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DISPERSED- PHASE DISTRIBUTION PATTERNS
. IN LIQUIDbLIQUID AGITATION

" Lawrence H. Welss, Jr., J.. Leonard Flck, Robert H. Houston,
and Theodore Vermeulen

Lawrence Radiation Laboratoryhahd Deparmment.of ‘Chemical' Englneerlng
‘University of California
Berkeley,. California

Septenber 6, l9627>

‘.ABSTRACT
The dlstrlbutlon of dispersed phase throughout a baffled tank\was
measured for a number of 1mmlsc1ble llquld palrs over a range of turbulent
mixing condltlons. .The volume=fraction of dlspersed phase, ﬂg , was found
to be independent of radial position.  The variation of ﬂé over the height’

of the agitator followed an exponential distribution function:
g =‘¢ e'K(h = hB)

The parameter K. represents the extent of inhomogeneity within the emulsion

-and is correlated by:

2.2 -

. i | =2/7
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The perameter hB is the fractional tank-height of the boundary between the

stagnant layerr(if any) of the dispersible phase and the emulsified mixture.

4

It has been correlated by
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with the limitation that ¢ > B

is obtained by setting the argument of the logarithm equal to 38,

The inadequacies of single-parameter criteria are discussedo The
present results are compared.w1th other studies of nomogenelty in boeth- ligquid-
llquld and llquld-solld systems The avallable résults are shown to be con-

'?:

51stent for each system

R R

;;CL- A;criterion for complete bulk disperSion.

-~ -
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I.” INTRODUCTION

f Brlnglng heterogeneous phases 1nto.contact 1n aéltators is among
the oldest of process operatlons, but there are.stlll many areas of ‘appli-
catlon for whlch performance requlrements cannot be'satlsfactorlly predlcted
Mixing equlpnent generally requlres.a.max1mun.thoroughness of homogenlzatlon
andllnterphase contactlng in each local reglon forvpeak.perfornance This
study, together w1th prev1ous work at thls.laboratory 2 7’16 ez; el
made to 1nvest1gate the problem of attalnlné effectlve nultlphase mlx1ng
w1th conventlonal.agltatlon‘equrpmento o |
.Because”miXinébofﬁinnisclble;liquidsiis“usually:undertahen‘to'allow
mass transtertbetueen.the thases;‘threeﬁprinary ohjectires”of.the_process
canvbelidentlfied:“‘i | | - | B o
(a) ﬁtolprov1de homogeneous hulk:m1x1ng, Whlch ensures adequate
contactlng of the lntersuspended phases,ld | | |
2 ' (b) to previde a turbulent field around and w1th1n the droplets,
which dlrectly reduces res1stance to mass transfer, and
(c) to provide a large interfacial airea; which also seéfves to
brOmotefinterphaseﬂtransportﬁ”"”

In terms of the fluidﬁmechanics?of'the'prOcess;dthese:three goals are
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closely'related;_nevertheless, the sucoessfui_attainment of any‘one of them
does not necessarily indicate'satisfactory levels:for'the.other two. The
criteria for obtaining homogeneity aredimportant both to‘aSSUre-uniform inter-
phase contactvand as guides to desirable levels of turbulence‘and drop size.
It should also be'noted’that bulkAhomogeneitydis a primary objective in the
suspending of SOlldS and the blendlng of mlsclblep liquids.

Previous work at this laboratory and elsewhere in the field of liquid-
liquid agitation has been concerned with measurmng and predicting interfacial
area and'agitatorfpower reduirements; »

Satisfaotory correlations have been establishedlfor power input as a'v
1funct10n of the impeller Reynolds number and vessel geometry, as- has been

1nd1eated in a yery'recent survey by'Hyman.h Whlle the power delivered to

the figid does not all produce turbulence, studles by Sachs,zopandLYBmomoto

and Kawahlga31,28 show a relatlon between 1mpeller t1p veloc1ty and the tur—
bulent ve1001ty fluctuatlons " The earller work.at this laboratory by Flck

and coworkersyz and Rea and co-workers,l6 showed that the same power correlations
“hold for heterogeneous llquld systems as for homogeneous llqulds, and this -
proylded prellmlnaryylnformatlon about the productlon.of turbulence in these
systems. The only modlflcatlons to the well—known correiatlons for single-
phase systems offRushton;et;al.lB’}? were the introduction of volumetric-mean

physical properties for the heterogeneous systems.

“A. tlnterfacial Area Measurement

The study of interfaeial area in heterogenous Fluid dispersions was

investigated with use’Of;a'light—transmiSsion probe,.by’Langlois,and co-

VTRl

workers. The probe measures the transmission of an emulsion of two
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colorlessvfiuids and compares this with the thansmissiqh of‘light through the
continuoue phase aioheo:.Thegphotoeleetric:heaea;eéehte‘Qe;e“ealibrated with
actual drop diameters by use ef highfséeed photography. ‘Sabseqﬁent investi-
gatione‘by’Rea et al.}6 Fick et.a}gf andﬁVanderveen;??_have'resulted in.
correlations of drop diameter with physical'ahd geametrtc variables,‘in-
cludihgvthe_hulk-average volame fractionAof,dispereedﬁphasehgz;Aa?d.ﬁhe
Variables ehtering thte‘thevWeber‘numher hNWG;,;:Somewhat"differentlresults
were‘tound by.godgerﬁan@ cqfworhers;Yfz; tnvqtythg a,ema;lep.erehdenpe upon .

'NWe~’ and including a settling-time ratio to be determined,empirieally for

" each pair offfluidsax From a,consideration of the probeleQatith.used by

each, it is apparent that more coaleseehce occarred‘ithodger's systems than
in those of Langloisq

.The recent'wofhgby“yanderveeﬁgg extepded,theﬁeaflierrstudies by Fick,
Rea, and Langlois,tq tahevquantitative account$qﬁtcoalesgehceﬁih the ;iquid—
liguid syetemsf Van@erveehlfound that the coaleeeehpe_gf Qropsrceg;@_be
bestvaccounted for hyla lihear re;atioh_thatﬁagde an incremeht_to.the ayerage_

droplet diameter at_points_rembte from the impeller tip:

? i
Ay midg t g A s o e e (1)

where di;z 1v,mean_.d‘r:_op“let>di_an‘]‘e_:te:c'__,;at point-i,ﬁdoa%~mean;droplet~diameter'at

the impeller tip, ' b = a geometric. censtant; showing probe lecation, -and .-

0-1

A?l = the coalescence correction factor.

The values of bO l are tabulated for several different locations by Vanderveen,

and the other terms are correlated w1th the phy31cal propertles of the llqulds

‘and the agltator geometry by the follow1ng relatlons°
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where 'L'E‘impéliérvaiémétéf,':f(%) =1+ 2.5 %‘; FNRé ?ﬁiﬁ?ellériRGYHOldS
numbér,'and 'w' é’a fun§tibn“of phaéevviscositieé and volumé"fractidns.

While thé‘ékaat form of théﬁborréléfioné is oféh'tb_furtherbinﬁésiigation »
including boséibleiuSe bf'é'ééttling—time-term,.VanderVeen'sbstudy shows that

: ‘ 3 : l'v . 3 R N ) ] ) | B . 5 ) k - N ) 3 ) .
coalescence in areas of an agitator remote from the impeller can be signi-

ficant invpredictinguperférménce;

= B« .. Bulk ‘Homogeneity offTwo+Phase_Systems

:iAs.mentionéd'abbve; ah'eQuaily impéftant‘critefion'for’e&aluating
the perfofﬁanéevéf.an!égitafor is the degree 6f bulk'homOgeneity>é£taihed in
the resulfing'emﬁléibﬁwOr éUsﬁenéion. Tﬁe need to kéép two phaséé éompletely
intersuspended, thué a&oidihgaany deéd spaéé,fishbftén 6f;cfi£icél.ééonomic
importance. If any peftion of the dispersible ?hase is not'dispersed in a
reasonably uniform manner, the effeét isvessentially thaf of removing this
portiop and the Volume-it'occupies from the agitator, usually with a detrimenfal
effect. Fro -this réasén,'hquggneityVha$fbeen ihveStigéted'over a substantial

range of conditions, 'as summarized below.

1. Solid-Liguid Systems o T | v
A nup@@r‘gf studies have been published concerning the suspension of
solids in liquids. In an early work, Hixson and Tenney investigated suspensions
S , ; v

of sand both in water and in sucrbse-water solutions. Since-the vessel they
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used was unbaffled and open at ‘the tQp;’a'Vortex\wasxprésent=in:all;of the

. runs; this limits the applicability:offthéir results to~Qur study.-: However,

the concept of a '

'mixihg index" as a'chafécterizationnof.homogeﬁeity-was.
proposed in that paper and has-since.beenAwidelyvadopted;;‘HOmogeﬁeity.wase
investigated b& drawing samples from various locations-in theiyesSel-anqh,
comparing their compositions -with the.khown over all COmpésition-:’TheSe
measurements were used to compute local values .of "mixinglindex”, which were
then averaged to define_empirically-thé-Qverall'degree éf homogeneity in the
agitator."

In terms of the notation used here, the.Hixson-Tenney definition

would be

1 EQZ ST R )

. !
where q samples are taken of the local volume fraction ‘@g « . It 1s obvious

that when bulk homogeﬁéi%y is not'approached;'ohé phase will predominate in
certain regions. The experiménter must either choose to compute the ratio
for the component which gives a values less than unity (lOO%),_or else confine

his measurements to that portion of the vessel richer in continuous-phasé

‘materials. . This definition also gives a’discontinuity'at lOO%‘mixing-index‘

in the-ploet of mixing index against local'volumeﬂfra6£ion'(gé”) for all
systems eXéept the'SPééiglwcaSé'of ér;;o;éog“Thié resuits'in'différent'
values for the "mixing‘indéx" for eqdal, small departures frbm a value of
100%.

