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CHAPTER 1

INTRODUCTION

1-1 Sedimentation and Settling Tanks

The separation of solid particles from a liguld that car-
ries them 1is a problem of freguent ceccurrence in engineering
practice, Often the ability of the lliguld to carry particles
in suspenslon can be decreased by 8tllling the motlon of the
liquid, The term "sedimentation” usually refers to an opera-
tion by which the carrying power of the liquid s reduced in
magnitude until the particles settle ocut under the force of
gravity.

The equipment in which sedimentation is made to btake place
is often called a sedimentation basin or a settling tank., One
of the primary functions of a sebtling tank is to permit the
solid particles t0 settle to the bottom of the tank, The
dealired end result is elither golid-free ligquid or solids with
a minimunm of liguid, In either case, the amount of solid
settled in the tank is an important quantity,

The amount of solid particles that settle In a tank is
often called the total removal of suspended solids. The re-
moval ratlo, on the other hand, is the ratio of the total
removal to the total amount of particles entering the bank
with the ligquid. The simplest study of the performance of a
settling tank is to determine the removal ratioc. Por g given

tank already in existence, the study of the removal ratilo for
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various operating conditions may be very helpful, One may

be abhle to find an operating procedure which produces maximum

removal, Por the gtudy of

sedimentation in gzeneral, howaver,

this simple approach is not adeguate.

The next level of study is to determine what should

gettle out In a tank., This problem has led to a great deal

of theoretical and experimental work, which can be called the

study of the fundamental aspects of sedimentation and settling

tanks., With a few notable

exceptlons, the bulk of the experi-

mental worlt hag congiasted of the study of a partisular sedi-

mentation operation,

1-2 Settling of Pavitlceles

in a Suspension

A thorough comprehension of sedimentatlion is dependent on

an adequate understanding of the settling of particles in a

suspension, Of course the
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problem is not confined to 8 sus-

Ao e T kB I el b e wory o e
Lii € ALUMAL WALWEL BRLIGVA

E

Hmop o
14

o owe e
f G W

T o
sagx

encounter solid, liquid or gaseous

solld or liguid particles in a gas.

As for the fileld of force to move the particles, it may be

gravitationnl, centrifugal, slectrostatie or magnetic., When-

gver possible, concepts should be developed in a general

enouzh form to ilnclude any

system, The successful concepts

have ugually had this generality.

One such concept is the so-called "ideal” removal., It

has been applied in principle to the operations of sedimen-

tation (1,2), flotation (2), and cleaning gases (3). Since
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the main points of ideal removal will be discussed in chap-
ter 2, only the most signlificant aspect need be mentioned
here., The ideal removal depends on the characteristics of
the suspension ag well as the tank, This makes 1t a basic
guantity.

Another lmporbtent step in the basic study of setiling was
the theoretical and experlmental analyses of metiling in &
surbulent fluld. Hurst (4) and Rouse {5) solved a differen-
tigl equation for the eguilibrium between particle settling
and turbulent diffusion., Dobbins (€) considered the case where
these two factors are not in eguilibrium. Hurst, House and
Dobbing verified thelr resulis experimentally in similar
apparatus,

In attacking the bturbulent setiling problem, Rouse and
Dobbins considered the gsettling chenomenon at a general point
in the suspension. Kyneh {7) hag done the same thing for
settling where the concentration of particles is zreat and
the fluid 1s essentially moticnless. The study of settling
at & point appears to be the avenue to a betler understanding
of the setiling of particles in suspension.

The experimental study of this loeal settling behavior
requires that data be taken at many points in the suspension
and at many times during settliing. In addition to Dobbing and
Rouse, mentioned above, Comings {5,9) and Fiteh {(10) have
actually measured conceniration at various points in a sus-
penglon during settling. The great bulk of experimental work

in the past has not involved such measurements., Mosi of the
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tegte have been made on concentraled suspensions, and the
émhﬁiﬁ@maa rate has been the primary measurement, The sub-
sidence vate refers to the mobion of a sharp interface whieh
often forms bebtween the clear liquld above and the concentrated
suspension bhelow.

The secarclty of experimental dats on setliling at g poind
ig & delinlte hinderance to progress in the study of sedinen-
bation., In reading the lliterature on the subject one will
obaerve thal mosgt of the data are of limited use, Exeept for

e equipment or apparatus with which they were obtained, the
data are of gualltative value only. A person wishing to study
some aspect of sedimentatlion will seldom be able Lo use pube
iished data except in a qualitat ive manner,

How can experimental data be mede move gan&r&i? This
can be done by relating the seltling phenomenon at a point to
sonditions at the p@ia%. Bxperinents should be condusted with
an eye Lo reducing the data until they are independent of
the experiment., Then esich investigation will add to the body
of basic data, The need for sueh experiments was the incen-

tive for this investigation.

1-3  Purpose of this Investipation

(a) One purpose of this investigation is to study the
settling process at a general point in a suspension and to
relate thls local process to removal during settling, The
approach has been both experimental ané theoretical, wi@h

intervelation of the theory and experimental results,
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{r) A second purpose is to study the effect of floc-

culation on settling.

1-4 Seope and Limitations

For the experimental part of the investigation, suspen-
sions of solid particles in wabter were allowed to stand In
vertical tubes, The particles setiled under the Influence
of gravity. Both discrete and {locculent particles were used.
Moat of the tests were conducted with the water essentially
motionless, While sowe work was done with the water in tur-
hulent motion, 1t did not progress beyond the preliminary
shage,

Two types of measurements werve made. In the first, the
concentration of particles at points in the suspension was
determined a8 a function of space and time. The second meas-
urement was the amount of material settled at the botiom of
the suspensgion ag g function of time.

To supplement the experimental investigations, theoreti-
eal analyvses were employed for the following reasons:

{a)} To give background for the interpretation of experil-
mental results,.

{b) To assist in the reduction of the measurements to
data concerning setiling at a point,

(e} 7o indicate what measurements should be made %o
improve the experiments and thus polint the way for fulure work.

The symbols used are defined where they first cccur and

are listed in appendix 2.
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CHAPTER 2

QUIESCENT, UNHINDERED SETTLING OF
DISCRETE PARTICLES

The purpose of this chapter is two-fold. The first aim
18 to discuss certain ldealizations of settling tanks while
the second is to relate these tanks to the quiescent setiling
eolumn,

The first section contains a review of the definitions
related to a suspension of settling particles., The next three
sections begin with the concept of an "ideal" tank and proceed
to the case where the particles are not uniformly distributed
at the inlet end. The aim of these four sections 1s bto intro-
duce the concentration at a point and the concentration pro-
£ile as neans of caleulating removal,

Piteh {11) has presented an analysis whiech permits the
"{deal’ tank to be extended to all settling tanks with two-
dimensional potential flow, The extenslion is glven in sec-
tion 2-5. The analysis itself has been modified and presented
in appendix 1,

Finally, the settling column is introduced in section 2-0
which serves to relate the column to settling tanks. The

detalle of column studies are resgrved for later chapters.
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21 &uap&méiana of Settling Particles

The term suspension r@ferﬁ to a mixbure of fluid and
particles. The fluid forms a contlnuous phase around the
particles, An essential feature of a suspension is that the
particles can be separated féﬁm-@h@ fiuia by mechanical means.
One of these means involves the settling of the particles
through the {fluid,

If the filuid through whilch the particle moves is motlon-
less, the settling 1s said to be quiescent., Of course the
moving parﬁiale willl displace fluld and cause 1t to move;
otherwlge, however, the Muld is motlionliess,

- The term "gulescent aeﬁ@;img“ is also used in refereonce
to settling tanks where the fiuld is moving, It is assumed
that the motion of the particle through the body of the fluild
is not affected by the motion of the filuid {(i,e., no turbulence
in the fiuid). |

A_par%iel& settling gqulescently in a fluld of infinite
extent reaches a constant veloeldy at which the frictional
resistance of the fluid eguals the Force causing sebttliog,
Such settling 18 called "free"” pelbiling and the constant
velocity is called the free settling veloolty of the particle.
When %ﬁ@ particle settles neayr a boundary of the fluld, or
near the other settling particles, its sebttling veloelity is
changed, Such settling 1s called hindered setiling.

| Although the determination of fra@ and hindered settling
velocities has been the subject of extensive research (12,13,

i&,l%,lé), 1t is not an important part of this research.
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Instead, a particle's settling velocity is assumed to be
known or measurable and is baken as a starting point, The
rarticle will be classified by this settling veloeity, not

by 1ts size, shape or density., A suspenslon,on the obher
hand, may contaln particles of meny different settling veloei-
tles. To claesify the suspenslion it is necemsary to know the
congentratlon of partlcles of each settling velocity, or a
distribution of y&fticle setiling velocitles,

The function Plw) will be called the cumulative fregueney
distrlibution of partiecle gettling velocitles, It 18 defined
ag the concsnbtrabion of partlieles in suspension whieh have g
gettling velocily equal to or less than w, This funeflon can
be expressed In Lwo ways; mass per unlt volume, and per cent
of total concentration of parvticles., In theoretical analysis
1t is usually beter bo consider it as mass per unit volume.
On the other hand, 1¢ im often desirable to reduce the meas-~
ured F{w) to the per cent basis.

Camp {17,18) introduced the use of FP{w) 1n the analysis
of gedlnentation in ldeal tanks. Ingersoll, MeKee and
Brooks (2) found 1t move convenlent to use the derivabive of
F{w). This derivative, designated f{w) is related to F{w) by

the equatlon
£lw) = SEQe) (2-1)

In figure 2-1 the curves of P(w) and f(w) for & suspen-

sion of glass gpheres are presented, The functions are
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viotted with w as the independent variable. In figuve 2-8
the funetions are plobtbed with the loparithm of w as the
independent variable.

The functlon £{w) is the frequency distribution of
particle settling velocities, Usually, 1t is simply called
the settling velocity distribution, In flgure 2-2, cuvrve 2
alhows £{w) a8 obiained by equation 2-1, bub plotted against
log w." Curve 3 shows £{w) as obtalned by differentlating
Flw) plotted in curve 1. The relationship between curve 1

and curve 3 is

dF(w |
) = ity (2-2)

In the theory of settling it is the £{w) defined by
equation 2-1 that hasg the basic significance. Often, however,
fQ(w) ig the function obtained experimentally., The two are

related ag follows:

. L GF{w) _ ar{w) d{log w)
£(w) “ﬁéﬂl ET%&@ W) dw

= 2832 £ (w) (2-3)

The quantity f{w)dw is the concentration of particles

with settling velocily between w + %ﬁ and w - %?», It 4e

L
log refers to common logarithm,
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a fixed property of a suspension only if the particle sebtiling
velooities do not change. Strictly spesaking, therelore, 1t
is not reasonable to speak of the f{w) of a suspension unless
the sebttling is free or the concentration remaing constant,

The funetion £{w) slso has no significance 1f the par-
ticles ean change character or bseome attached to other
particles. A particle which does not change 1ts shape, slze
or welght as 1t moves in a suspension is called a discrete
particle. Hence, it may be sald that a gugpension has a
unique settling distribution, f{w), only if the particles are
discrete and the settling is unhindered.

The total conceniration of all particles in suspenslon ig
related to the settling velocity distribvution. If £ is de-

fined as the total concentratlion, it is given by

g = /;(W)dw = /éF(w) (2-4)

- /

The limite of integration should include all settling veloci~
ties occurring in suspenslon. Por a suspension of rising and
falling particles in gravitational sedimentation the integra-

tion may zo from negative infinity 4o positive infinity,

2-2 Discrete Particles in the "Ideal” Tank

In order to analyze the behavior of a suspension in a
gettling tank, assumptions are usually made about the btank and
the suspension., The problem is thus idealized untlil it ean

be handled analytically. A clzssiceal simplification is the
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"ideal” basin introduced by Camp (17,18). The "ideal” basin
iz a continuous {low recbtangular getliling basin with four
zones, These zones, lnlet, outlet, sludge and settling ave
ghown in flgure 2-7,

In the setiling zone diserete particles underps un-
hindered guiescent seitling. In Tigure 2-3 the dimensiong
L, B, and D refer, respectively, to the length, breadih {or
width), and depth of that zone, |

The "ideal” basin has the following assumed characier-
istics!

(a) 1In the settling zone the veloeity of the fluid is
horizontal, constant with respect to time, and uniform throughe
out the zone. The particles setile “"gquiescently.’

(p) The concentration of suspended particles of each
settling veloclty is uniform over the vertical aross section
at the inlet end of the settling zone.

{(¢) A particle is permanently removed from suspension
when it reaches the bottom of the setiling zone.

The first characteristiec indicates that each portion of
the suepending fluid will remain 1ln the setfling zone for the
same length of time. This time is called the detention
period, T, If Q represents the volume of suspension passing

through the tank per unit of time, Lhe detention time is

= 2R (2-5)
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The debtention time i3 also the Gime aveilable for all

}mﬁ

particles Lo setble. Lebt The sebiling veloelity of o particle
thet settles depth D exactly in time T be called LI Using

gguatlon 2-5, W Can be obtained as follows:

= ¥5 (2-6)

The velocity Wey is called the "overilow rate” of the tank, a
gsomewhat misleading term., IU derives Lts name Trom the fact
that 1t 18 equal Lo Q divided by the horizontal area of the
settling gone.

Camp (1) has shown that for a glven influent suspension

the fraction

=

f suspended matler removed by ldeal settling
depends upon the overflow rate alone, For particles with
W W, the removal is complete; on the other hand, for w<:wﬁ
the removal ratlo may easily be shown to be w/w$¢ For a con-
stant overflow rate the removal is not changed by deepening
the tank to increase detention time,

This removal expressed as a removal ratlo R is defined

by the eguation

. B of influent wfﬁ of effivent
1u

@ of influent (2-7)

Ganmp expressed R in terms of

Flwg)
Rom 1l - F(wg) + %w j/— wdF{w) {(2-8)
o 0 ,
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whereas Ingersoll, McHee mnd Brooks (2) have presented the

game quantity in terms of f£{w) as

’-WO o
R = / gmffw)&w + J[ £{w)dw {2-9)
Jo Yo ,,
'imﬁ

Both equations 2-8 and 2~9 have the advantage that they
can be caleulated directly from the eurves of figure 2-1.
The equations fall, however, when the second conditlion for an
ideal tank does not hold., That is, they apply only when the
particles of sach settling veloclty are uniformly distribubted
over the inlet end of the settling zone. In the next section
a method that does not suifer from this restrictlion is intro-

dueed,

2-3 Spatisl Distribution of Particles in the "Ideal” Tanlk

The espence of the concept of the "ldeal”™ tani is that
particle paths can be caleulated, The conditions which make
the caleculation slmple are the followings

{#) The filuld velocity is conatant throughout the tanl,

{b) The particles ave discrete,.

{c) Settling is qulescent and unhindered.

{d} Rewmoved particles never reenter the settling zone,

Because of conditions {b) and (¢}, particles of a
setitling velogity w setile &a'if no other parbticles are
oregent, Thelr movement and concentration can be considered

separately, Since 1t is known how fast these particles settle



and where they are carried by the fluld, their position in
the tank can be calculated as a function of time. The con-
centration of these particles at any point in the tank can
be caleculated 1f the concenbration is known at the inlet end
of the tank. &% the inlet end, thls concentration need not
be uniform over the depth.

The spatisl distribution of particles refers bto the
variation in concentration frowm polnt to point in space, The
word "spatial” has been added to distinguish the term from
the settling velocity distribubion. The word "distribution,”
used alone, will refer to a function of both space and settling
veloelty.

In an ideal tank the spatial distribution of particles
of each velocity is uniform at the inlet end of the settling
zone, The settling in the tank could be analyzed just as
well 1f this spatisl distributlion were wnot uniform, Let this
spatial distribution be called the inlitial spatial distribu-
tion., It need not be the same Tor all particles.

Congider an initial spatial distribution which varies
only with depth. The concentration of particles with setiling
veloeity w at the inlet end of the tank will be a function of
w and of depth below the top of the suspension. This distri-
bution functlon will be called fg(z,w), where z is the depth.
Therelore, the gquantity fﬁiz,w)ﬁw iz defined as lthe concentra-

tion of particles wilth setiling veloclty between w + %@ and

W %ﬁ-at & depth 2z below the btop of the suspension. Both z
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and w will be taken o be positive.

& hyrvothetical spatial distribution for particles of a
settling velocity w is shown in figure 2-4, The plane of
the figure 1s a vertlesl section through the settling zone
parallel to the direction of flow. The distance in the direc-
fion of flow iz reprenented by x as shown, At the inlet and
x = 0,

The partlcles represented by the curve fg{zgw) are all
on the same vertical line 0,z a%t the inlet end of the tank,
Ag the sugpension moves through the tank these particles re-~
maln in 2 single vertical line which moves through the tank
with veloelty, U, of the flowing fluid. This veloelty is

given by

U = g«,ﬁ ‘ (2-10)

=

¥

In time ¥ this iine of partlcles moves a horizontal dis-

by

tance given by bthe equation

x = Ut {2-11)

Each particle of velocity w settles a distance wﬁz, in the
time t,. Therefore, the concentration of these particles at
depth 24, and distance x; = Ui, must be the same as the con-
gentration at depth 2z ~ wtl at x = 0 and ¢t = 0, Let
£(z,w,t)dw represent the concentration of particles of veloclity

w at depth z and at time t. According to the preceding
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argument and equation 2-11

P{z,wyt)dw = f{g§w,%)dw
= fﬂ(z -~ wt,w)dw

= fy(z - %ﬂ,w)éw
Hence the distribution function #{z,w,t) 1s given by
fla,w,t) = fg(z ~ Whaw) {2~12a)
£{z,w.) = £z - gx,u) (2-12b)

In figure 24 the spatial distribution for x = %y and
t = t, is represented by the curve marked f(z,w,ﬁl). The
value f(zl,w,tl) is shown to be the same as the valu
fg(zl - wtl,w)g The spatisl distribution fo is seen O wmove
as a unit in the direction of w as the fluld woves in the
direction of U. At the outlet end of the sebtling zone the
gpatial distribution has moved downward a distance wl and
formed & new distribution f{z,w,T) shown 28 a solid curve in
figure 2-4,

The original inlet distributlion is shown as & dashed
curve at the outlet end. The crosshabtched area bebtween the
dashed curve and the solid curve f{z,w,T) represents the sus-

pended matter removed in the settling zone. This areaalso
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equals the double crosshatched area under the dashed extension
of the curve f{z,w,T}.

The reader is reminded that the foregoing analysis
applies only to discrete partlicles with one veloelty w.
A suspensicon containing particles with many settling veloel-

ties is discussed in the next gection.

2.4 Concentration Profiles and Removal in the Ideal Tank

The total concentration of particles at & point in the
ideal tank la related to the distribution functlon just as the
total concentration of particles in a suspension is related
to the settling velocity distribution, If #{z,t) is the
total concentration of particles at depth z after a time ¢

in the settling zone, it 18 given by the lollowing equations

gz, u) = ﬁ‘(z,wgt)dw {2-13a)
#lz,q) = jlf(mng%)dw (2-13b)

Equation 2-13b gives concentration as a function of longitu-
dinal position instead of time.,

In equations 2-13 the 1limits of integratlion nust include
all settling velocltlies which exist. PFor the make of sim-
‘plieity, only particles gettling downward from the surface
will be considered (w positive). Sinee any particle with a
velocity greater than 2/t will have settled from the surface

past the depth 2 in the time t, there are no particles faater
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than z/t at point (2,U5). The upper limit of integration 1s
thus fixed at z/t. Ecuations 2-12 and 2-13 can now be com-

bined to give

/"z/%
Plz,w,t)dw

Z,6 |
#(z,t) N

g

(ﬁ/ﬁ
- / Tolz - whw)aw {2-14a)
J0

/”z/%
,@(2’«5%‘) &= J’ | f(mws%v)dw
9
{’z/t
,/ £olz - %ﬁ,%)dw (2-14b)
O

&

There is & slaple graphical interpretation of equa-
tiong 2-14, If a drawing similar to figure 2-4 is made for
particles of each settling veloelty, all the drawings can be
guperposed. The concentration at a point is obtained by
adding the values of fdw at a point {2,x).

Having caleulated ﬁ(zg%), one can plot & as a function
of # for any x. This curve will be called the concentration
profile at distance x., It ecan also be called the concentra-~
tion profile at the end of setiling time ©.

