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CHAPTER 1 

INTRODUCTION 

The Function of an Aeration Tank 

An aeration tank is the continuous-flow reactor section of the 

activated sludge process. Microorganisms, in the presence of dissolved 

oxygen, grow primarily at the expense of colloidal and dissolved organic 

matter in the waste. Subsequently the microorganisms are separated from 

the waste usually by sedimentation and returned to the aeration tank in 

sufficient quantity to insure steady state operations. The desired product 

of t he process is a waste of lower organic content. 

Air is usually released by a series of diffusers near the bottom 

of one side of the aeration tank resulting in a spiral bulk flow of the 

contents" This 'bulk rotation of the fluid in a rectangular tank combined 

with the mixing effects of rising air bubbles, results in a high degree of 

turbulent mixing . The possibility of short-circuiting by length-wise bulk 

f l ow i s usually eliminated by making the tank substantially longer than it 

is wide . An aeration tank with very little longitudinal mixing would pro

vide a higher degree of treatment than a highly mixed tank. However, in 

order t o reduce the effects of shock loading, a considerable amount of 

longitudinal mixing is desired . 

- 1 -
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The primary function of an aeration tank is to provide sufficient 

time, and a suitable environment for the assimilation of organics. Initially 

assimilation occurs by a rapid absorption or adsorption process. After this 

initial contact phenomena between the waste and microorganisms, the bio

chemical reactions predominate, and the rate of organic removal decreases. 

Hencei the mean aeration period is not as critical as the time for a signi

ficant quantity of influent to reach the effluent. 

Purpose of the Investigation 

This study attempts to determine what effects variations of air-flow, 

mean residence time, temperature, and tank geometry have upon the rate of 

longitudinal mixing, and thus upon the expected reduction of organics in 

a substrate. Knowing these effects the optimization of the activated sludge 

process may be possible . 

Because of the difficulty in evaluation of longitudinal mixing for 

reactors close to ideal mixing, a technique was developed to allow the 

rapid and accurate analysis of experimental tracer response curves. The 

applicability of the various theoretical models proposed for use with 

aeration tanks was evaluated through a comparison of theoretical and experi

mental response curves. 

Two full scale aeration tank tests were made in order to study the 

possibility of geometric scale-up of model to prototype. 



CHAPTER 2 

LITERATURE REVIEW 

In their 1914 publication Ardern and Lockett (1914) launched the 

ext ens i ve use of the activated sludge aeration tank for stabilization of 

organics . Ei ghty ounce batch units, aerated for various lengths of time 

wer e used to substantiate the validity of aeration. A proper apprec:iation 

f or the dynamics of the process was indicated by their immediate advance-

ment to t he test of a continuous flow system. 

The first large activat ed sludge plants in operation in North 

America, as report ed by Greeley (1945), were at Houston (1916), Milwaukee 

( 1920 )~ Pasadena (1924 )$ and Indianapolis (1926) . Hurd (1929) in discuss-

i ng t he operation of t he newly developed "spiral circulation" at Indiana-

pol is 9 indicat ed a concern t hat "short- circuiting" was possible . He stated 

that the air di f f users were: 

"Set in a s er ies of 9V1- shaped formations to break up 
uniformity and prevent any poss ibility of short
ci r cui ting.'' 

In 1934 1 f or the same plant Calvert and Bloodgood (1934) repor ted 

that r et1..1t'n a.:t ivated s ludge added 23 8 fee t from t he influent end "soon 

worked ba.ck in r educing concentration nearly to the influent end . " Thi s 

phenomenon was expl a i ned by t he "mixing and dividing action" of the air 

ri s i ng f r om t he "checker -boar d" d i ffuser arrangement . I t was felt that 

the smoot hing of the infl uent B. O. D. variations in the effluent as reported 

by Cal ver t ( 1932) could be traced to this "mixing and dividing action". 
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In 1932, at the Sa'linas, California, activated sludge plant, 

Hasseltine (i932) reporte-d t ·hat he believed at peak flows the sewage enter

ing at the three~eighths point backed up considerably into the sludge reaera= 

tion section o · It ·was observed during current-meter velocity determinations 

that relatively little motion could be detected in the center core of the 

aerators o In an effort to increase the effective volume of the tank by 

eliminating·· the stagnant core and thereby reducing the short-circuiting 

("the actualaeration period was 50 to 80 percent of the theoretical period"), 

some baffles were inclined at 45° to the horizontal above the air diffuserso 

Reportedly, a 15 percent increase in treatment was realized and up to 25 

percent was anticipated when all the aerators were convertedo 

Kessener (1934) first used an oxygen absorption test to indicate 

9'dead11 areas of low oxygen content and as an "indication of the circulation 

and mixing of the tank contents" . Later ( 1935) he performed the first 

quantitative analysis of short-circuitingo The model tested was the Kessener 

type brush=aeration tank consisting of three 48 cubic meter cells separated 

by baffles with under water openings o A large quantity of salt was added 

at the entrance of the first cell .and the resulting concentrations observed 

throughout the three cells. Significant concentrations of salt appeared 

in the effluent from the last cell in less than one-tenth of the theoretical 

det ention time o He made the important differentiation between "absolute 

short=circuiting" (circulating or axial bulk-flow of sewage) and "relative 

short- circuiting" (mixing of tank contents) . These "separate" mechanisms 

are today known as hydraulic short-circuiting and turbulent dispersion . 

By comparing the time of passage of concentration peak heights with the 

theoretical detention time 9 he concluded that no "absolute short-circuiting" 
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was occurringi but that mixing was an important parameter. He suggested 

that mixing was an advantage because of the changing characteristics of 

the sewage . 

The following year Kehr (1936) reported on the experimental tests 

made to determine the detention periods of aeration tanks, prior to the 

opening of the experimental activated sludge plant at Cincinnati in 1932. 

The experimental model was 15 feet by 6 feet and 3.75 feet deep with a 

water- tight baffle extended down the middle. The tank could be used as an 

"around the end" or "direct flow through" type. Aeration was provided by 

"a single row of diffuser tubes in the center of each side". Chloride 

( concent ration from a salt solution) was used as a tracer for the step 

funct ion approach (as against the unit pulse of Kessener) . Kehr presented 

t he basic equations for concentration in one or more tanks with perfect 

mixing and tracer step- up function . 

For one tank : 

..£. = 1 -t/t C - e 
0 

where ~ C = concent r at ion at time t , 

C = concentration of the tracer input, and 
0 

-t = theoretical detention time. 

(1 ) 

A plot of the experimental points demonstrated that this model tank 

was very close to perfect mi xing , By modifying the tank to the "around the 

end" type a close correlation was obtained to two perfectly mixed tanks in 

series " 
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In the reorganization of Kessener's data, Kehr illustrated that the 

tracer pulse function also demonstrated a general correspondence of Kessener 9 s 

model aeration tank to the ideal mixing tank . 

In applying the perfectly mixed tank concept to the reduction of 

organic matter Kehr utilized the concept of the monomolecular reaction: 

dS 
dt - - kS 

where ~ S = decomposable organic matter, and 

k = reaction constant, 

(2) 

to develop the ~asic equation for the conversion of organic matter by a 

first order (monomolecular) reaction with respect to the substrate concen-

t r at ion g 

s 1 s-- ·-
0 1 + kt 

( 3) 

Kehr concl uded that f or small aeration tanks, perfect mixing could 

be assumed, and even with large tanks the mixing phenomena was a major factor . 

In 1939 Gould (1939) published details of a modification of the 

Tallmans Island Activated Sludge Plant which subsequently became known as 

s t ep aer ation ,. Sewage was added at multiple points throughout the aeration 

tank in an attempt to make more effective use of the air supply and tank 

volume ., McKee and Fair ( 1942) later published a paper which essent ially 

agreed with that of Gould . The basic concepts involved were to al l ow flexi -

bility in the degree of sludge reaeration, the distribution of shock loads 

over the entire tank, and the use of less air and more sewage for a g iven 

tank . Gould also claimed that a longer solids detention was possible (sludge 

age increase) and that a more even distribution of oxygen utilization would 

be realized . The Water Pollution Control Federation (1959) suggested that 



tapered aeration and high sludge return rates also help to minimize the 

difference .in oxygen demand between the influent and the effluent tank 

sections. 

Step aeration, tapered aeration~ and high sludge return rates 
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all assume that essentially plug flow exists, or that there .is a negligible 

amount of longitudinal mixing or short-circuiting between baffles . This 

point was emphasized by McKee and Fair (1942) . They .indicated that a 

91 suffici ent number of baffles must be inserted to keep longitudinal mixing 

wit hin bounds no matter what the method of operation"o Recognizing the 

high degree of mixing between baffles they asserted that the continuous 

even distribution of the influent along the tank was not necessary, and that 

discharge into successive compartments, formed by transverse baffles, would 

accomplish the desired distribution. McKee and Fair also suggested that 

under conventional aeration tank conditions the mechanism of longitudinal 

mixing may be performing the equivalent of short-circuiting. 

One of t he most complete studies made to date on longitudinal mixing 

in aeration tanks was published by Thomas and McKee (1944) . They reviewed 

the previous work by Kessener and Kehr and rather than employ the assump= 

t ion of perfect mixing, they developed a method to describe the actual 

degree of mixing attained " No significant difference was observed when 

water was used as the test media instead of a sewage- s l udge mixture o The 

tracer was salt and its presence was determined by both conductivity mea= 

surements and titration techniques. Diffused air turbulence and mechanical 

paddle turbulence essentially yielded the same results, however, mechanical 

agitation was used because of the greater degree of control possible " 



A turbulence expression (b2) was derived by dimensional analysis and 

evaluated experimentally: 

180 t 2 2 
-2~- (ft./hr.) 
1T t90 

( 4) 

where: R. = Length of the tank, and 

t
90 

= Time to reach 90 percent ultimate concentration 

at exit with no flow through the tank . 
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The differential equation of longitudinal mixi ng was obtained, by 

taking a materials balance for a cross-section of the tank: 

where: V = Mean Displacement Velocity, 

C = Concentration, and 

ac - Concentration Gradient . ax -

(5) 

The solution of t his equat i on for a tracer pulse input to a 

closed vesse l was given for the concentration C at time t , and the 

distance x along t he vessel: 

c 00 

2 I 
n=l 

a R.(B sin a x + a cos a x) n n n n 

(a 2 + B2
)i + 2B 

n 

(6) 

where: C = Weight of Salt added, divided by the Tank Volume, 
0 

R. = L = Tank Length, 

B = V/2b2 , 

an= al, a2, 

k 2 = b2(a 2 
n n 

a3' • • • • ' defined by tan a 1 = 
n a 

n 

2Ba 
n 

2 , and 
- B2 



By making the following substitutions: 

= lJ /1, where 
-1 lln U 

a lln = cot [(- - -)/2] n n u )J n 

b2 = D, 

v = u, 

B = U/L, 

t/t = t/(L/V) = 0 (dimensionless time )t 

the following is obtained: 

and 
c 00 

c = 2 I 
o n=l 

lJ (U sin lJ + lJ cos n n n 

(U
2 + 2U + lJ 

2
) 

n 

(7) 

This is the solution given by Miyachi (1953), for a pulse input 

for a dispersion bed with fixed-end boundaries . 

