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The effects· or energy input variation on the mixing obtained 

in a laboratory flocculation unit were studied. The main parameter was 

the size and shape or paddles used to induce the mixing. A variation 

in paddle geometry produced a variation in energy input. The ·errect 

of baffles was studied and the effect of flocculator geometry was 

considered by comparing two different length to width ratios tor a 

single tank. Theoretical models were used fn an attempt to describe a 

flocculation unit by comparing the experimental tracer output with 

the. predicted theoretical output. 

Some generally accepted design criteria tor full-scale 

flocculation units were also compared with experimental results. 
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INTRODUCTION 


Coagulation - Flocculation 

A principal process in the treatment of water and waste-water 

is that or coagula.tion - nocculation followed· by sedimentation and/or 

filtration. With the continual introduction of new organic coa.gulnnts 

and coagulant aids, this clarification process will conceivablY increase 

in importance, and so a better understanding or the chemistry, mechanics 

and hydraulics involved would be beneficial to improve design prodedures. 

Coagulation is the process or reducing the coulombic barrier 

between particles so that they ms.y join together as aggregates. This 

is achieved by the addition or electrolytes, coagulants or coagulant 

aids the.t either change the surface properties or particles so that 

chemical attachment becomes possible, or introduce a bridging agent 

that may attach to two or more particles. The actual aggregation of 

the destabilized colloidal particles into settleable floes is termed 

tlocculationo Perikinetic flocculation is the aggregation or particles 

of submicron size and is promoted primarily by Brownian movement. 

Orthokinetic noccula.tion is the aggregation or larger particles and 

is governed almost entirelJ by velocity gradients within the flocculstor. 

1 
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Physical Factors Affecting Flocculation 

Much has been introduced into the engineering and chemica.! 

literatures during the past 50 years describing the chemical reaction 

and effects of salt concentrations, pH optimums, et~ involved with 

coagulation. Publications describing the physical factcrsaffecting 

flocculation hBve not been so frequent, however, and there is still 

much to be learned regarding these. 

The main physical pnra.meters directly ~ f'fecting the performance 

of a flocculation reactor are the residence time (T), its distribution, 

and the mixing energy input. The currentlY accepted design criteria 

for determining the reactor volume and the mixing arrangement are 

based on the concept that performance is a linear function of T and 

G, where G is the root mean square (r ..m.. s.) velocity gradient (sec-1), 

a function of the energy input. Because G and T are generally accepted 

as independent, their dimensionless product {GT) is regarded as an 

adequate design parameter. Argaman and Kaufme.n (1969), however~ state 

that this parameter is not valid for high values of G. They showed 

that for a given T, the performance of a floeculator increases almost 

linearlY with G until a maximum value is reached beyond which any 

further increase results in a. decrease in per.forJMnce. 

'l'he power characteristics of mixing impellers have been studied 

extensively in the literature, particularlY by Rushton~ !l (1950). 

Unfortunately, the type of paddle wheels that are commonly used in 

flocculation have not been studied. It is impossible to apply any 

of these power relationships to flocculator paddles because the rate 

at which the energy is supplied through the ~peller is not only 



dependent upon the type of impeller used and how rapidly it is 

rotated, but also on the physical characteristics of the .fluid, the 

shape or the reactor, and the relative location of all component 

parts or the system such as baffles and supports. Hence, to characterize 

the behaviour of any impeller, it is necessary to take into consideration 

the complete environment in which it operates. 



LITERATURE REVIEW 

Kinetics of Flocculation 

The first person to study the theories of flocculation in detail 

was Smoluchowski (1918). He published a mathematical theory for the 

coagulation or colloidal suspensions describing the rate of change 

in particle concentration after the repulsive forces between particles 

were reduced sufficiently so that interparticle collisions were not 

hindered. He developed two kinetic equations. The first described the 

kinetic process when interparticle collisions occurred through Brownian 

diffusion. The second described the process when a laminar shear 

gradient causes particle transport at a point in the fluid. The usual 

form of the second equation is 

(1) 

where Hij is the frequency of collision between i-fold and 

j-fold particles, 

n1, nj are the numbers of i-fold and j-fold particles 

per unit volume or fluid, 

r 1, rj are the radii of the i-!old and j-fold particles, and 

du/dz is the laminar velocity gradient. 

SubsequentlY, Langelier (1921) d~monstrated that agitation was 

necessary to obtain adequate flocculation in water purification, and so 

4 
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Smoluchowski 1 s equation is not truly valid for turbulent flocculation. 

Camp and Stein (1943) were the first to introd~ce the theory or 

orthokinetic flocculation into the sanitary engineering literature. 

They realized that for practical reasons turbulent flocculation was 

of most importance in water treatment. By using the ba.sic ideas of 

mechanics and introducing their own version of the value or Stoke's 

"dissipation functionn, they defined a root-mean-square (r.m.s.) 

velocity gradient for turbulent flow~ 

(2) 

where G is the r.m.se velocity gradient in the flocculation 

chamber, 

)A is the absolute viscosity of the nuid, and 

Wis the mean value of the dissipation function and 

is equal to the total power dissipation into 

the chamber divided by the volume of the chamber. 

Camp and Stein also demonstrated theoretically that the speed 

or flocculation is directly proportional to the velocity gradient 

at a point, and so G was substituted in Smoluchowski's equation for 

the velocity gradient existing in laminar flow. Equation (1) now 

becomes 

(3) 
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or, as is more often seen in the literature, 

(4) 

Equation (4) states the relation between ensrgy applied to the 

flocculation chamber as described by the velocity gradient, G, ~nd 

the number of contacts~ H~ between n particles of diameter d and n21 1 

particles or diameter d2 in unit time. 

In general, equation (4) can be used to study the rate at 

which small floc particles join to form larger noe particles or 

it can be used to study the rate at which suspended particles in the 

raw water are entrapped by floc particleso 

Evidence for experimental and/or theoretical verification of 

equation (4) has been presented by several workers.. For example, 

Saffmnn and Turner (1956) used the concept of collision frequency 

between particles in a turbulent flow field for the special case of 

isotropic turbulence. Their final equation is in the form 

(5) 

where l~r1/rj~ 2. 

Frisch (19.56), Levich (1962) 1 Swift and Friedlander (1964), and 

Higuchi (1963, 1965) are others who have verified Smoluchowski's 

work. All these authors hava arrived at similar kinetic equations. 



7 

F,quation (4) has found wide applica.tion among sanitary engineers 

for design and operation purposes despite its several theoretical 

deficiencies. Some of these have recently been examined by several 

investigators .. 

Hudson (1965) stated that one of the most significant limitations 

of equation {4) is thAt it describes the reaction of only two sizes 

o.f part.icles. He attempted to avoid the restriction by assuming a 

monodispersed floc developing in a field of primary particles. He 

used equation (4) to analyze the rate at which particles in the raw 

water are entrapped by floc particles and defined the terms in the 

equation as follows: 

n is the number of suspended particles naturally present
1 • 

in a unit volume of water, 


d is the average diameter of these particles,
1 


n is the number of floc particles in the water1 and
2 


d is the average diameter of these floc particles.
2 

Based on studies by Robeck (1963) and Riddick (unpublished), Hudson 

postulated that the effect of ~ on the equation was small since n2 

is only a small fraction of n in flocculating water. ConsequentlY,
1 

d could be omitted with little error. He also introduced a ..sticking
1 

ratio" to account for the phenomena that not all particles adhere 

to a floc upon collision. The "sticking ratio" is defined as the 

proportion of primary particles which stick to the floc particles 

upon collision. His final mathematical relation describing the 

kinetics or flocculation is in the form 
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(6) 

where n~, ni are the primary particles in the flocculation 

influent and effluent, respectively, 

p is the sticking ratio, and 

T is the residence times 

This relation indicates that the entrapment or suspended matter by 

floc is influenced by the volume of !loc produced rather than by the 

size or appea.rance of the floc particles since the volume of floe 

per unit volume of lmter v2, is: 

(7) 

6 

Neither the Smoluchowski model nor the models used to verify the 

Smoluchowski equation consider the possibility of simultaneous floe 

aggregation and breakup due to the shear and turbulent forces which 

are generated in the reactor. Little consideration had been given to 

the et"feet of an upper limit of floc size on the rate process until 

Fair and Gemmell (1964) developed a mathemRtical mo1el for floc 

growth by imposing various upper particle size limits and floc breakup 

modes on Smoluchowski 1s equation for flocculation in a laminar shear field. 
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Computer solutions indicated a particle size growth pattern that 

approached a steady-state mean size regardless of the velocity gradient-

particle concentration product, provided the maximum particle volume 

anct breakup mode were fixed. The particle growth pattern beca.me 

oscillatory, hol>~ever~ as the velocity gradient-pa.rticle n'lUllber product 

was increased~ presumably because or the increa.sed rate of' particlP, 

aggregate breakup and reformation when the gross pa.rticle contsct 

frequency was increRsed. 

