds. a c:;omp!let.ely .millted sys~em, then the modifioat.ions of 

tapered qd st.ep ae:ra~ion a&-e pEUtha.ps redundant. 

A ~"' illus'ba~.lve ~l.e of 'the degree of mixing 

aould b$. ob'ta.inad lf 'the suspend d sOlids c:oncanuat.ion 

profile al.ollg the blnk length could be determined fol' various 

values of D/uL. 

The mi:ttng levels encouatered tn aeration tan'ks 

equip~d with mecmaniaal aerators should be determined. 

This would t.nel.ude aer:a.'tlon 1tanks equipped with one auator 

and ~ose feat.urbq a series of m:echanice.1 aerators in. adja

cent. bays. J'or the srstem featUJtint multiple a.-ators. in 

one tank, the qu st.ion of whe'tb.Gl: separate zon<Js of influence 

exi-st at. ea:eh . •rat.cn:- could. be C"esolved. 

http:whe'tb.Gl
http:pEUtha.ps
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COD'!CLUSlONS 

1. 	 The disp0rsion r&-:>del , plug flat<il of a :fluid "t"Jith some 

deqree of backmi:cing superimposed, accurate·ly des c ribes 

the extent of lonqitutl inal mi:M:inq in a full scale aex·ation 

t~l'lJ~ equipped 't;oJith air diffusers . 

2 . 	 Por an aeration tank eqt:\l.pped ~1itl1. a ir t::ti.ffuseZ's , the 

peak time t echnique ntay be usad to predict the t heoreti 

cal response curve that agrees with the ~xperimental 

response curve. Using' the dispersion model, the 

theoretical 1>/uL value is obt ained Zrom a correlation 

't'J.ith the time of peak exU: concentra tion . 

3.. 	 The 't-:Tater flo~:1 rate has no effect on the dispersion 

coefficient, o, when using fine or coarse bubble diffuserso 

over the range o:l liquid detention times of 4.8 t .o 13 . 3 hr . 

4 . 	 Using coarse bubble diffuserso the air flow rate had 

no effect on the d ispersion coefficient, D, ove:i:' the 

range of a.pplied air rat es of 13 to 16 scfm per d iffuser. 

5 . 	 1J~ith the fine .bubble diifusers; increasing the applied 

air rate resulted in a dilui.ni shing increase in the 

dispezsion coefficient, for the range of applied air 

rates of 2 to 8 scfm per diffuser. 

http:dilui.ni
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6. At ident.ieal applied air rates (scfm/l.OOO ft3 tanlc: 

vol:u:m.a) ,. therG was no si.gnifi.aant. difference .!i.n the disper• 

eiQn. coatfi.cient. obtained with t:he <:oaxsa bubble diffuse!C:'s 

cocnpared to that obtained using the fine bubble diffusers. 

'1. :tar· design of activated sludge proe ss aex-ation tanka 

of length to w.iodth ratios of 10tl or leas. negleet of 

the longitudl.na~ d4-apersion coefficient w.ill not lead 

t.o. s;Lgrd.f.icaat ~~ ta calc:u.l.ating the ou~put of the 

reaator. if ~plete miJd.ng is assumed. 

8 . A r~eval.uat..ton of t::b$ conoep~ and applicability <!lf 

tapeJ:ed and step aeration ia ;oequired when considerinq 

m:i.Kinq levels such as those found in this study. 



aE~NDAWXONS· 

1 . '\'a:-Qeer' ·studies ·should be e~:aried out on ·aeratioli ·tanks 

e.q\lipped wj.th 'meehcinj.cal aet"atOt:so This would include 

.'·$ration :·tariks :equipped with ·one aQrat.or and 'tb '$(il · , . 

fM.'turing' a: aeries ·'()£: medhat.ti.cal a.uatot"•· · .tn ad:)actetnt 

·oaya~ : . :poi ·xnU-lt.ip1e ·ae:t:atot's in adjacent :bays. ·u:·could 

:then •JQe.. det..nu.ned 'lf :·$epuat$ zones ;Of ',influence $Xisi: 

:a,, ea.c:h aetatO%'. . . 

