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Yhon, as is otated on p.Bl. tho.flcw is gufficiently turbuloent
for minor changes in Heynolds Number to have little effect, this
number can be droppad from the dimcasional analysis. In this case
the kiunematic viscosity must be removed from other terms and equation

(?): po8lk must become

s

L 2,
D . [V , Wy L, &, ll{)
U,

—t ——
Ve, I{ nq g no d
whr
with consequent changes elsowheore. That is to say ‘Er* is a more

wyY

mat——

appropriate secondary parameter than rg o &lternatively é%;
can be used as in the case of rotodynamic machinery.

If the Roynolds Number offocts ars imporiant the Reynolds
Number must bhe retained. This may be of practical significance in

scaling up to full-size tanks,



ABSTRACT

This thésis presents an analytical and experimental study'of the
offects of a superimposed forced vortex on the flow characteristics of a
ciréulér sedimentation tank, |

In the analytical séction, a tpeoraticai flow through curve for
a circular sedimentation tank ‘was dorived as a rosult of conmsidering the
flow thfough the tank on a diffusion basis. The theorétically derived
equation was then compared with the N-formula, A new pavameter fTor measur-
ing thg tank hydraulié efficiency was introducedq'and the manner the diffuge
ion cosfficient; D , of the tank affects 1ts short-circuiting behaviour
studied, With the help of Reynolds stresses and turﬁulent enérgy equations,
the effecte of a superimposed forced vortex on the tank diffusion coefficient
was investigated. An analysis of the problem dimgnsionally revealed that the
tank characteristic number N was a function of Froude number and a dimension-
les;_term E%i where @, VY, r and g5 ave the angular speed, kinematic
viscosity, radius of the paddles and the acceleration due to gravity
respectively.

'The expérimental investigation was coﬁducted wifh a model eircular
sedimentation tank, covering a suitable range of spesds of_the paddlesgl

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

Froude number and 5%;- as predicted by the dimensional ahalysis° The

"effects of the forced vortex on N and D were found to be in accordance

/



with the analytical considerations. is a result of the experimental study,
the eiistence of critical flow rates, the optimum flow rutes and the
critica; speeds of the paddles were fevealod. The setting up of sécondary
currents by the forced vortex which has both beneficial and harmful effects
was also studied. |

The present investigation has established anaiytiéally‘ahd experie
meﬁtally 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 fank and to increase the tank hydraulic officiency. ixparimental
results obtained with three types of inlets showed that the uniforam flow
inlet with baffles which was speciall& designed for this investigation was
definitely superior to other inlets huving slotted cylinder or cylindrical
submérged wqir diffusera

Sdne tracing techniques uere’modified and improved, especially
those concerning the injection of dye and the dye concentration measure-

ment,
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CHAPTER 1

Sedimentation as a means of geparating solids from liquids has
been. lcng practised, and is now widely employed in many diversified fields.
It is cane of the most importaul, srocesses in the treatuwent of water, sewage
and industrial was?es, hecauss 1% enables the settleable solids to be ve-=
moved econcmicallye Figures given by Tounond (i9560) indicate that the cap=-
ital eost of sedimentalion cquipront may account for about 7 to 10 % of the
overall cost of sewase treatwent plant, dapending upon iis sizes

The cost of scdimentation treatmont is affected by tanw ahapg ané by

other features of the desizn. Eipsrieace, togather with knowledze gained

frem wossarch has led to various designs of scdinentation tante, differing

=

in shape, in the nature of flou, end in the mothods of operation. Yanlks way
bo vectengular, cireular or gquare 3in plan, and the flow ia them ie usually
oither howizontal or veriical. Horizontal flow rechaunguler tanks end vadial
ficw circular tanks ave the Gwo saln {ypes commonly found in the treatmont
of sovaze and industrial wasios, although vertleal flow tanke with hopper
bottom, or the so called Dortmund tanks, are also widely wsed. Veritleal
€low fanks are more comuon in waber treatment where chemicals aro added %Yo
promobe flocculation. These tanis have considerable advantages whowe the
influent is passed through a curtain of settling slﬁdga; flccculation is

thus inproved,



As far as shape is concerned, much can be sald about the advane
tages and disadﬁantages of rectangular'and circular sedimentation tanks.
From the hydraulic point of view, the radial flow tank is characteristically
unstablo, owing to éhe deceleration qf flow as the peripheral weir is
approached, although eétisfactory parforzance can be achieved with a proper
design (Hubbeng 1938), In a rectangular tank vhere the length is saveral
times the width, the influent turbulence dies down lonz before the efflusnt
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 theooretical considerations, the extensive invostigétious
carried out by the Hational Ragearch Council into the sewage treatmont at
military establishments during ‘orld War II ghowed little digference betwoen
the performances of circular and rectangular sedimentation tanke (National
Research Counéil,.l946 and 1948; cited by Richard Hazen 1959). From the
point of view of economics; circular tanks proved to be a little cheaper
than rectangular taniis for plants ranging from 5 to 20 million U.S. gallons
per day {(mgd.) (Richard Bazen, 1959).

As with other typoes of tanks, the design of circular sedimentati&n
tanks is usually based upon experience and empirical rules rather than on |
fundamental consideratioans, _Noreéver, less research has been carried out
on circular tanks than on rectangular tanks. Althoush thO'primafy func-
tion of a sedimsntation tank is the separation of suépen&ed solids from

' liquids, designs based upon the eettling propsrtises of the solids alone

are inadequate. The hydraulic characteristics of the tank are also vitally



-t
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&

importeai, and, in this respect, it appeaws thket 1ittle uvse has boen made
of fundamsntal hnowledge in the fleldd of rIuidé lechanics in laproving the

hydrauvlic porformsunce oi scdincniation tonks,

As mentioned above, raci floy circulzr sedimantation tasnks are
inherently unmugo1e becouse of the wveduction of radial velocihy towards the

pzriphery. Short-eircuiting betusen the inlet and the cutlet welr is posse

'.l .

ible, ¢s )ec:allf whon the 'ncoxlaw flou is at o different temperature fyom
¢ S 1

the gens *al contents of the tork. The purpose of this research

{e
n
o

o etudy
the ef*ecbc of sunerlmpﬂﬁeo forced vortex on tho hyéraulic behaviour of a
circular tank. Such a vorvex vould cavse the liguid to follovw a spiral
path-fxoﬁ‘the central iniet to the poriphoral overflow weir and wonld be
expachoed tolrédu > the zisk of sheort-cireuilting, Besidesg doﬁssited matiers
would bz moved towards the ceatre of the tavk by the secendary curvrents
induced by the forced vorieie
The investigation is éividod into tvo parts: anslytical and

expavizsntal. Jn the aralytical zectlon a theowvotical flow-throuzh curve
is devived, and the paramoters chavacterdzing the hydreulic porformance of
the tenl ave sbudied. The effecis of a forced vortex on these parameters
are then cousidered. Dimensionsi analyelds of the problem is also carried

out to serve as a guide Lo the e:xperimental study, tests oare carried out
with a wodel tank in whlech a forced vortex is induced by rotating paddles
at the tank pariphery. The tesic are narformed to cover ithe ranze of flow
rates cceurring in practice and the speed of rotation of the paddles is

varied over u suitable range.
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Bafore the improvement in the hy&raulic performances of a
circﬁlar se&imentatioﬁ tank by & superimposed forced vortex is cone-
sidered theoxeticélly, it is relevant t§ roview the literature and
“previous research in the field cf sedimentation with particular
reference to circular sedimentatlon tank, aﬁd related research in

Fluid Mechanies.



15

1.1. Review of Literature

Sedimeﬁtatiqn is believed to have been practised from time immemor-
jiale. The firat application of aedimentation in water treatment for the
public was prpbably carried out in of soon after 260 B.C. when Antiochus
Theos built an aqueduct from the Riv?r Capfué to Lﬁodicea,.at the terminus
of which were two settling reservoirs. It was also reported that a numbar
of settlipg reservoira, believed to be built by Eaperor Hadrlan, were excav-
ated from the ruins of Carthage. Similar structures were built by the
Romans in Rome, Aiexandria, and at Lugdunum (now Lyons, France) (Baker,
1949),

Little has been recorded of the use of settling reservoirs for
water treatment until the early nineteenth century when sé&imentatién tanks
were built in Scotland at Paisley and Glasgow, in France at.Paris and in
London., ILater in the century, sedimentation was more widely used to effect
paréial c¢larification of water befofe slow sand filtration.

| Early sediﬁentation ianka were different from those commonly in use
nowadays. They were invariably of the fill-and-drawitype in vhich water is
admitted ‘at the bottom of the tank and, after a pre-determined period of
settling, to wvithdraw the clarified water by means of a swing pipe so arrangzed
that the frec end of the pipe will be slizhtly submerged‘belog the wvater
surface. Although goue of‘them are étill in existeﬁce, their number is
decreasing. lModern gedimentation tanks are of the continuous flow type

which have advantages over the formwer in efficiency and head loss. With
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the growth of the populatioa and industry, the demands for woter increase,

ané so does thg volume of liquid wastea to be treated. It has bocomz necese
sary to underatand the settling proceiss of particles and to apyly this know-
ledze in sedimeﬁtation tank desiga to improve its efficiency and thus render

the treatment by this method cconomical,

1.1.1, Sedimentation tanks: weseawrch in general

The natural laws governing the séttling of marticles in fluid were
1687

studied by Nowton (3938) who discovered that a particle with a greater den-
sity than a fluid would szettle in it with an increasing velocity until a
velociiy knoun as the °termimal veleocity® or the ‘°settling velocily? was
roachad. It would then contilnue vo settle at this velocity, because the
drag.the fluid exerted upon the particle was ecqual to the gravitational
force pulling the particle down. Stokes (1845 & 1933) studied the soettling
of sphere in fluid and derived a formula by which the settlinz velocity of
o swall sphere in an incompressible fluid of infinite extent could be caloue
lated once its diameter and the difference in density botween the sphere and
the fluid were koown. Despite this knowledpga, the seitling velocity of
particles to be romoved in water and sewage troatments had not bsen taken
into consideration in tho desizn of sediwmentation tanke until Seoddon (1889
& 15390) attempted to desizn a now system of pettling basins for St. Louis,
Mo., on 2 rational basis, makins use of the knewledss cobtainsd from the

studies of Newton and Stokes. Iater imn 1904 A. Hazen developed a theory

for the design of centinuous flow ssdimentation tanks. The theory was
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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 vemoval of the particles depended upon the overflqw rate
oy surface loading of the tank (i.e. tho rate of flow through the tank
divided by the surface area) and was indepsudent of the depth and deten-
tion pericd,

Camp (1936) further developed the thoory to cover suspensionsof
“particles of vorying sizes. Slade (193é3u;xtended Hazen's theory also to
account for suspénsionm containing pérticles with a range of settling velo-
cities and varying degrees of turbulence. However, the results obtained
were oo empiriecal and theoretical to be of any practical value. Pépel
(195D) presented a new approach by equating two kinds of time, namely the
detention period and the timo requiﬁed by the smallest particle to settle,
He also assumed that the ratio ~i%g- ; where V is the forvard velocity in
the tankt, d <the particle diamzter and Vg its mettling velocliy, wos con-
stant. There appeared to be no reason wh& this should be so, and Popel
hinself did not offer any experimontal verification.

In practice the tanks are far from being ideal, Turbulence, short-
eircuiting and scouring are siznificant factors in reondering the theory
inaprlicable in predicting the ¢fficiency of a sediﬁentation'tank. Hora=
over, the suspended solids in wabtor and sewage are anot entiroly discrete,
Sonie are flocculent and for these both the liquid overflow rate and the
detention period ars mow knoun to be signifieant (Fitch, 1958). The cone

centration of the suspension and the shape. of the particles also affect
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thelr cettling rates. Thus thore are two mailn problems to be considered
in designing a sedimentation tank, namely the settling propertics of

suspsasions and the fiow conditions in the tank,

1.1.2. Sottling properﬁies of suspensions

The settling properties of suspsnesions have attracted the interest
of research workers in varicus fields. Physicists and chemists are more
concernad with the effects cf shape, size, orientation, coucéntration and
flécculation of the suspended solide on thoir settling rates, and their
analytiéal and experimental investigatione are mosily confined to the .
suspaiasions whose particlss are of rsgulay sizs and ghaps (Taylor, 1925 aj
von qugﬁchowski, ;933; Jafiray, 1923 Pettyjohn & Christianson, 1948;
Hawksley, 19513 Heiss & Coull, 1952 and Dallavalle, 1955). Because of the
complenity of the suspsnsions eancountered in the fleld of water and sovags
trentmonts it is difficuly for sthe sedimentation tank designer to apply the
rosulis obtainod by the scicntists directly to his nroblems., He is obliged,
therofore, to carry oul oexperirants with the actual suspsnsions under treate
mont., Dobbins (194%) and Camp (1246) did some tests on the hindered
settling of discreie particies aw! appliec the resulis in caleulatiog
solids removal in sedimentatilon tanks. Lzter Fiteh (1957) ond Helaughlia
{1959) axiended the expervimsnic to cover the cases of hindeved settling and
settling by compression vaich vas also investigated by Cse & Clevenger (1917)

Robinson (1926), Steinour (194%4), Behn (1557) and many others.
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It must be pointed out here that the experiments cited above were
mostly carried out undor quieacent conditions, and would therefore be
ptrictly applicable for calculation of removal in an ideal tank oniyo
Denéity currents, turbulence and scouring ave among those factors in-
flueneinz the removal efficiency of a sedimentation tank. Realizing those
limitations, attempts were made by some ;nvestigatora to include some of
those factors in their expsriments. Camp (1942) and Dobbins (1944) in-
troduced turbulence factor, but some doubts were expressed regarding the
rolationship between the degree of turbulence created in the tests and
that actually occurring in a full scale gedimentation tank (Einstoin, 194%).
Bornd (19p?) 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 sedimontation 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 resulis to be applied directly to a practical problom.
Several investigators were therefore oblized to resort to establishing
empifical formulae showing the relationship between the removal, the solid
concentration, the detention ¢ime and the flow rate from the existiné Q-
perimental data (Holmes & Gyatt, 1929; Babbit & Schlenz, 1929; Schrépfer,
1953, Carpenter & Speiden, 19353 Popel, 1945 Escritt, 19556). Lowover,
thaese formulae had no rational basis.and ére applicable only to the tanks
from which experimcatal data wers eoilected and to the partieular suspen-

sions used: 1In order to prediet the removal of particles in a sodimentation
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tank it is therefore better in genoral to study the behaviour of suspen=-

sions and the tank characteristics eeparately.

l:1.3. Proviocus research on the hydraulic chavacteristics of scdimentation

tanks

While there are pqasibilities for improving the sottling propsr-
ties of suspensions, for example, by addition of chaemicals, the hydraulic
conditiode play an equally important role in detormining ths removal effi-
ciency of a tenk, and these also require investigation.

In an ideal tank all po¥tions of the flovw are‘retained for the
séme lengﬁh of time which is the tueoretical 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 leaz than the
theoretical detention period wnile others remain longor. In order to glve
eacﬁ portion of flov an equal opportunity of sedimentation it is desirable
to ensurc uniform velocity distribution so as to avoid short-circuiting 95:
excessive period of detentiom., HMuch of the research on sedimentation tnnks
has been devoted to tracing flow through curves to measure the extent to
which short-circuiting or extensive retention occurs. Those curves aro
usually obtained by =dding a concontyrated dose of a suitable tracer to the
incoming flow and measuring ﬁhe concentration of this tracer in the effluent
from the tank over a period of time. The tracer used and dosing techniques
are discussed in Section 3.2,

The shape of the tank and the inlet and outlet arrangemonts ave
major factors influencing the flow patLerns in a sedimantatlion tank; Those

flow patterns may be affected also by the difference in density betweon
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differont portlons of the Liquid in the tanke.

Many of the basic principles apply equally to rectanzulsar and
cireulay tanks, and both shapes wmay be discussed togethero It will be
necessary, however, to give move detailed consideraticn to the special

naturag of flow in circular tanks.

2.1,, Tho shape of the tanl:

There appesara to be two schools of'thought ragarding the propax-
shape of modera mochanically clearned sedimentation tanke., OSozs designers
prefer the rectanzular tank in which the length is sev@ral times the width,
vhile others prafer the circular or tho square tank, either fed at the ceun-
tre of the tank with a periphergl overflow veir, or fed at ons side and
overflowinz at the opposite side. The quostion is still debateable and
various oplnions can be cited.

An inherent drawback of a civcular tank with centre feed is the
influont flows radially or radially and vertically outwards through the
tank at a constantly decelerated rate. This diverged flow is susceptible
to disturbances and resulls in unstability of the flou (HubbeXl, 1938y
Bergman, 1958).

From the theoretical and practical points of view, z long rec-
tangular tank is to be preferrved, because uniform flow with lese turbue
lence can be obtained througzhout much'of the tank (Cauwp, 1946; R. Hazen,

1959). Sawyer (1956) gtufied density currents in rectangular and circular
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tanke and seneluded that the eflests of such currents vere mors serious in
circpiaxr ﬁankss
The floor of reetansular tank is wsually slizhély inclined towards

the inlot ﬁhd &hera a hopper fdr sludge is provided. A circulaz tank usual-
1y haéé a fl¢r sloping towardes ¢ho eonbre. Dallas (1958) roported thot a
funifloy t nlg? vb1ch is rwctqnbt lar in plan but trianzular in leongitudinal
gacticn produced by the use of ¢ radically slopsd botton wﬁs efficient and
gconci:ical, Tha effecis of dcnﬁjcy currents vore minimized and cven though
it5 volume was sbout balf of thzt of a reetangular tank with wifora depth,
the ‘uniflow tank' exhibited coms hOY Jongoer delay iv showing a tracer in
itz efflvont., Townend & Vll/ﬁ&xson {1955) put forward an idea of making

the depth of a circular tank invergely provortional to the radius in such
‘a way as to keop the radial velcgity constent throughout the tanlz, An dme
provemant vas expected frcmr lhving no change in kinetic eneygy, honce no
addy turbulence. Bzcause of the increzse in Iroude mmber with the radius,
zreater tank stability was also erxpected. Sludie removal ghould be improved
due to the sloping floor. It was also economical in capacity. Some tanks
of this desi;n have been construsted at the Wost Hiddlesex Vorks, but at the
time of writing of this thusis they have not yet been put into operation.

An interesting desizn which departed from all conveutional sedi-

meatation tanks wags made by Hianderks (1929). The tank had the shape of an
open spival. The curvature of the spiral induces secondary curreats counters
balancing the inflow turbulenca. Solid matiers were deposited on the inner

side (convox), and by making the channel £loor slope towards this side, thoy



aonld bo gasily romovsd by zrovity. Unfortvnataly, thore spprars to be
ao further study of this kiad of tank, This oxperiment shouwed the applicne

tion of a hydrauwlic principles in the deslign of the tank wihich is en importe

ant stop forwarde

1:.1:.5: Inlet and outlet arransonmonta

The function of an inlot is %o introduce the flow upiformly into
the tanl: yith mininum turbulenze. An inlet stracture is usually composed
of o coaduit leading the flow into the tank, and a diffuser which distri-
utes iGe For a ractangular taunk, the flow usually eoanes intc the tank
from a pipe oi a chawnel. It is commen to hend the pipe upwavds in such
a way that the surface of water in the tank serves as a wide balfle desiroy-

ing the kinetic onorgy of the flow as wsll as disgtributing it. Clifford

o]

{1928) designed 2 very sucessful inlet whick bsavrs his name. With this
Inlet, water from the pipe discharges into the open end of an *eddy buckot?
which is desigined o deatrcy the kinetic energy and turbulence of the fliow.
Some tanks have their inleta in the forms of subnesrged weirs (Hinderks, 1929);
Burgess & Groen, 1960). Abdalla (1955) dosigned a ‘manifold flow' inlet and
reported thot on the model 3cale 16 funetioned satisfactorily. Hinderks
{2929) also did some oxperiasents with sevoral types of inlets.

Fo:» é cirgular ban's, the nlet is voually located at the centre
with the riser opening ab a distaice below the liquid surface. Hubbell
{1938) revicwed several typis of »iser and conrluded that the main objece

tion to most of thew was tha unequal veiocity digtribution crnused by the



bends in the risers themselves and the consequent production of turbulence.
To overcome this, Hubbell used guide vanes as equélizers. Instead of having
a bell mouth at the opening of the riser, he arraﬁged a series of circular
plates, havinz holes of decreasins sizes in the cenﬁre, 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.
cheﬁef, this type of inlet hag‘been little used. In most circular tanks,
diffusers are in the form of slotted c¢ylinders or eircular gsubmerged weirs.
In SOme'instailations, the influent enters alonz small arc of the periphery
wall of the ténk and leaves it at the opposite side (Walton & Key, 1939).
Fitch & Lﬁtz (1960) designed a new type of inlet within which the influent
was divided into two hélves fiowing in the opposite directions by maahs of
gubnmerged races, When met, the two streams were made to shear each other
completely along their 1engthsy In the zoneo of shear the kinetic energy
of the influent is instantaneously dissipated as turbﬁlence. Aﬂnny other
arrangenents have been used with a view, not only to deatroying the kinetie
enorzy of the influent and to distributing the flow uniformly, but also to
create particular flow patterns, These types of arranzements will be more
appropriately reviewed in Section 1l.1.7.

Much research haﬁ been done onAthe design and use of baffles for
the control of flow (Metesif & Bddy;—1930; Hubbell, 1938; Walton & Key,

1939; Clifford and Windridge, 1935; Tateher;—3940; Howiti—& Roberts,—19U5;
G
Fair & Feyer, 1954; Dallas, 19583 Fitch & lutz, 1960). It appears to be

ganerally accepted that baffles requirQﬂ'very carefully dosign!3°1f they were
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to function very satisfactorily. Badly designed baffles instead of deatroyb
‘ing the kinetic energy of the influent they may induce cross currents which
lead to severe shortecircuiting.

Porforated baffle plateé placed a short distance in front of the
inlet and eitending over the entire width and depth are used in geveral
tanks for water treatment (American Society of Ciﬁil Ehgineeri;g, 1940) .
Rohlic (1951) reported that the performance of oil separators was greatly
improved by having a singie voertical-slotted baffle;'while Wiogmann & lMiller-
Neuhaus (1950) found that two vertical-slotted baffles in series were better
‘ than ons. Both stﬁdies led to recommendation on the so0lidity ratioc and other
‘fhctora in both singleo and double baffles. ﬁaq (1959) also studied the
verticaleslotted vaffles and found that they ;%fected.a greater improvement
in the officiency of both rectangular and circular convéntional sedimentation
tanks than any other inlets. Abdalla (1955) concluded from his experiment
with perforated baffles of the solidity ratio of 6075 .that the upstream con-
ditions of the baffle appeared to bp important. It must be such as to
promote favourable pre-distribution across the tank since losses through
the holes were not big enouzh to smoothen the non-uniformity in flow
distribution. Besides, he found that the parforated plates did not elimin-
ate excessive turbulence for an appreciazble distance on fhe downstream side.

Cutlet arrangement is relatively simple although it is equally
important. The usual deéign of an outlet is in the form of a weir., The
welr loading and its sitinz are two’major factors to be considered in the

design of an outlet. The usual loading was recommended at less than 5000 U.S,
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sallons pex day per foot. If the loading is too high, 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 desisning the outlet for his circular tank, The
problem was also studied by Abdalla (1955) for a rectangular tank. If the
waeir loading is too smell, on the other hand, surface tension may brealk up
the flow into streams. This takes place whan the depth of the fLlow over the
weir is less than.l/loﬁh ef an inch (Bseritt, 1956). When this cccurs it
may be very difficult to secure uniform discharze over the cutire length
unlees a gav~toothed edge is uscd to break up the welr into iriangulay
notches

For a wectangular tenk tho wolr ie ugually sited at the opposite
end to the inlet, and extendsd zercss the full width of the tank. If this
is found to be inadequate, a ssries éf effluent laundera in the form of
chamsls providing a double leagth of weir may be constructeds Dallas
(1958) reported the use of mulitiple weirs Epaced along the surface of a
tank o encourage the use of low wely loadings in order to reduce wvelir
drag. Anderson (1945) demonstrated that for circular sedimentation tank
a cirgular weir placed at two-third or three-quarters of the ﬁadial dis=
tance from the contrs was in optimum position to draw off efflueat. How-
over, for simplicity in construcﬁiong they are usually formed on the perie .
phery wall of the tank, often with triangular notches.

Somnetimes the pogitiois of the imlet and the outlet are inters

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



periphery wall or from a port formsd at the periphery (Kiersted, 1924j
Walton & Key, 19393 Vo)kes & Jenkins, 1943; Katz & Geinopolos, 1958;

Bergman, 1958).

1,16, The effects of density currents on the hydraulic charscteristica

of sedimantation tanks

Density currents may be produded as a result of either tempera«
ture variation or differeace in suspended solids. VWhen there is & tempora-
ture difference between the incoming liquid aﬁd the 1liquid already in the
tank, chort-circuiting and stvatification of flow a:é often cobserved. Vhaen
the influent is colder than the tank contonts, it tends to subside and flov
along the floor towards the welir, leaving tho uppsr layor of the ligquid in
- the tank undisturbed. Onn the othor hand, if the incoming liquid is warmer,
it will flow in the upper portion of thse tanik. The liquid in the lower
portior is therefore stagnsnt. Both phenomens reduce the effsctive volums
of the tauk and are undemirchlo.

The efchts'of the deasiiy curpents are now well known and have
heen veported by many aubhors (Schrdpfor, 1933; ‘alton & Key, 19393 Andore
song 1945; Sawyer, 19560, Bergmon (1958) siudied the offects of tempera-
sure differences in a circular cedimentation tank of the Dorimund type end
found that the teéperatuve aiffercnce bebtween the liquid already in the
tank and the incoming liquid hed & far resching effect on the tank offie
clonsy. Iﬁ was found thati vhon the liguid in the {ank was warmer than the

influené the liquid appaaredvto be dotained for a longer pariod im the tank
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than visn it was coldor. lis expsrimsnis cover a rengo of toapsraturg
. po e 0 . O
difforence hatwoen 0,5 ©o 7.2 V.

