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D2EHPA - EC1l IN A MULTISTAGE MIXER-SETTLER EXTRACTOR
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Under the supervision of R. G. Bautista
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ABSTRACT

‘The flow patterns within a pump mix.mixer—settlér
extraétor are studied photographically and visually. Dye is
injected into the punmp mixer and followed through the varicus
portions of the eguipment. These results ére analyzed to
give both a quanitative and qualitative measure of the flow
within a single stage.

~ A mass transfer meéhanism is derived.based on a pseudo
distribution constant and a pseudo first order rate constant.
These,constants are adjusted to give both the proper output
concentrations; and stagewiée concentfationé of the proper
form. |

Tﬁe results of both these studies are programmed on an
IBM'BGO_deei 65 digital computer. The results obtained by
this compﬁter simulation qf startup to éteady stéte are com-
pared to experimental data. The ccmparison shows very close

agreement.
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A second simulation is then constructed and run to dem- -
onstrate that the model can bhe greatly simplified, and good

results still obtained.
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SUMMARY

The flow patterns within a pump mix mixer-settler
extractor are studied photographically and visually. Dye is
injectedAinto the pump mixer and followed through the vafiou54
portions of the.equipment, photographically where possiblé.
The study is divided into three parts. The settling chamber
is studied first. Next the chamber surrounding the p@mp
mixer (Prepump Chamber) is studied photographically, and fi-
nally the pumf mixer is studiéd visually, and analytically.

For the study of the settling chamber, dye is injected
"into the pump mixer, and followed photographically through
the settling chamber. The outlines of the dye in the photo-
graphs are plotted on graph paper, and the éreas measureq'
with a Keuffel and Esser Polar Planimeter. As the flow is
e#sentially two dimensional, these areas are multiplied by
the thickness ot the settling chamber to give the correspond-
ing volumes. These volumes are plotted against time to give
a measure of the mixing taking:place. A model is derived
trom these findings, for each phase, and simulated on the IBM
65, series 360 digital computer.

Photographs of the prepump chamber show the flow there
to be pure plug flow. A hydraulic balance on the apparatus
reveals that during an actual startup, the interface in the
settling chamber will shift upward, sloving the flow in the

prepump chamber. This is modeled as a prepump chamber larger
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than the actual equifpment, with constant flow rates.

The most difficult portion to study was the éump mixer.
The material contained in it is whirled very rapidly, ﬁaking
it difficult to photograph. The flow here was obsefved
visﬁélly,Aand:found to be plug flow. The pump mixer is then
modeled as a flug flow unit. Avﬁass transfer mechanism is
derived based on a pseundo distribution'And a pseudb rate cén-
stant. These are adjusted to duplicate the output data of
Casto et al. (5,6,7) and the stagevwise data of Rahn(18).

Th

o

results of all these individual studies are then
combined to form a detailed physical simulation of the mixer
settler extractor. The simulation is then run and the
results compared to experimental startup data. The simula-
tion is found to closely duplicate the startup to steady
state experimental data.

A second model,is then constructed to test simpliinnq
asSumptibns on the accuracy‘of the model. 1In the settling
chamber, the organic phase is assumed to be in plug flow, and
the aqueous phase is assumed to be véll mixed., The preﬁump‘
chamber is again modeled as pure plug flow, and the pump
mixer is considered to be emptied each iteration of the com-
Futer.

The results of this simplified model are éompated to the
experimental data, and the detailed simulation. The

simplified model is found to produce a simulation which is



nearly as good as fhe detailed model. These results can be
expected to apply to all similaf systems, including opaque’

and liquid metal systens.



- INTRODUCTION

The purpcse of this study is to produceAa computer sim-
ulgtion of the mixer-settler'extractor which will médel the
startup and steady state data obiained by Casto(5) on this
€quipment. The accuracy of this modgl is inténded to be suf-
ficient to make it of value in futhré studies.made with this
and other similar apparatus. |

The mixer~settler extractor used in these studies incor-
porates the iaprovements made on several previous versions of
the equipment. The mixer also serves to pump the organic and
aqueous phases ffom stage to stage. This pump mixer is
equipped with an interface adjustment shaft .on the inlet
tube. This facilitates control of the intertace level in the
settling chaﬁber. These and other improvenents are inqorpo-
rated in a box like atrangemen£ for the efficient use of
space.

The chemical system studied is the extraction of rare
‘earth chloride by D2EHPA in HCl. The organic phase consists
ot industrial grade di(2-ethylhexyl) phosphoric acid (D2EHPA)
diluted to 0.5 M with Amsco Odorless Mineral Spirits(16).

The agueous phase was 0.1 N HCl prepared from reagent grade
HCl and deionized water. The rare earth teed stock was a 2.7
M solution of Didymium Chloride. This system disengages rap-
idly in the settling chamber, producing two distinct phases,

"Didymiun" refers to the mixture of rare earths obtained



after removal of cerium and thorium from the naturally occur -
ring mixture cf rare earths found in ore. The manufacturerfs
stated typical composition was 46% laﬁthanum, 10%
prasedymium, 33% neodymium, 6% samarium, 3% gadolinium, 1%
ceriuﬁ, and 2% other rare earths. Different lots of Didymium
Chloride were found to vary in composition, but the ceri@m'
content was genetaily found to be higher than the stated
typical compoéition.

Earlier work done by Casto(5), with the same system and
apparatus indicated a response in the raffinate layer of a
dead time of 80 minutes foiloued by an indeterminate order
time ccnstant response. Since this was the result of
travelling through seven stages it might be expected that the
dead time of the aqueous raffinate phase would be about 11
minutes for each stage. A dead time response is characteris-
tic whenever plug flow occurs. A time constant response is
characteristic of vwell-mixed zones of flow and may also érise
due to mass transfer effects between the phases. Experimen-
tal wvork was done on a single stage to illuminate the correct
flow characteristics.

The original data showed very little delay iﬁ the re-
sponse in the organic extract phase. Only three stages were
traversed by the rare earths from the feed inlet to the
organic phase outlet, which would decrease the deiay as com-

pared with the aqueous phase which traversed seven stages.



The first sample was taken at 10 minutes after startup. The
dead time in the organic phase is less than 10 minutes.
Single stage experiments were performed to give further in-
tormaticn ccncerning the correct flow characteristics.

Since analog machines capable of modeiing a mixef-
settler with this number of stages and duration of time
delays are presently not available at Towa State University,
it was decided to use the IBM 65, 360 series digital comput-
er. Early in the study it was decided to use an open-ended
iterative calculation, with each iteration equal to one-tenth
of a minute real time. This was judgéd to be a small enough
time increment to give the desired accuracy. Because the
raffinate phase showed a delay of abqut 1 minutgs pel stage,
a one-tenth minute tiﬁe increment would allow 110 iterations
tc simulate the flow through each stage. This was judged to
te sufficient to allow for a simulation of the actual
rhysical flcw patterns., Since most of the runs made on the
€equipment tock about 300 minutes, this time increment would
cnly require 3000 iterations to simﬁlate starfup to steady
state. It was judged that this would not consumé an excess
amount of computer time.

Single stage experiments led to the assumptions for the
pcdel. The model was constructed and run in its entirety and
the startu§ data produced by the model was compared to the

_experimental data obtained by Casto(6). The results showed a



very close correlation between the raffinate outputs of the
apparatus and the model and a reasonable correlation between

the extract cutputs.
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LITERATURE REVIEW

Sharp and Smutz (22), Sebenik et al.(21), and Bochinski
et al. (3) performed stagewiseAcélculations for a systenm using
tributyl phosphate, rare earth nitrates, and nitric acid.
Their wcrk was for the steady state operation of an
extraction column. Smith(23) reviewed a number of techniques
cf stagewise calculations for multistage systems, including’
those of Lewis and Matheson(14), Amundson and Pontineh(1),
Amundson et al.(2), and Thiele and Geddes (24) for
distillation. Other work done on the steady state stagewise
ccmpositions include the work of Goto and Shutz(9,10), and
Lenz and Smutz (13). These and many other references in the’
literature'dealt with the calculation of a colunn operating
at steady state.

Lowe(15) studied the transient behavior of solvent.
extraction prccessés. He assumed that both phases were vell
mixed in the pump mixer, and in p;ug flow in the settler.
Flow is cocurrent in each stage, but countercurrent overall.
Provision is rade in his simulation for the possible input
and output of an extra organic and aqueous stream in each
stage. ‘His'mpdel is based on an ideal concept and the output
ccméared to the outputs of a miniature mixer-settler.

Pollock and Johnson (17) reviewed the work presentedvin
46 varicus parers, books, and theses., Much work on stagevise

~ ccntact processes has been done theoretically, numerically,



and experimentally for both pulsed and Scheibel extraction
columns. Little vork haslbeen done on mixer-settlers.

Burns énd Hanson (4) studiéd the transient response of a
nultistage mixer-settler using the system tributyl phospha@e
in kerosene, water, and nitric acid. He studied the results
of step and impulse changes in the nitric acid input to the
system, He noted that the responsevlag in the raffinate was
scme 50% longer for a downward change than for an upward
change. He explains this as being the result of nitric acid
teing transfered from the organic phase to the aqueous phase
guring a downward concentration change, maintaining a high
éoncentration in the raffinate output. He states that during
.a period of increaséd nitric acid input such an interchange
does not have nearly as marked an effect.