In Other early.studies, White and co¥wordéféﬂmea$ured concentration

26,27

profiles for solid-liquid systems. 'In more réceht‘WOrk, Nagata et al.
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' havé,photographed;such suspensions;giloitheyxhéve-established'thatﬂmass—
tfansferffates,are optimal (felative'to powér iﬂpuf)Iwhen-all.the polid
particlesihave:just been éuspended,ll thus obviating the need .to attain
complete bulkvhoﬁogeneityyfor this particular case. . In a-fﬁrther‘study;

Kneule confirmed that mass-transfer rates increase only.slightly when impeller

speed -is raiséd}beyond.the conditions necessary for complete suspension of the :.

p)

solids.” .
' This‘work“ggided.Zwieteringsio investigate extensively the conditions

which will just suspend all the particles.29

His study covered a large
range of liquid and :solid physical properties in addition to several different
agitator geometries in fully baffled vessels. .Using the value of 1.5 given

for turbines as the exponent of the geometric ratio, Zwietering's result is:

0.2 1.5

0.1 _ 0.45 [ L_ [ 0.13 .
Nre Npr . a =K1/ B > ()
Y : :
with the Froude group modified here to include the ratio pC Ap . - Therefore,
_ 2 . 2 : | |
NFr = N L_PC/%AYP.e and NRe'_gNLi“pC/uC . The:valuq_of_the constant X

depends upon-theJdistancg bgtwegnAthebimpeller‘and thg tank bottom; B is tﬁe
weight—percegt of sqlids;J‘Zwietering's_result does not prediqt homogeneity,
but only the:first'complete,suépension:of pgrficles.  In»his fﬁns, the maximum
fraction pf'solids was 30%'hy welght.

Studies of thev"critipal spgedf_a# which.éolid-iéguid_systems reach
constant cqmpositiqn_gtuorHQb9V§ thg impellér.in bgffled fgssels'have been

made by Oyama and Endoh_.13

Their correlation is independent of solids loading,
but the range of this variable was limited to.about 1% by weight or lower.

The criterion determined by this was

2

3
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For-the same standard of homogeneity in selid suspensions, but in an
unbaffled tank, Pavlushenko and co~workers found the "critical speed” relation

to bell+

: ' ‘ - A T . .
N = Kt : (7
Since this study was made in a single tank, the tank diameter is present only-

as a result of dimensional analysis,j These workers found that this correlation

applied for solids loading from .20 to 50% by weight, and that the ”criticai :

: speed” was proportional to the solids loading in the range below 20%.

Iri yet another study of optimum stirrer speed for solids suspension
in unbaffled tanks, Nggata and'éd—wakers used the'criterioh of all particles

being 'in suspension.ll°'This correlation for optimum speed was

—KL | ).‘ (8‘>

where the rap;o (VP/VP') measgres.the ayerage»dgparture'fromusphericity of
the solid particles.

.aRecent work by Weisman and-Efferding-suppo?ts some of the foregoing
results.25 They found‘it_ngcegsary to cohsider thé expansion'of the slurry
bed to occupy.the entire column of the mixing vessel, as well as the initial
suspension of particlesé In a baffléd'vessel, once all the solids are sus-~

pended, the slurry is essentially uniform in any plane parallel to the bottom
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of the tank. .Except for the volume-just,below the slﬁrry/clear-liquid

.”interfaéé”, the siurfy appears to:héVe a linearfprés%u;e;depth relation. =~ .
These authoré thereforevconclpded that the majorvdeéign criterion is the
ffactionTofffhesziéllVolﬁﬁerdééubié§ by the sluffy; ‘The cdorrelation they Y

proposed for the fractional height of the slurry was

o N 046/ \0.81 _ . .
' ' -=0.2 0:.46 ' ~ =-0.38 . -0.31
hs B (const) * o NRé‘ 3 NFr + a;j‘ . % > hs :

=3

(9)

" Where hS is the fractional height of the slurry;'and' @ ‘the overall volume-.

fraction of solids in the tank. -

27> Liqgid;Lié#id‘Sjstemé

”vThe first attempt.tpjapplyvquantitative.;tandapds of homogeneity tQ
heterogeneous liquid systems was in.the study by Miller éﬁdfmann58_:Thé
Hixson and Tenney Tmixihg-index" method Qas applied in an unbaffi;d téhk‘by_
diphoniqg out small sa@pi§s under steady—séafé‘dynamic COnditions; -When:
relativé voluﬁe—frégtidnsJWere.determined_affer:the'samples had:settléd, the
inherent deficiencies in this definition, ﬁentibned earlier, beéame evident.
Thegs workéfs'ﬁrééented'ﬁo general correlatioh.of'variabies; but copcluded"
that pover input was the major factor governing_homogenéity,'whiléAfhe
gebﬁefriccand théicai'vériablés were éf secondary importance.” -When “miging
index" wésvpiotfed'agafnst power input,'an optimﬁm generally occurred at 1 oy
té’é'hp/iOOO’gal;:'Limited'data'Shéwed that sdéle—up at éohstant "mixing

index" could be achieved by:usihg equal power input per unit volume.
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In more. recent studiés, Nagata and co-workers inyestigated the

impeller’speéd-necessarynto'cauSe cemplete intersuspension. of the dispersible

2 : ' . . 1
phase.,l The -optimum turbine. diameter was determined to be'Li;iT/3. Other

varisbles considered were the effects of various types of baffling and the

bshape of the vessel bottom. The correlation established for the liquid

properties is.

| . 0.11 /7 \ 0.26
Nmin = Al 2 : ,ép— PR _ (10)
: . pc . pc : . ]

where A 1is a function of gedmetrical factors. Although use of this min-~.

imum impeller speed will énéure'avoiding-a sepafate layer oﬁ‘dispersible
phase, itgdoes notrensure bulk homogeneity..
-%Anwextensivegstudy:of.éoﬁdition§ for'unifbrmity'in»héterogeneous
liquid systems was carried out by Pavlushenkoxand Ya‘n‘ishevskii.l5 The
ﬁeééurementg were made:in ? single»30-cm-diam round-bottom flask with turbine
and_propgllerftypevimpellers uhder both baffled_and unpgffled chditionsf A
vortex was present in all the unBaffleq funs. Light-transmission measure-

ments were: used fo.determinerthe aﬁproach to»homogeneity. . The impeller speed

required for complete Bulk mixing increased with impeller distance from the

static interface; the overall volume-fraction of dispersed phase had only a
negligible effect in the range of 0.1 < % < O.7. The result of this work
in baffled tanks with turbine-type impellers is

0.92

0.10 _ 0.30 _
R& - Fr

Nl o

(11)
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where, here,vNFf:;»N%L/gpn'A-total,of seven liquid.pairs was employed 1in the

study,ualiowing'the-ratiosvused_in.Eq, (11) to~vafy over a-substantial range. -
In a»preliminary,study}at;this laboratory by Fick,zgthe;definition of
r"mixj.ng- index™ was revised from that originally proposed<by-Hixson-and_Tenney.
. In order to provide for a continuous slope at 100% mixing index,,and‘fo,in-.
dicate equal departures from bulk homogeneity for equal deviations immediately

above and below the mean vqlumé—fraction in systems where the latter is other

than 0.50, the following definition of mixiﬁg nﬁmbér, M.N., was proposed:

oy | 0BT
ey 2L 7

S

(12)

"Using this relation, the mixing number can vary from 0 to 200; then the mixing
indengiﬁ ;'iéwéhbéén‘as'éi%ﬂef (200 - M.N.) or (MuNLj,'wﬁicheVer‘results in
a value for i <100 This felétioﬂié 'i'liu'strat_eafiﬁ Fig. 1, where the
fuﬂctiohal’éjﬁme?fy is apparent. As in the work of other investigators, Fick
defines'én’expéfiméﬁtal“bvéfall miiingfindexivalue,-EMiuor'Im., as thé linear

average of the individual point values, ip:

(13) -

=

=

i

=

T
NS (S
e
l.._l

. m)j“: .

P~
L

[
s
i

As an imitial basié for cqyrelating_EMI with_phe physical and.geometric
variables, a dimensioqléss group based{én ﬁhe Newtonian settling velocity of
a particle‘iﬁ afturbuléﬁ££fi¢lg was §;0p9§§auby]Ficko “Basing his final result v
on the empiricaivﬁnowledgéﬁthat.cémplete-byik mixing is:ﬁighly improbable,
he presented a cqrrelation of the normal probability of EMI vs the logarithm

of the "settling group. This can be represented as
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Fig. 1. Mixing index a$ a function of mixing number.



-le- _ : UCRL-9787

=0.
NL p 2 W

W.Eﬁ ,

prob(EMI) = ia + b} 2n :
R (1o e fea )™

()

’ whereAthe.group in brackets.is the Newtonian "settling groUp,"lcorreéted fér :
system geometry. :iﬁ‘éhould ge noﬁed thaﬁ the tank-diametér;TTéna height H
were not varied, aﬁd that they Weré eépal in all eipéfimenté.-rFurther, all of
the sampling boints,were-in fhe upper half of'fhe tgnk, under £hé assumption
of a symmetry in phasévdistribution above and beloﬁ the impéller..

The greatesf'discrépanéieé.between the'results:of différént investi-‘
gators seem to 6cdﬁr in»thé critéria'ofvhomogeneity which they‘chose. Since
the mixing'of heterogeneous'sjstém;'can be undertaken_for a Qide variety of
reasons, the different criteria for complefe mixing appedr to be based upon

~different specific goals of the dispersion proceSS.