:a. 	 ~e :effect of ·pbys-t.oal $partmenta.1izat.ton of aeration 

~s on .l.iquta tl.ow pa:tt.-ns sbou1d be studied. 
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APPENDIX A 


Fluorometer calibration Curves 
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In Pi.qure 1, fluorascance (plotted as iluorometar 

scale reading) is shown a ·s a ~unction of temperature for 

van ous concentrations e>f Rhodamine B Elttra . over the t~o

arature range of 10° to 25°c, t:emp$rat.ure <:"ff1ci.ents 

were <ibtai.ned for the concanuations shown. The foll~inq 

relationship between fluorescence intensi.ty and tempe:t>ature 

was detern.\ined .. 

F .
L.ftn'lO - =· 0·. • 31.l ""' 0· • 018·7· '"4 -w . · · ~'20 . 

-= fluOJ:asoence. reading i n unit s at tampera.tur 

corresponding fluorescence reading at 20°e, andP20 • 

T • temperature in OC. 

In Pigure 2, fluo:rescence at 20°c is plotted against 

concentration of Rhodamine B Sxt.ra . The resulting expression 

used to ealeu.late tracer concentration was• 

c • 1 .3221'20 + 4 . 945 

http:intensi.ty
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'\"lhere : C - trac r cOl.lcG)ntrat ic:»n in ppb, · nd 

F20· :;;:$ :l:lU0reseeri.c~ reading a t 200C • 

All f luor acence t~dl.nqs t-J«r . 1\'\&.de at- .a . r: 

· sens'it.ivit.y -of lOX. 

' .. :.1 

nc;e seal 
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APPE NDI X A 

F IGURE I 

FLUORESCENCE Vs TEMPERATURE FOR VARI OUS CONCENT RAT IONS OF 

RHODAMIN E 8 EXTRA 

( CO NCEN TRATIONS IN PPB) 
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APPENDIX ''A" FIGURE 2 

PLOT OF FLUORESCE1 lCE AT 20° C 
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APPENDIX B 


Sxperiment.al Design 


http:Sxperiment.al
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Central composite Rotatable Experimental Design 

The purpose of an experimental design is to extract 

the required information with the minimum of ~xper~enta1 effort. 

The procedure is to chocse a two level factorial dGsign so that 

all effects of first order and ail interaction effects of 

second order can be estimated. This design is then supplemented 

with further points which allow the estimation of quadratic 

effects . SUcll a design avoids unnecessary replications at 

each point . 

A quadrat ic model involving tw.o x variables (water 

and air flow rates) and the measured dependent variable, y, 

(the disparsion coefficient D) i .s used to model the respons 

surface, i . e. 

This expression ·contains linear terms in x1 and x 2, squared 

2 2ter:ms in Xi, and x 2, and the cross"!!'product term x x • The1 2

regression eo ffieient.s in this 11lC;ldel are then . stimated. 

Th$ s t atistical analysis of the results ia performed 

using the analysis of variance. The sums of squares are 



partitiQ!led into t.he contribu:tiQl'l due to a first order 

1 . 	 Cochran, W. G., and Cox, G.Mo, B¥periment al Desiq_ns, Wiley, 
New York, (1962), p . 342-352. 

2. 	 Davi~s, o . L., Dasi;gg and Analysis of Industrial Experi!gantjl, 
Oliver and Boyd, Lond•n, (1956), p . 512-536. 



TABLE IV 

~~e Symbol 

BO 

Bl 


B2 


Bll 


Bl2 


822 


I 

RB.l 

S.ST 


Xl 
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Meani:,ru~_ or Equivalent 

(Ji I 

(312 

P" 2.2 

Counter 

ra:ti.o 

statio 

second ord~ terms ra.tio 

First order t~ms ratio 

Lack of fit ratio 

L {x,-X.)?_ 

Coded wat.~ flOW' rate 

Coded au flow rate 

Dispersion Coefficient D 

Mean Y valu.e for replicates 



TABLE V 

EXPERIMENTAL DESIGN 

ANALYSIS OF VARIANCE 

C Af\l ALY ~ I S Ci: \1/-\ :\ It\ fK [ FO!~ I<Cf i\ -i /\f}l. r: CE:'<T!·. AL C: C:i ~f) r_::-) I TE E X P E: f~ r ; :unA L 

