LEHIGH | s,

UNIVERSITY Services

The Preserve: Lehigh Library Digital Collections

The Effect of Agitation on Mass
Transfer Rates in Liquid - Solid
Particle Systems.

Citation

Warren, Donald. The Effect of Agitation on Mass Transfer Rates in Liquid - Solid Parti-
cle Systems. 1951, https://preserve.lehigh.edu/lehigh-scholarship/graduate-p
ublications-theses-dissertations/theses-dissertations/effect-agitation.

Find more at https://preserve.lehigh.edu/

This document is brought to you for free and open access by Lehigh Preserve. It has been accepted for
inclusion by an authorized administrator of Lehigh Preserve. For more information, please contact
preserve@lehigh.edu.


https://preserve.lehigh.edu/lehigh-scholarship/graduate-publications-theses-dissertations/theses-dissertations/effect-agitation
https://preserve.lehigh.edu/lehigh-scholarship/graduate-publications-theses-dissertations/theses-dissertations/effect-agitation
https://preserve.lehigh.edu/
mailto:preserve@lehigh.edu

Lehigh University Bethlehem; Pa,

Rules covering use of manuscript theses,

Unpublished theses submitted for the Master's and
Doctoris degree and deposited in the Lehigh University
Library are open for inspection; but are to be used
only with due regard to the rights of the authors, For
this reason it 1s necessary to require that a manuscript
thesis be read within thé Library: If the thesis is
borrowed by another library, the same rules should be
observed by it, Bibliogrdphical references may be noted
but passages, dlagrams, and illustrations may be copiled
cnly with permission of the author, and proper credit
must be given in subsequent written or published work,
Extensive copying or publication of the thesis in whole
or in part must have the consent of the author as well as
the Dean of the Graduate School,

A Library which borrows this thesis for use by its
readers 1s expected to secure the signature of each user,

#7This thesis by .C.Gfd‘mmd OJ OVmCO e

has been used by the following persons, whose signatures
attest their acceptance of the above restrictions.

NAMVE ADDRESS DATE







THE BFFECT OF AGITATION ON MASS TRANSFER RATES

IN LIYUID « SOLID PARTICLE SYSTEMS

by
Edrmund Williem White

A DISSERTATION
Presented to the Graduate Faoculty
of Lehigh University
in Candidacy for the Degree of
Doctor of Philosophy

Lehigh University
1951



LB
’ " 'rp\‘;‘\

Vi
JUN 251352
CERTIFICATE OF APPROVAL Y
— SLERAR

Approved and recommendsd for acceptence ss a
dissertation in pertial fulfillment of the requirements
for the degree of Doctor of Philosophy.

[t
[l 1S 1G5 DE e VEZ

Professor 1n Gharpe 4 e

Accepted,

Specinl committee direoting the doctoral
work of Mr, Edmund Williem White

AP et ( § D4 o Jonatrman




i1

To Professor Darryl E, Mack, for his kind assistence

end guidance in all pheses of this investigetiong

To Dr, Raffsele F. Murace, for his sugrestions and

-recommandétiana for snelyticel procedures;

To Professor Warren W, Iwing cnd Dr, Frank H, Healey,
for their generous permission to use the instruments

and facilities of the Physlcel Chemistry Leboratory:

¥y sincere appreciation is expressed,



[
Lale
e

TABLE OF CONTENTS

SUMABLY o« s s » ¢ 6 & 5 6.5 s
IntroductioNs + o ¢« o « s & o
A Brief Review of Prior wWork,
Theoretical Considerations. .
Description of ApperatuBs o
Procedurle o« « o « » o o » # s
Precision of Measurenents « .

Discussion of Resulis » « & =

. e

»

Conclusions and Recommendations

Table of Nomenclature « « o o
Literature Cited, ., + o s +

ApperdiX, o « o o ¢ s 4 3 » &

.

‘.

-

14
20
26
29
32
67
69
72
7%



FIG,

FIG.

FIG,
FIc,

FIG.

FIG,

FIG.

FIC«

FIG,

v

s
Lt

LIST OF ILINSTRATIONS

Basie Dimensions of Beaker«ficale
ApparsltUs o« o o o + ¥ 8 s e 5 3 2 o = &

Dimensions of Ten~Inch Dlameter
ﬂﬁit&’bﬂﬁ?‘i’fﬂm et ® B ¥ W K & & ° oE 4 »

RBesle Dinernsions of Thirteen-Inch
Aglbator-Tank s s« « « » 2 4 5 2 » s &

- Bffect of Impeliler Speed on Rete of

Raﬁctioqu‘.o’vni000:&009

Dissolution of Glessy Boraxs Check of
FauatioNe ¢« o o o # s o o o % 2 o ¢ & &

The &djusted Dissplution Cobstant as a
Punction of Tmpeller Gpeed,. o o o « »

Ad justed Dissolution Constent as a
Punotion of Hlis o ¢« + ¢ & » & % ¢ 2 s« »

Adjusted Dissolution Constent a8 a
Punotion of Power per Unit Volume , .

*

F&e

PEa
Pl

Pa

P&«

DEe

PEe

22

23
24

25

33

37

L8

, 55

61



SUMMARY
The effect of acitotion on the rate of mass tronsfer
from solid particles to o liouid was investigcted using
60/80 mesh zine in 0,4 N sulturie seid and L0/60 mesh
glassy borex in tep water, Five impellers (1,81 inch to
6,0 inch dismeter, two to six blsdes) and three baffled
tenk simes (4494 inch to 13 inch dismeter) were employed,

.The welght of zinc¢ or borax that dissolved in twenty
minutes in the corresponding liquids wes determined by
analysis‘of o ssmple, Impeller speeds verieé from 121

to 972 rpm,

A breskepoint in the plot of resction rete versus
impeller speed wes characteristie of the two systems
Investicseted, Above the bresk-point speed, an ineresged
gpeed of spitetion c¢sused o negligible incresse in the
masg trunsfer rote, This brezk-point seems to occur at
or near the speed st which full suspension of the particles

is sttalined,

The dsta could not be correlated by the methods of
previous investisstors, but the deta for glessy horaxw

weter sould be correleted in terme of ¥l

The power per unit volume of liquid does not sppesr
to be a eriterion by which to evaluate the mystems
studied,



INTRODUCTION

For many thousands of yeers, ngltatlon =nd mixing
have been utilized in obtaining desired end results. The
blending of insredients in making breed, bricks, or alooe
holie bevarages ere exemples of anclent mixing prretieces,
In more modern times, the ehemical proeess industries
have msde extensive use of ths unit operation of mixing,
An agitstor or scraper is nommelly an integral psrt of
any appsratus designed for such unit procesges as nitra
tion or sulfonation. Gesolines are blended, wex emulsions
are prepared, solids sre suspended in liguids, powders
are blended, and paints sre pirmented In verious types

of mixers or agitetors,

Despite this old and continued use of mixing and
aritetion, the desien and selection of devices to produce
gpecific results hes remsined an ert rother then a
science, Only in the lest twenty-five to thirty yecrs
heve As We Hixson, J. H, Rushton, A. McL. White, D, E,
Meck, A, Brothman, E. L. Piret, and a few others managed
to develop: some fundeomentel relestionships end to apply
then to the extremely complicrted fluid dymemics of mixing
and agitation.

Although "mixing" and "agitation" are often used as

more or less synonymous words, "aglitation®™ hes 1in renlity



a mmée general context, It refers to any disturbance of
the guieseent or equllibrium state of 2 msterin]l -« either
goseous, liquid, solid, or any combination thereof, As
normally used with reference to the chemical engineering
unit operation, "agitetion" implies the controlled use

of mechanicsl devices such as propellers, paddles, jets -
and tumbling drums, . In thie sense, "nechanical egitation®
is often used and is amore limiting and descriptive

term,

The engineer and menufacturer are vitally interested
in the power {and eguivelent cost) required to perform
any manufacturing operstion. Quite naturally‘many inves-
tigations on the power regquired to rotate propellers,
paddles and turbine agﬁtatars in liguids heve been cone-
dueted, In the most recently published work, the power,
expressed gs ¢ dimensionless power mumber (Pg/N3L3)) has
been shown to be @ function of the Froude number (N2L/g )

ag well as the modified Reynolds number (NL%o4p}.

