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Thg liquid-liquid extraction and stripping of dfanium
were studied %g\a one stage mixer-settler. The organic éhase
consisted of adogen 364 (a tertiary amine extractant) “and

"isodecanol {as a phase modifier) in a kgroééne ailuent. A
synthetic leach solution resembling industrial sulphuric
acid leach solutions at Rabbit Lake in E;ﬁgsa was used in
the extraction runs. An ammonium sulphate solution with
NH4OH addition for pH control was used in the stripping
runs. df particular interest in this study were the rates of
mass transfer, drop sizes.An the mixer, and coalescehée and

,;.crld formation ~in the settler. The principal'vériables in
,vfﬁi experiments were the impellor speed, feed rates, and the

*

amount of solids present in the feed.

Uranium transfer bétween the organic and aqueous
phases was rapid for both extraction and stripping. Stage
efficienc}es within the mixer were generally greater than
95% for all runs except extraction runs at the lowest
impellor speeds. Mass transfer was therefore substantially-
éomplete by the +ime the phases were separated in the
settler. Measurements of droé sizes were not suffic;ently‘
‘accurate to allow the testing of specific functional

relationships between the drop Qize and the impellor speed.

Il



The settler dispersion band was espec;ally sensitive to

so0lids introduced either- in the feed or by precipitation.
. _ ‘ S ) '

Although increased solids content lead to crud formation, it

also enhanced coalescence in the settler.
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1. INTRODUCTION

1.1 LIQUID-LIQUID EXTRACTION AND INDUSTRIAL URANIUM

MILFING OPERATIONS i
E , )

This project is concerned with the concentration and

purification of u;anium in industrial milling operations. A
brief description of the overall milling operations follows
as an aid to ‘putting the. liquid—liduid extraction unit
operation into perspective.‘ More conplé%i\gescriptions of
the processes are gjven by Merritt (44), Ritcey &nd Ashbrook
(59), and Carino (14).
—
Uranium recovery from ores is accomplished: by the
dissolution of the uranium into an aqueous phade. This can

be dom@y in situ leaching for low grade ore bodies, or

. -
T .

more cpmibﬁlyA by mining the ore and transporting it to a

‘0

mill where it is crushed, ground, leached, and filtered.
Rither sul furic acid or alkaline (sodium car onate) leaches
may be used, the latter being preferred where he/ ore type
teads to excessive acid consumption. Uraﬁid -in the ore may
be present in the U(+4) or U{(+6) states. ~The U(+4) state
must be oxidized to:aU(lﬁ) to ensure dissolution in the
-ulfulr'icdr acid 1leach phase. Sodium chlorate is therefore

‘ added fo tﬁe leach in order to oxidize ferroui ions to

ferric ions, which in turn oxidize U(#4) to ﬁ(+6). Leach




solutions t%pically ha?e a low concentraéion’ of uranium
"(ranging from 0.1 to fO g/L), and contain many inpurit;es.
N
i -

With'lone ores, such as the former Madawaska Mines
in Canada, the uranium can be directly precipitated from the
leach. iiquor to be further refined a;d processed elsewhere.
Normally this is not possible due to the high 1levels of
impurities in the ore. Two processes are used to concentrate
and purify the wuranium from a dilute leach solution. The
oldest method is the use of solid ion exchange resins. ~ The
second method is the use of highly selective tertiary amines
in ‘a liquid-liquid extraction process. The amines readily
extract aqueods uranium at low pH’s (pH 1-2), énd releése it
when contacteﬂ with a second aqueous phase'ét a pH of 4 to
4.5. .These two sateps are called extraction and stripping
respectively. The commonly used amine ex?ractapts also pick
‘up arsenic (;eakly) and molybdenum (strongly), . which may
have to be removed in scrub or regeﬁeration stages. This
project is 'concerned with this ‘llquid-liquid éxtraction"

process.

Liquid-liquid-extraction is used by Gulf Minerals and
Ur;%erz in Saskatchewan. (Uranerz commenced production in
July 1982. Qulf Mineral’s wuranium milling operations at
Rabbit Lﬁké were recently teken over by Eldorado Nuclear
Limited.) Mixer settlers are used to contact then sepanﬂté

the organic and aqueous phasps in a multistage,

[

N
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countercurrent operation. Extraction of ufaniu;'fron the ore
leach and stripping the organic uranium complexes back inté
ano;her aqueous ph;ae each require from three to five
stages. A solvent regeneration stage is used at Qulf
Minerals to clean an organic bleed stream in an alkaline
{soda ash) solution. Two or three scrub stages were planned
for Uranerz to removeé arsenic. The most common operating
pfoblem at -the Gulf Migg;hls extraction curcuit is the
formation of crud. Crud’ is a heterogeneous phase that
collects at the interface bétween the organic and aqueous
phases .in -a settler. Its - effects on the circuit are
described in more detail in Chapter 9. After the uganium has
been st;ipped, it’i; precipitated by the addition{of bases,

filtered, and calcined to a product containing 60--70%

uranium.

-1



)

g,

1.2 THE OBJECTIVES AND SCOPE OF THIS PROJECT

\

The .overall objective of this project was to study
the physical and chemical aspects of the solvent extractiqn
of uranium by a tertiary amine in e one stage mixer-settler.
This overall objective was subdivided into the following

minor objectives:

1. To determine the equilibrium distribution of
uranium between the adue;us and organic phases under the
cggditiona of interest to this projectn“\Procedures were to
be devéloped for the preparation 05} the phases for the
mixer-settler runs. The information ogtained at this stage
of the project was of fundamental importance to the mass

transfer studies that were later undertaken.

To measure the density, viscosity, and interfacial

tepsion pf the phases over a range of equilibrium
centrations of uranium. This would provide information

bout the physical properties of the system as commonly'

?equiréd when analyzing physical - proceéses such. as

turbulence, drop breakup, and phase separafion in,

‘mixer-settler. This information would also reveal the

changes in the physical properties that occur during

extraction and stripping. '\

*

3. To design and build a mixer-scttler unit that

a-
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would allow the study of drop sizes and mass transfer in the
mixer and phase separation in the settler. The unit was to
be geometrically similar to equipment-- used by other
researchers, such that estimates of power dishipatioﬁ. drop
sizes, and mass transfer in the mixer could be made based on
correlations in the literatﬁre.

- 5.

5. To develop photographic techniques for the .
determination of drop size distributions in the mixer. The
resulting data could then be compared to correlations in the

literature, making wuse of the measured physical properties

and estimates of turbulenqe.

5. To develop pﬁdse sampling techniques for the
determination of mass transfer efficiencies in the mixer.
,The resulting data would then be studied in the 1light of
“ information of <chemical equilibrium,. physical properties,

turbulence, and drop size distributions.

6. To observe the behaviour of the dispersion band

height and phase entrainment in the settler.

A

. 7. To determine if crud or stable emulsions would

P

form during the runs. A bypothesis of interest was whether
one may reduce the formation of crud by reducing the

impellor speed in the mixer while still maintaining

acceptable rates of mass transfer,.
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Parts of this project are similar .to original work
that was done in the 1950's at Oak. Ridge National
Laboratories, which is summarized i a report by Ryon and
Lowrie (65). ,
v -
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2. SUMMARY

2.1 INTRODUCTION o

This section summarizes the pr&chures, major
results, and discussions of ‘the project. - Detailed

discussions of each subject area of the project are given in
sectiona 3 through 9. Tables and figures in thie section are

copieavof tables and figures of later sections.

-

L4

Adogen 364.‘8 tertiary amine’ extractant similar to
tri-capryl amine, was used in this study. The chemistry of
the extraction ana stripping proceases are discussed in more
detaii in section 3, but they wmay be summarized by the

equations below (overlines denote orgenic phase complexes);

-

L4

Extraction (@ pH 1.6)

U0,(504) 32" + 2(RgNH),80, = TRgNA)4UQ,(80,)5 + 250,42

Sér?pping (8 pH 4.0) L

”

™, _ : L
(Rauu)ﬁuoz(so‘;)3 . = U0,S0, (aq) + H,80,(aq) +4RzN

HgSOg(aq) + 2NH,OR = (NH4),50,(ag) + 2H,0



~

10°
Note that the uranium will have a preference for th&
orqanic phase at a pH of'l.S, while its phase preferehce
reverses at higher pH’'s. This provides the motivation for
using the solvent extraction proceés for the concentration
and purification of uranium, in addition to the fact that
the organic extractant is highly selective for ran}l

complexes (as opposed to impurities such'aé)iron).

2.2 THE MIXER/SETTLER RUNS

L L

2.2.1 Equipment

The one stage mixer/settler uséd “in - this
investigation is, shown' schematically in Figure 2.1. The
equipment was constructed of acrylic plastic. The mixing
cell was fully baffled (4 baffles of width one tenth of
mixer diameter) and fully enclosed. A side window was added
to the mix'r for taking photographs of a disper;ionfthat was
drawn fro@ﬁthedpixer and pumped back to the feed iniet. A
samplef 'for each phasé was installed flush with the iqner..
wall in the upper half of théﬁimixer. These céﬁsiated §f.

phase preferentially wetted filter paper supported on .a

_porous teflon disc, and were'connected to a vacuum pump. A

stainless steel 6 flat-bladed disc impellor was used to
agitate the mixer. A microscope\35mm camera combination was

used for photomicrography of the droplets passing through -



~

SETTLER CEPN
26x20x6cm 1xhxw
variable settler area

IMPELLOR MOTOR
(450-2000 rpa)

WINDOW INSERT\\\

dispersion channel

HIXER
870 ml capacity
10cm ID x 10cm high
4 baffles 10xlxkcm .
fully enclosed '
window pump

plexiglass
0-0.5 1/min.

. ) ]
PHASE SAMPLER -ﬁ’ﬂ//j
* . . neoprene o-ring
0-1.7 1{min. filter paper

aquecus feed

porous teflon disc
main body 2.5cm OD
vacuun ﬁern:ln tub

organic feed
0-2.8 1/min.

+ IMPELLER
dem B
6 hlades
1x0.

\ .
Figure 2.1 EQUIPMENT
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the window.

’

The overflow from the mixer was- fed into the
uid;height of the -ettlgr by a rectan(uln; channel. The
settler area could be varied by 'changing the position of a
pn;tition. A 35 -n'canera with a 50 mm lens was used to
photograph the settler dispersion band and crud formation.
Tygon (polyvinylchloride based) tubing was us;d for service
with organic solutions, uhf%e silico;e tubing was used for
-ndudoua solutions. Peristaltic pumps were employed to feed
the phases to the mixer. . Earlier typellof tubing that weré
enploygd deteriorated 5y contact with the or(agfz phases,
possibly by leaéhinu out the plasticizer. The organic phase
would therefore have been contaminated to mome extent by
these materials. Two hundred liter an& 20 liter polyethylene

L

containers were used for phase storage and preparations.

]

2.2.2 Experimental Conditions _and_ Procedures

2 Table 2.1 lists the important variables and
conditions of the mixer/settler runs._. The aéueoul phase
.accounted for 40X of'the volumetric feed rate and wa-’the
‘dispersed phase in all runs. Synthetic solutions resembling
induutriali sqlutions w;re prepared with tap water "and
technical grade chemicals. ( Phase _compositions ?nd
information concerniht chemical equilibrium are given in

. section 3.

%‘\-/

<
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Table 2.1 Experimental Variables
for the Mixer-Settler Runs
Fixed Variables / - Settings
temperature

mixer geometry
feed 0/A Tatio

phase continuity
in the mixer

Independent Variables Settings

settler area
impellor speed
feed rates

phase preparation

ambient (22 to 30 oC)

O/A = 1.5:1 or
v dispersed phase volume
fraction = 0.40
organic continuous

455 to 2700 cm®

7.5 to 33 revo%utions/s
870 to 2610 cm )
no extraction, fast extraction

/ain

slow extraction, stripping

De ept Variables

drop sizes in the-mixer

mass transfer in the.mixer/
overall mass transfer

settler dispersion band height

crud/emulsion fornatiop in the_settleer//,r’—-—~,5\~___q



The equipment was operated for 10 mixer residence
times (from 3 to 10 minutes) in order%yallou the
establishment of steady state before starting sampling
or physical measurements. Photbgraphs of the &rop dispersion
‘'were taken after the initial stabilization period. The
settler dispersion band height was continually monitored and
recorded from the start of the run. Occasional adjustments
of the pﬁase outflows were neceasary to maintain a constant
1nterfacg level in the settler. Phase sampling was started
1mmediate1§/;f er the drop photographs were, taken Any dyud

v .
formation was noted, and to end the run the separation time

~

of the dispersion in the mixer was measured  after the.
impellor was stopped. Details concerning the conditions for
each run may be found in Table A.2.1 of Appendix A.2. Sample

drop photographs are included in Appendix A.6.

Chemical analysis. were done by the analytical
chemistry section at CANMET. The drop, photographs were

analysig efter the completion of all experimental work.
? |

Four distjnct series of mixer/settler runs were
. N )
carried out in this project.
1. No-extraction series— The aqueous and orghhic
phases were pre-equilibrated at a pH of 1.6 before use. No

uranium was present in the solutions. This series served to



S

K
-

illustrate the behaviour of the physical processes in the

absence of mass transfer.

2, VFast-extractior series- The organic phase was

initiai€?>equilibrated with a sulfuric acid solution at a pH

of 1.8.. In the mixer\settler runs it was contacted with an -

aqueous leachfphase containing. enough uranium to complex
with about 20% of the extractant molecules in the organic
‘Phase. This series therefore was a study of extraction for
the case ‘wheie aqueous uranyl complexes were directly
exchanged for S04 ions attached to the amine extractant.

<

There was no net sulfuric acid exchange.

3. Slow-extraction series- The organic and aqueous.
phases were suitably prepared beforegcontacting them in the
mixer/settler to give an equilibrium pH of 1.8. ‘This time

there was sufficient uranium in the aquepus solution to

complex with 86% of the extractant molecules in the organic ’

solution. Fine solids were .added to +the aqueous feed

solution. This series represents more closely the industrial

-extraction circuit, where sulfuric acid and uranium are

loaded on to the organic phase, and a high loading of

uranium in the organic phase is attained. oo

4. Stripﬁlng series- A fully uranium loaded orgahic

phase was contacted with an ammonium sulphate strip

solution. Enocugh ammonium hydroxide was adaed to the aqueous

- g

\

o

-
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strip to obtain an equilibrium pH S;;ﬁ\ .0, in the

mixer/settler. -

3
5\3 RESULTS AND DISCUSSION

2.3.1 Chemical Eguilibria

Figure 2.2 shows the equilibrium distribution of
uranium between +the aqueous and organic phases for the
conditions of extraction. The maximum loading of wuranium
and sulfuric acid in the organic phase corresponded to 4.7
and 2.2 molecules of extractant per molecule of uranium and

. sulfuric acid respectiwvely. This corresponds well +to
- '\ ; reported literature values of 4 énd’;. The great preference
of uranium for tﬁ;§qrganic rhase in the case\\gfv/?xtractian
A is well illustrated by the section-of the equi%ibrium curve

~ for low uranium loadings.

—

. ’ ' The equilibrium curve for striﬁping is also given in
' Figure 2.3. The scattér in the data is thought to be.due

“in paft to variétions in the equilibrium pH, w ich varied

from 3.9 to 4.4 as compared to the desifed pH of 4.0.
Caiculgtioﬁs‘of the aqueous phase . chemical éﬁuilibria ,are

“discussed in section 3, iwhicﬁ served as an aid in preparing

splﬁtions for tbe runs. The results for stripping indicate

“the importance of good pH contr&la
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2.3.2 Physical Properties

The physical propeftieg of the phases used in this
project =are shown in Table 2.2. Experimental measurements
showed that large changes in the phase densities, ‘the
density difference between the pﬁases, and the phase
viscosities did not occur duriné the course of extraction or
-stripping.

W o

'The;_.interfacial tension as measured at phage
equilibriuq shbwed an interesting increase from about¢ 9 or
10 dynes/cm tq) about. 13 or 14 d;ﬁeslpﬁ gs the wranium
concentration in the organic phase increased (Figure 2.3).
This was also noted by Kolarik and Pipkin (38) who found
(for a uranyl nitrate - TBP -system) that the interfacial
tension rose from 10 to 19 dynes/cm as the uranium
concentrapion increased. One possible explanat?on is that
inc;eased uranium loadings lead to the.formatioﬁ of organic -
urpniuﬁ conpigxes in the organic phase and the conéequent
depletion‘of extractant at the interface between the aqueocus
and orfanic phases. The interfacial tension of pure
_w;tér/kerosene islabout 46—50 dyne/cm {(Brown and Pitt{(l12)},
* which .is greater than the results for the solutions in this
project. The extractant‘nolecule itself is surface acti;; to
a certain extent (as is the phase modifier isodecanol)._ and

would be expected to have some influence.on the interfacial

tension.



Table 2.2
P
organic phase 0.80
aqueous phase 1.03

.mean value for 0.89

. the dispersion .

Pl= viscosity (g/cm/s ?

p‘= density (j/cmS)

¢ = -interfacial terision
mean values for the

&

20

Extraction

B

1.

10)

V(dynes/cm)

.65

10

11

Physical Properties of the Phases

:StripPing
P P v
0.80 1.85 "
1.0? 1.23
0.90 3.5 11

propertiéé are defined ip»Section q.



(mN/m)

Interfacial Tension

¢
o

ju—
un

10

21 - —

¥ stripping system
% extraction system test 1
QO extraction system test 2

‘Figure 2.4 INTERFACIAL TENSION AND THE ORGANIC

(;VfaﬁHASE'CONCENTRATION'OF URANIUM

I I i B ( |
<
v. 5 X OCJ
X
K9 gV .
O O N
v o
] 1 1 1 1 1 .
1.0 2.0 3.0 3.5
[U;anium] organic (9/L)



//’“

22

2.3.3 Fluid Flow and Turjullence in the Mixer

The dispersed phase volume fraction in the mixer is
not necessarily the same as in the fded stream. Figure 2.4
shows how these two quantities were related in this project,
and it shows predictions based on a literature correlation.
It is seen that at higher impellor speeds the feed and mixer

volume fractions are roughly equal.

Other aspects of fluid flow (and tﬁrbulence) are very
important to'understanding processes sﬁch as mixing, drop
size distributions, and mass transfer within the mixer.
Experimen;al meaﬁurements were not made of these fluid flow
Qariables, but due to the selection of a standard
configuration for the mixing cell they may be estimated from
correlations in the literature. 7 ;

The impellor speed was va;ied from 7.5.to 33 s~1
during the ~course of experimentation, qorresponding tq
impellor Reynolds ' numbers in the 3000 to 14000 range. In
discussing turbulence in an agitéted véssel, it 1is often
assumed that the impélior Reynolds number is sufficiently'
high (say 20—50,050) sucﬁ that the effects of the fluid
propérties may be neglected when calculating power iqput,
and so that‘the turbulence.isi“fully developed". That is not

strigtly the case’ in this project, due to the small size of

the equipment. -

N

J- o

//—’ . i - ‘ﬂ'\



23

lf5 1 T T
F O
‘ o)

1.0 O_o. : 9 ©° 4 o8 o
r8 ) O @ —Q—-—"—-—-u ————————
°CIJ O O // ’ O ‘

44 -~
{ . O //

o)
o 8

b 2 0O - _

g 0.5 p

Q‘E //
° y

// | . _
0 ] - L
0 10 ' 20 30 34

. N - Impellor speed (rev/s)

of

--- correlation of ‘Bouyatiotis and‘ Thornton (11)
- . /

Figure 2.3 EFFECT OF THE IMPELLOR ‘SPEED ON

. THE O/A RATIO IN THE MIXER



The pumping rates, power input, " and the "maximum

energy dissipagihg” eday size as predicted by various
correlations are shown as a function of impellor speeq in
Figure 2.5. The pumping rates suggest that the circulation
time of fluid within the mixer ;as as 1ow asI0.2 seconds at
the higher impellor spee&s.‘ Predicted vglues of the length
scale of the maximum energy dissipating eddies indicates
that they may not' be very much samaller than the drops in the
mixer dispersion (compare 1 in Figure 2.6 with drop sizes in
Figure 2.6). ‘This means that the commonly assumed relations
for the microscale Reyrold’s number and Weber number (see
Shinnar (69)) may be somewhat in error when applied to this
project, as they éssume thet the smell eddies are very much

»

~amaller than the dfops..

o

2.3.4_ Drop Size Distributions in the)gixer

- ‘ 1

The calculated mean drop &izes are piotted againht

impellor speedfvfzh Figaré 2.6. Care must be used when
interpreting this “plot, as the data =accuracy decreases
rqpidly at higher impellor wspeeds, largely because of -
deteriorating picture quality. The droplets are very small

‘and fast moving, while the light sfattering by the dense.

emulsion makes lighting & difficult ¢task (transmission
lighting directly into a microscope was us d.) The results
indicate that the impellor speed has an important effect on

drop sizes, hut also that other factors such as the presence

At
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of solids or the system -being used have some influenée.

Figure‘ 2.7 is a plot of selected drpp size distributions.

" The form qf- the ‘distributions wvaries from a roughly

log-normal distribution to a bimodal distribution.

The mean drop diameter was affected by the impellor
speed, rhowever the data 1is. not sufficiently accurate to
allow the testing of specific functional relations. Small
drops especially would have been underrepresented in the
size dlstr1but10ns both because of the 6easuring technique
and due to photographic limitations. Ac&ording to literatire
correlations the observed differences in Qrop sizes from one-
set q? runs to another in this’ proj c counld not be
éxplained by the measured variations in de::hty. §1scosity.
and interfacial tension. Possibld explanations could be
changes in the surface forces of the sepona Ikind (acting
perpendicular to the ;nterface between the agueous and ,
organic¢ phases) arising f%iﬂ the effects of fine solid
particles, mass tranﬁfg;; and the different chemical

systems Individual™effects could not be distinguished.

.ﬂ2.3:% Mass Transfer

-

The results for uranium transfer between phases, were
badly scattered due to high stage ;fficiencipa for all runs.
Selected data from extraction runs are shown in Figure 2.8.

All runs gave single state efficiencies gréater than 85X as

./
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was éb-e;ved by Ryon and Lowrie (65) at ho-parable power
inputs. The trend appeafu to be a greater efficiency'as the
1-pe11§r speed is increased and as the qolida content of the
feed is increased. . Stage efficiencies fo; the
slow—extréction series \were< lower than those . of the
faut—extfactionlserieg. Y : >

There were tﬁree main differences between' the fast
and the Qlow-extraction series; :
. T B!

1. The fast-extraction series involved a preacidified
organic phase, whereas in the case of the slow extraction
series both . sulfu;ic acid and uranium were loaded onto éﬁe

organic phase.

-

2. The amount of uranium that was loaded onto the

organic phase at equilibrium amounted to 20X and 86X of the

"
maximum for the fast and slow series respectively.

3. Solids were added to the aqueous phase .in 'thq
slow-extraction series.  Drop sizes, at’ least for lower °

L%

impellor speeds, were larger far the slow extraction series.
r . A

The above differences would lead one to expect lowér '

stage efficiencies for the slowpgxtraction series.

Increasea mixing and smaller drop sizes result fronm

A
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higher impellor speeds. Both of these factors would tend to
increase the mass transfer and 'stage efficiencies. The
results in Figure 2.8 indicate that increasing the solids
content of the feed increased the stage efficiency. This was
possibly due to increased coglescente in the mixer, which
would lead to enhanced mixing within the aqueous (disperééd)

phase and hence improved mass transafer.

2.3.6 Settler Dispersion Band Height and Phase Entrainment

»

A "normalized" dispersion band height is shown as a
function of impellor speed in Figure 2.9 ;nd as a function
of solids donteﬁt of the -feed in Figure 2.10. The ﬁor-alized
height gives =a relativé i&ga'of the ease of qéparation of
the dinpe;sions iﬁ the settler. The dispersidn‘band heights
were insensitive to ;ﬁe impellor speed in the mixer except
at low impellor speeds for the stripping series and the
slow-extraction series. Increasing tﬁe amount of solids in

the slow-extraction series reduced the dispersion ,Qﬁnd

'height and ilprovéd settler perforiahce. . The small

—_

dispersion band heights for the stfipping "and slow
extraction series could have been due to the pfesehce of
IOIId.{F (Local ' precipitation occurred during the stripping
runs.)

A major difference between the behaviour of the settler’

in this project and the results of Barnea and Mizrahi

.
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(6) was the path 6f the "chimney" (which is thg band of
drops entering the settler from the mixer} through the
.dispersi¢n band. In their experiments the chimney flowed
towards the coaleséing front, while in the present case it
flowed toQards'the settling front. This result indicatea a
fundamental differencl in the iod; of operation of the
" settler dispersion banﬁ of this project and that of Barnea
and Mizrahi. The small equipment size and subsequent low
throughputa of this project may account for this difference
(see Section 7).

Phase cloudiness and the dispersed phase entrainment

generally incressed with increasing impellor speeds.

-~

L4

2.3.7 Crud Formation

- N

Table 2.3 summarizes observatipns of the crud formed

dufing the -;16w bktractiqnbhj;;}é%‘(for‘which solids were
added). The crud was albrowni ‘ooaé nass that collected at
thé coalescence front of the settler dispersion band. The_
impellor speed and feed qoncentratibn of solids did affect
the apparent amount of crud (no quantitative ieaaure:ﬁnt of
thg amount of crud w;s -ada) gﬂd the behaviour of the crud
in the settler. Thus crud did fo}- in the settler in spite

of the short run times employed. It is probable that the

crud formed in this project wae only one tjpe of atable



Lo
Table 2.3 Observed Crud Formation in the Settler

Solids in feed (ppm) O ‘50 100 500 ~ 100 100
impeller speed {rev/s) 14.5 14.5 14.5 14.5 7.6 25
Thickness of crud {(mm) 0 1.2 1.2 3 F 3

X of interface covered 0 6-10 30-40 100 20 60

_ (approximate estimate) . )

F - fingers of crude extended into the aqueous

Regm D .
<
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that is encountered in industrial practice. It is

that the c¢rud may actually be an oil in water

stabilized by the solid part1c1es

(see Section 9) Qﬁ&)

i



wA

36

L8
£-3

CONCLUSIONS

Chemical and physical aspeéts of thé solven
extraction .of urenium by & tertiary amine were studied in-a
one stgge mixer-settler. In-spite of considerable success
in developing equipment for atud{i?g the vafious pﬁenonena,
more improvements would be requirgd in ihe equipment before
completely satisfactory results could be obtained..

~

1. fhe equilibriﬁmiiiatrﬁbution of uranium between the
organic and aqueous pheses under.the conditions of interest'
té this project was estéblished for the extraction and
stripping processes. The equilibrium pH of the stripping
process was difficult to control, resulting in'errntic data.
Procedures were developed for the proper preparation of the

aqueous and organic phases for subsequént mixer—-settler

runs.

2. The_density, viscosity, and interfacial.tensiéﬁ of
the aqueocus and organlc phases were determined over the
range of coﬁditions of this project. Very épproximnte
analyses based on simble nodelﬁ suggested that the‘oﬁberved
changes in the physical properties during the course of

extraction and stripping would q?t have caused . large

- yvariations of the drop size and n&és transfer efficiencies

-

in the mixer.
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3. The  small: scale mixer-settler that was developed
for this projecf permitted several processes to be studied
_during the course of each run. Because the mixer was

geometrically similar to standard mixing vessels, ' estimates

could tbe made of the flow and mixing of the phases in the
' .

mixer.

-

g -
4. The technique developed fo;vgsptographipg drops in

the mixer allowed standard equipment f%} photomicrography to .

/ -
be used for this project.’ ConditiyﬂL of lighting and the
arrangement of the photogrpphic équipment were eesily
mm@iﬁied and adapted. The gmeaq/ drop s8ize data from the
~_/ o
wexperiments. was not sufficiently accurate to test specific
. . s . 7
nctional relationshigs "between the mean drop size,

physical properties, and turbulence in the mixer.

5. The phasé sampling téchnique that was developed for
this project was useful for determining the analysis of each
phase in the highly agitated mixer. The filter papers were

easily changed when dirty or torn, and allowed samples tﬁ‘be

withdrawn in quantities sufficient for analytical purposes.

Mass transfer efficiencies for the miker as determined from
the phase samples were found to be greater than 85% for all
of the runs. High stage efficiencies were thus obtained over

the range of conditions used in this project.
v LS

R



6.‘The _ impgllor speed Jiny affected 'thé gsettler

dispersion band heights of the slow ‘extraction and stripping
" geries {both of which contained solids). In these series the

dispersion band height increased ‘with increasing impellor

speeds, but only at the lower range of'inpellor qpeeds. The
-dispersion band heights were reduced by the presence of

solids. Qualitatiye oﬂservations indicateé that phase

éntrainment and cloudiness inc;éased with incresing impellor

épéeds, especially for the organic (continuous) phase.

' . '

7. Crud only{formed in thé settler when solids were
present. Preliminary Eesults suggested that higher impéllor
'speeds promote crud forﬁation. However, further work is
required to coﬂfirm this and to determine the onset of crud
formation, the mechenisms af crud formation, the structure

of crud, end its effects on settler performance, especially

for long operating times.

-
Y .
-t ’ ’
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2.5 RECOMMENDATIONS

The aingle.most difficult'experimental techniqud used
in this study was the photomicrography of +the dispersed
phase droplets. A novel épproach_ was used for the droﬁ
photographs - a stream of the emulsion was withdrawn through
a side channel where conditioﬁs for photography could be
op£imized. However, the‘data was scattered and problems with
the technique indicated that the fpllowing improvements
would probably be of help in obtaining better resuIté:

- A much higher quaiity‘optical system would be a great.
improvement over the makeshift systemb built for this‘

project.

- A coating of optically smooth continuous-phase wetted,
material would help to minimize or eli;;nate the sticking
of drops on the dispersion channel window. This problem
resulted in the formation of large drops théf could have

adversely affected results.

- It was very difficult to distinguish very small drops on
the photographs, especially when the average drop size was
small. The very short interdrop distances may havé,éreated
this problem. Perhaps a shorter wavelength light or

ultraviolet optical system would be better suited for very
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small drops. Another technique that might de useful wodld
be‘tq pump a portion of the feed organic through the,
dispersion channel before feeding it into the mixer. This
would greatly decrease the dispersed phase fraction in the
channel, leading to reduced coalescence, better droplet

‘separation, and ulti?ately better lighﬁing conditions and

drop photographs.

It would be better to have much larger equipment for
the study of the behavibur of the settler dispersion band.
Larger equipment would make mass transfer studies much more

difficult, however, as the required solution volumes are

excessive.

Detailed analysis of thé physical and chemical
composition of ' the crud would be of great help to
-uhderstanding the mechanisms of crud formation. It woﬁld
also be very interesting to use a wide variety of solids in
the feed and study their effect on crud formation. Finally,
methods to prevent crﬁd formation, " and break up exiqting

cruds would be of practical importance to. industrial

liquid-liquid extraction circuits,

4
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3. - PHASE PREPARATION AND CHEMICAL EQUILIBRIOM

{

3.0 OBJECTIVES

’

As described in 3section 1 of this report, the
objectives of this section were:

B '
To determine the equilibrium distribution of

uranium between the aqueous and organic phases under
the conditions of inferest to this project.
Procedures were ﬁo be developed for the preparafioﬁ of
_the phapes for the mixer-settler runs. The
iﬁformationuobiained at this stage of the project was
of fundamental importance to the mass transfer studies
that were later undertaken. -

Synthetic solutions were used in this projeét. The
composition of the solu%ions were intended to resemble
indust:ial‘process streams in so far as uranium and sulfate
concentrations wera concernéa, but the many iméhrities
present in industrial processes were not duplicated in this
project: Procedures: for prepar;%g the aqueous phases are
described in this section. The organic phase was of
neces y'reﬁsed during the cdurse‘of the project. Therefore
the./Zfzgedures useﬁ for properly cleaning and p?eparing the
orgaﬂ?& phase are described. Much of the ;iperimental work

is greatly simplified and accelerated by the ability to
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the ability to predict by calculations the behaviour of the

phases. Therefore, in addition to experimental data on the
liquid-liﬁuid distribution of wuranium, calculations were
-ad; for the adjustment of the ;queoua phalp pﬂ‘n. Data and
calculations related to this section are given in Appendix

3.

&

3.1 PHASE PREPARATION

3.1.1 Industrial Solutions vas. Lab_Solutions
. .
A typical analysis of the leach 1liquor from QGulf

Mineral’s operations of Rabbit Lake is given in Tables 3.1,

3.2, and 3.3. The leach contains -ign;ficant amounts of
iron, aluminum, silica, magnesium, and urapium. Iron,
lllica. and solids especially seem to af the dispersion

and coaleacence of the phases. The-e. impur¥ties were not

; present in the simple synthetic solutions that were used in

this project (also shown in Table 3.1). The coﬁliderable

costs of preparing an actual ore leach ueré therefore

avoided, and more effort could be devoted to the development

of experimental techniques of -photography. mass sampling,

and piker settler design. It does mean however that the

behaviour of the synthetic solutions may be different .ffo
(I .
that of an industrial circuit.

As shown in Figure 3.1 (from Colemsan et al. (21))

! - .
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N

3.1 A Co.pari;on of Industrial Leach Liquors
With the Synthetic Leach of this Project

Element

Mo

8i
Fe
Al
Na
Ca
Mg
Th
Ti
Zn

T.D.S.
P.S.

pH

OB WWO | N—ROMOD =

Concentration (g/L)
synthetic

typical
Leach

7
10~4

x
-2
.5-1
-2 .

1 »
oOX X =W
o |

[=}

n

N
-
99
o

3
45-70
<50 ppm

l1.6-18

6 x 1073

Legch

14.5

23-34
0

1.6

\

typical leach - from Ritcey (68) and ;Qynﬁ }hﬂ)
T.D.S.- total dismsolved solids
P.S. - particulate solids
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Table 3.2 A Comparison of Indﬁstrial Strip Liquors
‘ With the Synthetic Strip of this Project

industrial iynthetic
strip strip
(NH4) 2804 130 g/L _ 120 g/L
maximum U . S .
loading - 256 g/L . 5 g/L
pH . 3.5 to 4.2

i ) 7

Table 3.3 A Comparison .of Industrial Organic Phases
With the Orgdnic Phase of this Project

volume X
Industrial Synthetic
Organic* Organic
Extractant “ '3.5-8% .  3.6%
(tertiary aninq) '
Phase Modifier  3.6-6% .  3.6%
(ilodecnnol) ‘
Diluent " g90-93%  93%
(aliphatic :
kerosine)

J

et —— e ——

Extractant - Industrially, Alamine 336 and. Adogen 364 are
commonly used. These are roughly equivalent to
tri-octyl-amine.. :

BN B
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runs resemble industrial conditions, and that the

rl

‘during the experiments can be found in Table 3.6. The

47 -
4

both the pH and. the sulfate coécen;rntipn have important
effects on the distribution of uranium between the. org;%}c
and aqueous phases. This is _expfe}led in ter---off;n
extraction coefficient, which is simply the ratio 'df the
organic to the aqueous uranium concentrations for éiven

conditions . in the solution and for dilute aqueous

concentrations of uranium. In order that the experimental

g;peri-ental runs ‘have consistent equilibrium vaLues 6?
sulfate ﬁyncentration,and pH;. careful preparation of the
phases is requ{redt Important deviations of either pH or

-ul{&te condbﬁtrationl from their de-iréd endpoint valups

will change the aquilibrium distribution of‘uraniun,'lakinﬂ

it difficult' to - interpre}‘ mass iranlfer ‘results. Such

deviations could possibly affect phase dispersion and-

coalescence as well.

3.1.2 Phase Compositions

a

_Tubie 3.4 -1ists the chemicals that were used in each

of the mixer/settler searies. The che.icpll that were used

,f

conpoaitionn_ of th? phases are given in Table 3.6 along with

their method. of preparation. ‘Thé indicated amounts of

sulfuric acid and ammonium hydroxidé are only approximate as

" pH control requires a precise idjult-enf”of the phases so as

Y

to Jbtnin the desired en& point equilibrium. The .de-ired

’

At
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equilibrium pH would only be obtained for the 0/A feed
ratios (organic to aqueous volumetric feed ratios) and

sulfate concentrations used in thf?'pfoject: o

)

3.1.3 Stripping, Scrubbin‘, anﬁ-Clennini the Organic

The organic phase was reused throughout this project
and therefore _had to be properly cleaned gafore recycling.
The'lqthod adopted was to con?nct the organic ﬁhnle with e
bXx sodiu-_carbonate scrub uoldfion to remove uranium and any
other .extracted metals (molybdenum, vanadium, arsenic). An
O0/A ratio of 2 was used, the procedure being ;epeated three
éllen, care being fdken to remove pr c}pitute and scum from
the organic after each éontact (a éZo litef éolyethylene
container was used for the 180 liters of sdlutibn). A final
scrub with tap water at an O0/A of 2 completed the cléaninﬁ
prbeel-, yielding the inifial (peutral) brganic.

~

-]

' Evaporation, repeated cleaniﬁg, and normal use of the
organic phus; led to losses of the amine eytractant.
Approximate analysis indicated that the amine concentration
decreased from 0.076 to 0.070 wmolar during the initial
coursdﬁ of experimentation. The initial work on ;hélical
equilibriun, phy-icnl properties, and the "no extraction”
series were all done wiih organic lateriallfro- a 60 liter

solution. New solution was then prepared and mixed with the



Table 3.4 The Phases Employed for Each Series of Mixer/Settler Runs

Saries 0/A pH S04 Aqueous Phase Organic Phase
No Extraction 1.6 1.6 0.18 Acidifier Soln . Acidified Organic
Fast Extraction 1.5 1.6 0:18 Fast Extraction Acidified Organic
. Leach
Slow Extraction 1.5 1.6 0.25 Slow Extraction Partially
. Leach Acidified
. . Organic
Stripping 1.5 4.0 0.98 Stripping Fully Uranium
Solution Loaded Organic
pH = equilibrium pH ) .
0/A+ = ratio of the volumetric feed rates of
o the organic and the agueous phanses Y
804 = total 504 concentration (M) . )
. o .

1 e

Table 3.5 Che-icgl- Used in the Preparutionmuf Phascs

~ Chemicals armd Reagents .
My (Technical Grade) '
v 238 Stein Hall 70% UO3
Hp804 98.1 VanWaters & Rodgers 98% liquid
NajpS04q' 142.1) Anachemia solid
(NH4) 2804 132.1 " « moltd .
NHq4OH 35.1 Allied Chemical Can. 30% soln
Na3COg 106 Anachemin : sclid
Shell 140 ~140 . aliphatic (kerosene)
hydrocarbon
isodecanol 158.3 M558 Chemicals . - . ’
‘Adogen 364 364 Sherex Chemicals’ tri-cg-C1p amine
g
‘ % .
\ ‘ .
. .