C DE S iu i\l 
,( ::n:. PL ll. /-\i t. i E. ~) T JA T;\ I ~n 1:~ 0 L.J UCLJ i: I i\ :~ i 
C SECO~U ORD LR MO DtL 
C Y= D0 + d l ~ l+ b2 X 2 + d ll( X l **2 l +bl 2 XlX2+ d2 2 1 X 2 **2 ) 

D I ;V", t. 1\ ~ S I 0 1\J X l ( 2 0 l ' X 2 ( 2 C l , Y ( 2 C l 
READ (5,1 0 1 ( ~ 1( I l , x zl I l , Y(I)' 1=1,1 3 ) 

1 U F 0 ~-~ :' ; ,t;, T I 3 F 2 0 • 5 l 
C CALC ULA TI ON OF VA RI OUS SU NS 
C p = S U:, X l X l , Q= S UiviX2 X2 , f~ =S Ui< X 1 Y , 
C U=Su MX1XlX2X2 , V=SUNX l X1Y , ~ = SUMX

C ZZ= SuMY , VV =S UM X2X2 Y , PP=SUM YY 
P= G.J 
PP= O. J 
Q= O.v 
R= O. v 
S=O.(; 
·r = 0 . u 

U=G. IJ 
V=O. U 
V'v= O.J 

~ vi= u. J 
--~.-~J Z=U.u 

ZZ=u.'J 
DO 2 u I=ld3 
P=P+X1 (I I ~Hc2 
PP= PP +Y (I) -:H~2 

Q=CHX2 ( l l iHc2 
i~ = F< +X 1 I I I -:c Y ( I l 
S=S+ X21IJ·kY (Il 
T= T+X l ( I l >~· X 2 (I l .;~y (I I 
U=U+ Xllll**2*X21Il**2 
VV= VV +X21ll**2*YIIl 
V=V+ Xl( I )7H<-2-lf- Y( l l 
W=W+IXllll**2l*(Xllll**2l 
Z=Z+IX2( I )·>H<2)oHX2( J )>H<-2) 

20 ll= Z !..+'(( I I 
C CALCuLA TI ON OF COEF F ICIE NTS 

S=S U :vi X 2 Y 
1Xl X 1X1 , 

, T = S Ufv1 X 1 X2 Y ' 
Z=S UM X2 X2 X2 X2 , 

GU=( (ZZ *W -V*Pl*IZ *W-U*UJ+(V*U-VV*Wl*(O* W- U*Pl )/( ( W*l3.0-P*PI* 
l(L* ~-U*UI+(P*U-O* W )*I W*O-U*Pll 

822=1BU*I W*l3. 0-P*PI-ZZ* W+V*Pl/(U* P-O*Wl 

Bll=IZZ-l3.0*B0-B22*Ql/P 

Bl =FUP 

82=5/Q 

Bl2= T/U 


C CALCuLA l iO N OF SU MS OF SQUARES FO R VA RIOU S SOURCES 
.-C 

I 
i D= SUM OF SbUARES FOR FIRST ORDE R TER MS 

c DEGREES OF FREEDOM = 2.0 ~ 

D=Bl-l-" R+B2>~S 
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C t:> ::) u1., · 0 f- ~ ) '-~ ~ i1 :" E ~;, r ~/\ S E C 0 fW 0 :< LJ U\ Tt: R <S 

