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Miens  as is stated on p.84 the flow is sufficiently turbulent 

for minor changes in Reynolds Number to have little offectc  this 

number can be dropped from the dimensional analysis. In this case 

the kinematic viscosity must bo removed from other terms and equation 

(7)t  p.84 must become 

D I 	, )1114 14) 
lig 	9 	toz. 

co r 
uith consequent changes elsewhere. That is to say is a more 

appropriate secondary paranotor than 
coV

.Alternatively rio 

can be used as in the case of rotodynamic machinery. 

If the Reynolds Number offsets are important the Reynolds 

Number must be retained. This may be of practical significance in 

scaling up to full-size tanks. 



ABSTRACT 

This thesis presents an analytical and experimental study of the 

effects of a superimposed forced vortex on the flow characteristics of a 

circular sedimentation tank. 

In the analytical section, a theoretical flow through curve for 

a circular sedimentation tank was derived as a result of considering the 

flow through the tank on a diffusion basis. The theoretically derived 

equation was then compared with the N-formula. A new parameter for measur-

ing the tank hydraulic efficiency was introduced, and the manner the diffus-

ion coefficient;  D of the tank affects its short-circuiting behaviour 

studied. With the help of Reynolds stresses and turbulent energy equations ti  

the effects of a superimposed forced vortex on the tank diffusion coefficient 

was investigated. An analysis of the problem dimensionally revealed that the 

tank characteristic number N was a function of Froude number and a dimension- 

4)4 
rg 

viscosity, radius of the paddles and the acceleration due to gravity 

respectively. 

The experimental investigation was conducted with a model circular 

sedimentation tank, covering a suitable range of speeds of the paddles, 

and flow rates through the tank. N was found to have a relationship with 

Froude number and We 	as predicted by the dimensional analysis. The 

effects of the forced vortex on N and D were found to be in accordance 
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less term where a.), 9, r and g are the angular speed, kinematic 



with the analytical considerations. As a result of the experimental study, 

the existence of critical flow rates. the optimum flow rates and the 

critical speeds of the paddles were revealed. The setting up of secondary 

currents by the forced vortex which has both beneficial and harmful effects 

was also studied. 

The present investigation hae established analytically and experi-

mentally that the effects of a forced vortex on a circular sedimentation 

tank are, up to a limit, to inhibit the short-circuiting of flow through 

the tank and to increase the tank hydraulic efficiency. Experimental 

results obtained with three types of inlets showed that the uniform flow 

inlet with baffles which was specially designed for this investigation was 

definitely superior to other inlets having slotted cylinder or cylindrical 

submerged weir diffuser. 

Some tracing techniques were modified and improved, especially 

those concerning the injection of dye and the dye concentration measure-

ment. 
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C II A P T i R 	3. 

IPTRODUCTION 

Sedimentation as a means of separating solids from liquids has 

been. long practised, and is now widely employed in many diversified fields. 

It is one of the most important orocesses in the treatment of water, sewage 

and industrial wastes, because it enables the settleable solids to be re-

moved economically. Figures given by Tounoad (1960) indicate that the cap-

ital oast of sediments Lion oquip:!ont may account for about 7 to 10 % of the 

overall cost of sewage treatment plantv  depending upon its size. 

The cost of sedimentation treatment is affected by tank shape and by 

other Yeatures of the design. a:parience, togother with knowlede gained 

from research has led to various designs of sedimentation tans, differing 

in shape, in the nature of flout, and in the methods of operation. Tanks may 

be rectangular, circular or square in plan, and the flow in them is usually 

either horizontal or vertical. iforizontal flow rectangular tanks and radial 

flow circular tanks are the two :ain typos commonly found in the treatment 

of sewage and industrial wastes, although vortical flow tanks with hopper 

bottom, or the so called Dortmani tank are also widely used. Vertical 

flow tanks ate mere corm on in water treatment where chemicals are added to 

promote flocculation. These tanks have considerable advantages whore the 

influent is passed through a curtain of settling sludge; flocculation is 

thus improved. 

1 
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As far as shape is concerned, much can be said about the advan-

tages and disadvantages of rectangular and circular sedimentation tanks. 

From the hydraulic point of view, the radial flow tank is characteristically 

unstable, owing to the deceleration of flow as the peripheral weir is 

approached, although satisfactory performance can be achieved with a proper 

design (Hubbe34 1938), In a rectangular tank where the length is several 

times the width, the influent turbulence dies down lon; before the effluent 

weir is reached. A uniform flow can thus be obtained through a greater 

volume of the tank than in the case of a circular tank. 

In spite of theoretical considerations, the extensive investigations 

carried out by the National Research Council into the sewage treatment at 

military establishments during World War II shoded little difference between 

the performances of circular and rectangular sedimentation tanks (National 

Research Council,. 19146 and 1948; cited by Richard Hazen 1959). From the 

point of view of economics, circular tanks proved to be a little cheaper 

than rectangular tanks for plants ranginL from 5 to 20 million U.S. gallons 

per day (mgd.) (Richard Hazen, 1959). 

As with other types of tanks, the design of circular sedimentation 

tanks is usually based upon experience and empirical rules rather than on 

fundamental considerations. Moreover, less research has been carried out 

on circular tanks than on rectangular tanks. Although the primary func-

tion of a sedimentation tank is the separation of suspended solids from 

liquids, designs based upon the settling properties of the solids alone 

are inadequate. The hydraulic characteristics of the tank are also vitally 
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imPert?nt v  and in this a-ecpect, it appecTs tiat little use hue been made 

of fundamental knowledge in the Clold o anie!' hechanics in improving the 

hydraulic performance oC scdimenation tank; 

As mentioned above, radful flow circular sedimentation tanks are 

inherently unstable because of the reduction of radial velocity towards the 

periphery. Short-circuitirg between the inlet, and the cutlet weir is poss-

iblev  especially when the incooiLg flow is at a different temperature from 

the general contents of the tank, The purpose of this research is to study 

the elects of sunerimpese6 foyced vortex on the hydraulic behaviour of a 

circular tank. Such a vortex would cause the liquid to follow a spiral 

path cYOM the central inlet to the' periphers1 overflow weir and would be 

expected to reduce the risk or slort-circuiinso Besides, deposited matters 

would be moved_ towards the ce:Itrc of the Laplz by the secondary currents 

induced by the forced vortex. 

The investigatim is divided into two parts: analytical and 

oxperivantal'in the analytical section a theoretical flow-throulh curve 

is derived, and the parameters claracterizing the hydraulic performance of 

the tank are studied, The effects of a forced vortex on these parameters 

are then considered, Dimension analysis of the problem is also carried 

out to servo as a guide :) the experimental stu4v  tests aro carried out 

with a model tank in which a forced vortex is induced by rotating paddles 

at the tank periphery. The tests are performed to cover the range of flow 

rates occurring in practice and the speed of rotation of the paddles is 

varied over a suitable rangeo 



Before the improvement in the hydraulic performances of a 

circular sedimentation tank by a superimposed forced vortex is con-

sidered theoretically, it is relevant to review the literature and 

previous research in the field of sedimentation with particular 

reference to circular sedimentation tank, and related research in 

Fluid Mechanics. 

14 
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1.10 Review of Literature 

Sedimentation is believed to have been practised from time immemor-

ial. The first application of sedimentation in water treatment for the 

public was probably carried out in or soon after 260 B.C. when Antiochua 

Theos built an aqueduct from the River Caprus to Laodiceal.at the terminus 

of which were two settling reservoirs. It was also reported that a number 

of settling reservoirs, believed to be built by EMperor Hadrian, were excav- 

ated from the ruins of Carthage. Similar structures were built by the 

Romans in Rome, Alexandria, and at Lugdunum (now Lyons, France) (Baker, 

1949)0 

Little has been recorded of the use of settling reservoirs for 

water treatment until the early nineteenth century when sedimentation tanks 

were built in Scotland at Paisley and Glasgow, in France at Paris and in 

London. Later in the century, sedimentation was more widely used to effect 

partial clarification of water before slow sand filtration. 

Early sedimentation tanks were different from those commonly in use 

nowadays. They were invariably of the fill-and-draw type in which water is 

admitted at the bottom of the tank and, after a pre-determined period of 

settling, to withdraw the clarified water by means of a swing pipe so arranged 

that the free end of the pipe will be slightly submerged below the water 

surfqce. Although some of them are still in existence, their number is 

decreasing. Modern sedimentation tanks are of the continuous flow type 

which have advantages over the former in efficiency and head loss. With 
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the growth of the population and industry, the demands for water increase, 

and so does the volume' of liquid wastes to be treated. It has become neces-

sary to understand the settling proce.3s of particles and to apply this know-

lede in sedimentation tank design to improve its efficiency and thus render 

the treatment by this method economical. 

1.1.10 Sedimentation tanks: research in  general 

The natural laws governing the settling of particles in fluid wore 
1687 

studied by Newton (1910) who discovered that a particle with a greater den- 

sity than a fluid would settle in it with an increasing velocity until a 

velocity known as the 'terminal velocity' or the 'settling velocity' was 

reached. It would then continue to settle at this velocity, because the 

drag the fluid exerted upon the particle was oqaal to the gravitational 

force pulling the particle downs Stokes (1845 & 1933) studied the settling 

of sphere in fluid and derived a formula by which the settling velocity of 

a small sphere in an incompressible fluid of infinite extent could be calcu-

lated once its diameter and the difference in density between the sphere and 

the fluid were known, Despite this knowledge, the settling velocity of 

particles to be removed in water and sewage treatments had not been taken 

into consideration in the design of sedimentation tanks until Seddon (1889 

& 1390) attempted to design a new system of settling basins for St. Louis, 

Mo., on a rational basis, making use of the knowledge obtained from the 

studies of Newton and. Stokes. Later in 1904 A. Hazen developed a theory 

for the design of continuous flow sedimentation tanks. The theory wan 
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based upon the unhindered settling of uniform discrete particles in a 

rectangular continuous flow tank and led to the conclusion that the 

efficiency of removal of the particles depended upon the overflow rate 

or surface loading of the tank (i.e. the rate of flow through the tank 

divided by the surface area) and was independent of the depth and deten-

tion period. 

Camp (1936) further developed the theory to cover suspensions of 
alb 

particles of varying sizes. Slade (1937) extended Hazen's theory also to 

account for suspensions containing particles with a range of settling velo-

cities and varying degrees o:? turbulence. However, the results obtained 

were, too empirical and theoretical to be of any practical value, Peipel 

(1950) presented a new approach by equating two kinds of time, namely the 

detention period and the time required by the smallest narticle to settle. 

He also assumed that the ratio  v 51  , where V is the forward velocity in 
Vs 

the tank, d the particle diameter and Va  its settling velocity, was con-

stant. There appeared to be no reason why this should be so, and Papal 

himself did not offerany experimental verification. 

In practice the tanks are far from being ideal. Turbulence, short-

circuiting and scouring are significant factors in rendering the theory 

inapelicable in predicting the efficiency of a sedimentation tank. More-

over, the suspended solids in water and sewage are not entirely discrete. 

Some are flocculent and for these both the liquid overflow rate and the 

detention period are now known to be significant (Fitch, 1958). The con-

centration of the suspension and the shape, of the particles also affect 
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their settling rates. Thus there are two main problems to be considered 

in designing a sedimentation tank, namely the settling properties of 

suspensions and the flow conditions in the tank. 

1.1.2. Settling properties of suspensions  

The settling properties of suspensions have attracted the interest 

of-research workers in various fields. Physicists and chemists are more 

concerned with the effects of shape, size, orientation, concentration and 

flocculation of the suspended solids on their settling rates, and their 

analytical and experimental investigations are mostly confined to the 

suspensions whose particles are of regular size and shape (Taylor, 1923 a; 

von Smo4chowski, 19/7; Jeffrey, 19281  Petty john 8: Christianson, 1948; 

HawksLoy, 1951; Heiss & Coull, 1952 and Dallavalle, 1956). Because of the 

complexity of the suspensions encountered in the field of water and sewage 

treatments it is difficult for the sedimentation tank designer to apply the 

results obtained by the scientists directly to his problems. Ho is obliged, 

therefore, to carry out experieents with the actual suspensions under treat-

ment. Dobbins (1944) and Came (1946) did some tests on the hindered 

settling of discrete particles an,! at plied. the results in calculating 

solids removal in sedimentation tanks. Leter Fitch (1957) and PicLaughlin 

(1959) extended the exeerimente to cover the cases of hindered settling and 

aottlieg by cempeession eeiich Teas also investigated by Cee &r Clevenger (19141 

Robinson (1926), Stoinour (1944)1  Behn (1957) and many others. 



It must be pointed out hero that the experiments cited above were 

mostly carried out under quiescent conditions, and would therefore be 

strictly applicable for calculation of removal in an ideal tank only. 

Density currents, turbJlence and scouring are among those factors in-

fluencins the removal efficiency of a sedimentation tank. Realizing those 

limitations, attempts were made by some investigators to include some of 

those factors in their experiments. Camp (1942) and Dobbins (1944) in-

troduced turbulence factors  but some doubts were expressed regarding the 

relationship between the degree of turbulence created in the teats and 

that actually occur'ing in a full scale sedimentation tank (Einstein, 1944)0 

Bond (190) also investigated the behaviour of alum and lime hydroxide 

suspensions both in still water and in upflow, and discussed the applica-

tion of his theory to the precipitates formed in sedimentation tanks. 

So far, it can be safely said, no single experiment on the set-

tling of suspension has included all the conditions in a sedimentation 

tank to enable the results to be applied directly to a practical problem. 

Several investigators were therefore obli3ed to resort to establishing 

empirical formulae showing the relationship between the removal, the solid 

concentration, the detention time and the flow rate from the existing ex-

perimental data (Holmes & Gyatt, 1929; Babbit & Schlenz, 1929; Schropfer, 

1933, Carpenter & Speiden, 1935; %pole  194E; 1scritt, 1956). However, 

those formulae had no rational basis and are applicable only to the tanks 

from which experimental data were collected and to the particular suapen-

sions used. in order to predict the removal of particles in a sedimentation 
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tank it is therefore bettor in genoral to study the behaviour of suspen-

sions and the tank characteristics separately. 

1.1.3, Previous research on the hydraulic characteristics of sedimentation 

tanks 

While there are possibilities for improving the settling proper-

ties of suspensions, for example, by addition of chemicals, the hydraulic 

conditions play an equally important role in determining the removal offi)-

ciency of a tank, and these also require investigation. 

In an ideal tank all portions of the flow are retained for the 

same length of time which is the theoretical detention period (i.e, the 

volume of the tank divided by the flow rate). In practice, however, it 

is found that some parts of the flow remain in the tank for less than the 

theoretical detention period while others remain longer. In order to give 

each portion of flow an equal opportunity of sedimentation it is desirable 

to ensure uniform velocity distribution so as to avoid short-circuiting ofd" 

excessive period of detention, Much of the research on sedimentation tanks 

has been devoted to tracing flow through curves to measure the extent to 

which short-,circuiting or extensive retention occurs. These curves are 

usually obtained by adding a concentrated dose of a suitable tracer to the 

incoming flow and measuring the concentration of this tracer in the effluent 

from the tank over a period of time. The tracer used and dosing techniques 

are discuoaed in Section 3,20 

The shape of the tank and the inlet and outlet arrangements are 

major factors influencing the flow patLerns in a sedimentation tank. These 

flow patterns may be affected also by the difference in density between 

20 



different portions of the liquid in the tank. 

Many of the basic principles apply equally to rectangular and 

circular tanks, and both shapes may be discussed together. It will be 

necessary, however, to givo more detailed consideration to the special 

nature of flow in circular tanks. 

1.1.4. The shape of the tank 

There appears to be two schools of thought regardin; the proper 

shape of modern mechanically cleaned sedimentation tanks. Some designers 

prefer the rectangular tank in which the length is several times the width, 

while others prefer the circular or the square tank, either fed at the cen-

tre of the tank with a peripheral overflow weir, or fed at one side and 

overflowing at the opposite side. The question is still debateable and 

various opinions can be cited. 

An inherent drawback of a circular tank with centre feed is the 

influent flows radially or radially and vertically outwards through the 

tank at a constantly decelerated rate. This diverged flow is susceptible 

to disturbances and results in unstability of the flow (diubbe► 1938; 

Bergman, 1958) 

From the theoretical and practical points of view, a long rec-

tangular tank is to bo preferredo  because uniform flow with less turbu-

lence can be obtained throughout much of the tank (Campo  1946; R. Hazen. 

2959). Sawyer (1956) utudied density currents in rectangular and circular 

21 
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tanks and ooncluded that the off:oets of such currents were more serious in 

circular tanks. 

The floor of rectangular tank is usually slightly inclined towards 

• e 
-the inlet pad where a hopper fo:o sludge is provided. A circular tank usual-

ly har a Elia sloping towards the centre. Dallas (1958) reported that a 

'uniflow tank which is rectangular in plan but triangular in longitudinal 

section produced by the use of a radically sloped bottom was efficient and 

economical, The effects of density currents ware minimized and even though 

its volume was about; half of that Of a rectangular tank with uniform.dopth, 

the 'uniflow tank' exhibited some 40% longer delay in showing a tracer in 

its effluent° Townend & Wil/kinson (1955) put; forward an idea of making 

the depth of a circular tank inversely proportional to the radius in such 

a way as to keep the radial velocity constant throughout the tank, An im-

provement ,was expected from having no change in kinetic energy, hence no 

eddy turbulence. Because of the increase in Froude number with the radius, 

greater tank stability was also e;Tected° Sludge removal should be improved 

due to the sloping floor. It was also economical in capacity Some tanks 

of this design have been constructed at; the West Middlesex lorks, but at the 

time of writing of this thesis they have not yet been put into operation° 

An interesting design which departed from all conventional sedi-

mentation tanks was made by andorks (1929. The tank had the shape of an 

open spiral. The curvature of the spiral induces secondary currants counter-

balancing. the inflow turbulence; Solid matters wore deposited on the inner 

side. (convox)9  and by making the channel floor slope towards this side thoy 



oeuld bo easily removed by Tf'avit7O Unfortunately, there appz:ars to be 

no further study of this kind e ',;ank. This experiment shownithe applica-

tion of a hydraulic principle in the design of the tank which is an import-

ant stop foruard. 

1.1.50 Inlet and outlet - armnamonts 

The function of an inlet is to iatroduce the flow uniformly into 

the tank with minimum turbuienee. An inlet structure is usually composed 

of a conduit leading the ?lou into the tank, and a diffusor which distri-

butes it. For a rectangnla'^ tank, the flow usually CaCIO3 into the tank 

?rem a pipe or a channel. It io common to bend the Pipe upwards in such 

a tiny that the surf!ace of water LI the tank serves as a wide baffle destroy-

ing the kinetic energy of the flow as well as distributing it. Clifford 

(1935) designed a very suce,:sful inlet which bears his name, ilith this 

inlet, water from the pipe diecha?zes into the open end of an 'eddy bucket° 

which is designed to destrof the kinetic energy and turbulence of the flow, 

some tanks have their inlets in the forms of submerged weirs (Hindorksv  1929); 

3urgess & Green, 1960). Abla3la 0.955) designed a °manifold flow° inlet and 

.eeported that on the model ocale Lt functioned satisfactorily. Hinderks 

;1929) also did 30;30 expartaens :- .tit several types of inlets. 

ro:2 a circular tanT.0  the filet is usually located at the centre 

river opening at a 	 ta: 	below the liquid surface, Hubbell 

(1938) reviewed several types of riser and concluded that the main objec-

tion to most of them was the uneaual velocity diatribution caused by the 
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bends in the risers themselves and the consequent prOduction of turbulence. 

To overcome this, Hubbell used guide vanes as equalizers. Instead of having 

a bell mouth at the opening of the riser, he arranged a series of circular 

plates, having holes of decreasing sizes in the centre, aboVe it. The lowest 

plate had a hole of the same diameter as the riser and the top plate was solid 

These plates distributed the flow and diffused it uniformly into the tank. 

However, this type of inlet had been little used. In most -circular tanks, 

diffudere are in the form of'slotted cylinders or circular submerged weirs. 

In some installations, the influent enters along small arc of the periphery 

wall of the tank and leaves it at the opposite sida.(Walton & Key, 1939). 

Fitch & Lutz (1960) designed a new type of inlet within which the influent 

was divided into two halves flowing in the opposite directions by means of 

submerged races, When met, the two streams were made to shear each other 

completely along their lengths. In the zone of shear the kinetic energy 

of the influent is instantaneously dissipated as turbulence. Many other 

arrangements have been used with a view, not only to destroying the kinetic 

energy of the influent and to distributing the flow uniformly, but also to 

create particular flow patterns. These types of arrangements will be more 

appropriately reviewed in Section 1.1.7. 

Much research has been done on the design and use of baffles for 

the control of flow (Meteftlf4-EddyT-1930; Hubbell, 1938; Walton & Key, 

1939; Clifford and Windridge, 1935; Stteherv-1940; HewiAt-&-Roberter-1945; 

Fair &Feyer, 1954; Dallas, 1958; Fitch & Lutz, 1960). It appears to be 

generally accepted that baffles requireOr very carefully designei if they were 
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to function very satisfactorily. Badly designed baffles instead of destroy 

ing the kinetic energy of the influent they,  may induce cross currents which 

lead to severe short-circuiting. 

Perforated baffle plates placed a short distance in front of the 

inlet and extending over the entire width and depth are used in several 

tanks for water treatment (American Society of Civil Engineering, 1940). 

Rohlic (1951) reported that the performance of oil separators was greatly 

improved by having a single vertical-slotted baffle, while Wiegmann & Mailer-

Neuhaus (1950) found that two vertical-slotted baffles in series were better 

than one. Both studies led to recommendation on the solidity ratio and other 

factors in both single and double baffles. Mau (1959) also studied the 

vertical-slotted baffles and found that they Ofected a greater improvement 

in the efficiency of both rectangular and circular conventional sedimentation 

tanks than any other inlets. Abdalla (1955) concluded from his experiment 

with perforated baffles of the solidity ratio of 60% that the upstream con-

ditions of the baffle appeared to be important. It must be such as to 

promote favourable pre-distribution across the tank since losses through 

the holes were not big enough to smoothen the non-uniformity in flow 

distribution. Besides, he found that the perforated plates did not elimin-

ate excessive turbulence for an appreciable distance on the downstream side. 

Outlet arrangement is relatively simple although it is equally 

important. The usual design of an outlet is in the form of a weir. The 

weir loading and its siting are two major factors to be considered in the 

design of an outlet. The usual loading was recommended at less than 500a U.S. 
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gallons per day per foot. If the loading is too highs  the updraft currants 

will be too strong for good sedimentation, and the weir will influence the 

flow pattern over a large proportion of the tank. Kalinske (1948) used 

this as the criterion in eesigning the outlet for his circular tank. The 

problem was also studied by Abdalla (1955) for a rectangular tank. If the 

weir loading is too smalls  on the other hand, surface tension may break up 

the flow into streams. This takes place when the depth of the flow over the 

weir is loss than 1/10th of on inch (Escritts  1956). When this occurs it 

may be very difficult to secure uniform discharge over the entire length 

unless a s:!,w-toothod edge is used to break up the' weir into triangular 

notches 

For a rectangular tank the weir ie usually sited at the opposite 

end to the inlet, and extended across the full width of the tank. If this 

is found to be inadequate, a ser:Los of effluent launders in the form of 

chonnols providing a double length of weir may be constructed. Dallas 

(1958) reported the use of multiple weirs Epaced along the surface of a 

tank to encourage the use of low weir loadings in order to reduce weir 

drag. Anderson (1945) demonstrated that for circular sedimentation tank 

a circular weir placed at two-third or three-quarters of the radial dis-

tance from the contra was in optimum position to draw off effluent. How 

ever, for simplicity in constructions  they are usually formed on the peri,  

phery wall of the tank, often with triangular notches. 

Sometimes the position; of the inlet and the outlet are inter.. 

changed. When this is done, the feed is now either from the whole of the 



periphery wall or from a port formed at the periphery (Kiersted, 1924; 

Walton & Key, 1939; Velkes & Jenkins, 1943; Katz & Geinopolos, 1958; 

Bergman, 1958). 

1.1060 The effects of density currents on the hydraulic characteristics 

of sedimentation  tanks 

Density currents may be produced as a result of either tempera-

ture variation or difference in suspended solids. When there is a tempera-

ture difference between the incoming liquid and the liquid already in the 

tank, short-circuiting and stratification of flow are often observed. When 

the influent. is colder than the tank contents, it tends to subside and flow 

along the floor towards the weir,. leaving the upper layer of the liquid in 

the tank undisturbed. On the other hand, if the incoming liquid is warmer, 

it will flow in the upper portion of the tank. The liquid in the lower 

portion is therefore stagnant. Both phenomena reduce the effective volume 

of the tangy and are undesirable, 

The effects of the density currents are now well known and have.  

been reported by many authors (Echropfer, 1933E Walton & Key, 1939; Ander-

son, 1945; Sawyer, 1956). Bergmen (1958) studied the offsets of tempera-

Wre differences in a circular sedimentation tank of the Dortmund type and 

Zound that the temperature difference between the liquid already in the 

tank and the incoming liquid had. e far reaching effect on the tank of 

It was found that then the liquid in the tank tlas warmer than the 

influent the liquid appeared to be detained for a longer period in the tank 

27 



ttan vi-on it vas colder, his c:tints corer a range of temperature 

difference between 0.5 to 

Density cur.cat. ro (.1f 	ot up by the difference ia specific 

grd71l3r 	between the incoming :.iquid and the liquid in the tank because 

the former has a higher solid concentration. This phenomenon is more pro-

nouncod in final rather thnn in primary sedimentation tanks. Anderson 

(1945) discovered this fact whne attempting to improve the efficiency of 

the circular sodimentaton tani:s at the Southwest Plant in Chicago. Sawyer 

(1956) sumested that the or'fect!; of density currents should ho used as a 

factor in the design of a sedimentation tank. Fitch Lutz (1960) 

studio. the problem again on a mwro rational basis, and attempts Isere mado 

to utilise the tendency of tho nAl feed to plunge and to stratify at the 

bottom of the tank to minimize sl_ort-circuiting. As a result, they designed 

en inlet which was previously docribcd in Section 1.1,5. 

1,1.7 Proviou3 research on eircmlar sedimentation tanks: flow path 

through a tank 

Control of the flow it through a sedimentation tank is yet ano- 

ther field of investigationb 	quite a °omen practice when rectangular 

tanks c.ve used to make the flow ,:ol-Rht• over and under a series of transverse," 

baffle. Other form; of c- mt7o1 of the flow pith have been provided by the 

use of horizontal trays (Camp 1-4]6) and iinlinod awns (Insc?raollv  1955; 

AbOalla, 1955; Ballanee)  J.959) Camp (1935) also attempted to create 

uniform flow in a rectangular tank by having the floor of the tank construct- 
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• ei 
ed with a movable rubble belt. 

Similar types of baffles as mentioned above can be used also in 

circular sedimentation tanks while there are other possiblities of control-

ling the flow in a spiral path or in rotational flow. Aitken (1945) 

constructed a circular tank having baffle walls built concentrically 

with the tank itself with the upward flow passages being larger than the 

downward ones. The maximum velocity throughout the tank was maintained 

lower than the critical velocity at which the floc would be destroyed. 

He claimed that the performance of his tank was equal to that of upflow 

tanks with the advantages of being easier to construct and more economical. 

