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NOMENCLATURE

Amplitude, inches/cycle

Specific interfacial area, cm?/cm?

Pulse amplitude, cm/cycle

Pulse velocity at emulsion region, cm/sec
Pulse velocity at mixer-settler region, cm/sec
Pulse velocity at transition region, cm/sec

Backflow ratio, a = interstage mixing flow rate/main flow
rate

Bottom disengagement section of pulse column
Miyauchi's backmixing correlation factor relates to the

1iquid motion instability
Constant for calculating v, B, = s2/((1 - s)(1 - s2))

Hundredth concentration stage

Drop diameter

Mean drop diameter

Difference symbol

Time interval for digital simulation calculations, sec
Interval of finite difference equation

Plate hole diameter, cm

Pulse column internal diameter, cm

Dispersion coefficient, cm?/sec

Holdup fraction

Distribution coefficient of solute X, E = X /X,

Pulse frequency, cycle/sec

Superficial flow rate, cm/sec
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Interstage mixing flow rate, F = Afci, cm/sec

A function of holdup which accounts for the effect of
adjacent drops on one another

Transition frequency, cycle/sec

Drag coefficient for spheres, dimensionless
A function of extraction factor

Interfacial tension, dynes/cm

Dispersed phase volume holdup, cm?

Continuous phase volume holdup, cm?

Pulse column effective height, cm

Overall transfer unit height, cm

Constants

Dissociation constant for PuNOt3

Overall interphase mass transfer coefficient, cm/sec
Extraction factor A = Ech/Fd

Principal length of turbulence, cm

Liquid density, grams/liter

Last stage number

Feed stage number

Total stage number

Number of transfer units

Overall number of transfer units for phase i
Single stage number of transfer units for phase i
Interstage pseudoorganic phase flow rate, liter/sec

Peclet number

Peclet number of phase i, PiB = Fi Ht/Ei; i=c¢c,ord




vii

' P, Mean rate of energy dissipation, cm?/sec® ,
v Miyauchi's holdup correlation constant relates to the :
energy

Rxn 1 to Rxn 5 Chemical reaction in material balance, mole/liter

D T

s Plate free area fraction

o? Variance of tracer residence distribution, sec?

sp Pulse column plate spacing, cm f

T Pulse column plate thickness, cm

Td Top disengagement section ,

Ui Terminal velocity of droplet relative to the continuous ;

phase, cm/sec

v Volume velocity, liter/sec

v Volume of a single state, liter, or volume velocity, 1/sec

v Actual linear flow rate of a phase, cm/sec
. Vb Characteristic velocity of droplet, cm/sec

i

V} Velocity of the dispersed phase relative to the aqueous Q
a phase, cm/sec i
? Ve Slip velocity (average velocity of the dispersed phase }
droplets), cm/sec %
¢ ]
v X or [X] Concentration of solute X, mole/liter, in continuous !
i phase or dispersed phase %
g [X]t Solute X concentration before time At, mole/liter ;

3

: [x]t+At Solute X concentration after time At, mole/liter i
M *
3 X Equilibrium concentration of solute X, between the two |
. phases, mole/liter ;
i !
é Subscripts !
-9 |
&t c Continuous phase ,
B 1
? ' cf Continuous phase at flooding point
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Dispersed phase

Dispersed phase at flooding point

Extractant

Feed

Stage number or number index
Stage number or number index
Constant or mixed phase
Initial condition

Raffinate

Stripping
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ABSTRACT

A critical survey of the published literature concerning dispersed
phase holdup and longitudinal mixing in pulsed sieve~plate extraction
columns has been made to assess the present state of the art in predicting
these two parameters, both of which are of critical importance in the
development of an accurate mathematical model of the puise column.
Although there are many conflicting correlations of these variables as a
function of column geometry, operating conditions, and physical properties
of the Tiquid systems involved it has been possible to develop new cor-
relations which appear to be useful and which are consistent with much of
the available data over the limited range of variables most likely to be
encountered in plant sized equipment.