9 

Using their solution Thomas and McKee were able to fit the theore= 

tical curve to the experimental tracer pulse outputs by varying the values 

of V1/2b2• It was pointed out that the assumption of perfect mixing made 

by Kehr (1936) was not justified in all cases. In an aeration tank under 

certain conditions it would be possible to have V1/2b2 = 1.0, with a cor-

responding peak exit concentration at 0. 4 detention times . Under these 

conditions the perfect mixing assumption would not be valid. 

The tank-in-series solution assuming perfect mixing between baffles 

was also used : 

c n t n-1 -n exp[-nt/t] (9) -= (n - l)! -c -
0 t 

where: n = the number of tanks. 
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The experimental results from an aerated turbulent tank showed a 

good correlation with the theoretical. As the number of chambers increased, 

the degree of longitudinal mixing decreased. The perfect mixed, tank-in

series assumption was also used later by Camp (1953) and Archibald (1949) 

for flocculation and sedimentation studies. 

By increasing air flow rates Thomas and McKee found that the tank 

tended to greater mixing, and tapered aeration resulted in a "relative 

decrease in short-circuiting" and greater effective dispersion. The re

sults of multiple-point dosing was found to reduce the effect of baffling 

and increase the effective mixing. 

Since this excellent work by Thomas and McKee, essentially no work 

was done for almost 20 years to determine the hydraulic characteristics of 

aeration tanks. 

For most laboratory work on aeration tanks, complete mixing has 

been assumed. {See Smith {1953), Thomas {1953), Stack and Conway {1959) 

and Busch (1962) . ) The widespread use of small package plants, with long 

detention times and thus essentially a completely mixed activated sludge, 

prompted the study of the mechanism and benefits involved. McKinney {1960) 

reported that complete mixing allows protection from shock loads, is un

affected by sludge hydraulic loads, and provides a maximum utilization of 

air. 

A perusal of the current texts and design manuals shows a great 

deal of confusion. The need for substantial mixing to reduce shock loads 

is recognized by all, but the degree of mixing, the use of baffles, ~~~ 
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tank dimensions 9 and the methods of introduct ion of the sewage to the aera

tion tank 9 are all considered from an empirical standpoint. Apparently the 

tracer response of a full scale tank has never been obtained, and informa

tion concerning backmixing has usually been obtained indirectly (Calvert 

and Bloodgood ( 1934 ) ~ Hassel tine ( 1932) • Rohlich and Sawyer ( 1943)). The 

concept that ·the aeration tank has plug flow is implied in many cases, and 

design on the bas is of detention time is still accepted9 though not recom

mende~ by the Water Pollution Control Federation (1959). 

The methods of investigating vessel flow-through characteristics 

have been improving rapidly . The use of radio- active tracers~ Archibald 

(1949), Thomas and Archibald (1952)i and others, has provided a continuous 

and more accurate method than the previous method of dosing with salt . 

Later, fluorescent tracers were used (Turner Associates (no date), 

Carpenter ( 1960 )~ Pritchard and Carpenter {1960 )), and resulted in the 

same accuracy as radioactive tracers, but eliminated the health hazards 

and many inconveniences . The fluorescent tracer combined with a continuous 

flow analyzer and recorder has been used in the study of dispersion and 

mixing in rivers ( Krenke! and Orlob (1962), Patterson (1963)) . 

Feuerstein and Selleck (1963) reported a complete study on the 

technique of fluorometry for dispersion measurements, and compared the 

behaviour of fluorescent tracers~ Rhodamine B, Pontacyl Brilliant Pink B, 

and Fluorescein in waters of various qualities. Fluorescein showed a high 

rate of photo-chemical decay and natural background levels. Rhodamine B 

showed a higher rate of absorption than Pontacyl Brilliant Pink B, when 

suspended particles were present . For high quality waters, however, both 
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of these two tracers were essentially equivalento The cost of Rhodamine B 

is less and hence is preferr ed for tracer work using tap water in l~boratory 

scale models o 

There have been extensive studies made mainly in chemical engineer-

ing journals over the past 10 years concerning the flow characteristics, 

and dispersion in chemical reactors o Danckwerts (1953), Levenspiel (1957, 

1962b)~ and many ot hers i n Chemical Engineering Science have developed an 

extensive literature in t his field, based upon the dispersed plug flow 

model o 

The foundat ion f or t his approach is the assumption of the dispersion 

model using an equation s i mil ar to Fick 9 s second law for molecular diffu~ 

sion o The basic equat ion i s g 

(10) 

where D is the axi al dispersi on coeffic ient for random fluctuations in the 

axial direct ion o 

Taking a bas ic di fferential material balance for any cross-section 

as was done by Thoma.s and McKee ( 1944) i the differential equation describ

i ng t he concent ration for an nth order reaction is obtained ~ 

(11) 

For non~first order react ions this equation can only be solved 

numerically (Fan and Bail ie ( 1960)~ Levenspiel and Bischoff (1959,196l))o 

However~ for a first - order reaction 11 Wehner and Wilhelm (1956) have solved 



this equation analytically.. For all entrance and exit conditions, the 

fraction of the reactant unconverted is: 

c 
C = a)2 

0 (1 + [ a uL 2 
exp ~1)] - (1- a) 

where: a = {l + 4 kt (D/uL) 

[ a uL] exp- 2T 

13 

(12) 

With the limits D = Oi and D = ~this equation simplifies to the 

two basic equations of plug flow and complete mixing for first-order 

reactions: 

c -kt - e D = 0 (plug flow) c-- ~ 
0 

where & t = theoretical detention time, and 

c 1 c: = 1 + kt 
(completely mixed) • 

(13) 

(14) 

To match the experimental and the theoretical curves the variance 

(o
2 ) is usually used as a measurement of spread about the mean. By Laplace 

transforms for various boundary conditions, a relationship is developed 

between a2 and D/uL . For a closed tank ( D = 0 at inlet and exit), and for 

a constant D throughout the vessel, with a dimensionless plot of concentra-

tion (C/C ) and time (t/t), Van der Laan (1957) has shown: 
0 

2 D D 2 uL , 
a = 2 (UL) - 2 <ur> (1 - exp[ .. "DJ) (15) 

Dawkins (1963) suggested that these results could be applied to 

the activated sludge biological system following a first-order reaction. 

He stated that provided the rate constant, and the tracer pattern are known. 
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then the effluent concentration can be predicted for the reactoro As an 

illustration of the importance of dispersion for a certain plug flow reac~ 

tor the BoOoDo reduction would be fifty- fold, while with back mixing LlJ•.: 

reduction would be only five-fold o Obviously the degree of mixing markedly 

affects the degree of treatment that can be expected from an activated 

sludge tank o 

Many mixing models besides the dispersion model have been proposed 

to describe an aeration tank o Originally plug flow was assumed, however, 

the other extremei ideal mixing was later found to provide a better des-

cript.ion of the system o Pi pes !!, ~ ( l964a, 1965) have suggested addi

tional models which are the tank-in-series (a number of perfectly mixed, 

equal=volume tanks in series ) and the mixed model (various combinations 

of complete mixingi plug flow~ short- circuitingj stagnant zonesj and · 

recycle) o The former model is a special case of the latter modelo A small 

laboratory model was used to approximate the tank-in-series response to a 

step~down function o For short detention times an eight cell unit coin-

cided with the expected response for the tank-in-series configuration . 

No correlation of the tank-in~series model with an actual aeration tank 

was attempted o 

Levenspiel (1962a) when comparing the tank-in- series with the dis-

persian model concluded that there was no clear cut relationship between 

the two models o For small val ues of D/uL (or a large number of equal tanks) 

both models become identical, but for larger deviations from plug flow 

the tracer response curves differed by an increasing amounto Pipes et al --



(1964b) discussed the two models and felt that the satisfaction to be 

gained in dist inguishing between the models was not worth the labour in-

volved in testingt in spite of the fact that they recognized the predic-

tions of the two models differed considerably o The tank-in-series method 

was felt superior to the axial dispersion method because non-linear 

equations (non- first order reactions) could be more easily formulated. 

Both the tank-in-series~ and the dispersion model have been con-

sidered as unsuitable for flow patterns which deviate a great deal from 

plug flow o Levenspiel (1962b) st ated that these models cannot satisfac-

torily be used ~ 

"when the gross flow pattern of fluid deviates greatly 
from plug f l ow because of channeling or recirculation 
of f luid " eddies in odd corners" etco " 

Milbury (1964) fe lt that the dispersion model was not satisfactory for an 

aeration tank g 

nbecause the elementary process on which this model is 
based is viewed to be statistical in nature, therefore 
usually t ak ing place in relatively small regions of the 
reaction vessel o" 

The mixed mode l is convenient to use for first order reactions be-

cause the order of location of t he various components of the system does 

not matter o For non=linear systems as indicated by Dawkins (1963), the 

princ iple of superposition does not apply o In this case the residence 

time distribution and the rate constant are not sufficient to predict the 

15 

reaction conversion o Cholette~~ (1960) discuss this problem of fitting 

models for non- linear systems o 
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An overall review of the literature to date presents a confused 

picture as to the effects of design and operation on the degree of treat~ 

ment possible with the activated sludge techniqueo The use of arbitrary 

design values has developed over the years and these may entail a great 

waste of money through unnecessarily conservative or improper designo A 

better understanding of the mechanism of removal and the flow characteris

tics is essential for a more rational design of activated sludge aeration 

tanks a 



Laboratory Model 

CHAPTER 3 

EQUIPMENT AND TECHNIQUES 

The rectangular laboratory model aeration tank consisted of a 

5.0 feet long test section with a maximum depth of 2.5 feet and a maximum 

width of 3.0 feet. A false back was constructed for the tank so that the 

width of the tank could be altered. The front of the test section was 

constructed of one inch thick acrylic plastic. Uniform diffused air was 

provided along the entire length of the tank by diffuser tubes. These 

were recessed into the base of the tank along one edge so that their crown 

was level with the tank bottom. The tank water depth was indicated by a 

water column. Because of rapid radial diffusion and relatively large 

transverse velocities, inlet and outlet conditions had relatively litt l e 

effect. Short weirs at the rear of the tank were used for both ent r ance 

and exit. The tank and associated equipment are shown in Fig. 1, and 

represented schematically in Fig. 2. 

Air flow measurements were made on an Al-800 gas meter manufac

tured by the American Meter Company. This positive displacement type met er 

was rated for air flows up to 20 p.s.i. and 650 cu. ft./hr. Air flow 

rates were determined using an even number of revolutions on the five 

cubic foot dial for periods of at least five minutes. The pressure at the 

meter was read and the volume flow rate of air was determined for existing 

atmospheric pressure at the start of the test. Two pressure compensating 

control valves were used in series to eliminate the line fluctuations. A 

- 17 -
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FIGURE 1 EXPERIMENTAL EQUIPMENT 



FIGURE 2 SCHEMATIC OF EXPERH1ENTAL EQUIPMENT 
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pressure differential reading over an orifice was used to indicate whet.her 

any drift had occurred in the air flow during the test. 

