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Abstract:

The fundamental physical processes which occur in the initial mixing step of coagulation are not fully
understood at this time. This work focuses on initial mixing within a direct filtration treatment scheme,
in order to gain some insight into the nature of the mixing process. A direct filtration pilot plant
incorporating a variable speed, baffled tank mixer was operated with various mixing intensities during
the investigation. Filtrate quality and filter head-loss data from the pilot plant were used to establish the
effectiveness of a given mixing condition. Also, mixing within a hydraulic jump was similarly
investigated in order to compare hydraulic mixing to mechanical (stirred baffled tank or backmix
reactor) mixing.

An idealized mixing model, which was based on the interaction of the coagulant carrying turbulent
microscales with colloid particles, was proposed. The results of the pilot plant studies indicate that a
colloid-microscale size correlation similar to the correlation proposed by the mixing model may exist.

Also, a method was proposed for calculating the mean velocity gradient (G-value) of a hydraulic jump
occurring on a sloping channel. The usefulness of this calculation method was confirmed in this study.

Finally, the pilot plant data collected during this investigation indicated that the hydraulic jump was
comparable to the baffled tank for initial rapid mixing (based on similar velocity gradients). However,
the inflexibility of the hydraulic jump, in regard to variable degrees of mixing, was also evident.
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ABSTRACT

The fundamental physical processes which occur in the
initial mixing step of coagulation are not: fully ‘understood
at this time. .This. work focuses on initial mixing within a
direct filtration treatment scheme, in order to gain some
insight into the nature of the mixing process. A direct
filtration pilot plant incorporating a variable speed, baf-
fled tank mixer was operated with various mixing intensities
during the investigation. Filtrate quality and filter head-
loss data from the pilot plant were used to establish the’
effectiveness of a given mixing condition.. Also, mixing
within a hydraulic Jump was similarly investigated in order
to compare hydrdulic m1x1ng to mechanical (stirred baffled
tank or backmix reactor) mixing.

An idealized mixing model, which was based on the in-
teraction of - the coagulant carrying turbulent microscales
with ¢olloid particles, was proposed.. The results of the
pllOt plant studies . indicate that a colloid-microscale
size correlation similar to the correlation proposed by
the mixing model may exist.

Also, a method was proposed for calculatlng the mean
velocity gradient (G-value) of a hydraulic jump occufring
on a sloping channel. - The usefulness of this calculatlon
method was confirmed in this study.

Finally, the pilot plant data collected during this
investigation indicated that the hydraulic jump was compar-
able to the baffled tank for initial rapid mixing (based on
similar velocity gradients). However, the inflexibility of
the hydraulic jump, in regard to variable degrees of mix- -
ing, was.-also evident. '




CHAPTER 1
INTRODUCTION

In this day and age, the treatment of wéter to providé
a potable sﬁpply for consumers has developed into a multi-
faceted gcience incorporating ideas from chemistry, phyéics
and fluid dynamics. Within the overall treatment picture,
certain processes and treatment methods have received con-

siderable attention over the past decade. Direct filtration,

which is filtration not ﬁreceded by sedimentation, is one -

treatment scheme where attention has been focused. Anoﬁher
aspect which has received considerable attention is that of
chemical reactions within agitated vessels., 1In ﬁarticular,
the role of the mixing intensity itsélf within the overall-
chemical process.is of considerable>interest.f |

In éddition to the agitated vessel mixing mentioned
ébové, turbulent hydraulic mixing has aiso received some
attention. The uéefﬁlness of the hydraulic jump for mix-
ing in water treatment has, howevef, not been recently
studied. A ratidnal design’ proqeduré for the hydraulic

jump is important' for several reasons. First of all,

" hydraulic jump mixing 1is operationally simplistic which

leads .to high reliability. Also, Hydraulic mixers-uéually

require less total power input than mechanical mixers which
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further enhance their operational attractiveness. The rea-
son for the lower power requirements are two fold. First,
the power dissipation volumes for.hydraulic'mixers are usu-
ally much smaller than the volumes for mechanical mixeré;
Secondly, hydfaulic mixers laék the frictional inefficien-
cies common to motor driven mixers. There is no doubt that
h&draulic mixing has its, share of drawbacks as well. The

primary disadvantage with the hydraulic jump being the in-

_ability to change the mixing intensity to accomodate varia-

tions in the influent water quality.

The present study focused on initial mixing within a
direct filtration treatment scheme; Both mechanical (stir-—
red baffled taﬁk) and hydraulié (hydraulic jump) mixing -
were in;estigated. 'The importance of this stué& was_based'
on the need fof‘ a better understanding of the initial
mixing step  of coagulatioﬁ._‘ Ihis bet;er understanding

will, no doubt, lead to more efficient use of the energy

employed in water treatment mixing operations.




CHAPTER 2
OBJECTIVES

The overall objective of this study was fo investiéate
the initial’mixing step of coagulation and to gain some in-
sight into the fundamental nature of the mixing process.
The following were the specific objectives:

1. To study the initial mixing step of coagulation in a
stirred baffled tank reactor in order to determine
the role of mixing. intensity in destabilization by \
charge neutralization using a direct filtration pilot
plant.

2. To attempt to relate the reéults of the mixing study to
the microscale of turbulence. |

3. To propose a methodology for design of hydrauli; jump'
mixers,

4. To compare hydraulic jumb mixing with baffled tank

(backmix) reactor mixing.




CHAPTER 3
PREVIOUS RELATED STUDIES

The theoregical studies which are related to this work
can be divided into three categories, _Firsth there is the
material which deals with turbulence and mixing in genéral;
Second, are the studies which have focused on miking in fhe
water treatmeﬁt field. Both flocculation and initigl mixing
studies are of importancé here., - Finally, some aspects re-

garding filtration analysis will be presented.

TURBULENT INITIAL MIXING
As‘defined by Hinze ti], turbulence is a flow condition
characterized by irregula;'motion in which various pafameters
vary in time and space. Hinze also points oﬁt that within
the random variations, étatisﬁically distincf averages are
obtainable. The conceptsv'underlying turbulence, such as
fluctuating velocities and turbulent intensities,Aare fully
A _ o
developed in the literature [1, 2] and will not be discussed
here, Of more concern to tﬁe'present ét@dy,-are thé funda-
mentéls of energy dissipation. within a ﬁurbulent flow.
In any given furbulent flow it can be sﬁown,tha£ regions
of high velocity correlation exiétf In a somthat rough

approximation, these regions where all the fluid -exhibits
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a similar velocity can be interpréfed as eddies or vortices.
Kolmogoroff [3,4] was the first .to rationalize turbulence
from an eddy or length scale viewpoin£ by defining an iﬁ-,
tégral length scalé and a microscale. The infegral scalé
is relaged to large eddies which carry energy and the micro-
scale is the.eddy size at which energy aissipation by viscous
friction béginé. Kolmogofoff noted that these small eddies
(microspalé) would haverto be in a state of equilibrium
and.their size would be a function of the energy input and
the fluid wviscosity. . By @imensional analysis Kolmogoroff

guantified the microscale‘as

2?