L/
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-II; STATEMENT OF THE'PROBﬁEM
A criterion for eValuating mixer perfprmancé that i$”not'Baséd'upon
specific.précessing objectives or arbitréry standards of uniformity-wéuld'be '
of greatér use in the design of interphas¢ éonfacfing équipmépt;”;Siﬁbe'pfevious
inyestigétibns have shown the limitationé of a éingle¥parémetéf'aescription
of homogeneity;.thié:stﬁdy.wasbﬁndertakeﬁ~to’éxamiﬁéfﬁdre’fuliy'therundameptal
problem of characterizing the dispersed-phase distribgtion'in7immi5cible liquid

mixtures. By establishing a valid model for suchidispersions and developing -

‘correlations for all its pépaméters'with the design variables, progress will

be effected toward rational .performance criteria and valid design procedures.
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III. A TWO-PARAMETER MODEL-FOR DISPERSIONS

:»Prelimiqafy_visugluobservatiép~andgmé§§uremepﬁgo£.diSperSed,systems
indicafeathe‘existgncenof_pWO\types of inhomogeneity,.which'do,not,seem to. be- j_ ‘ .
directly related to one another ip,mospycases:;»(a)._veptical;inhombgeneity: L
within the émulsifie@vqontinuous’Phase:“?ﬁd. (b) en undispersed second phase .
present as a discrete layer. “These;two;types,of inhomogeneity reflect the PRI
fundamental duality: of the dispersing process. The first, type is-a;result~of
insufficient;circulation,aqd;turbulepée wiphin,the vessel: Thus, droplets-of
the sécondiphase afe,ﬁot,Carriedvto,aii‘partSHOf the tank; and a definite ..
concentraﬁion-profile-fo? thevdispersed'phase exists within the'two-phase“
region. The second type of inhomogeneit&‘results from'aﬁ unfavorable»equilibrium
between the dispersion and ¢oalescence processes. While fluid—dynamic‘fOrces .
are again important, the dispersion and coélescence phénomena are much more
.complex and more strongly influenced'by the properties of fhe liquidsl(ioe.,
densify, viscosity, interfacial £ension) than by the‘disffibution bf suspénded

\

phase within the emulsion.

A.  Preliminary Considerations

If radial variations in concentration are small compared to the
vertical (axial) variation, a relatively simple description of the dispersion

in cylindrical agitatbrs can be given. Figure 2 shows the range of possible

-

distributions of the local volume%fraction gs'éé'a_function of the fracticnal‘

tank height h, with the "origin” (h = 0) always taken at that end of the fank_w ¢

where the settled dispersible phase would lie. | |
Curve A in Fig. 2 repreéents compléte inhomogeneity or "zero mixing,"

and has somewhat the physical appearance of a cross-section view through a
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Fig. 2. Computed dispersed-phase distributions _(exponential model).
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stagnant agifator. Cur&e-B reéresents the opposite.éxtreﬁe; or complete bulk
homogeneity, for which a Sample‘withdrawn from anywhere in the Qeséel would v -
be identical in coﬁposition to ﬁhe overali value 5_. |

"The other curves in Fig. 2 repregent one typé of inﬁermediafé dis-
tribution. The shape of theée curves and the height.of the stagnant layef
h, represented by the horizontal discontinuity in the profile,fare_somewhat

B
arbitrary; The first restriction to satisfy is that the area to the left

of (i.e., "under") each curve must be equal to @. Because 2 is independent

of radial position, we have

)
1

f(h), h > hy

: : (15)
1.0, b < hy S —

)
i

where f(h) is a monotonic function such as expressed by Eq. (19) or (20), with
the intermediate curves in Fig. 2 cdlculated by -Eq. (20), with‘ai; 0.50, and

Kk = 1.00 throughout. In order to satiéfy a\maﬁerial balance we have

g <[ s, _ (16)
~or, from Eg- (i5):
~ , A.0
~ug = n_+ | . f£(h) ah. Q7) @
o B -J ;
g

A further restriction on the functional form of f(h).arises from the
coalescence process that is affecting the performance of the mixér. It is

evident from physical considerations that a maximum upper limit exists for the
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concentration .ﬁs of the dispersed phase; thié limitiﬁg value is taken.té be
0.70. 1In a situation'ofvpoor mixing, both a layer 6f ﬂstagnahtf second phasé"
and a steep gradient for‘the ¢S. distributiontwithiﬁ £he emﬁlsion are likely
to 6ccur. Thevhighest valqe-fqr QS 5 gma& >, will occuf‘at the interface,

with any undiSpersgd material ét h = hé ; or otherwise ét-the end of the tank

(h = hB = 0). The_,Qﬁax'feStriction is most convenienﬁly:incorporated by

‘transforming the wvariable h tb the.ﬁew form h - hB B which‘can vary between

zero and (1 7'hB).-.The definition of f(h) in-Eq. (15) can now be rewritten

more explicitly (with the provision that 0 < ﬁﬁaXISIO.7Q):

@

% - 4 1
= - otaony - 8

From the empirical viewpoint, the‘sippiest'explicit form for Eq. (18)

would be the linear function

= 1 - &n - hy) ; - (19)

max |

however, a more attractive theoretical basis exists for ah exponential relation

suggested by the Boltzmann distribution of molecules in a gravitational field:

fs._ RLCEESN (20)

max

© Our primary effort has been devdtedvto testing the expoentisl form, although

the linear form remains an alternate empiriéal possibiliy.

The various parameters of Eq. (20) are illustrated in Fig. 3, where

their relation to. the physical system becomes more evident. (Fig. 3 also
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.. Fig.: 3. The exponential distribution—- model. (theoretical). .
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shows"anvéxffapolaﬁedfvoiume,ffaction, Qli; %.WhiCh ié'ﬁSéfﬁl_in'éaicaiating“
A Kk and 'hé' from eXperimeptalbprofiles 6f' ﬁs o)

The slope of fhé exPoneﬁtial‘distributioﬁ function kf"gécgméé:ét
valid measure of bﬁlk homogeneity; Varyihg from zero.atﬁiérfééf>miﬁiﬁg'tafin?"

finity at'no'mixingJ ”A‘"theoretical miXing index," TMI, canﬁthen”beadefinedf

as

™I = — 3 L (21)‘

This function has the familiar property-of varying between 0. and 1, with 100
_(TMI) being an analogous measure of "percent mixed.ﬁ

The second paramenter in the-model, h is the height of the inter-

B
face between the emulsion and the remaining dispersible (but undispersed)
material. The-“value of " hB'-is therefore directly proportional to the volumn :

of "stagnant" material that is not participating in the mixing process..

B. Analysis for «

If a true analogy to the statistical-mechanical model.éxits, K omay
well depend upon the sQu@re'Qflﬁheﬂtgtio of local particle.velocity Vé to

the Velocity of the continuoué=fhase Vj ‘that surrounds it. Thus we have

(22)

W
Let us consider a liquid;mixtﬁré in an agitated tank, in the neighborhood of
the impeller. The impelier acts to form a jet of relatively high-velocity

fluld which diverges: and causes circulation throughout the tank. As a
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reasonable approximation, the-llquld at the 1mpeller tlp oan be con51dered to
have a velocity proportlonal to the tip speed ‘ﬁ'NLi_ The local llquld ve1001ty
at any other point should then be related to the 1mpeller veloc1ty by the ‘
geometry of the agltator and the vessel. |

For a turbine impeller, the area of the jet‘is proportional_to.Lw.
Because the jet velocity decreases with distanoe from the impeller,;the local,
velocity should be : 1nversely proportlonal to both tank helght H and diameter
T, or to the product TH in a 51mple cylindrical tank Therefore,the average
local ve1001ty should be proportlonal to the impeller- tlp speed and the ratlo:
LW/TH (whlch we define as a geometrlcal group G), and we should have

v, o« (NL);QX’ _ o (23)

Exponent x is included to allow for the expectedvnonlinear nature,of.the_
felationship. |

‘The_local particle velocity has been commonly characterized by a
terminal settling Velocity. For sphefes falling in a laminar field, Stokes's
equation is: o V , . |

glnp]d |

V. = (const) L - (2k)
v : M : :

c -

Similarly, for conditions of isetropic turbulence, Newton's expression7for

 terminal eettling velocity is

V. = (const) — o (25)



Ly

-21~ . | UCRL—9787

Considering a laminar-flow regime, substitution of Egs. (23) and (2hjy; -

Stokes's law into Eq. (22) yields

T - (2)
o .UCNL ;
Upon réarrangement, this becomesﬂ
2
. NL p ' v ‘
- ‘ _ 2
Kl | — e, (e1)
g lapl

or, in terms of the COmmOn‘nameS"fof the dimensionless groups, with 2x =y,

s

K'lrgf(NFp)Z‘ (Nﬁéfrz E . (@8

In a condition of isotropic.tufbulence, subsfitution‘omeéWth's result

(Eq. 25) into‘Eq;‘(Zé) simiiariyiresﬁlts in

-l««.-"'L__ y»"‘. -
5 g - NEr: (dp ) G o | (29)

In any real_case‘of interest, the flow regime within the agitator will '
be neither laminar nor isotropically turbulent. However, when: Eqs. (28) and
(299 are examined, it will be seen that they can be'combined'into a singlé

generic relationship of the form

KL (N, -

.FrXZ—Bn (

N.

-2+4n L \k-6n
Be? )

‘d

o . (30)
D -
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Thus for the case of n = % ,~Eq§ (30)-reduces tofEQ{{(?Q);'the résult for
isotropic turbulence. = Similarly, for n = @’,~Eq; (28);is'obfaineda‘ Since

neither isotropic turﬁulence4nor’laminar flow'is encountered on ﬁhe scéle of
the &ié?erséd~particle diamefers ih ah agitéfed ténk, ang since a.dispersive
procéss is in balancé'with a settling process,{ii'ﬁduld ge poséible»in prin—

ciple to find any value for n 'in this general régién,

.C. © Analysis fér hB .