Halligan and Smutz(11) proposed several models for
predicting the approach to steady state of a mixer-settler
extractor. He simulated and recorded the results of several
models of mixer-settler extractors and compares the results
with experimental data. In all cases he assumed a well mixed
pFump mixer, and complete disengagement of the phases in the
settler. 1In the case cf the perfectly mixed model both
phases are considered to be well mixed withiﬁ themselves in
the settling chamber. A plug flow model was considered with
both phases in plug flow in the settling chamber. A hybrid

model considered the organic phase as plug flow, and the



agqueous phase as well nmixed. A fourth model considered the
miger and settler as one vessel and each phase homogeneous.
The models were proq:ahmed'on the digital computer using the
CIAN components of Farris and Burkhart (8) . The results
shoved fhe most accurate model is the the hybfid model. It
was also‘showh that the largerAthe number of stages, the:more
nearly identical the results of all the models.

Rahn and Smutz (19) and Rahn (18) designed and4consttucted
a twenty stage mixer-settler extractor, in ten stage units.
He made some preliminéry runs with 1 M D2EHPA and 0.3 M HCl.
Hé veritiéd these results with a simulated column run using
separatory funnels and a shaking machine. The simulated
column allowed thorough mixing and ample time for phase sepa-
ration, therefore approaching ideal stage efficiency. This
ccenfirmed the mixer-settler to be operating at nearly 100%
stage efficiency.

Perry (16) continued the work of Rahn by studying the
stagewise concentrations and compositions. As in the. work. of .
Rahn, he encountered trouble with emulsions forming in the
~ pump mixer. Ferry used a similar mixer-settler with a 6 M
HC1l scrub solution tc strip rare earths from the organic ex-
tract product,

Casto et al. (5,6,7) further refihed the equipment and
operating conditions. He changéd the.orqanic extract phase

to 0.5 M D2EHFA. This eliminated the emulsion problem en-



countered in earlier work. The aqueous scrul solution was
reduced to 0.1 M HCl. By adjusting the flow rates he was
successful in obtaining a 97% lanthanum raffinate product.

Hoh(iZ) studied the stripping of rare éarths'from
di(2-ethylhexyl) phosphoric acid with hydrochloric acid in a
pixer-settler stripper. Experiments were run both with the
Filot plént scaie mixer-settler stripper and'separatbry
funnels to find the améunt:of stripping accomplished as a
function of HCl'strength. A study wvas also made of thé
effects of changes of the various flow rates.

Hoh(12) alsojmade a dynamié study. While operating the
equipment at steady:state, he introduced upsets and followed
the return to steady state by titrations. Next, based on
preliminary results by this author, Hoh studied the flow pat-
terns in the stripper photographically. This was accom-
‘plished by injecting dye into the equipment, and
photogtaphin§ it as it advanced through the various portions
of the equipment. These photographs were then analyzed to

give a measure of the flow.
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EXPERIMENTAL APPARATUS AND PROCEDURES

Description of Equipment

The mixer-seitlet used in this research was designed and
constructed by Rahn and Smutz (19) and Rahn(18), and was suc-
cessfullj used to separate lanthanum from a rare earth
chlotidé mixture by Casto et al. (5,6,7).

The mixer-settler is continuous, horizontal, box like
and multi-stage, It was made in ten-stage units with
adjacent stages having ccmpon ualis. Figﬁte 1 shows the
detail of one stége.and adjaéent stages connected to it;
Figure 2 shows the flow of the feed streams to the extractor,
and the product étregms from the extractor. Plexiglas was
used as the constructicn material because it can withstand
the HC1-D2EHPA envifcnment and also because it 1s transparent
and inexpensive.

Removable solid inserts were used in both the mixing and
settling chambers to decrease the liquid holdup in the appa-
ratus in order to attain steady state operation in a shofter.
time. The ligdid volume in the settling chamber with the
volume displacers in position is 1.02 1, divided»equally be-
tween the organic aﬁd aqueous phases. The mixing chamber was
divided into two parts, the pump itself containing 135 ml,

and the chamber surrounding the pump containing 365 ml.
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- The pump mixers used in this research were glass bodied.
The bearings were stainless.steel ball bearings. The shafts
were made of Kel-F with.a stainless steel insert, and the
paddles of Teflon, The pump—mixerslwere-driven simultaneously
by employing a central shaft' together with timing belts and -
sprocketed pulléys. The drive shaft was driven with a belt
ty a one-fourth horsepover motor with Minarik Speed Control.

A.brief study of the equipment reveals that the simula-
tion of each staqe.can readily be divided into four distinct
Farts. The settling chamber 'divides naturally. into the
aqueous and organic -portions. The mixer is divided by the
wall of the glass pump into the portion contained in the

pump, and the portion .in the chamber surrounding the pump.

Experimental Procedure

This mixer-settler proved to be ideal for the visual
study of the flow pétterns using dye as a marking material.
For studies of the flow patterms in the settling chamber,
narrow strips of paper were pasted on the side of the first
staée settling chamber at intervals of 4 cm to form a grid.
These were then graduated in cm with a pen. A "Precision
Time It" digital timer was dismantled and éhe inner workings
mounted on a rortable stand such that the dial was exposed.
This was fplaced adjécent to the settling chamber so that the

face was clearly visible beside the chamber. The timer is
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graduated in hundredths of a minute. The pump mixer was
removed from the second stage and the pump.ccmpartment
drilled and tapped to alléw the organic phase overflowing
from the first stage to be drained from the equipment without
flowing through the entire ten stages of the mixer-settler
unit. A small hole was drilled through the cover plate of
the pump chamber into the pump mixer. Both the organic and
aqueous phases vere introduced into the first stage pump
chamber through the inlef port.

The pump mixer wvas turned on and the organic and aqueous
feeds started. After about five minutes the rare earth feed
was started, feeding directly into the pump mixer to insure
total, complete, and immediate mixing. One-half ml of satu-
rated alcohclic solution of Gentian Violet Dye was immediate-
ly injected through the opening in the coverplate. At the
same time the timer was started. This vas time zero.
Fictures were taken through the side of the settling chamber
with an Autcmatic 100 Polaroid Land Camera equipped with
Close up lens No. 583.  Since a film cartridge contains only
eight pictures, it was essential to use discretion as to what
intervals to take pictures in order to capture all the flow
patterns as they develop. Experience indicated the best
times to take pictures to be 0.1, 0.2, 0.3, 0.4, 0.6, 1.0,

1.5, and 2.0 minutes.
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A study was also made of the flow in the chamber sur- -
rounding the fump mixer. For this study the shaft and paddle
were removed from the number six pump mixer and a vacuum line
inserted. The timing belts were removed from all but the
number seven fpump mixer to render them inoperéble. Thé num=
ber eight pumfp mixer was flooded with D2EHPA solution to
above the level of the bverflow port. This lowered fhe
interface level of the number seven settling chamber to ap-
proximately 3 cm and helped to hold it'qonstant during this
experiment;

The aquecus phase and rare earth feed were introduced
through the number seven pump mixer, as they had been intro-
duced through the number one pump mixer in the settling
chamber experiments. The organic phase was introduced into
the number five settling chamber. The organic and aqueous
phases vwere turned on and allowed to flow for about five
minutes. Then the rare earth feed was introduced into the
number seven pump mixer. - At this time one-half ml of satu-
rated alcohnlic solution of Gentian Violet Dye was injected
into the number seven pump mixer. Pictures were taken as the
dye flowed into and through the chamber surrounding the num-
ter six pump mixer.

A study was also made of the flow inside the pump mixer,
For this .study the inletvport of the pump mixer was modified

to allow the introduction of the rare earth feed stock and



15

the dye through the inlet port. The pump mixer vas turned on
‘and the organic and aquebUs phaéés introduced. Then the rare:
earth feed and the alcoholic solution of Gentian Violet Dye

- were introduced through the inlet port. The results were ob-

served visually, as this wvas rather difficult to photograph.
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ANALYSIS AND SIMULATION

Settling Chamber

In observing the flovw of the dye through the settling
chamber it vas noted that the flow was essentially two dimen-
sional. PFigure 3 shows photographs of the dye as it advances
through the settling chamber. The outlines of the dye in the
photographs are plotted in Figure 4. The areas contained by
these outlines were measured with a Keuffel and Esser Polar
Planimeter. Since the flow was two dimensional, these areas
were thenimultiplied by the thicknéss of the settling chamber
to give the corresponding volumes. These are listed in Table
1 and plotted against time in Figure 5 to giye a measure of
the amount of mixing Actually taking place in the settling

chamber.

Organic phase

As can be seen from Figute 5 the 6rganic phase very
nearly duplicates plug flow. It was also assumed that all of
the volume that does not contain dye at the end of two
minutes was dead space. In the pictures of the flow patterns
(Figure 3) it is shown that the volume in the_top right hand
portion of the organic settling chambér waé trapped by the
heavier rare e€arth laden liquid below it and the partition
support to the left. 1t yaé observed that this liguid

remained trapred even after ten or more minutes of operation
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- and hence was assumed to be dead space for this simulation.