0..25 . .’ ‘ (1)
c .

n= (=)

v

where N is the microscale, V is‘the kinematic Qiscosity'of
the fluid and € is the power dissipated per unit mass.
‘Since mixiné-is usually interpreted as be{ng-a'function of
power dissipation, it 1is the‘ turbulent microscale which

is of particular importance here.

Mixing in Baffled Tanks

| Several ideas iﬁ regard to mixing in baffled tanks are
_important to ghis inﬁestigation. First ‘there are thé results
of Cutter [5] which illustrate the nonuniformity of power
dissipat;on w&thin a baffled' tank. Cutter found three':

distinct regions of power dissipation to ‘exist within a
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baffled tank. He labeled the regions as tﬁe tip zone, tﬁe
‘impeller_s;reém zone and the bulk zone. Fiéure 1 illus-
érates the three zones\and the approximate power dissipa-
tion witﬁin-each zone, in relation to the mean dissipation.
More recently, Okamoﬁo, Nishikawa and Hashimoto f6] havé'con-
firmed the existence of the impeller stream and bulk zones
of a baffled tank as described by Cutter.

Long before Cutter's work, Camp and Stein {7] formulated
the Qelocity gradient, or G-vaiue, as a design parameter for
determining the power'requirements of a mixer. Camp and
Stein utilized laminar fluid shear concepts to derive the
velocity gradient as | ' : .

B
uv

= .5
g = &% (2)
where G.is the average velocity gradient, P is the pbwer dis-
sipated within volume V and ' u 1is the fluid viscosity. Camp
and Stein also generalized the velocity gradient expression
for turbulent flows by defining the root mean square (RMS)
velocity gradient’ as

G = L(5§-+ 5 (55 * 3 )T gt 5 (3)
where u, v and w are the velocities in the x, y and z direc-

tions respectively. Equation (2) thus represents an average

value within a turbulent field.




ZONE OF IMPELLER ZONE
MAXIMUM

TURBULENCE
TOTAL VOLUME = V=V, ¢ V3 Pm3 ~ °-25P
AVERAGE POWER DISSIPATION =P V3 N °-9V

FIGURE I. Power Dissipation Zones in a Stirred Tank (Cutter [5])-
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Another parameter which is—impoytant in tank mixing is
the dimensionless power number, P,. - Leentvaar and Ywema [8]
explain the power number concept,in detail‘;nd show the
quantified expfesSion as
P = I;p—'ln":id“5 (4)
where P ié again the average power dissipated, p is the den-
sity of the fluid, n is the impeller speed and d is the
impeller diameter. For a given reéctor—impeller configura-
tion, thé power number. remains constant beyond a certain

Reynolds number Re (=104 for cylindrical baffled fanks) where
d : .
g R_ = (o) (S)

and all symbols are as  previously defined. Thus, once the
power number of a given reactor is known, power inputs and
corresponding G-values can be computed for various impellers

and rotation speeds.

‘Mixing in Hydraulic Jumps

At present, mixing in hydréulic_jumps is.somewhat less
well defined than mixing in baffled tanks. Chow [9] presents
all the .tools necessary to formulate é possible désign.ra—-
tionale. The hyéraulic jump qanlbé\Qefined as the mechanism:

by which an opeh channel flow transforms from supercritical
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to subcritical flow. Looking at the mixing capabilities
of the jump from a G—value standp01nt, neceésifates thét
the power dissipated within a specific volume be related
to the jump characteristics.

" Power dissipation in a hydraulic jump is ;ctually well
understood and the - mechanism is ‘undoubtedly turbuléncé.
Theory pertaéning to energy losses in a jump is derived in
detail by Chow forlboth mild and steep channels. Actual

energy losses are easily computed from water depth measure-

ments in the vicinity of the jump, since

E. =z+dC<:~_sG)+v—g ‘ . (6_)

where Ep is the totalhfldw energy, z ‘is the channel eleva-
tion, 4 is the watér depth, .© is the‘lepe angle, v is the
flow velbci;y and g is the acceleration due to gravity. Thus,
by computing Ep upstream and downstream of the jumpﬁ the loss
of energy 'in the jump can be estimated. Tﬁen utilizing the

expression for power

P = YQ(AE.) (7)
where Y is the specific weight of water, and Q is the flow
rate and Eg is the energy'lost in. the jump, the average
power.dissipated in the jump, P is determined as well.

The volume in which the power diséipation occurs 1is

most likely related to the characteristic Jjump length,
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:Chow_illustrates‘that the jump-lengtﬁ L is é function' of
the available flow energy (upstream Froude number and chan-
nel slope) and presents empirical. data which can be used to
estimate the length of a jump which occurs in a sloping chan-
nel. The actual power dissipation can then be assumed to
occur in the fluid volume contained in the jump length L.
Since the péwer and dissipation volume are known, a EFvaiué
for the jump can be computed.

MIXING IN WATER TREATMENT

Mixing studies within the‘water treatment field are
numerous, however, only a few studies are relevant here.
These relevant investigations may be split into those which
have de;lt with initial rapid mixing directly ahd those which

have dealt with flocculation.

Initial Mixing Studies

Wilson [10] attempted to define optimum rapid mixing by
studying the flécculation.efficiencies resuiting ffom two
different mixing méthods. The actual optimizatién was
based on a floc strength moqel'where optimum'miking was de;
fined as the conditién which produced the strongest flocs

within the flocculator. 'Wilson employed a baffled tank
reactor and . a tubular reactor -in his studies énd concluded
that uniform, instantaneous, plug-flow mixing was the opti-.

mum‘condition based on floc strength.
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Sometime later, Stenquist.and Kaufman [11] completed
a seriés of continuous flow experiments in which they com-
pared a flash mixer (backmix) to a multiple orifice grid
mixer (pipe flow). Their results produced no conclusive.
evidence that backmixing was inherently inferior to plug-
flow mixing -for alum treatment, when flocculation effic—
iency was used as the gauée. .Even though Stenguist énd_
Kéufman's_conclusions seem to contradict those- of Wilson,
the results of both studies may have been more a function
of alum coagulation cheémistry than of mixing itself. The
actual effects of alum dosage in relation to mixing are.dis—
cussed below. '

Amirtharajah anq~Mills [12] de§eloped the design diagram
for alum treatment as shown in Figure 2. The diagram is
based on thermodynamic principles and delineates the region
of solid phase aluminum hydroxide as a funétion of pH. Also
shown on the diagram are regions where speéific'coagulation
mechanisms predbmipate. Amirtharajah and Mills then applied
the diagram to rapid mixing by pefforming jar tests with
various degrees (G-values) of rapid mixing. They éénciuded
that intense, short duration mixing was.esséntial if adsorp-
tion-destabilization was the. primary mechaﬁisnu of coagul-
ation. They élso found that when éweep coagulation was'thé
predominant methaniém, mixing'effects were minimal.- IE is

important to note, that Wilson and Stenduist~both operated

<
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their mixers in the sweep zone during their investigations.
Amirtharajéh [13] also suggested thét a fundamental size
relationship between the turbulent m1croscale and the par-
ticles which were to be destablized may exist,.
Only one invegtigation of the hyd;aulicljgmp's effec-

tiveness as an initial mixer has been reported. . Levy and

-Ellms [14] conducted full scale alum treatment studies

UtlllZlng a hydraullc Jump for rapld mixing. They conciuded
that the hydraulic jump was a very effectlve means for
mixing coagulants. For the energy expended,_'Levy and
Ellms concluded that the Jump produced mixing of great rapld—

ity and thoroughness.