With"eontralied"a@itatian, three mxjor process résults
are attéinedz ~
1, Mizing,
2, Increasing hert trrnsfer rates,
3, Controlling mess tronsfer rntes,
Obviously these three results are inter~relested so thaet
the degree of mixing, the heet transfer rate,ior.both may

influence and control the mass trané&fer rate in a system,



In "mixing® two or more mrteriels, a particle of one
substance is pleced as nearly adjscent as prraeticable to
a particle of each of the other esubstrnces. Power, time,
and cost considerations, as well as the further use to be
mede of the mixed material, ere limiting factors., Certailn
terms have arisen to deaocribe specifiec methods or results
of nixing. Thus, two batches of gasoline or two powders
may be "blended”, a solid may be “dispersed” in e liguid
or gas to form a "suspension®, or two immisoible liquids

may be dispersed in one another to pradnge an “emulsionn,

Where hsat transfer is involved, sgitation acts to
reduce the thiockness of the stagnent fluid film adjacent
to the heat trensfer surface snd to dissipate the hotter
{heating) or colder (cooling) molecules throughout the
bulk of the fluld. E=zsrly Investigators reported overall
hest transfer coefficlents in specific kettles and tanks,
At times these overall coefficients were compared at dif-
ferent agitator speeds in a single apparatus, In other
instances, the overall coefficlent in the "apltated® tank
was compared only with the ocoefficlent in the same tank
wunegitated”®, In 1544 Chilton, Drew and Jebens (1) extend
ed the general method for correlating foreed-convection
heat transfer data to the cases where an asgitated ligquid
is hented or cooled by a tank coll or a jackelr, For a

Jecketed vessel, it was found:
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Subsequent investigetors have normally used this method

of correlation,

It is the primary intent of this investigation to
study the effect of agltetion on mess transfer rates,
Therefors the results and conclusions of some previous

investigators are reviewed in the following section,



A BRIEF REVIEW OF PRIOR WORK

—

All mass transfer phenomena, when examined from the
viewpoint of the type of physicel phases present, can
be assignaé to one of seven subaiviaipnat
l. Gagegas 3+ Gasw-solid 6. Solid-solid
2« Gaseliyuid Lo Liquid-liquid 7« Gas=liquid-solid

5» Ligquid~solid
In the field of mechanleal apitstion the ges~liguid,
ligquideliquid, liquides0lid, and gas«liquid=-solid systenms
have probably dbeen more completely investigsted than the
other three, 'The present investigetion was limited io
liguid~solid systems where the solid was present as a
powdered or granular mass; therefore only the prior work

in that fleld will be reviewed,

Murphree (11) in 1923 reported an investigstion of
the solution of orystalline meteriasls, It was assumed
that:

ls A definite welght of erystsls of nearly unie.
form size is added to a solute-free solvent and
agitated at s uniform rate.

2s The volume of the solution remaing substene
tially constent,

3. The rate of solution 1s proportional to the
ares of crystels exposed and to the desree of
ag 1tation,

Le The rate of solution at any particular time
is proportionsl to the difference in concentration
of the saturated solution and that of the msin body
of the solution {as shown by A, A. Noyes).



By a series of materlal balances, differential equations,

and integrations, it was shown that:

_Vk | (k-rx.)"(/{z-kzu:’) o k{3 (2;(0—2x) ]
Ke “nBb L2 I (k+z)l(k"ki.*%‘)+{3 fanakz_‘.(z;(o_k)(z;(_k)

For nomenolature see TABLE OF NOMENCLATURE,
For the speclal cese where the mmount of crystals is very
large compared with the amount necsssary to ssturate the
solvent, the change invthe surface area of the crystals
is small and mey be negieeted. Consequently the general
eguation reduces to3

mm _Os = “Eﬁ2*

Cg«l v

where "A" i{s the surface erea,

Hixson and Crowell (5) in 1931 presented an extensive
resune of prior work on the effect of agitation on mass
transfer rates, These investigestors derived the cube root
law, an équaticn differing from that of Murphree only in
certein constants, Simplified forms for special cases

were also derived,

In subseguent work Hixson and Crowell {6,7) provided
experimentel substantiation for the cube root lew, hence
for Murphree's earller derivation, Purther, using the
system rock sslt-water, the effects of a number of vare
iables were experimentally determined for unbeffled tanks,

The resulte obtained were:



1, The rate of solution increases with an ine
ecrease in the anguler veloeity (RPM) of the impeller
guz the inocresse is smaller at high angular veloce-

ties,

2. In a tank of econstant diameter an increase
in the length of the impeller, width (1 inoch) end
anguler veloeity (83:rpm) eonstant, produces an
inerease in the soluslon rate up to a length eguive
alent to about 60-70 ber cent of the tank diemetery
a further inerease in impeller dismeter produces
no increase in solution rate,

3. An inerease in the width of an impeller,
other factors being held constant, causes sn incrcase
in solution rate at the lower (SB\rpm; impeller
speeds; the effect at higher {240 rpm) anguler
veloclties 18 apprecieble less.

Ls An off-center location of the impeller causes
increased turbulence and & higher solution rate at
a relatively low (83 rpm) angular velocity.

5., As the impeller was moved vertically upward
from the bottom of a tenk, the rete of solution
decreased only to & slight extent at 83 and 240 rpm,

6, For the rock salt-water mystem, a ten degree
Centigrade increase in temperature produced about
a 26 per cent Iinorease in the soltulon constant,
at & constant (83 rpm) speed of egitation.

7, Inoreasing the tank dismeter results in an
.~ increase in eoltuion rate (same sgitator running at
122 rpm). 8ince the liquid volume was constant,
the liquid height varied so that the 1noressed
solution rate is not caused only by the incresse in
tank dlameter,

8, From a study of ten different impellers, it
appears that the effeet of the impeller {same diamn
eter) 1s small (about 10 per cent variation) at
higher speeds {240 rpm}; at a lower speed of 83 rpm
the effect is greater (about Al per cent),

9+ A decrease in liguid volume resulted in an
inoreased rate of solution at 83 rpm (tank diesmeter
constant), This is probably the result of more
agitation per unit volume,

10, When the amount of solid is large with
respect to the area of the bottom of the tank,



#piling® or ®heaping" occurs; this results in a lower
solution rate per unit weight of solid,

1l, The effect on solution rate of different
particle sizes in two equal welghts of a solld, is
primarily to c¢henge the area of trensfer, i,e, the
solution constants are proportional to the initial
areas {240 rpm).

Hixson and Wilkins (8) in 1933 reported on the
application of the Hixson-~Crowell cube root lew to the
dissolution of benzoie acld tablets in water and in
several oils, Using seéen sizes of ténks from 0,73 to
353 gallons {6 ineh to 47 inch i.d,), these investigators
concluded that:

_ 1, With free rotationsl agitation (no baffles),
"the rate of dissolution depends wost markedly upon
the stirring speed, .+ « « The dissolution rate is
initially low and rised rapldly to about 85 per cent®
(et 125 rpm) "of the value attained et 350 rpm,

From 125 rpm to 350 rpm the rate increases much less
repidly but as a streight-line function of the stire
ring speed., The relation holds for all sizes of
vessels studied, The curves are parallel in the
stréight-line region, and those for the lerger vessels
lle sucoessively sbove those for the smaller ones,"

2+ "The dissolving rete at 200 rpm rises rapidly
throughout the series of emall vessels until the
18 inch one is reached, beyond which the increase
due to grester size is smell, Thus an 18 inch
vessel may be used roughly as & model agitetor in
which to predist the behavior in larger equipment of
this type without the neceagiﬁy of a size correction®,
for unbaffled tanks,

3. "Aglitation is deereased greatly by sn ine
erease in fluid viscoslty". The data in one tank
are compared by dividing the dissolution constant by
the solubility and diffusivity (K/Cgd), The data
in various tenk sizes are correlated es XD/Cgd
versus the log (nazpvu;,

Le "Effective agitation is réduoad by baffle
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introduetion to a very grest extent in the small
sizes, but practically not et all in the plant sizes,
The magnitude »f this deocrease, + » 1s in inverse
ratio to the aizZe of the vessel, More than four
baffles produce no additional reduction in the rate
of diseolution,™

5« "In the four-baffle system the value of the
sgltation constant is proportional to the stirring
speed, The reletion is a straight line which egins
at sbout 125 and contimies to about 350 rpm, after
which the rate falls off somewhat and tends to
epprosch the horizontsl., The curves for severel
s8izes are parallel snd arrange themselves. . with
the curves for the larger vessels gbove those for
the smaller ones,"

6, "The effeoct of size magnification in the
four-baffle r8gime at 200 rpm is much more pronounced
than in the free rotational system, The increase 1is
more rapld between the 6-and 2,-inch alzes while in
the 47-inch tank (plant scsle) the solution rete has
almost resched its maxlmum and 1s practically egual
to the effective agitatlon in the free rotationsl
r8gime 2t the esame slize and speed,"

7. "More effective egitation is found in a shallow
vessel then in a deep one &t the seme stirrer speed”,
unless the vortex resches the impeller,

8. "The power gonsumption per unit volume of
liquid undergoing agltaetion increases rapidly as
the size of the system 1s incremsed and as the free
rotatlonal flow is deflected by baffles. This means
that high speeds in large vessels cannot be used so
long as powsr is of sconomie importance,"

In 1941 Hixson eand Beum (2) presented additional
experimental data for a number of dissolution systems
using the ssme tanks and 459 impellers ss Hixson and
Wilkine, A simplified form of the cube root lew was
derived and shown to give results gomperable with the

exact expression, By meens of dimensional snalysis 1t

wes predicted thats
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KD . g (NDof) & ufpd)
d

Therefore the abundant dats of the investigators was
plotted on log~log paper with the co-ordinates of

(x0/a) / (p/fpa)0%5 oma (W% fu), Two straight lines
were drawn; these supposedly conflrmed the exlstence of
a critical Reynolds number, "The points for the system
benzolc~acid~methanol are not shown, since thls group
was the only cne which devliated lergely from the average

line, . « o Palling 30«40 per cent below,"

In subsequent sexiea of experiments, Hixson and Baum
(3) used a eimilar method for carralﬁﬁiag data obtained
with a series of marinewtypé square piteh propellers
inserted into the tanks at an angle of 60° to the hori-
zontal. "Comparison 1§ nade between the turbine and pro-
peller ms an agltating device, and for the range of sizes
studied, the turbine, aparasing'withéut"barfles, gives
higher values for the dissolution constent in liguide
solid agitation,®

In 1944 Hixson and Bsum (4) reported on the effeet
of agitation on the chemical system benzoiec acld-sodium
hydroxide, A 6e~inch dismeter tank and s four-blsded
turbine~type agitstor with a 45° blade angle was used in
the experiments. The initiel sodium hydroxide concentra-

tion was veried from 0,005 to 0,08 M, Using the Nernste
Brunner double~film concept they developed an expression
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for the total film thickness, Over the range of speeds
from 200 to 450 rpm, *the fiim tniékness-is linesr with
speed,” Further "the number of (bénzoic acid) pellets
had no appsrent effect on the caloulsted film thickness
except &s this factor entered into the definition of

surface aren.?