C Dt.G F:LES OF r- i ~ Et:UO l·· i = 3. 0 


E=Gu*Zl+Bll *V+522* V V + dl2*1 - I ZZ~*2 l /l3 . 0 

~ 	 TOTA L SU~ 0 F ~QUAR ES 


Dt:GI~EES Of: Ff~ EEuG;\ l = 12 . 0 

SST =PP - 1Z l ** 21/l3 . 0 


C 	 F = EX P E R I M E~fA L ERROR SUM OF SQU ARES 
C 	 DEGREES Of FR EEDOM = 4 . 0 


YlBAR = (Y(ll+ YI2J+Y(3J +Y(4l+ YI51 J /5 . 0 

F=G. u 

DO JJ 1=1 , 5 


30 	 F=F+IYI11 - Yl 8AR I** 2 
FF= F/4 . 0 


C G=LAC K OF FIT SU M OF SQUAR ES 

C DEGRLES OF FREEDO~ = 3 . 0 


G=SS T- F-0 - t: 

c 

C RATIOS VS GIVEN F VALUES 

c 

C HYPO f riESIS Th AT LA CK OF F IT CO~TAIN S NO ~C~E THAN REPEATAL I LIT Y 

C 1Ef~I~OI< 


RLF = (G/3 . CJ/rF 
il/ r~ I T E I 6 , 2 I 1-\ L F 

2 FO RMAT l 1Hl , 21H LACK OF FIT RAT IO = ,F7 • 2,5X , 59H CO~P A R~J ~ I Trl Fl3 
1,4 , 0 . v51 = 6.59 AND FI3 , 4,J •. Ul l = 16 . 69 / 1 


IF li-\ LF . GT.b . 5':i l GO TO 4 

Vii~Iit. {6,31 


3 FO~MA T 11H 0 , 55H LACK OF FIT CONTA I NS No MO RE TH AN REPEATAB ILIT Y ER 
lf-WI-\ I I l 

- \ IF RLF INSIGNIFICANT ,L UMP TOGETHER WITH REPEATABI LITY ERRC R 
-~ FF=IG+F l /7 . 0 

4 CONTI NUE 
C 	 SIG NIFICA NCE OF FI RS T ORDER TER~S 


R F F< S T = I Dl 2 . 0 I IFF 

'-JR I TE 16 , 211 RF!:;:ST 


21 FO RMAT 11H 0 , 27 H FIRST ORDER TER~S RA TIO = ,F7 . 2 , 5X, 3 5rl C O~PAR ~) ~ I 
l TH f l2 , 7,u . J5 l = 4 . 74 / l 

C 	 SIGNIF-IC/'I NC E OF 8 1 ,AND 82 

I F I!-<FI\ST. LT. 4 . 74 l GO TO 29 

FH:.l=dl>i-!VFF 

f~b2 = b2~cSIFF 

\t1 1-\ I T C. ( 6 , 2 2 l R 8 1 , f\ 8 2 
22 FOi\;•IAT (1H J ,l2H Bl f\ ATIO = 'F7 . 2 ,12 H t5 2 RAT IO = ,f7 . 2 , 5X , 34H CJMP A 

l RED WITH F ll , 7 , 0 . 0 5 l = 5 . 59 / l 
\'

29 CONTI NU t . 
c 	 SIG NIFIC AN CE OF SECOND ORD ER TE R~S 


I~ 2ND = I El3 . G l IFF 

l'iFdfE 16dl l f~2ND 


31 	 FOi-<JiAT (1H0 , 28H SECOND Oi~uER TUU/i S i~AT I O = ,F7 . 2,5Xd 4 H CUI-~PA RE J V,' 

l i TH f ( J , 7 , 0 . 0 5 l = 4 . 35 /) 

C NOTE -- GIVE F VA LUES ASSUME LACK OF FIT MEAN SQUARE CON TA I NS O ~ L Y 


C EXPC.RI ~ ENT A L ER ROR 

WRITE 	 (6 , 32 ) BO , Sl , B2 , Bl2,Bll,822 

32 	 FOR~AT 16F20 o3 l 

STOP 

END 
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C(I) 

eo 

F/P20 

FC(I) 

fR 

PR(I, 

I'RO(l) 

N 

p 

QA 

counter 

Theoretical C/Co .S~tion 
Term 

Co 

D/uL by peak time 

D by peak time 

!'luoreseance at WT°C/fluor
eacence at 20°c 

Experimental e 

Puneticm 

Fluox-c:mteter Reading 

Fluorometer Read.1ncg at 20°C 

Nwnbe~ of data points 

'l'b.eoretical t /t 

D/uL by p ak time 

Experimental percent of 
tx'aeer r ·ecovary 

Exper!mental paak 'time 

QA 



TABLE VI 

1\(l} 

RC (l ) 

R'l'INC 

SC (K) 

'l'KW 

TRACIN 

TVALUE .( l ) 

u 

.... 75 ... 