Donsity currents are clro ast np by the ¢ifforence in spociiic
grsvity netween the incoming iiquid and the iiquid in the tank bscause
the foymer has a higher solid concontration. This phonomenon is more proe
nounced in final rathey thon in nrimary cedimentation tanks. Anderson
(1045 discoveorad thigs facit while attempting to improve tho officiency of

the cirgular sedimenfation tanlis ot the Southwest Plant im Chicage. Sowyer

hof the offocts of donsity currente should be used as a
3

-

(1956} suzpested
limlting factor in the design of a sedimentatlon tank, Fi%eh & Lutz (3i960)
stediod the oroblem again on & mero rational basis, and atiempts were made
¢to utiiize the tendency of tho new feed to plunge and to sitratify at the
botton of the tank to miminizo glorie-civeniting. As a resuli, they designed

en in‘et vhieh vas previcunly deemibed in Ssgtion Lel.5.

1.1.7. Proviouvs peseareh on civonlar sesdimontation tanka: flow path

Control of the f{low nath Shrough a sedimentation tank is yst cno-
ther 7ield of investigaticn. £t is quite a common practice when rectangulay
tacks ave vsed to make the flou joims ovor and under a sevies of transversqf‘
bafflos. Other forms of enat~ol of tha flow nath have been provided by the
use of howizontal trays {(Camp, 1:86) and inclined planes (Ingeraoll, 10553

Abdalin, 3935; Ballance, 1959). Camp {i935) also attempted to create

uniform flow in a rectangular tank by havins the floor of the tarnk constructe
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ed with a movable rubbke belt.

Similar types of haffles as mentioned above can be used also in
circular sedimentation ¢anks while thers are other possiblities of control-
lirg the fldQ in a spiral path or in rotational flow, Aitken (1945)
conétructed a circular tahk having baffle walls built concentrieally
with the tank itself with %he upvard flow pascages being largsr then the
downward ones. The maximum valocity throughout the tank was maintained
lover than the eritical velocity at which the floc would be destroyed.

He élaimed that the performance of his tank was equal to that of upflow
tanks with the advantages of being easier to construct and more economical,

Kiorsted (1924) roported the psrformance of a clrecular tank in which
‘the flow was caused to take an invard spiral path with the speed of rotation
increased as the centre of fhe tank was approached. This was achieved by
arranzing the liquid to ccus into the tank tangentially from three inlet
ports at 120° apart, and withdrawving it~at the centre through a vertical
shaft. A study of the movemeat of the floats carefully placed in the tank
at various depths showed that waiter complated several circuits before reache
ing tho outflow vortex. One disadvantasze of this types of arrangement wep
thet the updrafi current n3ar the outlet was too strong.

In 1938 Hubbell obtained a spiral outward flow tank by installing
a cevies of baffles around the contral inlet. The baffles caused the fliow
to talio spival paths in travelling throuzh tho tank. Asain water was cbserv-
ed to tzke several clircuits bsfore the outlet weir w;B reached, Tha baffles

used wvore {lat and were found to bo as effective as curved or angular ones.



They need not be extended deepsr than the bottom of the diffuser, This
‘arraﬁgement gave an improvemeni in the-hydraulic characteristics of the
tank compared with tpe 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 treatuent of water for the supply of Alexan&;ia; This had a tangene
tial inlet aﬁ the psriphery. 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 describsd by Kiersted,

In one of their exreriments they arranged s:ch that the flow comes into

the ¢ank 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 cohverging towards the centre. llowever, this proved to be
doceptive as a conseaquence of ths production of an induced uplift around

the eentral drav off. Experiments with baffles and‘a larger diameter of

the draw off shaft proved to be futile. It was aftsr this test that Walton
& Koy decided to discard the idea of a circular tank operatex on the radial
flow principle. 4 .

Vofkes and Jenkins (19%2) altered ome of their threo upuard 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 causod to pass two thirds of the periphery before coming to the Bub-
merged woir which occupied the rest of the poriphery. 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 psrformance was inforier to tho conventional
tanke, Thoy did not offer eny exvlanztiong; but it was believed that either
the rotation was not strong enough to suppress the density currents or $het
the uplift near the weir was too strong. 1t was. possible also that the den-
sity difference between the liguid in the tank and the incoming liquid was
laxse.

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 tho periphery of the tank and drawing off the water
at the centre, the combination of a vortex ond 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 ccnical bottom tank
where the flow wae originally coumbined upward and_ra&ial, Borgman's giperie
ments indicated that this new arrvangement was an improvement on the conven-
tional one, especially vhen 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 tanl, cne with ths conveontional centre feed and the other with a
poriphoral feed, Thay fouand tho peripheral feed tank mors stable with less

shortecircuiting than in tho contre feed tank., Tests with wax sphercs of
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known physical propertios also indicated that the psriphexral fesd tanlc
gave 2 highor solid removal efficiency than the conventional tank,

Having reviewed the resoarches in Badimeniéfion thus far, it
wﬁuld ba evident that, with a e excoptions notably tﬁe works of Hinderks
(1930) and Camp (1936) 1itile aticmpt has bson made to aoply the findings
obtained in the field of Fiuid lMochanics to the dééign'of sedimentation
tanks. It is well lmown in Fluid Mechanics that when the streamlines of
a flov are curvod, other propartiezs of the flow itééif change. It will
be of interest to review researches im Fluid Mechanics vhich have bearing

on the hydraulic conditions in a cireular scdimentation tank.

1,1.8, TRelated researches in FFluid Mechanicse

1.1.8.1; Curvilinear flow: pocondayry currents

Yhen a stream takes a curved path, there exiét pressure gradisnts
normal to theAcurved streamlines and parallel ﬁo the surface. Under the
action of these pressure gradicnis the nmove slowiy movinz £luid in the
boundary iayer.wiil fdllow pathe of smaller radius of curvature, The
traneverae curvature of %he.streamlines inergases as the wall is anproached
and a spirél motion of fiuid may result,

The spiral motion is prnyiicularly noticeaﬁie i the aspect ratio
is small, i.e. emall depth to width ratic. Thomson (1876) used this fact,
wvhich he confirmod expevimentally, to explain the naturzl phenomenon in
which the secondary flow at,é river bend removes materigl from the outer

bank and piles it up on the imnor bank. The beds of rivers are thus
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continually scoured near (e cuter banlk énd silted mear the inner baulte

{f the aspect ratio is large ; on the other hand, exactly the
oppesite resnlt is found. The secondary flow along the longer wvertical
face i insufficient to carry watcr from the slow Ipoving vater at the
concave surface ¢o the gconvoxe. Thls resulicin a thick layer of dead water
beirg accumulated on the concavoe side of the channel. Curved tubes with
vectangulayr ecross gections of higli aspesect ratios were usod by Wilcken (Botz,
1C50) %o confirm the above phencminon,

Bustice (1910, 1911, 192%, and 1925) aund Hinderks (1927) alee
cerirled out somo expsrimsnis wlih curvéd charnels of rectangular cross
soctlond of comparatively low agpoet ratiss, wiaon spiral voriices wers
shzorvad excopt at very low snoaeds. By constructing.long radivs elbows
in oplit soctions and uvelng palat Lo coat the inside surfaces, Hindevks
was abla to demonstrate the cuistance of such motion.

- Tho setting up of thess accontary motions msans that some energy
is taken from the primary flov in additicn to the onergy lost in normal
boundary resistance. Witk these facis in wind, Hinderks later applied
tﬁia discovery to the desiin of o epirval f{low sedimontation tank (s0e

alssc Seetion lelole).

1.1:.8:2. The effects of curvature on turbulence

A series of experimente ¢un two dimaunsional flow in a eurved chane
nel vos carried out by Yilcken, co reported by Bstz in his paper in 193D,

to study the develcpmeht of the woundary layers along curved surfaces. He
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found that the thickness of thoe Lioundary layers inereascd much more rapidly
cn the outor surfacs than oa the inner guvrface,. This wos explained by the
supposition that the turbuleri interchange botusen fluid laysrs is promoted
near the outer wall and dininlshod near the inmer wall as a zesult of the
contrifugal forces. Aecording to this euplanation the rapid increase of the
bbundaaw-layer thickness ls cdue to the incrsaaedinteréhangeo Those experie
ments aro resarded es the confiraation of Frandtl's i&en of the effect of
centrifugnl forcos on turbulence (Prandtl, 1930; Dryden, Francis & Boteman,
Finding it difficult o draw any counclusion on The sffects of cure
' Vatura ca turbulence from Shese cxperimants because the fluid paths are not
‘parallel o the wall, Maceoll & vattendorf (Wattendorf, 1935) employed &

mocificd form of Wilscken appzratns to study the curvature effect on fully
doveloped turbulent £leow ia vhich the main flov is parallel to ths wallse
Iater Wattondor? carried the expoviment further, trying to isolate the

effact of constan® curvabura. Ho Ffound slight increase in channol r@sis»

tarce probably influsnced greatly by the induced sscondary flows. Calculae

siso lend support to Raylelgh's

tion of exchangs fector and mi

Tredio

gtebility criterion which,vhe in: and increased miiwg at the cuter

vall of She curved chanvel, snad end dacreaged mixing at the inner

wall {Rayleigh, 1916). From mon:nium considerations Frandtl concluded that

1 s e I w/r

there wiil be a stabilizing effcet in tho rogloa where ( = 3 fand
: (aty)- 9?

1 ebilizing effect if 20, v and r Dbaing the veloecity and the radius

regpactively.



.White (1929) experimsnted with curved tubes and pointed out the
existence of a definite critical velocity for flow in helical pipes which
was higher than the corresponding eritical velocity for flow in straight

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

%5

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

* turbulences The study of Eskimazi & Yoh (1956) . alsc 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

atreamlines alone is not sufficient to dotermine uniquely the characteristice

_of turbulence. The velocity distribution must also be considered.

. 1.1.8.3. Fluid in Rotation

.. Rayleigh's instability criterion mentioned previously Qas stated
in 1916 -in connection with the stability of revolving fluids. Applying
Kelvin’s circulation theorém 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 = 2frv, v_boing the tangential velocity at
any radius r , must increasé outwards, Iater Taylor (1923 b) applied
- this princiéle to his work on the stabiliéy of laminar flov betwéen two
rotating cylinders and brought in the viscopity 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 sm2ll oscillations about this state of motion wore
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possible, He domonstrated this by dropping colouring matter into rotating
liquid. The colouring matter was not found to diffuse uniformly t{hroughout
the liquid., Instead, the slow mo%ement of the liquid drew the cqlouréd
portion of the liquid out into shoets which remained aluways parallel to

the axis of f&tation, _Fuitz (1951) in his experimenﬁs combiningAconvece
tion and rotation did thié test and came to the conclusion that the relative
motion between the coloured portion and the rotating fluid was guasi =
geostropic, similar to msteorological motion oh a large scale. Under rota=-
tiony the‘flﬁid appears to possecs etrongly anisotropic coefficients of eddy
transfer between directién parallel to or acrogs the axis of rotation.

An anaiytical study of the motion of a perturbed fluid elemeﬁt vasg
discussed by Yeh (Traugott, 1956) who concluded that no matter what ths
initial disturbance was the subsequent relative motion of a fluid particle
was ostillatory with a frequency of 2W, vhere (v was the angular velocity
of the main iiquid body. Morgan (1951) considered tho case of a suall forced
oscillation and found that the ratio of the amplitudes of the radial and
tangential velocities was Gbkq; vherae § was the frequency of oscillation,
It was clear from this étudy éhat when W was very much greater than 6
the radial component of the oscillation was suppressed and the motion appeared
to be two dimensional which agrees Qith Taylor's analysis. Traugott (1956)
experiménted with screen produced turbulence in a flow between coacentric
rotating cylinders. It ﬁas found that the radial fluctuating velocity was
suppressed, the peripheral flucfuating velpcit& increassed and the fluctua-

ting volocity in the divection of the axis was ot largely affected by the

robobdon,
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An analytical and experimental study of rbtaﬁing fluid was also
conducted by Squire (1956). The 7low of’liquidlfrom a point source om the
axis of rotation was also cousidered, 1% was found that there was a vezion
of irrotational flow arouﬁ& the axis created by thé"liqﬁid from the source.
Qutside thié region the liould vas rotational. The pdéition of the surface
saparating'ﬁhe two roglons depsnds upon the pressurs head pfoducing the
sodrce flow and the speed of retotion of the liquid. Howewver, he only dealt
vith cases vhere pressurs heads wore low, and vhere the'rotating Zluid was
unconfined in the direction parallel to the axis of rotation.

The study of secondary curienis sot up due to the contact of a
fixed ground with the fiuid in rotation and the movemsnt of sadimentary
ﬁarticles was carried out as far back as in 1881 (Mollor, 1881). This
phononienon causes small bodies ai the bottom of a vessel to be carried to
the centre and deposited there whén the 1iquid in tho vessel is put into
rotation (etg. undissolved suzar or tea leaves in a ten chp)c The analyte
ical shudy of the system was Tirst conductod by Bddewadt (1940) in a very
laboricus way. Browning, in an unpublished paper (Schlichting, 1855), re=

examired the problem and corvectcd Bidewadt’s numerieal solutions.



1.2, Introduction to the Probleme under Investigation

It appeara_f:om the study of the vorks reviewsd 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 advanw-
tages to be derived in this mauner ariee largely from the suppression of
turbulence and also from the lergthening of the path the liquid has to take
in flowing ¢hroush the tank. o may now coneider the advantages and dige
advantages of varilous ﬁethods which have been suzgeated for modifying Llow
patterns in gedimentation tanks.

I¢ the flow is intreoduced tangentially into the tank at the contre
and dravn off at the periphery (Hubbell, 1938) the flow decelerates and is
therefore susceptiblé to disturbanges. ‘Only a portion bf the tank contsnts
rotates because the main flow, having left the inlet fangentially tends to
travel in a straisht line tovards the outlet weir. The angular speed is
greater at the coatre that at the periphery, and this also leads to unstabi-
1ity of the system. |

If the flow enters the tank tangentially at the periphery and ia
wvithdravn at the centre, (Kicrated, 1924s Borzman, 1958) the outlot wely -
is short and héavily loaded., If on the other hand, water is drawn off also
at ths periphery (Walton & Key, 1939: Yoltes & Jenkins, 19L2), éhort«
circuiiving of water following Zhe poriphery is certain while water trapped
at the centre of the tanlk would tend to remain thers. The effective volume

of the tank is thus reduced.
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It appears that the disadvantages of these mothods could be overs
cdme by making %he contents of the tank rotate as a solid body so that there
is no relative movemant botween Tiuid. The advantages to be derived in this
manney are as followste |

{1) Settling solids in such a body of fluid would be sinilar to
that in a quiescent liquid, but oy ths fact that thore oxists a fisld of
centrifugal forees. 7 .

(2) 1f hoe dnfiuent comys into the tank at the centre it will be

3,

rade o votato by the surrourdirg liquid as it travels throuzh the tapl.
The velceity of the flow in this ¢age will inecrsase with the ragding of the
tank and the syasten will bo giablio.

(3) Shovtecircuiting of the flovw is now 4mpossible bscause any
fivid moving too fast redinlly will be pushed back as soon as it moves cut
into o rogion which rotates st a higher spezd than its oun.

(&) Turbulence at tho inlet will bo suppressed by tie centrifugal
forees.

(5) Dead water cauact eich at the contre since the incoming #low
will pueh 3% outwarda and Ghe vholo volume of the fank can be made effectiva.
(6) Density curcents viil be minimized or even oliminated.

(7) Secomdary curvents w311 help in moving the sedimsntary particles

tovards the centre. Tho roucvel of depositzd solids ghenld therofors Le

easior and the seraping mechanisys may be dilsponsoed withe



l.3. Introduction to the Investigations

~ (1) The firat problem to be considered in the study of the per-
fornance of a sedimentafion'tank is to find a parameter or parameteré that
can be used to characterize the tank. In the past, investigators in this
field employed parameters which are not rational. They ara_ﬁorivéd 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

-
e . o (%)N e‘N% - |
G ZF'T)' (see Section 2.1.4,)

is virtually the same as 'n‘ in Hazen's thaory, where ‘n' denotes the
number of imaginary cells constituting a sedimentation tank Uithxn each
cell the mixing condition is assumed to be perfect and instantaneous. The
assumption of perfect mixinm is reasonable in the cnse of an asration tanic,
because of the presence of baffle induced turbulence! but does not necessarily
appliy ig the case of a agdimentation tank. This aquat?qn_faila to explain uhy
" the coefficient of quiescence N or the number dfvthe imaginary cells in a
aedimentation tanlc ahould be different for different flow rates and inlets.
The faet that the above squation describea very woll the flow through curve
of a sedimentation tank is significant end indicates that there possibly
exists a relationéhip between N and the tank hydraulic conditions.

In Chapter 2, 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 cosfficient

ie found and its relationship with N established.
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(2) Having found éuch a parameter, it is now possible fo con-
duct investigsations into the effects of a forced vortex flow on the tank
hydraulie characteriastics,

.This is done in 2 stagesie

() The nature of the mowly introduced variable D , the diffusion
coefficient, is discussed in terms of statistical analysis. This discussion,
inci@entaliy, also leads to the copclﬁaion that the variance of the floy
through curve is in fact dependent upon the diffusion cocfficient,

(b) With the help of Reynolds stresses and turbulent energy equa-
tions, the'effects of a forced vortex on the turbulent characteristiéé,
which in turn affest D . are studied. |

(3) Before designing en épparatus and ﬁerfdrmihg experiments to
verify the analytical results, dimensional analysis'is car@ie& out to serve
as a gulde in the experimeatal étudyo

(&) Experimental techniqueé are reviewad and imﬁfbved wvhere
necoasary, notably the mathods df dys injection and‘concenﬁfation measurge
mont. These are discussed in Chapter 3

(5) 1In Chapter 4 the experimental investigation ié'deséribed
and the experimental phenomena encountered discussed.f The conclusions
draun from the analytlical and experimsntal study are given in Chaptgr e

Thore will bo found also some susggestions for further Btudy;



CEAPTER 2

ANALYTICAL STUDY

20.1: Shorteclrcuiting in a Civcular Tank

in an ideal tank, each unit volume of the flﬁid is detained for
a time equal to the theoretical detention time which is é@ﬁal to the tank
wvolume dividsd by the flow rate. The output of tracer introduced at the
inlet will bs shown in fig. L (a2 and b) depending on the method of intro-

duetion,
Fig. 1

o

1t/r : P UT
(a) Instantanwsus (1) Continuous

t/T is The vyatio of time of concentraticn meacurement ¢o the theoretical
‘ , ¢, is the concentration of the incoming fluid.
detentlion time. ©C/co is the normalized conceniration of tracer in Fluid.
-In actual copsration, hovever, como of the inflow reaches the oute
let in less than the theoretical detentica time while some takes longer
time, This phenomenon is ususlly termed °shori~circuiting’. This is the
result of three main causes:
{(a) The turbulent diffusion in the bLank,

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

(e¢) Density cuvronts, cavsed by difiorence in tompovatures op

42



43

golids concentration.

Only ahorﬁccircuiting due to turbulent diffusion will be traatéd
'mathematically here. The iatter tuo causes of short-circuiting are best
discussed qualitatively, and this is carried out in section 4,6.2. There
. are also other cgusos such as wind and desludginz mechanisms vhich will not
be considerad here. All the causes mentioned above help in spreading ﬁhe
cloud of tracer and the actual flow through curves may.iodk something like

the followingt-

-PFig. 2

i
I

T

(2) Instantaneous input (b) Continuous input

2.1.1. Short-circuiting due to turbulent diffusion

A-if the notion of a bédy'of fiuid is turbulent, the turbulent
fluctuations tend to distribute the local characteristic which the fluid
may possess. This uéy be momentum, kinetic energy, thgrmai, optical or
chemical proparties. A eloud of dyo, for exaﬁple; will be dispersed through-
out an aver incrsasing vblume; Turbulent diffusion is in addition to and

can bs considerad as distinct from the ordinary diffusion due to molecular
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agitation. The actual rate of increase or decreace in dye concentrétion
evidently depends on two indepandént variableog, namaly, the 'carz-'ying capa~
city of the croes Zlow, and the difforence of the concentration. These can
be written as a coofficient of latoral diffusicn, D , and the latoral rate
of change of concontration reapactively (Rouse, 1950), 'The aiffusion

equation then takes tho form: ~

where I rapresehts the rato of lateral trausport cf dya, D tho coefficilont
of diffusion and C the dyo concentraticn. (For a complcic list of symbols
see Appondiy 1:.f.193)

"~ The natura of D and its relation to the kinomatic eddy cooffi-
cient will be discussed in detail later when the effects o£ a forcod vértex

on it is considered (Section 2.3.)

The Differential equation

Fig. 3

Consider the fluid element as shown in figs 3. iet T be the rate of

transport of tracer im = coordinate
d o
Ry = _ED“"?% * “)’Ec' +D"Z%] : .
S R R @

and also f Loy + ny % Rz dt ] (Crank, 1956)
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vhere I&,-%% is the rate of transport in the x direction due to the
coefficient of diffusion in the x diraction ,'Ibg%% 'is the rate of transe
port in the y direction duec to the cosfficient of diffusion in the ix
diresctlon.

For a circular secdimsntntion tank in which the flow is axially

symmetrical and {wo dimongional, the differsntial equation ig

% D d d¢
%‘CI_ - D“é%t + 73% - U (3)

For tho derivation of this squation see Appondix IIT,.

The boundary conditiouns

Following %the fact that the rate at which trecor (in the oxperie-
monts ¢o be described, a dye wac ussd as the tracer) is introducoed into the
tonk is agqual to the rate at which it crossss the c¢ircle r = a, & being
the radius of the'inlet, by combined flouw and'diffueion, the boundary condi-

tion at this point ean be oxpressed mathomatically asie

ot
uc = - o
x ue Dai"

whero C« 1is theo dye coacentration of the incoming flow.
At © = by the radius of the overilow weir of the sedimeontation tank

wee = e - Dg%
wnere C. is the dye concentraticn of the oxit liquld. Iooking at tho
squation nore clogely it will be Zound that if‘-%% is nogative the concentrae
tion of dyo in the exit stream is greater than that before reaching the oﬁtl@t
woir. This is impossible, Again, if -%% is positive, it moans that the

" concentration would pass through a minimum somsvhere in tho tank and rise
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tovards the weir, vhich is also impossible. The boundary condition at
r =b must therefore bo:-

p&E = o
So the boundary conditions of the present problem are

ue, = wc - p% r=a
S = © r (5)
These boundary conditions are also used by Krammers & Aberda (1957) in
their frequency response analysis of continuous flow systems.

, ' ay t deptl
Writing K for ur = /2T where Q dis the tank flow Latg?anéun' °P
the radial velocity at any radius r , Equation (3) now becomes

o de DI _ Ko ;
oF = D=~ + "“ F (6)

This can be conveniently solved by the method of Laplace transform

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

e, . | ,
T =L (1= QV)a- 7(: =0 ¥

' = & - P
whero v D 9 /D

Solving (6) with ths general boundary conditions

rea K k8 -k ()
r=b kg€ —k; = sk (9)
c _[51 1 (gn) + BKe(qn) ] (Ip)

(g -tz )

= ka c:;al I, (qa) - ka’ I,.cqal
= I:,a (cza) Ky (ga) - &, a K, (ga)
Kk ™ cgb) L0900 + LbT (gb)
k 87 gb) k1 (gb) - Kbk, (gb)
ks/d" ,(":,g‘

Her o hon

[}

i

Y ONvY— B R
fi]
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‘This is the solution of the case in vhich the input is continuous. By
theorsm IV of Laplace transform (Appendix II) it can be shown that the

solution for an instantaneous injection of dye is

= _ Jr.6Igr) + BKegr)
c v [ Cp 1) ] (11)

Inversion of the transform

In order to obtain a veal solution from the transformed solution,

the Inversion Theoren shown below is uweed:-

, - felod .
¢ = L [ S-Skt §f\9§/«r)]d) (12)
2hu ) ( ,}P - “C)
Y~loo

Jd  is nou written for p and./u for q because C iz now regafded as a
function of complex variable, while p need not be complex at all, Yy is 8
quantity éo iavge thaf all the singularities of ¢ 1lie to the loft of the
line { ¥-teo, ¥aiod ), The integrand has simple poles at ) = “Det vhere

%, 15 the nth

700% of _
[ kT cieh)+ BT ciabd] [ kit i Cixad + Koy (ixca) ] -

= [ kix G tima)s kT, tixa)][ bic ko (iohy * ki (i) ] = 0 (13)

. To evaluwate the integrand the contour shown below is employed. The value

of the integral is equal to the sum of the residues at poles inside this
(&)
contour (fig. 4).
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Tf
)
=t 5 Pig. 4ca)
\A‘,A

In or&er to find the residues at poles ) - -Dc{:‘ H [ wo%ﬂ] at A = -=D063'

has to be evaluated.