The water flow measurements were made by a six inch diameter .acrylic 

plastic Reynolds Column with a maximum water head of 4.5 feet. Six dlf-

ferent diameters were used for the brass orifice plates in order to make · 

possible any flow from 0.18 US gpm to 18.0 US gpm. The orifice plat~s were 

calibrated for a given height of water above a given plate by measurin~ the 

time required to fill a 20 lt. bottle . The resulting calibration curves 

are ·shown in Appendix "A" . The flow rate was kept constant during tests 

by using a constant head tank with a continuous overflow . 

The water t emperature was maintained at a .constant 20.0°C (68.0°F) 

throughout all the tests except those speqifically studying temperature 

effects . The temperature was controlled by a T~275 Valve Top Thermostat 

valve manufactured by Johnson Controls Limited on the hot water line with 

t he control probe injected into the pipe leaving the constant head tank. 
I 

The air diffuser tubes were standard grade 60 carborundum cylinders 

with an outside diamet er of three inches and an average pore diameter of 

0. 16 inches. From measurements made by Sueishi (1964) using a high speed 

camera g the mean air bubble diameter was 3. 22 mm . 9 · and the mean rise velo= 

city of t he bubble with respect to the fluid was 18u5 cm./sec. The diameter 

was calculated for a sphere with the same volume as the bubble which was 

assumed as elli psoidal . In order to maintain a constant diffusion for the 

test section 9 the air diffusers were jetted with air or water streams to 

respectively increase or decrease the air flow in a given section . This 
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process was continued until the air bubble density was judged to be constant 

as viewed through the acrylic plastic front . 

Tracer flow- through studies were accomplished using a 1.0 percent 

stock solution of Rhodamine Lissamine B-200 ~colour index - 45100) obtained 

from Canadian Industries Limited. This stock solution was added at the 

entrance weir at the rate of about 0.03 US gpm over a period of five to ten 

seconds . Half way through this tracer injection an event marker button 

connected to the recorder was depressed to indicate the start of the test . 

It was possible to represent the ideal pulse function by the above method 

because the short duration of injection and the injection rate were negli= 

gible in terms of the tank detention time and the flow- through rate . The 

volume of the tracer injected was determined for most of the tests in order 

to calculate the percentage recovery . 

When a part of the tracer added had reached the effluent weir 11 a 

continuous sampling tube · syphoned part of the effluent through the fluoro

meter. The -rate of syphoning was o . o6 US gpm and there was an associ at ed 

lag of about 30 seconds for the sample to pass through the system and for 

the fluorometer to respond . 

- The - fluorometer used was a G. K. Turner and Associates Model lll 

with a connected Bausch and Lomb V . O . M .~s strip chart recorder, the fluoro

meter was calibrated at 20°C using the primary filters l - 60, and 58 with 

a secondary filter 23A. The fluorometer had changed its calibration during 

the tests, and for tests made after number 40.0 the calibration curves II 

were used -. 1'he calibration curves are shown in Appendix "B". 



All of the tests ·were made with the maximum tank size except for 

one series which was made at·-a ·depth of· only· 13.45 inches, and a width of 

27 . 27 inches. These dimensions were chosen to yield a geometric scale 

1 ~ 1 3 . 2 for modei : prototype-~ The prototype will be described in the fol= 

l owi ng -section . Initial runs for these dimensions showed that hydraulic 

shor t - circuiting was ·a ·· significant factor . Large vortices developed along 

the rear of the · tank · and~iti order to · minimize this bulk flow, five vert i = 

cal bafflesi ~ • O inches wide extending over the tank depth, were arbi t 

rari ly placed so as to minimize the hydraulic short- circuiting . These 

baffl es ·were effective in -mi nimizing the short- circuiting. However , i t 
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was assumed that ·· they would not appreciably change the turbulent di spersi on 

of the tank . 

In order to examine t he character i s tics of the f l ow patt erns about 

the -axis of the tank , ·a separate tank was used which was designed as a one 

foot -thick cross~section through the test tank . A one inch thick acryl ic 

plastic front on the cross- section tank ·made i t possible to effectively 

" look down" ·the axis of t he tank . Silver- coated saran "Christmas t i ns el" 

was cut into short lengths and immersed into the cross- section tank . These 

short silver·· bits followed the flow streamlines and also reflected light . 

Time ·exposures were made of the_cross- secti on tank under various air f l ow 

rates • The-- pictures were taken · from behind a black partition in order to 

eliminate reflections from the acrylic plastic . 

A continuous· flow laboratory aerat i on tank was operat ed for several 

months to study the effects of microorganisms on Rhodamine B After the 
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tracer was introduced to the system the effluent was collected for about 

f i ve detention times . When the microorganisms were removed from the eff-

luent high percent recoveries were realized. The amount of Rhodamine B 

absorbed by or on the microorganisms appeared to be negligible. Hence the 

testing of a full scale operating aeration tank was attempted. 

Field Prototype Tests 

Two field tests were made on an activated sludge aeration tank 

whi ch was 66 feet long, 15 feet deep, and 30 feet wide . It was at t empted 

to operate with all conditions the same as those of the laboratory aer at ion 

tank . However, it was difficult to control all the variables of the syst em 

because of the scale of the tests . 

To minimize fluctuations of the inlet flow, extra water when needed 

was obtained from a nearby fire-hydrant . In addition, the sewage lift-

station pump was set to start and stop as frequently as practical . An in-

let baffle was installed in order t o lessen the chances of significant 

hydraulic short- circuiting . The sewage inlet temperature was 19 . 0°C f or 

t he first test and 19.5°C for the second test. The sewage flow into t he 

aeration tank was calculated at frequent intervals using a rectangular weir 

i n con j unction with the Francis formula . 

" H The air diffusers were of the Spa r ger type, The a i r flow was ad-

justed by eye to yield a constant a i r flow along the tank length . The air 

flow meter had been installed to measure the total air flow to two parallel 

tanks . Only one of these was being used for the test and it was assumed 

that each tank received one half the total air flow. 
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A ten litre jar was filled with the stock Rhodamine B solution and 

emptied into the influent at the start of the test . Any recirculation of 

the Rhodamine B to the aeration t ank was eliminated by using only tap water 

for the foam spray controls, eliminating the wasting of final settling tank 

solids to the primary settling tank, and stopping the return of solids to 

the aeration tank . 

Samples of the effluent were taken frequently during the first hour 

of the test and then at longer and longer intervals as the test progressed . 

The samples were centrifuged for about five minutes to remove the solids 

and then the fluorescence was determined using the discrete sampling door 

wi th the fluorometer . 

Suspended solids were determined during the first test as outlined 

by St andard Methods (1960) . The solids reduced from 1400 mg ./lt . at the 

start t o 240 mg . /lt . after 16 hours . The 240 mg . /lt . represented the 

approximate level at which the solids would be maintained in the aerat i on 

tank without any return sludge . 

Control of t he many variables possible in the prototype tests was 

fairly eas i ly obtained except f0r surging of the influent when the l ift 

station pump started . Some irregularities of the tank flow from the air 

pipes inst al led inside the tank~ and fillets could not be eliminated . 

Howeveri the full scale prototype test appeared to be reasonably well

represented by the laboratory model of l/13th geometric scale . 



CHAPTER 4 

DATA ANALYSIS 

During laboratory tests continuous recordings of the effluent 

concentration were obtained from a recorder strip chart. The resulting 

curves were transfered to I.B.M. data cards taking readings at equal 

intervals. A computer programme was developed using the calibration 

curves of Appendix "B" to convert the fluorometer output readings to 

concentrations, and to calculate the percent recovery and the mean resi-

dence time. The variance of the curve was calculated as outlined by 

Levenspiel (1962b), and the associated value of D/uL was obtained from 

equation 15. 

The programmes used for this and other calculations are repro-

duced in Appendix "C". The data, the results of the analyses, and the 

output curves which have been used as illustrations are presented in 

Appendix "D". 

The magnitude of the calculated value of D/uL varied with the 

number of points selected to characterize the response curve (Fig. 3). 

The value of D/uL was essentially a constant for 200 or more data points 

when the initial point was taken at either one-half or one time interval. 

At least 200 data points were used to characterize all response curves. 

The experimental response curves were reduced to dimensionless 

plots of C/C and t/t so that the experimental curves could be compared 
0 
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to the theoretical curves as defined by equation 8 using the value of 

D/uL obtained by the variance technique. Figure 4 indicates a poor fit 

of the experimental and the theoretical curves was obtained using the 

variance technique. A study was made of the theoretical curve in an 

effort to explain the poor fit of experimental and theoretical curves. 

Calculations were made of the mean residence time and D/uL values for 

different cut off points on the theoretical response curve. The results 

for two different D/uL values are presented in Fig. 5. To obtain 80 

percent of the actual value of D/uL by the standard variance technique, 

accurate readings must be obtained to 8.1 detention times or values of 

C /4000 for highly dispersed flow (D/uL = 6.0). In contrast, for a 
0 

relatively low degree of dispersion (D/uL = 0.85) accurate readings 

to 4.9 detention times or C /300 are sufficient to yield 80 percent of 
0 

the actual D/uL. Readings of C /300 are obtainable using common 
0 

laboratory equipment, but readings of C /4000 are not usually possible. 
0 

Levenspiel (1962b) only considers values of D/uL much less than 0.85 

and thus the variance technique is adequate at this level. As an aera-

tion tank usually is designed with a high degree of dispersion, it was 

not possible to use the standard variance technique effectively. 

Alternately a trial and error method of graphical fitting could 

be used to obtain the value of D/uL which best represents the experimental 

curve. As this method could be time consuming and laborious, a different 

technique was sought. 

The most prominent characteristic of a response curve is the peak. 