{Continued) 

'l'h~etic:al p3rcent tracer 
recovery 

t~·p/t 

Experime!\~1 t/t 

Last value of experimental 
raduoed t ime 

El{p~~ime!lta.l reduced time 
. interval 

Theoretical C/Co 

Theoret ical Detention time 

Exp~imantal ~ime incr~ent. 

Tank depth 

Tank length 

Tan'k width 

Test number 

'l'h ozetica.l C/Co 

Bulk valoeit y 

tiater temperature 

Theoret ical C/Co 
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TABLE VII 

EXPERIMENTAL AND THEORETICAL RESPONSE CURVE ANALYSIS""'\ 

EX P E 1~ li< E i'if AL RESPG i,S E CUi.<V E t"' :'~t\LY::. IS Fe ::; F'E/1.!< Ti: >T T ;::_rrc_:. G:·,LYc 
DHi; Ef~ S I 0 N F i ~: ( 1..~ ~ 0 l ' Fr-< 0 ( 1 ~ ,.. (; l ' F C ( 1 _; J C l , RT ( u:<>J l 
COi'1 t·iJON TV ALUE(2 Ch)U ) ' i~ C(1 CCJO l 

c k EAD TEST CONDITIONS 
1 i< E1\ D ( :i , l u l Ti\l , T,( L , T iC·J , Tr< D , C ;:,., , C I.: , ·, :T 

1U F 0 i-< : ~i ;~ i. (7 F e • 3 l 
IFITN .t ~.~ 99 . 9 l GO fO S90 

c l:,:EAD c\1'~A L t' ,,r ~~ COHJ l 1 l Oi,i S 
RE AD (5,11) T R ACI N , P~T , T INC•N 

11 FOI~:..~; A 1 ( 31- 1 ,; • 5,11 0 l 
c DAii~ li\JPUT 

READ (5 , 12) IF RIIl, I=l, Nl 
12 F0 i-\ fit !\ l ( l 6 f-' j • 1 l 

T b A I< = I Y, L ·< T.< ,, ,:;. TK D'· 6 • 2 2 9 I (;)!· I 6 : ; • G 

C 	 z ,L UGF/ i~' t!_ , ,,_.:Z = FIF .: :J 

Z=U . 37245 - 0 . 0 l867*~T 

ZZ= J . u 

13 LZ= CJ . l+Ll 


l f(A L OGl G I Z Zl .L T . Z l GO TO 13 

14 LL=LL- u . C l 


IF \/~ L. CJc,l C UZ l.GT. Z l GO TO 14 

15 	 ZZ=v .·Ju1 + Z Z 


IF IAL OG1 v i ZZJ .L T. Z l GO TO 15 

DO 20 l=l,N 

F F~ 0 I I l = f I< ( I l I Z Z 


2 u 	 r:: c 1 r J = 1r r< o 1 1 l + 3 • 7 J G2 9 l 1 o • 7 'i 6 4 ·1 

I f- I i\ P K I • U:.• U • 3 ) D i'W i< T ::: n • 2 -:: I< P ;< T ·>H~ I - 1 • 3 3 5 5 l 

I 1.: ( I< P K I • G i • ,) • 3 ) l) N P K T =4 • (; 2 7-'·~- 1 J • G oHc ( - 2 • 0 9 >cf\ PK T ) 