In recent work by Harris, Kaufman and Krone {1966), attention 

was directed to equations expressing the rate of change of primary 

particles when the maximwn. size of the floc was limited. They also 

continued the work of Hudson (1965) by deriving a size distribution 

function describing the mutual flocculation or all particles comprising 

the size distribution. Their f'inal rate equation for a. series of 

continuous stirred-tank reactors is 

• 

~ 
No 
1 

== (1 + ~N~) -m (8) 

a.nd· for a batch reaction is 

- (9) 
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where N
0· is the mass concentration or primary floes in the1 

influent, 

Ni, -~·are the mass concentration of primary noes in 

the effluent of one reactor and m reactors in 

series, respectively, 

D is the experimentally determined rate variable which 

is analogous to their size distribution function,and 

K is their experimentally determined reaction constant. 

Harris ~ f!l (1966) used the mass concentration N~ and Ni instead 

of n0 and n1 
1, the number concentration, as the measurement of the1 

degree or flocculation because they could not devise A satisfactory 

means of experimentally determining the number concentration of 

primary particles in a pg.rtially flocculated system. The mass of floc 

suspension after a period or settling could be measured easily. 

They demonstrated experimentally the first order dependence of' 

N0/N1 
1 upon G for two different values of T, upon T for two different1

0 .
values of G, and upon N1 for two different values of GT. 

All or the work done thus far in the field of orthokinetic 

flocculation indicated that the performance of a floccula.tor is 

dependent upon G, T. and the distribution or T, but no author has 

indicated that there is an interdependence among these three factors. 

Design Factors for Flocculation Units 

Factors and standards used in the design of flocculating units 

are not so well established as in the case of other main treatment 



11 

processes, and adequate per.fortm=~nce data, in general, are lacking. 

The investigators of performance of flocculators differ somewhat 

in their criteria for design. It is worthwhile to mention some of 

these criteria and the basis for these values. 

{a) Tank Shape and Mixing Devices: 

A variety of combinations of flocculating devices and sedimentation 

tanks have been used in the past, either as separate units or as 

combined in rectangular or circular tanks. In most present pretreatment 

plants, the ra:\f>r water is thoroughly mixed with the coagulant, after 

which it passes to rectangular basins where it is slowly mixed to 

build up a satisfactor,y floc. This slow mixing is accomplished by 

diffused air, by baffled chambers using around-the-end or over-and­

under ba.ffles, or by mechanically operated paddle tvheel mixers of the· 

horizontal- or vertical-shaft type. 

Diffused-air flocculators are co:3tly to operate for the following 

reasons as ot~tljned in the WPCF 14anual of Practice No. 8 (1967). For 

good flocculation, the air bubbles should be distributed uniforu~y 

throughout the volume of the unit and should be small enough so that 

the velocity gradients close to the bubbles are not great .enough to 

disrupt the floc. If these precautions are not taken~ the results 

are not of equal quality to those obtained with mechanical devices. 

Experience indicates that much of the floc is carried to the surface 

as a scum much like an air flotation unit. Therefore, addition and 

maintenance of skimming equipment adds to the cost of diffused-sir 

flocculators. 



12 

Baffled mixing chambers attain good results at a fixed feed 

rate, but if the flow varies they are not satisfactory since G is 

proportional to u in the .following manner for a mixing chamber of 

the channel type or a rectangular settling tank (Camp end Stein (1943) ): 

(10)G ·jt. i 
~BR 

where f is the friction factor, 

u is the average channel velocity over the cross section 

area, 

V is tho kinematic viscosity, and 

R is the hydraulic radius. 

At low now flocculation is incomplete and deposits occur in the 

chamber, while at high flow the loss of head is excessive and 

velocities may be so rapid as to break up the floc. Baffled 

flocculators were very common at one time but their use is decreasing 

because of their inflexibility, high head loss, and construction cost. 

ltlechanical mixers are used most frequently today. They give 

constant rotational velocities with a .minimum of head loss regardless 

of the rate of now through the basin, a.nd1 therefore, within the 

usual variations of flow encountered at most plants, the water 

leaving these mechanical mixers is always uniformlY flocculated. 

The Yertical-shaft mixers consist of a vertical shaft with radial 

a.rms attached, to which paddle blades are fastened. The horizontal-

shaft type is of sim1lar construction, but uses a horizontal shaft 



placed either parallel to the direction or flow through the basin 

or at right angles to it. 

Camp (1955) calculated W, G1 and GT for twenty of the fiocculation 

basins existing in the United States. As a result of these calculations 

and some theoretical developments, he stated that, since higher velocity 

gradients may be used for small floc ~~rticles rather than for large 

particles, the best econo~ should result Where flocculation is carried 

out in several stages, in a series of tanks, with the velocity gradients 

progressively decreasing as the floc particles grow in size. This 

procedure was first developed by Langelier (1921) and is known as the 

"Langelier process''. The sum of the GT values for the series of basins 

should be the same as the sum for a single basin to obtain satisfactory 

floc, but the detention period, and hence the cost tor the series, 

should be less. 

Because the rni.xing process normally used in a flocculator 

short-circuits some of the water quickly from the entrance to the 

outlet port of each basin, several tanks should be pl~ced in series 

so that the liquid which passes through the upstream tank will have 

a chance to stay in the downstream tanks for a longer period. 

The most common type of flocculation unit is rectangular in 

shape, consisting of several compartments separated by baffles, and 

mixed by the use of vertical- or horizontal-shaft mechanical mixers 

consisting of paddle blades fastened to radial arms extending from 

the shaft. 



(b) Paddle Design: 

There r:re several important considerations in paddle wheel 

design and application. One of these considerations is the clearance 

of the periphery of the wheel between walls, bottom, and liquid surface. 

With a great mass of liquid at the peripher,y of the wheel, a certain 

mixing speed is essential to cause circulation of the liquid from 

the center to the outside of the wheel where it displaces the liquid 

at that periphery. Also, the greater the distance of the bla.de from 

bottom and walls, the greater is the speed required to obtain the 

sweeping action required to prevent deposition. According to Nichols 

(1940), increaaed speed causes more rapid dilution (dispersion) of 

incoming liquid and consequently sho~circuiting through the compartment. 

Therefore, the less the clearance, the less is the necessity for 

paddle speed. After a series of tests, Tolman (1942) suggested that 

the areas swept by the paddle wheels should be not less than 65 

per cent of the cross-sectional area of the basin. Nichols (1940) 

claimed that although the clearance or walls and bottom, f:lnd depth 

under the liquid level varies with diameter and speed, for good 

results and minimum speed requirements this clearance should not be 

greater than five per cent of the wheel diameter. 

The distribution or paddle blAdes throughout the mass o£ 

liquid being treated is important. The intensity of m.i.xing is inversely 

related to detention time, and, therefore, increasing the intensity ot 

mixing will reduce the dt9tention time necessary. Paddle widths are 

definitely limited, however, it rolling of the water with the paddle 
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wheels -is to be avoided. On the other hand, paddles rray not be too 

narrow, otherwise, the eddies produced along the edges will be weak 

or ineffective. This results from the fact that with narrower 

paddles greater proportions of the now past paddle edges become 

lAminar in character, and only turbulent flow is effective in mixing 

(Bean (1953)). There has been no definite ef'fective length-to-width 

ratio mentioned in the literature. 

Bean (1953) stated that paddle spacing should be sufficiently 

wide that water in front of the paddles mAY readily pass around 

to the rear of the moving paddles. If the spacing is too sJMll for 

the paddle widths, then roll must result. Similarily, high velocities 

b9twean the paddles mAY break some of the noc already formed. Bean 

suggested that the area of the paddles may generally be in the 

vicinity of l2 to 20 per cent of the cross-sectional area of the tank~ 

25 per cent will produce lDR.jor rolling or rotation. In order to 

facilitate the design of stirring mechanisms, most tanks with paddles 

mounted on vertical sharts are made circulAr or approx~tely square, 

according to Camp (1955). 