[——’l———‘“ I N N
= 1.) [a"b’][afk,ﬁlf,.,yubn k;L(,ub)f{/c,M K,.,},uan e K;/u«a)}
| +b{k/u T, (ubr KT, (b} kit Ky (00D + ko K Gual] -
“bf ko Toa(ua) -k, T, uar} ks Ko b -k el -
-a{kyu 1‘,'.,(/ua) b I,'/(.ua)f{ ke Koy Vb)-k-,'l(; (b)f ;L o
But at u = ies  from (13)

k'}u' I\?'l (/“b) + k:.II) Q“b) - k.;u Kq-}!,ub)- ,(f,_l/(‘, (,llb) - ( 88y)
ko T, Quar- LT, W’ ky'u kvd}"tﬂ)*/ﬁ_l(;}ya)

and using Wronksian relation

d (np-xT)
[ (éx}u‘) d/u, J

- 2 12 1
= [ )d BX f- Klar Ka-2kh}+ = a6 kb B br2 vk, fl“i“»

= l..O(l\

e (k. )d Bx[kwas Ka-2bho [+(7me)a BB [htihe 2o bikis 5]

(14)
Therefore

T TA ‘f "(9'”'-
o

Lt
¢ =5 reftJEZJ[tfe{T(mrhﬂ -4tie #%ary]
- V1

kel f ab Din [d.{ lb-lk:.z¢29bk;f[2] b{k.:’:ﬂ." t:d-"tkz,}[']zj

(15)
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vhers -

(Z;_‘).')b LG (V)L

€ = [kaa{ W (lom)(~30€ Hy (ocna)+h(-ife -H("(«nm}]-
oy e

~_[ kb {k. Clan)(-4 Lreé 4% byt K (-zae a,ﬁz anbit]

Mg ne "fl f(9’l)b
= [k;a { ki (L) Fyitoma)- he J;(a»a)} ks b f/e, cm.,)e‘\r,,,(dnz,).
f 3 ;ﬁ\’b
~he .T,(dnb)}] N
S Ca viLe 0D i’“’"

)
1] = Eiane Toutanb) + ke T (anb); [2] = k(ine Trulntrs e Jjtemd)
\1/(2] -

!—, "‘—[

Substitute

él s kl' = Dj kz. = L ') k3= Ul and 5’3 /ﬁ."’o

as the result of comparing (&) with (7). With these new constants (15)

becomes =
oQ N ".Dc{nzt U
c=3 re »i” [““J;"C"‘"b)]gf’" (@n0- 4 et [
el UGk bt 35057 [ tn Yot (o)~ T b)) ) |

(34 Zg/ﬂvn)[_ ‘anb}ﬁwn.fy-,(ana)«» (j)'- I,(xna)}o
“bt i +0a-200r} DL by k)] (26)

L4

At v = b, wurite

. K
Q ¢ = QG . kT _ Gt . ST

UG =572 & “2ha &7 29KT
- &d -
=T CUT
vhere Qd = volume of dye injected instantaneously into the tank

2KTT = volune of the tank since KT = (b2 - aa),

equation (16) becomes:-

. ¥ zu-rb"" "M[ § 534 b)) T2 662) &,J;(%G)f I
& nel T @) 2 Trte)] = Ty ()

(17



and at any radius »

had r vy , -D:{nzzz
CS = § 20T (g-;)[~‘-429~."ex
¢ L _ U
Foolenb){ o (n)~ s T (@A)
<[ ) (tn ) - )Y, (ot b) =
[ 35m Ctabd ), ctur) = Ty Cctntd Yoy (6 b)] [{ % (&a)-ﬁ,xc@a)ftﬁlcmb)
(18)
. Dots Jyt G4 b) Detn Yoot (D)
and X = Ditn Ty (20~ U J, (ctn&) Db Yyt Gena)=0 Yy (0ndi) (19)

from which of, can be determined.

2.1le2,; Simplified Soluticn

To coupare the ecuasion (17) vith the experimontal curves and to
obtain any other informaticn from it, (19) must first be solved. The pro-
cess 1s very tedious although it could bs eacily done by an autométic con~
pubers It hea been sugmesied that (19) might be simplified by letting a
tend to mero (Jones, Taibot & Gordon). Again (19) involves the Bessel
function of tho sccond ltind of the order y and Y-/ vhich aro difficult
to deal withe It appears advisable thorefore to reconsider the problem
with a= 0,

As in mpany problems in the conduction of heat and diffusion whore
the solutions are ea;ily found by obtaining first what is known as the
Greon’s function of that particulay probleme. Ve shall use the samz proce=

dure hore.

Graon's rTunction

The function is widely used in the theory of potential. UYhen it



51

is kooun, the colutlon of a particular problem for the given wegion and

boundary conditions, in wiaich the initinl condition is taoker ss an

arbitrary function of position, can be written down imunadiately.
S as the

» dn

Groen's function may be defimed for a closed surface

potential which vanishes over the surface, and ig infiaite vien
(Corzlaw & Jaeogoer,

iuside the surfaco.

zero, at the point P(x',y%.2%)

1959) .

I7 can bho shown that tho concenvration at tise
with zoro initial conceatratien iz that obtained fyvom a
instantancous gourges at ¢ = ¢ over its volums. The seluticn of ouyw
problem is thus reducsd to the detormination of the Grosn's function for
the liquid in vhich the concentration is roequired.
The scluticn for tho instauntangous injeetion of dyec of am

indits medalam dis

=]
¥

amowﬁ:‘s
(6) (Appendix IIT)

- , \ R
B3 g_?’ﬂy) Ky (q/‘ )

(Appandizx III),

The differential equation in
(3) (Section 2.1.1.)

AL 2
(I*ZV,“O; ‘-(ﬁc =0

and the selution of this cquation which is finile et

AY T, (g¥)

Thorafore the genoral solutlen is

AV L cgn+ B r"gpkv(grl



The bovndary condition abt ¥ = b is

Theroioro

.f-_v -l C?b)

The -solution then beeomasie

(@]

" [/(;-;c«;zb) B (gh)* L1 (g0 f?b)j
Al
v 1;1-, C?b)
= 3(bg) /I,,-,(?r'a) (20)
Te obtaln € from {20} uo use )
b-wco o
gl e )
-, bo 4 d (21)
¢ = —-—-—-——b 4
%o lv-:}“ )

Jb’“LCO.
Tro snbegrand of (21) is o singleevalun fuxncilon of A o Ths zerosof

>,

tbh) exe ab /) = Dhvhora ol 5 0= 1,2y & o - ara poote of

2

JM (enb) = 0 (22)

Po ovelvate the intogrel e ven

] d ; 4 -u M
[ & Z.;-./O.L.lp)]/):#ﬁa{h wsbes l/c b) T4

2 o - T GInGE , 2
(21) then hscoince o _ptk 1_1 "

c =y (e'z-c.); C‘;’x.D]/(Cwb)f(D(uO’?DﬁV!
Y

=) Y ECY,
¢ 2 X 2
& = ’;:‘; e (Lm/n) /9 )-)l ./,3 (e !3) ( 3)

o
whore a5 = Qg /R

(23) can also he writton as

¢ o 5 cz»bf (24)
Co izl }7! Js (ctn b)

(C‘")A




Curves of e/c:o vo t/T for {2%) for various walues of y arc plotted in

fig 2 5 :

2.l.5e Somo propartics of the pinplificd solution

Py

e

Cey

LA
{a) The tinms av vhich c,/c:o is marimom, (4/0)¢
The Foliowlng tablo ha/t haen proparcd from Fig. 5.

TABLE )

Y s

4 s A
) Cr)g (£)

0.0 0,0 1.0
0.5 N.3% 0.97
1.0 05 0.95
2.0 1,66 1,03
5.0 .85 2.40

Fraridnstion of the table wmoveas that

2a )
(. ’1:' o~ ..-.l-_.. (25)
Ehg, v =1
{n) The wvarie
The varisneo of 2b) do
(=5

& [N - [E)E
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Example o} Calculafion I
1 Theoretical Flow _ﬂu'ou.qh Curve

(dn[;

-3

&3

</ 2 V./I(Ofné)
where T (amb) = O

y ‘ / :
V=1 29 and V- =1 ¢
@ . @ ' . 2 o (ab)NE Yol L 1
W fetnb) | T ob Y%= 2, (€ F /r]/fz M T unb)] when /
1 .2 A 6 |- .8 10 /-y | 2o 2 3.0 4.0
| 2.4048 (+0.519] |+1.740 | +)-300| +0.980| #0737 | +03S0 |+ 0.267|+0./30 | ~ 0-04§ +0.032 #0.007
2 5.5201]~0.3403|-1.768 | - -389 | -0.0%| -0.002 | ) b Ty (b (b %)
3 £.6537 [+0.2715|+0383 | (b) b )
4. [iy915 | -0.2325]-0.022
5 ;4.930¢+0.20L5 (b)
Z 03%] o091l | 089p| 0735 | o0.550] 0267 | 0130 | 0-063 | 0-032 | 0-007
@) Jahnke, £. L Emde, F. Tables of nelfong p- 166, Dover Publica
o ton, New Vork , 1945.
®  The values are negligible.
2. The Variance 6‘ - 2 nb)’ [ ]
- 2 (I (dnb) L (atnb)
wherc ];_, (dnb) =0
() (= . _3 P '
n (etinb) T (@nb @b [ anby| [/ ] 6+ P
| 2. A048 + 0. 5191 + 4.6%0 + 3.000 + /-850
2 5.5201 - 0.3403 —~16-200 | +443.000 -0.037 s'/'s 220
3 8.6537 +0.2715 +31-900 | + 5630000 (b Sl
2 = 1.513




since the second term on thn right io cqual 4o unity.

2 @ 0y )t
6 = o .g’.‘l(f_él. e

het o 2 Jy(dnf.))' 9!

) b o_,né,)t‘.-
(cenb) fe'(}fv' //‘(E_)Lc{(%)

POHRNERY

- 5

hsl

Evaiuvation of (26) is cheun in Rzmaple of Calceuvlation

ghoun in Yablo 2.

ToELE 2

LT )

!/6'.'.

e

1.00
1.55
1.95
2.90
£.05

i = OO0
OO0 0w O

or

2.1.4¢ Tho Ne formule

Iragivg a se@lnerbaticon Lank dividsed into I

T which periecet pirivs coouws inptantareously.

(26)

i, and theo regulis

¢

conpartnsnts in

It con be shom
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Vhenr H = 1 (27) bescomsa Li*n (—"?”I_(F)A eu . (27)
-z
g, e @ T (27&)

vhich agreos with (24) whon y = O. It can bs shown further that (see

Saction 2.1.5.)

B - @
" = L (30
6u.rh @ 4 )
Comparing (27). (2B) and (39),A(25) and (25), it is ovidont that
y = n-l (28)

Incidentally, 2Y is also known as Peclet number and the result
shown in (30) agrees with those obtained by other investigators with differ-
ent flow systems (Krammers & Aberda, 1957; Vam der Laan, 1957). Following
thic analysie it scems justifisblo to use the N~ formula as an approximaﬁe
formula governing the relationship betwecn c/bo and t/T in an experimen=

€2l analysis.

df = LN I.)N.,e-’vit:df‘
pelt = gaap (7

vhere p dt represents the proportion of the flow, and p the concentra-
tion, has been found to fit many time-concentration distributions (Thomas
& Archibald, 1952), Thomas & McKee (294%L) also derived an cguation

. ) e NN Nl =N t/T

6.0 = (IT':!)! X e

However, this equation is dimensionally homogenecue only if x = /T
This had not beon clearly stated by them. Camp (1955) reported that
Stein had developed (27) for the instantsneous dispsrsion curve for
H=tanks of equal size in scries.

A similay equation



59

2.1.5. Some propsrties of the N-formula

(a) Time at which c/c, is maximum; i.e. (ﬁf)ét
, Co

By differentiating o/c, with respect to ¢/T and equating it

to zero ’
NN -2
(! (7‘) cule +(m'l)’ c ("’ D6 T, = 0
wo have (%]é - _/y;\,:;_ (29)
(b) Mayimum econcentyation, é
Putting (29) into (27) w2 have :
A ' : SO V))
3 N (Nl)
g, @A) )
N(/v-l) - (e (29a)
(h-l)? €

The curve roprosenting (2%) is plotted in figo 7.
(¢) Variance

The variance of a curve is given by 5

b _ 2
6L v /zz“m:;d.t -] )cF(u)d)cJ

«a a

In ¢this case x corvesponds to /T amd F(x) to c/cgs Tho interval

a %o b is the dowaln of varisble 3 nawmoly O =+

Thercforo
¢ et Byl
. _"i"_'_' -1 = 4 (30)
= W N
(30) can bo approximated as followgie .
s 2 ZEE T %12 (502)

Z(&) Z(e)



(d) Time to the contre of gravity of the flow through ouvve,

.ne.'r' can be calevliated from

bll.",

N" sy

2 f(rv-J' )"’ f’(‘} /T-m(? (347
‘.'.% = | (31)

This showe thst the wabtic of th» time Lo tho coentre of gravity of the curve
to tho Sheoretical deteatlon Hiue ic always uanlty, esd it fe not infiuveunced
by the mixing conditiors in the tank - unices part of the trnk i3 not funce
tioning.

{0) Hedian timo, i.e. T,

’

This is the time at wvhich S0% of the dye has paseed through the

e)’
/ (&)d = zi

vi! o 2t rv-_[ ;
/(N-J)’( ) € d 7} 2

j23

i

-J

" 1y -0 F, , o=z Y ey g 3t
J @_} f"(T' &t ) P P

e ,T,T §(~-mw-z)- e ot ;;-;'(N‘[).fj
(32)

{32) ie plotted in fig. 8.
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2.2, The LEffects of a Forced Vortex on the Flow Characteristics of a

Circular Sedimentation Tank

2.2:1: Theoretical Flow Pattern

Vhen there is no forceq vortex superimposed on it, the flow in
the tank is.essentially two dimensional eicept in the neighbourhood of
the outlot weir. Therefore for a greater portion of the tank, the continu-
ity equatioﬁ takes the form

aun - _
51’

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

o) (1)

introduced. If the turbulence created by the paddles is neglected and
the,ta@k 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 reqpectively,
The assumption ﬁf a frictionless floor is necessary since it is
desirable to neglect the effect of secondary éurrents at this stage so as
to obtain a ganeral'idea of what is happening in the tank when the con-
tents are put 1n£d 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

vritten in oylindrical.polar coordinate form as followa:=-



ot ar
%_‘J.;q.ua" + ‘!F%L; +wg—:-.+.&‘f‘£ - ~F—’-§.§)+9(W+—~%i 31.
and the equatlion of contimnity is
ocur) oy - Qw = O

ror | rod 0z

For axially symmetrical and two dimensional flov (2) & (3) can be

vyritten as

S At )
WBF U - (502 )
(&) disappsars.
(6) & (7) can be uritten also as
w12 ay(3 £
and ”ﬁ%%ﬂ? = 3’(5% a%ﬁ”)
The equation of continuisy becomes Swur
which is essentiallyAthe gane as (1).
Integrating (1) gives ur = gonshant = Ua wiaere U is the
velocity at r = a. | |
Substitute (20) & (11) in (8)
A SR )

P or 3

64

(2)
(3)
(&)

(5

(6)
N

(8)

(9

{10)

(22) shows that ¢he pressurc at any redius r Iis the difforonce between

the pressure due to the centrifugal and the poteutial forges.
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Pug {12) in (9) we have

vhich can be wiritten 2180 as

(13)

1]
O]

au +(I-R)Y

r -.A— 'n

~(1+R)V

vhero R Ua/y

CGenoral Solution

(13) is a second order homosenecus differential equation and
hag the solution of the typ2
Vo or (14)
{(Put (1%) into (12) we hawe
afm-L) + (1=R)a - (L+R) =
iron which m, o= oly o, = (1+R)

The general $olution of (13) is thorefore

wad 12T
v e Ay 4+ Be© R (1%)
Loundewy conditions
Throz caeas will be considered hove:

(a) With tho inmer and the outer eylinders rotating

T =, at r =
v ey, ahr=p,
(15) beocones ; . IFR 2
Vo= s [(WN;uLa)r-YYzUM& wn)/;
[
(16)
(b) With the inner ¢ylindor ctationary and the outer rotating
T = & r =
qgl a rl

T=0 at Pu
On
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R

Y HR '
(15) is now v -W[r-_r_] (17)

(c) With the inner cylinder rotating and the outer stationary

va0 atrnrl

v u&)‘ra at r = rz

we have
* 2HR .
W2 Y; 1¥R ]
vV = — 4 . (18
rlz "E rf"‘[ | r )
2,2.2. Stream function
At any radiua »r
U = -.Q.
e ' He
k= T. BXN 4 R
. and for case (a) v o= m' R [(wzﬂ-@z.fi)r-?m_ (to,r,_'-taa; )/}'J
n-h
the angle of the direction of flow to the radius jic
o Fq.(1b)
0 = o' —-%_.zﬁr (19)

If }u denotes the stream function

2 - (20)
%: Vv : (21)

As the system is axially symmetrical

W o= —]urafé +f04r
28R

i X > 2t R R
= = Ua8* 5w l(w,x-,-wm,).l’. - (-0 )
h - 2R

#* vy
2 2 = K|0+Kzr’-’@_ K3 In ¥ (22) ]
If Wy, =wn . K2 = 0, the fiow pattern is then logarithmic spiral.

and

A8 r approaches zero (22) tends to Kle-a K} vhich represents a radial
flow, and as r very large (22) temds to K2r2+R which represents rotat-

ing flow, which, if R i3 very small or zero,
v cZKa r

This is when we have solid body rotation,



2.3, Statistical Analysis of Diffusion

2e3¢loe 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 spreadAof maried fiuid particles can be predicted statise
tically from purély kinematie relationship,

Let us consideg first the case when there is no gonoeral flow of

the fluid and assumre that the system is statistically steady and homogeneous.

The Lagrangian correlation coefflcients

- - u(o) u(e)- RIW - v(o) v(t)
%
Vo) w5y V7o) WE)°
(o) v(t)
Vwigféfgj :

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

RLz (1)

ties indicate that mean - ensemble mean - has been taken. Tor each of those
correlations, a Lagrangian time scale is defined as the ares under the ape

propriate curve of RL varsus t

TLx = _Z[RLX atc, (2)

Imagine at ¢ime ¢ = 0 §y a large number of particles are placed at

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

cally in teras of wvariance © of the radial diatances r of its composite



-

particlos, If ths system is iactropie, i.c. W e v w[ and U=Vv=weoO

a aingle vélocity tern ig adequate to deascribe the systom, and the mean dise

placemont of the particles vhich pass any given point is zero. It can then

;E = // RL at €  (Rouse, 1959b)o

In the present investigation, the sproad of the cloud of dye in the radial

be showm that

direction is of intercst.

Differentiate (3) with respset to % we have
T

-y u
adr° = 2u R at (5

o
d %

vherae RLu ie the coefficiocnt of correlation in the vadisl direction.

Thoe gpread of particles which diffuse in random manner can also be

deseribed as!?

oc _ BC.
&« = Dé—r . (5)
.. _r -,-
or c = At*? kil (Taylor, 1954) (6)

A iz a constant depending on {he total amount of the mariked particles.

From (6) | T nf "BLJV// acdr

w  4pT (7

or d }? a &D
4

i (8)

Bquating (8) to (&) we hove
-
LD o 2u® .4(f£§?dx
- T
D = -}1;;2/ 8 gt (9
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The diffusion coofficient is thus showvn te be dependent upon the fluctuating
velocity in the radial direction and the area of the Lagrangien correlation
coefficiénii%z;?the vadial dircetion. The time T here is tho time when

3;1 z 0. The above analysis shows that the tracing of the flovw through curve
of a sodimentation tank by injoction of dye at the inlet and maasuring its con-

centration at the cutlet is in fact the neasuring of the turbvlent diffusion of

the tark.

Cevtain important chavacteristics can bo derived from the foregoing
vesulto: _

{a) If the diffusivity is regarded as the prodvct of the intensity
end scale of the tu;bulont pixing process. thon the geale is:

Iy = (== (Rouse, 1959c) (10)

(b) Whem T ds lergs, f.e. at any time which is larger than the
lagrangian time scale T; , tho intogral in {9) bocomes constant and is aqual
to TL . D bocomcs constant. Tids may be reogarded as the basls for the
essumption of constant D vhich ie used in Section 20)s It may be of
interest to note thap when timo s emall Dok,

Bven if D is not coanstant throughout the tank, equation (3) in
2els i 8%ill valid. The only differsnce is that D in that 2quation will
be the average of Dl p Da 2 D3 s sou Dn of 1n imaglinory cells composing

the %tenk in the follouwing manunor:



L =l %—E-ﬂ-lr(l-Z?')%";—?;‘e = 0
_ > 3

n ey, %g; +L( 25)%%..935 -

| A %:ﬁ; K- (I-ZT,,)?Tg —?:E = 0

Adding the above equations together, we have, for Ty to »

n
3’;5 1 f1=o9) &5 z=
S ¢ r(l 2'9).5F ~-gC =0
Whem ? = 9[#‘,&"’%#""?“ zc jlzf.%:’l..%z;...q:

K ' 7 Iy

203:20 Diffusion cosfficient versus Turbulent mixing

The bapic equation of diffusion is

F o -pi¢ {(Sec. 2.1. oge 1)

dy

A closer examination of this equation reveals that theo sam? rate of diffusion
could wesult either from low velocity croass flow which carriég over a cone
‘siderable distance or from a high velociliy crosz flow waich carries only a
short distance (Rouse, 1950). In fact, as hos been shown in 2.3.ley D can
be regarded as the product of the velocity and the length scale, and is
therefore analogous to &€ . the eddy viscosity.

Boussinesq (Prandtl, 1935) introduced & into the theory of turbu-

lence by writing

.!:CTV-; :-Gg’-%
for a simple mean f£low where sy, Vs W=0 -

since a new & is required for every new problem in fluid dynamics,

the hypothesis is a failure (Pai, 1957). Prandtl pointed out the eimilarity
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of the turbulent theory with the kinetie theory of gases, and put forward
the m;xing 1eng%h_theory in vhich

€ =f§%
The advantage of Prandtl's approach lies in the faect that the variable ,( is

simply a length, so0 that a plavsible assumption ean be made more easily than
for ¢ of Boussinesq. However, it is now well known that this concopt has
serioue limitations and incoasictencies {Batchelor, 1950), Onec of the defects
is that the mizing length deduced frcm.ﬁhe measurenents of the mean fiow is
not very emall, but of the same ovdeor of magnitude as the dimension of the
mean £lov,

Taylor (1920) was the first persoa to develop a statistical theoxry
of turbulence which is applicable to continuous movemsnts, and which satisfiesn
the oquation of motion., A sories of papers by him on the same subject followed
in 1935, and the application of statistical methed is much more satisfactory.
In vory much the sans way, the methode of statisties must be applied'to
turbulent diffusion so that the flow condition effects can be added to the

offects of molecular agitation.



2.4 The effects of a Forced Vortex on the Diffusion Coefficient

2.4,1+ Shear Stresses

let 8 , ry and 2 be the oylindrieal coordinates in tangential,
radial and axial directions, V, . and W the velocities amd v' , u°
and w' the turbulent fluctuating velocities along ¢ , v and 2z
respoctively. |

The Reynolds equatious for two dimensional and axially symmotrie

cal flow are (CGoldstein, 1952):

éB_ TL’)+-»-V(V»- ,) (1)

or T r .
' STYV - 2
L{Br 'I-,“—‘-'¥:m-"’!;t.%r(ru\' )‘f"t)(V‘v 3}{;) ( )
O = - % éa.r('r IIW') ( 5)
and the continuity equation is é_@ﬂ} - O (%
=

(4 ' = ’S 4

From (&) ue K ke (%)

(3) shous that YW is constant throughout the system.
From (2)

av_,_
Pl “ar* "SF =~ &P(Zruv + -_luv')/z(ar %y. s )

LD Ty T s v, L3 ;0¥
A RSO VAV NG 4
~ ©

But, from equation (15) Soction 2.2.1.

7R

Vv = ﬂr'l-argr ("N

72
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Therefoxre %{‘: = =ACC s B (R) Y (8)
-3 Rl
and g:‘}',, = 2AY +BROUHR)T (9

2
Substitute (7), (8) and (9) for V, %-:',auol %—“:1 in (6) we obtaini=

T+ Ty [25«cﬁlur R/u&’(“’?)BR <
( 2+R) (10)

C = constant of integration
Consider the following casest
(1) When R 3 O,

et T= Ty atrer,

Thersfora

[34'_‘__1__"._ (arsr;/uzm BPJ
-%-[ by * {ﬂ:;g‘f-elﬁ&&-&/ai."iﬂeg?ﬂ

BB 298 M? eF
- /:.:i_[zA - lnr}+ gefv-n {15 ]" I, (11)
UR 2R R

and 7-_7;'}(1,': . /gz[MU“Y’-'I””)*B"(”"'z— (1~ zzwe)] - (12)
s A (negative) + B (positive) (13)

because v 4o alvays groater than r, and (L+R)/(2+R) ¢ L

From eq. (16) Sectlon 2.2.1.

LR z.-rk
A= - zz (w.r,_-m;r, )/('s, -1

B = ( ‘Dm Dt )/( 'wi: :.m)

Therefore:



R
(a) I2 W, r'zR > W1 A will be negative and B positive.

!
. 3 ’ o
T  is alueye positive, and uV <oO.

(b) if co,r,R< f.o;r.'1 A will be positive and B negative.

7' win a::.wayé be negative, and uv >0 provided
that %" < 2¥e . On ho othor hand if 0, T >, both A
and B will bLe positive. Uxamination of (12) shouws that
under these conditions 'T' vill bo negative near the inner

wall and positive nomr the outer wall,

(1) vhen Rm = O; 1.0, vhon there is no flow, (12) bocomes

ot Al ’
o = ;:z [ZA ( ln ¥y - In 1"'] (1[})

v 2 2 2
A is now the only influencing factor = N1y (wrloz) / (ri-h

¢
T vill be positive and WV’ nogative i? (9, >da-

S
and negative ( WV’ positive) if ), < 2. .
2 o & 2.
{333) IZ (DY, = W% Hets & ¢ . B will sgoin be equal to
1 O ;_‘__ g q
[}

F 4

will alveys bo negaiive.

2ola20  Turbulent Mergy Equation

The turbvient onorvgy equation for {wo dimsnsional and axially
symmotrical flow in polar coordinate can be written as follous (Wislicemus

& Yeh,. 1952):
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T
v u v - ——rr U (1

L, O, (Dvu? T ‘.. -20v < = u?%_., uwyu - = 5)

Zuﬁ,t@ +2|,‘—Fa-—r:-"+[‘ r “p v[ r ]

—_ -1 —ey , s -z
Luév"-‘.u \—’f- 4-2.-'; _aa_‘:’ ruv’ . E%/-Z+ Wé‘lj_r) = Y(V VV ! (16)
v OV ro .
1ud o d 2 FOWe o v (WVWT) (17
2 v or
ql" — Wy sw

The usual inﬁorpretation of groups of torms from left to right im (15),

(26) and (P is as follous:

75

(1) ’Eu%y“ tho rato of convaegtion of turbulent onovgy by mean flow,

o ~ - - -~ s -
) é—a__a‘fi‘.-'gthe rato of turbuloat diffusion by fluctuating
rYor
veiceicles.
5) [ Y . .
(3) [Wp-amv g | the rate of produciion of turbulcnes
by the nean flow and the ghoar siross.

o
’ -
(L) - {g'“-ég? the rato of transfor of turbulent cnergy by the work

of fluctuating pressurs gradients.

T, T .
(5) Vv [w Vi - ‘-f; J tho rate of tho vimcous dissipation

of the fluectunting velocitics.