Madc and Marriner (10) in 1949 used the benzoic
aeid-sodium hydroxide systems in correlating egitator
performance, Two tanks (9,7 and 16,0 inch diemeters)
and seven flat-bladed impellers {two, four or six blades)
of various lengths and widthe were used, Three different
sizes of benzolc ncld pills and two benzoie acid particle
slzes were used but the initial sodium hydroxide concene
tration was held constant (0,0019 N). It was coneluded
thats

1. The performence of dissimilar fully baffled,
radial-type impellers, snd dissimilar liyuld dimens

slong can be correlated for solid-liquid mass transe
fer by using the relastion

%(%)0.15 . ~¢‘K£_§9 0445 mﬁ

This may be part of a more general form
0.15 | . ,
) ) (B = (o (22|

2¢ Particle size of the s£0lid phase hes no
influence on the mass trensfer rate,

3. 8izs, number and positiones of the baffles
have no effect on the mass transfer rate 8o long as
fully baffled conditions are mainteined,
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In an unpublished pspsr in 1950, Mack (9) proposed
that two zones of agitation intensity exist in any apiteted
system, 1.8,

le & zone of high velocity in or nesr the
impeller, :

2+ A zZone of lower veploelty in the main bulk
of the tank, =~ the "bulk velocity”,

"For cases where the f;lm_ia to be wiped off the surfaces
of solid particles free to move with the liquid, we have
the 'near impeller'! zone affecting the process, since
the pmrticléa nay sctually move through the lmpeller,
In fact, the velocity here may be so high compared with
the bulk velocity that the 'neur impellert zone performance
may controel the process,® It is further shown that "the
Reynolds number for this streen 1s:

Re = (Np9+21) (Np0+2NL)o/u = NpOedmLZp/u
Using this Reynolds number in the usual form of the mass

transfer equation we gety
- T
__kp/a canst..(nrﬂﬁmﬁ )
(ufpa)*/3 A

This equstion is substantisted by the work of Marriner"

and ®“the work of Hixson",



) A

TIEORETICAL CONSIDERATIONS

‘Mass transfer between & e0lid snd s liquid is often
postulsted ag occurdng across a stagnant boundary layer
of liquid. Although severel rate pracesses are involved
in most ceses of mass tranefer, the diffusional transfer
across this boundary layer is often the slowest, hence
the controlling, process. This fzet should, of course,

be established for each individual case,

An increasedflow rate of fluid past the solid sure
fece produces an inareaséiahear and consequently a thinner
boundary film &and a faster mess trensfer rate, Where
the solid phese consists of & number of discrete and
independent particles, msdhanieal agltatlon is often

employed to provide the inc:eassa fiuid flow,

A theoretical examination of such agitated systems
is pgreatly limited by codplex fluid dymamics, A single
fluid velocity end direection doss not exist 50 that ane
other method of defining shear, hence fllm thickness, is
needed, Previous investigators have employed the impeller
speed {(N), the speecd-diameter (ND}, 2 modified Neynolds
number (ND%QJU or ngpéu), ané the power number
(Pg/R3L59) < either singly or in combination. Although

such terms provide correlations of dats for a partiocular



series of impellers of the same type In the same shape
of tank {baffled or unbaffled to the same extent), they
fall to correlasts satisfactorlily the data for different
types of impellers, e.g, turbine versus marine propeller,

and for different degrees of baffling in the tanks,

Although these functions may serve to define the
flow of liquid relative to the impeller or tank, they
probably fail to correlate all mass tranafar:data for
solid-liquld systems because they do not defihe the flow
of liquié relative to the solid particles which sre free
to move with the 1iquid, For the less complicated case
of a particle falling under the influence of gravity
through & quiescent liguid, e maximun {(or "terminal")
veloelty 1s rsached at which the gravitetional, buoyant
and frictional forses sre in equilibrium, 2 steady vere
ticel flow of the 1iqguld does not change the terminal

veloeity of the particle relative to the liwuid,

In a mechanlcally agitated system, the impeller
produces horizontal and rotational, as well as vertieal,
fluid curreats, The trajectory of a particle ism dependent
upon the net effect of all these forces, Where the local
vertical ocomponent of flow has a sufflelent upward
nagnitude, the particls willl be suspendesd 1n the fluid
or carried uwyward., Because the magnitude snd Qirection

of the fluid currents vary from point to point within
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the vessel, the partiele will alternately rise and fell.
Wikere the impeller discharges e sufficlent volume of
liguid, a perticle will not reach the bottom of the vessel
Yelfore horizeontal currents sarry it to an up-current

of sufficlient magnitude to stop the downward movement

of the solid.

Applying the terminal velooity concept to such twoe
dimensional systems, it may be reasoned that once suspen~
sion has been ettained the reletive velocity between the
liguid and the sclld will not change because an ine:eaae
in the velocity of the liguld only results ik a correfw

ponding increase in the sbscvlute partiele velocity,

This reasoning is perbhaps fully appllicable only to
particles of very snall mass and inertia whish are easily
suspended in a liquid and which follow everychange in
diracﬁian sxperienced by the liquid., Larger particles,
with greater inertias, will amcoelerste end decelerste
more slowly then the liquid, and will therefore tempors
arily experience groeter vélooclty differences than that
defined by the terminel velocity,

¥or the smeller particles, the stagnant film which
theoretliocally surrounds each particle should remain
constant 4in magnitude onee the particle has been suspended,
Any mass transfer limited by diffusion across the film

should thus remain approximetely constant in rete once
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compleote suspension of the solid hes been =zttained, The
inertis of larger particles would peramit a temporary
additional shexzr when liguid velocity or direétion are

chengad; a thinner ¥1lm 1s temporarily produced,

In general, this means that a break-point will be
found in a plot of mass rate versus impeller speed, beyond
which an inerease in impeller speed 1s economiecally
unfeasible, (It 1s assumed that the liguid has a low
enough viscoslty so that an incresse in impeller speed
produces an increase in fluild velocity throughout the

tank, )

Further, if the terminal velocity concept is velid,
the rate of mess transfer should be relatively independent
of tank elze and impeller dimensions ornce the platesu
Tfollowing the breck-point 1lg attained, This assumes
thet the welght and area of s0lld per urit volume of
1iquid is maintained constant and thet the initiel cone
centration of the liguid is elso kept the sene., In such
© case, the concentration of the liquid would be ¢ funetion
of time alone, Obviously the temperature must not be

ahangedﬁ

Probably the same factors determine the terminesl
velooity of a partlcle in the two-dimensional agitated

system as in the one~-dimenslon gravitatlonal system, 1.e.

Yn & Ks  [los+0) (pp)
e
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where Kg e¢cmbines s friction fector end a shape factor,

and Dp is a linear dimension or diameter of the partiele.

If the rate of solution in an sgitated tank of two
equal weights of cubical particles (Dp.y = 2Dp_,) is
studied, it would seem at firaﬁ that the seecond sample
with twice the erea should dissolve twlce as repidly as
the first, However if both samples are fully swspended
the velocity of Xluid relative to the particles is proe-

portional bto the diamebers, il.e.

Vige1l/Vine2 = o/ Dpul/Dpaz

or

.l = E‘Vm,,,z w leb V.2

The Kg.3 is8 slightly less than Kg.p so that ¥y, will be
somewhat less than + 2 times greater then Yi.2e The
general prediction is, however, the same 1.8, the reote of
golution of the second sample will not be twice ss great
as the rate of solution of the first sample {the factor

would probableg be about 1,5),

Further exsmination of this example revesals that the
smaller particle is susgpended at & lower impeller speed
8ince Vyp.o is less than vy j. Consequently the plateau

should appear et a lower angular velocity,

Where two or more different sizes of partiecles are
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present in the same agltated system, they should act
independently except as their rate of solution or reaction

is affected by the concentrstion of the liquid,
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DESCRIPTION OF APPARATUS

Three different sizes and sheper of tenks and five
different lupellers were employed in this investigntion,
{Fig. 1*4)

Preliminary tests were conducted in a two=liter
Pyrex beaker {4.94 inches dlameter, D) using a two bladed
Lucite paddle, 1.8l inches in diemeter, L, by 1.25
inches in width, w, (¥IG, 1), Two baffles each 0,92
inch wide (0,19 D) were inserted in the beaker, A clears
ance of 0,875 inches (6,18 D) was sllowed between the
bottom center ol the beaker and the bottom edpe of the

impeller,

The second series of tosts were confucted in s 10w
inch, D, monel tank (¥IG, 2), Three differsnt impellers
were employeds

1., A two-bluded pa@dle, 3,66 inoch L x 2,50
inch W, representing & scale-up from the dbenker
bestes (F1Gs 2)s A clearance of sbout 2 inches was
allowed,

2, & six-blsded paddle, 6,0 ineh % x1,375 inch

We The clearance was approximately 3,125 inches,

{Fig. 3).

3, A four-bladed paddle, 3,932 inch L x 1,00
inch We ¥The clearance was sbout 3.5 inches, (Fig. 3).