Teble 3.6 Principal Soluticns Used During the Buperi-ehtn

Acidifier Solution
(pH=1.6)

Fast Extraction
Lench
(pH=1.6)

Slow Bxtraction
Leach

(solids also added)

Saturation Lemch

Stripping Solution

Partial Acidifier
(atripping)

Scrub Solution
(5% NapCO03)

Initial
{neutral)
Orgmnic

Partially
acidified

orgapic »

Acidified
organic

Fully U
°"7" loaded
organic

Component
thSOq
Hp504
u
Nap50,
H2504

U
NagS0g
H9504

u .
Nep504
HoS504

(NH4)2504
NH40H

(NH4) 2504
H2504

NagCO3

. Adogen 364
. isodecanol
Shell 140

£/ L

T = v

16.8
6.1

3.5%
3.6%

93x

Initial Org.

Ho504

0.51

Initial Org. -

Ho504

Initial Org. -
u

-

Hg804 »

@ 0/A 5:1

M Preparation
0.118 direct
O.DGg -
5.9x10-3 _
0.118 direct
0.059
2.1x10-2.
0.118 , direct
0.128
0.087 .
0.118 direct .
0.245 -
L]
. 0.91 direct
0.048
0.91 direct .
0.02¢
0.50 direct
0.070 direct
0.18 (scrubbed &
- recycled)
- - initial org. + ..
0.0052 partinl a?id.—.'
@ o/a 5:17
- - initial org. +
0.032 - acidifier <
- @ O/A B:1 . ‘
- : sat'n lesch +
0.0i8. initial Org.
-~ 0,031 °
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old solution to get a Lotal solution volume of 120 liters.
This altered the amine concentratiorn slightly (from 6.07 M

back to approximately the original concentration of 0.076

M). .

r
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3.2 CHEMICAL EQUILIBRIUM

3.2.1 Introduction

The adjustment of tﬁe‘phase compositions to obtain
specified equilibrium conditions kpn. total sulfate) is
considerably simplified if the réquired amounts of sulfuric
acid, ammonium hydroxide,” or sodium hydroxide can be
estimated. The predo-inant complexes of the aqueous uranyl
iﬁns or the .organic ‘extractant molecules are also of
interest, as are the effects of changing the 0/A ratio, the
jonic strength of the solution, or the'equilibriun pH; For

all these cases a knowledge of the equilibrium behaviour of

the aqueous and organic solutions is rethnpd.

3.2.2 Chemical Equilibrium within the Aqueous Phases

Attempts to calculate the equilibrium concentrations
of all species were‘ii-ited to the aqueous leach and strip
solutions. The results are presented in the form of graphs
for assisting the pH adjustment of the solutions (Figure
3.2fextraction( Figure 3.3 - stripping). The calculations
are based on literature values of concentration constants
{not activity conltgyts) for equilibrium at specified ionic
ltrenﬁth-. (see Crockford and Simmons (18), London Chemical

Society (41), Randall and Langford (56), Wirth (82)). The
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Table 3.7 Reactions.-within the Acidifier Solution

X :
U052+ + 8047 = U0g804 " 64

0,80 + 80427 = U03(S04)2%” 4.9
U0(804)22~ + S04%~ = U0y(S04)3% 16

.Na+ + 80427 = NaSO4"” - 1.3 ’
Na* +  NaSO04~ = NagSO4 0.006
H2804‘ = HY + HSO04” ' 166

H804~ = HY + 8042 . 0.036

K- equiliﬁriun concentration constants for an ionic strength
v+ of 0.5 M ) ’ ’

'K = N _f{products]Pi ‘ !
T [reactants]Ti

Table 3.8 Reactions within the Stripping Bolution

X
vo,2+ + 8042 = U0804 » 64
U02804 + 80427 = U02(804)92" 4.9 ¢
U0(804)22™ + 8042~ = U03(804)3%" 16
NEg*:  + _ 5042 = NH4804" 3.2
NH4t + NH4804~ = (NHg) 2804 ‘

NHgt 4 OB~ = NHg + Hg0
Hp804 = HY + HS04" 166 "
HSO4™ = HY + 8042 o 5.038

Hp0 = HY + OH" ' _ .y
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. chemical equilibria between the important specie; in

solution and tﬁeir corresponding equilibrium constants are .
shown. in Tables 3.7 and 3.8. Extensive measurements were noéf/fq N
made +to verify these results, iowever they were found‘to be

of great practical use when adjusting the pH of the 'phaQes-

Details concerning the calculations are in Appendix A.3.

y

3.2.3 Acidification of the Organic Phase

Sulfuric acid is extracted from acidic aqueous
solutions by the tertiary amine exéracﬁant. The reactions
are shown in Tavle 3.9. The predominant form of amine .at a
pH of_1:6 is the sulfate complex, while for very acidic
solutions the bisulfate form of the amine is more important.
The-‘bisulf;te form does-not-readily extract uranyl sulfate
complexés. This explains the dependence of the aextraction
coefficieﬁt gh the solution pH that is indicated in Figure
3.1. Asﬁthe pH decreases below l,rthe bisulfate form of the

w amine becomes predominant, effectively reduciné the amount
of uranium that may be held in the organic phase. Iq‘fact.
stripping the wuranium from the organic may be CCqmplished

by the use of strong acid solutions instead of using weakly

»
acidic solutions (pH=4:0) as in this project.

The expefimentally determined amounts of sulfuric
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Table 3.9 Acidification of the Orlgnic Phase

Reactants - : Product . Name of Product
- } RaN ' free amine
2R3N + Hp804 <=2 (R3NH) 2504 sulfate salt

‘RgN  + Hz804 <->  (R3NH)HSO4 bisulphate salt

pi - Renge of noqueous phase pH for whichk the
' the predominant form of amine

Table 3.10 pH Control Requirements
. (Experimentally Determined)

Process

Extraction
Pertial Acidification 7.0 4.0 5.1x10"3 Hp504

Stripping 1.6 4.0 8.6x10"2 NH4q0H

pH

>3.5

1.6-1.8
<<l |

product is

pH - pH of the aquecus solution in equilibrium with the organic Phase

in. - initial state
end - final state

pH -control - moles of the indicated pH control reagent
per liter of organic .
This does not include pH control requirement
for the aqueous phase (eee Figures 3.2 and 3.3).

LS

-
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3.2.4 Extraction Egmilibriug

" a 58

] /t/,adéd and ammonium hydroxide required to obtain the desired
/ rd

equilibrium pH (1.6 for extraction, 4.0 for stripﬁing) are
given in Table 3.10. The number of moles of extractant per
mole of sulfuric acid in the organicjghase can be estimated
from tvose results..At a pH of 7 there wes very little HoSO4
in the organic phase. When tbe pH wae lowered from 7 to 1.8,
the acid extraction was 0.032 moles HyS04 per liter of

organic. From Table 3.6 .the measured concentration of.,

.. extractant in the organic phase was 0.07M. This gave a ratio

of extractant molecules to sulfuric.acid moleculas of 2.2.

//\ '
{ \ ‘ #
. .

T “In orcer to determine the bquilibrium conditions for

RN

\

extraction . standard shake-out tests were performed. The fast

extraction‘ leach and the acidified organic phases were put

" into separatory funnels at varying O/A ratios. The funnels

.

were shaken three times for 15 seconds at five minute

intervals, left overnight at room temperature, and shaken in

the same manner the ‘next day to ensure that equilibrium was
attained. Each phase was then analysed by an x- ray

fluorescence technique to determine its uranium content.

The data are plotted in Figure 3.4, and may also be

found in Table A.3.1 of Appendix 3. The limiting

concentration of uranium in the organic phaee was-3.5 g/L or
i
0.015 M. When®"compared with the concentration of extractant’



» - . - . 59 L

s N
)

= 10 S ELELALLILLY BN R B R RN
\ p
m = 1

9‘ —- /—_O.——

g ~ -0 .

A -

0 . 00 ’
5 1E ° E
=2 o ~ .
m .
b = -
= "'/0/) ) . —

. # ‘
10”1 11l 12t iyl L1 11l
w073 10°2 1074 1
[Uramum]aqueous (g/L)
cénditiOnS' T - ambient
A pH - 1.6

.0.07 M Adogen 364

0.1 MvNaZSO4

 Figure 3.4 EQUILIBRTUM DISTRIBUTION OF URANIUM

FOR EXTRACTION .



60

in tﬁg organic phase (0.07 moles/liter- Teble 3.6) this

indicates a limiting ratio of 4.7 extractant molecules per

uranium atonm.

3.2.6_ Stripping Bguilibrium

. ) v 1
unflibriul studies of the stripping process were
" slightly different from the extraction shakeout tests. The
.-trippfig solution (without NH40H) was mixed with the fully
uranius loaded organic in an agitated beaker at different
O/A ratios. A pH control solution.containing NH4O0H was added
ﬁntil the uequilibriu-..pﬂ of 4.6 was atfaiﬁed. Fifteen

minutes were required‘after-each.pﬁ deultnent ;o allow the
pH electrode readint-to stabilize. Solutions with ka .veryu
high equilibrium concentration of uranium éér-ed precipitate
after .03’{;1 days even though the pH readings were normal

(approximately 4.0)..

The equilibrium data for strippiﬁg “is plotteq in

Figure 3.5 (see also Table A.3.2 in Appéndix ﬁ). The results
‘were not as good as those .obtained for the extr;ctiop
_ equilibrigs, ai seoBn By the tcattér of the stripping data in

~ Figure 3;5 and by tﬁe-ran(e of equilibrf@n pH values shown
in Table A.3.2.
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»

3.3 DISCUSSION -~ PHASE PREPARATION AND CHRMICAL EQUILIBRIUN

Figures 3.2 g\and 3.3 are plotsy of the pH at
equilibrium of leach and ltrip solutions of ;;ecific .nnkeup
‘based only on literature values for equilibrium constants.
Figu}e 3.2 for extrgction proved to be especially useful in
‘conjunction with Table 3.10 (for the acidificgtion of the

_organic phase) when making pH adjustments for extraction.

The prqbie- of pH control for stripping is well
illustrated by Table 3.10 and Figure 3.3. The amount of
Ilulfuric acid thatlil released per litpr. of orgnnic\\}n\\
raising the pH from l.é to 4.0 is about 0.032 moles. At an* !
Ag&A ratio of 1.6 this means that the concentration of
sulfuric acid released into that aqueoﬁs strip solution is
5.048'-oies. Figure 3.3 shows that the sulfuric acid content

' . . P e .

of the stripping solution at & pH of 4 is only about 4x10~4

M. The sensitivity of the.fﬁ conéfoi ig-therefore obvious ;l

errors of less than 1X in the amount of NH40H added for pH

contfol will_ groatly affact the ‘equﬁlibriui pH of £he
‘ttriPPi_ns le_ctio'n. . | ) T 'a:.
"As discussed previoully‘therg was ; limiting ynlue of
2.2'ext$nctu;t -olecﬁléudfor each -ulfuriq)n?id molecule in
the organic pﬁ;le. ‘Celeman et al (21) and Carino (189)
;ui(e-tnthat the predominant form of amine at e pH of 1.6
i?ould .ke .tgg sulfato complex, which weuld give a ratio of'

L
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moles of extractant to moles of acid of about 2, which is in

-

agreement with the experilenfal value above.

Figure 3.4 lhowi that the li-ifing value of the moles
of extrac?nnt to the moles of uranium at high wuranium
loadings was found to be 4.7. B;th Carino (19) and Coleman
{(21) suggest that the limiting ratio is 4 for extraction,

which also agrees with the experimental value.

It is felt that the scatter in the stripping

equilibrium data was ly due to variations "in the

equiliprium pH {ro esired value. This is important
because pH control il difficult to attain, especially
for céntinuoul flow epr;i-g ts. Variations in the pH ligét
therefore be expected to affec phe results of lani transfer

measurements, which aré discussed in Section 7. - N

3.4 CONCLUSIONS

4

-

-1

‘The equilibriun distribution oé ﬁraniﬁn between the
organic and aqueous phaie- under Fhe conditions of interest
to this proJect- was e-tablilhed. for the qxéraétion and
stripping processes. The ‘oqhiiibriun pH of the ;tripping
process was difficult to oonfrol; resulting in erratic data.

Procedures were bped for the propar'preparatiop of the

Aagqueous jnd organic phases for subsequent mixer-settler

runs. ‘ ‘ ) _
) : ' L o
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4. PHYSICAL PROPERTIES OF THE PHASES

] s

4.0 OBJECTIVES .

“ As described in Section 1 of this report, the

objectives of this section were:

To measure the density, visgbsity, and
interfacial tensioe of the phases over a range of
equilibrium concentrations of uranium. This wonldr
proviae‘information ebopt the phiysical pfope ies of
the -system as commoniy required‘ when analyzing
ﬁhysical processes auch as_tu:bhlenceﬁ' drop breakup,
and ehase sefaration in the mixer-Settier. This
information would also reveal +the changes of the
physical,éfeberties duriﬁg extraction and stripping;

* ’ - ' '
The fofﬁ;tion of organo—metall{é comple;es during
extraction often has the effect of grastically-chaqging the

' 1
. pPhysical prgperties of the organic phases. In extreme casgs

[} . . .
th may lead to an excessivély high viscosjty or even to

. the formation of d4 third phase. It is therefore important
to know if the physical properties ary enough during the

E extractlon d stripp:;g processes to havée an impopﬁant
effect on.d}op sizes and mass tr er in, the mixer, ‘or
;phaae separation and entrainment in the settfxr bataiand.

ca;culations related to this section are given in Appendix 4.



66 B

4.1 INTRODUCTION

J

Kﬁowlegge of the physical properties of the. phases-
that were used' in this project shoula permit‘ some
cémpa;'sons between the phasé dispersion characteristica of
Phis 8 LiJﬁnd\of other studies. It should also indicate any
significant'cha es in the physical properties’ that might
occur in the /course of the solvent extraction process.

Finally, there ‘are meny correlations  in the literature

dealing with drop 'sizes and mass .transfer in dispersions for

—

which the phyaical properties must be known"

Liquid;liquidr extraction iﬁvolves both mass  and

momentum ﬁransfer within bulk phases and. across’ their

.intérfaces. _Any heat of. reaction or heat of mixing effects

for this prodject are assumed to-be negligible because of the

+

dilution of reaction sbecies'withln the bulk phases. Jﬂ;&h _

it ‘'wag found during expériments that temperature increases

for %pe single stage extraction or stripping rurns were 6n1y
b8 ' R

about 1-=C. . ‘

v - N |
In this project the bulk viscesity, bulk dbnsitgg::nnd

interfacial tension were actually measured. For the study of

" mass transfgg) estimates  of the mass . diffusivities are

by

required. The mass diffusivity of uraﬁyl speci%a .is

" discussed in Section 7. A _numl':er of other‘;ﬁ.physical

properties are also of importance to interfacial phenomena,
i . . + . -

.
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but they were not ngaﬁured or estimated in this project. For
example, the interfacial elasticity and ;isébsity are
cosmonly referred to in studies of the behaviour of liquid
L)
inte;faces, and‘thibpfoperties-of solid_particles dftérmine

the effect that they will have on drop coalescentve in a

dispersion. Zeta potentials'are often measured in studies of

‘

emulsion stability. . (See Section B for a more complete

discussion of emulsion stability and the factors that affect

it.)
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4.2 SOLUTION DENSITIES

1

The aqueous phgae had a denaitf close to 1.0 g/ca
while organic phase density was about 0.8 g)ec.' The
difference betw:ggjihe'two, about 0.2 Q/cc, is "a wvariable

' . .
of*en appearing 1in correlations. A relative error of less
than 5X would be acce?table in this value {(in order to keep
it to the- same general_level as wmany o% the other erfora in

the experimental measurements), meaning that an error of

about . lx-or 2% would Be'acteptaﬁhémln the estim;te of_bulk
‘bh se deysities. ' N ‘1

Both hyqrometer tests and tests using 250:mL, 50 oL,
and 25 mlL vo%ynetric'fiﬁsks wére used for the nea;ureuents
of deﬂsity.‘Temperatures of the'fiyids were recorded but not
. controlled. . T;ble 4.1 shows results for the density -of‘
" water, which are in closé_;greemcnt with literaigre values.

‘Phase densities s.are showo in "Table 4.2 for the  feed
. : ey

>

.solutions wused in the runs (see Section.3) and for extrenme

casks of extraction and 'stripping equilibria. Chanpges in the

nsify with extraction and stripping were less than ]1% for
the aqpeohq phase_and less than 2% for' the orgénic phase,

The density differencer between the - agqueous and organic

. ' ’ Y] : ’ ‘ .

phases varies by as much as 656%° from ‘the fast extraction
: ., T ("

case to the stripping case.. ' . :

‘ L]
-
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et

Table 4.1 Verification of the Density Measure

volumetric flask measurement
50 mL !
250 mlL .

hydrometer measurement’

literature value
(deaerated Hp0-22¢C

0.9952
0.9965
0.9989

0.9978

Lange’'s Handbook of Chemistry)

A. Initial Phases

Aqueous Phasea:
. Acidifier Solution ’
Fast Extraction Leatch

Stripping Solution
Organic ¥

Neutralized (

Acidified

Fully U Loaded

-B. ‘Equilibrated Phasgs

Equilibrated ?hgses . 0O/A
Fast Extraction "and QlZS
Acidified Org. 8.0

Strippihg Solution and 0.25
Fully U Eonded‘Org. 20.0

A Y

Ap = Paquedus ~ Porganic

21.4
.0
22.0

22

21.
21.
22.

oww

T (oC)

Table 4.2 Solution Densities

p (g/mL)
1.029

1.033
1.066

0.799

0.804
0.809

PBQUBOI.IS fq}ga

1.023
1.017

1.056
1.125

0.800
0.796

0.791

0.797

-
&
nic AP

0.227
0.203

-0.334
0.259 .

'nt Technique
(Density of Water @ 21.9 to 22.1 ng

Pmin
1.12
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4.3 SOLUTION VISCOSITIES

A Brookfied viscometer was used éo determine the
phase viscosities. An adapter for the instrument allows thé
testing of low viscosity fluids. The viﬁcomeker consists of
a 8o0olid c¢ylinder rotafing insldq of a stationary cylihder,

the anpulus being filled with the liquid being tested.

Three liquita were used to check the instrument

!
operation; distill water, and two viscosity standard

fluids from the company Brookfield. The results (Table 4.3)
indicated two problems; & significant error in the results

and a problem in maintaining constent temperaturesa during

the measurements. The temperatures inﬁicated in the tsable

are the average temperatures for all liquid in php
apparatus> Logﬁl temperatures in the annulus of the
viscoieter were probably higher than the 1fC temperatnrc
rises indicated. To o&erbone the problem with temperature
varigtions, funther tests were done at a high and a low
temperature in érder to pfovide information about thé

temperature dependance of the hhase " wviscosities.

.

Temﬁeratures were teken before. and after each tesf, ,hEefore
each test the solution, container, and viscometer. parts were
placed .in a cpnstant temberature-bath“so as to be in thermal

equilibrium at the start of the test.

N

ve to seven readings were taken to get the
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average viscosities shown in Table 4.4. There is only a 21X

increase in viscosity' when comparing the 1lowest aqueous’

phase viscosity (1.10 cP for the synthetic leach) with the
highest vi;cosity aqueous phase (1.33 ¢P for .the Mully
loaded sgrip) at room fénperature. Likewiée; only a 5%
increase is noted‘between the lowest and highest viscosity
organic phases. The very important effects of metal loading
that occur in some iiéuid-liquid extraction s}stens do not

occur with the phases used in this project.

4 LY

¥ ISy
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Table 4.3. Verification of the Brookfield Viscometer

Fluid _ Temperature Viscosity - Error
(:C) {cP) {(X)
Viscosity Standard 22.0-23.0 5.1 2% -
" (5 cP at 25¢9C) ' '
Viscosity Standard 21.8-22.9 9.5 . 5%
{10 ¢P at 25:C)
Distilled Water 21.9-22.4 1,07 12%

. C T 25.5-26.5 1.02 17x
Literature values for Vater (Lange< Handbook of Cheﬁistry)‘
Temp. 9C ) 22 24 7 26 . L
viscosity Hp0 (cP) = 0.953 0.910 0.870

i
'
|
!
|
I - .
Table 4.4 Méasured Phase Viscosities

Fluid Temperature Viascosity
(eC) (cP)
Syn. Aqueous Leach 22.5-23.0 1.10 .
30.3-29.8  0.98
Acidifier .. 21.1-21.a 1.12 . a
28.0-28.2 0.98
. ' , !
Aqueous Strip 21.3-22.2 ;;QB
. 28.0-27.9 .15
Fully Loaded Strip 21.4-22.0, 1.33 ..
30.2-30.0 1.17 b
Fully Loaded Organic ' 21.9-7 1.66 "
‘ 28.0-25.2 - 1.55
Acidified Organic  21.9-23.8- 1.65
o 29.5-26.7 - - 1:46
Neutralizedx Organic 21.7-21.9 1.59
27.7-27.3 1.46

* Neutralized here means that the acidifjed orgenic
was equilibrated wit!}strip solution at a pH of 4 .
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4.4 _INTBRFACIAL rgégrong o B '

LY

4.4.1 Methods' of Measurement

)

“Sévcral methods exist for the measurement of

‘inberfacial tension. A partial list is given below. A more

compl e discussion is given by DBaVies and-Hidéai (2Y) and

Bikerman Y9). Figure 4.1 illustrates the methods. '

o/
Seéssile Drop Method- ,This method calculates the

interfacial tension from shape measurements of =a drop

resting on a selid surface. The value of interfacial tension

. - _—
b

so valcwlated 'is independant of the nature of any solid

surface,lslow changes in interfacial tewsion may be studied.
- ' q ‘ ]

Pendant Drop ethod- Measurements are made of the

ﬁhape of"p drop suspended from a plane, circular surface.

»

The drop must wet all of the circular surface.

Drop Volume Method-~ Similar to "the pendant drop-

- I . .
method .in construction, drops are allowed to form slowly,
break fo and collect 'in a container.
() . . e
Jet Method- A fluid- is injected into another l\lqid

through . an eiiiptical‘orifice.' The odd cross, section tends

- -

(to become  circular becguge of interfacial tension, but
overshoots the circular confi(uratiéﬁlﬁnd becomes elliﬁtica}

a
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Sessile Drop ° .| Spinning Drop

Prop shape‘ \\ Dr6p elongation
. - ‘ ‘\\ -
) .”\ R Rotatiqg,Rod.
Pendent Drop N, oTNg

Equilibrium
position of

\ | dgc)p.

'Drop ‘shape . L '

Drop Volume S e - Jet Method

. Frequency of oscillation

.

Volume of. collected

drOpS .\ I
. e Nuoy Ring Tensiometer ) :
y B \Force required to - T
- .o .{break the ring from . —
' the interface. "
. » é
- 7 ) . ) l ‘Li(]ht
- phase
. _Jk_ L A )
. ' -—ft—Heavy
— . phase
. i - ' ‘ . ) . , - ’ [ _ ]
] Figure aﬁijaxpERIMENTAL METHODS - FOR THE
T _ -~ DETERMINATION OF INTLRFACIAL TENSIONS
. ' . R ) L .o - .. i
2 . N ‘ . - T N - .
. \ _
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S
again, this time perpendicular to its original orientation.
It continues to _oscillate in this manner, allowing the
frequeqcy of oscillation to be established and hence the
interfacial tension, Interfacial tensions that change
rapidly due touéeactions or adscorption of impurities at the

interface may be measured in this manner.

De Nuoy Ring Tensiometer~ This method mekes use of a
platinum~ irdium ring which is "perfectly" wetted by one of
the liquids (contact angle of zero). The force necessary to
break -the ring away from the .interface is measured. This is
related to the phase densities, ring diametef. and thickness,

and the interfacial tension.

Spinning Drop Method (Cayius et al. (15))- A glass
‘tube is spun around its axis, causing the lighter phase to
form an elongated drop within the heavier phese in the tube.

From the angular velocity, density difference, and drop

'

elongation the interficial tension may be determined.

Rotating Rod Method (Baird and Nirdosh (2))- A long

gless capillary is rotated about is mid-length in a
direction perpendicular to its axis. The capillary is full
of the heavier phase and has a drop of the lighter phase. in
each end. The drops will migrate towards the center of the

rod to a posfbion depending on the angular velocity of the

e .

rod, the fluid densities, and the interfacial tenaion.

-4
-
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The sessile drdp, pendant drop, and jet methods are
felt to have distinct advantages due to their'non-dependance
on solid auffaces and also because they may be used to study
transient effects on iﬂierfacial tension. The 'ring
tensiometer method waes used in this astudy, due to its ease
of use and the availability j} the equipment. :

4.4.2 Verification of the De Nuoy Ring Tensiometer

Tﬁe ring tensiometer was tested by meaguring both
surface and interfacial tensions of standard liquids. The
selected liquids were distilled water, carbon tetrachioride,
and heptane. Average results for sevé;al. measurements are
shown in Table 4.5. The results for the surface tensions
agree well with literature values. Interfacial tensions we;e
12 to 22X lower than the literature valueg. The discrepancy
in the values for interfacial tensions may be due to surface
contamination, .insufficient contact time (24 hours for

CClgq-Hz0, 10 minutes heptane~Hp0) for the establishment of

equilibrium, or errors arising from the technique of
measurement. The ring method assumes perfect wetting by one
of the phases. This is probably the case for surface

’

tensions, but does not appear to be correct for interfacial

o

tensions. That conclusion is supported by differences in .

values for approach to the interface from both directions

LY

(Table 4.6).
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Other verification tests included:

-The Effect of the Dish Diameter- Both 45 mm and 80
mm diameter dishes were used. There was a 5% difference in
the values obtained, therefore the larger dishes wegé used .

in subsequent experiments.

v

v

-Effect of Ring Shape- An old distorted platinum
iridium ring was used to measure the surface tension of
water. The ring perimeter was planar and hung parallel to
the liqﬁid surface, but it was elliptical in shape. In spite
of its elliptical, kinked perimeter,'it gave essentially the
same Fesults_ as a new, circular ring. .Thepefore,.minor
bendihg and distortion of the ring which occured during the

expérimentation would not have greatly affected the results.

-Effect of Aging the Interface- It was observed .Lhat
the measured interfacial tensions decreased with time. For
the rest éf the experiment the interface was cleaned before
each measurement by vacguming meterial from the interface

‘with a pipette and a vecuum pump. -

-Effect of Changing the Direction of Approach to the

2

Interface—- It is possible with the ring tensiometer to

approach the interface from above or below. When this was

done for surface tensions wide discrepancies resulted. For

interfacial tensions, smaller differences were noted.

-

—
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Table 4.5 - Verification of the Ring Teqsioneter

Upper Fluid

Lower Fluid Temp
¢C

HyO ' Air 23.2

Tap Water . “Air -

Hp0 Air . 23.0
(Sat’d CCLyg) "

HoO . Air 20.0~
(Sat’d Heptane)

CCLyg Air _ 24

CCLy Air - 21.2
(Sat’'d Hp0)

Heptane . Alr 20
(Sat’'d H»0) X

CCLg HoO ) 23

HoO Heptane 20

xLiterature values are for 20:C

Table 4.6
the
of

From
, Values
Tensions

Interface.
Surface

L

K

lower flpid
&

upper fluid

fast extraction leachx air
fast extraction leach* air
"emulsified organicxx air

leach or strip soln

* two similar solutions
Xx |
a stabilized "emulsion”.

tested. /

organic phase ‘

Interfacial Tens.

(dynes/cm)
Exper. Liter.¥
70.8 71.2
70.3 -

68.5 -

60.1 - ’
27.7 26.9
27.7 -

20.3 20.3°
"35.2 45.0
44.0 50.4

Effect of the Di}ection of Departure
on
“and

the Measured

Interfacial

Apparent Interfacial

Tension (dynes/cn).

downward upward
40 72
21 66
3.5 14
11 11

neutralized organic for which the pH was raised to form
The organic was filtered

[
$ results were easentially the s:me for a range of

and
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4.4.3 Results . »

e

" Surface and interfacial tension measurements for-

+*

. eagquilibrated e;traction and stripping phases are shown in

Figures 4.2 and 4. 3. The average value for interfacial
tension ‘was 10.6° - 1 dynés/cm‘ for both extraction and
stripping when the organic phase concentration of urenium
wag * less than 2 g/L. At higher uranium concentrations the
intesfac;al teﬁsion'appeared tp increase, rsaching a high of

about 13 to 14 dynes/cm.. The organic surface tension was a

constant 25.5§* 1 dynes/cm for both cases, while the avefﬁge

-aqueous phase surfaée @ension was 47.0 1-2.4 dynes/cm for

stripping and 53.8 + 2.8 dynes/cm for extraction.

Further results included; : ;

1) The Effect of the Direction of Approach to the’
Interface- In therlcases of - the calibration tests and
measurements 05 the extraction phases, the interfacial
iension measured in going from the light phase to the heavy
ﬁhase_wa; abéut 0.4 dynes/cm greater than the measurements

iﬂ going from tﬁg%heavy to the: light phase. .

2) Surface/Interfacial Tensions of a Neutralised

»

. Organic- The organic phase was scrubbed and contacted with

water at a pH of 7. Tests were made with two samples. The

- gsurface tensions for the aqueous and the organic phases were

-
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(43.(:‘.|b 37.7) dynes/cm and (25.1, 25.7) dynes/cm
respectively. The measured interfacial tension was (13.1,-

13.7) dynes/cm for the two tests.

4.4.4 Discussion - Interfacial Tension Measurements
teget DiScCues

4

In theory, the lower pha;e should perfectly wet the De
Nuoy riﬁg when making measurements of iﬁterfacial- tengions
by raising the ring. Conversely, the upper phase should
perfectly wet the ring when making measurements by lowering
the 'ring. The large discrepancy for surface tensions when
raising or lowering the ring suggests that the liquids gave
near pe}fect wetting of the ring. When measuring the
interfacial tensions however, neither phase appears to
perfectly wet the ring as measurements were similar when
.raising or lowering the ring: There wmay have been some

systematic error associated with the non-perfect wetting of

the ring during the measurement of interfacial tensions. The
errors in the interfacial tensions as shown in the
verification tests were in fact much greater then the errors

of the surface tension verifications.

In contrast te the aqueous surface tension and the
interfacial tension, the organic surface . tension was
constant throughout extraction and stripping. Differences in

the aqueous surface tensions may have been due to the
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presence of small amounts of the organic phaeé that could

form a film on the surface of the agueous phase, alteriﬁg

—

the measured value of surface tension.

The interfacial tension seems to rise with an
increasing urenium concentration in the organic phase. A
pessible explanation for this is that the mildly surface -

active extractant salts are being depleted at the interface

. >
(along with the “isodecanol modifier). If these mild

gsurfactants tend to 1lower the interfacial -tension, their
depletion would lead ‘to the observed rise in interfacial
tension. A change in interfacial tension from 9 to 13 -

L}
dynes/cm represents a 45X increase.
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4.5 DISCUSSION - PHYSICAL PROPERTIES

The physical_properties as meésured in this section
are later used in correlations for anelysing fluid flow,
drop sizes, and mass tranﬁfér. The question arises gq_ﬂto
whether the changes in the physical prop?rties becoﬁé
important to those processes as uranium is either added to
or. removed from the o;ganic phase during extraction or
stripping. As a basis for the discussion beléw, pegéentage
changes in thef phyqical properties for the aqueous and
organic phaseq_;re assumed to be 10% for phev denéity, 65%

. \ . .
for the density difference between phases, 20X for the
viacosity, snd 45% for the interfacial tenéion.'These value;
are similar to the exﬁerimental changes obéerved ip this

section.

- -
A correlation presented in Section 5 for the root mean
square fluctuating velocity in isotropic turbulence is:

ul(r) = ¢)(€r)2/3 (5-8)

The power per unit mass of dispersion, :, is independént of
the physical properties unde highly turbulent conditions
(Equation 5-2), so that u2(r) is unaffected by the changes
in the physical properties. Circulating times And pumping

rates (Equations 5-4 and 5-5) are likewise unaffected. -

L]
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In Section 6 the maximum stable drop size 1in a.

turbulent dispersion is given as:

¢y 00-6
Cimax = — ‘ : (6-87
PO'SN]"ZDO'B

A density change of 10% would affect dpzy by 6%, while the
impact of a 45% change in o would be 25%. The predicted
changes in dpax are much less than the differences in drop

sizes from one series of tests to another as discussed in

Section 8.

Tﬁe.impact of changes in the .physical properties on
mass transfer rates in the mixer is more difficult to
estimate. Two simple mass transfer coefficient—based models
are presented in Section 7. The;e models were uéed to

predict the stage efficiency for the fast extraction and the

slow extraction series of mixer/settler runs. At an impellor
speed of_ 10 revolgtions/second {1 W/kg ﬁower dissipation,
which is similar to some industrial éonditions - Perry
(55p21-67)) Table 7.1 shows predictions of 98.5% and 92%
stage efficiencies for the fast and slow axtraction series
respectively. The 'drop size assumed for the slow extraction
series was double that of the fast extraction serles.
Assuﬁing that the major effect of changes in physical

properties (not including diffusivity) "~ is to affecidarop~
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size, then the 25X drop size difference estimated in the
last paregraph is going to have an effect on the stage

&fficiency of less than 5%.

4.6 CONCLUSIONS - PHYSICAL PRCPERTIES

-
The density, viscosity, and intérf&cial tension of the
aqueous and organic phases were‘detérmined over the.range of
conditions of this project. Very appfoximate gnalyses based.
on Bimble models suggest that the observed chahges in the
- physical properties during the courgg of éﬁéractiAnAand
stripping would nok have caused large Qariatihns of ﬁhe drop

size and mass transfer efficiencies in the mixer.

4 N a
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5. POWER AND PUMPING IN AN AGITATED VESSEL

- -

hY

5.0 OBJECTIVES

As described in Section 1 of this report, the

objectives of this section were:;

To design and build a mixer-settler unit that
would allow the study of drop sizes and mass transfer
in the mixer and phase separation in +the settler.
The unit was to be geometrically similar to equipment
used by other researchers, such that estimates of
power dissipation, drop sizes, and mass transfer in
the mixer could be made based on correlations in the

literature.

Measuremqpts of the power input +to the mixing
vessel and of turbalent velocity fluctuations of the mixer
dispersion were not included in the obJjectives of this
project. Because of the fundamental importance of power ayd
turbulence to the processes of drop breakup and coalescence
and mass transfer in the mixer, the bBulk of this section is
concerned with theory and calculation;ﬁﬁéit power, pumping,
and turbulence in'the hixer. Not only is this information
used in calculations in later sections, it will also be 'of
use to other workers who wish to compare the conditions in

‘this pProject wifh their own exberiments. However, the
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dispersed phase volume fraction was measured at the end of
each run, which gave an idea of the degree of mixing of the
phases. Data and calculations for this section are given in

Appendix 5.
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5.1 LITERATURE SURVEY

65.1.1 sSpecific Power

Specific power is the e;ergy dissipation per unit
mass of fluid in a dilperlibn. The local specific power, {;,
varies greatly from point to point ;ithin a mixing vessel
(Nagata (52)), but in many analyses a knowledge of the
average specific power, (, is all that is required. For a
-?xing vessel the average specific power may be calculated
from the following expression derived by dimensional

analysis (Rushton et al. {(63) or McCabe and Smith (43p237)}):

Np = Np(Rejnp,Fr,S;,82,...5¢) (6-1)
P
where Np S — = power number,
N3p5
NDZp
Rejgp = — = Reynold number
U (for the impellor),
N2p
Fr = = Froude number,
€
. o .
§1...8¢ are shape factors for the @ixing

veasel geometry, and

P = totalipower input to the mixing vessel.
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In the caqe of a mixing vessel of fixed geometry; the above

expression simplifies to:

LY

€ = 4/x Np N3p2 ' (5-2)

where € = energy dissipation per

unit mass of dispersion,

N = impellor speed,
D = " diameter, and
Np = power number.

The power number, Np, is correlated in terms of the impellor
Reynolds number:
- 2 -
Reimp = fND 4 (5-3)

Examples of Np-Rejpp raelationships for diverse mixing vessel
and iﬁpellor geometries are illustrated in. Figure 5.1. Note
that for very high Rejmp (>104) the power number is nearly
constant. This is because the fluid viscosity becomes less
and less important at higher Reynolds numbers. Turbulence

is considered to be fully developed in this region.

5.1.2 Fluid Pumping

VThe circulation of fluid within a mixing vessel was

studied by Holmes et al (31), who found the average time of

circulation of a fluid element from the impellor through the
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vessel and bhck to the impellor to be :

te = {0.85N(D/T)]"1 (5-4)

where te circulation time, and

3
n

mixing vesasel diameter.
Therefore,.the pumping rate, Q., is given by:
Qc = V/tg = 1.7 N p3 o (575)
where V is the volume of the mixer.
The results of Holmes et al. apply to a standard baffled

cylindrical vessel that is geometrically similar to the one

used in the present study.

5.1.3 Turbulent Flow within a Mixing Vessel

The following disc%?sion of turbulence is based on
work of Taylor (76), Kolmogoroff (19), Shinnar (68) and
others. The sub ject is reviewed by Tavlarides and
Stomatoudis (75), Shinnar and Church (68), Hinze (30), and

Batchelor (6).
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Mixing, drop break-up, drop anlescence, and mass
transfer are affected by the degree of agitation of ;
disperaion. For a highly turbulent dispersion these
processes will be statistical in nature, and there &8re at

least two approaches to their analysis. The first of these

involves the use of. the Navjer-Stokes equetions for fluid

motion [in a turbulent egvironment {(see Hinze (30))}. A
second, lesa rigorous approach, is to use approximate

dimension

analysis. Dimensional analysis was employed in

this study.

ional analysis of procesﬁes occurring in a
dispersio require a knowledge of the relative velocity
between pyints within the dispersion. For example, the
Reynolds number for a pipe makes use of the average flow
velocity, which is approximately the relative velocity
between fluid in the pipe channel and fluid at the pipe
wall. The relative velocity is also required to caléulate a

Weber npumber, which is tﬁe ratio of inertial to surface

stresses for a drop.

In the case of turbulence the appropriate relative
velocity to use is the time averaged root mean square of the
velocity fluctuations between two points. Larger eddies are
anisotropic, meaning that the velocity fluctuations between
two points separated by a distance comparable to the length

scale of the eddy will depend on the orientation of the
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q points. However, Kolmogoroff (39) proposed that directional
information 1is lost as energy is passed from larger eddieb
to successively smaller eddies. In this case eddies that are

much smaller then the largest eddies are isotropic 1in

nature, In additien it is assumed that energy enters the
system by transfer from the vessel boundaries to the largest
.. eddies only, and is <converted to heat by small enenrgy

dissipating eddies. Intermediate sized eddies only transfer

energy from larger to smeller eddies.