2ak3. Influence of rotation on the fluctuating velocities

(a) Flow without rotation

In this case all terms containing Y vanish, and the turbulent energy

equations reduce to _uwv?
[, Q Tt 1 OTE3, —l:u.%g_ - - .L“';"__E"_'”.,.v(u Vid~ 9.")(15&)
WY * Z rora r e .or r
— T3 —2
L WY, Loruvy oy o ¥
2w’ 1 Dyuw? oo
™ ‘2 Trar = y(wvw') (179)

Consider the equation (15a) for example, the third torm, u° %‘i‘ p
represente ths production of turbulent cnergy by W and ‘:)a—‘;.e as %‘-;: is
alvays negative, this term will always be negative, and the negative sign
of this term means production of W* ., The following cqnélu_sions can be

drawn from the above equationas:

and

(1) The wadial fluctuating volocitis, W, roceivem the entire
turbulent energy production directly.

(2) # ssa W will bo diesipated by tho action of viscosity
since ithey receivesno turbulent energy.

(3) Thore is turbulent energy production throughout the tank
in the radial direction because 'l-,(-'}“%% 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
¢oncluaions have bee.n drawnste
. (1) The production of turbulent energy affects both U™ and y'™ .
(2) The superimposed forced vortex affects the production term

in which ¥ occurs. (This term disappears when there is
radial flow only).



(3)

)

Consider equation (15). If uY is positive, the production
term is megative vhich means an increase of W and vice
versa. From tuis, together with the results obtained in
section 2.4,1,, the following conclusions can be drawn:

A R
(a) Whern R O and (i) . >W2 the production torm
will be positive which means a supression of we

2
(11) wxf <t and omcef wis
increased by the turbulent fluctuating velocity.

R R 2 22

(iii) Wk < O and @,V >;.His

inereased near the inner wall and suppressed near the
outer wall.

(b) when R=0 and (i) &>®v , W™ is suppressed.
(ii) @ <L we is increased.
—_— (111) o=, >  1s increased

since uv’ is positive.

The above conclusions cheek with Raleigh's criterdion for the
stability of a revolving fluid and also agree with Taylor's
eriterion for stability of fluid flow between two rotating
cylinders. The worke of Eskinasi & Yeh (1956) and Traugott
(1956) also support the conclusions shown above.

The suppression of u always means the increase of v’* gince
the signs of the production terms in (15) and (16) are opposite,
Similarly, an increase in W™ means the suppression of Vv’*

In other words, each is increased or supnresed at the expense
of the other,

Suppression of W™ means also a small value of the integral
scale in the radial direction (Eskinasi & Yeh, 1956).

77
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2.5, Dimensional Analysis

The ﬁtudias in the'previous'soctions indicate how the characteris~
tic mumber N of a sedimentation tank is affected By a superimposed forced
vortox., Hewever, as has besn seen, the problem is so complicated that it is
impracticeble , if not altcgother impossible, to obtain a single equation
ralating all variables. In order to conduct aﬁ experiment wiéh a mininum
of wasted offort, and to disitributo the expsrimental results so as to define
graphically a spscific form of function deseribing the cccurrence under
study over the cnftive field of iamtorest, full ad&antage is now to be taken
of dimensional analysis.

Since the fundamsntal oquation of physics are dimensionally homo-
genecus, and since_the volationships that are deducible from these eguations
ars consequently dimensionally homogeneous, it is justifiable tb apply die
monsionnl analysis to a practical problem (Langhaar, 1951). The first stop

in tbis analysis 38 to decide what variables enter the problem.

29501@ Variables

A5 a result of the analytical considerations, all the variables
involved in the present problem have been revealed. Thaoy can be groupad
in tkree classes ag follicows:

(a) Variables describing boundapy goometry

Hero wo have Prs Py e and 4 as lengths that characterize

the system. It may seem at first to be convenient to coibine the threo



79

indepsndent variables into one, namely R , the hydrauliec mean depth.

R= (rl.° ré)d/(2d+r1 -r,)

2
By doing this, the characteristics of thelsystem are at once lost because
for any given R , an infinite number of valuves of Fy e Ty and d can
be found, Since our problem is thought to be very much dependent upon the
ratios of r's and d , especilally when the problem of secondary Tlows is

to be considored, it aapears advisable to keep them separate.

(b) Variables describing the f£lew

They are ®, 4 W, ¢ Vs D and g .o O and W, are the angﬁlar
specds of the paddles at 2y and r, respectivelys V is the flow velocity,
D the ccefficient of diffusion and g the acceleration due to gravity.

(c) Variables describing the fluid

m x *
They ave /0;/ﬁl ond Dv o Dv is the molecular diffusivity of
the dye usedofoan%/x are the density and viscosity of the Fluld respoctively.

2.5.2. Grouping of tho variables into the dimensionless terms

A function invelving the wariables discussed above can be written
as
{(D:Vlwltwg’d'Y;,rz)P-Du'./“,-y) z 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 follows!



1 2 3 L 5 6 7 8 g 10 12

D v W, W d T, ¥, P DM g
M 0 0 0 0 0 0 0 i 0 1] 0
L 2 i 0 o 3 i 1 -3 2 | 3
T =1 ) «l, =1 0 0 0 0 -1, o1, g

This tabulated array of the dimensioﬁs of the variables is known as a
ddmeneicnal métrixo

By crossging out the columns that are depandent_on the otherz, the
original matidix can be rsduced to a non sero détorminant of order 3,
vhich is the rank of the maitrix. Threo hombgeneous linear algebraic
equations whose ecoefficients are the numﬁers in the rows of the dimdne

sional matrix caa be written as the fellowingie

iy klO #.0 =0
Az - & T + - Bl o+ 2k, e o, ) =
s 1 < ka < 15 1{6 k? 24g 23.9 IlO s {11 0 (1)
-kl «I%S-Pz'm k¢ ’kg @ kzo ngkll m_O

From the thcory of linear algebra (1) psusesses eractly (31-3) = 8 lineariy
indopendent solutions(Langhaar, i951), disvegarding the trivial solutlon

k:l = 0, Coneequently any values may bo asgignad o L:l : Ic2 o }:3 ¢ ece k{%

and the corrasponding values of k. , k and 1:11 can thon be found "ny'

00
solving (1) by the olementary elimination procedure.

1:10 3 e kg
ke = =(3/3 )(ka-:,akz'«.-ac!,, mkEnECG-L:?) |
Iz g = ° L:lc-(l/_’) )k2~;-(1 5)1»:5-:-(1/5 )kl}"(a/fv)ksn(z?/f»)kg

- (2/5)&,? akg (2)
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Values kl = 1, ka o k3 = kh . aeo k8 = 0 are now assigned for the firat
solutibn_?};; ké = 1, gln k33 oeokbu 0 for the second solution and so on.

The sblution can then he written in a matrix form =5 follows:

By By k5 Ky kg kg Kk, kg kg kg kpy
1 0 0 0 0 0 0 0 - 0 o0
6 1 0 6 0 0 0 0 «/3 0 «1/3
0 0 1 0 0 0 0 0 /3 0 <2/3
0 0 0 1 0 0 0 0 /35 0 -2/5
©o 0 0 0 L 0 0 0 <2/3 0 /3
O o0 o o o 0 0 =2/3 0 /3
0 0 0 0 © 0 1 0 -2/3 0 /3

0 0 o 0 0 0 0 1 1 =1 G

The chzleth and 1ith in the matrix of the solutions ars merely the cooffie

10 and kll of (2). The first 8 ecolumms

of the solution matrix conmist of zeros, except for the ones on tho principal

ciente in the equations for k, ; k
o

diagonal, Consequently the matvin can be writien dowm immediately by inspec-
tion of (2)e |
By considering the doterminant at the left hand side of the ‘golu=-
tion matrixg, it is ovident at ouce that the rank of tho matrix is invaris-
bly cqual to tha ﬁumber of rous in the matrix of molutlons. These rows are
therofore linearly independent. Since it contains 8 rows, the matrix of

solutions constitutes a fundamental syatem of solutions,



Each row in the meirix of solutions is a sot of exponents in a

dimensionless product, which cen bo written as the folloving:

'/
4 = /Dy ffe = d- 3/
‘ VIR
T = V/big) e /D*’
CIPE]
s = wy/g T, = "z‘] /Dv
6 - o’ o = ph/p
We ecan now write fi( L, fo, Tyee- --TMg) = O (3)
_— T = 2, (7{2,1?3_.... Tg) (%)

205:%3. Transfermation of dimenulondess products

Toursend (19S5h, 3551 showed that molecular divfusion ean be
ignored if the ratio of the molocular diffusity of tho tracer to the
lineantlc visecsity of the fivid is much less than unity, The tracer
vesd hore is methylene blue dya. A visval observation ¢f a drop of it
in stili water showed that it hos 2 nogligible molecnlaz diffusity come

o

parved with the turbulent diffvsion eoofficionts It is noticed that Dy
occurs in overy term. If it wers to bo negleccted, it would mean that
thers will be no dimensiorless ferm left., These 8 terms will have to be
trancformad ,therefore,in such o way that D, does cecur in only ons term
whick can be digearded. It will b2 scon from the transformaition that, by

o
o8

cavofully carryipg out thoe oporction, feniilsy dimensicrless protucts will
be obvtained, and, as a mesuli, o greator exporimental ceatvrol of variables
is achioved,

The justification for reoplacing fK ,.ﬂi: %) by g( e T)

82
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lies in the fact that relstionships among 17,,’52,71' - 1y torams is not
knowry all that is known is that the relationship exlsts. A relation-
ship among T, , T, T, « o« » o Ty implios a relationship among T,Tz0 o
« » Ty cince the variables 1, W, Ty----- Ty are determired by — T), Ty,
Té and vice versaz. This follows from the fact that either set

of dimensionless variables is complote. (Buckingham, 1921).

By {transformation:

' it Y b 0 . oy
Tl e (7, /T ) o (VF) Peclet numbey
T, o e Ty Tl w Vi P //'a Reynolds nunber
i - 'g}f / Ty = v/ rzg TProude number
.) .
T, w T T T = V% Hameless
= Ta = Ph/p Schmids number
“2
P
oo o
TG = T‘B/ -ﬂ;_'.. = &;
. ]
T7 T SR
& 'g’ I\ -Z.’
Tg G / Te = 3
N 7.
Trorofors J C e, v, e oy e, o, h 1) (5)
Vi ] S / Wr N d
Tho Szhmidt pusber 1s the only term nov conf, ng D Neoglecting

Seamidt nunber (5) becomes

) AN RO R TR \') (8)
g}_’i) ’ /"' YL? Y’,? Ct)z, \L el
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Since the range of the flow in the present investigation is well -
within the turbulent region, Reynolds number can also be neglected. (6)

is therefore . o r x |
% - f(r:’g %A ng) n

Vr,
For any sedimentation tank of known rl/'r2 and rl/d (7) can be modified

to v »
_)[ ( ls)n’ [ ) (8)

Vl"z_ r‘gg f, 3_ 59

Equation (8) indicates that for any given ratio of %i-, the plotting of

Ny 1060 1 + Vra/ZD (See Boction 2.1 taking now V as the velocity at

r,) versus Froude number will result in a family of curves having E%..g’: as

the parameter. (By having paddles at the outer periphery only as in the

experiments to boe described later, we are dealing with a case of %% = o2 ),
' 2.

It is interesting to note that if denotes instead the mean

g!
radius and r, the difference in the outer and the inner radii of the tank,

and the transform for Th is done in the following manner:

Y 318,
T T.s Ta o WY r;y
U ALY Y
is Taylor?!s numbex
(8) can be written in the form
Yz 3.

D ,onn 9 (8a)
Wﬁg f'( Qi, y . 2

Compare (8) and (8a), it is evident that (8) should be preferred because
the flow in the present problem has a free surface which is not horizontal,
especially when rotation is introduced. Taylor®s nmumber doos not include

g which is one of the influencing variables.
»  See Nof¢ opposite p-3.
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2,6, Summary

From the analytical study made abovg the following conclusions

may be drawni=

(1) Shortecircuiting in a circular sedimentation tank depends
upon the parameter N = y +1 vhere VY is K/2D,

(2) The diffusion coafficientA D depends upon the fluctuating
vaelocity and the integral scale of turbulence in the radial direcection apd
for over a long psriod it can be tsken as a constant.

(3) The offects of a superimposed forced;b vortex such that ,>0,
will always result in a suppression of W and.jfkftdfg hence a decrease
in D, Thergfore, the supsrimposed forced vorte; has been shown to
minimize short-circuiting due to turbulent mixing. Without the forced
vdrtex, the taenk has also been shown to be susceptible to disturbances.

(4} Dimensional analysis indiéates that a relationship between
N, Froude number and 1%%% oxists, The plotting of N v F, should result

in a family of curves having ©Y as the parameter.

"%



CHAPTER - 3

EXPERIMENTAL TECHNIQUES

3.1c Apparatus

Bxperimental equipmonte are showm photographicaliy and diagramae
tically in Tigs. 9-17. Thoy consist of a circular tank, a constant head
tank and a valve for the controlling of flow, a dosing device to imject

dye into the tank and an absorptiomoter for measuring the dye concentration.

Jelole lodel sedimentation tank (fig. 13)

A circular tank 3 foct in diamoter and 6 inches deep was conatructe
od with perspex for this investigation. It vwas made up in two soctions:
the cylindrical section and the floor. The cylindrical scction consistied
of two concentric cylinders 3 feot and 3 fecet 6 inches in diamcters respoce
tively., The length of the innor eylinder was 6 inches, but that of the out-
or was 6% inchos, They were joined tpgother by a perspex ring in such a vay
that the cylindriecal walls and the ring formed a chamnel. The top of the
inner cylindrical wéll was machined so that i1t also acted as an ovorflow
walr,

Tho floor of the tank was also sonctructed with perépex % ineh
thick and 3 feet 6 inches in diamoter. It was attached to the cylindrieal

sogtion by a gorico of bolis and ruto vniformly spaced along tho outlet

chaanel floor. In this way tho flcor of the tank was delachable for transe



port purpose and the dopth of the tanlt could be altercd by imsertion of
another c¢ylindrical section botwecn the floor and the eylindrical section
described above. A hole 3 inches in diameter pas made at the contre of the
floor for insertlion of inlet risers of diffarent sizes.

Water leaving the overflov weir filowed into the offluent channol
the floor of which was made of Keon's cemont and was coated with Gleame The
floor sloped towards & outlets, each 1 inch in diemeter. Vater flowed from
these outlets into an effluent chamber 3% inches in diamoter (fig. 16). Part
of the efflucnt was passsd through the mezsuring cell of an Eel abzorp-
tiomater by ﬁhich its dye concentration coulé bo moasured continuwously. The

rost of tho offluent was rum to waste.

Belole Inlete

Thrae types of inlet were used in the oxparinents:

(1) Submorged weir inlet (2% F)

Thisc inlet had a 2 inch diamcbtor ricer, the oponing of which vas
locatod 4 inch below the tank water surface. The diffuser was in tho form
of a eylindriecal submerged weir suspended concentrically with the riser to

a depth of 3 inches. (Fig. 1kb).

(2) Slotted cylindor inlet (2% 5)

This inlet had also a2 2 inch diameter ziser, bLut the diffusor was
in the form of a slotted cylinder whose external and intornal diameters
wore 6 and 5% inches respectively. (Fig. lia).

(3) Uniform flow inlet with bafflos (UFRI)

The risor of this inloet had a series of holez drilled aloag ite



walle, The dimensions and spacing of these holes were calculated according
to the Manifold Flow Theory (Appendix IV). A series of 4 circular plates
wera placed sbove each ring of holes-to deflect the flow horizontally
becauso water tended to leave the holes at an angle to ths riser. Six
baffles made of porspex, 5"z 2"z 3" . were attached tengentially to the

cireular plates in front of the Loles. (Fige 15 a & b).

3.1.5, TIlow control unit

This consisted of a conutent head tank (€ige 17) a valve and an
orifico meter. Tho constant head tank wes gitvated 6 feet above theo sedi-
mentation tank. It uas wade of parspex, 2'6" x 1° x 9%, The inflov turbue
lence was danpad by gravels depocited in froat of the inlet.

A wator mancmeter vas ured to weasure the differcnce in hydrostetic
head vpsirean and dovngtream of the orifice respsctively. The orifico meter
was previously ecalibrated and the calibration curve was plotted in fig. 18,
A serew valve was used to control the rate of flow through the sedimentation

tank gt any predetarmined rato.

3.1l Jotatinz device

To rotate the vater in ithe ténkp elght paddles made of porspex of
the size 6" x 3% z 4% were atbachad to a perspox ring 5 feet in diamster and
3 dinchss wide, in such a way that the edges of the paddles had a very émall
clearance from the tanmk wall and floor, The ring vas supportéd on ball

bearings above the tank and was drivon by a variable spoed motor through

88
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=y

a friction drive. The speced of votation of tho ring, hence the paddles,

could be varied between O emd 25 rpm, by means of a variact. (Fig, 1llj).

The desing device and the measurcmont of effiunent dye concentza-

tion axre deseribed in detail undoer Socticns 35.2:.2. and 3.2.4,
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FIG, 16
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3«2 ‘racing Techniques

Tracers may be introduced continuousiy or instantaneously into '
the tank., Sometimes 1t is convenient to use continuous injecting of
tracers subject to a sinusoidal or other variation in cencentration
(Klinkenbarg & Sjenitzer, 1956; Krammers & Aborda, 1957), especially
when the system under investigation is not steady. TFor steady flow; as
in the system under the present investigation, the first two mathods are

generally used.

3.2¢1: Continuous versus instantaneous injection

The continuous dose mathod was originated about 1890 at the
Lavrence [xperimontal Station of the Massachusetts State Board of Health.
It depsnded upon the continuous displacement of a solution of known chlo-
ride conceatration by a solution with a different chloride concentration.
The flow through time was assumed to be the overall interval required for
the offluent to attain the concentration of the sacond ehloride éolution.
This method has not boen widely used among sedimentation tank investigators,
partly because of the large amount of tracer required, and partly becauée of
the difficulty of comtrolling the dosing rate and the low degree of accuracy
of the results, Taras (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 avpeara to lie in the fact
that, in practice, the normal treatment chemicals can be used in'determining

the flow through time of the planti also the maintenance of a constant
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chemieai feed reproduces routine plant operation. In sedimentation tank
investigation, Muszkally & Vigds (1958) employed the continuous dose
nmethod and argued that the characteristic numbers. derived from the flow
through curve by instantancous 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 exporiments, the dosing time
employed in injecting the tracer instantaneously'! varisd from l.5 to
15 mimates comparaa with the tank theorotica%fgg;gtggn6,9 minutes, It is
believed that if the resultant curves are properly interpreted by taking
the dosing time into mccount, they chould reduce to the same curve. In
experimonts using the instaatancous method the desing tims must be kept
short. Basides, the results obtained in {he present investigation (see
Sectlons 4.1 to 4.5) and those of other research workers (Ambrose, Baumann
& Foular, 1957) give 2o indication that the amount of the tracer used affocts
the shape of the flow through curvo,

With the dye injector recontly doveloped for laboratory use (see
Section 3.2.2,) 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 1} seconds., Bssides, the flow vate into the tank remains the
same during tho period of injecting, a distinct advantage over the continu-
ous method where the flow vate through the tank is ineveased because of the
added tracer. By injecting the tracer instantanesously, turbulence created
at the point of injection halp in mixing the tracer with the incowming liquid.

This i35 very lmportant or the tracer will not be representative of the £flow,



The instantangous method was introduced in 1907 by Clifford to
the study of the time passaze of liquid through percolating filters fqr
sewage treatment., Capen (1927) esdapted Clifford®s ides to the doter-
mination of the flow fhrough time of a mumber of sewage sedimentation
tanks, and to this day, this Capeanliffofd approach romains éhe irethod
of choice for estimating the hydraulic charectoristies of eedimentaﬁion

tanks qQ

3.2.1, JInstantancous injectica of dye

{2) The static head msthod

A 40 cc of methylena blva dyo slug is placed in 2 double wall
glass wvessel A (Lig. 19), and ito tempsraturo is brought to that of the
liquid in ¢the tonk by means of water circulating in the outer wall Be
One end of the vessel is connceted to the tenk supply pipe at a poiut'
1 foot upstream of the tank inlet. The other ond is éonnected to the

flow control unit, Theso conneciions ave interrupted by two stop cocks

(a) ard (b). Before the injectica of tho dye {b) is turned on in order
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to bring the dye uader the same Gtotic head as that which supplies the tenk.

Now, Ehan'(a) is turned on, the ¢yo will be pushed by this pressure into

the teak. The time taken for this oporation is about 5 seconds, during

which %0 cc. of dye and zbout 40 g¢ flushing water will have been delivored.

Air valve (d) is also provided for cmptying tho dyo injector befors f£illing

it with dye.
(b) The ayringe method

This injcctor has been dovelepod recently in Public Health
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Euginesring Section of the Department of Civil Engineering, Imperial -
College of Seience and Technology, at the time of the present study.
Figs, 12 and 20 illustrate the instrument.

With tap{ ¢) open, a mgasgred amount of dye is drawn into the
eylindor (b) by withdrawing piston (a). The circulating vater in the
water jacket (bt'). helpeigringing ‘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) surrounaing'tha injecting‘point of the injector. However,
it is found fhat water can 8till seep into the dye reservoir if the ﬁ;p (c)
1s not closed immediately.after the withdrawal of the piston because the
vhole system of the injector is situated under the tanlk, and ic thus subjected
to a pressure head of about 29" pf.wator. vater cannot at any rate leak into
the dye in the cylinder (b) because this pressure is not great énough'to push
the piston‘backuardsa

| After the ayé has attained the temperature of the water in the tank,

the piston is pushed foruafda to injqct the dye into the tank. The yubber
tube {d) will expand during the operation'and‘allow the dye to leave thae
injoctor 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 flows

While the piston moves fowards and delivers dye to the water an
equal amount of water is sucked into the cylind.r (b") from a point 1' up-

stream of the injocting point. IJn this manner, thore is neither an increase
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in tank flow rate nor the kinetic energy of the flow Buring the opsration,
"No air bubbles can interfore with the ihjection as in the case of the static

head method.

3.2.3, Tvacers

One of the most important‘consideraticns in tracing the {flow through
a sodimentation tank is the choico of a suitable tracer. It should be ine
expensive, small in quantity needed, harmless and must be repreéentative of
the flow., The last requirement m2ans that the tracer must have the same
denslity es the liquid and its chemical and physical properties must ﬁot
change as it travels through the tank.

(2) Salt

Sodium chloride is the firast substance used in tvacing the flow
through curve of a sedimentation tank. Soveral investigators in this f£ield
often reported very low detention officiency or the efficiency of displace-
ment, as Hyde (1950) called it. It must be admitted hore that in these
tests the percentage tracer racoveries vere also low, Manéon (1940) and
Hooper (1940) roported that large errors are introduced when salt is used
as tracer below a certain critical velocity. It is nou known that salt
tracer is not roprescntative of the flow because its density is invariably
greater Than that of water (Ambrose et al, 1957),

(b) Other chemicals

Occasionally, Soda (¥Walton & Key, 1939), chlorine, fluorides,

sodium silicate (Taram, 1955), and phcsyhaté (Mau, 1959) are cmploysd.
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The mothods of detecting them awve generally more complicaﬁed than those for
dyes and their propertiés often change when added to water. Mau reported
some difficulties vhen using sodium phosphate in his cxperimonts because of
Atho prasence of chlorine in watar.

(c¢) Dyen ,

A dye tracor hos the advantage of visualisation of the flow. At
a ouitable concentratlion it can have & dencity near to that of water. Many
‘research workers (Clifford & Vindridge, 19353 Camp, 1942) preferéed KHaOy
but it,has been known to stain and often resulis in a poor racovery of tracer
since 1ts quantity is reduced through deposition. Fluoreseein dye is also
uscd by many investipgators (Ambyése ot al, 19573 Davis, 1961, Ettingez,
Witherovw & Coulter, 1958). It has a weak colour at loﬁ concentration which
hecessiﬁates the use of large dose. Geiger (1949), Thomas & Archibald (1951)
and Ahdalla (i955) used methylene blue dfe and veported coneistency in
repults and good percentage of Gyc reCOVery.

With regard to tho facility in ips §oﬁéentration mossureuent, it
vas decided vo use wothylens blue dys madé up with distilled wa{er to a con=
centyation of 2500 ppm. ac the iracer in this study. At this concentration
and ot 20°C its density iz voery near to that of the wafer from the supply
main (Abdalla, 1955).

(a@) Rodiotracers

They have advantages in that only a swmall amcunt is needed and
are valuable in expsriweats carvied out in full scale sewage tanks where

salt and dye may be affectad by chemical reaction or absorption on solids.
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However, they ars not so gasily handled as dyes, and the method of detecting
them remains to be perfected. One of the disadvantages of using radiofracera
liés in the hasard to personnel when over exﬁosed to radiation. Thomas and
Arcﬁibald (1951) reported that the results obtained from using I-131 compared
favourably with dye. Truesdale (1953), Seaman (1956) and Bergman (1958) also
réported using radiotracers vith satisfactéiy results, However, Ambrose et al.
(1957) in their comparative atudy of'dyé, salt and Rubidium-86 as tracers
experienced inconsistencies in resultis obtaihed from Ru ~ 86 as compared with
fluorescein dys and sﬁggested that, owing to the insufficient mixing of Ru-86
with the incoming flow, it mightlnot repregent the flow., Burgaesa & Groon
(1960) used Bre82, as ammonjum bromide, ln investigating flow through several

. sewage tanks and had done much to improve the techniques of uslng radiotracers.

3.2.4, Dye concentration msagurement

This was carried out with an E2l1 absorptiometer which is a photo-
electric instrument employing the principle of light absorption of a coloured
liquid, A solution is measuved by using light of complomentary colours A
colour filter whool is provided s0 that light of peak wave lengths botween

can be selocted. It has been found that the filter no. &06,5%0 A
6900 - 4700 ﬂ is most suitable for mothylene blue solution. Trro graduated
scales are provideds one relates directly to the asolution concentration and
the other reads the percontage transmiééidno

The instrument is found to *drift', the phenomenon which zives rise

to change in zero reading of the instrument, To overcome this it is also

provided with a zero adjustment wheol,
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The instrument is equipped with a pair of acid-proof fused glass
cells 10 cn long and eacﬁ has a capacity of 50 cc. One is to be used as a
referenée eell while the other as a sample cell, Thié involves filling and
emptying the sample cell at intervals during a test; The method is there-
fore réfher tedious. Besides, with this method it was impossible to obtain
an acecurate (%]E, and (%)L o A continuous reading of the effluent con=~
centration is therefore p;eferrede

The manufacturer doss make a 'flow through cellt fhrough which the
effluent'can be made to flow, Iis dye concentration can thea be measured
continﬁously. Unfortunately, the cell is only 1 cm long. With the range of
the concentration encéuntered in the tests, this coell is unsuitable since
only a portion of the graduated scale would Be used. Besides, ﬁo reforence
cell is provided. This is serious in view of the "drif%' of the instrument.
Tuo glass cells io'cm long with optical flat glassss at the end have been
made, Each ¢ell has a capacity'of 50 cc.(fig; 21). One of them is used as
tﬁe reference cell, being filled with distilled water and the other as’ the
sample cell. The latter has a tangential inlet and outlet at the onds in

addition to a filling tube at the centre of the ¢oll.