Turbulent Flocculation

Of primary importance to this investigation are pértiéle
. Pl

collision théories.which”wére first introduced by von Smolu- .

"chowski [15]. He derived the collision theories for laminar

shear but the original formulations have now been genéralized
for turbulent flow conditions. Saffman and Turner [16] uti-
lized Smoluchowski's ideas to predict.the collision of rain

droplets in a turbulent cloud. They quantified the number

- of collisions, Ng, as . ’ L o

o ‘ 3,8TE. 0.5 | , (8)
N, = nn, (r; +r,) (153) .




14 (
where nj and.nz are respecti?e drop number counts, rj énd ro -
are respective drop radii, and all other symbols are as pre-
.Qiously defined.. Spielman [17] has also pointeé out that
Saffman and Turner's Equation (8) is applicable to turbﬁlent
flbcculatioﬁ. Most recently, Adler [18] has incorporated
Smoluchowski;s ideas into. .a general particle colliéion
theory which inéorporates hydrodynamic effects as well as
electric field, double layer and Van der Waals' forces. He
‘subdivides coaéulation into homocoagulation and heterocoagu-
lation, where homo- refers to coagulation of equal-sized
particleé and Hetero- refers to coagulation of unequal-
sized particles. ‘Adler concludéd that homocoagulation is
almost always. better,“ at least within the chemical and
physical constfaiﬁts of his devéldment.l_ éonsideringt all
the above studies, von Smoluchéwski's ideés, and their

extension to turbulent flow, seem to be fgr reaching and

may thus be applicable to the rapid mixing process.

FILTRATION ANALYSIS

Since this. study is not an investigation of'filtration_
fundamentals per se, the only literature of interest.is that
which deals with analysis of filtration data. The overall
response of a  filter to the depostion of mass within the
media is -a function 6f both headloss and effluent QUality.
Several reéearchers‘have attempted.to‘defihe the respénse

of a filter to mass loading by combining headloss and efflu-
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ent.'quality data into a single filtrability index [19, 20,
21, 22, 23]. Recently, Janssens, Adam and Buekené [24] did
a statistical analysis on various filtrability indexes uti-
lizing direct filtration bilot plant data as a~base. They
were interested in determining which index would be the.
best tool for filter response analysis. They concluded
that the Filtrability Number, probose§ by Ives [21], was
‘the most useful. The expreésion for the Filtrabiliﬁy Number

F, is given by

22
(@]

P = - - (9)

or

a
<

where T is the filter run length defined by effluent quaiity
degradation, Hp is the £o£a1 headloss at time T, C i; the
average filter effluent turbidity through time T,-Co is the -
filter influent turbidity and V is the filtration rate.
Consistent units make F a diﬁensionless parameter, Close
inspection'of the arrangement of‘the individual parameters
in the'expréssiop for F, leads to thg.coﬁclusion thatlwhen

F is minimized, an optimum filtration condition exists.,
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‘CHAPTER 4
IDEALIZED MIXING MODEL

The first step in developing an idealized mixing
model involved a Qisualizatiéﬁ process whereby the micro-
scopic aspects underlying mixing could be postulated., Since
mixing is most often associated with power dissipation, in-
teractions between colloid particles in suspension and the
turbulent microscale can be rationaliied as being of primary
importance.. The visualization was confined to a’homogeneous
turbulent field consisting of eddies whose size could- be
represented by the microscale formulétion (1). Aiso, the
devélopment was restricted to the adsorption-destabilization
process Wheré a uniform particle 'suspénsion was to be
treated with a chemical coagulant. %urthermore, the micro-
scale eddies in the field were assumed to be responsible
for the transpbrt of the coagulant hydrolysis’ sbecies,
which are mbst iikely ih.ihcipient-form.

Turning to the visualization; Figure 3 illustrates two
simplistic particle—mic;oscale interaction possibiiitieé.
Case 1 represents a condition where Eﬁe microscale is much
larger than the colloids-and'thus,'the_pa;ticlés are imbed-

ded within the eddy. Particles in the eddy will experience

a laminar like shear field and are also exposed to the coagu-
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lant. Under the conditions of Case 1, the efficiency of the
rapid'mix (based on destaSilization) would seem to be con-
trolled‘by the éoating_mechanisms which cause the coagulant
to be adsorbed onto the colloid. The exact natﬁre of the
.coating mechanisms ié presently not fully*undérstood.

As more power is made available to the system, a tran-
sition is made to smaller and smaller eddies. Finally, the .
condition exists where.the microséale and colloids are equal
in size and this condition is shown as Case 2 in Figure 3.
‘The Case 2 condition is such that £he particles and eddies
can be considered as separate enfi#ies and in order'for the
colloids to.tm exposed to the coagulant, a coliision-of
sorts must occur. Thus, thé efficiency of mixing in the
Case 2 situation may be controlled by a céllisioﬁ or iﬁter—
éction phenémenon. |

In looking more closely at the transition zone between
Case 1 and Case 2, Amirtharajah [25] has proposed the fol-
lowing colloid-microscale interaction .theory. The basis
of ﬁhe idea was that for colloid destabilization to occur,
. the coiloid particles must be coated with the positively
charged aluminum_hydroxide solid phase species which are in-
cipiently formed in the fluid. These ségciés have tq;be
transported by the fluid eddies so that they will interact:

with the colloid particles.
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Starting with'Saffman and Turne;'s Equation (8), which
is appllcable for the condition where the turbulent micro-
scale is larger than the partlcles and with some minor re-
grrangement,

3 £.0.5
N = knlnz(al + n).(;) (10)

L

where N is the number of colloiﬁ—microscale interactions,
k is a constant, aj is the colloid diameter, N is the micro-
scale, Vv is the fluid kinematic viscosity, € is the power

dissipation per unit mass and nj and ﬁz are the colloid
and microscale number counts respectively. Within a given
mixer, the number. .count of colloids can be considered con-
stant.-. Furthermore, in this first approximation model,
the number count of micfoscale eddies is assumed constant,
even though there is’ little doubt.that as the size of the
microscale is feduced,'the number count of,eddiés will in-
crease within the mixing volume.  With the above assump-
tions, Equation (10) is reduced.to the form |

N

=k;(a; + n)3(E)O -5 - ‘ (11)
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kearranging the microscale éxpression; Equation (1), in the

form

v ; .
e = (7 | - (12)
and substituting into Equation\(ll) yields

3.1.2 »
= )~ (= . 13
N kl\)(al +n (n) (13)