For this case of local isotropy }uz(r) {(the root mean
square velocity fluctuation between two points a distance r
apart) should be some function of €} (the local specific
power dissipation }, p/p (the kinématic viscosity of the
fluid), and r (the length gcale being considered).
Furthermore, if the distance r is much greater than the
Bpale of maximum energy dissipating eddies, denoted by q,
the kinematic viscosity p/f should have no effect on th(r).

This is assuming thet in all cases r is much less then L

(the length scale of the main flow). Dimensional analysis
leads to: : O
ué(r) = cl(Er)2/3 ﬂ ¢ r << L (5-6)
w2(r) = co(€p/p)re 2 4 K<L (5-T)

The calculation of the microscale Reynolds number and Weber
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number are shown below (from Shinpnar and Church (68)).

Substitutions for € in termws of N (impellor speed) and D

(impellor diemeter) are made according to equation (5-2).

For L >> r »> 1 (inertial subrange)

{ uz(r)pr i} cll/2€2/3r5/3 K1N2D4/3r5/3P

We = = (5-8)
» p p
pu2(r)r ) 1/2p¢1/3,4/3 g, 1/253p2/3,4/3
Re = = = (5-9)
K y ¥
For r <¢ 1 << L {viscous subrange)
02p5r3 KoN3p2,3
We = ———— = ——— (5-10)
po po

col/2pE1/4r2  g,1/2 N3/2p ;2
Re = = (5-11)
i p

Most viscous dissipation f energy occurs within eddies

whose Reynolds numb is less than 1. Thus, from the

expression for Re in-.-the viscous subrange above:

N = (cpl/4 2 1) (5-12)
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Howell et al (40) have developed &an analogy between
Kolmogoroff’s theory of locally isotropic turbulence and the
familiar relations for the drag coefficient of a solid

sphere submerged in a stream.

5.1.4 The Apparent Viascosity of a Dispersion

.Kolmegoroff's theory of local isotropy as outiined
above was developed with a homogeneous medium in mind. In
the caese of liquid- liquid dispersions some <consideration
must be made for thé presence of a second phase and its

effect on turbulence.

Extensive work has been done on the determination of,
the apparent* viscosity; Yp» of emulsions, for which
diépersed phase fractions, g3, vary from less than 0.01 to
greater than 0.80. Becher (8) and Sherman (67) have reviewed
this work in detail. A number of factors affect the apparent
viscosity of a dispersion, including the viscosities of the
component phéses. the dispersed phase fraction, drop sizes,
"and the presence of‘surfagtants or solids. Many correlations
have been proposed. For very dilute dispersions Einstein's

relation applies:

1 + 2.5 @y (Bq < 0.01)  (5-13)

Leld

Ba / Pc



where

The relation

Vermeulen et

Ye
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Pm i the mean dispersion viscosity,
Pc is the continuous phase viscosity, and

ﬁawih the dispersed phase volume fraction.

chosen for this project (@d4=0.4) was that of
al (78):- ’

. .-
1 1.5p484
I — 1] + — (5_14)
(1-#4) PatPc | :

The mean density of a dispersion is defined as:

Fm

= pdBa * pcll-gq) | - ~ (5-15)
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5.2 EXPERIMENTAL WORK AND CALCUﬁATIONS

5.2.1 Details - Equipment and Procedures

The mixer and impellor were chosen 8c as to be
geometricélly similar‘to those used by many other workers in
the fields‘ of mixing and drop studies. The mixer was,
however, smaller than those typically used in labok;iory
studies (10 cm_diametér as compared to pérhaps 15 te 40 cm).
The impellor was situated halfé&y between the top gnd the
bottom of the mixer, }ﬁstead of 1/3 off_  the bottom as is
commonly the case in industrial practice. This‘arrangement

permitted an otrgaenic phase ‘continuous opération of the
Ay agt .

nixer. The impellor speed was calibrated with a stroboscope.

Flowrétes- were controlled by the use of peristaltic pumps

and were adjusted at the beginning of each run.

2.2.2 Results and Discussions

The volume fraction of the dispersed phase within the
mixer is not necessarily the same as that of the feced, due
to density differences of the phases. For.exampfe, if the
mixer was not agitated, then the lighter phase would rise
rapidly. and exit tﬁe mixer. Moast of the mixer volume would
then be taken up by the heavier phase. A comparison between
the two is presented in Figure 5.2, where the quotient of

the mixer and the feed O/A ratios is plotted against

)



Mixer

-plexiglass

-l0cm ID x 10cm high
~fully enclosed

~four 10em x lem x

0.3cm baffles

-feed into centre bottom
-overflow at centre top

impellor

-stainless steel .
-6flat blade disk turbine
~-4cm overall diameter
-lcm x 0.8cm bladeg

~3cm diameter disc

impeller at half_///

-the mixer height

Figure 5.2 MIXER CONSTRUCTION

\
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impellor speed. (The'O/A ratio is the ratio of the "organic
. \ . . - .

to aqueous phase volumes.) The relation of Bouyatiotis and -

1l

. Tﬁzrnton (11) is plotted alongside’thg experimental data in
Figure_5.3.- It has @He saﬁé form as fhe experimeﬁtal data,
but it gave wvalues thét ?re slightly low. Errors in the
measured 0/A ratio in the mixer and errors in the flow rgée

measurements were found to be the principal causes of the

scatter.

Physical properties of the extraction and .stripping

phases afe ~shown in Table 5.1. Mean values &f dénsity and

viscosity wefé.célcu{ated_using_Eguatibns 5-14 and 5-15,
assuminé aA;onsthpt disperséd phase hoidup in the mixer of
0.40; A QOWer'.number of 5.3_was assumed for this project,
'baéed on data for similar éeometries summarized by Nienow
(53) and Bates et al. (7). No measurements were made of the
power inpuf or of circulation times. Therefore estimates of
the specific power, puppiﬁg, Rg, We, ‘and q are based on
corrglations-in'the literature for homegeneous, isotropic
turhulgnce, and a consﬁint pﬁwer number. Results are
summarized in Figures 5.4 933‘5{5. g

The impellor Reynolds nupber was normally less than .

164 .during this project,- indicating that turbulence was not
necessarily fully developed (Shinnar and Church (68)). The
total power input to the mixing vessel that is preditfed for

an impellor speed of 33.3 "revolutions per second is 17

Fz
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Table\S.i Physical Properties of the Dispersibns

Extraction Stripping
f pooo o p P
organic phase 0.80 1.65 0.80 1.85
aqueous phase 1.03 1.10 1.06 1.23
mean value for the
dispersion - 0.89 3.4 11 0.90 3.5
p = viscosity (g/cm/s * 10)
p= density (g/cm”) .
@ = interfacial tension (dynes/cm)
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Figure 5.5 SHINNAR'S We AND We FOR THIS PROJECT
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Watts. This seems to be at least of a reasonable order of
magnitude, The _galculated impellor pumpiﬁg“rates in the
mixer are surprisingly high, as they predict at higher
impellor speeds tﬁat 5 to 6 times the mixer volume is pumped
each second of operation. Maximum feed flowrates (to 44
cm3/s) and the flow of fluid ;hrough the photography
"window" (to 6 cm3/s) only amount to 2% of the minimum
impellor pumping rate. Therefore they are not expecied to

have had a significant influence on flow within the mixer.

5.3 CONCLUSIONS

The small scale mixer-settler that was developed for
this project permitted several processes to be studied
during the course of each run. Because the mixer was
geometricelly similar to standard mixing vessels, estimates
chuld be made of the flow and mixing of the phases in tth
mixer.

.'



107

6. DROP SIZE DISTRIBUTIONS IN AN AGITATED VESSEL

, Page
5.0 OBJECTIVES ...t iiuettrrnnanroonmssseannnaos Foevesnn 108
6.1 LITERATURE SURVE f
6.1.1 MAXIMUM STABLE DROP SIZE IN
LOCALLY ISOTROPIC TURBULENCE ......-cccceann 109
6.1.2 MINIMUM STABLE DROP SIZE IN |
LOCALLY ISOTROPIC TURBULENCE ........covenvn- 112
6.1.3 SAUTER MEAN DROP DIAMETER, d39 s 114
6.1.4 RATES OF DROP BREAKUP AND COALESCENCE ........ 116
6.1.5 MODELLING DROP DISPERSION DYNAMICS-
POPULATION BALANCE EQUATIONS ..........-0vsu 118
6.1.6 FORM OF THE DROP SIZE DISTRIBUTIONS .........- 120

6.1.7 FURTHER FACTORS AFFECTING DROP DISTIBUTIONS .. 122
6.1.8 TECHNIQUES USED IN THE STUDY OF

LIQUID-LIQUID DISPERSIONS ....... .0t 125

6.2 EXPERIMENTAL WORK

6.2.1 EQUIPMENT AND PROCEDURES ......cccvosvunnacane 128
6.2.2 DATA AND OBSERVATIONS ........ R R B 11
6.2.3 CALCULATIONS AND RESULTS ......... TR 135
6.2-4 DISCUSSION --------- T R T B R N A I ) .. ] . 135
6.3 CONCLUSIONS ...ccrvrsesnccsaansnn G et assase e s 139



" 108

5. DROP SIZE DISTRIBUTIONS IN AN AGITATED VESSEL

6.0 OBJECTIVES

As described in Section 1 of +this report, the

objectives of.this section were:

To develop photographic techniques for the
determination of drop size distributions in the
mixer. The resulting data could tﬂén be compared +to
correlations in the 1literature, making use of the
measured physical properties and estimates of

turbulence.

Much research has been done to describe and model the
processes of drop breakup and coalescence in agitated
vessels. In this section a review is made of literature
concerned with physical descriptions of drop breakup,
maximum, minimum, and average drop sizes, and experimental
techniques commonly used +to study drop dispersions. The
experimental determination of drop size distributions was of
basic interest to this project. Drop sizés are also of
impdftance in later sections of this report, especially with
respact to mass transfer in the mixer. Data and

calculations for this section are given in Appendix 6.
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6.1 LITERATURE SURVEY -

Turbulent conditions within a liquid—iiquid system
tend to break up one of the liquid phase;\into drops, which
may . then coalesce. The processes of dispersion and
coalescence are affected by the physical properties of the
phases and the intensity of the turbulence. Current
undérstanding of these processes is summarized in the

following.sections.

6.1.1 The Maximum Stable Drop Size in Locally Isotropic

Turbulence

Several important processes of the dispersion of one
phase in another are illustrated in Figure 6.1. Within a
mixing vessel it is likely +that the dispersed phase 1is
broken up by a combination of the illustrated mechanisms.
Different mechanisms would apply to different stages in the
breakup process. Several detailed analysis of whether a
given, well defined flow condition will result in
interfacial instabilities and the dispersion of one phase

into the other are described by Gopal (see Sherman (67p23)).

The stresses affecting drop deformation in locally
jsotropic turbulence are listed below. The expressions are

only approximations that are based on simple mechanical

models as explained by Arai et al. (1) and.Howell et al. (35).
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16 d1014@
Breakup of a drop
in an airstream,
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© ] ¢
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globule deformation, N
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oblate prolate irregular
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: C; ial velocities —-—
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into the heavy phase (gravitational ' . *
ha :
phase) forces) light phase
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Couette Jﬂ;D
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HyDu o e 00 & 1 Mg 2 He
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Jet
(Gopal( 64) instability |=~nnoo O Jor o
P

Figure g,]

ILLUSTRATION OF PHASE DISPERSION PROCESS
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As shown below, the relations assume that the drops are much
larger then €, the length =scale of maximum energy

diasipating eddies (equation 5-12).

Tfe = external inertial stresses (X puz(d) (6-1)
to - interfacial stresses o o8/d (B—2f
Tpi = internal viscous stresses X pa d8 (6-3)
dt
\
~
Tpi = internal inertial stresses & fc d2q v (6-4)
' dt?
where § = drop deformation = L-d . {(6-5)
d
L = major axis of ellipsoidal drop

2.
It

undeformed diameter

For the purpose of illustrating the general principles of.
drop breakup, only the stresses tPe and Tg need be
considered. Their ratio forms a dinensionléss Weber group,
which should be a constant for the maximum stable drop size
in a dispersion according to this simplified dimensional
analysis. This is equivalent to assuming thatcdrop breakup

occurs when the inertial stresses due to turbulence exceed
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the surface stresses holding the drop together. Reexpressing
in terms of the impellor speed and diameter using relations

\ from section 5:

s tPe K1N2D4/3d5/3p
Wecritical = = = constent (6~86)
. To ‘ o
d-ﬂx =_$1P_0'6N_1'2D_0'800'6 . L (6-7)

An alternate fofm bf the expression is:

d = coﬁétént*“eimp“o's ' (6-8)
D '
where
Weimp = ENED3 is the impellor Weber number. (6-9)
o

6.1.2 The Minimum Stable Drop Size in Locally Isotropic.

Turbulence

The processes affecting drop coalescence are

discussed in detsil in section 8. Shinnar and Church (68)
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discussed the minimum drop size that would be stable in an

agitated dispersio ‘Denoting the force of adhesion of two

drops of unit dlameter separated by a distance h as A(h),

they reasoned that in

.

kinetic energy of the drops would have to be greater than

rder to prevent coalescence the

the energy of adhesion b?tw ngthem.

kinetic energy f r3pdu2(d) = fﬂ€2/3d5/3 (6-10)

adhesion energy @ d¥A(ho) (6—11)

where ho = separation distance betwedn drops at which point

coalescence occurs

For conditions of the -minimum steble drop size (using

1

Equation 5-6):

v

kinetic energy €l/4p,3/8 -3/8

x [d¥ ——— . = constant- (6-12)
adhesion energy A(ho)3/B

o

For homogeneous turbulence in a mixing dell where it is

assumed that €),cq1 = €average (using Equation 5-2):
dpin = constant*N'q'750'0-5ff3/8A(ho)3/B (6-13)

If it is assumed that A(ho) is proportional to the

interfacial tension, then:
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dyin = constant*;F3/8N_0-75D‘0-5u3/8 (6-14)

Note that the minimum stable drop diameter has the same

dependency on the impellor speed as 7, ‘the- length scale of

the maximum energy dissipating eddies (combine equations 5-2

and 5-11).

It can be seen by comparing equations (6-7) and
(6-14) that the maximum and miniﬁum stable drﬁb sizes in a
dispersion.are different function% of the impellor speed. As
'illuattated in Figure 6.2, at low impellor speeds there is a
large range of - stable drop sizes that- aré. between the

minimum stable drop size where coalescence occurs and the

maximum stable drop size where breakup occurs. As t

impe;lor speed increases this range decreases.. Eventuaﬂ
drops within the dispersion are stable. Coalesce

' ‘ A

redispersion then affect the whole drop population e\__

. - » h'.

effect is discyssed by Shinnar (69). _ g

The \ auter -mean drop diameter, d3g, is defined\ Sy

terms of the r _ééﬁuffthe total .volume of the dispersed

phase divided by its total surface area:

L] : C
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Figure 6.2 STABLE DROP SIZES TN AN AGITATED

DISPERSION (From Shinnar (69))
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d3zo = 2d53 = 6 % total volume of the dispersion (6—15?

2d12 total area of the dispersion

In a dispersion one would expect the mean drop diameter to
"lie within the extremes of the maximum and_the minimum
stable drop sizes as illustrated in Figure 6.2. It would
fherefore be proportional to the impello? speed to the'—0.75
to -1.2 power, depending on the relative importance of drop
breakup and drop coalescence, In very dilute’ diﬁpersions
(#<0.01), coalescence will be negligible as if is unlikely
that drops wilf collide frequently enough to change the drop
size Qistribution. In that case drop breakup will be

controlling. Breakup may alsoc be controlling in dispersions
. o

of higher to which surfactants have been added to inhibit
coalescence (Shinnar (69)). Drop coalescence ‘would ,becoﬁe
contfolling. in dispersions with highif. . These conclusions,
btained by dimensional reasoning, are supported. by

ligshed - rgsults of experimental work (Tavlarides and

Stomsd j , Doulah (23), Giles.et al.(ZSTT’Hinze (30),
Kolarik _an ipkin (38), Mylnek and Resnick (47), Van Heuven
and Beek {(77), Vermeulen et al. (78), Roger et al. (611).'
The relations for the mean droﬁ?'diameter,'rd32,, are
summarized in’' Teble 6.1.- ' -

6.1.4 The Rates of Drop Breakup and Coalescence

Séni—theoretical models for the rates of drop bteakup

-
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. Table 6.1 - Exprcssions for the Mean Drop Size

in a Dispersion

Controlling range
regime of @
Breakup . $<0.01
ﬁreakup and 0.01<¢4
Coalescence agd g<o0.
Coalescense o 0.3<¢

€1
c2

|

~ 0.045 to 0.06
~ 2.5 to 9

d32

. C

1006

P

[

0-6§1.2p0.8

463/8

P

3/8)3/4p0.5

~dga/D

ClweimpHO 6

cl(liczﬁ)weimp_o‘s

C4Weimp—?/80*11/8

™
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and drop coaleacence have been proposed that reduce fo the
expressions fdr the maximum and minimum stable drop sizes as
discussed in the previous sectioh (Tavlarides and.
Stomatoudis (75)). Drop breakup models rqu{re_estimates of
the probable number of small drops formed during the breakup
process ' and the drop size fr;quency ﬁistribufion.
Coalescence models require estimates of the frequency of
collisions between drops and the probability that collisions
bztween drops of different diemeters will 1lead to a
coalescence. At the present time these models must be
considered to be ;ery approximate, partielly due to the
difficulty of obteining data concerning cPalescencb -and

breakup phenomena.

Experimentally determined corre}ations for
coalescence frequencies are reviewed by Tavlarides a&d
Stomatoudis (75). Investigators have related the coalescence
frequencies to impellor speed, the dispersed phase volume-
fraction, and physical propé;kies of the phases. . The
correlations vary widely in form and in . the predicted
effects of ;ariables on the coalescence frequency. "

1

6.1.5 Modelling Drop Dispersion Dynamics -

«Population Balance Equations

The population balance equation (PBE) modelling

approach provides a framework for the analysis of dispersion
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dynenics'that may also be extended to mass transfer and heat
transfer in dispersions. As applied to the interaction of
drops in a dispersion, population balance techniques amount
to a modelling of the ratel of change of drop size
distributions. There are three processes that affect the

distributions;

1) Breakup- Drops of a paricular size. are c;eated by

the brehkup of larger drops and are lost by their own

"breakup.

2) Coalescence— Drops of a particular size are

created by coalescence of smaller drops, and are lost by

coalescence with other drops.

3) Inflows and outflows from the control volume will
in general involve the gain and loss of drops of a

particular size.
e

An example of the analytical application of popﬁlétiph

balance equations {(FBE) is provided by Bajpai et al.’ (3).

They made a number of assumptions reégrding the aBove

processes that led to a simple éxpresaion for the drop size

distribution. This has been plotted in Figure 6.3. To avoid

the problems in finding analytical solutions te the PBE's,
- _

Monte Carlo simulation techniques have been used (Tavlarides

and Stomatoudis(75)). Figure 6-4 illustrates the interesting
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results obtained for equilibrium and transient modelling of

drop size distributions from several workers.

6.1.6 The Form of the Drop Size Distributions

Several empirical relations for fhe form of the drop
size distributions are shown in Figure 6.3 (from Mugele (55)
and B:ZPai and ﬁankrishna (3)). Most of the relations will
give linear plots on graph paper whose axis are
appropriately scaled. However, in order to facilitate
comparison they were plotted on the same graph using a
special scaling of the axis. Figure 6.3 is a plot of
log(fy(d')) versus d', where:

d=dfop diameter d’=zlog(d)

N= number of drops Np

total number of drops

fy(d’) = 1_ dN ' (6-16)

This format has the following advantages;

.~There may be great differences between the smallest and
Idrgest drops present in the dispersion. A horizontal axis
that is linear iq d (as typically employed in the

literature) tends to "hide" the smaller drops. These drops
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may be of importance to phase entrainment and crud

formation.

~Because of the log scaling of the drop diameter, plots of
volume or area frequency distributions will have exactly the
same shape as the number frequency distributions shown (with

a "compreased” log axis).

That there is some error in the transformation of the
relations to this "standard" form cam be seen from the fact
that the integral of fy(d') with respect to d°’ does not
equal 1.0 for =all of the relations (as required of a
probebility density function). Bajpai and Remkrishna’'s semi
empirical relation is particularly interesting because it is
based on a population balance model of drop distributions as

discussed in the preceding section.

6.1.7 Further Factors Affecting Drop Distributions

The local épecific power.disaipation will vary from
point to point within a mixing vessel. Significant
.differences of drop sizes at different points within the
mixing vessel may (Mok and Treybal (48)) or may not
(Coulagloglu end Tavlarides (i7)) arise in practice.
Coulagloglou suggested that a ‘criteria for determining

whether drop sizes will vary significantly would be the
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ratio of the coalescence frequency of the drops to the
circulation frequency within the <cell. The population
balance equations may be applied if the dispersion flow
within the mixing vessel ana the coale;cence and breakup

phenomena are sufficiently well known.

Some researchers (Bouyatiotis and Thornion (11}, Mok
and Treybal (48)) have found that drop sizes do not differ
between batch and contin?ous operation of a mixer. However,
simulations by Ross et ai. (62) as shown in Figure 6.4
predict an effect of the feed drop size distribution
especially at lower impellor speeds. It might be the case
that the importance of the feed dréﬁ size distribution
depends on the feed flgw rate, tﬁé internal fluid
circulation, the residence time in - the mixer. the

coalescence frequency, and the mean drop diameter.

Relatively Iittle work haes been done at high
dispersed phase fractions (see for example Kolarik and
Pipkin (38), Rodger et al. (6l)) for which the processes are

more involved than for dilute dispersions. As the dispersed

. .
: ~
phase fraction increases the average distence between drops

"decreases dramatically. The structure and behaviour of thin

continuous phase films may have some effect on the
assumption of locally isotropic turbulence,. At high
dispersed phese fractions the relative importance of

coalescence should increase.
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Industrial dispersions will contain surfactants,

-

solidﬁ? and involve mass transfer, all of which can’

significantly alter the surface phenomena that are important
- .

to drop breskup and coalescence. A discussion of these

variables appears in section 8.

6.1.8 Techniques Used in the Study of Liquid-Liquid

Dispersions

MEASUREMENT OF DROP SIZES

The basic technique of measuring drop sizes involves
the taking of photomicrographs of the actual dispersion
within thé mixer. Fiber optics have been employed for this

purpose (Park and Blair (54)) as well 8as conventional

optical systems. Other techniques of measuring drop sizes
are calibrated or verified by direct photography.
ﬁi&h%}gntages of the technique include the tedium and effort

required to'obtain information, and the problems associated
with taking high magnification photographs of dense, fast
moving dispersions.  There is also a tendancy to
underrepresent small drops when analysing such photographs.
To obtain better quality photographs and to be able

to carefully study smaller drop sizes, it is possible to

"freeze" 'drops in a sample withdrawn from a dispersion. This
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may be accomplished by actually lowering the -temper re for
high melting point dispersed phases (Shinnar ¥ﬁEg]§, or by
the addition of suitable surfactants or surfactant-forming
monomers either to the whole dispersion or to the withdrawn
sample. It is obvious thet surfactants should preferentially
be added to Fhe withdrawn sample where possible, as their
presence in the mixing vessel may alter the diséersion

itself. Some success has been attained with this technigue

(Mylnek and Resnick (47)).

For dilute organic-in-aqueous dispersions a Coulper

counter has been used to measure drop sizes (Sprow (73))

The {ep d3g may be related to the

transmissi of light in a dispersion (Calderbank (13)).

This metho haénthe advantage that results are immediatély
known and require eff#rt than photogrdphic techniques
once they are calibrated The disadvantages are that the
actual drop size distdibutions cannot be determined, and
that the technique does rot work wel{ with phases that have

a residual cloudiness aftler mixing.

The direct photography method was used in this
project. With modern image analysis systems, the measurement
of large numbers of drops is made much more rapid and
reliable. Several iﬁnovationa were also made to the

photographic technique of drops in an agitated dispersion
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with the hope of obtaining reliable data.

COALESCENCE FREQUENCIES

Direct high speed photography has not been quccegsful
in measuring drop coalescence frequencies, partlﬁ because
frequencies are usually so0 low as to require an excessive
amount of film to find even a few coalescence events.
Indirect methods have therefore been used to determine
average coalescence frequencies. These methods may be based
on chemical reactions (Madden and Damerall (42)), dye
tracing (Miller_ et al. (45)), and the change in light
transmission with‘time after a change in igpellor spe;d
(Howarth (33)). These may all be used with appropriate

models to éétimate.boalescence frquencies. K”;::;‘\;}mpler

estimate of a.lower bound of the coalescence frequency was
developed by Schindler and Treybal (66) . by taking into

account the change in drop size from the impellor discharge

region to the circulating region of & mixing vessel.
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62 EXPERIMENTAL WORK DROP SIZE DISTRIBUTIONS

WITHIN THE MLXER

6.2.1] Equipment and Procedures
v—_ -

&

Drop size distributions were determined from

photomicrographs of a stream continuously being pumped from

the mixer, through a "window™ and back into the mixer via ’

the feed stream. The a}rangement ;f the equipment is ‘ahown
in Figure 6.5. The .rectenguiar slit that formed the
dispersion channel‘thrpugh the‘window was located behind one
"of the baffles at the mia héi#ht of the mixer. The 'windbﬁ

v

l pumping rate was set to .minimize the number of drops
sticking to the window. Higher pumping rates were avoided to
reduce photographic problems associated with high drop

-

speeds.

Lighting was fouﬂd fo be particularly ‘important .when
taking photographs. The best resulés were obtainéd by
f]ash:\g light through the dispersion directly into the
nicrq cope objective. A light aperture was placed between
the flash unit and the’;{apérsion channel. Its diameter (2
to 3 mm)lwas Jjust farée enough to allow a full field of view
through the camera at lower magnifications. This aided

contrast and detail.

A bidpcular icroscope (Wilde) with a monocular

L]
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projector window 1nse;t
" (to aid

] dispersion channel

flash unit

light aperture .
(fills camera
field of yiew)

- multipower
microscope
-~

35mm camera

o
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Q
fitting.for mounting a camera was used in conjdndtion with a
Canon F-1 35 mm cameral Nominal magﬁifications on the
microscope were B6X, 12X, 25X, 50X. Magnification onto the

-

negative was about half the nominal value. Only the highest

three mignifications were used. Kodak plus X Pan ASA black

and white film was used.

Photographs were analysed by projecting the ﬁegatives
"onto an image analysis tablet that was part of a Zeiss micro
computer based system (Video—Pién). ﬁerely by encircling
drops with a special pen, the arga; diameter, and volume
were immediately calculated. Data was easily treat;d with
the system's classification and statistics programs. The
error in drop diamet;rs 80 measurgd is roughly estimated to
be less than éox; Better résults could be expecte&iby making

enlarged prints of the negatives.

6.2.2 Data and Observations

.

.;\“
Examples of drop photographs and pertinent

N - N
information concerning the drop size distributions for each

~

run is included in Appendix 6.

There was a tendancy for large drops to hide smaller
drops in a photograph of a dispersion, leading ‘to an
understatement of smaller dreop sizes. In hydrometallufgical

appliqations smaller drop sizes may be importent because of
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their -potential impact on settler. performance, phase

entrainment, and crud formation. Drops smaller than about 25

micrometers could not be resclved by the optical system.

The taking of photographs through a "window"” in this

study led to the particular problem of drops sticking to the

wall of the window where they coalesced and grew. 1t was
difficult to distinguish drops stuck against the. wall from
dro;s within the dispersion, which could have led to serious
errors in the frequencies of the large, importgnt drops;
Some correction was made by taking photographs'a f;w seconds
apart and eliminating drops 'that appeared on successive
photograﬁhs. The nominz]l magnification of the microscope was
adjusted to. yield about 200 drops per photo. However, on
some photographs only a very few drops could be
distinguished. Thislwas particularly noticeable at highef
impellor speeds, and is partially explained by smaller drop
sizes, severity of- the 1lighting problems, and optical
1ipitatigns of the equipment that was used. Data at impellor
speeds above 18 to 20 revolutions per second are thercfore
considered to be less accurate. The quality of the

distribution measurements is indicated in Table A.6.1 of

-
o .

Appendix A.6. - Up to 400 drops were analysed for each mean
diameter when good photographs were obtained of the
dispersion. Normal practice (Kolarik and Pipkin (38), Mylnek
and Resnick (47)) ig to analyse from - 600 to perhaps 1000

drops for each data point.

-
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A variety of forms of drop distributions are
illustrated in Figure 6.8, where the log diameter| frequency
distribution (as discussed in section 6.1.6) is plotted as a
function of the log of a normalized drop diameter (the ’
actual drop digpeter divided by the Sauter mean diameter).
Two of_ the aistributions shown resemble the literature
correlations in Figure 6.3. One of the others is dgfinitely
bimodal, and the last has an extended tail of smaller drop

sizes.

o

In Figure 6.7 the average drop s;ze is plotted as a
rfunction of the impellor speed for each_of the series of
runs. Epe lines on the graphs_ are for comparison 'with
theoretical trends, and are explained in Section 6.2.3.
Appendi¥ K.6 contains diagrams of typical drop photogfaph
analysis as carried out on the graphics tablet.

Photographs were taken after 10 and 20 residence times
of operation. A comparison of thé‘mean aiameter‘at the two
times is shown for four runs in Table A.6.2 in Appendix A.6.
Three of the four runs inaicated a decrease in mean diameter

with operating time.

" The organic phase remained hazy for _.a day or two
after being contacted with the aqueous phase. Higher
impellor speeds led to pronounced haziness of both phasas.

No phase inversion (reversa} of phase continuity ip the.
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mixer) was observed.

6.2.3 Calculations and Résults

Lines of slope -1.2 and -0.75 are shown in Figure 6.7

as a comparison to the experimental data (se tions 6-7

and 6-15 for ™ the functional relation ‘tween.the impellor
speed and the maximum and minimum stabl drop sizes in a
dispersion). The lower line (of slope -8.75) on the graphs
maximum energy
dissipating eddies, or Kolmogo ﬁhile the
upper line has a slope of -1.2. of the upper line
corresponds to the trend of the maximum stable drop size in
a dispersion (section 6.1.1). The slope of the lower line
éorresponds to the trend of the minimum stable drop size 1in
a dispersion (section 6.1.2). Note that all the measured

average drop sizes are larger than'q.

&

6.2.4 Discussion

q)As. seen from Figure 6.7 there is not a smooth decrease
in the mean drop size with increasing impellor speed, as
observed by other workers. These imprecisions are due to

problems with the experimental technique that have already

- been discussed, that are especially severe in the present
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work due to the wide range of impellor speeds that were
employed and the high dispersed phase fraction. Thel
photographic techniques were inadequate for impellor speeds
greater than 20 rev/s, but consistently good photographs

were obtained for speeds less than about 15 rev/s.

Comparison of Figures 6.6 and 6.3 shows that the
experimental distributions sometimes showed significant
fractions of s;aller drop sizes that are not predicted by
common correlations..‘This effect is noticeable at lower
impellor speed and could be present but not accounted for at
higher speeds due to the difficulty in distinguishing small
drops. ‘The distribution at higher speeds is fairly well
represented by correlations of Bajpai and Ramkrishna, Bayer,
and Mugele thdt appear in Figure 6.3. Bajpai'’s correlation
is doubly atiractive because of its’ simple mathematical
form and because it was derived from a population balance

analysis,

Experimental bimodal distributions have been reported
by several workers (Kolarik and Pipkin (38)}), Bfown and Pitt
(12)) and are predicted at low impellor speeds by population
balenrce equations (Ross et al. {(62), Hsia and Tavlar}des
{(37)). Their expepimental wo;k was for batch mixing. The
ratio of the drop diameter of the upper mode to that of the

lower mode was about 1.3 to 1.8. Kolarikﬁﬂﬁggested that this

might be due to a coalescence-redispersion mechenism, for which
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the ratio 1.8 indicates thé breakup of drops apéroaching the
maximum stable drop size into five or six smaller drops. The
models of drop distributions, such as Figure 6.4 from Ross,
assume that only two drops are formed by breskup, but they
take into account continuous operation, so the upper mode
corfesponds to the drop size of the feed, and the lower mode
perhaps corresponda to the mode of a batch operation. In
this case from Ross, the ratio of upper mode to Jlower mode
diameters is about 2.5. The bimodal distributions obtained
in this éxperiment_at lower impellor speeds yield a ratio‘of
as much as 8 to 10. It is possible that the two modes
‘correspond to the minimum and maximum stable drop sizes in -
the dispersion, resﬁlting from the coalescence of small
drops to the minimum stable drop diameter, and the breakup

of large drops to the maximum stable drop diameter.

Data in Figure 6.7 show a definite if irregular
decrease in mean drop size with @ncreasiﬁg impello; speed.
The mean drop sizes are larger than the cualculated
Kolmogoréff length rcale, n (lower line on the grapha}.
Because of the scatter in the data, no conclusion can be
made as to whether the trend in drop sizes fdilows the
predicted trend for the maximum stable arop size (the line
of slope -1.2) or the predicted trend for the minimum stable
drop size (the slope of the lower line). Because of the high

dispersed phase ( fraction and consequent increase in

coalescence in the dispersion, one might expect a trend that
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lies between the two extremes.

It is seen by comparing Figures 6.7e, b, ¢ and d that
the mean drop diameter varied from one series of runs to the
next. Drops were ”zargest in the slow extraction run;,
followed by the astripping runs, then the fast extraction/no
extraction runs. In compering drop sizes for the different
geries of runs it is helpful to predict the effect that
different physical properties could have on the results. A
short and simple analysis - was carried out in Section 3,
where at most a 25X change in drop sizes might be expected
due to differences in physical properties for the different
series of runs. This cannot account for the observed

*

difference of a factor of five in Figure 6.7 between the d3s

values .between the series. Poshibleyexplanations for the
diffgrences are the presence ;f solid mass transfer, or
possibly scome form of contamin affected surface
.--properties. In Figures 6.7c and d the effectls of solids and
mass transer cannot be entirely sepérated. as both were
present in the slow extraction and the stripping series.
However, series with a combination of so0lids and mass
transer may be compared to series little or none of both. At
- '

lower impellor speeds, drop sizes are much larger for series

with mass transfer apd solids.
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6.3 CONCLUSIONS
’ I's

The techniqueé developed for photographing dfops from

the mixer allowed standard equipment for photomicrography to

-

quused for this project. Conditions of lighting and the

arrangement of the photographic equipment were easily

modified and adapted. The mean drop size data from the

experiments was' not sufficiently accurate to test dpecific

functional relationships betltween the wmean drop size,

physical properties, and turbulence in the mixer.

-+
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7. MASS TRANSFER

7.0 OBJECTIVES

As described in Section 1 of this report, the

objective of this section was:

To develop a phase sampling technique for.the
determination of mass transfer efficiencies in the
mixer. The resulting data would then be studied in
light of information and estimates of chemical
eéaflibrium, physical properties, turbulence, and drop

size distributions.

.

Uranium,ﬁransfer between-rgﬁé agqueous and organic
phages occurs within both/the mixer and the settler. 'The
majority of the tranSfer takes place within the mixer for
the system being studied in this project. This section deals

only with processes affecting uranium transfer in the mixer.

o«

-

Two simple mass transfer ﬁodels were developed as a
basis of comparison to +the experimental data for mass
transfer during extraction. Predictions of the effect of
different variables on mass transfer. efficien;ies can be
made with the models. Data and calculations for this

_section are given in Appendix 7.
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.1 TERATURE SURVEY

7.1.1 Stage Efficiency ipn the Mixer

The Murphree stage efficiency of uranium transfer is

defined as;

EHB = amount of uranium_actually transferred

amount tran-ferred at equilibrium

X —X¢ Y “¥¢
{(7-1)

Xe Xt Ye;yf

where x and y dencte the aquecus and ;rganic concentrations
of uraniul and the subscripts f and e refer to feed and
equilibriul concentrations respectively. Some of the factors
that affect the stage efficiency are discussed in the

-

following paragraphs.

Mclecular diffusioﬁ and turbulence promote yixingg
within the bulk phases. This also ensures that all reactive
complexes come in contact uith'interface- where exchange of
materials betueen phasea may take place. Molecular diffusion
for small drops il a rnpid procels because diffusional paths

P

are very short and interfacial areas are large.

Physical properties at and near the interface will

— o ——
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affect processes such\\as the breakup/coalescence of drops

‘and mixing close to the interface. These physical praperties

in turn are affected by the presence of surface active
agents - (such as the exgractant molecules, phase modifier,
solfds, breakdown préducts of the organic materials in the
leach, and contaminants). High rates of mass transfer across
an interface have been reported to affect the local valucg

of interfacial tension (through the Gibb’s and Marangoni
o

- .effects that are explained in section 8) and the local mass

transfer coefficients (Bird, Stewart, and Lightfoot

(10p656)).

The probabi{i:z/tgzz\é\given fluid element will rest

within the mixing vessel for a. given length of tiﬁe'is
described by t;e residence time distribution (RTD)} . for tLhe
operating conditions being considered. The RTD © has an
important effect on t;e stage efficiency, E.- In the” case
whegé_ high efficiencies are desired, fluid elénents that
stay in the vessel foé times- much less than the average

A )
residence time can reduce the actual effhcicncy. ~The RTD of

highly agitatéﬁ vessels appréaches the ideal relation

\ -
(Levenspiel (40p2§UTT{ . '
5(t) = expt/T ™ IR G 25 )

T
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where &(t)

= fraction of fliuid elements that are ieaving the
reacter whose residence time was between t and
t+dt within the reactor
T = average residence time {(space tima)

Evenlthough fiuid "packages” witﬁin a stirred vessel
may be very well mixed together +the fluid within the
ipdividuall packages is not ﬁeéessarily weil mixed,
eépecially for high viscosity/low diffusivity systems. In
the case of liquid-liquid extraction this is of particular
importanc; for the dispersed phase, for even ih highly
agitated vessels the small drops may act as.;igid spheres
and have very little internal circulation of fluid. It is

sometimes . assumed when modelling mass ;f%nsfer for

liquid-liquid systems that perfecﬁ mixing occurs in. the

"continuous phase, bﬁt that mixing within the dispersed drops

only occurs with drop interactions (coalescence and

breakup). (Tavlarides and Stamatoudis (75)).