The correlations developed were used in a stagewise model of the
pulse column to predict product concentrations, solute inventory, and
concentration profiles in a column for which limited experimental data
were available. Reasonable agreement was obtained between the mathematical
mode]l and the experimental dat&. Complete agreement, however, can only be
obtained after a correlation for the extraction efficiency has been

developed. The correlation of extraction efficiency was beyond the scope

of this work.
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INTRODUCTION

Pulse Column

Credit for the invention of the pulse column is usually given to
Willhem Van Dijck. The equipment described in his 1935 patent (55) is for
a countercurrent extraction column which contains sieve plates spaced at
intervals along a central shaft. The two liquids are dispersed by a motor
which moves the plate assembly up and down. Although such a column is now
marketed commercially by the Chem-Pro Equipment Corporation, this is not
the basic operating principle of what has come to be known over the last
30 years as a "pulse column." His patent also mentions the possibility of
pulsing the 1iquid in a column with stationary plates.

Carl Groot, as cited by Sege and Woodfield (46), who worked on the
early development of liquid-liquid contactors for use in nuclear fuel re-
processing, first suggested that a unit similar to the one patented by Van
Dijck be used in fuel reprocessing. He proposed that the two liquid
phases be dispersed by pulsing the contents of the column up and down. Al-
though this required a greater power input than the moving plate tech-
nique, it permitted the pulsing equipment to be placed some distance from
the column. For processing highly radioactive materials, this meant that
the pulse generator could be remotely located in a shielded area away from
the column and attached to the column by a large pipe. The use of air in
the pulse leg then served to isolate the radioactive material in the col-
Jrin and thus permitted easier maintenance of the pulse generator since it

was in an area of low level radioactivity.

W g e e



PN -

LS P

e W

%

L

b

L TN

I Y

T I

e

f

The pulse column as we know it today uses the idea of pulsing the

1iquids in the column. It has been used widely in the nuclear industry

because of its ease of maintenance, high mass transfer efficiency, and

short residence time and is now finding application in other areas of the

chemical process industry.

A functional diagram of the pulse column is shown in Figure 1.
Perforated plates are spaced at intervals up the column. Heavy liquid
enters from the top of the column and light liquid enters from the bottom.
Ordinarily the size of the holes in the perforated plates is small enough
that no countercurrent flow occurs through the column due to gravity

alone. The pulse generator at the bottom serves to disperse or mix the

two liquid phases and also to pump the liquids through the column.

In Figure 1 the light phase is the dispersed or discontinuous phase

and the heavy phase is the continuous phase. The light phase is present

in the smaller quantity, as is customary for the discontinuous phase, and
the principal interface is located in the top end-section of the column.
If the heavy phase were the discontinuous phase then heaVy phase would be

present in the smaller quantity and the principal interface would be in

the bottom end-section of the column.

Figure 2 shows the operating characteristics of a pulse column. The

curve was presented by Sege and Woodfield (46) to illustrate the various
types of dispersion obtained as a function of the flow rates and the pulse

frequency. The curve only shows general trends and has no numerical

values along its axes.
Choose an arbitrary total flow rate and follow a horizontal line

across the figure. Region A is a flooding region in which the column will

[
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. not operate because the amount of pulsation is too small to pump liquid

through the column as fast as it is fed at each end. At a point on the

B4 3
$ 1ine marked "pulse volume velocity," the pulsation applied to the column
* 15 just enough to maintain a net flow equal to the superficial flow rates,

or the rates at which the two liquids are being fed to the column. This

point is called the lower flooding limit or the point of incipient flood-

ing due to insufficient pulsation.

When the pulse frequency is increased so that the column operates in

§¥

;\ area B, mixer-settler operation is obtained. The two phases settle out
completely between pulses; thus there is an alternating sequence of mixing
and settling in each portion of the column between two adjacent perforated
plates. When a pulse column is operated in region C, the two phases in
the column give the appearance of an homogeneous emulsion at all times and

Ea so the area is called the "emulsion region."

o § Increasing the pulse frequency still further causes the dispersion to

® become irregular and nonuniform. Large globules of the liquid begin to

atmy

appear and local flooding, or reversal of the disperéion, may occur. This
unstable region is indicated by area D in Figure 2. The transitions be-

tween regions B and C, and between regions C and D are gradual and not

o

well-defined.