Table 1. Volumetric’flov in settling chamber

Elapsed Change in Total

time in dyed volunme dyed volume
minutes . milliliters milliliters
Crganic phase 0.1 57 57
0.2 15 72
0.3 - 15 87
0.4 20 107
0.6 20 127
1.0 73 . 200
1.5 101 , , 301
2.0 127 ' 428
Aqueous phase - 0.1 169 169
0.2 125 294
0.3 97 - 391
0.4 87 478
0.6 32 ' 510 -

To simuiate this on the computer the organic portion of -
the settling chamber was assumed to respond like twenty small
wvell mixed chambers. The dye took 2 minutes to fill the |
active portion of the chamber. Using a time increment of 0.1
minute, this requires twenty increments. This simulation is
illustrated in Pigure 6. It was assumed tbat'plug flov was
taking place in the second through the sixteenth volunmes.

The first volume is a vell mixed volume twice as large as the
remainder containing twice the time increment of the organic

flow. This is the agitated entrance zone, as can be seen in
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the first photographAof Figure 3. Figqure 5 also shows thét"
the:first data point of the plot for the organic phase is
tvice as high as for plug flow. The exit stream_from'the
settling chamber.is drawvn equally from each of the last four’
volumes.‘ This is the exit zone of the seftler wﬁere the flow
ceases to be two dimensional.’

Appendix A lists the Fortran.program for a single staée
simulation; and Figure 7 shows the response of this simula-
tion to a stef change in input.A As shown in Figure 3, and in
the simulated startup shown in Figure 7, the organic settling
chamber does'hot-begin releasing rare éarths to the exit
stream until 1.7 minutes after their entrance to the chamber.
This does not contradict the results found by Casto aé his

first data was taken at the end of ten minutes.

Agueous phase

Figure 5 indicates that the aqueous phase .in the
settling chamhér is not in plug flow, It was observed while
taking the pictures that vhile'the dye advanced through the
aqueous phase along the upper and.lower boundaries, the
nondyed porticn flowed in the opposite direction in the
center of the aqueous zone.

The photcgraphs in Figure 3 show that the chamber took
less than 0.6 minutes to beéome completely filled with dye.
Since the time increment used is 0.1 minute, the simulation

requires six well mixed chambers. It appeared that the flow
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of organic phase through the aquedns phase increased the size
of the appareht dyed aqueous volume in the first chamber of
the model. This was partially due to the ydlumé physicaliy
occupied by the organic material in this region. An even
greater discrepancy . is causéd by the rapid upward{flow due to
the buoyancy cf the crganic material. This causes the dyed
aqueous material to flow upward in a sméll column, rather
than occupy the full thickness of the settling chamber.
Hence tkhe actuai volume containing dye at the end of 0.1
minute is much less than that indicated by the photographs.
Hence the volumes for the model were different from those
given in Table 1.

The model for the simulation is illustrated in Figure 8.
The material from the pump mixer enters the first well mixed
zone, tte first enters the second, et cetera. The material
from the sixth flows back to the first. This rate of recycle
is designated aé ASR or Aqueous Circulation Rate. A portion
cf the material leaving the fourth chamber exits from the
settiing chamber and proceeds to the prepump chamber of the
next stage. Appendix B lists the Fortran program for this
simulation. Figure 9 is a plot of the response of a single
stage aqueous settling chamber to a step change in input. 1In
this plot six responses are shown for recirculation rates

tiom O to 50 ml/min in steps of 10 mi/min.
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Prepnm§ Chamber

The pictures taken of tﬁe chamber surrounding the pump
mixer are shown in Figure 10. These photogpaphs indiéate
that the-flow is pure plug flow with a delay of 4 minutes.
This added to the other delays is not enough to account for
the 80 minute dead time in the raffinate phase shown in. the
original data. This apparént discrepancy is caused by the
‘change in density of the material in the chamber., As the
rare earth laden material enters the prepump chamber, the
density of the material in the chamber increases, and the
hydraulic pressure at the bottom of thé chamber increases.
To offset this increase the interface level rises in the
settling chamter of the preceding stage. This causes a de-
ciease in the flow rate of the agqueous phase entering the
prepump chamber. This also effects the organic flov.rates by
an equal amourt, |

The‘height of the intetface; shown as H1i in Figqre 1, is
equal to the dénsityvof the aqueous layer multiplied by the»
height of the aquéous layer minus the product of the density
cf the organic layer and the total height of the liquid in
the settling chamber, all divided by the difference betwveen

the density of the aqueous and organic phases;

Hi = (Pa*Ha-Po*H)/(Pa-Po)
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0.0 min ; 0.5 min 1.0 min

Figure 10. Flow of the dye in the prepump chamber
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Where Pa ié the density of the aqueous phase, and Po is
the density of the-§rganic‘phase. If it is assumed that the
density of the agqueous phase increases from 1.0 to 1.06 gréms<
Fer mllas the rare earths en;er the sys;em, it can be calcu-
lated from the hydraulic‘balancé that the interface level
will tise 1.6 cm, or the agueous volume will increase 112 nml.
This represents a time delay of 1.2 minutes.

For purpcses of this simulation it was assumed that the
prepump chamber was larger than the actual portion of the
equipment, and that the flow rates were constant. A delay of
1.2 minutes was added based on the calculation of a hydraulic
talance for a reasonable average increase in rare earth con-
‘tent of the aqueous phase during startup. Another 1 minute
delay was added to account for the 90 ml displaced by the
volume displacer in the prepump chamber, which was present in
this work, but was not ﬁsed by Casto(5,6) in his work. This
Chamber was then simulated by a delay of 6.2 minutes real

time, or 62 iterations on the computer.

Pump Mixer

gydrodxnamig study

The pump mixer was rather difficult to study as the ma-
terial in it was moving rather rapidly. When the dye was
injected through the cover plate for the settling chamber

studies, it was noted that the entire pump was colored by the
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dye almost instantly. This color remained in theApump for
approximately five minutes before beginning to clear. This
led to the assumption that the pump was well mixed. Initial
simulaticns on the computer indicated‘that vith a well mixed
Fump it was imrossible to get as shafp a response as was ob-
tained in the work of Casto(5,6). When the dye.vés added
through the inlet port with.the rare earth feed stock, a
lightly colored boundary was observed to rise throqghAtHe
pump, fcllowed by a darker coiored.boundary. This indicates
that the phases are in plug flow, with the possibility that
the residence times of the two phases may differ. For this
simulaticon, the residence times are assumed to be identical.

From the observations of the type of flow present in the
pump mixer, it is reasonable to calculate the pump volumes as
fcllows.

The reactor voldme involved in the mass transfer is

equal to the time increment of the total liquid flow.
RV = dT* (OFR+AFR)

The volume of organic material involved in the mass
transfer reaction is equal to the time increment of the

organic flow rate.

OVP = dT#*OFR
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The volume of the aqueous material involved in the mass
transfer reaction is egqual to.the'time increment of the

aqueous flow rate.
AVP = 4T*AFR

These are the volumes used in the simuiation'as the-
volumes actually invcléed in the mass transfer process. The
total vclume in the pump mixer is known to be 135 ml. How
much of each phase is contained in the puﬁp is unknown. The
remainder of each phase in the pump is estimated to be pro-
fcrtional to the flow rates, These remaining volumes are
assumed to be in plug flow. As a time increment of one-tenth
pinute is used, a multiple of this must be used as the time
delay caused Ly the plug flow. PFour time increments (0.4
min) closely duplicates the delay for'most of the flow rates
used on this equipment. The model for the'simuiation of thé

pump mixer is illustrated in Pigure 11.

Mass transfer derivation
| in this simulation the rare earth eqﬁilibrium relétion—
ship used is as follows: At equilibrium, the concentraiion
of rare earths in the organic phase is equal to a constant,
K1, times thé concentration in the aqueous phase. This is

shown in Figure 12. If this were the only parameter used,

the stagevise concentrations for.the steady state operation

would be as shown in Figure 13.
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"From the work of Rahn (18) thg.stagevise concentrations
are known to ke high in the agueous phase in the extracting
section only. In the stripping section the concentration in
the ofganic phase is greater than that in the aqueous phase.
Also the stagewise concentrations for each phase is
relqtiﬁeiy constant oh either side of the feed stage. This
"is shown in Figure 14, |

This is simulated as being the effect of poor stage
efficency. This is known not to be the case from a simulated
column run made with separatory funnels by Rahn(18). For a
true simulation it would be necessary to use equilibrium data
for egch of the individual rare earths. This data is not yet
available.

A first crder rate constant, K2, was used for this simu-
lation. This is defined as the rate at which rare earths are
transferred between the phases, per unit volume, per molar |
difference between the concentration present in the organic
phase and what would be present in eqnilibrium with the
aqueous phase, The derivation of the equafions for the pro-
gramming of this concept follow. The notation used in this
derivation is listed in Appendix E.