Kiersted (1924) reported the performance of a circular tank in which 

the flow was caused to take an inward spiral path with the speed of rotation 

increased as the centre of the tank was approached. This was achieved by 

arran3ing the liquid to Coln into the tank tangentially from three inlet 

ports at 120°  apart, and withdrawing it at the centre through a vertical 

shaft. A study of the movement of the floats carefully placed in the tank 

at various depths showed that water completed several circuits before reach-

ing the outflow vortex. Oae T.sldvantage of this type of arrangement was 

that ne updraft current near 	outlet was too strong, 

In 1938 Hubbell cOtaineat a spiral outward flow tank by installing 

a Eerier, of baffles aroand the  c)ntral inlet. The baffles caused the flow 

to take spiral paths in travoL'Alg through the tank. Again vateh was observ-

ed to take several circuits before the outlet weir wao reached. The baffles 

used wore flat and wore found to be as effective as curved or angular ones. 
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They need not be extended deeper than the bottom of the diffuser. This 

arrangement gave an improvement in the hydraulic characteristics of the 

tank compared with the standard arrangement, but the tank still showed 

short-circuiting of part of the flow and excessive detention of the other. 

A year later, in 1939, Walton & Key put a plant into operation 

for the treatment of water for the supply of Alexandria. This had a tangen-

tial inlet at the periphery. The outlet was also at the periphery of the 

tank opposite to the inlet port. Before the final arrangement described 

above was adopted several experiments with outlet and inlet arrangements 

were carried out. Walton & Key also experienced strong updraft currents 

when the outlet was at the centre of the tank, as described by Kiersted. 

In one of their ex2eriments they arranged sach that the flow comes into 

the tank radially at the periphery and was withdrawn at the centre. Theoret-

ically this arrangement should improve on the standard arrangement since the 

flow was now converging towards the centre. However, this proved to be 

deceptive as a consequence of the production of an induced uplift around 

the central draw off. Ekporiments with baffles and a larger diameter of 

the draw off shaft proved to be futile. It was after this test that Walton 

& Key decided to discard the idea of a circular tank operated on the radial 

flow principle. 

Vokes and Jenkins (1942) altered one of their three upward flow 

tanks in Birmingham in such a way that the flow was introduced at the peri-

phery wall tangentially in order to cause the tank content to rotate about 

the vertical axis. By building a wall on the existing periphery, the flow 
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was caused to pass two thirds of the periphery before coming to the sub-

merged weir which occupied the rest of the periphery. From the results 

obtained over a considerable period and covering a range of different flow 

rates, they came to the conclusion that for separating activated sludge 

under these conditions the performance was inferior to the conventional 

tanks. They did not offer any explanation, but it was believed that either 

the rotation was not strong enough to suppress the density currents or Meat 

the uplift near the weir was too strong. It was possible also that the den-

sity difference between the liquid in the tank and tho incoming liquid was 

large 

The idea of spiral flow had not been taken up again until Bergman 

(1958) postulated that by introducing the flow tangentially into an annular 

compartment adjacent to the periphery of the tank and drawing off the water 

at the centre, the combination of a vortex and radial flow introduced would 

cause the flow to take longest possible path between the inlet and the out-

let. In fact his experiment was carried out with a conical bottom tank 

where the flow was originally combined upward and radial. Bergman's experi-

ments indicated that this new arrangement was an improvement on the conven-

tional one, especially when dealing with flow with a temperature different 

from that of the liquid in the tank. 

Katz Goinopolos (1958) made a comparative study of two types of 

circular tank, one with the conventional centre feed and the other with a 

peripheral feed. They found the peripheral feed tank more stable with less 

short-circuiting than in the centre feed tank. Tests with wax spheres of 



known physical properties also indicated that the peripheral feed tank 

gave a higher solid removal efficiency than the conventional tank. 

Having reviewed the researches in sedimentation thus far, it 

would be evident that, with a feu exceptions notably the works of Hinderks 

(1930) and Camp (1936) little attempt has been made to apply the findings 

obtained in the field of Fluid Mechanics to the design of sedimentation 

tanks, It is well known in Fluid Mechanics that when the streamlines of 

a flow are curved, other properties of the flow itself change. It will 

be of interest to review researches in Fluid Mechanics which have bearing 

on the hydraulic conditions in a circular sedimentation tank, 

101080 Belated researches in Fluid Mechanics. 

10108.1. Curvilinear flow: secondary currents  

When a stream takes a curved path, there exist pressure gradients 

normal to the curved streamlines and parallel to the surface. Under the 

action of these pressure gradients the more slowly moving fluid in the 

boundary layer will follow paths of smaller radius of curvature. The 

transverse curvature of the streamlines increases as the wall is approached 

and a spiral motion of fluid may result. 

The spiral motion is particularly noticeable if the aspect ratio 

is small, i.e. small depth to width ratio. Thomson (1876) used this fact, 

which he confirmed experimentally, to explain the natural phenomenon in 

which the secondary flow at a river bend removes material from the outer 

bank and piles it up on the inner bank. The beds of rivers are thus 

32 



continually scoured near the outer bank and silted near the inner bank. 

If the aspect ratio is large s  on the other hands  exactly the 

opposite result is found, The secondary flow along the longer vortical 

face is insufficient to carry uator from the slow moving water at the 

concave surface to the •convex. This results in a thick layer of dead water 

being accumulated on the concave side of the channel. Curved tubes with 

rectangular cross sections of high aspect ratios were used by Wiloken (Betzg  

1950) to confirm the above nhenogGaon. 

rustic© (1910s  1911g  19242  and 1925) and Hinderks (1927) also 

carried out come eporiments with curved channels of rectangular cross 

Sections of comparatively low aspoot ratios when spiral vortices were 

observed (=opt at very low speedo. By constructing long radius elbows 

in split sections and using paint to coat the inside surfacess  Hiadorks 

was able to demonstrate the m:is'6enee of such gotion. 

The setting up of these secondary notions moans that some energy 

is taken from the primary flow in addition to the energy lost in normal 

boundary resistance. With these facts in minds  Hinderks later applied 

this discovery to the desi..sn of a spiral flow sedimentation tank (see 

also Section 1.104.). 

101.8.20 The effects  of curvature on turbulence 

A series of eztpe.riments on two dimensional flow in a curved chan-

nel was carried out by Wilckons  Co reported by Betz in his paper in 193410  

to study the development of the boundary layers along curved surfaces. He 
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found that the thickness o-2 the i.aoundary layers increased much more rapidly 

on the outer surface than on the inner surface° This vas explained by the 

supposition that the turbulent irterchanga between fluid layers is promoted 

near the outer uall and diminiuhed near the inner wall as a result of the 

centrifugal forces° According to this enplanation the rapid increase of the 

boundary layer thickness is duo to the increasaiinterchange. These experi-

ments aro rsLarded as the conarlation of Prandtl's idea of the effect of 

contriZugal forces on turbulence (Peandtl, 1930; Dryden, Francis 2: Batemant  

1956), 

Finding it difficult to Jrau any conclusion on the effects of cur 

vature ea turbulence fro n ',these experiments because the fluid paths are not 

parallel to the uallo  Maccoll F. Alttondorf (Wattondorf. 1935) employed a 

modified form of Wilcken a?perat.is to study the curvature effect on fully 

developed turbulent floz in t.:W.c;1 the main flow is parallel to the gall so 

Later Wattondorf carries. the experiment further, trying to isolate the 

effect of constant curvature. ED found slight increase in channel resis-

tance probably influenced grc.1-7 by the induced secondary flows. Calcula-

tion o/: exchange fector and rteh-1,1 length also lend support to Rayleigh°s 
yrerlicic 

stability criterion whioh4the 	'';ability and increased mixing at the outer 

wall 	the curved Chalv)31, end 'tability and decreased mixing at the inner 

vall Rayleigh, 1916). From morz;utum considerations Prondtl concluded that 

v/r  
there 	be a stabilising efZet in the region where e 	?Gana 

(thl/d1+1,1-  

1 ebirLzing effect if 8,0 c  17. and r being the velocity and the radius 

respectively. 
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,White (1929) experimented with curved tubes and pointed out the 

existence of a definite critical velocity for flow in helical pipes which 

was higher than the correaponding critical velocity for flow in straight 

pipes.. Taylor's experiments (1929) showed clearly that, below a certain 

critical:velocity, the effect of the tube curvature was - to-eliminate initial 

turbulence.. The study of Eskinazi & Yeh (1956)-also confirmed the curvature 

effect on turbulent quantities. For example, it was found that the radial 

fluctuation was suppressed near the inner wall and promoted near the outer 

wall respectively. It is clear from this study that the curvature of the 

streamlines alone is not sufficient to determine uniquely the characteristics 

of turbulence. The velocity distribution must also be considered. 

. 1.1.803. Fluid in Rotation 

Rayleigh's instability criterion mentioned previously was stated 

in 1916-in connection with the stability of revolving fluids. Applying 

Kelvin's circulation theorem and considering a disturbance with rotational 

symmetry, he came to the conclusion that for the system to be stable the 

square of the circulation k = 21frv$  1tr_ being the tangential velocity at 

any radius r , must increase outwards. Later Taylor (1923 b) applied 

this principle to his work on the stability of laminar flow between two 

rotating cylinders and brought in the viscosity effect. He found also 

(1922 & 1924) that if any small motion was communicated to a fluid which 

was rotating steadily like a solid body the resulting flow must be two 

dimensional though small oscillations about this state of motion wore 
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possible. He demonstrated this by dropping colouring matter into rotating 

liquid. The colouring matter vas not found to diffuse uniformly throughout 

the liquid. Instead, the slow movement of the liquid drew the coloured 

portion of the liquid out into sheets which remained always parallel to 

the axis of rotation, Fultz (1951) in his experiments combining convec-

tion and rotation did this test and came to the conclusion that the relative 

motion between the coloured portion and the rotating fluid was quasi . 

geostropic, similar to meteorological motion on a large scale. Under rota-

tion the fluid appears to possess strongly anisotropic coefficients of eddy 

transfer between direction parallel to or across the axis of rotation. 

An analytical study of the motion of a perturbed fluid element was 

discussed by Yeh (Traugott, 1956) who concluded that no matter what the 

initial disturbance was the subsequent relative motion of a fluid particle 

was oscillatory with a frequency of 2W whore w was the angular velocity 

of the main liquid body. Horgan (1951) considered the case of a small forced 

oscillation and found that the ratio of the amplitudes of the radial and 

tangential velocities was quo where 6.  was the frequency of oscillation. 

It was clear from this study that when W was very much greater than Cr 9 

the radial component of the oscillation was suppressed and the motion appeared 

to be two dimensional which agrees with Taylor's analysis. Traugott (1956) 

experimented with screen produced turhIllonce in a flow between concentric 

rotating cylinders. It was found that the radial fluctuating velocity was 

suppressed, the peripheral fluctuating velocity increased and the fluctua-

ting velocity in the direction of the axis was not largely affected by the 
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An analytical and experimental study of rotating fluid was also 

conducted by Squire (1956)0 The flow of liquid from a point source on the 

axis of rotation was also considered. It was found that there was a region 

of irrotational flow around the axis created by the liquid from the source. 

Outside this region the liquid was rotational. The position of the surface 

separating the two regions depends upon the pressure head producing thy 

source flow and the speed of rotation of the liquid. However, he only dealt 

with cases where pressure heads were low and where the rotating fluid was 

unconfined in the direction parallel to the axis of rotation. 

The study of secondary currents sot up due to the contact of a 

fixed ground with the fluid in rotation and the movement of sedimentary 

particles was carried out as far back as in 1881 (Maier, 1881). This 

phenomenon causes small bodies at the bottom of a vessel to be carried to 

the centre and deposited there wheal the liquid in the vessel is put into 

rotation (e.g. undissolved sugar or tea leaves in a tea cup). The analyt-

ical study of the system was first conducted by BOdeWadt (1940) in a very 

.laborious way. Browning, in an unpublished paper (Sdhlichting, 1955), re-

examined the problem and corrected B5devadt's numerical solutions. 
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1.2. Introduction to the Problems under Investigation 

It appears from the study of the works reviewed that by making 

use of the properties of liquid in curvilinear flow and in rotation, the 

hydraulic efficiency of a sedimentation tank may be improved. The advan-

tages to be derived in this manner arise largely from the suppression of 

turbulence and also from the lengthening of the path the liquid has to take 

in flowing through the tank. do may now consider the advantages and dis-

advantages of various methods which have boon suggested for modifying flow 

patterns in sedimentation tanks. 

If the flow is introduced tangentially into the tank at the centre 

and draun off at the periphery (Hubbell, 1938) the flow docelorates and is 

therefore susceptible to disturbances. Only a portion of the tank contents 

rotates because the main floe, having loft the inlet tangentially tends to 

travel in a straight line towards the outlet weir. The angular speed is 

greater at the centre that at the periphery, and this also leads to unstabi-

lity of the system. 

If the flow enters the tank tangentially at the periphery and is 

withdrawn at the centres  (Kiorsted, 192'; Bergman, 1958) the outlet weir 

is short and heavily loaded. If, on the other hand, water is drawn off also 

at the periphery (Walton & Ko:h 1939; Vopes & Jenkins, 1942)t  short- 

circuiting of water follouin 	periphery io certain while water trapped 

at the centre of the tank would tend to remain there. The effective volume 

of the tank is thus reduced. 
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It appears that the disadvantages of these methods could be over-

come by making the contents of the tank rotate as a solid body so that there 

is no relative movement batmen :1uid0 The advantages to be derived in this 

manner are as follows:- 

(1) Settling solids in ouch a body of fluid would be similar to 

that in a quiescent liquidt  tut or the .Zact that thore exists a field of 

contrMugal forces, 

(2) If the influent coms into the tank at the centre it will be 

made 'IX) rotate) by the slrreurch.n liouid as it travois through the tath 

The veccity of the flow in this case will increase with the radius of the 

tank and the system will be ctaboo 

(3) Short-circuiting of the flow is now impossible because any 

fluid tlovin3 too fast radially tyll be piashzd back as soon as it moves out 

into a region which rotates at a higher speed than its own, 

(4) Turbulence at the :blot will be suppressed by the centrifugal 

forces, 

(5) Dead water cannot c:ist at the centre since the incoming flow 

will push it outwards and the uh)le volume 3f the tank can be mfAde effective, 

(6) Density CU2COHtE !AU be minimized or even eliminated, 

(7) Secondary curents 	help in moving the sedimentary particles 

towards the centre, Tho rf,movol of deposit.-;d solids should therofore Le 

easier and the scraping mechall:;sa; may be dispensed witho 



1.30 Introduction to the Investigations  

(1) The first problem to be considered in the study of the per-

formance of a sedimentation tank is to find a parameter or parameters that 

can be used to characterize the tank. In the past, investigators in this 

field employed parameters which are not rational. They are derived from 

the geometry of flow through curves without establishing their relation-

ships; if any, with the tank hydraulic properties. The 'coefficient of 

quiescence° N in 
N 	.6  N'i _N-  N 

7:5! 	e 
T 

(see Section 2.1.4.) 

is virtually the same as 'n' in Hawn's theory, where 'n' denotes the 

number of imaginary cells constituting a sedimentation tank. Within each 

cell the mixing condition is assumed to be perfect and instantaneous. The 

assumption of psrfect.mixing is reasonable in the case of an aeration tank, 

because of the presence of baffle induced turbulence but does not necessarily 

apply in the case of a sedimentation tank. This equation fails to explain why 

the coefficient of quiescence N or the number of the imaginary cells in a 

sedimentation tank should be different for different flow rates and inlets. 

The fact that the above equation describes very well the flow through curve 

of a sedimentation tank is significant and indicates that there possibly 

exists a relationship between N and the tank hydraulic conditions. 

In Chapter 2 I  a theoretical flow through curve is derived as a 

result of the study of the flow in a sedimentation tank on a turbulent 

diffusion model. -A parameter involving the turbulent diffusion coefficient 

is found and its relationship with N established. 
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(2) Having found such a parameter, it is now possible to con-

duct investigations into the effects of a forced vortex flow on the tank 

hydraulic characteristics. 

This is done in 2 stages:- 

(a) The nature of the newly introduced variable D , the diffusion 

coefficient, is discussed in terms of statistical analysis. This discussion, 

incidentally, also leads to the conclusion that the variance of the flow 

through curve is in fact dependent upon the diffusion coefficient. 

(b) With the help of Reynolds stresses and turbulent energy equa-

tions, the effects of a forced vortex on the turbulent characteristics, 

which in turn affect D e  are studied. 

(3) Before designing an apparatus and eerforming experiments to 

verify the analytical results, dimensional analysis is carried out to serve 

as a guide in the experimental study, 

(1 ) Experimental techniques are reviewed and improved where 

necessary, notably the methods of dye injection and concentration measure.. 

meat. These are discussed in Chapter 3 

(5) In Chapter 4 the experimental investigation is described 

and the experimental phenomena encountered discussed. The conclusions 

drawn from the annlytical and experimental study are given in Chapter 5. 

There will be found also some suggestions for further study. 



CHAPTER 2 

ANALYTICAL STUDY 

2010 Short-circuiting in a Circular Tank 

In an ideal tnnk°  each unit volume of the fluid is detained for 

a time equal to the theoretical detention time which is equal to the tank 

volume divided by the flow rate. The output of tracer introdUced at the 

inlet will be shown in fig. 1 (a and b) depending on the method of intro-

duotionb 

co  

Fig. 1 

"/T 	 IT 
(a) Instantanus 	(b) Continuous 

t/T is the ratio of time of concentration veacurement to the thoccotical 
is the concentration of the incoming fluid. 

detention time. c/co is the normal sued concentration of tracer in fluid. 

In actual operation°  however°  some of the inflow roaches the out-

let in less than the theoretical detention time while some takes longer 

time0 This phenomenon is usually termed 'short-circuitine,; This is the 

result of three main causes: 

(a) The turbulent diffusion in the tank. 

(b) The non-uniform velocity distribution caused by the inlet. 

(e) Density currents, caused by diffomnce in temperatures or 
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solids concentration. 

Only short-circuiting due to turbulent diffusion will be treated 

mathematically here. The latter two causes of short-circuiting are best 

discussed qualitatively, and this is carried out in section 4.6.2. There 

are also other &Mattel such as wind and desludging mechanisms which will not 

be considered here. All the causes mentioned above help in spreading the 

cloud of tracer and the actual flow through curves may look something like 

the following:- 

-Fig. 2 
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C. 

t/T 

(a) Instantaneous input 
	

(b) Continuous input 

2.1,1. Short-circuiting due to turbulent diffusion 

If the motion of a body - of fluid is turbulent,. the turbulent 

fluctuations tend to distribute the local characteristic which the fluid 

may possess. This may be momentum, kinetic energy, thermal, optical or 

chemical properties. A cloud of dye, for example will be dispersed through-

out an ever increasing volume. Turbulent diffusion is in addition to and 

can be considered as di duct from the ordinary diffusion due to molecular 



V 

151 

4 /u do 

agitationo The actual rate of increase or decrease in dye concentration 

evidently depends on two independent variables,' namely, the carrying capa-

city of the cross flow, and the difference of the concentration. These can 

be written as a coefficient of lateral diffusion, D z end the lateral rate 

of change of concentration respectively (Rouse, 

equation then takes the form: - 

F =-1 dC )-cry- 

1950). The diffusion 

(1) 

Where 1? represents the rate of lateral transport of dye, 'I) the coefficient 

of diffusion and C the dye concentration. (For a complete list of symbols 

seeAppendir 1:1?.493) 

• The nature of D and its relation to the kinematic eddy coeffi-

cient will be discussed in detail later when the effects of a forced vorten 

on it is considered (Section 2.3.) 

The Differential equation 

Fig. 3 

Consider the fluid element as shown in fig. 3. Let Fxx  be the rate of 

transport of tracer in n coordinate 

SCE = -[Dg„w 	 cy cF, 	DX Z 

and 	F7 a --E Dy,tc  Dyy 	t 
ay 

and. also Fzz 	-E 	D
ay 	Z 

zy  
(2) 

(Crank, 1956) 
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where D,„„— 	is the rate of transport in the u direction due to the 

coefficient of diffusion in the x direction, 	is the rate of trans- 

port in the y direction duo to the coeffiCient of diffusion in the x 

direction, 

For a circular sedimentation tank in which the flow is axially . 

symmetrical .and tuo dimansional, the differential equation is 

D 	
A 	dc 

(5F.  ( 3) 

For the derivation of this equaton eco Appendix III. 

The boundary conditions  

Following the fact that the rate at uhich tracer (in the experi-

ments to be described, a dye was used as the tracer) is introduced into the 

tank is equal to the rate at which it crosses the circle r c al  a being 

the radius of the inlet*  by combined flow and diffusion, the boundary condi-

tion at this point can be expressed mathematically as:.. 

ucx  UC - EV 

whero 	• is the dye concentration of the incoming novo 

At r  LI b, the radius of the overflow weir of the sedimentation tank 

ac uco 	Etc -- D — or 

whore Ce  is the dye concentration of the exit liquid. 'Looking at the 

equation more closely it will be found that if at- is negative the concentra-

tion of dye in the exit stream is greater than that before reaching the outlet 

ac weir° This is impossible° Again, if -a--F is positive, it means that the 

concentration would pass through a minimum somewhere in the tank and rise 



(7) 
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towards the weir,, which, is also impossible. The boundary condition at 

r = b must therefore be:- 
ac D -57; 	0 

So the boundary conditions of the present problem are 

ac tu„ 	tic Dar Na 
( 

D ac = o 	b 	 (5) ay 
These boundary conditions are also used by Krammers & Aberda (1957) in 

their frequency response analysis of continuous flow systems. 

un 
Writing K for ur r Q/21- where Q is the tank flow rate pean

r it deptl
d u 

the radial velocity at any radius r 0  Equation (3) now becomes 

ac 	
A ' 

aC. _ K aC D— 
al- 	11' 	a-7-. 	r -Ff 	F Er 

This can be conveniently solved by the method of Laplace transform 

(Appendix II). The Laplace transform of (5) is 

a2"4: 	(1- 2 V ) (:Er, - 7 2'c a a rl 

RZ   P/1)  

Solving (6) with the general boundary conditions 

r a 	k,4F, k 2.E 
r 	k:Sf5 k'J 43 

_r_
L  6

- 4 (qr) 	Kv(cir) 
( 	) 

(y-1) 
04 	 C3a) 	(TO - kaar,(ia 

	

crt )(1,a) 	(r)— 41a9  h,, (?a.) 

;I> 	

k IngtoTi.,(76) * 	I, (gb) 

	

k i,t1lb) 	(qb) - klib )  Ki qb) 
6 a ksIts- 

where 	V = 4.11.D 



This is the solution of the case in which the input is continuous. By 

theorem IV of Laplace transform (Appendix II) it can be shown that the 

solution for an instantaneous injection of dye is 

[  6 L' (11) 	g i((qr) 
(ljp -cq- ) 

Inversion of the transform 

In order to obtain a real solution from the transformed solutions  

the Inversion Theorem shown below is used:- 
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C 
r 

--7 
211. 

67a 	r) g  1' 	d,% (12) 
( 	) 

is now written for p and /4. for q because C. is now regarded as a 

function of complex variablo while p need not be complex at all. ' is s 

quantity so large that all the singularities of C. lie to the left of the 

line ( 	Y4  L03 ), The integrand has simple poles at r) = -Dee,. where 

0e is the nth root of 

toc 	 ti.ab)j{ k,ia KI (Cote ) 	( 6:,(&)] 

	

k, i,a 1; (1.0(a)-i- k2.T, ti•octOjr  k, i,a 1(?-,  (Lock •f -  kA7 (c<1;)1 
	0 

To evaluate the intogrand the contour shown below is employed. The value 

of the integral is equal to the sum of the residues at poles inside this 
00 

contour (fig. 4). 



Fig. 4(a) 
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In order to find the residues at poles A a —pcZI  I 41215'5.)] at ,) u mD 

has to be evaluated. 

rci(ip-0(0 	 r  d(ip-ocn 
 '

. 
L 	d 	i 2 	 = I  l= -1)0( 	ri4 -4/". 	 4  6°41  

(7i.) [delta{ k;u. TH5m.1))+ k:14A414 kyt-t X:15444)+ ks. Wytet)1 t 

+ 	fl(frt 	 b)  +k21 	DI I kit( 	!.; 	+ K, pia)! - 

	

b kyu 	(Airt )-kLyAiOli kii/t1(945/(4)-IcZko'fretbli 

ttikyu ("A) - r.;;Lat)ii otdc„,44)- 'K,i 613J A 

	

But at /4 
	Jac,, from (13) 

ky'w 	y4b) k,1.1, b) 	Ka-ip4b)- 	((IAN  x  ( say) 
kit 1;1  yua)- k2. Tv ttAxt) 

and using Wronksian relation 

L (1 )  ( 1115-c( V  

	

2rit.,(2- 	= ipcn 

=l( 2  )ent  X I- i(u2a+ ea-241,4 + db"1-4uzi+ 417)+290 2' 1 ,,ice  ( 

/' 	 # #7
ka6 
• •Z

, b+ 2 9 k, 
, 

— 	L%; 	TM 2  or, , a+ k2.4-2k,i0 4 ( 	b 	 ka4 k= 61  

(14)  
Therefore 

00 
at 2 

era 	f,oi. 	- kI(P1)Z 
re C111-21(6e (c6,r)4  (life Aft6r).1 
611'1..4 lad+ +29 14.  [271,10:6,1a4 ea-ztorsii 

(15)  



where 
-ilic9-1)L 	-Z u(9 	, 

6 	. E k31  alk,(1,76,)(-4:Tie +4(.1, 'Cavx)+kl&ile 41y04(0041- 
-.[.k3 II jk: ciao(- flie li.ge.raLb)+ ha'. (--pig1.-Vi.64411 

,_ 	,, 	. 	160-0i. 
. j.  k;a I k, (tdOe Ji.,cc,a)- he .4&4,01- h b14-c (.44)e 4., ccent)- 

4 5,,q. 
- IrZel  .7(d...b) fj 	 • 

iric91) Z. 	 ra., 	 110 0 fa. 	i.c,n: 
i 1  1 . k, c ia.e J;.., pnb) 1- k,' e ,7; (.6,6)5 Czi . k, (64.,e T,-,( 4)+4,e ,7,uh4) 

1:11/[21 = X. 