The flooding curve which separates regions D and E represents the

TP gty
ot =3 P 3

‘l' e

locus of points at which the net flow of liquids through the column is

again just equal to the superficial flow rates. This time the trouble is

o

not too 1ittle pulsation but too much pulsation. Hindered settling has

reduced the net flow of liquid through the column. A point on this line

o ey
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is often referred to as the upper flooding point or the point of incipient

flooding due to excessive pulsation.

The pulse column thus has two flooding points. Both are sharply de-

fined and the permissible operating range of the column is sandwiched be-

tween these two flooding points. The extraction efficiency varies

throughout this range and the resulting degree of separation obtained de-

pends on the net effect of two opposing phenomena. Ideally, increasing

the pulsation applied to the extractor produces better dispersion of the

phases and creates more interfacial area for mass transfer. Turbulence

within the column is increased, tending to improve the rate of extraction.

On the other hand, backmixing, or recycling, is present throughout the

operating range of the column. This decreases the local concentration

gradient and reduces the extraction efficiency.
Dispersed Phase Holdup

The amount of dispersed phase present in the column is an important

parameter and is called the "holdup." The residence time distribution,

the interphase mass transfer rates and the degree of backmixing are all a

function of the holdup. Dispersed phase holdup in the pulse column is

defined as the percent of total volume occupied by the dispersed phase
between all the sieve plates when the column is operating at steady state
conditions.

During column operation dispersed phase is pushed up through the

*2les in the perforated plates on an upstroke of the pulse generator.

Liquid jets issuing from the plate perforations constitute a kind of




1!‘»’&\,%* oy

ORM oY g

£ o i

-

2
- | lﬁilipﬁ!l ke LITTAT A g ewen - S

)

-

-

o

-

couette type of shear-flow field between the expanding jets in the direc-
tion of pulsation and globules form. The pressure distribution on the
globule causes it to deform into an ellipsoid. After sufficient elonga-
tion, breakup may occur (21) and smaller droplets may form.

In the mixer-settler region the holdup decreases as the amplitude or

frequency of pulsation increases, as shown in Figure 3. Holdup goes

through a minimum at the transition point between mixer-settler and emul-

sjon operation. As the pulsation is increased further, the droplets be-~

come smaller and, because of their slower rise time, the holdup in the
column increases and reaches a maximum at the upper flooding point.

Holdup has been measured both directly and indirectly using the tech-

niques listed below:
(1) Indirect methods:

(a) Measurement of electrical resistance between the plates (Defives

and Schneider (14)).
(b) Measurement of the effective specific gravity of the contents of

the column (Jones (23)).

(2) Direct methods:
(a) Analysis of the relative phase volumes in a sample of the column

contents removed from the column very rapidly (Wilburn, as cited
by Bell and Babb (3)).
(b) Direct measurement of total relative phase volumes in the column

after it is shut down (Graham (19)).
(c) Utilization of the change in the water-organic interface at the

top of the column while the column is running after all inlet

flows have been stopped (Sehmel and Babb (47)).
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Dispersed phase holdup characteristics of a pulse column at
constant amplitude.
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(d} A shutter plate technique by which the active portion of the
column can be quickly isolated (Bell and Babb (3)).

Table 1 shows that the direct measurement methods have been most widely

used. Also, see Figure 6, herein.

The dispersed phase holdup of a pulse column has the following

characteristics:
(1) It is a function of the geometry of column, the pulse amplitude,

and pulse frequency, the dispersed phase flow rate, the surface
properties of the plate materials, and the physical properties of
the liquids involved.

(2) The continuous phase flow rate has little effect.

(3) It is uniform throughout the column for a column having more than

23 cells.
(4) It increases with increasing plate spacing, plate hole diameter

and dispersed phase flow rate.