U=TKLITBM~ 

D P :<. T ::: Dr~ Pi< T-::- U-it T K L 
C PRINl PARA METER S WITH IDENTI F ICA TION 

Wi\ I I E \ 6 , 5 u l TN , T K L , T K vv , T r< D , Q;.\' Q\. , , ~~; T , T I I'~ C , N ' T BA 1\ , D i'l ~::: k i , [) ~ , •"- ' 
50 F Oi-<;v\f\i(lHl•1UH TEST NO . ,F-6.1• 3X •l3H TANK Lc. i~GT;-; ,F6•l,:Jr~ F~ c..c::T, :<, 

111 C.: H i /\ i'i ,( iJI l.JT H , F 5 .1 ' 5 H F E c I ' 3 X d l H i AN K Dr:: P T H ' F 5 • l ' S H F r~ l:. ·; d >\ ' 1 1 ;\ 

211-<. rLU ·~ •F7. G ,4 H CFi'v't/112H .JATU< F LQ '; , i:- 7.'1,L~HIG ?i ': ,3 X ,l3rl A ;IT[i~ E '· , 1 1 

3P• t F5 •1' 14 H tJtGI~c~ S CEi'lT ., JX, l4HTii·,1E I iKI-\:ci~E;-JT ,F6•2' ~;ii :111~ . , 


4JX, 17H NO . OF DATA PT S .,I 5,1/1X,l9H THEOR . DETN . TIME , F6 . 2, 

5 3 H Hi·: , 3 X , 2 7 H D I S P E R S I 0 i'l N 0 • 8 Y PEAK T I iv1 E 

6 ,f8·4,3X,35HDISPER S ION COEFFICIENT 6Y PEAK TIME ,Fg.zl!ll) 


c 
C 	 CALCuLAl. I ON OF PERCENT RECOVE RY 

SUI'vi C=v . u 
()(.) 3vJ l=l,N 

30v 	 ~v M C= SU~ C+FCIIl 
P C k EC=Su~C * TINC*OW*4 . 5459*1.0E - 61TRAC I N* l OO . O 
\tv :d T E 	 ( 6 , 3 0 1 l P C R E C 

301 	 FOR~ AT (1H G,34H EXPERI MENTA L PER CENT RECOVERY = ,F7.2111 

CALC uLA i l 0 N 0 F N 0 i-<. ivl A L I Z ED D I S P E i\ S I 0 N CURVE 

CO=f~ACINI(TKL*TK~*TKD*28·3 16 I * 1e0E6 

RTINC =TINCITbARI6C .O , 


http:IALOG1viZZJ.LT.Zl
http:Zl.LT.Zl


D 0 	 6 u I =1 , I '~ 

A T=J 
~~ C ( I l = F C ( I l I CO 

.., 6 v R T ( I l = Jl i. -:~ 1\ T I N C 
i~TEND = i:<i(Nl 

\'<i R I T E ( 6 , 7 ~:. l ( 1:;: C ( I l , ;:;: T ( I l ~- I =1 , ;\; l 
7 J FO:~;v: A T ( l HJ ,/// 3CJX ,2 9 H ~JOi·(i'l f\ L I :' ED l'J I SP EhS[Ci"~ C U!~VE //i3 (1 6~ i C/CG 

1 T /G ART l // (8( F 6. 3 ~ F9 .4,1 X l l l 

P = DNPK T 

CALL rH~ORY I p , RTIN C, RT END l 

CA LL HP LOT IRT I NC, N l 

GO TO l 


9 9v 	 ~'ii:;: I T E(6,9 99 ) 

999 	 f_OI~i':!~l (:;.H1l 


S TOP 

END 


~ lBF T C Trli::.G:-\1 

Su 3;.;cv·i IN E THEOF-<Y I p , RT ifK , i-\TEN D l 


C IH:::.O r,; LLC/\ L :J I SP::: J:.:..J I ON CU f-\VE /'d-.;iALYSI S FOI<. P 1J L:')[ u ,;PU T 

D I t-: E ,\ S I 0 :\J R ( 1 J 0 0 l , :__, C I 10::, l ' C ( l ,-:; :; I , D T ( l C l 

C G~~ ON IVA Lu EI2 00U ) 