The time of peak exit concentration (t /t) was correlated to D/uL for the 
p 

theoretical dispersion model, and produced a good fit of experimental 
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data t o the theoret i cal response curve o This met hod ·- was ·suggest ed by work 

of Levenspi el and Smith (1957) o The time of ·peak exit· concent rat i on can 

be obtained -from equation ·B· by ·setting- the d±fferentia1.· of ·C/Co· equal to 

= 
zero and solving f or t he t / tvalue associat ed -with each D/ uL o The .resul t = 

p 

i ng plot i s present ed in Fi g ·o 6 and Figo 7 o Thes-e pl ots·'may· be appr <»ei mated 

by the· empiri cal rel at ionshi ps g 

where g Oo 03 < ( t / t ) < O o 3~ and 
p 

D/ uL = ~o 027 (10)=2o09 (tp/t ) 

where ~ Oo3 < (t / t ) < Oo8 
p 

(16) 

(17) 

The t ypical fit· of t heoret ical and -experiment al response curves using t he 

peak time t echni que 9 i s i llus t rat ed i n Fi go Bo 

---For run number -- 20 c. O- t he peak t ime t echni que· yi elded D/ uL = 6o0o 

The var iance techni que used f or t his run with ' a cutoff at 2o87 det ention 

times yiel ded D/uL s Oo703, -or llo7 per cent -of t hat predicted by the peak 

time techni que o From Figo 5 f or D/ uL = 6o0 and the same cut off point for 

t he theoret i cal model~ t he variance t echnique · predicted D/ uL = 12 percent 

of t he · actual D/ uLo · · A ·s i milar anal ysis of -run · l 5 oe··yi el ded D/ uL ;: OoBS 

by t he peak t ime technique ~ whil e the ··variance · techni que with a cutoff at 

3o04 detent i on times yi elded D/ uL = O-o 378 >l · or 44o5 percent of t hat .pre= 

dieted by t he · peak time t echnique o From Figo 5, for D/ uL = Oo 85 il .and the 

same cutoff poi nt for the · t heoretical modeill·the vari ance t echnique pre= 

dieted D/ uL = 48 percent of t he actual D/ uL o 
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· These·-results indicate that · the -standard variance technique 

could not be· ttsed satisfactorily to analyze · an" aeration· ·tan·k 'response . curve 

if the curve is trunoa-t;ed· prematurely·o- The peak -t'fme technique as .. illus= 

trated in Fig ;, ·' -B .. does --- provide an adequate fit - of the theoretical to the 

experimental -response curveo 



CHAPTER 5 

COMPARISON-OF MODELS 

Commonly · mathematical models have ··been· used by all branches 

of sc·.ience to aid in understanding- problems o In+tia·lly a simple model may 

prove adequate® ·but as more information is gathered, the· model may have to 

be discarded · in· favour of· a more sophisticate-d· versiono In sanitary .engineer= 

ing, the pl-ug flow model vas · originally -considered ·acrequat-e to . describe 

the activated ·sludge aerat-i·on -tank o ·This mcdei.· gave ·way t ·o "the· co.mplete 

mixing model whj:ch provided a more accura"t!e description of -the aeration 

tank o In · recent -years the --limitations of·· the · complete · mixing model . resulted 

in a search for another model that would provide··a better description of 

an aeration tanko 

The effectiveness of various mixing models to describe the 

experimental response curve from an aeration tank is illustrated .in Fig o 9o 

The two extremes of plug flow and complete backrnixing obviously are not 

adequateo Some other models which have been suggested for reactor design 

in the literature 0 are al so illustratedo The di~persion model would ap= 

pear to provide a better representation of the response curve than the 

equal 9 or unequal tanks~in-series models when the variance of the curve 

is used as the criteria of cornparison o 
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The out=put curve for the equal perfect mixed tanks-in- series 

model ·was obtained from equation ' 9 , and the relationship given by· Leven-

speil (1962 b ) ; 

(18) 

For a D/ uL of 0.850 and an associated variance ·of 0. 701 the 

number of equal tanks in series is ·lo43. Th:i:s paradox ·of·· l .·4S '."equal'! . 

tanks isnot · theoreticall y justified because- the deri vation of equation 

9 assumes that-n is an integer. The ·response··curve can be esti mated by 

using the gamma function to estimate the · non..,integer factorial • 

.f<n) = ( n - l) ! ( 19) 

The theoret i cal response · curve of··the · equal tanks.:.in9-series 

solution is shown in Fig . 9 and Fig . 10 . This model cannot satisfactorily 

represent the experimental curves because there is no lag time until a 

significant amount of tracer reaches the exit . The Water Pollution 

Control Federation (1959 ) correct l y indicates that ~ 

"most of the sewage pollutants are adsorbed 
by t he sludge floc in 15 to 45 minutes when 
the sewage and sludge are mixed t oget her. " 

Because the equal tanks- in- series solution predicts an immediate rap i d 

rise of the exit concentration for l ess t han two tanks 9 the important 

lag time associated with t he spiral f l ow aeration tank is not taken into 

account . 
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In an effort to obtain better agreement between the theoreti-
I 

cal and experimental curvesj and to eliminate the paradox of an unequal 

number of equal tanksi a mathematical model was developed on the basis 

of two unequal, completely mixed tanks in series o Kandiner (1948) has 

derived an equation for the tracer response to a step- up function for n 

unequal ideally mixed tanks in series, 

n 

= 1 - L - -i=l 
J=n 

11 
j#i 
j=l 

(1 - t ./t.) 
J ~ 

where ~ c = concentration in n 
-

th the n tank, 

t . = detention time of the . th 
~ tank, 

~ 

t = time 0 

(20) 

and 

To transform a step~up function to the pulse function the 

derivative of equation 20 is takeno The resulting equation for two tanks 

in series is 

c c-= 
0 

exp[- 8/e1J - exp[-8/(l-e1 )J 

281 - 1 

whereg e = t/mean ·detention time of the system, 

- -el = tl/mean detention time of the system, 

- -82 = t 2/mean detention time of the systemo 

By .the use of equation 21, and the basic definition of variance it 

can be shown that g 

(21) 



(22) 

For a dimensionless curve with a known variance , e1 can be found 

from equation 22 . The associated tracer response curve can then be ob= 

tained from equation 21. Plots of the unequal tanks-in- series solution 

were compared with the experimental response curves~ as in Fig . 9 and 

Fig. 10. The unequal tanks-in- series solution is a better representation 

of the experimental than the equal tanks-in-series solution, but does not 

present as good a description of the actual response curve as the disper-

sion model o 

After one detention time both of the above models essentially 

predict the same response curve as the dispersion model . This result 

would be expected because the basis of comparing the two models was the 

variance . The most important contribution to the variance of a curve 

is from the "tail" section, and hence for equal variances, the "tail" 

sections should be almost equivalent . Howeveri the initial response 

of a curve is important because the response curve represents the exit 

age distribution. The fit of a theoretical model response curve to an 

experimental model response curve after one detention time is not a suf-

ficient justification for the use of a particular theoretical model. 

Both the equal and the unequal tanks-in-series solutions have one 

characteristic in common . The curvature of the response curves for less 

than two equal tanks commence at zero time with a negative curvature, in 

contrast to the dispersion model which represents the actual tank with 

an initial positive curvature followed by an inflection point and a 

negative curvature . 
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Another method of comparing the validity of theoretical models is 

by considering the performance of the system as a reactoro From Leven-

spiel (1962 b) a plot of 1/n versus D/uL shows that if percent conversion 

is used as the criteria, the higher the conversion that is required the 

greater the value of n for a given D/uL valueo As n becomes larger, the 

similarity in the shape of the two curves increases, but the shape remains 

significantly different o 

The criticisms of the tank-in-series solutions could be overcome 

by using a mixed model o A plug flow section and a tank in series section 

could be combined to more closely approximate the actual response curves o 

As Levenspeil (1962 b) pointed outj this generalized model has the dis~ 

advantage that as the number of parameters increasej the model may have 

very little correspondence with actual conditions, and 

"an unrealistic many- parameter model may closely fit 
all present data aft er the fact, but may be quite un
realistic for prediction in new untried situations o" 

The dispersion model is a one parameter model and closely repre= 

sents the tracer response of an actual aeration tank under a great variety 

of conditions " Hence the dispersion model appears to be anadequate model 

to describe spiral flow aeration tanks~ and is used to interpret the data 

obtained in this study o 



CHAPTER 6 

EXPERIMENTAL RESULTS 

Preliminary Studies 

Runs number 27.0, 28.0, and 29.0 were made on three different days 

in order to study the reproducibility of the D/uL derived by the peak time 

technique . It was not possible to measure any differences among these runs 

for the time to peak exit concentration and it was concluded that this tech

nique yielded reproducible results. 

The effect of the temperature upon D/uL was studied over the ~ange 

of 12 to 30°C (54 to 86°F) . This range covers the usual limits of tern

perature variation for the activated sludge process . Fig . 11 illustrates 

that no significant difference of D/uL was observed for either short. or 

long detention times over the temperature range studied . 

Effects of Detention Time 

The effects of detention time on D/uL for a constant air flowwere 

studied . At an air flow (QA) of 0. 865 cu . ft . /min ., a var~ation of deten 

tion time from 0. 28 hours to 15 . 0 hours resulted in an increase of D/uL 

from Oo825 to 43 o0 as illustrated in Fig . 12. D/uL was directly propor

tional to the detention time, and the associated value of D can be considered 

- 42 -
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as constant over this range. This indicates that the hydraulic effects 

of different detention times or axial bulk flow velocity do not alter the 

mixing characteristics measured by D. As the detention time of a parti

cular tank increases, the axial bulk flow velocity decreases and the tank 

approaches the mixing conditions characteristic of complete mixing or 

D/uL = ex> o 

Effects of Air Flow 

45 

The common criteria of 1.0 to 2. 0 cu . ft . of air per gallon of 

domestic waste, suggested a study to determine the effect of the addi tion 

of a constant volume of air per gallon of influent . The resultst presented 

in Fig. 13» indicate that D/uL is not directly proportional to the mean 

residence time for a constant airflow per gallon of influent. It can be 

shown by a logarithmic plot of the data contained in Fig . 13 that D/uL is 

directly proportional to the detention time taken to a constant exponent . 

The effect of air flow variations upon D/uL for different detention 

times is presented in Fig . 14. Interpolated points from Fig . 13 are 

also indicated . The effect of air flow on D/uL decreases as the air flow 

increases " As with Fig . 13, these plots may be linearized by logarithmic 

plotting. 