The speed of the paddle wheels depends upon at least two 

other elements: clearance between pad·ile ,,meel and walls and bottom, 

the depth under the liquid level and the distance between blades 

measured circumferentially. The larger the wheel, the greater is 

the distance between blades in their path of tra.vel. Higher peripheral 

speeds are required with larger wheels to compensate for the greater 

distance between blades. Further, the larger the wheel diameter 
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the greater is the floor area outside of the space where blades Are 

in close contact. Therefore, higher peripheral speeds are necessary 

to produce a sweeping action that will prevent deposition when using 

horizontal-shaft paddles. 

Despite these factors, most authors can give limits to the 

peripheral speed of paddles based on experimental work with ectu~l 

.f'locculators. Wilcomh (1932) stated that the peripheral velocity 

should be in the range of 0.3 to 1 .. 0 ft/sec. As a rule of thumb, 

Nichols (1941) suggested that a 5-.foot diameter wheel having a. 

sufficient number of pA.ddle blades in· each section and a proper 

clea.rance of walls and bottom, and depth under the liquid level, 

should be operated at approximately 1 ft/sec peripheral speed in 

the first section and approximately 0.5 ft/sec in the last section. 

An 18-foot diameter wheel should be operated at higher speeds, 

approximately 2 ft/sec in the first section and 1 ft/sec in the 

lest section. Peripheral speeds vary from 0.75 to 1.50 ft/sec 

according to Tolman (1949). Some of the standard text books in the 

sanitary engineering field also give general ranges of peripheral 

speeds which should produce best results. Rich (1961) suggested 

0.5 and 3 ttfsec, Clark and Weissmann (1965) 0.3 to 3 ft/sec, and 

the Water Pollution Control Federation Manual of Practice No. 8 

(1967) suggested 0.9 to 1.2 rt/sec. 
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(c) Detention Time: 

The length of the flocculation period varies according to the 

quality of the raw water. ~ome investigators and some standa.rd text 

books, however, have giv·en values of detention times that ha.ve worked 

satisfactorily in the past for most types of raltT ltater. Tolman {1949), 

Bean (1953), andRohlich and 14urphy (1961) suggested detention times 

of 40 to 60 minutes for good flocculation. Rich (1961) suggested 10 

to 30 minutes, the hi'PCF ~,nual of Practice No .. 8 (1967) 15 to 30 

minutes, and Linsley and Franzini (1964) suggested 20 to 30 minutes. 

(d) Inlet Speed and Port Veloci~: 

Once formed, flocculated particles are quite fragile and 

must be treated gently until settled. Inlet and outlet disturbances 

must be held to a. minimum, and so velocities in and after the 

flocculating unit generally are not allowed to exceeq the peripheral 

paddle speed~ (WPCF (1967)). 

Nichols (1940) felt that port velocities through baffles 

should not exceed 1.5 tt/sec~ otherwise floc would be broken or 

shredded~ He found that a port velocity of 1 ft/sec for maximum 

flow is sufficient for creation or good hydraulic conditions, even 

though the flow :ms.y vary considerably. 

Use of Tracers 

The type of tracers used in different types of ~ters to 

investigate vessel flow-through characteristics has changed over the 

http:standa.rd
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past 20 years.. Prior to 1950, salts or dyes were used extensively. 

Archibald (1950) introduced the idea of using radio-active tracers, 

or "radiotracers", in an attempt to avoid errors due to chemical 

action of the sa.l.t with the water's contents and errors due to density 

changes. His paper listed the Jl'le.in advantages of using radiotraeers; 

1) They give a more accurate picture of the actual flow­

through curves of basins and conduits by bringing out 

the longer tails of the curves which sometim.es go undetected 

by using sa.lts or dyes. 

2) The power of these tracers are unaffected by chsnging 

chemical ~nd physical conditions and can be detected in 

very low concentrations - much lower than is possible 

wi.th dye or salt. 

3) Density effects are improbablE· as only very small amounts 

of the material are required. 

4) In ms.ny cases, especially in model studies, the radiotraeer . 

may be followed through the system without disturbing the 

flow pattern by taking rea.dings through the pipe or tank 

walls. 

These advantages over salts were verified experimentally by Thomes 

and Archibald (1952)~ 

The 1960's introduced the widespread use of fluorescent tracers. 

Carpenter (1960), a.nd Pritchard and Carpenter (1960) used these tracers 

and their results were of the same accuracy as radioactive tracers. 
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Thus, the main objection to radiotracers, the hazard involved to the 

personnel handling them, was removed. 

Feuerstein and Selleck (1963) carried out a laboratory investigation 

to determine the behaviour of the fluorescent tracers Rhodamine B, 

Pontscyl Brilliant Pink B, and fluorescein in waters of various quality. 

Effects of temperature, salinity, pH, ba.ckground level, and turbidity 

on the ana.lytical determinations of the tracers were ascertained. 

Pontacyl Brilliant Pink B demonstrated no absorption on suspended 

sediments, whereas Rhodamine B exhibited significant a.bsorption. 

Fluorescein has exceedingly high photochemical decay rate and natural 

background levels. Therefore, it should be used in waters of only the 

highest quality. Although the cost of Pontacyl Brilliant Pink B is 

higher than Rhodamine B its use in most cases for water quality 

conditions generally encounbred is believed to be justified for 

attainment of meaningful results from tracer studies. For laborator.y 

purposes, however, when using tap water for short-term studies, the 

lower cost of Rhodamine B justifies its use over Pontacyl Brilli.Et.nt 

Pink B. 

Another new fluorescent tracer is Rhodamine \~. It was compared 

with the three previous fluorescent tracers by Wilson {1968). It is 

far less susceptible to sorption than Rhodamine B, although its fluorescent 

properties are similar. It is more susceptible to sorption then Pontacyl 

Billiant Pink B, however. Because it is not as readily available as 

Rhodamine B, this latter tracer is still recommended for short-term 

http:Brilli.Et.nt
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laboratory work using ta.p WlJ.ter. 

Mixing Models for Reactors 

There has been a great deal of information in the literature 

concerning the flow characteristics of chemical reactors. Although 

the ideal mixing extrernes are plug flow and complete back-mix now1 

real reactors never fully satisfy the conditions implied in these 

extremes. In many cases the deviation from idea.lity can be considerable. 

This deviation can be caused by the channeling of fluid through the 

vessel, by the recycling of fluid within the vessel, by the existance 

of stagnant or "dead11 regions, or by a combina.tion of aey of these 

conditions~ 

One ot the ma.ny types of models that can be used to characterize 

non-ideal flow patterns within reactor vessels is the dispersion model 

(dispersed plug flot.,).. The fwn Jation for this approach is the 

assumption that the mixing process involves a redistribution of material 

either by slippage or eddies~ and this occurrs enough times to be 

statistical in nature. Therefore~ an equation analogous to Fick 1s 

law of diffusion may by used: 

(11) 


where 	D is the longitudinal or axial dispersion coefficient 

chara.cterizing the degree or back-mixing during flow 

through the vessel. 
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The terms ..longitudinal" . and "axial" are used to distinguish mixing 

in the direction of flow from mixing in the lateral or radial direction, 

which is not considered. Ma.117 authors, including Danckwerts {195.3), 

WUhelm ( 1953), Taylor (195.3, 1954), and \'Iehner and Wilhelm ( 1956), 

have pointed out that longitudinAl mixing can be treated like diffusion, 

and much has been done to develop the results of such a treatment. 