The parameter n designates the height of a layer of second phase

B

that remains undispersed after dybamic equilibrium is‘attaipedo'vSuch a

an occur as a result of two distinct types of behavior. -

stagnant layer c

The first cause is:inability of the emulsified_phase to contain more
dispersed phése, qnder the given agitation ;onditions, (i.e., a_lack‘of fmixing
‘power'™ in the-agitation,which is a COalescenqe phenomenon); ‘Un@er these
' conditions, thé-volume fraction of dispersed phase at the interface ‘gmax |
-wili have a limiting value Qf around 0,70° In‘this case, the entire homogeneity
behavior can be described by the value of K . |

The secon@ cause is inability of fﬁe main fluid motion to bring ébout:
_dispersion»of thefrgsidual liqﬁid, In thié case bﬁﬁax coqldjhave any value
in the rahge. o< ﬂmax;SjOBYO, as illustrated:in‘Figﬁ 2. The remainder of
this section discuésés’the £actorsgafféc£ing hB» in-fhis”case.:

The dispersion process has been pqstulatéd:to occur in fhree steps:

(a) an initial distufbance at the interface-in.the form of a wave;
(v) the formation of-?ligagentsf that break off from the wave crests,

(c) the continued breakup of these fragments into small droplets.
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For the case of dispersion in an agitated vessel;.-the.disturbing
force is suﬁplied‘by the jet of liquid circulating from the impeller.. Once
the dispersible phase. has broken.away,from~thelbuik of remainihg_material;inr
to separate fragments; fufther sizé;reduction becomes a procesé;of(dropiet.
breakup in a turbulent field,.as discussed previously.:

Whenever fluid in an agitator remains undiépersed, it is reasoﬁabbe
to assume that the interfacial disturbance, caused by the impellef jet, is
too weak to propoagate unstable waves of large amplitude. ‘The interfacial
wave is fhen either stable or damped ouf, and no further'”ligamehtsﬁ'are formed.
For example, in a Qesselbﬁifh'theviﬂﬁéller initially entirely'within the
coﬁtinudus"phase;.aSVagitation commences and-a portion of thé.éecond phase
is dispersed, the dynamic interfacé“evidently migrates tOWafd.the'rémOte end
of the vessel. Under Some com:’i:'Ltions"J a point will be reached'at thch the
vfelative velocify at the dynamié inteffacg-is'insufficient-fo promote:furthef
dispersion. At this point, no further bre;kup occurs (in othef'words,

equilibrium exists between the counter processes of disperSion”and'COaleSCenqe).

t

Many ihvestigafions have‘beep made of wave behavior on a theoretical
basié} as reported fof éxamplevby Lam5,26 and some of the more pertinent ex-
perimental work has been mentioned in the Introduction. The results of these
investigations show that disperéion:and{cdéleécahée:phéhomena can be describéd.
pfimarilY'inhterms-6f‘fhe“Réynoidé,TWébér;'énd'Froude groups. These groups

represent ratios of the strongest forces acting on the droplets?t

. _ Inertial force - - ' \
R& Viscous force i
' ’ Inertial force L ;
L . 1
NWe Capillary-force ‘ (31)
N _ Inertial force
Fr  Gravitational force
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As discussedain-régard to the functional reiatibnships fof ‘Ko

the inertial force is related to the impéller—tip velocity by the‘gebmetrical '
group, G =ﬂLW/TH. The physical properties of<fhe‘emulsiﬁigd‘portion-are

influenced by its compésition'énd,hence indifeétly"by ¢J.'fThese.eqasiderations

indicate that a_likely_functional form for hB is.

by = by (Npo > Nyo» Npyo G5 0 ) " - (32)

.D. Behavior of the Model Parameters
~ If the material balance (Eq. 17) is rewritten specifically for the

exponential model (Eq, 20), the result is:

F;é'K (b - hp)

F=ng+ B s (33)
: ] hB v :
Integration of (33) yieldss
- L ¢max -' . -K(l - h ) o ‘
I A L AL

For the situation where a large concentration gradient « fcontrols‘thé"
presencé of a nonzero ‘hB , Bq. (34) . can be simplified by initially éetting

h_ = F:
B 0

__3 7 ; S S N :
g - == [1-@"}. | (39
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As « 1increases, at any 2 , a value of k will be reached for

which gmax = 0.70. .For -any. larger yalue of K, since vaaX cannot exceed

’ OQ?O, L_ becomes nonzero and is determined from the material balance.

B. .
Upon substitution of Qﬁax = 0.70 into Eq. (35) an iterative

Al

equation is obtained for determining this lower-limit value for Kk , under

"kappa-control" of the presence of an undispersed iayer.f The solution of this- ..

equation for a range of values for @ was carried out on the IBM 650_com—

puter. The results are shown in Fig. 4 with the regions of dispersion con-

trol and kappa (coalescence) -control indicated.
.The shape of the curve in Fig.. L indicates that'bulk homogeneity as
a criterion for good mixing becomes_increasingly important as the total

VOlume—fraqtidnlof dispersed phaéé increases. Fbr.example,-when g = bﬁlo,'
a value « as high as 7 (T™MI = 13%) would still indicate mixing conditions
limited by‘diSpersion'effects; whereas, at. B‘z O.éO,'K muét Be>eqpal to
0.70 or less CTMI = 59%); for dispersion effects to control the presence of
a stagnant layeryf

In pfaétiéq‘it will-be e;ceedingly d;fficult to- obtain mixing con-
ditions where 'z;,>'b.60. To obtain aﬁy value,bf E; > 0.50, care must
be taken to locate the impe;ler within the phase that is intended to be
continuous. Even then, phase inVersion may occur in a continuous-flow

system.

As a further indication of the. effect of this coalescence limit upon

mixing, curves of the exponentigl distribution function for warious values

of k with @ = 0.50 and ﬁmax = 0.70, are shown in Fig. 5. The steepest

curve shows the limiting case, where « = 0.70. The other curves illuétrate

the growth of h_ , as « increases above the limiting value and more of the

B

second phase coalesces. The curves cross each other as a consequence of the
/
material balance.
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Fig. 4. Criterion for kappa control of hB
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» _Fig. 5. Computed di'spe‘rsed-phase distributions _»with_'kappa-control._
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The differences between the distributions éf dispersed phase obtained
under each of the tﬁbgl%mitatiQns of ihéomplete‘dispersibﬁ'andvihe5mple£e_uni_v
formity may:bé noted by comparing"Fig. leith Fig. 5. Whiiev hB varies in-
dependgntly‘of.k in the former situation (Figouz) and gmax rahges over a
series of Vaiués all lesé thah 0.70, the converse is-true when a nonzero hB
arises from limitations.of non-uniformity in'the eﬁulsign (Fig. 5). |
When k 1is below the'mihimum valueffor ha?ing coélescence control of

‘h_, , a nonzero value for h

B 'may be obtained due to inadequate dispersive

B
forces, as discussed in Sec. C above. Thesé-coﬁditions-will occur commonly in
the region under the curve in Fig. 4, when ﬁmax < 0.70.
In order to explore this type of incomplete mixing, Eq: (34) was
rewritten in the form
(g - hB) K

e = é'K(l Ty with ;zfmax< 0.70. o (36)

1=~

Values of ﬁﬁax were then computed for a range of values of k and hB B
for representative values of @ (0.1, 0.3, and 0.5) which are shown in Figs.

6, 7, and 8 respectively. The depéndence of ﬁmaX upon the'model'parameters

and upon @ 1is shown by these curvesf

(a) For any constant values of 'hB and ¢ ,'ﬁmax' increases to its limit
of 0.70 with increasing values for k.

(b) For any constant values of'.th and K, ¢ﬁax;ihcreéses with -&.

(c) For any constant values of & and K, Qﬁax increases as hB decreases.

(d)- As k decreases toward zero, gmax .approaches the asymptotic value,

g-hy -
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Fig. 6. Effect of k and dispersion-c.ontrolled upon @
. (E{; O. l()). . . ) I%B max .
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Fig. @_ Effect of Kk and dispersion-controlled h.B upon 'lgmax
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Iv.. EX?ERIMENTAL PROGRAM

%

A. . Apparatus

The m1x1ng vessels used in these studies were a cyllndrlcal stalnless
steel tank 20-1n. in helght and dlameter, and a smaller stalnless steel tank .
(nominal lO-in.), also cylindrical, 8.87 in. h'igh an,d 10. 35 1n.‘1n‘d1ameter.
The general conflguratlon of the tanks in the assembled mountlng 1s shown in
Fig. 9. Both tanks were equlpped w1th four vertical baffles, each one- tenth
the tank dlameter 1n w1dth, spaced at 90 deg 1ntervals around the tank wall and
perpendicular to 1t, and. extendlng the full helght of the tank AThe 1mpellers
were four-bladed flat paddles, w1th the blades and shaft entlrely of stainless
steel, and were centered ax1ally and vertlcally for each run.

.Because of its size, the 20-in. tank was equipped with a,thrust;bearing
assembly-atbthe.bottom to serve as a primary support,lz(This COnsfruction
allowed free rotatioo of tbe tank for measuring tbe torque appliéd during separate
studies.) 'Ihe'tank waslheld in place by bolting it to its cover. The cover,
in turn, was attached.to the frame by means of ‘an integraljsuspension ball-~
| bearingluniﬁ welded to a length of steel channel; the channel-andesplndle
assembly was supported by a post mounted on the frame. fbe entire cover
‘assembly could be llfted clear of the tank to prov1de easy access for changlng
impellers and for cleaning3,by sliding the post upward and fastening it with‘
a spring-loaded stop.

The lO-iﬁ:-&mﬁiﬁsaﬁgd1preliminary~work2 wasAsuspeuded.froa its cover
by L-shaped bolts passed through holes in tbe ed ge of,phe.coverrand clamped
under a 1lid abAthe top.:-of the tank.,,The cover was attached to the framevin
a mauner similar to that used for the éo-inw cover. |

" For -each tank; a cork gasket sealed the wessel to fts.cower, and a

mercury seal between the cover and the impeller shaft assembly rendered the
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. Fig.’9.' Agitation apparatué.
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assembled unit.liQuid- and air-tight. The cover had fittings for a thermometer
well, a feed line, a vent, and sampling probes. A coil of “#-in. 0.d. copper
tubing was soldered to tne outside to allou circulation of cooling water for
| temperature control. .A'bottom drain was also provided.

The impellers for both tanks were driven by a V-belt driVe connected
to a 3/L- hp, 3- phase 60- cycle 220—V.’216Frpm.right-angle-gear'motor supplied
by Electra Motors, Inc° Step-cone pulleys were mounted on each of the impeller

shafts and on the motor shaft, so that the 1mpellers could be rotated at fixed

speeds of 1.83, 2. 83, k. 50 and 6 83 rps..