(5) Dispersion is governed by the ratio of viscosity of the_two

phases.
(6) Interfacial tension is important in determining the size of the

doplets.

Backmixing X

Backmixing in cylindrical flow is a nonideal flow pattern that is
intermediate between the two ideal cases of plug flow and perfect mixing.
It implies a backflow against the direction of the main stream so that

some parts of the liquid actually move backwards relative to a fixed
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Table 1. Dispersed phase holdup in pulse column measurement experimental

details
Operating variables
Column geometry A f Fe Fq
Dt Ht Sp Dp s eaw cye/ o/ cw
Investigator cm m cm cm cyc sec sec sec

Arthayukti 5.0 2.0 5.0 0.2 0.2 1.0 2.0 0.014 0.014

et al. (2) " " "
9.0 0.042 0.042

Bell and 5.08 5.59 0.32 0.23 0 0.3 0 0.12
Babb (3) n n a "
12.7 3.3 0.54 0.58

Biery (4) 7.62 6.1 5.71 0.16 0.23 0.3 0.4 0.1 0.25

av n N N

3.6 3.5 0.2 0.45

Cohen and 2.54 5.08 0.32 0.09 0.38 0.28 0.03 0.03

Beyer (11) " " Ly n
1.14 1.2 0.16 0.16

Eguchi and 5.8 5.2 0.15 0.08 0.1 0.5 0.14 0.18

Nagata (15) " " v N’B
0.85 3.3 0.44 0.3

Kagan et al. 5.6 4.0 5.0 0.2 0.08 0.5 0.8 0.15 0.3
(25) " " " ~

1.5 1.67 0.5 1.0
Miyauchiand 3.2 3.7 1.0 0.15 0.09 0 0.4 0.93 0.03
Oya (36) 5.4 7.8 = n n n n Y A
8.6 10.0 0.30 0.19 1.5 3.0 0.27 0.26

Sato et al. 3.5 0.692.5 0.1 0.081 0.6 0.3 0.1 0.1

(45) N N n n n n
7.0 0.33 2.0 3.3 1.0 0.5
n N n n
Sehmel and 5.05 2.2 5.03 0.32 0.23 0.64 0.3 O 0.174
Babb (47)

5.2 3.5 0.43 0.43

= It S
TR v, T
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System
. Hzo €d
) and Method of measurement range
CCl, Draining the column and 0.01
: measuring the volume v
: 0.12
. M.I.B.K. Shutter plate technique 0.01
: Hexane n
0.08
i
50% TBP Suddenly stopped and meas- 0.08
kerosene ured the dispersed phase N
layer height on each stage 0.25
Isoamyl Draining to a graduated 0.1
alcohol cylinder and measured ~
: 0.26
s} Ketone Not mentioned 0.03
N
I ) 0.15
v Kerosene Not mentioned 0.03
$ n
{ 0.2]
P M.I.B.K. Measured volumetrically by closing 0.005
i all inlet and outlet at upper dis- N
; engaging section 0.34
13
; ’ M.1.B.K. Not mentioned 0.025
")
0.23
Hexane Closed inlet and outlet valve and 0.02
Benzene measure the ratio at contacting v
M.I.B.K. section 0.26
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point. From the viewpoint of a differential process, backmixing means a

random axial flow superimposed on the main flow and leads to the axial

eddy diffusion concept. These same basic concepts also apply to the flow

of each phase in the pulse column.
For pulse column operation in the mixer-settler region, a layer of

the lower specific gravity organic phase forms from the rising organic
droplets and collects below each plate at the end of each pulsation half

cycle. The continuous water phase is backmixed principally during the

upstroke. The organic layer is first forced through the plate and the

remaining volume of liquid displaced during an upstroke then consists of
the continuous water phase as a backmix stream.