3205 Calibration of the absorptlometer

A serles of methylene blue dye solutions of concentration varying
from O %o 2.5 ppm. wore firat prepared. Using distilled water as the refer-
ence solution the meter roadings of thess solutions wers taken against the

knoun dye concentration. Fig, 22 shows the calibration curve.
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Because the two cells are not identlcal, it is found tﬁat the

curve obtained above does not pass through the origin, but through a point
(0,98) instead. Another straizht liﬁo is then drawn varallel to this line
passing through the origin, 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. A% the beginning of an experiment, with distilled
water in the reforence cell and water from vhe tank in the cample cell, the
meter reading is tsken, and is found to be, say, 97, which is equivalent ©o
0,03 pym. Any subsequent concentration obtalued from the mefer reading and
the calibration curve will have to be reduced by 0.05 ppm. to arrive at the
true concentration. If the zoro reading is found to be 98 (vhich is equival-
ent %0 0.02 ppm.) 0,02 ppm. will have to be subtracted from any measured con=

centration, and so on,
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3.3, Lxporimental Errors

343.1s LError due to dye concentyation measursrent

During the'early part of the axparimental prograume, it was found
that the arveas of the flow through curves were consistently groater than
unity, As ﬁhe random error in any measurement should be both positive and
negative, it was believei that the error might arise firom the teechnique em-

ployed in measuring dye conceuntration,

{a) Mixing in the flow thvouch eell

If the volume of the flow through cell is dencted by Vc and ‘the

rate ¢f Zlow through it Qc 2 at any time % , the concentration in the cell
e = F(CeCun)

vhere (; is the dye concentration at the time + when it ontoré.the measurs
ing coll and is assumed to be the same as when it leaves the tank ( sse later)
and ¢, the eoncontration a® the ims  {-A. Jt being the flow through cell
theoraiical detentlon time = g%

But c. ;f’ N

Y. i T Bq. 27 Sec. 2.1.4.) {2
Therefore ¢¢ can boe ghown to be avprowimately equal to
Lo - net L (emAT)
& ey ! NN 91“' l. At o T
BT I T ‘1)(*' ) e

2. (pe- 117 L4
. > g‘,‘,) 5 23 .A‘f'
s 2Ty LS
A N h A o *
* o A 5 > i
(r;e, I 2y T v
R <



115

The detention and mixing in the cell thus cause the area of the £low through
curve to bo increased,

(b) Tank characteristic number N

Thds number is not affected by the rate of flow through the measur-
m@

ing cell because the multiplying factor [ fte 7 ) will cancel itself out
in the process of the calculation of the variance.

(c) Mixing effect during tho travel of dye from the overflow weir

to éhe;measuring cell

The dye conceniration of the liquid on leaving the tamk is related
S A T S -
to time by & Q‘"l)'(ﬁ) e T and the variance of the curve is ;;-:,

If we noy consider the system as including the offluent channel, the connecte
ing tubes, the offluent chamber and the meagsuring cell; and lot n be its

characteristic mumbor, we havei-

. ] -h 1";
< £ (4)
c: = @-y)l ( ) e’
The varience of this equation is g™ a £ vhore n now ropresenting

I
" the number of imaginary colls constituting the whole systom.

Tt can be ghovn thab
' Lodoa o (Aris, 19%9) (%)
vhaere Hes ds thie numbei- of imginary cclls constituting the system
oxcluding the sedimentation tank itself.
Hovever, observatioﬁ of‘ the mixing taken place during the time the
water takes to reach tho flow through cell after having left tho tank is
negligible dut to the fact that the sproad of a cloud of dye added to the

viator as it loft tho overflouw weir took oaly about S5 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
(6)

Jd
h

=

L
N

.0,

w e N (N

3+3.20 Exporimontal lnvestigation of 3.3.1.

(1) Experiments were carried out with 23 S at 242 céa/hec and
10215 Diferent

speeds of rotation of O and 54 rpm. ng speeds were employed in order
to create different N numbers. Figs, 23 to 28 show the effact of the
cell f£low rate on the shape of the flow through curve. In all cases the
flow through curves obtained with low ¢ell flow rates lagzed behind those
obtained with a high cell fiow rate. It was évidant also that a low cell
flow rate gave rise to high porcentage of ¢racer recovery.

(2) In order %o check on the above reasoning, experimonts wére
also carried out with different flow rates and speeds of rotation, Sampling
of the effluent for concentration méésurement was aleo done by stopping the
flow through the cell and emptying it at intervals. The results were tabue
lated in Table 3,

: (3) The following conclussions.had been drawn from tho above ex-
periments:- .
(a) The ratio of the cell theorotical dotention time to that of

the tank wvas found To affact the concentration maasurcment. The larger the
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TABLS 3

Percentane dye recovery at various cell flow rates.

Tank flow Percentage dye recovery

rate cn/sef 510!__1?__EMEE¢EL_A Fast’ Sampling |
73.5 (5)1 107.5 (4)] 99.2 (20) - 105.5
73.5 (10) 104.5( 4) 91,5 (26) - 101.0
75.5 (15) 110.0 (#) 94.0 (23) - 94,5
140 (%) 107.8(4.5) 100.9 (25.8) - 99.8
140 (10) | 1654.8(4) | 105.8 (25,4) - 103.7
199 (5) 107.6(7) | 104.5 (30.5) 101.0(45.5) 101.5
199 (15) | 114.0 (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.

flow rates,

Pigures in brackets aftar percentapge dye recovery are cell

fast flow rate introduces air bubbles which interfere with
the meter readings., Only two experiments are carried out.

123
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ratio the greater the error. However, af a coll {low rate of about 30
cms/éec the err&r involved was found to be couparable to those due to
other sourtes (see later), and the percentage tracer fecovery was generally
satisfactory,

(b) Calculation shows that with N number within the range of the
expariment the error should be loss than 1%, It was found, however, that
errors obtained in'ﬁhe experinents weré.much greater than those predicfed‘
by tho theofy. This was balieved %o be due to the presence of air bubbles
and dust which were found collecied in the msasuring cell, espeecially st a
1oﬁ and a very high cell flow rate. Thelir presence always gavé rige to an.
error on the positive side,

(c) By stoppinz the flow through the cell and emptying it on
intervals it was poésibie to get rid of those 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 calculsted volume of the tank was 100,000 cca., it was
éeci&ed to use.ho cc of dye at 2500 ppm. as tracer in order to make C,
equal to 1 ppm. The computation of c/'c0 was thus simplified. To
facilitgte experimeﬁtal calculations further, the tanlk was taken as having
a capacity of 100,006 cc and all the flow through curves had been plotteé
on this basis.

The actual volumo of the 1iquid in the tank vas in fact different

in each bocause of the following:-
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(a) The additional depth requirsd by the hoad above the overflow
weir which varied accovding to the réte of the flow through the tank,

(b) Whon the tank content was rotated the sqrface of the liquid
took a pawabolic shape vhich reduced the volume of the tank according to
the speed of rotationo |

The actual volumz of the ¢ank up to the level of the outlet weir,
with allovances for the inlet siructures and the paddles, was measured
volumstirically and was found to bs 102,500 cc,

- The volumo incrense at cach flou‘?éfé was caleulated from the
Franeis formula :
Q = 3033 nO72) g
Q is the flow rate, h ‘the depth over the weir and b the weixr length.
The galculated results were shéun in Table L.

In rotationnthe shape of the surface was parabolic with the maxie
mum depression at the centre of the tank, and the decroase in volume of the
t;ank is : {-}'«’Tr?-r%- /'a%-gfiz ¢ 0.0096 5 litres (4 in rpm.)

6

[

The ¢alenlated resulits weve shoun in Table 5, and the correction facters

for {&/7) and (t/"i.‘)2 “in Tables 6 and 7 vespsctively.



TABLS 4

Volume increased due to head above weir.,

Flow rate cm’/sec. Volupe, increassd
0 0

0 0.096
100 0.152
150 0.195
200 0,242
250 0.283
500 0.318
3% 0.554

TABLS S

Volume reduced due to rotation

Speed of rotation Volume reduced

rpme Litre.
10} 0

1 0.010-

2 0.038

3 0.085

4 0.153

? 0.240

7 0.470

10 0.9%

15 2,140

126
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TABLE ©

Correction factors for t/T.

F‘} w | ' Spezd of rotation SJA rjm.
cnrseE g 1 2 5 4 5 7 10 |15

0 {1.025/1.025{1.025{1.024[{1.025{1.025{1.020({1.015{1.003

50 11.025[1,025[1.025(1.025[1.024[1.025{1.021|1.,015}1.004
100 {1.024{1,025|1.025]{1.025]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|1.005
300 {1.028/1.028|1.028/1,027{1.027|1.025|1.025|1,018|1.005
350 {1.028(1.028{1.028{1.028{1.027/1.027({1.024{1,019(1.007

TABLE 7

Correctiéon factors for (t/T)

Flow Speed of rotation S rpm
cm} see O 1 2 3 4 5 7 10 15

0 |1.051}1.050|1.050|1.049] 1.047]1.046}1.061}1.051] 1.007

50 11.052}1.052[1.052|1.051]1,049}1.,048]1.043[1.033% 1.009
100 |1.054{1.055[1.055|1.052| 1.051}1.049]1.044{1.054 1,010
150 {1.054{1.054{1,054]1.055} 1,051}1.,050] 1.045f1.055 1.011
200 {1.055]1.055(1.055/1.054 1.052|1.051|1.0%6|1.034 1.012
250 |1.056}1.055]1.055/1.054 1.055|1.051{ 1.047] 1.057 1.012
300 {1.057{1.057| 1.0%6{ 1.055 1.054(1.052| 1.047/1.037 1.015
350 1.058]1.058/1.057{ 1.054 1.055/1.055| 1.048]1.038 1.0111
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3.3.4, Compounding of experimental errors: accuracy of the experimental

results

If the final result y is related to the component *3 by the

relation : . »
Yo F O e Zpe e o c o %) -
it can be shown that
6=7 ( 6.” @)
Z, azL) (¥ileon, 1952)

) :
where 6 isg the variance of y and 6,;2' measures the variance of the i th

component .
. . 3 :
Now the area of the flow through curve A is ’/gd(.-rt-) (3)
(»] N

Therefore Var:.ation in A, i;e, 6',, is, using (7_\ and assunie that

differentiation under the integral sign is permissible._

o 6 = () 65 (&) G (4)
'Again, with the ‘help of (2) the variation in 3 denoted by %}
and in. g-,) denoted by G(g_) are respectively,
(co) o (Q)é (5)
2 ’ 2.2 242 A
6(%) = (:,-_}é't + (1«_-9 6 (6)

If ve let tho deviation &. e 600} and T be of the order IO win,
and Gy=00Imin, then the first torms .on the right hand side of (5) and (6)
becomo negligible compared with the second terms. Iet GFaos'mm. and G, =0-0Lppm.

also t/T 3is of the order k. (5) and (6) becomes respectively
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2 2 2
63 = (0.005) +(0.02) =0-0004
2 A
- = y
Sgy = 78 (000 (0 0.05) = 6.0004
Put(s)s)in (4) we have _
&y = 16X 00004 + 0.C04 = (-0068

t 0.087

Ga

Error in ths variance of the flow Lhrough curve, henoe N,

G/jwl:?nce = /(%J( —)d [f }dé).]?-

W - @)(H) Q,) ¢ caxr)‘*ﬁ-)

A5 &, (-2 [t
To simpiify the calculation let M{
(EX )45 =1

6, = (ENHTE TS G T3P 1%

2
(4:2)x 0-0004 + ’;  0.0004

H}

Therefore

=~ 0.0256 + 0.0114 = 0.037

€ sperique: ; = 0.(92
Note that these are absolute errors.. The percentage orrors compound
differently since the psrcentazc errors of each component willl be.areatl
when the value of the component is small, i.e, at a small concentration
the vercentage error of measuring the concentration will be very much

greater than when the concentration is high even though the deviation

in conceatration measurement is the same in both cases.



CHAPTER 4
EXPERIMENTAL STUDY

§01o Prel A rimenfa

Some trial runs with 1" @ and 2" @ risers were curried out during
the development of the syringe dye injector. In these runs the static head
method of dje.injection as desoribad in Section 3.2,1. was employed. One
_drawbaek of this method waé the produstion of turbulence and air bubbles
. during each injection. iesideg, there was always an inevitable inerease
in the tank flow vate during the operatioﬁ because of the additional dye
and flushing water. At a lou %tank flow ratevthis meant a coﬁsiderable per-
uehtage incresse in the flow. It wus estimated that during the 5 seconds
of injection 40 cc. of dys and 40 ce. of €lushing water were delivered.
Tais was equivalent to an incraaao of 16 cc./sec. in the taunk flow rate.

Experience guined from these expsriments led to the decision to
design on' inlet waich would introduce he flow into the tank uniformly in
the vertieal direction. Theoretical calculation showed tuut A" diameter tube
was unsuifuble {eee Appendix IV)o A 2" diameter tube was therefore used,.
and later adopted as the size of the risers of all the inlets to be tested
in the actuxl oxperiments. At the conclusion of the experimental programme,
houevei, it was found that 1" diumeter riser with the slotted and submerged
weir eylindrical diffusérslﬁehaved quite as vell ag 2" ¢/ S and 2" @ P,

' The mpesults of these teéts are shouh in Table 8. The experimental

:—l
N
Q
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procedure employed was the same as that deseribed below except for the use

of the static head dye injector.

4020 Experimental Proeedure

Before the commencemsnt of cuach test, water was alloved to run
through the model tunk &t g prodetermined rate for twice the theoretical
detention period in érder to ensura that tne water in the tank and the ine
coming flow had the same temperaiure. This was in line with the generally
accepted proeedure which was used by mdny investigabtors in this field
(Clifford and Windridge, 1935; Mau, 1959; Abdalla, 1955). During this &ime
40 oce. of methelene blue dye at 2,500 gpmo wvere introduced into the dye
injector vhere its temperature ves brought to that of thé incoming waker.
then experimenting with paddles in rotation their angular spesd vas checked
ak zntorvale to make sure that it uvas conatant before dye was in;ectedo
This step waz necessary only vhen the motor wvas started from cold. The
zevo reading of the absowptiometer was then taken.

The timing was started aé socon as the dye was injected into the
tanks Readings of the ubsorptiometer wvere taken every 10 sees, for the
first three minutes and every 20 secso-for the next two minutes, The reade
ing interval was then increased to half a minuke until the first ten minutes
had passed, vaen 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 cffluen{. The averege number of the readinps tuken
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for a run was 39, and the totcl length of each run waé from 4 to 5 times
the theoretical detention time,

The flow ratc vas varied between 80 to 300 ce./sec. at intervals
of about 25 ¢c./s0c.; and for cach vate of flow two complete runs wore
ﬁad@ with each syeed of rotmtiosn of bg 1. 2, 3 4y 5¢ 7¢ 10, and 15 pn.
Tag average of wwo runs was found o ke adequate since they appeared to be

in good agrecment, especially after the moximum concentration had passeds

t 2 bt C -}
For ezch zun the flow through Jurve wes obtuined by pletiing 2 v,§: °
0

The awrsa of cach flow throvgh jurve vas measuved by a planimeters

t
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4.3. Critical Examination of Experimental Results: Tests for Validity of

Results,

Two parameters are useful in indicating vhether the results from

a run may be considered as acceptable.

| (a) éhe arvea of the flow through curve represents the total quane
tity of the tracor used in the oxpeviment and from the mothod of plotting
the cuxve this area should bs unity, indicating that all the tracer injéctod
into the tank has been recovered. Houever, some of the tracer may be re-=
tained on the surface of the tunlt, and tliere may bo some errors introduced
by the absorptiomester. The area genérally iraries above or below unity.
(See also Section 3.3,4.).

_ .(.b) ;t.ré v the ratio of the mean time of thg £low through curve to
the theoretical detention time, This ratio should be equal %o unity unless
a portion of the tunk is completely etagnante. However 3,?>-l is also pos-

- sibles Ingersoll (1955). Abdalla (1955) and Mau (1959) experienced this.
Ingersoll believed that this is due to some of the dye being swept upstream
of the injeeting point. Observationé made during the present experiments
showed that this was not the ecase, and yet occasionally .EI_E- {ended to be
greater than unity. It appears thut the conditions at the tail end of the
flow through curve influence this ratio markedly., ithen there is a long
detention of smzdl concentration, the moments of these concentrations abous
the ordinate are often great cnough ¢o pull she ratio to the right. It is

therafora aficchoed by the oven-of ¢ho flow turough curve.
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Examination of the data obtained showed that for the tracer re-
covery between 90 ~ 110%, %% vas not affected appreciably. It was theree
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, 19Y59; Rohlie, 1951, used the range between 84 = 1164).
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4.8, Evperimental Results: General Observation

Sefolo Hith no flow through %the tanl,

3

(a) Effects of rotation on the spread of dye.

R
2

The tanlk was first £ilicd with water thch vas later seb iﬁto
rotation by the action of the ypaddles Eotgéing at 3 rpn.  An interval of
10 minvbes was allowed to elapae‘to ousure that tho system was steady, when
30 ec. of methylene blue dye at 2,500 ppm. waé dropped inko the tank halfe
way botueen the centrs aund the paddles,and tﬁe timing started. It woe
obsarved that the dye ¢id not ¢iffuse in all directions due to turbulence,
‘as it would have done if there were no rotation. 2nateadg it was draun
out grodually by the rotabting lignid into fine sheets which always remuined
parallel to the axis of rotation. Tnese sheets vwere secen to mix with the
tonle gentent gradually as time passed.  venibually, at about J0 minutes
arter its introduction, dve wés obsesved.to-have nixed almost complétely
with the liquid in the tanlk. Ihis latier phenomenon was believed to be
due o the action of the secondary currents which will be discugsed in the
Zollowing cections. A series of photographs was {tuken, showing tne bo=
haviour of the dye cloud at different times. (See Fig. 29).

(b) Tae exisience of zacondary currents and the variaticn of
their magnitudes with the spesd of rotdtion.

Tae tank was again £illed with matér and was allowed to stand
unti) the turbnlence hud died down when eund was cavefully strewn through=

out ths tank. The paddles vero then g2t in rotation at a slow spoed (1 rpm.)
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at first., At this speed no generél'mbveﬁént of the sand was observed. On
grddually increasing the speed &p'to“aboﬁt 7 rpm., movements of sand grains
were noticed. Lventually, 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).

44,2, With flow tarough the tank

{(a) No rotation -

(1) The flowv through curveso Yhen 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 botween experimental and theo-
ratical curves was generally worse than with rotation, espaciall& between

the rising parts of the curves. (See Section 4.5.3. and Figs. 45 and 46).
Often two peaks vere observed, the second peak being smaller in magnitude.
Sometimes there were several peaks ¢lose tbééﬁher, of about the sume magni-
tude, waich might.be &ue to non;uniform'velocity-disﬁriﬁutiono fhis, however,
happened very rarely. (See Figse 31 = 3%). .

(ii) ‘Flow distribution. The distribution of the flow horizon-

tully was generally good for all inlets. ~Tae distribution of tae flow
Verticﬁlly was, however, not so good.  With the exception of the UFBI, the
2" g P and ihe 2" @# S inlets showed a strong tendency for the floQ to follow
the tank floor regardless of the flow rate, although at a high flow rate the

uigh‘degree of turbulence tended to distrivute it more uniformly at a
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distance away from the inlet in both cuses.

The UFBL inlet distributed the flow. best of all. Even though the
-inlet was designed to.operute at about 200 cc./sec., it was found that'the
flow was aleo satisfactorily distributed at flow rates muéh different from
this value. {(see Fig. 34). VWith this inlet, the positioning of the baffles
surrounding it was very delicate because if tney were sligﬁtly out of ad-
Justment the flow distribution would not bs uniform horizontallyo (See Fig.
35). |

" (b) With rotation

(1) Secondary currents. vhen rotation was introduced; it was
observed that the radial movemont of the f£lov was éhecked momentarily at a
certain radius and a eircular rotion was transferred to it. The region
betweon this radius and the iniet nay be termed the inlet zone. The size
o? this zons 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 sufrounding the inlet
tended to oscillate in the radial direé%ion, Dye was seen to bchave as
though 1% was diffusing cutwards as well as oggillating.

Ubservations madeyfxom the side of the tank revealed that at the
- moment when the dye appeored to stop its éadial motion when viewed from
above, it was actuslly rising. UWith the circular motion now imparted to
it, the dyo appeared to rise spirally ocutvards towurds the outlet weirs

This wus boldeved to bz due to the existenco of the sacondary curzents.
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On reaching the weir, soms of the dye passed over it while the
rest vas ‘ carried downwvards towards the contre Jn a spiral manner. Neam
the boundary of the inlet sone it stawted to riss spirally towards the
cutlet weir aguin., It musté be remembered thal this process was not abruph
ar in the case with no rotwetion, |

Secondary currents vere btherefore cesisting in mixing the ¢ontent
of the tank wvhile the circular motion of Hhe liquid supou eEsing the turbu=
lence. This phenomsnon was also obsexverl ard qLUG’Cﬂ by H81ler (1831),

L >

Rédewadt (3940) and Browning {Schlichting, 3995).

The magnitudes of these cuvrent: depcnded upon the spasc of rolas

tion, the flow distribution and the flow rate. AT the incoming Iloy vas
?
dirvected agueinst the tank fleor, the radial velacities of the £lcw along
tha floor were onposite to vhose of the noccndnry cuvpeals, which wore
Hp A o
thevefore minimized,
If. on She other hupd, the flou uns moroe teunrds the upner poriion

of ¥né tunk. 4% helped in promoting the roccndzpy currsnis. This was the
raason way tue infiuvent tended {e flow i wbe uppay halfi of the tanli peay

. - . . . N v
the dinlet at high cpesd of robablen; espreielly in the cuse of the 87 & S

The existence of these currents vag also evidents in the movemant
of deposited pariicles at the fank flcor. Fefore the coumgacement of rotés
tion, they vere scutiered évemywha@o on *he #flcox; but were secn to fora a
ring near the centre after the liquid was set in rotation.

(ii) The effect of rvotution om the flov distribution in a hori-
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zontal plane. The analytical study. indicates that the effect of rotation
is to increase V% , The mixing coéfiicient in the tangential direction
vas therefore increzseds This‘wés uaefulv‘because it meant
(1) =& sugpression of 't |
(b) a more uniform distribution of flow hﬁrizontallyo
Fig. 33 shows the flow leaving the UEBI inlet, the baffles of
whiéh.had bean deliberately adjusted to create a non-uniformity of flow.
It is evident from Fig. 33 that rotation helps in distributing the flow in
this divection and mukes the assumption of axially symmetrical £low more
Justifiable.

(iii) Vater surfuce in the ¢ank. With rotution, the surface of

the water in the tunk toolt a purzholic shage. At 10 rpm. the curvature of
the surfuce was very noticeablo, end at 15 rpm. water seemed to be thrown
out of the tank by the centrifugzl force, rather than flowing curvilinearly

over the weifr (see also Section 503s36 )
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405. Analyses of Results

In order to gompare the performancesAof various tygces of sedimentae
tion tanks under different conditions, it is u common practice to obtuin a

& against--% o There are many ways of

£low through curve by plotting Z
0

interpreting this curve.

405.1. Parameters measuring the ahorteéircuiting-

(a) N. This is the number of the imaginary cells which constitute
the sedimentation taunk. It is rational and has been shown to be equul to
Je1 = D»: (sec Section 2.1). Its relationship with the IFroude number of
- the tunk and the specd of rotation of the puddles has also been proved.
Three families of curves of N v, Qa vere plotted in Pigs. 35 = 37. The
values of N were caleculated Lrom the Variunde of tne flow through curves
obt;ined from the oxgperiments. .

Thomﬁs and Archibald (1951) suggested calculating N from the ratio

e ,
,fgg_f )A o The comparison betwoen the experimental and theoretical curvea
Ty
calcula ééa from I obtained from both methods were shown in Figs. 38 = 40.

It i evident that N calculated from the variunce of the curve ugrees more

" glosely vith the experiment. = It has therefore been accepted in this anulysis.

~ (b) Tae Dispersion index, i.¢e %% .

This was f£ivst put forward by Morrill (1932). It is the ratio of
the times tuken for 10/ and 900 of dye to pass through the tunk. It thus
measures the spresd of the flow through Gurve and is analogous to the

variunce of the curve. However, it has not bzen derived on a rational, basise
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This ratio hus not been used in the experimental analysis becuuse
the value of the Eo cunnot be accurately determined due %o the low concen-
tration ia this region., The accurasy of thg computation of this ratio was
also very much affected by the number of strips into wanich a flow through
curve is divided for the calculation. This is cleurly shown by the Example
of Calcuiation II. The differencs between the values of N calculated by
the Zdwatrip and the 40=strip metheds was only l°§%§ while that of the dis-
2 (mee lator) were also

. oo
porsion rndex waes 5.5%. The values of ;? and

little affected.

i . o .
{c) f Pais is the ratio of the arithmetic mean time to the
theoreticul detenticn time. It kas also been known as the efficicuey of

displacenznt, Iis value will be less than uniity if there exists a stagaunt
portion of the lignid in the tanli, The shape of the £low through surve

has no influence upon this watio. If the whole btunk is used, i.e. there is
no eompletely stagnunt pertion, i%y il be cguzl to unity reguvrdless of the
turbulent mixing in the tank. Therofore & tunk which has a rass of fluid
»otabing upon itself, as well us exchenging with the fluid in the vieinity
Z 1, even tnovzh iis I nnmber.is lowe

will have its

This ratio is very much afiected also by the tauil end of the curve,

3
and dnscourate caleunlation may lead o values of %ﬁ greater than uniiy.
If is hprefore not suiteble on ¢ parameter measuring the hydraulic perfore-

mance of & sedimentation tank, but it is useful in testing whether an

experimental result is to be acceptede ( %é is tabulated against Q? in



Tables 9 (a); (b) and (c¢) for fhs 29 ﬂ P, 2% ¢ S and the UFBI respectively).
(a) i%% This is thé atio of the timé at which 505 of the~dye
hes passed through the tank to the theoretical detention timo. It is rela-
ted to ¥ (equation 32, Section 2oloﬁo>c Its sensitivity to the change in
the tonk conditicns is, at any rate, very poor compared with .No ¥hile N
can vary between O to90, this ratio oﬁly varies between 0,669 to 1.0,
Therefora, with the range of N in the present investigation, i.e. betwseen
1 end 3, the variation in the value of Eé is too smal; to be of any usc.