Levenspiel and Smith (1957) have expanded this concept to 

show tha.t the actual parameter which correctly characterizes the role 

played by dispersion is the dimensionless group D/uL, the reciprocal 

ot the Peclet numher. This group is called the vessel or reactor 

dispersion number where L is the length of the vess.el and u is the 

average flow velocity through the vessel. Levenspiel and Smith have 

also shown that the variance ot the experimental response curve can 

be used to determine the value of the dispersion number. The relation­

ship between the variAnce and the dispersion number depends on the 

end conditions or the vessel. For a closed vessel, Van der Laan (1958) 

has shown this relationship to be 

(12) 

The variance, or second moment about the mean, can be determined from 

the experimental curves by using the following formula: 
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a? -~x~ t(x1) -l 
(13)

2_£(xi) 

where p. is the mean or first moment about the origin, 

and is determined by using the following formula: 

(14) 


This technique of equating variance with the dispersion number 

is inadequate., however, when using ordinary laboratory equipment to measure 

the response curve for a flocculation unit., Timpan7 (1967) has indicated 

that even tor a relatively low degree or dispersion (D/uL··_~~= o.SS), accurate 

readings to 4.9 detention times are required to yield 80 per cent of the­

actual D/uL, and using common laboratory equipn.ent., accurate readings 

at this level are not usually possible. Because a flocculation unit has 

a high degree of dispersion, it is not possible to use this standard 

variance technique eftectivel:r. 

The tanks-in-series model is an alternate approach to the 

dispersion model. Stein (1940) developed the equation for the instantaneous 

dispersion curve for n tanks ot equal size in series: 

Q = nn (!)n-1 e-ntfT (15)C (n-1)! T 
0 

where C is the initial concentration at the inlet. 
0 
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For a single tank {ie. nal)~ equation (15) reduces to the basic 

equation for a first-order reaction: 

(16) 


The variance of the tanks-in-series model is given by the equation: 

(17) 


The value of n can be round trom experimental variance measurements. 

Combining equations (12) and (17), a relationship between the tanks-

in-series model and the dispersion model can be obtained: 

(18) 

Levenspiel (1962) concluded that the agreement between these two 

models is not clear~ut. For small values of D/uL, a.nd, hence, large 

values of n, the models are similar, but tor larger deviations from 

plug flow, the response curves tor the two models differ more and 

more in shape. Because a flocculation unit has a ver,r.large 

deviation from plug flow, the tanks-in-series model·eannot be used to 

determine the deg:ee ot dispersion or mixing within the unit. It 



may be possible, however, to use equation (15) alone for predicting 

rne performance of a flocculation unit. This method would eliminate 

the discussed problems associated with variance and dispersion index. 



LABORATORY APPARATUS AND TECHNIQUF~ 

The laboratory model flocculation unit and associated equipment 

are shown schematically in Figure 1. The flocculation unit, including 

baffles, was constructed of three-eighths inch acr.ylic plastic with 

dimertsions as shown in Figure 2. \-Jhen used, the baffles were fitted 

in slots giving three equal compartments, each 5 inches by 5 inches by 

7 inches high. The baffle part-holes were 3/S inches in diameter. 

These baffles were sealed with stop-cock greasP, to prevent hydraulic 

short-circuiting nround the baffles. 'When operating, the unit had a 

volume or 6 liters, giving a. water height of approximately 5 inches. 

The paddles 1~ere construeted from one-eighth inch acrylic plastic. 

Figure 3(a) is a drawing of one or the two arms or a paddle with the 

ftttached blades. The paddles were designed in ~ccordance with the 

criteria summarized in the previous section. The paddles were driven 

by sJMll permanent magnet synchronous motors (115\1, 60c, 27W), products 

of Cra.mer Electromechanical Products. They had a constant speed of 

60 revolutions per minute giving a paddle peripheral velocity or 1.177 

teet per second. 

The power input to the water was dete~mined by using spring 

balances ( 0-100 grams), products of Chatillon Company. The torque 

applied to the water by the paddles was the difference between the 

spring balance readings in water and air times the perpendicular 

25 
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distance between the center of the motor shafts and the respective 

projection lines of the spring balAnce arms. 

To begin an experimental run, the flocculation unit was filled 

with tap water to the desired height giving a volume of 6 liters tor 

3 compartments anci 2 liters for 1 compartment. The two control valves 

were then adjusted so that the desired f'low rate and the desired reactor 

volume were maintained. After this equilibrium had been reached, a small 

volume o.f l'iye was injected by a syringe into the injection point as 

illustrated in Figure 1. This injection point consisted of a glass 

tee covered by a rubber membranae The fluorescent dye used was Acid 

Rhodamin B, a product of Allied Chemical. This method of dye injection 

was considered to represent an ideltl pulse function because the duration 

of injection was negligible compBred to the detention time or the unit. 

Th·s time of dye injection was JMrked on the recorder. The effluent was 

passed through the fluorometer and the fluorescence readings were 

recorded. The holdup time in the fluoromet.er was considered during 

the data analysis. Thus, continuous sampling of, the effluent \-Ta.s 

obtained. The fluorometer used was a G. Ko Turner Associa.tion, 

Model 111. It was celibrated at 18°C using the 1-60 primary filter 

and the 23A secondary filter in the lX range. These filters and this 

range were used throughout the experimental work. A temperature 

correction was necessary during the date analysis as the runs were 

not completed at 180 c. The recorder used was a Honeywell "Electronik 

19". 

http:fluoromet.er
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In order to decrease the energy input for successive runs, 

some of the blades and arms of each paddle were removed. For each 

run, all three padjles had the same physical construction. In all 

cases the speed of the mixers was maintained at a constant 60 rpm. 

The paddle arrangements used are illus trated in Figure 3., Some runs 

used all three compartments, while others used one compartment onlf. 

For the latter cases, the inlet was connected to the second baffle so 

that compartment three was used as the represent~tive single tank. 

During each run, the following data were recorded: flow rate, 

reactor volume, dye vol~~e and concentration, fluorometer effluent 

temperature, spring balance readings, and the physical arrangement of 

the flocculation unit as well s.s the experimental response curve. The 

spring balance readings were also recorded prior to and following each 

run when the unit was empty so that the readings in air t~rere a.vailable. 



DATA ANALYSIS 

During the l~boratory tests, a. recorder strip chart continuously 

recorded the flocculator effluent concantra.tion. Ea.ch resulting 

curve was transferred to I.B.M._data cards taking readings at eqHal 

intervals. A computer programme was written to calculf!te the dimension­

less response curve, the 8rea. under the curve and the mean of the 

curve. A typical progranme is reproduced in Appendix A. Each programme 

included several corrections. The length of tubing from the reactor 

exit to the fluorometer WBS 56 inches, and so a correction was made 

to reduce the chEl.rt time to the actual time by this delsy. There 

was no attempt to control the temperature or the water, and so the 

temperature of the fluorometer effluent was recorded. Using the same 

type of fluorometer th~t was used in this study3 Feuerstein and Selleck 

(1963) found through experimental procedures that the fluorescence-

temperature relationship could be described mathe~Mtically as: 

k(e ....e)
C = C e s (19)e s 

where ce is the fluorescence at any temperature, a, 
C is the fluorescence at a standard temperature~a 

9 1 and s 

k is a rate constant in reciprocal temperature unitse 
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0 -1The rate constant was found to be 0.027 C tor Rhodamine B by 

these same investigators. Butts (1969) verified their work and 

found a value of 0.026°0-l for k. Therefore, a value of 0.0265°C-l 

was used in this study. 9 was 18°C.. The values of C were determined s s 

from the .fluorometer calibration curves shown in Appendix B. 

The method or dye injection contributed to what was probablY 

the greatest source of error, the value of C used for each run. 
0 

The area under each dimensionless response curve should have been 

unity, but the areas were generally grea.ter than unitye Therefore, 

the values or C/C were adjusted by the corresponding value of the 
0 

experimental area to bring all the areas to unity. An exception was 

made for the runs involving a single tank on~. Because the response 

curves tor these runs were truncated at approximately 2.2 residence 

times, the a.d.justment described above could not be made. Therefore, 

for these runs the maximum value of C/C for each run was adjusted
0 

to a Ya1ue or unity, and all the other points on the same curve were 

adjusted by the same ratio. 