•·Jf-\ ItE 16dl P 

7 FOi=: r";i\l llHl,6H D /lJL = , r9 • 4 'l OX , 38HLJ l i·iC::NS I Oi\l Lc SS CUI-\VE AT RTL·, l iHEi.:,(,V 
1 AL S , 53X , 6H T I ME l 


C P = DI UL, NOT E - U I S bU LK VE LOCI TY 

l = 1 

i'-lGIE- FGLLO'lJlNG U T E :~>; REP RESE i'-JTS 11 2 THE PECLFT 1-JU i·'it~Ei~
c 
u=G . 5 / P 

·-- RII J=l.4 
0 l S i' : E D U C l::.O P E A K T I r 11E , 0 = T P I T tJ M< 
O= u. u 


c DETE I-\; ·;I N i i~ G R l I l = UN F Of-\ N = 1 TO 5 0 

1 0 	 f-\( I l= i=< l I l- J . C0 1 


F R =CJ S ( 1-\ ( I l l I S I N ( I\ ( I l I - ~~ ( I l -le P+ 0 • 2 5 I ( R ( I l -lc P l 

I F ( F t=< l 1 G , 1 'J , 2 0 


, 20 R (Il= F~( IJ+ J . OOOG 1 
F R =C 0 S ( i< ( I I l I..:> If\j {f-\1 I l l - R ( I l 1<- P + 0 . 2 5 I ( R ( I l 1<- P l 

25 	 i~ ( I l= R( I l- :J . C10GG00 1 

F 1-\ =C 0 .S ( i< ( l l l I .S I f~ ( R ( I l l - f\ ( I ) i:, P+ 0 • 2 5 I ( R ( I l >< P l 

I F ( F ;~ I 2 5 ' 2 8 ' 2 8 


2 o 	 I=I+l 

R ( l l= R( l-11+3.1416 

I F II.u:: .49 l GO TO ·1 0 

v~ i\ I T E ( 6 ' 2 9 l ( 1-\ ( I l ' I = 1 ' 5 0 l 


2 9 	 F ORM AT (1H ,10F10.5l 
C 	 DETEk~IN I N G VALUE OF (( Il = C/CO FOR VAL UES OF REDU CLD PEAK TI ME , 

L= O 
S Uf.'r C= u . O 

3 0 	 J O 4 6 K ='l '1 0 

L :: L+1 

0 = O+f-\ T I NC 

SC(K )= O. u 

() () 4u 1=1, 50 

C ( 1 l = 2 • . ;,- f-< ( l l l< ( u ><- ..) l i~ ( !~ ( I l l +[\ ( I I ·:< ( C :) ( 1-\ ( I I l l ~~ E X P ( ~J - ( ( U-:i- .;~ 2 + ~: ( I l -;; ·' 2 l / ( ::: 

1. G*U i 	l -l~O l I ( U*-l<-2+ 2 • ()1<-U + F< (I l -:a 2 l 
c 	 S C( K l = F I NA L VA LUE OF CIC O 

http:10F10.5l
http:II.u::.49
http:IH:::.Or


' 
S C ( K l =~ · ,_\ 1·, l + ( ( I l 
lF(l . C:c; . ll u0 TO ttu 

l F ( Au 0 i C ( I l + C ( I -1 l l • L ·~. C 
4 u 	 C 0 ;\li I iiJ iJ t. 

4 5 	 C 0 N T I i'HJ c 
XYZ = SC(K J 
TVA LLJ E( Ll = XYZ 
su ;\I( = slJ I ' , c+s c ( j( ) 

46 	 CONTI NUE. 
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. C 8 1 l GOT 0 L+ 5 

Wl'd i t.(6,5 1.] l i SC( i<. J , i( =1d C' l , o 

5 0 F 0 R :·< A T ( l H ;_; , l 0 F l ~ • L; ' l 5 X , F 1 •.) • 4 l 

55 l F(C .L E . RT ~ ND l GO TO 30 


RE.C=~U M C *Rf i N C * 1 00 . 0 
VJR ITE (6,Jvl l REC 

30 1 	 FU R~AT 11 H0 , 24H TH~ O~ ETICAL RECOVERY = , F/.211) 
f< E T Ut~ N 
END 

:Ji ll:3 ET C HP LOl 

C 

91U 

•.........._ 920 

9 3 J 
C 

940 

C 

C 

9 4 S 

95 0 

9 5 5 

, .I 	 960 
·~ 

::, \...lt-li ·, ·,J,; l li~E HP LOi ( f\f i f~( , f\l ) 