J

*
' Drop size distributions will affect the completion of |
mass transfer. .For example, the mass transfer out of very
large drops is, slowqr than for average sized drops, which

wi*l tend to reduce efficiencies.
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7.1.2 Modelling Mass Transfer in the Mixer

Two simple models were considered for the prediction
of the ‘efficiency of uranium transfer within the mixer.
Papers that are concerneq with mass transfer in
liquid-liquid dispersions includg Curl (20), Miller et al.
{(45), Spielman and Levenspiel (72), and Flynn and Treybal
(24), and Ho;e}l et al. (36). . Mass transfer studies of
uraniu; “complexes that aﬁiggﬂpecially interesting to this
project include Murdoch and Pratt (50) and Horner et aL;

{31a). Literature covering mass transfer in liquid-liquid

dispersions is reviewed by Tavlarides and Stomatoudis (75).

The following assumptions have the effect of re?ucing
the 'models to a ;imﬁle mass tranéfer proces? ‘éf a
hypothetical uranium complex from ene phase to the other.
This would hopefully giveA some idea of the efficienc§ of -
uranium' transfer that could be expgcted from- simple mass
transfer alone. A comparison with the actual ré;uitg could'
theﬁ indicaté‘thaf either Fhe p;ocess is well represented by

a simple mass transfer model, or that one of the neglected

steps is important to.the overall transfer process.

1) The disperséd phase forms uniform drops immediately upon
entering the mixer and coalescence/dispersion effects are

assumed to be negdibible.

»
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2) ‘Any changes in bulk phase acid or extractant

concentrations éan be neglected.

"3) The interfaéial reactions, interfacial resistances,
adsorptioh and desorption of complexes are assume& to be
fast in relation +to bulk phaée mass transfer, so that the
aquebus and organic species are in equilibrium’ at the

interface.

'Y

-

-y

4)Y Assume the material flux across the interface to be too

low to affect mass transfer coefficients.

5) Assume that ‘aqueous and organic components, other than

-the' hypotheticalﬂﬁranyl complex, remain in their respective

phases, and that'the ﬁhases are immiscible.
i >

6) Assume no volume changes during mass transfer.

=~

MOLECULAR DIFFUSION MODEL

In this model, it 3is assumed that each drop 1is
surrounded by a sheil of continuous phase that rests with it
for thé duration of &ts stay In the mixer. The continuous
phase shell is assumed to be completély m{xed. Mass transfer
within the drops is by molecular diffusion, and the

residence time distribution is that of-a wéxi'mixed vessel
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(equation (7-2)).

.Thé degr%é of completion of mass transfer for a drop
resting a given time within the mixer is then described by
the relationship in Figure 7.1, which is presented by ,Crank
(18). This may be combined with the residence time

distribution to give the overall efficiency:

F(t)E(t)dt : C(1-3)

LT

M

Calculations of the Murphree stage efficiency, E,-are

summerized in Table 7.1. For details of the calculations
refer to Appendix 7. An estimate of 9*19’5 cmés” ] vas used
for the diffuéivity of the aqueous pyanium complex

U02(804)3. The curve in Fiéure~7:1A for 100% transfer of
uranium from the aquéous to the organic phase (that is
labelled 0, referring to the percentage.of ua@erial that is
not .traqsferped) was used in the calculgtions. ~This curve
closely approximates the high e;tractions obtained in the

~

experimental work.
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Numbers on the curves refer to the percentage of
material that is-not transferred from one phase
to the other at time t=-,-

Mt -amount.of solute transferred from a drop
at time t

M, -—amount of sblute transferred as t approaches
infinity

-diffusivity of the solute in the drop

-drop radius '

-time

Lo

. , _
Figure 7.1 UPTARKE BY A SPHERE FROM A SOLUTION

¢
OF LIMITED VOLUME (From Crank (118))
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MASS TRANSFER COEFFICIENT MODEL

Mass transfer coefficieﬂtsihave‘been ocbtained for a
" number - of systéms, and- may be useful for bredicting
coefficients in equipment similar to that wused in the
original studies.;Correlations of mass transfer ccefficlients
applicable to ligquid-liquid extraction ars reviewed by Perry
(55p21-62), Hanson (27p386), and Glasser et al. (25). Two
such studies for +the continuous phase - mass traﬁéfer
. coefficients are Harriot's (28) work on suspénded solids and
Mok and Treybal’s results (48) for liquid-ljquid systems,
which is related to Harriot's work. These studies involved
systems for which the interfacial concentration was known -
(negligible mass transfer in the dispersed phase and a
constant interfacial concentration).
’

The calculation of the stage efficiency involved
finding the  bulk hase conceﬁtrations and  average
interfacial concehtration that resulted,in the apﬁropriate
overall mass transfer for the giGen stage efficiency. The
approach resulted in the solution of four simultaneous
equations which are listed bglow. Detailed explanations of
the apbroachlare given in Appendix A.7T.

p]
continuous phase Sh = 2 + 0.6Rel/28c1/3  (7-4)

. coefficient
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‘dispersed phase kq = -d In|g3 ﬂnz expl——F (7-5)
coefficient 6 8 d2

i

g(xao)-h(xao)
interfacial aqueous x,, = :gy (l-xa;X\ + f;o (7-6)

concentration ky 1- g(xg0)
R J
B : )
) Caq (l-Xgo) [¥ai~Xab]|- -a
mean residence T = , (7-7)
time 5 ky(1+0/A) | xXgo—X%ab
The ' mass transfer coefficient approach involves many

assumptions and judgements. It is an approach that does not
readily incorporate factors such as the residence time

diastribution.

T —

~
PREDICTIONS QF THE MASS TRANSFER MODELS

{\

The stageé effiiciency predictions of the two models
for the fasi and the slow extrac;ion runs are summarized in
Table 7.1. They/are also shown alongside experimental data
iﬁ Figure‘7.4. e first surprising thing to note about the
results is that tﬁo very different approaches vyielded
similar results. Both models ;redict that stage efficiencies
for the fast extraction Euns would be greater than for the
slow extraction run;, largely because of the differenée in

the assumed drop. sizes. The maess transfer éoefficienf

analysis predicts that the aqueous (dispersed) phase
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Table 7.1 Predicted Mass Transfer Efficiencies
Diffusional Model and Mass Transfer Coefficient Model

Impellor Fast Extract. . Slow Extract.
Speed dzz  Bp EmT " d3g Ep Emr
(s71) (pm) (%) (X) (pm) (%) (%)
7.5 300 97.1% 97.5 850 "83.1x%x 81.0
8 285 97.3 97.8 800 84.6 83.1
9 245 97.9 98.3 640 89.3 B9.2
10 225 98.1 98.6 540 92.0 91.6
12 175 98.6 99.1 410 95.0 95.0
15 135 98.9 99.5 275 97.4 97.6,
20 : 97 99.0 99.7 170 98.7 99.0
25 74  98.0 99.8° 120 "98.9 99.5

Ep - stage efficiency predicted by the diffusional model
Eyp- stage._efficiency predicted by the mass transfer model
dgo~ assumed average drop sizes for the two



registance is controlling because of the great preference of
the uranyl species for.the organic phase. For much higher
aqueous phase concentrations of uranigm the continuous phase
resistance would become more important as the eéuilibriuﬁ

curve "flattens out"” (see Figure 3.4).
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7.2 EXPERIMENTAL WORK - URANIUM TRANSFER

-

7.2.1 Eguipment and Procedures

Sampling of the ﬁqueous and organic phases within the
mixer was carried out by the. use of phase preferentially
wetted filter papér supported on porous teflon discs. The
discs were insﬁélled flush with the mixer wall in the upper
half of the mixing vessel, and permitted the independant
sampling of each phase direcily from the .mixcr dispersion.
Each sampling wunit was connected to a vacuum system that
allowed the controlled withdrawal of fluid. The arrangement

of the mixer sampling system is shown in Figure 7.2.

Five to ten 10 minutes of sampling time was required
te get a 50 -ml, sample of each phase, allowing only one
sample to be taken per run. With excessive vacuum or
fncqrrect selection or inétallatidﬁ of the %ilter papers,
entrainment of thé unwanted phase would occur 'in the phese
samples. This was especially true of the aqueocus bhase
sampler, possibly because ordinary fiiter paper was used
instead of a strongly aqueous\wetted material. The filter
papers ﬁére chang?d frequently‘between runs, especiglly for

stripping runs, when precipitates collected on the aqueous

paper, or for runs which contained suspended solids.

An importent question 1is how representative the
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Phase sampler Air bleed-vacuum control

Mixer
° sample
flasks To vacuum
2"-5" Hg.
T 7 Overflow and
ﬂ ﬂ dessicant flasks

neoprene O-ring
filter paper
porous teflon disc .
main body 2.5 em O,D, . . ,
vacuum and drain tubes

Figure 7.2  pPHASE SAMPLING ENUIPMENT
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]

samples were of +the contents of the mixer. No tests were
performed to check this (eg. changing the position of the
phase samplers, varyiné the sampling conditiomns, etc.);—‘Due
to the good aéitation within the mixing vessel it is
probable that fluid coming into contact with the samplers
was fairly representative of the mixer contents. The
mechanism of phase withdrawal does allow for some _error.
especialiy for the dispersed phase. Figure 7.3 illustrates
that as a droplet breaks and spreads onto the aqueéus wat
filter paper, it would be well contacted with  the
surrounding organic phase, -giving rise to a certain amount
qf mass transfer that may be significant . for large drops.
The drop contenﬁs ‘'would alsc rest on the filter paper for
some time before passing to the other side of the'paper.‘Fbr
this experiment, assuming an aqueous film thickness of 50 to
250 um (0.05 toF0.25 mm), a 50 ml phaéé sample taken in 5
minutes, and a 3.8 cm? filter paper area, tHe.meanlresidence
‘time is 0.12 to 0.58 seconds.- This is small iﬁ comparison to

'the average residence time in the mixer (60 seconds}.

o
‘

Phase samples were also taken at the outlets of the
settler. For selected runs portions of the settler samples
were mixed together at the feed O/A ratio 1.5:1 to allow a

double check of the equilibrium gndpoint of the expraction.

All phase samples were filtered in orde} to remove

traces of the unwanted phase (eg. organic films in aqueous
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Figure 7.3 DETAILS OF THE PHASE SAMPLING FROM
- THE MIXER S
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_results accurate to 5%, but larger errors may result from

mixer, in the settler, and for equilibrium. isht Cof
. ' ] ' quilibriu Consais Egéz:dy
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phase samples). They were then analysed for uranium
concentration at CANMET’s analytical laborafozyﬁby an X-ray
flgorescenqe technique. The analytical fechnique shogld give
. - o
sample preparation (dilutions error and sample withdrawl

error). . (See Snell and Ettre (71) for details about the

uranium analysis.)
F Y
L ]
7.2.2 Data and Observations

P

1Tab1es A.7.1 to A.7.3 in Appendix A.7 summarize the

measured uranium- concentrations for both* phases in Jlhe

o

the results was checked by mass balance calculations), which

~___
indicated errors of up to 39% in an extreme case and 11% on

- -

average.

To a very limiled extent, the completion of -urunium

tranafer cpuld be followed visually during the runs by

‘noting the colour of the two phases iqfthe sctiler. . Urapium

concentrations gbove 1 g/L gave a yellow colour ;6 a phase.
Only runs carried out at the lowest impellow speced showéd

signs of incomplete mass transfer, and . then . only for the
. L] ! .

casegs for the cases of strippiﬁg and "dlow" extraction.

. ) N g

- K -
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] . h - . .
P : When the initial aqueous sirip phase and the . I'oaded

organic phase first come into_cohtﬁct, there was a tempdféry
. formation of precipitate due to 'the' ﬁigh initial' éqhq;us'._
 éhaae pH. ™s stripping progressed the-pH Qas_lowegéd by the
release of suifuric acid into }he_ aqueocus phase;‘
redissolving the uranium. ‘Experiﬁeppally th}s was observed
- -whcn: the q eous and organic--phases were initially

introduced to the\gtixer prior to starting a run. Also, 1in

e slowest impellor speed arnd

the stripping run
shortest residence time, aqueous-drops coalesciné wfth the

e e ﬁhﬁg?rated aqueous phase in the settler gave small "bursts”
v AR . " . )

of precipitate which subsequefitly iended.toz dissolve. The

[ 1

- w1

formatiqn of a certain amount ofm5231§3 in the dispersicen

during stripping could pévq affec;ed drop <coalescence and
Y. ;hercfprq mass transfer.  (See section 9 for a more compléte
. discussion of the ,effecf‘fﬁf\ qélid& on éaalescencen)
‘ - % v ) : . e

s - - § .

-

£;2.§ CglFU}ationﬁggnd Results -, = —
‘ V "; -\; i . o,

Y

ﬁr f : . The equilibrium urenium  loading in the-érganié phase
Vs . N 5 N .

"was - 0.9 g[ﬂ for the faﬁf extractionA;eries and 3.8 g/L for
v the slow extraction éeri;s..'wﬁén conp;rcd,with thé maximym
.o uranium louﬂgng .in ‘the organic of 4.4 g/ﬂ this means that
the degrece gf organic lbading'was 20X and 86X for 'Lhe fast
ghd' slow scries reapectiv?ly. t Calculated wvalues of the
: Hurpﬁrce sthgc‘efficicncy of wuranidm transfer within the

..
[+
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_ discussed in section 3.3. o

159

~
- C
v

mixer .are, shown in Figure 7.4. Also shown are efficiencies

calculated for the extraction runs based on the simple mass

..

transfer models thqt .are summarized in Table 7.1. It‘is

5

\_p- -

immediately apparent from‘Figurg 7.4‘that uranium transfer -

’

was sqpstaﬁtially ( >8 X) compietqd within the mixer for

all rupns. Data from the phdsé . samples from thé ‘gettler

v . . -

_indicated that mass transfer was essentially compléted in

the settler dispersion band (Tables A.7.2 and A,7.3).

L3

Figure 7.4 indicates a trend of increasing efficiency

L

with increasing impellor speed for the extraction series.

Incréasing solids content in the feed also appears to have’

resulted in increased efficiencies, possibly as a result of
improved droplet coalescence which more than compensated for
the - larger drop sizes associated with the higher soli?s

conccntr&tidns.

The calculated results for mass-trqggfer in the case

L4
of .stripping were in the range of 88 to. llUt efflciency,

-

[8

. x :
{there was obviously a fair amount of errqr_1n the rcsyltg)

indicatipg high efficiencies even at low “residence tines\

L

) . »
The error in the strippiqg results was greater than for Lhe

extracéien‘runs (see Table A.7.6 in appendix A.7). It is

thought that this was largely due to pH control problems as

[
i
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.

Discqssion

The fast extraction runs ﬁad a preacidified organic
phase, 'and therefore extraction simply involved anion »
exchange betwéeg agueous ‘ufanyl' coﬁplexes Land
extractant-aéid complexes in the organic phase. The “"slow"
extraction funs required that sulfuric acid first be taken
up by the extractant molecules Before the aqueocus uranium
could be extractéd. Slow extraction runs involved.loading‘
thé extractant to a much ‘B}gher degree than the ’fast
extraction runs (86 vs 20%). There were differences betﬁ§;;
ff*/d// drop sizes for-the'different sets of runs. Due to the larger

drbp. sizes, +the higher 'dﬁgiee of uranium loading in the

R - ‘ .
organic phase, and a more involved extraction process one

would expect the félow" extraction runs to have a lower

®
: ) |
stage efficiency, E, thangthe fast extraction runs. This was
U 3 &
the case, as illustrated in Figure 7.4. e
. ' . ;
. . . ' A
The rapidity of .the extraction and stripping.

\Yﬁl processes were well illustrated by the results. This
ﬁr;sentggi¥froblems of obtaining goad data from which the .
ﬁeéhanisms of' extraction could be évaluated.,Ryon and Lowrie
.(85) found that oefficiencies were " high even at residence —

times of only.5 seconds (Fbr extraction at impellor speeds

-
I

‘above SOO'rﬁm). 4

The two mass‘transfer models for uranium -transfer




_gave similar predictions of the stage efficiency, E. With

both models it is the drop size that largely‘ determines E.
The drop size‘in turn is strongly influeﬁce by\thc‘impellor
speed and the presence of solids. The diffusional model was .
the simpler of the two models. It was ;lso é more flexible
approach te¢ analysing mass transfer, being eble to easily
incorporate residence time distributions. A coﬁparison of
experinéntal results aﬁd the simple models.of mass transfer

does not clearly indicate whether the stage efficiencies are

' appreciably affected by factors such; as the interfacial

‘reactions, adsorption and desorptio( of surfactants, or the

depletion of extractaﬁt.

7.3 CONCLUSION

The phase sempling technique thet wes developed for
this project was useful for, determining the analysigiof each’

phase in the highly agitated mixer. The filter ers were

easily changed when dirty or torn, and allowed samples to
)

" withdrawn over the course of a run in quantities sufficient
- ¢ *

'fog nnqutical purposes. Mass transfer efficiericigs fol the

i
‘o

" mixer were found to be grecater than 85% for all of the runs-

High stage efficiencies were thus obtained over the range of
v .

conditions used in this project. ) \\
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8. SETTLER DISPERSION BAND HEIGHT AND PHASE ENTRAINMENT

8.0 OBJECTIVES _ —

iy
'Qs deécribed in gSection 1 of +this report, the

objective 'of this section was:

To observe- the behaviour qf £h§ dispersion band
height and phase entrainment in the-bgttler during the

course of the runs.
A\

While intense agitation is used in“fhe_mixer to ' yield
smali drop sizes -and ggod mixing, conditions in the settler
are calm in order to allow drop coalescence and complete
pPhase separation. Large amounts.iof axpensive organic
extractant are often contained wiphiﬂ the setflers of a
solvénél extractant prbcess, réﬁregenting an important
capital ;gst'in addition to the cost of the large settler
equipment -itself. - Losses of e;tractanﬁ ;Qhrough phase

i . - .

entraihment can be an important operatiné cost to a solvent

extractant . circuit. It 4is therefore imﬁortant_to know how

the settling area requirements are affected by operatiﬂg ‘

+.

conditions of the mixer/settler. .'Data and calculations for

this section are given in Appendix 8. . - co

i
]
i}
w
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8.1 LITERATURE SURVEY

8.1.1 Introduction-_The Settler and its Operation

The purpose of the settler is to allow the dispersed
phase droplets to coalesce, thereby'Separating_the'arggnic
and aqueous phases. In its simplest form the settler is
merely a chamber, but speq;al internal coalescing-aids are
sometimes used. Industrial qperatibnlusuélly regquires that
the dispersion form an even Eana within 'the setflerh
maximiziné its capacity. In thils project a simple box-1ike
settler was used to obtain dispersions 6f uiiform thickness.
An grticle' concerning the performance of ' such settlers
.written by Barnea and Mizrahi (5) was the basis on which the
present ﬁork is analysed. A sécond paper by the same authors
also describeé-éspects of 5ettler operation - and™’ Ldesiéﬁ

(Barnea and ﬂizrahi"(4)).

" Figure 8.1 illustrates fhe processes obcuring within
a settler as described by "Barnea for an oil in wate;
dispersion. The upper.sdrface of the diépersion bagg is’
where the dispersed. oil @rops coalesce with the separated
oil phaﬁe. It is called the coalescence front. The ldwér
face of the dispers}on'b?nd, o:rsettling frogt, is whe£e the
agqueous phase leaves behind smaller-d}opa of oil and:beéoﬁes
part of the clear, gg_parated aqueous phase The dispersion
band itself may be divided into three horizontal .sublayetd“

according to ‘the local volume fraction of the‘disperqed‘

‘pﬁase. #4d - .



o

Figure 8.1 STRUCTYURE OF THE SETTLER D
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Within the "stratified fluidized bed” sublayer
adjacent to tie settling front +the local dispersed phase
volume fraction, ¢4, decreases to-zero as the interface is
appr;ached. Here the smallest drops in the band tend to be
carried away with the continuous phase: but their settling
velocity (back into the dispersion band) increases
dramgtiéally because of the decreasing ¢4.as they separate

from the band. (See the discussion about hindered settling

~velocities below for a full description.) This sublayer 1is

" only a few drop diameters in thickness.

The "oven concentration” sublayer has an
approximately .uﬁiform dispersed phase fraction, ¢4. Small:
droplets from the feed dispersion are carried into this
1a&er:by t+he continuous phagé. Drops in this sublayer are in
a fluidized . state, free +to move around and collide with
neighboring drops. They coalesce with other.-drops in the
';;blayer until they are sufficiently la;ge to settle against
the “current” of continuous phasé that flows towards the
s;ttling front. This sublayer therefore serves as a hol@up
vdlume that. 'adjusts toe feed coﬁditions (i-e. :drop sizes
being fed to the settler and total flowra;e) t? allow small
drops to grow to the point where they join othBr lar e drops
in tg;‘;;i:d zone, the dense sublaye:. According_to Barnea
the evea concentration s?blayer“accounts for .about 80% -of

‘the dispe;sion band;
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- 8.1.2 Drop Breakup in the Disgersibn Band
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The "dense"” shblayer consists of closely packed drops
separated by thin films of continuous phase. The drops are
not free to move around, and will in genera} be deformed by
the tight packing. Interdroplet coalescences occur as the
films araln. The drops advance towards the coalescing front
as ;oalescences occur between :drops at fhe front and the
separated dispersed phasa. The dispersed phase fraction

.

increases within the dense sublayer as the coaleséence front

is approached. This sublayer makes up about 10-20% of the

dispersion band.

The feed dispersion enters the disperéioﬁ band at mid
height, and according to Barnea it flows +towards the
-eqélqacing front. - Larger drops immediately join the dense

K.L.EQT'J--V .
sublayer, while smaller drops tend to be carried with ' the

cpntinuous éhase into the even concentration ;ublayer where
they coalescg with other small drops as described above.
Barn;a referred to the entrance path of the dispersion feed
as the chimnqy .(see Figure 8.1). The ‘;?para‘!:.ed light phase

is removed by an overflow, the heavy phase is drawn from the

bottom of the settler.

. As }xs‘-tl_';o_.e in the operation of the llnixer_, droplet

coalescence and breakup are important ‘processea'laffectinc
1 . ‘ '.,. : . . A . N

-

Py



189

the functioning of +the settler. However, whereas drop.
breakup is the more rapid of the two processes in the mixer,

coalescence predominates within the settler.

_A description of drop brgakup was given in Section 6

_which was mainly concerned with highly turbulent flow.

Conditions within.the settler are necessarily calm, and for
this case a possible cause of drop breakup is:provided by,
paradoxicallye drop coalescence. As illustrateq in Figure
8.2 the coalescence bétween a drop ang a plane interface may

produce small secondary drops. Whether this may occur as a

. result of coalescence between drops is not clear, and the

point is an important one. For example, assume that very

small dispersed phase drops are formed at the. coalescing .

front (a drop-plane coaleséence)L In order that these small

drbps' be Jpntrain?d within the continuoug phase, tﬁey must
pass through the adense éublayer,_ the even concghtration
sublayer, and the stratified fluidized bed-subiayer. It is
likely that they will coalesce before doing that: However,
assume now that small drops may bae formedAby interdrop
coalescence within the even goncentration or - stgﬁtified

fluidized bed sublayers. It is much moreflikely that small

‘drops formed in those sublayers will be carried away by -the

continuous phase without coalescing with other drops. |

o
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8.1.3 Drop Coalescence in the Dispersion Band

b
-

D op coalescence—may be considered to occur in three

stages- anson (27p300)); approach or collision of drops,

. the draining of the intervening gontinuous phase film. to a
critical.'%hickhess for which film rupture may occué, and
finally the rupture of the film and redistribution of drop
contents .80 as to form a 31ngle drop The film drainage step
is. resognized to be an’ important factor governing
coalescence frequenpiés in drop. d}spersions. for even
'f;equgﬁt collisions among drops may not: %éad to high
cqélescencb rates if thé duratioh_of the contact times ;sf
too low to pérmit film éfainaéa.  Film ?upture' and
istribution of the drqp. contentsE are very rapid

processes. !

- a

Smoluchowski- (70) proposed'a model for the ‘frequency.
. :

of coalescence of pafticles in a dilute dispersion that ﬁqve

- about randomly according to Brownian motion;.

dN = -ks*N2 , _— (8-1)

where N is the hﬁmbbr of coanlescences and ka is a- constant.
o »

-SmoPhchouski stuﬁdd- coafescence upon contact (i.e. the

Fa

.collision rate is the rate determining step in a quiescentf

dilute dispersion for _which “bouncing” .of particles is
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- . . . - . -‘( . .
: /\‘_’ _ Inertial and viscous forces i

‘ .‘u ) O ' . ‘ |
' = . e . '
. : ~ .
. ] .
A B G
Approach of a pair of drops. A,formation of a "dimple";B,distortion without
dimpling; C,formation of a flat ella.(Kitchener & Mussel White (B7 ),

\

-

a. Diffusion out of a drop promoting flim thinning and coalescence.

-
B . . i

b. Diffusion. into a drop reducing coalescence g
Effect of mass transfer on coalescence for the cage when the gsolute reduces
the in'terfacial tension.

GIBB'S EFFECT —_— ‘
—_— t 5
. ' Depletion of surfactant due to flim thinning. -
L _A 1 k_ an illustration of the
L\ formation of a foam
MARANGONI EFFECT gas Liquid

Lag between the creation of new interfaces and the

- adsorption of surfactant.

Fgure " 8.3 DYNAMIC FORCES AND (’IOALESCENCE.
(Jeffries & Davies (27p539))
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negligible.) Barnea (5) utilized thé above&‘relation for
expr;ssing the collision | frequency in the somewhat
concentrated diépersion o} the even concentration sublaver
of'the settler dispersion band. In the case of the dense

- ’

sublayer, 'as noted by Barnea, the drops ere in continual

’

contact and film drainage alpne controls coalescence,
i :

Upon approach to ancther drop or " a flat interface,
the surface of a drop will in general deform? eii'br forming
a flattengﬁﬁgurface at the point of appreoach or even forming
a "dimple" as illustrated in Figure 8.3. Several analysis of
‘the rates of drainage of such ftlms have been carried out
for various systems. A(seé for example Hanson {(27p513)).
Numerous forces can affect the drainagé of films, even to
the extent of m‘king an emulsion stable. This is discussed
ih more detail in the section "Surface Forces in Liquid

Lamella".

The rupture of liquid films appears to be a random
process that occurs when the film is sufficiently thin,
Typical film thicknesses at rupture are from 50 to 500
Angstroms (cf Vrij (80p23), Hanson (27p535)). Once

initiated, the rupture and formation of a new spherical drop

occurs very rapidly. ﬁﬁ;
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8.1.4 Surface Forces in Liquid Lamella

As mentioned in the previous sectlion, the forces

present between two drops will have a great ect on the

coalescence and even the stability eof & dispersion.

Kitchener and Musselwhite (see Sherman (67p77)) have"

reviewed this subject. R

4

STATIC FOROES AFFECTING DROP COALESCENCE

Surfacg or ipterfacial forces may be categorized as
being "static" forces which are independant of drop motion
and "dynamic" forces which resist drop motion or fluid
motion within the thin film between two drops. "Static”

surface forces may also be classified as acting in the plane

of thé interface-(éurface tension and the associaled surface
pressures- which Derjaguin has called surface forces of the

first kind), or perpendicular to the surface (surface forces

of the second kind). The surface forces of the second kind

may be either forces of attraction or of repulsion between

drops’,

-~

. ‘ -
The interfacial tension is affected by surfactants

present at the interface and by the nature of the phases

adjacent to the interface. A close packing of surfactant

o~

mollecules creates a sur%ace pressure that tends to reduce

the interfacial tension (Becher (8p21)). Likewise,
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| 1

variations in the concentration of solutes close to the -

interface (in either phase) may also alter the interfacial
tension. For examplé, the addition of atrong‘electrolytes to

pure water often has the effect of raising the interfacial

tension, while the addition of surfactants to aqueous .

solutibps can lower the interfacial tension (Becher
(Bp24)). Dynamic changes in the local values of interfacial

tension are discussed in the "dynamic forces" section below.

The "static" forces acting perpendicular to an
interface (surface forces of the secon kind} can be
classified as being attractive forces aiding coalescence or

repulsive forces that tend to give stability to an emulsion.

The principal static attractive force acting between

drops is the London Van Der Waals force that exists between

similar molecules. ’

-~

Repulsive forces may be electric or mechanical in
nature. Surfactants or solids adsorbed at an interface may

-—

have a preferential charge, which then results in a charg&d
layer at the 1interface and a diffuse counlercharge that
builds up in one or both phases. Thus, an electric double
layer arises Jaich is similar in nature for all drops in a
dispersion, and as a result there is a mutual repulsion upon

close approach of drops. This is illustrated in Figure 8.4.

The electric double layer and associated repulsive forces

-
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ELECTRIC DOUBLE LAYER THICK, TOUGH POLYMER
REPULSION FILMS

0il droplets stabilized by a coating of mineral particles.

(quartz powder,rendered hydrophobic by dodecylanine hydrochloride).

[

(Kitchener & Mussel White( g7 ).

-‘I 'r-.

Figure 8.4 STATIC FORCES AFFECTING DROP COALESCENCE.
v



177 : R
f .
are related to the zeta potential, which is calculated from
the velocity of a suspended particle under an ‘épplied

electric field.

The presence of surfactants at.an interface ‘may also

give rise to a strong interfacial film that mechanically

rebists close approach of drops, thus preventing coalescence

as ghowﬂ\fh\Eigiij\8.4. I \\“x-ﬁ_.f’“’

™~
~ k!
”H«ﬁfzfﬁhikagg.narnea 46 ) have prosze:w::_/%ggggaating
."—_ _. o - \?\‘_. N R -
mechanism that predicts the effect of fin olid ;Ert;cles
added to  dispersions. A solid particle that is .
\\\ [ - - * \

e preferentially”‘wetted by one of the phases, but only
\\. .

T .
slightly so, will tend to collect at the interface,

protrudinghsshe\gistance into-each phase. The particles will
easily contact th;nnihterfaces of adjacent drops. As
‘iilustrated in Figure 8.5;““if the part;cles ére slightly
more wetted by the dispersed phase (the\EBniact'angle of the
“interface with the solid;§55£g£2_EEEQth_th?—d%sQEfééd phase .
is less then 90®) then a particle betweén dropé';iﬁl lead to

<

early film rupture and coalescénce. Continous phase

wettability will retard coalescence.
f)YNAMIC FORCES AFFECTING DROP COALESCENCE

In a flowing dispersion such as the dispersion band

of a settler, it is obvious that inertial and viscous
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PHASE 4

PHASE B

. PHASE A

e . Lo

Schematic picture of the equilibrium acting on a drop in contact

with a solid sphere reposing on a flat interface. ‘

l-a Case a --The solid is preferentially wetted by the drop phase.

1-b Case b —-The solid is preferentially wetted by the continuous
phase. (Mizrahi & Barnea (46))

Protruding particle will .
easily contact the second
drop.

Figure 8.5 DROP COALESCENCE IN TNE PRESENCE OF FINE SOLIDS
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stresses will infLuénce the approach of drops. ‘Thus; the
rate of drainage of the film between drops will depend on
the viscosity of the continuous film, which may be quite
different from the viscosity of £he bulk phrase due to the
influence of .,the interface and any surfactants at the
interface. ' The -extent to which a drop may deform will be
influenced by factors such as drop size, the bulk phase
viscosities and the inteffacial tension (Figure 8.3). Ease
of deforﬁatiqn would presumably lead to large interdrop

films and'slow drainage.

Interfacial movemen£$ may also influence film
drainage. An altered local value of the interfacial tension
that affects the film between two drops will eitherltend to
stretch or compress the local interface depending on whether
the interfacial tension is reduced or increased;- The moving
interface drags adjacent fluid with it and hence the film is
either thinne& or thickened. Local +variations in the
interfacial tension may arise in several ways.

1. Depletion of Surfactant in Very Thin Films (Gibb’s
effect- Figure 8.3)- A film cannot be thinned indefinitely
without leading to an eventual depletion of any continﬁous
rhase surfactant. Local depletion of surfactant will result
in a high value of interfacial tension between drops,
tending to increase the film tﬂickﬁess. This effect should

not be important for very high surfactant concentrations.

T m——
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2. Stretching %?*“\Sompressing Surfactant _Monolayers

(Marangoni Effect- Figure 8:3)— Local

x

stretching or

"

compression of an interface Tﬁ} be faster than the

~

adsorption/deserption of surfactants. In this case the local

interfacial tquion will differ from its equilibrium value.

™

- 3. Mass Transfer (Figure 8.3)- 'Mass transfer may affect

local values of the interfacial tendion, depending on

whether the solutes or complexes have thee effect of ‘raising

or lowering the interfacial tension..

These "dynamic" forces may therefore give an
elasticity to interdrop films, allowing flat lemella to be

formed and retarding normel thinning and thus coalescence as

well. . . )

.

\

_____—__\\

8.1.5 Empirical Correlatigons of Coalescence Time

~

-

\ . Glasser. et al.(26) reviewed correlations for the mean
coalescence time, as well' as film drainage models. The
relations are approximate, especiaslly with respect to

effects of surfactants (usually very clean systems are used

in the studies). For example, the effect of drop size has

been described as:
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te a an : ;tc. coalescence time (8-2)

d = drop diameter

where the-expé ent‘n‘ varies from -1 to 5 according to
differen? work reviewd by Glasser. No attempt seems to have
been made in the empirical cér;elations or in the film
drainage models ta account correctly for the §ufface forces
of the second kind (neithgr zeta. potentials, interfacial
viscosities, nor the mechanical barrier of surfactants or
solids -are used in the correlétions);l Barnea (5p78)
developed a model for +the dispersion band heigh@ of the
settler using the - follo;ing .simplified form of several
empirical correlations for the coalescencé time of a single

drop on a flat interface:
te a pedl-S | | (8-5)
Barnea found +that the overall .coalescence rate in the

settler was proportional to the volume of the dense

sublayer.

£

H ‘ .
J ¢o dh (8-6)
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8.1.6 Hindered Settling

. A sinﬁle drop falling {(or rising) through a fluid is
acted on by g;avitatianal, buoyant, and viscous and dynamic
forces of resistance. The drop ;ill reach a ﬁaximum velocity
relative to the fluid, called its terminal velocity, at
ﬁhich point the forces balance: If, however, 'the drop is
‘surrounded by other drops, their motions will have an effect
on one another, and thevrelative.veloéitf of the drops with
respect to the fluid will be reduced, or hindered. Hindered
settling is the situation that exists in the even
concentraﬁion sublayer of the settler dispersion band, for
. which flow between the drops and the continuous phase
appears to be largely countercurrent in nature with some
circulation patterns superimposed. Barnea (5) reviewed
literature correlations for the hindered settling qf drops,
and proposed a general correlation based on the drag

coefficient for a single sphere, but using modified

definitiops of the continuous phase viscosity and drag

coefficient;

022 _ 4d(Py-f.l8 [1-¢ <\\d ‘i8-7)

3P, cplRey) 1+¢1/3 -

-

'RE ¢

frarwg (8-8)
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- P = Pe exv[éL\] o €8;9>|_

L

3(1-¢)

Theé? relations were used to calculate the maximum
entrkinhble drop size for the system used in _this project
- 1 3
(aqueous drops 1in an organic fluid). Results are shown{in
— \

Figure 8.6. It is assumed that the Sauter mean diameter

an appropriate mean diameter for the correlations.

8.1.7 Settler Design Equations

Ryon, Daley, and Lowrie (64) proposed a rélation
between- the height of the dispefsion band for a particular
system and the specific throughput (volumetric flowrate of
the dispersed phase per unit horizontal cross sectional. area

of the settler):
H = K(Q4/4)Y K,y constants (8-9)

Qg = volumetric floﬁrate of the dispersed

phase

A = horizontal(plan) area of the settler

v
Barnea derived a similar equation to that above from

theoretical considerations: ' . ‘
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H = K(Q/A)Y Q@ = total flowrate (8-10)

(dispersed + continuous phases)

where the dispersed phase fraction in the feed is assumed to
be approximately equal 'to that of the even concentration
sublayer. The exponent 'y’ should have a minimum value of
2.5 according toiharnea. This applies to the case where flow
within the even concentration layer is creeping flow, and
droplet growth tis contrélled by drop collision {The
continuous phase film between drops thins rapidly, allowing
most collisions to result in coalegcencef i.e. no drop
“bouncing"). Barnea notes that plots of log H vs log Q/A
have an upward curvature for small H, indicating that for
small dispersion bands (such as in this project) y is not

constant.
8.1.8 Micelle and Microemulsion Formation

As is evident from Figure 8.6, any very small drops,
microemuisions, or micelles ﬁresent in the feed disp;rsion
_or created in the dispersion band would normally be carried
away with the continuous. phase. Coalescence within the
diapersign band tends to screen%gy%}s?all drops, but this
may not be complete. Such(phase eﬂtrainment can be very
important to an industrial operation. Emulsion drops are
generally considered (Becher (85297)) to be greater than

0.1 um in diameter. Microemulsions: {or micellular
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+

structures) are smaller than this, and will leave a solution
clear a‘\_fhey are too small to interfere with light
transmission.

+
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8.2~ EXPRRIMENTAL WORK- SETTLER WISPERSION BAND HEIGHT

AND PHASE ENTRAINMENT

—_—

-

8.2.1 Equipment and Procedures

L}

The arrangement ;f'thq settlerm is ‘shown in Figure
8.7. The dispersion wa; fea int;:§PF half‘ﬁeight:of the -
dispersion baqd via a rectangular siit; A moéile baffle’
aflgwed the variation_ of -settlihg‘é;ea for the differénf
runs. The-ﬁosition of tﬁe disperslon‘ﬁand within thefsettler
was controlled by adjusting the oﬁtflow level ofothe heavieg
phase (see illustration). fhe settler was thoroughiy ;i s;d
with warm water and wiped clean after éﬁdh run in érdqf; t;'
get rid of any accumulation of crud ;r film. Each run ladted
20 residence.times based on the‘volu;é of the mixing ve;seL
(870'cm3). The feitling volume varied with the popitioning
of the baffle from 455 cmd to 2700 cm3, meaning that the .

runs lasted from 6 to 38 settler residence times.

During the runs measurements were made of 'the
dispersion band height, phase éntrainment, uranium
concentrations at the phase cutlets from the settler, and of
any crud formation. At the end of éach run a series of
measurements were made of the height of thebmixer dispersion
band (which formed shortly after the miking and pumping were
stopped) versué time. This was carried oug to determ#ne if

there was a correlation between the mixer settling time and
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Figure 8.7  DETAILS -~ SETTLER ARRANGEMENT
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the settler dispersion band height.