Four steel beffles, each 1.0 inch wide (0,10 D), were
inserted in the tank, and extended down to approximately
the knucikie of the dished bottom,



The third tsnk {FIg, 4) used in thiz investipation
had the appearance of a truncated cone resting on its
gmaller bese, The top tenk dlameter was about 14,25
inches end the hottom dilsmeter wag apprﬁximutely 12,25
inches, One impeller wasAused, & two~bladed psaddle 4..84
ineh L x 3,31 inch W, which represented a scale-up from
the besker baszed on a mean tank dlameter of 13,25 inches,
A& olearance of 1,75 inches wes allowed, Your steel
baffles, each 1.5 inches wide {0,115 D) were inserted
in the tank,

A revolution counter was used in all tesis to
determine the apeed of the impeller in revolutlons-per=
minute, 4 stop-watoh was used in timing all rpm detere

minations.



BASIC — DIMENS/IONS  OF BEAXER-SCALF

AFPFARATUS

(Scate 67<17)

?"" TV

4.8757

——4 O 87_5"(_

/G 7




DIMENS/IONS OF TEN-NCH DIAMETER
AGITATOR ~TANA

(TWOQ -BLADE FADDLE SHOWN)

rQ

17 }<_ \___/

< — 54 —> l’

/4 /4 77

/5% "

2
[MW_

T -<——/0” —_— N

SCALE 37=/"

F1G 2




fOUR- AND  S/X-BLADE  FADDLLS

SIX-BLADE PAIDDLE

FOUR-BLADE PADOLE

(G 3




BASIC  DIMENSIONS  OF THIRTEEN- INCH
AGITATOR TANH

(scALE 37=7")

< 144”7 >

ARz

S
N
N
N ~N
\\b
™
~
)
N
>}
4 ,
|< /2//4” 7‘|

1G4




26

ROCEDURE

On the beaker scale, two systems of mass transfer
were investigeted, A 60/80 mesh sieve cut of zinc was
dissolved in an approximately Os4l normal sulfuric acid
solution, and a 40/60 wesh sieve cut of fused, glassy
borax was dissolved ian tap waters In tine 1argéf tenks
only the borazewater system was investissted; the ratio
of borax to water was kept constant in the three sizes

of appartitus.

In making tests on the rate of solution of zinc in
0441 N sulfuric ecid, 1500 ml, of acid were trensferred
from o twenty«~liter carboy to the twowliter beaker,
The resulting heignt, H, of the liquid 1n the beaker was
4+878 inches, i,e, the helght of the lluyuid wes ebout
the seme as the beaker diemeter (H/D = 5,987), The
peddle apitator was get at the deslired speed and the temw
perature of the acid was adjusted o 21° = 0,5° ¢, by
means of & water~-ice bath, Twentyefive corsma af 60/80
mesh zine were ndded and allowed to react with the sule
furie acid for twenty mirutes, The aeld tampersture was
neasured with a mercury-filled glases thermometer at five
mintibe intervals, The agitator speed wae mersured two
or three times in the course of a twenty minute &un
(ef, APPERDIX for samrle data), At the end of the twenty

minutea, a sample of the acid solution wss obtained by



inserting & 25 ml, pipette (with an emlarged tip) in n
rising current of 1ligquid in front of s baffle. This
sample was ilmmedlately fillered to remove solid particles
of zine. A ten milliliter sample of filtrate was titrete
ed with a stendardized potassium ferrocyanide solution
ueing a diphenylamine-potessium ferricyanide indicator
and back~titreted with a standardlzed zine sulfate
solution (of, AFPENDIX).

The dissolution of fused, glassy borax in water
was studied in the two-liter beaker, in a ten-inch disme
eter wonel tank and im a 13% inch diemeter truncated,
conical turk {ef, DESCRIPTION OF AFPARATUS, FIGe 4)e
Three different impellers were used in the ten~inch tank}
only one impeller wes used in the beaker; and only cone
impeller was used in the largsst teank. The same general
opergting procedure was employed as in the zinc~ncid tests,
A quantity of water was measured into & tank and its
temperature was adjusted -to 20,59 21,59 C, with the
spgitator running at the demired speed. A weighed guantity
of borex was added and allowed to dissolve for twenty
wminutes, at which time the solution was sempled as
described shove {ecf, APPENDIX for sample dets), The sample
was filtered and ten milliliters of filtrate were titrated
to the methyl orange end-point with 6.1 N hydrochlorie
acid,

The 1.5 liters of tep weter used in the beaker runs

7



was measured out in gradusnted ¢ylinders, The volumes of
tep water used 1n the larger tanks were measured by filling
the tenk to the lovel indlcated by a merk on one of the
baffles, This level wWas chosen to glve a depth of water
approximetely equal to the tank dlemeter, with some
allowance zlven to the shape of the tenk bobvtoms, The
volumes of water were determined by converting the whights
of water, requived to £111 the tonks to the established
narke, into volumes, Approximetely the same weight of
borax per volume of wabter wes employed in all tests,
This data is summarized belowy
Yols-liters H/D  GCms,/liter
Beakexr 1450 0.99 33,3

10" Tunk 13,12 1.06 3342
13" Tank 28,66 .00 33.7
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FPRECISION OF MEASUNEMENWT

The averasge linear dimensions of the tenka and
impollers were msaeured £0 an estimeted I 0,1 inch with
the exception of the impeller elenrsncess, .. Becsuse the
bottoms of the three tanks were not perfectly flat, the
measurement of the clearences may de in errar by ¥ 0,3

inch,

Solution temperstures were usuaslly measured with s
0° -« 1009 ¢, mercury~filled glass-stem thermometer of a
type commonly found in chemistry ladoratoriez., T4 waes
calibrated in 1° €, intervels and wns inserted in the
verious solutions to ebout the 5° ¥, mark, It was not
erlibrrted against 2 standnrd themmomator or other tem=
perrture-neasuringe device but the alr temperature indie
erted hy this thermometer was in agreenment with thot indie
cateé by a similar ons, ‘Hb stem corrections were mede,
In some runs a =42 to 50° C, thermometer, c¢alibroted in
0.1° ¢, intervals, was employed, The genersl preeision

of a temperature messurement is probably ¥ 0,25° ¢,

In the course of eny one run, the tempercture as
nesaured by the thermomaﬁer normelly vorled by less than
1° €., 1.2, the averege devirtion from the mean wes less
than 0.5° G, The devintion of the aversge tempersture for

one run differed from the average temperature of another
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gimilar run by less than 19 C. These slight variations in
temperature produced negligidle changes in mass trensfer

rates and in the saturetion concentration of borax,

The determination of the zino ion concentration in
the zinc-sulfuric scld investigations wes subject to the
usual errors of sampling and titration, Besause the redox
reaction used in the titration is based upon the ferri.
cyanide=ferrocyanide equilibrium, the oxidizing action of
ailr produces an end-point somewhat lower than the stolohioe
metric value, This effect is minimized by standardizing
the ferrocyanide solution against a standard zine solution
of approximately the same concentrestion as the zinc solu-
tion produced in the tests, The precision of the analytical
method is estimated to be ¥ 5 per cent with the analytiesl

result normally lower than the actual zino coneentration.

‘The precision of determinating the borax concentration
by titraeting with 0,1 ¥ hydrochloric acid ie limited by
the stoichiometric equality of the alkaline and acid
oxides constituting the borax (na25467 2 Nay0 * 2B,04).
A preliminary investigetion indicated thet only about 96
per cent of the stoichliometric volume of scid was required,
Thias value was used in converting all titers into weights
or concentretions of borax, The final value of concentraw
tion im estimated tc be in error by not more than one per

cent,



1

Since the rate of mass transfer from & solid $o a
1iyuid is proportional to the area of exposed solid, it
is imperative that sny evaluation of the effect of agltaw
tion on mass trensfer rates be based upon a unit area,
This means that either the initlal areas be the same in
all tests or thet differences in area bde completely
measurable, In an attempt to maintainuidentieal initial
areaa; a close acreen cut was taken, 1.e, the 60/80 zine
cut andvﬁhe 40/60 vorax cut, Beéauae separation was not
complets, e.2« from agglomeration of fines, a sleve
analysis of the sieve cut was made in several instances.
This sieve analysis is subjeot to errors caused by agglomerw
ation of particles and by bresksge or chipping of particlem
during the sieve snalysis, Conseguently the results must
be employed with caution but they do provide a means of

comparison,

The measurement of the revolutions per minute are
subject to errors in timing and in the revolution counter,
The fluctuation in the two mesmsurements taken during each
run provides an estimate of tha‘greclsiéh. The maximum
deviation noted was 3,8 per cent; the usuel deviation was

no greater than 0,5 per ocent,
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DISCUSSION OF RESULTS

The Zinc~Sulfuric Acid Reaction

The results of the investigation of the effect of
agitation intensity upon the rate of resction of 60/80
mesh zino with 0.4 ¥ sulfuric aaids‘are.presented in
TABIES T and II and in FIG, 5. A sample of the data
taken during a single run is presented in the APPENDIX,

From ¥IG, 5 it 1s evident that the two batohes of
zine, received and screened to 60/80 mesh at 4ifferent
times, do not renot at the seme rate with sulfuric eecid,
Although all this zine passed through a U,S, 60 mesh
screen and wee retained on a U.8. 80 mesh sereen, the
agglomeration of fines and the dlstridbution of sizes
within the 60/80 cut could have resulted in different

reaction areas per unit weight of zinﬂ‘

Desplite the differences in magnitude, both vatches

of sinc show an appreciable change in the effect on reac-
tion rate of an inerescse in Bpeed of apitetion st the
higher engular velocitles compared with the lower speeds,
The faoct thet the break-points in the curvee occur at or
near the impeller speed where full suspension of zine is
visually noted, tends to confirm the theorstlcal deductions
eoncerning & terminal velocity for particles in agitated



I

£ IM

NSRS RN R R
s T b D e el e

S B A m; AR - .h_...m M —1 1

AU B 9 SR>~ B DRSS DUUHE SIS SN " cod U o . S IS ST I - o

S eq Ty T ey T
.m ﬂ =y u.lm.pi.‘_uiluw‘l!if e lw..liw . “Nun.;l.lwwirL “ M .?Fﬂ w : ||‘zwl
- _M e L mv# r%ﬂ NI N FE L . . ST
P R SR T S ; A i A i e S
T i B e S Sl Wit et e T R A
t ‘ t i H | ~ , H
RN ke NN RN
R Wn _zmllx -2 _ ; Lo R
R RN NI R R A I s | ST
_ LY O v_ ” ! SR L |
“{l - .llqmu.E I ‘IPM1 “M: M s x_ e o SR .Nnn S i“oi ‘“!, Ao M - :
B e ”xlf( e - &ﬂ. T v - B s R - ipwll‘m,il»\ - J..!L“
S RS R N S S N S IR
_ : : L »1‘..,4..23 T N
S
&

25 groms of . 649/80 rmess 2/77¢

32| Fuia-titer beaker with.