Using the fact that D is a constant for any detention time at a 

given air flow 9 Figs. 12, 13 and 14 can all be combined into one plot of 

D versus air flow as in Fig. 15. This plot can be linearized by a logarithmic 

plot of the data (Fig. 16) . Using the least squares method of fitting a 

straight line it can be shown that: 
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(23) 

or thatg 

(24) 

~~~~!;Prototype Study 

The response curves of the field prototype study were analyzed in 

the same manner as the laboratory response curves. Both the pro~otype 

response curves gave a peak value of C/Co greater than 1.0, and recoveries 

of approximately 130% . The reason for these excessive values could be 

errors in quantity dosed, interaction between the organic substrate and 

the fluorescence, or the lack of adequate emperat ure control with the 

discrete sample door on the fluorometer. To compare the model and proto= 

type response curves~ the peak values of C/Co were adjusted to equal those 

of the laboratory model by altering the value of the input dosage . The 

resulting percent recoveries were 86 and 100 percent . Fig. 17 shows the 

response curve comparison of model and prototype for the same air flow 

(cu . ft . /min o -ft ~ tank} dimension ratio, and detention time. The labora

tory model response curve duplicated the field prototype curve . 

The D/ uL predicted by the model was 7 . 2 for test 91 , 5- The D/uL 

of the prototype was 5. 2 for test 61 . 0, and 7 . 5 for test 60 o0e The deten

tion time of both tests 91 . 5 and 61 . 0 was 4. 4 hours . The prototype test 

60 . 0 had a detention time of 5o2 hours, and this different detention time 

resulted in a D/uL not directly comparable to the D/uL of a shorter 

detention time o 
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- 2 D/uL can be expressed as Dt/L • For a given tank (L = const. ) 

and air flow (D = const.) the corresponding D/uL for test 60.0 for 4.4 

hours detention time would be 6.4. For the one air flow rate used in the 

prototype test, a close agreement between model and prototype values of 

D/uL is indicated in Fig. 18. The average prototype D/uL value was 19 

percent less than the model D/uL value. 

Model Geometry Studies 

The most important aspects of the study were to substantiate the 

assumption of the dispersion model, and to study the relationships between 

a model and a prototype. Consequently only tentative relationships con-

cerning the effects of geometry can be reported as only two different 

tank geometries were studied. 

The effect of changing the tank length is compensated by the "L" 

term in D/uL. The only effect of geometry on the mixing is thus by the 

width and depth values. Fig. 19 indicates that when the width to depth 

ratio was increased, the mixing level decreased for a constant air flow 

per volume of tank. Because both the absolute depth and the width to 

depth ratio ' were varied simultaneously, no definite relationship to 

either parameter could be obtained. However, the tank geometry definitely 

does affect the mixing level. 

Radial Mixing Study 

For tests 99.0, 99.3 and 99.4, sampling was at the centre of the 

cross section one foot from the exit. The times of peak exit concentration 

for these tests were compared to those of tests 99.1, 99 .2 and 99.5 where 

sampling was from a point three inches below the water surface. There 
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was no difference in the mean time to peak for the two different sampling 

points. This result indicated that no difference between the longitudinal 

dispersion in the centre core and the periphery of the tank could be detected . 

No "stagnant" core could be detected, probably because of the 

degree of radial mixing. The degree of radial mix,ing is illustrated in 

Fig . 20 with pictures of the cross- section tank. The water streamlines 

as traced by the reflections from the saran tinsel follow a general trend 

indicating the bulk roll of the tank contents. At almost all points the 

streamlines were observed to fluctuate by · as much as 40 degrees. This 

random fluctuation of streamline direction accounts for the high degree 

of radial mixing, and appears to explain why no "stagnant" core could be 

detected . 



FIGURE 20 RADIAL FLOW PATTERNS IN THE CROSS SECTION TANK 

Run No. 1.0, Exposure of 1.0 sec . atf16 , Q;o,"= 0 .377 cfm, Dimensions: 

Length 1.0 ft. , Width 3.0 ft. , Depth 2.5 ft. 

Run No. 3.0, Exposure of Yz sec . at f 11, Q,-: 1.62 cfm, Dimensions: 
Length 1.0 ft., Width 3.0 ft., Depth 2.5 ft. ;c\ 
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CHAPTER 7 

CONCLUSIONS, DISCUSSION AND RECOMMENDATIONS 

The studies presented in the previous chapters indicate that the 

dispersed plug flow model adequately describes the longitudinal mixing 

conditions of a spiral flow aeration tank. Although the literature 

indicates that this model cannot satisfactorily characterize flow patterns 

which deviate greatly from plug flow, the experimental data verifies the 

use of this model for highly mixed spiral flow aeration tanks. The 

2 axial dispersion coefficient D (ft./hr.) can be combined with the tank 

length L (ft.) and the longitudinal bulk flow velocity u (ft./hr.) to 

yield the dimensionless parameter D/uL which characterizes the theoret i-

cal tracer response curve. Using the dispersion model the following 

conclusions can be made from tests performed on a laboratory model 5.0 ft. 

long, 3.0 ft. wide, and 2.5 ft. deep. 

1. The theoretical response curve can be easily fitted to an 

experimental response curve by finding the time of peak 

exit concentration which can be correlated to the theoreti-

cal D/uL value. The comparison of the theoretical and 

experimental curves by their variances is not feasible for 

the mixing levels common in aeration tanks. 

2. For a constant air flow and detention time D/uL can be 

considered a constant over the range of 12 to 30 degrees 

Centigrade. 
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3. The axial dispersion coefficient (D) can be considered 

a constant over a range of 0.3 to 15.0 hours detention 

time for a constant air flow (ft~/min.). 

4. The axial dispersion coefficient (D) may be related to 

the air flow rate (QA' ft~/min.) for the tank us ed in 

this study by 

D = 80.1 (Q )0.406 
A 

5. Correlations of the dimensionless parameter D/uL wi th 

the detention time or air flow (ft;/gal. of influent) 

are possible. All of these variables contain the 

detention time of the system and thus are not as 

significant as the correlation of D and QA above. 

6. Apparently radial diffusion was rapid as no differences 

were detected in the time to peak exit tracer concen-

tration for the centre core and the periphery. This 

result indicated that the tank core was not "stagnant". 
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By comparing the full scale prototype tank to the !/13th geometric 

scale laboratory model, and by comparing two different models with dif-

ferent geometries, the following conclusions can be made: 

7. A scaled-down laboratory model provided good approximation 

of the dimensionless curve obtained from a full scale aerat i on 

tank with the same detention time and air flow (cfm/cu. ft. 

of tank). The laboratory model D/uL was 7.2, and the proto-

type yielded D/uL equal to 5.2 and 6.4 for the same detention 

time. 