Substitute 

' k,' 	k2. u • 	aid 4a 

as the result of comparing (4) with (7)o With these new constants (15) 

becomes:- 

0° -ton 
C= 	 e .D-L-- 106,.T.160,01E7gi Cab,  cu - sr, (a• ha )1x .b 

h.•-• 1 
• UC b'1 	/A27,71; (c6ar)Yil (06,6)-J;16'070),(44491 

(i a",391A(02) 	Li(*) a ) vi.':7; (.4, orb:-  

	

Viz. 4 a-2DUP D ''ce, .73.4  (c-67 bit / 	( 16) 

At r = too. write 

r 	a• C, kT 	Oct 	• k(• T 
UC" 	Oa 	TIZFL 'Cr 	21i KT — 

= NI
-UT = COOTCOOT 

 
where Qa  = volume of dye injected instantaneously into the tank 

2KTTr= volume of the tank since 2KT = (b2  0)0 

equation (16) becomes:- 
auTb 	iTsicce„6)1b7;166,4)-.&Z(q`A)i  1 P-1 

	

L. 	 J 
Co 	Y1:1 	 e 	0;4 	 (44,4) 

(17) 
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and at any radius r 

2 4 , ^or 
	 ,, 	-n i 

.- I 2UT UT: ) (- 112Z)e x 
hrI 	 d  	M irhuali 1  
1  [ /I-, C'6,  b) Y," (c6i r) - 7; (och r) yp , (64, b)] [1:41°"19I:17-1(-h--- -44h; 	, 

3;., (e), a)T t.7;( 4, of - X., cori b) 

(18) 
Axs, .717-1 6-64) 

- 	DA, III  (`,a)- U (c(n A ) 

from tihich at,, can be determined° 

201022 Simplified Solution  

To compare the ocuatiou (17) uith the mporimental curves and to 

obtain any other information from it, (19) must first be solved° The pro.. 

cess is very tedious although it could be eacily done by en automatic com-

puter. It has been suggested that (19) might be simplified by letting a 

tend to mere (Jones, Talbot 11- Gordon). Again (19) involves the Bessel 

function of the second kind of the order y and y-i which am difficult 

to deal with. It a;vears advisable therefore to reconsider the problem 

with a = 00 

As in many problems in the conduction of heat and diffusion whore 

the solutions are easily found by obtaining first what is known as the 

Green;s function of that particular problem° iIo shall use the same proce-

dure here° 

Greenls function 

The function is widely used in the theory of potential° When it 

C 
co 

and 
,1):6-, y9.1 (mob) 

szt-Y?-, Cain ) - ‘)? (co,a) 	(19) 



is known, the solution of a pazticular problem for the giver region and 

boundary conditions, in which the initial condition is taken as an 

arbitrary function of position, can be writton down imm3diatelyo 

Green's function mav be defined for a closed surface S as the 

potential which vanishes ever the surface T  and is infinite uhon r is 

zero o  at the point 13(2:1 057,z') inside the surfacoo (Cars2aw & Jaogore  

19.59) 

T.t can be shown that the concentration at taco t 	tank 

with '5=0 initial concentratiop is that obtained from; a distribution of 

instmtancous sources at t = C= over its volumoo The ,Ilelui-don of our 

probbam is thus reduced to the determination of the Green's function for 

the liquid in which the: concentration is required. 

The solution for the iritantaneons injection of dye of an 

noun' Q in an infinite 

a c.rq,) /<,, (V) 
	

( 6) (Appendix. iii) 

uhere I3 n aV(2''411rDVI) 
	

(Appendi:c III). 

The d7.fforontjal equation if 

/- + 	/1-21")oC c c 	0  (3) (Section 2.1.1.) 

and the solution of this equation which is finite at r = 0 is 

L 
Thorofare the general solution is 

A r L C?) * rVit.,,cr) 
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The boundary condition at u. b io 

= 0 

Then--)ZoTo 

89yK9.1(76) 
7 	 op) 

The.mlution then becomez- 

To obtain C from (.20) WO 100 

E 	= 	r K-cohl)(70-.T. (9bA  ( h)3 

m 

3  b L  , , t  , 	, 	" 

3C 	) /11)-1 (70 

..) 	1; .7  Cy b) 	
(20) 

C 	
1i'L I 	11,., (A ID) 

2.1 
 I /4. e- 	 (21) 

I:co  

The :',..,,to2ancl of (21) is a 472:j 	 u furic i;:ton of 	0 Th zorosof 

E .7_2 	/) tr. 	 Aera 	112, 	0 0, are :Toots of 

ji (on,b) = 
	 (22) 

To ouLluate the integFca we us7) 

„_ / 	ot6).TA/6)1 .7:71Q-b)1 
/)-: -D

L  
411 	 cenl.  

(21) l•h,a2 becancE; 
C. 

"-1 Hi •-i 	 vli 	. 
r: 	> le • 2-* al 13 ql,..D j /(thd))7,-,(c6,0 2 Dirv! 

Itti 
' 

nq 

 

 

C 
c, (25) 
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AlTec 	= Qa  

(23) cav also he writton us 

Co  
=2 

op 

9  

e 	(co,h)  
p?  ,T, 	b) 

(24) 



Curvo of o/co v. VT or (2) for various values of )) 'axo plotted in 

fig, 5: 

2.1 '. Some prop=tioo 	;;ho m-3up1ified Golution 

(a) Me time ai; uhich cAo  is marinum, (t/T) 
co  

The following table hmiA boon proparcd from figo 5. 

c. 0 

0.0 0.0 1.0 
0.5 0.5; 0.97 
1.0 0.50 0.95 
2.0 O.66 1.03 
5.0 1.85 2.0 

of tho table :o7ca:,.c that 

V 
	

(25) 

(')) The va!?iamc 

Tito v=i,,,,noo 	1p 
co 	 c.o • 

) 

ii( ..)(OLd(f) -  
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Example of- Calculation I 

t 7heoretcal flow  Trough Curve 
Z 	 

co 	h./ 2 9.1  ; ( a' 711)  
where 	j;_i  (474) = 0 

V=I 	2 cold 9  = 

vt.. 
00 

f d„ b) 
. 	" 

Ji (d,,I,ii c/co. r r.4.#94h-J/[ ? $7 ! ,Ti 6i.to] 	 t/T.  
.1 

. .6 - 	.6 1. 0 / • S.  2.0 2• Y 5.0 4.0 

1 2.4049 +0.5191 +1.740 4-1•300 +0.980 40737 4.0.$s0 0.267 .0.130 1.0.00 0.032 *0.007 
2 5.5201 -0.3403 -1.768 - • 389 -0.090 --ova (b) (b) C&) (b) (6) (b) 
3 1.6537 f0.2715 +0.383 (b) Lb) (b) 
4  . 1(•79/5 -0. 2325 -0.022 

5  14.9309+0.2W (b) 
10.332 0.911 0.890 0.735 0.550 0.267 0.130 0.063 0.032 0.007 

(A) 	Talot ke, E. A E Hide, F. 

(b) The values art negligible. 

Tables otyt.tricitorls p. 166 , Dover Rtbil•c4. 
Eton , New rk , 1145. 

2. The Variance 6
2. 	

y.
c":' 

2-1-c-!—.'b25-1-c-!—.'b25,°  1-4-2-3j
3  

J 
hz1 2"C (llh) (ce") 

where 	 0 

   

lk (cenb
)es3 

Ji.  (c("b)  
6.6.,b) I 

/J;( 4171) ) 
 3 

EC°63)4] 1- 1 
i 
r5-1-  

i  2. 4048 + 0..5191 t 4.650 + 3.000 + 1.550 
2 5.5201 - 0. 3403 —16. goo + 443.000  - 0. 037 1 	.a-20 
3 9 . 6537 +0.2715 +31.900 +66'30.000 (.b) 

.513 

E, = I. 513 
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0,0 3.00 
0,5 1.53 
1,0 1.95 
2.0 2.90 
5,0 6.05 

sinco the second torn on th rf.e.ht is oqual to unity,' 

:: 	
ce) 	'''° 	, 1) 	-(''f:' 016 

6
2 

	

T.1 (o6,b) 	.” T-  t 2- 6 
h=1 2: o 	 ,I;(einl• ! e 	.(0 cq0 -1 

r _c-401-x. 7' - - . I 1) 	c6 

	

---'----- 	i e 41C TN . 471)  — I  
ht:, 7)!,:f-,(a").) . 	f 

00 1' 	 3 
v.. 	 . (cr., 1, ) 	AV 	1 

- I  
(26) 

Eva:Ilaion of (26) is Sncun in 13mapie o Calculation X7  and itho results 

e:ist::o 	r.12ab10 2. 

v:JIE 2 

2 	for:multi. 

or 
2. 
6 = 

     

Ir.aincl a c.odirientaio tvik divieloe. into Ii ooripl,tnsnt3 in 

oaa 	which par: ect oi:ln 	filintantancously. It orm be sham 

5 
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When. N = 1 (27) becomes 

N 	N't A, 4  f 
	Yi  

C _1  Lt) 0-11! 

, Q  r ca  

(27) 

(27a) 
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which agreos with (24) when = 0. It can be shown further that (see 

Section 2.1.5.) 

(48 	 N 
Ae -1  

2 

6 
(24) 	N 

Comparing (27)1  (29) and (130, (25) and (26)0  it is evident that A 
N I 	 (28) 

Incidentally, 21) is also known as Foclet number and the result 

shown in (30) agrees with those obtained by other investigators with differ-

ent flow systems (Krammera & Aborda, 1957; Van der Laan, 1957). Following 

this analysis it seems justifiable to use the N- formula as an approximate 

formula governing the relationship between 	c/Co and t/T in an oxperimen- 

tal analysis. 

per 	I AI" lit"  
T (N-I) (54 e rdt.  

whore p dt represents the proportion of the flogs  and p the concentra-
tion, has been found to fit many timo-concentration distributions (Thomas 
& Archibald, 1952). Thomas & McKee (1944) also derived an equation 

NW 	iv-1 	tin 
470 	07,0! X e 

However, this equation is dimensionally homogeneous only if x = t/T. 
This had not boon clearly stated by them. Camp (1955) reported that 
Stein had developed (27) for the instantaneous dispersion curve for 
N-tanks of equal size in series. 

(29) 

( 3o) 

0 	A similar equation 



201.5.. Some- properties of the N-formula 

(a) Time at which c/co  is maximums  i.e. (f 

By differentiating c/co  with respect to t/T and equating it 

to zero 
N -1 -Al- w  

r  -07114j) t( ) elj)e  ÷(,-;7":0! c-  ("'-')(T)  
N-2. 

we have 
	 (**' c-, = 

	 (29) 

(b) Harimum concentration, i.e. 

Putting (29) into (27) we have 
A N 	("I)  

CA70! —771 
"(N-I)  

n 	e  
The curve representing (2540 :7%s plotted in fig. 7o 

(c) Variance 

The variance of a curve iS given by 

G Z 	fk F(x)d. 	 ff Foo Gig] 
a 

(29a) 

In this case 2i corresponds to t/T and F(x) to c/Co. The interval 

a to b is the domain of variable gs namely 0 

Therefore e 
°C.  el iv+ r,r 	rj r, 	".e  
jr.,„-±-1;,,t(f) e r16) 	

co 

067).4i-1' Gq0.1 
N14  = 

a N 

(30) can be approximated ae 

(E)0-)  iz  G 
2.(t) 	5(i) 

( 50a.) 
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(d) Time to the centre of gravity of the flow through curve, 

i.e4can be calculated from 
t 	N't N 

LG 	 i 12- 

"4  4  • • , 
j( 

Civ-i5I(i) da) fAM 0)0 

7 

This shows that to ratio of th.) tiLte to the ccntre of gravity of the curve 
to the theoretioal detontioh tine iG aluays unity0  aid it ix no''; influonood 

br the mi:ring coaditiors in tho tank - naleco part of the tank is not func-
tf,.oniug. 

(o) Median time;  

This is the tiEe at uhieh 50% of the dye has passel1 through the 

tank, i.e, 

i(o) ,1(0 	- „, 
rv 21 

1 itNNI' ; 1(0 6(1 
rs 

r • 	e,-1  ITILQ-CAI ) 	4.(ff-0(e:-12)(k9 € Ai 	
.1" 

(N-1)(1-z). • • 	e 	I 
ts 

(32) 

6o 

(31) 

(32) is plotted in fig 8. 
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2.2, The Effects of a Forced Vortex on the Flow Characteristics of a  

Circular Sedimentation Tank  

2.2.1. Theoretical Flow Pattern 

When there is no forced vortex superimposed on it, the flow in 

the tank is essentially two dimensional except in the neighbourhood of 

the outlet weir. Therefore for a greater portion of the tank, the continu- 

ity equation takes the form 

kur) 	= 0 
	 (l) 

The flow pattern changes completely, however, once a forced vortex is 

introduced. If the turbulence created by the paddles is neglected and 

the tank floor is assumed frictionless, the problem can be treated as 

that of the flow between two rotating cylinders with the inner and the 

outer cylinders acting as a cylindrical source and the outlet respectively. 

The assumption of a frictionless floor is necessary since it is 

desirable to neglect the effect of secondary currents at this stage so as 

to obtain a general idea of what is happening in the tank when the con-

tents are put into rotation. 

(a) Differential equations  

The equations governing the viscous flow of an incompressible 

fluid are those given by Navier-Stokes (Rouse, 1959a), They can be 

written in cylindrical polar coordinate form as follows:- 
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44.  att 	u- 314 • w  - 	}. - 	( 2  ) 
t Lt — ar 4 - gg - 	r 	

)( Vii- r2-00- 
f 	r 

4" 
+ lc tr w  61f 4. ac. 	- 	 4- ( S726. 	1̀,) 	( 3) 

-61 	Or FE 	r 	e ro0 	r 	r  
ut,Bw 	tr 	3‘ti 	 N)N72,:v 	 ( 4)  

"6-71- 	r -01V 	az 	Paz 

where i 	4_ 	4- .P7-  
r zr 

and the cauation of continuity is 

31r _ •,. •tv 	0 	( ) 
rC7Y r  rDe 	az 

For axially symmetrical and two dimensional flow (2) i;1 (3) can be 

written as 

(4) disappears. 

ut 	15  
Br 	r 	P 3r 

FF 

	

r-6r vr'') 	(6) 

I '15". 	IL) 	( 7) 
ay ror r- 
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can be written also as 

WI(  _AL 7 

a CU r) 
rat- 

The equation of continuity becomes 
_ 0 

which is essentially the sane as (1). 

integrating (1) gives 	ur 0 constant = lie 

velocity at r = a. 

Substitute (10) & (11) in (8) 
i$ 4- 

P 

t.i_  ttr)) 

whore 	U 	is the 

(9) 

(10)  

(11)  

tin 	(r -1.(Ua). 
r 	= F 	r?' 

(12)  

(6) & (7) 

and 
wr) 
or / 

a(un 

(8) 

(12) shows that the pressure at any radius r is the. difference between 

the pressure due to the centrifugal and the potential forces. 



Put (12) in (9) wo have 

 

+ 	)r  Or 	y2... 
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( 

 

which can be uritten also 

   

( 1 ) 

where) R 

( noyal Solution 

(13) is a second crde homozeneous differential equation and 

has the solution of the type 

(Put (14) into (12) we have 

m(m-1) 	(1-R)m - (11-R) 	0 

from which 	m1 	.'1  m2  (1÷R) 

Tho 'e Cora' lolut5o71 of (13) is therefore 

✓ z  Ar-1  Br1171 
	

( 1 5) 

- 	Loundary conditions 

Throw cases uill be considered hero: 

(a) With the inner and the outer cylinders rotating 

• c0,1-) at r = ri  

• a) .V„, at r 	r 2  

(15) becomes 	 I. 	R rt  	[ 	1)2 " CO2Y2.2) 	r2. ( 11  C°2. )/r 
rz_ 	

(16) 
(b) With the inner cylinder stationary and the outer rotating 

✓ r:(011P1  at r 	rl  

rs 0 at r r_, 



4 
r 	rw 

10 
L 11 7 

eq- 4."'" 	r 
(o) With the inner cylinder rotating and the outer stationary 
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(17) (15) is now 

v'0 at r r1 
v rx:Ore at r r a 2 	2 

we have 
2.+A 	14R art 

1L, 
211. Tflt - is 	r  

2.2°20 Stream function 

 

 

At any radius 

 

St 2 

2fr 

= koi %AI 	r 	(001-caz.ri  
z4-7 r. L — -n! 

and for case (a) 

 

the angle of the direction of flow to the radius is 

0 	= 14147 1 	 Vir 
Q 

If y, denotes the stream function 
4 = u 
r 9 
, 

"ar  
As the system is axially symmetrical 

,ir  
ri - uroie- 4. udr  

ZfR 	R R 
teLri.)--Le -M:6°0i-4140i 24,4' :( r 

2. 
If 6.01 = toolL 	= 00  the flow pattern is then logarithmic spiral° 

As r approaches zero (22) tends to K19 m IS which represents a radial 

flow, and as r very large (22) tends to 14.2r2+11  which represents rotat-

ing flow, which, if R is very small or zero, 

var2K2r 

This is when we have solid body rotation° 

and 

(18)  

(19)  

(20)  

(21)  

- Ua 9* -1;1-174; 10)1-1- 
: 

ti 
k( 10+ Kty?"+ - KB  In k (22)  
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2.3. Statistical Analysis of Diffusion 

2.3.1. The diffusion coefficient 

The lagrangian technique of following the motion of individual 

fluid particles in the analysis of turbulent diffusion will be used. By 

this means, the spread of marked fluid particles can be predicted statis-

tically from purely kinematic relationship. 

Let us consider first the case when there is no general flow of 

the fluid and assume that the system is statistically steady and homogeneouse 

The Lagrangian correlation coefficients 

VIR)tuTETz 	 Vv(0)%7V 
RIg 
	vT63 v7E3 

Rip) vitt) 

	

ViREITge • 
	 (1) 

therefore depend only on space and the interval t1. 
Bars over the quanti-

ties indicate that mean - ensemble mean - has been taken. For each of those 

correlations, a Lagrangian time scale in defined as the area under the ap-

propriate curve of lc versus ti  
DD 

dt1 etc. T = TLx 	 Rix 	 (2) 

Imagine at time t = 0 9  a large number of particles are placed at 

r m 0. The spreading of this cloud of particles can be described statisti-

cally in terms of variance 1 of the radial distances r of its composite 

R. 

RLz 

Ur@ urn. 
4=110.2•111.11.21211.131=1.0 
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particles° If the system is isotropic, ice° u = v a w 
-2- and II El n w = Olt  

a single velocity term is adequate to describe the system, and the mean dis-

placement of the particles which pass any given point is zero° It can then 

be shown that 

= 21211-  RL  dt 	(Rouse, 1959b)0 
0 0 

T 

In the present invescigation, the spread of the cloud of dye in the radial 

direction is of interest° 

Differentiate (3) with respect to t we have 

d r = 2u 	R u 	dt 	(4) 
d t 	 0 

 

211: where 	is the coefficient of correlation in the radial direction° 

The spread of particles which diffuse in random manner can also be 

described as: 
k 

= I) — 
-ET 	Zr z 

...f. .. Vol 

or 	c = A i a  e (Taylor, 1954) 

(5)  

(6)  

A is a constant depending on the total amount of the marked particles° 

From (6) 

or 

ee? 	 4,00 

£00  rli4r 	3C  dr 
a, * r 

d 	1:1:1 
t 

 

Equating (8) to (4) we have 7  

4D c 2 ;7;2 211 t f
r 

u  a 0 

D = i-ii72  i RT at 
- 0 

(9) 
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The diffusion coefficient is thus shown to be dependent upon the fluctuating 

velocity in the radial direction and the area of the Lagrangian correlation 
curve 

coefficientAfor the radial direction. The time T hero is the time when 

Pla1 	
0. The above analysis hoc that the tracing of the floe through curve 

`, 

of a sedimentation tonk by injection of dye at the inlet and measuring its con-

centration at the cutlet is in fact the measuring of the turbulent diffusion of 

the tank0 

Certain important characteristics can be derived from the foregoing 

results: 

(a) If the diffusivity is regarded as the product of the intensity 

and scale of the turbulent nixing process, then the scale is: 

•Inare--2 	(Rennet, 1959c) 
	

( 10 ) 

(b) When P is large*  i.e. at any time which is larger than the 

Lagrangian time scale TL 0  the integral in (9) becomes constant and is equal 

to TL 	
D becomes constant. This may be regarded as the basis for the 

assumption of constant D uhich fs used in Section 201. It may be of 

interest to note than when time is email 	D 	t, 

Even if D is not constant throughout the tamer  equation (3) in 

201. is still valid. The only di'ff'erence is that D in that equation will 

be the average of D1 v  D2  0  D3  ..0 	of n imaginary cells composing 

the tank in the following manner: 



7 

4.  IL' (I-291)  
"Tia. r 	-9t3r ° 

'Lc 0 

Adding the above equations together we have for ro to rn 

where 

,716 0 
2. 	Z. 	2. 	7.. 

•92,$ I. • 	 ri 	CFI t  (4" 	911 7 

203020 Diffusion coefficient versus Turbulent mining 

The basic equation of diffusion is' 

de F n D— dy (Sec. 2010 eq. L) 

A closer examination of this equation reveals that the samo rate of diffusion 

could result either from low velocity cross flow which carries over a con-. 

siderable distance or from a high velocity cross flow which carries only a 

Short distance (Rouses  1950). In facto  as has been shown in 2.3.1.0  D can 

be regarded as the product of the velocity and the length ocelot  and is 

therefore analogous to 6 e  the eddy viscosity. 

Boussinesq (Prandtlo  1935) introduced E into the theory of turbo-. 

lence by writing 

IA V 

fora simple mean flow where 	u . a (y) , V = W= 0  - 

since a new e is required for every new problem in fluid dynamics®  

the hypothesis is a failure (Pais  1957). Frandt1 pointed out the similarity 



of the turbulent theory with the kinetic theory of gases, and put forward 

the mixing length theory in which 

e  
The advantage of Prandtl's approach lies in the fact that the variable dt is 

simply a length, so that a plausible assumption can be made more easily than 

fore of Boussinesq. However, it is now well known that this concept has 

serious limitations and inconsistencies (Batohelor, 1950). One of the defects 

is that the miring length deduced from the measurements of the mean flow is 

not very small, but of the came order of magnitude as the dimension of the 

mean flow° 

Taylor (1920) was the first person to develop a statistical theory 

of turbulence which is applicable to continuous movements, and which satisfies 

the equation of motion. A series of papers by him on the same subject followed 

in 1935,  and the application of statistical method is much more satisfactory. 

In very much the same way, the methods of statistics must be applied to 

turbulent diffusion so that the flow condition effects can bo added to the 

effects of molecular agitation. 
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2.4. The effects of a Forced Vortex on the Diffusion Coefficient 

Shear. Stresses 

Leta r, and z be the-cylindrical coordinates in tangential, 

radial and amial directions, V, a and tV the velocities and v' , ua 

and at' the turbulent fluctuating velocities along 9  , r and z 

respectively. 

The Reynolds equations for two dimensional and axially symmetri-

cal flow are (Goldstein, 1952): 

	

ut  d - t4 	y. 	_ _1,_ 	 ... rL .br  (ritY,f r v(72‘4,- Ys) 

	

-Tr-r 	p r  
tt  Dm 4. ,t..4 j„,. .. idr  ( 9-17 ) ÷ 9 ON -  IY.,. ) 

	

0 r 	r 	r  
0  . - it.  ir  ( r w9 
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2- 

and the continuity equation is 

From (4) 	u = 

(3) shows that ‘I-1-7tV is constant throughout the system. 

From (2) 

Ls! ) 
r 

p 	2:11.727'-')7 - 1  Br 7. a r 	ray- r 

_ ert)1 , 
r Zy 

l  aor F - dr 
( 6)  

But, from equation (15) Section 2.20/. 

••1 
V 	Ar÷ar ttg. 

( 7)  



Therefore )v s? 	-A r-2 
 ? B (1-1-10 r (8) 
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and VI/ 	-3 	R-I 
z 	(r-g)r 	 (9) 

Substitute (7) g  (8) and (9) for V,
.)r  wad 	in (6) we obtsiTI:. 

=l  , 2/A 4 Itt r 	 R (i+R) P or ri70 Br  + 
r•-z  
(10) 

C = constant of integration 

Consider the following cases: 

(i) When. R 4 00 

Let 	ef `Cr,, at r c 2 

Therefore 	 A hi 	efenrit4  P(Ilk) .R 7  
r 	" 	2tR 131  

2/4 A 	eic 	RerrO 
2.+R 

	

tta 2.1-r. 	14-R 
[ 2A C 	+ p,r 	S;'"2,•/1 	4-1  ( ,tt  

L  

and 	j cr' 	/4-4-  2 A (i.vi 	ti 1-)1. B (1-! -1z 	(I" 	d 	( 12) 

A (negative) + B (positive) (15) 

because r io always greater than r2 and (1+ R)/(2+R)1' 1 

Frcki eq. (16) Section 202010 

A to 	vis- r:(tairf,tztriR ) 	rinatk)  

B 
	 Wt  )/( 	rf. 

Therefore: 



(a) If u), >ori z l  A will be negative and B positive0 

is always positive ©  and 

(b) if 	Wlr, <:teLri 	A will be positive and B negative. 

lr will always be negative,, and uv >0 	provided 

2  
that tiolc YZ  0 On the other hand if 4o,11

2.
>1001both A 

and B will ho positive° Examination of (12) shows that 
1 

under these conditions er will ho negative near the inner 

wall and positive near the outer wall. 

(ii) Wh©n RA = 07  ioeo when there is no flow, (12) becomes 

/idr2A ( 	11111] 1 1  

A is now the only influencing factor 
, 	 2. 2. 

a 	r 	Lt3 	 - r2. ) — 	z• 	• 

    

t( will be. positive and ;i7 negative 	col  > w 2- 

and negative ( 	nosilyye) a f 	01  4102. . 

	

(Sal.) If cOirt -W2.rz  laws 42/ e P2. 	B will again be equal to tat. Fir- 

zero°.  (14) is the equation for the shear stress in this case, but 7 

will always be negative& 

204020 Turbulent Energy Equation 

The turbulent energy equation for two dimensional and axially 

symmetrical flow in polar coordinate can be written as follows (Wislicenus 

el Yoh, 1952)e 
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(14) 



ljep  41:4 - 
Y r 	1.1 1 

r 	p 1"fr t4- 	TWA+.  L 

A. 
-1.77 Z 

... V 	•••• 	 y( v 	r  j , 	,„ vil 	 + 2 ay 	r 2r r 	 r 	r 

z a v 	Or 

y 	 112, v'tt. 

17+,-c R. rW 2- 

The usual interpretation of gremos of terms from left to right in (15) 0  

WO and (-17-) is as follous: 

(1) 4- tt &4  the rata of convection of turbulent energy by mean flow& 

(2) "aletrsultetho 	turbulent dl- fusion by fluctuatimg 
2  'ear ' 

VOIOCitiOS 

tFtlit; 

by the mean flow and the shear stress 

(1.) 
	the :•e.te of transfer of turbulent energy by the work 

of fluctuating pressure gradients° 

(5) 

	

	 the rate of the viscous dissipation 

of the.  fluctuating velocities. 

(3)  the rate of production of turbulence 



204.3. Influence of rotation on the fluctuating velocities 

(a) Flow without rotation 

In this case all terms containing 	vanish, and the turbulent energy 

	

Lt.  a 	24. 	u 4. TinaLt 	 .4.  ( v 1.4 	)1( 15a) 

	

2 5r 	z --Y737-A 	Or 	to -ar  

u  ;7 .4. 072' 	3rLiv 4. 

r 
“'via- 

2  Zr 	 V( VVY'7,:2  r 	2 	 FF IF 	 )( 16a) 
bw 1  ZR4774  

	

14.— - 	 = 	 V (W VW ) (17a) 2  far 
Consider the equation (15a) for example, the third term, u"ait 

'67^ 
represents the production of turbulent energy by Le and 1 41 As t is 

air 
always negative, this term will always be negative, and the negative sign 

of this term means production of wfL . The following conclusions can be 

drawn from the above equations: 

(1) The radial fluctuating velocititi,u'r,geceiveo the entire 
turbulent energy production directly. 

(2) and v.,' will be dissipated by the action of viscosity 
sinceithe7 receives no turbulent energy. 

(3) Thero is turbulent energy production throughout the tank 
in the radial direction because Tek-aa is always negative. 

The above conclusions explain indirectly why a radial flow tank 

is characteristically unstable. 

(b) Flow with rotation, i.e. with superimposed forced vortex. 

From the turbulent energy equations (15) to (17) the following 

conclusions have been drawn:. 

(1) The production of turbulent energy affects both Wit  and y' . 

(2) The superimposed forced vortex affects the production term 
in which If occurs. (This term disappears when there is 
radial flow only)0 
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equations reduce to 	_ 
7 	• 



awassm6=11 

Consider equation (15)0 If ot IA positive, the. production 
term is negative which means an increase of k and vice 
versa& From this, together with the results obtained in 
section 2.4.1., the following conclusions can be drawn: 

R 	k 
(a) When R 0 and (i) MYr2. ›.02n the production term 

will be positive which means a eupression of c' 

R 2. 	2- 
(11) WiIrt, Latri and (607<ukS,Leis 

increased by the turbulent fluctuating velocity. 