4
(sec Tables 9 (a), (b) and (e)).

he5.2. Tie Coefficient of Diffusion D.

This ic the newly introdueed parameter as a result of the analysis
of the problem on a statistical basis. Its magnitude hae been shown to be
dependent upeh the turbulence condition in the tunlk, and can therzfore be
vegarded as a meusure of the tapnl. hydvemlic efficiency. JIts relationsnip
with N and v has also been snéwﬁ in sSection 2.1, A smull value of 2
gorrespoinds %o & high velue of I, and a smell degree of turbulence. This
faelt substantiates the zoasoning that a high efficiency of sedimentation of
sugperded matiors should be obfained with a high N number,

The curves of 2 ¥. Q; are plotted in Figs. 41 < [4.

It should be evidsal rov that all the parameters ¢ited above in-
dicate only the turbulent miwing of é tunk and therefore give a mzasure of .

the total short-gircuiting only., It is possible. however, thut a tunk

148
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oxhibits severe sh&pt-circuiting caused by stagn&nt spaces.gnd non=uniform
vélocitj éistribution when its turbulent mixing isAcumpgpatiyely small in
degree. The resulting flow through curve in this éase,has'a high, narrow
peuk with a high N value. Here E% will reveal this éhprtecircuiting by
giving a low vglueé_ On the other hand, if the tank has no completely
.stagnant spaces, but has a greal deal of turbulent mixing, ité N value
will be low, ‘and %% will be high. This is the situwation which is common
in most cedimentation tunks, ond in circular radigl £loy tanké in particular.
“ 'Therefore, using ?he puramaters characterigipg:short=circuiting
due to turbulent mixing alome are inadequate in studying ﬁhe hydraulic pere
formance of a sedimentation tanlt. Some sort of indication of the existence

of stagnant space and non-uniferm velceity distribution in the tanlk is

=

5 ag the paramieter has already béen

necessary. ‘e limitation of uming

-t

gentioned. We shall now discuss the possibility of revealing short=
clrcuiting due to sbugnant speces and hon-uniform velocity distribution by

some other msans.

8405030 Parsmeters measuring the Shortecircuiting due to Stagnant Spaces

and pHoneuniform Distribution.

Two parameters have been fragucutly used toAcﬁaracterize severa
short cireuiting in a sedimgntution ?ankg namely G%kofphe ratio of the
initial sppearance of dye %o the theoretical detention time, and
($%§°_‘qh° disadvantages of theso parameters lies,§n~thé fact thét they are

G

very difficult to detsrmine aceurately. Mxamination of the £low through
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2,

curves obtained in the experiments vogether with visuzl observation during
the test does not show any marked difference in the valucs of the ratios
obtuined with widely differing flov patterns, i.¢. with snd without the
rotation of the paddles.

On the other hand, if the actual ecurves obtained in the experidment
ere compzred with the theoretical ores, baving the same N  number, the
effect of short-eircuiting due to the above causes is evident. As cevers

short=-giveuiting is cuuged by non~unifern velood ity distribution, the flow

through curve of a gedimentation tank vhere this occurs will depurt from

tie theorctical curve. This may be oxpluined quulitatively as foliows

When the dye streams rapidly across the fank due to non-uniform
velocity distribution, the assumption of unifora wnd axiolly symmebrical
flow breaks down. JThe tank effoctive volume is less tuen the assumed
volume used in caleuvlating Coand T . Thus, wien the f£low througn curve
is plofted, an early and high psal resuvlie, sinee the values of gi are
larger and of %é smadller than they chould be iF¥ the neu velue of the tank
effective volume vere used. The exporimcnial curve is therefore diffezrent
from the thecretical ones Tne greater the differsnce. the move zovare the
GhO”t*ClPCUlilnb due to stegnont spuces cnd non=uniformity in velocity
distribution,

Consequently, the comparison bétween‘the experirental and the
theoratical curves is a betier indication of thisz kind of shortecircuiting.
In Figs. 45 and 46, the representatives c¢f the experimental curves are

compired with the theoretical curves fvor both the v~ and the N-formulae,

Note also the beiter agreement obtuined with a superimposed forced vortex.
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Examﬁfc o} CGaleulaTions

Comparison belween 20- and 40- Stap Melhods

40-5lrip
Yt [ |68 [0E)
0% [ () o]
15 | .230| -034 |.008
25 | .sgo | -145 |.036
-35 -700 | .245 | .086
A5 | 760 | -342 | .154
-§5 | 7701 423 | 233
635 750 | -487 |-3l6
15 | 700 | -$25 |-394
-$s 640 -S44 |-462
.95 600 | -$70 |.541
105 | -S40 | -S6T |-98
115 | 490 | -S68 | -659
125 | Ya0|-SSO |47
135 1 388 | -523 |.706
145 | 350 | so7 |-73§
I1-S§ | -310 | 480 |-T44
1% | 290 | 462 |(-762
175 | 245 | 429 | 781
Igs | 20| -338 | -my
195 | 188 | 361 |.702
208 -160 | 326 |-672
IS | .m0 | 300 |.p47
2.25 | 20 270 |.407
235 | -no |.25¢ | -e0b
249 095 | -233 | ST
sS | .oeg .2, | .S
2:65 08| 199 | 327
275 070 | -192 | .%2¢
2.4 060 | 17! Ag7
48| 052 | I3 | .4s]
30Y | -0S0 | -IS2 | -4b4
315 | .o40]| 126 | -397
325 | 035 | ‘N4 | 370
338 ( 030 ‘100 | .33%
3-48 | 02y | 097 |-338
3.5% | .023 | .02 | 29!
365 | 019 | -069 | ‘252
REN2Y 0% | .ps2 | 195
3¢5 010 | 03¢ | .14
395 | -o0§ | -032 | -Re
405 | ‘006 [ .024 |.097
Aly 004 | <017 |.070
4.2% 001 -004 |.017
438 o] vl o
s | loaoe {11350 13050

163

20- Strip
Ut % |(%E ()R
12s | 200 | -0Z3 | 003
315 | 720 | 270 | .01
b2S | 750 | a9 -29)
975 | 680 | SL0 | -490
LY | 500 | .sp2 | bM2
1-378| 390 | .s22 | g
162y | -29S | -4b3 =182
[-¢75| 205 | .34 | -710
21s| 145 | -308 | 654
4375 08 | 286 | .608
2625| 080 | 210 | s%)
2815 -0 | -167 480
32| -043 | 34 419
3.375| .030 | .1 | .34
36285 020 | o712 | .20
3415| .oio | .039 | s
A28 005 | -0u 087
A31S| O o o
T | 4119 | 4563|7206
40-STRIF  20-STRIP /. DIFFERENCE
N 1862 I-$3S I- S0
to/r 1093 1-092 018
/T 0912 44914 0-20
t%/i‘o 6-9% 66 5.50
W=t o §t X /r)(é Et‘/r)(:.)



Table 8

Frelminary ~ Experiments,

‘L

Ne. w:,ﬁ“ _ @@5 N

[ 589 3 304 [6b#
2 925 | 3556 [-$80
3 132:5 18.881 I 484
4 157§ 24.8006 1442
5 1900 ' 34.100 /504
6 2030 | 41209 | 14t
7 2090 | 43¢ 1365
8 21220 44.904 | 1596
9 2350 | 55325 | l2e7
/e 678 | 4550 1845
nol 1308 0 17030 1731
12 1 1480 1 21.904 1-886
13 14925 | 20269 | 1780
Y 3 C I TRE 597
IS 1 1870 | 34.969 1443
(6 | 2125 | A5(sh /-Sob
171 2270 spg2y | 128
8 | 2500 . prg00 ¢ 1480
(9 | 2750 75625 | [43€

i
20 " /00-8 10 16o /967
20 | 430 90449 799
22 1 1730 1 29.929 )S13
28 1 1990 o3 a4y, [.430
24 2270 RT3 [-si0
28 1 2U40 1 agl vl 1627 |
2b ' 2150 1 7S.6l8 ] 383
27 | 4435 1967 | 2830
28 | glzo 1 493 2.250
29 | Jov.0 l 1. 025 1035
50 , 125 | 1v2s 2908
s Hige g3 2-12%
32 1490 | 9.0 2015
33 0 14923 22,269 | ¥4z
34 le4-4+ + 27.017 2032
3y 179-0 1 32,04y 1857
36 193.55 ! 37.4b) - Y84
37 | 2070 | szg89 | 1,85
3¢ 1 2270 5 SI-529 1534
39 2500 i 6£3-50 702
40 59. & g 3.540 3.040
41 q2-5 I 5.550 2045
42 1 K39 ! 24.308 | 2.33
43 L 2004 4058 2.201
44 | 2345 svpga | 2
A QS0 B4R [ ga0
AL 73§ I T4 Tk | 2048
l

Kemark

/I,CZ< /{)f“/: G././ma/nca/ fuémgygec/ YWeir

[

."V(,»»c'f’,iua cr.

O rom.

/"Q{’ Kiser : g/pffec’ Cy./{nc]/r/]:a/ \;,.)/‘,/,'Ju.rc’/.

C rbm.

i . . ‘ -
2.& Riser:  Slofed Cyimdrical [iffoser
o rpm

" & Kiser - Slotled Cylindrical @/'[fiusrx

! vpm.

/”{36 /\)I}cr5 §/0#€d (/jy./l'ndr/"ca/ [)/;,#Wrt‘)’

S rpm.




Table sta)
2” @ P Inlel

Exper:me,nfs wilth The

i

Mo | B | S g;f;ggm Yeo\bro | e N D Rewavk
| 1024 10-4%6 (o3 4 [-074 0.40¢ 0-19% 1730 1-370
2 1556 2420 995 0894 6bYg 195 . S¢o 2990
3 1780 34. b3k 1027 1036 The 156 |- 480 3-gvo [
4 2030 A1.209 q3-8 0912 ATl 470 140! $-300 | 0 rpm.
5 857.0 66049 102. | [.060 797 4k {300 %940
6 3020 ql.q04 10/-9 1' o0 772 {21 [.2bo 12-100 .
|
7 1024 [0.4Q0 qs.-4 0S4 A 341 2.500 670 |
8 | isso0 2400 | 000 |04 | qed 349 2120 | fas |
9 1689 15.63% 00,0 | 04w -qol 268 92-056 [-26b
10 285 A7-702 (00-4 1o {1 341 1294 2-550 | rpm.
I 260 0 68-12 q00 1-02% Qb 399 1757 J-6oo
12 312.0 q7.-384 94.€ 1 |.0S0 ' 26| 389 |- 700 A. 60O
!

13 1150 13.215 |@o.l, .07 | -¥S56 -390 2:095 {-09
14 153 23.592 4.0 | roze 459 435 2.049 [-536
15 184.0 33.956 1033 | [.00% 23 341 937 [-4s
1o 2200 49.400 (03.6 : -033 ¢4 317 I-§30 | 9 rpm
17 2533 b4.160 { O1 -4 i [-069 €93 34) 1190 334
18 307.| 94310 110.0 | 1120 -qo7 -379 1-b§0 4.720
19 [06-2 1.219 4.k l 418 771 -391 2080 1.030
20 [43-5 20-541 100 ’ 1.0%6 “§42 429 927 -6l
21 1601 ST | 0k Loy 447 -444 <003 1670 S 1pm
22 1959 3%-377 0yS . [oay 970 438 1802 2540
23 2857 60365 | ooy | Loy -Y40 350 [-¢15 3-lbb
26 300.75 do, 420 0.0 | 9% -§07 -341 |-704 7.9%0
2¢ "y 13099 1210 4 B 113 il {-%00 1-$35 (
26 1$3.5 23502 | lodo i l.05L 408 440 [-1120 1.740‘\”"‘[I
27 17RO 30.970 (o0 E oy 437 440 {-993 I-yro 7 rFm.
28 070 | 42449 0y0 1 03 - qbY 39 1.990 .0
29 B30 | k007 ks 1ol L g 440 L8 >57 |
30 4090 40.00 loo 0% 474 440 - %47 Bes

i ! ! |
3 uT9 i 1390 ! los1 1 poy | ¢Sk 442 199 1377
3 14241 20219 1 qoeq L poy | -E5A AL 1501 (766
BoLower o 3RITe L g L g 103 - 344 %51 2.2y | [0 vpm
34 %0 | S1076 | o3y | 1oy g4y 4y2 2.009 2-341
3 2606 55010 | o | g §16 363 b942 2497
36 386 | 99-063 1949 1 [0y 929 403 I$§0 © 3-740 !

' . ‘ 1

37 120 12.%9 | ge-2 |i ‘96 517 3%y [-61b .90 r
28 PR | 19-b0 | 100.¢ . Qe 747 423y 1§10 [-T%0 |
39 609 1 AS.¢¥9 0ss . -q47 404 -39Y 1.94¢ 19719
40 (977 39.0¢5 o L g4 13 1417 1724 K19 s ypm.
Al 277.1 S1.ST4 91 arg 9% 47 2-097 d-1g0
42| s | Ton 045 | |-007 (20 47 075 4579 |
43 | 3ma | 103.812 101.0 ] 993 -§o7 421 1999 336¥




TABLE 9(b)

/]
Experiments with  the 2'6S.
1 Percent R
No. owgll 14 (-ilc? Rccover:y' t(’/ T i / T (tr7) s N o[ sec. Remark.
44 67.0 4.449 103.0 [-067 -bb) -Th 3.07% -337
45 137-0 19.769 VRN 96y 6 283 1444 3. 28
AL [3L% 33. %90 104.S <992 748 -243 1:320 €933
47 18¢.0 35.94¢ 103-$ -9z 679 1Ak I- 301 6518 0 rpm.
43 Q0.0 44. 100 107.0 o097 -T9U -292 132y 674
49 2485 bl. 752 1045 972 ‘b6 14l [-266 q.750
5O 2710 13- 904 1033 - 767 -72% Bl [-268 10597
sl 738 $-402 |oo-s 992 Q44 54511 2.554 493
49 114.0 12-496 lobo .03} 859 370 2153 [.032
53 IST-o 24. 549 [04.0 974 313 29 2.23¢ /.328
54 176 K hs o0 .989 §O4 328 2 03y |-74Y | vpm.
(44 204.0 A 6llo | (ol-0 <989 375 34 -39 2.267
Sk 22%-0 Sl. 984 103.0 G4 754 -9y | R070 2- 264
s7 24%-S bI-$72 lo3.0 [-00b g2 I N §1¢ 3.047
58 2720 73984 10j.@ 379 T8b 252 [- 914 |[ 3.107
sq 438 S-4o2 | 10%.§ [-028 Shue - 43y 2.33¢L Y74
bo 74.0 $:-520 ‘ 100-S 972 gl -390 2.352 .373
bl 97.7 q.545 | Joa.s 1-0v6 €53 -400 1-$4§ 1.203
61 1226 I3.031 |07.0 962 -§2i 400 '| 25 | gqo
3 rpm.
63 IS§-0 R4.96L | I0ko ' o4 357 487 2185 392
oF | RIS 39961 | 1055 | g5 l’ 135 350 | 2 357 1402
6% o4 Al-blb tos.y | VivAs's ' 271:1'¢ 330 1937 | +.308
€e {330 4 285 1028 | .04 @35 -400 2.22% ] 376
67 | Jb3.0 7)82L 1045 | fo012 -§33 -400 g.202 2.325
68 2.0 €464 [02:5 g0 1 s 445 2257 <768
69 2.3 10-3544 102. I 970 | -§0b 235 2.232 ] . 950
TJo 1465 20-461 {0}.0 ! {009 §SY 436 2.220 ! }.25D
71 1732 24998 loos 1 [-066 | -ere 410 Ip42 , 130
72 (NS 37.4230 1000z 1 -993 | -840 439 2222 | 1-6S3 5 tpm
13 | Q080 43.204| loogs | lou i 854 <449 2236 | (1756 |
74 220.0 AL 40 [02.0 1.017 £ 437 2-04/ 2-209
78| 2430 $§.042 l04.8 ' 1022 733 = 9.093 2.33¢
76 270 7290 jo4.0 /.042 568 419 /- 950 A-§37
|
T e 12.8%4% 79l Y66 79 - 400 2089 r20¥ |
T§ | (750 30.635| /@25 | oo ‘g33 42y 2.142 ).59Y I
79 2010 40-go4 _/0(9‘7 1 0¢9 i -Gol ‘SO0 2.0¢0 /920 ;
qo 230.0 $2-500 4.9 ] 05 - 97¢ 470 2100 <190 7 vpm
og| 2520 4. 76 {ol{ | [ 125 .89/ - Yoo 2.22¢ 214y
9 2060 73.65 024 | 1.070 - §74 -500 2.000 3190
¢ 797 6-352 1060 ’ 1.040 | “§49 -S4l 1-§26 1.007
a4 450 904 487 1 roxs i 44| -393 1-% 0y 1-129
< 12175 {4.¢13 (03.2 lou ! (42 453 I 94¢ [-340
86 1314 17 260 10]-$ I-oll 4 dql 2.0v] [-2b%
<7 154.3 23909 jor.0 [-03L Y6S 45 2.021 1577
131 [77.0 31.329 to4.0 [-044 Y] 441 1.91g §-013 1o vpm.
%9 4050 A43. B’YI 1el.% /.oo‘z 73y . yso 2.084 Lol
1 Go 2328 St.05 q99-2 [-050 -§67 -4%0 -9 A-401
41 2500 b2.500 1005 1-08§ -¥73 450 OITY 232¢
91 -“7‘.“(' 72.576 10{.4 {010 .93y LA00 fo7u 2.616
93 %o b-4%3 107.0 ‘490 770 3¢ ). 401 913
A | 1049 {0.973 (os.y |- 003 301 450 1-99Y 1230
s 124.b 1S5y [06.0 l.0L3 -qL0 450 1743 /638
W s | aso | o3 454 $90 oo | a4y | ey
Q7 176 31 2% q%.0 987 ~7?°{ .400 4.060 1740 15 Tf)’m-
94 17967 . 32.333 [0).0 -7 73 440 3385 1.354
L A 33.306|  QbSo 94t ¥ a2 | .25y St
oo jqug 3%.65I (7.0 [.607 a8 450 100 3.109
lol A30-4 $3.084 |oc-§ 96! 517 - 3%0 1.931 1320
foL bt 2 .43 104.0 /-0 €30 AT7 1917 3.050
o3 2918 79.95 loT.s -0s4 853 447 1-941 3.5l0
lo4 45 .20 9.773 1010 976 323 . 440 2.455 09
103 13.93 R3¢0 lo3.¢ |-00) - Sus 'S0 230% 910
lop | 1220 14.694 q3.0 [-0° - ol Jbo (825 l- %o
107 } 14243 40.2¢% {062 (.03 4% L4350 8153 1.28b
10§ IS2.0 A3 04 los.2 }.oo -yoy Yoo a- 137 1:270
109 1747 17.746 [0y-0 {04 g5 ‘450 a.100 (- 635
o 20825 | 433L% lor.% l.0le G 440 1.233 [.760 A rpm.
1" 239.50 | S§T 36 100 LosS | g5y .¢S0 2.7 2130
2 | 2528 63-63 103.0 [-010 21y 360 2-08s {430
{ty 262-0 79-524 1032 %3 - ¥57 .380 2-087 2789
ns LY L.yob (o]0 -6y T 439 23kl b3l
"y [29.0 16-693 104.5 [-o0y. 836 350 2107 1214
o (1530 34.150 1040 045 “7% -3l 3.27) 1274
(17 nes 30625 (o494 l-ols g4y 429 | 49 3.043
e | 190 3b.rb4 lod.0 Qb0 T 33 2169 [brs 2 rpm.
g | 2330 $h 289 fef-s “q98Y Fiv 370 2.0 2190
o} Abyo 71.2¢9 l0%.5 los 43¢ 30 1.994 2940
v 3078 94.5 36 [06.0 [0 949 .3bo 1§43 3. g00




TABLE. 9(c)

Eﬂ;cnmen/? with (he UFBL [nlef
z Peveent Dye
No. u.u§nc GZ--03 Recovery {G/T tu [T [%_)E__: N [ sec Kewark
1z 108.0 Il 6bk 95.0 1086 642 .270 1872 [-29%
123 1335 20-$492 0l.2 948 720 -250 L7862 1-970
(24 1s4.0 23-Tip 107.0 976 “To8 270 1545 2.700
25 1 1802 32471 (03.0 QUlo 460 .280 I $§3 1.090 0 rpm
120 2103 44.310 1025 (-124 “§b% .32¢ (483 4550
127 | 2460 ©0.51b 109.< Irols $750 325 1-49% §-190
2% 2958 Q7320 [0b.0 -06¢ T41 290 1.25¢ 1951
129 1020 10-404 q93-0 ‘970 -¢56 -4¢7 2923 - 8§90
30| 116.0 13.456 | (oIS -0l$ A 447 2.53% 728
13 142.0 20.1464 100-0 {-oll 4b2 SE4 2516 .97¢
B2 1550 | 24,006 | [0s9 [-070 -qlo 609 245§ | 1S | rpm.
133 205-0 42.025 100-3 1.09¢ -903 1536 2403 1.52¢
134 230.0 $2.900 leb-2 {.091 .92/ 594 2340 1790
135 2918 79.406 (ol-o [0S0 9q7 4%k 2063 2798
137 73.5 5.A02 106-0 1.030 ¥77 A 2.456 . $27
13% 105.] 1).025 104-S 094 944 Sy 2.155 .705—
139 134.0 17.956 103.5 /036 266 500 2397 /003
140 (432 21.083% 972 [-0ls LG4 570 {-64% 920
141 5§y 45 132 1039 [-017 'Q7cj . S30 2.659 9%k
142 1§50 33. 4449 joa.s ]-0006 442 <30 2951 479 3 rpm.
143 194.0 37. 634 44 |.007 Q73 §70 2759 1. 150
144 | 4008 AOD. 200 104.0 {-00] Q7% 53k 3072 1010
[45 224.0 30176 {02.% 029 | Fo 600 2752 133y
4L 251.0 63-00/ [01.0 103y .900 560 0.202 [ A<
{47 | 2960 3(-796 /03.0 1.007. 435 §70 2575 /S5
14% 301-7¢ 91.05% i100-0 l-023 -§90 $T70 2.¢75 1-6Y3
g 1 3153 99325 | lo3s b /020 -89 600 | 2.¢82 1749
/So | 7o 13689 1010 993 979 537 2.457 . $3%
151 /A0.0 1%.-6oo 102-3 }-043 937 435 2.290 e
/52 1435 20-592 1043 1 f.0a9 487 - bi% 2. 36l /298
/v3 150.0 22-5S0 4¢-4~ i 1020 L %92 837 2-43b /090
| S /67.0 2%.05b 1030 ‘ rodo %70 SST 2634 1070 5 tpm.
55 | 19475 | 3197 | oz rord | egs Sie | Gere | 150
I1S6 2103 44.310 105.5 )-0206 990 S§> 2.75) 1.253
157 | 227.0 s1-s29 996 1008 372 387 2794 /320
1S | 27%-0 77284 102.0 j.o4l 1 -gTO 856 2.55¢ 1-867
17| 286-S 20-0%2 1O]-1 [0bLY } .q32 - S§4 2544 1942
teo ¢33 ©-439 103-$ [-03} | 37 481 -4 G52 \.
rel 1320 17-424 976 495 €13 435 | g070 1. 288 |
169 | 1933 37.55¢ 1050 1013 1863 ¥3¥ 2.4%1 1362
|16 | 20116 43.748 106.0 1-036 699 556 | 433Y /351
fed | 2390 .| s20 noo | . 934 90l vy | S839 1730 7 thm.
165 | 140§ §7.540 o7 I Jo039 Goo $Ylb 2-53¢ /63D .
Ibb | 2$3-0 b4.00% 1025 | 1062 $95 44 | d5s4¢ 1.700
167 | 2bl0 6%-121 107.§ 1.03% . €85 837 o 400 154y
16§ | 3080 faee | 5y [-049 . §40 S5 | 4145 | 256o
! f !
I 169 {150 {3228 {es.0 <973 773 43y 1.924- f /-390
| 70| 14355 40722 (07.0 ; 037 873 491 2015 /-463
I71 1 16350 A6: 739 103.0 l.o17 47 492 1.230 1389
172 | 1949 37636 1030 1017 §34 510 2309 | 1evs
73| 2220 49294 160.9 |00 -633 49/ 2272 %19 1o rpm.
741 2275 SI-T5b 105.0 997 g .49t 246 - 650
175 | 2470 61.004 10%-0 162.$ .54 . S40 2191 2168
176 154.2% b4. b3 j02-5 1-02] €63 -S1] 2442 1965
177 2%0.0 7%.40 104.0 [-0S0 449 491 2197 | 2410
79| seso q4.96% | loes 1-05¢ 460 - Yo 2090 | 2.870
179 g I5- 449 oo LO9S 299 Sl /. ¢oS /.530
Iyo 1580 43104 5.y /-000 181 42y (897 | 1765
1%i 1€2.6 33.343 993 104§ FTel 7%} 1973 1261 s YPm
9 Joo.o 40.000 97-1 oY ..§27 447 1976 2135
193 2850 65025 7‘53’ /030 g4 457 /.?).3 .?-7?0
94 | 2560 §76l6 | oz ro7s ¥6l 4Y7 177 43
135 3RO | 94.%60 1 9¢-4 A3y %45 477 1761 422
1§k 101-$S 10373 [0)y q%.4 ‘%76 $3b 2-454 +730
187 133.0 17689 |07.?- |04l €42 .53‘7 2.2¢7 ,,‘.(;73;
er | 1800 31400 10%3 |00 ‘§ey 8§87 2743 ol 4 Ypm.
179 192§ 3086 99-D 1-039 287 b 2744 g
(%o 194.0 37.630 99.2 {013 32 837 2.697 24 0‘
191 250 6275 lots {-013 §g2 INA 2.903 /378
(92 | 2900 | %40 1000 1-00% S 783 487 2.450 1-93%
193 | 9s.is 9.07 -0, 937 X A %30 2-569 . $17
194 [31-08 t7.174 Jod.i 1-01¢ R76 S36 2.%71 730
195 170 29.241 103-5 1-0ll X7 4 ‘Y36 2630 /09y
196 {%1-0 34.969 ¥¢.0 l-o14- ‘234 1564Y £:299 [-303 2 YPm,
197, 2260 ¢ s0% 198-0 1-04% "Jor '38Y 2.453 162y
19¢ 470 61-009 log.y [-043 g3z RRYA 2.410 /-¥30
199 2¢3.0 &0.0%9 0.0 1.03%, -g90 YRy 5460 2-020
doo| 2973 J 2%-3506 1052 1-03% §78 ‘632 2326 9340
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TABLE |0

TH4 VALUZ OF A IN THT 2QUATION D = AQ2+ B

Speed of THE VALUE OF & (cm- sec.) for
rotat:_Lon " -
{(rom) ' 2 QP . 283 UFBI R
0 17.4 15.0 10.6
1 4,50 4.14 3.02
2 - 3455 2,20
3 4,44 2.58 1.40
4 - 3.04 1.56
5 4.07 2.98 1.50
7 5434 2.3 1.55
10 2.70 2,54 1.92
15 1.85 2.54 2.5
TABL3 1)
THE VALUE OF B 1IN THS 2QUATION D = AQ2+ B
2 -1
Speed  of ‘ - THE VALUZ O® B (cm. sec.) for
vopation I S g p 2 s UFBI RELARK
0 0.00 0.00 0.00
1 0.30 0,28 0.3%2
2 - Q.42 0.42
3 0.%0 0.42 0.%0
4 - 0.45 0.67
5 0.65 0.57 0.70
7 0.85% 0.82 0.82
10 1.15 C.90 1.02
15 1.35 1.34 1.17
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4.6. Discussions.