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B. The effect of changing the tank length is compensated by 

the "L" term in D/uL. In the two tests run at a different 

absolute depth and width to depth ratio, no definite relati on

ship to either parameter could be obtained. However, the t ank 

geometry definitely does affect the mixing level . 

Further studies are needed to fully establish the correlation of 

tank geometry and mixing levels. The dispersion model shoul d also be used 

to re-evaluate the effects of the many variations of the conventional 

activated sludge tank. Step aeration, tapered aeration, tanks-in-ser i es 

or baffles, and possibly even solids concentration could be evaluated for 

the effects on mixing using the dispersion model. 

Because of the statistical nature of the dispersion model, it should 

be possible to study the effects on mixing levels by the air bubble s ize, 

the geometric position of air injection, type of injector, and bubb le 

detention period . 

Finally the verification of the dispersion model utilizing a bi o

logical or chemical reactor would establish its use as an operational and 

design criteria. The accurate prediction of reduction in substrate for a 

known first order reaction would verify the residence time distribut ion. 

If the prediction could be made for a second order reaction, then it 

could be concluded that the dispersion model is the correct detailed f low 

model of this reactor. 
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APPENDIX "N' 

Reynolds Column Calibration Curves 
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APPENDIX "B" 

Fluorometer Calibration Curves 
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APPENDIX "C" 

Computer Programmes Used for Analysis 



Programme 
Symbol 

A 

c 

C(I) 

co 

D 

DC( I) 

DET 

DT 

FO 

FR 

r, J, K 

N 

NCC 

0 

01 

02 

p 

PCR 

TABLE I 

Nomenclature Used for Computer Programmes 

Meaning or 
Equivalent 

a 

c 

c 

Co 

Depth 

c 

Theoretical 
Det. Time 

Time Inc . 

Function 

Function 

Counters 

Number of 
Data Pts. 

Fluorometer 
Cal. Curve No. 

t/t 

el 

e 2 
2 , or a 

D/uL 

Percent of 
Tracer Recovery 

Programme 
Symbol 

PF 

PR 

PT 

PTO 

PTP 

PT02 

PU 

QA 

QW 

R(I) 

RK 

RN 

RT 

sc 

SC(I) 

SUMC 

SUMTC 

SUMT2C 

Meaning or 
Equivalent 

Function 

Percent Removal 

t 
p -

t /t 
p 

Peak Time D/uL 

Peak Time o2 

Percent Substrate 
Remaining 

Fluorometer Reading 
or ~i 

k 

Run No . 

Mean Tracer 
Det. Time 

C/C 
0 

C/C 
0 

70 
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TABLE I (Continued) 

Programme Meaning or Programme Meaning or · 
S~bol Eg.uivalent Sl!!!bol Eg.uivalent 

T t v 2 
a 

TI Time Inc.- VI Tracer Vol 
Dimensionless Dosed 

TL Tank Length w Tank Width 

-TT(I) t/t 

u u 



TABLE II 

Experimental ResponRe Curve Analysis 

DISPERSION CURVE ANALYSIS 
DIMENSION R<1000 )tSCC1000)tDCC1000ltTTC1000l 

1000 READ 20 tRNt0AtOW tTLtWtD 
READ 2l tD TtVltN tNCCtPT 
READ 22 t CRC Ilti =ltNl 

20 FORMAT C6F l 0 .5l 
21 FORMAT C2Fl 0 .5t2 IlOtF10.5l 
22 FORMAT Cl 6F5.11 

PRINT 30 
30 FORMATC1H1 t 131 HRUN AIR WATER L 

!RESIDENCE TIME PERCENT VARIANCE DIUL U · 
2 TIME ME THOD I 
3 131H NO . FLOW FLOW 
4AN RECOVERY REMOVAL 
5NCE I 
6113H CCFMI CGPMI CFTl CFTl CFTl 
7RI CFTIHRI IK=l.51 

D=DI12.0 
DET=CTL*W* DI/COW*B.02081 

40 I =1 
C=O.O 
T=O.O 
SUMTC=O.O 
SUMC=O . O 
SUMT2C=O.O 
IFCNCC.EQ.11 GO TO 46 

41 IFCRCIII60 t42t42 
42 IFCRCII.LE . 2l .Ol GO TO 44 

IFCRCJ).LE.100 .0) GO TO 43 
C=26.5+5e91 1 33*1R(I l-100.0) 
GO TO 50 

43 C=8M0+1.43077*R(J) 
GO TO 50 

44 C=2.65*RCil**0 . 8 7 1047 
GO TO 50 

46 IF C R C I l I 60, 4 7, 4 7 
47 IFCRCil.LE.2l.O l GO TO 48 

C=8.5+1.48993*R Cil 
GO TO 50 

48 C:~~6*RCI 1** 0 .790706 
50 DCl I l=C 

T=T+DT 
SUMC=SUMC+C 
SUMTC=SUMTC +T*C 
SUMT2C=SUM T2C +(T**2l*C 
I=I+l 
IFCNCC.EQ .ll GO TO 46 
GO TO 41 

72 

W D 
PERCENT PEA K 

THEOR • ME 
0 DIUL VARI A 

( HR l ( H 



TABLE II (Cont inued) 

60 J=I-1 
PCR=(QW*0. 0 3785*SUMC*DTliVI 
RT=SUM TC I !SUMC*60 . 0 l 
U=TLIRT 
02=11SUMT 2CISUMC J- ( SUMTC/SUMC l**2li!RT*RT*3600.0l 
P=O.O 

71 CONTINUE 
P=P+0.001 
PF=02 - 2 .0* P+2. 0* P* P*I 1 .0-EXPI-1.01Pll 
IF !PFl 72t72t71 

72 RK=1.5 
A=SQRT!1 .0+4.0*RK*RT*Pl 

73 

P U = ( 4 0 0 • 0 *A* EX P ( 1 • 0 I ( 2 • 0 * P ) l l I ( ( ( ( 1 • 0 +A l * * 2 ) *EX P ( A I ( 2 • 0 * P l ) ) - ( ( ( 1 • 
10-Al ** 2 l*EXP< - AI (2.0*Pl l ll 

PR=100 .0-PU 
PTO=PT1( 60 eO*DETl 
PTP=0 • 2*PTO**I-l e3355) 
PT02=2 . 0*PTP-2.0*PTP** 2*< 1 .0-EXPC-1eOIPTPl) 
PRINT 75 tRNtOAtO WtT Lt WtDtDETtRTtPCRt02tPt U tPRtPTO,PTPtPT02 

75 FORMAT(1 H0 tF5e1tF8 . 3 tF8e3tF7e2tF7e2tF9.4t2Xt2CF8e4t2Xl,F7e2tl X, F8. 
14t2XtF7 . 3 t F8 . 2t F6 .2t3F8.4 l 

TI=DTICD ET*6 0 .0l 
PRINT 100 ,TI 

100 FORMAT<l HOtii30X t 33 HDTME NSIONL ES S DISPERSION CURVE AT tF8e5t1 0H IN 
1TERVALS l 
C0=(VI/(T L*W*D*2 83 16.0ll*l0.0**7 
TT!1l=TI - 0 .5/CDE T*6 0 .0l 
DO 110 I= 1 'J 
SCCil=DC!Il iCO 

110 TTl 1+1 l=TTI I l+TI 
PRINT 115 

115 FORMAT<1H0 t8116H CICO TIME ll 
PRINT 120, (SCIIl tT TIIl •l=ltJ 

120 FORMATil HOt8 ( F6 e3 tF7.4t3X l l 
GO TO 1000 
END 



TABLE III 

Unequa l Tanks In Series Soluti on 

UNEQUA L TA NK S IN SERIES SOLUTION 
DIMENS ION ((100 ) 

1 READ 2tV 
2 FORMATC F10 . 5) 

01=0.0 
10 01=01+0.001 

74 

FO= V-IC 1 .0- 2.0*01+2e0*01**3-2.0*Cl.0-01l**3l/C2e0*01-1e0ll 
!FIFO) 10t10 tl 5 

15 01=01-0 . 00001 
FO= V-IC 1 .0-2.0*01+2.0*01**3-2.0*C1.0-01l**3l/C2.0*01-1.0ll 
IFCF Ol 20tl 5tl5 

20 02=01 
01=1.0-01 
PRINT 30tV t 01 t 0 2 

30 FORMATI1H1t9H VA RI ANCE= tF8.5tl OX,3H01= tF8e5t10Xt3H02=t F8.5t /// 
1 40H DIMEN SIONLESS CURVE AT 0.01 INTERVALS t80Xt5HTIM E l 

T=O.O 
DT=0.01 

35 DO 40 1=1,10 
T=T+DT 

40 CCI> = EXP I- T/01l/101*11e 0-02/01ll+ EXPC-T/02l/C02*11.0-01/02 ll 
PRINT 50tiCIIl ti= 1 t1 0 ltT 

50 FORMAT I1HOt10 F 10 e5t15XtF10.4 
IFIT.LE .5.0l GO TO 35 
GO TO 1 
END 



T;\ BLE IV 

Theoretical Dispersion Curve Analysis for a Pulse Input 

THEORETICAL DISPERSION CURVE ANALYSIS - PULSE 
DIMENSI ON R!1000ltSC!10 0 ),C(l00) 

1 READ 2tP t02 
2 FORMAT!2Fl0 .5l 

IF!02.LE.0 . 000 1l GO TO 5 
P=O.O 

3 P=P+O.OOl 
PF=02-2 .0*P+2.0*P*P*(l.O-EXP(-l.OIP)l 
IF!PFl 4,3 ,3 

4 P=P-0.000001 
PF=02-2.0*P+2.0*P*P*!1.0-EXP!-1.01Pll 
IF!PFl 4t6t6 

5 02=2.0*P-2 .0*P*P*(l.O-EXP!-1.01Pl l 
6 PRINT 7 tPt02 

75 

7 FORMAT!lH1t6H DIUL=tF9e4t10Xt38HDIMENSIONLESS CURVE AT 0.01 INTERV 
1ALS t10 X,3H02=tF10.5t30Xt6H TIME l 

I=1 
U=0.51 P 
R!Il=1 .4 
0=0.0 

10 R!Il=R!I) - 0 .001 
FR=COS!R( Il )ISIN!R!Il l-R<Il*P+0 .251(R(Jl*Pl 
IF!FRl 10t!O t2 0 

20 R<Il=R!I J+0.00001 
FR=COS! R!Il )ISIN!R(Ill-R!Il*P+0.251(R(Il*Pl 
IF<FRJ 25 t20t20 

25 R! I l=R< I >- 0 . 0000001 
F R = C 0 s. ( R ( I l l I S I N ( R ( I l l - R ( I ) * P + 0 • 2 5 I ( R ( I l * P l 
IF!FR l 25t2 8t28 

28 I=I+1 
R! I l=R( I-1 )+3.1417 
IF!I.LE .49 l GO TO 10 
PRINT 29 t!R(Tlti=lt50 

29 FORMAT!lH tl0F10.5) 
30 DO 45 K=1 t l0 

0=0+0.01 
SC(K)=O.O 
DO 40 I=lt50 
C(! l=2e*R( I l*(U*SIN(R( I l l+R( I l*COS(R( I l) l*EXP(U-( (U**2+R( I l**2ll( 2 

1•0*Ul l*Oli(U**2+2.0*U+R( I l**2l 
SC!Kl=SC!Kl+C(! ) 

40 IF<ABS<C<Il+C( !-lll.LE.O.OOOOOll GO TO 45 
45 CONTINUE 

PRINT 50, (SC!KltK=ltl0ltO 
50 FORMAT( 1H0tlOF10e4t15XtF10.4l 

IF(O.LE.5 . 0 ) GO TO 30 
GO TO 1 
END 



Tl'..BL:t: V 

Peak Time Analysis fer Theoretical Dispersion Curve 

THEORETICAL DISPERSION CURVE ANALYSIS PEAK TIME 
DIMENS ION RI100Q), C<l00) 
PRINT 3 

3 FORMATC1Hlt33H D/UL PEAK TIME -C/CO• 
100 READ 1tP 

1 FORMAT( F10.5l 
2 I= 1 

U=0 .5/P 
Rlll=3.0 
0=0.1 

10 Rlll=RCI!-0.001 