	

A 	2. 	vv.- 

	

(iii) tot  rz  Q01 	and tOr Nihr 1448 24 

increased near the inner wall and suppressed near the 
outer wall. 

(b) When R 0 and (i) u), >O a. , ;7' is suppressed. 
(ii) (4)letot , 774' 	is increased. 
(iii) 72- 	is increased 

since u v' is positive. 

The above conclusions check with Raleigh's criterion for the 
stability of a revolving fluid and also agree with Taylor's 
criterion for stability of fluid flow between two rotating 
cylinders. The works of Eskinasi & Yeh (1956) and Traugott 
(1956) also support the conclusions shown above. 

(3) The suppression of T47.  always means the increase of v""since 
the signs of the production terms in (15) and (16) are opposite. 
Similarly, an increase in 17.  means the suppression of -IP'. 
In other words, each is increased or suppresed at the expense 
of the other. 

(4) Suppression of it means also a small value of the integral 
scale in the radial direction (Eskinasi & Yeh, 1956). 
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2.50 Dimensional. Analysis 

The studios in the previous sections indicate how the characteris 

tic number N of a sedimentation tank is affected by a superimposed forced 

vortex. HcweverV  as has been seen, the problem is so complicated that it is 

impracticable if not altogether impossiblo v  to obtain a single equation 

relating all variables. In order to conduct an experiment uith a minimum 

of wasted 0/forte  and to distribute the experimental results so as to define 

graphically a specific form of function describing the occurrence under 

study.  over the entire field of interest full advantage is now to be taken 

of dimensional analysis, 

Since the fundamental equation of physics are dimensionally homo-

genoousv  and since the relationships that aro deducible' from those equations 

are consequently dimensionally homogonoonsv  it is justifiable to apply di-

mansJonal analysis to a practical problem (Langhaary 1951). The first step 

in this analysis is to decide what variables enter the problem. 

2.5.1. Variables 

As a result of the analytical considerations, all the variables 

involved in the present problem have been revealed. They can be grouped 

in three classes as follows: 

(a) Variables describing boundary geometry 

Hero we have ri 	E2 v  and d as lengths that characterize 

the system. It may seem at first to be convenient to combine the three 
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independent variables into one, namely R , the hydraulic mean depth. 

r1. r2)4/(2c1+1,1 - r2) 

By doing this, the characteristics of the system are at once lost because 

for any given R , an infinite number of values of ri r2  and d can 

be found. Since our problem is thought to be very much dependent upon the 

ratios of is and d , especially when the problem of secondary flows is 

to be considered, it a9pears advisable to keep them separate. 

(b) Variables describing the flow 

They are 	9 COL e V 	D and g 0 W, and (Aare the angular 

speeds of the paddles at 	and r
2 

respectively. V is the flow velocity, 

D the coefficient of diffusion and g the acceleration due to gravity. 

(c) Variables describing the fluid 

They are /0,/44 and Div  o DV is the molecular diffusivity of 

the dye usod./Pand/u WAS the density and viscosity of the fluid respectively. 

205.2. Grouping of the variables inter the dimensionless terms  

A function involving the variables discussed above can be written 

ao 
-f ( D, V , t0/ 	d 	, r2  , p. Ar./t. . 7 ) W 0 

In order to facilitate the use of the algebraic approach to the 

problem, it is convenient to display the dimensions of the variables by a 

tabular arrangement as folloust 



1 2 3 4 5 6 7 8 9 10 11 

D V 0% wt d r1  r2  ip D g 
0 0 0 0 0 0 0 1 0 I 0 

2 1 0 0 1 1 1 -3 -1 1 

T el 0 0 0 0 -3. 

This tabulated array of the dimensions e the variables is known as a 

dimensional matrix. 

By crossing out the columns that are dependent on the others, the 

original matrix can be reduced to a non zero determinant of order 3, 

which is the rank of the matrix. Three homogeneous linear algebraic 

equations whose coefficients are the numbers in the rows of the dimpn-

sional matrix can be written as the following:- 

f'8  . 	ak9 a 0 

2k1 k2 k k, k ;;1, 	, 	 1  
5 	7 	 '10 'r0 (1) 

k2--- 	hat:.  9 	- fr 0 	1 -2k  1 a 0 

From the theory of linear algebra (I) psasec000 exactly (11-3) a 8 linearly 

independent solutione(Langhaar, 1951), disregarding the trivial solution 

ki  = 0. Consequently any values may be assigned to ki  1  k2 	 ko  

and the corresponding values of k, 	t  and k11 can then be found by 

solving (1) by the elementary elimination procedure. 

ft10 a - ko  

kil a-(1/3)(k2+2k3+2k4-k5-k6-17.7) 

11  9 	kr(1/3)k2+(1/5)k3-141,(3)k4-(2/3)k5-(2/5)k6 
(2/3)1c7  4k8 	 (2) 
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Values k1  a le  k2  as k3 a k4  = 0.0 k8  a 0 are now assigned for the first 

solution 1; 	k2  = le  kJ.= ye &coil's= 0 for the second solution and so ono 

The solution can then be written in a matrix form as follows: 

ki  k2  k3  k4 1'5  k6  k7  k8 k10 k11 

1 0 0 0 0 0 0 0 .1 0 0 

o 1 o 0 0 0 0 0 -1/3 0 -1/3 

o 0 1 0 0 0 0 0 +1/3 0 -2/3 

o 0 0 1 0 0 0 0 1-1/3 0 -2/5 

o o 0 0 'J.. 0 0 0 -2/3 0 +1/5 

o 0 0 0 0 1 0 0 -2/3 0 ÷1/3 

o o 0 0 0 0 1 0 -2/3  0 -1-1/5 

o o Cr 0 0 0 0 1 1 -1 G 

The 9th3  10th and 11th in the matrix of the solutions are merely the coeffi-

cients in the equations for ko  s k10 and 1 11 of (2). The first 8 columns 

of the solution matrix consist, of zerose  except for the ones on the principal 

diagonal. Consequently the matri:c can be written down :%mmediatoly by inspec-

tion of (2)0 

By considering the doterminant at the left hand side of the -solu- 

tion matrix it is evident at 01100 that the rank of the matrix is invaria-

bly equal to the number of rows in the matrix of solutions. These rows aro 

therefore linearly independent0 Since it contains 8 rows9  the matrix of 

solutions constitutes a fundamental system of solutions° 
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Ehch row in the matrix of solutions is a sot of exponents in a 

dimensionless product°  which can bo written as 

11  n D/Dt 	Ifs 

112 	VA Dtrif3.  g v3)  

m 	D / g2/3  

1/3  2/3 

We can now write 	11„ q2.,13,- • • 

or  

the following: 
gvaie  j):/s  

/a/ 
N2

/3 

Y3 2/Z 
rZ 9 Dv 

ta 0 

=003.—  13) 
-2 

( 3 ) 

( 1 ) 

2.5c3c Transformation of dimon.,:donloss products 

Tow send (l954„ 1951 showed that molecula2 diffusion can be 

ignozed if the ratio of the molecular diffusity of the trace to the 

kinenatic viscosity of tho fluLl. is much less than unity. Tho tracer 

used hero is methylene blue duec A visual observation of a drop of it 

in still water Jicued that it hls a nogligible molecialaT diffusity com-

pared. with the turbulent 6iffusion coofficient. It is noticed that Dv  

occurs in ovary term. Xf it uore to bo neglected, it would moan that 

then-  will be no dimonsiol-ler,A] term loft. These 8 toms will have to be 

transfo7:mdpthoroforo,in cu e31 a my that Dv  does occur in o:ily ens term 

which can he discarded. It wil be soon from the trans5Ormation that, by 

carefully cart iing out tho o,?erLtion, 	dimensiorloss products will 

be Obtained, and, as a pe::.u1';, E, greater cmp.7:rimental control of variables 

is achieved. 

The justification for replacing fra-1 ,112.; -10) by IT:11,--TO 



lies in the fact that relationships among 1;,-4,-;;... 19  terms is not 

known; all that is knoun is that.the relationship exists. A relation- 

ship among if, A, 	. . la  implies a relationship among TI,T2,. 

. 	Ta  since the variables 11„ 11,,,E 	 Mg are determined by 	T1, T21. 

• • • • T and vice versa. This follows from the fact that either set -6 
of dimensionless variables is complete. (Buckinghamv  1921). 

By tranbformatioat 

I) -I m 	1:3 (-6,. /r2.• T-if' ,I. 	 id ,. 

T 	"d:,,. 'Cr 1fe, 	..,:. vii:,p /A 
.2, 

	

V.,,. / Ti7 	ni v2/ T13 	 rZS - 

Tk 	.-.7, IV TG • To 	collYrig 	Nameless 

m, 	TEB :10 	 ..' PAl/t 	Schmidt-number 
.., 

cot  
T6 	r. IVT. 	c' to?. 

T
7 	

. 46/7, 	. Y 
l'!. 

T8 	. ILIPITs. 	, r, 
d. 

 	v 	cad , P•ou-  , col , 	) (3) Therefore Vri 	j 	/44 	/-4 	r2. d 
The Schmidt number is the only term nou containing Dv 

 . Neglecting 

Schmidt number (5) becomes 
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Peclet number 

Reynolds number 

Prouae number 

v7- 	0,17 	cot , 	, 
ct. 

(6) 



Since the range of the flow in the present investigation is well -

within the turbulent regions  Reynolds number can also be neglected. (6) 

is therefore 
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yr, 
, IL , n 

as T 	0112. r,. d 

For any sedimentation tank of known ri/ra  and r1 
 /a (7) can 

to  
D 7.3 -/ ( t , 6-12  , !II yr, 	J 	n1 112,  Cai 

Equation (8) indicates that for any given ratio of g 15  

(7)  

be modified 

(8)  

the plotting of 

N , i.e. 1 4- Vr2/2D (See Iection 2,1. taking now V as the velocity at 

r2) versus Froude number will result in a family of curves having WILas 

the parameter. (By having paddlea at the outer periphery only as in the 

experiments to be described later, we are dealing with a case of g = 00  ). 

It is interesting to note that if r1  denotes instead the mean 

radius and r2 
the difference in the outer and the inner radii of the tank, 

and the transform for T4 is done in the following manner: 

3, 
irs • ira 	Lot 

T4 = 75RTVIL gia  
is Taylor's number 

(8) can be written in the form 

D 
yr/. 

Y2" 3/2. 
f v2.  Wirt r2  A 

42' 	r7.1 	4.721  (8a) 

Compare (8) and (8a), it is evident that (8) should be preferred because 

the flow in the preeent problem has a free surface which is not horizontal, 

especially when rotation is introduced. Taylor's number does not include 

g which is one of the influencing variables. 
* Sie Note opposite p.3. 



2.60 Summary 

From the analytical study made above the following conclusions 

may be drawn:- 

(1) Short-circuiting in a circular sedimentation tank depends 

upon the parameter N u 	)) +1 where / is K/2D. 

(2) The diffusion coefficient D depends upon the fluctuating 

velocity and the integral scale of turbulence in the radial direction and 

for over a long period it can be taken as a constant. 

(3) The effects of a superimposed forced vortex such that tOi>02  
oa 

will always result in a suppression of It` and PC dt, hence a decrease 
0 

in D. Therefore, the superimposed forced vortex has been shown to 

minimize short-circuiting due to turbulent mixing. Without the forced 

vortex, the tank has also been shown to be susceptible to disturbances. 

(k) Dimensional analysis indicates that a relationship between 

N,Froude number and 10-11 oxists. The plotting of N v Fr  should result 
n6, 	- 

in a family of curves having Pit as the parameter. 
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CHAPTER 	5 

EAPERIEM3TAL TECHNIQUES 

3.1. Apparatus 

Experimental equipments are shown photographically and diagrama-

tically in figs. 9-17. They consist of a circular tank, a constant head 

tank and a valve for the controlling of flows  a dosing device to inject 

dye into the tank and an absorptiometer for measuring the dye concentration. 

301.1. Model sedimentation tank  (fig. 13) 

A circular tank 3 foot in diameter and 6 inches deep was construct- 

ed with perspex for this investimation. It was made up in two sections: 

the cylindrical section and the floor. The cylindrical section consisted 

of two concentric cylinders 3 feet and 3 feet 6 inches in diameters respec.. 

tively. Th© length of the inner cylinder was 6 inchesc  but that of the. out-

er was 6- inches. They wars joined together by a perspax ring in such a way 

that the cylindrical walls and the ring formed a channel. The top of the 

inner cylindrical wall vas machined so that it also acted as an overflow 

weir. 

The floor of the tank was also constructed with porapox - inch 

thick and 3 feet 6 inches in diameter. It was attached to the cylindrical 

section by a series of bolts and nuts uniformly spaced along the outlet 

channel floor. In this way the floor of the tank vas detachable for trans- 



Sr 

port purpose and the depth of the tank could be altered by insertion of 

another cylindrical section between the floor and the cylindrical section 

described above. A hole 3 inches in diameter was made at the centre of the 

floor for insertion of inlet risers of different sizes. 

Water leaving the overflow weir flowed into the effluent channel 

the floor of which was made of Keen's cement and was coated with Gleam. The 

floor sloped towards 4 outlets, each 1 inch in diameter. Water flowed from 

these outlets into an effluent chamber 3a inches in diameter (fig. 16). Part 

of the effluent was passed through the measuring cell of an Ebl absorp-

tiometer by which its dye concentration could be measured continuous/y. The 

rest of the effluent was run to waete. 

30.02. Inlets 

Three types of inlet were used in the experiments: 

(1) Submerged weir inlet C2'11; P) 

This inlet had a 2 inch diameter riser the opening of which was 

located z  inch below the tank water surface. The diffusee was in the form 

of a cylindrical submerged weir suspended concentrically with the riser to 

a depth of 3 inches. (Fig. 14b). 

(2) Slotted cylinder inlet (2 	S) 

This inlet had also a 2 inch diameter riser, but the diffuser was 

in the form of a slotted cylinder whose omternal and internal diameters 

were 6 and 5i inches respectively. (Fig. 14a). 

(3) Uniform flow inlet with baffles (UFBI) 

The riser of this inlet had a series of holes drilled along its 



wall. Th© dimensions and spacing of these holes were calculated according 

to the Manifold Flow Theory (Appendix IV). A series of 4 circular plates 

were placed above each ring of holes to deflect the flow horizontally 

because tater tended to leave the holes at an angle to the riser. Six 

baffles made of porspext  5"x 2": ill  5 were attached tangentially to the 

circular plates in front of the Leles. (Fig. 15 a & b). 

50145. Flow control unit 

This consisted of a constant head tank (fig. 17) a valve and an 

orifice meter. The constant head tank was situated 6 feet above the sedi-

mentation tank. It was made of perspexl  2'6" x lf; x 9". The inflow turbu-

lence was damped by gravels depocited in front of the inlet. 

A water manometer was used to measure the difference in hydrostatic 

head upstream and downstream of the orifice respectively. The orifice meter 

was previously calibrated and the calibration curve was plotted in fig. 18, 

A screw valve was used to control the rate of flow through the sedimentation 

. tank at any predetermined rate. 

501.40 Rotatine device 

To rotate the water in 	teekv  eight paddles nude of parspex of 

the size 6" x 3" 2: i" were attach3d to a perspex ring 3 feet in diameter and 

3 inches widet  in such a way that the edges of the paddles had a very smell 

clearance from the tank wall and floor. The ring was supported on ball 

bearings above the tank and was driven by a variable speed motor through 
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a friction drive. The speed of rotation of the rings  hence the paddless  

could be varied between 0 and 25 rpm. by means of a evariace. (rig. 11). 

The dosing device and the measurement of effluent dye concontra-

tion are described in detail under Sections 5.2c2. and 5.2,4, 
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Fig. 9 3xperimental apparatus: general view 



Fig. 10 Tha sedimentation tank 



Fig. 11 Closed up view showing inlet, paddles and motor 
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Fir. 12 Closed up view showinp the ahsorptiomater and the 

ye injector 
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3.2. 1?racing Techniques 

Tracers may be introduced continuously or instantaneously into 

the tank. Sometimes it is convenient to use continuous injecting of 

tracers subject to a sinusoidal or other variation in concentration 

(Klinkenberg & Sjonitzer, 1956; Krammers & Aborda, 1957), especially 

when the system under investigation is not steady. For steady flows  as 

in the system under the present investigation, the first two methods are 

generally used, 

3.2.1. Continuous versus instantaneous injection 

The continuous dose method was originated about 1890 at the 

Lawrence acperimental Station of the Massachusetts State Board of Health. 

It depended upon the continuous displacement of a solution of known chlo-

ride concentration by a solution with a different chloride concentration. 

The flow through time was assumed to be the overall interval required for 

the effluent to attain the concentration of the second chloride solution. 

This method has not been widely used among sedimentation tank investigators, 

partly because of the large amount of tracer required, and partly because of 

the difficulty of controlling the dosing rate and the low degree of accuracy 

of the results. tiaras (1956) found that the sampling interval in this 

method materially affected the overall results compared with the instantaneous 

dose method. The merit of the continuous method appears to lie in the fact 

that, in practice, the normal treatment chemicals can be used in determining 

the flay through time of the plant; also the maintenance of a constant 
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chemical feed reproduces routine plant operation. In sedimentation tank 

investigation, Muszkally & VAg‘S (1958) employed the continuous dose 

method and argued that the characteristic numbers derived from the flow 

through curve by instantaneous injection have no satisfactory physical 

basis. They maintained that the shape of the flow through curve varied 

with the dose and dosing time. In their experiments, the dosing time 

employed in injecting the tracer linstantaneouslyt varied from 1.5 to 
detention 

15 minutes compared with the tank theoretical4time of 6.9 minutes. It is 

believed that if the resultant curves are properly interpreted by taking 

the dosing time into account, they should reduce to the same curve. In 

experiments using the inatantaneous method the dosing time must be kept 

short. Besides, the results obtained in the present investigation (see 

Sections 4.1 to 4.5) and those of other research workers (Ambrose, Baumann 

& Fowler, 1957) give no indication that the amount of the tracer used affects 

the shape of the flow through curve. 

With the dye injector recently developed for laboratory use (see 

Section 5.2.20) tracer could be introduced into the tank nearer to delta - 

function than any other dye injectors commonly used. The dosing time is 

about 1 to li seconds. Besides, the flow rate into the tank remains the 

same during the period of injecting, a distinct advantage over the continu-

ous method where the floe rate through the tank is increased because of the 

added tracer. By injecting the tracer instantaneously, turbulence created 

at the point of injection help in mixing the tracer with the incoming liquid* 

This is very important or the tracer will not be representative of the flow. 



The instantaneous method was introduced in 1907 by Clifford to 

the study of the time passage of liquid through percolating filters for 

sewage treatment, Capon (1927) adapted Clifford9s idea to the doter- • 

mination of the flow through time of a number of sewage sedimentation 

tanks, and to this day, this Canen-Clifford approach remains the method 

of choice for estimating the hydraulic characteristics of sedimentation 

tanks. 

302.10 Instantaneous an: 	of dye 

(a) The static head methoa 

A 40 cc of methylene blue dye slug is placed in a double wall 

glass vessel A (age 19)c  and ite temperature is brought to that of the 

liquid in the tank by means of water circulating in the outer wall Be 

One end of the vessel is connected to the tank supply pipe at a point 

1 foot upstream of the tank inlet. The other end is connected to the 

flow control unit. These connections are interrupted by two stop cocks 

(a) ard (b). Before the injectica of the dye (b) is turned on in order 

to bring the dye under the same static head as that which supplies the tank. 

Now, when (a) is turned on;  the dye will be punhed by this pressure into 

the tenk The tine taken for this operation is about 5 oecondst  during 

which 1!O  cc. of dye and about 40 ec flushing water will have been delivered. 

Air valve (d) is also nrovided for emptying the dye injector before filling 

it with dye. 

(b) The syringe method 

This injector has been developed recently in Public Health 
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igineering Section of the Department of Civil Engineering, Imperial. 

College of Science and Technology, at the time of the present study. 

Figs. 12 and 20 illustrate the instrument. 

With tap( c) open, a measured amount of dye is drawn into the 

cylinder (b) by withdrawing piston (a). The circulating water in the 

water jacket (b9.helmb
in

ringing -the temperature of the dye to that of 

the water in the tank. Tap (c) is now closed. Water in the tank cannot 

leak into the cylinder during the withdrawal of the piston because of the 

rubber tube (d) surrounding the injecting point of the injector. However, 

it is found that water can still seep into the. dye reservoir if the tap (c) 

is not closed immediately after the withdrawal of the piatori because the 

whole system of the injector As situated under the tank, and in thus subjected 

to a pressure head of about 2v6" of water. Water cannot at any rate leak into 

the dye in the cylinder (b) because this pressure is not great enough to pudh 

the piston backwards. 

After the dye has attained the temperature of the water in the tanks  

the piston is pushed forwards to inject the dye into the tank. The rubber 

tube (d) will expand during the operation and allow the dye to leave the 

injector because of the built up pressure in (b). The injecting point is 

located 2' below the tank floor. This is found to give ample time for the 

dye to mix with the incoming flow. 

While the piston moves fowards and delivers dye to the water an 

equal amount of water is sucked into the cylind:as (b") from a point 1' up-

stream of the injecting point. In this manner, there is neither an increase 
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in tank flow rate nor the kinetic energy of the flow during the operation. 

No air bubbles can interfere with the injection as in the case of the static 

head method. 

3.2.3. Tracers 

One of the most important considerations in tracing the flow through 

a sedimentation tank is the choice of a suitable tracer. It should be in-

expensive, small in quantity needed, harmless and must be representative of 

the flow. The last requirement means that the tracer must have the same 

density as the liquid and its chemical and physical properties must not 

change as it travels through the tank. 

(a) Salt 

Sodium chloride is the first substance used in tracing the flow 

through curve of a sedimentation tank. Several investigators in this field 

often reported very low detention efficiency or the efficiency of displace-

ment, as Hyde (1950) called it. It must be admitted here that in these 

tests the percentage tracer recoveries were also low. Manson (1940) and 

Hooper (1940) reported that large errors are introduced when salt is used 

as tracer below a certain critical velocity. It is now known that salt 

tracer is not representative of the flow because its density is invariably 

greater than that of water (Ambrose et ale  1957), 

(b) Other chemicals  

Occasionally, Soda (Walton & Key, 1939), chlorins, fluorides, 

sodium silicate (Tame►, 1956)T  and phosphate (Mau, 1959) are employed, 
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The methods of detecting then are generally more complicated than those for 

dyee and their properties often change when added to water. Mau reported 

some difficulties when using sodium phosphate in his experiments because of 

the presence of chlorine in water. 

(c) Dyes 

A dye tracer has the advantage of visualisation of the flow. At 

a suitable concentration it can have a density near to that of water. Many 

research workers (Clifford & Windridge. 1935; Campo  1942) preferred KMn040  

but it has been known to stain and often results in a poor recovery of tracer 

since its quantity is reduced through deposition. Fluorescein dye is also 

used by many investigators (Amb-z000 et al0  1957; Davis. 19610  Ettinger. 

Witherou Coulter. 1955). It has a weak colour at low concentration which 

necessitates the use of large dee°. Geiger (1949)0  Thomas & Archibald (1951) 

and Abdalla (1955) used methylene blue dye and reported consistency in 

results and good percentage of dye recovery. 

With regard to the facility in its concentration measurement. it 

was deeded to use methylene blue dye made up with distilled water to a con-

centration of 2500 ppm. as the tracer in this study. At this concentration 

and et e0°C its density is very near to that of the water from the supply 

main (Abdallae  1955). 

(d) Radiotracera  

They have advantages in that only a small amount is needed and 

are valuable in experiments carried out in full scale sewage tanks where 

salt and dye may be affected by chemical reaction or absorption on solids. 
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However, they are not so easily handled as dyes, and the method of detecting 

them remains to be perfected. One of the disadvantages of using radiotracers 

lies in the hazard to personnel when over exposed to radiation. Thomas and 

Archibald (1951) reported that the results obtained from using I-131 compared 

favourably with dye. Truesdale (1953), Seaman (1956) and Bergman (1958) also 

reported using radiotracers with satisfactory results* However, Ambrose et alc 

(1957) in their comparative study of- dye, salt and Rubidium--86 as tracers 

experienced inconsistencies in results obtained from Ru - 86 as compared with 

fluorescein dye and suggested that, owing to the insufficient mixing of RU-86 

with the incoming flow, it might not represent the flow. Burgess & Green 

(1960) used Br-820  as ammonium bromide, in investigating flow through several 

_sewage tanks and had done much to improve the techniques of using radiotracers4 

3.2.4. Dye concentration measurement 

This was carried out with an Eel absorptiometor which is a photo-

electric instrument employing the principle of light absorption of a coloured 

liquid. A solution is measured by using light of complementary colour. A 

colour filter wheel is provided so that light of peak wave lengths between 
„can be selected. It has been found 	 1. that the filter no. 6D6,5900 7 

6900 - 4700 714  is most Emit-able for methylene blue solution. Tiro graduated 

scales are provided; one relates directly to the solution concentration and 

the other reads the percentage transmission. 

The instrument is found to tdrifto, the phenomenon which gives rise 

to change in zero reading of the instrument, To overcome this it is also 

provided with a zero adjustment wheel. 
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The instrument is equipped with a pair of acid-proof fused glass 

cells 10 cm long and each has a capacity of 50 cc. One is to be used as a 

reference cell while the other as a sample cell. This involves filling and 

emptying the sample cell at intervals during a testa The method is there-

fore rather tedious. Besides, with this method it was impossible to obtain 

an accurate (Pg and (i). . A continuous reading of the effluent con-

centration is therefore preferred. 

The manufacturer does make a 'flow through cell' through which the 

effluent can be made to flow. Its dye concentration can then be measured 

continuously. Unfortunatelyo  the cell is only 1 cm long. With the range of 

the concentration encountered in the testso  this cell is unsuitable since 

only a portion of the graduated scale would be used. Besides. no reference 

cell is provided. This is serious in view of the 'drift' of the instrument. 

Two glass cells 10 cm long with optical flat glasses at the end have been 

made. Each cell has a capacity of 50 oc.(fig. 21). One of them is used as 

the reference cello  being filled with distilled water and the other as the 

sample cell. The latter has a tangential inlet and outlet at the ends in 

addition to a filling tube at the centre of the cell. 

5.2.50 Calibration of the absorptiorneter  

A series of methylene blue dye solutions of concentration varying 

from 0 to 2.5 ppm. wore fist prepared. Using distilled water as the refer.. 

ence solution the meter readings of these solutions were taken against the 

known dye concentration; Fig. 22 shows the calibration curve. 
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Because the two cells are not identicals  it is found that the 

curve obtained above does not pass through the origins  but through a point 

(0,98) instead. Another straight lino is then drawn narallol to this line 

passing through the origins  and is used as the calibration curve. This is 

necessary because the positions of the cells affect the zero too, owing to 

their being unidentical. At the beginning of an experiments  with distilled 

water in the reference cell and water from the tank in the sample cells  the 

meter reading is taken, and is found to bes  says  97s  which is equivalent to 

0.03 pprilp Any subsequent concentration obtained from the meter reading and 

the calibration curve will have to be reduced by 0.03 ppm. to arrive at the 

true concentration. If the zero reading is found to be 98 (which is equival-

ent to 0.02 ppm.) 0.02 ppm. will have to be subtracted from any measured con-

centrations  and so on. 
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3.3. Experimental Errors 

3.3.1. Error duo to dye concentration measurement 

During the early part of the experimental programme, it was found 

that tie areas of the flow through curves-  were consistently greater than 

unity. As the random error.  in any measurement should be both positive and 

negative, 	was believed that th error might arise from the technique em- 

ployed. in measuring dye concentration. 