Hypothetical profileés are shown in figure 2-5., The plane
of the figure is & vertleal plane through the settling zone

and parvallel to the flow., The concentration profile at the
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inlet end is drawn along the line % = O and is shown by the
curve marked #{(=,0). The area enclosed by this surve, the

z and x axes, and the line 2 = D repregents the total amount
of suspended matter above the depth D. Similarly at x = x4y
the area encloded by lines dp, pg and dg represents the total
amount of suspended matiter above D, This area, which is a
function of x, will be called S(%) or 8(¢). It is defined
by the equations

D
s(§) = / #(z,5)az (2-15a)
70
fﬁﬂ
8(t) = | #lz,t)az {2-15b)
/
0

Since @ has the unlts of mass per unit volume of suspension,
% has the units of masg per unit horizontal area,

The values of 3 at x = 0 and ® = L are of gpecial
interest., The latter is represented in flgure 2-5 by the
area between outlet concentration profile ﬁ(z,é) and the
line x = L, The inlet profile #(z,0) has been redrawn along
the line x = L and is ghown as a dashed line. The area be-~
tween the dashed curve kJ and the s6lid curve hi represents
the material setitled out of suspenslon ia the time T, This

area will be called A(T) and is defined by the eguation

A{T) = 8(0) - 8(T) (2-1€)



The guantity A is the total amount of material removed
from the suspension zbove D, This guantity is related to

the removal ratioc R by

R(r) = g} - k™ (2-27)

By combining equation 2-17 and 2-15, R can be expressed in

terms of @

R(T) = 1 - 2 ‘ {2-18)

It should be noted that eguations 2-1%, 2-16, 2-17, and
2-18, are definitions. Thay are not limited to any tank,
Howevaer, for the sase of an "ideal” tank these eguatlions must
give the same results as the equations of @amp* and Ingersoll,
McKee and Eraﬁks.**

Por an "ideal” tank with non-uniform initial spatisl
distribution, eguation 2-18a can be used with equation 2-18

to obbtaln the result

* Ecuation 2-8.

LY
Bquation 2-9,



e

/»a/rm/w
j -j fG(a - wh,w)dwdz
R(T) = 1 ~J% s (2-19)
J/ fg{z,w)ﬁwaz
0 -0

For the "ideal” tank the distribubtion funetion at &t = O is

simply
fQ{E,W) = P{w)

The latter is the settlling veloclty distridbution of the in~

fluent suspension, Eguation 2-19 may then be written

D rz/T
//ﬁ £{w)dwdz

R(T) = 1 - —2 Gn@; (2-20)
Do

where ﬂb iz the average concentration of particles in the
inflvent, It ean be shown that the double integral in equa-

tion 2-20 can be changed to give



T
D/T ~D
J/ﬁ .j/‘ P{w)dndw
B(T) = 3 - -2 Z¥T
B{ED
[WO
oo 1 m/ {3
Qﬁb
Yo Yo
£{w)dw ¥ orl{w)aw
0 o "y -
= 1 - + (2-21)
2y Zy

Ir Q@ is saken as unity equations 2-21 and 2-8 are identical.

2~5 Idealized Settling Tenks with Two~Dimensional Potential

The fiuid flow in the settling zone of an ideal tank is
a partiocular cese of potentisl Tlow. One wonders 1if some of
the characteristics of the ideal tank are common to any tank
in whiech the fluid fl@w'is potential, It iz not difficult to
anawer this guestion when the potential flow is two-dimensional,
Fiteh {11) discussed the settling of discrete particles
throuvgh a fluld that is in two~dimensional {low. Hs showed,
analytlcally, that in & tank with tinls type of {low, the re-
moval of particles 1s the same a8 in an "ideal’ tank, OF

course both tanks muat have the same overflow rate, Fiteh's
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analyais is presented in sprendiz 1 in a somewhat modifiled
form, but the idea is best explained by mesns of the fol-
lowing example.

Figure 2-6 shows sections through three continuous flow
settling basing., The sections are in vertical planes parallel
to the axes of the basins. In all three basins the flow is
potential and two-dimensional. The streamlines are parallel
to the sections shown,

Bagin 2 has a8 varlable depth in the plane of the section
ghown, but the depth is constant in the transverse direetion.
The other two basing are "ldeal” tanks having the same con-
stant width and same overf{low rate as basin 2. To ceuse an
even greater difference in the flow patterns of the basins,
the efTluent from number 2 is made to flow over a rectangular
welr at the outlet end,

The fiow in each basin ean be described by {low netb,
Using the standard stream fuﬁetiﬁﬂgl, the stream lines are
labelled ug, qﬁ, q%, q%, and Wb' Between the stream lines
Y, and /p flow of fluid per unit width iﬂ(ﬁé - Y., Toe
vaiues of %’imcraase in the divection of positive z, that is,
down from the surface,

Wnen & pariticle enters the tank it beging to setile
and to move [ovward with the fluld, As it settles il crosses
streanm lines, The number of gstream lines crossed by a partiele
of setéling veloeity w as 1t moves a horizontal disglance dx

i8 given by the eguation
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a\ = wax (2-22)
where w is positive in the positive z direction, The proof of

equation 2-22 is given in appendix 1,

Integrating both sides of the eguation 2-22 yields
ﬁﬂYm WX {2-23)

where ﬁx\y is the number of strasm lines c¢rossed when a
L
particlie moves a horizontal distance Xx. A particle which
!
settles from streamline \J/, to stresm line U in the distance

L has a settling veloclty

b~ Ya (2-24)

W

However, the flow through the tank is {1%; w\ﬂmlﬁ. Hence,

(Y, - e

W
LB

A particle of settling velocity w C-WG settlen from

j
stream line kyﬁ to stream 1ine Y in the distance L, From

* This equation does not hold when the {luld velogity is
exaetly in the opposite direction to the settling velosity,
In that case the particle crosses no stream lines. As an
example, consider downward settling in upward {low,
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equation 2w23,lﬂ is given by '

Wty = wi (2-25)
If the inlet spatial distribution of these particles ig unl-

form, and the stream lines are equally spaced at the inlet,

the fractlon removed 1s eqgual to

{2-26)

Thia is the same fraction removed as In an ideal tank. Hence
R is the same for basin 2 as for basins 1 and 3,

The mésﬁ valuable application of equation 2-22 is in con-
struction of particle paths through the tank, A few of these
paths are shown in filgure 2-5, When particle paths can be
sonstructed, 4t Is possible to caleulate the concentration
at any point. Such a nethod 18 of great value when the inlet
apatial distribution is not uniform.

In locating the particle path, the logieal coordinates
are |/ and x. Since the flow net is based on fluld flow the
stream lines Q) = ponstant are laid out before the @artielg
pathe. It may be useful t0 write the inlet distribution in
terms of |/ and w instead of z and w. An equation for
g(q/,x) could be constructed in a form similar to that of
equation 2-173.

Prom the preceding paragraphs it is possibie to draw
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the following general conclusion about tanks in which the
fluid flow is potential and two-dimensional. The removal,
in such tanks, is completely dependent on the initial dis~
tribuﬁién faigsw} end the distribution of gtream lines at
the inlet end of the tank, If this sgtream line distribution
is uniform the removal 1g exactly the same &8 In an ideal

tank,

2-6 Unhindered Quiescent Settling of Discrete Particles in a

Settling Column

In this thesis the term settling column refers to a sus-
pension of particles and fluld held in some vertiecal contaliner
such 88 a graduated oylinder or glass tube., The particles
setitle vertieally, and the contalner must be large encugh
to prevent the walls from affecting the settling. In the
guiescent column the partieles undergo qulescent settling.

Throughout the column the properties of the suspenslon
are sasumed %o be functions only of depth below the surlace.
Since the properties do not change in any horigzontal dired-
tion they can be written ag functions of % and t. In the
sebtiling column, © is the time during which settling has been
taking place,

Some of the eguations and functlions developed in previocus
ﬁ@ctigns can be applled &iyééﬁly to audescent getiling eolumns,
The dlabribution function £{z,w,%) is basic to the settling
eoclumn. In order that 1t significance may be reviewed, a

graphical representation of 1t is shown in figure 2-7. The
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guantity £{z,w,t) is the conceniration al depth 2z and time &
of particles with settling velocity between w + %ﬁr&nﬁ

W - %ﬁ . These particles are referred to as the partleles
of settling veloelty w, Por unhindered settling of discrete
particles f{z,w,t) can be written in terms of the initial
disbribution fﬂ(z,w)e This has been expressed in equation

2-12a a8
Plz,w,t) = fg{g m'wt,w) {2-12a)
In the settling column the total concentration of par-

ticles at depth z and time t is called @#{z,t). The gquantities

& and £ have already been related by the egquatlons

#=z,t) = J/;{z,w,t)dw (2-13a)
and
z/%
#z,t) = 4/” fO{z - wh,w)dw (2-14a)
0

In the gsettling column, concentration profiles are
curves of @ as & function of z for constant t., These can be
plotted on the same zraph to give a fleld of & as a function
of 2 with ¢ as a parameber. Such a diagram will be called
the ¥,z diagram, A hypothetical @,z diagram is shown in
figure 2-8,
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Intimately related to the coneentraticn profiles and,
hence, to the gz diagram are the guantlties §,A and R, They
have the same meaning as they had ln section 2-4, except
that 1t is now convenlent to allow for a variable depth D.
Thus, S{(D,t) represents the btetal amount of material in sus-
pengion al Time ¢ above a unit horizontal area at depth
z = D, In flgure 2-8, 3{(D,0) iz shown a8 the area Obch,
while 8(D,t;) is shown as the area Gdh. As with the settling
tank, A{D,t) is defined by

A(D,t) = 8(D,0) - 8(D,t) (2-27)

while the removal ratio R{D,t) is defined by

R(ﬁ,t) - 5513:’53; - wtﬁg :S‘D‘z‘ﬁiz {2““23)

Thisg short discussion serves as an introduction to the
analyais of settling in the settling column. The e@uatiéms
and sketches indicate the relationship between concentration
profiles in a column and in a sebtling tank. However; in
order to use the settling column as a research tocl & more
detailed analysis is necespary. This analysls is presented

in the following chapter.



CHAPTER 3

G@E‘:?Ef%;ﬂ:z@& 13%13&3 ;&’ 2‘:‘{)3 ‘:5‘ E‘T hk;:}:-&i&k} .w.é 3«5

SETTLING COLUUR

The purpose of this chapter iz to develop and discuss
certalin continuity relationships for partielsz in the qulescent
settling column., Like any other conbtimuity rolationshlps,
the equations of this chapter involve only the concentratlon
and motion of partlcles. On the other hand, equations relate
ing the wmotlion and the forcss causing the motlon ere momentum
rolationships., Stokeost? law for setiling spheres is an oxanmple
of the latter. LBxceept for the effect of concentration on
pvarticle settling velocliy, momentum equabtiong ars not
considered in this chapter.

The chapbter beginsg with s review of the simple continuliy

e aw pa oS B Fa [ 1 2 s -
squations for sebiling particles. The ogu

[

hen uged
to obbaln relationaships bebtween removal of suspended particles
and flux of particles at s point. This whole gectlion is
fmportant because the resulte are nod limited to frec sebtilin

or to discrete pariiclos.

The gsesond section of the claphber presents some continue
1ty relatlonships for fres settling of discrete particles.
Free sotbtling is a very simple process. It 1s usual for the
mozt complicated equations %o bo used for the simplest
vrocesses, and free sebtlling is no exception., Several

eguations have been derived to relabte setiling behavior at a
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point to conditlionsg at tho beginning of setiling. Soms of
these will be of valus in interpreting tests on flocoulent
sugpenslions. '

Tho $hird gection is an introduction to the analysis
of hindered sottling. The main reasgon for including this
subject 18 completencss. While no tests on hindered seitling
wars underdalkon for this thesin, an anslysils of local setiling
should at leest mentlion the effect of concentration on veloeity.
doreover, hindered setiling can coouy acclidently in sebtiling
golumns. I% is wise theorsfore to be aware of some of 1ts

alfecta.

3«1 Tho Continulty Bguation

(a) Plux of Partlicles. Before developing the continulty

squation, it is necessary to discuss the flux of particles
tlhwouch & unlt hordzontal area in the sebtbtling column. This
flux will be salled a{z,t). To determine a(z,t), one must
firvet consider the Ilux of particleos of & single sebtiling
voloclty, ¥,

At depth 2 below the top of the guspension and time &
after sebiling hes Qagan, the concentration of particles of
voloclty w is £{z,w,t)dw, The rabe at which these particles
cross & wnlt horizontal area at depth z is wi{z,w,%)dw. The
flux 13 the sum of those rates over all possible setiling

velooclitisa.
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o
a{z,t) = wil{z,w,t)dw {3=-1}
S

Prom squation 3-1 1% iz clear that the flux abt A point
is w@l&ﬁ@@ to the instantancous mean gotitling velocity ab
that point. Aoccordlng Uo vormal ussage, the arithmetic mean

sebtling veloclity at 2 end § is defined as

o)
Flast) &= wels,w,b)dw (3=2)
ﬁs{ﬁ'«a - )
. XKD

Comblning equations 3«1 and 3«2 givep
a{z,t) = %{z{%}ﬁiﬁa%} (3-33

Bquation 3«3 states that the instantansous,; loeal {luzm is
the product of the instanteneous total local ﬁﬁﬁﬂ@ﬁt*&%“
and the instantansous, looal, average sebbtling veloelty.

{h) Conservatlon of Particles st a Point. Consider an

elenontal volume of suspension with 1¢s centesr at dopth zj
~let the horlszsontal area of the volume bo one unlt and the
vertical dimension be dz., The rate at vwhilch perticles leave
thig volume is glven by

aiz %~§§,$}

2
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while the rate at which theoy enter 1t ls
, dz
alz - wéw,t}

The dilferonce between the rates oquals the rate of change of

3

concontratlion in the voluwe.
als » 22, 4) - alz + 22,¢) = azd
Y 2 26
This can be written sizply as

Ve, 8.
- %@z mg%dﬁ

and the final continuity equation is

28,90 s b
'\Og '\O{; = O &j*i;‘}

Bauation 3-l states that the loeal dervivative of concen-
tration with respect to time plus the losal derivative of
flux with respoct Lo distance 1s gzero. This equaetion ia
gensyral; it ineludes all forms of quiocscent sobtling. In
vootor fomm the eguatlon can ascount for moblon of particlos
in all directions. This form is

24

B@ < VOg.; pie G 53“5;}

where the flux of particles must be consldered as a vecior g.

{e) Relationshlp Between Flux and Hemoval. Consider the
settling eolumn and the related F,z diagram shown in

figure 3=1. The sectlon of sattling column shown there might

»
oy
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he taken as a {ree body diagram of the part of the setiling
polumn above D. HNo particles enter the [ree body through the
top oy the sidesi hence the only change in the amount of
suspended mabter above D is ceused by the flux a(D,t).

The @,5 dlagram ls shown for the portion of the eolumn
above D. In the diagram the aresa belween the curves for
Blz,t) and #{2,0) represents the functlon A(D,t). MNoreover,
the ares between the curves for @(z,t) and Fl=,t + db)
reprosents the change in A4 duping the time db, and 1U must be

egual to adb. The [lux can thus be given by the follouwing

equationg.
" ,
a{D,t)dt = Qﬁ-g‘)—%m-d%; (3=6)
a(p,s) = “A2EL (3=7)

Since equation 3-7 holds for any I, the varlable z can be
used in place of D, Therelors
alz, ) = LAd2gt (3-8)

Since equation 3-8 iz guite peneral, 1t iz not limited

to any type of sebtling. It states, simply, that the flux of
o ]

particles at depth g ls equal to the rate of romoval of
particles from all of the suspension above z.

{4) EpExperimental Determination of a{g,t). Equation 3=8

is of considerable value in studylng what is taking place at

a point in the settling column. It is used Iin conjuncbion
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with a g,z diagram obtained from settling columm experiments.

If the diagram shown in flgure 31 wers obtalned from an
gxperiment, one would dotermine the {lux in the following
manner. First the concentration profiles would be measured
in the column and plotied as lines of constant ¢ in the F,2
diagram. Next, a value of D would be selected. The wvalue of
A{Dst) is then debermined by graphleal lniegration of th@l
arsa betwoen the curves for F{2,0) and #lz,%). The process
is repsated for sach t. Theso A{D,%t) values are then plotted
aralingt Lino.

Por any value of ¢ the slope of the A(D,t) curve will
give a{D,%). Plobiing these values of a(D,t) will give a
eurve of a{D,t) as a function of time with D as a parameoter.
The whole process can be repeatod for other walues of D.
Aetual caleuwlations following thls method are to be found in
chapter b.

Perhaps even more interesting than the flux a{z,t) is
the moan settling velocity wiz,t). In the study of {loceulent
gugpensions, the function w{s,b) shows how meh flosculation
is affecting the setbling at a poinl in the guspension.

Since @lz,%) and al{sz,t) can both be determined, wiz,t) can
e ealeula ted using eguation 3e3.

{8} The Suaspension szg a Continuum. In the preceding
& Lok

parts of this section the suspension of perticles has been

&

troated as a conbimuum of particles. Such an approsch can be

%

Justified only by tho examination of particle spacing in the

suspension. This apacing determines whether or not the use



of derivatives is justified.

in se tting up the differentlel eguations one taclily
assumes that sueh functions as @, W, a and A ars conbinuous
Punations and possess derivatives. For apace ﬁariv&%ﬁv&g
this éa&ﬁmy%io& reguires an element of length dz %o be many
times the distance betweon individual porticiss. For time
derivatives the sgsumption requiraes aﬁ'aleaant of time d4dt to
be long enough for many particles to pass a polnt under cone
sideration.

Tho element of length, moveover, must be smell with
vegpect Po the dimensions ﬁf the sugpsnsioni hence dp nust
be small with respect W 2. The ifmplication, then, is twolold.
Firsi, the partlcle spacing muat %@‘n&@ligiﬁlﬁ sompared o
dimonsions of the susgpenslon. Secondly, any sample used to
debernine cwmé@a%@&tﬁ&m must contain a large number of
particles, The volume of such a sample may be the volume of
a sewple actusally withdrawn from the suspension. On the
ﬁﬁ&ﬁr'hané, it may be the volume included in the beam of
light in a photo exbinebtion tethnique. (19) In any aaaéa
the volume mist contain a lerge number of particles. In all
settling column experimentis this condition was satislled

axcept as noted in chapber 7 for raw sowage.

32 Continuity Relationshins for the Free Settling of

Discrobe Paviicles

(a) A Suspension of Uniform Particies. During free




setbling in & constent fiold of for@@,* a discrete pariticle
maintaling & constant setiling weloclty unitil 1% ig removed
from suspension. When this is the case and when the particles
in suspension are all of one velocity w, the solution of the
scontinuity equation is quite simple. Bguadion 3l then

beocownes

i o (3-9)

Since w ig & conshant one hag

~ ™
) AP} | (3-10)

3 %

bguation 3«10 is & first order linear pariisl diller=-
ential equation with counstant ceefficienta. The solution is

given in many standard toxts as

Pla,t) = Pz - wh) (3-11)
where #(z) = (2,0) {(3-12)

Equabion 3«11 is exactly the same as equation 2123 derived
in chapter 2. The latbter ls based on physical considereations.
The physieal significance of oquation 2-l2a has already been

explained in section 2-3. -

In & ecentrifuge, for ezeample, the force on a particle is &
function of spesd of rotation and distance from tha center
of rotation. The equations of thils section would have %o
be modilled for suech e case. Oravity, on the obthser hand,
cretbes a congtant flcld of Jovoo,



n}_%,{ b2

{b) A Polvdisperse Suspension. When a suspenslion
contains particles of many siszes 1t is often called poly-
disperse. In this theasis polydisperse will almc rofor to
suspensions with particles of many seitling velocliies. For

sueh suspenslons, squation 3 can bo writien
N el
E WB ow ; YRR
S%&%-@'Ogm{) (3«13}

If equation 3«13 is considered as a differentisl eguation
in @, then the coefficients sre unknown variables., It is
mueh more direct to yr@émﬁﬁ as in gection 2el. In that
goctlon the analysls is based on the faet that in free
settling, dincrete particles of each settling velocity setile
&g LI there are no other particlss in suspension. For each
gottling veloclty there 15 a solution in the form of squation
3-11. Since the concentration of particlos of veloocity w

was plven the form f{z,w,t)dw the following equation was

obtained.
g/t
#lz,t) = _//A Lalz = wh,w)dw {2«1)1a)
O
whore f@(g,w) = f{z,w,0)

Tho limits of integration are for & case whore all the
particles in suspensiocon have positive sebttling velocitien.

{c) Flux Distribution. Equation 2-lha gives Bl{zs%)

entirely in terms of the initiel distributlon funetion

fﬁ{ﬁ,w). The same method can be used to determine a{z,t) in
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terns of fg(z,wb. The result Pollows from the delf rinition

of alg,t) and is

2/
a{g,t) = J/P ngiz - wh,w)dw {3-1L)
Q

Again the limits are for a case where all particles have
pegitive sebbling wveloclties.

Perhaps of preater inbterest than the flux 1%self is the
rate of change of flux with $ime. In the metliling of {locou-
lent suspensions, a{z,t) changes with time not only because

¥* %

of settling but also becauas of flocculation. 1T the total

chance in a(z,%t) is measured, it would be very fortunate 17

the changes due to sebtling, and floeculstion could be
soparated.

For very dilute flocculent suspenslions, the settling
between pariicle contacts is probably unhindered. If so, the
funection wﬁéggi&&er free setbling is of some value. To
obtain it, ome fiveb writes the continuliy equation 3-10 for

particles of veloolty w as follows:

r
%E%L@{ﬁ,w,ﬁ)d%} * W%%Lfiz,w,ﬁ}ﬁ%J a () {3«15)

R
See sguabtlon 3«1,

*% .
See chapter D,
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Multiplying both sides by w gives

Urdw) . 2d(£dwm) a2
W“(“rz;' ..g..%w%_zmma (326)

Inbegrating with respsot o w gives

oo
/ A, / WH — (3-27)
9

for cassa where all w >0.