- Phase entrainment meéyurements were made by taking

sénples from each phase and cént;ifuging them (acceleration

= 380 g’s) for 15 to 20 minutes. 1In most cases there was

insufficieng egg}ainment in .either phase to Ee measured
quantitatively by centrifugation, consequently qualitativéf;_ﬁ_.

;> oBservations were made of the phase cloudiness and the

number of drops thal separated out.

»

B.2.2 Data and Observations

g This project involved only aqueous drops in an

1/”—_\“\qg§32}c phase continuous. dispersion. Because the orgenic

phasc was less dense it collected above the dispersion band.

*

. . The settling front wag therefore the upper face of the
. 3 dispersion bsand - and coalescence of the aqueous drops
occurred at the lower face. The dispersion being fed into

.

thé'hettler was oPserved.to form a chimney as described by

v At .
arnea. However, the chimney tended to rise to the settling
front and not the coalescing front as described by Barnea.

.{(see Figure B.1) At low impellor speeds the settling front

. . A ' .

‘was well defined and regular, but at higher speeds it was
more spread out and not weli defined. There was a tendéncy

for very small drops to swell up into the separated organic

phase and slowly settle back to the dispersion band.
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It appeared that the drop size in the dispersion band

‘and at the coalescing front varied with mixer’s impellor

speed. No quantitetive measurements of actusl drop sizes in
the dispersion band werec made. Drops near to the settling
front were much smaller than drops at the coalescing front.

They were also less densely packed and more free to move

around. Deformation of drops at the coalescing front was
obsgiiii;
A surprising obserﬁation was the rapidity of

‘coalescence for runs with crud at the interface. Even when

appreciable portions of the coale ce front were
apparently covered with c¢rud, the settler dispersion band
heighf was less than it would have been in the absence of

—
solids or cruds. '

The organic phase iayer above the dispersion band was
usually clouded. Heavy cloudiness of the organic phase was
observed at moderate to high impel}or speeds. The aqueous
phase was only slightly clouded at moderate to high impellor
spes@s, éarticularly for syrippiﬁg. At low impellor speecds

-~

the aqﬁeous phase was very clear.

Several batch mixing tests were carried out in a

8]
beaker at an 0O/A ratio of 1:1. After a minute of moderate
agitation the dispersion in fhe ‘beaker was =allowed to

settle. An interesting observation was the "firing"” of small
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droplets into the separated continuous phase at the settling
front. - The droplets éubgequently settled back to the
dispersion band. This arose during tests .for which the
aqueous phase was continuous. It ;s not knowg how the drops
were projected into the continuous phase.HOne possibility is
that the violence pf coalescence of large drops threw
ad jacent smaller drops. Another possibility 1is that the
droplets were secondary droplets produced Bm the coalescence
of larger drops. In either case, this type of drop behaviour
at the settling front could give rise to phase entrainment

in a8 continuous settler.

B.2.3 Calculations and Re§

Run times were not‘sufficiently long to ensure that
steady state values of the dispersion band height or crud
formation were attained. There was, however, considerable
difference in the dispersion band heights for the different
rﬁns. A "reduced" dispersion band height is defined below in

order to compare results of the progression of dispersion

band heights for different runs. 4
ﬁw.
Hr(t) = H(t)/ﬂm where Hyp is the height (8-11)

aP the end of the run

Figures 8.3, 8.9, and 8.10 show the trend in the reduced

dispersion band height with time for runs of 20, 10 and 6

"u
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minutes duration (corresponding to residence times in the

mixer of 60,.30 and 20 seconds). Zero slope in the graphs

for an appreciable time would indicate that steady state had
been attained, although the gradual accumulation of
impugities or buildup of wvery small drops within_\the
dispersion band could affect the height over longer periods
of time. From the figure it appears that the dispersion band
heigh} remains essentially-constant after 6 to 10 minutcs:
This means that run times of 10 to 20 minutes should give a
reasonable- base of comparison of the effects' of different
variables on the dispersion band height.” The runs of &

minutes duration were barely adequate.

Due to the different settler areas and specific
throughputs employed in the experiments, the dispersion band
heights have been normalized for comparison purposes, using

the equation (8—10) as ‘discussed in the literature survey:

H = K(Q/A)Y ‘ _(8-10)

<

The exponent y was calculated from data from three sets of
runs involving two different settling areas. The value so
obtained can only be considered to be approximate and useful
for relative comparisons, as it may not be a constant for
the various ‘coﬂditiona (extraction/stripping, solida/no

s0lids, loaded organic/barren organic) of the experiments.

">
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Still, the value of 2.5 obtained for y seems reasonable in
comperison to results of other workers (Ryon et-a1~(645,
Ba;nea and Mizrahi (5)). -

Normalized dispersion band heights at "steady staté“
are presented in Figures 8.11 and 8.12. Note that the lines
Joining the data péints are not intended to itwmply a ;pecific
functional relationship, but were added to a?d the readgi to
"connect_the dots" viéually. Heights for stripping and for
extraction runs in the presence of ;plids are much less than
those for extraction runs without solids. It is apparent
that the stripping runs aﬁd extraction runs with solids were
"sensitive” to the impellor speed in the sense that initial
increases in the impellor speed have an important effect on
the dispersion band height. However, there does not appear
to be much effect above a certain impellor speed. The effect

“
of the residence time may be studied by comparing runs for

the same series ki.e. extraction, extraction with solids, or
stripping) but of different residence times. For the fast
extraction runs (no solids) it can be seen that fhe sérLes
of runs for a 60 second residence time gave narrower
dispersion bands than the runs =eat '30 seconds residence
times. In the case of stripping there is little difference

between the results for residence times of 60 and 20

seconds.

Figure B.1l2 presents results for extraction rums in
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which the j pellqr speed maintained constant but the solids

conteny was varied.
): )

A comparison of batch settling times for the mixer

B

and -the normalized‘ﬂispersion band heiéhta for the settler
. 1s presénted in Figufe 8.13{1 The batch separation time was
taken from the instant the pumps and impellor are stopped to

the firqt appearance of clear (without Qrops) sections at

the interface. The two variables are not well correlated.

No numerical data are available for evdlﬁating phase

entrainment in" the settler. However, it is interesting to

review the calculations of hindered setlling wvelocities of
- ;

the extract{ion stem as -presented in Figure B.6. There it

may be seen t] e specific: flowrate (Q/A) within the

settler was. sufficiently high during these~runs to entreain

"average drop sizes produced in ‘the mfgér at moderate to high

/4

impellor speeds. That this did- not {rise must be attributed
to the rapidity of coalescence withi the dispersion band

and also within the channel leading ‘from the mixer to the

settler. f

~_ .

'
8.2.4 Discussions

Several limitations of the results for the dispersion

band must be acknowledged which relate to the small size of

l&i\ equipment Barnea suggests that a minpumum dispersion

Fr
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.scale up purposes.’
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band heigﬁt of 20 cm is required to get results that may be
classified as being applicable tp‘a deep layer settler. He
alsoc states that the heights of industrial .dispersions are
more typicully 40 to 100.cm. In this project the maximum
attainable heighf was only 15 cm, and often heights of 2 cm
or less were obtained. Wall effects for th; small settler
would be much more important than for a full sized settler.

Run times of 20 minutes are much less than the several hours.

used by some other workers in similar work.(-inmdjghtAof

these discrepancies the data can not be reci&mended for

:> -

A-major discrepancy between the observations of {his
project and those reported by Barnea was the behaviocur of
the chimney formed by the dispersion fed into the "settler.
As reported in this project, the éhimneys_tenﬁed to drift
towards the settling front and not t.cn-uat‘chss.F the coalescence
front. This indicates that the density of the feed
dispe;sion was less than the density of the majority of the
dispersion band. A possible explanation is that for the low
Bpecific throughputs in this pydﬁect,- the’ resulfing
dispersion-bapd was largely made up of the dense sublayer
and not of the even concentrgtion sublayer as describéﬁ by

1Y
Barnea. Th;s‘explanation requires that the 1lower specific

-

throughput was not .sufficient to entrain dispersion drops

‘sccording to the hindered settling mechanism previously

described.. JIf this actually is the case in this project,

-



200 . .

[} .
then the tota)] dispersion height will not behave according

to the same mechanisms as those of Ryon and Barnea:

H = K(Q/A)Y

1 7

but will instead be influenced by the relation for the dense

éublayer:

Qq = [ #q db

The dispersion bands showed a strong sensitjivity to
the lower impellor speeds for the stripping series and the

slow extraction series. In the case of stripping it is known

- that precipitate forms to a limited extent, and therefore

‘ F
the observed fast coalescence and sensitivity of the two

"series could have been gue“to the presence of fine solids in

the dispersion. Fine suspended seolids arc known to affect
dispersions, especially if ‘they have suitable surface

v

properties (Figure 8.4). ' ’ -

The effect of the residence time in the mixer'on the
normalized dispersion band height is less clear. In the case

of extraction without solids, a 30 second residence time

resulted in a greater heighk than a 60 second  residence

time. For stripping there did not appear to be-much

v
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difference between results for 60 and 20 seconds residence

time. ™~

I
B
B

The fact that the presence of crud at\*ihe interface
’ . ’ \ .
- - - o~ * \\
did not adversely affect the dispersion baﬁs\\\helght
indicates that the structure of the crud is fairly loose\6r§§\\
"porous" to the dispersed phase. This subject is discussgﬂ

in more detail in the next section.

8.3 CONCLUSIONS iy

The impellor speed only affected the settler
dispersion band heights of the slow extraction and stripping
series (both of whicﬁ contained solids). In these series the
dispersion band height increased with 1increasing impellor
speeds, but only at the lower range of impellér speeds. The
dispersion band heights were reduced by the presence of
solids. Qualitative observations indicated that phase
entrainment and cloudiness increased with incresing impellor

speeds, especialiy for the prganic (continuous) phase.

-+
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9. CRUD

9.0 OBJECTIVES

As described in Section 1 of this report, the

objectives of this section was:

. To determine if crud or stable emulsions would
form during the runs. A hypothesis of interest was
whether one may redue the formatioﬂ of crud by
reducing the impellor speed in the mixer while still

maintaining acceptable rates of mass transfer.

Several causes of crud . in industrial solvent
éxtraction circuits are discussed in the literature survey
of this section. Haﬁy impurities which commonly cause crud
or emulsion formation in .4dndustrial circuits were not
present in the syﬁple solutions used in this project. The
only crud promotié%)additiva used was a solid residue from a
uranium leach. Data and calculations for this section are

given in Appendix 9.
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9.1 LITRRATURE SURVEY

9.1.1 Crud and its BEffects on Industrial
!

Solvent Extraction Circuits

Crud is.a heterogeneous phase that collects within
the dispersion band of a settler. It is usually made up of
three component phases; aqueous liquid, orgamic liquid, and
solid particles. Industri;lly it is also known as grungies,
aung, gunk, and sludge (Ritcey (567)). The crud encountered
at . Gulf Mineral’'s Rabbit Lake operations in Saskatchewan is
describ;q,iu detail - by Young (83). In the extrsction
circuit crud.in present as "..thiég viscous brown mud layers
at the organic aqueous interface..”, while for ltripping
crud "...is a brown, gummy material with a porridge-like
texture...". The extraction crud ‘lay conge\{a and form
"valleys" in the settlers, while the stripping cru is more
fluid and stratified, forning a layer at the coalescing

front.

Studies by Ritcey (567), and Young (83) give _analyli-
of the major elements present in crud solids from three
uranium milling operations located in Canada and the United
States. Tabie 9.1 is t;ken from Young (83) and Ritcey (568),
and compares fhe composition of dissolved matter in the feed
leach liquor with the crud composition. As is typically the

case, the crud components closely resemble the feed material
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Table 8.1 Rabbit Lake Crud Analysis

*

Feed Solution Extraction Crud Stripping Crud
(g/1) (weight %) {(weight %)

u 1.87 11.3 12.1
Mo 5x10-4 0.11 0.72
Fe 1.84 5.4 8.0
Si 0.44 13.1 7.45
Al 2.11 3.96 0.077
Mg 9.89 2.49 4.49
¥ (pH=1.6) )

: Vs

Table 9.2 The Degree of Concentration of
Selected Elements in the Crud

Extfaction Stripping1 - Stripping2
Crud Crud Crud

U 2.7 3.2 1.8

Mo 60 . 440 -

Fe 1.3 2.1 - 1.7

Si 13 8.4 2.8

Al 0.85 0.02 1.6

Ca - - 0.15
degree of concentration = rel % of element in crud

rel X% in feed

1. (NH4)2804 stripping solution
2. NagCOg stripping solution
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but the relative amounts of the components in the crud

differ from that of in feed. A "crud concentration factor"

was defined in Table 8.2 in order to compare the degree of

concentration of different elements in the crud. Alsoc shown

in Table 9.2 are results of the crud

‘analysis for =a
stripping circuit  using NagCO3 instead of NH3-(NH4)92504.
With this circuit the pH control is less ;ritiCﬂl and less
uranium precipitates during stripping. Silica'especially
- seems to be concentrated in the crud. Ur;nium; molybdenum,

-

vanadium, and probably other metéls'that are egtracted and

concentrated by the organic phase are concentreted in the

crud when pH contreol problems lead to precipitation in the
stripping stages.

Carino (14) described crud as being perhaps Lhe most
common operating problem in solvent extraction «circuits
.using amines. There is an importany loss of settling area
associated with thifasgéence of cruds, leading to higher
fluid velocitie€u>and consequenlt phase entraiment, uranium
losses, solvent losses, and operational wupsets in other
parts of the plant. When severe, crud is casily carried from
one pert of the mixer settler circuit throughout the whole

circuit, leading to an operational shutdown.

9.1.2 Factors Affecting Crud Formation

Ritcey (57), Young (83), and Mizrahi and Barnea (46)

0

[



describe factors that affect crud formation which are
AN

summarized below.

A very important, factor influencing crud formation is
the presence of solids. With pump-mix settlers using emines,
fines in the feed must be kept below about 30 ppm to avoid

crud problems. Sclids may originate from several sources:

- solid fines in the feed leach liquor;
- precipitation due to:
- supersaturated levels of impurities
(eg. zirconium iﬁ TBP systems- Ritcey(62)});
- pH change ffbm extractiqgn to stripping,
which may precipitate extracted metals such
as ﬁranium, or compounds euntrained with
' aqueous drops in the organic phase;
-biological activity such as the growth of
bacteria and fungi; |
- carryover of crud from one stage to the next; and

- dust and dirt from the immediate environment.

Organic surfactants have been suspected of
aggrﬁvating crud problems in a number of cases. (Ritcey
(67)): The surfactants may originate from organics present
in~ the mill feed water (such as humic acids in the spring
runoff), or breakdown of the organic phase, including the

diluent, phase hodifier, or extractant. .
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It is possible that special interfacial films are formed by
the condensafion of organics at the interface (and perhaps
involving the extractant itself) as described in Figure B.4.
In addition, surfactants may alter the nature of solid

*

surfaces, thus eltering their role in crud formation.
; “

Ryon and Lowrie’s (G5) investigation of an amine
system 1indicated that silica in excess of 0.7 to 1.0 g/L in
the feed causéd emulsion problems. Ritcey (58) has described
the 'effect of certain solutes on crud formation. Out of ther
group Fe, Al, Si, Ca, and Mg, the two elements iron and
silica were found to be particularly important.

As with the mixer and settler operation in gcperul?
the phase contiquity may have an important effect on crud
formation._ Ryon and Lowrie (loc. cit;) recommended organic
continuous operatipn. to minim%;e emulsion formaiion ~as

feedwaters for- industrial opérgﬁ)ons.often contain agents

-
p—

that stah&lize oil‘in water eﬁﬁ&sions.

Extreme crud formation may be associated with
operational upsets such as "...pump failure, launder plug

up, or loss of organic flowlfor example..."(Young(loc«cit)d.
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9.1.3 Cruds Analyzed as Stable Emulsions

From the preceding descriptions of crud and the
factors influencing its presence, it seems reasonable to
analyse it in terms of stable emulsions. The subject of
emulsions is reviewed by Becher (8) and Sherman (67).
Emulsions are important in many industrial processe;}
(paints, biological systems, petroleum refining, butter’
productien, etc), and +this has led to very extensive
research on the subject.

+

STABILITY OF EMULSIONS

Dynamic and static forces affecting the coalescence

of emulsions were discussed in Section B8 with respect to

[\

settler operation. However, it is necessary to elaborate on

the mechanisms that lend a long term stability to emulsions.

Barnea and Mizrahi (46) have proposed'a mechanism for
the stabilization of emulsions by fine solid particles.
Refering to Figure 8.4 in Section 7, solid particles that
are slightly wetted by the continuous phase will. teﬂd tq
hinder the approach of drops, retarding or even pfeventing
rcoalescence. The wéttability of so;id particles over

moderate periods of time is influenced by the recent ﬁistory

of the particle. For \example, solid particles that are

initiall} immersed in water have a hydrophilic nature
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-

even though they would have a slight hydrophobic nature at

equilibrium when in contact with oil and water. Ryon and

Lowrie (65)

ound that the effect of particles on an

emulsion epended on whether they were wet or dry prior,to

éontaqting Mhe emulsion.

The DLVO theor

“
of researchers who

» named after two independent groups
Eroposéd it (DPerjaguin and Landau (22)
and Verwey and Overnbeek (79)) shows how emulsions may be "

permanenfly stabflized when the only surface forces

consid the London wvan der Waals force of attraction
and electric double layer repulsion. Drop movement is

1

assumed to occur by Brownian motion. The.theory predicts an
energy of interaction d;urv; as illustrated in Figure 9.1,
.which exhibits a secondary minimum. This minimum may. be
compared to the kinetic energy of mot}op of the drops }n
order to evaluatétzgéfzhulsién stability’, or indicate rates
of flocculaéion. (This is somewhat reminiscent of molecular
potential e_y curves.) For "typical” ly();phobic (sol've'nt
fearing) colloids, calculations indicate that the secondary

minimum would be significant for spheres of 10\,m radius and

insignificant for spheres 0.1 ¢m in radius (Kitchener and

Musselwhite (see Sherman (67pl05))%

Mechanical barriers formed by dense interfacial films

of surfactants are described by Becher (8p97) and Sherman

(67pB0O). Surfactant films have the effect of altering the

A
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‘Figure 9,1 CALCULATED INTERACTION ENERGY CURVE FOR PARAFFIN OIL
DROPLETS STABILIZED BY BOVINE SERUM ALBUMIN.
Droplet radius = 1.24u, 0.01 M KC1,{ = 20mV, A = 1.27X10
(after Srivastava,S.N. and Haydon, D A. (1964) .Proc.
.Fourth Int. Congress on Surfactivity, Brussels).

-( Sherman ( 67 pl04).

-13
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interfacial tension and viscosity, which have been
correlated with- emulsion stability. ° However, these
properties are symptoms of stability and not 1its cause,

which is more closely

lated to the properties of the

densely packed interfacial \film. Langmuir and Harkiné (sece

Becher (8p97)) suggest¢d that monomolecular films of

oriented surfactants/fcould stabilize emulsions (rather than
the earlier theory of a thick multimolecular . adsorbed
surfactant film), and suggested how Vorienﬁed wedges"
(Fig;re 9.2) could explain the phase continuity of suc
emulsions. Soaps of monovalent metals would be expected, [fzﬁ
produce O/W emulsions, while bivalent metals would promote
W/0 emulsions. Mixed emulsifier films formed by complexes of

surfactants may give more stable emulsions than Binplqﬁ

surfactants alone (Figure 9.3 from Becher). 0;?ef‘ﬁvrk§5§~

-
-

have related the stability of emulsions to the' physdical

properties of the interfacial films- shear médulus of -

| .
elasticity, shear viscosity (or dilational elasticity nnd

viscosity). (Kitchener (67p77)).

The phase continuity of emulsions has been ¢orrelatcd
. . ) ' | :
in terms of the HLB system (Hydrophile/Lipophile Balance) of

the surfactant. The method of phhse mixing also influéncea

phase continuity. b S
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Stabilfization of

a W/0 emulsion by the soap of a bivalent metal. .

/!

Figure 9.2 -'PHASE CONTINUITY AND "ORIENTED WEDGE" SURFACTANT FILMS
S (Becher (8p98)) | |

-
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O— . .8 EmL SULFATE Na -
. @ CHOLESTEROL CLOSELY PACKED
CONDENSED COMPLEX

QL\\ ' EXCELLENT EMULSION

Sodium cetyl sulfate and cholestercl from a closely-packed condensed complex,

giving a good'emuis;on. : ;-

2

. ~No-
. . L
. 4 o © CETYL SULFATE ¥a '
@ D ) @ OLEYL ALCOHOL.
. NO CLOSELY PACKED
~ & CONDENSED COMPLEX

POOR EMULSION
;9 \ ] -
~ . &
Sodium Sulphate and olely alcohol from a poorly packed complex (because of
the double bond in the alcochol}, giving a poer emulsion.

—_ 4 ! Ve

O CETYL ALCOHOL

& SODIUM OLEATE
FAIRLY CLOSELY PACKED
MONOLAYER

[N NEGLIGIBLE COMPLEX FORMATION
, \ RATHER POOR EMULSICN
4 .

v, G{
Y — : v
‘Cetyl alcohol and sodium cleate from a fairly close- packed complex monolayer
hence form a fair emulsion.

Figure ¢_3 COMPLEX FORMATION AT THE OIL-WATER INTERFACE IN EMULSIONS,ACCORDING
TO SCHULMAN AND COCKBAIN. Becher (g  -p-108). .

*
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9.1.4 An Overview of Demulsification

S

Beche p369) lists several general techniques for
demulsification. For water-in-oil emulsions (and in
particular for the petroleum indusgly), settling may be
sufficient to éeparate the phases. Heating the emulsion (at
atmospheric or high pressures), distilla;ion, exposing the

emulsion ‘to an electic field, using emulsifying agents to
counteract the emulsion (eg.’ ferrous sulfate),
centrifugation, and filtration through a dispersed phase
wetted material are 'also employed to break water-—in-oil

emulsions,

Oil-in-water emulsions are commonly broken by acid
cracking, <centrifugal separation, and aeration or froth

flotation.

Ritcey's paper.(57) reviews industrial experience with
crud treatment in hydrometallurgical liquid-liquid
e#traction circuits. In order to prevent crud formation,
there must be good clarification of the feed streams to
remove suspended solids, it is 'importanf to select.the
proper oréanie phase componengs (extractant, diluent, and
modifier), and excessiv; agitation should be avoided.
Technigues used to recover the organic phase from a crud

include settling and skimming, filtering,

acidificaetion/deacidification, and agitation.
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9.2 EXPERIMENTAL WORK- CRUD

9.2.1 Equipment and Procedures

Residue that had been produced. in a sulfuric acid

leach of Rabbit Lake ore was added to the aqueous feed of

the slow extraction series in order te produce crud.. The
residue had been flocculated with 0.3 1lb/ton Percol 351. A
rough screen analysis of the solids is presented in Table

9.3. The analysis 1is only approximate as particle

agglomerates formed during dry sacreening.

The only required modification to the single stiage
miker—gettler runs was the use of a well stirred feed tank
(20 lipers capacity). Industrial operation sfrives to
maintain solids at levels less than 30 ppm (mg/L).in the
aqueous feed, therefore laréer doses were wused in the

laboratory runs.

9.2.2 Data and Observations

As indiéated in Table 9.4, all runs having sclids
ﬁresent in the' leach producéd crud that. collected at the
coanlescing front. The amount of crud obtained in the runs

{ judging by visuql”appearances) was affected by the amount

of solids introduced with the aqueous phase and by the
‘ »

-
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Table 9.3 Screen Analysis of Solids Added to the Leach

Tyler meah 1100 +200 +325
weight X 21x 56% 21x
d minimum 147 74 44

(clear opening)

(This is a vough remsult that overeatimates particle size

the screening process of "dry" particles
sgglomeration.)}

Table 9.4 Observed Crud Formation in the Settler

Solids in feced (ppn) 0 50 100

Impeller speed (rev/s) 14.5 14.5 14.5
Thickness of crud (mm} 0 1.2 1.2
x of interface covered [ 5-10 30-40

(approximate eatimate)

F - fingers of crude extended into the aqueous

-325
2x
44
as
produced
500 100
14.5 7.5
F F
100 20

100

25

60
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, impellor speed.

The grud forméd brown films Jldf syrup-like
con;istency, which sometimes buncbed up into masses of crud.
"Fingers" of crud sometimes extended into the aqueous phase.
fheré was a tendency forrthe-crud to collect at the corners
of the mixing vessel. If a fragment of crud broke away from
the interface it would sink slowly through ihe aéueous
phase. Larger grains of "sand" fell as lclean, individual
particles to the bottom of the settler. As mentioned in the
last éhapter, even extensive crud at the interface did not
hinder coalescence of the dispersion. From Table 9.3 and
Figure 6.8 it is seen that much of the solid material
consisted of particles smaller than typical drop sizes
produced in the mixer (50-800 pm).

“ Although an extensive crud phase was not produced in
the series of runs for which- solids were not added
(no-extraction, fast-extraction, stripping}, several

observations are relevant to the matter at hand.

Uranium precipitates that formed during stripping
behaved in a manner similar to the cruds produced with
residue. The precipitates collected at the coalescing front,

had 8 fluffy yellow appearance, and did not retard

coalescence.
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When the org;nic and aqueous phases were léfﬁ in
eontact a whitish film tended to form or collect at the
interface. This was qoticed especially during interfacial
tﬁyaion measurements, when films formed within minutes of
initially contacting the phases (the films were syphoned off
before taking méaéurements). During extraction runs in the
absence of added solids, thin grey fiims somet imes collected
at the corners of the.setter.

A simple test was performed to determine if the solid
particles were preferentially wetted by either phase. The
particles were first wetted in the leach phase {(to simulate
their initial wetting in the process), after which the
organic™ phase was sgread over them. The organic phase
neither.beaded on thé mud, nor did it ?Qpidly displace the
interstitia; water,

e R o

During the cleaning ﬁrocess for the organic phase
(section 3) at one point the organic phase was contacted
with tapwater in a plastic 455¢gallon drﬁ;. Mixing produced a
moderately stable oil-in-water emulsion (with 120 L of
organic and 60 L of water) that hed to be leftlovernigh‘t to
separate in comparison with separation times of only 2 to 5
minutes normally. The cause ofr the stable emulsion is
unknown. It may have something to do with electric double

layer repulsion (DLVO theory).
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9.2.3 Discussion

Because a microscopic analysis of the crud was not

done, nor were tests of c¢rud formation carried ocut with

s

different types of solids (graphites, silicas, plastics
etc), the experimental results allow little to be said about
the crud except that crud of a certain type was formed
during the short run times wused in these experiments.
However, it 1is interesting to diagnose the results in the
light of theories of emulsion stability. and to consider how

those theories might apply to this system.

The crucial factor influencing ¢rud formation seems
to be +the presence of solids, whether they are formed by
precipitation (uranium or entrained impurities 1in the
stripping section), are simply suspended in the feed leach
liquor, or fall into the system as dust or dirt. The fine
solids that were intentionally introduced were smaller than
the drops in the settler dispersion band, and were therefore

of the right size to promote the formation of emulsions.

Let us  assume that' the so0lids were sligﬁtly
hydrophilic, and fairly small in relation to drops in the
dispersion band. According to Mizrahi and Barnea's (46)
model, we would exp;ct the solids to accelerate coalescence
in the dispersion band, leading to reduced dispersion band

heights. On the other hand, the solids would tend to
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N
stabilize any organic drops that formed, acting as a barrier
preventing thei{\close approach. Additionally, a very fine

A

matrix of contiﬁqgus aqueous film/ organic drops/ and fine
solids would have a density between that of the aqueous and
organic phases, .provided the solids concentration was not
too great. The crud would therefore float somewhere in the
dispersion band. Mizrahi and Barnéa‘s model therefore may
provide a plausible explanation of the experimentally

observed behaviour of the crud. Figure 9.4 illustrates the

proposed structure of crud.

I1f the preceding model of the crud is accepted,
questions arise as to how and where the crud in formed. Very
small drops are produced in the mixer. However, the
ass;mption that qrud is formed in the mixer and is carried
into the! seitler assumes that somehow 8 high concentration
of solid particles must collect around a small oil drop in
the mixer, which seens unlikely. At the coalescing frong the
concentration of solids is relatively high thus éroviding an
ideal environment for crud formation of the proposed type. A
suitable mechanism for the production of oil drops in the
dense sublayer is provided by the phase inversion process

illustrated by Figure 9.5,
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9.3 CONCLUSIONS

Crud ohly-formed in the settler when solids were
present.r Preliminary results suggested that higher impellor
speeds prdmote crud fofmatibn.. However, further work is
required to confirm this and to determine the'onset of crud
formation, the mechanisms of ecrud formation, the structure

of crud, and its effects on settler performance, espeé;;;}}

l

for long operating times. ™

(

Y
+
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Appendix A.2

Mixer Settler Runs

The table on the following page summarizes the

residence times and impellor speeds for the various runs of

the project.



234

-—— e U — —_————— o

Table A.2.1 - Run Sequences, Impellor Speseds,
Mixer Residence Times, and
Nomenclature for the Different Series of Runs

SERIES

no fast slow stripping

extraction extraction extraction
symbol ENNA BNNA 1&2 EMSS and BMSA SMNAB 142
run T N T N T N solids T N
1 60 24.8 60 33.3 60 14.5 0 :{1} 11
2 " 21.7 " 24.8 " 14.5 -+ 100 " 14.5
3 " 34.3 " 7.5 " 14.5 s0 " " 24.8
4 " 30.3 " 18.2 " 14.5 500 " 7.5
5 " 18,2 30 33.3 " 7.5 100 20 14.5
6 " 33.3 " -24.8 -" 24.8 100 " 7.5
7 " 11 " 7.5 " 11
8 " 28.2 " 18.2 " 24.8
9 " 32.8
10 " 14.5
i1 " 7.5
T = mixer residence time (s)
N = impellor speed (s'’)
solids = solids addition (ppm) s

T
P LY
- .
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Appendix A.3 - Chemical Equilibrium

A.3.0 Introduction ........i.i'ietiemneneeennnnneeenennn

A.3.1 Aqueous Phase Equilibrium Calculations

A.3.1.1
A.3.1.2
A.3.1.3

A.3.1.4
STy

Chemical Equilibria ..........c00uieiunn,

Problem Formulation ......oeeeeceeennns

A.3.2 Special Program -~ Aqueous Strip Phase Equilibrium 249

A.3.3 Program

A.3.4 Program

~ Aquecous Leach Equilibrium ............

- Aqueous Strip Equilibrium ............
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A.3.0 INTRODUCTION )

This appendix suppiies " supporting data and
calculations for Section 3 ih the main quy of the report,
which is‘ concerned with phase preparation and chenical
equilibrium. Tables A.3.1 and A.3.2 summarize the chemical
equilibrium data for the distribution of uraﬁiym between the
aqueous and the organic phases for extraction and stripping
respectively. The remainder of this appendix deals with the
calculation‘ of chemical equil&brium between aqueous ionic

species using literature values for the equilibriﬁm

constants. ’ -
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A.3.1 AQUEOUS PHASR EQdILIBRIUM CALCULATIONS

A.3.1.1 Chemical Equilibrium

The problem is to find the equilibrium endpoint of a
solution _of chemigals. Equiiibrium constants were obtained
from the literature that are intended t; be used with the ©
co;centrations (not tﬂe activities) of reaction species.
(see Crockford and Simmons (24), London Chemical Society
(47), Randall and Langford (él), Wirth (85{). In the case of
the hydrogen ion, the hydrogen ion ectivity was measured

potentiometrically (pH meter), In order to convert the

activity (agy) to a concentration , a stant hydrogen
H

ion activity coefficient (fy,) was assumed: h—ﬁj\\\\\(/’
- - (pH+0.1) .

log fg+ = -0.1 = 1og, agsy_: or (H*}=10
: ' | [H+]
- J .
A.3.1.2 Problem Formulation
"1l. Independent Variables - Independent chemical species were

selected as a "basis" to calculate the concentrations of all
other chemical spécies. Betayég physically there is a unique
solution to the equilibrium ;;oblem (or at 1lcast there is
assumed to Ee a unidue'SBIution) the number of independent

species concentrations will equal the number of independent

mass belances. The s8selected basis for extraction and
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stripping are listed below: . -
leach equilibrium _ 'strip equilibrium
2- 2-
[5804<7] _ [804<7} /
[NaSO4~] [BS04™] he
[U02(504)34_] [NH4SO4—]
(H20)

5 -
With one more degre of freedom, the solution of the

/

chemical equilibrium conditions in the aqueous phase Tfor
stripping is more difficult than for extraction. Two
approaches were actually trieq for the solution of the
stripping equilibrium, The first and more complete sqlution
utilised the basis as shown above, resulting in the.program
in section A.3.2 of this appendix. A simpler problem
resulted from agsuming that éll the‘NH40H disappears when
.added to an acidic solution, and that' changes in uthe
concentration of water could be ignored, thereby making the
analysis for the case of stripping the same as for
extraction except for the change from sodium to ammonium
ions,
2. Equilibrium Equations

The assumed reactions for the aqueogs ionip species
are listed below along with estimates of their equilibrium

constants. _Equilibrium constants are of the form:

"

K = ¥lproductsjPi Pi»rj - stoichiometric coefficients
. M[reactants)C! T
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Leach Equilibrium Equilibrium

Constant
U0g2* 4+ 50427 <-> UOgSO4 Ky
UO2504 * 80427 <-> U0y(S04)92" Ky2
U03(504)227 + 50427 <> U05(S04)3%" : KU3-
Na+ + 80427 <->. Nasoy” Kn1
ha+ .+ NaSO4~ <-> NagpS04 Kn2 \
HoSO4 <-> H* + HSO04- RH1
[
HSO04™ <=> HY + 5042- Kyo
Strip Equilibrium
Kyi1,» Kyo, Kyz - are the same as for the leagh‘equilibrium
+ ‘ 2 ;)F _ . X
NHg"  + 504%7 oy < NHg50, KN1
NHg" + (NHq504" <-> (NHg)2S04 . Kno
NHg* + OH™ ¢-> NHgOH KN3
Kg1, Kyz - are the same as' for the leach equilibrium
Hp0 <-> H* + oH- Ky
3. Mass Balances - In the calculation routine, £he values of

_the independent variables are initially guessed. The other

‘chemical species are calculated according to the equilibrium

. . i ' .
equations. Mass balances are rearragged.to recalculate the

independent varisbles. It is implicitly assumed that phase

volume changes are negligible and can be ighorcd insthe mass .

~

balance equations. The differences between the initial nnd:

recalculated values &f.the independent variables are used to

give an "error" term. Numerous criteria were then applied to
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select a8 new set of valués that would reduce the error term.
At a solution point the error term tends to zero.
Leach mass balances
[

( [UO2504)0 + [NapSOgle +[H*]/2 - [HSO047]/2

€sg42- =

-2%[U02(504)227] ~ 3%[U05(S04)397]) ) - [50427]
€ﬁ3304_ = i 2*[@&2804]0 - {Na‘*] - 2*[Na2804] ) -.[NaSO4']
€UO5(S04)3%™ = ( [U02504)0 - [U092*] - 1[U02504] - [Uoz(séu)ZZ"])

- [U02(304)34T]

Stripping mass balances

€s042- = ( [(NHg)2504)0 + [Hg504]0 + [U0pS04] - [HSO4T]
- [ﬂzSOq] - [NH4804_]‘- [(NH4)2$04] - [UOzSOq]
-2*[U02(SO4)22—] - 3*[U02(504)34"J y - [3042_]
€NH4soq = ( 2%{(NHg)2504)0 - [Hp0}o ~ [NHg'] - 2%[(NHg)2504)
+ [OH™] + [HgO] ) - [NH4S04™] - '
€yo2soqa = ( [U02(504)3]o - [U0p2*] - [U02(504)22]
- [U03(804)3%7] ) - (U0yS04) - '
€120 = ( [HgO]o +2%x[H2S04]o - [HS04™] ~ 2%[H9S04] - [H*] )

- [H90] . L !

."’" ) 3
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/%R3.1.3 Method of Calculations

1. Fldwéhart e
Shortcut routines were used ' Initial
to calculate good initial Guess
guesses of the independent

variables., ° R

Find local errors
Objective function - squs -4 and derivatives
root of the sum of

squared errar terms

Partial derivatives -
calculated from three poN\nt
central differences for eath
independent variable.

local or
absolutle
minimum?

Convergence criteria -

choose direction

1) absolute minim of to new point
objective functio L
than 8 maximum permissible ,‘,-“HW_I:;_M ——
error : choose distance

-4 -0 a new point

2) local minimum - S S, oo ]
gradient less than a
certain value.
», e = 8
Direction of next search - two choices printout
results
‘l) gradient - follow he
gradient (backwards)
2) maxer -  minimize the . : T :
maximum component error

(duwe to the special form
-0of the error terns)

Step size decision - explained on the
next page- ’
2. Distance to the new point - Hﬁving,chosen the direction

»

of search for a new puinf, it Efft be decided how far one

should go in the specified direction. For this deciaioﬁ

v . IS

first, second,. and third directional derivatives are

calculated at the o¢ld point using a 4 point forward



243

L}

difference formula. The four points are along the direction
of mearch, spaced apart by a distance h equal to about 0.1%

of the magnitudes of the independent variables.

Taking the gradient search for example and:

€ = objective function (rms of sum of squared
N individual'errorl}

8 = unit vector in direction of scarch .
¥ = vector to the new point (desired value,

N colinear with i)

|8| .= magnitude of the vector to the new point
h ' = distance between the 4 points

”

Therefore the direction of search is defined by:’

Y
1¥¢€)

_Deqpting the values off the objective function at the 4
points in the direction of search as ¢y, €2, €3,€4 and its
velue at the old point as €g: (from Hofnb;ck (32)) the
first, second, and third derivatives of the objective

function are giveq.by:

(-11%€, + 18%¢; - 9%¢p + 2%€g ) / 6%h

€' (0) =
€"(0) ="( 2%¢, - b6%X¢] + 4x¢y - €3 . ) / n2
€"'(0) = ( -5%¢, + 1B%€) - 24%€y + 14%€3 —3%¢q) / 2%h3

Various crite;ia were then'applied, each of which predicts a
maximum permissible step size, smax. The minimum of the

maximum step sizes was taken as |3].

A) Relative maximum step size - An overall maximum sfop size
was imposed,verying from 5% to 50X of the magnitude of the

variables, depending on the particular problem being solved.

AN

~
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B) Descent criterion- The new point should have a lower
error than the present point.
i.e. €'(s) s O
.Assuming-a simple parabolic form of the path, the maxipum
step size will be where the path begins to curve upwards.