As the pulse frequency is increased through the mixer-settler region
all of the organic droplets do not have sufficient time between pulsation
cycles to collect under the plates. Hence, the thickness of the organic

layer decreases under each plate and resuits in an increased amount of

water backmixed across a plate during each cycle (48). As the pulsation

intensity increases, the effect of the distribution of droplet velocities

becomes more important. The jetting of the continuous phase through the

plates forms vortices and eventually the vortex fields become so strong

that the dispersed phase backmixes through the holes in the plate owing to

the strong drag forces. The axial mixing in the dispersed phase becomes

truly diffusive owing to increased droplet interactions and can be treated

as a second continuous phase.
Backmixing increases the residence time of fluid elements and the
Also,

small droplets increase the interphase mass transfer contact area.
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backmixing reduces the local concentration gradients and decreases the

extraction efficiency. In some production sized extraction columns, 60

to 75% of the necessary effective height of the column may be accounted
for by the effects of backmixing (32).

Figure 4 gives a graphical comparison of the typical concentration
profiles in a pulse column with and without backmixing. Both the true
driving force, taking backmixing into account and the apparent driving
force, without making such allowance, can be seen.

Backmixing is evaluated by measuring its effect on the distribution
of a solute concentration in the column. The methods that have been used
are listed below:

(1) Model comparison method (concentration profile)

This method uses the concentration profiles of the transferring
solute. The experimental profile is compared with concentration profiles
calculated from a one-dimensional backmixing steady state model, and using
a two-dimensional search technique, values of both the longitudinal dis-
persion coefficient, E, and the product of the mass transfer coefficient,
times the interfacial area, Koial are found which provide the best fit be-

tween the experimental and the calculated concentration profiles. The

one-dimensional backmixing steady state diffusion model shown below is

used to compute the theoretical profiles.

d2X_ dX_ _ .
Eeaz ~fear - Koca(xc - xc) =0 (1)
d2X dX
d d - *_
Eigzz ~Faaz t Koca(xc - xc) =0 (2)
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Figure 4. Concentration profiles in the column.




&
s

4

% -%M;#
P

Rt H ool sy e
-

YN

O RN
o

bt &y e e
e % s

M
E
‘@
B
"

s

15

(2) Stimulus-response techniques (tracer techniques)

Because of experimental difficulties in measuring solute concentra-
tions, a more widely used method involves the injection of a tracer into
the system. The tracer used in backmixing experiments has many forms, but
it should be soluble in only one of the two phases. Typical tracer ex-
periments include the use of ionization-current counting of radiocactive
materials, the measurement of electrical conductivity or electrode poten-
tial and the absorption of ultraviolet or visible light. The most popular
method with regard to aqueous phase determinations, however, is to use a
salt tracer and measure its concentration by electrical conductivity.
Radioactive tracers have the advantage that their concentrations can be
detected from the outside of the column continuously, thus avoiding meas-
urement lags in the system and interference with the liquid flow pattern.

Backmixing evaluation methods by using tracer techniques are:
(1) Steady state method ~

The tracer is injected continuously into the column and the steady
state tracer concentration profile is measured along the column upstream
from the injection point. By comparison of the concentration versus

column height with the right mathematical model, the backmixing coeffi-

cient can be evaluated.

(2) Dynamic method A

A tracer is injected into the column and the time dependence of the
tracer concentration is measured at a fixed point downstream from the in-
jection point. A breakthrough curve is obtained. The stimulus injection

of the tracer is usually an impulse input. The tracer concentration
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profiles are compared with the profiles calculated by the appropriate
mathematical model and the backmixing coefficient determined.

(3) Two detection point technique (radioactive tracer method)

The dynamic method needs a perfect pulse input of tracer, which is

difficult to obtain in practice. Aris (1) and Bischoff and Levenspiel (6)

have developed a method which avoids the mathematical requirement for

perfect pulse injection. In this method tracer concentration measurements

are taken at two points within the test section of the column, the vari-

ances are calculated from the two experimental breakthrough curves, and

the backmixing coefficient calculated from the relation:

As? = g3 - 0% = Z/PiB = ZEi/Fth (3)

The backmixing of both phases has the following characteristics:

(1) It is a function of the geometry of column, the pulse amplitude,
and pulse frequency, the phase flow rate, the phase holdup frac-
tion and the physical properties of the liquids involved.