Table 1 lists the variables used for each run, the calculated 

values of G (the root-mean-square velocity gradient) and the mean 

under the curve. All or the experimental runs are not included in 

Table 1 because some were aborted due to experimental difficulty while 

others were replicates of some of those listed. Runs with residence 

times of 30 minutes only are included. There were not enough experimental 

runs conducted at the other residence times of 10 minutes to 90 minutes 

from which to draw any conclusions, and so they were omitted from 

this report. 30 minutes was chosen a.s the operating retention time since 



Table 1: EXPERIMENTAL RESULTS 

!!m ~C' 
Number of 

Colit_W!Ltm~nts Baf_nes Mixing 
Paddle 

Ar__rang__~ent 
G -1 

_ls_e~-~ _") __ (a) 
Mean 

_(b) 

4 12.95 3 yes no 

9 14.35 1 - yes 1 99.2 0.705 

14 8.15 3 yes yes 1 106.0 - 0.960 

18 12.85 1 ..,. yes 2 as.a 0.750 

19 7.95 .3 yes yes 2 96.3 -­ 0.. 994 

20 8.3 3 no yes 2 134.0 -­ Oe875 

21 9.4 .3 no no 

22 9.65 .3 no yes 3 73.9 -­ 0.910 

24 9.6 .3 yes yes 5 43.3 -­ 0.995 

25 9.8 3 yes yes 6 36.3 -­ 0.995 

26 10.8 1 ... yes 6 JOul 0.74S 

27 11•.3 1 - yes 4 42.4 0.774 

Notes: 1. 	(a) a Mean tor 2.2 residence times only. 
{b) =mean for complete response curve. 

2. Residence time tor all runs = 30 minutes. 	 \A) 
\.t,) 

J. Paddle 	arrangement illustrated in Figure 3. 
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this value is within the various ranges described in the literature 

as the recomended retention time. 

The values of G were calculated by using equation (2). W, the 

mean value of the dissipation function, was calculated for each run by 

using the following relationship: 

w- s.T (20)v p 

Where T is the torque input for each mixer~ p 

S is the speed of each mixer, 

V is the total volume of the vessel, and 

W is the power input per unit volume. 

T was determined from the spring balance readings and the perpendicular
p 

distance from the center or the mixer shaft to the line of force or 
the balances. The spring b$1Rnces were calibrated using weights, 

but the readings were identical to the weights and so no calibration 

curve was necessary. 

Figure 4 shows the effect of baffling during mixing. For 

comparison purposes, the response curves for one continuous stirred 

tank reactor (c.s.T.R.) and three c.s.T.R. 's a.re also shown. Equation 

(1~) was utilized in drawing these latter two curves. With baffles, 

the experimental response curve is similar to the three c.. s.T.R. 's 

curve, and without baffles, the experimental curve approxima.tes the 

one c.s.T.R. curve~ Baffling, therefore, has an important effect when 

mixing is being used in a flocculation unit. 

The effect ot baffling is not so pronounced, however, when 

there is no mixing induced by the stirrers. Figure 5 illustrates that 
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the peaks of both curves rise and fall sharply in both cases, 

indicating short-ciruiting, although there is much more short-circuiting 

in the case utilizing baffles. This phenomenon could be seen easily 

during the experimental runs. After the dye injection, the dye passed 

from one port almost directly through. each compartment to the next 

port with ver.y little dispersion. Small baffles were placed about one­

third of an inch downstream from the ports to give a small amount of 

dispersion, although they did.not prevent this severe short-circuiting 

to any great extent. There was a greater amount of dispersion of the 

dye without baffles than with baffles as indicated by the shorter 

peak and larger slope of the tail or the response curve. 

Figure 6 combines Run 19 of Figure 4 and Run 4 or Figure 5 

to illustrate the effect of mixing when baffles were used. There is 

a great deal of short-circuiting without baffles while baffling 

causes ver.y little short-circuiting. 

Because Figures 4~ 5, and 6 show that the experimental curves 

using baffles with mixing approximate the curve tor the three C. s.T.R. 1s 1 

an attempt was made to utilize the tanks-in-series model in order to 

predict a response curve tor any energy input. Figure 7 shows the 

response curves for n equal tanks-in-series torn • 1, 2, 3, •••?. 

The locus of the peaks ot these curves ha~ been dra~ in Figure 8, 

illustrating the relationship between the number of' equal tanks-in­

series and the dimensionless peak time, t;r. This curve was used as 

the basis tor attempting to correlate the tanks-in-series model with 

the experimental curves. 
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Ft~ure 9: COMPARISON OF TANKS-IN-SERI~S MODEL WITH EXP£1</HE'NiAL CURVE' 

/•0 ·-----·· --. 


0·9•-·-­

• 	 TYPICAL EXPERIMENTAL Cllf<VE 
(~UN 14: 3 TANKS 'IN SERIES) 

-·- 3 'EQUAL TANKS-IN-SERlE"S 
. ~$ , .c 	 --3·12.. EQUAL TANJ<t;-IN·SE~IES 

Co 

"'\. 

.I
' •' .. • • 

0·2. 	 1·8 2·0 2·2 2·4 2·6 . 2·8 3·0 
~ ..... 

0·8,.·--- ­

0•7 

0·6·--­

0·5·-··-·­

0-2 

0·1 

00 0·4 0·6 O·B 1·0 f-2. /r4 I·~ 

YT 



42 

Run 14 ~s reduced to dimensionless co-ordinates and plotted 

in Figure 9. The peak time occurred at a value of t/T • 0.68. 

Reffering to Figure s. n • ).12 tor tp!T • 0.68. Equation {14), the 

equal tanks-in-series model, was then uaed to estimate the response 

curve tor 3.12 tanks-in-series. The gammA function was used to estimate 

the non-integer factorial b7 the following ~lationship: 

r (n) == (n-1)! (21) 

Although this relationship is true for integers onl.7, it can be used 

as a ver.y close approximation for non-integers, particularlY for small 

values or n. The computer programme used tor this curve is reproduced 

in Appendix A. 

The response curves for three tanks-in-series and 3.12 tanks-

in-series are plotted in Figure 9 with Run 14 for comparison purposes. 

Although the areas under the theoretical curves and the experimental 

curve are ~almost identical and the peaks appear at the same time 1 the 

curves are definitely not identical. The experimental curve shows a 

higher peak and a more rapid decline than the theoretical cunres. This 

type ot phenomenon is to be expected because the theoretical curves 

assume perfect mixing in all three compartments, and perfect mixing is 

not obtained in the experimental unit. 

The criticisms or the tanks-in-series solution and the dispersion 

method could be overcome by using a "mixed model11 • This method consists 

of combining plug tlow sections and tanks-in-series sections alon.g 

with such things as b7-passing, rec,.cling and deadwat.er regions until 

the theoretical curves very closely approxime.te the experimental curves. 

http:approxime.te
http:deadwat.er
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HotoTever, as Levenspiel (1962) pointed out, this generalized 

model has the disadvantage that as the number ot parameters increase, 

the model may have very little correspondence with actual conditions, 

and 

"an unrealistic many-parameter model may closely fit all present 


data after the fact, but may be quite unrealistic tor prediction 


in new untried situations." 


Because perfect mixing is not obtained in the experimental unit, 


it may be possible to predict the performance of a flocculation unit 

by determining the amount or miXing that is to be expected as measured 

by the root-mean-square velocity gradient. This velocity gradient is 

a function of the energy input and, therefore~ should be a measure 

or the degree or mixing since greater energy input should induce greater 

mixing. 



EXPERIMENTAL RESULTS 

In the following sections, the three pqysical arrangements 

ot the experimental flocculation unit shall be defined as follows: 

a 11single tank" shall be the case in which only compa.rtment three 

or the unit was used; "three tanks in series" shall be the case in 

which the complete unit was used and separated into three sect.ions 

by baffles; and a "large comf)8.rtment" shall be the case in which the 

complete unit was used but the baffles removed. 

The dimensionless response curves for Runs 14, 19, 24, and 

25, representing three tanks in series are superimposed in Figure 

10. Figure 11 is an expansion or the penk regions of this plot. 

Although dit.f'erences among the peaks and ascending and descending 

portions or the curves exist, there is no general trend concerning 

variations of energy input and mixing levels. EKper~ental error 

could account for the variations that do exist. Similar results 

were obtained when the response eurves for the runs for a single tank 

and runs for a large compartment were plotted in Figures 12 and 13, 

respectively. The latter plot has two curves only-, and '30 generaliza,tions 

as to variations cannot be made. 

In the majorit7 of the runs, however, the ~urves 

are higher than the corresponding theoretical curves, indicating that 
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complete mixing is not taking place in the experimental nocculation 

unit. 