It follows that

/OO O

’\0 / 2% @ % 9 ok e Y o # P

T/ wilz,w,5idw + g%. /W‘giimw,mﬁw = 0 {3-18)
O O

The first term of eouatlon 3«18 is simply Q»»—%-%J To
inteyryrelt the gecond term 1t is Pirst necessary to resllize
that the dlsteribublon function £lz,w,t) can be considerod es
a locel instantanscus sedbling veloclity distributlion. It is
ghown in this form in flzuve 2«7, OConsequently, the torm

& o

O
ig the second moment of this wveloeclty disteribudion aboub the
axis w = 0., If 0{zs%) is defined as the standsrd deviabion

of the sebiling velocity distribution, then

2/t
/ w‘?ﬁ’iz,wﬂ)@ﬁf = (W 4~0‘2)?5 (3-19)
O
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and equatlon 3-15 can be written

-5 Mzg[ﬁ@?“% %o‘?}ﬁ} s 0 (3-20)

If in an experimdft, one wishes to know tﬁﬁ net change
in af{z,t) dus solely to free setbling, one wmust moagure the
abandard deviation of mettling velocities at a point. Thils
mﬁasméam@m% is extremely difficult, Nevertheless, 1t 18 an
advantage to know what should be measured in an ideal
experiment,

() Comstant a/% in the £,z Dispram. Before leaving

the gubject of free ssthling of discreite particles, one

additionml relationshlp must be established. This relation=
ship describes the lines of constant u/t in the F,z diagram.
In working with the @,z diegrom these lines are importent.

Por the present, 1t i sufficilent to pive tiwse lines an
elementery interpretation. Imegine that an observer is moving
éﬂ%ﬁﬁﬁ?ﬁ through the suspension at & constant wvelocity. When
the observer reaches depth z, what concentrabion doss he find
there? The plot of this concentration as a function a;‘z is
a line of constant 3/t in the #,s diapram.” An example is
shown in flgure 3«2,

The slope of a line of constant 2/t will be the derivaw
tive of ﬁ with respoct o z along the path 2 = K&, whove X is

g constant., It is eazsiest to beplin with the dorivative of
T?

*
To be precise, the observer must stert at a depih z and
time Kb ir the value of z/t i3 %o be a consitant.
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consenbtration of particles of & single veleoclity. Henecs,

1 r

! 1 r
&{ﬁ‘iam,t)ﬁﬂ ’-*:zz %Li’(s,w,%}gwj dz + %F(a,w,%)c&w}dh

%[i’(z,w,ﬁ)ﬁw} m%%{f(m,mt)éw} @%%ﬁ[ﬁa,w,t}ﬁ% o
X (3-21)
‘ &wha%%tubﬁnﬁ the contlnuity equation 3«15 into eguation

3-21 eliminates the time derivative and gives *

ﬁ%[f{ﬁcﬁsﬁ}&%} ’u il * %?)’i%[f£&’w’ t}ﬁ%‘i‘% {3”32}

Emkh sides of this squation can be intoprrated with respect %o

w with the result that
/[ﬁfgggwtﬁz] //1 - %){ fgﬁ%'&g %2} aw {3“%}

For a suspension with all settling veloeitles positive,
theres will be no pavrticles with w K remaining at the depth
z = Kt at time t. mé@mfam, the 1imite of integration are
zereo and K. Since both of these are cornstant, the derivatives
may be talten outslde of thoe integral sign. However, 4t is

more convenlont to leave the righit hend zide of squabion 3«23

* ' ‘
The subsorlpt X on the left hend side of equation 3«22 and
3-28 indicates o total derivetive in the direction z = Kt.



ag it is. The final result is
4
g

Substituting eguation 3-11 or 2-12 into equation 3-28 gives

K
*’f (x - iféﬁW aw (3-24)
O

K
%%)K wﬂj, (1 - g)?fﬁ{a(l - %}, %}dw (3-25)

0 2z!

where the differentlation is with respect %o the basic
variable z' = z(1 - ¥).

Bauation 3-25 gives the slope of the lines of constant
z/t. While the slope could be integrated to give the actual
gguation forthe line, the slope is more interesting than the
line itself, For example, 1f the initial spatlal distribution

fg(z'ﬁw} is independent of z', then

-

~.f
__G_[z(i - %),WJ = 0 (3-2¢)
oz

for each w, The lines of constant z/t are all straight lines
parallel to the z axis. This is what occurs in the ideal
tank and in the pipette analysis.

If the initial spatial distridvution is not constant for
all w, eguation 3-26 i3 not true, What will be the slope of

the lines z/% = K? It will depend on fg(z,w); i fa(ﬁ,w)

decreases with denth then



e [ W
%(1 - g)»"ﬁﬂ <0
732.

Therefore, if the majority of perticles have concentration
decreasing with depth, the integral of equation 3-25 will be
negative. The line z/t = X will have a nogative slope 1ilke
the ono shown in Lfigure 3-2. As & matier of fact, in an
sxpsriment without floeoulatlon & negative slope of the z/%
lines L8 a sure sigzm of one thing. At the bogimning of the
togt there are more paridlcles nsay the bLtop of the column
than nesar the bottom. ™ A similar statement can be made
concorning /% lines wibth posibive slopes. If they oceour in
ax@avimﬂm%al rosults the initial distribution of perticloes
must bave incressed from the top of the column Yo the botbtom.
Even for flocculent suspensions a positive szlops will be
svident for the early stages of the setiling. Durlng these
staces the effect of floceulation is le ‘

& £
than the eff

&

st of
ini%&al disﬁrihati@mi** Eventually the effect of llocculation
prodominates and the lines of constant 2/t have a negative
Blope.

Several other uses for lines of constent 2/t ocour in

other chapters. They willl be discussed as they occur.

"
See the ezperiment discussed in soobion l-d.

E&ayﬁh@ #,2 disgren snalysis of data by Fiteh {9) in
section H=2,
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3-3  Hindered Settling of 8 Sugpension of Unlform Particleogw.

Kyneh's Assumpbion

(s} Relationship between Concentration and Particle

Settling Velocity. Many workers bave luvestigabted the offeet

of vparticle concentrabion on the settling velocity of pare
tiecles in & suspension. In this gection, the resultas of ons
such investigation will be used. It 1s typleal end adequeate
for the purposes of this sestion. For o mors conprehanslve
presentatlion of the sublect, the reader is referred to the
fext by Coulson and Richardson {(12).

The results to bhe used are credited to 3Stelnhour (20).

He condusted eoxperimenits with suspenslons of small uniform
spheres setitling in the Stokes! range. His resulis are
expressed by tho semli-empirical eguation

¥ = Qoo " 1.8200 (3-27)
The symbols have the following moanlng:

w = particle settling velocity at concentration #.

W, = particle settling veloelty when particle settles
alons in a fluld of infinite exbtent.

X = pociprocal of speelfic gravity of the particles.
Therefore, X# is the fraction of the volume of the
suspension ococupled by the particiss.

In the experiments, the values of X range {ron O bo 0.55.

In firure 33 squation 3-27 is plotted to show how the

function & veries with %the volume concentration™f@., In the

w
8
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gama figore a curve for thoe gwaﬁme@cxﬁw/wg shows how the fium
varies with volume consentration.

Hany workera have obtained results reloting setiling
velosity and volume concentratlion. For example, HeNown and
Lin {1} have shown thai % iz & funotion of Rewmolds
mmber and the ratioc of §aiﬁin1@ diemster To mean paritlcls
gpacing. This ratie is ﬁimylw 8 constant timcs &X¢31/3

in the light of %ho ﬁﬂy%rimﬁﬁﬁal ﬁv;depae, Kynah {5H)
assumed that for o suspension of unifomm par%iﬁiﬁﬁ w is o
functlon of @ alons. Actually, his sssumption 1z move
expllicit. 1% stabes that ths sebtling veloclity ab any point
in a suspension is & funotion only of tM@ losal concentration
of pardicles. This agsumption is not ﬁﬁwictly correct since
it negleocts any effect of Reynolds mumber. However,

Kyneh's analysis is still valuable in interpreling resulis
£ settling colunn éxpawimﬁnﬁag

(b} Eynehts Solutlon of the

According to Kyneh's assumption, w is a funcilon of # alone
Since the flux of particles of veloelty w iz equal to wf,
this flux must &lso be a function of # alone. It follows

that the aaﬂ%immi%y squation lel, can be written
2 2 | | A
7"}% > %%%'% = 0 {3207

where ﬁa ie & funection of P.
aF

Eyneh solved equation 3-28 by the method of



2 e * A, - o ..
sharactoristics, The solutlon hag the form

#lz,t) = Plz - g‘% (3-29)
where F i a Duanction of the tern 2 - “ﬁm. ? ls dotermiinsd
da

from e inltial distribution of particles while I is
debtormined from & relationship like equablon 3=27.

The reader will recall thet for free settling of uniform
particles the @,z diaprem is very simple. Bach profile is
merely the imi%iai digstribublon displeced along the z axis
by distance wi. Por hindered settling, this is not the
peneval case. An oxample ﬁ,z dimgram is shown in figure
Swits It was drawn for a suspension of unifora particlos with
a

. Pres settling veloclity, w of 0.01 com. nor zecd.
) r o

8
The Initilal dlstribution of pariicleg is sivon by the
profile labeled £ = 0. The subsequent profiles wore caleuw
lated using equatlon 3-29 and fipure 3«3. Bach proefile has
a horlsontal sectlion that represents s sharp interfece in
%hé auspenslons. Above tlw inberface, the fluld iz free of
suspended particles., The scaleulation of the position of ithe
intarface requires additional technlques which are described
in Eynehts original work.
{¢) Particles Uniformly Distributed et t = 0, If at
t = 0 the concentration @ is uniform, the initial profile

of fipure 3«4 is a straighi line parallel to the = axis., If

w depends solely on & whileh iz uniform, then w iz unifornm.

*
3ee refeorence 21, p. 373.
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o force exists o change ¥, and the initlal uniform distri-
bution sebditlos &8 & unit.

() Lines of Constent z/t. A sample lime of constant

g/% is shown in figure 3«4 as o dashed curve labeled
z2/% = 0.1. It is moon to have positive slopes. As for the
gase of fres setiling the vosiiive slovs indicetes rnonwuniforma
initial spatisl dlstribuition of particlss.

If however, & suspension has partlicles of moro than
one sottling velocity, 1t is d&fricult %o intervret the z/%
lines. Bven vhen partlcles of each veloslty are uniflormly
distrivuied at $ = 0, the faster moving shead of ths slower
cause o concendrabion sradient. This varistion in £ causes
particles ordginally of one veloclty %o have & veloolby which
varlies with ﬁ@@ﬁh due to hindersd sebtiling.

Sinse the congentration increases with depth, particle
valoclities will decresse with depth. Por cach w the partlcles
fhow aro

e Woe. -
PLad UpT ad suspension #8 WeY

o

Plrmure 3-l. Thus, the lines of consbant 2/t have a positiwv
slope. That is, the observer moving ai the v&iaciﬁy'% = K
movaes inbo preater concentrations ag the pardleles in front
of him deerease in soilling velosity. Thereflore, unfortunately
a positive slope of & 1ine of constant 2/t ia a sympbon with
two possible causes. It can be cauged by non~uniform initlal
spatial distribution, or by hindered sebttling of & polydlsperse
gugpension. Hevertiolass, the sympitom ean be of valus in

diagnosing what takes plece in a settling coluwnn.



wégw

CHAPTER 4
APPARATUS AND PROCEDURE FOR SETTLING ANALYSIS

The purpose of this chapter is to deseribe the apparatus
usad In the experiments of the research. The chapter also
desecpribes experiments performed for the purpose of testing
the apparatus,

Section 4-1 demcribes the coneept of settling analysis
and some of the experimental problems involved therein. The
following sections give detailed descriptions of the apparatus.
Each section is written 1n the format of & recipe tec be fol-
lowed in using the apparatus., This is especially true of
the subgection entitled "method.” Unless stated othervise,
this subsectlon refers to the general method of using the
spparatus,

In future chapters experiments will be mentloned by their
names and only results will be given. Any devisbtions from the
methods or apparatus described in thils chapter will be de-

seribed when appllieable.

4.1 SBettling Analvsis

In this thesis the term settling analysis refers to ex-
periments in which suspensions are allowed to settle by
gravity in settling columns, In such an experiment, the
particles may be discrete or floceunlent; the settling may be

hindered or free; the fluid may be quiescent or turbulent.
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The name, settling analysis, must be credited to Camp (1)
‘who suggested that such experiments be conducted in connec-
tion with the study of settling tanks.

On the other hand, the term settling veloeclty analysis
refers to one gspecial case of gettling analysis, The par-
ticles must be discrete, and the settling must be free and
guisscent, In addition, the particles of each settling
velocity must be unlformly distridbuted at the beginning of
settling, The object of gettling veloelty analysis is to de~
termine the settling velocity distribution £{w) for the sua-
penslion, In most literature such experiments are called the
sedimentation methods of particle size analysia,

The methods of settling veloelty analysis have been sum-
marized in many works (19,23). Since the mebhods of settling
velocity analysis are similar to the maéhmdg of settling
analysis, one will naturally review the former to find tech-
nigues for the latter. The cholee of & settling velocity
analysls technique for uge in settling snalysis is hased on
the nature of the suspension to be analyzed.

The essence of settling analysis 1s the testing of a sus-
pension in 1ts natural form, In general, the particles can-
not be removed {rom the suspension for geparate examination
because such removal may change the particles from their
natural form. Furthermore, the suspension cannot be diluted
or concentrated unless 1t 1 certain that such process does
not alter the natural settling behavior of the suspension.

Finally, 1t would be very inconvenient if the apparatus for
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settling analysls had to be calibrated for sach suspension,
The suspensicns to be tested mey have a wide range of con-
centration, settling velocltles and colors. These factors
ghould affect the calibration as little as pogsible,

Ag an 1llustration of the problem, comaider a suspenslon
of eolored turbid water whieh 12 to be treated wilth alum and
acbivated silica. The treated water is t0 be allowed to
“gebtle in a tank, but first the water is to be tested in a
settling ecolumn, From the point of view of sebblling analysis,
the turbld wabter wiith the chemlecals is the suspension. Even
the mixing necessary to distribute the suspended partlcles
in the column may be allering the suspensilon hefore settling
veging., Therefore, this mixing wust resemble the mixing that
takes place when the suspengion enters the setiling tank,

In conducting a setitling anslysis only two Cypes of
meagurenents are primary.* One of these is the concentration
@lz,t) at various depths aud various times. The other is a

irect measurement of the vremoval, A{D,t), of particles from
fhe suspension above depth D, Other measurements such as
temperature are necessary but can be considered as suxiliavy
to those for # and A,

The msthods of setltling veloelty analyslg are usually

divided into two groups, depending upon whether A or # is

* ,
In many settling analyses of concentrated suspensions, the
subsidence rate is the primary measurement. Behn (QES

rag presented a summary of such work,



measured, The concentration, #, is measured in the pipette
snalysis, the photoextinetion techniques and the plummet~
hydrometer family of analyses (19,23). The total removal,

A is measured in the Oden balance method, the manometer
method, the bottom withdrawal method and decantation (19,24)

For the research éessrih@dvim this thesis, one method
was selected from each of two groups of sa?@liag veloelty
analyses. Prom the first group, the pipette method was
selected. The hydrémeﬁer method waﬁld not be sultable for
measurements at several depths, and the photeextinetion tech-
nigue would be affected too greatly by the wide range of
color and particle size encountered.

From the second group, the bottom withdrawal tube was
selected as a means of measuring the total vemoval A{D,t).
This type of apparatus has been tested extensively by the
Federal Inter-Agency River Basin (FIARB) Sub-committes on
Sedimentation (26,24)., In the testing, the apparatus ex-
hibited consistency and accuracy as a technique for particle
size analysis,

The selectlon of these two methods has been imflgeﬁeeé
by a @mnsi&e?a%ian not yet mentioned, Thias consideration is
the scale of the analyslis. Most settling velocelty analyses
are conducted with samples ranging in volume from a fraction

of a liter to a few liters. On the other hand settling

Setter, Price and Grossman (25) found that they had to
homogenize sewage in a Waring Blender in order to obtaln
satisfactory correlation between light transmission and the
suspended solids as measured by Ooch cruclble,
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analyses are conducted with volumes of seversl gellons or
greater. In its full stagze of development settling analysis
may be conducted in tubes as deep as settling tanks. Such
tubas may be 15 feet deep and one foot in diameter. The two
methods selectad should operate quite satisfactorily on

Ehat sea la »

Qeﬁ Two-Depth Settling Avparatus

a., GCeneral, Many preliminary experiments were conducted

u&ing simple pipette analysis. "Two methods were tried. In
one method, the suspension settled in a liter graduate, The
samplen were withdrawn by means of an ordinary pipette, the
tip of which had been broken to give a slightly larger opening.
In the other method a fixed multiple intake pipette was used.
The apparatus was simllar to that develoyeé by Jennings,
Thomas, and Gardiner (27,23).

These methods are quite satisfactory for free settling
of discrete particles uniformly dilstributed at the beginning
of the test. Under these conditions the result is an experl-
mental curve for the cumulatbtive settling veloclity distribu-
tion, Fl{w). On the obher hand, with no information other
.ﬁhan the experlmental curve, how does one know that the neces-
sary conditions have been met? One is much more certain 1f
samples have been taken from %wo‘d@pths in the suspension and
all points fall on a single curve.

While two-depth tests apre not infallible, thelr results
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can indieate errvors in gebttling velocelby analysis, These
hegts have a second value as a prelimlinary study for Tlocou-
lent suspensiong,

b, Apparatus. The apparatus uged Ffor taking sanples

at twe depbhe is 3@gwn in figure 4-1. The settling suspension
ig contained 1n a settling tube made by Mlatltening the pﬁﬁr*
ing bip of a two-liter graduated cylinder. The graduations
- werg converted to glevation readings and uged for surface
glevation readings., For temperature conbrol, the setiling
tube si@aAin a water bath.

During the experiment, samples are wlthdrawn through
sampling intakes similar bo the one shown in filgure 4-2,
The intakes are attached 4o glass tubes which are, in}turn;
abtbached to a rubber stopper. The tube is assembled by
preasing the rubber stopper tightly Zunto the posltion shown.

The actual withdrawing of samples 1s performed with the
sample-drawing appaéa%ua shown in figure 4-3, By means of
the %hra&wway.ﬁﬁoy cogk, the suspension 18 made to {low up
into the waste tube., This flow frees the intakes and tubes
of any suspension remalining from the previcus samples, The
suspension 18 then made To flow Ilmmediately into the 350-ml,
graduated tube where the sample 1 collected, Between samples
the guspension 1s drained from the waste tubes in preparation
{or the next sampling operation.

e, Method. Two liters of the suspension to be tested

are placed in the settling tube, The tube and contents are

placed in the water bath until the suspension reaches the
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temperature of the bath,

After asgembling the tube, the elevations of the intakes
and of the éurfaca of the suspension are read and recorded,
The assembled tube 1s inverted in cycles and shaken for two
minutes., At the end of the mixing, the tube is quickly
placed In the water bath and the semple-drawing apparatus is
attached.

| The end of mixing has been arbitrarily selected as the
beginning of settling, Therefore, the time of settling, t,
for any sample is the time from the end of mixing to the
taking of the sample. Samples are taken according to a pre-
determined time schedule, and after each sample the elevation
of the surface of the sugpension is read,

The volume of each sample is measured in the gradusted
tube in which it was collected. Normally the volume is be-
tween 30 and 40 ml, The suspended sollds in each sample is
then determined by filtration through Gooch erucibles sccord-
ing to standard methods (28),

d, Calibration of Apparatus. In order to test the

apparatua, experiments were conducted with a suspension of
glanps aphereQ* in distilled water. The spheres were obtained
in sieved fractions from the manufacturer, and suspension
gould be made up by weighing out quantities from individual

fractlons,

*
“S8uperbrite Glass Beads'” manufactured by Minnesots Mining
and Manufacturing Co,., 3t., Paul, Minnesota,
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Aecording to the research by FIARE (26), the pipette

melthod 18 not accurate for sand grains larger than 0,00 mm,
In water at 25°C these grains would have a settling veloelty

of approximately 0.4 cu. per ssc. The FIARE also found that
Tor particle concentrations of less than 3000 nmg. per iliter,
the experimental resulis arve not conslstent enough o be of
valoa,

Preliminery experiuvents Indicated that the FIARE findlings
wight not be corrvect, % was declided, therelore, to use the
apparsbus for analysis of & suspension having a total congen-
tration of 1000 wy, per llter and settling veloeltlies Trom
zere bo greater than 1 cwm, per sec., Such a suspension was
made up and tested. The results are shown in flgure 4-4, At
the high velocitles {w>0.C em, per sec,) the best 18 too

rughed bo permlt careful sampling with hoth Intszkes. As a

regullt no data were obialned for the larger setiling velocitiles.

However, the data for the lower veloclties and lower concen-
tratlons are not far from a Fitited curve,

The test was repeated using one intake at a time. For
this purpose two 1deatical sugpensions were prepared. One

was analvzed using only the upper intake, the obther usling
W ! 4 & 2 >

3

only the lower, The results are plotted in flgure 4-5, A1~
Lthough two polnbs have & signiflcant deviastion {rom any pos-
gible smooth curve, the others remaln close Lo & single curve.,
The two points with large deviation represent samples taken
20 seconds after the beginning of settling. During this time

the turbulence from the mixling had a large effect on the
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gebttling of the pariicles.