FR=COS CRI I l l/SINIRI I l l-R< I l*P +0.25/CRC I l*Pl 
IFIFRl 109l0t20 

20 Rlll=RII!+O.OOOO l 
FR=COSCRI I l )/SIN<R< I l l-R( I l*P +0.25/CRC I l*Pl 
IFIFRl 25t20t20 

25 RCil=RII)-0.00 00001 
FR=COSIRCil)/SI NCRIIll-R<Il*P +Oe25/CRIII*Pl 
IFCFR) 25t28t28 

28 1=1+1 
RCil=RCI -11+3.1417 
IFCI.LE e10 l GO TO 10 

30 0=0+0.01 
SC=O.O 
DO 40 I= 1,10 

76 

CCI>= -RCil*CU*S INIRCill+R!Il*COSCRIIlll*EXPIU-CCU**2+RIIl**2l/(2 
1e0*Ul l*0)/CU**2+2 .0*U+RCil**2l*CU**2+R(ll**2l/U 

SC=SC+C( Il 
40 IFIABS CCCil+CCI-1ll.LE.0.000001l GO TO 41 
41 !FISC> 50t30t30 
50 0=0-0.0001 

SC=O.O 
DO 60 1=1 t10 
C( I l= -RC I l*IU*SINIRC I l l+RC I l*COSIRI I l) l*EXPCU-1 IU**2+R< I l**2l/( 2 

1e0*Ul l*0)/CU**2+ 2eO*U+R<Il**2l*CU**2+RIIl**2l/U 
SC=SC+C Cil 

60 IFCABSICC il+CCI-1lleLE.0.000001l GO TO 61 
61 IFISCl 50t50t62 
62 0=0+ 0 .000001 

SC=O.O 
DO 65 1=1 .!0 
C I I l = - R C t l * C U* SIN I R C I l l +R I I l *COS I R ( I l l l *E XP < U- C < U** z+R C I l ** 2 l I I 2 

l . O*Ull*O)/ CU**2+2.0*U+R<Il**2l*IU**2+RCil**2l/U 
SC=SC+CCil 

65 IFCABSCCCil+CCI -1ll.LE.0.000001) GO TO 66 
66 !FISC) 67t67t62 
67 PRINT 7Q,p,o,sc 
70 FORMATI 1H0t3F11.5l 

GO TO 100 
END 
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APPENDIX "D'' 

Some Response Curves, Data, and Results of Analyses 



TABLE VI 

Some Experimental Response Curves 

15. 0 .865 16.8 5. 0 3.0 30.25 
.25 14.86 288 1 5.39 

ou 2 0 45 1 0 0 2 J O 270 370 45 0 510 580 625 665 695 . 
730 75 0 770 780 787 792 792 79 4 792 784 781 773 761 750 742 739 
722 720 695 688 676 663 652 642 630 620 613 600 59 0 58 0 570 560 
550 542 530 520 510 500 490 475 468 461 450 440 430 420 413 407 
400 395 38 0 373 368 361 353 345 342 332 322 318 310 303 300 294 
288 278 272 2 71 26 3 2 5 6 254 250 243 240 235 231 223 221 216 212 
2 08 2 0 5 200 193 19 0 190 185 175 172 17 0 170 164 158 155 151 149 
14 4 141 14 0 135 13 0 128 125 121 119 117 115 112 10 8 104 102 10 \J 

9 8 95 92 89 85 8 2 80 80 7 9 78 7 6 7 5 75 74 71 70 
7 0 70 . 6 7 65 62 61 58 58 5 7 5 6 56 55 5 5 5 5 55 54 
54 52 52 5 1 50 50 50 50 48 48 44 44 42 41 41 41 
40 40 37 35 33 33 32 31 3 1 3 1 30 30 30 30 29 29 
27 25 25 25 25 2 5 24 23 23 23 23 23 22 22 21 21 
21 21 20 2 0 19 19 19 18 18 17 15 12 12 12 12 12 
12 12 12 12 12 12 12 12 12 12 12 12 11 11 11 11 
11 11 11 1U 10 10 10 10 10 10 10 10 10 07 07 05 
05 05 0 5 C5 05 04 04 04 02 0 2 0 2 02 02 02 01 01 
01 0 1 -10 

?i 



TABLE VI (Continued) 

17.0 .86 5 10 .1 5.0 3.0 30 .25 
.625 13. 96 19 2 1 5.7 

00 10 15 0 320 50 0 600 68 0 71 0 73 0 73 5 73 5 725 720 715 695 685 
670 65 0 635 615 6 00 5 80 570 550 530 52 0 505 495 480 470 455 450 
435 42 0 41 0 4 00 388 3 75 365 355 345 340 325 315 310 300 290 285 
275 265 260 255 248 2 4 0 235 228 2 22 218 20 8 200 195 19 0 182 178 
172 168 162 154 150 14 5 142 13 8 1 32 1 30 128 125 122 115 112 108 
105 102 100 98 95 90 90 85 80 80 80 78 72 72 70 68 

68 65 6 2 62 6 0 55 52 52 50 50 48 45 45 42 40 40 . 
40 38 38 32 32 31 3 0 30 30 28 28 28 25 25 25 22 

. 22 2 2 22 21 20 20 20 2 0 2 0 2 0 19 18 18 17 15 13 
13 13 12 J 1 11 J 1 1 1 11 11 11 1 0 10 10 l C 1 0 10 
10 1 () 9 9 9 9 9 9 9 8 8 8 7 7 7 7 

7 7 7 7 7 5 5 5 2 2 2 2 2 2 2 1 ,, - v 

zu. O .865 2.27 5. 0 3.0 3 v e25 
2.5 14.72 20 8 1 9.93 

240 69 0 81 0 8 33 825 805 7 8 5' 765 755 7 35 715 695 685 665 650 635 
625 6 05 595 580 570 555 54 0 53 0 520 505 495 4 80 470 460 450 435 
425 41 0 4 0 0 393 382 3 72 365 358 350 340 3 30 325 3 18 310 302 295 
290 282 272 270 260 255 250 243 238 230 228 222 2 15 210 205 200 
195 19J 182 1 80 175 1 70 168 162 16 0 15 5 150 145 145 140 135 132 
13 0 128 125 12 0 11 5 11 0 105 1U5 105 10 2 98 98 92 85 82 80 

8 0 78 78 72 71 71 70 70 68 65 62 58 55 53 53 53 
52 51 50 50 47 47 45 42 4 0 40 40 38 38 37 35 32 
31 31 30 30 30 29 28 28 26 25 22 22 22 22 21 21 
20 20 19 18 18 15 15 15 15 12 12 12 11 11 11 10 
10 10 10 10 10 10 1 0 10 10 10 10 8 8 8 8 8 

8 8 6 6 5 5 5 5 4 3 3 3 2 2 2 2 
2 2 2 2 2 2 2 2 2 2 2 2 1 1 1 .::l.Q_ 

-..,.] 
\D 



61 • ,j 66v . 'J 
5 • i.) l u 3 t_.. C) • ,) 

1 7 u 55-: _; 7 1 () 7 55 
6 vv 58~ 570 5GJ 
4 0 8 4 Cl; 3tHi 3 /5 
29J 28~ 280 275 
205 2G0 1 95 1 9u 
1 52 15 0 148 145 
1 0 8 1 ~.J 6 1 v 4 1 :! 2 

7 8 76 74 72 
54 53 52 j 1 
39 38 38 37 
26 25 24 2 4 
15 15 14 14 

8 7 7 7 
2 2 2 2 

9 1. 5 
5. 0 

269 6 7 :; 
597 5 83 
413 4 (6 
288 278 
19 9 193 
1 3 1 127 
09 7 \: 92 
0 61 0 59 
0 47 C46 
0 36 0 35 
020 C19 
0 1 5 0 15 
00 7 ()!_)7 

nC 4 nn4 

. 282 
4.57 

77 () 77P. 
567 s:;9 
394 3d7 
2 7 2 26 7 
1 88 lou 
]77 ]27 
() 89 08 6 
c 5 7 •.i 57 
0 4 2 ~J 42 

D3 5 J3 3 
u 19 Gl9 
015 ~J 1 u 
00 7 ~JU 7 

0 :'")? (! .') ? 

T~Bl~ VI (Continued~ 

ph !l ,, _., v. v 

7 ~'_) 
545 
370 
270 
187 
141 
1JC 

7 J 
50 
36 
23 
13 

6 
2 

224 
745 
53J 
365 
26:; 
18 5 
137 

<i8 
' '../ t:Ju 

'+9 
35 
_.,..., 
c.~. 

1 3 
6 
J 

. 355 
2 2 l+ 

77l 7 5 7 
54 :'> 
:, 7 7 
26: ' 
1 7() 

] ? I f 

C8 2 
C57 
() !+ 2 
03U 
0 19 
OlJ 
() :) 7 

() '' ? 

53.:: 
jj') 

2Sl 
17 2 
1 1 q 

11 81 
0 57 
0 4 2 
G2 7 
v 19 
iJ l (; 

00 7 
('I(' "') 
' J { . 

6 6 . ·~) 

74 0 
")20 
36C 
26L 
l 8j 
Ln 

96 
66 
1..; 8 
34 
21 
1 2 

6 
1 

5 e J 

1'~ ') 

Sl6 
3'...- 7 
2 4 :3 
16 9 
1 l 7 

c~ 7 8 
U57 
C42 
,!2 7 
0 1 9 
0 1 0 
( ' •:J 7 

rn? 

2 
73C 
5J~ 
~,55 

25 ') 
l 8G 
1 ·:.: .,, 

_.JI...· 

95 
6 5 
47 
3 1-t 
21 .... ·} 
12 

5 
1 

2 
7 

., , 
LJ. 

5 c ~· 
3~3 
) ' ~ 4'+.:i 

16 5 
116 
') 7 8 
') 57 
0 42 
J 27 
v l 9 
Ol D 
r; ::: 7 
(I ·~) ? 

3:.) . (. 

23 . 5 
71": G'JO 
4 9 ~ {+ 8 0 
348 340 
25 0 245 
1 77 175 
12 ,') 1 25 

93 9 1 
64 6~ 

46 45 
3? 32 
19 1 9 
l l 1 1 

:; 5 
1 1 

2 . 2725 
17. 9 
70 7 69 3 
I+':J4 4 8 1 
j41 336 
;:'39 23 2 
167 1~7 

] 1 Lc 11 (; 
n 7g n 7 7 
S 5 7 0 57 
0 42 0 42 
02 7 0 25 
J 1 9 0 1 9 
C10 C1L
fi!J7' c:~q 

~] ? 0 r· ? 

1s o . c,c 

675 
473 
335 
240 
17 3 
1 23 
·:;o 
'~ 
CL. 

44 
31 
18 
10 

4 

l 

13.45 

66 0 
46 5 
33 0 
~ ~~ L ...., ., 

l7 'J 
l2 C 
e 2, 
0 C) 
4 3 
30 
1 fl 
1 0 

4 

1 

677 65 <1 
471 458 
325 3 1 :? 
22R 22 C) 
154 146 
11 0 lC3 
075 G7 2 
0 56 J 56 
042 039 
023 023 
u 19 U15 
G1 0 0 10 
0Ci 4 li()4 
rv~z cr 2 

65 0 
4 ~?. 

320 
2 -; '_) 

'- ' 

l6(J 
11 ,q 

06 
5':1 
42 ..., ,, 
L '7 

17 
9 
4 
1 

648 
4 :JO 
3 1;:) 

212 
144 
1G6 
'J 72 
Cl 54 
0 39 
02 3 
v 15 
0 10 
r, C4 
nc2 

635 
440 
3 1C 
223 
162 
11 5 

84 
58 
41 
28 
17 

9 
3 

-1 

635 
44 0 
302 
20 7 
14 U 
102 
069 
0 52 
039 
022 
015 
0 1U 
004 

- o ~n 

625 
428 
3J3 
2 17 
158 
1 1 3 

82 
57 
40 
28 
16 

8 
3 

621 
431 
298 
206 
134 
1 02 
067 
1) 5(; 

039 
021 
Ul5 
010 
00 4 

A10 
41'J 
295 
210 
155 
11 0 

80 
55 
40 
27 
16 

8 
3 

6 0 7 
423 
2Y3 
2 0 1 
131 
099 
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TABLE VII 

Experimental - Data 

Run Air Water Temp. Tank Tank Tank Theoretical 
No. Flow Flow Length Width Depth Det. Time 

(cfm) (US gpm) oc (ft) (ft) (ft) (hr) 

8.0 0.86 14.1 12.0 5.0 3.0 2.52 0.334 
9.0 0.86 14.1 12.5 5.0 3.0 2.52 0.334 

11.0 0.86 0.,80 29.0 5.0 3.0 2.52 5.89 
llo5 0.86 0.80 30.5 5.0 3.0 2.52 5.89 
12.0 0.86 0.80 12.0 5.0 3.0 2.52 5.89 
13.0 0.86 14.1 29.5 5.0 3.0 2.52 0.334 
13.5 0.86 14.1 20.0 . 5.0 3.0 2.52 0.334 
14.0 0.86 14.1 29.5 5.0 3.0 2.52 0.334 
14.5 0.86 0.80 20.0 5.0 3.0 2.52 5.89 
15.0 0.865 16.8 20.0 5.0 3.0 2.52 0.281 
16.0 0.865 1.06 20.0 5.0 3.0 2.51 4.44 
17.0 o. 865 10.1 20.0 5.0 3.0 2 0 52 0.467 
18.0 0.865 0.525 20.0 s.o 3.0 2.52 8.98 
18.5 0.865 0.314 20.0 s.o 3.0 2.52 14.9 
19.0 0.865 5.04 20.0 5.0 3.0 2.52 0.935 
20.0 0.865 ?..27 20.0 s.o 3.0 2.52 2.08 
21.0 4.82 9.64 20.0 s.o 3.0 2.52 0.489 