(2) 1t is independent of column diameter.

(3) It increases with increasing plate spacing, plate hole diameter,

phase flow rate, and phase holdup.

(4) Interfacial tension is important in determining the size of the
dropiets.
(5) Viscosity and density have little effect.

Backmixing Model

There are two models that have been widely used for describing mass

transfer with backmixing in a countercurrent extractor. These models have
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The first, derived

from a differential material balance on the column is called a differen-

tial, diffusion, or distributed-parameter model. The quantity of interest

in this model is called the axial diffusion coefficient or the longitudi-

nal dispersion coefficient. The second, derived from a stagewise concept

of the column is called a discrete, backflow, or lumped parameter model.
The parameter of interest in this second type of model is called the back-
mixing or backflow coefficient defined as the ratio of the linear flow
rate of the backflow stream to the main flow stream.

In the 1imit as the number of stage becomes large the two models
approach each other, and in fact, it is the relation between the two
models that forms the basis of a method for computing a backmixing coeffi-
cient for the stagewise model from data taken on a continuous system.

The primary purpose of this work was to evaluate the vast body of
literature on dispersed phase holdup and on backmixing, and to determine
the best method for estimating these parameters for pulse columns of the

size usually encountered in chemical plants. A final parameter of great

importance in column design and performance evaluation is the mass trans-

This is discussed briefly but is largely considered

fer coefficient.
beyond the scope of the present effort.
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LITERATURE REVIEW
Dispersed Phase Holdup

Cohen and Beyer (11) reported some of the earliest data on dispersed
phase holdup in puise columns. They measured the ratio of isoamyl alcohol
dispersed in water in a one inch diameter column by stopping the flow into
the column after it had reached steady state operation and then draining
the contents of the column into a graduated cylinder. Since the volume
drained also contained the liquid in both disengagement sections, there
was some error inherent in their data. The holdup values reported ranged
from 0.10 to 0.26.

Li and Newton (27) studied the extraction of benzoic acid from water
into toluene and found that the holdup increased with increasing flow rate
of the discontinuous phase but was essentially independent of the flow
rate of the continuous phase. Only a limited number of holdup measure-
ments were given in these two early papers and no attempt was made te ob-
tain any type of correlation by which the holdup could be predicted.

In an extended series of fourteen papers, the first of which appeared
in 1951, Thornton and co-workers reported on a lengthy series of investi-
gations covering holdup, flooding, and extraction efficiency for a variety
of different types of extraction columns. The first series of papers,
published in 1951 were concerned with packed columns. Then in 1953 they
published the results of additional work on rotary annular columns.

Finally, in 1957 he presented the results of their work on rotary disc
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contactors and pulse columns. In all cases they used a similar approach
to the correlation of dispersed phase holdup data.

The work on pulse columns is described in the paper by Logsdail and
Thornton (28). The velocity of the dispersed phase relative to the sta-
tionary column was written as

V= Fyley (4)
The velocity of the dispersed phase relative to the moving continuous
phase was written as

V. = Fy/eg + F/(1 - €y (5)

Then, V} was expressed in terms of a modified form of the Stokes law ex-
pression in which the buoyancy force is assumed proportional to the dif-
ference between the densities of the mixed phases and the dispersed phase.
On this basis, the relative velocity of a droplet of diameter dp is

- 2 -
V. = 2.dpg (py - pq)o(1 - €4)/36u, (6)
where ¢(1 - ed) is a function of holdup which allows for the effect of
adjacent drops on one another. The value of P is
o = ¢04 * (1 - €4)e, (7)
Using this definition, Equation 6 becomes

-_ 2

V, = 2459 (- pg)(1 - e4)6(1 - e4)/36u = Vo(1-e)o(1 - ey) (8)
where V; is the mean Stokes law velocity of isolated dropiets. Combining
Equations (5) and (8) gives