A cumulative Bettling velecitﬁ digbribeclon was galcu~
lated from the weight ol each sieve fraction used in the sus~
pansglon and the nominal gleve slge for sach fractlon. Thls
distribution was plotied in figure L-5 as a dashed curve.

The calculated and measured digtribution do act agree. The
only absolute method of determining whileh 1s correct consists
of dropplung individual particles lu water and measuring the
pebtliing veloeities,

Vanaﬁi {29} has measured the seitling velocities of in-
dividual sand grains. Fivst a sieve avalysis of the sample
was made wibth a fourdth rool of two Beries of siaadard Tyrler
sieves which were shaken for 10 minutes in a Tyler Robap
Machine., For e&éh sleve fractlon, Vanonl measuved the
setvling velocities of a number of randomly selected gvains,
From the measured velocities he calculated a mean sedlmenta-
tion dlameter for each fraction. For sieves [{iner %h&g
150 mesh, the mean sedimentatlon diameter of a sieve frac-
tion was found to be approximately 1% per cent larger than
the mean sieve opening of that {raction,

The glags spheres &ﬁ@é in the two-depih tesis wers
small eaough to pass & 150-mesh sieve. Assume, therefore,
that the éeﬁimen%atian diameter 1s 15 per cent larger than
the nominal sieve size. As a resul%, the calculated settling
velecitles shown in Pigure 4-5 would have to be ilncreased by

approzimately 30 per cent., The velocities shown by the



d@twaa gurve in flgure -5 are bassed on o sedimentatlon
dlameter which iz 15 per cent larger than the nonlmal sleve
size, The dotited curve and solid curve agree well., There-
fore, the difference bebtween velocltlien measurgd in the
settliag analysis and the velocitles caleulated from sleve
sige i8 couslistent with the {indings of Vauoni,

There is another reason for beligving that the data
shown in figure 4-9 are reliable, It is the fact that the
resulis from both intakes fall on one curve for w50,7 om.
per 8ec, Apparently, bthese resulis are independent of depih.
This is equivaleni to saying that the llunes of constaud
2/t in a @,% diagram would be parallel to Che =z axls, Con-
seguently, there iIs 1ittle likelibood of floceulatior
nindered settliing or non-uniform initial speiizl distribu-
thion of parivicies in the experimens, This observabtion and
the relatively good it Gi the sxperimental points indlieate
that the distribution ig corvreet for w < C,7 om. per see.

17 the apparatus is successful for the suspension bested,
1t should be more succensiul for suspensions wiih slower par-
vicles,

g, Consistoney of Resulita. The above mentiloned research

of the FIARE definitely iadicated that bthe pipeluve analysis
will give very erratlc resulis fur particle councentrailons
01 less than 3000 mg. per liter of suspenslon, Eon meguently
the apparatus had o be tested for consistency.

These tests were performed in the following manter.

Firet, four samples of glass gpheres were taken fromia single



L
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o

sleve fraction., Two of them were used to make up suspensions
while the others were used for sleve analysis. The resulis
of the sleve analysis are shown in figure 4.6, For each run,
10 grams of spheres were sleved for 10 minutes using standard
Tyler sieves in a "rotap” machine, The main object of the
analysis was to show that successive samples of spheres btaken
from & single sieve fraction would be similar, Any incon-
platency of results in settling analysis would then be the
fault of the apparatus,

The suspensions used for settling analysis were made up
with spheres and distilled water, each contained 1000 mg. of
spheres per liter, EXach suspension was analyszed in the two
depth apparatus shown in flgure 4-1, but only %the lower in-
take was usped. Conseguently, the test was a gimple pipette
analysia; The consistency of results from two rung can be

seen 1n Tigure 4.7,

4-3 Multiple Depth Settling Apparatus

a, Genersl, In order to measure concentration profiles

in a settling column, 1t is necessary to have & deep sebttling
tube with sampling intakes at several depths, The settling
tube described in this sectlon has a depth of 120 em, and

has intakes at three depths. Obviously, this is not adequate
for the study of settling in a deep tank., On the ather hand,.
it 1s large enough to present many of the problems which must
be solved for large scale tests,

By far the mesat important problem in the use of large



¥

L5

*saisyuds 5821l

Is

001Y



- 17

D

14 o

y Auirsees qydepeoml

°2D8 Jwd
1

CABIT A UL
srgfeun 431100194

3wy 10 2¥elul avmci Ju

s

10wy A3iooysa @

°

et

i T
| | |
| | i : ;
i ! i i :
H ! H P ! ; i
| ; ; : i
| ; : : !
i ! i , :
i | ! ; H
W { | i 1 i
i b w ! i H
: ! i . | :
! , ! i i :
; ‘ i | . , .
I A — q : : : 062
| i s i : ? i i
. ! i : i :
| i ! : i R i !
, ﬁ ! . [ ' ! ; ,
: Do L Pl L i <
! | i ! | | i i H |
| H i i . i ; !
u - i : ! ; !
b i . o . !
: H i | H H i i .
| | 1 : | i : , W : :
| e B S S 0%
T ' . : : .
t H i ] i '
P | H ! ! ; i
| i
, i : i
i ! ! ! .
| oL i ;
; i o : : , i
: ' i ] ! :
_, m | ; : i i
i : ! ﬁ ! ' §
! | § ,, ! i {
} — 1 + + +
o - : T , , i | OQ
Lo | } I i |
.
‘, ,,
! ; !
| s i
| . |
! i ” .
+ ; B AL TN 4 Py YT N =d
| T ; 7 oy uny Y Oz
§ ; I
! |
| : | 1 'ogwnyg O
| | ! i
i | | : )
{ | : ! : ) 0 . )
, ,. | M, m M ol ,ﬁ ,N |
W | | j | Lo | | |
H | i | H | |
| | | Lol ! !
! ! ! ! !
1 _ | ,, ! ! I

ool

(st



£ ‘
¢

deep tubss, is the distribution of particles at the beglnning
of settling. For all the tests conducted in this research, the
aim was to have particles of all gsettliing veloelities uniformly
distributed, After many fruitless attempis, the problem was
solved rather simply., The suspension is well mixed in e
gseparate container and then poured gulickly into the settling
tube., The separate container is the mixing hopper described
below.

Another problem occurring with deep tubes is the control
of temperature. In this research the temperature wag meas-
ured bthroughout the experiments, bgt it was not controlled,
In addition to the obvious effects of temperature on partlele
settling velocibiesn, there is the more aﬁbtl@ ef'fect of con-
vection currents. Any change of temperature outslde of the
tube wlll cause convection currents inside the tube, No ef-
fort was made to determine the effect of these currents.

One must also mention that deep settling tubes present
a problem in the design of sampling intakes. If the intakes
are attached to tubeg which extend from the top or botiom
of the suzpension, these ftubes will be long. They will con-
tain a large volume of suspension. Before each sample this
volume of suspension must be flushed out. The greater the
volume, the more complicated the sampling,

Pitch (9) has used a settling tube in which the sampling
intakes pass through the tube walls, The apparatus appeared
to be quite aatisfactory, and 1t hag the advantage that all

intakes operate by gravity flow,



b. Apparatus, The nmulétiple-depth settling tube ls shown

in figuve 4-8, It is essentially the same as the two depth
tube, but there are two differences. At the bottom, theve
im a third sampling intake which operates by gravity {low.
At the top, there is a platform which resis on ths walls

of the tube. The upper sampling intakes are attached to
this platform, in order that they can be quickly positioned
.at the beginning of the settling.

Another major piece of apparatus is the wmixing hopper
shown in figure 4-9. It is simply a cylindrical contalner
with a conlcal bottom., In the center of the bottom is &
large opening closed by a rubber stopper. The size of the
opening is an cesential feature of the hopper. When the
stopper is removed the contents of the hopper must fall 1Into
the tube before any appreciable settling can oecur, The
hopper holds seven liters of water which can be released in
five seconds or less.

¢, Method, The suspension to be tested is poured into

the mixing hopper where 1% is mixed by the mechanioeal stirrer.
The length of mixing time 1s usually two minutes, during which
the temperature of the suspension 18 measured.

The settling tube is positioned directly under the hopper
ag shown in figure 4-9, The platform and upper intakes are
removed from the tube leaving the top open. Ab the end of
the wixing the stopper 1s removed and the contenis of the
hopper fall into the tube., The platform and upper Intakes

are replaced and the sample~drawing apparatus is attached.
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From thie point, the rest of the exp@riﬁanﬁ is sinilar to
that for the two-~depth tube., The one exceptlon ls that
&xﬁra samples are taken through the third sampling intake.
The time of sampling hag been arﬁitrarily'maaﬁuvad from the
and of pourdng. This is not preciae but The results indlcate
that 1t is satisfactory.

Throughout the sxperiment the temperature of the samples
iz measured immediately after they are taken. These measuré»
ments plve the temperature inside the tube at the time of
sampling. Additional ﬁ@mp@r&%ura;maa%mr@ments are made at

the surface of the suspensgion and In the alr around the tube,

d. ﬁompariaén with the Two~Depth Tube. The two-depth
tube was tested for consistency, and the resulis are guﬁwﬁ
in figura 4.7, The suspenslions for this tept contained gzlass
spherss from a single sieve fraction. |

A puspension mf spheres from the same sieve fractlon was
analyzed in the multiple -depth tube, Samples were taken
through the botbom intake and analyzed for 3uap@n§ﬂd solids,
?he results are plotted in flgure 4-10 as a solid curve.

The dashed curve of figure 4-10 represents results ob-
talned from a2 similer analysis of an ildentical suspension
in the two depbh tube (figure 4-7)., OF cowrss, the data have
been corrected so that both curves of figure 4-10 corvespond
to sebtling at 21°C. These two curves agree reasonably over
the range of c@@man ?elbeities. Such agreement lg an indics-~
tion that boith eurves ér@.re&sanably acrreéé and that the two-

depth and multiple-depth tubes zive consistent resulbs,
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4-% Multiple-Depth Analysis of a Suspension of Glass Spheves

a, General. A multigleoﬁegth analysls wag performed

on a suspension of glass spheres in tap water, The purpose
wvag to caleulabe the ideal removal of @@rﬁiél@é during gulesc-
ent setbling. This ideal removal was %o be compared with
direct meapurements of removal In the bottom withdrawal tube
discussed in section k-5,

b. Method., It has already been mentioned that the glass

spheresware supplisd in separate sieve frﬁ@tionﬁ., By waigh-
ing out 8 definite gquantity Ifrom eagh fraction any reguired
mixture can be made, Four ai&il&r nixtures were made up in
thig manner. |

Two of the mlxtures were used for sieve analyses. They
weore sleved for 10 minutes through standard Tyler sleves,
The sieve analysis curve is shown in Plgure 4-11.

Another one of the mixtures was mixed with tap water.
The resulting suspension was analyzed in the multiple depth
gettling tube, '

. Obpervations. The data from the analysis are given

in table 4-1 and the results are plotted in figure 4-12, Mo
attempt has been made to find a single cumulative settling
velocity distribution, Inssead, the figure iz econsidered
merely as a plot having concentration as a fuﬁéﬁimn of 2/%
for each intake. As a result, there is a definite regular
curve for each intake. Moreover, there is a definite trend;

the lower concenbtrabtlionsococur a8t the lower intakes.



.

re of glass aph

=

vt

i1

¥

&

i

I

-

80
20

o

ot
@
£
]
[
>

o=

i

pE

[
P



Table 4=1

Mltiple-Depth Analysis of a Suspension of
Glassg Spheves in Wsler

Tine Weight Cono, of
After Depth of Spheres § of
Shard of Volume Temp.,  Sphores in Average
of Intake of of in Sample  Initial
Settling Inteke 2z = 8/t Sample Sample Sample F{z,t) Cone,
&%; g@g ﬁ?ﬁ. M./%ﬂu mlo @G. %o Iﬂgu’l/@
O 18,5%
&0 3 BL.9 1.6 36 30.8 55 BEB,5
75 i 2.5 0.1% 32 18.7 583 &0.5
135 3 D OO0 38 26,6 ?Gu T2.5
150 1 10,0 0.067 30 0.0 328 340
1865 2 2.8  0.l18 31 16.6 525 Sbed
BR5 3 1.5 0.4 42 26,0 &7 65.0
el Ay i Tod 0,031 39 6.6 1569 17.5
255 2 27.2 0,11 L5 184 &30 At o5
365 3 B8.9 0,25 e 18.5 22.4, §33 BB.R
&B0 1 38 G007 32 0.4 13 1.4
m{} 2 23@6 0;03? 3{3 19 o@ 3.3 3.3.2 3.1.5}
795 3 85.3 0.11 42 19,0 3.0 313 324,
1083 3 82,6 0076 bbe 19,0 9.3 214 226l

# Measured in hopper during mixing,
Room temperature during test = 20.5 %,
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d, The Zz Diagram. The curves of figure 4-12 show that

for constant 2/t the concentration decreases with depth., That

is,

fég < 0 (4-1)
K

Furthermore, the particles are discrete and the theory of

section 3-2 i applicable., From this theory it must be con-

eludéﬂ the initial distribution was non-uniform, Specifieally,

the equation 4-1 means that the initial concentration, #(=,0)

decreaged with depth,

In order to investipgate this conczuaiﬁh more clogsely &
diapgram was drawn as shown in figure 4-13. First the data
were plotted as ﬁ'&géin&ﬁ % for each intake, as shown by the
dotted lines of the disgram. These lines correspond tto the
curves in figure 4-12, Kext, the lines of constani 2/t were
plotted {dashed curves of figuve U4-13),

By using the two sets of broken curves, approximate con~
centration profiles were sketehed on the dlagram. The profile
for t = 0 i strietly hypothetical, bhut it 4s actually not
negded in the enalysis whiech lollows. The other profiles have
been calculated. Once they were obtained, the removal
vatio R{D,t) was caleculated as a function of overflow rate
D/t for D = 90 em. In figure 4-14, thils removal ig shown as
8 s0lld curve,

Pigure 4-14 algo contains three dashed curves, For each
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curve, the data from one intake {fipure 4-13) were used for
a ealenlation of ideal removal {equation 2-8)., It can be
peen t(hat the "ideal” removal based on data rom only one
intake is incorrect.

Thiz error 18 due to the fact that the initial distri-
vution of concenbration #F(z,0) was not uniform. The non-
wnlifomity was probably the fault of mixing hoppeyr opera-
fion, Sinee the procedure was o turn off the stlrrer as
the suspension began to leave the hopper, 1t 1s posmslible
that some particles mtiled in the hopper, As the lag?t of
the suapenslon left the hopper; 1t could have washed the
settled parbleles oub cavsing 2 hizgh initlal concentration

-

at the Sop of the sebiling column.,

The operation of the alxing hopper wag modifled for
gubsequent tests, However, it was not modifled for the bot-
tom withdrawal experiment described in gection 4-5, Thus,
the operaltion was similar for the multiple-depth analyais
Juat described and the bottom withdrawal experiment described

4.5, The Botbom Withdrawal Tube

a, QGeneral, A& logical way to nmeasure the total removal

in 8 column 18 to collect the settled matter at the bottom.
In this type of experiment the suspension is allowed fto
gettle in & container. Periodically during the settling,
samples are withdrawn from the bottom of the eontainer, Each

sample is assumed to possess all of the particles whieh have
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waachﬁd the bottom since the previcus sample. Conseguently,
the sum of the residues Irog the samples taken dugimg Time ©
1s equal to the total removal during that time.

Preliminary experimente using this principle have %@eﬂ
unguecesaful, The rewoval measured by botitom withdrawal
has always been less than the removel predicted by other
methoda, It was found that the measured removal was greatly
aifected by the shape of the bottom of container in which
settling takes place, Experiments with transparent suspen-
slong have shown that particles which settle on the bottom
are not easily removed by wit&ﬁ?&wiﬁg a sample,

The apparatus described bBelow was designed with special
regard for the problem of removing particles at the bottom.
in principle the apporatus iﬁ similar to the bottom withdrawal
tube developed and tested by the Pederal Inter-Agency River
Basin (FIARB) Subcommibtbee on Sedimentation (24,20). In
fact, the tube described below is 8o similar thet it has
been gilven the same nane.

Dy Apparatus. The bottom withdrawal tube used in

this research is shown in figure 4-15. It consists of a
vertical glass cylinder with a glass Tunnel atitached Lo
the bottom. Flexible tublng is attached to the bottom of
the funnel. VWhen sBanples are not being withdrawn, the tub-
ing is closed by a pineh cosk,

Inside the funnel is a8 small acrapér made of thin ply-
wood and cut o fit sides of the funnel. The scraper is

attached to & thin rod which extends above the top of the
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Fig, 4-15, Pottom withdrawal tube.



eylinder. Before each sswple the rod 18 slowly twisted

for & few revolubtions go that particles adhering o the

pided of the funnel will be forced to the bottom. I has
been observed that the action of the scraper causes negligible
disturbance to the sugpensicn above the funnel. Since the
volume of each sample is lavger thao the voluwme ol the funnel,
ail‘bf the disturbed suspension is removed in the sample.

¢, dHethod. The suspeasion o Le tesled is mixed in

the wixing hopper from which it falls into the bottom with-
grawal tube. Periodlcally the secraper is turned and canples
are withdrawn f{rom the bottom of the bube. The sasples are
analyzed for suspended soclids,

d, Analysis of the Suspension Described 1 Section 4-4,

Four simllar mixbtures of glags besads were n&de up. Three of
thiem were used as described in section 4-4, The fourth was
made into a suspension and tested in the bottowm withdrawal
tute.

The data from the test arve gilven in table 4-2 and
plotted 4in {igure 4-1C, The plotved resulis have beon
Joined by the smoolh curve 1 . The curve 2 which 18 re-
produced from figure 4-18 for convenlence, gives the vemoval
caloulated by means of the F,z diagram., It iutersects curve 1
at an overfllow rate of 1.2 oo, per sec. The relationship
bebween curves 1 and 2 can be explalned by meana of the
folloving visual observaticns wade during the botiom with-

drawal teat,.
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Table 4-2

Bottom Withdrawval Analysis of a Juspension
of (leas Spheres in Water

Timeg

Afber Depth Weight Total

Start to Top of Weigrt
of of Overflow Volume Temp, Spheres of Remowal

Setiling Sanmple Rate of of in Spheres  Reblo
% b D/t Sample Sample Sample  Removed R{Z,t)
ﬁwb ) Gm‘ | QE./EW- gﬂ( %u @lﬂt gmq | %

0

62 93.5 1.52 330 14087 1.1 156
92 88,5 0,97 335 0.6626 2,07 22
10 83,5 0.7 370 19.5 5042 264 a8
20 79.0 0,33 405 19,5 1.1030 2,74 Oud
482 TR0 0.15 400 198 0.8655 4060 0.55
760 £7.0 0,085 435 19.5 07507 5435 0,67

Boom temperaturs during test = 20,09,
At ¥ = O suspension contalined 6,7¢ gu. of spheres and 7 liters of water.
Average initlal concentration w 965 mg./|.
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At the bveglinning of the aéttling, only a few particles were
segen adhering to the sides of the funnel, All of the settled
particles wuat have been colleclted by the early samples whieh
correspond to the large overflow rates for which the curves con-
verge.

As the test proceeded, the scraper became only partially
effective in keeping particles from adhering to the aides of
the funnel, The increasing length of time between samples
saemed to gi&a the particles a better opportunity to adhere
to the sides of the funnel, Consequently, the amount of

settled particles remaining in the tube increased with time,

4-6 Discussion

Each of the three settling tubes described in this chapter
hag a specific place in sebttling analysis. All three might be
used in the complete investigation of the settling properties
of a suspensilon,

7 The two-depth settling analysis ie valuable in preliminary
studies of a suspension about which nothing is known. It was
shown in seection 4-2 that this snalysis gives accurate and con-
sistent results for a suspension with a particle concentration
of 1000 mg. per liter and particle settling velocities up to
0,7 em, per sec, Research by the FIARB indieates that this
type of experiment will be more accurate for highsr concentra-
tions and smaller veloglties,

The data from & two-depth analysis should be plotted show-
ing concentration @Z(z,t) as a function of z/t. If the data
from both intakes fall on & single curve there is little like-
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lihood of flooculation, hindered settling arlmen«unifarm ini-
tial distribubion of concentration.

Because of the callbration tests with glass spheres,on
can vely on the uniformity of initial concentration #(z,0).
Therelfore, if the data from gaah intake define & separate
surve, floceulation or hindered settling ccourred during the
experiment, The difference between the curves is a measure of
‘the effect of floacula%ian or hindered settling.