D I ,>: L:.•':S I 0:~ L I i~E ( 130 l 
cc :-·:r,o:~ 1V;.\ Lu t.:. 1 2 cou l , r-:c 11 000 l 
I i\i I L G U~ C LI\ i~K , DO r , X, S T AI~ , PLU5 
D A T A u L /\ Nr~ ' D 0 r , X , ~, T!\ 1~ , P L U ~ I l H ' l H • , 1 H X ' 1 H -l<- , l H + I 
SE Tf l N UP X AXI S WI TH GRID 

NSL.lHU~ = i\S6H L 
DO ':llv L=ld 30 
Ll ~ ~il) = DOT 
DO 92u L=ll,1 2 1,1 G 
LI NEI L..l = PLUS 
WRITE( 6, 93 0 l RTIN C, 
F 0 1\ .'< A T ( l H 1 , 7 H R r I rK 
PR I ~T I NG DATA PO I NTS 
DO 940 L=2d29 
LI NE(L ) = ~LAN K 

I I I= u 
FO LL J 1,\li\G STATEi"1EiH 
DO 9 6 v I =1, N 
I I I = I l 1 + 1 
LI NE (ll = DOT 
L I Nll13 0 l =DOT 

LI NE 
= , 	 F E3 • It I I I 1 X ' 1 3 0 A 1 ) 

CO fH FW LS NUi·1 BE R OF DATA POii'HS TO BE PRII'H ED 

BACK GRO UND GRID MARK I NGS 
IF 	 (1II.NE.N 58 HLN ) GO TO 95 0 
DO 	 ~ 4 5 11=1,121,10 
L I i'-l t 	{ I I ) = P L US 
NS t:!.HU\1 = f,i.SBHLN + NS 6HL 
L= Ab ~ ( R C(l) * l O O . O + 0 .5 
lF(L.LE. O l L=1 
LI NC:(L) = X 
LT= A8S(TVA LUE ( I HqOO.O + 0 .5 l 
I F(LI .U:: . Ol LT=l 
LI Nc( LTl = S TAf-< 
WRI TE( 6, 95 5l LINE 
F0 h: ;,; A 1 ( 1H , 1 3 0 A 1 
DO 	 96 G L=ld3 0 
Ll Nl:ill = t3 LANK 
ENC LOSI NG PLOT WITH ANOTHE R Y AX I S 
DO 	 97u L=ld3 0 
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970 Ll N ~ILl = DOT 

DO 98 C L=ll,l21,1 0 
98 0 Ll NEIL) = PLUS 

w~~ 1 ·1 E ( 6, 9 55 l LINE 
I ~ ETu:~N 

END 
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TABLE VIII 


a :::; j 1 + 4l~t (D/ut. ) 


c ~ Exit concentration of tracer a.t. time t (m.q/1) 


D 

L 

QA 

t 

t 

t 9 

u. 

U 

x 

= axial dispersion coefficient 	(ft2/nr) 

- l= first. order .rate constant (b:c ) 


- tank l .engt.b (:ft) 


~ applied air fl~ rate (f t3/min) 


c; tima (hr) 


= t.heor. tical detention time (hr) 


= time of p~ e..·d:.t ·ooncr.mtra1;ion (hr) 


= bul k velocity along tank length ( ft/br ) 


= UL/20 


= distanc@ along tank lengt'h (ft) 


~ = t ime divided by the theoretical detention t ime 
calculat ed from tank volUtue and flc:M rata. 

r-nn "* Jl1' Jl2• Jl3' • • • ·)ln • <;ot·...l ~/2 cJl. .n 
u 

<f
2 = variance Q:r saccmd momont of a curve about 

_u.·· . 

1:u 
j ·· 

n 

its mean 