. €' (s)

€'(0) + s*E"(0) + s2x€"'(0)

0

€’(s)

Sdescent = -E“(O)ziéi,%BSO)d - 4%€"' (0)*x€’ (0) v

Take the smallest positive value of Sdescent-

!
C) Acceleration criterion- The maximum relative change of

the gradient is limited.

€'(s)] s A€’
€07 max
use L €"(s5) = €'(0) + sS*E"(0) + s2x€"’(0)
€'(s) = 1 + s*€"(N) + s52%€”'(0)
€' (0) €'(0) €’ (0)
S0 5accel‘= -b + {62 - 4ac where a = €"’(0) /IE'(O)
: 2a b = €"(0)/ €’ (0)
c =1 -O€ pay

' Take the smallest positive value of Sygcel-

D) .Steepness criterion - The overall relative change of the °

objective function is limited. o

A€pspn s E(s) s Aem'ax in the program A"émax = 1/06p4n

€(0)
use €(8) = €(0) + s%€’'(0) + s2%€(0) + s3x€"’(0)
€(g) = 1 + sX€’'(Q) + s2%€"(0) + s3x€"’(0)

€(0) €(0) €(0) €(0)

-
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An iterative approach was used to determine the maximum step

size according to the steepness criterion.

E) Range of yalues'criterioﬁ - A range of permissible values
is assigned to,each independent variable. This criterion
warns of new points that lie outside of the permissible (or
expected) range.

Having calculated the distance Smax t© the new point, the

corresponding changes‘ in each of the individual wvariables

is;
N .

Axy = 3 . 6y % - vector to new point

1& = unit vector of the independent variable

= 3 % (-d€ ) d€ = partial derivative of the
Y, ( dxjg) dx objective function
i i
x4y = one of the independant variables
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A.3.1.4 Nomenclature for the Computer Programs

The programs for calculating aqueous phase equilibria
are included at the end of this appendix. A listing of the
program variables.and their meaning is included on the
following three pages. Due to a lachk of complete
dpcumentat}on, the use of.#nstructured programming style in
a cramped (16 K) memory space, two character variable nanmes,
and the modest length of the programs there may be some
difficulty , in understanding all of what is written.
Nevertheless, the explanations of the procedures along with
theée_variable listings should allow someone to follow the

programs with a little effort.

Search Constants and Variables

Step Size Criteria Cohstants .
Ccl = € convergence at a local minimum
c3 = AE'pax acceleration
c4 = Emax steepness ‘
c5 = relative maximum step size
c6 = € convergence at the absolute solution
c9 = safety factor-

Range of Permissible Values Criteria

X8(I) = minimum permissible value of basisg i

X9(I) = maximum permissible value of basis i
Step size variasbles and constants

S0 = Spax ’ ’

S2 = Sdescent [

S3 = Saccel _ N

54  Sgteep .

S5 = Sgte .

S6(1I) = si(sgep) ‘ ) S

59 = dx - small relative increment in

independent variables for
calculation of derivatives

Equilibrium Conatants

Kl = Ky K4 = Ky K7 = Ky
)Kz = Kyo K§ = Kyo K8 = Kyo
K3 = Ky3 K6 = Kpng3 K9 = Ky-

t B r
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Nomepnclature for the Computer Programs (continued)

Independent Variables and Functions '

Independent Variables

N = # of independent variables

X1(I) = x; old point

X2(1) = x3 used to calculate € (subroutine)
“ X7(I) = (%¥ijmax = Ximin)

X5(I) = &xj from old to new point

XB(I) = x4 min

X9(T) = xj pax

X6(I) = Axy equivalent to S9 for a

given variable.

Functions

F(I) = & for a given independent variable
El = JEEiz error at the new point

E{(0) = error at the old point

E{(1)...E(4) values of . about the old point in

the direction of search
[ 2%

Partial Derivatives

P1(1) = d&/dx;
P2(1) = d%€/dx;?

Directional Derivatives .(in the direction of the next point)
D1 = €'(0) . ’
D2 = €"{0) .

D3 = €''7(0) -
D5(1) = dxj/ds o '

Special Variables .o
P= €2+ 2€"€0€gay » -
N ‘

. . . -
N oy .o N
-
.
s .
. -~
3

[
) -
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Nomenclature for the Computer Programs (continued)

Chemical Species Concentrations

Extraction Stripping

Sulfate A0 [5042'] same as leach
A [(SO4lrotal "
.Background Ion .
NO (Na*) [NHg')
N1 [NaS047] [NH4S047]
N2  [NaySOg4) [ (NH4)9S04]
NO [(NagSO4]. [(NH4)2$O4].
Hydrogen Ion '
HO LH*] . same as leach
H1 [HSO4—] "
HZ _ [H2S04]) "
HS [HeS04]. "
Uranyl uo [U022+] . same as .leach
Ul ‘[U02504] " .
U2 [UO2(504)27] " .
U3 . [UO021(S504)47 ] "
ug “IU02804]° "

Y

( Ay
Hydroxide Ion | /

. o1 - [NH40H]
03. ' [Hy0] - .
07 (H90] o0 .
09 - (NH40H] o0

Polynomial Matrix
{graphing subrouting in the more
complicated strip program)

W(M)
Best Point Found so far in the Stripping Program
W0 E(O0)min error at the point:
W1l AO sulfate species concentration
W2 N1 ammonium ion . "
- W3 Ul .o uranyl sulfate complex "
W4 03 . water "
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A.3.2 AQUEOUS STRIP PHASE EQUILIBRIUM

Ddring stripping, sulfuric acid is released by the
organic phase into the atrip solut;on. Ammonium hydrpxide is
added to the solution to neutralize excess acid and thereby
to maintain the pH at 4.90. Two approaches were used to

analyse strip equilibrium.

1) Simple approximation - The total acid 8and ammonium
hydroxide added to the solution were ignéredﬁ Instead the pH
of a solution of wuranyl nitrate and ammonium sulf;te was
calculated for varying amounts of sulfuric acid added to the
solution. This app;oach allowed the application of the same
program that waﬁ used for the aqueous leach phase, with

minor modifications. ™.

2) Involved approach ~ The total acid and ammonium hydroxide

were taken into account. _A modified but similar program was

used for this case. Although this approach is '"more
rigorous” and more readily applicable to more complex
equi li calculations, there were considerable problems

h

convergence to an accurate solution. Some of the

sulis are plotted in Figure A.3.1. The iq&iiiigpy\_gﬂz

the results is evident in that the curves are irregular and
their vertical sections predict more than one pH for.the
same ammonium hydroxide addition. It is also clearly seen
how preéiée the NH4qOH additions must be in order to get the

desired equilibrium pH.
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Figure A.3.1 pH ADJUSTMENT FOR THE STRIPPING

SOLUTION - INVOLVED APPROACH

'TO THE CALCULATIONS
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s0
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130
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190
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200
203
210
213
230
233
234

238

240
24)
243
230
-t
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CLS :POKE-16333, 233
*CHEMICAL CONSTANTS
DATA 64.5,4.92,15.0,3.16,

0.01,0,166,0.0339,0

READ KI.K2.K3,K4.K3,KG.K?.KB.K’

‘SEARCH CONBTANTS

Cl=1E-4 :C3wi0 :Ca=mp

C¥=1.0 :8920.001 :Km3

*PRINTOUT OF CONSTANTS

IF L3s=*Y* :GDSUB 3000 .
‘DESIRED EQUILIBRIUM ‘
JnQ  IPHEPH40.2Z INP=ig-

1CI=800 :C6m0.0f :Cg=2
IL18mYS  CL28= MAXER® :PHw3.2 :L3Im="N*

- .

3 (UVmiE-%

"PRINTOUT OF DNSIRED EQUILIBRIUM

IF Liw=*Y" :G0BUB €100

'CONSTANTS Or CALCULATIO*

HO= 1O (-PH+0. 1)
'CALCULATE THE INITIAL GQUESS & PRINTOUT .

GOBUB 8000 IIF Lise"Y" doSup 4im0 : -
'VARIABLE RANGESB

FOR Im1 TO K :X8(I)=x](

FOR s TO K :XZ(I)wx](
aasuR 2000

H(O)=K1 :FOR 1= TO K
YRESET THE CRITERIA

I1)/%  :XP(Ilmxi(I)s :NExT'Q _
I) INEXT I .

LMD =F (I} INEXT I

B80=C3 1:82wC3 :83=cH i84nC3 :Dim0 :Dpz2=0 sJmJe)

IF J=30 GOTO %00

IF Liswey" :PRINT :PRINT h
'CALCULATE E ALONG ALL AXIS ABUOVE & BELOW OLD POINT

FOR I=) TO K

FOR L=1 TO K IX2(Li=X1(L) sNEXT L
X&{I)wBPRXL1(I) X201 mXi(I)-8BPRXA(T) 1 00BUB 2000
Et{l)mgy IXQ(IImX1(T)+BPRXT (1) :G0sUB 2000

q(12)=K1

'FIRST AND SECOND PARTIAL DIFFERENTIALS
PL(I)=(E(2)-E(1)) /2 :PZ!IJ-(EtZ)-Zi((0)+E(11’

NEXT I

"DIRECTIONAL DERIVATIVES ESTIMATED FROM PARTIAL DERIVATIVES

FOR I=i1 TO K :Dl=Di+Pl{
D1=SER(D1)
FOR I=1 TO K :DS(l)=pyy

II#PL(I) iNEXT I

Iyspy iD2=D2+P2(I I HDI(I)%DI(1) INEXT I

'PRINTOUT OF PARTIAL DERIVATIVES

IF Lis=s"Y* :Q008UB 4200

"DIRKCTION OF THE NEXT STEP
'STEPPING ALONO THE ORADIENT

IF LIe="MAXER" GOTO 370
FOR I=1 TO X :X&(I}mxat

I)R¢-Du(I}) INEXT I

"STEPPING IN THE DIRECTION OF MAXIMUM ERROR
IF L2e=*ORADIENT® GOTO 400
FOR I=1 TO K :IF DS(I)mQ THEN DS(I)=)

X&(I)=X&(I)R(-DI{I} /ARG
NEXT I

DB(I)))lSGRIFItI)iFlCI)IE(OlIEGOJ)
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Listing A.3.1 (continued)

400 'CALCULATE €, DE/DS, DIE/DS2 ALONG THE STEP DIRECTION
420 FOR I=1 TO 4 :FOR L=l TO K XL WXL (L) +INXE(L)  :NEXT L
430 COSUB 2000 :E(I)=El :NEXT I
440 Di=(-Ll1MI(0)+18MEC1) -PHE(2) +2HE(3) ) /4
430 D2u2#K(0)~SHECL} +GRE (2) - () ]
460 DI=(-SHE(Q) +1BME(1) -24ME (2) + 14HE (3) ~IHE (4)V02 {IF D3m0 THEN D3=i1f-4
470 ‘PRINT OUT OF DIRECTIONAL DERIVATIVES
480 IF Liss“Y®" :QUSUB 4300 .
900 'FILTERING THROUGH THE STEP LENOTH CRITERIA
303 ’'CONVERGENCE CRITERIA
S10 IF ABS(D1)<=Cl GOTO 900
313 IF E(Q)<C4& GOTO 900
T20 'DEBCENT CRITERIA
323 P=D2¥D2-4#D3#01 :IF P<O THEN 340
330 P=gSarR(P)
933 T2=(-D2-P)/(2%D3) 1IN T2<{0 THEN 343
340 IF T2<¢8%2 THEN Sa=T2 )
T4T T2wm(~-D2+P} /7 (28D3) TIF T2<0 THEN b-1-1. ] b
930 IF T2¢82 THEN 82=T2 ' . :
9SS IF 82¢350 THEN S0w=82
940 "ACCELERATION CRITERIA
345 A=D3I/D1  :B=D2/D1  :V3=1-C3
370 PuB#B-4RANUI :IF PCO THEN &30
973 P=SQR(P)  T3I=(-B+P)/(2#A) :IF T3<O THEN dg3
. 380 IF T3<S3 THEN S3=T3
) S83 T3I=m(-B-P)/(2#A) :IF T3ICO THEN 429 . -
! ‘ 990 IF T3I<83 THEN S3=T3 .
423 IF B3<¢80 THEN B0=§3
630 *STEEPNESS CRITERIA
633 Al=D1/E(0) ':AZ=D2/(E{0)#2) :AS=DI/(E(O}#s) :GOTD s43 -
640 gawgascB )
64T R1m1+ALABA+AZHS4REBA+AISBALT
630 IF R1CL/C4 THEN 440
633 IF R1)>C4 THEN &40 ”
440 IF 84<B0 THEN SO~g4
443 °"MAXIMUN STEP SIIE CRITERIA- LIMITED BY €3 - -
480 'PRINTOUT OF RESULTS OF STEP SIZE :
483 IF Lis="Y* :QDBUB 4400
700 "NEW POINT
710 FOR Iwl TO K :X1{1)mX1(I)+S8ONX&(I)
720 IF X1(1)<XB(I) THEN PRINT USING *VARIABLE w## QUT OF RANGE (LOW) ]I :X1{(I)mx
a8i1) -
730 IF X1(I)>XP(I) THEN PRINT USING “VARIABLE W# OUT OF RANGE (HIGH) "I IX4(l)m
XP(I)
740 NEXT I
770 GOTC 230 ) . '
900 "PRINTOUT OF FINAL RESULT
P10 IF Lise®Y" :QOSUD 4300
1000 ‘CALCULATION OF ALL SPECIES COMPONENTS -
1010 AD=X1(L) INIwX1(Z) :US=X1i(3) "
1020 U2=U3/{K3I#AO) :ULl=U3/ (KZRKINACRAD) JUO=US/ (K1 #K2HKIHAOL )
1030 NO=NL/ (K4#A0) INNZ=KSENLI#NL/ (K4#AOS
1040 HimHOMAO/KB :HZuHOSHONAOD/ SKINKE)
1070 xo-o.3*¢4¢AooH0oH1¢No+nxo4iuo+4-uzoxoiu3)
1100 "MASS BALANCES - INITIAL COMPONENTS
1110 HP=HO/Z+H1/2+4H2
1120 GOSUS 3400
1900 *NEXT EQUILIBRIUM
1410 GOTOD 130
1999 END
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o

2000
2003

2010
2020
2030
2040
23100
2110
2120
2130
2200
2210
2220
2300
3000
3010
3030
3040
307
3100
3103
3110
3193
- 3200
3203
3210
3220
3230
3240
3230
3290
3300
3310
337
3400
3410
3493
3300
3310
3320
3330
3340
3330
339s
3400
3s10
Jars
4000
40310
4030
4090
4100
4103
4110
4149
4130
4140
4193
4200
4210

253

'FUNCTIONS AND ERROR. AT A POINT ) .
‘CHENICAL EQUILZBRIA . .

AQeX2 (1) IN1=X2(2) SUS=sX2 (3}

U=U3/ (K3I#AQ) IUI=U2/K2/A0  1UOwWUL /KL /AO o .
NO=N1/ (K4#AO} PN2=KSENL#NL / (KA#AQ)

Hi=HORAO /KB  :HI=HORMHL /KD

"MASS BALANCES & ERROR 4
F(1!-lU90N’OHOIZ-H1IZ-NI-NZ-UI—Z!UZ-SIUS!-AO

F(2)u {28NP-NO~28NZ) -N1

Fi3)=(UP-Uo~-U1-U2) ~U3

El=Q . * .

FOR M=l TO K :F(MI=F (M) /X2(M) tEL=R1+F (MIRFE (M) :NEXT M
Kl=8QR(EL)

RETURN

'LPRINTOUT OF INPUT

LFRINT “CHEM CONST®IK11K2IKIIK4) KKK KB]KY ‘ ) .

LPRINT *SEARCH CONSTANTB"1C1ICIIC4ICSICSICBICTISPIK

LPRINT )

RETURN

"LPRINTOUT OF THE DESIRED EQUILIBRIUM

LPRINT :LPRINT

LPRINT “PH,N?,U9"|PHINPIUY ~ .
RETURN_

*LPRINTOUT OF PaRTIAL DERIVATIVEB AT THE POINT . K
LPRINT :LPRINT ' '
LPRINT=X DE/DX DZE/DX2 REL. ERROR"

FOR I=f TO K :LPRINT X1(I),P1(I),P2(I),F11I) :INEXT I '
LPRINT “RELATIVE ERRGOR=*,E{0)
LPRINT "DE/DS (EST)=",D1 : .
LPRINT *D2E/D82 (E8T)w*,D2 : - .
RETURN

'LPRINTOUT OF DE/DS,D2E/082,D3IE/DS3 -NUMERICAL METHODS

LPRINT =DE/DS,D2E/D8Z,D3E/DS3 (NUM) ") D11D21D3 !

RETURN )

'LPRINTOUT OF THE STEP SIZE RESULTS i
LFRINT =80,82,83,84°;80182]53)84

RETURN . ’

'LPRINTOUT OF FINAL RESULTS

LPRINT :LPRINT

LPRINT “LOCAL MINIMUM ERMOR. FOUND, ITERATION W*}3 *

LPRINT “DE/DS,D2E8/DB2,D3E/RS83"|DL1;D2}DS °

LPRINT "RELATIVE KERROR = =jg(0)

LFRINT *804,NA2S04,U02(804)3 MEXLE1) X1 (2D ,X143)

RETURN R '
'LPRINTOUT OF EQUILIBRIUM SCLUTION

LPRINT PHIHPINPIUP|I0JE(O} ] C ot
RETURN

"PRINTOUT OF INPUT —

PRINT “CHEM CONBT® K1 IK21K3 I K4 I KD ) K6 I KT F KBS KY

PRINT “SEARCH CONSTANTB"1C11CIIC4ICSICAICBICTIBPIN

RETURN . . . . .

*PRINTOUT OF THE DEBIRED -EQUILIBRIUM : '
PRINT !PRINT :PRINT , '

PRINT “INITIAL POINT-PH,NP,UP"|PH}NP ) UY ‘ . ,
RETURN . - ' .
"PRINTOUT OF INITIAL GUESS L i . b
PRINT “INITIAL OUESB-AO,N1,U3"yIX1¢1) X1 (2) IX143) r.

RETURN )

'PRINTOUT OF PARTIAL DERIVATIVES AT THE POINT

PRINT *X DE/DX ) D2E/Dx2 REL. ERROR"

’
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Listing A.3.1 (continued)

4220
4230
4240
4230
4293
4300
4310
43vs
4400.
4410
493
4300
ad10
4320
4330
4340
4330
4893

© 4400
4610
4493
8000
8010
8020
sozs
8030
acys

. i\\J
-}

FOR {=1 TGO K :PRINT X1(I),PL(I),P2(I},F1(I) :NEXT I
PRINT "RELATIVE ERRCRw=-, g (Q)
PRINT "DE/DS (KST)=",Di
PRINT “D2E/D82 (EST)=",6D2
RETURN
'PRINTOUT OF DE/DS,D2¥/D82;DIE/DBI -NUNERICAL METHODS
PRINT *DE/DS,D2E/DB2Z,D3R/DBI (NUM) "§DI1)D23D3
RETURN
‘PRINTOUT OF THE STEP SIZE RESULTS
PRINT =S0,52,83,34°180182183) 584
RETURN 3
'PRINTOUT OF FINAL RESULTS
PRINT :PRINT :PRINT ]
PRINT *LOGAL MINIMUM ERROR FOUND, ITERATION n)J
FRINT °DE/DS,D2N/D%2,D3E/DS3={D1ID21D3
PRINT ARELATIVE ERROR= °[E(0Q}
PRINT “304,NA2504,U02(804)33 *IXI(1)§X1(2)X1(3)
RETURN ' -
*PRINTOUT OF EQUILIBRIUM SOLUTION
PRINT PHIHPIN®IUP) I0IK(0) T
RETURN
"CALCULATIONM OF THE INITIAL GUESS
QO=HO/24N?  :Q1l=1+HO/2/KB+2HKEANT
X1l(li=@0sQ@1 :Xl(2)'2*N’Itl*1/lk4*xltlil)

AQuX1(1) :03-1IK&IKZIKSIAOIAOI&O*IIK21K3IAOIAOOIIK31AOOI

X1 (3 eyss@l

RETURN 1

"
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10 CLS :POKE 14353,293

100

"CHEM CONSTANTS

110 Ki=&4.3 :K2=m4,.927 :K3I=19.8 .
120 MaA=3.14 :KI=0.0]1 :K&=l.0
130 X7=144 :KE=0.033% IKPmlE-14

200

*SEARCH CONBTANTS

210 Cl=3E-4 :C2=4K-3 :C3=10 :C4=50 :C3=sS00

220 CP=L :Km4 “V:88w0.13 :S9=0.0] )
230 Zi=1 :22e2 :NP=0.91 IHPm0.01 :UP=IE-5. :0ress.12
290 ON Z1 GOSUS 3100,6100

Jco
303

'DESIRED TQUILIBRIUM
INPFUT "EQUILIBRIUM PH"|PM

310 NP=O, 9?1 . .
320 HO={OL {-PH+Q, )

3
3va
400

410 QOSKARKBR(1- (HP+NP) /HO)

INPUT SINPUT INITIAL GUESS tY/N)*jL3s
IF L3s="Y* 0OTO 800

:CPm2

'CALCULATE THN INITIAL ESTIMATE OF THE SOLUTION & ERROR

“ﬂl-BﬂR(00!00-4!K4!KB!¢H9+N9)IHO)

420 X1(1)=(-QO0~-Q1)/2/K4 :AO=mX1{l} X122} mHP+NP-AON (L +HO/KD) -
430 @ISLHL/KL/AQHKZRKIBAORAD - ’ :
440 X1(3)1=UP/R3 1Xi(4)=Q7

Sd0

'FIND THE LOCAL MINIMUM

310 J=0 :FOR Iw} TO K IX2(I)mwx1C(I} :NEXT I
339 GOSUP 12000

600

*TEST oF ABSOLUTE CONVIHGINCE

410 IF E¢01<C2 GOTO 2900
420 E(0)=UQ | : AQ=W] .N‘-HZ IUl=WI  :03=us.
430 PRINT ,PﬂINT IPRINT “BEST POINT IR (O) FACINLIULIO]

700

BEARCH AROUND FOR ANOTHER FROMISING POINT

710" PRINT . IPRINT "SEARCH ARCUND FOR ANOTHER PRDMISING POINT®
20 bﬂlNT SPRINT TAB(1CG)}*1~ ABANDON .LOCAL SIANCH NEXT EHUILIBRIUH'
723 PRINT TAB(10)11°2~- SPECIFY THE POINT"

730 PRINT

TAR(10)]*3- DIRECTION OF REDUCED INDIVIDUAL

740 PRINT :INPUY *CHOICE=jJJL 0N J1 O0OBUB 2000, 800,830

800

€10 INFPUT -OIVvg AQ,N1,Ul,03"

B840 FOR w1 TO K

*INPUT OF A SPECIFIC POINT

PXLC1) , X2 82) , X1 (3),%1(4) Hi e s]

‘DIRECTION OF RCDUCED INDIVIDUAL ERROASA 6TH ORDER FIT
823 INPUT *STEP S1ZE (£9.- ¢, 13 TO 0.001)*;188

870 FOR M=l TO 7 :pOm I=sl TO K  (X2(I)mXi(I)e(mM- 3)!!6(!3

1000
1010
1100

ilio.

1120
1200
1210
1220
1230
2000
0l0

MO0 OOBUB 7000 :E(M)mm] INEXT M

‘CumvE FIT : . .
o0sSUs 13000 T

'REDO STEP OFFSE .

PRINTS O, “ORAPH O.X. (Y/M}* :INPUT LSm
IF L3s=*N" 30TC 700

*CHOICKE OF NEXT INITIAL POINT

PRINT® O, *VALUAZ OF £ TO NEXT INITIAL PBINT"

FOR. I=1 TO K IXIIII=X1(T)eIRXa(L)  INEXT I
%070 300

‘'CALCULATE OTHER VARIABLES

GOBUBR 10000

IINPUT 3

ERRORE" .

300

.

‘Kll!!qll‘!lll!lFl(l)iﬁll(FI(I)llE(OllE(O) INEXT 1

-NKXT'I
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2100
3000
3010
3300
3100
S110

+ 3120

8130
8140
Si9s
3700
3710
u>20
5793
4000
6100
6110
6120
6130
4193
6300
4310
4393
4400
4403
6407
4410
4420
46443
6950
4960
4495
4700
4710
4720
6793
7000
7008
7010
7020
7030
7040
7080
7100
7110
7120
7130
7140
7200
72i0
7720
7300
8000
8100
0110
8120
0129
®130
9140

130

. © 256 :

.

ON Z1 GOSUB 3700,4700 - - :

‘DO FURTHER EQUILIBRIUM CALCULATIONS

G0TO 300 o :

END -

'PRINTOUT OF INPUT

LPRINT "CHEM CONST"IK1I1K2iK3IKGIKSIKAIK?|KBIKT
LPRINT °"SEAREH CONST*[C1IC2IC3IC4ICSICaICHICT|SE|SPIK
LPRINT *INITIAL SOLUTION®INSIHPIU9;07

LPRINT

RETURN =

*LPRINTOUT DF RESULTS
LPRINT PH}O%§IO0JE (D)
LPRINT TAB(3)|AOINLIULFOS

RETURN : , "
*PRINTOUTS . - - .
'PRINTOUTS OF CHEM LCONV CONSTANTS

PRINT *CHEM CONST [K1IK2TKIFKAIKSIKS1 K71 KB | KT

PRINT "SEARCH CONS*1C1IC31C41CSICAICBICTISOISPIK
PRINT "INITIAL SOLUTION®"INP|HT}UY}07

RETURN

"PRINTOUT OF INITIAL. GUESS -

PRINT "INIT GUESB-AO0,N1,UL,07" IX1 (1} 1X2(2)91X1(3)1X1(4)
RETURN . »

'EACH ITERATION

*POINT LOCATION AND DERIVATIVES

PRINT J¥XI(1),X1(2),X1(3),X1(8)

PRINT "ERRORBTIE(O)IFLI1)IFL(211FLI3)|FL(4)
PRINT °D1,D2,D3",D1,DZ,D3

RETURN *
*STEP 'SYZES .

PRINT °80,82,83,54"1801821S3154 :PRINT
RETURN i
*PRINTOUT CF ALL VARIABLES : .
PRINT PHIOYIIOE (O)

PRINT TAB(S)JAO0IN1JUL1}O3 -
RETURN =~ . ) ;
*FUNCTIONS AND ERROR AT A POINT -
*CHEMICAL EQUILIBRIA

AO=X2(1) :IN1=mX2(2) :UL=X2(3) :03=X2(4) _ .
UO=UL/K1/A0 :UZuKZRULIHAO :U3=KIFIZHAO . .

NO=N1/K&/AD  :N2wKTHHNL#NO . B
H1I=HORAG/KE :HZeHOWHL/K? ' LT
02=KP/HO 1 0l=KARNORQ2 ol

*M/ABS BALANCE & ERROR . L
Fil)={(NP+HP+UP=-H1-HZ-N1-N2-U3 -28UZ-3#U3) rAO
F{2)m(2ANT~07-NO-28N2+0Z+03) ~N1

A3 = (UP~UO~U2-UT) ~UL

Fi4)m(D7+28HY-HO-H1 -2#H2-03)#10

¥

*ORAPH POINTS AND FUNCTION
‘SET UF BORDERS & LADEL
cLs

FOR I=0 TO 3 :J1w942+1081 :PRINT® J1,(1-21) :NEXT I
PRINTE 1021,° a4°;

FOR I=43 TO 3 STEP -10 :SETI(J,I) :NEXT I

PRINTE B74,"-3°] (PRINTE 704,"~2%1 (PRAINTE S12,°-1"g

PRINTR 320," 0®] :PFRINTE &4,°+1°}

-

s

-

5]

El=Q ’ w

FOR Nl-i TO K, IF(ML)=F (ML) /7X2(M1) SElmEleF (ML) RF (ML) ‘INEXT M1 \
El1wSQR(EL) s , .

“RETURN.

an
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»
Listing A.3.2 (continued) s
8200 'PLOT DATA POINTS . .
8210

a220
a230
8240
8300
8310
8320
4)
8330
8340
8350
8300
10000
10020
10030
10040
10030
10070
.to100
10110
10300
12000
12100
12103
12110
12120
12130
12140
12143
12139
12160
12170
12200
12210
12220
12300
12310
12320
12330
12340
12330
12340
12400
12410
12900
127910
12320
12330
12800
‘12810
12820
12630
12640
12830
12840
12700
12710
12720
12730

FOR I=3 TO 43 STEP 10 :Il=(I-3)/10+41 IY=LOG(E(IL)} :IF Y>1.0 THEN.Ywl.O
IF Y<¢-3.0 THEN Y=-3.0 .
Y=3I20-448INT(108Y/3) +1

PRINT® Y,"%"] :NEXT I “

"CALCULATE & PLOT POLYNOMIAL VALUES

FOR Isa TO 126 :Xm=2+(I-4)/20

YiLoucA(x.a:+Acz B)AX+A (T, B) HXEX+A (4,8 HXII+A (S, BI#XLA+A(S, B #XLS+A(7,0) #XL

I* v>1.0 THkN Y=1.0
IF Y<-3.0 THEN Y=-3.,0
Y={S-INT(10#Y) ISETY(I,¥] :NEXT I
RETURN
*CALCULATION OF ALL VARIABLES -
UO=UL/KL/AG :UZmKZRULRADC . :U3=KINUZRAO
NO=NL/K4/AC :N2eKS#N1#NO
HiI=HORAO/KE  H2=HOMHL /K7
D2=KP/HO :01=K&#NO#OZ
I0=0. 5% (4#A0+HO+H] +NO+NL +SFUQ+IRUZ+ 1 #UI+02)
*MASS BALANCES-INITIAL COMPOUNDS ; -
OPaNO+N1 +Z#N2+01 - 24NT .
RETURN : :
*LOCAL MINIMUM
*VARIABLE RANGKS
S9=0,01 :Wo=)1,00
FOR Isi 7O K :X8(I)@X1{I)/5 :XP(I)mxX1(11#3 :INEXT I
FOR Imw: TO K :X2(I)=X1(I} :NEXT I
GosUB 7000
E(C}wEl :FOR I=l TO K :F1(I)=F(I) :NEXT I .
IF G(0)CWQG THEN WO=E(0) :W1=X1(1} :W2=X1(2) :W3axXi(3). :kdemxli4)
*REBET THE CRITERIA .
80mCS  :92wC3  :E3=CY  :84mCE  :JaJe]
IF Jw30 GOTO 14300
'DIRKCTION OF THE NEXT GTEP
FOR I=1 TO K :X6(I)=SP#X1(I)8F1(1)/E(C)HABS(FL1(1))/ELQ)
NEXT I
'CALCULATE E,DE/DS, D2E/DS2Z ALONG THE STEP DIRECTION
FOR I=f TO & :FOR L=l TO K :X2(L)axX1(L)+I#X&{L) :NEXT L
gosuB >000 . "
E{I)wEl :NEXT'I .
DIw(-11#E(0) +108E(1) -PRE(Z) +2ME(3)) 74
D2Z=28E(0) -IRE(L) +AMK(2) -E(3)
na-c-sitto:~1ni!tx:-24ucc2)o14§1(31~3i£c4)nxz $1F D3=0 THEM b3ImiE-& °
‘PRINTOUT OF DERIVATIVES
‘ON 22 GOSUR T400, 6400
‘FILTERING THROUOH THE STEP LENGTH CRITERIA
' CONVERGENCE CRITERIA -
IF ABS(D1)<=C: QOTO 14300
IF £10)1¢<C2 GO0TD 14300
*DEBCENRT CRITERIA
PeD2#D2-4#D38D1 :IF PCO THEN 12700 -
PSR (P)  :T2w(-D2-P)1/{28D3) :IF T2<O THEN 12640
IF T2¢(82 THEN $2=T2
T2={-D2+P) 7 {ZRDT)  IF T24<0 THEN 12460 *
IF T2(82 THEN 52=T2 ’
IF S2C80 THEN SO=82 .
"ACCELERATION CRITERIA . .
A=D3/D1I :Be=D2/D1 :(V3=1-C3 :
PeBNB-48ASVI :IF PCO THEN 12800
q-l.nlrn ITIm(-BePr)/ (2ZHA)  :IF T340 THEN 12790



12740
12730
127640
12770
126800
12810
12820
12830
12840
12830
12860
12900
13000
13010
13020
xa(n)
13030
aX9(I)
13040
13043
13040
13070
14000
14100
L4400
14300
13000

. 13010

135020
1303¢
13040
13100
13110
19120
13130
13140
13130
14000
14010
16300

258

Listing A.3.2 (econtinued)

IF T3I<83 THEN S3i=T3

TIm(=B=P) 7/ (ZRA)

:IF T3<0 THEN 12220

IF T3<83 THEN S§3=T3

IF $3<{80 THEN S0=83

"STEEPNESE CRITERIA '
Al=Di/E(Q) IAZmD2/ (E(D)#2) tAJ=D3I/E{(Q} /& :60TO 12830 »

S4=84/CH -

Ri=1+A1l%#84+AZ25S4RE4+ASHEB4ALI

IF RI<1/C4 THEN

12820

IF R1>C4 THEN 12820
IF S4<80 THEN SO=84
"MAXIMUM STEP SIZE CRITERIA- MET BY CS3

*NEW POINT

e

FOR I=i TO K IX1(I)=X1(I)+SORXA(I)

IF X1(I)<XB(I} THEN PRINT USING °"VARIABLE #

IF %X1(1)>X9(I) THEN PRINT USING *VARIABLE »

NEXT I :39=8S9%BRR(80)
IF E(Q)<0.23 THEN S9=0.01

IF E{01<0.03 THEN 89=0.001

$IF S9>0.01 THEN S9=0.01

IF E{0)<0.01 THEN S%=Q,0003
"PRINTOUT OF RESBULTS OF THIS ITERATION
ON Z2 GOBUB 3430, 4430

Go0TO 12120
RETURN

*FIT A 6TH ORDER POLYNOMIAL TO THE DATA

'COEFFICIENT MATRIX

FOR M=1 TO 7 :(WiM)I=M-3
FOR I=1 TO 7 :A(M,I)=W(M)[(I-1) :NEXT I
AlM,B)I=E(M) INEXT M
‘MATRIX REDUCTION- FINAL VALUEB ARE A(M,®)
FOR M=l TO 7 ‘(VUsl/Ai{M,M)
FOR I=1 TOQ @ :A(M,I)=A(M,I)#Y :NEXT I

FOR I=1 TO 7 :IF I=M GOTO 13130 *

VieA(I,M] :FOR
NEXT I :NEXT M

L=M TO 8

'GRAPHING OF FUNCTION

GOSUB 8000
RETURN

-

iPRINT M

FALILImA(I,L)-AIM,L)#VL

OUT OF RANGQGE (LOW) =11

INEXT L

N

iXltl)e

OUT OF RANGE (HIGH)™"§I. :X1(I)
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A.4.0 INTRODUYCTION .

This appendix supplies supporting data and

calculations for Section 4 in the main body of the report,

~
14

which is_cdnéerned with Ihg - physical properties of the
aqueous and-orgaqic phases. Experimqntaf measurements of the
density,:viscosity, and intqrfacial tension arec given in the
first three subée;tions. Calculated estimateé of the mass
diffusivities of an aqueous and an organié _ﬁran;l. specics

are then illustrated. ~ Literature values for Lhe physical

properties'of_kerosenc are  included at tﬁe end of this

- -

section that provide a basis aof cbmpaﬁison\ for the

-

properties ‘of the organic phuase.

™.
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A.4.1 DENSITIES

Table A.4.1 - Verification of the
Density Measurement Techniques

Distilled Water 21.9 to 23.5 acC

Hfdroneter (60¢°F)
{range 0.900-1.010)

Volumetric Flasks

- 50 ml. 0.9950, 0.9954
250 ml. 0.9963, 0.9967
.- Literuth;zltalue 0.9978

. A. Preparatory Phases

y -

(22can%frry(55))

‘ t-' <'\_J
Table A.4.2 - Phase Densiti

oy

v . N

A
.Phase . Method {8 22eC) :
Aqueous Leach  Hydrem.(1.000-1.220)
Aqueous Strip v :
“Acidifier o ‘
pH Control "o (0.900-1.010)
Acidified " (0.800-0.910)
Organic. Volumetric (50,250ML)
Free .Amine " : T
Fully Loaded Hydrom. (0.800-0.910)

‘Br-Equilibrated Phases

20.0 1.121, 1.125.

. , ~

g

es

Readings

.8090,

Done at about 259C with 25 nL*?olﬁiefrfc~flaaks‘{
- Room temperature @ end of tests = 27.3¢C. -

0.9989, 0.9987,.0:9989

1.033 .

1.066, 1.065
1.029

0.9725, 0.9727
0.8040

0.8003, 0.8017
0.7996, 0.7977.
0 “0.8090

Cirtuit- 0/4 Rg;io Paqueous Parganic
Extraction 0.25 1.023, 1.022. %0.7996, 0.8000
) 8.0 - . 1.015, 1.018 . 0.796, 0.796
Stripping 0.25°  1.065, 1.057 . 0.791, '0.790
| o 0.797, 0.797



A.4.

2 VISCOSITIES

5 cP
26

10 ¢
925

H,O
31:

-t
nn

Viscosity Speed Temp. Readings Factor
Standard (rpa) (oC} ’
t
60 27.8 I 47.2, 47.3 0.1
oC 30 23.45, 23.55 0.2
12 9.8, 9.60 0.5
6 T F 5.1, 4.8 1.0
60 22.0 1 R 51.2, 51.0 0.1
30 23.0 F 25.5 . 0.2
P 60 27.8 1 88.50, 88.4, 88.4 0:1
sC 30 44.3, 44.4 0.2
6 2B.5 F 9.3, &4 1.0
30 21.75 1 47.7 0.2
60 22.9 F 85,2, 95.9 f 0.1
60  21.9 I 10.7; 10.§ 0.1
tilled 30 22.4 F 5.4 0.2
30 26.3 1 4.85 _ _ 0.2
60 25.5 F $.95, 10.5, 10.80 0.1
Inltial tempearature at the atart ﬁf the test
Final temperature .
* -
y 1] : . .
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Table A.4.3 - Verification of the -Brookfield Viscometer

Viscowity
(cP)

4.72
4.70
4.85
4.95

.1
.1

[+ W+ ]

-84
.BT
.16

woo

9.6
9.56

1.05
1.08

0.97
1.04

-,



- !