B. Sampling Probe

The probe used in. this study wasva length of stainless steel tubing
of 3/16 in.” o.d. by l/32-in°~1;d, Thehprobe ended in a horizontal arm 5§
in. long, and the inner diameter was tapered out.to 1/16-in. at this end. The
butt of an'lsega nypodermic needle was soldered onto_tne upper end. The tube
could be;rotated.and moved wvertically through a packing gland that attached it
to the tank cover. A'Lucite‘handle was' attached to the exterior part of the
probe and aligned with the lower arm. “A‘protraotor:was mounted on the tank
cover and used with the Lucite nandle tO»determine the radial position of the
prooe arm.- |

An array of sampling_points was adopted initially, comprising five
radial~positione at each of six tank heightsv lt was assumed that angular
eymmetry gbout the tank axis would make measurements along more than one
radius unnecessary; however, due to the nature of the sampling probe, the
radial position of sampling vekied through an angle.ofVMB deg around the axis

of the vessel.
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‘After the initial data were analyzed, it became apparent that radial

. fluctuations in concentration were negligible when compared with the distinct -

pattern of stratification. Consequently, the sampling array was revised to
include more heights with fewer radial pesitions. The ultimate result was

to dnawlsamples from-men~dif£erentwheights but-at only-two radial locations.

- Since the_phase”of;lower density was dispersed in nearly all the runs of this

study, more éf;the’eamples wefejdrawn from the upper half of the vessel, which

#as the section of greater interest "The-sampling-arrays-for this and for

the pfeliminaryvinvestigation are shown in Figs; 10 and 11..

C. Materials and‘ngsieai Variables

The yariables_considered in %his stgdy-wefe:e

(1) vPhysical Properties of the immiscible systems, i.e.,

(a)- deﬁéi£y.(09805 to 1.60 g/cm3),

“(b)  viscosity (05585 to 75.0 cP), and

(e);niﬁfeffacial tension (12.0 to 48.0 dynes/cm).

(2) Mean Voluﬁe-fﬁaetion of'ﬁhe;dispe;sed phase (0.10 to O.ZQ).
(3) Impeller speed (1..83, 2.83, %.50, 6;83'rps);'
{4) TImpeller and tank geometry (LW/THvrangiﬁg from 0.0256 to 0.122).

.The physical properties of the liguids used in this investigation are
listed in Table I. A eompilation ef all the geometrical systems studied appeats
in Table TI. o | | | ) o o

In the kerosene -water runs, the dlsperslblllty of the kerosene was
found to decrease markedly'after the mlxture had remalned in the tank for about
fQur days. Upon inspection, a dark-colored material was Qbservedlin the static

interface, resulting elther from corrosion>of the tank'unit or from a catalytic
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Fig. 10. Sampling-point array in agitator (side view). Ab
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a
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—

Table i. Physical properties of liquids studied

Liguid - : Density Viécosity Interfacial tensioﬁb

(/) (@) (aynes/cn)

ﬁWater R '.*Aﬁ" | Ox9983, l.CO %.E;uv .'f“’
Kerosene o 0.803. | 2.69 o va, 43.6
Carbon fetracﬂloride S1.60 - 0.99 o E? 38.0
Methyl isdTBUtyl"kétone "}7_'Qf8q0 -‘ oa585_ 12.0

 White oilf_ o 0.875  75.0 - ¢8-0

aAll measurements made at 20°C.

b. . ' S ‘ § o S
Interfacial tension determined with water as the second phase.
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ﬁTﬁBle'fI.v'Diﬁéﬁéidns of agitator geometries studied. ™

:iﬁpélier:u .  ,  th:-fiIﬁ;eiief:.%.l.“.   ] ignk R Téﬁkx
length~ - ¢ - oo oz o owidth . . . . diameter: ..~ height
( (in.) . o (in) (in.) e (in.)
250 { o “7. ook ~lO:35“ o sey
5.00 A 0.9k w0.35 - e.87
7.50 | 0.9 110.35 8.87
6.77 _ . :'1165 S 10.35 - 8.87
5@00 S 2000 20,0 :3:,: ‘ -éo;o
u6;67 A . c2.00 . . . -20.0 .- . .20.0

10.00 =i o~ 2,00 © .. 20.0 . . 720.0

O

%Thé‘baffléé'ihftheyiafgé tank were 2.0 in. wide. Those in thé'smail tank
were 1.0 in. wide. . : : '
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decompqsitionnof_comﬁpngntﬁ-in the kerqsgneq>.Consqueqtly%_thg dgta fg-
ported on kerosene were all obtained ";Jiﬁlvg)offia};fs“ that had not been in the
tank fér more than ASlhéﬁrs; during which timéiﬁo deposits:were evidént{.
F,Before each refilling; %hénihtefior'sﬁrfééés‘af the tank were'riASea:wifh.

water and wiped clean.

D. Operating Procedure

At each mem volume~fraction, two complete sampling pfofiles-Were
made for each impéller'speed. One series was made while increasing the speed
over the three steps"listed, and another while decreasing the speed. The

mixer was started at eagh'speeqvénd about fifteen minutes was allowed to reach
r - LTS LR TR RSN T T

equilibrium_befqre‘éampl;ng. »This timevprdyed to bg émpleal The samples were-
withdrawn-ffom tOp.to_bottbm iﬁ one seriesvéf measurements and from‘boftom to
top in thé &ther. "Théwféﬁperatufe'bf"tﬂe"tanklébnténfs'waé'maiﬁtaiﬁédzaf
20.0%0. 5°¢ by regulating the flow of cooling water. .

Samples of 10 io 1z cm‘3 were -withdrawn with a hypodérmic syringe,
transferred to calibratéd centrifuge cones, and centrifuged at 1200 rpm;
then the level of the interface-and the total,volume were recorded for each
sample. The sample ﬂas‘tpen returned 'to the tank in ordér to prevent the .
depletion of material, coﬁs;quent air entrainment,'and aiteration of the mean
volume—fracti@n. |

In nearly‘all_casés, the repeated measurements agreed with the ofiginal
ones within 0.5 to 1.0% of total compoéition° Higher fluctuations were
encountergd whgn samples were withdraw@ from po%nts close to the dynamic phase
boundary. \Since thesé fluétuations wére probably due to su;face wavés, an

average of several measurements taken over a period of 15 to 30 minutes would

seem to beirepresentativevfor-thOse points.
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V. RESULTS AND DISCUSSION

A Observed Distribution Profiles
The measured p01nt value volume~fractlons, with their correspondlng
'geomeﬁrlc varlables, are complled for each system of . llqulds tested (Tables
IIIAfG 1ncl,)° In the two—phase region of the tank, the value of ﬁs' was
foand.to be'neafly'eonetantiln any plane'pafallel to the'bottom of the vessel.
Typlcal.measurements along a radius of the tank at several fractlonal tank
helghts are shown in. Fig. 12 | |

‘In the Vertlcal direction, Fig. 13 shows that a concave-upward dis-

tribution pattefn was observed, of the type predicted by “Eq. (20) and

“illustrated in Fig. 2. .This variation of concentration with helght invalidates

the assumption of symmet;y about the' impeller, pfoposed in an earlier study'.2

The concept of dynamic equilibrium.for the dixing operation, involving
steady levels of'eOneentration at various points, 1is confirmed by'ﬁhe results
for numerous‘paifs of duplicate runs in Tables IlIA-G.

To teeﬁefurﬁher the validity of the exponentlal—distribution'model
(qurzb),_thevdafa fromlFig. 13 were replotted on semilog eoordinalea, as
shown in‘Fig«.lﬁ; The,linearity‘of:the.latter plot indicaﬁes that:the
theoretically attraetive exponential model ie also valid'eXperimentally. The

Slmilarity between Figs. 3 and 14 should be noted.

B. Computational Methods and:Results

After the exponentlal model ‘had ‘been adopted, a ‘computer program was
written for the IBM 650 to fit the "best values" of the parameters -to the
data.for each run. The computatlonal procedures employed are given in Appendlx

I and the results of the computation follow in Table V, also in the Appendlx.
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i

Table IIIC. Measured local volume=fractions ﬁs for detailed studies in 20-in.
: tank (kerosene in.H,0; # = 0.10, "L = 6467 in., W = 2.00 in. ).

(A) N = 1.83 rps

0.30° 0.30°  O0.475  0.475 075 9.75" .0.95 . 0.95

/

.000.  1.000 1.000

0.025 . 0.992  0.992  1.000 . 1.000 1.000 1

0.050  1.000  1.000 . © 0.99%  0.992 .

0.125 ~ 0.k72 . 0.385 0.296 0.315 .= 0.188 - 0;170V 0.131 0.180

0.175  0.43%  0.775 0.22%  0.149 ‘

0.225  0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.000

0.450 ©  0.000  0.000 0.000 * 0.000

0.700 ° 0.000  0.000 - 0.000  0.000

0.775  0.000 0.000  0.000 0.000 0.000  0.000 0.000 0.000

0.875 0.000 0.000 0.000 0.000 - 0.000 - 0.000 0.000 0.000

0.975  0.000 0.000 o.ooof 0.000 ‘  0.000 0.000 o,ooo'-o.OOO'

(B)'N = 2 83 rps

0.025 . 0.98k4 0.991 1.000 0.996 1.000 1.000 1.000 1.000

0.050 ©  0.97%  0.976 ' 0.984  0.958 | ’

0.125 0.121 ' 0.058  0.059 0.043 0.053" 0.035 0.052° 0.035

0.175 0.155 0,175 " ~ 0.054 0.059

0.225 0.156 - 0.036 0.03k 0.028 . 0.050 - 0.055. 0.0k2 0.028

0.450 0.025 0.046 0.035 0.027

0.700 = 0.026 0.028 0.029 0.03k

0.775 ° 0.035 0.019 0.027 . 0.018  0.034% . 0.027 0.0k '0.027
| 0.875  0.025 | 0.036 0.026 - 0.028 0.043 0.035 0.027 0,028
| 0.975 ; o.026  1‘0;026 '0.026 0.026 0.026 0,027 6.027v 0.027
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| Table IIIC. (Cont'd)
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(C) N = k.50 rps

N - 0.30°

<097 -

0.105

0.30 ~ 0.475 - :0.k75-  0.75 0.75 - 0.95 . 0.95

0.025  0.113  0.110 .107 . 0.107 __0.054  0:108  0.109. 0.100
0.050  0.103  0.105 : 01101 0.06k , o
10,125 0.096 0.10k4 . 096 nor117 0.100 -0;110 '0.103 0.108
0.175.  0.107  0.115 L . o.100  0.105 . ¢

0.225 0.071°  0.115° .096. 0.107 0:100 : 0.16k 0.095 0.105
0.450 0,06k  0.108 - 0.147  0.059

0.700  0.092  0.089 0.099  0:092 |
0.775 0.089 -0.108 .097 0.106 0.089  0.103 ~  0.089 0.083:
0.875 0.106 .  0.105°  0.096 0,108 o.103' ©0.109 0.096 0.106
0.975 0.111 o) -0.103 0.105  0.106 © 0.108  0.080,
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Measured local volume=fractions ﬂ for detailed studies in 20-in.