 4.6.1. Tue Effects of the Forced Vortex on the Tunk Hydraulic Characteristics.

The effects of rotation on the flow cunditions in the tank'wérc
evident in the difference between the shapas of the flow through curves
with and without rotation. When‘there was no rotation, the curve had a
high peék. é‘-: being of the order of 1.4 at t/T of about 0,25, which was
often followed by a smaller peak. Vith rotation, the curve wus émoothn and
there was only one pealt, é'of the order of 0.8 at /T of about 0045,

The occurrence of a high-pesk at comparatively small /T followed
by a smaller one énortly after vas attributed to severe shortecircuiting
dﬁe to stagnant spaces and non-unifofm velocity distribution, 'de wag
earrieé through the tank by fast stray currenté° Some of it was deflected
'by the periphery wall and travelled towards the centre to be mixed further
with fhe incoming flow. |

When a forsed vortex wus superimposed, these stra& currents could
only carry the dye outwards until they came to a certain radius where the
centrifugnl force balunced the pressure head causing the stray curxents.

If a fluid purticle was pushed further outwards, it wﬁuld come into a region
of a.higher speed of rdtaﬁioﬁ than its bwn. The centripetgl force of this
region would be greater than the centrifugul force the fluid particle
posuessed, This unbalunced force would pusih the particle inwards. On the
other hand, if a fluid particle was carried inwards by disturbances, its

centrifugal force wus greater than the ceutripetul force of the fluid in



this region. I would fhexezore be 51m1lwr Ly forced baclk to its original
position, A fluid parti cJe could only tmt el through the tank by the build=
ing up of pressure head at the centre of the tank due to the 1ncoﬁ1ng liguid,
This builé-up in pressﬁ e would push the F£luid oviwards into the new region
where the increase in the centripetal force balanced the ilnorcased pressure
head. Further addition of the incoming flow mecant further building up of
ares suro, 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 as it flowed utn
wards and resulted in u spiral flove .
It would be interesting at this point to zelfer to the wogk@ of
Valton and Key at Alexandria, 1939, During one of their tesis, a circular
tank was adapu d so that the flou came into the tank {tangentially at the
eriphery and left the tank over a circulor weir at the centre. ‘Yhe liguid
had a higher speed of rotation at the cenire of the tank than at the perie
phery. Tais vas the opposite of the condition of flow in the present
luvestigation. Under such rotation o frec vortex - any fiuid particle witich
was pushed outwards by disturbances wvould come inte a region of slouer speed
of rotation. The centrifugal force of the Iluid purticles was greater than
the centripetal force of this region. As a result, the £fluid particles
would travel further outwards. In the sams manner, any fluid partiecle which
travelled inwards due to disturbagces would be cupried further inwards. The

system was therefore unstuble, and there was po suppression of turbulenceo

The above discussion explains why, under such an arrungement, walton and Key
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obtained a result inferior to those obtained in snother desipn of tank in
which the fluid was drawn oZf not at the coatre, but at the periphery.
-Under this arrangement, the spsed of rotation vas greater at the periphery

and decreased inwards, as in the presont investigation.

bko6.2° Conpardison between the theoretical and oxperimsntal Tlow through

curves,

The comparison botweon fha theoretical and oxporimontal curves
showad that the flow through curves agroed more closely with theory with
rotation than without. This was attributed to the irhibition of chorte
circuiting due to stagnant spaces and nonsuniZorm volocity dlstribution
(s0o also Section 4.3.) by the forced vortex. Further exemination of tho
curves chowed that the psak concentration of a thoorstical curve always
lagged bohind that of an éxperimegtal curve; and the agwrocuent between the

rising parte of the two curves was not so pocd as that botween the falling

EAR Y
parts of the curves (Figs. 45 and 46). In goneral, the relation £ (”%)’l%ewr
o H

was found to describe the curve well, oven though the expesriments wore
carried out in the region of low N tralue,; where it is only an approximato
squation of the flow through curve. It wac ovident in Figs. 38 = 4O that
N calculatad from the varfénce was more accurate than N calcuiated ac-
cording to Thomas and Archibald®s suggestion (ase also Section 4.5.1.).

The theoretically derived flow through curve (the) -formla,
eq. 24, Section 2.1.) agrees better with the experimental curves than the
N curve, both in the rising and the faliing x;arﬁé of the curve, The

_agresment wvas best at 2 = 15 rpm.

[P
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4,6,3. The Effects of the Forced Vortex on the Diffuaion Coefficient.

The analytieal study made @arlior (Chapter 2) indicates that the
diffusion coefficlent, D, will be decreaaed 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 N and
the Frounde pumber of the tank.

| The curves of N v, Qa (Figs. 35 ~.37)'verified the above amnalysis.

Three families of curves, having £ as the parameter, were obiained
for the threce inlets employed in this investigation and were found o have
similar shape. Yhen there was ro rotation, N imcroased as Qa decreasad.
Thie.is in aceordance with the analytical and physical considerations., At
the 1imit wher § was equal to zero, that is no flow in the tank, the state
of quiesgence was reached because there was no turbulence, and N was seen
to approach infinity. N aeeﬁed to dgcrease rapidly at firat; but decreased
more slouly at a flow rate greater tﬁan-about 200 cg./sec. This limiting
flow rate varied with the type of inlet, '

With the superimposgition of a forced vortex, curves of N v, Q2
of eimilar shaps to the ones without it were obtained when the speed of
rotation of the paddles vas low, There appeared to be a critical flow rate
for every spoed of rotation. Thie was the flow rate below which N was
found to be smaller with a forced vortex than without. The value of the

critical flew vate, Q s dependod upon the spesd of rotation, being

“erit,
emall with a emaldl apeed, With the argular speed of 1 rpm. thers app2ared



to.be no cri%ical flov ratéoa.This was probably becauée at léﬁ speed of
' rotation the critical flow rate might occur &t a veéyvloﬁ flow rate, at
vhich the;tank vas unstable, and it vas difficult.tozbbtain repeatable
resulﬁB;J It ;hould be mentionéd here that at a flow rate lo;ér than about
80 cce/ée§;; tho whole of thé'ﬁsriphery velr was n§t used, Yater flowing
over thé'weif was obserﬁed tc.break into patches éccaﬁéé-ofAfﬁe éurface
tension., The tank vas thorofore unstable and Ghe floa'ﬁohpﬁniformo

Thé existence of critical flov rate énuld b§ oxplaired by refer=
ring to the setting up of sécoﬁdary cuzrrents and the production of turbu=~
lence by the paddles. At a flcw rate smaller than the critical flow rate,

‘secondary currents and the paddies turpulenco

(4]

the mixing effects of th
wera.greater than the suppraééion of inlet turbulence and uonuuniformify in
Plow distribution by the forced vortéx, as deseribed in 4.6.1. Ths net
result wes that N was 1esskéﬁan when there was no forced vorver. Thae
fact that the critical flou rate was groater with higher apeed of rotation
substantiates the argument, The mining offects of the segondary currsats
and the paddie turbulence will be latér proved o ba depsndeat upon the
speed of rotation {seo Scction 4.6.6.).

For sny specd oi votatica there was also an optimum flow rate at

which tho value of N ums highost. (See also Section %.6.4.),

h.6o.lo The Variation of the Tank Chevactoristic Number N with the Tenk

Flow Eate.

o~ ~ 2 o o
The curves of N v. @ chous that N wes not incromced indefinitely
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with the increase in the speed of rotation. This is a departure from the
analytical study. If mist be remembered, however, that in this study the
eifects of'péddle tqrbulence and the ﬁixing due to secondary currents had
bsen naglected‘to ronder the prcblem mathematically soluble., I¢ appeared
that 3 rpn. wae the‘speed of rotation at which the hishost value of N
coul& be obtained with the 2" ¢ S snd the UFBI inlets., For the 2" @ P
inlet 15 rpm, was found to give the highest value of N, The reason for
this will be oxplained in 4.5.5. The greatést inerease in the wvalue of
N was with the UFBI inlet vheve N ‘was raised from 1,44 at O vpm. %o
3,03 at 3 rpwme. at the flow vate Qf 212 ec./see. (The dosigned flow yate
for the inlet was 216.5 cco/bécﬁ)o

The curves of N v, Qa were then rezcomstruected with N now plotted
against 2 for the flow rates of 174, 245, 300 cc./mec., as chown in Figs.
47 (a), (b) and (¢), in order %o shovw the effects of votation on the tank
N number, |

It is evident thet N waa.decreased for £ greater than 3.5 vpm,
in tho case of the 2 @ S and %he'UFBI_inleﬁéc Por the 2" ¢ P the offect
of .£2 wvag gimilar to the other two inlets for a low flow rats through the
tank. Fowever, at a high flow yvate N appsars to iunerease with the in=-
crease in L2 , The yeasons for this differcnce in behaviour ave given in

Section 46,5,



%,6:5, Bohaviour of the Three Inleis,

The reason for uglng those thren different inlels woas as Yollows:

The first two inlets, that ie the 2% ¢ P and the 27 @ §, did not
introducs the flow upiformly throughout the depth of the sank, ang, iﬁ the
case of the firsk inlétg the flou was directed against the bobtom of the
tank and tended to flow along the floor. The Ficy would therefore counteys
balance the secondary f£low along the floor vhich was tovaxds the ceniro.
As a result, the mixing capacity of the secendary flov wag hindeved. Thig
inlet should give high N nuabor at a higher speed of rotation end flow
rate, In the case of the 2% @ S, there vas a tendency for the £fiov to
i:‘ollow- the tunk floor as in the fixst case, but, as it wvas not dirzcted
against the Tloor, the secondary current: coevld dahibig the culward Llow
and make the liquid flow more towards tho upper poritlon of the tonk. Thism
action of the sgeeondary currents was verr noticeadble ab a hich gpeed of

votation (Fig. 3%, and seo also Seciicn .0.),

]

The UFBIL inlet intrcduccd the £lcw uvniformly throughout the depth

of the tank, Ths Flow of water in the unpor hall of the zanlk yorld tend to
-promote the secoandary eurrenis, being in the somo divec'nong vhile that in
the lover half wvould tend to inhibit‘thamc Thore wves thereforo no chaﬂge

in the mature of the secondaryvcurrentsg and at a high spoed of rotation
wvater could bBe seen being forcec to flow more bowardo the top, This inlet,
like the 2¢ # S, should also give a low HN value at a high espeed of rotation.

The study of the shapes of the N v. Q2 curves made in 4.6.4, indi-

cated that the above reasonings wera corvact.
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4.6.6, The Variation of the Diffusion Coefficient with the Tank Flow Rate,

When D was plotted against Q?, three families of straigh% linesn
were obtainod for the three inlets (Figs, bl = L&), Thoy could be ropro-
sonted by sn equation of the type:

D = AQ° + B (1)
where A and B are constants depending upon>the inlet and the speed ‘of
rotation,

Fig. 41 showed that when thare.was no rotation B was equzal %o
-zero and (1) bocomes

D = AQa (2

This equation apgroes with the physicdl conditions in the tank,
because vhen Q is zero, D should be zero also; that is the quiqsceht
conditlon, On the other hand, when Q approaches infinity D also ap=
proaches infinity, vhich is also physically corfecto Comparison mads
among the throe inlets showod that A wvas least with the UFBI and greatest
with the 2" ® P, As Q@ and D appoar to be dopandent upon the kinetic
cnergy of the {lou Before and afier the inlet; A con be regarded as a
measuyro of the effeoctivoness of aﬁ iﬁletg boing emall with an officiont
inlet.

then a Torced vortex was éuparimposod, tﬁe congstants A and B
in (1) appoared to be depszndent upon the spzed of rotation and tho type of
the inlet, For any inlet, the valuc of A moasurcs the effaectiveness of

ths supowimnesad foreed vorbonz, tho czslier tho valun of 4 tho rore
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effective the forced vortex. 3 rpm. was found to be the optimum apeed for
the suppression of D for the 2" @ 5 and the UFBI inlets, while 15 vpm.
was the best epced for the 2" @ P, The values of A and B were tabue
lated in Tables 11 and 12.p-168.

The valuos of B's are of groat interest because they are the
maasure of the turbulent mixing caused by the rotation, that is due to the
paddles as woll as the éecondary cﬁrrantsa B ic the value of D at the
point where Q2> is zero, that is, the value of D vhore a straight line
in Figs, 41 - bk cuts the Denwic and is thoreforo indepéndent of the inlet.
The valuos of B  obtained from tﬁe oxperizonts vith the three inlets at
differeont spseds of rotatlon wore shown in Table 11, They were found %o
égree woll,

‘ These facts halp substantiate the analytical study and ths
reasonings with regard to the effact of the paddle turbulence and tha
secondary currvents (Seetion 4.6.3.), and the oxistenco of criﬁical and

optimum £low rates.

Lo6.7, The Ratio of the Arithmatic Meen Time to the Theoretical Detention

Timo.

The examination of the experimsntal results cbtained from the
three inlets indicates that j%% does not vary markedly from unity. This
is In accordance with tﬁe‘analytical study which indicates that §$% will
be equal to unity repgardless of the %urbulent condition in_the tamk, The

vepulte else shoved thal there was no approciable stagnant portion of liquie
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in the tank.

It appeafs that 3? has a connection with the percentagze of
tracer vecovery. \ith the help of the flow through cell, continuous
meaSLrement of dye concentration until no trace of iiugg tﬂé effluent
was possible. It must be admitied, however, that at the tail end of the
curve, vhere the concentration vas always lou, the orror in the concentrae
tion meazsurement was 1a?geg and air bubbles and dust in wator always help
in m,king this error on the positive side. Alithough the concentration
wag small at the tail end, its woments about the origin werollarge be=
cause of the large order of the abscissa., As a resuli, the positive

erroy in concentration measurcmsent tended to pull the vatio to the right.

4.6.8. The Ratio of the Medianm %o the Theoretical Detention Times.

The ecuperimental resulis indicate that the ratio of %3 is roised
by the superimposed forced vortex, and thers appsars to be a tendency for
it %o Be small at a very low or a very high flow rate. As g%_ is a funce
tion of 1N, it is expected to huve a relationship with Q; similar to
that betweeh H and on A cleser ocwanmination of the rssults reveals
that for the 2" ¢/ S and the 2V ﬁ.P inlets Eﬂ may be regarded as indepsnds
ent of Qa for any speed of'yotgﬁicn of the paédieso E%% is yaised from
about 0.7 to about 0,8 by the suéerimpcsed forced vortex, Ghe speed of
which does not seoem to influance it.

For the UFBIL inlet, the tendency for the ratio to be small at

vory low gnd very higia flow rate i more rarked. Agoin the ratio is
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definitely waised by the superimposed forcod vortex. At Q = 245 cc./80cC.
{n

T ie raiced from 0,785 ¢o 0.92 at £2 = 1 and 15 rpx. rogpectively.



CRAPTER 5

CONCLUSIONS AHND SUGGE3TIONS FOR FUSTHER STUDY

5.1, Conclusions Drawn from the Analytical Study.

5.1.,1. The Theovetical Flow Through Curve.

The use of the diffusion type approach to study tho mixing of
the liquid in a continuous flow circular sedimentatlon tank resulte in -

an cquation describing the ﬂow through cuwe of the tank as follows:

§ = E 2(;17(_ Ths) e[ J;qw,‘b,y,(m,r)..y‘, (T} Yya(onD) e
h=t «[ i-;(daﬁ)iIH(M)'MT (na)] 1 (L
§ Tt o) - &‘;’-"J;(m;}f L)

and for » = b & E b‘ ’-w[ Foleink) { ) - 5 Bt} ]
Co nzf ‘JS.,(M- g3 o(‘&ﬂ)} J{I(“M)

where of, 3s the nth roet of (2)
Detr T (etnd) Ditn Yooy (i) (3)

P - Oh(0)  Dda Yo ()= UYy (o)

To evaluato (1) the values ofo4, s R = Lo 2 3¢ oeess uore needod, and
equation (3) must firset be solved. (3) involved Bessel functions of the
first and second kinds of the order y and y-/ ., It was therefore rather
. tedious to obi:a:’u; ¢~ from it. The problem was then reconsidered with

a = 0 and a new golution was obtainsd with the help of a Graem functionc

i¢0. by firat obfaining Tho solution for instantancove imjoction of dys
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in an infinite madium and combining this solution with the one that is

valid for the boundary condition at ¥ = b, In this manner, the required

solution was found to be: (cv»b)z'g
-y T
c R by @ ? (5)
& = & T wob
ns} 2 ¢ Wy (of" )
where c¢f, ie now the nth root of
t .
(&) reduces to £ =@ T when 950 (.60 D=2 ), Comparing the time of
the moximum concen‘tration and the variance of (4) with those of the equa-
Ll ,[y.,.
tion m/( %) e it was found that in general
NAEREY (N

N, thé number of the imaginary cells fconsti'cuting a aedimen%éiﬁon
tank, which was introduced by Thomas and Archibéld as a parameter measuring
the hydraulic efficlency of a tz;nk had thus boen shown to be dependent upon
th-e flow vate through the tank aand tixé tank diffusion ccofficient.

The ratio lf_r& had 'beeﬁ found to bo indepondent‘ of N while the

. relationships boi:woen(_.;i},) and %_f end N ave as follows:
@

[
* _ =l
G 7 W .
! T e 'r . N 3..:v:,=
2 Cﬁ-})l[ (w) + ”:,(-ﬁ') 6? + "(”'z’(f“)

o e ‘(N'l)lh"'Z)"" I}e T*-L-(”")'J
(8)
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5.1.2, The Diffusion Coefficient.

Lagranzian enalysis of diffusion was used to study D which was
T
found to be equal %o é.ﬁ"‘- fz: dv (9
: o

when the time was large

D = [!JZ?"Z; = Constant (103

D can also be regarded as the product of ths inteusity and the scule of
the‘turbulent mixiﬁg pronees and can be wrltien as

D = L ‘/ﬁ;z' (11)
vhera LH is called the diffumion leagth, D is therefore analogous to the
urbuwlernt mixing ceefficieat which 1a eouval towaﬁiq Thig énalysis pro=
vides two informations:

(1) By %tracing the flcw throuzgh curve of dye in a sedimsntation
tank, a nunbor of pavamsters mzasuring the hydraulic pasriormznce of the
¢tank éam be derived. These paransters dgpend upon D which is the furbu=
lent diffusion coefficient of dye in wator.

(2) 'Phe Giffusion cocfficicnt deponds upon the radial fluctuae

tion and the Ilagrangian integral zcale.
g & 8

Seled. The Effecris of the Forced Vorten on tho Diffusicn Ceoaificient.

Trom the Reynoids turbulent stresses and turbulent energy equae
tions it has besen shown that:
(1) VUhen onmly %the cuter paddles rotate, therc will be a supprese

slon of u° vesulting in o decrease in D, N is therefore increased
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because D ie invexlsely proportional to it,

(2) Vvhen only the inner paddles rota"ce,,T“ is increased, resulte
ing in an increase in D and a decrease in N,

(3) Hh_gan both sets of paddles rotate in the same direction, there
will be an increase in D near the inner paddles, while t{he opposite takes
place near the outer. The net effect will depend therefore upon the rela-

tive speeds of the two.

Selodt. The Dimensional Analysis.

The problem has also been analysed dimensionally., It is found that

——y e

Vie AR R A e

which on simplification. bacomes

D,N-,G.‘((ﬂi&,ﬁ w? Ph @ n,n) (12)
- a

2 -
ve oy
| %.—,Nﬂ!a{(%’hg‘) {12a)
The above eguation indicates therefore that N has a rolationship

ny

with the Froude number snd the dimensionless Cern 'ﬁ%f o In othey vords,

if N is plotted against QZ s & family of curvez will be obtaincd having
WY g5 the paramster. .

2
% Cee MNofe appomc. pP-3
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5.2, Conclusions Drawvn from the Experimental Study.

5201, The Effects of the Superiﬂpoéed Forced Vortex on the Diffusion

Coofficient,
wos
The present invostigationhconfined experimentally to the cass of
& and cij = ¢o and 7 vaspsctively. Three typos of inlets were used,
(A%

and tho curves e¢f N v, Qa chtained from them are found to be similar

in ghape. They avre considered as the verification of the dimensional ana-

lysiz.
The curves of D v. Qcﬂ D being obtained from N by the rela=
tion 4 Nz yore £ (2]

2D

have also £. as the pﬁrametera They are considered az the verification of
the dimsnsional analysis as well as the justification of the diffusion type
appfoach to the prcblem. These curées can be represented by
. D = AGWB (2)

where A and B are constanis depanding on the inlet, the spsed of rota=
- tion and the turbulent diffusion caused by the paddles and the secondary
curreats. A can be further rcgarded as the measure of the effectivences
of the inlet and the suporimpocsed forced vworiex.

Tﬁese curves show clearly that the forced vortex lowers the valua

of D and increases the valus of N.
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5e2s2- The Liffeccts of the Superimposed Torced Vortex on the Tank

Characteristic Number N.

When there is no forced vortex superinposed, the hydraulic performe
ances of the thrce inlets are practically the same, having a high N wvalue
at a lovw flow vato. At a high flow wvate the curves tend to he éarallel to
tha Q2 axise

Yhen the paddles ave in rotation, the rvesultant flow through
curves change in thelr characteristics. The OCCUrrence of high peak cone
contration at z relatively short time compared with the theoretical dgtega
tion time and long persistence of low concentrétion are minimized. The-;

roak cozcentration takes place at a higherw and is smaller in magaitude,

—~jie

Tho increase in the N value iz greatest in the cése of'fhe uniform flow
iplet, and loast in tho case of the submerged weir inlet. Ian general, the
N values are low at low flow rate and very high flow rate, and they are
not inecreased indefinitely with {the incisase in the speed of rotation.
Thore appeares to be a certain sjoed boycend which they are decrasased ine
sbead of ineressed. This is callod the optimum sposd of rotation of the

paddles.

4

Poddles Dototion,

“

50203 Optimum Spzed o

5 wpme. scems o be the opticum spsed of rotation of the paddles.
© this speed highest N valuves are obtained with the UFBI end the 29 ¢ S

inlets, Vlth the 2¥ ¢ P, N ig increased to the grestest eutent at 15 rpmo



5.20ll, The Critical Flou Rates.

Because of the axisience of the secondary curreats associated
with the rotating flow above a fixed. ground, and the production of turbu-
lence by the paddles, thare is & critical flouw rate below which N values
are less with rotation than without. The value of ths critiéal flow rate
depends upon the speed of rotation and the type of ths inlet. An optimum

flow rate also exists,; and its value toc depends upon the speed of rota-

tion and tho type of inlet, lhﬁy increase with the sneed of rotation.

5.2.5. The Adventages and Dicadvas @5 of Using Various Parometors

3

Chavacterizing ShorbteCivcultinge

Trom ths experimental cnd enalytical study in the present ine
vestigation, the following conclusions may he draun rogavdirg the use of

varicus pavamsiers by investigalors in the pact:

ke

(a) Ths vse ef es a pavomoter mrasuring shortecircuiting is

inndequnto because it io not iniluenced by the mixing condition im the

ci‘-

cank. Its detoramimstlicu s alst very much affected by the ceandition
tho bail cnd of the flou Shwrousg: curve whoro the accuracy in concentration
meosuTensnt is poor. i iz ab ey rebe uscful in the sxamivaticn of

[#¢}) . A

ciporimontal vesulic. The mesulits cbtalned in the proseat investigation
do not show thot the vatio vazdcs mavkedly JTrop unity, and there appears
to be no effect of the Toread vortex uprn ii,

(b '%g i8 better thaon %@ in measuring short-cireuiting, since

it varies with the mixing condition in the tank as vell as ravealing the

187



presence of any stagnant portica of the tank. Hewever, it is not so
gensitive as ¥y and N, which chould bo obtained Trom the variance of the

flow through curve, In the present investigation, it is found that %%
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is increased by a superimpossd forced vortex. This indicates the lengthe

ening of. the avorage'detention tima of a £luid particle,

{c) The use of t%kuand G%b’as the paramstevs indicating serious
shorieciveniting due to nonzaniform valocity distribution and secondary
cuvronts are not suitable bhscauvse they cannot be acéurately determined,
Besides, on onamining tho exporimental flow thrcugh”énrvesg it appears
that they do mot vary mavkedly boetueen cases vhere the degreesof shorie
circuiting are different., Tho oxistence of shortecircuiting due to none
uvniform velocity distribution aud eecondéry éuffént;‘isvﬁest revealed by
comparing the ciuperiment and theoretical curves. it is Gvident that the

superimposed forced vortex minimizes this kind of short-circulting,

5.20.6, Secondary Currents.