(a) Nixing in the flow throthp cell  

If the volume of the flow through cell is denoted by Vc  and the 

rate of flow through it c  , at any time t the concentration in the cell 

cc 	c. 	 ) 

where q is the dye concentration at the time t when it enters the measui-

ing cell and is assumed to be the same as when it leaves the tank ( see later) 

and C4.  the concentration at the time 4-At. A being the flow through cell 

theoretical detention time e. 

But 1.4-1 p-oT  
Qm)! 	- (Eq. 27 Sec, 2.1.4.) (1) 

Therefore can be ho 3n to be approximately equal 
4 N 

r 	 • 
(2) • k• 2.. 	/Co 

and the area of the flow threeesh curve 
•-N 4 

A 	. 	7 

) 
(3) 
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characteristic numbers  we have:- 
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The detention and mixing in the cell thus cause the area of the flow through 

curve to be increased° 

(b) Tank characteristic number N 

This number is not affected by the rate of flow through the measur- 
//4 

ing cell because the multiplying factor f !Le_ • 	will cancel itself out 2  

in the process of the calculation of the variance° 

(c) Nixing effect during the travel of dye from the overflow weir 

to the measuring cell 

The dye concentration of the liquid on leaving the tank is related 
114 -et 

(f:71 	e 
If we now consider the system as including the effluent channels  the connect• 

ing tubes, the effluent chamber and the measuring cells  and lot n be its 

to time .by and the variance of the curve is 

The variance of this equation is 6 L  - 	whore n now representing 

• the number of imaginary cells constituting the whole nystem° 

It can be shown that 
_ 

N 
( Aria, 1959) (5)  

where tite is the number of imaginary cells constituting the system 

excluding thersedimentation tank itself. 

However, observation of the mixing taken place during the time the 

water takes to reach the flow through cell after having left the tank is 

negligible duo to the fact that the spread of a cloud of dye added to the 

tutor as it loft tbo overflow weir took only about 5 seconds to flow through 
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the measuring cell. This is much shorter than the interval between each 

reading of the absorptiometer (see Section 4.2.). Therefore there was no 

marked additional error due to mixing in the channel outside the sedimenta- 

tion tank, We can write therefore 

h 
	 (6) 

1.00 	

)t, a  N 	 (7) 

3.3.2.0 Experimental investigation of 3.301. 

(1) Experiments wore carried out with 2110 S at 242 cm3 /scc and 
o t 15 Di atylt 

speeds of rotation of 0 and 5,. rpm. Two speeds wore employed in order 

to create different N numbers. Figs. 23 to 28 show the effect of the 

cell flow rate on the shape of the flow through curve. In all cases the 

flow through curves obtained with low cell flow rates lagged behind those 

obtained with a high cell flow rate. It was evident also that a low cell 

flow rate gave rise to high percentage of tracer recovery* 

(2) In order to.check on the above reasoning9  experiments were 

also carried out with different flow rates and speeds of rotation. Sampling 

of the effluent for concentration measurement was also done by stopping the 

flow through the cell and emptying it at intervals. The results were tabu-

lated in Table 3. 

(3) The following conclussions had been drawn from the above ex-

periments:- 

(a) The ratio of the cell theoretical detention time to that of 

the tank was found to affect the concentration measurement. The larger the 
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T ABU; 3 

Percentage  dye recovery at various cell flow rates.  

Tank fir 
rate cm/see 

Percentage dye recovery 

Slow Medium Fast  Sampling 
2 

75.5 (5)1  107.5 (4) 99.2 (20) - 105.5 
75.5 (10) 104.5(4) 91.5 (26) - 101.0 

73.5 (15) 110.0 (4) 94.0 (25) - 94.5 
140 	(5) 107.8(4.5 100.9 (25.6) - 99.8  
140 	(10) 166.8(4) 105.8 (25.4) 	- 105.7 

199 	(5) 107.6(7) 104.5 (30.5) 	101,0(45.5) 101.5 

199 	(15) 116.0 (4) - 101.0(50) 103.5 

274.5(5) 105.5(4.6) 99.8(24.8) - 107.0 

274.5(10) - - - 104.5 

(1) Figures in brackets after tank flow rate are the speeds 
of rotation of the paddles. 

(2) Figures in brackets after percentage dye recovery are cell 
floa rates. 

(5) Fast flow rate introduces air bubbles which interfere with 
the meter readings. Only two experiments are carried out. 
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ratio the greater the error. However, at a cell flow rate of about 30 

cm3/sec the error involy©d was found to be comparable to those due to 

other sources (see later), and the percentage tracer recovery was generally 

satisfactory° 

(b) Calculation shows that with N number within the range of the 

experiment the error should be loss than 1%. It was found, however, that 

errors obtained in the experiments were much greater than those predicted 

by the theory. This was believed to be due to the presence of air bubbles 

and dust which were found collected in the measuring cell, especially at a 

low and a very high cell flow rate. Their presence always gave rise to an 

error on the positive side. 

(c) By stopping the flow through the cell and emptying it an 

intervals it was poSsible to get rid of these bubbles, and in general, a 

good tracer recovery was obtained. 

3.3.3, Correction of results for true volume of liquid in the tank  

As the calculated volume of the tank was 100,000 cc., it was 

decided to use 40 cc of dye at 2500 ppm. as tracer in order to make co 

equal to 1 ppm. The computation of c/eo was thus simplified. To 

facilitate experimental calculations further, the tank was taken as having 

a capacity of 100,000 cc and all the flow through curves had been plotted 

on this basis. 

The actual iolumo of the liquid in the tank was in fact different 

in each because of the following:- 



(a) The additional depth required by the head above the overflow 

weir which.  varied according to the rate of the flow through the tank, 

(b) When the tank content was rotated the surface of the liquid 

took a parabolic shape which reduced the volume of the tank according to 

the speed of rotation° 

The actual volume of the tank up to the level of the outlet weir, 

with allowances for the inlet structures and the paddles, was measured 

voluMeteically and was found to be 102,500 cc° 

The volume increase at each flow rate was calculated from the 

Francis formula 

/ 
:;033 2)'

b  

Q is the flow rate, h the depth over the weir and b the weir length, 

The calculated results were shcun in Table 4c 

In rotation the shape of the surface was parabolic uith the maxi

mum depression at the centre of the tank, and the decrease in volume of the 

tank is . 	 " a OM .52 litres (St in rpm.) 
6U zp 

The ealculated results were shcun in Table 5, and the correction factors 

for (t/T) and (t/T)2  in Tables 6 sad 7 respectively. 
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TABLE 4 

Volume increased due to head above weir. 

Flow rate cm5/sec. VoluEr4gcreasod 

0 0 	. ' 

90  0.096 

100 0.152 

150 0.195 

200 0.242 

250 0.283 
500 0.518 
350 0.554  

TABLE 5 

Volume reduced due to rotation 

Speed of rotation 
rpm. 

Volume reduced 
Litre. 

0' 0 

1 0.010 

2 0.058 

3 0.086 
4 0.153 

5 0.240 

7 0.470 
10 0.960 
15 '2.160 

12.6 
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TABLE, 6 

Correction factors for t/'2. 

F.' ow 
crmi.. e 

Speed of rotation .A 	rpm.  

,- 0 1 2 5 4 5 , 7 10 15 

0 1.025 1.025 1.025 1.024 1.025 1.023 1.020 1.015 1.003 

50 1.026 1.026 1.026 1.025 1.024 1.025 1.021 1.016 1.004 

100 1.026 1.026 1.o26 1.026 1.025 1.024 1.022 1.017 1.005 

150 1.027 1.027 1.026 1.026 1.025 1.024 1.022 1.017 1.005 

200 1.027 1.027 1.027 1.026 1.026 1.025 1.023 1.018 1.006 

250 1.028 1.028 1.027 1.027 1.026 1.025 1.025 1.018 1.006 

300 1.028 1.028 1.028 1.027 1.027 1.026 1.025 1.018 1.006 

350 1.028 1.028 1.028 1.028 1.027 1.027 1.024 1.019 1.007 

TABLS 7 

2 
Correction factors for (t/`r) 

Flow Speed of rotation J1 	rpm 
cm se 0 1 2 3 4 5 7 10 15 

°
31

 	
R

  

1.051 1.050 1.050 1.049 1.047 1.046 1.041 1.051 1.007 

1.052 1.052 1.052 1.051 1.049 1.048 1.043 1.055 1.009 

1.054 1.055 1.055 1.052 1.051 1.049 1.044 1.054 1.010 

1.054 1.054 1.054 1.055 1.051 1.050 1.045 1.055 1.011 

1.055 1.055 1.055 1.054 1.052 1.051 1.046 1.036 1.012 

1.056 1.056 1.055 1.054 1.055 1.051 1.047 1.057 1.012 

1.057 1.057 1.056 1.055 1.054 1.052 1.047 1.037 1.015 

1.058 1.058 1.057 1.056 1.055 1.055 1.048 1.038 1.014 



343040 Compounding of experimental errors: accuracy of the experimental 

results  

If the final result y is related to the component xi  by the 

relation 

y = F (xi, x29 	xn) 	(1) 

it can be shown that 

62.= 	()o- DXL  
6F 2.  Z 

(Wilsono  1952) (2) 

where 6 is the variance of y and 	measures the variance of the i th 

component, 	
7) 

Not the area of the flow through curve A 	d() 	( 3) 

Therefore variation in A 9  i,e0 6; is, using (2-1 and assume that 

differentiation under the integral sign is permissible: 

(4) 

and in.  

Again, with the help of (2) the variation in ce  si denoted by 4) 

denoted by 6/ti are reapectivelY2  

61- 	12  (et:0)46:2'' (a,..-)2K: 	( 5) 
c 

602.1 (ITS:  + OP: 	(6) 

If we let the deviation 6Tc. be6000 and T be of the order 10 min, 

and G4=a0Imin, then the first terms .on the right hand side of (5) and (6) 

become negligible compared with the second terms. Let6faOSInin• and ‘'"141"m  

also t/T is of the order 4. 	(5) and (6) becomes respectively 
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21 	
2 

6 	( 0.005)+ ( 0.02) '14: 0.0004 

= Tow) (0. 00 -I-  1.16-6D  (0.0st4 (9.0004. 

Put(5)1 in (.4) wo have 

611 	II.  16x 0.0004 I-  O.004 W C•0066 

GA  7.: ± 0.0497 

Error in the variance of the flow through curve T  hence N. 
1/r 	;1/7- 	7. 

,...- 2-  
6 vAruz: ice - J ( v '142-dt--1-.) - r l (gAdPi 0 	• 0 ,,, 

-- 65rt,„:!,,t,ce)  .,.... (.0(  I.,:r1(aR 1, 1 , 2  - i 
(&X

1,4) 

31 N 	/ 4 

	

1 	 4ry-  	I 

)(i 	te/7: 
 

To simplify the calculation let 	
10 (ZX filj 46-k.  / 

Therefore 
,r  

evc;:int.tot. 

g Z)x 0.0004. i 	,. 0.0004 

	

0. 0256 	0.0114 r• 0.037 
wriassc! 	* 049z 

Note that these are absolute errors.. The percentage errors compound 

differently since the percentage errors of each component will be. great 

when the value of the component is small;  i.e. at a small concentration 

the percentage error of measuring the concentration will be very much 

greater than when the concentraion is high even though the deviation 

in concentration measurement is the same in both cases. 
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CHAPTER 4 

EXPERIMENTAL STUDY 

4.1. Preliminary Experiments 

Some trial runs with l" and 2" Or risers were curried out during 

the development of the syringe dye injector. In these runs the static head 

method of dye injection as described iu.Section 3.2.1. was employed. One 

drawback of this method was the production of turbulence and air bubbles 

during each injection. Besideel  there was always an inevitable. increase 

in the tank flow rate during the operation because of the additional dye 

and flushing water. At a low tank flow rate this meant a considerable per—

centage increase in the flow. It was estimated that during the 5 seconds 

of injection 40 cc. of dye and 40 ces of flushing water were delivered. 

This was equivalent to an increase of 16 co./sec. in the tank flow rates 

EXperienme gained from these experiments led to the decision to 

design an inlet which would introduce the flow into the tank uniformly in 

the vertical direction. Theoretical calculation showed that 1" diameter tube 

was unsuitable (see Appendix IV). A 2" diameter tube was therefore used.-

and later adopted as the size of the risers of ell the inlets to be tested 

in the actual experiments. At the conclusion of the experimental programme. 

however. it was found that 1" diameter riser with the slotted and submerged 

weir cylindrical diffusers behaved quite as well as 2" 0 S and 2" O  P. 

The results of these tests are shown in Table S. The experimental 
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procedure employed was the same as that described below except for the use 

of the static head dye injector* 

4.20 Ekperimental Procedure  

Before the commencement of each test, water was allowed to run 

through the model tank at a predetermined rate for twice the theoretical 

detention period in order to ensure that the water in the tank and the ins 

coming flow had the same temperature* This was in line with the generally 

accepted procedure which was used by many investigators in this field 

(Clifford and Windridge, 1935; 1! u, 1959; Abdalla, 1955)0 During this time 

40 oc. of methelene blue dye at 2,500 ppm, were introduced into the dye 

injector where its temperature was brought to that of the incoming water, 

When experimenting with paddles in rotation their angular speed was checked 

at intervals to make sure that it was constant before dye was injected, 

This step was necessary only when the motor was started from cold© The 

zero reading of the absorptiometer was then taken, 

The timing was started as soon as the dye was injected into the 

tank0 Readings of the absorptiometer were taken every 10 5005* for the 

first three minutes and every 20 secs© for the next two minutes, The read 

ing interval was then increased to half a minute until the first ten minutes 

had passed, when it was again increased to one minute for the next ten 

minutes. After this a reading was taken every 5.minutes until there was no 

trace of dye left in -the eftluento 7he average number of the readings taken 
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for a run was 39t  and the totc.l length of each run was from 4 to 5 times 

the theoretical detention timoo 

The flow rate was varied between 80 to 300 ecolseco at inteovals 

of about 25 cofiseco:  and for each rate of flow two complete runs wore 

made uith each speed of retaten of 0 1, 1 7 t•O .19 49 5, 7T 10:  and 15 LlImo 

The average of two runs way fc'md to be adequate since they appeared to be 

good agreement:  especrially tfter the mar!_mum concentration had pmssed, 

c 	1 For each run the flow through .:urve was obtnined by plotting - Co V. 

Tho area of each flow to °o? 	'wry° uat measured by a 1P.animetero 



4.3. Critical Flomingtion of Experimental Results: Tests for Validity of 

Results. 

Two parameters are useful in indicating whether the results from 

a run may be considered as acceptable. 

(a) The area of the flow through curve represents the total quan-

tity of the tracer used in the experiment and from the method of plotting 

the curve this area should be unity indicating that all the tracer injected 

into.the tank has been recovered. However, some of the tracer may be re-

tained on the surface of the tank, and there may be some errors introduced 

by the absorptioineter. The area generally varies above or below unity. 

(See also Section 3.3,4.). 

(b) 16 . the ratio of the mean time of the glow through curve to 

the theoretical detention times This ratio should be equal to unity unless 

a portion of the tank is completely stagnant. However $V.1 is also pos-

sible. Ingersoll (1955). Abd,&lla (1955) and Mau (1959) experienced this. 

Ingersoll believed that this is due to some of the dye being swept upstream 

of the injecting point. Observations made during the present experiments 

showed that this was not the cases  and yet occasionally 17E- tended to be 

greater than unity. It appears that the conditions at the tail end of the 

flow through curve influence this ratio markedly. When there is a long 

detention of small concentrations  the moments of these concentrations about 

the ordinate aro often great enough to pull the ratio to the right. It is 

thereon, affectc.A by the ami! or thT 	throurii ourrz,* 
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Examination of the data obtained showed that for the tracer re-

covery between 90 - 110$, If? was not affected appreciably() It was there-

fore decided to accept the results whose tracer recoveries lie within 

this range° This is considerably narrower than the range used by some 

investigators (Mau, 109; Rohlic, 1951, used the range between 84 - 116h). 
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4.4. Experimental Results: Cene-?al Observation 

404.1. tiith no flow through the tank, 

(a) Effects of rotation on the spread of dyo. 

The tank was- first filled with water which was later sat into 

rotation by the action of the oddles rotating at 3 rpm. An interval of 

10 minutes was allowed to elapse to ensure that the system was steady when 

10 cc. of methylene blue dye at 21500 ppm. was dropped into the tank half-

way between the contra and the f)addlos,and the timing started. It was 

observed that the dye did not diffuse in all directions due to turbulences  

as it.would have done if there were no rotation. Insteads  it was drawn 

out gradually by the rotating M.quid into fine sheets which always remained 

parallel to the axis of rotation These sheets were seen to nix with the 

tank content gradually as time sassed. . Eventually, at about 30 minutes 

after its introductions  dye was obsewed to' have mixed almost completely 

with the liquid in the tank. This latter phenomenon was believed to be 

due to the action of the secondary currents which will be discussed in the 

following sections. A series og photographs was taken showing the be-

haviour of the dye cloud at different times. (See Fig. 29). 

(b) fee existence of riecondary currents and the variation of 

their magnitudes with the speed of rotation. 

The tank was again filled with water and was allowed to stand 

until the turbulence had diod down when sand was carefully strewn through- 

out the tanks 'ahe paddles were then ent in rotation at a slow speed (1 rpms) 
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at first. At this speed no general movement of the sand was observed. On 

gradually increasing the' speed up to about 7 rpm., movements of sand grains 

were noticed. Eventually, when the paddles were left rotating at 15 rpm., 

sand was found to have been carried inwards and now formed a ring surround-

ing the inlet (Fig. 30)0 

4402. With flow through the tank 

(a) No rotation 

(i) The flow through curves.  When there was no rotation, the 

flow through curves were observed to have a high early peak with a long 

tail of small concentration. The agreement between experimental and theo-

retical curves was generally worse thhn with rotation, especially between 

the rising parts of the curves. (See Section 40503. and Figs. 45 and 46). 

Often two peaks were observed, the second peak being smaller in magnitude. 

Sometimes there were several, peaks close together, of about the same magni-

tude, which might be due to non-uniform velocity distribution. This, however, 

happened very rarely. (See Figs. 3l s  34)0 

(ii) Flow distribution. The distribution of the flow horizon-

tally was generally good for all inlets. The distribution of the flow 

vertically was, however, not so good. With the exception of the NEW, the 

2" grp and the 2" Or S inlets showed a strong tendency for the flow to follow 

the tank floor regardless of the flow rate, although at a high flow rate the 

nigh degree of turbulence tended to distribute it more uniformly at a 
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distance away from the inlet in both eases. 

The UF3I inlet distributed the noir best of all. Even though the 

inlet was designed to operate at about 200 co./Sec., it was found that the 

flow was also satisfactorily distributed at flow rates much different from 

this value. (See Fig. 34). With this inlet, the positioning of the baffles 

surrounding it was very delicate because if they were slightly out of ad-

justment the flow distribution would not be uniform horizontally. (See Fig. 

33). 

(b) With rotation  

(i) Secondary currents. Then rotation was introduced, it was 

observed that the radial movelamt of the glow was checked momentarily at a 

certain radius and a circular notion was transferred to it. The region 

between this radiue and the inlet may be termed the inlet zone. The size 

of this zone depended on the speed of rotation and the flow rate, being 

small for a low flow rate or a high speed of rotation (Figs. 33 - 34). 

However, at 15 rpm., the front boundary of the dye surrounding the inlet 

tended to oscillate in the radial direction. Dye was seen to behave as 

though it was diffusing outwards as well as oscillating. 

Observations made from the side of the tank revealed that at the 

moment when the dye appeared to stop its radial motion when viewed from 

above, it was actually rising. With the circular motion now imparted to 

it, the dye appeared to rise spirally outwards towards the outlet weir. 

This was believed to be due to the existence of the secondary currents. 



On reaching the woir, some of the dye passed over it while the 

rest was carried downwards towards the centre in a spiral manner, Near 

the boundary of the inlet 2;one it starteO to rise spirally towarCo the 

outlet weir ogain. It must be P020M1302:0q that this poocess was not abrupt, 

ac in the case with no rotation° 

Secondary currents were therefooe 	isting in mixing t'oo content 

of the tank while the circular motion of the liquid suppressing the turbu-

lence. Thin phenomenon was also oboorve-1 and studied by 1:11or (1831), 

Agdevadt (1940) and Browning (Schliohtino, 39) 

Tho magnitudes of those current depended uoon the speoE of rota- 

tjon, the flow distribution and the flow rale. ]-j-.• the incoming 	was 

directed against the tank floor t  the rad'al velcoitios of the flcu along 

the floor wore opposite to those of tho oecendary curoents, which were 

therefore minimiaed, 

Xi', on te other hond, the flew wos more owords the per portion 

of the tunk, it helped in poozotins the ocoondor currents°  This uas the 

re:.Ason why toe inauent tended to fow ioto oper half of the tanh near 

the inlet at high speed of rotationT  osy ivlio in the case of the 2"%S 

• inlet (see Fig. A) and, in. a lessor degoeet  the UFBI° 

The existence of these currents traE. also evident in the movement 

of deposited particles at the ian!: gloor, fefore the commencement of rota 

tient  they were scattered everywhere on the floor, but were seen to form a 

ring near the centre after the liquid uae net in rotation° 

(ii) The effect of rotation on the flow distribution in a hori.' 
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zontal plane. The analytical study. indicates that the effect of rotation 

is to increase 	, The mixing coefficient in the tangential direction 

was therefore iacreased, This -was useful, because it meant 

(a) a suppression of tel  

(b) a mere uniform distribution of flow horizontally, 

Fig. 33 shows the flow leaving the UFBI inlet, the baffles of 

which had been deliberately adjusted to create a non-uniformity of flow, 

It is evident from Fig. 33 that rotation helps in distributing the flow in 

this direction and. makes the assumption of axially symmetrical flow more 

justifiable, 

(iii) Water surface in the tank, With rotation, the surface of 

the water in the tank took a parabolic shape, At 10 rpm, the curvature of 

the surface was very noticeable, and at 15 rpm, 'cater seemed to be thrown 

out of the tank by the centrifugal force, rather than flowing curvilinearly 

over the welt (see also Section 5030500 



Fig. 29 The effect of rotation on the spread of a cloud of dye 

at 0, 1, 5, 15 and 50 min. after its introduction 

(1-5). No flow, 5 rpm. 



15 RPM. 

Fig. 90 Movement of the deposited particles due to the 
secondary currents (p. 135). 
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Fig. 51 The effect of rotation on short-circuiting (2"(d P) 

Photoo:raohs were taken immediately after the injection of dye 
(1) Flow rate 150 cm5 /sec. speed. 0 rpm. 
(2) h 	 25C 	N 	 0 
(5) Same as (2) but the photoraph was taken about 10 sec. after the 

injection 
(4) Flow rate 150 cm5/sec . speed 3 rpm 
( 5) ii 	250 	, 	5 
( 6) 150 	ll 	 15 
(7) 	p 	250 	m 	 15 

See pp. 15c-157. 



Fig.' 52 The effect of rotation on short-circuiting (2"0 5) 

Photographs were taken immediately after the injection of dye 
(1) Flow rate 150 cm5/sec. speed 0 rpm. 
(2) 1 	250 	n 	 0 
(3) Same as (2) but the photograph was taken about 1C sec. after 

the injection 
(4) Flow rate 150 cm5  /sec. speed 5 rpm 
(5) II 	 250 	/1 	 5 
(5) 	150 	n 	15 
(7) 	II 	 250 	. 	15 

See pp. 156-137. 
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Fj-g. 55 The effect of rotation on short-circuiting (UFBI) 

The baffles of the inlet had been deliberately adjusted to 

distribute the flow non-uniformly in a horizontal plane 

(see pp. 13-c137). The flows in the first and the second 

columns are 150 and 250 cm5/sec. respectively 
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4.5. Analyses of Results 
In order to compare the performances. of various types of sedimentaa 

tion tanks under different conditional  it i8 a common practice.to obtain a 

flow through curve by plotting 	a 	tgainst 
76--7

1" ° There are many ways of 
0 	.  

interpreting this curve. 

40501. Parameters measuring the short-=circuiting. 

(a) BO This is the number of the imaginary cells which constitute 

the sedimentation tank. It is rational and has been shown to be equal to 

Oin 
RD
IL.t1 (see Section 201). Its relationship ,pith the Froude number of 

the tank and the speed of rotation of the paddles has also been proved. 

Three families of curves of N v. 	were plotted in Figs. 35 - 37Q  The 
values of N were calculated from the variance of the flow through curves 

obtained from the experiments. 

Thomas and Archibald (1951) suggested calculating N from the ratio 

	 . The comparison between the experimental and theoretical curves 
()4  T 

calculated from N obtained from both methods were shown in Figs. 38 - 40. 
It is evident that N calculated from the variance of the curve agrees more 

closely with the experiment. It has therefore been accepted in this analysis. 

tm 
(b) The Dispersion indexs  i.e. wm 

This was first put forward by Korvin (1932). It is the ratio of 

the times taken for 1O) and 90/a of dye to pass through the tmlko It thus 

measures the spread of the flow through curve and is analogous to the 

variancTI of the curve. However, it has not been derived on a rational basis. 
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This ratio has not been used in the experimental analysis because 

the value of the kio cannot be accurately determined due to the low concen-

tration in this region. The accuracy of the computation of this ratio was 

also very Much affected by the number of strips into which a flow through 

curve is divided for the calculation, This is clearly shown by the Example 

of Calculation II. The difference between the values of N calculated by 

the 20-strip and the 40-strip methods was only 1.5%, while that of the disc- 

.& 
The values of 

ir 	
M .tC: and 	(see later) were also 

little affected. 

te 
(c) 	1

ee This is the ratio. of the arithmetic mean time to the 

theoretical detention time. It has also been known as the efficiency of 

displacement. Its value will he less than unity if there exists a stagnant 

Portion of the liquid in the tanh. The shape of the flow through eurvo 

has no influence. upon this ratio. If the whole tank is used, i.e. there is 

no completely stagnent portion, :•7.6. will be equal to unity regardless of the 

turbulent mixine in the tank. Therefore a tank which has a sass of fluid 

eotating upon itself, as well us exchanging with the fluid in the vicinity 

will have its;.alL n 1, even thou •=t its fl number is low. 
-r 

This ratio is very much affected also by the tail end of the curvet  

and ineceurate calculation may lead to values of 1k! greater than unity. 
17 

It is therefore not suitable an G. parameter measuring the hydraulic perfor- 

mance of a sedimentation tank, bet it is useful in testing whether an 

experimental result is to be accepted. ( Ice is tabulated against 	in 

14 

persion index was 5.576. 



Tables 9 (a)s  (b) and (c) for the 2" 0 P, 2" 0 S and the UFBI respectively)* 

I 
(d) ""''" This is the ratio of the time at which 506 of the dye 

17 

has passed through the tank to the theoretical detention time. It is rela-

ted to N (equation 32, Section 201050). Its sensitivity to the change in 

tho tank conditions is, at any rate, very poor compared with N. While N 

can vary.  between 0 tow, this ratio only varies between 0.669 to 1.0. 

Therefore, uith the rantee of N in the present investigation, i.e. between 

1 and 5t  the variation in the value off' la is too small to be of any uso. 
1- 

(See Tables 9 (a), (b) and (c)). 