The rate at which rare earths are transferred betwveen
chases cah be determined by a material balance on either of
the phases. However the rare earth feed stream contributes

liquid volume to the aqueous stream so that it is not con-
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stagewise concentrations of Rahn (18)
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stant throughcut the extractor. Hence it is more convenient
to do the material balance on the organic phase. The rate of

transfer is gi#en_by:
Rate of transfer = OFR* (CO(N-1)~-CO(N))

This same rate of transfer can also be obtained by
considering the concentration in the organic phase and the

Fseudo distribution concentration for the aqueous pﬁase:
Rate of transfer = K2*RV* (CO(N) -K1*C (N) )

Equating the two rate expressiohs and dividing by OFR:
CO (N-1) -CO (N) ='(K2*RV/OFR)*CO(N)-K1*C(N))

fefining K3 = KZ;ﬁV/OFR and substituting:
CO(N-1)-CO(N)_=AK3*C0(N)-KI*K3*C(N)

Reatranging and factoring:

(K3+41) *CO(N) =.CO (N-1) +K1%K3%C (N)

Lividing by (K3+1)

CO(N) = (CO(N-1)+K1%K3%C (N))/(K3+1) | 1.
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Ey basic material balance:
INEUT - OOTPUT = KCCUHULATION
0FR*C0(N-1)0AER*C(N+1)-OFR*CO(N)+AFR*C(N)) = (dCO(N)/dT)*OVP
+ (4C (N) /4T) *AVP

At steady state the time derivatives are zero. By collecfinq

'terms, factoring and rearianging wve have:
C(N+1) = C(N) +(CO(N)-CO (N-1) *OFR/AFR 2.
c = C (N+1) + (CO (N-1)-CO (N) ) *OFR/AFR ' 3.
Substituting 3 in 1 and solving for CO(N):

CO(N) = (CO(N-1)+K1*K3% (C (N+1) +CO (N- 1)*OFR/AFR))
/ (E3+1+K1*K3%OFR/AFR) - | 4.

"Calculation of Pseudo
Distribution and Rate Constants

From Casto's data the inlet and outlet concentrations
are known at the endé of the column. It is possible to find
the steady state stagewise concentrations throughout the
column by successively applying equations 1 and 2 to the
stage one aqueous phase concentration. Equations 1 and 2
contain two unknowns, K1 and K2. (K3 is a function of K2).
By specifying a K2, a trial aﬁd error calculation is neces-
sary to find K1,

The program to calculate K1 and K2 is listed in Appendix
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C. This program initially reads in labels for graphs which
will be produced by this program. Next it reads in the run
number as designated by Casto (5,6). This is fdlloved by the
nunber of stgges in the extractor, the feed stage number, and
the input flow :ates in ml per minute of the aqueous scrub
solution, the organic extract solution and the rare earth
feed solution. Next the composition‘of the feed, and the
ccmpositions ct the aqueous raffinate product and the organic.
extract product are read. The program then performs a mate-
rial balance calculation over the extractor to calculate the
feed flow rate. The new calculated value is then output on
the printout, |

The program calculates the aqueous flow rate in the ex-
tracting section of the apparatus as the sum of the input
aqueous flov rate and the feed flow rate. This seems reason-
able as the teed stream is aqueous in nature. The aqueous
flow rate 1in the stripping section is considered to be the
same as the input aqueous flow rate. The extracting section.
and stripping section aqueous flow rafes are stored in the
écmputer as the variables AFRE and AFRS respectively. Then
the aqueous flow rate}is equated to the appropriate value as
the calculaticns proceed from one end of the column to the
cther,

In this program the value of the pseudo rate constant is

initially set to 5 and decreased to a value of 0.2 by in-
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crements of 0.2 to gi#e a range of values for the pseudo diéf
tribution and rate constants. The value of the pseudo dis-
tribution constant is initially set ‘to 0.0 at the beginning
of each calculation for a new pseudo fate constant. Equa-
tions 1 and 2 are then applied successively to the output
aqueous concentration until Che other end of‘the columnvis
reached. The input agqueous concentration is known to be 0.0.
The calculated input concent;ation is then compared to 0.0.
It it is less than 0.0, the pseudo distribution constant is
increased first by tenths until the aqueous  input is posi-
tive, then by hundredths, et cetera, until the input concen-
tration is calculafed to be lesé than one millionth. Then
the stagewise concentrations are plotted to allow their com-
pFarison to known data.

The value of the pseudo rate constant is then
incremehted, the value of the pseudo distribution cpnstant
set to zero and the calculations repeated. When the calcula-
tions for the lovest desired pseudo rate constant have been
completed, the program then plots a graph of pseudo rate con-
stant versus gseudo distribution constant, Figure 15 shows a
Flot of K1 versus K2. The selection of the values of K1 and
K2 used for the simulation was made by comparing tﬁe simulat-
ed steady state stagewise concentrations for various pseudo
distribution and rate constants with the experimentél steady

state stagevise concentrations. Some of the simulated
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stagewise concentrations are shown in Figure 16.

Care must be taken in the trial and error calculation,
process, because.for every K2 there are an undetermined nunm-
ber of K1's which will satisify the end conditions. These
are harmonics of the desired solutién. The undesirable har-
mcnic solutioné produce negative concentrations in certain
intermediate stages.

The convergence scheme used in this program is crude.
However the inlet aéueous concentration as a function of
pseudo distribution constant was found to be too highly
irreqular to allov the use of a more sophisticated conver-

gence schene.

Simulation of Mixer-Settler Extractor

whep the proper values of K1 and K2 have been deter-
mined, Equaticns 3 and 4 are then used for thelactual simula-
tion. These are used as the pseudo equilibrium relationship
in the simulation of the pump mixer. In deriving these equa-
tions it was assumed that the time derivatives were equal to
zero. By using a two step calculation the total amount of
material in the pump-mixer can be kept constant during the
calculation of the mass transfer between phases. Hence al?
though the individual derivatives are not equal to zero, the
accumulation term of the material balance is indeed zero and
the equations remain valid for this simulation.

The program for the simulation was written so that it
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could simulate any of the.runs made by Casto et a;.(5,6;7),
vhich did not involve upsets. All arrays in the program'are
dimensioned toAhaﬁdle an extractor aé large as twvwenty Stages.
For a large change of flow rates, it is necessary to change
the time{delays in the plug flow zones., The program is writ-
ten to continuously fead in new paramaters and then simuléte
the startup of the specified extractor. The program is set
to terminate if the number of stages is specified as less
than five.

The program reads in all essentiél constants for a
startup. It reads in graph labels for the plots which vill
ke produced in the program. It next reads in the designated
run number, the total number of stages in the extraétor, aﬁd
the feed stage number. These are followed by the flow rates
ot the organic and agqueous phaées, and the feed. The steady
state output concentrations of the organic and aqueous output
streams and the feed composition are read in last. These are
then output to the printer. A new feed flow rate is then
calculéted from a material balance on the extractor input and
output streams. This value is then output to the printer.
The values for the pseudo distribution and rate constants to
be used in the simulation afe then read.

. The program then initializes the arrays to zero. This
is similar to cleaning the extractor before a run. The

agueous flow rate in the extracting section is calculated as
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the sum of the input aqueous flow rate and the feed flow fate
as i1n the K1 and K2 calculations.

In this simulatioﬁ; time 1s started at 17 minutes rather
than at zero. This is because in the runvby Casto that is
being simulated, the teed wvas added to the prepump chamber,
rather than being fed through the interface control tube.
Casto(6) observed that the rare earth feed solution collected
in the bottom of the prepunp chamber. This layer increased
in depth for about 17 minutes before reaching a constant
level. It would seem reasonable that this layer would build
up without an appreciable amount dissolving into the agqueous
stream, until the depth vwas sufficient to partially block the
underflow port leading to the feed stage prepump chamber.
Then the layer extending into the underflow port would be ex-
rFosed to the moving aqueous stream, and be dissolved at a
rate equal to the feed flow rate. This is simulated simply
by adding 17 minutes to the initial starting time.

The heart of the simulation consists of a master calling
Frogram and the simulations of the various parts of the
equipment written as subroutines. The flow of material-in
the extractor is cocurrent within each stage, and
countercurrent overalL. This is illustrated in Figure 17.
The simulation also uses this in its information flow pattern
illustrated in Figure 18. ~The simulations of the prepump

chamber, the pump mixer, the organic phase settling chamber,
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and the aqueous phase settling chamber are referred to as
ERMP, PUMP, OSET, and ASET respectively. The simulation of
the modified teed stage pump mixer is called FEED. As each
~¢f these subroutines are called by the master program,.the
fluid in them is incremented by one-ténth of a minutg.

Since in the runs by Casto samples were usually taken
every ten minutes, this simulation is written to output a
data point every hundred iterations or every ten minutes real
time. This continues for a total of 390 minutes real time.
This is sufficient for the startup of even a twenty stage
run.

After a startup is completed, the program plots the sim-
ulated startup along with the experimental data listed in
Table 2, for comparison. The program reads first the number
of the agueous phase experimental data points for the
startup, and then reads the aqueous concentrations and times
for these points. This is then repeated for the organic
rhase, " The data from the simulation is plotted as solid
lines drawn between the data points produced by the simula-
tion. The experimental data is plotted as points, circles
representing the aqueous phase data, and triangles represent-
ing the organic phase data. A plot is also made bf the
stagewise concentrations for both phases. Both of these

Flots are made in two sizes, for convenience.
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A second simulation was made to test the possibility of
simplifying the model. Por this simulation a time increment
of one-half minute was chosen. The prepump chamber is again
pure plug flow, but due to the larger time increment must be
simulated as having a time delay of six minutes or twelve in-
crements of one-half minute each. The organic phase in the
settling chamber was simulated as pure piug flow with a time
delay of two ninutes. The agqueous phase is considered as
well mixed. The pdmp is small enough to be considered to be
completely emptied during each iteration. Hence the type of
flow is unimportant,.