4

for 20 minwies

SO SO

'
'

I
i
1
1
i
S .4,,..{_ S,

Ner |

P

trmpoe

]
S S

T PILODRY [T I 4

§ i i i : ;
o R

§ H :
i | : e i

; b i :
R e s

|

L _ I

boooe et
i

P9 A
] B N t
_, : ! !
[E I E R S S SN
: : | i f
R N
: . i H !
| i R H i-
w i ! . : 1
e I B S
i ; ! ; :
H : i ) .
f B ; _ ..... H - vw
| | v 1 |
{ i ' v H
N R ! i 1 1




34

TABIE I

Reaction of Zino (Batch gl) with Sulfuris
Acid as o Funotion of Agitetor Speed

Zine 25 grams, 60/80 mesh Temperature 21,29C, Avg.
Hy86, 1500 ml,, 0.4 W. Beaker soale, 20 min, run

R Per Coent 2n Per Gan& Average Temperature

Reavted Ay 1Lt
295 13.4 92.25 21.3° ¢,
416 15.4 89,5 21.3

503 20.8 85.6 20.5

567 2142 85,35 21.3

629% 23.1 8440 21.2

793 22.3 8L.6 21,5

919 RL .2 83.2 21.2

974 224k 8Le45 213

%Zine appearsd fully suspended at this and higher speeds.
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TABLE II

Regsetlion of 2ine {Batch #2) with Sulfuric
Acld ag a Funotion of Agitntor Speed

Zino 25 grams, 60/80 mesh Temperature 21,0° C. Avg.
H280;, 1500ml,, 0., M Beaker seale, 20 min, run

RPY Per Qent Zn Par Qent Average Tempersture

Reacted Ag left
155 heS 97.0 21.3° C.
118 11.3 92,3 21,1
481 1745 88,0 21,1
568 16,4 89.8 21.0
629 1744 88,42 2046
704* 2440 83,3 21,1
739 19.0 86,9 20.8
774 19,5 86,8 21,0
811 18,7 8741 21.0
878 20,6 , 85,8 21.1
898 17.0 88.3 2044
907 20,1 86,2 2143
965 22,3 BLa5 20,9

*Apparantly mostly suspended above this speed,
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tanks, The lower curve (batch #2) has its breakepoint

at a higher impeller speed than the bresk-poimt of the
upper curve, This 18 also consistent with prior reason-
ing besause the larger partiéiéa‘(lower area) require a
higher veloeity for suspension, The effeot of hydrogen
evolution on agitation intensity end on effective particle

denaity (by gasecus occlusion) hes not been evaluated,

The Dissolution of Glasey Borax

Previous ihvestiganars'have shown that the instane
taneous rate of solutlion of a sclid in & liquid is proe
portional to the area of saiid exposed and té the 8if-
ference beﬁweenitha aaneentﬁétiun of a saturated solue
tion and the adiuticn uonceﬁtratien at that ﬁime, that
is: | |

*%%F,u EA(Cye0)

When the area change is small, a mean value may be used,
Integration then givess
B gete ] o v

B

A plot of log (Og=Up)/(Cg~0) versus Ay s @/Ay should
result in a straight line,

The ®esults of tests, conducted to determine the
applicabllity of these equatione to the glassy borax-
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TABLE III

Dissolution of Glassy Borax (Bateh #1)
@8 & Funotion of Time

porax 50 grams, 40/60 megh Temp, 21.3° 0. Avgs

Water 1,500 milliliters ‘Beaker scale

Time @ Cono, 9

Mimatesn &na/laﬁac 5% Area "”" A /l‘“
0 ———— 'a.v 100 100,0 T
10 04660 2,04 1,324 8644 9432
20 0,944 14756 1,538 80,2 18,02
30 14225 1.475 1,832 73,7 26405
40 1,528 1.172 2,305 6644 33425

50 %.703 0,997 2,71 62,1 40,5
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TABLE IV

DPissolution of Glasey Borax (Batch #2)
| 28 g Function of Time

Borax 435 grems, 40/60 mesh Temp, 20469 Cx Avg.
Water 13,120 milliliters 10 ineh Tank

Time © Conc, € Cg e G CgeCy Arca Per Ayd/A,
Tl

Minutes Gms/10000 .Sent  Ag

0 - 2;'5 | 1,00 169;0 -

5 0359 2,341 1.153 92,5 481
10 0,606 2,004 1.202  87.5 9.375
15 0,862 1,838 1.468 81,85 13,63
20 0,973 1727 1.564 9.4 17.9%
30 1,392 1,308 2,065 69,6 25,42
40 1,807  0.893 3,025  59.3 31,86
50 2,162 0,538  5.02 49,5 3744

60 2,465 0,235 11,48 4044 42415
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water system, ere presented inTABLES IXIX and IV, and in
?IG6. 6. The linearity of the deta shown in ¥IG, 6
indlcetes that the above relatlonships are applicable

for at least thirty minutes {A, * 8/A; of about 25)
under the conditions of the tests, (The rapid increase

in log {05~@a§/(95~§§;‘round in the 10~1§¢h tanketest
beyond thirty minutes, may be caused by attrition and
guhdivisian of the borax partieles,) Since all other tests
were eonduoted for only twenty minutes, the linesr charace
teristics were dominant and the rate constant K could be

used as a measure of the rate of resction,

The basie experinmental &até are praaaﬁted in TABEES
¥ through IX. The vari&tian in‘the values'of non and
vk for different tenk and impeiler sizes ioulﬁ seem to
disprove the prediotion (THEORETICAL CONSIDERATIONS)
that normally the concentretion and dissolution constant
would be independent of such changes in tank and im@eller
dimensions, waever, when batch #3 borax wes used in
three besker-gcale tests (TABIE X), the resulting values
of X differed only by sbout six per cent from those
obtained with batch #3 borax in the thirteeneinch tank,
This supports the theoretical ¢contention that XK iz normale
1y 1ndepgnﬁent of tank and impeller sizes onoe suspension
of small particles has been atteined, The values of K
were therefore adjusted to the same "suspension” or
*plateau® value for all batches of borax, Batch #3 wes

accepted as a standard for this sdjustment.



Dissolution of Glassy Borax (Bateh #1) in Water
as a Function of Agitator Speed

Borax

Water
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TABIE V

50 grams, 40/60 mesh
1500 milliliters

Temperature 21,4° €, Ava.

Beaker Scale, 20 Min, Run
2<Hlade Paddle, 1,81%(L) x 1,22%(W)

RPM' Cone, O Avg Temp Wt Per Cent B;«G Area Per m{)?

gns/100 ml °¢ Diseolved Cent Ay |
208  0.642 21,3 19426 2,058 86,7 1.455
308 04785 21a4 23,56 1,915 83.6 1,867
379 0,816 21,2 2houlely  1488L 83,0 1,965
428 04934 21,2 28,00 1,766 80,, 2,356
434 0s944 21,2 28,30 1,756 80,2 2,390
498 0,975 21ed 29424 1725 794 2,496
564, 0970 2144 20,06 1.730 80.0 2,475
633 04944 2144 28,30 19756 80,2 2,390
68, 0,960 20k 28,80 1740 798 2445
800 0996 21,8 29484 1704 78,9 2,574
879* 1,022 21,3 30,60 1,678 78.4 2,665
gae 1,052 2143 31,56 1,648 776 2,775
931 1,017 21,7 30.4h 1,683 78,6 2,645
939 0,965 21,7 28494  1.735 7947 2,460
970 04991 21,5 20570 1,709 79,1  2.548
972 0,965 2lek 28,94 14738 797 2460

*) different 4L0/60 cut,



Dissolution of Glassy Borex (Batch #2] in VWater
88 p Funotion of Agitetor Bpeed
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TABLE VI

Borex 435 grams, 40/60 mesh Temperature 20,4° C, Avg.