4.5.2. The Coefficient of Diffusion D. 

This is the newly introduced parameter as a result of the analysis 

of the problem on a statistical basis. Its magnitude has been shown to be 

dependent upon the turbulence condition in the tank, and can the  

regarded as a measure of the tanL by 	efficiency. Its relationship 

with N and v has also been seoun in Section 2.1. A small value of D 

correseonds to . high value of h, and a small degree of turbulence. This 

fact' substantiates the reasoning that a high efficiency of sedimentation of 

sus- eended matters should be obtained eith a high N number* 

The curves of )) v* 	are plotted in Figs. 41 - 44. 

It should he evident EDIT that all the parameters cited above in-

dicate only the turbulent mining of a tank and therefore give a measure of. 

the total short-circuiting only. It is possible, however, that a tank 
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exhibits severe short.-circuiting caused by stagnant spaces. and non-uniform 

velocity- distribution when its turbulent mixing is, comparatively small in 

degree° The resulting flow through curve in this case.hass. highe  narrow 

peak with a high N value. HereIf2  Will reveal this short-circuiting by 

giving a low value. On the other hand, if the tank has no completely 

stagnant spaces, but has a great deal of turbulent mixing, its N value 

tc will be lew, and -a will be high. This is the situation which is common 

in most sedimentation tanks, and in circular radial flow tanks in particular. 

Therefore, using the parameters characterizing short-circuiting 

due to turbulent mixing alone are inadequate in 'studying the hydraulic per-

formance. of a sedimentation tank2 Some sort of indication of the existence 

of Stagnant space and non-uniform velocity distribution.in the tank is 
A 

necessary. The limitation of using 21 as tne parameter has already ben 

mentioned.. We shall now discuss the possibility of revealing short-

circuiting due to stagnant spaces and non-uniformcvelocity distribution by 

some ether means. 

40503. Parameters measuring the Short-circuiting due to Stagnant Spaces 

and 0)n-uniform Distribution, 

Two parameters have been. frequently used to. characterize severe 

short circuiting in a sedimentation tank, namely & e 
 .

the ratio of the 
.i. 	• 

initial appearance of dye to the theoretical detention time, and 

(4. The disadvantages of these, parameters lies in the fact that they are 

very difficult to determine accurately° Examination of the flow through 



I5c) 

curves obtained in the experiments together with visual observation during 

the test does not show any marked difference in the values of the ration 

obtained with widely differing flow eattorns, ioeo with and without the 

rotation of the paddles. 

On the other hand, if the actual curves obtained in the eperiment 

are compared with the theoretical most  having the same E number, the 

effect of short-circuiting due to the .beve causes is evidento As severe 

short-circuiting is caused by non-uniform veloeity distribution, the flow 

through curve of a sedimentation tank where this occurs will depart from 

the theoretical curve. This may be oxeleined qualitatively as follows : 

When the dye streams rapidly across the tank due to non-uniform 

velocity distribution, the assumption of uniform and axially symmetrical 

€l©w breaks downo The tank effeetive volume is less than the assumed 

volume used in calculating & and T 	Thus, when the flow through curve 

is plotted, en early and high Peak results, since the,  values of C' arc 

larger and of ee smaller than they choul 1. be if the new value of the tank 

effective volume were used. The experimental curve is therefore different 

from the theoretical one. The greater the difference, the nore severe the 

short-circuiting due to stagnant spaces end non-uniformity in velocity 

distribution. 

Consequently, the comparison between the experimental and the 

theoretical curves is a bettor indication of this kind of short-circuitingo 

In Figs° 45 and 46, the representatives of the experimental curves are 

compared with the theoretical curves from both the v- and the N-formulae. 

Note also the better agreement obtained with a superimposed forced vortex. 
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40• STRIP 2O-STRIP 	/ DIFFERENCE 

N 1.662 1.435 1.9 

t4tr 1.09; 1.092 0. IS 
fotii 6.911 4114 0- to 

ittliso 6.14 k;,-56  5.50 

N= 	3 C L , I (1/7-)4,,)  _ 1 7-gf, ) il  
I eG) 	L.  Z(L) j 

16.3 

Example ,c4  Calculations  a' 

Comparison between 20- and 40- Strip MeXods  
40-Strip 	 20- Strip 

1/T ' Cko  (- 51' PIO (t4 W 
• 05 6 0 0 
• 15 .230 -034 -00S 
• 25 •S80 .145 •036 
-.35 .700 •24S .004 
.45 .760 -342 .154 
•SS .770 423 •233 
405 150 .487 '316  
-75 •700 •SZS .394 
•f5 .640 •544 -462. 
.qs .600 -570 -541 
1-05 •540 -567 •59S 
1.15 490 -S6 g -149 
I•gs 44o -ST0 447 
I*35.  .361 •523 .706 
I.4 S.  • 350 .507 -735 
1-55 • 3 10 .4go -744 
46.  -30 .462 -762. 
1.75  .445 -429 .751 
1.ff •2,O -398 -711' 
/IS • ItS" .361 .704 

4-05 -160 •32i -672 
4 IS • /40 • 301 .07 
2'25  420 270 .60.7 
Z35 -110 .254 401, 
245 .015 -233 -571 
4•55 .0g4 .224 -571 
245 • 07S • 199 .52.7 
k75 .07o • Itit .szq 
2.0-  to .171 -447 
2.q5 -052 -113 .2151 
3-01 •ofo • 152. .464 
3.15 .040 .116 '317 
3.25 -035 • 1111- •37o 
3.35 .030 •100 • 335.  
3.45 .ozy •097 .335 
3.55 423 .42 .291 
3.65-  • 019 -069 .252. 
3.7s"014 •D52 • 1i 5- 
34y .olo .o34' •146 
3.95 •oog •032 .gb 	, 
4.05 -006 .024 .097 
4.15 .004 •017 .070 
4.2S .001 .004 •0/7 
435 o o o 

E *406 11•316 	ig•oSo 
A

. 

{IT %a (till(CD ) ti/rffi q25  loo 0z5 o003 
.375 -710 -270 • 101 
•625 •750 •4 69 a93 
.475 .640 .60 .410 
al.  'Soo .662 .617- 

1• 3 U .3110 .522 --pg 
bie -245 .41,3 .752 
1.(r7S .205 .3f4. .720  
2 17.5 • /45 -304 • (3511. 
4.315  .104 .256 -601 
2.145 .040 .210 -51 
.2475 -on •r67 .4 go 
3.125 -043 .134 .419 
3.375 .0.30 •101 • .34i 
3.615 .020 -on .zi,1 
3475 •010 .039 •Ist 
4.115 • oo5 •OLI .047 
4375 0 o 0 

I 417q 4.563 72-(01 



Table 8  

Preliminary Experiments. 

No. 

2 

3 
4. 

S 

Co 

7 
6 
9 

tS? 
, >c, to 

3- 31o4 
53.556 
/8.58/ 
24.80(0 

too 

41.209 
43- lott 
44.9 04 
5-5". 32b- 

/4/04- 
1.580 
/•484- 

/442 

1.44-5 

1.345 

/ -596 

58.0 
92.5 
/32.6 
1574 

190.0 

.203.0 

209.0 
'2.12.0 

234.0 

Ic G7.5 	4.56 /645 
► 130. 	17. 030 1.731 
12 	/48.0 	21.904- 1.866 
/3 	14.9.23 	2 . 269 1.780 
/4 	./73-75 	3).9 j 1 1.5`)7 
IS 	/57.0 	34.969 1.44-3 
1i 	X125 	45. Isc, j.So& 
1 7 	2 2 7 0 	sl• 529 2.4 

(T)-(3 	62.;;oo /480 
(9 	273.o 	62 	1.45" 

20 	 /0. /60 	L(47 
21 	143-0 	20.449 	..799 
22 	73.0 	29.929 	)..573 
23 	/9 ,10-0 	6f3.41/, 	143(0 
24 	227.0 	YI 	 • 10 

25 	2:4.0 	 1.827 

2G 273..0 	75. /9/S- • 383 

27 	 j 	44.35- 1.9 ,c7 2. 630  
28 	gt.20 	tip.593 2.250 
29 	105.0 	/t. ko3 . 
30 	123 - S 	/5.2S 2.205 
31 	/9.32.1 ) 
32 	140.0 	/9-190 2. 	. 
33 	/49.23 	22.2V-/ l• Y4 z 
34 	44-4 	27.02.7 2032 
35 	1751 .0 	32.041 1.S7 

31, 	193.5 s' 37.4 b1 1 • Vi4. 

37 2o7 0 42.849 35' 

38' 	227.0 1.634 

3 c1 2So-o k. 3. 5-0 /.702. 

40 5-9. 3. S4 ,0 3-040 
41 	q? S. 1".!;(9 :c7. 04Y 
42 24.506- '2.33/ 

43 	20/ .4 2.211 
rc 0E4, 

4: 	'S•4- .(-) 
41, 	2731 	74. /.O4 

/ ``O "<)/icy: 

ketAA.GL.Yk 

str~Lla c ✓.  
rpM, 

Clo tiled Cy /7.)-1C/1 rico 
C r/n. 

,‘,14-1,)-frIti3eci Wei). 

,11(iS Y: 

ir 
Riscr 	Siot/ed Cwndrica 

(.4) 76.se ✓ : 	/0 	Cy 	ric a %rr -f~user  

0 rprn. 

Y />  

11 t:SCY: 

C s',10&ci Cy d riCal P1.1.4A,,re • 
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0 Y14 	X22  

	

1.041 	• 
0.cf 	• qoi 

	

1-01n- 	•i(zT 

	

1.02.1 	• i'2.6 
1.060 	-g 

1 00.1,  
cig• 

JOS.(' 
(01.4- 
110.0 

14•V 	-q3S 
/cu..: 	1.016 
102-' 	1-014 
iby-s 	1.044 

1.024 
100.0 	• T:6 

101.0 
104-0 

1 0 .0  
1(4-5 
100.4. 

q5.4- 
100.0 
100.0 
foo.4 
61040 

.771 
•ica. 

70 
• Y4-0  
107  

•71 3
Y72. 

• qY 
• n2 

l•0. 43 
1.1f 4i 
1.451 

.2.00? 
1.`/42. 
!Ai° 

2.097 
,e.ou 

f0•2 
13.5 

160.1 
1'43'9 
245.7 
300.75 

(17 
'6.5 

17i-n 
2070 

00.0 

117.9 

190.2. 
226.0 
260-8 
315,6) 

(12.0 

1(0.9 
197-7 
227.1 
'16G.5 
322.2 

1.030 
1.617 
1.1,10 

3.1106 

1•535 
1•740  
1-Vo 
2-210 
3-17 
3.W i5" 

1.377 
1.7“, 
Z. 2.2.1f 
2.341 
•SC 7 

3.740 

A.09 
3.31At 

Table 9(a) 

Experiments with (le 2 	[et 

No. 
n u,. -3 

's (C. 	x 

ai<N/ 

-7442 
• Gift 
-797 
-772- 

1024 
1 S5.(c 
178 0 
203.0 
2.'370 
302.0 

102-4 
/SY.° 
4,439 
218.5 

21,21 .0 
312.0 

115 -0 
S3-

5 
2200 
253.3  
-3011  

10.4.$(0 
24.1.11 

A4.209 
66.044 

c11.2c14. 

10.41(D 
24.024 
35110'5'5 
47.702 
60..121 

97. 

13.215 2.1 
23.592 
3 3.156 
4$.400 
64.160 
co_310 

/1.2.74 
20-592 
2.5.760 
36.317 
60 • 36$ 
90.4.20  

13. wi'cr 
23.S- 02. 
30.i7(0 
42. 
6,4.001 
90.00 

13sio 

36.176  
;1.M,  
G`6.01(v 

12.45 
19.60  

col 
3.0Z 
51 .5711  

71.02.2. 
[03.isI3  

Percent 
Dye Eccovcry 

qq•5 
to2.• 7 
ci3-5 

102-S- 
/0/ 

IT 

1.074 
0•(44  

1.03(0 
0112. 
i•Oo 
1.070  

0.195 
• ref3" 
•/5(.0 
• 170 
• /4(0 
.1.21 

-341 
.3 
.2.61 
.341 
•b1(9 
•3S1 

• 3'10  
.435 
.341 
.317 
.341 

- 379  

N 

1.7TO 
1.5(90 
/ • 400 
1•40/ 
/•300 
i.Voo 

2 SOO 
2.120 
2.0SO 
I. g cfli 
1.757 
/.7oo 

2 .0`15 
2.041 

2.0%0 
I • cl2.7 

,•003 
1- SM2. 
I -t(15 

1 *(1°4- 

/- 370 
2.500 

3•V40 
S• 300 
Ss-940 
/2.100 

• (D70 
1•21S 
!•g(4) 
2.'5;ST) 
3.00 

4.600 

oct 

1.`14-S 
2•77f 
3 .34z 
4.7:40 

2. 
3 
4 
5 
6 

7 
8 
9 
10 
11 
12 

13 
14 

15 

17 
18 

19 
20 
21 
2Z 
23 
24- 

• 43*(0 

103 
•145 
•fli 
12.8 

-107 
•-n7 
-i05 
.5q3 
•Th 
•S(14, 
• 07 

q8-2. 
[00.Y 
(OS• 
lots 

•-./ 
1 045 
101.0 

0.2. 	1-o3; 
10/7.c( 	01`s 
106.5 	•581 
103.5 	(-01V 
101.5 	•5'1 4• 
tob•cl 	1.0 11 

• 

• ̀17 
• ri 
• c175 

1.007 
•553  

RektvJvk 

0 rret 

rri. 

S tpm 

10 YrrY1  

N 

•391 
.4g? 
-44y 
•4:35 
• 3jo 
341 

•Li.11 
.44o 
-440  
•3`11 
.440 
•440 

.441 
• 4 tp.. 
- 344. 
• 44-z 
-363 

.403 

.37 
42:3 

-31Y 
.417 
• 417 
• '1 ,7 
• 14 2.2 

20 
27 
28 

29 
30 

3t 
32 
33 
34 
3S 
36 

37 
30 
39 
4o 

41 

42 
43 



•6b1 
.7IG 
.74i 
•b71 
• -7111-

k, 

•7Lis 

• 444. 
•45-1 

.113 

-175-

.754 
4'22 
.7i6 

•i&u. 

•gil 
• 453 
•5,21 
.151 
.13S 
• i6V 
.83S" 
.833 

422 
• 01, 
• FSS` 
.276 

i4to 
• b'S4 
•rs4 

•r35 
• fbs 

105.2 
ioi.5 
104.0 
104.0 

107.0 
101•c 
/0L.0 

/03•S 
94.0 
103.0 
cri7•50 
107.0 
100.1 
104.0 

101.0 
10S•ce 
ci 3.0 

106-2. 
(05.'2 
101.0 

1402.1y 
106-o 

1 03.0 
103.2- 

101-0 
104.5 
106.0  
04.<1 

.971. 
1.001 
1.00 
1.003 
1.00 
1.012.1 

1.016 
1.065 
1.010 
• in 

-9(S 

.960 
•criY 

4.0Y1 

.2.021 

f•919 
2.084 

07 -cc 
4 .1.i I 
4.074 

).$01 
l• 74)
t•795 

4.ff 
A.obo 

al• )17 
a. loo 
4.23) 

.175 
2.095 
4.0S 7 

,2•36f 
1.107 
4. 271 
1453  

2.110 
1./1i 
/-144-3 

(13 
614 
9c 
96 
97 
97 
99 
loo 

101 
102. 
101 

104 
105-
lob 
107 
10i 

TABLE 9( b) 

Experiments with lie 26 0S. 

Percent Dyr 
Recovery Remark. No. cm.t,istc. 

at 
• to
,  tE/T iu/T N 

‘7•0 
137.0 
l'115 

210.0 
241.5 
2710 

73.S 
114.0 
157-0 
176.5 
204.00 
221.0 
2415.5 
272.0 

73•S 
74.0 

97.7 
1224 
15g•O 
1 	1 -5 
dog- 
233.0 

4.481 
11.-10 

33.301 
3•94c1-
44. 100 
6l. 752. 

f4  

•711 
•253 
.243 
• 14(0 
•252 
-146 

Pt, 

• 555.  
• 3 70 
.219 
.325 
.34-1 
• 113 
-316 
.292 

• 43y 

-310 
•4eo 

.400 

•4E7 
-370 
.33'0 
.400 

3.07& 
I. 444 
•320 
• 301 

I. 3Z5 
1.266 
1.268 

0 rpm. 

I rpm. 

3 rpni. 

44 
45 
46 
47 
As 

So 

SI 
52 
53 
54-
SS 
Sb 
37 
SI 

.141.0  

2.554 
q•IS 3 

-234-
2. osY- 

I•39 
R. 070 
I . i50 

1.1I4  

2.3 36 
2.3 s2 
I. 9'4& 

2•SZa. 

2. 337 

f- 737 
2. 22).  

4.202 • 400 

•337 
3.22 
5. (Fs-6 
6,5/s" 
6.74 
q.7co 

10.597 

• 4.13 
1.032. 
(.32.4 
/ 74.5" 
2.267 
2- 264- 
3. 047 
3. 107 

•S'74. 
• V73 
/.2o3 

• r I 0 
1.391 
/•44,2_ 
d. 308 
/•,7? 

4.32..5" 

C.44.44 / sic. 

73 
74. 
75 
•76 

It 
75 
(10  
ql 
72, 73.656 /02_4 

•%4 

.274 

-7% 
• 831 
-904, 
8.7 q 

. 

91.0 

112.3 
/4-4.s" 
1734.. 
03.5 

208. Q 
2.20.0 
243.0 
270 

/22:0 
/7.5.0 
2C/2.0 
230.0 
252:0  

	

.449 	2 
•435 	2.232 
• 43? 	2.220 
.4.10 	1.1'42 
'43c2 	Z-222 

	

469 	2-236 
• 43? 	2-041 
• 3,0 
-41, i 	1. 9fo 

200 
2./41 
2.080 
„9.100 
2.22r 

. 9.5'0 
1•2S7 
.?.150  
1.653 

2.2o9 

4•33c1 
.W.137 

1.204' 
/..591" 
/-92o 

,.•17() 	7 

2./4•S' 

3190 

• 400 
•42S" 
• (3.0 

• 4 70 
• %"oo 

• 600 

rpm 

Yprn 

60 
(.1 

63 
64-
65 
FH 

67 

61 

70 

72 

5401 
12.416 
24.645 
31. ISt 
41. 6110 
SI. c1S4- 
(c,i•s"72. 

73.564 

5-4oz 
5.520 

49.54Y 
15.031 

24.96u• 

AI 616 
S4.28, 

CLAW 
lo•s44 
21. 46/. 
t•9Ffi  

37.423 
43.244. 
40.4-0 
S?.01/.2 
7270 

14.844 
30.635 
4o. io4 

61100 
64.7b9- 

1. 067 
•7‘4) 
.472-
-721 
1.017 
• 72 
• 567 

.791 

1. 033 
• ct74•• 
.9e7 

• clic? 
-745 

.q 79 

1.013 

.972 
I- 0 3"6 

.761 
/ • 04 
•yso  
40SV 

1.014 
I. 02.2 

.991 
.17Y 
/.001 
/•06‘ 
• 793 
1.011 
1.017 

1.022.- 
1.042 

105.0 
104 
104.5 
103-5 
107.0 
104.5 
I03.5 

loo• 
106.0 
104.0  
106-0 
1010 
103.0  
103.0 
105.0 

100-S 

104.5 
107.0 

10e-0  
101-S 
103.S-
/02.5 
/04.5" 

102•Y 
102.5 
103.0 
/00•' 
100.01 
100.1S' 
/02.0 
104•F 
10...0 

:06-0 	1.040 
I. 02 

1.011 

"on 

.031 
/.044 
/. 002. 
1.0 2.0 
1-055 
1•010 

.q10 
i•ob5 
1.01.3 
.994 

`V 
-4041. 
• 74-6 
(.007 

1.04 
1.054 

10 rpm. 

15 rpm. 

c1•773 
k-`140  
(4.“4.  

43.104- 
17.746 

43.3 14  
5.7 34 

4343 
79.524 

L•vo4,  

16.673 

R4-.1q0 
30•62C 
3 i-rH 
C4. z_S' 
71.21 
54.536 

4 rpm.  

2 yvnt 

• 541 

• 3`t 3 
•45-3 
• a•ez 1-

.492. 
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• 4 S-0 
• aro 
• 4-Y0 
.40D 

•35i 
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.400 
.400 
.490 

.4so 
- 380 
,477 
-44.7 

• 41s0 
.500 

• .3 60 
.450 
4+00 
.450 

• 4 40 
450 

-NS0 

• 350 

•4.31 
.390 

.361 
.42ci 
.331 
-370 
•311 
3b0 

• tlici 
4 

• (4 2. 

•c(4-1 

cr&s' 

• sag 
.73Y 
• &Z 
• S'73 
• US' 

'770 
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•q?..0 
.570 
-717 
• 73(. 
762 

• t25 
117 
130 
153 

• 4Z3 
-545 
• 101 

• 
• yoy  
• Sf 

•iCSY 
-qku 
857 

.774- 
• 13 6 
• 7" 
• T45.  
-7(g. 
•712- 

• 45 

1.007 

1. 129 
1.340 

..Z1,1 

1.577 
4.013 
4.011 
A-403 
A:32V 

2.616 

-93 3 
1.230 
/.635 
/..zct  
1.7*0 

1.314 
1.514- 
A •109 

A • 3 2-0  
3.o Yo 
3.510 

•70q 
-coo 

1-190 
1.246 
1.270 

1- 63; 
1760 
.1.130 
4.4-30  
1-78 

• 63L 
/.212. 

1.2-7 4 
.1•04S" 

1.655 
4.110  
4.S(40 

79.7 
qs-o 

12 1.75 
131.4. 
154.3 

/770 
,10 S•0 
23U 

so,o 
46/-4- 

co.1 
104.3 
124.1, 
15S.2. 
176.7 

17947 
18Z,$ 
111,6 
43o.o. 

6f. 2 
217-7.3 

ql.e6 
// 3.13 
111.0 
142.43 
f52-o 

1 72-0 
208.25 

239- SO 
251.25 
282.0 

9 24 
/2.7.o 
15'. 0 
171.  
1924 

.213-0  
A 67.0 

0").S 

6.352 
9..?, 

1 7 24(0  
.23•901' 
31.327 
43.641 
54.056 
b2.-500  

72. 

6.413 

(0.171 

4-0'7 
3i. 2.2.$ 
32.353 
33.306 
3Y.651 

II- 'PI 
7 'Li M. 
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TABLE 9(C) 
Expertmenjs 	kv ni  nir 	F 

	
Inlet 

No. 0 1.,_ cluirsex  Qta 10  

PcyccKt .Dyt 

&covet-NI '6/-r -tu /-r (I..r):...:0 
N 

	
ci.44.11s t c Re KA a v k 

12.2 108.0 11. 66+ 95.0 1.040 .02 • 270 1•872 I • 2,15 125 143.5 20•592 (01.2. .q48 .710 •250 1.762 1•970 124 154.0 23-716 107.0 .97C. 708 •270 1•595 2.700 
12,5 100.2 32.471 103.0 •440 4)60 .280 /.583 3.070 0 	rpm. 14 210.5 44.310 102.5 1.124 •4642 • 325 (.443 4.5S'0 
127 241,.0 60.5/6  lOct• 1' 014 .750 • 325 /•7293' 5.190 
12Q A95.5 47.320 106.0 1.00 •791 -290 1•252 11.5S1 

WI 1 07-'0  to 404. 34.0 .976 • q5(2 •447 ;1'23 • 590 
130 1 to .0 13. 4 56 101.S 1.015 .gs'co  • 417 2. 5 3S • 7Z8' 
131 1410 20.164 (000 1.011 •262 •S-34• 2. 516 • in 
132 I55•.0 24. 02(;. 1 05.  9 (.070 .'710 • 608 2.4S-5 I. 155 I 	rpm. 
133 205.0 42.025 106.8 1.05 - 4103 ,535 2. 403 I. 525 
111. 
135 

234:1•0 52.900 (O 	2. /. ern I .421 • 3-44 .7.340 1.790 

(3i, 
222.5 
2 

79.ia WI- 0 I. 0 Wo • 417 •4 i (0 ,?•06 3 2.7.1- 41 C,0 c7. 616 94.3 -94 3 •i4Y • Sizt• 2• 00 2.440 

137 73.5 5.402 106.0 1.030 • V 7 • S36 R. 4 s-6 • S27 
/352 10S.I (1 .025 108.5 1.096 .944 •555 2.1Ss-  •90.S.  
139 1311.0 /7.95.6 103.5 XV, • g 6.6, • s-oo ?•397 poo..v" 
14.0 /45.2. .Q1.043 97-2. /.011" • i41 -570 4.6+5 •̀120  
/41 158S d5. 132 102.5 i•oi 7 - 47 • S30 2.659 -956 
142- I43 0 33489 10 41..S t. oo co 142 •VI., 4.4s1  •q74/ 3 rpm. 
143 194.0 37. 63 I, 0141 1. 007 -473 • 670 .7.7 Scf I. 1 SO 144 A CO.S 40. 200 104,0 tool .q7i . 536 3.072 i•oto 1.45 224•.0 so. I 76 102. ; • 02_, .90/ • 640 Q. 7 S'2. 1.33 S" 144, 25/.0 63.0b/ /0/.0 /-03J-  •900 •SCo0 4.802  1. 451 

147 296.0 $1.116 /03-0 	/ .00 2. • i34 .'570 2.8 TS /•Sy5 
144 301.75 91. 0S3 100.0 	/. 02 3 -M -S70 2. 47.5 /443 
4cf 315.3 qcf.325 103.5 /.020 • M • 600 :e. M_ I.745 

'So 1170 13.60 101.0 • "I ” . 	4'79  .57 2.457 • 8'3 
'51 /40.0 tif•Goo /02.3 /•043 '747 - 439 2.2$0 /. /44 
52 /43.s' 20.592 /04.5 I.o di •q47 -614. 2. 3 (..1 / • 27 s 

3 
roc 

/50.0 
/67.0 

.z•Sc:,  
24.06 

cii.4-  
fol•O 

(-020 
/. Oa° 

• Va. 
• 5$76 

.537 

.557 
2-436 
.7. 63 4 

/• 090 
/. 0 70 5 	rpm. 

.55 1 94.75 37.4 23 i oz-0 I.011 . fi 3 • 5 3 t. 2.674 1.212 
5G 21o.5 44.310 105.5 102 6  •1,0 . SS S. 2.75) I. 2s 3 
57 
sg 

227.0 
278 .0 

51.52`1 
77. 2-q 4-  

cicr.‘, 
/02.0 

/•oos 
1.041 

•4 72 
.4(70 

• SS 7 
• 136 

2.791. 
2.5s? 