Because the lag time and peak time do not show an7 consistent 

changes with energy input at the range or energy input and residence 

time used in this study, the curvas were analyzed f.or a variation 

in mean with energy input changes. Figure 14 shows the e.ff'ect or 
energy input on the mean or the curves. G, the root-moan-square 

velocity gradient, is a function or the energy input and is used as 

the abscissa. 

For each or the three physical configurations of the flocculation 

unit, there does not appear to be any major variation or mean over the 

range of energy input used in this study. 

It should be pointed out here thlt.t the ranges ot energy input 

used are consistent with the values used in actual practice. During 

his study or 20 flocculation basins in water-treatment plants in the 

United States, Camp (1955) showed that the maximum velocity gradients 

ranged from approxi.Dvftely 20 sec.-l to 71.. sec.-l and the values of 

the product GT at plant capacity ranged from approximfltelJ' 23,000 to 

-1210,000. The values or G used in this studf ranged from 30.1 sec. 

to 108.7· sec.-1 and the values or arranged trom 54,180 to 1951660. 

Figure 14 does illustrate, however, that greater mixing 

takes place in a ba.t'neci unit than in a si.mil8r sized unit with the 

baffles removed. The means tor ·the former case approach a value of 

unit{. the theoretical value a,t which complete mixing occurs 1 while the 

means for the latter·case have a value or appro~tel7 0.9. Because 
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the means are less than unity, deadwater regionc exist, and the 

greater is the deviation from unity, the greater is the amount of 

deadwater. This fact is illustrated from the following equation 

taken from Levenspiel (1962a): 

vd u 
-= 1 -

a 
• )l (22)v 

u 

where V is the total volume of the vessel, 

Vd is the "dead" vol~me of the vessel, 

p is the 1uean of the dimensionless response curve, 

u is the average flovr velocity through the vessel, 

u is the flow velocity into and out of the "dead" portion 
~ 

of the vessel, and 

~ is the nrea under the dimensionless response curve. 
u 

Deadwater accounts for that portion of the fluid within the vessel 

which is almost stagnant or completely stagnant. Only in the theoretical 

case of complete miXing are deadwater regions elj~eted. Thus, baffling 

of a flocculation unit decreases the amount of deadwater and promotes 

better mixing. 

Unfortunately, the points in Figure 14 representing the case·or 

one tank cannot be compared with the other points on the same graph because 

the experimental curves for the one tank runs were truncated after 2~2 

residence times, An attempt was made to extrapolate the points on these 

curves to obtain the complete curves so that the corrP.sponding means 
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could be calculated. This was impracticAl, however, hecaus~ the 

complete descending portion of the response curves did not form a 

straight line when plotted on semi-logarithmic graph paper. The 

curves could have been approximated, but the error L"l the fin.el 

results would have been too large to ma.ke a justifiable comparison<!> 

This non-linearity is illustrated in Figure 15. 

The purpose of Figures 15, 16, and 17 is to illustrate 

graphically the existence of dead\~ter regions. If no such regions 

existed in a stirred vessel, the slope of the descending portion of 

the dimensionless response curves would equal minus unity, and equation 

(16), the basic equation for a first order reaction, would hold. This 

equation actually has the form: 

Q = e-mt/T (23) 
c 

0 

where m is the slope of the descending portion of the dimensionless 

response curve when plotted on semi-logsrithmie graph paper. For the 

theoretical case of a C~S.T.R., m equals unit7, but when deadwater 

regions exist, m should have a value of less than unity. 

For a single tank, the slope of the experimental curves ie 

approximately -0.93, while for a large compartment, the slope is 

approxima.tely -0.81. Each of these values is greater than minus unity, 

or, expressed in a different way, the value of m for each case is 

smaller than unity. These values indicr.tP.J that while both physical 
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arrangements contain dead~ter regions, greater mdxing is achieved in 

the single tank than in the large compartment. In oth~r words, with 

the same energy input per. unit volume, better mixing is obtained 

in the one small vessel using one mixer than in the vessel three times 

as long using three similar mixers. 

Figure 17 illustrates that complete mixing does not occur 

'tothen three tanks in series are usedrt Although the descending portion 

of the theoretical curve is not a straight line when plotted on semi­

logarithmic graph paper, it is evident that for any value of tJT, the 

slope of the experimental curves at that point is less in magnit11de than the 

slope of the theoretical curve. 

In summary, it can be concluded that complete mixing does not 

occur in the experimental flocculation unit over the range of. energy 

input used in this study, nor does a variation in energy input cause a 

corresponding change in mixing levels in any of t~e three physical 

configurations of the experimental flocculation unit. 

The velocity gradients used in the previous eraphs were 

calculated from equations (19) and (2). Camp (1955) presented procedures 

in the practical application or the theory of the physical process or 

floc fori'D8tion to the design of flocculation basins. He rlerived the 

following expression for the value of the dissipation function, W, 

for all the paddles in a tank: 

3 3
W= 239 CD (l-k8 ) s , ~Ar3 (24) 

v 
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where W is the dissipation function or th~ work of shear in a 

fluid per unit volmne per unit time, 

CD is the drag coefficient, 

k is the ratio of the rotat~ velocity of the fluid 
5 

to the velocity of the blarles, 

S is the speed of the shaft (revolutions per second), 

V is the volume of liquid in the tank or series of tanks, 

A is the cross-sectional area of the paddles, 

r is the distance between the paddle blade and the 

center of the shaft, and 

L Ar3is the sum of the values of Ar3 for all rotors. 

As before, G is .-iefined by equation (2) .. 

G =J~ (2) 

The theoretical values of G were calculated for the experimental 

runs using equations (21.) and (2) assuming no motion of the fluid 

induced by the paddles (k = O). For these calaulations, the baf~ed s 

chambers were considered as three tAnks in series and G was calculat~ 

for each tank. The values of CD were taken from Binder (1962). The 

theoretical values of G are listed in Table 2 together with the 

measured, or observed, values or G and their ratios. 

ThA two corresponding values or G for each tank are plotted 

against each other in Figure 18. In effect, a curve drawn thro11gh 
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Table 2: COMPARISON OF MEASURED AND THEOREl'ICAL G 

Run 

MeasurP.d G 

(Gobs ) 
(sec71) 

Theoretical G 

(Gth!~) 
(sec. ) 

G
obs. 

Gtheo. 

1 tank: 
9 99.2 185.6 0.54 

18 88.8 133.8 0.66 
26 30.1 27.9 1.08 

27 42.4 53.0 o.ao 

3 tanks 
in series: 

14 108.0 175.9 0.61 

108.7 0.62 

101.4 0.58 

19 98.7 12S.3 0.77 
101.2 0.79 

89.1 0.70 

24 49.9 41.6 1.20 

49.6 1.19 

30.3 ~-73 

25 35.6 27.3 1.30 

·42.8 1.. 57 

31.4 1.15 

Notes: 1. G b calculated from equations (20) and (2).
0 s. 

2. Gtheo. calculated from equations (2l) and (2). 
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the points in Figure 18 is a measure of k • Because k was assumed 
8 s 

to be zero for Gtheo.' the two values of G may be equated in the following 

manner: 

G ~ (1-k )3/2 G (25)ohs. s • theo. 

In the lower regions of energy input, Gth equals G b and so keo. o s. s 

is approximately equal to zero. In the higher regions, Gth becomeseo. 

much greater than G b This implies that k is becoming much larger
0 s. s 

and should be e.qual to one if t.he cur'Ve extended to infinity. This 

increase in k is expected bec~tuse more blades will sweep more water 
s 

around with the paddles until. in the extreme case, a solid paddle 

will sweep all the wntf!r !l'k"lking k equal to one. As a result, the s 

energy is not imparted to the t'tater in su~h a manner as to give the 

b~st performance of mixing. 

Using equation (25), k was calculated for several points
s 

along a curvA through the points of Figure 18. These values were 

plotted against the corresponding values of G b in .Figure 19 
0 s. 

yielding the following relationship: 

2.67k = 0.00000025 G b (26)s . 0 s. 