The two-depth analyaié is ugeful in testling the consistency
of settling properties of a suspension, Suppose that the re-
sults of analysis were consistent for a series of aamﬁles from
a given sugpension, Suppaae; in addition that there was a ¢on-
sistent difference between the curves for the two intakes., HNot
only would the suspension be similar in all samples but the ef-
feet of flocculation or hindered setiling would also be similar
in all aampies.*

The multiple-depth analysis is necessary for a comprehen-
give study of a suspension., The results are plotted in a-gﬂ%
diagram, Once the disgram is obtained, all of tﬁe'theary of
chapters 2 and 3 can be applied to the suspension. In particu-
lar, the removal can be determined as n funection of uva&flew
rate or detention time, The mult1p1e~d¢pth‘analysis is also
necesasary for a calculation of the effect of flococulation on

sattling at & point.

g'In gection &-1¢ the two-depth analysis is used to show the
reproduclbility of flocculation in 3 suspension of clay and
alum in water. In section T-3d the same test 18 used to
show the variation of flocculation for raw Pasadena sewage.
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For direct measurement of removal in routline analysis,
the bobttom wilthdrawal btubg is most appﬂapviaﬁe. Por example,
in the luvestigation of the removal in an exlsting setiling
tank of fixed depth, one would employ & botiom withdrawal tube
ags deep &s the tank., One would then determine the removal as
a function of overflow ?&t@..

While the two-depth tube: seems to be adequabte for its
purposes, the multliple-depth tube and the bobtom withdrawal
"tube both require some modifiemtion, The mulbtlple-depth tube
should bé equipped with two more intakes, one with a depth of
£5 em, and the other near the surfage of the suspensicn,., The
bottom withdrawal tube, on the other hand, should be equlpped
with & more effiaiaﬁ% scraper, Such a sgraper should fit
snugly against the walls of the funnel and displace & small
amount of fluid as it moves, In addltion, 1t should rotate
continuously at a small angular veloelty,

- These improvements are only a part development whlch
ahould eventually take place. Both the multiple-depth tube
and the bottom withdrawal tube should be increased in size
{e.z. 15 feet deep and 1 foobt in dlameter). Both tubes should
be squipped with means of controlling temperature and intro-
ducing turbulence into the suspension., In order to £ill such

tubes an adeguate mixing hopper will have to be designed.



CHAPTER 5
QUIESCENT SETTLING OF FLOCCULENT SUSPENSIONS

This chapter contains an analytical discussion of the
floeeulation that oeccurs during qulescent settling. The
purpose of the analysis is to determine the precise relation-
ship between the f{loseculation and the removal of suspended
particles,

In section 5-~1, the effect of flocoulation is introduced
into the continuity equation. This analysis gives the effect
of Plocoulation on a conbinuum of particles. In contrast,the
succeeding section presents an analysis based on the motion
of individual particles, that i1s, & kinetic theory of floc-
~cum‘;im, The kinetic theory is carried far enhough to show
how experimental data can be used to bulld up an empirical
description of floeculation at a point,

In the literature there is one exanmple of an experimental
study of the kinetie theory of flocculatlion during seiiling.
The work is described and dlscussed in gectlon %-3 whieh con-
cludes the chapter.

This chapber is closely related to chapter € in uhich
the experiments with flocculent suspensions are descrlbed

and analyzed.



5-1__The Effect of Flocculation upon the Settling of Particles

In spite of its frequent use, the word "flocculation”
gesms to have no universal definition. Therefore, it is
necessary to defline the term arbitrarily for the purposs of
discussion, Throughout this thesis, flocculation refers Lo
the actual agglomeration of suspended particles. Thus, when
wwo or more suspended particles collide, become connecled,
and behave as a single pariticle therealler, the phenomenon
is called flocculation, Suspensions in which the particles
have a tendeney to flogeulate are called flocculent suspen-
siong, and the partlcles are called {locculent particles,

When two particles collide and setile as 8 single par-
ticle, the resultant sebttling velccity is different {rom the
two original sebtling velocities. The resultant mass, on
the other hand, 1s the sum of the masses of the original par-
ticles., Consequently, the produet of mags and velogliy
changes while the mass remalnsg constant.

This argument can be extended to include all the par-
ticleg in a unit volume of suspension, Any flocculation
iavalving particler in the volume does not chauge the mass
per unit volume., Therefore, {locculation does not directly
contribute to the local remavalzﬁgggﬁil . The direct affect
or fleoceulation 1s to change the local mean geitling
Cvelocity w(z,t). However, w(z,t) alsoc changes ﬂufiﬁ@ the
setbtling of discrete particles without floceoulatlon., If

some faster particles setile out of suspension at z Lhe



remaining particles have & smaller mean setiling velocity.
The change in W ocaused by smetiling (as if the particles
were discrete) can be given the subseript & and can be

wrlitbten

The change due Lo flocculstion can be given the gubscript F

and can be wrliltten

The local mean getiling veloecity is related to the local

removal by the continuity equation i)

71% - {ﬂ: {iiigl (3-4)

LR O L \J :&6

Differentiating both sides of equation 3-4 with respect to ©

~

gives the following result

2 2=
%;g S )] (5-1)

The Quaﬂtﬁty(lgg in equation 5-1 ean be divicded into

the change due to floceulation



-103-

b‘ﬁ:?g) g(ziz: 28
=3 -—«zy =
and the change due to settling
£
DY g bty

4

Boguation 5-1 then becoues

2 . e
b IRt N )

{5-2)

"Eguation _
~lation 1s a contribution to the rate af change of 1local re-
moval. herefore, to measure the local rate of {loeculatlion
dlrectly, 1t 18 necessary to measure the second derivatilve
with respect to time of the céﬁcaﬁtvatian. Howév&rg thig
second derivative will also include the effect of aaﬁﬁiiaé
alone., The problem is simplified 1 the second derivative
can be obbtalned at a point where settling is not causing any
change., The theory b@hin@‘ﬁhiﬂ simplification is demcribed
in section 5-3,' When the simplification 1s not pq@ﬁibleg

cadditional measurements are reguired..
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.2 A Kinetic Theory of Floceulation

In section 5-1, flocculation was discussed from the
peint of view of a continuum of particles, Most of the
existing theories of flocculation are based on the kinetles
of individual particles, and, hence, are kinetic theories of
flocculatlon, A successful kinetle theory will glive wmove
detalled information about flocculation then will 8 econtinuum
approach, However, the problem 18 so complicated that no
successful theory has been developed. One feels called upon,
therefore, to investleate the kinetic theory in order to see
where the difficulties ocour,

The classical mathematical theory of flocculation was
derived by Smoluckowski {(30). His purpose was to describe
the agglomeration of uniform spherical particles in a col-
loidal suspengion. Uslng a statistical deseriptien of Brownian
motion, he was able to caleulate the rate of in%efnparticle
collisions. He then ealeulated the rate of inter-particle
unions and the rate of deerease in total number of particles.
The theory was verified by obsgerving floceulation under a
microgscope and counbing particles., Many excellent summarises
of Smoluchowski's work are available in English (31,32,33).

The fact that Swmoluchowskl's theory was veriiied by
experiment coupled with the fact it is a mathematlcal nlcety
hag made it very porular, IT has been extended and luproved
by other workers. However, nelther the Theory nor the exten-~
sions are adequate for the setiling vrocess. Certain assump-

tiong that are valid for the Brownlan wmotions in & colloid
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suspension are not valid for settling particles., Purther-
more, for the collold it is only necessary to predict the
number of particles; for the setitling particles it 1s neces-
gary to predlict sebtling velocities.

The settling particles In a suspension are best ch@?&é*
terized by the settling veloclities, Size and density are
then taken as secondary properties. Congider a suspension
tmving & set of distinet particle settling veloeities
Wys Wo o 0 0 Wy o W Let the number of particles per unlt
volume with settling veloclity Wy be fig s While a kinetic
theory of flocculation caused by settling will have fo be
formulated in terms of w and n, 1t will be found that other
information is necessary.

?h@ first problem is to calculate the rate of Inter-
particle contacts. A particle of veloolty Wy will contacet all
slower particles that lle 1In ite path., Assume, temporarily,
that all of the particles are gpheres snd that the particles
of velocity wy have a radius Ty It is now poasible to
caleulate the rate of particle contacts between l-particles
and slower partlicles.

in a unit time an i-particle will conbact all of the
l-particles with center located in a volume 77(r, + rl)gﬁwi ”le)‘
This term has units of volume per uni® bvime, and is the product
ol ac area and a relative velocity. Let the area bhe called
@11. Then

77i{ey + )% = Gy
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and the volume per unit time 1is

Q‘i}(@ii - Wl)u

The assumptlion of spherleal partlicles is rnow dropped, and the
area G,, is defined as the horizontal area under which the
l-particles must be located tc contact the i-particle. This
area will not be circular in general., The total number of

contacsts per unlt volume between 1 and l-narticles is
ngnqGyq{wy - wy) (5-3)

Since all of the contacts may not result in particle unions,
assume that a constant fraction By result in unions,

When an l-particle becomes connected to any other particle
and ehanges its veloeity from Wys 1t 18 considered to disappear
from the proup with velocity Wy o The resulting pariicle is
congldered to appear in another group. Therefore, the rate
of disappearance of i-particles due to union with other par-

tlclien éan then be written as

o>

§§n$n3615 kwi - ng bij (5-4)

The summatlion will inelude all vaiuves of §, and the absolube
valug of (wi - Wg is used vo allow for i-particlies overitaking
glower particles and being overtaken by faster particles,

There must be some i-particles formed by the collision
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of other particles. Assume that a collision of a J-particle
and a k-particle forms an i-particle. Then the rate of

formation of i-particles 18 given by

% ZJ );;_,i % l(wﬁ B Wk)l QEL LT (5-5)

The summation includes only thoes combinations of § and k
which result in an i-particle.
The total rate of change of the number of l-particles

per unit volume is given by the sum of 5-4 and 5.8

J + k-—=i
=D
- }: W, = W | N,n -t
‘ Gijl( 1 j) 1 3313 (5-¢)
J =1
§
it is at this point in all kinetie theorles of flocculation

that & erucizl gssumption must be made., What value of j and k
are used in the first summation? In other words, what is
the resulting veloeity when a particle of velocity wé Joins
with a particle of veloclty wk? Asgumptions coneevning Gij
and bii are also necegsary, bubt these assumptions are not
nearly as difficult to make.

For a colloidal suspension, relatively simple asgumptions
are possivle. On %h@ one hand, the veloeity of a particle in
Brownian motion is inverselr proporiional to its sige., On

the other hand, the area ij inoreases with particle size.
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Genseqguently, Smoluchowskl was able to assume that the
product gﬁk(wj - wk) was constant for all § and k without
deseribing how elther of the individuml terms behaves,
Furthermore, Smoluchowskl characterized a particle ny the
number of original uniform spherical particles which 1t con-
tains, In thls case, a particle which results from union
of § original particles contacts a partlele which contains
k original particles and Torm a partlele containing J + k
original particles, Therefore, 1 = J + K in squation 50,
Sumh fortunate circumstances do not ovteur with settling
particles, On the conbrary, experience indicates that when
two particles Jjoin, both the size and veloclity increase.
For example, a larpe particle settling thraugﬁ a fleld of
small particles increages in size and setiling veloclity. As
a result, the term &ﬁﬁ and the relative veloeiby wj - Wy, both
inerease, The product ij(wj - Wk) cartainly is not eonstant,
Nevertheless, the kinetic theory of flocculation has
one great value, It indlecates whiech sxperimental measurements
have greatest significance. In setiling, the imporbtant ef-
fect of fMlocculation is the change of flux rather than the
change in particle size or numbers. To ilnvestigate this ef-

fect, equation 5-06 is multiplied by the settling velocity Wy o

an. \
wja{i = % WigZ+Z;; s ij kwj - wk‘ njragbjk '
- Wy jz; . @ij’wi - Wjﬂmiﬂjﬁij {(5-7)
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The veloeity Wy is the velocity of the clags of particles
and does not change with time. Thus, the left hend side of

equation 5-7 can be written

ﬁwini
at

wileh 18 the rate of change of flux of i-particles, Summing

over all valueg of 1 gives

if 5
dw,.n
1y g X
) g = W, T

The left hand side of equation 5-8 is the rate of change
of particle flux caused by floceulation. It corresponds
direatly to the ter%:é%dy which oceurs in equation 5-2. The

right hand side of equation 5-8 contains terme of the form

;z: Wi{j 2;1 ﬁijj(wi - wj}{njbi%}mi

i=1

which ean be written
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o oo
E: E: Gij (w - wiwjﬂ (ning)bij (5-9)
I =1 J =1

£y

The problem is reduced to lnvestigating experimentally
how (~€) i1 related to a term of the form of 5-9. It is
‘possible Lo be even nmore specgiflic, The area Gig depends
on the slize of the i and J-pariicles, while the numbers
ny and nj‘ar@ the numbers of 1 and J-particles respectively.
Therelore, the sum of products G13<“inj) 18 a functilon of the
volume of particles per unit volume of suspension.
The term -0 algo contains the sguares and Ceross pro-
ducts of the settling veloeclties., The sum of these sqﬁgrea
and cross products 1s function of the mean and standard devi-
atlon of the settling velocities., Therefore, the term 5.9
is a function of the following quantitles:
af{z,t) = the instantaneous local volume concentration of
particles, i.,e. volume of particles per ualt
volume of s&spanaian.

0{z,5) = local insvantaneocus standard deviation of
settling velocities

w{z,t) = loecal instantaneous mean settling veloelby

b = the fraction of particle contacts that result
in union of particles

The obJect of an experimental study, then, iz to find

the relationship bebtween and af, W, and b, This

da
8%'3
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relationship will be a property of the suspensgion alone. It
should be reproducible to the mame degree that the suspension
is reproducible.

The guantities W and 0 have an additional signifilcance
in the study of floceulation in very dilute suspensions. In
guch cases, the settling between particle contacts is
probably unhindered. Consequently, the rate of change of
fiux due solely to settling L?%% is not very different
from the rate of change of flux during free setitling of

discrete particlea., However, the latter is given by squation

N
3-20, Substitution of ca in the equation gives
TE g |

~ =2, 2 .
+ O(ngg“ .o (5-10)

Ja
£33

8

Therefore, the measur@ment of W and 0 will permit the separa-

Aba

tion cf } and when the total change

ig known,

'@i

5.3 Theory and BExperiments of Tuorila

In one instance, flocculation during settling has heen
analyzed by Kinetic theory and studied experimentally. The
original work was done by Tuorila (3%), but the following
description is based on summaries by Krumblen (23) and
Welzner (38).

In acéordance with Tuorila's theory, consider a suspen-
sion econtalning spherical particles of two sizes., Let

nliﬁ) be the number of smaller particles per unit volume of
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suspenglon. These partieles have a mass @y and a radius Ty
Let nait) be the nuitber of larger particles per unit volume
of suspension. These will have mass m, and radlus vy,

The rate of change of particle concentration dn/de
has been glven by equation 5-C, Normslly, this sguation
would be written for both 8y and figye However, Tuoriia modi-
fled the appra&&h somewhat in order to elimingte one equation.
He consldered the result of a union between a large and a
small particle to be a large particle. Conseguently, the
number of large pariticles can be taken as a é@n@%&nt and can

be written in the following manner

For the smaller particles, the rate of change ﬁnl/at
migt be obtained from egquation 5-6., Since no small particles
are being formed, only the rate of dissppearance must be cal~

culated. Eguation 5-€ becomes

dnl(t)
— = G19<W2 - wl)nlft)nahlg (5-11)

in equation 5-11, the velocity Wy is not constant as it
was in equations 5-0, and 5-7, In the latter w, was the
; veloclty of a clasg of particles which moved to a new class
- as thelr velocity inerpased. In equation 5-11, on the other
hand, W, is the varying veloecity of the larger particles,

Ingtead of consldering the change in this veloelty, Tuorila



11T

caleulated the variation of the product Glg(wg - Wl)“ Ag-
guming spherical particles in the Stoltes range he found

that the product is nearly constant for following eonditions:

Y.

c‘3<;}~ < 0.4 (5-122)
2
1T I3
a<mrlm1 <0b (5-12D)
ol

Conditions 5-12b states that the ratlic of mass concentration
im less than 0.4, For condition %.12, then, eguation 5-11

can be interrated to glve

ny(€) = -~ ny(0) e (5-13)

where
dyp = Gyolwy - W) = eonstant (5-14)

Tuorila conducted experiments to check equation 5-13.
He prepared two falrly uniform fractions of washed and ignited
gilica flour, The two fractions were guspended in water and
0.5 N hydrochloric acld was added as a coagulant, The regult-
ing suspension was mixed rapidly in a measuring cylinder and

allowed to setile.
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When the larger particles had settled to a depth 2z, all
of the puspension above z was pipetted out of the eylinder,
The average concentration of the removed suspension was then
determined. Tuorila also derived an expression fer this
average concentration. Using equation 513 he obtalned the

following expresslion for the average Ty above %,

“P ey o6
nlfﬁ)[i -e ° 18}
n, = v
1 ngdlgt

(5-15)

Two sets of data from Tuorilats experiments are contalned
in table 5-1, The table alsc contalng the average concentra-
tions caleulated from eguation 5-15. For a more graphiec com-
parison the calculated values have been plotted as a funetion
of € in figure 5-1. The measured values have been plotted
in the same {ligure.

The agreement bebween measured and saleulated results is
very good., However, in table 5-la the term élg is not cone
stant. The reason for this inconsisbtency is explained in

the discusgion which follows,

5-4 Discussion of Tuorila‘'s Experiment

In discussing the theory and experdment of Tuorila it is
necessary o consider the spatial distribution of particles
after a time t, In figure 5-2, spatisl distributions for
each size particles are shown for ¢ = O and ¢ = tys The mass

concentration of each size particle is mn,
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Table G-l
(After Tuerila)
Average Conecentration of 8mall Panticlesn
Above Depth z at Time ¢
{2/t = V@leaiﬁy of Lerge Particles)

Lerpe guartsz gralns 7«16 A padius
Srell quartz grains 0. 52,0 vadiug

735 gm. of large gralns per liter
1,30 gmw. of small grains per liter

?éme nl “aﬁlz
1
Chaerved Caloulated
8OC , 2. Sile liter per sec.
s 1.30 1.30
330 1.04 1.01 0,001l
660 0.82 0.81 0.0015
990 0.6l 0.66 0.0016

Mean 0.0016




w115

Table Se1b
{After Tuorila)
Average Comwentrabicn of Small Particles
Above Depth z at Time %

{z/% = Veloeclty of Large Particles)

Large quarssz gralns 7«16 M radiuvs
Srell quartz gralng e Bm2. O vadivs

29.40 zm. of large grains por liter
130 pme of small grains per litex

T%ma gi maéiz
1
Observed Caleoulated
BOC. e i liter per goc.
0 1.30 1.30 ——
132 Co.90 0.90 0.0053
26 3.3 0.65 0.0063
330 0.58 0.57 0. 0058
396 0.1:8 0.56 0.0061
726 0.30 0.29 _0.0056

vean 0.00060
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In figure 5-2 (a) the initial distrivution of concen-
tration 1 uniform for each size and, hence, the total con-
canbration is uniform. The concentratlon profile for sach
gize iz shown as & croas-hatched area,

At b = O the particle of both siszses bepgln to setible,

The larger particles are moving with respect to the smaller
ones, All of the larvge particles have the same sefbling
veloclty and settle at the same rate. The same holds Srue
fév the small @artielea. Sinece the paritlieles were uniformly
spaced at ¢ = 0, sach large particle overtalktes the sane
number of small particles per unit of time. Consequently
each large particle increases its size and veloclity at th
same rate. |

This argument does not regulre Tuorila's asssumption of
constant size or velecity of the large particle, Purther-
more, 1% does not require an assumption of free settling.

The argument depends - on the wniformlity of conditions through-
out the space in which the large particles are located., In
that space, the rabte of change of ny and of My, are functlions

of time alone.

On the other hand, 1f Tuorila's assunmption ies made, %the
verm 4y, will be coustant, In the apace where large particles
are located, the rate of [locculation ig given by equation 5-13,
when the large particles have setiled & distance Zy = wgtl,
the {flocculation at %y will stop. Therefore the concentration
of small particles at z, + wl(ﬁ - @1) will rewain constant

for © >tl.
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In figure 5-2 (b) the spatial distributions are shown
Tor the time ¢ = 31, For Z3> 2%y floceulstion is proceeding
as & yunction of time, while for z< zy flocculation has
gtopped. For z<z; the curve myn, decreases with depth
because increasing depths correspond to & zone of floccula-
tion for a longer time., The area under Uhls part of the
mqfy curve represenbed the particles removed and welghed
in Tuorila's experiment. It also represents %Ki where ﬁl
is given in eguation 5-15,

At this point it is possible %o explain why Tuorila's
measured and calculated results agree when d,, is not
consbtant, The quantity @12 affects the shape of the curve
mi(g)“l(t) in figure 5-2 (b)., A small change in shape will
not affect the area under the curve, and it is the ares
ynder the ocurve whioch is given by egquation 5-1% and measured
in the experiments.

The éraa under the curve above z = 24 has a third inter-

pretation. It lg equal to the quantity
1 - R(ﬁl’t)

wherea R{g&,t) is the removal from above Z,. Theraefore,
Tuorila was actually measuring the removal above Zy as @1.
However, from assumptlon that the large particles are
settling at a falrly uniform rate, zl/'i:1 is constant, One

concludes that Tunrila was measurling the removal at congtant
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overflow rate as a function of depth. Qbviously, this
removal is not constant.

Tuorilats experiment and theory involved & very simple
suspension of floecculent particlesmettling in a settling
column., However, some of the conclusions reached 1n the
above discussion have 8 bearing on more complicated cases,
Consider a2 suspension of particles in a settling column. As-
gume that particles of each settling veloeify are uniformly
distributed at ¢ = 0, and let floceculation occur during
settling., If an observer moves downward through She column
at a constant veloclty z/% = K, what ccncentration willl be
gxperlienced?