Rater

13,120 milliliters

2-Blade Paddle, 3,66%(L) x 2,5%(W)

10-Inch Tank, 20 Min, Rum

RPM cmm, C. Avg Temp Wt Per Cent Cgw0 Aroa‘Per maﬁ

1.519

ens/l00 m1 9 Dissolved Cent - A,
150 0,412 20.3 12,4 2,278 92,0 0,89
194 0,617 20,8 18,6 2,083 87,2 1,38
296 1.52 20,2 4.7 1,588 75,2 3,18
413 1,164 2042 35‘.#3 1.33& T8 3;24
556 1,150 2044 3407 550 75.2 3.7
645  L.L48 2044 346 1.552 7S04 3415
88 1181 20,8 357 7445 3433
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TABLE VII

Dissolution of Glessy Borax (Bateh #2) in Water
as a Function of Agitetor Speed

Borex 435 grems, 40/60 mesh Temperature 20.6° C, Avg.

Water 13,120 milliliters 10~Inch Tank, 20 Min, Run
6-Blade Peddle, 6,0"(L) x 3.375%(W)

RPM Cone, C Avg Temp Wt Por Cent Ch,e0 Area Per Kx102

gns /100 ml oC. Dissolved Cent Aq
121 0.77h 2042 233 1,926 83,8 1,832
147 1.6 2065 348 1.5k 75.2 3,215
233% 1303 2).2 39,2 1,397 7.8 3.7
271 1.202 2045 3642 14498 The2 3,38
364 196 20,7 3640  1.504  Ths3 3435
458 1,206 20,7 3643 14494  7hel 3440

*gemple delayed, Run was 203 minutes,



Borax 435 grems, 40/60 mesh

TABLE VIII

Dissolution of Glassy Borax (Bateh #2) in Water

a8 8 Function of Agitator Speed

Temperature 20,8° ¢, Avg,

water 13,120 milliliters 10-Inch Tank, 20 Min, Run
4=Blade Paddle, 3.938"({L) x 1,00%(W)
RPM Cono, © Avg Temp Wt Per Cent Cu.0 Area Per Kxk02
ema/100 ml 9¢,  Dissolved Cent A,
202 04411 2005 124 24289 51,6 0,82
380 1,232 20,8 3742 1.468 73,4 3.51
569  1.046 2049 3.5 1654 77T 2,75
676  1.128 21,0 340 1,572 75,8 3,08
760 1.227 20,7  36.9 1473 73.6 3449
972 14210 3645  36.5 14490 73,9 3.4
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TAHIE IX

Dissolution of Glessy Borax (Batch #3) in Water
» 28 a Function of Agitstor Speed

Borax 2,125 1b,, 40/60 mesh Temperature 20,0° C. Avg.
Water 28,600 milliliters 13-Ynch Tank, 20 Min, Run
2-Blade Paddle, 4.844"(L) x 3.3125%{w)

RFM Cone, O Avg Temp Wt Per Cent CueC Area Fer Kxjg2

gms/100 ml  ©°0,  Dissolved . Cent Ay
130 0526 2043 15.6 2,176 89,4 1,08
161 0480 20,2 23,7 1,900 83,5 1,91
202 1,13 1946 33,6  1.57 76,2 3,08
285 1,13 19.8 33,6 1,57 76,2 3,08
31 1,113 20,2 330 1.587 76,6 3,01

402 1.108 2042 32,9 1,592 76,6 2,99
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TABLE X

Bissolution of Glassy Borax (Bateh #3) is Water

Gomparison of Beaker Scsls with Aversrd
Thirteen-Inoh Scale Results

Beaker Soale PhirteemeInch Soale

B | Cone. €| ¥x102 |4 Dev | Cones C | Ex102 | 4 Dew

872 | 14027 | 2468 | 5.97| 1.130 | 3,08 | L.32
902 | 1,108 | 2,99 | 4«93 1.130 | 3,08 | 1,32
972 | 1,078 | 2.68| 1,05| 1.113 | 3,01 | 0,99
- - - - | 1,208 | 2,99 | 1465

Aves | 1,071 2.95 | 3,981 1,120 3,04 | 1.32

Per Cent Difference in Ave, K's = (3,04 - 2,85)(100] = 6,25 %

S
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Purther qualitaotive proof for this adjustment is
provided by an exsminction of the sleve analyses for the
three batohes of borax {APPENDIX)., Thesme show that bateh
#1 had the smellest area per unit weight end batoh #2
the largest area, Note that the corresponding unadjusted
K's were also in the order Ky <Ky<Ks. The limitations
of a screen snalysis 4o not permit other then a quale

itative comparison,

The udjusted dota erre presented in TABLES XI to XV
and are shown as a function of impeller speed, rpm, in
FIG. 7« The average deviation from the mesn of zll data
in the plateau rqgianvia about, 3 per cent, The maximum
deviation 18 15,3 par’oeﬁtttror.tha four-blade paddle at
Séqirpm}, The largest Geviations obtained with the foure
blade paddle may have resulted from a vibration of shaft
and péddla‘ﬁhich deveioped in some renges of speed,

In FIG, 7, the portions of the ocurves where the
dissolution constant Iinereesses, corresponding to the effect
of sgitation before suspension is attéined,‘do not coine
clde, The slopes also differ but this mey be more dependw
ent upon partiocle slze distribution than upon eglitator and
tenk dimenelons, In an effort to get these portions of
the ocurves to coineide, the usuml (KD), the Reynolds-Power
number combination, (ﬁL%P4u)(?8/n3L§P)0"5; were employed
as absoisses and (K) and (XD) as ordinate, No satisfaote
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TAPLE XX

Adjusted Dissolution Constants for Glussy
Borex (Batch #1) in water

Borsx 50 grams, 40/60 mesh  Temperatuve 21,4° C, Avg,
Water 1500 millilitere Besker Scale, 20 Min, Run
2~-Blade Paddle, 1,81" (L) x 1,22%(W)

RPM K'x10°
298 1,78
308 2428
379 2,40
428 2,88
L34 2.92
498 3.05
564 3,02
633 2,92
684, 2,98
800 3414
931 323
939 3400
970 3.2

a72 3,00




50

TABLE XIX

Adjusted Dissolution Constants for @Glassy
Borex (Batch #2) in Water

Borax 435 grams, 40/60 mesh Temperature 20.4° Ci Avg.
Water 13, 120 milliliters 10~Inoh Tenk, 20 Min, Run
2-Blade Paddle, 2.66"(L) x 2,5"(W)

RPM RIxH02

150 0484
194 1,31
296 3.01
413 3407
556 3400
645 2498

848 3e15
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TABLE XIIX

Adgustad Q;ssoluticn Constants for Glassy
Borax {Batch #2) in Water

Borax 435 grams, 40/60 mesh Temperature 20,6° G, Ave.
Water 13,120 milliliters 10«Inch Tank, 20 Kin, Run
6-Blade Paddle, 6,0"{L) x 1.375"(W)

RPN Ktx102
121 1,65
147 2,90
271 3,05
364 3402

458 3407




)
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TABLE XIV

Adjusted Dissolution Constsnts for Glegsy

Borax (Bateh #2) ir Water

Borax 435 grams, 40/60 mesh Temperzture 20.8° ¢. Ave.
Weter 13,120 milliliters 10-Inch Tank, 20 Min; Bun
4-Blade Paddle, 3,938*{L} x 1.00"(W)

REM K'x107
202 0.77
3&0 3.28
569 2458
676 2,88
760 3426

972 2419




TABLE XV

Adjusted Dissolution Constants for Glassy
Borax (Bateh #3) in Water

Borax 24125 1b,, 40/60 mesh Temperature 20400 C. Avg.
Water 28,600 milliliters 13~Inch Tank, 20 ¥in, Run
2-Blade Paddle, L,844"{L}) x 3.3125"(W)

_ RPM K'x107
130 1.08
161 1.91
202 3,08
285 3,08
341 3,01

402 2,99




ory correlation wes obhtsined, However, a ressonable
correlation of deta was obtained by plotting X 28 ordinate
agninst WL ss ebselssa a5 ghowa in FIG, 8, The deta for

this correlation are presented In TABLES XVI to XX.

It has been shown {10} that the effective veloecity

2t which lizuid is discharged by an impeller las
v = const, zag;ﬁﬁﬂtwm)

$ince, in the present expsrimentel work, the rance of
pover numbers is 3.6 to 8.2, (ﬁ?;°°2 varies only from
1,29 to 1,52, i.,e, the effect of Np is small in this
work. The offective velocity is thus proportinn:l to
WL so that the correlation of Krvs, WL is probshly

essentially K'vs, Y.