-tank (kerosene in H 505 Q =0.20, L = S 6.67'in., W = 2.00 in.).

- S | (D) N = 1. 83 rps S : ;
ﬁ5*$£\ .0.30 0.30 0. 475 0.k75 0.75  0.75 0.95 0.95
0.025  0.996 = 0.991  1.000  1.000  1.000  1.0000  1.000  1.000

0:050°  1.000  1.000 S0 15000 1.000° .

0.125  1.000  1.000  1:000  1.000  1.000  1.000  1.000  1.000.°

0.175  1.000 1:000 . - . . 1.000  1.000 ) _

0.225  O.777 0.860  0.861 0.264  0.575 0.259: 0.315 0.018

0.450 . 0.018 | 0.000 B 0.000 0:000. ;

0.700.  0.000 Q.ooo R 0.000.  0.000 .

0.775 05000  0.000 ~ ©0.000  0.000 . 0.000 0.000  0.000  0.000.

0.875  0.000  0.000  0.:000  0.000  0.000°  0.000° 0.000 0.000

0.975  0.000  0.000 03000 01000  0i000 0000  0.000  0.000 '

(E) N =:2.83 rps v

0.025  0.992  1.000  1.000  1.000  1.000  1.000  1.000  1.000

'0.050  0.997  0.998 0.992  0.995 . -

0.125  0.950  0.87%  0.959  0.81%  0.822  0.808  0.807 0.82h

0.175  0.433  0.915 o ~0.172 1 0.903 '

0.225  0.081  0.109  0.143  0.109  ©0.096  0.107 0.088  0.091
.~ 0.450  0.103  0.072 | 0.077  0.083 ’

0.700  .0.078 0.069 , 0.078 0.084

0.775  0.071 0.061 0.071L 0.068 0.066 0.083 0.073 0.067

'05875 0.071 0.078 0.063 0.063 0.071 0.084 0.062  0.087

0.975 0.054  0.055 0.062 0.070 0.082 0.060 0.063 0.092
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Table ITID. (Cont'd)
(F) N :—4,50 rpé
;;\s\t\ 0.30 0.30 475 0.475 0.75 0.75 -  0.95 0.95
' 0.025 0.239 ioog3éfi 243 0.239 bq317 0.213  :0.202 0.231
0.050  0.211 0.215 - | ' 0.223  0.216
0.125  0.211 0.211 .202  0.205  0.202  0.209  0.200 ° 0.202
0175  0.211  0.211 z 0.214 - 0.205 - . '
0.225  0.207 0.222 209 0.216. 0.204  0.219  0.212 - 0.213
0.450  0.218  0.209° ‘ 0.170  0.205
0. 700 0.195  0.208 | ~0.207 0.196 ,
0.775° 0.198  0.210  0.198°  0.200  0.200  0.207- 0.152 0.211
0.875  0.188  0.212  0.202  0.204  0.211  0.216  0.207 01205
0.975 ' 0.207 0.198 0.212 Q.198 10,200 0. 20k :o.zos

0.195
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Table IIIF. Measured local volume fractions @g for detailed studies in 20-in.

tank (kerosene in Hé)\;l 7

= 0.40, L = 6.67 in., W = 2.00 in.).

| (I) N = 1.83 rps‘_

0.031

0.009

0.20 0.20 ~ 0.20 0.30 0.30  0.30 0.475  04LT5
0.025  1.000  1.000  1.000 . 1.000 - 1.000 1.000 '1.oQo ©1.000
0.050 o | 1.000  1.000
0.125  1.000  1.000  1.000 1.000  1.000  1.000  1.000 1.000
0.175 o o 1.000  1.000 . -
0.225 . 1.000  1.000 = 1.000 1000 1.000  1.000  1.000  1.000
0,450 0.426  0.392 | |
0.700 L 0.009 . 0.009
0.775  ©0.033  0.027 ~ 0.010 6.034 0.03+  0.027 o;ogu '0.033
0.875 0.016  0.025 0.010 - 0.027 ©,033 0.019 0.016 :0.034
0.975  0.016  0.033 -~ 0.019 3,05023 © 0.025 0.018  0.015 0.024
f;\\\(\ 0.475 0,75 0.75 0.75 Q.95  0,95 0.95
0.025 = .1.000 1.000 1.000  1.000. 1.000  1.000  1.000
0.050 | 0.992  0.992 |
0.125  1.000  1.000  1.000  1.000 ~ 1.000  1.000  1.000
C07s 1.000  1.000 | o
0.225 1.000  1.000  1.000  1.000  1.000  1.000  1.000
0.450 0.017  0.034 o o
0.700° 0.009 : 0.009
0.775 0.018  0.025 0.025 0.027 0.033  0.050  0.020
0.875  0.009  0.025  0.03%  0.017 0,025  0.03%  0.028
0.975 0.018 0.016 0.024 . 0.031 0.009
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“As a further.check of the quelity of fit of the-exponenéial model,
ﬂsfﬁalues_weye computed at the same values ﬁorlh at which experimental measure;
menfeAhed beeh made- To facilitate a comparlson between the observed and

these sooothed fit values,- Eﬁi\was oalculated for both sets of data for each
ruﬁo The detalls of these calculatlons Qlll also be fouod in the appendlxg'
| .The-effectivenessofdﬂELexppnenﬁiaﬂ.model‘as a representatlon of-the

daﬁaﬂis shown oy the:excellent cOorrelation bet@een thevobserved qnd smoothed=
£l valuss of EMI invFig‘ 15. B

It should be empha31zed that the excellent agreement beoween“predicated
anﬁ observed valuee of EMI is a stendard for accepting Eq. (20) only as a ;
reesonable-fepresentation of the dispersed-phase distribution. . That EMI; or
.an§‘o£her'single parameter, is inadequete_oo describe this disﬁfibdtion cen\
beiillustrated by Fig. 16, Which'compares %he%tWo sing}e criterié,~EMI aod
_TMi, .As this figure shows, the two measures are-Very poorly.corfeleted.
.Alfhough TMI reliabiy”indieateé-the approach to bulkfhomogeneityfiﬁvfhe ﬁﬁo-_
ph%se region of the vessel, 1t does not contain an explicit provision for :
evaluatiné-the‘volume of (disﬁersible) undiepersed ﬁhase rémainiog.-.However,
,tpegdefinifiépeqf’EMI’(Eqs;ﬁll”and 12) dgesiimpliciﬁly,contain”65§£ of the re-
guirements fot” homogenelty k=0 and h . It'isveﬁident from Fig. 16 that
"EMI is‘too insensitive to the ;nd1v1dual parameters to be an accorate and use-
fﬁl-efendardo

-As shown io the Appendix, the dimensionless groups‘to be used io sub-
sequent correlations were calculated for each run. The equations used for |
'mixture properties have evolved from previous studies at this labo‘ratm_r';y'z’22
and are beiieved tovbedtﬂe}ooet'relieole noQXeQailable;j The average droé

diametefs were calculated from Vanderveen's resulté-.22 The value of b'

-3

0-1

was taken to be 4.6 X 10 “. - The theoretioally proper practice of including
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Fig. 15f Smoothed~fit and observed values of EMI.
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the density ratiq ;pﬂﬁp in the Froude group was followed, as well as the
additional modification of the denominator by the volume-fraction of the

continuous phase.

C. Correlations for the Parameters

1. Result for «

The computed values for K..and for the dimensionless groups suggested
by the theoretical analysis (Eq.- 30) are shown in Table V (Appendix 15,"K
was correlated with these groups; by using a. standard linear—regressién pro-
~gram (written by R. S. Brown) on the IBM 650. The optimum result, which has.

a correlation coefficient of 0.83, is:

fn K =3.39 * 1.09 - (0.232 £ 0.040) 4n NFr3 %—— w63/

(37)

The use of a 3:2:1 ratio of the exponents for Np. (L/dﬁ),'én&'ﬁ
NRe s respectively; was suggested by the results of earlier trial regressions.
It also allows the more logical choice of the average droplét diameter as
the characteristic length (replacing the impeller diameter) in fhe dimension-
less groups. ’ | |
| - 8ince the theoretical model for Kk was based upon a ratio of squared
vélocifiés (Eq. 22), the coefficient of the independent variable in Eg. (37)
should be 2/7, which‘is slightly'beyond the prediction interval, to‘satisfy

the model exactly. .A relation of this type is shown in Fig. 17 as a solid line

with the following analytical form:
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Fig. 17. Correlation for K .
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- _ N -2/7
. 68 Nsz 5 ‘NL 4 p o ‘3/2 .
ae@ - 1Aoi u.m & |

. ‘ _2/7 | . .
3L 2 2
{mFr) Yoo (t/a)® ¥ ] : (38)

By equating the ekpohentthh each:df:ihe-himensionless‘grpups in (38)'Vith-““"
the respecfive expehent ih the;fheofefiegl'model (Eq. 3Q);;it will'he seen
that the latter is exactly satisfied" w1th n- M/T throughout.