At ¢ = 0 there are some particles with settling veloelty
wzK. These particles move ahead of the observer, Ag they
move ahead, they capture or sweep up some parbiecles with
settling velocity w<K. Therefore, the total number of
particles with w<X is affected like the number of small
particles in Tuorila's experiment, Consequently the observer
will experience decreasing concentration as he moves at the
velocity 2/t = K. Moreover, the lines of constant z/t
in the #,2z dlagram will lock like the curve myn, for z z,;
in figure 5-2 (). Therefore, for flocculeunt suspensions

one expects that
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if the obgerver 18 moving faster than any particle in
guspension he will be in location corrssponding to Z 73, in
figure 5~ah,' That i, for z/%¢ greater than the velociby of
fastest partlcle, floceulation ic a funstion of time only.
No pa?tieles are saﬁﬁlimgAaut of suapeﬁsiaﬂ, If the rate
of change of flux is measured for these values of z/t, this
changze will be due to flocculation alone and will be a

direct measure o?t%%& Therefore, with sugpensiona of slow

enough partielea'mr wfﬁh columng of aufficientlﬂeﬁth, the
ghange of flux due to flocculation alone can be measured
near the bottom of the column, This measurement is possible
only until the fastest particles have settled from the surface

£ the bottom of the eolumn,



wlZ3w

cuAPTER 6

EXFERIMBNTAL MPASUREMENT OF LOCAL MEAN

SETTLING VELOCITY

Thisg chapter deoscribes the experimental determinatlons
of tho loeal mean setbtling veloecity, w(z,t), in a flococulent
puspension. Section 0«1 describes the experiments and the
analysis of the experimental data. In section b2 gome data
from the libterature are snalyzed in a similay fashilon, and
W(z,t), is caloulated.

The determination of the loecal mean setiling veloclty is
the first atep in studying the effect of flocoulation on
setiling. The next sbtep is to determine the relationship
vetweon the rate of change of w{z,t) and other propertiss of

e puspension. The kinetle theory in section 5=2 predicis

atudy of the offact of these propertics on wiz,t) 18 a

subject for future research.

b-1 Settling Analysis of & Clay-wWater-Alum Suspension

&« Genoral. The study of floceculation bas two parts.
Onma lg based on the rate of aggrogation of paritlicles and is
diseussed in the previous chapter. The other 1s based on the
chemical mecheniom which allows partlcles to aggregete and is
aet discussged in this thepis.

Owing be btimo limitations 1% was decided Lo study the
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effects of partiele approgation using & suspension for which
the chemicael mechanism has already been siudied. A susvension
of clay in wator weebs thls requirement. I% has beoen studied
oxtensively as a elass of colloidal suspensions (36).
FPurtherore, langlier, ILudwig and Ludwig have studied the
action of goagulanits in ceusing flocculstlon in clay suspensw
aiong (37).

The infermation from these studies is avellable 1f it
ghould be needed. Therefore a suspension of elay in water
was uped in an experimental study of {locculation during
sebtling. Experiments were also performed with domesiic
sowage. Howsver, these experiments werse nob as succsggiul ap
thoge with elay and wabter.

Bentonite clay was used in 81l of the sxperiments. A
pross sample wias obitalinsd from a commerceial supplier and was
dividad inbo srell nortions by meansg of = sample splivier.
These portlions were mized with Passdens tap water. The
resultant suspensions ranged in concenbration from 655 to
1290 mg. per liter.

L. Betblinc Veloelty Anslvyses of Deflosculated Clav.

A sugpension of clay, water and defloccuvlating agent was
prepared ascording to the wmethod uwsed in the hydromoter
snalysis of fine grained soils (389). Sodiws silicabe wag
used as the &&flaccul&ﬁiﬁg agent, The resultant susponsion
wag anslyzed ln the twoedspih gseltling tube and samples were
taken at both intales as described in scction Le2. The

obhject of the experiment was to obtain an approximation of
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the gettling veloeity distribution for the original clay
particlos. |

The results of the anclysis heve been plotted in
figure Gel. 8ince floceulation 1s absent, the resulis can
be plotted as & cumulative settling veloolity distridbublon.
While some of the experimental points lile a eonsiderable
distance Irom & single smooth curve, there 18 no consistent
difference between the upper and the lower inbale. Therelore,
the deviations must be caused by experimental error rather
then by fleceulation or noneuniform Initial dlstribution.

There 18 & possibility that some hindered settling
ocourred during the test. The iniblsl concentrabion of
particles was 1199 mp, per liter and the particles had a
speeific gravity of approzmimately 2.68. It follows that the
volume conceniration of particles was epproximately 0.48 mi,
pexr liter. The eoffect of thiz concentration on pariicle
settling veloelty can be est
tlon, 3-27; the reduction turns oub %o be negligible. The
affect can alse be oaloulated using the equatlon of MeNown
and Lin (14). According to this equation the settling
veloclty of the particles was reduced %o 9l per cent of their
freoe settling veloclity. On the logarithmic scale of
Pizuve 6wl m 6 per cent change in veloelty 1s negligible.

Admitbedly, tho data in figure OG-l 40 not rovrssent a
procise measursment of the settling veloeity distribution.
Howsver, such & measuremsnt was not the aig of the ezperiment.

The ainm was to obtain a distribublon whieh could be compared
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with the results obtained when flocoulation oceurs.
rigure Ol is sufficiently eccursate for this purpose.
Qs TWWwﬂeggﬁ'&nagﬁﬁag of Clay and Alum in Uater. A

suspension of c¢lay in water was mixed with a solutlon of
‘alum and analyzed in the twoedepth tube. The ezporiment was
run in duplicate. (See section 4-2 for method.)

This szperiment bad two purpoeses. The Dirst was %o
determnine the order of &ﬁgm&%@ﬁ@ of the elfect of flocculation
on settling. The second was to show bhat the effect of
flocculation is reproducible.

Bafore the setiling analysis was perfovmed, & suspension
of eloy and tap water without alum was tesbed Tor pH and
slltalinity. It was found thes for 1200 mg. of e¢lay por 1itew
of tap water the pH was 7.0 and the totel allelinity” was 5.9
millisquivalents por liter. : . |

The two guspenslons used in the seliling anglyses had
concentrations of 1154 and 1250 mg. per liter. Consegu
the pH and allalinity before addition of aluy rmst have boen
approximately the same as the values just piven. In both
rung alum was added until the resultant consentration was
50 m. per litor of suspension. Since vl and alkalinity
slffect the floceulation cansed by alum, the chemleal agpects
af flwaam;&ﬁian were similar ln both ung.

The flocculation during the sebtling analysis 1o also

*
The total alkalinlty wes determined b¥ poventliometrle
titration to pH L.3 {sce reference 23).
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effented by the mixing at the beglmning of the analysis. In
poth runs the alum was added juﬁﬁ before mixing and the mixe
ing was performed in the semo mannsy lor bhoe same length of
time, Therefore, at the beginning of get¥ling, the suspens
sions ghould have been in the same comdliilon for Dolh runas.

The results of both analyses are plobtted in fizure 6-2.
Since the daba are quite simllar, only one curve npod be
drawn for each inbake. With the exceptlion of one atray polind,
the maxinum vertical deviatlion of a plotbtsed polint from Llis
smooth curve iz S99 of the initisl concentration.

e dataz have been plotted using per cont conesntration
and /% 89 coordinates. The term g/t is nob a setbling
veloelty, and the eurves are not settling velecity curves.

In thias form of plot, however, the dats can be compared with
the mmmlative setiling dlstribution of fleure 6«1, Comparie
son shows the marked offoct of {losculation.

The differonce b
is a measgure of the flecsulation during setiling. Prom
fimre be2 3% is seen that the difference was the same for
boith rung. Conseguently,; the effect of {loeculation was the
senme for both runs. This result leads to the conclusions
thet for a glven suspension, sublected to glven condltlons,
the effect of floceulsiion on sebttling ic rvoproducibls,.

de  Multiple-Depth Analysis of Clay and Alum in Wnter.

A guspension of elay and water was mizxed with & solubtlon of
a2lun and snalyzed in the mulilple-depth tube described in

gsootlon he3d. The objoct of the ezperiment wag to study the
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ioeal mean setilineg velooidy W(z,%) during s@ﬁtiiﬁﬁ and
flocculation.

The suspension containod 00F mo. of elay por 1litor, and
the fianal alum concentretlon was 25 mg. per liber. Immedlie
ately alter the addition of the alum, the experlment was
startod.

AL the timo of the experiment the mixing hopper had nol
boen developed, but tho mizing was similar bo thal dong in
tho hopper. The suspeonsion wes mixed in a separate container
and poured inbtoe the sobtling tubs tlrough g8 fumel.

The posults of the experiment are glven in table 0=l and
plotted in flgure 6m3. The concontration has boen vlobied as
& funetion of z/t in order to show the effect of floeceulaitilon.
Txcept at the hiphoer =/t velues, the polnts define a separate
curve for esch intalp. The deviation of the polnts from ithe
curves L8 less than the separation of the curves. The few

R 2N o o [xs ;g

R . T S ¥ e o £
éh  lIDLA L AANGE WAL e AL ET &

o

ni'@,

b&r
e

o
they are rendom deviations and not signe of non-uniform
initial distribution.

The same dath are plobted in the f,2z dlagram shown in
figure bell. The dotbed lines show @ as a funotion of z for
sach intalke. These curves show the lowering of the surflace
durine the test and the yesulting change in intals depth.
Moreover, they correspond to the curves shown in fipure O3,

Since sanmples were taken at only three depths, drawlng
the concentration profilea required some interpolation between

these depths. Instead of trying to draw the profiles dirsctly,
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Table 01

Multiple-Daopth Analysis of & Juepengion of
Clay and Alum in Waber

Tine Waight Gone, of

After Dapth of Particles

Btart of Volume Temp. Particles  in % of
of Intoke of of in Sample Inltial

Settling Intake = &/t  Semple Semple Sample #lz,t) Cone.

ges, Mo, om. em./see,  ml, %. Bge - Wge/ [

o 20,5%
&0 2 A2.6 0,71 28 17.7 622 94
90 3 104.3 1.2 27 17.3 &5/, 104,
120 3 21,7 0.8 3 0.3 625 99
180 3 102.2  0.57 35 21,6 65% m&
300 1 18,4 0.062 37 23.6 637 1:;“.
360 3 1014 0.2 3% ' 20,0 635 101
450 1 .1 0,036 8 16,7 595 95
600 ot 375 0DL063 31 30,3 RL.4 677 108
720 3 95,2 0.1 32 20.3 2RG 716 114
960 i 15.2 a. 16 28 £l 369 59
1440 3 7.3 a 068 36 12.9 368 ’”0
1920 i 13.2 0,069 2 V7 285 45
2400 2 33,7 0.0 31 9.0 250 46
2680 3 5.4 0,033 28 315 7R 248 40
3840 k3 11,1 00029 31 32.0 5,1 164 b
LBED 2 31.6  0.0068 32 22,5 5 156 5
B0 3 93,3 0,016 27 32.8 Lo m - v
THO 1 8,9 0,0012 31  33.4 2.9 a7 14
10100 2 V4 00029 4D 34.0 FA 100 16
14100 3 1.1 0.00065 2% 3.8 1.2 Lb 7

% Mpagured in mixer
2008 = 655 mg./| Alun Canventration = 25 mg./(
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the lines of constand 2/ were drawn first. Those ave the
dashicd lines in the @, dlagram. Onece the two seits of Droken
lines had been drawn in ligure éwh, the concentrabdion profiles
ware Adrawn.

g+ Looal Mean Sebilins Veloelty. The total removal was

ealculated using the F,2 diagram in the manner outlined in
section 3e«l. In order to perform the required graphical into-
grations, it was necessary to assume & shape of the profiles
for z < 10 em. It waz apaumed that the profilles wore stralght
lineg drawm from the value F{10,t) to origin g = z = 0.

The ecurves of A({D,t) are shown in figuve 6«5, The slopos
~of these curves give the local flux as & funectlion of tlme,
and the loeal flux divided by the laaalAmmmﬁamtra%ian glves
the local nmean s@tﬁlimg veloclty shown in flgure Buby

At any depth the mean sebtiling velaaity shown in
figure Owb inoreases after t = 200 seconds. At z = G0 om.,
this inersase continuss until t = 700 geconds. From the
#,5 alsgram 1t is evideant that at & = 700 seconds, #{z,700)
is less than #{2,0) for z = 90 em. Consequently, the mean
settling velocity continued to inerease alfter the concentra-
tion had bepun to decreaso.

The first particles to settle out of suspension at depth
z are the {irst particles to sottles from the surface to this
depth. These are the fastest partlicles In suspension.
Therefore, when the concentration at a poeint decroases, the
fasbest particles sre being lost, The change in mean setiling

veloelty due to settling (b%?}t)a must be negative. On the



.
5]
a
o
"
&
=
&
,
of
oY
]
s

f
000¢ an

foe)
<
(&3]
L)
<
o=

ot

(4}

et

TRUILY 7O WOTIOL 8T AR

01

0%

]
A

Lo
.

v

3
J

(r'a

ad (210}

HCRLIE

b=

oy



000¢

0y e = 1
IDE = 4

0607 o

T SRR MQ A

WOTBULY T ST AIID0laa Bulnass uwsu

€0 °

] ,»,‘Q °

Fase TN i

(254

12010 SUIIIDS

N
v

o ur A




~137-

other hand, the tobal change in W 1s positive in the early
stages of settling. Consequently, the Iincrease due to
floceulation (2-—%) s is greater than the total incroaso shown
in figure Ge6. That is

‘%%% “’\%% - (%%)a "‘%‘g + g(%‘ﬁ& (6-1)

Equation 6-1 states that the rate of change of ¥ caused by
floceulation is squal to the total rats of chenge shown in
figure 66 plus the absolute value of ithe decrease caused by
f&a%@? particles seitling out of suspension.

It is pogslble to esleulate the order of wapnitude of
floceulation effeots on looal sotbling. At a depth of 90 onm.
the mean sebiling veloellby increases from 0,021 em. per second
at ¢t = 200 soponds bo &.637 at & = 500 gegonds. This change
ropresents an inecrease of TS per cent and an average rate of
increase of 0.000053 cm. per 860, Doy 6. ‘FurﬁhﬁerW$, the
chanze in soncentration durlng the seme time was only
3 per ecent. The offect of parilcles settilng out of ouspen»

sion must bave beon sx

all. Therefore, the chanpge end prate of
shange are primarily dus to flooculatlion.

The maximum mean sedtling wvelocity for z = 90 om. ccours
at 700 seconds. Ite value of 0.056 om. per sscond is 2.8
timaé the mean seittling veloclty at ¢ = 200 seconds. The
ﬁvaéag@ rate of changes between t = 200 and t = 700 seconds

was 0.00007 om. por Ze0. por sec.
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4 maximum velue of ¥ occurs at all depths in the setbling
tubo. After this velue, the mean settling velooity decreases.
Particlss are setbtling out of suspension, and the lossg of
faster particles offdgets the sffect of floceulation.

£. Conelusiong., The results of the multiple-depth

analyses have given the order of magnliude of the schanges in
mean settling velooity due to flocculation during settling.
Thess wvesults would be much more ascourate if btwo additional
gampling intalkes were added to the apparatus. One should be
located at a depth of about 65 om. while the other ashould be
gapable of taking samples near the surface. Thesge additional
intakes would make the profiles in the ?,x diagram more
agcuraete. This improvemsnt would be carried thvough the

caloulations to the values of wW{z,t).

8¢ Generel. PFiteh (9) and his asscolates performed
mulbiple-~-depth analyses on a suspengion of whiting (0&&@3}
and ferrisul (F@z£80&)3*?ﬂga) in water. The consentration
of Gaﬁﬁa was 40O parts per ﬁil&iaﬁ {ppm} while the concentra-
tion of ferrisul was 15 ppm. '

Pitehls experimonts were simllar to those described in
section b=1l. Immediately after adding the ferrisul e allowed
the suapension do sattle in & settling tvbe. The first exporie
mente were conducted in settling tubes five feat in depth.
Samples were withdrawn at one, threes and {ive feet depths.

By determining the amount of GaﬁmB in each sample, the
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particle concentration #{z,%t) was obbained.

Lnter experlments wore more elaborate. The settling
tube was soven feet desp and had an internal diamoker of
5 1/2 inches. Por temperature control, the outside of the
tube was coversd with insulation one ineh thick. Samples
wore taken al seven depths by mwang of veterinary hyvoderaic
needles whieh passed through the walls of the tube.

Fiteh used his results to demonstrate the effect of
detention tlme on removal for fluceulent suspensions., Thils
aspect of the preoblem will be discussed in chapbter 7. TFop
the present, his data will be used in & casleulation of the
effect of flosculation st a point.

bs Caloulation of Tocal Mesn Settline Yeloeity. The

éﬁ&gﬁ@mrinAfigur@ b~7 is beaed upon the data from Fitehl's
experimont with the 7 oot tube, Thée zolid curves ars cone
centration profiles or lines of consbant time &, and the

4

s Ty 3 : 3 A
dasghed curves 8/

Tty
Ao

are t. PFor t--0.25 hours
and z < 2 feet, the constant 2/t limes have positive sloves.
Since the initial concentration is too small for hindered
settling, the positive slopes are a sign of non=uniform
initlial distribution. To be exsct, the Initial concentra-
tion #(z,0) ilnereased with depth.

Following the method deseribed in sectlion G-1 the local
mean settling velooity was calculated. The moan velocities
for z = 3 feot and & = 0 feet are shown in figure 6m8,

At 2 = 6 feet the mean settling velocity incroased from

0.013 em. per sec. at & = 0.25 hours to 0.035 cu., per sec. at
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t = 0.5 hours. The avernge rate ol change durlng this tlne
wap 0.000025 an. por soc. por soet. Ab 3 o= 0.5 hours the
eoncontration abt g & & fect is 94 per cont of the indtial
conconiration. Consoguently, up o this tims thoe change lun
¥ is caused primarlily by flecoulsiion alone.

1t is inberesving %o compare the change in ¥ for whiting

and ferriasul with the c¢hange for olay and alum. The compare

ison iz valild only for those atages ol setiling Tor which

the eoncenbration has not deorsased sipnificantly. Tor
whiting and ferrisul the rate of change during thls siage of
gobbling hag Lesn caloulatoed in the previous paragpyaph and

was 0.000025 cm. por ses. per soc. For elay and alum the
gorreasponding rabe of ohange was 0.000053 on. per goso. Der 860c.
Tha wvalues dlffer by & factor of two. Without auxilisyy
axperimonts the dilference cannot be abtribuited to aspeeific

Gaused.
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CHAPTER 7
SETTLING ANALYSIS IN THE STUDY OF SETTLING TANKS

Tne purpose of this chapter is to describe tne use of
gebbling analysis in the investipation of removal in setiling
tanks, The discussion 18 limited to tanks which are similar
in shape and flow pattern to the "ideal"” tank.

The use of the multiple-depth analysils 1s described in
some detaill, This experiment 1ig particularly helplful in de-
ternining the relative effects of detentlon time and overilow
rate on removal. The effects are calculated for the clay-
alum and ﬁaﬁﬁngerrigul asuspensions,

This chapter also presents the résulta of Bome simple
pipetie analyses of Pasadena sewage, These resulls show the
need for large scale experiments, using samples of larre
volune. )

A briefl discussion of bottom withdrawal tesis and tur-
mulent settling cclumnsg is presented, The former is the most
logical cholce for rvouline analysis. The latter is neces-

gsary or the determination of wmaximum possible removal.

7-1 @z Diasram Analysis for Quiescent Settling in a Rectansu-
lar Tank |

a. QGeneral, The discussion in this section is limited

to tanks which sre pinilar to the ideal tank deseribed in

gecbion 2-2. These tanks have the same zones ag the idesl
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tank, and the {low of the suspension is identical to that in
the ldeal tank. A% the inlet end of the settling zone, the
particles of each settling veloclty are uniformly distributed
over the depth D, In the settling zone, however, floccula-
tion and hindered setiling way oceur, but turbulence is
agsumed Lo be absent,

Por such a -tank, the removal is the sane as the removal
in an eguivalent guiescent settling column. The #,2 dlagram
for the settling column can be used tc calcoulate this removal.,
Furthermore, 1 the column 18 deep enough the @,z diagram can
be used Lo study the effect of overflow rate and detention
time on removal,

In order to use the @,z diagram for this more general
study, 1t 18 necessary to give additlional interpretation to
the lines of the diagram. A hypothetical diapram 1s shown
in figuwre T-1, IV represents a multliple-depth analysis of
an unknown suspenalon, The lines of thils dlagram show how
the suspenslon responds %o change in depth and overflow rate.

e Lines of Constant Detention Time. The use of the

concaentration profile at the cutlet end of a tank is shown
in flgure 2-5. Tue profile corresponds to a settling time
equal to the detention time.