Power input per volume of 1liguid has sometimes served
es r rough approximetion for =ccomplishing ldemtical
regults with different Impellers or in dlfferent volumes,
The concept has been tested in the present work (TABLES
XXI to XXV and BIG. 9). From ¥IG, 9 1t appesrs that the
P/V concept is not appliceble to the 40/60 mesh borox-
water systeEm in the epparetus employed, Althonsh the
P/V at the brezk-point of the curves appesrs to decresse
with an inecrasced appsrchus size in dimensionslly similar
systame {scale-ur from besker to 10-insh tank to l3-inch
tank), the data mre insufficlent to correlate P/V with

tank dlemeter or other dimeansion,
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TARIE XVI

Digsolution Constant XK' as a Function of NIL

Borax 50 grems, 40/60 mesh Temperature 21,i° C. Avg.
Water 1500 milliliters Baecker Scale, 20 Min, Run
2-Blade Paddle, 1,81%[L) x 1.,22"(W)

i

RPM NL Ktx102
298 0475 1.78
308 0477 2,28
379 0493 2,40
428 1,07 2.88
434 1,09 2.92
498 1025 3,05
564 Leb2 3402
633 1,59 2,92
681, 1,72 2,98
800 2,01 3,14
931 2434 3423
939 2436 3.00
970 2udds 3412

972 bl 3.00
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TAELE XVII

Dissolution Constent K! o8 & Function of NL

Borex 435 grams, 40/60 mesh Temperature 20.4° C. Avg.
Water 13,120 milliliters 10-Inoh Pank, 20 #in, Rum
2-Blode Paddle, 3,66"(L) x 2.5%(W)

RPM NL K*x102
150 0,76 0.8
194 0497 1,31
296 1,51 3.01
413 2,30 3.07
556 2,82 3,00
645 3428 2,98

848 4ad3 3415
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TARLE XVIXX

Dissolutign Qongtent K'Y as a Function of NL

RTINS T . i -

Borax 435 grams, 40/60 mesh Temperature 20.6° ¢, Ava,
Water 13,120 millilitors 10-Inch Tonk, 20 Min, Rum
6-Blade Paddle, GO'(L) x 1,375%(W)

"M AL Ktx102
121 1,01 1465
271 2626 3,05
364 3.03 3,02

458 3.82 3407




TATIE XIX

Dissolutlon Comstant XK' as g Function of }

v

Borax 435 grems, 40/60 mesh  Tempersture 20,8° ¢, Ave.
Weter 13,120 miliiliters 10-Inch Tenk, 20 Min, Ran
{~Blrde Peddle, 3,938%(1) x 1.00"(W)

P NL R*x102
202 1,11 0477
380 2,08 3.28
569 3412 2458
676 3470 2,88
760 4oa16 3426

972 5,32 3,19




TABLE XX

Dissolution Constant K' as a Functlon of NL

Borax 2,125 1b., 40/60 mesh Temperature 20.0° C. Avg.
Water 28,600 milliliters 13«Inch Tank, 20 Min, Run
2«Blade Paddle, 4.844%"(L) x 3.3125%(W)

REM NL E'x10°
130 0.88 1,08
161 1.08 1,91
202 1,36 3.08
285 1.92 3,08
341 2,22 3.01

402 2,70 2499
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TABLE XXI

Dissolution Constent as Function

of Power per Unit Yolume

Boraex 50 grems, 40/60 mesh Tempersture 21,4 © C. AVEZ.
Water 1500 milliliters Beaker Seale, 20 Min, Run
2«Blade Paddle, 1.81"(L) x 1.227{w}, HP & 8,2

N P* P/V* K
298 11,5220 1,01m07t 1,78
308 1.68 1.12 2,28
379 3.13 2,09 2.40
428 451 3,00 2,88
434 4480 3,20 2,92
498 7.10 LT3 3.05
564 10,32 6,88 3.02
633 14457 9.71 2,92
68, 18,38 12,27 2,98
800  29.42 19,6 3.14
931 4643 30,9 3.23

939 47.6 31.8 3.00
970 5244, 3449 3.12
972 52,8 35,2 3.00

* P in ftelb/sec and P/¥V in ft-lb/sec-liter
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TABLE XXII

Dissolution Constant ag Function
of Power per Unit Volume

Borex 435 grams, 40/60 mesh Temperature 20.4° C. Avg.
Water 13,120 milliliters 10«Inech Tank, 20 Min, Run
2+Blade Paddle, 3.66"(L) x 2.5"(W), Np = 8.2

¥ P* P/T* K

150 0.65 0.50x10~1 0.84
194 ledd 1,08 1.31
296 4e99 3,81 3,01
413 13.58 10,35 3,07
556 33415 25,3 3,00
645 51,7 3944 2,98
248 117.7 897 3.15

o

% P in ft-lb/sec and P/V in ft-1b/sec-liter,



TABLE XXIII

Dissolution Constant as Function
of Power per Unit Volume

Borex 435 grams, 40/60 mesh Temperature 20,6° Ca Ave,s
Vater 13,120 millillters 10-Inch Tank, 20 Min, Run
6~Blade Paddle, 6,0"(L) x 1,375"(W), Np = 4.6

N p* P/ K!

121 2,32 0.18x10°1 1,65
147 4413 0,32 2,90
271 25,7 1,96 3,05
364 62,2 4r75 3.02
458  124.0 9,47 3.07

* P in ft«lb/sec and P/V¥ in £t-1b/sec-liter.
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TABLE XXIV

Dissolution gonstant ss Function
of Power per Unit Volude

Borax 435 grams, 40/60 mesh Tempersture 20,89 €. Avg,
Water 13,120 milliliters 10~-Inch Tank, 20 Min, Run
4-Blade Paddle, 3,9387(L) x 1,007(W), Np = 3,6

N p* P/V* K*
202 1,00 0.08x30-1 0.77
380 6,71 0,51 3.28
569 2245 1.72 2,58
676 37.8 2,88 2,88
760 5347 4410 3,26
972 81.0 6,18 3.19

¥ P in ftelb/sec and P/V in fi-1lb/seceliter,
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TABIE XXV

Dissolution Constent as Function
of Power per Unit Volume

Borax 2,125 1b., 40/60 mesh Tempersture 20,0° C, Avg.
Water 28,600 milliliters 13«Inch Tenk, 20 Min, Run
2-Blade Paddle, 4.844"(L) x 3.3125%(w), Np £ 8,2

N P* P/V* X!
130 1.73 0,61x10~1 1,08
161 3431 1,16 1.91
202 6446 2426 3,08
285 18,2 6436 3,08
341 31.3 10494 3,01
102 5142 1749 2499

*P in ft-1b/sec end P/V ir ft-lb/sec-liter,
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CONCLUSIONS AND RECOMMENDATIONS

1. A "bresk-point® or "knee®" has been shown to be
gheraceteristic of sevéral *impeller speed va, mase trange
fer rate® ourves,

a« At speeds sbove the breskepoint, the influe
ence of an increase in impeller rpm is reduced and may
become negligible, 139,,K; the mass trensfer rate constant,
may become a constent {glassy borax-werter system),

b. Operation of agitators at speeds much above
the break-point rpm is normally economically unfeasible
‘beeause & grenter power input, which inereases as the
cube of the speed, does not result in a corrcspondingly
greater mess tranafer rate,

¢« The existence of the bresk-point is consistant
with the "terminal veloeity" theory which is advanced for
1iquid-solid pertiecle systenms,

Z« The location of the bresk-point cannot be correlate
ed by impeller speed or by other methods (such as Reynolda.
number) which have been used by previous investigators
to correlate liyuild-solid mess trensfer systems, However,
K = §(NL) provides & reasonable correlation of the data
for thxee’sizes of tanks end five impellers, This nmay

be part of 3 more general form:

K 3 g(Np)0e2(NL) = g1 (V)
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where "v" ip the effective discharge velocity of the
impeller,

3, Power per unit volume is not a satlsfactory means
of correlating the dats for the 60/80 mesh glassy boraxe
wrter system,

Le It is therefore recommended that liguid-solid pare
ticle systems which exhibit the breskepoint phenomenon be
scaled up by maintaining a constant (N@) 0*2{NL) or, if
the Np is to be'approximately the same; by keeping (NL)
constant, Tests conducted in & two or four liter besker
under fully barffled conditions could escertein the exls-

tence of & breskepcint,
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TABLE OF WOMENCLATURE

total surfece area of solid particles.
welght of one crystsl,

VOg -xo°
na

surface area of one crystsal,

congentration of solution st time @, wt/vol e.g.
gms/ce,

specific heet, Btu/lb.°F,
tenk diamﬁﬁér, faeet unless specified as inches,
particle diemeter.
diffusivity.
1iyuid heieht in tenk, feet
£ilm heat transfer ocoefficient, Btu/hr-ft2.0p,
the solution (or "dissolution") constant ,~the
specific rate of zolution per unit area of
erystal sufface, :
a Qodified or corrected dissolution constant,
combined shape and friction factor for portiecls,
heaﬁ eonﬁuetivi%y, Btu/hr-ft2.°F/ft.

. wX. D w
e
impeller dismeter, feet unless specified em inches,
ixpeller velaeity; rev/sec unless specified as rpm,
Power number, Pg/NOLS
number of crystals; number of particles,

power, ft-ib/sec,.
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Re Reynolds number, ﬁL%péut
v volume of solution
v z£§§§§§:e velocity of ligquid discharged by
v, terminal (or maximum) particle velocity, f£t/sec,
W impeller blede width, feet or inches s specified,
x linesr dimension of a erystal at time @
> time, minutes or seoonda,
A viscosity lb/sec—rt.
e density, 1’9/?’63;
Cs denaity afysaiidp
g, ¢ & functlon of —
Subseripts
¢ coil.
3 Jncket,
m terminel or maximum; also, mean,
8 at zero time, initial,
P power (Kp); particle (Dp)e
r reference size or diamstér.
B seturated condltion; also, pertains to solld,
1;2 different partialgs‘

a,b constants, the numericel velue of which depends

o

upon the shape and density of the crystal,.