Table 2.4.4 - Viscosities of the Phases

Phese Speed Temp. Readings °  Factor Viecoaity
(rpm.) (ecC) (cP) Avg.
Acidified 60 21.0 I 15.1, 16.4, 16.5 0.1 1.63
Organic 30 23.8 F 8.5, 8.5 0.2 1.70  1.865,
60 29.5 1 14.6, 14.6 0.1 1.46
30 26.7TF 7.4, 7.3 0.2 1.456 1.46
Fully . 60 21.9 I 16.50, 16.4, 16.3 0.1 1.64
Loaded 30 e F B.8, B.4, 7.1, 8.3 0.2 1.70  1.66
60 28.0 I 15.4, 15.3, 15.1 0.1 1.63
ao 26.2 F 7.9, 7.9, 7.9 0.2 1.58 1.58
Stripped 60 21.0 I 16.0, 15:9, 15.9 1.59
_ Organic 30 21.9 F 8.0, B.0 . 1.60 1.59
“ - (PH=4.0) . - '
. 60 27.7 1 14.8, 14.6, 14.8 1.47 :
. a0 27.3 F 7.6, 7.1, 7.3, T. 1.44 1.46
Aqueous .60 22,56 1 11.1, 11.0, 11.0 .10
) Leach 30 23.0 F 5.6, 5.6, 5.5 1.11  1.10
) 60 30.3 1 9.6, 9.7, 9.7 0.97
30 29.8 F 4.9, 5.0, 4.7, 5.1 . 0.99 0.98
Aquecus 60 21.3 1 12.1, 12.3, 12.4, 12.3 1.24
x Strip a0 22.2 F 6.0, 6.2, 6.0 L2t 1.z
. (Barren) . oo -
‘1 ‘ ‘60 28.0 1 '11.2, 11.3, 11.3
. 30 27.9 F 6.8, 5.7, 6.9 1.15
Acidifer 76 21.1 1 11.2, 11.1, 11.4 1.12 .
Sclution 30 21.4 F- 6.5, 5.8, 5.6 1.13  1.12
' 50 28.0 1 9.75, 9.6, 10.0, 9.7 0.98
. 30 28.2 F 6.0, 4.8, 5.0 0.99 0.98
Fully 60 21.4 1 13.‘13.4. 13.5 1.34
Loaded 30 22.0 F 6.5, 8.7, 6.6 " 1.32 ° 1.33
Strip .
{squecus) 60 30.2 1 11.8, 11.5, 11.6 1.16
30 30.00F 5.8, s .0, 6.2, 6.0 "1.19 1,17

3

Initial-telyerature at the start of the test
Final temperature

-
-
[T [

\'1?55
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A.4.3 INTERFACIAL TENSIONS

The following three-tables.contain‘measurenents of the
interfacial ten§ion for standard phases and the phases used
in this project. The De ﬁuoy ring tensiometer was first
calibrated with special weights, then a series of rqadings
were taken of two equilibrated phases in contapt; The
reading éfdﬁ'the instrument (labelled P in the tables) must
be corrected. for thé\\density @ifferences of the phases
(Pl'Pu)' This is done b% reading from =a chart from the
cquipmenti Faﬁufacturer ‘a'correttion factor F that is given
as a funcfibn of the reading P divided by the density

difference between the phases (fl-pu).The factor F'tines the

. reading P gives the absolute value for interfacial or

surface tgnsion. o.

| The ratio of the diameter of the De Nuoy ring to the
diamet;r of the platinum iridium wire that it was made from
was 53.8, In the case of extraction, three times ouiiof four
the interfcjai fensioﬂ that was measured in going from the
light pbase to the heavy phuse was 0.4'dynés/cn ggcuter than
th;f; measured from fhe heavy phuse to the light phaac.. In
the case of strifpipg, nu'consistent' diffqrence was - noted

between the values obtained bf approaching the interface

either from above or below.” However, in both «cases there

-

were vety large differences in messurements for the surface

tension as gpprééched from above or below the surface.
r
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A.4.4 CALCULATED ESTIMATES OF THE MASS DIFFUSIYITIES

A.4.4.1 - Kgueous Phase Diffusivity

o

For electrolytes at infinite dilution ‘?This ~Correlation

is for binary solutions):

-“t.

Y . . - . .
g} = 8.93x%10° 10 T_[ 1+1~‘I' z+Z~ ‘ equation 3-34 Perry’s
. ‘ B I A z+z-
.\ L]
i, - '
U02(S0473%"  _ U05(504) 02
o .
1+ cationic conductance 60 . 60
(mhé/equiv) Na* NH4* - (r
1- anionic conductence ‘ 100 780 -
f = 1+ + 1- electrolyte 160 140 |
* condition at infinite dxlutlon '
T. temperature Kelvin 298 . 498 -
z+ valence of. the cation 1+ : 1+3% -
z- ~valence of the anion 4 ) 2.}
" RPuo2(s04)3a- = 1¥107% cmZs 1.~ pRygy (. 2
. 4 N (so04)22

-
' 3
.- ot 8 . -

For concentrated electr@[ytés;-'

Qu = Q' (1 + ®m glae) 1 ( pg o - C
. . sm ,‘CB?B R . C
a ‘ : '. ’ c " v - *
m molality % 2g/1 U % 2Z%1073 molal - N
$lon/8m ~ 0 at highef concentrations .- o . -

cg molar density .of solvent (water)
Vg partial mglal volume of ‘water 7 l/cy
pp viscogity of water = 1lcP

Pp- viscosity of the solutien = 1.1 cP
L % Dp pp/p = 9¥1076 QDES_I. h

BY and § arc diffusivities (cm$/a).
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A.4.4.2 Organic Phase Diffusivity

The Wilke-Chang relation for diffﬁsion in non-electrolytes
is applicable to the diffusion udranyl/amine complexes in the
organic phase ‘(see Perry (55p3-234)).

DapMp ' 8 (dMB)O'5 A - refers to solute
= 7.4%107% . .

T VAO'B B - refers to solvent

; .
li \
For the free! amine R3N in kerosene: '

¥g viscosity 1.65 cP

T  temperature *298 K : _

ﬁ association parametgf 1.00 for kerosene (2.26 for Hp0)
Mp molecular weight 140 g/L

Vo molar volume of solute

@ normel boiling point 573 c:m"-"gmol—1

in order Lo estimate the diffusivity for the uranyl/aminc
complexes, a general trend for the effect of molecular
weight of solutes on Lheir diffusivity in water was obtained

from Table 17-10 of Perry (b5pl17-38). The data was roughly
of the form:

Dap = cMp® _ c,a 6 ggnstanté
: azx 0.

Using the above value for the exponent a:

Dy = 2.2%1076 cm25-1  for (R3NH)4U02(504) 3 _ ”

1l

7.5%1077 for (R3NH)3U02504

. . : . J ’
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‘A-4w5 LITERATURE VALUES FOR THE PHYSICAL PROPERTIES

OF KEROSENE

The following information is taken from the Natural Gas
Processor's Association Manual (51).
Viscosity @ 25¢C
n-Cipo lO.BB cP
n-Cy} 1.1 cP
for a molecular
weight of 146 1.3 c¢P

surface tension at 20%C & 24 dynes/cm
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Fluid "Flow in the Mixer
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A.5.0 INTRODUCTION :

This appendix . supplies supporting data and‘
calculations for Section 5 in the main body of the report,
which is concerned with power and pumping in an agitated
vessel. The information in this appendix i; épec}ficaily
related to flowrates and the apparent viscosity of the

dispersion in the mixer.
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A.5.1 FLOWRATES AND O/A RATIOS

The tables on the next two pages contain details about
the flowrates and O/A ratios for the mixer/settler runs. The
solution volumes were measured in order to provide an

accurate figure for the phase flowrates, even though the

peristaltic pu

s\are usually very steady and reliable as

metering devices. The ratio of the organic to the aqueous

flowrates ig the feed O/A ratio. The ratio of the organic to
the aqueous Zolumes in the mixer at the end of the run is

the mixer O/A Yatio, which may differ considerably from the

feed O/A. Another way to express the mixer O/A ratio is in

terms of the dispersed phase volume fraction, ¢4.
In the last three tables two measurements are given of

the organic and the aqueous feed volumes. One estimate is

based on the measured input volume, and the other is based

on the measured output volume.

-
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/
A.5.2 THR APPARENT VISCOSITY OF A DISPERSION

ﬁany correlations frequently require a knowledge cf
the apparent viscosity of a liquid-liquid dispersion,lwhich
is non-Newtonian in nature. Although the apparent visocity
is a function of several variables (see Becher ( 8), aﬁd
Nogata (52)), a rigorous analysis was not attempted in _ this
project. PrediZtinns of the apparenf viscosity fox this
project according: to several -simple correlations are

. .

liste\ below. The correlation of Vermeulen et al (?8) was
chosen for mixer power calculations, while‘ Barnea and
Mizrahi's (5) correlation was used for hindered settling.
The predicted apparent viscosities at different O/A ratios

for the conditions of the no-extraction runs afe given in

Table A.5.5 for the verious correlations.

: Pe 1.5 pq #
Vermeulen et al (78) Po= : x |1 +
( 1"‘¢) pc + Pd
Barnea and Mizrahi (5) Pn= Hc* exp QE__!;__
. 3x(1- d)
o . Ve .
Oliver-Ward (8) Ppz — K: 2.5 (g<20%)
1-Kx ¢ .
. | : Pe ‘
Sibree (8) Pp= = H=1.3 ($>50%)
- 1- (Ho)1/3 '
. ‘ d+ 2/5)
Taylor (8) .. Pm= Po¥ 1+ 2.5% ¢ 8———————3
. ) Pdt Pe
McCabe and Smith (43) Fn= Pc* exp(4.19% &) .
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Table A.5:5 - Correlations of Apparent Viscosity -
(in g/cm/s - applied to this project)

phase Laity Barnea Oliver Sibree McCabe Becher
ratio Treybal Mizrahi Ward Smith (datm)_——-
B

0.1 0.019 0.020 0.022 0.0337 0.025 -
0.2 0.023 0.025 0.033 0.046 0.038 0.047
0.3 0.028 0.034 0.066 0.061 0.058° 0.050
0.4 0.034 0.050 - 0.084 0.088 0.086
0.5 0.043 0.087 - 0.123 0.134 0.135
0.7 .0.078 0.806 - 0.533 0.512
0.8 0.122 {13.0) - {(-1.2) -

data from Becher (8)

L

.

!
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Appendix‘A.é

Drop Distributions in the Mixer

Introduction ........ Tff????\.... 3 U
Analysis of Drop Photographs and Sketche ceen

Res

Drop”Size Distributions - Empirical Forms ..

Cfitical Weber and Viécosity Numbers .....a.

1ts of the Drop Photograph Analysis .....
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A.6.0 TINTRODUCTION ' . - .
This . appendix supplies supporting data and‘
calcplations for Section 6 in the main boddy of the report,
;hiéh is concerned “with drob size distributions in an
égitgted veséel. Subappendicesz.B.l and A.6.2 summarize the
éata. concerning drops. in .thé miﬁcr. Subappeqﬂ{x A.6.3
explaLns_in more détuil-tﬁe common form’ utilised 1in this
préjept for eipreésing drop size distributions, which hllog
c;mparisop of empif@cal relation; of widely different tyﬁe.

-Critical Weber and Viscosity numbers are calculated in

Subappendix A.6.4;
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A.6.] ANALYSIS OF DROP PHOTOGRAPHS AND SKETCHES

4

. \
Several photographs and sketches of phofoéraphs of

the mixer dispersion are shown on the next few pages. They
were chosen to illustrate the range of quality obtained with

—

the photographic'tachniques._

Photographs o
Figure A.6.1 was .obtained at a Ibw.impellor speed."and..the
camera focus, magnification, lighting, and shutter speed

were well ~set. Figure A.6.2 is still reasonably good, but in
"Figure A.6.3.the drops are very small andﬁ some drops have
stuck to the dispersion window (this can be determined by

examining successive photographs.

. . . &
Sketches

It was ofiginally %ntended to.circle abo#t 200 drops on each
sketch (taken from the film negative fhat was projected onto
a graphics tablet). The example sk;tches sﬁow,that this wag
rarely the case. Two c&mmon and very.serious prsblems_ are

illustrated by the skotches.

1) Drops that are circled in red appeared in two or more

successive photographs of the same disPeréion. Théy'must
therefore have been "stuck" on the dispersion window. These

drops were not included in the_drop size énalysis, but any

"stuck" "drops not detected in this manner would have

-

affected the calculated drop size distribution. As the

"stuck" drops are large, this is a serious problem.
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2) Some_skefches only y%elded lb to 20 drop images. The rest

!

for the

of thg drdpvpopulat¥pn was presumably too small

opt1031 and lighting systéns.
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Figure ‘A.6.1 A GOOD QUALITY DROP PHOTOGRAPH
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Figure A.6.2 A MEDIUM QUALITY DROP PHOTOGRAPH
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E

Figure A.6.3 A POOR QUALITY DROP PHOTOGRAPH
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A.6.2 RESULTS OF THE DROP PHOTOGRAPH ANALYSIS

—

The following tables summarize the analysis of the
.dqop photographs. Although analysis were made bf at least
two photographs from each series of runs, not all of the
runs were analysed because of ‘many poor photographs that
resulted when experimenting with‘the photographic technique.
Explanations of particular items in Table A.6.1 are lgiven

below.

Photo Quality - The quality of the photographs\is indicated
by;
1) Overall quality - P=Poor F=Fair A=Average G=Good
: VG=Very Good
2) Interpretation - Considerable interpretation was
neceséary to glean any information from some of the
photographs. The rating refers t¢ the fraction of the drop
ﬁopulatioﬁ that was @ard to distinguish. {(eg. All - no drops
were clearly imaged.) Some interpretation was always

required when drawing the drop boundaries.

3) Stuck - This fraction indicates thelportion of
all drop images that were found to have been stuck to the
plexiglass wall. These drops were not included in the size
diatr;butioh.or the number count below.

4) Number — This is the pumber of drops that were measured_
in order to obtain the drop size distributions. Note that a

minimum of 500 to BOO drops is usually required for a proper

size distribution.
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5) Time Taken - This indicates whether fﬁe drop photograph
was taken half way through the run (1/2) or at the end of

the run (end).

6) Ay - This number is the\z:;rfacé area per volume of

dispersion.
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| Table 4.6.2 below compares dro?\sizes as megsured half
way throuﬁh some of the runs to the dr > size ay the end of

the runs.

Table A.6.2 - Comparison of Drop Sizes at Half Time

\ and at the End of the Runs
L
Run Inpellor Residence Half Time End
’ Speed Time dzo S d3o s
(s”1y | (s) l { pm} - (pm)
NE-1 .24.8 60 125 1.5 88 ¢ 1.3
FE-4 18.2 60 100 1.3 93 1.3
SE-2 14.5 60 142 1.6 106 1.5
ST-4 7.5 60 **\\‘ 504 2.5 861 2.7

Where: d32 - Sauter Megn Dlameter
Variance df the Log Frcquency vB.
Diameter D\iistribution
NE - No Extraction Series
FE Fast Extraction Series
SE Slow Extraction Series
ST - Stripping Series

-
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A.8.3 DROP SIZE DISTRIBUTIONS - EMPIRICAL FORMS

Thefé are numerous mathematical expressions for the
form of drop size distributions. In order to compare them, a
standard form must be adopted. Let’s define the probability

density function f or some wvariable a with -respect to

another variable (3:

fa(ﬁ) =1 da where aqp = f da .
aT 4B whole
population
and J fa(B) dg = 1
whole range
of B

For this project, the chosen form is:

fp(d') where . N =\ number of drops
d’ =/log of drop diameter d

This form has several advantages:

~

1) For spherical drops - the same distripution curve may -
serve for several frequency distributions, necessitating

only scaling factors.

2) The log format peg its examination of the smaller drop
sizés, and gives a bettjer idea of the differences between
the smallesp and the largest drops. This was very important

in the present study.

-~

Actually, the frequency distribution fv(d’) or fj(V’') or
almost any other form may be preferred for given

applications.

Conversaion to the chosen distribution form may be .

accomplished by the following fomulae:
oy
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fN(d?) = fy(d)xd - T )
. Dt - :AT 6 Vrp
fN(d') S — fd(d') T fp(d’) = —— fy(d’)
Npd 2.3%Npd? 2.31Ngd3
where: .
d,A,V = diameter, area, and volume of a size range
Np,Ap,Vp = total number, area, and volume of a population
of drops
For example: h
fv(d') = 2*fv(a’) = 3*fv(v') :
a’, v' are logs 6f the drop area, volume

Several formulas from the literature kor‘ dqﬁé size
distributions are listed beré;i"along with their modified
expressions as fy(d’). These formulas contain constants for
mean drop volume etct ‘that ;ere merely gueqped when
caléulations were dop;i'Although this affeéts their accurac&

S et .
and consistency (the integral of the freéucncy distribution
over its enfire rﬁnge-no longer equals 1.00), the form ‘of
,'the distributions and hence a qualitative comparison are -
unchanged.

Bajpai and Ramkrishna (3)

\ ”
S I8

) - :fN(V) - numbéf frequency -
(V) = _1 exp| =¥ W distribution of drop
Vm [ Vm - ’ volumes
V - drop volume
fN(d’) = 3V exp| =V Vm - 7 L di3 mean drop volume
Vm Vm 6 N i
L 4
Mugele (55) '
9 - 2/3 2 r - drop radius
fy(r) = 16 ¢ exp|{—-(_4_) r ry- volume mean drop
n 1"\,1:g (% ) ry2 radius
] .
fy(d’)= 32 d3 expl—( 4)2/3 d2 standerd form
W dy3 (¥%) dy? .
L .

(
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- Log Normal Distribution

fN(d’)

2m\ o’
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expi—-1 (d’-p*
2 (¢’

4’
P’
o’

-~

log(d)

*( This expression is already in the standard form.

|

put

Four experimantal drop distributions have also
into the standard form in Table A.6.3 below.

Table A.6.3 - Bxpori-eﬁ(al Drop Dintribﬁiion- Exprossed
in the Standard Fora

1B
24 -
31
40
61
66
84
110
140
180 -
230
300
399
600
650
820
1100
i300

where d

ne extr.-1 fast oxt.-3
H fu(d') B fN(d')
0.19 0.079 - -
0.42 0.174 0.19 0.09
1.70 0.706 0.43 0.2)
2.47 1.03 0.38 0.186
65.32 2.21 0.87 0.42
6.69 2.77 "0.93 0.45
2,71 1.13 1.12 0.65
1.10 0.48 0.86 0.42
0.70 0.29 2.13 1.04
0.55 0,23 3.80 1.85
0.08 0.033 4.82 2.34
- - 2.80 1,36
- - 0.32 0.16
- - 0.10 0.048
= drop diemeter

d'= log of the drop diameter

i = a measure of the -hl‘:ute ¢ of drops

o

.

slow
H

0.35
0.25
0.76
1.21
2.57
3.50
2.88
1.65

" 1.20

0.43
0.08

ext-2
fy(d')

0.22
0.15
.47
0.75
1.68
2.16
1.71
1.02
0.74
0.26
-.049

strip-4

H ty(d')
0.07 0.03
0.19 0.08
1.20 0.50
2.08 0.86
3.86 1.60
2.65 1.10
2.16 0.89
1.49 0.62
1.43 0.59
0.94 0.39
0.98 0.41
1.39 0.58
1.62 0.67
1.50 0.62
0.36 0.15
0.33 0.14
_0.08 0.03

log(mean d)
std. deviation
of log(d).

been
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A4.6.4 CRITICAL WEBER NU@BER AND.VISCOSITY NUMBER-

Hinze (29) sugg;sté&\that three forces were important
to drop break-up in a dispersion; the inertial forces on a-
drop, . ihteffapial ‘forces, and. Qiacous forces within the
drop. This was refined and related to A physical mogel by
Arai‘et. al. ( 1}). Three dimensionlegs groups may be formed

by -the three forces. Only two are independent. The chosen

two are; . @

It

" We - Weber number inérti"/interfacial stresses

Nvi - Viscosity number = inertial/viscous stresses
The formulas for these numbers arc given in section 5. -
Figure 6 in the paper qf- Arai ‘et al {1) :presented

their experimental data and model correlation of the maximum

stable drop size ‘as  a fﬁnctiqn of the viscosity number.
Their correlation is specifically intended for high

viscosity . systems, but it is still interesting and
*

‘informative gﬁbcompare the results of. this. project with
k

their work, ke®ping in mind that much higher disparsed phase

volume fractions were employed in their work. Their data is

translated from their format to ‘a'We-Nvi set of data in

~

Table A.6.4. The data from this project {(using the average

-

drop diameter instead of the maximum stable der size) is
. given in the same form in Table A.6.5. The critical Weber
numbers for this project are all fairly low (in the range of

0.05 to 0.33), which compares well with the value of Arai et

al. of 0.2 for low viscosity systé;s. There is considerable
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scatter. in the values of the critical Weber pumber for this

project, which is to be expected in light of the errors in

the measurements of the mean. drop sizes. x -
\
L
.
W -— L ]
Y a
" r.
. »
N
e N “
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Table A.6.4 - Critical Weber Numbers

Nvi (1+f(Nvi))0-6
1E-3 1

SE-3 11

1E-2 1

5E-2 1.2

0.1 1.4

0.5 2.6

1 3.8

5 8.5

10 10.1

Implr d3o We Nvi
Speed '
(s71)  (pm)
No Extraction Series
24.8 125 0.223 0.152
18.2 ° 140 0.152 0.01686
11 132 0.050 9E-4
14.5 162 .0.123 0.01
7.5 282 0.083 6E—-3
24.8 88 0.130 0.013
30.3 84 0

.179 0.0162

Fast Extraction Series

24.8 118 0.212 0.015
7.5 318 0.102 6.3E-3
18.2 100 0.087 0.010
24.8 68 0.085 0.012
18.2 93 0.077 0.010
7.5 320 0.102 6.3E-3
18 0.084 @ 0.010

.3 98

1+f(Nvi) Wecritical

1 0.20

1 0.20 .
1 0.20 |
1.35 0.27
1.75 0.35

4.9] 0.98

9.24 1.8

35.4 7.1

47.1 9.4

Table A.6.5 ~ Conditions for Drop Breéekup in this Project

Implr dgo We Nvi
Speed
(s71y  (pm)

Slow Extraction Series

14.4 14.2 0.097 9E-3
14.5 243 0.241 0.011
7.5 805 0.48 8.5E-3
24.8 113 0.20 0.014
14.5 119 0.074 B.7E-3
14.5 106 0.061 B.4E~3
14.5 147 0.105. 9.4E-3
Stripping Series
11 244 0.14 B.4E-3
14.5 156 0.115 9.6E-3
24.8 133 0.259 0.0155
7.5 504 0.218 7.3E-3
7.5 861 0.563 B8.7E-3
14.5 170 0.133 9.8E-3
7.5 717 0.39 B.2E-3
11 410 0.33 0.010
24. 127 0.239. - 0

.0153
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%
A.7.0 INTRODUCTION

[]

This appendix _supplies supporting data and
calculations for Section 7 in the main body of the report,
which is concerned with mass tranafer especially in the
mixer. lAfter preaénting the data of uranium concentrations
in the two phases, stage efficiencies for the mass transfer

runs are then given. Two simple models are presented for

predicting idealistic rates of mass transfer in the mixer
under the conditfoﬁs of this project. The - last two
éubappendices deal with ﬁucstions concerning the validity of
the data from the péint of view of phase sampling and the
potentiai ceffect of high rates of mass transfer on the mass

transfer coefficients.
-
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A.7.1 MASS TRANSFER DATA

The comments below refer to the data in Tables A.7.1,

A.7.2, and A.7.3 which are given in the next three pages.

Equilibrium Samples - Aqueous and organic samples were taken
from the settler during the runs. In some cases, after
analysing each phase for uranium content, they were then

contacted together at an O/A ratio equal to the estimated

"0/A feed" during the run and were again analysed for
uranium. Thi§ gave an estimate of the equilibrium uranium
concentrations for those runs. For some of the other runs,

the equilibrium concentrations are estimated from chemical

equibrium éistribution d;ta from Section 3.

Sample Phase Entrainment - Phase samples often contained
amounts' of the unwanted phase. A rough estimate of the
volume percent of the unwanted phase in the initial,
unfiltered sample'is given. Sometimes the entrainment was
fairly minor, in which case the number of inches of unwanted
phase is marked, which ‘refers to the length of unwanted

phase in a 3/8" sampling line.

Mass balence error — The error in the mass balance is
calculated from the aqueous and organic concentrations of
uranium at the end of the run and the initial amount of

uranium present.

Calculated Initial [U] (g/L)

(UJaqueous + O/Afeed % [U]organic for extractiogn
[Ulaqueous : O/Afeed + [U)organic for stripping

~

Hon
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Table A.7.]1 ~ Uranium Concentrations {(g/L)
Fast Extraction Series

60 Seconds Residence Time

Phase Sample Uranium Concentration (g/L)
N= 7.5 18.2 24.8 33.4
Organic¢ Feed 0 0 0 0
Mixer 0.89 0.88 0.95 0.93
Aqueous Mixer 0.08B6 0.027 0.013 0.0056
Feed 1.41 1.41 1.41 1.41
e
Conditions
0/A feed 1..58 1.57 1.50 1.563
Entrainment {organic 4" tube ? 7 12x
{agqueous 4" tube ? ? 10%
Mass balance error -5.7% +0.7%X -2.1% +]1.4x%x

30 Seconds Residencé Time

Phase Sample Uranium Concentration (g/L)
N= 7.5 18.2 24.8 33.3
Orgeanic Feed 0 0 0 0
Mixer 0.82 0.80 0.93 0.91
Settler 0.92 0.85 0.93 0.87
Aqueous Settler - - - -
Mixer 0.05 0.008 0.040 0.049
Feed 1.41 1.41 1.41 1.41
Conditions .
0/A feed 1.50 1.61 1.53 1.54
Entrainment <organic .7 cloudy 30-50x%x 1" tube
{aqueous 20x 30x 1" tube 1" tube
Mass balance error +9.2x +7.8x - -3.5% -2.8x%



Phase

Organic

Aqueous

Conditions
pH settler
0/A feed

Entrainment

Mass balance

Phase

Organic

Aqueous

Conditions
pH mettler
0/A feed

Entrainment
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Table A.7.2 - Uranium Concentrations (g/L)
Slow Extraction Series

Vvariable Impellor Speed {100 ppm solids)

Sample

Feed

Mixer
Settler
Equilibrium

Equilibrium
Settler
Mixer

Feed

{organic
{aquecun
error

Uranium Concentration (g/L)

7.5

0
2.87
3.33

-3.70

0.29
0.586
0.83
4.85

1.57
1.59

none
"

-11.1x%

14.5

.76

1.57
1.68

none
"

-6.2%

24.8

[ARENA R

o oo

1.
1.

.00
.92
.82

.28
.28
.41
.85

62
53

none

-3.1%

Variable Solids Content (14.5 s 1 Impellor Speed)

Sample
Solids=

Feed

Mixer
Settler
Bquilibrium

Bquilibrium
Settler
Mixer

Feed

{organic
(aqueous

Moss balance error

Uranium Concentration {(g/L)

0 ppm

0

2.95
3.04/3.561
3.29x%

0.29%
0.24/0.23
0.71

4.85

1.87
1.64

none
"

—-14.4%

50

.41/3.63
.69/3.54
.T3x

W Wwe

.24

.67
.85

oo o

o

.68
1.67

none
n

-38.7x

100

0

2.

o | O

76

.29%
.52
.85

.57
1.

68

nene

"

-6.2%

500

N o

.90

. 29%

.45
.85

oo

(-

.63
1.60
none
L]

+4.9%
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Table A.7.3 - Uranium Concentrations (g/L)
Stripping Series

60 Seconds Residence Time
Phase Sample Uranium Concentration (g/L)
- = 7.5 11 14.5 24.8
Organic Feed 4.4] 4.41 4.41 4.41
Mixer 0.96 .0.78 0.87 0.63
Settler 0.86 1.16 0.89 0.56
BEquilibrium 1.23 - 0.83 1.16 0.93
Aqueous Equilibrium 4.27 4.95 5.19 4.58
Settler 4.54 4.63 5.156 5.10
Mixer 4.05 4.60 4.63 5.256
Feed 0 0 0 0
Conditions
PH settler 4.79 4.51 3.92 4.02
0/A feed 1.65 1.60 1.75 1.50
Entrainment -~ organic none none none full tube
(samples) - aqueous 10-20x%x 10-20x 5-10x 40-50%
Mass belance errors -23x -17% -19% -6%
Precipitate - mixer S Y - N N
- settler S ? ? N
20 Seconds Residence Time
Phase Semple Uranium Concentration (g/L)
: = 7.5 11 14.5 24.8
Organic Feed 4.41 4.41] 4.41 4.41
' Mixer 1.43- 1.28 - 0.77
Settler 1.27 - - 0.78
Equilibrium - - - -
Aqueous Equilibrium - - - -
Settler 1.69 - - 5.33
Mixer 4.73 3.79 3.88 4.35
Feed 0 0 0 (U
Conditions
PH settler 5.64 5.10 4.61 4.11
0/A feed 1.56 1.60 1.58 1.56
Entrainment - organic none none none bx
- agueous 60x 40x 10-20% 10-20%
Mass balance error 1x -17% -22x -19%
Precipitate - mj =»r N s M N
- 8e cler Y M N 'N



304 _ T

A.7.2 MURPHREE STAGE EFFICIENCIES FOR THE MIXER
. T

The Murphree stage efficiency for the mixer is equal to the
ratio of the urapium transferred from one phase to another
at steady state to the amount that would have been

transferred if equilibrium had been attained between the

phases.

The‘efficiency may be calulated according to aqueous or

organic analyses.

Aj -~ Ag
Eg= — A - aqueaus uranium concentration
Aj - Ag 0 - organic " "
i - initial (feed) concentration
0; - Og s - steady state "
Eg= c

—_— , - equilibrium " \
oi - OE ..

Where sample phase entrainments (éee Tables A.7.1 to A.7.3)
exceeded 10%, the data was thrown out. ."Reasonable" values

for 0 0

g9 e Ag, Ag were estimated from the data.
Uncertainties in all the data make the <calculations useful

only for very generalized comparisons.
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Table A.7. 4 - Murphree Stage Efficiences
Fast Extraction Series

Based on the Uranium Concentratlons of the Mixer

@ -Steady State *
A;j= 1.41 g/L Ag= 0.004 g/L
Oj_: 0 0.= 0.94
Residence Uranium Concentrations
Time and Stage Efficiencies
(s) N 7.5 18.2 24.8 33.3
60 Ag 0.086 0.027 0.013 -
Eg 0.9839 0.981 0.99 -
Og o 0.89 0.88 0.95 0.92
Eq 0.94 0.936 1.01 0.978
30 Ag 0.05 - 0.04 0.049
Og 0.82 0.80 0.93 0.91
Eo 0.91 0.89 - - 1.01
N = impellor speed
Ag = aqueous phase concentration of uraniup at steady state
0g = organic " " ]
E = murphree stage efficiency of mass transfer
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| Table A.7.5 - Murphree Stage Bfficiencies
‘ .5low Extraction Series

' 4
Based on the Uranium Concentrations of the Mixer e 'Steady

State 560 seconds residence time)

i= 4.85 g/L  Ag-
1:0 0._.=

Uranium Concentrations and Stage Efficiencies
{solids 100 ppm)

N (rev/s 1) 7.5 14.5 24.8 (N = impellor speed)
| ‘ .

Ag 0.83 0.52 0.41

Eq 0.882 0.95 ©0.974

Og 2.87  2.76 3.0

Eo 0.883 0.849 0.923

Uranium Concentrations and Stage Efficiencies
(impellor speed 14.5 s*l)

Sclidas (ppm)= 0 50 . 100 500
Ag 0.71 0.67 0.52 0.45
Ea 0.908 0.917 0.950 o 965
Og 2.95 3.5 2.76  2.90
E 0.908 1.076 0.849 0.892

[+]
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Table A.7.8 - Murphree Stage Efficiencies
Stripping Series

Based on the Uranium Concentrations in the Mixer
. 8 Steady State

-\—-‘__ . .
A;= 0 g/i\ A= 4.2 g/1
Q;j= 4.41 3 0= 1.04
Residence Uranium Concentrations and
Time State Efficiencies
7.5 11 14.5  +24.8 ¥(N=impellor
. T _ speed)
60 Ag 4.05 4.60 4.63 N -
Ea 0.96° 1.16- 1.10 - . s
05 - 0.96 0.78 0.87 .- ‘
Eq 1.02 1.08 1.05 -
20 Ag - = -7 "3.88  4.35
Eq - - 0.924 1.04
04 1.43 1.28 - 0.77 T
E4 0.884 0.929 - 1.08
) . B h"
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A.7.3 MtXRR PHASE SAEELING
RESIDENCE TIME ON THE FILTER PAPER

The following calculation is an estimate of the "residence
time" of a phase on the surface of the sampler filter paper
during ‘the process of sampling. ;Although_only an estimate,
it gives an idea of the possible extent that the phase

sample differs from the bulk phase within the mixer.

\
Total sample volume - 50 mL
time required - 5 min or 300 seconds

Qsampling= 1.67%10-1 cm3s~1

Assuming a film of the sample phase x cm thich on the filter
paper: ’ :

Ax_ Ofiip= residence time of

- Ofilm =
Qsample - the film on the paper
' A = area of the filter paper
= 23 cm s % x ) (3.8 cmz)

Qsample sample_flowfate

A reasonable estimate of the film thickness on the sampler
filter paper would be the radius of the mean drop size,
which varies from 50 to 250 micrometfers. This estimate

yields a film residencé tim 8 of 0.12 to 0.6 secondé, which.

is small incomparison to {the mixer residence times (from 20

to 60 seconds) and ’efore should not have affected

efficiency values. \\\
R
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Table A.7.7 below shows the drop sizes that were
assumed in the simple mass transfer models that follow in
the nextrtwo subappendices. The selected drop sizes were
adopted from the measured drop sizes ax given in Section 6,
but a linear relation between the log of the drop diameter
and the 1log of thg impellor speed wax assumed. In this
manner, scatter is not. introduced into the model
calculations, but the values below ahould be recognized as

apptoxinationa only.

Table A.7.7 — Assumed Drop Sizes for the Mass Transfer

Model Calculations -
N d3zz (pm)
(5'1) ‘Fast Slow
Extr. Extraction
7.5 - 300 850
; 8 285 800
9 245 640
10 225 540
12 175 410
15 135 276
20 97 170
25 T4 120
A —— -
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A.7.4 DIFFUSION MODEL FOR MASS TBAIS?:;\\

A.-7.4.1 Summary of the Diffusional Model

Molecular diffusion within" the aqueocus d}ops was

assumed to control ‘the transfer of uranium frpn the aqueous

to the organic phase.

The Murphree stage efficiency is predicted by;

EMg = j g(t) X(t) dt

where §(t)“ exp(- ;[11 is the residence time distribution
in the mixer

X(t) => (from a solution by Crank (18))
is the degree of completion of mass
. transfer for a drop as a.function of time

DATA Diffusivity of U0O5(S04)3 in aqueous = 9E-6 cmlg~1
MX= 100X (X of uranium transferred out of aqueous)

Table A.7.8B Predicted Mass Transfer Efficiencies
Diffusional Model

Impellor Speed Fast Extract. Slow EBxtract.

Speed ‘ dzo* 'E dj3o E -
(s71) (pm) (%) (pm) (%)

7.5 . 300 97.1x 850 83.1x%

8 285 97.3 BOO B4.6

] 245 97.9 ) 640 89.3

10 225 ., 98.1 _ 540 82.0

12 176 98.6 410 85.0

15 1356 98.9 275 97.4

20 a7 99.0 170 98.7

25 74 99.0 120 98.9
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A.T7.4.2 Assumptions - Diffusional Model

’

Important assumptions in this model are:

- Thsre is a simple solvation of uranium.  There are no heat

~

effaiif or chemical reactignl. .

-~ The dispersed phase drops are quiescent. . Hui; transfer

occurs by molecular diffusion within the drops.

-~ The continuous phagq immediately surrounding a ‘drop
remains with the drop while it is in the mixer. This "shell"”

of continuous phase is internally well mixed.

—r;;lre are no drop interactions (breakup/coalescence). The

drops assume a constant, uniform size upon entering the

mixer. ) .
et

— There are no volume ch? ges with extraction.

- The reaidenc Ati-a distribution of drops within the mixer

is that of a well mixed vessel:

§(t) = exp(-t
' T
where
§(t)= probability that a drop will stay
in the mixer for a time t
t = time
T = mean residence time
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.7.4.3 Pormulating the Diffusional Mode

Because the -drops and shells are identical and are
modelled to behave independently, the degree of completion
of mass transfer for each drop is only a function of its
residence time in the mixer. Combining expressions for tﬁe
degree of completion of mass transfer and for the residence
time distribution, the Murphree stage - -efficiency is easily

calculated.
Degree of completion of mass transfer for a drop
A solution to this problem is presented in graphical

form by Crank (18).

My [
X(t)= — = ¢

pt)l/2 | Mx
Mm a )

e—
e Yo

where

My/Mp= mass transfer at time t divided by the total
material that would be transferred at equilibrium

MX = per cent of the original material (uranium)
present that will change phases at equilibrium

D = mass diffusivity

a = drop radius

In the fast extraction runs nearly 100% of the uranium
was extracted while for the slow extraction runs 95%

was extracted.
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Murphree efficiency

Combining the residence ¢time and degree of completion

qxprelsion-;

Eys = Amount of U transferred = I g(t) X(t) dt
Amount transferable

This is pumerically integrated in the program.