As&ume'thaﬁ the suspenslon described by figure 7-1
passes through & tank of depth El and detention time Tl. The
concentration profile for the outlet end is given by the
gurve ¢ = ’}.‘1 for the range 0= 2 =Dy. If the tank has a

depth BQ and the same detention time, the profile is given
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by the same ¢urve ©
guently, the points
time. Therefore, &

the outlet profilies
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= Ty for the range ﬂfg.zzé.mg. Conse-~
dpg are on a line of constant detention
profile in the f,2 diagram corresponds to

of a series of tanks of different depths

but with the same detvention btime,
¢, Lines of Constant Overilow Rate. II the suspenslon

of figure T-1 passes through a tank of depth DE in time Ta,
the outlet pﬁsfile will be the line ¢ = TE for the range
0 <z f&ﬂe. A similar argument holds for depth DS and time

T If all three tanks have the same overflow ralte Wos the

30

values of D/T must be the same., As a result

D
uimmwﬂiﬂwc} (?“1)
\ T T
T, T Ty
Conseauently, *he polnts deh lle on a line of constant over-
flow rvate, Since congtant DA gorreaponds to conatant 2/t

[yt

he lines of constant g/t are lines of constant overflow rate.

d. Effect of Depth on Bemoval when T = Consisnt. The

rate of change of removal R{D,T) with depth D of tank lfor

congtant T is merely the partial derivative
.

B
57y

e removal has already been defined by eguation 2-28,

R(D,T) = g{%fg%
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From this equation, the partial derivative wlth respect bo

D is
'{BR\ - L {S p,0)-2 - @-a;(-ﬁ“ 2,0) -2
\\S‘ﬁ | [ "'g' ('D':”“C}")' ""g} » ( 2 ) D S J (? )

The following derivatives are obtained Prom the defini-

tiong of 8 and A in equations 2-1% and 2-27:

2 o g(p,0) - #(D,T) (7-3)
D ‘
25(:0) _ g(n,0) | (7-4)

Substituting these derivatives 1In equation 7-2 gives

R 1 i ~ A PP
@ﬁwmmmmﬂﬁm”“gm”’*ﬂmmgbﬂﬂ

= gr%“@‘)" {(1-- R)#(D,0) - #(D,T)] (7-5)

When removal depends solely on detention time, the partial

gerivative with respect %o depth is zero, Consequently

(1 - R)g(ﬁ,ﬁ) = ﬁ(l}s?) , (?"“5)

However, R is constant for this case; hence, Z{D,T) iz a
constant ratic of Hhe initial councentration #(D,0). Since

the initial concentration 18 uniform the followlng conclusion
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ean be drawn. In reglons of the ¥,z diagram where detention
time governs the removal, th@ profiles are straipght lines
parallel to the 2z axis,

¢, Effect of Depth on Removal when w,. = Constant, The

relationship between depth and removal for constant overflow
rate can be derived from the geometry of the F,2 diagram.

One beginsg by consldering the special type of ﬂ?a diagram
shown in figure 7-2(a). In this figure the lines %-w K are
all atraight and parallel to the g axis. Along thes@ lines,
the concentration is constant, Hence, the concentration at

Z = KT1 is equal to that at 2z = KTE for any value of K, For
this reason, the profiles ¢ = Tl and ¢ = TQ are geometriecally
similar.” In fact, all of the profiles in this @,z diagram
pugt be geometrically similar,

In figure 7-2{a) let one value of X be Wys the constant
overflow rate to be considered. A tank with detention time
T, and overflow rate wy will have a depth D, = wyT;. The
outlet profile for thig tank will be ¢ = Tl from the origin
to point 4, Similarly, a second tank with the same overflow
rate and with detention time ?2 will have a depth Dy = WGTQ;
and the outlet profile will be the curve t = TE from the
origin to polnt 7.

Por the first tank the removal ratio can be given as the

" —
If @& were plotted against 2/t instead of 2, the two
profiles would fall on a single curve, Hence, & is a2
function of z/t alone.
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ratio of two areas as follows:

; area 0,2,5,4
R(QI’Ti) = §§5§*ﬁf§fgt§ {(7-7)

Similarly, for the second tank

R(DpT) = SEelGeBepel (7-8)

FProm the similarity of the profiles

T

ares nggggh o o1
a1res 2€; 0y %

while

Ty

area DzQQEgg -
area 0,2,0, Tg
Therefore

H{Dgwwe) = ainlsTl) (?”9)
ﬂ
Equation 7-9 holds for any DQ and Tg as long as ¥~ = WD’
Consequently when the lines of %~w K are all Eﬁ?&ighﬁ lines
parallel to the z axis, one hag a sufficlent condition for
B{D,T} to depend solely upon Weye

It remains now to prove that the eeédition is also
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necessary. To do this, one shows that no other pattern of
lines gives constant R{D,T) for constant Wge

In figure 7-2(b), the profile ¢ = T, is identlcal to
the T, profile in figure 7-2(b). However, in figure 7-2(b)
one assumes that the lines of constant g/t are not vertlcal
but have the shapes shown. At time Tp, these lines must
reach the depths z = KT, and D, = waT, Just as they do in
rigure 7-2(a). Therefore, the profile t = T, in figure 7-2(b)
must passg through points 9 and 11.

For depth D; and time T, the removal E(nl,Tl) is still
given by equation T-7, but for depth Da and time TQ the

removal ratio is

area 0,2,8,9 ,
R{Dp,Tp) = area 0:2:&:& (7-10)

If removal ratlo depends solely on overflow rate
a(nQ,TE) = R(D,,T)

ag in equation 7-9,

In figure 7-2(bv) a profile t = Tyg 18 shown. This
profile is identical to the line t = T, in figure 7-2(a)
and is, therefore, geometrically similar to t = Ty+ It has

already been shown that

R(EQ’TQE) = R(ﬂla'rl) (7*11)
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where R(Eﬁ,raa) is given by equation 7-8. Therefore, in
figure T-2(b) |

R(»g:'rg} w a(ﬁgs?ga) 7 (?*12)

and the net area between profiles t w» Toand ¢ = T,
(area 0,7,9) must be zero. |

It follows that theme two profiles must a@inaida ar
oross, However, if they cross there will be some w, for
which ‘the area 0,7,9 18 not zero, If 1t is to be zero for
arbitrary w, the two grafilaa must colnclde., As a result
the lines of 2/t = K must parallel to the z axis,

In the preceding paragraphs the following statement
has been proven: The removal ratio R(D,T) is a function

of overflow rate alone, if and only if the lines of constant
2/t are all straizht and parallel to the z axis. This

statement is based striectly on the geometry of the g,z
diagram and the fact that @#(2,0) =« constant. No assumptions
have been made about the type of settling that produces the

ﬁiagx’m »

7-2_Examples of §,2 Diagram Analysig

a, Clay and Alum in Water, The @,z diagram in

figure 6-4 18 based on the multiple depth analysis of a
suspension of clay and alum in water., The dlagram can be
used to study the effect of depth and detention time upon
this suspension. Of course, the range 1s limited to tanks
with D< 3,0 feet and T < 2 hours.
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In figure -4, the lines of constant z/t or W, show
that removal is not dependent solely on overf{low rate. None
of the lines is garallel_ta the z axis,
In the same disgram, the profiles ahew that the deten-
tion time 18 not the sole governing eriterion for removal.
None of the ﬁr&filea are.aﬁralght iines garalial to ﬁhe z
axi#; The shape of the profiles is explained in part (c¢)
balow. | ,
In figure T-3 the removal 18 plotted sgeinat overfllow
rate fmw»tha clay-alum suapension, Depth and time are used
as parameters, The curves substantiste the conclusions
drawn in the previous paragraphs. Nelther Qv@fflaw rate
nor detention time alone ga?@rns the removal, For a glven
mverfiaw rate, the removal for D = 2,95 feet (90 cm,) is
approximately 1.5 times the removal for D = 1,31 feet (4O em.).
b, Fiteh's Experiment. FPFitch's multiple-depth analysis

has been aiscussed in section 6-2, The results have been
plotted as a ff,z diagrem in figure 6-7., This diagram can be
uged to determing the effect of depth on the removal, -

The linesof constant z/t or w, show that overflow rate
does not govern removal until the removal is almost complete,
Toerefore, during the major part of the settling, removal
18 not governed by overflow rate,

On the other hand, removal appears to be governed by
detention time, For T= 0.25 hours, the pr@filg& are lines
vaasoﬁably pafallal to the initial distribution. Filteh.

actually calculated removal and found that i1t was more
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elosely related to detention time than to overflow rate,

In fipgure 7-4 the removal is pimtted against overflow
rate for the suspension of whiting and Ferrlisul., Depth and
time are used as parameters, For a few values of T, the
removal is almost independent of overflow rate,

¢, Effect of Plocculation on the Shape of the Profiles.

The shape of the profiles in the @,z diagram determines
whether or not detention time governs removal, If these pro-
files are straigh? lines parallel to the ® axis, detention
time is more important than overflow rate.

In order to relate flocoulation to the shape of the pro-
files it is best to return to the simple suspension diascussed
in section 5-3. This suspension has particles of only two
sizes, Figure 5-2(b) gives the spatial distribution of
each size at time t = tl. It 18 obvious that after the
larger particles have settled out of suspension, the concen-
tration of small particles wlll decrease with depth, When
there is only one size of small particle, this shape of pro-
file wlll exist.

A more complicated suspension has partieles of many
velocities., Assume that a group of large particles has
settled out leaving a concentration of small particles which
decreases with depth., Let the small particle be a collec~
tion of particles with varying velocities. These particles
will not maintain the profile shown in figure 5-2(b), On
the éontrary, differential settling among the small particles

will tend to make the remaining concentration inerease with
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depth. _ ‘

It follows that the profiles in the £,z diagram ave the
result of the aqmbinatian of the two effects, and the profile
ghapes depend upon the relative magnitude of the two effects,
Pigure 6-4 shows tﬁa ghapes of the profiles for the suspen-
sion of clay and alum, For each profile the concentration
first increases with depth and then decreases. The faster
particles have settled out leaving the decreasing profile.

At the same timé, aatﬁling of the remaining partieles has
begun to form an increasing proflle, The result is a maximum
é@neantra%imm near mid~depth,

If the velocities of the remaining slow parﬁielﬁﬁ had
been nearer the veloeities of the faster particles the shape
of the profile would have been ifferent. No maximum con-
centration would have ceourred at mid-depth., The resulting
proflile would be more like a straight line. In fact, a cer-
tain distridbution of large and small velocitles could pro-
duce profiles which are nearly straight lines parallel to the
z axis,

It appears that such a combinatlion of settling veloci-
%1@# oocurred in ?1ﬁch'8 experiment, Thé profiles have been
shown in figure €-7. They are, indeed, almost parallel to
the z axis, One must admit, therefore, that floeculation
can produce a settling regime in whieh removal is determined

by deténtion time,
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d. Effect of Flocculation on the Shape of Lines of

Constant Overflow Rate. This effect has already been dis-

cussed in section 5-3, The conelusion was that flocculation
caugses lines of constant 2/t to have negetive slopes, How-
ever, if overflow rate is to govern removal, and if the par-
ticles were uniformly distributed at t = O, the lines of

congtant overflow rate must be parallel ¢o the 2z axls, Con-
sequently, flocculation will work against the pcasibility of

removal being governed by overflow rate.

7-3 Experiments with Sewage

a, General, Many settling tanks are required to handle

suspensions which vary in character from hour to hour, In
addition, there may be a longer range variation'fram day to
»day or season to season, If settling analyses are to be
used in a study of the suspension, data must be obtained
for the whgla ranpﬁ af variatien.

Variation in tha ehar&cter of the suapenaiun may be
obscured by the variatian in samples. The settling proper-
ties of samples of a suspénsian may vary from sample to
sample, Af the samples are too small, If the &amplas are
used in settling analysis, the results of the snalysis will
vary acccrdingly. | ,

During the research, many pilpette analyaéa were performed
with sewage as the suspenaion, The sewage presented many of

the difficulties encountered in trying to predict settling

behavior from settling analysis, The conecentration ef par-
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tleles was below 500 mg. per liter; the settling veloaities
were as large as 1 em. per sec,.; and the suspension varied
from sample to sample,

The sewage was obtained from a trunk sewer of the
Los Angeles County Sanltation Districts where 1t passes
through the new golf course in Aihambra, near the site of
the abandoned Tri-Cities Sewage Treatment Plant, This trunk
sewer serves most of Pasadensa, San Marino, South Pasadens,
and parts of contiguocus communities, with a total sewered
population of about 200,000. Owing to the sloping topography,
veloocities in the trunk and lateral sewers are high., In
addition, the sampling point was very near a confluence and
drop in the sewer. A8 a result, the sewage was well mixed,

The samples obtained from the sewer were called gross
samples., They were taken in the morning and tested 1n the
afternoon of the same day. Before the experiment, the gross
sample was poured inte a large ceramlic crock, When a smaller
sample was reguired for testing, the gross sample was stirred,
and while stirring continued, the smaller sample was taken
with a dipper,

VOccaaicnally geveral similar small samples were required.
They were obtained in the following manner. The containers
for the smaller samples were placed in & row. While the gross
sample wag dbeing sﬁirréd, a dipperful of sewage was placed
in each container. The process was repeated until each con-

tainer held a ganple of the deslired sige.
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b, Variation in the Settling Properties of Gross Samples,

The gross samples, obtalned from the trunk sewer, were usually
five gallong in volume., It was assumed that each gross sample
wag representative of the sewage from which it was taken,

From each of several gross samples, a liter sample was
taken 1in the manner described above, The liter sample was
uged for a pipette analysls, General information about the
analyses is given in table 7-1, and the results are plotted
in figure 7-5. The curvesd of figure 7-5 differ considerably.
The difference in ordinates at % = 0.03 em. per sec. is 13
per cent of the lnitlal concentration. This difference 1is
greaater than the maxiwmum deviation of any individual point
from its respectlive curve. 0Only two individual polnts have
a deviation of B per cent of initial concentration. All
other pointas have less.

At least some of the difference between the curves in
figure 7-5 ia ﬁué to difference in the liter samples tested.
However, the liter samples may not be truly representative
of the 5-gallon gross samples. The variation of small samples
from a single gross sample will be discussed next.

¢. Duplicate Plpetie Analysis for a Single Gross Sample.

Two simllar samples of about 3.8 liters were taken from a
gingle gross sample, The method of obtaining similar samples
nas already been described in part 3 above., These samples
were used for dupllcate plpette analysis.

For the purpose of duplicate tests, two ldentical settling

 Were gonstructed. In design, they were similar to the lower
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Table 7«1
Pivatte Analyses of Pasadena Seowage
& o

Ssttling tube ~ 1 liter gpraduate
Volume used <« 1 liber
Tenmperature control « none

Size of samplea withdrawn -« 25 nl.

Method of withdrawlng samples = 25 ml. broken tip pipebte
lowered into suspension by hand for sach saaple.

Depth of samples « 22 om. below surface of sewapge.

Grosg Pipetie inltial Tomp,
Sample Apmalyasls Concentyraw During
Date Obtained  Bogsan tion Tesd

Tinure Gots Qlffﬁq. 6330 Rells 2335}; Pela 30&“ fﬁ{ﬁy//@

Thur, Ocb. 28/8h 8:485 a.m, 11:40 awm. 320 2227°C.
Hon. Nov. 15/5h 9:100 a.m.  1:5 pem.  3TL 21~23,5°C,

Yon. Nov. 22/55  9:00 a.m.  1:00 p.m. 380 23=30°,
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half of the multiple-depth tube shown in figure 4.8, Each
tube had only one intake, In order to control the tempera-
ture, hoth tubes were placed in the same water bath., For
the sake of differentiation, these tubes were called tube A
and tube B.

Figures 7-6 and 7-T7 show the results lor two gross
samples. The diffserence between curves for the same gross
panmple 18 nearly as large as the difference between gross
samples shown in figure 7-5, A third set of duplicate
pipette analyses substantiated this concluslon,

d, Variation in the Effect of Floeculation., Since

the results of & pipette analysis of sewage vary from experil-
ment Lo experiment, one would expect the effect ol flocau-
lation ¢to vary as well., The two-depth settling analyails is
gufficlent to determine whether or not the effect of floccu-
lation is congtant.

Figure 7-8 shows the results of a two-depth settling
analysis of Pasadena sewage. tgure T-9 shows the results
of a similar test on & different day. In each figure, the
difference between curves for lower and upper intakes lis
a meapure of floceulation, In figure 7-8 the effect of
fioecculation appears to bespegligible, while in figure 7-9
it appears to be relatively large. This variation was ex-
hibited by other two-depth tests on sewage.

e, Sewage ap & Continuum of Particles. Figures 7-5 to

7-9 inelusive, show that the individual plotted points have
fairly large deviations {rom the filtted curves. The Federal
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Inter-Agency River Basin {FIARB) Subcommittee on Sedimenta-
tion found that such erratlc data are common %o the pipette
analysis when the particle concentration is small (26€)., The
implication is that the deviation is caused by the error in
welghing small guantities. This simple explanation does not
patisfactorily explain the pattern of deviastion. A more
general approach 18 to investigate the assumption that sewage
is a continuum of partieles,

For the plpette analyeis of sewage, the error in a single
point can be eatimated. Each 25 ml, sample was filtered
through 2 welghed membrane filter;* or & QGooeh crucible, The
filter and residue were dried, cooled and weighed, Both
welghings were performed with an analytle balance sensitive
to 0.1 mg., As a result, the weight of dry solids on the
filter had an absolute ervor of 0,2 mg. The weight of solids
varied from approximately 1 mg. to 10 mg.

As an example, con&ider the data in figure 7-5. The
weight of solids on a filter varied from 1 mg. for small z/t
to 9 mg. for large z/t. The relative error, therefore, ranges
from 2.2 per cent to 20 per cent. The relative error in the
volume of a sample was always less than 2 per cent. In gen-
eral, then, the relative error in the concentration of an
individual sample ranges from 4 per cent at large z/t to 22

per cent at small z/t.

* The method of filtering for suspended particles was similar
to the method of filtering for bacterial assay (28).



For the curves shown in figure 7-%, this error is ap;
proximately 8 per cent in the range 0.01 — 2/t < 0,06, In
this range the concentration ls approximately 50 per cent of
the initial concentration. It follows that the error in a
single point is (0.08)(50%8) = 4 per aémt. The actual devi-
ations of the points from the curves agree with this figure.

At large values of g/t, the deviation of a point should
be approximately (0.04)(95%) = 4 per cent. However, the
deviations appear to be as large as 8 per cent. At first
glance, one would say that the large values of z/t have er-
rorg due to the error in t. The latter is usually attributed
to the faet that the turbulence from the initial mixing per-
sists ﬁﬁ?iﬁg the éariy ptages of settling. Visuval cobserva-
tion during the tests ghowe that the error in ¢ may be 30
seconds. By ﬁhé time ¢t = 200 seconds, this error is 25 per
cent, The error in 2 is rélatively negligible; hence, inz/A the
error ip 25 per cent., On the logarithmic scale of figure 7-5,
an error of £5 per cent causes a small horizontal deviation,
Therefore, most of the deviation shown by the point must be
in the vertical direction. That is, the deviation is in con-
centration, |

/ If the ekperim&ﬁtal error cannot account for ﬁaviatian
at large z/t, the error must be in the assumption that the
concentration changes continuously, This assumption is equiva-
iaﬂt to the assumption éhat the suspension can be treated as
a conbinuum of particles. The latter was discussed in sec-

tion 3-1 and was shown to depend upon the particle spacing.
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The spacing of particles in a suspension can be calou-
lated from a settling veloeity di&tributien,'if the particle
share angd density are known. In order to make such 3 cale
culation, the data of November 15 from figure 7-5 were taken
a8 a settling velocity distribution, The particles of sewage
were assumed to be spheres with a specific gravity of 1.03.
With this aSaumptien, the particle size and apacing was cal-~
culated for finite inecrements of setiling veloeity. The re-
sults of the calculation are shown in table 7-2.

From the table one would econclude that the slower par-
ticles can be taken as & continuum. On the other hand, the
faster particles have an average spscing of the order of
1 om, With such a spacling, there can only be oneg partlele
per wml, When this particle has a diameter of 0.3¢ mm., 1ts
welght is ,02% mg, The welight of four such particles is as
large a3 the senaitivity of the balance used for welghing.
There are only 25 of these particles in a 25 ml, sample,
Cense@uantlypany irregularity in the particle spacing can
affect the measured concentration of the sample,

0f course, theparticles in sewage are not spheriecal,
They vary in glze, shape and denaity. Nevertheless, the
concluslion that single large particles affect results is
811l valid. During experiments, larger individual particles
were observed in the settling tubes, Often their individual
identity persisted through the filtering and drying opera-

tions.
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Table T=2

Eatlmate of Paritlicle Spasing in

Pasadons Sewago

Ratio
, - af
Concensw Radius
Settling Arith. tration Particle to Particle
Veloeity lHean Slower PFraction Diameter Spacing Spacing
W "y P{w) Py 2r, zi/ 1 3

on./soc. om./sec. mg./ wmg./ min, Y.

0.37 4 1k 015 11,
0.37 | 360 o

0.23 16 0.36 016 11
0.18 3hl;

0.1 Lo 0,28 L0231 6.7

oy 0.069 g 52 0.2h .02l 5.0

G’ * ) 2 ’ 2

0.003 Lo 0.1 021 3.3
0.023 212 _ ;

0.0017 2l 0.10 .018 2.8
0.012 ., 188 o o o o

0.0086 40 0. 07k 021 1.8
0.0057 YS!