For this simulation the programs described previously
were modified to accept the new time increment. The values
for the pseudc distribution and rate constants were
‘recalculated, by changing the value of the reactor volunme.
The subroutines in the program for the simulation were re-
Flaced by the new, greatly simplified versions. This
lessened the size of the arrays needed in the program. The
number of iterations required to simulate the startup to

steady state operation were reduced by a factor of five.
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Table 2. Experimental data from Casto(6)

Aqueous phase organic phase
Time 1in Rare earth Time in Rare earth
minutes molarity minutes molarity

10 0.00015 , 10 0.00126

40 - 20 0.00111

50 0.0001 30 0.00261

60 0.00015 40 0.00824

65 . 0.00116 50 0.01367

70 0.005u48 60 0.01733

75 0.01407 70 0.0202

80 0.02497 80 -

8% . 0.036¢€3 90 0.0230

90 0.04652 100 -

99 0.05486 110 0.0254
100 - 0.0624 . 120 0.0262
105 0.06757 130 0.0279
110 ©0.07285 140 “0.0279
120 0.07938 150 0.0281
130 0.08440 160 0.0283
140 0.08817 170 -
150 0.09043 180 0.0299
.160 0.09219 190 -
170 0.09345 200 0.0309
180 0.09395 210 -
190 0.09470 220 0.0322
200 0.09470 230 : -
210 0.09445 250 0.0324
220 0.09470 303 0.0324
230 0.09470 '

250 0.09520
270 0.09495
290 0.094 46

310 0.095u6
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RESULTS AND CONCLUSIONS

The résults of the pseudo distfibution and rate constant
calculation generally showed an inverse relation_between the
tvo. The prograﬁ shown in Appendix C terminated with a
Fseudo rate constant of 0.2. It was found that further re-
duction of the pseudo rate constant produced pseudo distribu-
tion constants which were unreasonably large, without produ-
cing a significant change in the stagewise concentrations.

The use cf a pseudo rate constant of 0.2 and the corre-
sronding pseudo distribution constant produced a simulated
Startup'vhich was close to the actual experimental data.

This is shown in Fiqgure 19. The aqueous phase data was ex-
tremely close. The simulated organic phase data gave a
taster startup than was found experimentally. This is be-
cause the interface level was assumed to be constant. 1In the
apparatus the interface'actually rose during startup, produ-
cing a higher organic phase flow rate in the stripping sec-
tion. The result was that the organic output streanm Qas
diluted during startup. As the extractor approached steady
state the interface levels became constant, and the organic
flow rate decreased until steady state was attained. Adding
a simulation cf this to the program would more closely ap-

proximate the experimental data.
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This‘parametet wvas not included to simplify programﬁing.
It should also be mentioned that the orgénic phase was vety
difficult to analyze chemically. Hence some error can be ex-
pécted in the experimental data. Therefore the exclusion of
this parameter can be jhstified,

As fhe pseudo rate constan£ is incréased, the startub
becomes more gradual. This is shown in Figure 20. This is
because more material is being extracted in the extracting
section, and stripped in the stripping section. As it is in-
creased the entire extractor recirculates more and more mate-
rial. In the limit, this approximates the time constantAre-
sponse of a well mixed zone.

The time ‘increment of 0.1 minute was chosen so that the
physical flow patteths could be simulated in detail. Howvever
it can be seen from Figure 21 that nearly as good startup to
steady state data can be obtained from the simpler model,
simulated with a time increment of 0.5 minute. A simulation
of this type would normally be more practical.

The simplification of the model and simulation produced
a considerable savings in computer time and space. Thé cen-
tral processing unit time required for the calculations was
reduced from 133 seconds to 7 seconds. The region required
was slightly reduced from 54K to U6K.

It should be emphasized that the model is for staftup

only. The flow patterns in the machine are highly dependent
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Qn density changes. During a Sfartup, a more dense material
is being added to each part of the equipment. This causes
the plug flov in the prepump chamber and the organic phase
séttling éhaﬁbér. During shut down, the situation is
‘reversed. A lighter ﬁaterial is entering wvhich immediately
flows upward to the top 6£ the chamber producing a partially
shunted, partially mixed chamber. A similar situation exists
in the pump mixer,

The aqueous phase settling chamber will always be
agitated by the organic phase ftlowing through it, However if
the material entering is much more dense than the residual
material, the agitation will not be sufficient to producé an
appreciable amount of mixing. A heavy layer will form on the
tottom until the underflow port is covered. Then this layer
will remain at a constant thickness until it is slowly mixed
with the residual material. As the,density becomes more
nearly unito:m, the rixing increases.

If the material introduced is much lighter than the
residual material, the situation is reversed, and the lighter
layer forms at the top of the aqueous phase settling chamber.
The chamber then operates in essentially plug flow until the
more dense material is pushed out.

These flcw patterns could be expected to be present in
all similar equipment. If the material enters the settling

chamber at the interface level or lower, and is more dense
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than the residual material, the same forces will be present
as wvere present.in thi§ system. This can be expected to pro-.
duce a similar response 1in the séttlipg chamber. Whether or
not the mixer is plug flow or well mixed is a fuﬁction not
cnly dfvdenéity, but also the basic equipment design. As
noted earlier, the output of the éomputer simalation is
'strongly influenced by the méss transfer mechanism. These
findings should be of value in studies of all similar equip-

ment, including opaque and liquid metal systenms.
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APPENDIX A:
SIMNULATION OF
ORGANIC PHASE SETTLING CHAMBER



//D2150R JOB 'A0366,TIME=7,REGION=1U44K, LINES=2K, CARDS=300"',BEETNER
//STEP1 EXEC FORTG,LINES=2,CARDS=300,REGION.GO=128K,TIME.GD=3
//FORT.SYSIN DD =
DIMENSION XL (5),YL(5),GL(5),DL(5)
DIMENSION X (100),Y (100) ,X0OSET (20)
DO 10 I=1,20
10 XOSET(I)=0.0
DO 30 I=1,100
XTIN=1
X(I)=XTIMN/10.0
Y (I} =XOSET(20)
XOSET (20) = (XOSET (19).+XOSET (18) +XOSET(17) +XOSET (16)) /4.0
XOSET (19) = (3.0%XOSET (19) +XOSET (18)) /4.0
XOSET (18) = (XOSET (18) +XOSET (17)) /2.0
XOSZET (17) = (XOSET (17) +3.0%XOSET (16) ) /4.0
DO 20 J=1,15
20 XOS=ZT (17- J)-XOSET(16-J)
30 XOSET(1)=1.0
READ (5,100) XL,YL,GL,DL
DO 40 I=1,100
WRITE (6,110) X (I),Y(I)
40 CONTINUE
CALL ORIGIN(0,1.5,1)
CALL GRAPH(100,X,Y,1,4,10.0,7.5,0.0,0.0,0.0,0.0,XL,YL,GL, DL)
CALL ORIGIN(15.0,2.0,1)
CALL GRAPH(100,X,Y,1,4 OS.O,Q.S,0.0,0.0,0.0,0.0,XL,YL,Gu,DL)
STOP
100 FORMAT (201A4) :
110 FORMAT (' X(I)=',E20.10,'  Y(I)=*,E20.5)

END
//GO.SYSIN DD =
TIME IN MINUTES FRACTION OF S S VAL START UP OF A SINGLESTAGE ORGANIC SETTLE
//GC.FT14F001 DD DSNAME=§SM,UNIT=SYSDA,DISP=(NEW,PASS), , - SMPLT1/3
// SPACE=(800,(120,15)),DCB= (RECFM Vs, LRECL 796,BLKSIZE=800) SMBLT2/3

//SHPLTTR EXEC PLOT,PLOTTER=INCRMNTL,PARM.PLOT='TYPE 00 PAPER PLEASE! SMPLT3/3
4 '

€9
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APPENDIX B:
SIMULATION OF
AQUEOUS PHASE SETTLING CHAMBER



//D215AQ JOE 'A0366,TIME
//STEP1 EXEC FORTG,LINES=

=5,REGION=96K,LINES=4K,CARDS=300',BEETNER
2,CARDS=300,REGION.GO=96K,TIME.GO=2

//FGRT.SYSIN DD =*

DIMENSION TIME(BOO»,Y(300),XL(S),YL(S),GL(S),DL(“) X (6)
READ (5,100) XL,YL,SL

READ(5,101) DL

CALL ORIGIN(0,3.0,1)

AFR=92.0

DAFR=AFR/10.0

. ASR=-10.0

99

50
200

100

€=1.0

DO 200 J=1,6

XTIM=0.0

ASR=ASR+10.0

DASR=ASR/10.0

DSFR= (ASR+AFR) /10.0

DO 5 I=1,6

X(I)=0.0

DO 99 IT=1,300

XTIM=XTIM+0. 1

TIME(IT) =XTIM

Y(IT)=X(4)

SXPL=X (6) - .
X (6)=((70.0-DASR)*X (6) + DASR*X (5)) /70.0 ‘

X (5)=((75.0-DASR) #X (5) +DASR*X (4)) /75.0

X (4)=((75.0-DSFR)*X (4) + DSFR*X (3)) /75.0
X(3)=((120.0-DSFR) *X (3) +DSFR¥*X(2)) /120.0

X (2)=((120.0-DSFR) *X (2) +DSFR*X (1)) /120.0

X (1)=((50.0-DSFR)*X (1) +DAFR*C+DASR*SXPL) /50.0

IF (J.GE.2) GOTO 50

CALL GRAPH(300,TIME,Y,1,4,10.0,7.5,0.0,0.0,0.0,0.0,¥L,¥YL,GL, DL)
GOTO 200

CONTINUE .