Faleq * Fc/(l - ed) = vo(l - ed)¢(1 - ed) (9)

When data were plotted as

Fd/ed(1 - ed) + FC/(] - €d)2 Vvs. (] - €d)
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the result was a straight line, indicating that ¢(1 - ed) was a constant.
When FC = 0 and Fd approaches zero then (1 - sd) approaches 1.0. Under

these conditions the droplets in the column are isolated and have no

effect upon one another and ¢(1 - ed) is unity so that

v o= lim (F.l¢,) (10)
o} Fd >0 d d

€q ™ 0

Thus the term Vb js the limiting mean droplet velocity at zero continuous

phase flow rate and very low dispersed phase flow rate and has been named

the "characteristic velocity." Equation (9) becomes, after some re-

arranging,
Fd + (ed/(l - ed))FC = voed(l - ed)
If v_, the characteristic velocity, is known, then Equation (11) can

(1)

be used to calculate the holdup in the column as a function of the rates

of the two phases. Working from previous experience with rotary annular

columns and rotating disc columns, Logsdail and Thornton assumed that, as
with other mechanically agitated columns, the mean droplet size and its
associated characteristic velocity was a function of column geometry,
energy input, and system physical properties but independent of the phase
flow rates. They developed a correlation involving power functions of the
appropriate dimensionless groups. A similar approach correlated their

characteristic velocity data to within +15% for rotary disc contactors and

rotary annular columns. But curiously, no indication of the success of

the correlation was given for the work on pulse columns.

Two important conclusions can be drawn from their work. First, the

holdup was relatively insensitive to continuous phase flow rate as
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reported earlier by Li and Newton. Second, the general theory seems

applicable to a variety of mechanically agitated columns.
Thornton's approach assumes some importance because it has been used
by several other investigators in correlating holdup data for pulse
columns. Actually, the correlations were originally developed as an aid
in design calculations in order to predict the upper flooding point for a
pulse column. Todo this one differentiates Equation (9) with respect to €4
first considering Fd as the dependent variable and then considering FC as

the dependent variable and then setting the derivatives equal to zero to

obtain
- - 2
Fdf - 2 VOEdf(] - Edf) (]2)
- 2
Fcf - VO(] - Cdf)(] - 2€df) (]3)

The f subscript indicates flooding since at the upper flooding point

dFd/dad = 0 and dFC/ded = 0. Combining Equation (12) and (13) gives the

holdup at flooding

ege = 2/(3 + (1 + BF_/F ,)F) (14)

which shows that the holdup at the flooding point is a function only of

the flow rate ratio and is independent of physical properties of the sys-

tem, the column geometry, and the pulsing conditions.
Nicholson (39) used Equation (14) together with a large compilation

of flooding point data assembled by Groenier et al. {(20) to estimate the

holdup in a pulse column. He chose, from the tables of Groenier et al.,

an experimental point which gave the flooding conditions for a column and

a system similar to the one he was considering. Then, using the values of

Fcf and Fdf so obtained, he computed €4f from Equation (14). This value
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of €46 along with the values of Fcf and Fdf’ were then substituted into
Equation (9) to find V&, the characteristic velocity. In principle Vb

is the same for less-than-flooding rates and so with V6 known he estimated

for the conditions under which he was operating. This approach depends

£
d
upon access to valid experimental flooding data or else an accurate flood-

ing correlation. Although acceptable in principle, the method seems a

very indirect way of obtaining holdup data unless no better way can be

found. It would probably be most accurate if actual flooding data were

avajlable on a similar column.

The best generalized flooding correlation to use if this technique
were to be employed in the absence of experimental flooding data on the
column would be that of Groenier et al. who analyzed about 2200 data
points representing over 20 different chemical systems having a wide range
of physical properties and included mass transfer in both directions.
Their correlation was, on the average, 8.6% higher than the experimental
values.