In order to eliminate dp from this correlatlon, we ean'apply Eq.
(2) with a numerical factor of’E’tQ,eéeount fer the average extent of coales-

cence. Thus,;Eq.'(38)»becomes

The dashed line in Fig:. 17 represents a slightly rounded form of the

optimum statistical result"

e —

| s o
« = 18 A i \¥? L wo)
\& e Blad T |

Of these two relationships, Eq. (38) is somewhat preferred because of its

greater theoretical significance.
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A few date points from the preliminafy studies,'obserVed'at high mixing
speeds, were dropped from Fig. 17, because of strong eviderce that centrifugation
effectsvoccurred that were not considered in the models ‘developed here. Under
conditions of centrifugation,:ﬂs_ would not be expected to be 1ndependent of
radlal p051t10n, nor to follow a dlstrlbutlon with helght based on a grav1tatlonal
settlinglmodel. |

2. Result for hB

dThe valuee of‘hB/ 5 froﬁ Tebie & (Appendixvi) wéfé correlated with
:the.parameters of Eq. (32), again using linear regression on the IBM 650. - The
large number of runs for_which"hB/B_.was Zero could not be“inclnded‘in the re-
gression. The'form of the dependent variable was choeen as hB/E 5 rathef
.than hB » to normalize the range of values for it between O and 1.

The initiel regression funs showed. hB to»be a;most completely. in-
sensitiﬁevto NRe . Mofeoﬁef;.NF;iwae'less“effective in‘feducing the residual
variance‘than-NWe ,” although & reasonably high’correlation coefficient (0.71) -
‘was obtained by'using'only“NFrr and G.gh' As the end result, a regression

equation with’Nwé”and‘G was established, having & correlation coefficient of

0.79: : : \

wl e

= 1.683 * 0.663 - (0.271 % O. o66)£n Ny (o 194 + 0.132) 4n G .

A separate regression of this same form for the results of the detailed

studies had an intercept value of 0;530 % 1.226,Aa.coefficient for 4n Nwe

equal to -0.365 % 0.103, and a correlation coefficient of 0.94. - This result,

in conjunction with the values of N

e corresponding to the zero-value hB/ﬁ
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points, justified rounding ‘Eq..(41)-to the-form shown in Fig. 18." The. pre-

. ferred correlation thus .becomes

= - 1.39 Tog, (N ¢ )z T (kg

Although the foregoing equation is quite convenient, it lsjnotfknownf
whether hB/ﬁ 'is a- theoretically more appropriate form than hBtalone;;wFor
this reason, a relation for the latter was derlved dlrectly from (42) which:
shonld be eqnally accurate,. o | o | o

”nB ;QJIOJQBTloéiéﬁq[ﬁwe (G )O 7 ¢ ]F +£oj§6.,. L ‘ja<u3)?l

—

'D. Conditions for Occurrence of Kappa Control
_VSince the presence,of a stagnantjlayer of,materialvin an,agitator

adversely affects the capac1ty and performance of the process, it 1s generally
essentlal to choose agltatlon parameters for Eq (42) whlch w1ll glve hB = 0,

However, it is also necessary to choose x smaller than the llmltlng value

(Fig. 4% that will give gmax = 0.70, in.order to avoid having kappa control
fh_ o
To proﬁiae a basis'for‘determining whether the agitation is dispersion-

controlled or kappa-controlled, the criterion .for hB =0 is substituted into

Eg. (42) and the result rewritten as

NG i=e38.0/13 . 60T L ()

Equation.(39) can be similarly rewrittens

i '



-6,5-

UCRL-9786

Fig. 18. Correlation for hB/Q' .
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2 11(1 - Q’)O 61.‘ (l + 2. 5 55)0 3 (gIAp')O .6l mO';"zl'jl;'dO';"zé' .
N = 7 . = 5 : ()4-5)

.;,075 183-—111 032
where Kk 1s determined from Fig. h; aéfa fnnction of‘a‘, to‘assnféfﬂﬁat
hB‘: O of the system is under kappa control. tEq,u&ting the two expressions

for N2 results in

T 0.1 o 0.3
qgo 7l+p 0.11 ) 0.29(1 - g)o N 1+ 2.5 g)o 43 - 17 o 61+ 3 e

I2p[0-F6, O-2L - RRE | Lo

P TH L LK
(46)
- This may belfurther simplifieq by setting p ~ 1 (within * 10% for
the rangeioohz to:2036'g/cm3); | | |

0’ " 0.0L CR.S S o 7)

IR

where vgl; 93@ cm/sec? , L 1s in cm, dAin dynes/cm, [A pI is in g/cm3 3 and
‘u, is in centipoises (cP). |

The criterion répresented by the right—hénd term in Eq. (47), which
is a constant for any given system, has been derived to represent the con-
dition where kappa control and dlsper51on control both give exactly hB O;
.If the two. sides pf (h?)hare not equal, the inequality has the following
.1nterpretatlon° | | | |

o3 5/[Apf3 is less.than theuconstant'term, the behavior of the

system can be calculated entirely from kappa-control con51derat10ns
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The@qpposing case, where 03°5/lApi3 B is greater than the’consfaht
term, is now discuésed» Figure 19 shows the ratio of the agitaﬁor speed af
any given hB/a to the speed that would givg (hB/g) = 0, for Both'?ispersion
control and‘kappa control. The dispersion-péntrolled curve is fakén directly

from Fig. 18, while the kappa-controlled curves have been derivéd from the

intercept values at ﬁﬁaXA=‘O.7 in Figs. 6 through 8, together with Eq. {39)—
. . 2e ' '.
or its equivalent, « N 0. const. ).

Slnce each curve is plotted on its own re‘atlve -speed scale, re-.
plotting on an absolute-speed scale in any actual situation would always have
the kappa-coﬁtrolled curves displaced £$ either the right oﬁ the left of the
dispersidn-controlled CurQes_ Whichever curve lies above the.othsr will confr@l
the mixing behaviof; Thus, at the lowést speeds; diépérsidn wili always con;
trol. - If the>dispersidnrconﬁrolled curve .intersects the kappa-controlled curve,
the system wiil shift to}the_lapter as the speed increases. Then, because of
_ the convex shape of kappa-controlled curves, it is even possible to shift back
to dispersion conﬁrol before 'hB reaches Zeréo

The»é#treme Speed ratio betweeg the relative-speed cufves for the two
cases is seen to occur at hB/ﬁ = 0.5, where‘it is 600/3033 = 1.80. For this
reason, a combination of kappa control and dispersion control will be encountered
in systems where the group 03°5/TAQL3 '- is only. moderately greater than the
constant_ferm'im'ﬁqo (46). In order to have the system entirely in dlsper31on ‘
control, it would p%obably’be’necessary:that 3 5/(!Ap]3 J > 2.8 Cu 8 .
‘As an indication 6f the restrictiveness of this inequality, for the geometry
of the detailed stﬁdies with the kerosene-water systeﬁ, at 5 = 0.1 , we had“

[03°5/(1Apﬁxm)] - 6.3x10"> 2.8¢"% - z2x107.
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Fig. 19. Relative effect of agitator speed in the two types
of hB control. - ‘ e



-69- - : UCRL—9787

B Comparison With:Resultsfof1Other*Investigators
The mixing=-criterion relations reporteq.in‘the-lntreduction,-Eqs, (5)
through (9); and“(ll)37Were'seep to involve the Beynelds;npmber,lﬁroﬁde num-
ber, impeller-diameter/particle—sizevretloe agd geometric factors. In Table.
IIV, these relations are recast into the.general form of Eq. (30),_eneblipg,the
different results to be compared on a falrly unlform basis.

_VWhen n- is greater than 0.5, the. effect of the Reynolds number 1s "
for an increase in continuous-phase yiscosity,to_hlnder'the attalnment of
homogeneity. Below 0.5 the opposite.effect applies. | |

| The slﬁrry—height criterion-OffWeismeh and Efferding is analogous to
the behaviqreof the cﬁrve:forv k = 10 in-Fig. 5 iIt appears that. neither their
.criterien, nor that of Pavlushenko for liquids,.iS'very closely related to |
the k behavior notea;By the present authors. . However, the criterion of
~Zwieterieg; end'elso'the'one;used‘by’dyama-andendoh, seems to correspond
closely to*'koy»ltlalso seems llkel& that measurements in unbaffled tanks,
which have not yet been:made;. would show a lewer n value in the Vicinity of

Pavlushenko'!s and Nagata's criteria for such vessels..
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Table: IV. , Comparison of homogeneity criteria..
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gSee_referencenlOo

Investigator "~ . Dispersed phase. ' " .. .n.value from:::i.t . :nivalue
R
- Baffled- tanks - ' .
Zwistering’ Solid 0.55 0.60 «
Oyema-Endoh® .~ . . solid 0.50 0.61
Weisman-Efferding®. Solid 0.33 0.4k
Pavlushenko et al.9 " Liquid 0.81° 0.61¢
This study - “Liquid -t 0.57 - - - 0.57 .
Unbaffled tanks
" Pavlushenko etlal;f-v Solid 0.40 . 0.53
Nagata® . Solid . 0.hk A 0.56
aSee reference 29. eNWe effect is recomputed by
. o _ L e _ A
See reference 13. assuming %— «_N866O (neglecting_
c - p l
See reference z5. . ... coalescence effects).
ol .
See reference 15. Toee reference 1h.
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VI.. APPLICATIONS N

Since the pwo-parameter exponential,model seems. to offer a realistic

description of the dispersed-phase distribution in an agitated emulsion, it

~is of interest to consider some applications of the‘modellbelt is posslble'

to test the extent to which bulk homogeneity may be achievedlin existing equip-

ment, and to d@evelop design criteria that will ensure uniform suspensions -in

new equipment.