CALL GRAPH (300,TIME,Y,1,4,00.0,7.5,0.0,0.0,0.0,0.0,XL,YL,GL, DL)
CONTINUE .

STOP

FORMAT (15A4)

S9



101 FORMAT (5A4)
END

//GO.SYSIN DD * :

TIME IN MINUTES FRACTION OF SS VALUE AQUEOUS SETTLER
ASP=0 TO 50 BY 10 A :
//GO.FT14F001 DD DSNAME=6SM,UNIT=SYSDA,DISP=(NEW,PASS),
// SPACE= (800, (120,15)),DCE=(RECFM=VS,LRECL=796,BLKSIZE=800)
//SYPLTTE EXEC PLOT,FLOTTER=INCRMNTL, PARM.PLOT='TYPE 00 PAPER PLEASE®

SMPLT1/3
SMPLT2/3
SMPLT3/3

99
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APPENDIX C:
PROGRAM FOR PSEUDO
DISTRIBUTION AND RATE CONSTANT
CALCULATIONS



//D215KK JOR *AQ366,TIME=T7,REGION=144K,L INES=5K,CARDS=300",BEETNER
//STEP1 EXEC FORTG,LINES=4,CARNS=300,REGION.GO=128K, TIME.GD=3
//FCRT.SYSIN DD * '

C PROGRAM TO CALCULATE K1 AND K2

C
C DECLARATICON OF VARTABLES
C

IMPLICIT REAL*8 (A-H,0-2)
INTEGER FSN,RN
REAL*8 K1,K2,K3
DIMENSION C(22)4C0(22)4X(36),Y(36),2(36),XK1{15,25),XK2(15, 25)
PEAL*x4 XL(5),YL(5)4GL(5),DL(5)
REAL*4 DL2(5)
REAL*4 XK(5),YK(5)+DK(5),GK(5)
READ(5,130) XL,YLsGL,DL
READ(5,130) DL2
16=0

" READING PARAMETERS

aEeks]

10 READ(5,120) RNy,NSyFSNyOFR,AFR4FFR,FC,FAC,FQOC
WRITE(6,121) RNyNS,FSN,DFR,AFR,FFR,FC,FAC,FOC
NPTS=-1%NS

RN=RUN NUMBER

NS=NUMBER OF STAGES

FSN=FEED STAGE NUMBER

OFR=0ORGANIC FLOW RATE

AFR=AQUEGCUS FLOW RATE

FFR=FECEDN FLOW RATE : .

FC=FEED COMPOSITION (RARE EARTH MOLARITY)

FAC=FINAL AQUEQOUS COMPOSITION

FOC=FINAL ORGANIC COMPOSITION

CO(N)=RARE EARTH CONCENTRATIQON IN QRGANIC PHASE LFAVING STAGE N
CIN)=RAPE EARTH CONCENTRATION IN AQUEOUS PHASE LEAVING STAGE N
K1=FEQUILIBRIUM CONSTANT SUCH THAT AT EQUILIBRIUM CO(N)=K1*C(N)
K2=FIRST ORDER REACTION RATE CONSTANT

OO0 ON

89



lalel

aNeRe]

OO

RV=REACTOR VOLUME (VOLUME OF MTXER PUMP)

IF(NS.LE.5) GOTO 99
1G=1G+1

K2=5.00D0

DK2=-0.200
K2=K2-DK2

AFRS=AFR

CALCULATING FEED FLOW RATE FROM RARE EARTH BALANCE

FFR=({QFR*FQOC+AFRS*FAC)/ (FC-FAC)
WRITE(6,300) FFR :

300 FORMAT(* FEED FLOW RATE CALCULATED FROM RARE EARTH BALANCE =?,
1E20.104"ML/MIN') '

BREGINING TTERATIVE CALCULATIONS

AFRE=AFR4FFR
Co(1)=0.0D0
C(2)=FAC
127=0
CALL ORIGIN(0.093.041)
DO 60 160=1,5
DO 59 159=1,5
12T=12T7+1
G=0.000
DG=0.1D0
K2=K2+DK2
ICT=0

1 CONTINUE
ICT=1CT+1
IF{ICT.GE.160) GOTO 45
K1=G

STAGEWISE CALCULATIOQONS

69



aNeNe]

D00

s XaXe ke

30

40

EXTRACTING SECTION CALCULATION

AFR=AFRE

RV=I0FR+AFR}/10.0D0

K3=K2*RV/0OFR

DO 30 I=24FSN
COtD)=(COUI-1)+KLIEK3I=C(]))/(K3+1.000)
ClI+1)=C{TI)+{CO(I)-CO[T1-1)¥*DOFR/AFR
CONTINUE

-FEED STAGE CALCULATION

I=FSN+1
CO(INr=(CO(I-1)+KL*K3*C(I))}/(K3+1.0D0)
C(I+1)=(C(YI)*AFR+(CO(T}-CO(TI-1))*%0OFR~FC*FFR)/AFRS

STRIPPING SECTION ZALCULATION

ID1=FSN+2

1D2=NS+1

AFR=AFRS

Rv=(0OFR+AFR)/10.0DD

K3=K2*RV/OFR

DO 40 1=101,1D2
CO(I)={CO(I-1¥+K1*K3*C(1))/(K3+1.000)
C(I+1)=C(I)+(CO(I)-CO(T1-1))*0FR/AFR -
CONTINUE

COMPLETION OF STAGEWISE CALCULATIONS
BECIN CCNVERGANCE SCHEME

AQ=CE{NS+2)

ORG=CO(NS+1)
IF{DABS(AQ).LE.1.0D-07)GOTO 50
IF(AQ.LT.0.0) GO TO 5

G=G-NG6

oL



eNeReEe]

49

50

59

Q0

91

.60

61.

DG=DG/10.0D0
IF(DG.LE.1.0D~10) GO TO 49
G=G+DG

GO Y0 1

COMPLETION OF CONVERGANCE SCHEME
BEGIN PRINT QUY SCHEME

CONTINUE

WRITE(6,152) DG

CONTINUE » ,

WRITE(6,150) GyAQsORG,ICT,K1,K2

WRITE(7,101) RN,K1,K2

XK1(1G,12T)=K1

XK2(1Gy 1ZT)=K2

CONTINUE

DO 90 TK=1,NS

X{IK)=1K

Y(IK)=C(IK+1)

WRITE(8,153) K1,K2

REWIND 8

READ(8,154) GL

REWIND 8

CALL GRAPHUNPTS,XsYy1y103505.0942570.050.0504050.09XL,YLGLyIL)
DO 91 IK=1,NS

Y(IK)=COUIK+1) _

CALL GRAPHINPTS,X1Y729103,00.0972590.0+0.050.050.0,XLyYLyGL,IL2)
CALL ORIGIN(7.0,0.0,1)

CONTINUE

DO 61 12T=1,25

X(IZT)=XK1(1G,1ZT)

Y(IZT)=XK2(1G,12T)

READ(5,130) XK, YK,GK,yDK

CALL GRAPH(-25,XsYylsly5.0¢%0550e490.00106450.00X<yYKyGKy0OK)
CALL ORIGIN(7.0,-2.0,1)

CALL GRAPH{-25,XsYs111y104517.5,0.2,0.070.870409XKsYKyGK,DK)
CALL ORIGIN(15.0,~1.0,1}

L
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45 CONTINUE
WRITE(64151)
WRITE(64150) G,AQ,DRG,1CT,KL,K2
WRITE(6,140) (CO(I>T),1PT=1,1D2)
WRITE(64141) (C(IPT),1PT=1,1D2)

99 WRITE(6,102)
STOP

101 FORMAT(I12,3E21.14) :

‘102 FORMAT(®' EXECUTINS CARD 99 OF PROGRAM!)