Equation (26) can now be used to determine the value of k for s 

each o! the experimental runs involving a single tank or for any of the 

tanks of the baffled chamber. 
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Figure 20 shows the effect of paddle area on velocity gradiente 

Bean (1953) stated that paddle spacing should be sufficiently wide 

that water in front of the paddles may readily pass around to the 

rear of the moving paddles. It the spacing is too small for the paddle 

widths, then roll must result. He suggested that the area of the 

paddles may generally be in the vicinity of 15 to 2·1 per cent of the 

cross-sectional area of the tank. 25 per cent will produce mA.jor 

rolling or rotation. Figure 20 illustrates that G is almost a linear 

function of the paddle a:rea until the paddle area is 25 per cent of 

the cross-sectional area or the experimental basin. Increasing the 

paddle area beyond this value does not 'increase the velocity gradient 

to any great extent. In other words, rolling is occurring above 

25 per cent. 

Figure 21 shows the effect of the paddle area on the ratios 

of the velocity gradients. In the higher regions of paddle area, 

the ratio decreases as the pad~le area increases. This is to be 

expected because of the relationships shown in Figure 18 and 20. As 

the paddle area increases, k increases and the ratio or G b /Gth
8 o s. eo. 

decreases. Equation (25) indicates that the rnnx~ value for this ratio 

should be unity, occurring when k is at a minimum of zero corresponding
8 

to a paddle area of zero. The maximum ratio, however, has a value of 

1.57. The majority or the ratios obtained with the small paddle area 

have a value· greater than unity. This might indicate that equation 

(24,) is not valid in regions of low energy input. 
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One ot the important considerations in paddle.wheel design 

and application is the clearance or·the periphery or the wheel between 

walls~ bottom~ and liquid surface. With a great mass of liquid at the 

periphsry of the wheel~ a certa.in mixing speed is essential to cause 

circulation of the liquid from the center to the ouside of the wheel 

where it displaces the liquid at that periphery. After a series of 

tests, Tolman (1942) suggested that the a.reas swept by the paddle wheels 

should be not less than 65 per cent of the cross-sectional Area of the 

basin. 

Figure 22 illustrates that G does not increase substantially 

with increased swept area until it is approximPtely 5~ per cent of the 

cross-sectionAl areA of the experimental basin. Above this value, 

G increases quicklY as thesweptarea increases. 

Figure 23 shows the effect ot paddle swept ~rea on the ratio 

of the velocity gradients. As in I•'igure 21, the ratio is above tmity 

for low paddle swept area indieating agnin that euqation (21..) '!J'IAY 

not be valid in regions of low energy input. 

Figures 20 and 22 indicate that thAse ciesign parameters of 

Bean a.nd Tolman would appes.r to be based upon th" effective conversion 

of energy input into mixing rath~r than the kinetics of flocculat-ion. 

Whether these pE~rameters are effective in flocculation of particulate 

systems would depend upon the kinetics of each system. 

http:certa.in
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CONCLUSIONS, DISCUSSION AND RECOro~ATIONS 

The studies presented in the previous chapters indieate that 

a mixed model should be used to adequate~ describe the mixing 

conditions in a flocculation unit. The Tanks-in-series model cannot 

be used because the hydraulic characteristics of a flocculation unit 

create short-circuiting and the existanef! of "deadwAter regions". 

It may be possible to use the Dispersion model, but because of the 

high degree or dispersion in a flocculation unit, extremely accurate 

equipment would be required to measure the response curve, so that 

meaningful results could be obtained with the variance technique 

involved. 

The following conclusions concerning energy and mixing in a 

flocculation unit can be made from the tests performed on a laboratory 

model with a maximum capacity of 6 liters: 

1. 	Complete mixing does not occur in a small experimental 

flocculation unit over the range of energy input and the 

residence time used in this study. 

2. 	Greater mixing is achieved in a baffled unit than in a 

similar sized unit without baffles. They reduce short­

circuiting and the amount or deadwater regions. 

3. 	With the same energy input per unit volume, greater reixing 

is achieved in a ~Jl18.11 unit than in a larger onP, using the 

68 
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same residence time and no baffles in either. 

4. 	A v~riation in energy input does not cause a corresponding 

change in ~ixing levels for either one small tank or three 

tanks in series. 

5. 	The expression derived by Camp (1955) for determining the 

value of the dissipation function, or the work of shear 

in a fluid per unit volume per unit time, for all the 

paddles in a flocculation basin may not be valid for low 

energy inputs. 

6. 	For higher values of energy input, the ratio of the rotating 

velocity of the fluid to the velocity of the blades (k )
5 

may be related to the measured root-mean-square velocity 

gradient (G) by the following relationship: 

2 •67k 	 = O.tl0~00025 G 
s 

Baffling of a flow-through vessel to achieve better mixing is 

a tact mentioned often in mixing and flocculation literature. Argaman. 

and Kaufman (1970) presented the most recent work describing experimentAl 

flocculation st11dies supporting this fact. 

l t is not surprising that complete mixing does not occur even 

at the maximum energy input used in this study., Only in the case or a 

perfect Continuous Stirred Tank Reactor should mixing be absolute~ 

complete, eliminating short-circuiting and deadwater regions. Stators 

should reduce these deadwater regions and providfl! greater mixing. 

The most surprising conclusion is the fact that a variation in 

energy input does not cause a corresponding variation in mixing levels. 
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The range·of energy input used in this study was consistent with those 

used in aet.ual practice. Arga.rnAn and Kaufman (1970) arrived at the 

following conclusion: 

ttFor a given residence time the performance (or a 

flocculation unit) increases almost linearly with 

the root-mean-aqua.re velocity gradient until a 

maximum value is reached beyond which any further 

increase results in a decrease in performance.v 

They are only the last of several authors to arrive at a similar 

conclusion. This seems to indicate thAt although a variation ot ~ergy 

input within the range used in actual practice causes a. corresponding 

variation in flocculs.tor performance, this change is due to shearing 

forces within the water causing aggregation and/or break-up of the 

floes rather than to actual mixing levels reached in the vessel. 

The expression derived by CNllp (1955) tor determining the 

value or the dissipation function in a f.locc,llator is a very important 

one and is generally used as the basis of flocculator design. This 

report indicates that it may not be valid for the lower energy inputs 

used in t.his study. Because these low values are comparable to those 

used in actual practice, the validity of this equation should be checked 

tor this lower range. 

Horizontal-arm paddles are becomdng more prominent in practice, 

and so experimental work Ahould be done on these in an attempt~ to get 

a better understanding of the mixing- energy input relationship. 

http:root-mean-aqua.re
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APPJiliDIX tlAII 


Computer Programmes Used for Analyses 
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Table Al: NOMENCLATURE USl~D FOR COMPUTER PROORAMMES 

Programme 
·Symbol 

AREA 

Cl(I) 

C(I) 

co 

DELT 

DET 

DCONC 

DVOL 

FACT 

FLAG 

FNl 

FNl(I) 

N 

Meaning or 
Equivalent 

Area under 
dimensionless 
response curve 

C (experimental) 

C (corrected) 

c 
0 

T 

Tracer 
concentration 

Tracer volume 

(n-1)1 

Time delay from 
flocculator 
effluent to 
recorder strip 
chart 

-t/Te 

c c 
0 

Number or data 
points per run 

Programme 

Symbol 


NORUN 

NRUN 

Q 

SUMF 

T 

TEMP 

T(I) 

TH(I) 

THErA 

Ul(l'HF 

v 

Xl.mAN 

XN 

Meaning or 
Equivalent 

Total number of 
experimental runs 

Number of 
experimental run 

Flow rate 

t. 

Temperature 

t corresponding 
to C 

t 
T 

v 

Mean of 
dimensionless 
response Ct.Jrve 

Number of 
tanks-in-series 



Table A2: EXPERIMENTAL RESPONSE CURVE ANALYSIS 

' c 

D P • !:" ': S 1 0 t,• T ( 3 0 0 ) , C ( 3 0 'J ) , F ~~ 1 ( ~ 0 0 ) ' T H ( 3 C 0 ) ' C1 ( 3 ') ~"~ ) 
~CAD ( 2' 15) ~lO~U"l 


~0 10~8 IJK =lt~ORU~ 


r."EAO C2tl5) f\!RU~! 