The deposited particles at the tank floor are obsexved to move
tovards the centre and gather in a ring surrounding the inlet, This

phenomenon established further the eulsicnce of secondary currents and

agrec@hith tho obzervations and experiments of provious investigators im

tho fieid of gecoandary Zlow. It is possible that, in practice, the serap~

ing ‘mochanisms may be Tound wnnecesSsavy.
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5.3, Suggestions for Further Study

'.Bm superimpcsi.tion of a forced vortex on the flow of a circular
sedimentation tank as a means of improving its flow characteristics ia
novel; and it is believed that the preeent inveatigation has opened up
a new fleld of research in gedimentation tank design. It s obvious that
net all the problems arising as a result of this attempt can be dealt with
in a single study. From the experiengs and the resul? of experimenta). and
analytical study of this kind of sedimentation tank, it is Lot that the

following may repressnt come of the problems worth studying.

5.3.1, Inlet Design and Inlet Fumbey

The introduction of circular motion into the flow in the i.ank
Arequix'es a nev kind of inlet which should not only introduce the flow unie
formly into the tank, but also tangentially in such a way that the Sncoming
£low is caused to ;join'the wain f£flov in the tank with a minimum degree of
turbulence, The application of the’.ﬁi.:inifold floy theory in the design of
an inlet appears to be successful as far as uniform distribution of fLlow
is concerned. The problems now 1lig in the positioning and designing of
" baffles which will destroy the lkine¢ic energy of the incoming flow as well
as directing it tangentinlly into the tank. It may be possible also that
an entirély new approach to the design problem is called for.

After the problem of designing an inlet comes naturally the quese

“tion of findivg a puremeten to characterinn 1. v evuluate tho perforzance
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of an inlet it is a usual practice %o obtain a flow through curve of a
sodimentation tank with that imlet, and by obtaining several such curves
foﬁ different tybes of inleﬁs, thelir performances can be compared. The
dinensional enalysis shows that N bas a relationship with the tanl:
FrouQG'number, énd the experimantal yesults reveal that each inlet has its
ovn family of curves. It seems possible therefore to include én finled
number' into the dimensional analysis to complete the picture, The ﬁodic
fied dimensionless equation now beéqmas:
: 2
N = ¥ (F, %gt T
where I is the ‘inlet number'. Buk vhat is an inlet number?
The kinetic energy pf the influent seems to be very important %o
the performance of a sedimentation tenk, Bloodgood, Boegly and Smith (1956)
experimented with a& rectangular sedimentation tanlk and found that there is
a relationship between the kine%ie energy of the.iﬁfluent and the removal
efficiency oflthe tank. .Thiéﬁ togother with the fact that
b = A&zf B '

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
1iquid and thé liqﬁid lcaving the inlet zone. It is therefore a measurs
of the efficiency of an inlet in destroying the kinetic energy of the in-
fluent and appears to be relatied vith A.

’ The use of the suggeﬁﬁed inlet number would permit the evaluation

of the performance of the inlet indspondently of ¢l pevformance of the
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S.3.2. The Design of an Lffoctive Heans of Rotating the Tank Content

One inherent dravback of using puddles as the means of rotating
the liquid in tﬁe taqk is the produg%ion of turbulence. Number, shépa and
positioning of tﬁe paddiés'are among'ghose factors which have to be studied.
The analyticuivstudy shows the possibllity of having two sets of paddles

with different offects oh.the Valué of the diffusion coefficient.

5:%03. Ixperimsnts with Perticulate and Flocculent Particles

There is no reason to holieve that avﬁank vith a high hydraulic
efficiensy will not give alse 2 high yemoval éfficien@yo Experinonts with
floceulent particles should preve very interesting because of the existence
of shear forces due to the superimgcaed forced vorbex. It ds well>known
that shear forces'up.ﬂo a certain magnitude heléi%orming flocs (Campg_1946)
and tnat the.settling of Zloceculent particles déﬁends upon the detention

time,

5:3:4.. IExperinzentc with Various Babios of the Radius to the Depth of the
| R,

The Nature of sacondaxx curzénts is lnown to be dependent upon the
aspect ratio of the systenm in which the main body of the liquid flows. The
harmfuld. and the baneficial offcects of the secondary cuvrents in e sedimenta-
tion tank under the influence of o forced vortex have also bzen revealed in
the present research. The cent&ol-of the currents, and also indirvectly the

control of B of equation (1) Scoticn 4.6.6. ave therefore vory important,
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and further study into their behaviour in a sedimentation tanlk is.worth—

while, A suggestion to be made here is the study of the N v. Qa curves
for different ratios of r/d. 'By accumlating experimehtal data of tnis
kind,Athe optimuﬁ ratio of r/d for a sedimentation tank can be derived and

used in the désign of a tank.

5¢5%.5. Shortecircuiting due to Density Currents

This resesvch has shoun the effects of the superimposed Lorced

ting due to turbulent miring and non-

(=

vertex in inhibiting shorbeeivon
uniform'velooity distributiono It would be of great interest if the effect
of ro%ation on the short-cirveuiting by density curreants could be studiedo

Tne éerformance of full scale tenk is very much influcnced by these currents,
an& they present a serious problem in the design of sewage scttling banks,
becauée thé incomirg liquid ie normally denser than the ligquid in the tank.
The Qiffexrence in tempevatures batueéﬁ the influent and fhe tank contents

also gives vise to density currents. Biperimonts of Bergman (1958) alon
> } ity E«

{nmd

lar

fote

sim ines ehowed that rotation does improve the performance of his tank

in comparison with the conventicaal tanlc,
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PENDIX 1
T OF SYUBOLS

The following list includes all algohraic symbols appearing in the thesis,

excoept for stundard mathematical notation and special local use. The liste

ing wder each item ranges from the general use to the epecific.

a constant
cross sectional area (L )

a constant
width (L)

a constunt 3
concentration (/L)

coefficient of discharge (dimensionless)
coefficient of discharge at the end of the slit (dimensionless)

coefficient of diecharge at a distance x from the closed end of
the conduit (dimensionless)

ratio of the fraction of recovered momentum to the ratio of the
flow leaving the main gondult to the flow upstream of the opening

flow through curve cbtafmed with instanteneous injection of tracer
diffusion coefficiont (L/T) :
molecular diffusivity (L /T)

rate of lateral transport of tracer (u/l- T)
function of

£low through curve obtained with continuvous injection of tracer
total energy head (L} '
hsad Yoss (L)

ratio of tank flow Pate per unit depth to 21

friction coeffioient (1/T)

densth
length dimension. .
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~ radial velocity at the inner radius of the tunk (L/T)
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mixing length (L)

mass
massg dinension

numbexr of 1mag¢n&ry cells constltuting e sedimentation tank

ratio of the flow leaving the msin conduit to the flow upstream
'of the opening (dimanaionless)

flov rate pex’ unit depth (12 /T)
flow rate (L /T)

eritical £low rate ( L%/T)

optimum flow rate (LJ/T)

amount of dye injected into the tunk (M)
hydvaulic mean xadius (L)

Reynolds number (dimengionless)

lagrangian correlation sosfficient (dimensionless)

Isgrangian correlatzon coofficient in the x direction (dimensions
1ese)

" " 'y direction
" " z dirsction

T :
iagrangian correlation coeffzclents in the radzau, tangential and
axial directions respectively (dimensionless)

time dimension
tank theoreticexl detention time (T)

foruaxrding velocity (L/T)
tangential velocity (I/T)

settling velocity of a particle (IL/T)
velocity in the axial direction (L/I)
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inner radius of the tank (L)

outer radius of the tank (L)

tracer concentration (WA%) = ’

tracer concentration in the flou'through cell (M/B3)

tracer concentration at the exit of a system (M/LB)

amount of tracer used div;dad by the volume of the tank (H/bs)
normalized concentration of tracer in fluid (dimensionless)
tracer concentration at the tank overflow weir at any time (M/
tracer goncentration at the entrance of a system (M/L;)

depth (L)

‘Qiameter of a tube (L)

diameter of a sphere (L)
width of the slit at the ¢losed end of a condult (L)

width of the slit at a disiange 3 from the closed end of a
conduit (L) :

acceleration due to gravity (L/Ta)
hydrostatic head (L)

LR X 4

constants _
fraction of recovercd momentum (dimensionleas)

length

mixing length (L) . _

number of imaginary cells constituting the éystem, i.e. sediuénﬁaa
tion temlk, connecting tubss, ¢ffluent chamber, effluent channel
and the measuring cell (dimensionless)

[ne)

pressure intensity (1/L17) d/,
o

a positive number in g{p) exp(=pt)u dat - iéplace transform
1/2 0 of u

(p/D)

L

radiug (L)

polar co-ordinaie (radial distance)(L)
inner radius (L) '
ontaor radius (L)
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mean radius (L)
time

arithmetic mean time: time to the centre of gravity of the flow
through curve

median time: time at vhich SOé of the tracer has passed through
the tank

time of the initinl appearance of the gracer
time at which c/'c0 is paximum

radial velocity (L/T), velocity
fluctvating velocity in padial direction (1/T)

velocity (L/T)
tangential velocity (I/T)

fluctuating velecity in tengential direction (L/T)

velocity (I/T)
velocity in the auxial direction (L/T)

veloeity

fluctuating, in axial dizection (L/T)

Cartesiun co-ordinate
distance in the divestion of flou (L)

Cartesian co-ordinuie
distance norm=l to the direetion of flow (I,)

Cartesian co-ordinate
distance in the axial diregtion (L)

circulation = 2z¥v

angular speed of the puddles in rpm. ()
specific gravity (11/15°57)

kinematic eddy viscosily (L?/T)

efficiency (%}

. polar co-ordinate {apgular displacement)

dynamie viscosity (HE/2)
kinematic viceosity (I5/T)

mes density /L)




variance

variance of the ith component
shear intensity (H/LT°)
laminar flow

furbulent £low

diamster (L)

funetion of

stream function
function of

angular velocity of the paddles (T

)




APPENDIX IX
NOTES ON LAPLACE TRANSFORMS AND BESSEL FUNCTIONS

13.l. lLaplace Transforms

Tne use of the Laplapge transform enables a partial differential
equa%ion to be transformed into an ordinary linear differential equation.
The advantages of this method incyease with the complexity of the problemo 3

If u denotes a function of X, Yo @ and %, then the function g(p)

oo

is given by _Pf
gip) = /e u ot pz0 (1)

[¥]
glp) is called the Iuplnge transform of u agsuming that the in=

tegral exists. It is also assumsd that o

<ot 2 -{hi !

jepv’u di = v [e'udl (2)
o 4 .

With these assumptions. the ‘subsidiary .equation® of a cfffersn-

{¢ial cquation can bs found.,. ILet the equaticn be, for erample,
Fu v Agly 7)5@'h,v(x z)éﬁgv4(xlz)un plnyz,t)  (3)
\7[; v Aa -'yv- B".zz. t;’g' .yn a‘::- o |J» s G

wvith a boundary condition to be satisfied in the form
N ’ o 3t ’ 143 - # '.-.'(.' |
Glr.gziv s i (nyz)lE = k(xyzl) (%)
and olso conditions for & = O within the region e.ge

ﬁi Lc(zby.z,t) a Yo (MY, 2)

t=--0
o . } (5)
t >0 g—-g%%ﬁ:-t—}- = U (. K-Y.Z)
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The subsidiavy equation of (3) is

Vza o) [AZ();:»:Z-) ?z'b Al (K.y.Z)‘P* ’io(n:y:z)] "z oo
-pt
@ Ay (4,9, 2) [ puoeu, T+ ALK, Y, 2)Ue +/eP13(x,y,z,‘t)d‘¢"
and the boundary equation bécomes ° (6)
o .
- ri ~ t

Gunyz)i s ny23E = fetu(ny.zt)dt 7

If u can bs found from (6) and (7), u ® ¢an be found from

[~

- -t
Wty 2z p) = / &fu (2.y,2,0) dt (8)
[+]
X2 uw appears in the Table of Transforms, u can be writton down diractly.

If this is not the case, u can be obtained from u by the Inversion

Yo leo
'.lheox'emg i.00 }t
i T /}
M,(!L.\},Z.t) = e e & (xyzA)d
2hL
=i (9

The line integral in (9) oan be ovaluaked by transformation ¢o a
suitable closed contour and the application of the czlculus of residues,
Generally &wo typos of contours are ussd as shown 3in Fig. { (a) and (b)
according %o the nature of uf{xm, y, 2, ©)o I£ it is a single valued func-
tion of % with an infinitc oumber of poles (a) is usod. Vhen u(A) has a

branch point at the origin buf otherwiss only a finite number of pales, (b)

ig used, p)
|8 » B .
T —L ﬁ —
. 1.‘

& . I
£ ) |

5]

¢ 5

E,){\ ‘ra"'/;"
' rip. & 'y




Some Fundamental Properties of Laplace Transforms

Theorem I L(vl + va) o L(Vl) + L(va)
. o ov
Theorem II L§ =1 ? e pbiv) - v,
where v_ is the value of Lt vo In general v_ will be a
o o
t=> 0

funetion of the space variables i, ¥ and 2.

113 1n -
Iheorem 71X L a-;{n) = P A

. I

Theorem IV L{ {v(9)ap?) = (Q/p)Lliv)

1.2, Bessel Functions

J,(z) is the Bessel fumetion of the first lind of the order
Y and is defined by

oo (‘_1) (l \!’-:' B
Sled = B vt

(1)

where V is reul and z may be com 01eﬁ¢ its ar@umen? being given itg

principal values, (1) satiafiea Bossel equaﬁion of the order Y

45 vt
gt omy o .

Particular cuses of (1) oceurrcd in the solution of differential agua-
tione of physieal problems for over e century. As far baclt as in 1732,
equation of the fype

_31_ "i’%é" =0 (2a)

vas obhtained by Bsrnoui 1i us a gesult of an investigation into the pro-

th"

blen of the ezcillabion ¢f g heavy Slenible chain sveponded with ite
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lover end free, but it was not gntil 1824 when F. W. Bassel, a German

astronomer began to deal with these functions in a systematic way

(McLachlan, 1955).

The property of dJ,{(z) is such that

9 (z) = =1)%_ (=)

(3)
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where n is an integer. Therefore there ave no independent solutions of

{2). In arder to obtain a socond solutioa of (2) which is available for

all values of § ; the following function is dofined;

v {(2)Cos V7 o J-v (g)

yla) = Sin VT
and Y (z) 6 Lt ¥,(2)
n RS W

yl’ ya @ MJ}' (Z) ip Y,(z)

wvhere ©{ and /3 ‘are non zere constanis,

The lModified Bessel Functions

2 z
ay 1dy 4
o o .ﬂf..; P=>3 (l & e ) y - 0
dza 2 dz Za

is satisfied by

Ye2r
e {4
I,(z) = 2 G2)

dr- MTEDRYE
WOr!rﬁﬁﬁqff

(4)

(5)
6)

i

(8)

Similarly, I, (z) 3is not indopendent of I,(2) if 7 is en integer. In

this case a sacond solution is noeded and is defined as




K),(z) . z'” Inlz) = Iy (z)

SinvyyT
and K (z) = L% K. (=)
n Pty ’

The complete solution of (7) is therefore

y = AI,(z) + BX,(2)
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(9)

(10)

(11)




APPEADIX 311

DIFFERENTIAL EQUATION OF THE DIFFUSION IN A CIRCULAR SEDIMENTATION TANK

AND THE SOLUTION FOR AN INSTANTANEOUS INJECTION OF DYE IN AN INFINITE MEDIUM.

III,1, Differential Equations.

Consider a fluid eleme_ntaé shown beleow (Fig, 3, Section 2.2.1.)

Fig. 5

The rate of change of concentration of the fluid element is, by consider-
ing the conservation of dyaie '
-g? r-dedrdz = -(ong‘; +—- = "'D:zk')nb dz - { (Dnrai‘-t- D"° a" "Dﬂ S e
a.dr}(r-rdr)dedz +u-e rde-dz (u*a“elr)(c-¢ dr)o'tiedz
-(Derg D” a‘*beza )drdz - { (Du?g,'."‘a. 3‘**00:9-"-
- ‘fo’ 3E da}drdza- verdvdz-(v+ 5L de)(cra‘-cIO)drdz.
-( D.».fS’é + ..zm L S + Dy & Mt o - {- (1).,.... + D Q""Dag"z
- D 8 dz}dr!" Serr-Condocli -(us -.-; cw-)ft,-ueVAz)rdad, i
oy

203



204

= Dy a . drdz.rde - uvdeo!za‘ dv + -Doﬁ 3"— .dedrdz
- fdrdza—ed64bzza;c_-,_dzdnrde - wrdeo!rg-i dz

¢
+ ( .Drré-;; + ‘Dvﬁ x -l-.'Dr:_gi )dz-Jrole

Y.} )

If the medium 1s orthotropls, i.c. Dx'g I)e and Dz are mutﬁally pérpéndi.-

cular and Drc = D _ .= o o= 0O (2) becomes
EA
¢

ot o e YU R A é‘b FEN ‘3z (3

Further, if the medi@ is also isotxopic,; l.e. Drx' = I.)eg = Dzz s D,

vwe cun write (2) as

e _p%E.Da_ > oac. Ly de L pde 3
ot Tl tartar”y PV o (4)

i e |
>t or Y gl’ oY (5)

Howaver, if the medium is nof isotropic, D in (5) will be Drx'° If it i85
anisotropie D will be 1°D " Dy, + o b whero 1, m and n arc the

direction cosines in the vy O and z direction respeectively.

I1I.2, The Solution for an Instantancous In

Infinite Medium
The Laplace transform of. (5) is:

Q::_C_ L _‘,B_E_ T =0 6
®Y1+((’ 2 )ay C‘ ( ) _
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which is another foxrm of the modified éessel eQﬁationo
The complete solution of (6) is

¢ = A z (gr) + B K, {qr) (7)
A I-!‘.v(qz‘) is infinite when ¢ approaches infinity, the solution of (6)

whieh is finite at © = oo is therefore

= B K fqr) (8)

ot

If the amount of the dve injeeted imto the tank is Qd then

o2

Q y
4 a/aﬁr " K,(qr) dr (9)

n
o

(9) implies that the total amount of dye in the medium is always Qe
Put gr =z and p= g /D
\4 _
Qg = BB/ 2klz/Q) Ky(2) az

0% 91 . )
= (BD 2T 9)/8 (q) (MeLuchlun, 194%)
)
Therefore B = Q@é’)/n 2 7ol (10)
(8) then becomes
- p v
c = {Q;(qa’) K aw) / (2 DWV) (11)

The equation whose Laplace tranaform is (11) is
Qq Y

¢ o ,v&/ AT b2 v! )52 /4Di.) o‘m(@r /4D5)  (12)

But  Q/2TKT = c_o K/2D = § , and'¥ = 2KT uhevo K = /2T o (12)

con itherefore be written as )
v Al
Co )l (T

(12a) is thus the solution for $hé imstuntaneous injection of dye of an

(22a)

amount Q, in an infinite zediums It is plotted in IMg.48 ,
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AEPENDIX IV

THE DESICN OF UNIFORM TLOW INLGET

A great deal of experikental and analybical work has been con-
tributed ﬁo the problem of dlsitzibuting the flow. to & series of pipses
along the main comduit. The approaches to this problem can be grouped
into two different metiiods: ¢he use éf the modlified energy equation and
the momentum principle on-the ene haund, and the application of the classiw

cal hydrodynamic principles or the other.

Analysis

As water flows zlong fhe conduit it loses some of its quanbity
through the opening, with a resuliant rise ian the total head., If the .
discherges are to be uniform along {he conduit, the variation in the total

"o

head must coxrespond to the variation in the coefficients of dischavge of
the openings. Three factovs will therofore have to he consideveds
(1) The pressure changes gue to (ischarging through the opsnings.
(2) The friction losszes.

(3) The variation of the coefiicient of dischurge with the welo=

city head and the boundary geometry.

Prassure Changes

At any point .x alomg the conduit, the change in the pressure

head Ah due to a discharge 4@ in a distunce Ax is given by

207
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Ah = "5‘?; (a—da)ﬂvwc'vo S - ka %%!
| Q)
whero K' is the fristion coefficient = 32v/d%, v being the kine. .
matic viscosity and 4 the diameter of the conduit. k, is the féaction
of recovered mom;zntum. '

Publisied data indicate thut it is either a function of Pd (the
ratio of the flow leaving the condﬁit to the flow upstream of the opening)
or a .constant (McNown, 1945). It is ﬁoticeﬂ further that

‘(a) If the heud loss is zero, k, = 0.5 Pd,

(b) If the heand loss is maximum, k, = O,

d
It appears logical tuerefore to write Gy = k./Pd. Gy had beon found
to vary between O and 0.5 _

The texm on the left hand side of (1) represents tﬁe rige in pres-
sure head, and those on the right hand side are respectively from left to
right the change in momentum of the continuing £low, friction. head loss
and the recovered momentum of the £low leaving the conduit. Equation (1)
agrees with Soueck and Zelnick’s (1945) equation if the friction loss
term is neglected, and with Enger and Lovy's (1929) if it is further as-
sumed that theré 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 floq leaves the conduit at right anglea to it.
A conduit with a slit or hole in its wall produces a free Jet at a gertain

natural angle to the main flow (Teakomas, 1957).
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Equation (1) represents the change in pressure head along e
conduit which distributes flow uniformly along its length, and can be

modified in the following way to facilitate computation:e

ve C
dhz:-lo rx-:-(lac)dx.]dx-a-wvoxdx (2)
-;;;a- . =T )

where H=h, V=0at x = 0.

{

Ho= hy V = Vb at ¥ = I»
Ig (lcgy)(dx)a is neglected, (2) is essentiall& the same as the equation
used by Abdalla (1955) in his design of & manifold £lou inlet for his
reectengular sedimentation ¢unk, Ho varied the cross sectional avea of
his condﬁit Bo-that there was no change in pfessure head along its lengthe
Hera, theAcross seotional arca of the conduit (the riser) will be kept
constant to facilitate comnstzuetion. Uniform flow vwill be obtained by

varying the wizes of the holos aleng the riser wall.

Coefficient of Discharge
Ixperiments show thmﬁ‘%hé rate of discharge can be calculated
gatisfuactorily from
| Q = 6,4 Vam (3)
vhers Cd is the coefficient of dischayge, A the area of the opening.and
h the static head at thut point, The pressure head has been defined in
the same vay as it bus bson done by previous workers. It appears loglcal

~ and convenient not to add velocity head to the diseharge, since it has

bgen ghown that the discharge is less at a high conduit volooity (Sowock
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and Zelnick, 1945).

If Cd vere constant, it would have been a simple matiter to cale
culate the area of the opening once h is known. Unfortunately, this
is not.thg case. It has besh: found that C4 depends upon fwo factors
(McNowhg 1954) , namely:-

(1) Tae geometry of the opening and the main conduit.

(2) The ratio of thc opening velocity and the velocity in the

maiﬁ conduvit beyomd the opening.

As the ratio of the avea of the hole to that of the conduit Qill
not vary greatly in the p;esené ctudy, it can be assumed that Gd_ depends
only upon the plezometric heed at the opening and the velocity in the

main conduit (Enger and Levy, 1929):-

2
Cclx * 23:’:{"& Gdo (4)
-wherg cde = the coefficient of dischavge at the ¢loszd end of the
condnit,
de = the cosfficiont of discharge at any distance x £rom
the closed cnd,
h z the piezomeiric head at the point .

Iniet Desipgn

For simplicity and coavenience in construction it was decided
to keep the risor cross seetional area constant. It was necessavy there=-

fqre to vary the arcas of the openings so that the discharge was unifora,
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In tke calculation the 0péniﬁg wéé aséumed to be,in'theAfOrm of a slit.
"In ccnastruetion the slit would he Eepfesented by a seriés ﬁf holes haVing.m
a total area equal fo that §£ ﬁne sliG, This is permissible and had been
conéirmed éxéarimanﬁally by Enger and Lévy (1929},

Eqﬁation_(j) can aleo be written es:

Q= € -Oxodn v 2eh - _ (5)

Lot the width of the slit a% ihe clezod end be 8,0 Put (4) into (5)

and vo have

% Vfgh
s = ?z:'xu:t:crg (6 )
o h = 720

h ie given by equation (1),

Computation of the Sizes of the loles

It wos decided to design an inlet for an average flow of about
i

- 2 - : 3 : , .
200 cn/sec. (uctually 216.5 ca'/sec.) %o be distributed over a 4-inch
length of risex,
The calculation is & iwial and error one. A gertain width 'Gn

of the slit at the closed ené vas first assumed. Taking Gd as being

00745, the static head H was ealcoulatedy freom waich h  at any section -

=]

13

X ecan ko compubved with the kolp of equaticn (1)o It was found that if
the assumad e, was oo large, h ai a cerdtain distance will be zer0.
This would mean mathematically that the width of the slif at that point

must be infinite. This was impéaeticableo The physical é@aning 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 rissp at the section where the pressure was
negative. Water would thqreféfa be sucked into the riser at sections

far awvay from the §losed end (néér the tank floor) and delivéred at the
sections near the closed ené (in the vicinity of the tank surface).

A smaller e would hﬁvptto be assumed. If 1% was too small, the
resuléed slit would be tpo'émall in area, giviﬁg rise to a high velocity
Jet leaving the slit, vhich was aleo undesirable:. The calculation would
be performed with several values of e, and L, the depih over which
the flou was desired to be dlstributed, and the results plotted and com-
pared. From this a suitable pair of e, and L was selected. An ex-
ample of the calculation was presented in Table 12, and the comparative

plottings of the results were chown in Figs, 49-51.
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APPENDIX V¥

. EXPIRTMENTAT, CURVES

The follouwing ave the £lew shrough curves obtuined in the

experinents. In order to reduge t¢he rvmber of curves présented here

to the minirum, so thut cach £o? 0f experiments for any spee& of rota-
tion and inlet cun be shown ecmparatively on the Safe page. SONg curves
have been left out. They ave the curves whose flow zrates come in bee
tween those already plotted. Their suspes can be roughly estimsted £from
the shapes of the curves with £10 pates impadiately azbove and kelow it.
Each curve shown here is the average of two tests which were found to

agree closely with each other,
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