120 FORMAT (3I3,1Xy6E12.5)

121 FORMAT(1X4313,41X46E15.5)

130 FORMAT(20A4)

140 FORMAT(*0*,21F5.2)

141 FORMAT(' *,21F5,2)

150 FORMAT('0 G=',E13.545X,"'AQ="yE13.5,5X, 'IRG=",E13.5,5X,*ICT=",13,
15X 'K1=',E13.5,5X,*K2=1,E13.5) ‘ |
151 FORMAT(!'  CONVERGANCE FAILED 1CT=160')

152 FORMAT(' DG STOPPED ITERATIONS DG=',D25.15)

153 FORMAT('K1=' ,F10.7,'K2=",F4.1)

154 FORMAT(5A4) :

//GO.SYSIN DOD % 3
STAGE NUMBER - RARE EARTH MOLARITY STAGEWISE C3ONCENTRAT AQUEQUS PHASE
ORGANIC PHASE : : :

4 10 7T 186.0 92.0 5.80 2.643 0.0950 0.0324
EQUILIBRIUM CONSTANT RATE CONSTANT RUN 4 BY CASTD

0 0 O 0.0 0.0 0.0 0.0 0.0 0.0
//GO.FT08F001 DD UNIT=SPOOL+SPACE=(TRK,(1,1)) )
//GO.FT14F001 DD DSNAME=ESM,UNIT=SPOOL,DISP=(NEW,PASS), SMPLTL1/3
// SPACE=(800,(120,15))+,DCB=(RECFM=VS,LRECL=T796,BLKSTZE=800) SMPLT2/3

//SMPLTYTR EXEC PLOT,PLOTTER=INCRMNTL,PARM.PLOT=*TYPE 0J PAPER! - SMPLT3/3

<L
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APPENDIX D:
PROGRAM TO SIMULATE
MIXER-SETTLER EXTRACTOR



//D215SM JOB 'A0366,TIME=7,REGION=144K,LINES=5K,CARDS=300',BEETNER
//STEP1 EXEC FORTG,LINES=5,CARDS=300,REGION.GO=128K,TIME.GO=3
//FORT,SYSIN DD =

THIS PROGRAM SIMULATES THE START UP OF A TEN STAGE MIXER-SETTLER
EXTRACTOR

OOOOOOO

SUBROUTINES TO SIMULATE THE VARIOUS PARTS OF THE APPARATUS

REAL K1l,K2,K3
COMMON N,FC,FFR,K1,K29K3,AFR,0FR,0VP,AVP,FVP,ASR,DAFR,DASR,DSFR
COMMON PRP(21)9XPRP(62,21),ASET(22),0SET(21),+X0SET(20,21),DOFR
COMMON XASET(6,21),C0(21),C(21)
COMMON XOMP(4,21)4XAMP(4,21)
DIMENSION XL(5)sYL(S5),GL(5),DL(5)4X(40),Y(40),2(40)
DIMENSION DLO(5)
DIMENSION XK(5) 3YK(5)4GK(5)4DK(5)
DIMENSION EXT(35),EXC(35),4EXCO(35)
DIMENSION EZT(35)
INTEGER RN,yFSN
DIMENSIGN LABL(T)
READ(5,110) XLsYL,GL,DL
READ(5,110) XL,YL,GL,DLO
READ(5,110) XKy YKyGK,DK
6 CONTINUE :
READ(5,120) RNyNS,FSNyOFR4AFR,FFR,FC,FAC,FOC
- WRITE(64121) RNyNS,FSN,OFR,AFR,FFR,FC,FAC,FOC
_IF(NS.LE.5) GOTO 99
READ(S5,111) GL '
AFRS=AFR
FFR=(OFR*FOC+AFRS*FAC)/ (FC-FAC)
WRITE(6,300) FFR
AFRE= AFR+FFR
ASR=10.0
DOFR=0FR/10.0 - :
READ(5,101) RNsK1,K2

THE PROGRAM CONSISTS OF A MASTER CONTROLING PRDGRAM AND THE NECESSARY‘

he



OO0

INITIALIZING ARRAYS TO ZERO

XI1CT=17.0
2(1)=0.0
Y(1)=0.0
X{11=0.0
D0 5 N=1,21
PRP{(N)=0.0
DO 1 1=1,62
XPRP(1,N)=0.0
ASET(N)=0.0
OSET(N)=0.0
D0 2 1=1,20
XOSET(1,N)=0.0
D0 3 I=1,6

XASET(I,N)=0.0
CO{N)=0.0
DO 4 I=1,4
XOMP(1,N)=0.0
XAMP(1,N)=0.0
C(N)=0.0
0SET(22)=0.0
AFR1=AFR
AFR2=AFR+FFR
OVP=DOFR

MASTER PROGRAM

DO 40 1CT=2,40
DO 30 ITIM=1,100

EXTRACTING SECTION
AFR=AFR2

DAFR=AFR/10.0
DASR=ASR/10.0

SL



[aNeNe]

[aNeaNe!

10

DSFR=(ASR+AFR}/10.0
AVP=DAFR
RV=({0FR+AFR)/10.0
K3=K2%*RV/OFR

D0 10 N=2,FSN

CALL PRPMP

CALL PUMP

CALL OSETL

CALL ASETL

CONTINUE

FEED STAGE

N=FSN+1

CALL PRPMP
CALL FEED
CALL OSETL
CALL ASETL

STRIPPING SECTION CALCULATIONS

AFR=AFR1
DAFR=AFR/10.0
DASR=ASR/10.0

DSFR= (ASR+AFR)/10.0
AVP=DAFR
RV=(OFR+AFR}/10.0

- K3=K2*RV/OFR

20

ID1=FSN+2
IDz=NS+1

DO 20 N=ID1,1D2
CALL PRPMP

CALL PUMP

CALL OSETL

CALL ASETL
CONTINUE
XICT=XICT+0.1

9L
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40

50

51

CONTINUE

X{ICT)=XICT

Y(ICT)=ASET(2)

Z(ICT)=0SET(11)

WRITE(6,100) XICT,ASET(2),0SET(11)

CONTINUE
WRITE(104275) Kl,K2
REWIND 10
REAC(10+276) LABL
REWIND 10

READ(54122) NPTS

DO S0 INPTS=1,NPTS

READ(5,123) EXT(INPTS)sEXCCINPTS)

READ(5,122) NPTZ

DO 51 INPTS=14NPTZ

READ(5,123) EZTC(INPTS), EXCO(INPTS)

CALL ORIGIN(0.041.Cy1)

CALL GRAPH(403:X9Y31949104097459040790.6090.050.053XLsYLsGL,DL)
CALL GRAPH{404X+2+294,40.0,0.0,0.040,040.0,0.0,XL,YL,GL,DLO)

- CALL GRAPH(NPTS4EXT4EXC914107y04090.040.050.050.0,0.0,XLyYL,GL,DL)

90

CALL GRAPH(NPTZ,EZT,EXC042+410740.0904.0,0.090.04+0. 010 0,
1XLs¥YLGL,DLO)

CALL LETTER(2.097.C40. I,LABL,O 0¢284040404040+04+040,0 oO)

CALL ORIGIN{(15.0,2.0,1)

CALL GRAPH(409X9Y91l94905.094.590.090.040,090.0,XL,YLsGLsDL)
CALL GRAPH(40yX92429490.040.040.040.040.0,0.0:XLsYLsGLyDLO)
CALL GRAPH(NPYTS,EXT4EXC91410790.09404040.040.050.0,0.0,XLsYLsGL,DL)
CALL GRAPH(NPTZ:EZTgEXCOyZv10710 0y0.090.090.040.0490.0,
1XLy¥LsGL,DLO)

CALL LETTER(O. 294¢290e1 3LABL90.0928309090+4040+0+0,0,0,0)

DO 90 1=1,10

X(ll=1

Y(I}=C(I+1)

Z€1)=CO(I+1)

CALL ORIGIN(15.0,-2.0,41) :
CALL GRAPH(10+XyY,14103,10. 097¢590.0490.040.0,40. 09XK YKy GK 4 DK
CALL GRAPH{104X9Z2424103400.090.0¢0.0¢0.040.0¢0.0¢XKsYKyGK,DLO)

LL



99
155

100
101
110
111
120
121
122
123
275
276
300

CALL
CALL
CALL
CALL
CALL
CALL
GOTO

LETTER(2¢097¢0+0.14LABL+0.04284040404040+0,0,40,40,0)
GRAPH(109XyY919103905¢0944540.0904050.090.03XKyYKyGK4DK)

GRAPH(104X9Z2+29103900¢090¢090¢0704090.070.09XKysYKyGK,o0LO)

LETTER(O0.294.2+0.14LABL,+0.0,28,0+40,040+40,0,0,0450,0)
ORIGIN(15.09-3.0,1)
6

CONTINUE
WRITE(6,155)
FORMAT(* PROGRAM TERMINATED NS<5')

STOP

FORMAT(1X,3E20.8)

FORMAT(I2,3E21.14)

FORMAT (20A4)

FORMAT (40X,5A4%)

FORMAT (313,1X,6E10.5)

FORMAT(1X,313,1%X46E15.5)

FORMAT(I3)

FORMAT(F3.042F5.5)

FORMAT{(*Kl = '4,F10.8,4" K2 = Y4F4.1,1X)
FORMAT(7A4) ’ -
FORMAT(' FEED FLOW RATE CALCULATED FROM RARE EARTH BALANCE =¢,
1E20.10y*ML/MIN®*)

END

8L
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CALCULATION OF MIXER PUMP