1

The fluid viscosity is assumed to be iﬁdependent of n and is,

therefore, incorporated into the constant yielding

2 (14)

‘ ) 3,1
N =k, (a; + T (n)

as the proposed mixing theory expression.
'In order to identify the extreme points of the mixing

theory, Equation (14) was expanded and differentiated with

respect ton giving

a a
> 4N rors -, 12
o= e e l] - (15)
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Setting Equation (15) equal to zero lTeads to

a a
1.3 1.2 _ .
i — -1=0 , 16
Z(H) + 3(n) | | (16)

and a real root of (aj/Mn) = '0.5. Taking the sec¢ond deriva-
tive of Equatibn 14,

a®x '3 -4 2.-3 . ' :

= =6k, (a’n - +an ) - (17)

dn2 21 1 !
and substituting aj; = 0.5n gives a ‘positive value for

Equatlon (17) for all n indicating a minimum for Equation
14. JThus, when the m1croscalehls twice the c01101d size a
pinimum number of colloid-microscale 1nteract10ns should
occur; | |
Although the above derivation is not complete or. rig-

orous, as a first approximation, it provides some interest-

ing insights into  the -initial mixing process.
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CHAPTER 5
EXPERIMENTAL WORK

pLAN

The eiperimental'portion of this sﬁudy consisted pri-
marily.of measuring the response of a dual media filter'td
various methods of rapid mixing the coagulant. Both mechan—
ical and hydraulic mixing were utilized during the investi-
gaéion. A béffled tank reactor served as the mechanical
mixer and hydraulic mixiﬁg was prévided'by a flume apparatﬁs,
Mixing within the flume was produced by either turbulent
open-channel flow or a hydraulic juﬁp.

The senSitivity'of a dual media filter to small changes
in the chéfapteristiés of its iﬁfluent suspension is well

known [26]}. Thus, the filter'makes‘an ideal gauge for measur-—

ing the.effectiveness of the rapid mix.

DIRECT FILTRATION PILOT PLANT

A direct filtration pilot plant was constructed in order
to study the initial}mixing step'of coagulation, . Figure 4 °
illustrates the pilot piant flow scheme, A constant flow of
2.0 gpm (8 gpm/ft2 filtration rate)‘Was maintaingd through
all pilot plant runs. Both hot and cold. tap wéterxweré ﬁsed

to insure constant temperature conditions. A Powers Foto-
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guard Model 440-1500 thermostatic bléndino valve mired tne
hot: and cold streams to provide the constant‘temperature
feed water.. ‘The temperature of the feed ther'was BOQE
for all plant runs. A chemical analysis of the feed'water
was performed during the investigation and the results_are
listed in Table 1. o

Table 1. Water Analysis of Feed Water for Direct Filtration
Pilot Plant,.

PARAMETER QUANTITY
Total Hardness 105 mg/1l as CaCO3
Total Alkalinity : . 80 mg/1l as CaCOj3
Total Dissolved Solids 150 mg/1
Turbidity N 0,5 to 1.0 TU
-2 ) .
S04 - 8,0 mg/1
-3 . )
POy ' ' <0.2 mg/1

None of the analysis results are particularly significant
except for the sulfate concentration of 8.0 mg/l. Sulfate
concentrations of 8,0 mg/l and up have been shown to have a

considerable impact on the effectiveness of alum when it is

"used as a coagulant., It is believed that the sulfate anion

neutralizes the charge on the aluminum hydroxide solid phase:
which greatly reduces its destablllzatlon potentlal [271.

The remainder of.the-raw water preparation was carried
out 1n a 20 gallon contlnuously st1rred tank. The raw. water
tank was fed continuously with the constant temperature feed

water as well as a turbidity slurry and pH buffer solution.
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Hydrochloric acid.(Baker Reagent, 37% HCl), at a concentra-
tioh of 30 milliliters acid .per liter of water, was used
for the buffgr solution, '~ Feeding the buffer into the raw
water tank provided a near constant raw water,pH through
all plant ruﬁs. | ’

A suspension of Min-U-Silx(Sioz) was used for the tur-
bidity slurry. Two differént particle size distributions
were used in the experimental work and Figure 5 illustrates
the distributions. . it-i§ important'Fo note that distribu-
" tions by weight as weil as distributioné by particle num-
bers are shown in Figure 5. The weight distributions were
obtained by standargd ﬁydrométer ‘tests (ASTM D422). An
Omnimet Image Analyzer (IA) by Buehier (Bausch & Lomb) was
employed to provide the number count distributions, The IA
consists of a microscope which is coupled to a visual monitor,
The IA's electronics .scan for;shading’differentiation (par4
‘ ticle; against background) and then count the particles which
are greater than a specified size.

Samples for ‘the IA were diluted samples of the turbidity
slurry. The IA samples were analyzéd in suspension form be-
cause drying the samples caused particles to agglomerate
which led to erroneous results. |

The Min-U-Sil méterial itself is a prbducf of the,fen—
nsylvania Glass Sand Corporation (PGS). Min-U=~Sil 30 (M30),

. the coarsest grind manufactured by PGS, served as one of
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ﬁhe'particle distributioqs. The other distribution, 'SB325,
wés obtained from Berkeley 325 which is the,6 feed stock for
;he M30 gripding mills.~ A éedimeﬁtation bfocesé, outlined
below, was employed to produce the SB325 from the Berkeley
325 material, |

Suspensions ofy50 érams per liter of Berkeley 325 were
prepared.in 5 gallon buékéts and allowed to sit for one hour.
The particles which settledliﬂ this time'peridd~were col-

lected and dried resultiﬁg in the 8B325 distribution., This

' sedimentation process was deVeloped based on the ASTM D422

hydrometer test and was désiéned to remove a major fraction
of.the particles smaller than 5 mic;ométers.

From.the raw wafer tank, the water“proéeeded to the
rapid mix unit where either alum (Al,(S04) 3°16H,0) or.férriq
chloride (FeCl;3°*6H,0) was introduced to destabilize the sus-
ﬁensioh_by charge neqtralization. After rapid mixing, the’
destabilized suspenéion passed directly into the dual media
filter. The details of each of the rapid mix units, as well

as the details of the filter, are described 5elow.

\

Baffled Tank Reactor

éased on_the designs of other research [5, 6; 8] and
scale up considerations, the baffled tank reactor was con-
structed as shown in Figure 6. Also shown in Figufe,G are

the details of the discturbine impeller which was used

for mixing in the baffled tank. Both the tank and the
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FIGURE 6. Details of Baffled Tank Reactor and Disc-Turbine
Impeller.
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impeller were constructed of plexiglas.

A’constant'watef depth -of 8.0 inches was maintained in
the reactor dﬂring all pilot plant ruﬁs. The influent to
the reactor was fed 6.0 inches above the reactor béttom‘and
the effluent was drawn off 2.0.inches above the bpttom;
This reactor configuration forces all the fléw to pass
through the impeller plane center line which was 4.0 inches
above the bottom. The coagulant was fed into the reactor
system on éhe impeller plane center line at a point 0.25
‘inches from the blade tips.' A Bodine Nﬁs-54 variable speed

motor was used to drive the impeller.