0.0043 20 0.05 017 1.5
0.0029 126

0,0022 Iy 0.04 010 2.0
0.001L 2L

0.0008%5 ldy 0.02 022 G5
0.00020 5o

Colloidal 8o 027

Basis - Nov. 15 Data from fligure T-5.

« Porticles assumed to De spherss with speeliflc pravity

of 3.463 .
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The faster particles in sewage cannot be congldered asg
a gontinuum of parﬁialas,‘unlass the smallest sawple 18 rela-
tively large; perhaps 100 or 200 ml. This size sample cannot
be considered as a polnt sample unlesas the volume of the
pettling tube is large; perhaps 20 or 30 liters. For experi-
ments conducted on this scale, the variation in results from

experiment to experiment may be greatly reduced.

7.4  Botbom Withdrawal Tube Tests

For routine studles of removal 1t is desirable to have
an expevriment which is simpler than the multiple depth
analyais, The bottom withdrawal tube is more sulitable for
these measurements, The removal maaaubed with this spparatus
is exactly the same as the ramov&l in a qulesecent tank of
the same depth. When the depths are the same, the effect

of nindered settling and flocoulation are automatically in-

¥
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The experiment consists of placling the required volume
af.@uﬁpeﬂsiantin the nixing hopper and pourling 1if from the
hopper to the tube., During the settliing, flve or pix samples
are withdrawn ¢t the bottom of the tube and flltered. The
result 1s 8 gurve giving removal as a function of Cime for
the depth used in the experiment, If desired, the results
can be converted to a function of overflow rate,

In section 4-8, the preliminary design of the bottom
withdrawal tube 18 desBerdbed. In thils design, the problem

of removing the settled particles has not been coupletely
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golved, Conseguently, the error in the measured removal 1s
as hirh as 15 per cent. The improvements sugreeted in Bec-

tion 4.0 should grestly reduce the ervor,

7-5 Turbulence in Seﬁtling ﬁnalysia

The settling in continuous flow saﬁtling tanks is
rarely guiescent, There is always some degree of turbulent
motion in the fluid. The effect of the turbulence is two-
fold; it inoreases the affect of floeculation while decreasing
the rate of settling. If settling analysis is to be fully
developed, it will be n@ee&a&ry,%b add turbulence to the
settling column, _ ‘ _

A settling column in which turbulent motion is produced
gan be called a turbulent settling column. Dmying the course
of the research, an attempt was made to perform multiple-
depth analysis in a ﬁurbuient'settling ecolumn. The experi-
ments ware performed in the ﬁurbui@né@ apparatus used by
Rouse (4). Wnile this apparatus could not bensuitably adapted
to the needs of settling mnalysis, 1t was possible to ab%ain
#,z diagrama ahﬁ_t@ study the removal., The experiments were
of limited value because of the resuspension of particles
which had once settled. For completely succeasful experi-
ments, it will be necessary to incorporate a device for pre-
venting the resuspension, Dobbins (5) used such a device in
his experiments on turbulent settling. ’

With a2 turbulent settling column 1% will be possible to

determine the maximum removal for a particulsy suspension
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and &n arbitrary overflow rate, For such a study, & multiple-
depth analysis will be perfarmed with & constant degree of
turbulence, The experiment will be repeated several times,
uﬁing a different degree of turbulence each time. For each
degree, a @z dlagrsm can be drawn, and the optimum turbulence
level will be that which produces the most favorable #z diagram,
The most favorable diagram can then be an&lyza& for optimum
depth and detention time. The removal corresponding to opti-
mum turbulence, depth and detention time éan.ba used in study-
ing the efficiency of settling tanks, |

Ingersoll, McKee and Breaﬁs have pointed out that analyses
of the pipette type are tedious to perform and not suitable
for routine studles of settling tank efficieney, Since
multiple depth Bnalysisz is of the pipette type, it is subject
to the same criticlsm.

If simplicity 4is an important factar, the most logical
appraaah wmuld bm to prmauaé turbulence in a bottom withdrawal
tube, On the other hand, the bottom withdrawal tube would not
give basic information about the settling,

7~6 Discussion

For many years the design of settling tanks has been
based on the detention period (detention time)., More recently,
this approach has become somewhat unpopular. The so-called
"rational” design based on overflow rate has been gaining
popularity, . | |

{Aaﬁuaily neither overflow rate nor detention time can
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be used as a universal basis for fank design. A truly
rational approsch would eonaslder the suspenslon as a mate-
rial with its own set of settliing properties., Haturally,
%hen, one would make measurementg to determine these proper-
tlea, The multiple~depth analysis is well suited for this
determination, The experimental data of such an analysis
will show the relationship between removal, detention time
and overflow rate.

It is interesting to note that concentration measure-
ments were made in tanks and in settling columns before the
"tdeal"” btank was conceived. {See discussion in reference 17).
The investigabors often observed that the concentration was
substantially uniform throughout the depth,for a large por-
tion of the time avallable for settling. This observatlion
corrvesponds to vertical profiles in the ¢,z dlagram. The |
theory of thig chapter shows that such profiles indleate a
correlation between removal ratlo and detention time, These
investigators had experimental Justification for using deten-
tion time in designing tanks for suspension with which they
had to deasl. Obviously, they did not recognize the relation-
ahip betwesen thelr observation and thelir design eriterion.
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SUMMARY

el General

The investigation deseribed in this thegis was limited
to the settling aspect of sedimentation in arbificial baszins.
Phus , the suspended particles were consldered rom the time
that they enter the btank with the influent until they eithew
toush the bottom or lesave the tank with the effluent. Mo
abttompt was made to debermine the behavior of the particles
after they setile, and the possibility of their resuspension,

Ons ?mrpos@ of the research was to study the characterw
istics of romoval of susvended pariticles during settling. The
relationships betwean the removal ratlc and the following
factora wore analyzed theoretlcally and experimentally:

{1 By Pampevinveas A% gbe

lon of the gettling veloo-
ities of the particles suspended in the inlluent.

{2} The spatial distribution of pariticles at the inlet
of the btank.

{3) The flow pattern of the suspension in the tank.

{4} Ploscenlation during settling.

(5) Overflow rate (l.e. ratio of depth to detention
time).

(6) Detention time.

Apothor purpose of the ressareh was to dotermine the

effeet of floceulation on settling at a general polint in the
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suspension, and to relate this effect to the properties of
the suspension at the same point. The ordsr of magnitude of
e effect wag successfully determined using data from
sebtitling column experiments. In ordeyr to determine which
p&ﬁ@ﬁ?ﬁiaa of ths suspenslon are most closely related to the
effect of flocculatlon, a kinellc theory of flocculation was
paritially developed.

The findings of the research are gummariged in the

CLollowing sections.

G=~2 Concentration Profiles and the @,z Diacranm

g. The concentration profile can be used in the caleulaw
tion of removal of suspended particles. For a continueus flow
rectangular basin, the concentration profile is o curve gliving
the local soncentration @ in mpg. per liter as a function of
depth z along & vertical line. Examples of profiles ave
shown in figure 2=l

b, For the purpose of analysis, it iz assumed that the
concentration profile does not vary with dlistance across the
width of the tank. In this case the total removal of susponded
particles can be expressed as the area under the profile at
the inlebd end of the tank less the srea under the profile at
the outleit end.

¢s Consentration profiles are also used in the analysis
of sebttling in & settling colwm. The messured profiles for
the eolumn are plotbed in e single diggram showing concenires

tionm as a funetion of depth with the parameter being tims
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{instead of distance along bhe sank). This disgrem is called
ne @Fez diagrem for the columm.

de Whenever gebttling in a setitling column s egulvalent
to sebtling in a basin, the measured profiles in the solumn
corraspond bo profiles in the tank. In particular, i seftling
time in the column sorregsponds to detentlon time in the tanlk,
the ecolumn profiles correspond bo those for the outled end of
| the bank. The @,z disgran Yor the column then gives a series
of sutlet profiles for tanks of vardous depths.

With this Interpretation, the #,z diagrem for a very
deap settling columm can be usged to determine the effects of
detention Lime and overflow rabte on removal, Wihen the profiles
in the disgram are approximafely stralght lines parallel to
the ge-axis (f = 0}, the romoval ratic ip more oclosely corre-
labed to doteatlon time than o overflow rate. On the other
hand, when the limes of constant ¢/t are parallel to ths
g-axig, the rom

flow rabte than to debtentlon tine.

8«3  Continulity Bguwations

8. A suspension is tyested as a contimumn of settling
particlea, and s simple conbinuity esquadtion is doveloped for
the conpervabion of pariicles at a point. The treatment is
yrlld eg long as the parilicle apacing ls smpll compared to the
dimensions of the susponsion or to the size of any samploes
taken during an experiment. Some ervatlic resulis fron oxperie

ments with scwape are explalined by ostimating the particle
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spacing and showing that for fewapge, the asgumpiion of a
conblinuum ig sometimes doubtlful.

e Ths conbinuity cquabtlion iz solved for some particular
cagag of settling. With tho ald of those solubions and the
ﬁemﬁ&ﬁaity squation itsell, ths #,2 dlagram ean be used to
fgolate possible Aifficultles in seitiling column expoeriments.
A 1ist of sueh diapgnoses is glven as follows:

{1) I the distribution of particles iz known to be

uniforn &t the beglnning of settling, thoe F,z
Qlapgran will detect ihe oecurrence of {loceculation
during sebtling.

{2} If the initial distribution of partlcles is known

to be uniform at the beglmning of settling, the
#,z diagram will detect bthe occurrence of hindered
settling during the experiment.

{3} If flocculation and hindeved settling are mown Lo

kA N S B v o o - 3 - " . i
be absent during settling, the #,z diapram will

detect & non-~uniform dlstribution of particles at
the begimning of sebtling. It will often be
posaible to tell whether the initial concentration

incroased or decreased with depth.

Gel.  Effoet of Flogsulation

g« In settling btankes, the lmporimnit elfect of flocoula-
tlon ds 1lts coabtributlon to the time rabte of chanwe of mean

gettling veloocity at a point in ths suapension.
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b Floseulation is analyzed by conslidering the rate of
intorepartlcle collisions and the resulbing particle unions,
gaused by none~uniform setiling veloecltlies of particles.

This kinetins theory of flocculation camnot be completed. I
gan, however, be sarried far enough to show that the degroe
of flocoulatlon depends primerily on the followlng properties
of the suspension at a pﬁimﬁz

{1} The volume concenbration of particles.

{2} The mean setbling velocity of partlcies.

{3} The standard deviation of the sebtling velocity of

the particlas.

{lt} ‘The fraction of intereparticle contacts that result

in the union of particles.

ge The change in mean sebiling velocliy at a point was
deternined for & suspension of benbtenlte clay in water with
alum a8 a coagulant. In the sarly stages of the pettling,
the local mean setiling velocity increased from 0.02 to
0.033 em. per sec. in 250 seec. for an average rabe of inorease
of 0.000052 em. por é@@. per sec. This chango was due
vrimarily to flocoulation during sobtliing. The insr@aéa in
mean setiling veloelty oven continued after the concentration
at the point had started decroasing. Simller resulis were

found by a reamalysis of data by Piteh (9).

Bet  HAxpepimental

8. All the experiments of this rescarch were conducted

in sebtling colums. Hach column wes tested for accurasy
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with suasponsions of glass spheres In waber.

Be The removel of glass spheres from & suspenasion in a
gulssecent settling column was meapured by means of mulbtiplew
depth plipette analysis. fThe roemoval {rom an ldentlosl suspenw
sion was mndasured divectly in 2 bottom withdrawal tube. The
bottonm withdrawal tube was found to have an sryor of as much
as 15 per cent. In the bobtom withdrawal of samples at tine
intervels, all settled pariicles are not removed from the
botbtom of the tube as they should be. However, prelioinary
astudles with a goraper at the botiom indicate that this source
of sreor can be eliminsted.

Se Multipleo-depth analysos were perlommed using a
suspension of clay in water with alum a&s 8 coagulant. It was
found that the offect of flooculation ig reproducible in
rapested experiments.

The resulis were used in the caloulation mentlioned in
gsection O=i ¢ above. They were also used in studying the
effect of flosoulation on renmoval.

de Singlew~depth pipetite analyses were performed with
Pagadona sewapgs. The consisbtency of the experimental results
was not satisflactory and should bhe imyravad'ﬁy>usiﬁg lavger
apparatus snd larger semples.

Twowdepth analyses of Pasadena sewage indicated that the
siffect of floocculation varied considerably bebween samples

taken on different davs.
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CHAPIER §
CONCLUSIONS AND RECOMMENDATIONS

1 Copslugions

G 'Ex&@yt for roubtine analysis of pﬁ@viuuaiy tegled
suspenslong, soitling golumn oxporiments should include
concentration messurenenty a% sevoral dﬂpﬁhﬁ. Thase measurew
wmonts can be a&ﬁvemiﬁnﬁzg organized in a concentrationsdepthw
time diagram. From the pattern of this "#,z dlagren™, it is
pogeible to detect errors or unexpected @ffeeté in ﬁhﬁ
sxporimonts. Furthermore, it Is possible to determins whether
the removal is more closely related to overflow rate or to
detention tlme. | | |

5. For floceulent suspensions in a setiling téﬁk,
neither ovexrflow rate ﬁar‘da@aﬁ%&am time alone governs rewmoval.
In peneral, removal is rolated to both. Tﬁ@ relationship
between removal and thess two variables can be determined by
maltiyieuﬂﬁgﬁhféﬁalyaﬁﬁﬁ o

Under cerbain conditions the removal is move closely
releted to dotenbtion time then to overflow rats. This occurs
gnce can bs explained %h@@réti@aliy.

c. The botbom withdrawal tube can be doveloped for use
in routine studies of removal in settling tanka. The tube
mast be as deep as the tank being studied. It is quite possible
to combine the bottom withdrawal tmbé with a vibrating grid

mﬂasuw@manﬁ of removal during turbulence.
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de A ¥inetic theory of the floecculation of settling
particles cannot be completed wlith existing information.
However, the theory can be carried far snough to show gualie

solationship bobween flocculation at a point in
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a gulescent suvapenslon and properiles of the suspsnsion at
the seme point. ?ﬂé moast important propertios are:
{1} Tho woluwno comooniration of particles.
{2} The pean setbling veloelty of perbtlclos.
{3} The standard deviatlion of the sebiling veloscities
of the pariicles.
(it} The fraciion of inbter-particle contacta that resuld
in union of the particles.
af these, only the rmean seitling veloclty can be osbtimated

Trom mulitiple-dopth analyais.

=2 Recommendations

a., A large scale settling tube should be developed for
miltiple depth vipetite anelysis. The tube should be as deep
a8 exlisting sebtbling tanks, and of sufficlent volume to poruit
samples of several hundred millliliters %o be taken through the
plpeties. Furthermore, the apparatus should be designed fop
vemperature control, visual observations, and introduction of
turbulence. \

e +he bottom withdrawal tube should be developsd bo
oporate on the same scale as the ftube described in the first
roecomendabion. Such an apperatus will be very valwable for

routine analyels.
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¢. The large scale tube deseribed in the {irst
recomnendation can be used in the investisstion of the mechane
iee of flocculabion. I% hap the sdvantage thad individual
samples withddrawn through the pipettes are large cncugh to be
analysed.

According to the theory In this thesis, the indlvidusl
sample 8 should be analyzed for voluwe concenteratlion of
particles and for the standerd deviation of seittling veloc-
itles. Satisfactory techniques for performing these anslyvses
are noct at hand. These technlgues muet be developed i the
sbudy of the mechanles of flocevlation 1s Lo advanece.

d. Por an arbitrary sugpension, the optimum removal is
2 f&ms%i@m of overilow rate, detentlion time, and turbulence
during sebtitling. This opblmum removal should be dobermined
by muliliple-dopth apalysls in & turbulent setiling column.
For thils roason; the turbulent seititling column shovld be

porfectods
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APPENDIX 1
SETTLING TANKS WITH TWO-DIMENSIONAL POTENTIAL PLOW

Ceneral
Piteh (10) has demonstrated that there are other simpli-
fications of settling tanks for whiech the removal is the
same as that in the "ideal” tank., With slight modiflcations,
Pitch's analysis can be used to cslculate the removal for any
tank which meets the followlng requlrements:
(1) Two-dimensional potential flow of suspension in
the settling zone,
(2) Particles of each settling velocity uniformly
distributed at the inlet to the settlings zone,
{(3) Unhindered settling of discrete particles in the
settling zone.
This application of the analysis has'already heen dis-
cussed in section 2»5. In this appendix the modified analysis

itself is presented using the satream functlon notation,

Removal in Rectangular Tank

The modified analysis will be applied to the example
given by Ingersoll, McKee and Brooks (2). The tank in the
example was a continuous flow rectangular basin with an over-
flow welir at the effluent end., The velocity distribution is
uniform at the influent end,

A cross sectlion 18 shown in figure Al-1 where the {low

ig shown in the z,x plane, PFor steady flow in the tank let
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(z,x) be the stream function. Assuming incompressible

flow, the velocities in the 2 and x directions are’given by

2 2P ;
W o= -5 U = ‘4 | (Al-v-l)
respectively,

As a particle moves, it crosses stream lines., The total

differential 9fl¥ for this motion is civen by
v o2l M , -
ay wﬁfé-dx + 55 dz | (r1-2)

: %
The relationship between dx and dz 18 given by

R | (A1-3)

Substituting Al-1 in Al-3 gives

r ] ~h
-] L2 g -
Lw "5xjdx = dz (A1-4)

Equation Al-2 can be written in terms of dx by using

equation Al-d4

ay “é?% ax + [w ~€§g] ax (A1-5)

%
‘Equation Al-3 1s not permissible when U = 0 {(i.e. purely
vertical flow).
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Therefore

ay = wix (A1-4)

What 18 the settling velosity of a particle which enters
the tank on stream line /, and reaches stream line W, in
the horizontal distance L? Integrating equation Al-% gives

%hﬁ reault

Wy - Wa = Wol
Wy = wb - Ya

- Flow per unit width of tank
Horizontal area per unit width of tank

= Overflow rate - (A1-7)

The gquestion arises as to where this particle actually
touches stream line ). The point is shown in figure Al-1
ag point ¢, This particle is essentlially lost from the flow.
However, a particle with a slightly larger veloeity w, + Dw
would reach the stream line \Vh in a horizontal distance
L - A\ x. The quantities A x and Aw can be made arbitrarily
gmall and tha particle will still reach the line ed} Tmerém
fore, particles with settling velocity larger than but arbl-
trarily cloge to W will aetéle from line Ob to line ed in
the horizontal distance L. It should be noted ﬁhat no
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pavrticles touch the line de.
When a’p&rticlm with W<<.w0 enters the tank on stream
line \Va, it will reach a stream line (V in the horizontal

distance L. From equation Al-6, Ly is given by

W Y, = (A1-8)

RUI ’)‘ ‘ ,

Therefore, 1 the stream lines- are unifarmlyldistribut@d at
x = 0, the removal ratic for these particles is given by
equation Al-9. But this removal ratio 1s the same as that
for an ideal tank, banaequeﬁtly thé removal ratio for each
setiling veloelty must be the same as that for the "ideal”

tank,
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APPENDIX 2

vTh@ following summary omita, for sispliclity, definitions

of some letters of secondary lmportance which appear only a

few times in a single section, or whieh name pointe in a

Pipgure.

af{g,t) =

A s

o=

faiagw) -

(u) =

f{z,w,t) =

Flw) =

flux of particle at some arbitrary depth and tiﬁﬁ.

totel removal of particles Crom above an arbitrary
level in some arbltrary time.

fraction of intere-particle contacts that resulit

in undlon.

breadth of setiling zone in a rectangular sebillng
tank,

'Gijiwi - wﬁ}

depth of settling zons in a rectangular settling
tank, |

initial distribution function.

frequency éiatributianiaf particle a&tﬁlﬁﬁg
velocities.

distribution funotion.

cumulative frequency distridbutlon of particle
settling velocitiesn.

horizontal area bensaill which the center of a
Jeparticles must lie to be contacted Ly an

i=particle.
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W

H
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sumnabion variables.

conatant value of z/%.

average cenber to cenber spaecing of i*?ﬁ?%ﬁﬂléé*
length of settling monme in 8 rectangular sotbling
tanik.

masy of an i~particle.

muaber of i-particles per unit volume of susponsion.
volume rate of {low of & suspenslion through a
rectanpular settling tank.

particle radius.

removal ?&%i@Q

total amount of suspended particles in suspension
above a unld horiszontal ares alt some arbitrary
depth.

tine after beginning of gettling.

detention period or detentlion time for & rectangu~
lar tank.

horizontal component of fluid veloclty.

particle setbling veloclity.

arithmetlic mean settling veloeltby.

overflow rate.

vertical component of fluld veloslty.

horizontal distance from the Inlet end of e
rectangular setiling tank, taken along the axis
of the tank.

depth below the surface of the suspension.
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X = peciprocal of the specific gravi%ﬁ of suspended
particles = {unit mass of water)/(unit mass of
particiesn).

O @ = volume of particles per unit volume of suspension.,
= standard deviation of particle settling veloeities.
#(z,t) = total concentration of particles at some arbi-
| trary depth and time, |

ﬂb = average concantration Qf‘yartialea in the influent
suspension, |

%/ = stream function.
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