SUBROUTINE PUMP

REAL K1,K2,K3

COMMON N,FC,FFRyK1+K2yK3,AFR,0FR,0VP,AVP,FVP,ASR,DAFR,DASR,DSFR
COMMON PRP(21)4XPRP(62421)4ASET(22),0SET(21)4XOSET(20421),D0FR
COMMON XASET(6,21),C0(21),C(21)

COMMON XOMP(4,21),XAMP(4,21)"

CO(N)=XOMP(4,N)

CINI=XAMP(4,N)

0O 10 I=1,3

XOMP(5-T4yN)=XOMP(4-1,4N)

XAMP(S5=T4N)=XAMP(4—-1,N)
XOMP(1yN)=(OSET(N-1)+K1L*K3*(PRP(N)+0OSET(N-1)*0FR/AFR) )/
1{K3+1.04+K1%K3*%0FR/AFR)
XAMP(14N)=PRP(N)+(DSET{N-1)-XOMP{1,N))*0FR/AFR

RETURN

END

6L
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CALCULATION OF PLUG FLOW PRE PUMP CHAMBER

SUBROUTINE PRPMP
REAL K1,K2,K3
COMMON N, FC,FFR,KI,KZyK3,AFR OFR,0VP,AVP,FVP,ASR,DAFR,DASR,DSFR
COMMON PRP(21),XPRP(62,21),ASET(22),0SET(21),X0SET(20,21),D0FR
COMMON XASET(6421),C0(21),C(21)
COMMON XOMP(4,21),XAMP(4,21)
PRP(N)=XPRP(1,N)
DO 10 I=1461

XPRP(IyNI=XPRP(I+1,4N}
XPRP(62,N)=ASET(N+1)
RETURN

END

08
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CALCULATION FOR GRGANIC PHASE IN SETTLING CHAMBER

SUBROUTINE OSETL

REAL K1l4K2,4K3

COMMON N,FC,FFR,K1yK24K3,AFR,0FR,0VP,AVP,FVP,ASR,yDAFR4DASR, DSFR |
COMMON PRP(Zl),XPRP(bZ,Zl),ASET(ZZ),OSET(ZI) XOSET(20921)1DOFR
COMMON XASET(6,21),C0(21),C(21)

COMMON XOMP(4,21)4XAMP(4,21)

OSET(N)=XOSET(20,4N)
XOSET(204N)=(XOSET(19sN)+XOSET(18,N)+XOSET(174N)+XOSET{16,N)) /4.0
XOSET(194N) =(3.0%XOSEV(19,N)+X0OSET(184N))/4.0
XOSET(18yN)=(XOSET(18,N)+XOSET(174N))/2.0 '
XOSET(L74N)=(XOSET(17,N)}+3. O*XOSET(lb N})/4.0

DO 10 I=1,415

XOSET(17-1,N)}=X0OSET(16-14N)

XOSET(14N)=(XOSET(1,N)+CO(N))}/2.0

RETUJRN

END

L8



CALCULATION FOR AQUEOUS PHASE IN SETTLING CHAMBER

SUBROUTINE ASETL

REAL K14K2,K3 -

COMMON NoFCyFFR,K1yK24K3,AFR;0FR,0VP,AVP,FVP,ASR,DAFR,DASR,DSFR
COMMON PRP(21)}4XPRP(62,21)43ASET(22),0SET(21}+X0SET(20,21)4DOFR
COMMON XASET(6,21),C0(21),C(21)

COMMON XOMP(4421)9XAMP(4,21)

ASET(N)=XASET(4,N)

SXPL=XASET(64N)

XASET(64N)=((70.0-DASR) *XASET(64N)+DASR*XASET(5,N})/T0.0
XASET(54N)=((75.0-DASR) *XASET(5,N) +DASR*XASET(4,4N))/75.0

XASET (44 N)={(75.0-DSFR) *XASET(4,N)+DSFR*XASET(3,N})/75.0
XASET(34N)=((120.0-DSFR)*XASET(3,N)+DSFR*XASET(2,N))/120.0
XASET(24N)=((120.0-DSFRI*XASET(2,N)+DSFR*XASET(1,N))/120.0
XASET(14N)={(50.0-DSFR) *XASET(1,N)+DAFR*C{N)}+DASR*SXPL)/50.0
RETURN :

END

i8
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FEED STAGE MIXER PUMP CALCULATION

SUBROUTINE FEED

REAL K1lyK2,K3

COMMON Ny FC,FFR,K14K2yK3yAFR,0FR,0VP,AVP,FVP,ASR,DAFR,DASR,DSFR
COMMON PRP(21)4XPRP(62,21),ASET(22),0SET(21)4X0OSET(20, 21)1DOFR
COMMON XASET(6+21),0(21),C(21)

COMMON XOMP(4421)4XAMP(4,21)

CO(N}=XOMP(44N)

CIN)I=XAMP(4,N)

DO 10 I=1,3

XOMP(5-T4N)=XOMP (4~1,4N)

XAMP(5-T ¢4NI=XAMP(4—-1,4N)

XAFS=(FFR*FC+{AFR-FFR)*PRP(N) ) /AFR
XOMP{1yN)=(OSET(N-1)+K1*K3%(XAFS+0OSET(N-1)*0UFR/AFR))/
1(K3+1.0+K1*K3*%0FR/AFR)
XAMP{LlyN)=XAFS+{OSET(N-1)-XOMP(1,4N))*0FR/AFR

RETURN

END

€8



//GO.SYSIN DD * '
TIME RARE EARTH CONC. TEN STAGE SIMULATION AQUEOUS PHASE
TIME ' RARE EARTH CONC. TEN STAGE SIMULATIONORGANIC PHASE
STAGE NUMBER RARE EARTH CONC STAGEWISE CONCENTRAT AQUEOUS PHASE
410 7 186.0 92.0 5.8 2.643 0.095  .0.0324
EQUILIBRIUM CONSTANT  RATE CONSTANT RUN 4 BY CASTO
4 0.872874000000000 00 0.400000000000000 00
29 A
1000015
5000010
6000015
6500116
7000548
7501407
8002497
8503663
9004652
9505486
10006240
10506757
11007285
12007938
13008440
14008817
15009043
16009219
17009345
18009395
19009470
20009470
21009445
22009470
23009470
25009520
27009495
29009546
31009546

h8
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1000126

2000111

3000261

4000824

5001367

6001733

7002020

9002300

11002540

12002620

13002790

1400279

15002910

16002830

18002990

20003090
22003220
25003240

30303240

0 0 C 0.0 0.0 0.0 0.0 0.0 0.0
//GO.FT10F001 DD UNIT=SPOOLySPACE=(TRKs(1,s1))

//GO.FT14F001 OD DSNAME=&SM,UNIT=SYSDA,DISP=(NEW,PASS), SMPLT1/3
// SPACE=(800,(120+15)),DCB=(RECFM=VS,LRECL=796,BLKSIZE=800) SMPLT2/3
//SMPLTTR EXEC PLOT,PLOTTER=INCRMNTL PARM.PLOT='TYPE 00 PAPER? SMPLT3/3

S8
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APPENDIX E:
LIST OF SYMBOLS
AND ABBREVIATIONS
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LIST OF SYMBOLS AND ABBREVIATIONS

. CO(N) =Concentration of Rare Earths in the Organic Phase of
Stage N

C (N) =Concentration of Rare Earths in the Aqueous Phase of
Stage N

'K1=Pseudo Distribution Constant such that at equilibrium
CC (N) =K 1*C (N)

'K2=Pseudo First Order Rate Constant with the units
pinutes**-1

RV=Reactor Volume
OFR=0Organic Flow Rate
AFR=Aqueous Flow Rate

AFRE=Aqueous Flov Rate in the extracting section of the
pixer-settler '

AFRS=Aqueous Flow Rate in the stripping section of the mixer-
settler

FFR=Feed Flow Rate

FC=Feed Composition (rare earth molarity)

dT=Time Increment

CVP=0rganic Volume in the Pump involved in mass transfer
AVP=Aqueous Volume in the Punmp invoived in mass transfer
K3=K2*RV/OFR -

N=Stage Number

CAFR=Time Increment cf AFR

DCFR=Time Increment of OFR

ASR=Rate of Recirculation within the Agqueous Setéling Chamber
LASR=Time Increment of ASR

DSFR=DASR+DAFR
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Frp(N)=The Cutput of the Prepump Chamber of Stagé N

" XPRP(I,N)=The Ith Volume of Fluid in the Stage N Prepump

Chamber

ASET (N) =The Output of the Stage N Aqueoué
Chamber

XASET (I.N)=The Ith Volume of Fluid in the
Phase Settling Chamber

OSET (N) =The Output of the Stage N Organic
Chamber '

XOSET (I,N)=The Ith Volume of Pluid in the
Phase Settling Chamber

XCMP (I, N)=The Ith Volume of Liquid in the
tion of the Stage N Pump Mixer

XAMP (I,N)=The Ith Volume of Liquid in the
the Stage N Pump Mixer

Pﬂase Settling
Stage N Aqueous
Phase Settling.
Stage N Organic
Organic Phase Por-

Aqueous Portion of

XAFS=The concentration of Rare Earths in the Input Aqueous
Stream to the Feed Stage Pump Mixer, after the Rare Earth

Feed Stream has Lteen added.