Details of Flume

As a comparison for the baffled tank, a hydraulic mix—
ing device which incorporated a narrow flume and‘a hydrauiic
jump was constructed. Figurg 7 illustrates the flume éon—
figurétion and all impo%tant dimensions. Various chanﬂel
slopes could be attained by adjusting the position of "a
sliding bloék on the glumiﬁum base. Slopes of'l.5, 2.0,
'2.5 and 3.5 inches per foot were utilized in.the experiments.
These slopes produced highlf turbulent, supercritical flow
conditions within the channel. Byrinserting.a‘barrier in
the chahnel, which essentially acted  as a sluice gate, a

hydraulic jump could be produced{




FIGUPF 7. Details of Hydraulic Jump Flume.
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"The f;ume—jump épparatus was placed in exéctly the same
location as.the baffled tank within thg overall plant scheme. .
Raw water entered the channel via a stilling basin filled
with stones'to disperse the flow. Once the water passed in-
to the channel section it was destabilizéd by the addition
of the coagulant. When a hydraulic jﬁmﬁ was being used,.the
coagulant feed point was appréximately 1.5 inches upstream
of the jump -toe, During plant runs where the channel flow
alone provided the mixing, the éoagulaht feédvpoint was mid-
way along the channel lehgth. It should be noted, that the-
flume was used.to treat the M30 suspension only. ‘Finélly,
the destabilized suspension passed directly into the filter

rise tube as shown in Figure 7.

Dual Media Filter

Since the response of the filter was to be used as the
principal method of determininé mixing effectiveness, the
filter itself was cérefully designed. Aﬁ overall schematic
of the filter is showﬁ in Eigufe 8. The effluent from fhe
rapid mixer enters the filter via a 2.0 inch diameter rise
tube. As the filter media clogs ddring a.run, the water level’
"in the rise tube inpreases, thus pfoviding constant fate
filtratien wi;h influen£ control. The filter media consisfed»
‘of 16 incheé of anthracite coal over 8.0 inches of silicg

sand,
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_Table 2. gize Characteristics of Filter Media.

. SIZE
CHARACTERISTIC , SAND COAL
Djg (mm) (Effective Size) 0.46 ~0.86
Dgo (mm) 0.62 - 1.25
Dgg (mm).- 0.70 - ' 1.52

Uniformity Coefficient 1.35 1.46

‘'Table 2 lists the size characteristics of the sand and coal

" .media. The media sizes were carefully chosen, based on

literature [28] guidelines, to insure a good zone of inter-
mixing and compatible expansién_characteristics.

A 6x6x48 inch plexiglas column servéd as the filter
box. -This configuration (6x6 inch) provided 0.25 square‘.
feet of filter surface which yielded a filtration rate,
baséd on a plant flow of 2.0 me; of 8 gpm/ft2. The béx
was divided into five levels with a continuous-drip turbid-
.ity sampler and manometer port placed at each of fhe five
levels. Level one was 25 ‘inches above the orifice plate
(1 inch’ above the media) and the successive lower levels
were spaced at 5 ihch intervals. Also, a‘éixth level was
established below the orifice p}ate to collect effluent tur-
bidity and total headloss défa. Tﬁe drip sampler gonsisted
of an aluminum tube extending into the center of.the'filter

box. The manometer ports were Ssimilarly constructed buﬁ

H

el
o
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only projected 0.5 inéhes into the média, A plexiglés’plate
with twenﬁy‘fiVe 0.25 inch aiaméter holes was used for the
orifiqe plate. The function 6f the 6rifice_p1ate.was to sup-
port the media (in addition to a nylonhmesh) énd to provide
even filtration. Also, the orifice plate provided even dis-
persion of the.backwash water during cleaning.

Cleaning of the filter was systematically perfofmed by
‘using both air scour and water backwash. Air was blown into
the submerged filter media through each of the drip samplers,
The neceésify for-air séour'was established after water wash-
ing alone éroved to be ineffective in preaking up.thé éhunks
of material which were sheared off the media. ' Aftér the air
flow was stopped, the filter was washed with water for an ex~

tended period of time.. The washing flow rate employed was

sufficient to provide a fifty percent expansion of the bed.

FILTER PERFORMANCE DATA

To iﬁéure_ the stability of the pilot plant and to
determine the filte? response, various physical ahd.chémical
parameters were recorded at half hour intervals throughout
each run: Measurements of pH.were made on the raw water and‘
filter effluent (level 6) in order to maintain constant
chemistry within the flow system. An Altex digital pH meter
from Beckman Instruments was.used for all the pH measure-

ments. Also, the raw water turbidity was monitored to

insure constant mass loading of the rapid mixer and filter.
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Filter‘responsé tq the various rapid mix conditions was
establishéd.by récording the furbidity of the water from
each of the drip samplers. 'In addition to the turbidity
data, headloss data was'ébtained by monitoring the total
.available-héad at each level in,the'filter.

The electrophoretic mobility of the particles.;fter de-
stabilizatién‘(lével l) was also monitored as'a éecondafy
parameter. A G.K., Turner Zeta Meter was empioyed to measure
the mobility of the particles, The mobility measurement pré—
. cedure consisted of recording the. average mobility of ten
particles found in each of the samples collected at half hour
intervals. The ‘ten. particles' wére randomly 'sélectéd to
reflect the range .of ﬁobilities and particle sizes that
were seen in the sample,

A list of all the pilot plant runs,lincluding coagulant
dosages and pH conditions can be found 1in Table 3. The
'totél numbef"of plant runs wheré.coagulant waé used was
thirty-eight, An additional run without coagulqnt was also
made in order to establish the filter's baseline removai
efficiéncy. All.thé pilot plant runs were between three and .

five:hours in length,
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Table 3. List of Pilot Plant Runs Including Coagulant
Dosages and pH Conditions,

COAGULANT ) ‘ VELOCITY NUMBER

DOSAGE/ MIXER GRADIENT-G OF

COLLOID (s~1) RUNS
. 75 2
Alum- Baffled 210 2
8 mg/l @ pH 6.9 . 385 1
Tank 810 2
M30 1640 2
3000 1
3800 2
: 75 2
Ferric Chloride . Baffled ~ 210 1
8 mg/l @ pH 6.2 810 1
: Tank 1640 1
M30 ' 2290 2

’ 3000 N
3800 2
Ferric Chloride Baffled - 210 .2
8 mg/l @ pH 6.3 810 2
Tank ‘ 1640 2
SB325 : 3000 1
b ' 3800 1
Ferric Chloride Hydraulic 705 1
8 mg/l @ pH 6.2 690 1
Jump 680 1
M30 870 1
Ferric Chloride open 1080 1
8 mg/l @ pH 6.2 1360 1
Channel 1700 1l
1

M30 - . - . 2300

Alum Dosage = 8 mg/l és,Alz(SO +14.3H,0

4)3°14.3H,0

* 6H.,,0

Ferric Chloride Dosage = 8 mg/l as FeCl, 5
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DYE TRACE STUDIES

In.order to determiné'the macroscqpic mixing characterj
istic of both the baffled tank and éhe hydraulic jump, stan-
dard dye trace studies were performed. By utilizing fluor-
ometric techniques and common analysis procedures explained
by Weber [29], a fairly good representation of the residence
time distribution (RTD) for the given mixer.wa;-obtaihed.
Webef also explains a numerical integration procedure which
yields the centroid of the RTD. By deﬁihition, the centroid
of the rector RTD is the mean hydraulic residence time (MHRT)I
for the reactor. Furthermore; Weber~iliustra£es a theoret-
ical RTD calculation for a completé mix reactor.