”
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Listing A.7.1 A Program for the Diffusional Model

of Mass Transfer

3 ' "CRANK® COMPLETION OF MAGS TRANSFER~ CRANK & RES TIME
4 CL8 :POKE 14333,25%

10 DIM Ad(SUI.Ié(BO!,EQ(JOJ.FGISD),Go(JO),HGGZDI

20 DV=m9g-4 :

S0 'BET UP CUBPIC SPLINE INTERP OF CONVERSION vs TIME

40 PRINT °*SETTING UP CUBIC SPLINE® i 00BUB 4000

100 *"INPUT DF DATA

110 INPUT "INPUT MEAN RESIDENCE TIME"|TM

120 DT=TM/30 :TT=108TM IMA=100

130 LPRINT °*MEAN RES TIME (SECI==)1TM)* INCR TIME =*}DT}"TOTAL T==*jTT

133 LPRINT "DIFFUSIVITY=*)Dvj* x COMPLETION @ EQUILIDRIUM=®
140 LPRINT "DIAMETER (UM)*®, "OVERALL CONU*®

200 °*START INTEGRATION- INITIAL Pl = g

210 READ U :DeDRiE-4

220 Peg  :Ple0 :TwgQ

230 "INTEORATE CONVERSION FOR INDIVIDUAL RES TIMES
240 YT=T+DT :GOSUB 3000 :E2=E

270 J4~SQRI4#DVET/D/D) :GOSUB 4400 N2=Lg

280 P2=E24N2 Pup+ (P2+P]) SDT/2

290 PleP2 :IF T)>TT GOTO 1000

293 GOTC 2%0

1000 "PRINT OUT FOR A GIVEN DROP DIAMETER

1010 LPRINT D#iE4,P :00TO0 200

3000 'EVALUATION OF CONVERSION AT TIME T

3010 E=EXF(-T/TM)/TM

3020 RETURN

4000 'CUBIC SPLINE INTERPOLATION OF DATA

4010 DATA 14

4020 DATA o,o.u.o.os:.o.xo.o.o.oaz.o.z.o.o.ov7.o.3.n
6030 DATA o.132.0.4.u.o.173.o.:.n.o.z;a.o.a.n.o.z7.o.7.n
4040 DATA 0.337.o.e.u.0.4zn.0.9,n.o.qsa.o.vs.n

4030 DATA 0.35.0.97...0.609.0.99.0.0.667.1,.

4100 READ Né .

4110 FOR Lé=1 TO N& :READ AS(LG) ,BSILE) ,We  INEXT La
6130 *COMPUTATION OF SLOPES

4140 Xéw2 :GOBUD 4300

4170 HA(1)=2uCaNAL(]1) +Dd SEAI2)=2RCERAL(Z) +D6

6180 FOR X6=3 TO Né-1 :GDBUB 8300

4190 EA&(X&)}=2RCANAS(X6)+Da :NEXT X4

6195 E&ING)m2HCARAL (N&) +D6

6200 'CUBIC SPLINE COEFFICIENTS

4210 FOR Xémi TO Na-1

6220 Fa(X8)EA(XA)RIASINA+1] ~AK (Xd))

4230 Gilxtl-allb(xatli-Eatxt+1l#(kﬁ(x&¢1)-n6tk6))
6240 06 (XA) =04 (X4) -SHB6 (X8) -THF& (Xa)

6230 HE(X6)=B& (X6+1)-06(X6) ~F&(X8) -04 (X8) INEXT Xo
4300 ‘COEFFICIENTS OF PARABOLA

4310 I4=(B6(X8-1)-B8(X6))/(A6(XE-1)-Ad (X&) )

4320 ca-xo-znacxa)-nacxaoxa»/(Aé:xas-A41x4+;::

4330 Cl-CdIIAG(X&-l)-A‘IXd*IJ)

4340 DEmIA-Co¥(AS(XS~1) +A8(XA) )

4330 RETURN

%
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Listing A.7.1 (continued)

5400
6410

6420
4430
4440
6430
4440
4490

*CUBIC SPLINE INTERPOLATION
IF J&<A&4{1l) GOTO 4443

'FIND PROPER INTERVAL

FOR XA4w2 TO N& :IF J&<=A4(Xé) THEN 4430

NEXT Xé

KEuXa=-1 :KA=(TJE~AEIXA})/(ALIXE+]L)~A&(Xa))
LAmB&{XE) +FA& (XA HKE4+34 (X6 ) HIOHRNALHE (X&) M(OHRKE&RKS
RETURN

10000 'DROP S1ZES TO BE STUDIED
10010 DATA 300,283,243,22%3,17%,133,97,74
10020 DATA 830,800,4640,340,410,273,170,120




316
A.7.5 MASS TRANSFER CORFFICIENT MODEL

A.7.5.1 Summary of the Mass Transfer Coefficient Model

Mass Transfer Coefficients

The overall stage efficiency may be predicted from
the conditions of agitation and the size of drops in the
i{xer. The model assumes that the rate of mass transfer is
related to the bulk phase concentrations of uranium, a
characteristic interfacial concentration for each phase, and

the ia-s transfer coefficients for each phase.

For a given stage efficiency,\ E, the (characteristic)
aqueous phase interfacial concentration, x,,, is determined
by

8(xg0)-h(x40)

Xao = Ky (l-Xgg) + Xab
;z 1 - g(xga,) °

L 3
The mean residence time, 7, may then be calculated front_

Caq (xaj=%ab) (l-xg4)

r = <
S ky (1+O/A) (Xpo—Xab)

The continuous phase mass transfer coefficient, k., is

calculated from:
8h = 2+ 0.6 Rel/2 5cl/3

The dispersed phase mass transfer coefficient, kd, is

enttqa?ed by Elzsingua’s correlation (56p21-62):

= - D expl—oouwo
¥ H £ Bn yy;
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Controlling Resistance

Equilibrium considerations and calculated values for mass

transfer coefficients suggest that the aqueous (dispersed)
phase resistance should be the more important when the

initial aqueous <concentration of uranium is less than 5 to

10 g/L.

Table A.7.10 Predicted Mass Tranefer Efficiencies
Mass Transfer Coefficient Model

Impellor Fast Extraction Slow Extraction
Spefd d kd _3 kEl E d kd kc B
{8 *) (pm) (10 “cms °) X (pm) (10_3cma_1) X
7.5 300 3.33 2.18 97.5 850 1.01 1.60 81.0
8 285 3.51 2.29 97.8 800 1.10 1.60 83.1
9 245 4.11 2.56 98.3 600 1.45 1.82 89.2
10 225 4.48 2.78 98.6 540 1.77 2.02 . 91.6
12 175 5.78 3.33 98.1 410 2.40 2.43 95.0
15 135 7.52 4.07 939.5 275 3.64 3.12 97.6
20 . 97 10.5 5.28 99.7 170 5.96 4,26 99.0
25 74 13.8 6.50 99.8 120 8.46 5.40 99.5
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A.7.6.2 Development of the WNags Transfer Coefficient Model

Wa, the total molar flux of component ’'a’ across all
interfaces, may be related to the Murphree stage efficiency,

Eyg, for a continuous process;

-

Eyg = rate of transfer of *a’ for given conditions
rate that would be required to establish equilibrium
= Wg/ Wa, equil
but ¥a = Qaq aq (Xaf~Xab) (1)
where ¢ indicates concentrations in the feed

ng is the aqueous flow rate

Xgpb is the bulk aqueocus phase concentration
of uranium which is equal to the exit
aqueous uranium concentration

Caq is the molar concentration of all
species in the phase

Wa.equil = Qaq Caq (Xaf~Xa,equil)

whare :

Xa.equil - 18 the aqueous phase concentration if
equilibrium was established between the
phases. This will be a function of the
feed phases, and is known experimentally
for the fast and slow extraction runs.

also Emg = - ' : (2)
Xaf = Xa.equil
In order to calculate E, x4, must be determined. This
requires some means of determining the rate of mass treansfer
for given conditions in terms of the total molar flux as
defined above. MWass transfer coefficients are fo:!ulated in

a manner that is compatible with this problem.

A mass transfer 'coefficient model for the stage
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efficiency of the mixer assumes that the total mass transfer
rate acronu' all interfaces may be expressed in terms of
chgsgcteri-tic concentration driving forces and predictable

values of the "conductivity” (or diffusivity) of the solute

through each phase.

Diffusional flux of A = "diffusivity" % driving force
Wai— Xai¥(Wait Wpi) = ky ‘A (g~ *ab)

for the aqueous phase

where
Xg = mole fraction of A in the aquecus phase
i — indicates conditions at the interface
b — indicates conditions in the bulk phase
Ky = mass transfer coefficient for the

aqueous phase (gmol cm— 2 s71)

' Note that the characteristic concentration‘ gradiént
is !11919 taken. to be the difference in concentrations
between the bulk phase and the interface, divided by =a
characteristic length which is incorporated into ky,. (This
length is later related to the average drop size.) While the
bulk concentrations are ealily definable, characteristic
interfacial Eq?cgﬁ}ration must be calculated indirectly.
Fehot .

The agove equation is written for mass transfer in a
binary wmixture. Under certain conditions (diffusion of a
dilute coiponent through a mostly pure phase with ninof
impurities, or where all "diffusional” coefficients are
equal for the different components) a multicomponent mixture

as used in this project may be treated as a binary mixture.

This is assumed without proof in the following analysis.
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The present problem is one of "unicomponent diffusion™ where
Wy =0

50 Wai (1-xg35) = ky A (x45 — Xgp) : (3)

Likewise for the organic phase;

~Waj (1-yai) = ky A (¥aji = Yab) (4)

Assuming that reasonable esginates of ky, ky, and A
are available, there are 5 unknowns in equations 3 and‘4. Two
-ﬁré equations are provided by a mass balance and by the
assumption that the "characteristic"” aqueous phase
interfacial concentration, (xg;), is in equilibriun‘with the
"characteristic" organic phase interfacial concent?ation,

Yao:* This assumption is not a rigorous application of

physical or chemic It ins a very rough

generatlization of the same naturée  as the assumed

characteristic driving forces and conductivities.

Mass balance

initial U present uranium present at time t

Xabf (cy)aq + yapji (Cylorg = Xab |(¢v)8Q * Yab (Cy)org

where V is the ﬁhale volume.

Rearrangiﬁg:
(cv)aq .
Yab“~ h(xnb) = Yabft t —_— (xabi = x!b) (5)
(cv)or(

Chemical equilibrium;

Yao = #(Xao) The equilibrium relationship was  (6)
esteblished in Chapter III.

By suitable manipulation of (3) through (6), x,, is obtained
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as an inplicit function of x,};

k g(xa3) - h(xgp) :
Xaqi= .—Y_ (1 - xai) a ab + Xab (7)
k (1 - g(xqy) :

The aquecus bulk phase concentration, xg,},, may be related to
the given feed conditions by combining equations (1) and

“(3);

/

Xai ~ Xab
(@claq (Xaf ~ Xab) = kyxy A [—— (8)
1 - xaj

This may be expressed in terma of the average reiidence

time; X -
Vaixer \
r= —— T - average residence time
Qaq + Qorg '
Vaixer O/A - organic to agueous
Qaq (1 + 0/4) volumetric feed ratio
also _
5 = _A S = the interfacial area per unit voclume
Vmixer of the dispersion (from drop sire

and 0/A ratio)

‘ A Caq (Xaz~Xgb)
‘rearranging (8) — = ( Y (1-x44)
i Caq kx (xaj~Xap)
Vaixer
S — = "
Qaq
S T (140/A) = "
c (xqf = Xgp) (1 - xgi) ,
or v - aq a ab ai (9)
S ky (1+0/A) (Xgi ~ Xab) )

The method of solution of the mass transfer problem can now

be summarized as:
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1) Known conditions
- Initial feed coLcentrationl Xafs Yaf
- Feed phase ratio 0/A

— Total molar concentrations of the phases

€ag* Sorg
- Interfacial area per unit volume S
~ Mass transfer coefficients ky, ky
— Mass balance (equation (5))
— Chemical equilibrium (equation (6))

2) Given - Stage efficiency 4
3) Determine x4, from equation (2)

Xgqi from equation (7)

T ) (9)
, v
A computer program is included in this section for

the problenm.

-0
!

solving
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A.T.S.a Overall Mass Transfer Coefficjents and Cogtrollinl

- Resistances

It is informative to calculate which phase is mass
tran-fer- "controlling”, and why. The approach below first
" calculates the overall mass transfer. coefficiént based on
the aqueous phase. Substituting for values from the
experimental runs will suggest which variables are
predoéinant in ‘controlling ;a-s transfer 5etween tﬁe aqueous
and thp organic phases. -

Overail mass transfer coefficient
(based on the agqueous phase)

'

Wa/ A = kg (cab' ~ Cax)

where
kg . = overall coefficient
cab = aquéous phase bulk concentration of A
Cgx = aqueous phase concentration that-would be in,
‘equilibrium with c,),
Q
then
1_ =1 + 1 Ma = Coi= Cob
Ka ky Ma Ky Cai T Cax

i-denotes interfacial concentration

The expreassion above relates the overail resistance to lais
o

transfer to the ajueous-tind organic resistances which are in

series. It will predict which phase "controls"\\\:js-.

transfer.

In the slow extraction runs (approxi.éte numbers are from

mass transfer calculations);

kx=1.3E-3 Cab=0.52 cai=0.20 Cos=3.2

ky=4.9E-3 cob=2.85 Coi=2.9 cax=0.19 Coi=0



"Therefore Ma = 2.9 - 2.85 = 8 (note- very sensitive
- - 0.2 - 0.19 to errors)
1 0= 1 + _1 = 769 + 4l
X, Ky Mo Ky

s

S0 the aqueous phase resistance controls the slow extraction
runs. Note, however, the sensitivity of My to errors in the
concentrations. For slightly higher concentratidnl of
uranium it appears ss though the organic phase resistance.

would be controlling.

In the fast extraction runs;
Cabh=0.040 Cqj=BE-3 Cox=1.9 Caj=l.4
Coph=0.935 Coi=%.4 Ca=8EB-3 c¢c43=0

Mg, => INDETERMINATE

From the calculation of Ma above, or simply Qy looking at
the slope of the equilibrium line in the region of interest
to the fast extfaction runs, it is obvious that the

controlling reuiltancé'i-'in the aqueous phase for the fast

extraction runs. _ ) . ////////
. . ~
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A.7.56.4 kec- Continuouthhaso Mass Transfer Coefficient

.~

Slip Velocity Analogy

The slip velocity analogy as explained by Harriot (28) was
used to calculate the continuous phase mass transfer

coefficienta.
Sh =.2 + 0.6 Rel/2 scl/3

The Reynold’'s number was calculated according ‘to my own

interpretation;

v = sztZ + v.z) . v — slip velocity {(for Re)
vt - particle terminal velocity
Vg — Shinnar’s velocity for Re>>N .
(inertial subrange)

.Table A.7.10 Estimates of the Continuous Phase
Mass Transfer Coefficient, k.

Impellor Fast Extraction Series Slow Extraction Series

Speed dgo Re kc dg2 Re kc
(pm) - (10_3c-25_1) (pm) - (10'3c-21_1)
7.6 300 - 4.9 2.18 850 20.3 1.62
8 285 4.8 2.29 800 19.8 1.60
9 245 4.4 2.56 640 16.2 1.82
10 2256 4.4 2.78 540 14.3 2.02
12 . 8 410 11.8 2.43
15 3 275 8.6 3.12
20 8 170 6.0 4.286
25 2.5 120 4.7 5.40
-

i
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A.7.8.8 kg - Dispersed Phase Mass Transfer Coefficients
Rleingua’s correlation (see Perry’s Chemical Engineer's
Handbook) wes used for estimating the dispersed phase mass
transfer coefficient. His correlation assumes a
Hademard-like circulation of fluid ;ithin the drops, and is

corrected for the continuous phase mass transfer
: )

L

coefficient.

pn and g, from Table 21-2 Perry (55p21-17)
= residence time (60 seconds)

D- diffusivity

b

Table A.7.11 Estimates of the Dispersed Phase
Mass Transfer Coefficient, kg

I-éellor Fast Extraction Slow Extraction
Speed d3o kd . dg kd

(s~1) © (pm) (10"3cm2e"1) (pa%  (10-3cu2e-1)
7.6 300 3.33 B850 1.01

8 285 ° | 3.61 800 1.10

9 2456 4.11 600 1.45

10 . 225 4.48 ) 540 1.737

12 176 5.78 410 2.40

15 135 7.62 276 3.64
20 97 10.56 170 ° 5.96

26 74 13.8 120 8.46
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Listing A.T.2 A Program for the Mass Transfer Coeffiejent .

Model

.

-

2 ' "BAK®- RELATING BULK AND INTERFACIAL CONCENTRATIONS WITH MARS TRANSFER COERFE
ICIENT CONCEPTS

S CLS :PUOKE 14533,293
10 DIM X(SO),YISO).D?l:Ol.F?!sO).G7ISOI.H7ISOl
100 CO=S.2-3 :CA=9.38-2 :mMW=23g
103 CSwIE-3/MW/CA :CAmIE-3/MW/CO
110 DAmL. 3  :1xu=ml/(1+0A)
130 "CUBIC SPLINE FIT OF ESUILIBRIUM DATA
131 PRINT “"COMMENCE CUBIC SPLINE SETUP"
160 QUSBUB 10OOQO
200 "GENERAL INFORMATION
210 TM=60 :XIma.8
220 XI=XI#CS :G0SUB 3000
230 LPRINT “GIVEN CONDITIONS®
293 LPRINT * MEAN RE® TIME (SECS)m*)TM
280 LPRINT USING °* URANIUM CONC (Q/L) INIT. AQ. #N.N68"}XI/CS
263 LPRINT TAB{28)F :LPRINT UBING "EQUIL AG. WW.wNN"jXE/CS
270 LPRINT TAB(24)} :LPRINT USING “"EQUIL ORG WW.WHN"|YE/Ca
273 LPRINT :LPRINT "D, *KD", "KC®,"N*
300 *PARTICULAR INFQ
310 READ D,KD,XC,wWws
320 DwD#1E-4 tSma&XY/D :KDwKDECA tKC=KCRCD
400 "DETERMINE EFFICIENCY FOR PARTICULAR CONDITIONS
403 ET=0,03 . *
410 NL=0.70 :NR=1,00 :NM=(NL+NR)/2
420 NO=NL :GO0BUB 2000 :FS=TM-TG
430 NGwNM :GOSUB 2000 :FawTM-TG
440 C7wF3#Fa :IF C7<C GOTO 440
430 NL=NM SNM=(NL+NR) /2 1F3=F4 :G0TD 4720
440 NR=NM :NMw({NL+NR) /2
470 EA=ABS(F&4/2) :IF E&<=ED GOTO 490 0
480 GOTO 430 :
490 N=NM
800 'PRINTOUT OF A PARTICULAR RESULT
310 LPRINT D#1E4,KD/CA,KC/CO,N
320 6O0TO 300
1000 END --
2000 "RESIDENCE TIME FOR A GIVEN EFFICIENCY
2010 XB=(1-NG)EXI+NO®SXE :YB=(XI-XB)®#CA/CO/0A
2020 GOBUB 4000
2030 TG-CAIBIKD!(XI-XI)*(I-KOIIIXB-XOIIIL*OA)
2090 PRINT NG, TQ ’
2100 RETURN . . )
3000 °*PHASE CONCENTRATIONS AT COMPLETION
3010 E=lE-& :E=ERCS
3020 XL=0 (XR=XI XM=(XL+XR)/2
3030 X0=xR :G08US J000 :YE=YG
3040 YM={XI-XG)#CA/CO/OA ;FlmYM-YE
3100 XO=xXM :00SUB 3000 :YE=YQ . -
3110 YM=(XI-XG)#CA/CO/0A :F2wYM-YE
3200 Cl=Fi#F2 :1F-C1¢0 OOTO 3220 St
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Listing A.7.2 ' (continued)

3210 XRwXM XM=(XL+XR}/2Z :(Fl=F2 :G60TO 3300

3220 XLwXM :XMe(XL+XR) /2 . —
3300 E2=(XR~XL)/2 ;:IF E2¢=E GOTO 3400

3310 00TO 3100 .
3400 XE=XM . '

3499 RETURN

4000 *IMPLICIT INTERFACIAL CONCENTRATION- ROOT FINDING WITH THE METHOD OF BISECT
IONS

4003 H=2E-4 :E=ENCS

4010 XL=Q IXReXI XM= ({XL+XR) /2

4020 XG=XR :GOSUB 3000 :YO=yg

4030 XC=XB-KC/KDR{1-XO0)#(YO-YRI/(1-YO! :FlexXC-X0

4100 XO=XM :008UN TO00 :YO=YG

4103 XCoXB-KC/KDR{L-XG)#(Y0-YB)/(1-Y0) :F2aXC-XG

4110 Cl=F14F2 :IF Ci<O GOTO 4130

4120 XRe=xXM :xXMm(XL+XR)/2 :FleaF2 :GOTO 4140

4130 XL=XM XM= (XL+XR) /2

4140 E2=(XR-XL}/2 :IF E2 <= E GOTO 4140

4130 GOTO 4100

4140 XOmxM

4170 RETURN

S000 'ERUILIBRIUM CONCENTRATIONS8- CUBIC SPLINE INTERPOLATION
3010 XO=LOG(X3) :IF X@<X(1) GOTO S043

S020 *FIND PROPER INTERVAL

S030 FOR J=2 TO P :IF XGC=X(J) THEN S0=0

5040 NEXT 3 :

J043 PRINT *xG OUT OF BOUNDS® :GOTO 1000

9020 fmJ-1 WI=(XG=X(J))/IX(I+1)=X(T))

S040 YOuY (J)+F7(J) MIS+G7 {T) #SHIS+H? (] ) RS XSRS

SO70 XO=EXP (X3} :YOSEXP{YQ)

5100 RETURN

10000 'CUBIC BRLINE FORMULATION

10009 pPe1s

10007 DATA LE-4,1E-1,#

10010 DATA 1i.38-3,0.392,#,3E-3,0,96,#,8E-3,0.8,8,1E-2,1.03,#
10020 DATA 2H-2,1.4,%,9€-2,1.83,#,8E-2,2.46,#,0.16,2.8, 8
10030 DATA 0.32,3.17,#,0.64,3.33,#,1,2,3.42,#,2.4,3.3,#

10040 DATA 4,8,3.31,# .
10100 FOR J=1 TO P :READ X3,Y& , Wm X (J)=LOG (XINCT) ‘_\//’—‘”—\
10110 Y(J)=LOQ(Y&RCE) INEXT J N

10200 *COMPUTATION OF SLOPES

10210 J=2 :Q0BUBR 10300

10230 D7 (1) =2HAT7RX(1)+87 (D7 (2)a28A78X(2)+87
10240 FOR JI=3 TO P-1 1 GO08UB 10300

10230 D2(J)=2RA7NX(I)+B7 :@INEXT J

10240 D7 (PI=2RATRX(P) +B7

10300 "CUBIC SPLINE CCEFFICIENTS

10310 FOR J=s1 TOD P-3

10320 FZ(JI1mD? (JIR{(X(I+L)=X1T))

10330 07 (T Im3IBRY(T+L)~DZ(IJ¢LIR(XII+2)=X(I))
10340 07(J)1aQ7(I)-3#Y(I)-28F7(T)

10330 HZ (J)mY(J+1) =Y (T} =-FZ(1) =07 () INEXT J
10300 *CUONFFICIENTE OF PARABOLA ’

10910 MZ={Y(JI=-1)1=-Y(I))/(X{T=1)=X(I))

10920 A7=MZ-(Y(I)=Y(J*1}}/(X(I)uXtTel))
10330 A7=AZ7/(X(J-1)~X{J+1))

LOS40 P7=uMZ~A?BI{X1I-1)+¢X(J))

10330 RETURN

13000 'DROF BIZE L MATRAN COEFF DATA

13003 'FOR BLOW EXTRACTION SERIES XI=m4.Q

—
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Listing A.7.2 {continued)

13010 DATA B30,1.01E-3,1.32E-3,Z,800,1.10E-3,1.40E-3,2
13011 DATA 400, 1.438-3,1.82E-3,2,540,1.77E-3,2.028-3,.2
15012 DATA 410,2.40E-3,2.43E-3,Z,273,3.64E-3,3.126-3,2
13013 DATA 170,3.96E-3,4.26E-3,2,120,8.44E-3,3.40E-3, 2
19100 'FOR FABT EXTRACTION SERIES XIml,4i

13110 DATA 300,3.338-3,2.18€-3,2,265,3.91E-3,2.29E-3, 2
13111 DATA 243,4,11E-3,2.356E-3,Z,225,4.48E-3,2. 78E-3, 2
13112 DATA 173,3.78E-3,3.33E-3,2,133,7.92E-3,4.07E-3, Z
13113 DATA 97,10.3E-3,3.28E-3,2,074,13.BE-3, 4. 30E-3, 2

P
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Listing A.T.3 A Program for the Calculation of

Dispersed Phase Mass Transfer Coefficients

3 ' "KAK® DISPERSED PHASE MATRAN COEFF- ELZINGUA

10 CLS :POKE 16933,233 :POKE 1442%,s8

20 T=a0

23 PC=0.80 :UC=1.45K-2 :DCm=2.ZE-6&

30 PD=1.03 :UDw],03E-2 :DD=9E-4 ’
4C DATA 300,2.18E-3,2,289,2.29E-3,2,243, 2. 54E~-3,2Z

41 DATA 223,2.78€-3,Z,173,3.33E-3,Z,133,4.07E-3,2

42 DATA 97,%,208-3,Z, 74,8.50£-3,Z

43 DATA 630,1.32£-3,Z,800,1.40E-3,Z,440,1.82E-3,2

46 DATA 340,2.02£-3,Z,410,2.43E-3,2,279,3. 126-3,Z

47 DATA 170,4.24E-3,2,120,3.40E-3,2Z

90 LPRINT *PHYBICAL PRUP-[PC;}UC;DC}DD

92 LPRINT *“RES TIME*}T

94 LPRINT :

97 LPRINT °D - KE SHC KD* <

100 ' INPUTS

110 READ D,KC,WS :D=D#IE-4 :W=0Q

200 'SHERWOOD W- CONTINUOUS PHASE

210 SHC=KC#D/DC

400 'SHLECTION OF EIOENVALUES L COEFFICIENTS

410 IF SHMC > 3.3 GOTO 420

413 L{1)m0.282 :L(2)m4,24 :L(3)m0

414 B(1)=1.49 :B(¥)m0,107 :B(3)=0 :GOTO 30O

" 420 IF SHC > 10,7 GOTD 430

423 L(1)®m0. 934 L (2)wa.24 :L()w0

426 B(1)=1.49 :B(2)=0.107 :B(3I=Q :G60TC 500
430 IF 8HC > 107 GOTO 440

433 L{1)wl.082 :iL(2)w3,9 :L(S)mim. > .
436 B(l)=1.49 :B(2)=0,493 :B(3}=0.203 :G0TO =00
440 Lil)=1.458 :L(2)m9.08 ;L(3)=22.2

443 B(1)®1,29 :3(2)=0.398 :B(3)=0.38a

900 'DISPERSED PHASE MASB TRANS., COEFF.

S10 "HADAMARD-TYPE CIRCULATION- ELZINGA {(PERRY}
320 'ONLY THE FIRST TERMS COUNT
S30 Atm-L(1)#44%DDRT/D/D

S40 BiIsLOG(R(1)}

950 WaZ#Bl+al

540 KD=wD#W/4/TH.OG(3/8)

1000 'PRINTOUT

1010 LPRINT UBING “N#%  WW.WOCCCL  NuNw WW. WNLCCL"ID#IES, KC, SHE, KD
1400 GOTO 100

2000 END
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Listing A.T.4 A Program for the Calculation of

Continuous Phase Mass Transfer Coefficients

3 ° *SLAK® CONTINUGOUS PHASE MASE TRANS COEFF IASED aN SLIF v :
& CLS :POKE 16333,253 :POKE 14423,28

' 20 -PM=0.89 UM=3.41E-2 :VM=830 :(Dw4d INP=3,3

30 Cim2 :C2=1/18 :G=980 :PC=0.8 :(PD=1.03 .UC'I 65! 2

33 DCe=2.2E-6 :1SC=UC/DCYPC

40 LPRINT *PHYSICAL PROP"IPCIPDIPMIUCIUM

a2 LPRINT °*MATRAN PROP"|DC;SC “
44 LPRINT *MIXER GECM® | DjVMINP Rt
46 LPRINT :LPRINT °N D N1 ve "RE KG*®

S0 'DATA- N,R,Wm

s paTa 7.3,300,Z,8,205,Z,79,243,Z,10,225,2,12,173,2
=4 DATA 13,139,Z2,20,97,Z2,25,74,2 \
40 DATA 7.3,8%30,2,0,800,2,9,640,Z,10,340,Z,12,410,2 |
41 DATA 13,273,Z,20,170,2,29,120,2 i
100 'DATA INPUT

110 READ N,R,WS IR=R#1E-4 )
200 *TURBULENCE CALC T
210 'POWER DISS ' ‘

220 E~=NPRNII#DIS/VUM :NL=(UM/PM}L0.73#(C2%#E)[-0.23 '
300 'SHINNAR'S VELOCITY (R)>>N}

310 RS=C1[0.S#ELO.33IJ#RIL. IIZAPMIUM

320 VS=RERUM/PM/R - .

400 'TERMINAL VELOCITY e

-410 VT=GRR¥R#{PD-PC)/1B8/UC IRT=R¥PCRUT/UC

420_IF RT>2 THEN VT=0.133#GLO.7I#R{1.14%(PD~ PCILO. 21/pPCLO. 29/UCL0.43 :RT=R4PCHY
TIUC

430 IF RT>S00 THEN UT-l.?SlsnRtGiﬂitPD-PC!IPC) tRT=RAPCHUT/UC

200 'COMPGSITE VELOCITY \

=10 VCwSRAR(VTHVT+VERVS) :RE=R#PMEVC/UM

700 *MASS TRANSFER COEFF- SLIP VELOCITY ANALOGY -

710 SHm2+0, 6#RE[0.9#5CL0.333 :KCeSH#DGC/R

1000 ‘PRINT OUT

1010 LPRINT USING "H#.# T S T nu“. " T WH.MMCCCC*IN,RH1E4,NL&LES,
vC, RE, KC

1020 GOTO 100

2000 END
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A.7.86 The Correction Factor For High Rates of Mass Tranafer

The importance of the bulk flow term at the interface on the
mass transfer coefficient may be estimated by following the

analysis of Bird, Stewart, and Lightfoot (l10p65E).

Nao * Nbo B
§ = ————— correction factor
ky,local
= Q(Ragp) where R,p = flux ratio

Xao ~ Xab

Nao_— ~ Xap
Nao + Npo

‘The largest value of Ry, and of © would occur for a maximum
value of x4, and a minimum value of x,};, which are 4 g/L and

zero g/L respectively. Converting x,, to a mole fraction;

Xao0= M Fao p= density of organic= 0.8 g/cm3
. : Pao= mass concentration of uranyl complex
(R3NH) 4U09(S04) 3

3 g/1 * 1790 g complex
238 g urgnium

2.3%10°2 gem3

M, = molecular wght. of complex
= 1790 g/gmole
M = average molecular wght.
of the organic phase
= 144 g/gmole
so Rgp= 2%10°3

According to Figure 21.7-3 of B.S.L. p.675, the mass
transfer across the interface for a small R as above would

have no offect_on the mass transfer coefficient.
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A.7.7 Conversion Factors for Uranium Concentratjons

. The table below includes factors that are useful when
.  converting from molar to mass concentrations for the phases

of this project.

-t
.

Table A.T7.12
Conversion Factors for Uranium Concentrations

Phase Molar Mass Concentration to
Concentration Mole Fraction of Uranium

Aqueous 5.5%10°2 xy= 7.6%10~2 ¥ Fyaq (cn3g'1)

Organic 5.2%10°3 yy= 0.808 *Forg

+ T —
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Appendix A.8
The Settler Dispersion Band

Page
Introduction ..... 0. tessssssesassssenses 335
Approach to the Steady State
Dispersion Band Height ........... Ceeerisaaa 336
Hy - Normalixed Settler Dispersion
Band Heights ............0iiieeinecananann 339

Correlating the Norralized Dispersion
Band Height With tie Coalescing Time .......... 342
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A.8.0 INTRODUCTION

This appendix supplies supporting data and
calculatione for Section 8 in the main bady of the reaport,
which is concerned with the settler dispersion band height
and phase entrainment. The approach of the dispersion band
S heights to a steady state value is first préluntad. followed
- by details of how the dispersion b;nd height at‘the end of
each run was "normalized” to permit easy comparison of the
resultas for different runs. Finally, data relating the
settler @ispersion band heights and the coalescing time in

the mixer is reported.
“
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A.8.1 APPROACH TO THE STEADY STATE DISPRRSION BAND HEIGHT.

The table on the following page shows the behaviour
of the dispersion band height with time for the differenmt

runs.

t (minutes)= time from the start of the run

H (cm)= the actual dispersion band height, at any time t

Hr = the reduced dispersion band height= H
- H @ end of run

The data is also used later for calculating the normalized

dispersion band heights.
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Table A.8.]1 {(continued)

1.3
2.3
0.78

t
H
Hr

SLOW EXTRACTIUR SERIES

1

19,8
0.1
18.0
7.3

17
0.1
16.0
7.1

14
0.4

10
0.2

0.3

STRIPPING SERIES

1.00 1.03
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c,q—- constants
qQ - 2.5 to 7 (Glasser ot al (32))
Q@ — total volumetric throughput
As - settling area (horizontal
cross sectional area of the
settler (24 cm“ per section)
The purpose of these <calculations is to put the
experi ent&l dispersion band heights on a coaparable basis;
what would the dispersion band height have been if =a
standard specific <flowrate (Q/As) was used for each run?‘
(Expérimentally it was pot possible to maintain a constant

spécific flowrate for each run, as that would have required

a mich larger settling uit.)

The conastants ¢ and q may actually vary with H for
the small settler used in this project. They may also be
different for the different-leries of runs. However, by
assuming reasonable values for these constants a rough
qualitative comparison of the variations in wettling
characteristics is obtained. In three of the ;o extraction

-

runs the .settling areas wWere varied while flowrates remained
¥ ' .

-

constant. This allows an estimate of q. L“/
2 :
run first set second wet q
As H As )
(cm2) (cm) (cm?) [ (cm) | -
1,2,8 72 +13.6,12.6 96 ° 6 . 2.56
- 12.3 ‘
.b 72 13.6 96 6.1 2.79
V-1 72 6.9 48 . 16.9 2.21



3;0
The average value of q is about 2.52 which is close
to .the results of other workers obtained with some other
systems. A common basis of a specific flowrate' of 0,144
cms~l was chosen. This is equivalent to a mixer residence
time of 60 seconds and a lettl;r area of 4 sections (96
CIz). Tpe correctidnliactor- to convert the actual height‘to

a normalized heiiht for each series of runs are:

series residence tA- correction (Hy =K*H)
time (min) (cnz) factor, K

no extraction 1 72 0.49
fast® extraction 1 96 1.00
" 1/2+ 120 0.31
slow extraction 1™ 48 0.18
stripping 1 ' 48 0.18
”

1/2 144 0.18

+ In fact, there was sone- dispersion overflow for this
series. Rough ° corrections Qere made to the resﬁltl to put

them on a comparable basis with other results.

r
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Table A.8.2- Hy - Normalized Dispersion Bank Heights

Series
no extraction N 24.8 21.7 34.3
H 16.8 12.5 12.3 .
Hy 8.2 6.1 6.0
fast e N 7.5 18.2 24.8 33.3
(60 H 2.4 3.0 2.9 2.8
Hy 2.4 3.0 2.9 2.8
(30 =) H 16.8. 16.7 16.5
+10.5 +2.4 +1.7
Hy 7.61 6.42 6.18
slow extraction N 7.5 14.5 24.8
(100 ppm)} - H 0.1 3.5 3.1
' Hy 0.02 0.63 0.56
(14.5 s~ 1) molids 0 - 50 100 500
' H 2.9 5.5 3.6 1.4
Hy 2.9% 1.0 0.83 0.25
stripping N 7.5 11 14.5 24.8
{60 &) R 1.1 4.1 4.6 7.1
. ‘Hy 0.20 0.74 0.81 1.28
(20 s) 'H 0.6 2.8 7 . 9.3
By 0.11 0.50 1.26 1.87
N-(-“l) = impellor lpeed
H (cm) = final dispersion band height 'at the end of the run
Hy (cm) = normalirzred dispersion band height .
salids - in ppm
$ - This run was done with a settler area of - 96 cal

instead of 48 cnz. so the correction fnctor is
different from other runs in the set.
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A.8.3 CORRELATING THE NORMALIZED DISPERSION ‘BAND HEIGHT
WITH THR MIXER COALESCING TIMES

At the end of each mixer/settler run, the time

required for complete phase separation io the mixer was

noted (i.e. the time at which the firat clear 1interface

appeared). This is compared to the ‘normalized dispersion

band height at ‘different impellor speeds in the table below,

Table A.8.3 - Correlating the Normalized Dispersion Band
Height with the Mixer Coaleacing Time

series
fast extraction 7.8 18.2 24.8 33.3
(60 =) 2.4 3.0 2. 2.8
107.1 97.1 &\RJsafg' 84.5
(30 @) Hy 6.4 - 7.6 6.2
: - tmix 132 - 108 103
slow extraction solide 0 50 100 . 500
(14.6 o~ 1) Hy 2.9 0.63 1.0 0.25
taix 95 43 33 <16
(100 ppm) N . 7.5 28.2
Hy 0.02 0.56
tmix <19 <29
stripping N 7.5 11 14.5 24.8
(60 s) Hy 0.20 0.74 0.81 1.28
tmix 68 - 61 67
(20 &) Hy 0.11 0.50 1.26 1.67
tamix 23 48 66 54

tmix = mixer coalescence time (to the firat clear interface)
‘ in seconds
+



343
Appendix A.9

CRUD

This appendix huppliéa the background célculationu for
the concentration factors of impurities in crud as presented
in the literature review of Section 9. Alao 1included are
photographs of crud that f;r-ed in the settler during the
slow extraction runs. The crud is visible as a blackish

lob" at the interface between the aqueous and the organic

—_

ph@adws in the settler.
.r
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Table A.9.1- A Comparison of the Analysis of Solids Present

U

Mo
Fe
Si
Al
Mg

Tot.

raw X

rel.

FCODC

Note - Many other elements were identified in some of

in Crud with the Analysis of the Feed Solution
(from Ritcey (57))

feed e*tractibn.grud stripping crud

rew rel. ‘raw  rel. F - raw rel. F

x X x ' conc x x conc
1.87 11?65-' 11.3 31.d 2.7 12.1 36.8 3.2
8E-4 6E-3 0.11 0.30 60 0.72 2.2 440
1.84 11.4 6.4 14.8 1.3 8.0 24.3 2.1
0.44 2.7 13.1 36.0 13 7.5 22.8 8.4
2.11 13.1 ) 4.0 11.0 0.85 0.077 0.23 0.02
9.9 61.3 2.5 6.9 0.11 4.5 13.7 0.22
16.16 100 36.41 100 ' :

»

= amount of a component in the phase (g/L)
total amount of phase (g/L = density)

-

= relative %

= amount of component in the phase (g/L)
total amount of listed components in the phase (g/L)

L

= concentration'fuctor

= relative X in the crud
relative X in the feed

the phases

(feed, extraction crud, stripping crud)
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Figure A.9.1 PHOTOGRAPHS OF THE SETT%?B DISPERSION BAND

Effect of the Solids Content

( 14.5 rev/s impellor speed) e

-

a5

0 ppm 50 ppm 100 ppm 500 ppm

Effect of the Impellor Speed

~{ 100.ppm solids)

7.5 rev/s . - 24,5 rev/s

S

The Progression of Crud Forgation ‘
hnd Crud Detalls

( 500 ppm solids - 14.5 rev/s impellor speed)

€ 10 minutes € 20 minutes " details