22.0 3.26 6.50 20.0 s.o 3.0 2.53 0.728 
23.0 2.20 4.35 20.0 s.o 3.0 2.52 lo08 
24.0 1.~28 2.57 20.0 s.o 3.0 2.50 1.82 
25.0 0.674 1.34 20.0 s.o 3.0 2.52 3.51 
26.0 0.332 0.667 20.0 5.0 3.0 2.50 7.01 
27.0 1.88 3.75 20.0 5.0 3.0 2.52 1.26 
28.0 1.88 3.75 20,.0 5.0 3.0 2 0 52 1.26 
29.0 1.88 3.75 20.0 5.0 3.0 2.?2 1.26 
30.0 2.59 2.58 20.0 s.o 3.0 1.52 1.82 
31.0 9.05 9.05 20.0 5.0 3.0 2.50 0.517 
32.1 1.37 1.37 20.0 5.0 3.0 2.50 3.42 
33.0 6.22 6.22 20,.0 s.o 3.0 2.49 0.749 
34.0 3.86 3.80 20.0 s.o 3.0 2.,49 1.2J. 
35.0 o. 725 0.725 2o.o s.o 3.0 2.so 6.45 
40.0 0.489 2.,43 2o.o s.o 3.0 2.51 1.93 
41,.0 0.267 1.34 2o.o s.o 3.0 ~oSO 3.50 
42.0 3.52 17.6 20.0 s.o 3.0 2.52 0.268 
43.0 1.87 9.35 20.0 s.o 3.0 2.51 0.503 
44.0 0.938 4.70 20.0 5.0 3.0 2.50 0.998 
45.0 0.143 0.715 20.0 5.0 3.0 2.49 6.54 
so.o 8.33 4.7 20.0 s.o . 3~0 2.49 0.99 
51.0 0.263 4.7 20.0 s.o 3.0 2.52 1.00 
52.0 1.02 4.7 20.0 s.o 3.0 2.52 1.00 
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TABLE VII (Continued) 

Run Ai:r Water Temp . Tank Tank Tank Theoretical 
No . Flow Fl ow Length Width Depth Det. Time 

(cfm) (US gpm) oc (ft) (ft) (ft) (hr) 

52.1 0.482 4 . 7 20 . 0 5.0 3 . 0 2.52 1.00 
53 . 0 1.94 4.7 20 . 0 5 . 0 3.0 2 . 52 1.00 
54.0 3 . 95 4 . 7 20.0 5.0 3 . 0 2.52 1.00 
'60 . 0 660 714 19 . 0 66.0 30 . 0 15 . 0 5 . 19 * 61.0 660 850 19 . 5 66.0 . 30.0 15 . 0 4 . 36 * 70.5 0.873 0 .78 20.0 5.0 3 . 0 2.50 6.00 
71 . 0 0.391 0 . 78 20 . 0 5.0 3.0 2.50 6 . 00 
72 . 0 1.82 0 . 78 20.0 5.0 3.0 2 . 50 6 . 00 
73 . 0 3.81 0 . 78 20 . 0 5. 0 3 . 0 2.50 6 . 00 
74. 0 0 . 161 0.78 20 . 0 5 . 0 3 . 0 2 . 50 6 . 00 
80.5 0.091 0 . 39 20 . 0 5.0 3.0 2 . 50 12 . 0 
81 . 0 0.224 0 ., 39 20.0 5.0 3 . 0 2 . 50 12 . 0 
82.0 0 . 432 0 . 39 20 . 0 5 . 0 3.0 2 . 50 12 . 0 
83 . 0 0 . 880 0 . 39 20.0 5.0 3 . 0 2 . 50 12.0 
84.0 1.84 0.39 20.0 5.0 3 . 0 2 . 50 12 . 0 
91.5 0.282 0 . 365 20 . 0 5 . 0 2.27 1 . 12 4 . 35 
93 . 0 0.128 0 . 365 20 . 0 5 . 0 2 . 27 1.12 4 . 35 
94.0 0 . 579 0 . 365 20 . 0 5. 0 2.27 1 . 12 4 . 35 
95.0 1.14 0 . 365 20 "0 5 . 0 2 . 27 1.12 4 . 35 
96 . 0 2.21 0.365 20 . 0 5 . 0 2 . 27 1 . 12 4 . 35 
99.0 0.86 0 . 78 20.0 5 . 0 3 . 0 2 . 50 6 . 00 c 
99 . 1 0.86 0.78 20 . 0 5. 0 3 . 0 2 . 50 6 . 00 p 

99 . 2 0 . 86 0 ., 78 20.0 5 . 0 3 . 0 2 . 50 6 . 00 p 

99 . 3 0.85 0 .,78 20.0 5 . 0 3.0 2 . 50 s.oo c 
99.4 o.85 0 . 78 20.0 5 . 0 3.0 2 . 50 6. 00 c 
99.5 0.85 0 .78 20 . 0 5 . 0 3 . 0 2.50 6 . 00 p 

* Prototype Test 

C Sampling tube at centre of section 

P Sampling tube at periphery of section 
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TABLE VIII 

Results of Analyses of Experimental Data 

Run Mean Tracer Percent Curve Associated Peak Associated 
No . Det. Time Recovery Variance D/uL Time D/uL D 

(hr) (a2) <tElt> ( ft2/hr) 

8.o 0 . 287 0.990 
9.0 0. 284 1 . 00 

11.0 0 . 0318 19.2 
11.5 0 . 0324 18 . 5 
12.0 0.0324 18 . 5 
13.0 0 . 270 1.07 
13.5 0 . 280 1 . 02 
14 . 0 0 . 268 1 . 09 
14 . 5 "!' 0. 0318 19 . 2 
15.0 0.284 102.1 0 ., 571 0.507 0 . 320 o. 85 73 . 5 
16 . 0 4.07 95.0 0.789 1.32 0 . 0425 13 . 3 74 . 9 
17 . 0 0.463 100 . 5 0.671 0 . 746 0 . 204 1 . 32 70 . 7 
18.0 7 . 76 91.5 o . 773 1 . 21 0 . 0239 27 . 0 75 . 1 
18 . 5 0 . 0157 43 . 0 72 . 0 
19.0 0.863 98.9 0 . 716 0.912 0 . 140 2 . 88 77 . o 
20 . 0 1.87 95.2 0 . 753 1 . 09 0 . 0797 6.00 72 . 2 
21.0 0 . 490 101.7 0 . 782 1.27 0 . 133 3.15 161 
22.0 0 . 722 102.5 o .• 807 1.47 0 . 113 3 . 90 134 
23 . 0 1.05 100 . 0 0 . 812 .- 1.52 0 . 0953 4 . 60 106 
24 . 0 lo 76 10lu2 0.805 1.45 0 . 0747 6.50 89 . 5 
25 . 0 3.51 101 . 5 Oo855 2 . 04 0 . 0518 10 . 5 74 . 9 
26.0 6 . 69 96 . 9 0 . 881 2.55 0 . 0325 18 . 5 66 . 0 
27.0 1.17 99 . 1 0 . 813 1 . 53 0 . 0914 5 . 10 102 
28.0 1.17 99 . 5 0.804 1.44 0 . 0914 5 . 10 102 
29 . 0 1.15 98.4 0 .,788 1.31 0 . 0914 5. 10 102 
30 . 0 1 . 80 103.8 0.864 2.20 0 . 0620 8.30 114 
31 . 0 0 . 457 97 . 3 0.727 0.959 0 . 108 4 . 10 198 
32.1 3.33 103.1 0 .. 856 2 . 06 0 . 0455 12 . 4 90 . 7 
33 . 0 0.640 95.0 0.693 0.821 0 . 0919 5.00 167 
34.0 0.988 92.2 0 . 687 0 . 802 0 . 0718 6.90 142 
35.0 5.91 96.7 0.875 2.41 0 . 0272 23 . 0 89 . 4 
40.0 1.86 100.7 0.794 1.36 0 . 118 3. 90 50 . 5 
41.0 3.20 97 . 5 0 . 761 1.14 0.0744 6 . 60 47 . 0 

' 42.0 0.253 97.0 0.601 0.567 0 . 236 1.34 125 
43 . 0 0.478 98 . 2 o . 713 0 . 899 0.172 2.15 107 
44.0 0.908 94.3 . 0, 712 0.895 0 . 136 3. 00 75 . 3 
45 . 0 6.03 97.6 0.877 2.45 0 . 0566 9.40 35 . 9 
50.0 0.930 99 . 3 0.816 1.55 0 . 0709 7.00 176 
51.0 0.931 95.4 0.669 0.742 0.188 1 . 85 46 . 2 
52.0 0.980 98 . 3 0.812 1 . 52 0 . 129 3.22 80 . 5 
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TABLE VIII (Continued) 
~ . ...._.,.ne~.~ 

Run Mean Tracer Percent Curve Associated Peak Associated 
No. Det. Time Recovery Variance D/uL Time D/uL D 

(hr) (cr2) (tp/t) (ft2/hr) 

52 o1 0 . 953 99 . 1 0 . 786 lo30 Oo149 2 . 66 66.4 
53 . 0 0.964 97 . 7 o. 777 1.24 0 . 105 4.30 106 
54 . 0 0. 951 95 . 4 0.779 1.25 0 . 0824 5 . ao 145 
60.0 4.38 85.6 0.778 1.24 0 . 0675 7 . 50 6310 ,•r 

61o 0 4.16 100.0 0 . 735 0 . 995 0 . 0899 5 . 15 5150 * 
70 . 5 0.0297 20 . 7 86 . 5 
7L O 0 . 0403 14 . 0 58 . 4 
72 . 0 0 . 0250 25 . 5 106 
73.0 0 . 0208 31 . 0 129 
74.0 0 . 0494 11 . 1 46 . 3 
80.5 0.0430 13.3 27 . 7 
81.0 0.0285 21.7 45.2 
82.0 0 . 0232 28 . 0 58 . 4 
83 . 0 0 . 0176 38 . 0 79 . 1 
84 . 0 Oc01'+9 46 , 0 95 . 9 
91 . 5 3 . 99 94 . 1 0 . 780 1. 26 0 . 0686 7 ,2 42 . 0 
93 . 0 0 , 0967 4 , 60 26 . 4 
94 o0 0 . 0532 10 . 0 57. 4 
95 . 0 0 . 0394 14 . 7 84.4 
96 u0 0 . 0321 18 . 8 108 
99.0 0 . 0342 c 
99.1 0.0338 p 
99.2 0.0368 p 
99.3 0.0361 c 

. 99 . 4 0.0353 c 
99.5 0.0353 p 

* Prototype Test 

C Sampling tube at center of section 

P Sampling tube at periphery of section 



85 

APPENDIX "E" 

Nomenclature 



a = /1 + 4k t ( D/uL) 

a = n 

B = V/2b2 = U/L (hr/ft) 

TABLE IX 

Nomenclature -

2 2 2 2 b = 180 1 /~ t 90 , a turbulence expression (ft /hr) 

C = exit concentration of tank at time t (mg/1t) 

86 

c = concentration of input for step functions, or weight of tracer added 
0 divided by volume of tank for pulse functions (mg/1t) 

D = axial dispersion coefficient (ft2/hr) 

k = reaction constant (hr-1 ) 

k2 = b2(a 2 + B2) 
n n 

L,t = tank length (ft) 

n • number of tanks in series 

QA air flow (ft3/ min 9 or ft 3/min 3 
= x ft of tank) 

s = concentration of substrate at exit (mg/tt) 

s = concentration of substrate feed to tank (mg/1t) 
0 

t :: time ( hr) 

-t = theoretical detention time or mean residence time for entire tank 
volume used (hr) 

theoretical detention time or mean residence time of ith tank for 
entire volume used (hr) 

t = time of peak exit concentration (hr) 
p 

t 90 = time to reach 90 percent ultimate tracer concentration at tank exit 
with no flow (hr) 

U = uL/ 2D 



TABLE IX (Continued) 

u,V = mean displacement velocity along tank length (ft/hr) 

x • distance along tank (ft) 

Greek Symbols 

9 = time divided by the theoretical detention time, or mean residence 
time for entire system volume used (hr) 

- -e1 , Q2 = t 1 or t 2 divided by the theoretical detention time, or the mean 
residence time for the entire system volume used. 

JJn 

o2 

02 
t 

= 

= 

= 
= 

-1 1 JJn U 
lll' JJ2' JJ3' • • •' lln = cot [2 .<u - il)] . 

n 
variance or second moment of a curve about its mean (dimensionless 
in t/t units 

variance or second moment of a curve about its mean (hr2) 

t 2o2 = j (t t) 2 Cdt/ /
00 

C dt 
0 0 

-- Lfc
2
c _ <L~Cc>2 L for equal time intervals 
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