Rhodaminé WT, a nonreactive fluofescent dyé, was used
in the tracer\studies. During the tracer studies, the dye
was introduced into the mixers as a pulse,:via the coagu-~-
lant feed conduits., Samples were collected from the mixe?
effluent after the dye was injected and analyzéd on a G.K,
Turner Fluorometer. The fluofome?er detected Rhodamine " WT
at concentrations as low as 0.0001 mg/l.  The aata from the
fldorometer'was later plotted aﬁd statistically analyzed as
a describéd by.Weber.[29], to estaﬁligh the mean hydraulic

residence time for the given mixer.
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CHAPTER 6
RESULTS AND DISCUSSION

The.results of this investigat&on fall into three hajor
categories. First; there is the caichlated mixing parameters
for tﬂe various ﬁixers} $eéondly, the pilot élant data aqd
filtration results are considered. Finally, the hydraulic

and mechanical mixer comparisons are made.

CALCULATED MIXING.PARAMETERS

The pérameters which were chosen to describe éhe mﬁxing
iﬁ the baffled tank and hydraulic jump we}e mean hydrauiic
residence time (MHRT) and the avgragelnixerqvelocity gfadient
(G)., For comparison pufposes, Gt values have also been cal-
culated. The value of t used wa; V/Q'fér the reactor. ‘In
,fegard to the.hydraulic jump, t was assﬁmed equal to the
MHRT for the given jump. The methds for calculating the
MHRTs and EFvaluqs were ouflinéd in the.PreQious Related

Studies section and the following paragraphs focus on the

results of the above mentioned calculations.

Velocity Gradients

Power dissipation within the baffled tank can be calcu-
lated by using the power number Equation (4) once the reac-

tor power number is known. Leentvaar [8] reported that the
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power number for a cylindrical baffled £ank, with a disc
impeller, was 5.6. It .is. important to note that’ power
losses computed usiné’the powef number .expression reprééent
‘average losses within the entire tank volume. Thus) by using
the powér'ﬁumber losses in the expression for G, Equatioﬁ (2),
an éverage velocity gradient for the baffled tank cén‘be
found. Table 4 lists the results of the power loss, G-value

and Etfvaluevcalculations for the baffled tank.

Table 4, Calculated Velocity Gradients for Baffled Taﬁk.

POWER VELOCITY _
IMPELLER DISSIPATION GRADIENT-G Gt
RPM (ft+1bs/s) (s—1)

50 0.02 . 75 e 3,900
100 0.18 210 | 10,900
150 0.62 385 20,000
250 2.74 810 42,100
400 11.21 1640 - 85,300
500 21.90 2290 : 119,100
600 37.84 3000 156,000
700 60.09 3800 197,600

G-values and_at values for the hydrauiic jump and open
channel, for various channel slopes, are shoﬁn in Table 5.
A éample' calculation of the power' loss and the G-value
'for.the ﬁump-can be found in the Appendix. I£ should be
noted here thaé the open channgl G-value fo?'the 3.5 inches
per foot slope, may_be in error. TﬁevreaSOn for the error
is related to the exfreme curvatﬁre of the water-surface

 in the flume at this large slope. Since the flume was only
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Table 5. Calculated Velocity'Gradiehts for Hydraulic Mixers.

CHANNEL" FROUDE . POWER

SLOPE NUMBER DISSIPATION G Gt
(in/ft) Fy ft*1lbs/s - (s1)

1.5 3.41 0.022 705 3595
HYDRAULIC 2.0 4.49 0.035 690 2970
JuMP 2.5 6.29 0,054 680 2920
3.5 9.68 - 0.121 870 3480

1.5 3.41 . 0.046 1080 530

OPEN 2.0 4.49 0.061 1360 550
CHANNEL 2.5 6.29 0.075 1700. 550
3.5 9.68 0.103 2300 560

1.0 inches wide, all the calculations had to be based on the

center line depth. The curvature of the water surface may

_have thus Yielded a low center line depth reading causing
_the calculated G-value to be tod high. None of the other

channel slopes employed produced flows with extreme surface

curvature. .
In looking at the actual values for power dissipation
for the jump, channel and baffled tank, it can be seen that,

the power requirements for the hYdraulié mixers are signifi-

. cantly lower than the power requiremehts for the baffled

tank,

Hydrauiic Residence Times

e
The data collected from the dye trace studies was used

to determine the residence time ‘distributions for the baffled
tank and the hydraulic jumps. Figure 9 represents the RTIDs

for three different impeller speeds in the baffled tank.
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FIGURE 9. Residence Time Distributions for the Baffled Tank Reactor
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The RTDs do not seem to be partiéularly dependent ‘on the
. impelief speed and all the data followg the theoretical
curve deri%ed'from a mass balance across the reactor [27].
However, the mean hydraulic residence times (centroid of
distribution) for each of the impellef speeds, listed in
Taple 6, are significantly different. Note £hat Ehanges
in the dye concentration within the baffled tank during the .

first ten seconds were not included in the numerical integra-—

tion procedure used to obtain the MHRTs listed in Table 6.

Table 6. Mean Hydraulic Residence Times for Baffled Tank.

IMPELLER . ' MEAN HYDRAULIC RESIDENCE,TIME

RPM _ (Seconds)
50 .65.6
100 : : 56.6
700 ’ 50.3

\

Reactor Volume/Flow Rate = 52.0 seconds

i

Two typical RTDs for the -hydraulic jumps afe shown in
Figure 10.' In comparison to the baffled tank RTDs discussedf
above, two important differences are evident. First, thé
hydraﬁlic jump RTDs are more closely centered  about their‘
respective MHRTs (plug-flow). Also, the average mixing time
or, MHRT for the hydraulic jumps is about an orde;"of mag-
nitude less than.éhe tank MHRTs (4-5 seéond'MHRT for all
jumps). Thus, fhe macroscopic mixing in the hydraulic
jumps and the baffled tank used in the expérimenté are vastly

- different.
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FIGURE 10. Residence Time Distributions for Two Hydraulic
Jumps.
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FILTRATION RESULTS

As outlined in the Experimental Work section, the raw
filter data consisted of various turbidity and 'headloss
readings. The turbidity data will be referenced directiy
by  the ieﬁel (1-6) from which the sample was téken. Head-.
loss data on the other hand, is coded by referring to the
levels through which the loss occurfed.. For example, the
headloss in the 'uppermost layer of céal would be’ H1-2- and
‘the total headloss would be H1-6 (see Figure.8).