BOMe [OWSTI,
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gravitational constant, 32,2 ft/8632.

e

&)

Q' } proportionality constents,
q
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SAMPLE DATA FOR ZING - SULFURIC ACID REACTION

Zine 25 grams of 60/80 V.8, mesh
H,80; 1500 ml, of 0.406 N
Beaker #1 (3 liter besker)

Datas June 23, 1951
Time«Min fc RFM Remarks

0 21,4 417 1115 o'elock

5 1.7

10 21,2 Al

15 21,0

20 21:1 Bample taken
AVG, 21,28 41555

Note; The zinc wos not fully suspended in this runm,

ml, forrocyanide 2 7.0
10 ml, , ‘
mle 2in0 = 1.0 x 1455 mlg far:m/mlmn-. = «1,5%

Eguivalent mi, ferro. = 545
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Reference: "Textbook of Quantitative Inorganiec Analysie®
ve 548 {I. M, Kolthoff & E. B, Sandell, MacMillan
1. Determination of zine by presipitation with stendard
Terrosyanide solution.

nZine ions in neutral or acid medium reect with po=-
tassium ferrocyanide to form extremely slightly soluble
'potasaium zine ferrocyanided

2K, Po(CN) g ¢ 32— KyZns(Te(aN)g), # 6xF

"This reaction has been used Tor more than sixty years
for the determination of zine, Until recently the end
point was deteocted by means of external indicators such
as uranyk nitrete, ammonium mnlybdato; or ferric chloride,
In generasl the former is the best external indicator, The
acidified zine solution was titreted at 40° with ferroe
cyanide, In the neighborhood of the end point a drop of
the solution was brought in eontact with a drop of 1 per
cent urenium nitrete on a spot plete and the color obhserved
after 30 seconds, A pale red-brown color (due to the forme
etion of uranyl ferrooyenide) indicated the end point,

*The proper use of an external indieator requires some
skil)l, and it is therefore prefersblsy to use sn internel
'inﬂiéatnr whenever possible, As such, ﬁizhenz;amine; or
diphenylbenzidine, or diphenylemine sodium sulfonate can
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be used, We have seen (pg 470} that these substences are
oxidstion-raduction indicators, The oxidetlor potential of
a Perro-ferricvanide solution is glven by the equationt
E = Ep # 0,060 loa{re(om)s7] e 30%,
T ]

" An acid solution of a mixture of ferro- and ferri-
eyanide has en oxidation potential much lower than that
required to oxidize the indle~tors to their lntensely
colored oxidation nroduets, However, 1f zine is added to
the-mixture; the ferrocyanide is precipitated)as vbhtas~
sium zinc ferrocyanide, 8Since ferrocyanide is removed
from the solution, the oxidation potential incresses, After
all the ferroeyanide has reacted, there 1s s sharp rise
in the oxidetion potential, and the brillient blue eolor
of the oxidized forn of the indiestor developes with the
slightest excess of 2ine, The mathematical formilation
of the ?ﬁacess is somewhat compliceted by the faet that
zine ferriecyanide is aléo only slightly soluble, Its
golubility, however i1s mueh pgrecter than that of the
ferrooyanide, so thet the formation of zine ferricyanide

does not interfere with the color change,

"It 48 algo poscible to titrate in the reverse manner,
When diphenylamine ig added to sn acld solution of zine
containing a listle ferrieysnide, the blue-violet oxldae
tion product is formed, Thisz colorstion will persist upon

titration with ferroecyanide until all the zine haes been



transformed into potassiwn zince ferropyenide, The first
oxcess of ferroeyanide reduces the violet form of the
indientor to the colorless fom,., WUse is made of this fact

in the determinstion gf zine with ferrccyanide.

2, Stendard solutions

"0, 058 gctasaiﬁm'ﬁeﬁ}bozanide = A C4P. product of
K,Fo(CN)g * 3H0 is recrystallized from wroter ond dried

over a saturated selution of sodium bromide dihydrate to
»ecnstant weight; 1t then consists of the trihydrate, The
semple cen also be dehvdrated by heating at 100° to con-
stent welghts A 0,05 molsyr solution ls prepared and
stoblized by the sddition of 0,2 gm, of sodium carbonate
per liter, Standardize the solution asaninst the stondard

zine sclution acecording te the procedurs given below,.

"Op1 M stondord zine solution, An exactly welrched

amour:t of pure =ine is dtssolved in dilute sulfuric acid
2nd d4iluted to the mark with water in n volumetric flask,
The solution should be approxtmétely 0.1 My From the

emount of zine taken, the exact concentration is calculated,

"Reagents: Potessium ferriocyenide solution. 1 per
cent golution of C,P, potassium ferricyanide inequilibs-

rium water, It ig kept in = d~wk bottle,

"Indicator: 1 per cent solution of disphnylamine in

concentrated sulfuric acid, Diphenylbenzidine and diphenyle
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anine sodiuwn sulfonste czp be used, but = better end point
is obtained with diphenylemine,

nProcedure {for standerdizebion and zinc deternination

in an unknown solution)s To 25 mi; of zine sulfote solus-
tion 4n a 250 ml, Erlemmeyer flesk, add 25 to 75 ml, 0f

roter, 2 g. of emmonium sulfate, 10 to 30 ml, of 6N 32804,
2 or 3 drope of the potassiun ferricyanide solution, and
2 or 3 drops of the diphenylamine indicator solution,
Welt until the blue color develops, and titrote pest the
end point with 0,05 ¥ potmssium ferrocysnide solution until

the bluc color chunges to z light, oreemy yeilowishegreen,
Diminish the speed of titratior ss the end point is
approached, and do not add more than 1 to 2 nl, of ferro-
cynnide excegs, DBecit titrete siowly with stundard zine
solution %o the nupaarance of the purdle enlor, A sharp
color chanze is produced hy the sddition of one 4drop of

roczent,

"If the end point is overstepped, the execess of zine
¢nn be backetitratsd wlith the stendsrd forrocysnide solu-
tior. An iAdiestor dblank of 0,05 ml of 0,05 M ferrocyandde
for the 3 4rops of indicetor should be added to the ¥olume

used,

Hotesgt
"1, Iron aad other netols which foirm insoluble ferroe

cyanides must be absent,



n2. The appearance of the Initiz) blue color is some=
vhot Pacllitnted if a few ml, of ferrocymnide solution
are adfed belore the nddition of She ferricranlde ond
indicetor,

"3« In order to obdain accurste results (within 0,3
per cent} the conditions under which the titretion is
cerried out must be rigidly controlled end should be
ex=chbly the seme ns in the standerdizetion, The spoed of
titration near the ond noint and the ereess of farrocyanide
sdded before the beck-titrstion with zinme must be kept
unlforn. The insceuresey incresses with the emoiunt of

Terroevanide cdded in excesse"”



SAMPLE DATA FOR DISSOLUTTON OF GLASSY EORAX

Date Tuly 26, 1951
Borax 435 grams 40/60 U.S8. mesh
Water 5 1/2 inch outags from 10 insh tenk
Impeller  2«blade, 3.66% {L) x 2.5" (W)
Pime~Min %¢ KPu Remarks
0 2043 8L6 1320 o'elock
20.8
10 21,0 850
15 2140
20 21.0 B=mple taken
20,82 848

AVEa

10 ml. of Sﬂm@l@ - 1}.q5 mlp 01&1619 N HC1 .,



AALYSIS OF BORAX

Referenne: {a) "Analytical Chemistry", Treadwell~Hall
?01& II, let Eﬂ.;* P8 4.71‘
{b) "Textbook of yuantitative Inorgenic Analysis®
Q- »

Sodium tetraborate {N’azﬁ&_@? s« 10 Hgo = borax) ~-- Ref, (hl

Borax in soluvtion oan be consldered ss boric cecid
which is 50 per cent neutralizeds

NayB,07 # 5 Hy0 —>= 2 NaM,BOq f 2 H3BO4

The NaH,BOj ¢sn be titrated with standard acid (methyl red;
bromeresol green, methyl yellow, methyl orange or brome
phenol blue as indicators);

NaH;BO3 # HOL—— H3B05 # NaGl
or

NagBs07 # 2 HC1 # 5 Hp0—> 4 H3803 ¢ 8 NaCl
Therefore this titration gzives the amount of alksli bound

to the boric acid,

Another portion of the solution may be titrsted
spulnst o stondard base in the vresence of invert sugar,

glycerol, etf.

Procedure

Weighméut 3 to 5 grems of sample, trensfer to 250
nl., volumetric flask and make up to makk.



<3
Aad

Titretion of the alkeli

Pipetie 25 ml, of the vellemixed solution into &
flagk, add three @rops of methyl red (or M. 0.}, and
titrate with 0,1 N standard scid until the color changes
t0 orenpe-red {for the methyl red).
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Comperison of Three Batches of Nominnily

40/60 Mesh Glassy Borax

Bateh

VoS Batch Retoh Ho, 3
Mesh . ‘ ' T . 3
Wt Per| W(Dr) | Wt Per| WiDr Wt Per| W{Dr
Cut Cent T Cent T{dp| Cent Hy
20/40 1.2 | 0,007 0,0 | 0.0 0,1 | 040
| T _
L0/50% 68,0 | 0,680 | 18,0 | 0,18 36,2 | 0.32
50/60 || 2643 | 04345 | 43,7 | 0,573 | 4642 | 0.606
60/70 3040 | 0,467 17.0 | 04265
3.2 | 0,054 f
70/80 - 6.6 | 04122 0.9 | 0,017
80/100] 043 | 0,0065 | 1.3 | 0.0284 | 0.1 | 0,002
- 100 1.0 | 0,049 0.4 | 0,0194 Ou1 |- 0,215
100.0 | 1,115 | 100,0 |1,3%08 | 100,6 | 1.215

*min 1s chosen ns refavoneas ont,

As
W o

n

13

A=

gnDdp?
anDp?
w/QDg3

aD2(W/QDp3) = Q1 (W/Dp)
A/ = (§/Dp)/(¥ip/Dr) = W(Dp)fip(Dp)
A1/A2 ® 1.1415/143898 = 0,822

A/A3 z 1.1435/1,215 « 0,939
A3fAy = 1,215/1,1415 = 1,068

A3/A2 - 1,215/1.3898 - 0.873
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