/. 3 20 
1.84,7 

55 226•5 40.042 101.1 1.0?,cr . i 32 • Si 4 244.14. /•944 2 

Lo 43.3 6.431 105.5 (.033 'ill . 45 2. I-cf14 • i52- 61 132.0 /7.424. 4176 .495 113 •435 0..07o I. zgi 
69. l' 3.  17.557 /05-0 1.0/3 -• 863 • 535 2.482 /.367- 
,3 0.0'f./40 43.70 /06.0 /•036 - in •S56 A' .S-3 8' I.251 
64 230.0  5z.cio 1700 . n4  •90/ • s'Yc• 2. S 3 cs 1.720 7 	r 	. 
7i 44.0-S s7.g 4.0 /07•S 	, 	/.035 •900  • SY(a 4.Y38 /.630 
,6 253.0 64,004 I o2-S 	1.061 - ir?Io - n 4.. d-ssq- /.700  
,7 261.0 (.15.121 10-.5 	1.03? . W.  .637 4.40-o /..5- 
s 30S.o 94. il 64- 95.5 	1.04,9 • Y40 .515 4.14S -1.F&-c• 

c,di II 5-0 /3.225 10.5.0 • 473 .773 .43e /.24- 	/•300  
70 /43•̀ 1 5 40722 (07.0 	1.037  • 873 .491- .2.02S /.463 
71 (63.50 A6•73(/ /03.0 	1.017 • F4-7 • 492 -I.230 /.387 
72 194.0 37.636 /03.0 	/.0/7 4534 .510 4.309 /.675 
73 222.0 49.1Ytt- room 	f-oo 433 -49/ 4.2.73 /. i(/`1 10 	rpm. 
74 .227.s S-1•7Y47 /05.0 .9`,7 .5213 -49/ 2.462 1. 650 
'7 24-7.0 6t.00e7 105.0 102.'5 • 154 . S40 2.192 2.165 
'Co 154.25 44.61+3 102.5 1•02.1 •463 -SI/ 2.442 fici) 
7 2S0•0 74.4.0 IN.° /• 050 •V(7 .411 .?•1 IT 	2.0.0 .q Y)4•0 9410- 10‘.5 1. 0N •460 . 24.0 2•040 	2•87O 

5 II i.g /X.44 4/ 1100 bocts _iv/ .vi I. i(c,  /.580 
D 

I 

14.0 .3.1o4 754.  /.000 .7i7 • 42y / • C9 7 1.765,  
1 iZ•G 33.343 95.3 /.0q3" • ?1,2. -442 ( .973 / . 76/ 15 r ri '.- ,?00.0 4o-00o C(7. / .cfit • -if 27 •44-7 1•76 4./ 33-- 

1-  
• 

25 -.0 
2960 

bY.0L5 

87616 
9i..S" 

104 5  

/•030 

1.075 
• 5'4. / 
•861 

-07 
•4 57 

0.23 
I.717 

.„9.790 
4.-3/ 

308.0 94 460 9i.4 . 	I. 04-S-  • S54-S" • 477 /.Thi .4.22 

0  /0145 10-373 (03.).  gill • Cs76 .536 2.454 •730 
7 133.0 17.649 107.5 1.041. • crit 7- .$37 2.287 /.020 

V 
i 

1g0.0 

192.5 

3/.400 
310.56 

104.5 
ofcr•ID 

poo 
i-o3c7 

•4 65" 

187 

.s&7 

.6:4- 

2.74.3 

2. 746 
1.079 
1.1 YO 4 Ypnl • 

04.0 37.636 91.2. /•013 • ?P. • S37 q• Ell /•200 
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TM VALUE OF A IN rm3 EQUATION D = AQ2+ B 

Speed of 
rotation 

(resin) 	' 

THE VALUE OF A (cm. sec.) for 

2
11 

 0 P 
II 

- 	2 0 3 UFBI 

0 19.4 16.0 10.8 
1 4.90 4.14 3.02 
2 - 3.5.; 2.90 
3 4.44 2.68 1.40 
4 - 3.04 1.5F 
5 ) 4.07 2.)8 1.50 
7 5.3 2. 52 1.56 

10 2.70 2.1)4 1.92 
15 1.8 2.44 2.50 

TABL3 J 

2 
THE VALUE 01 B IN THE EQUATION D = AQ + B 

Speed 	of 
rotation 
(rpm) 

2 	-1 
TITS VALUE OF B (cm. sec.) for 

22(P 2" ,e' 	S UFBI REMAV 

0 0.00 0.00 0.00 
1 0.30 0.28 0.32 
2 - 0.42 0.42 

3 0.50 0.42 0.70 
4 - 0.45 0.67 
5 0.65 0.57 0.70 
7 0.85 0.82 0.82 

10 1.15 0.90 1.02 

15 1.35 1.34 1.17 
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4.6. Discussions,  
4.6.1. The Effects of the Forced Vortex on the Tunk Hydraulic Characteristics. 

The effects of rotation on the flow conditions in the tank were 

evident in the difference between the shapes of the flow through curves 

with and without rotation. When there was no rotation, the curve had a 
A 

high peak, ap  being of the order of 1.4 at t/T of about 0.25, which was 

often followed by a smaller peak. With rotation, the curve was smooth, and 

there was only one peak, t. of the ardor of 0.8 at t/T of about 0.450 

The occurrence of a high.peak at comparatively small t/T followed 

by a smaller ono shortly after was attributed to severe short-circuiting 

due to stagnant spaces and non-uniform velocity distribution. Dye was 

carried through the tank by fast stray currents. Some of it was deflected 

by the periphery wall and travelled towards the centre to be mixed further 

with the incoming flow. 

When a forced vortex was superimposed, these stray currents could 

only carry the dye outwards until they came to a certain radius where the 

centrifugal force balanced the pressure head causing the stray currents. 

If a fluid particle was pushed further outwards, it would come into a region 

of a higher speed of rotation than its own. The centripetal force of this 

region would be greater than the centrifugal force the fluid particle 

possessed, This unbalanced force would push the particle inwards. On the 

other hand, if a fluid particle was carried inwards by disturbances, its 

centrifugal force was greater than the centripetal force of the fluid in 
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this region. It would therefore be similarly forced back to its original 

position. A fluid particle could only travel through the tank by the build-

ing up of pressure head at the centre of the tank due to the incoming liquid. 

This build-up in pressure would push the fluid outwards into the new region 

where the increase in the centripetal force balanced the increased pressure 

head, Further addition of the incoming flow meant further building up of 

pressure, wnich in turn pushed the fluid further outwards. This process 

would go on and on and represented the way the fluid travelled through the 

tank. The superimposed forced vortex rotated the fluid ae.it flowed out- 

wards and resulted in a spiral flow0 

It would be interesting at this point to refer to the works of 

Walton and Key at Ale2candria t  1939. During one of their tests, a circular 

tank was adapted so that the flow came into the tank tangentially at the 

periphery and left the tank over a circular weir at the centre. The liquid 

had a higher speed of rotation at the centre of the tank than at the peei 

phery. This was the opposite of the condition of flow in the present 

investigation. Under such rotation - free vortex - any fluid particle which 

was pushed outwards by disturbances would come into a region of slower speed 

of rotation. The centrifugal force of the fluid particles was greater than 

the centripetal force of this region. 

would travel . further outwards. In the  

As a results  the fluid particles 

same manners  any fluid particle which 

travelled inwards due to disturbances would be carried further inwards. The 

system was therefore unstable, and there was no suppression of turbulence. 

The above discussion explains whys  under such an arrangements  valton and Key 



obtained a result inferior to those obtained in another design of tank in 

which the fluid was drawn off not at the centre, but at the periphery. 

Under this arrangement, the speed of rotation was greater at the periphery 

and decreased inwards, as in the present investigation. 

4.6.2. 222parison between the theoretical and experimental flow through 
curves. 

The comparison between the theoretical and experimental curves 

showed that the flow through curves agreed more closely with theory with 

rotation than without. This was attributed to the inhibition of short 

circuiting due to stagnant spaces and non-uniform velocity distribution 

(see also Section 4.3.) by the forced vortex. Further examination of tho 

curves showed that the peak concentration of a theoretical curve always 

lagged behind that of an experimental curves  and the agreement between the 

rising parts of the two curves was not so good an that between the falling 
a 

parts of the curves (Figs. 45 and 46). In general, the relation ft:14 e 

was found to describe the curve well, oven though the experiments wore 

carried out in the region of low N value, where it is only an approximate 

equation of the flow through curve. It was evident in Figs. 38 - 40 that 

N calculated from the variance was more accurate than N calculated ac-

cording to Thomas and Archibald's suggestion (see also Section 405.100 

The theoretically derived flow through curve (the),  .4ormulat  

eq. 24, Section 2.10' agrees better with the experimental curves than the 
N curve, both in the rising and the falling parts of the curve. The 

agreement was best cit.a= 15 rpm. 



46.3. The Effects of the Forced Vortex on the Diffusion Coefficient. 

The analytical study made earlier (Chapter 2) indicates that the 

diffusion coefficient, D, will be decreased by the superimposition of a 

forced vortex, and a decrease in D means an increase in N. Furthermore, 

dimensional analysis shows that there is a relationship between M and 

the Fronde number of the tank. 

The curves of M v, Q2 (Figs. 35 - 37) verified the above analysia. 

Three families of curves, having.Q as the parameter, were obtained 

for the throe inlets employed in this investigation and were found to have 

similar shape. When there was no rotations  N increased as Q2 decreased. 

This is in accordance with the analytical and physical considerations. At 

the limit when Q2 was equal to zero, that is no flow in the tank, the state 

of quiescence was reached because there was no turbulence, and N was seen 

to approach infinity. N seemed to decrease rapidly at firsts  but decreased 

more slowly at a flow rate greater than about 200 co./sac, This limiting 

flow rate varied with the type of inlet. 

With the superimposition of a forced vortex, curves of N v. Q2 

of similar shape to the ones without it were obtained when the speed of 

rotation of the paddles was low. There appeared to be a critical flow rate 

for every speed of rotation. This was the flow rate below which N was 

found to be smaller with a forced vortex than without, The value of the 

critical flow rate %rites  depended upon the speed of rotation, being 

small with a small speed. With the angylar speed of 1 rpm. there appeared 
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to be no critical flow rate. This was probably because at low speed of 

rotation the critical flow rate might occur at a very low flow rate2  at 

which the tank was unstable2  and it was difficult to obtain repeatable 

results. It should be mentioned here that at a flow rate lower than about 

80 00./600.2  the whole of the periphery weir was not used. V?ater flowing 

over the weir was observed to break into patches because of the surface 

tension ° The teak was therefore unstable and the flow non-uniform° 

The existence of critical flow rate could be explained by refer-

ring to the setting up of secondary currents and the production of turbu-

lence by the paddles. At a flow rate smaller than the critical flow rate2  

the mixing effects of the secondary currents and the paddles turbulence 

were greater than the suppression of inlet turbulence and non-uniformity in 

flow distribution by the forced vortens  as described in 4.6.1. The net 

result was that N was less than when there was no forced vortex. The 

fact that the critical flow rate was greater 'with higher speed of rotation 

substantiates the argument. The mining effects of the secondary currents 

and the paddle turbulence will be later proved to be dependent upon the 

speed of rotation (coo Section 4.6.6.). 

For any speed of rotation there was also an optimum flow rate at 

which the value of N was highest. (See also Section k.6.4.). 

4.6.4. The Variation of the Tank Characteristic Number N with the Tank 

Flow Rate° 

The curves of N v. Q2  shows that N wee not increased indefinitely 
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with the increase in the speed of rotation, This is a departure from the 

analytical study, It must be remembered, however, that in this study the 

effects of paddle turbulence and the mixing due to secondary currents had 

been neglected to render the problem mathematically soluble. It appeared 

that 3 rpno was the speed of rotation at which the highest value of N 

could be obtained with the 2" 0 S and the UFBI inlets. For the 2" 0 P 

inlet 15 rpmo was found to give the highest value of No The reason for 

this will be explained in 4.6,5. The greatest increase in the value of 

N was with the UFBI inlet where N was raised from 1.44 at 0 rpm. to 

3.03 at 3 rpm at the flow rate of 212 ec./sec. (The designed flow rate 

for the inlet was 2165 cc./sec0). 

The curves of N v0 Q2 were then reconstructed with N now plotted 

against.a for the flow rates of 1740  245?  300 cco/beco, as shown in Figs, 

17 (a)c  (b) and (c), in order to show the effects of rotation on the trInk 

N number. 

It is evident that N seas decreased for SI greater than 305 rpm0 

in the case of the 2" 0 S and the UFBI inlets. For the 2" 0 P the effect 

of .n. was similqr to the other two inlets for a low flow rate through the 

tank, FowevorT  at a hish flow rats N appears to increase with the in-

crease in -a o The reasons for this difference in behaviour are given in 

Section 406.5o 



4.6.5. Behaviour of the Three Inlets° 

The reason for using those thee: different inlets 	so follows: 

The first two inlets that 5,E, t7o 2 FT and the 2" 0 Sr did not 

introduce the flow uniformly throughout 11,e depth of tho 1;ank and, in the 

case of the first inlet, the flow was directed aLainet the bottorA of the 

tank and tended to flow along the floor The flew would therefore countor-

balance the secondary flow along the floDr which was towards the contra. 

As a result, the mixing capacity of the necondary flow was hindered. This 

inlet should give high N number at a Y.gher np2ed of re',:ation and flow 

rate. In the case of the 2" 0S0  there :are a tendency fo.2 the flow to 

follow the. tank floor as in the first ca.3e, but, as it was not directed 

against the floors  the secondary current" could inhibit the outu:ard flow 

and make the liquid flow more towards the upper -,ortion of the tank u This 

action of the secondary currents was vor; noticeable at a high speed of 

rotation (Firs 34s  and soo also Section ?:A,). 

The UFBI inlet introduced the f:ol uniformly throughout the depth 

of the tank, Thp flow of water in the tV)M.)P half of the tank 'would tend to 

promote the secondary currentos  being in the same directions  while that in 

the lower half would tend to inhibit the:n. There was therefore no change 

in the nature of the secondary currontss  and at a high speed of rotation 

water could be seen being forced to flow more towards the top. This inlets  

like the 2U 0 Ss  should also give a low N value at a high speed of rotation. 

Tice study of the shapes of. the N v. e curves made in 4.6.4. indi-

cated that the above reasonings were,corrocto 
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4.6.6. The Variation of the Diffusion Coefficient with the Tank Flow Rate. 

When D wa© plotted against Q2 three families of straight lines 

were obtained for the three inlets (Figs. 41 - 44). They could be repro-

sented by an equation of the type: 

D = AQ2 	B 	 (1) 

where A and B are constants depending upon the inlet and the speed of 

rotation. 

Fig. 41 showed that when there was no rotation B was equal to 

zero and (1) becomes 

D = AQ2 
	

(2) 

This equation agrees with the physical conditions in the tanky 

because when Q is zero, D should be zero also that is the quiescent 

condition. On the other hand, when Q approaches infinity D also ap-

proaches infinity, which is also physically correct. Comparison made 

among the three inlets showed that A was least with the UFBI and greatest 

with the 2" 0 P. As Q and D appear to be dependent upon the kinetic 

energy of the flow before and after the inlet, A can be regarded as a 

measure of the effectiveness of an inlet, being small with an efficient 

inlets 

When a forced vortex was superimposed, the constants A and B 

in (1) appeared to be dependent upon the speed of rotation and the type of 

the inlet,, For any inlet, the value of A measures the effectiveness of 

thncmporimeasncl ibrcecl vorte::5  the cs-Aler the value of A the core 



effective the forced vortex, 3 rpm, was found to be the optimum speed for 

the suppression of D for the 2" 0  S and the UFBI inlets*  while 15 rpm, 

was the best speed for the 2" 0 P. The values of A and B were tabu-

lated in Tables 11 and. 12q• X68. 

Thevalues of B'$ are of great interest because they are the 

measure of the turbulent mixing caused by the rotation*  that is due to the 

paddles as well as the secondary currents, B is the value of D at the 

point whore Q2 is zero*  that is*  the value of D where a straight line 

in Figs. 41 - 44 cuts the D-axis and is therefore independent of the inlet. 

The values of B- obtained from the experiments with the throe inlets at 

different speeds of rotation were shown in Table 11 They were found to 

agree well, 

These facts help 	substantiate the analytical study and the 

reasonings with regard to the effect of the paddle turbulence and the 

secondary currents (Section 4.6.5.), and the existence of critical and 

optimum flow rates. 

4.6.7. The Ratio of the Arithmetic Haan Time to the Theoretical Detention 

Time. 

The examination of the experiMental results obtained from the 

three inlets indicates that 	does not vary markedly from unity, This 

is in accordance with the analytical study which indicates that 	will 

be eqUal to unity regardlees of •'rhe to 	condition in.. the tank. The 

results else showed net there was no appreciable stagnant portion of liquid 
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in the tank* 

ta 
It appears that — has a connection with the percentage of 

tracer recovery* With the help of the flow through cell, continuous 
- was 10t 

measurement of dye concentration until no trace of itAin the effluent 

was possible. It must be admitted, however, that at the tail end of the 

• curve, where the concentration was always lows  the error in the coneentra.-

tion measurement was lage, and air bubbles and dust in water always help 

in making.this error. on the nosAivo side* Although the concentration 

was small at the tail end2  its momenta about the origin were large be-

cause of the large order of the abscissa. As a result, the positive 

error in concentration measurement tended to pull the ratio to the right* 

4.6.8e The Ratio of the Median to the Theoretical Detention Times* 

The experimental results indicate that the ratio of ttr  -- is raised 

by the superimposed forced vortex, and there appears to be a tendency for 

it to be small at a very low or a very high flouhrate. As k
1
j is a func-

tion of Ne  it is expected to have a relationship with 2  similar to 

that between iJ and. A closer examination of the results reveals 

that for the 2" OS and the 2" 0 P inlets 
Al 
 may be regarded as independ-

ent of e for any speed of rotation of the paddles. iq  is raised from 

about 0.7 to about 0.84 by the superimposed forced vortex, the speed of 

which does not seem to influence it. 

For the UFBI inlet, the tendency for the ratio to be small at 

very low and very higli flow rate is more narked. Again the ratio is 
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definitely raised by the superimposed forced vortex. At Q = 245 cc./Sec. 

-LH 

T 
is raised from 0.785 to 0.92 at -a 0 1 and 15 rpn. respective/y. 



CHAPTER 5 

CONCLUSIONS AND SUaGE3TION3 FOR FURTN3R STUDY 

5.1. Conclusions Drawn from the Analytical Study. 

5.1.1. The Theoretical Flow Through Curve. 

The use of the diffusion type approach to study tho mixing of 

the liquid in a continuous flow circular sedimentation tank results in 

an equation describing the flow through curve of the tank as follows: 
e 	-D4;1: c 	7- 

Q0 
2u Tr i.. 116)e  c z., 0 „ bvs, @no .1,-, Naly,_,(46/7k — L.... 	ce it=t r 	 a 4;10401X-10.0—  xa,,Z.Nnevi 7 	(1) 
L i 3;-: Noo - ii ,T; NtrA )12:- .7;- 

and for r = b 

where 04 is tho nth root of 

aurec-ritx-1(44J1TH664-AX"./  = 	
L 	*0- 12 floyqt 4600 iv/ 	t 04 	x*,  " 

(2) 

7;.,(cihb) 	 am,,v6a5,0 	(3) 
.1c.•!-,:c.if ,m)-(17s,(cto) 	A-6,%),-, 	Optot-e9 

To evaluate (1) the values efce„ s  n = le  2*  32 	uoro needode  and 

equation (3) must first be solved. (3)• involved Besse]. functions of the 

first and second kinds of the order? and 1,61 . It was therefore rather 

.tedious to obtain cf, from it. Thp problem was then reconsidered with 

a = 0 and a new solution was obtained with the help of a Green functions  

i4e0 by first obtaining the solution for instantaneous injection of dyy 



solution was found to be: (nrAbzi 
—r* 

(c4,13)
0 e-  (5)  

in an infinite medium and combining this solution with the one that is 

valid for the boundary condition at r = b. In this manner, the required 
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where 04, is now the nth root of 

LT;.., 	b) m 0 
	

( 6) 

(4) reduces to co 	when rz 0 (160v  dJW 	)o Comparing the time of 

the maximum concentration and the variance of (4) with those of the equa- 

tion 	EA(ire-41 	it was found that in general 

V+ I 
	

( 7) 

No  the number of the imaginary cells constituting a sedimentation 

tanks  which was introduced by Thomas and Archibald as a parameter measuring 

the hydraulic efficiency of a tank had thus been shown to be dependent upon 

the flow 'rate through the tank and the tank diffusion coefficient. 

The 

relationships 

ratio 1.61 hid been found 
T 

betweena4 and .4Y and N 

to be independent of 

are as follows: 

N while the 

N-1 
Af 

11-1.4.110  r 	y 
elrq) L  k7. 	

— 
Art  7' 

- - + L (01-0/4-2.)- 

-a) e 	(1-9(tv-z  
)(f)

rv-3
j r4vT 

e 
N tecn-od 

( 8) 



501.20 The Diffusion CoeffiCient° 

Lagrangian analysis of diffusion was used to study D which was 

found to be equal to 	1 te" 
f

L 
 A. 

R a 	 ( 9) 
0 

when the time was large 

iff  797f =, Constant 	(10),  

D can also be regarded as the product of the intensity and the scale of 

the turbulent mixing process and can be written as 

.P 	 (11) 

where 7  f,i  is called the diffusion length° D is therefore analogous to the 
w= r 	• turbiP.ent mixing coefficient which is equal to A A/1-  0 Mile analysis pro-

vides two informations: 

(1) By tracing the flew through curve of dye in a sedimentation 

tanks a number of parameters measuring the hydraulic performance of the 

tank can be derived. These parameters depend upon D which is the turbu-

lent diffusion coefficient of dye in water. 

(2) The diffusion coefficient depends upon the radial fluctua-

tion and the Lag:cangian :integral scale. 

5.1.30 The Effects of the Forced  Vortex  on the Diffusion Coefficient° 

From the Reynolds turbulent stresses and turbulent energy equa- 

tions it has been shown that: 

(1) When only the outer paddles rotate°  there will be a suppress 

sion of i? resulting in a decrease in Do N is therefore increased 
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because D is inversely proportional to it0 

(2) When only the inner paddles rotatev  L1 is increased result-

ing in an increase in D and a decrease in N0 

(3) When both sets of paddles rotate in the same direction, there 

will be an increase in D near the inner paddlesv  while the opposite takes 

place near the outer° The net effect will depend therefore upon the rela-

tive speeds of the two° 

5,1040 The Dimensional Analysis, 

The problem has also been analysed dimensionally° It is found that 

pa n n (12) 
ala j2  "òc 

which on on simplification becomes 

tqg )* 
ra ti-ms 	) 71. 	(12a) 

The above equation indicates therefore that N has a relationship 

hV with the u  Froude number and the dimensionless term -fly . In other words 

if N is plotted against Q
2 

2 a family of curves will be obtained having 

00' as the parameter, 

9t gee  note opposac p.3. 



5.2. Conclusions Drawn from the Experimental Study. 

50241. The Effects of the Superimposed Forced Vortex on the Diffusion 

Coefficient. 

The present investigation:genfined experimentally to the case of 

(°, and .5 e: ceo and i respectively. Three types of inlets were used, 
WL 

and the curves of N vo Q
2 obtained from them are found to be similar 

in shape. They are considered as the verification of the dimensional ana-

lyais 

The curves of D v. Q 	D being obtained from 
	

by the rola- 

Lion 	N 9;%I 0 
	 (1) 

have also 0 as the parameter. They aro considered as the verification of 

ti)e dimensional analysis as well as the jUstification of the diffusion type 

approach to the problem. These curves can be represented by 

n 	 (2) 

where A and 13 are constants depending on the inlet, the speed of rota-

tion and the turbulent diffusion caused by the paddles and the secondary 

currents, A can be further regarded as the measure of the effectiveness 

of the inlet and the superimpoced forced vor'eex. 

These curves show clearly that the forced vortex. lowers the value 

of D and increases the value of Ne 
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5.2.2, The Effects of the Superimposed Forced Vortex on the Tank 

Characteristic Number N. 

When there is no forced vortex superimposed, the hydraulic performe 

antes of the three inlets are practically the same, having a high N value 

at a low flow rate. At a high flow rate the curves tend to be parallel to 

the Q2 axis. 

When the paddles are in rotation, the resultant floc/ through 

curves change in their characteristics. The occurrence of high peak con-

centration at a relatively short time compared with the theoretical &ten. 

tion time and long persistence of low concentration are minimized The 

peak concentration takes place at a higher If and is smaller in magnitude. 

The increase in the N value lc greatest in the case of the uniform flow 

inlet, and least in the case of the submerged weir inlet. In general, the 

N values are low at low flow rate and very high flow rate, and they are 

not increased indefinitely with the inmease in the speed of rotation. 

There appears to be a certain seed beyond which they are decreased in-

stead of inereased. This is ca:Tied the optimum speed of rotation of the 

eaddlee, 

50203. Optimum Speed of Paddles Rotation. 

3 epme seems to be the optimum speed of rotation of the paddles. 

At this speed highest N values are obtained with the UFBI and the 2" 0 S 

inlets. With the 2" 0 13, N is increased to the greatest extent at 15 rpm. 



5.2.40 The Critical Flow Rates° 

Because of the existence of the secondary currents associated 

with the rotating flow above a fixed.ground, and the production of turbu-

lence by the paddles°  there is a critical flow rate below which N values 

are less with rotation than without° The value of the critical flow rate 

depends upon the speed of rotation and the type of the inlet° An optimum 

flow rata also existst  and its value too depends upon the speed of rota-

tion and the typo of inlet They increase with the speed of rotation° 

5°2.5° The Advantages and Diead;.antages of Using Various Parameters 

Characterizing Short-Cireuiting. 

From the eeperimental end analybical study in the present in-

vestigation, the following conclusions may be drawn rogardins the use of 

various parameters by investiga":ora in the pact: 

(a) The uee es a parameter measuring sheet-circuiting is 

inadequate because it :lc not in;luenced by the mixing condition in the 

taek, J:ts detceenin7tien is ale: veey much affected by the condition at 

the tail end of the flee threug% cure() where the accveacy in concentration 

meaeueeeent is peor It Ls at .- ey rate use: All in the eneminatice of 

exeevimental rcoulte. The raeu ts obtained in the present investigation 

do net Lebow that the ratio vas_ ec Laelea:ly :7rem unity, end there appears 

to be no effect of the . orced lertex upon it° 

ic 
(b) 

aw W is better than y in measuring shortecircuitingo  since 

it varies with the mixing condition in the tank as well as revealing the 
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presence of any stagnant portion of the tank. However, it is not so 

sensitive as y and Ns  which should be obtained from the variance of the 

flow through curve. In the present investigation, it is found that ta 

is increased by a superimposed forced vortex. This indicates the length-

ening of the average detention time of a fluid particle. 

(c) The use of 0 and (k as the parameters indicating serious 

short-circuiting duo to non-uniform velocity distribution and secondary 

currents are not suitable because they cannot be accurately determined. 

Besides, on examining the experimental flou through curves, it appears 

that they do not vary markedly between cases where the degrees of short. 

circuiting are different. The existence of short.circuiting due to non• 

uniform velocity distribution and secondary currents is best revealed by 

comparing the experiment and theoretical curves. It is evident that the 

superimposed forced vortex minimizes this kind of short-oircuiting. 

50206. Secondary Currents. 

Tha deposited particles at the tank floor are observed to move 

towards the centre and gather in a ring surrounding the inlet. This 

phenomenon established further the existence of secondary currents and 

agroeth the observations and experiments of previous investigators in 

the field of secondary flow. It is possible that, in practice the scrap. 

ing. mochanisme may be found unnecessary. 
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5.3. Suggestions for Further Study 

The superimposition of a forced vortex on the flow of a circular 

sedimentation tank as a means of improving its flow characteristics ia 

novels  and it is believed that the present investigation has opened up 

a new field of research in sedimentation tank design. It is obvious that 

net all the problems arising as a result of this attempt can be dealt with 

in a single study. From the experience and the result of experimental and 

analytical study of this kind of sedimentation tanks  it is felt that the 

following may represent some of the problems worth studying. 