Two £ypi¢a1 exaﬁpleé of raw filter data are,shoﬁn in
Figures 11 and 12, The top graph in each figure_shéws the-

turbidity removal. as a function of time and the lower graph

illustrates the corresponding headlosses. Note that the

, 1 i
headloss lines are very linear, which is characteristic of a

- stable wéll'designed filter system with good depth removal.

A single plant run~Was also made in which no coagulant was
added. This no treatment run was performed in order to
establish a basé for the other plant runs, The results of
the no coagulant run showed that .the filter would not re-—
move any of the nonaesﬁabilized material. This also leq

to a zero headloss buildup.

Filter Response to Baffled Tank Mixing

As a first attempt to define the effectiveness of vari-
ous mixing conditions for the baffled tank, the rate of head-
loss buildup and average effluent turbidity for each run was

s
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calculated and compared. The rate of headloss is simply the
slope of the linear headloss lines whiéh were illustrated in
Figures 11 and 12, Rates of headloss were calculatéd for
various plant. runs by perfofming linear regressions on the
headloss data. Average effluent turbidity is defined here-
in as the average of all the effluent turbidity reading§
up to and including a specified. breakthrough turbidity (C).
The breakthrough turbidity was used to determine thé rdﬁ
length, T, and was set at 1.5 TU for M30 susbensions and 1.0
TU for SB325 sﬁspensions. In other words, when the effluent
turbidity of a given plant run reached the aéprOpriate break-
through'turbidity value, the run was terminated.

The rates of headloss developmenf and average effluent
turbidity for alum treatment of the M30 suspension are shown
in Figure 13. The rates of headloss do not vary significantly
above a G of approximately 800 s~1, however; a ﬁinimum ra£e

L

seems to have been reached at a G of 3000 s~1, Corresponding-

" ly, the average turbidity for alum treatment did not vary

significantly with velocity gradient. | The insénsitivity
of the data sﬁown in Figure 13 seemed unreasonable, and
was most 1likely related to the sulfates in the influent
water. In order to avoid the sulfate problem, the éoagulaht
was chénged to ferric chloride and the experiments Qere
repeated.,

Figure 14 illustrates the rates of headloss for fepric

chloride treatment of the M30 suspension, All trends in-
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Figure 14 aré similar to the trends for alum treatment; ﬂow—
ever, note the 100% change in the rate éf headloss and near
300% chanée in the aQerage turbidity over the G-value range
shown. As a result of the increased}sensitivity of the ferric
chloride system, no further alum trea£ment experiments.were
performed.

The SB325 suspension was also treated with ferric
chloFide and the resulting headloss rates and corresponding
turbidities are shown in Figure 15. Once again, the rate of
headloss changes significantly over the velocity grandient
range employea} with high G-values producing lower rates of
headléss. The average . effluent turbidities .are somewhaﬁ
less sensitive to.changes in mixing for the SB325 suspension )
in comparison to turbidi£ieé for the M30 suspension. The
lower sensitivity was  actually expected, sihée on a mass.
basis (mg/i),'a finer distribution of colloids will produce
highef turbidities'(light écattering) than a coarser diétri-
bution. | —

it was evident from Figures 13 thrdughv15, that no clear
cut optimum condiéiqn could be identified because the head-
loss and turbidity daté-oépoéed each other; Tﬂu§,>it»becaﬁe>
necessary to coﬁbine headloss and turbidify data into a
siqgle filtrability index in order to pinpoint possible
optimum mixing conditions. Also, correlations betweéﬁ the

turbulent microscale and the colloid distributiohs could
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probably not be identified unless a single parameter was

used to describe the filter response,

Filtrability Numbers for Baffled Tank Mixing

Filtrability numbers for various plant runs were calcu-
lated using Equation‘(9) aéd plot£ed agafnst average reaétor
velocity gradients. .The filtrability numberé obtained are
shown in Figures 16 through 18, - Also plotted in Figures
16 through 18 are the'turbulent microscales for the impeller
stream zone (see Appendix). Figure 16 is for alum treatment
of the M30 suspension ana the ekpected ihsensiti;ity is
eyident. Figures 17 and 18, on the ofher hand, illustrate
once again that the ferric chloride system provides much
more information in regard to the filter's response to vari-
ous degreeé of mixing; Since larger filtrability nuﬁbers
are indicative of poorer ffltration conditions, Figures 17
and 18 seem to indicate that relative minimum <filtration
conditions exist for both the M30 and the SB325 distribu-
tions. |

Looking back at the grain size distribgtiéns for M30
and SB3}5,-shown in Figure 5, it can be seeﬁ that‘the mean -
particle size for M30 and SB325 distributions (nugber count)
is approximately 3.0 um and 6.0 um respectively. According
. to the mixing inteféction model developed herein, minimum
interactiohs (filtration conéitiops) should exist‘when tHe

turbulent microscales are twice the colloid size. Thus,
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for the M30 and SB325 distributions, minimum filtration één—
ditions should exist when the microscales ’are approximately
6 and 12 pym respectively. -The preceding statemeht assumes,
of course, that the qollbid distribution can be. represented
bf its mean size. The 6 and 12 Um microscales correspond
to velocity gradients of 3000 s™1 and 810 s-1, Inspection
of Figures 17 and 18 show that minimum filtration cohditions
for the experimenta} systems occur at stream microscaleé
very close to 6 um for M30 and 12 um for SB325. Recalling
that the céagulant' was introduced into the baffled tank
in the impeller stream, a microscale-colloid size correlé-
tion in the stream region would seem the moét reasohab%e.

A secondary minimum filtration condition is also shown
in Figure 18 (G=3000). This secondary- minimum is most
likely related to the fraction of small particles in.thg
SB325 distribution which are of size 3.0 um; these émall
particles have.the greatest impact on the measurement of

turbidity.

ELECTROPHORETIC MOBILITY DATA

.Recall that the electrophoretic mobility of the desta-
bilized (level 1) syspension was algo measured reguiarly
th;oughout each plént run; Each recorded mobility was, in'
acFuality, the 'average mobility for .ten particles, and
thus, between 60 and éO particlé,mqbilities wére‘measured'

during ‘a given ‘run. Table 7 lists the average mobilities
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obtained from the various mixing conditions employed to
treat the M30 and:SB325 suspensions. It can be seen from
Table 7 that the highest 'mobilities o;cur‘ at, or very
close to, the microscale-colloid sizé correlation péints
diséuséed iﬁ the previous section.- Although the mobili£y
data seems somewhat scattered, any conclusion which is
drawn from £he mobility measurements is supported by the
large number of samples which make up the average §alues.
In fact, statistical analysis of the mobilify déta yielded
95% confidence intervals whicﬁ were sé small, that the
intervals could be considéred insignificant. Thus, both

thé mobility data ana‘ filtrability numbers seem to  sug-
gest the existence of a size correlation between fhe tur-

bulent micrdscale and the mean size of the colloid distri-

bution.