'd P I T F ( 3 , 2 l t-.! o Ui\: 

qEAD (2t6) DCO~,JCtDVOLtV9TE~'P 


n.FAD <2t5l n,~FLT 


!) ET ='/I Q 

'< F. A D ( 2 ' 1 ~) l "-l 


c 
C FLU'J?O~·cETER OUTPUT CO'"~qECTIC~'-lS 

c 
t~ EAD 	 ( 2 , 1 0 l ( C 1 < I ) , I =1 , "! ) 

C D~LAY T0 FLU0ROMETF~ 
FLAG=56e0*3el416*(3.C/16.0)**2*16.387/(4.0*0) 
1)0 20 I=ltN 
C (I l =C 1 (I l 

C F L 'J 'Y{ 0\1 F T E q C,-\ L I 9 !~ A. T I 0 N ( n ? r:~ E C T I 0 \ 
IF (C(l)-16.0) 64t6'+t63 

63 C< I>= (C( 1 l+5.416l/'?-5.S05 
c;o T'J 21 

6 4 C ( I ) :::: ~ \ • 0 1 6 oi:-.c ( I ) ·rt- -1" 0 • 9 q f.. 
C T:: "-' ~ r r~ I' T U :::: !: CC':> ': !: C T I ·l ~-; 

2 1 C ( I ) ::: C ( I l I r:- X'-~ ( :·1 • 0 ?. 6 5 * ( 1 B• 0-T f "P ) l 
2 Q C~~ "! T I "·! UE. 

c 
C DIME~SIO~LESS RES~G~SE CURVE 
c 

71 	 CO=IJ':"''J~l(*f"")V!iL/V 


:JO 3 0 I= 1 , ~~ 


F":l( I l=C( I)/(() 

T (I) =FLO.'\ T (I) -:1-nEL T-FLAG 

TH t I ) =T ( I'l I DF. T 


3:J 	 C.J"\T I !'.;uE 

THC::TA=DF.LT/DET 


c 
C AREI\ UNDER THF: DI'.-1FJ~SIO~,!L::-ss CURVF' 

c 

D0 5 'J I= 2 , ~~ 


S U o...~ F =S U '"' F~ F ~,~ 1 ( l ) 

5 0 C~ 'l i I "-' U E 


~- q F :\ :.: rHf- ·T l\ I ;~ a ~1 ·::- ( F-- ~ -~ 1 ( 1 ) + ~J • r; -r.· ~; U ' ;- + ::: .. l : • : } J 


'. ·.' !.: I T r: ( 3 , 7 7 ) -'l. ':q:· A 

5 5 ~·: I ~ I T i:· ( 3 ' 1 ) 


\·.' .·' I ; 	 ( 1 ' J )I 
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Table 	A2: iContinuedl 

L' ~.AT H c =0 • ~ · 

r) 0 () 1 I =1 , ;,~ 


1 . ..'1:- I T c ( 3 , 2 5 ) F' 'll ( I ) ' T H C I l 
U~' T~ F=!} '· •T1-l ~+ ( T ~ ~ ( I ) ~:- !=' \; l C I ) } 


90 CONTI "!UE 

X~''~: A~~ =u.··,.l T HF IS 'J'·' F 


\:t R I T ': C 3 , 1l~ ) X1\~ :=A~,, 


c 
l F' C~< ~.•l\ T ( 1 X , 2 ~: 1·i ~~ I ~< ~ \: S I 0 \; L r:· ~~ S ,., :=- 5 n -::~ · :;; ~ r Un ·./ =) 

2 Fcv~ ~' :\ T ( 1 H 1 , 1 X , '3 r '~ U~·: ' I ; I I ) 

3 F Cr.~ '-.1 t\ T ( Ill X , 4 H C I C 0 t 1 ~X , 5 H TIDE T /.) 

5 F C F'U-~ 1\ T ( 2 F 1 0 • 4 ) 

6 F 0 ~ ~-~ 1\ T ( 4 F 1 0 • 4 ' 

10 r.:- :~ ::.~ ~ ·• .'\ T ( ~i r~- 1 ? • ~) ) 
15 FC<~ ~l .t\ T ( I '+ ) 

25 Foq~AT (1Xt2~1~.5) 


27 ~ORV~T (1Xt22HAREA.U~DE~ THE CURVE =tFR.5//) 

34 F0 R\~ ,ll, T ( / I 1 X t 6 f-1 ~J r:: A11 ! e ' F g • 5 ) 

1000 	CC"-:T I '·<UE 

C.6LL exiT 

E"'-lD 




c 
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Table A3: RESPONSE CURVF~ FOR n TANKs-IN-SERIES 

WRirE (6,1) 

WRITt. (6,2) 


c 
DET=3o.o 

c 
F·AcT= l • 0 
XN=C!O 

30 XN:XN+l•O 
IF (XN.LT•2•2) GO T~ 60 
FACT=FACT*CXN•leO) 

60 WRIT~ 
WRI-TE 

(6,3) 
(6,4) 

xN 

r=o.o 
10 r=r.o.s 

GO TO 7 
20 T=T+2•0 
1 THETA=T/OET 

IF CXN.LT•l.2) GO yO ~0 
~Nl=(XN**XN/FACT)*(tHElA**(XN•l.O))*EXP(•XN*THETA) 
GO TO SO - • 

40 FNl:EXP~~THETA) 
SO WRXTl (6,6) F~ltTHE!A 

IF ·C 1' HE T A • 1... T • 0 • 51) ~0 T0 
IF ltHETA~LT.2e51) GC TO 

10 
20 

IF CXN,LT•A•2> 00 TO 30. 
STOP 

c 
1 
2 
3 
4 
6 

FORM'T 
FOR~~AT 
FOR~4AT 
F'ORt~AT 
FOR·~AT 

(3X 9 3!HSOLUT~0N FOR N TANKS 
(3Xtl\HDET=30 MIN./) 
(//JX,2HN=tFJ•l) 
(//lOX•4HC/C~•llXt5HT/OET/) 
(}Xt2Fl5e5) 

IN SERIES.//) 

c 
END 
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APPENDIX "B" 

Fluorometer Calibration Curves 



F1gure 81: FLUOROMETER CALIBRATIO,'V CURVE FOR HlfiH VALU£5 
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F1gwre 8Z.: FLUOROMETER CAI-1{3~ATJON CURVE FOR LoW VALUES 
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APPENDIX "C" 

Nomenclature 



Table Cl: NOMENCLATURE 

A = cross-sectional area or paddle blades 

C • concentration at any time or point 

C = initial concentration at inlet or vessel 
0 

c = drag coefficient
0 

Ca = fluorescence at any temperature, e 

Cs = fluorescence at a standard temperature, 9 
5 

D = longitudinal or axial dispersion coefficient 

D = experimentallY determined rate variable 

d ,d = diameters o£ particles of size 1 and size 2, respectively
1 2 


~ = velocity gradient 


r = friction factor 


G = root~ean-aq11are velocity gradient 


Hij = collision frequency between i-fold and j-fold particles 


K • reaction constant 


k = rate constant 


k = ratio of the speed of the shaft and the velocity of the water 

5 surrounding the paddle 


L = length of vessel 


m • number or reactors in series 


0N1 = mass concentration or primar,r particles in flocculator influent 

~ = mass concentration or primary particles in flocculator effluent 

N~ = mass concentration. of primal';y pa.rticles in effluent of m' th 
compartment or flocculator 
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Table Cl: (Continued) 

n = number of tanks in series 

concentration of i-fold particlesn1 	= 

nj = concentration or j-fold particles 

n = number concentration or particles or size d

1 

1 1 

n2 = number concentration of particles of size d2 
0 

n = 
. 

number concentration of primar,y particles in !locculator influent 

ni 	= number concentration of primary particles in flocculator effluent 

R 	 = hydraulic radius 

r 	 • distance between center of paddle blade and center of shaft 

= radius or an i-fold particler 1 

rj =radius of a j-fold particle 

S = speed of mixers 

T = residence time 

Tp = torque or mixers 

tp • peak time or. response curve 

t = real time 

u = average flow velocity through vessel 

ua = fluid in active flolf through vessel 

V = volume of vessel 

vd a "dead" volume of vessel 

v2 =volume of floc particles per unit volume of water 

\i == dissipation function or the work of shear in a. fluid, per unit 
volume per unit t~e 



Table Cl: (Continued) 

Greek SYJl!bols 

a = temperature 

e = standard temperature s 

p = mean or dimensionless response curve 

p = absolute viscosity of the fluid 

)) = kinematic viscosity or the fluid 

J = variance of dimensionless response curve 

, = fraction or primary particles adhering to floc particles 