"A. Testing An Existing Process -

'If the operation of an existing agitator is unsatisfactory because

of poor interphase contact, ‘improvement canﬂuSually'be_obtained by achieving

‘a more uniform emulsion. However, it is first necessary to ascertain the

"extent and type of non-uniformity. The followingwprocedufe outlines the

necessary steps for this application of the model:
(a) :Calcalate Kk from Eq. (38) |
(b) From Flg° 4 determlne whether thevm1x1ng is in the dlsper51on-controlled
A or the coalescence controlled reglon° | -
tcj_ If dlsper51on is the controlllng mechanlsm, calculate hB from Eq. (42),
- 'and- ﬁ | from Eq (36) or Figs. 6 7, and 8 | :
(a) 1If coalescence is the controlling mechanlsm, set ﬂ = o;7o[and

ax

calculate' hB from:Eqg. (34 .
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'B. Design Of;EQuipment

* The capa01ty of an agltator”can readlly be determlned from productlon
requirements. However, the optlmum ch01ce of an 1mpeller 1s governed by the"
following criterla:

- (a) for“power'c’onsu'mp'tien,‘l
'N?Lkw e'a mipimum}“
(b) for drop diameter, determined by turbulent brea.kup,g
e Lo',82_ a constant; |
(cj for drop diameter,'determined by_cqeleseenqe,?z .
0765v -O'}S éz ; censtant' o _; : a'
'(d)f for'unlformlty within the dlSperSlon (Eq 38),v
2 7 2 2 O 43 > a constant and
(e) for ellmlnatlon of the unmlxed phase (Eq h2),
N L3 7 O T 2 .a constant
Some two of conditions (v) through (e) will be found to control the.e
design; 1nuthose conditions the equality w;ll.agp@x whlle_the.remalnlng twp.
will be overdeeigned.lrsiﬁee'the primery purpose of pﬁis paper.is te exﬁlore
bulk homogeqeity? let>COnditiens'(d) aﬁd (e) Ee chsiaered,.ﬁorlillu3£rative
purposes;‘ The first.objectiye isrfo determine the_bptiﬁu@:values ef L"ahd
W; comblnlng (&) and (e) glveS'v | | | |

N3 LT O 10 = a constant,

and combination of this with (&) results in:

2.6

L W = a minimum.



) -3 UCRL-9787

' Since the impeller*tip‘speed (m NL) is proportional to the shear rate

within the emu151on, it may be more de51rable to mlnlmlze power by reduclng

-

W rather than L The sultablllty of a rotatlng dlsc 1mpeller for some appll-

catlons is thus at least partlally explalned
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VII. -CONCLUSIONS =~

The foilorihg conclusions from thiszwork-may now be presented

(l) A two- parameter expohentiel model for the distribution oi the‘
dispersed -phase in liguid-liquid agitetion trorides.a criterion for establlshing
bulk homogeneity that is’independent of the specific objective of the con- |
tacting prdcess° | | )

(2) The inhomogeneity parameter, K ; is_depehdentfupon the impeller
dimensions,.stirring speed, Volume-fraction of the dispersed phase, density
of each phese, viscosity of each phase, and the_interfacial area produced,
for vesselsvof different,sizes hut similar proportiohs.

(3) The elimination of an undispersed layer is dependent upon the
average volume-fraction of the dispersed. phase, the 1mpeller dimen51ons, the
stirring speed, eni'the interfacial tension between phases, for vessels of _
different sizes but similar proportions.

.(4) In fully baffled agitaters}_the dispersed-phase volume—fraction
at any'peint is dependent upon fractienal tank height?.and independent of
radial or angular -location. |

(S)V A -value of 0.10 is sufficiently small for « to ensure deviations
of less than 5% in the local volume fraction. from the overall average and to

‘ensure dispersioh control of h the height of the undispersed layer, if any.

B’
(6) At values of « less thdn.O.lO, centrifugation effecte become:
important. | | |
(7) When a stagnant layer of the diséersibie'phase is present
(hB > 0), either coelescence or lack of dispersidh may be the cause, depending

upon the values of the interfacial tension, density difference, mixture

viscosity, average-volume fraction, and the impeller diameter, for  vessels of

different sizes but similar proportions.
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(8) The conclusions drawn appéar to offer a sound engineering basis

- for the design of:liquid-liqpid_agitétion_equipment.



- UCRL-9787

' .. .. . . ACKNOWLEDGMENTS .
A porfiqn of this s%udy’was'carriéd7dut'whileﬁthe“priﬁCipal~author
(LEW) was a National Science Foundation Fellow. Fﬁrtherifinancial assistance,
aS’wéll as research and coﬂputation facilities, were.supplied by the;Lawreﬁce
Radiation~Laboratory_undér the auspices of the U;S. Afomig Energy Commissibﬁ.
' The au%hofsnére‘gfateful.for advice from?Eﬁ“F; Orlemaﬁn'énd c. J.
Vogt. | ‘ '
The cdﬁtents.of this repof£ have been filed by one of the authors
(LHW) as a thesis in partial fulfillment of the réquiremgﬁts for the Master

of Science Degree in the Graduate Division, University ovaalifornia;

Berkeley, California.



=77~ , R UCRL-9787

APPENDICES

. 1.7 Comiputation Procedufe and Tabulated Results:

- Computations, for each point:
> j ‘.1_,-; .

(2) Continuous-phase volume fraction ‘ﬂc ' '
. . : . 2 ) .

(3) ‘M. N. fromEq. (iz)’; a \

(1) Dispersed-phase volume fraction ﬁs

(%) i j¢from:Mo N. and the conditions
}) o ' ',

i < 10 , : -
%m,j'i‘. 0 f o - | | (a)
i, =M N. or i ‘= 200 - M. N. L (b)
mJ » m, ) . , .
.v,computationséfor each height: - . . |
1 L= = . _
S DR S

SE

Cogputa%iéns for each run:

ol o

o q
L) ma(ows) = ) 1

(2) k from a data=smoothing procedure as follows: -

A o - -
(a) Discard all values of Qévf > 0.70; .
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in gav,hi B angév,hi

-

for remaining values of Qév 3

o |-

-8
=1
- (3) The intercept‘atw-h = 0, ﬁlim" from the slope of the semilog

fit of the data:

. : = : ‘+ En
, ,:(c) £n glim = gév K

(k) hy from the values of K'Q‘giim

,fand' 5 USihg the follbwing
derivation of the material balance (Eq. 17):

7 _ h, o+ £(h) dh ; | : (D)
B fh N T UL SR
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£(n)

gmax‘é%Ki(hﬁﬁB) 3 o H. } .f:; . (EI)LV

s s oTKhE qu._,_}ga e -
gmax - glim € * _ (I;I)

Substitution of (III) and (II) into (I), and integrating, gives

g .. o |
Pang A2 [k L @)

- Equation (IV) was then used to solve for hB'by an iterative technique.

Tlim’

o (__5)__;5@}-( from Eq. (III) and the calculated values of K , £
_ <’:1.ndv'1';;_B°

(6) Each of the dimensionlessygroups’used‘inAthe;regfession'ahalyses

was computed‘using—the defining relations:

3=
O NTL p
Ne ™ = o ?
N B
N = 3
Re: B
N L P
NFr - =
' g Iaol(1 - 2)
W .
¢ = m
a ' ' , ' ' ©0.30
P _ ~0.60 , .. - -3,.. -0.45 0.25  -0.70 = _.
= 0.055 NWe (1 + 2.5 g) + (4.6 x 10 )NWe NRe ¥ 53 s
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, S L. K
where.y = p,c' (1 - Q,)Z > 4 “—d 7 2.5 - |
a - " » e

The average physical properties used'are'definéd as:

p=p, P o(py-e, )5 |

| e, ' .5-(“{1 - ) 3/2
by =TT o7 1+ -
" (l = ¢)3:2 ' _Hc * Hd

(7) From the fitted constants, Kk s ﬂﬁa# , and  hy , smoothed values-

for @

2

B i and EMI (smoothed fit), were calculated by \

. i .
s,d 7 Tm,J Qév ’ Tmyav

the procedﬁres'outiinéd above in (A);'(B);,andv(c-l);
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agitator geometry group (dimensionless, LW/TH).

overall mixing index, —
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2. Nomenclature

a function of geometrical- factors (quwlo).
a constant (Eq. ). '
weight-percent of solids (Eq. 5)-

a constant (Eq. 1%).

. a'geometric constant (Eq. 1).

a constant (Eq. 46).
mean droplet dlameter at point i (cm
mean droplet dlameter at impeller tip (cm), 0. 055 L f(ﬂ)N ~0.60

mean particle dlameter of dlspersed phase (cm).

I -
m

a monotonic function of any variable Xx.

1+ 2.58.

acceleration.of gravity, 980 cm/see2

tank height (cmja

‘-fractlonal tank helght (dlmen81onless)
fractlonal tank helght of boundary between dlsper51ble (but
'undlspersed) phase, and emulsion.

fractional tank height of sluary,

100 ¢ ”?EL;- )
Tl 3

Cei=

local‘value‘of miXing index.

a constant.
impeller diameter (cm).

mixing number defined by Eq. (12).
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stirring speed (rps).

Froude numberi.

minimum ﬁtirring sbeéd‘(qullO) (rev/sec)a_
Reynolds number. .

relative stirring speed (Fig. 19).

Weber number.

an exponent (Eg. 30).

number of samples.

tank diameter (ém);

theoretical mixing index, 1/(1 + k)

local continuous-phase velocity.

local dispersed—phase &elocity.
average departure from sphéricity.
impeller width (cm).

an exponeﬁt. |

an exponent,  2x

. . - " .2 .
coalescence correction factor -(cm) LN‘O 45-NO > -

‘We Re V¥ 0’70'5 Q'3O .

density-difference driving gravitatibnalzforce (g/cm3)f

p _. pd. °

inhomogeneity parameter.

continuous-phase viscosity (cP).

” dispersed-phase viscosity (cP). ' _ ' 3/2
' g - By - om)
mixture .viscosity (€P), ——:7375——— o
s ' B G £77) helh ' g T

- e . . -

continuous-phase density, (g/cm3).

dispersed-phase density, (g/cms)-



a ol

RS

max

el W

-bulkfaverage_Volume—fraction of dispersed phase.

H = 2.
. viscosity-volume-fraction parameter e;% (l_- g) 5_+ _;Q [
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Pe +.5'(bdk- pc)“

interfacial tension (dynes/cm)..
‘maximum volume=fraction df dispersed phase.

local volume-~fraction of diépersed phase. .

2.5

d c
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