5.3.1. Inlet Design and Inlet number 

The introduction of circular motion into the flow in the tank 

requires a new kind of inlet which should not only introduce the flow unit 

foray into the tanks  but also tangentially in such a way that the incoming 

flow is caused to join'the main flow in the tank with a minimum degree of 

turbulence. The application of the-fold flow theory in the design of 

an inlet appears to be successful as far as uniform distribution of flow 

is concerned. The problems new lie in the positioning and designing of 

baffles which will destroy the kinetic) energy of the incoming flow as well 

as directing it tangentially into -the tank. It may be possible also that 

an entirely new approach to the design problem is called for. 

After the problem of designing en inlet COT428 naturally the ques. 

• tion of finding a parameter to cta%aetrinll ate 771 n-aluate the performance 
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of an inlet it is a usual practice to obtain a flow through curve of a 

sedimentation tank with that inlet, and by obtaining several such curves 

for different types of inlets, their performances can be comparede The 

dimensional analysis shows that W has a relationship with the tank 

Fronde number?, and the experimental results reveal that each inlet has its 

own family of curves. It seems possible therefore to include en 'inlet 

number' into the dimensional analysis to complete the picture° The modi. 

fled dimensionless equation now becomes: 

N 	V' (Fr, 4,,) 
where I is the 'inlet number', But what is an inlet number? 

The kinetic energy of the influent seems to be very important to 

the performance of a sedimentation two. Bloodgoode  Boegly and Smith (1956) 

experimented with.a rectangular sedimentation tank and found that there is 

a relationship between the kinetic energy of the influent and the removal 

efficiency of the tank. This, together with the fact that 
z 

1.13 

obtained in this research make it reasonable to propose that the inlet 

number be defined as the ratio of the kinetic energy of the incoming 

liquid and the liquid leaving the inlet zone. It is therefore a measure 

of the efficiency of-an inlet in destroying the kinetic energy of the in. 

fluent and appears to be related with AL. 

The use of the suggested inlet number would permit.the evaluation 

of the performance of the inlet independemtly of the performance of the 

terxe 
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503.2. The Design of an Effective Means of Rotating the Tank Content 

One inherent drawback of using paddles as the means of rotating 

the liquid in the tank is the production of turbulence. Number, shape and 

positioning of the paddles are among those factors which have to be studied° 

The analytical study shows the possibility of having two sets of paddles 

with different effects on the value of the diffusion coefficient. 

5.3.3. Experiments with Particulate and Flocculent Particles  

There is no reason to Imlieve that a tank with a high hydraulic 

efficiency will not give also a high removal of 	Exneriments with 

flocculent particles should prove very interesting because of the existence 

of shear forces due to the orperimDecod forced vortex It is well known 

in 
that shear forces up to a certain magnitude helpolforming flocs (camps 1940 

and that the settling of flocculent particles depends upon the detention 

time. 

503.4,, Ekperizents with Variouo Ratios of the Radius to the Depth of the 

Tank. 

The Nature of secondary currants is known to be dependent upon the 

aspect ratio of the system in which the main body of the liquid flows. The 

harmful and the beneficial effects of the secondary currants in a sedimentac. 

tion tank under the influence of a forced vortex have also been revealed in 

the present research. The centEol e± the currents, and also indirectly the 

control of 13 of equation (1) Seetien 4.606. are therefore very importanty 



and further study into their behaviour in a sedimentation tank is worth- 

while° A suggestion to be made here is the study of the N ve 	curves 

for different ratios of r/de By accumulating experimental data of this' 

kind!, the optimum ratio of r/d for a sedimentation tank can be derived and 

used in the design of a trnk0 

5.3.5 Short-circuiting due to Density Currents 

This research has sheen the effects of the superimposed forced 

vortex in inhibiting short-circuiting due to turbulent mixing and non-

uniform velocity distribution* It would be of great interest if the effect 

of rotation on the short-circuiting by density currents could be studied° 

The performance of full scale tvnk is very much influenced by these currents, 

and they present a serious problem in the design of sewage settling tanks*  

because the incoming liquid is normally denser than the liquid in the tanke. 

The difference in temperatures Letween the influent and the tank contents 

also gives rise to density currents* Reperimonts of Eleegman (1958) along 

similar lines showed that rotatjean does improve the performance of his tank 

in comparison with the conventicnal 
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APPENDIX I 

14113T OF SYMBOLS 

The following list includes all algebraic symbols appearing in the thesis, 

except for standard mathematical notation and special local use° The 

ing under each item ranges from the general use to the specific° 

A 	a constant 
cross sectional area (L2) 

B a constant 
width (L) 

C 	a constant 
concentration (N43) • 

Cd 	coefficient of discharge (dimensionless) 

Cde 	coefficient of discharge at the end of the slit (dimensionless) 

Cdx 	coefficient of discharge at a distance x from the closed end of 
the conduit tdimansionless). 

CO 	ratio of the fraction of recovered momentum to the ratio of the 
flow leaving the main conduit to the flow upstream of the opening 

C-ourvo flow through curve obtained with instantaneous injection of tracer 

D  diffusion coefficient (1`'T) 

molecular diffusivity 

F 	rate of lateral transport of traoer (H/L2T) 
function of 

F-curve flow through curve obtained with continuous injection of tracer 

total energy head (L) 

Df 	head loss (L) 

K ratio of tank flog rate per unit depth to 211 

K9 	friction coeffioient (11/T) 

L lensth 
length amension. 
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M 

N 
Pd 

Q, 

%a it 

(id 
R 
R
e 

mixing length (L) 

mass 
mass dimension 

number of imaginary cells constituting a sedimentation tank  

ratio of the flow leaving the main conduit to the flow upstream 
'of the opening (dimensionless) 

flow rate per unit depth (L2/T) 
flow rate (L3/T) 

critical flow rate (I3/T) 

optimum flow rate (L3/T) 

amount of dye injected into the tank (M) 

hydraulic mean radius (L) 

Reynolds number (dimensionless) 

Lagrangian correlation coefficient (dimensionless) 

L+grangian correlation coefficient in the x direction (dimension. 
leas) 
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y direction 

R 	rt 	11 	z direction 

' R} R 0 E 
' 

ilagransian correlation coefficients in the radial tangential and 
axial directions respectively (dimensionless) 

T 	time dimension 
tank theoretical detention time (T) 

U radial velocity at the inner radius of the tank (L/T) 

✓ forwarding velocity (L/T) 
tangential velocity (L/T) 

✓ setting velooity of a particle (L/T) 

tJ 	velocity in the axial direction (L/r) 
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a 

Co

b  

ce 

c/co 
et 
cx 
d 

q 
2 v , 

r2 
 

inner radius of the tank (L) 

outer radius of the tank (L) 

tracer concentration (M/ L3) 
tracer concentration in the flow through cell. (WO) 

tracer concentration at the exit of a system (WL3) 

amount of tracer used divided by the volume of the tank (M/10) 

normalized concentration of tracer in fluid (dimensionless) 

tracer concentration at the tank overflow weir at any time (M/L3) 

tracer concentration at the entrance of a system (11/13) 

depth (L) 
diameter of a tube (L) 
diameter of a sphere (0 

width of the slit at the closed end of a conduit (L) 

width of the slit at a distance x from the closed end of a 
conduit (L) 	• 

acceleration due to gravity (L/e) 

hydrostatic head (L) 

..0 
constants 

fraction of recovered momentum (dimensionless) 

length 
mixing length (L) 

number of imaginary cells constituting the systems  3.00 
tion tanks  connecting tubess  effluent chambers  effluent 
and the measuring cell (dimensionless) 

co  pressure intensity (19/LT2) 
a positive number in g(p) 	exp(-pOu dt • Laplace 

1/2 

(p/D) 
u'2 + 02 w' 

radius (L) 
polar co-ordinate (radial distance)(L) 

inner radius (L) 

outer radius (I.) 

en 
ex 

g 
h 

ks  kis  1E:2  

k
d 
1 

sedim4ntam 
channel 

transform 
of u 



r
m 	

mean radius (L) 

t 	time 

t
G 	

arithmetic mean time: time to the centre of gravity of the flow 
through curve 

t 
	

median time: time at which 504 of, the tracer has passed through 
the tank 

t 	time of the initial appearance of the tracer 

tA 	time at which c/c
o is maximum 

co 
u 	radial velocity (L/)•2, velocity 

u° 	fluctuating velocity in radial direction (IVT) 

v 	velocity (L/T) 
tangential velocity (WT) 

v 0 	fluctuating velocity in tangential direction (LA) 

velocity (L/T) 
velocity in the axial direction (LIT) 

velocity 
w° 	fluctuatingAin axial direction (L/T) 

x 	Cartesian co-ordinate 	• 
distance in the direction of flow (L) 

y 	Cartesian co-ordinate 
distance normal to the direction of flow (L) 

Cartesian co-ordinate 
distance in the axial direction (L) 

circulation 0 ary 

angular speed of the paddies in rpmo (T 1) 

specific gravity (11/12?) 

v 	kinematic eddy viscosity (h 

efficiency (,4) 

0 	polar co-ordinate (argular displacement) 

dynamic viscosity (NT/e) 

v 	kinematic viscosity OM 
p 	.mass density (111/g) 
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2 variance 
2 

ori 	variance of the ith component 

tiV 	shear intensity (N/LT2) 
fgd 	 laminar flow 

T
t 	

turbulent flow 

pl 	diameter (L) 

function of 

stream function 
function of 

angular velocity of the paddles (T-1) 

19 



- L (x,y,z) 

APPENDIX II 

NOTES ON LAPLACE TRANSFORNS AND BESSEL FUNCTIONS 

IL l0 Laplace Transforms 

The use of the Laplace transform enables a partial differential 

equation to be transformed into an ordinary linear differential equation, 

The advantages of this method increase with the complexity of the problem° 

If u denotes a function of ma  yo  z and t4  then the function g(p) 

is given by 

(p) 	f 	u oft 	p> o 	(1) 
0 

g(p) is called the Lap/ace transform of u assuming that the in- 

tegral emists. It is also assumed that 	0° 

I;.4Zu dt 
	

7 fe u di 
	( 2) 

0 	 0 
With those assumptionss  the Isubsidiary.equation° of a (Mferen- 

tie./ equation can be found,- Let the equation beo  for examples  

V tE 1.  42 0" z) 	 1!. 	)----at Ao(g.y.z)Lt cht-Y,z,t) 	(5)  

with a boundary condition to be satisfied in the form 

GT( 	z 	(x.lyza 	 ( 4) 

and also conditions for t a within the region 0,g, 

Lt 
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oa 

A 2  ( x. y. z ) CVEL0 4-14, 3 + A (4,9, z) tte +fel (x,9,z,i)dt 

and the boundary equation becomes 	
0 	(6)  

G(/s,v,z ) i 	(x,y,z)1-1 	= je-i tc(x,u,zt)otit 	(7) 

If a can be found from (6) and (7)9  u can be found from 
bcp -pt CC, (x. 	z. p) 	e Lt. 	,Z,t) Cif (8) 

0 
If u appears in the Table of Transformas  u can be written down directly. 

If this is not the cases  u can be obtained from 	by the Inversion 
l'OjeD 

Theorems  i.e. 4t 
e 

(9) 
The line integral in (9) oan be evaluated by transformation to a 

suitable closed contour and the application of the calculus of residues. 

Generally two typos of contours are used as shown in Illgolif..(a) and (b) 

according to the nature of il(ns y  es  t)0 If it is a single valued func-

tion of T. wits an infinite number of poles (a) is used. When ii(1.) han a 

branch point at the origin but otherwise only a finite number of poles g  (b) 

is used. 

Mg, 4 
(a) 

The subsidiary equation of (3) is 

lea i• [Az (X•V, Z.) e Al (x.y,Z)t+ Ao(n,y,z)] cz  



Soma FuntEstgaltre2prtiesoUlildtgaransforms 

Theorem I 
	

1,(vi  .1- v2) o 14(v1) 	L(v2) 

Theoret II 
	

L( 	) 	m pL(v) v  vo 

where v0 is the value of Lt v. In general vo will be a 
t-.P. 0 

function of the space variables 2:1 y. and z. 

T i 	I 	
-eti 

Theorem III 	.L,% Wit 0 	
_., .......-.... 

t 	. 	D e 
Theorem IV 	L(.1(v(t9dW) m (1A)1,(v) 

0 

IT.2. Bessel Functions 
iimme.,=.12 .0Wds -V-1112 

till(s) is the Bes6e1 function of the first hind of the order 

V and is defined by 
oto (-1)r(45)11.:-2 LT (z) = 2: 	 (1) V 	rzo r!P (1N-r+1) 

where V is real and z may be seaslenc  its argument being given its 

principal values. (1) satisfies Bessel equation of the order 0 

	

d 	( 1  — —z. ) 	0 
	

(2) 

Particular cases of (1) occurred in the solution of differential equa-

tions of physical problems for over a century. Ps far back as in 17320  

equation of the type 
4 	o 	 (an) 

was obtained by Bernouilli es a result of an investigation into the pro,-

blem of the eecillation oF hca-g67 gloNible chain suspended with its 
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lower end free, but it was not until 1824 when F0 W. Bestial, a German 

astronomer began to deal with these functions in a systematic way 

(McLachlan, /”S). 

The property of J0  (z)is such that 

n(z) 	(-1)11J-n  (z) 
	

(3) 

where n is an integer. Therefore there are no independent solutions of 

(2). In order to obtain a second solution of (2) which is available for 

all values ofP the following function is defined; 

M (z) = 42112-9-15-1J-r j-v  (z
) 

 Sin rir (4) 

203. 

and Yri(z) is Lt 
P-mt. 

yl  

Ifv(z) 	. • 	(5) 

Y2 	za e< %Ty Z 	Y„(s) 	 (6) 

where ec and /a . are non zero constants. 

The Modified hesse1 Functions 

 

2 
I. at SA +  

z dz2 z
2 Y = 0 	(7) 

is satisfied by 

ad  (") 
e) ("1 Z )

V +2r 

Y-0 r ittn-47Yr 1 
(8) 

g 	(z) is not independent of Iv  (z) if 8 is an integer. In 

this case a second solution is needed and is defined as 



ite(z) in 
v111 , 	(z) 5:  7T 	 (9) 

and 	Kn(z) 	- 	Lt 	K(z) 	 (10) 
1)-0•11 

The complete solution of (7) is therefore 

y 	r r. 	A Iv  (z) .:. BK y  (z) 	 (U) 
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APPIODIX III • 

DIFFERENTIAL rfaeUATION OF THE. DI/FUSION IN A .CIRCULAR SEDIMENTATION TANK 

AND IliE SOLUTION FOR AN INSTANTANEOUS INJECTION OF DYE IN AN INFINITE MEDIU& 

III0I0 Differential Equations° 

Consider 'a fluid element as shown below (Fig0 39  Section 202.1.°) 

Fig. 3 

The rate of change of concentration of the fluid element is by consider. 

ing the conservation of dye:c 

P_E• r.de•cle-tiz ,CDT4. 	d6 +D rile•dz -{-(Drr 	-Dv  st  .4, brat )+ 
-Pry& cit-i(rIcIndociz 	rda e. 	 dz- otildrgcldr)(1-4A40;)dz 

(Dort + 1# ÷ D4) dr./1z - -Op rcTe 4  rieztz )  
pc° Z.• de draz v•c•dreiz (v+kede)(ctIcle)eIrdz. 717  

(Dry- 	D„t_oe?. r.da - 	./* p.4.9t7) 
Y*.e!Ct r! -C. 	(s.,2z,):.. c1r..)C(-iatiz)rdatit• ar 

(1) 
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kr 	dr ciz•rrie - urdedz olr Deg 	de circlz 57-2. ar 	ge".- 

- r dr clz ae de 4..1),z tdz dr.rde 	rde dr alk 

( Dn. si; 4 	se  4.1) 	)42..clr•de 	 (a) 

If the medium is orthotropic%  i.00 ir D and D are mutually perpendi- 

cular .and Do 	sz 	0 = 0%  (2) becomes 
r  

at tr. .1)n,  — 	?.1-  .1.,Dmac.t. Doo 	 ac. 
6r` ay 	ar 	Fe. r 	zz.azt  6z  (3) 

narthex.%  if the medium is a/so isotropic%  i.e. Drr  = Deb = D 	= zz 

we can write (2) as 

c)c. = 	 b te. 	ac ozac. 	(Is 
at 	art' r 	

_ 
ar 	

_ 
r Se 	az 	(4) 

For a two-dimensional flow (4) becomes: 

,L 
t-- D 	 k 

art' r 	ogY 

If however, if the medium is not isotropic%  D in (5) will be Dre 	it le 

anisotropic D will be 1 
2  Dm  .sr 11600  n2Dm  where 10  m and n are the 

direction cosines in the r%  0 and z direction respectively. 

111.2. Z29E9].LM22LS23LELXttananeousectionof,eiztan 

1.11.1.42:-.1112.212i1L-ura 
The Laplace transform of.(,) Jet 

ac +` 1 - 29) 	- q'"E = 0 
Y1 	Y 

(6) 
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which is another form of the modified Bessel equation° 

The complete solution of (6) is 

c .7. 	.1- 1' A I
v 
(qr) 	B K (qr) 

As X (qr) is infinite when r approaches infinity the solution of (6) 

which is finite at r = co is therefore 

= a'')13 (or) 	 (8) 

If the amount of the aye injected into the tank is Q
d  then 

0-D 
— 	z-; ,)(21r B It), (qr) dr 	(9) 
-.A 	ill 

0 

(9) implies that the total amount of dye in the medium As always qd. 
2 

p ,7. q A)  t,  

m 75 131(2a(z/q) Ky(z) dz.  
D 90 	v 

	

n (ED a Ti %7!)/44 (q) 	(NcE,,chlan v  190 

Therefore 	B= 1 P o)/D 2 IT I,  • 	(10) Q  

(8) then becomes 
V 

iq (v)(qr) / (2 • D Ti.%)!) 	(LI) 

One equation whose Laplace transform is (11) is 

c 	't(afif  41 Dt V! )(r2/41)t) oxa.r2/4Dt,) 	(?2) 

But 	Qd/21KT = cov  K/2D = 	0  and r2  n 2KT whero K = Q./21f 0 (12) 

can therefore be written as 

12-1 (12a) 0 	- 	e 11  

(12a) is thus the solution for the instantaneous injection of dye of an 

amount Qd  in an infinite modiump 4t is plotted in Fig0 48 0 
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Put qr = z and 





APPEADI1C IV 

THE DP,4:i.10A OF WIFORM FLOUJAW,T 

A great deal ofexperiMental and analytical work has been con-

tributed to the problem of distributing the flow to a series of pipes 

along the main conduit, The approaches to this problem can be grouped 

into two different methods: the use of the modified energy equation and 

the momentum principle on the one hand and the application of the classi-

cal hydrodynamic principles on the other, 

Analysis 

As water flows along the conduit it loses some of its quantity 

through the opeuingv  with a resultant rise in the total head, If the 

discharges are to be uniform along the conduit b  the variation in the total 

head must correspond to the variation in the coefficients of discharge of 

the openings, Three factors urn therefore have to be considered, 

(1) The pressure charges duo to discharging through the openingso 

(2) The friction losees, 

(3) The variation of the coefacient of discharge with the velo-

city head and the boundary geometry, 

Pressure Changes 

At any point it along the conduit the change in the pressure 

head Ah due to a discharge AR in a distance Ar. is given by 
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Ak 	4(1)4v ic've alt.- lid AEY 

(1) 

where K' is the friction coefficient 	s 32v/d2t v being the trine. 

matic viscosity and d the diameter of the conduit. kd is the fraction 

of recovered momentum. 

Published data indicate that it is either a function of Pd (the 

ratio of the flow leaving the conduit to the flow upstream of the opening) 

or a constant (McNown, 1945). It is noticed further that 

(a) If the head loss is zero, kd  = 0.5 Pd. 

(b) If the head loss is maximum, kd  = 00 

It appears logical therefore to write 	Cid  = kd/Pd. Co had been found 

to vary between 0 and 0.50 

The term on the left hand aide of (1) represents the rise in pres.. 

sure head, and those on the right hand side are respectively from left to 

right the change in momentum of the continuing flow, friction head loss 

and the recovered momentum of the flew leaving the conduit. Equation (1) 

agrees with &neck and Zelniok's (1945) equation if the friction loss 

term is neglected, and with Eager and Levy's (1929) if it is further as-

sumed that there is full recovery of the momentum of the flow leaving the 

conduit, i.e. neglecting head loss term altogether. The last assumption 

will be true only when the flow leaves the conduit at right angles to it. 

A conduit with a slit or hole in its wall produces a free jet at a certain 

natural angle to the main flow ( amas, 1957). 
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Equation (1) represents the change in pressure head along a 

conduit which distributes flow uniformly along its lengthy and can be 

modified in the following way to facilitate computation:- 

V2  
dh 

	
rx 4- (1 . C ) 4tj dx 4- K81/ox  dx dh = 	 (2) 

2 • 	 L gL• 	 g  

where H = hv  V = 0 at x a Oa 

Ho= h v  V= V.o at x= Lo 

If (1-q0(dx)2  is neglectedv (2) is essentially the same as the equation 

used by Abdalla (1955) in his design of a manifold flow inlet for his 

rectangular sedimentation tank°  He varied the cross sectional area of 

his conduit so that there was no change in pressure head along its length° 

Herev  the cross sectional area of the conduit (the riser) will be kept 

constant to facilitate construction, Uniform glow will be obtained by 

varying the uizes of the holes along the riser walla 

EsefUsiadgRiashams 
Ek.periments show that the rate of discharge can be calculated 

satisfactorily from 

(a 	= C
d A 
	

( 3) 

where Cd is the coefficient of discharges  A the area of the opening and 

h the static head at that point° The pressure head has been defined in 

the same way as it has been done by previous workers. It appears logical 

and convenient not to add velocity head to the disehange9  since it has 

been shown that the discharge is lees at a high conduit velocity (Soucck 
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and Zelnicks  1945). 

If C
d 
were constants  it would have been a simple matter to cal. 

culate the area of the opening once h is known. Uhfortunatelys  this 

is not the case. It has been found that C
d
'depends upon two factors 

(MoNowns 1954)e  namely: 

(1) The geometry of the opening and the main conduit, 

(2) The ratio of the opening velocity and the velocity in the 

main conduit beyond the openingc  

As the ratio of the area of the hole to that of the conduit will 

not vary greatly in the present study it can be assumed that C
d depends 

only upon the piezometric head at the opening and the velocity in the 

main conduit (Ehger and Levy2  1929):- 

. h- V2/2g  c  
(4) dx 	do 

where C
de 	the coefficient of discharge at the closed end of the 

conduits  

C
dx 	m the coefficient of discharge at any distance x from 

the closed cads  

la 	the piezometric head at the point No 

InletDesim  

For simplicity and convenience in construction it was decided 

to keep the riser cross sectional area constant. It was necessary there- 

fore to vary the areas of the openings so that the discharge was uniform* 
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In the calculation the opening ras assumed to be in the form of a slit, 

In construction the slit would he represented by a series of holes having 

a total area equal to that of the slit, This is permissible and had been 

confirmed exnerimentally by Egger and Levy (1929)0 

Equation (3) can also be uritten es: 

Cel. 	cap Vfligla 	(5) 

W6 the width of the slit at the closed end be e
n0 Put (4) into (5) 

and wo have 

virHh 
zi 	 (6) 

o
n 	h rVPS 

h is given by equation (1)0 

Computation of the Sizes of t7.1e Holes 

It was decided to design an inlet for an average flow of about 
7 

200 cz/sec° (actually 2165 cYl/soc0) to be distributed over a 4-inch 

length of riser. 

The calculation is a ta:'isl and error one. A certain width 'e
n 

of the slit at the closed end. was first assumed, Taking Cd  as being 

00745t the static head H was calculeted t  from which h at any section 

zr can ho com:guted with the ho1p of equation (1)0 It was found that if 

tho assumed
n 

was too larEeo  h at a certain distance will be zero0 

This would mean mathematics/1y that the width of the slit at that point 

must be infinite. This was impracticable. The physical meaning of this 
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was that beyond this point the pressure was negative. Therefore, instead 

of water flowing into the tank from the riser, we would have water flow-

ing from the tank into. the riser at the section where the pressure was 

negative. Water would therefore be sucked into the riser at sections 

far away from the closed end (near the tank floor) and delivered at the 

sections near the closed end (in the vicinity of the tank surface). 

A smoner en would havp.to be assumed. If it was too small, the 

resulted slit would be too smil in area, giving rise to a high velocity 

jet leaving the slits  which was also undesirable. The calculation would 

be performed with several values of e
4 

and L , the depth over which 

the flow was desired to be distributed, and the results plotted and com-

pared. From this a suitable pair of en  and L was selected. An ex-

ample of the calculation was presented in Table 12, and the comparative 

plottings of the results were shown in Figs. 49-51. 
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TABLE 12  

CALCULATION OF SIZES OF THE HOLES FOR 2:0 RISER DISTRIBUTING MR 4 a = its 

(1) 
X (mai) 

(2) 
X. 	(r4) 

U) 
(1-C )dx. 
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( zit ) IC  1 °.  . 144.). 
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(7) 	z 	4 
0  i IC  (VP.iji t° (KA' 

(8) 
) )1'1'104  

(9) 
63)- tr) 

1.00) 

tIV1).  i X  (1g 

 ( 11 ) 

h •• 14.) 

(I2) 

h'..u1)-(10) 

(13) 

e um) 
lima of 

ghtz (-Ier-4. '") 

D1044440.  of 
each of 6 holes  moo  

Neareti (tie 
0 	YI  4 D U .9/. 	2 

0 

1 

2 

3 

4 a 

o 

0.0034 

0-1648 

0.2500 

0.4170 

0.0625 
o 

52-I 
104-0 

156 .2 

200.5 

o 

• 34.8 

139.0 

312.0 

557.0 

0 

86.9 

143.0 

466.0 

765.5 

o 

2.95x 

8.36 

( 6.10 	, 

2630 

0 

4 655 

.z- 615 

10.50 

0 

-2.295 

-5.73.5 

--/0- 220 
-15-800 

0 

1.97 

 4.78 

10•70. 

19.15 

5-88 •  

54.7 	. 

S2.43 

48.96 

44.48 

3$•90 

-S4-7 
S0.43 

44.18 

33-78 

19.75 

/46' 

1.30 

138 

1.64 
2.52 

1.4 o. 

1. 4 9 

1.7 3 

- 2 93 

• 64 5 

• 662 

605 

• 774 

CS; ( • Sf 69 ) 

( 11") 	(-An) 

- 	(- 	) ( 6.) 	6°54  
09.5) 	(-7677)

own.. 

1
 I

I 
1 

C
tr

cv
m

fe
re

n
re

  
oi

 4
1.

.. 9
  
"
I
"
 

, 	.
  

. 	
,  

	

I 	
.  

	
 .

   
	

--
1  

t 	
i 	

I  i 
 .,' 

;  

i  
i
 

. 	
_  

.
 

t 

e r, :: L 2 e..1.315' 

, 

_ e,...,-,. 	1.5" 

... 

.. , A. I. - ..- ... I 0 	 12 
	

• I3 
	

/4 
	

15 

wictlf) of fire slit in inch 

FIG51 ComPARATivE CURVES OF e VERSUS DISTANCE FOR 2.0 RISER..  

-r 



APPEND/2C V 

. UPLIRINENT4L CURVES 

The following are the glow through curves obtained in the 

experiments* In order to reduce the number of curves presented here 

to the minimump so that each set of ex.jperAments for any speed of rota-

tion and inlet can be shown comparatively on the same page some curves 

have been left out, They are the curves whose flow rates come in be-

tween those already plotted* Their shapes can be roughly estimated from 

the shapes of the curves with gleu rates immediately above and below it* 

Each curve shoilli here is the average of two tests which were found to 

agree closely with each other, 

216 
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