HYDRAUEIC MIXER COMPARISONS

Comparing hydraulic mixing to baffled tank mixing was
handled by utilizing‘the velocity gradient-coﬁcept; Within
“the context of this inveétigétion! éompariﬁg mixers from a
-E—Value Standpoiﬁt answered two related questions. First,
the éomparisons-ga§e some insight into whethef the proposed
method for calculating G-values for hydraﬁlic ‘jumps was
reasonable. Secondly, comparisons based on(;estéblished the
jumps mixing effecti§eness in'relation to:the effectiveness

of the baffled tank. It should be noted here that a similar
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Table 7. Electrophoretic Mobility Data for Treatment

of M30 and SB325 Collqids

VELOCITY " ELECTROPHORETIC*
CONDITIONS - GRADIENT MOBILITY

(s~1) MEAN + 95% C.I.
(#mecm/voltes)
.75 0,90 + 0,02
Alum Treatment 210 1.0 + 0.04
of M30 Particles 385 1.00 ¥ 0.02
810 0.94 + 0.02
1640 0,98 + 0,01
3000 1.15 ¥ 0.03
3800 1.16 E 0.04
75 1.22 + 0.02
Ferric Chloride 210 1.21 + 0,02
Treatment of 810 1.09 ¥ 0.01
M30 Particles 1640 1.19 + 0.03
2290 1.27 + 0.02
3000. 1,31 + 0,03
3800 1.11 + 0.03
210 1.60 + 0.03
Ferric Chloride 810 1.52 + 0.04
Treatment of 1640 1,70 + 0.02
SB325 Particles 3000 1.55 + 0,04
3800 1.44 + 0.03

*Non destabilized particle mobility

5¥valug for the jump and tank does not imply a similar Gt
value. 1In fact, for a given G (600-900 s~1) the Et‘values

for the hydraulic jump are an order of magnitude "smaller -

= 2,2 umecm/voltes

than than the §t values for the baffled tank.

The rates of headloss of both hydraulic mixers (jump
and channel) afe shown in Figure 19. The data in Figure 19

indicates that the rates of headloss produéed in the filter
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60

_for both the jump and the channel are higher than the rates
which resUlted froﬁ baffled tank mixing. At firsf glance,i
Figure I§ might suggést that the EFvalqes for:the jumﬁ were
too large since the hydraulic and mechanical data would align
if the jump'éFvalues were less. 'Howéve}, the velocity gra-
. dient calculation for open channel mixing is well defined,
yet the channel data as well, does not-élign with the baffled
tank data. |

From a turbidity standpoint, Figure 20 indicateé that
the hydréulic mikers produced a 'sligh£ly higﬁef quality
effluent than the baffled tank. Thus, the increased head-
loss depictéed in Figure 19 was understandable.

Combining the_headloss and‘turbidity data to form.,cor-
responding fiitrability nﬁmbers leads to the comparison il-
lustrated in Figure 21. The filtrabilitf-data tends to sup-
port the G-value calculation method since the baffled tank
and jump data ére in good agreement., 'Furthermore,.Figure 21.
" indicates that the hydraulic jump and open channel:are equal-
ly as effective as the baffled tank in regard to rapid m1x1ng
of chemical coagulants. Once agaln, it should be noted that
the actual power dissipations in the hydraulic_mixers\were_“

significantly less than the power dissipations for the baf-

fled tank.
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CHAPTER 7
CONCLUSIONS

Based on the results of this study, the following con-

clusions can be drawn:

1.

A size correlation between the turbulent microscale -
and the colloid distribution seemed to exist for the
rapid.mixing process of éoégulation, . Thé existence
of this correlation was supported.éy pilot plant fil-
tration data as wéll as particle electrophoretic mo;

bility data.

" The microscale-colloid interaction model proposed here—

in may provide some insight into the size correlation
mentioned above. The mixing model may not actually
define the physical nature of the rapid mixing proéess,‘
_hpwever, the model seems to predict the minimum inter-

action condition for the mixer used in this study.

Iﬁ regard to optimum mixing conditions, the-data col-
lecteé indicates that the size of the colloid suspension
being treated must be considered beforé 6ptimum condi-
tions céﬁ be defined. The filtrability data iﬁdicated
that average velocity gradients from'700 t011500 s~1 or,

possibly gradients- above 4000 s~l, were best for the
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particle suspension used in this study.

Use of the hydraulic jump design procedure developed
hefe resulted in G-values which were reasonable aﬁd
functionally correct. Although the procedure‘developed
here was for jumps occurring in sloping chénnéls, a
similar methodology couldAbe developed for jumps occur—

ring downstream of a critical flow flume.

In the average velocity gradient range of 600 to 900
s~1l, the mixing efféctiveness of the hydraulic jump
was found to be equqi to that of the baffled tank.

Furthermore, because of the difference in the size of

 the power dissipation volumes of the jump and the tank,

significantly less power was required to produce the

above G-values in the hydraulic jump.

The inflexibiliﬁy of a hydraulic jump as a mixer was

also very apparent. In spite of the attempts made in
this study to produce Jjumps of variable velocity
gradient, all the jumps fell within a narrow G-value

range. It is this inflexibility that will continue

"to limit the use of the hydraulic jump in mixing

operations,
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APPENDIX

' SAMPLE CALCULATIONS
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1. Hydraulic jump velqcity gradieﬁt.
Measurements of depth and elevation withih the
flume led to the following.déta for the 1.5 inches

per foot slope.'

0.078 ft = 0,128 ft

<
n

Er

Fq 3.42 S sin 8 = 0,124

The power dissipated in the jump can then be found

using Equation (7) where

[3

Y = 62.2 lbs/ft3 (80°F) O = 2.0 gpm = 4.46x1073cfs
P = YOQ(Er)

Using F1, v and S in Figure'22 yields a jump
2 ..
length:

L = 0.461 ft

Thus, the dissipation volume, V, is approximated by a

triangular wedge of 1.0 inch width or
V = 1/2 Ly,(0.083) £t3

Finally, substitution into equafion‘(Z) where
B o= 1,799x1073 1b.s/ft3
©§ = 705 &1
Thé above G-value being an approximation of:£he velocity
gradignt for the hydraulic jump generated on the 1.5

inches per foot slope.
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FIGURE 22. Hydraulic Jump Length, L, for Jumps 1in Sloping
Channels.
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Impeller stream microscale

Taking the case for a'velocity gradient of 3000
s=1, Table 3 lists an aveéage power dissipation of
37.84 ft-1lb/s. Referring to Figure 1, the approximate -
power dissipation in the impeller stream would be

Poo = 5.4 (37.84) = 204.3 ft*1lb/s
Converting Ppo to the power dissipation per unit mass
is accomplished by realizing that
~ Pm
2
€= ()
ov,
where

p= 1.934 slugs/ft3 and V, = 0.095V = 0,022 ft3

" thus

€= 4792.9 £t2/s3
Substituting into Equation (1) where

Vv=19.3x10"% ft2/s (80°F)

'n = 2x1075 ft = 6.2 um
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