Eguchi and Nagata (15) used a 2.28 inch diameter column with the

methyl isobutyl ketone-water system to study holdup in a pulse column and

gave as their correlation the equation

eq = 0-23 (Fy/AF)O-2(1/(1 + F/F )°2)

and reported an error of 20%. If Fc is large this equation reduces to the

(15)

form

eq = 0.23 (Fd/Af)O-a (18)

and if Fd is very small, €4 approaches zero. According to this equation

the holdup is a function of the dispersed phase flow rate and the pulsing
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conditions. The holdup would decrease with increasing pulsation, in
agreement with mixer-settier type operation. It thus appears that the
work was done at low pulse amplitude and frequency. However, the fact
that €4 approaches zero at zero continuous phase flow rate is at odds with
physical reality.

The work of Thornton and his associates represents the first extended
study of holdup in puise columns. The second major effort was carried out
by Babb and his students at the University of Washington (Seattle). 1In
the first of a series of papers, Sehmel and Babb (47) reported on their
holdup studies using a 2 inch diameter pulse column with hexane, benzene,
and methyl isobutyl ketone as solvents. They studied the effects of pulse
amplitude, phase flow rates, and pulse frequency. Their experimental
method did not permit determination of the axial variation in holdup but
they observed visually that in a column with 43 plates spaced 2 inches
apart that the dispersed phase, which entered at the bottom of the column,
continued to break up into smaller droplets with a corresponding increase
in Tocal holdup for about seven to eleven plates above the in1e£ distribu-
tor. Above that point the local holdup appeared to remain reasonably
constant.

They also observed that the holdup was practically independent of the
continuous phase flow rate and that, as the pulsation was increased, the
total holdup first decreased then went through a minimum at the transition
point between mixer-settler and emulsion operation, after which it con-

tinued to increase up to the flooding point. The transition frequency

could be predicted by the equation
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fH = 40(0.3 + 9 x 10’°udYAp - 1n a) (17)

where the empirical constants are functions of the column geometry.

In a later paper, Bell and Babb (3) measured both the total holdup

and the axial distribution of the holdup in a pulse column. For a 2 inch

diameter column with a 2.2 inch plate spacing they found that the local
holdup passed through a maximum near the middle of a column containing

less than 24 plates but that it was uniformly distributed in the axial

direction for longer columns. Their data also showed that the average

holdup increased as the number of plates increased (at fixed plate spac-
ing) for columns with less than about 20 plates and remained constant for

longer columns. Their holdup correlation was based upon their observa-

tions that:
1. The effects of amplitude and frequency were accounted for by the
amp1itude-frequency product.

2. The effect of dispersed phase flow rate can be accounted for by
an organic flow rate ratio.

The final correlation presented was

€4 © Fd/28.2(K1 +(1.25 x 107 + 2.42 x 10'7Fc)(Af - K2)?) (18)

where the ratio Fd/28.2 is the organic flow rate ratio based upon a

reference flow rate of 28.2 ft/hr, and the constants are functions of the
column geometry and the physical properties of the system.

In a final paper from Babb's group, Foster et al. (17) investigated
the transient holdup behavior in a pulse column operating in the emulsion
region. They wrote unsteady state material balances for the change in
holdup in each stage following a hydrodynamic upset. During an upset, the
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superficial velocity of the dispersed phase is not known but the slip
velocity defined as the average velocity of the dispersed phase droplets

relative to the continuous phase can be determined as a function of the

pulse volume velocity and the holdup by the relation

Ve = Fdled + FC/(l - ed) (19)

Thus, from a correlation of slip velocities it was possible to write the

material balance for ded/dt in terms of quantities which could be meas-

ured. A simultaneous solution of these equations for each stage then gave

the transient holdup response. The initial solution of these equations

produced a curve which led the experimentally determined curve and so a

first order lag was introduced into the equations to allow for coalescence

time of the droplets. Using a coalescence time constant of 0.1 minute

gave a theoretical curve which matched the experimental one much more

closely. Use of the equations require that the steady state holdup char-

acteristics be known in the form of a slip velocity correlation at the

pulse volume velocities to be used.
Sato et al. (45) used the methyl isobutyl ketone-acetic acid-water

system in a 1.38 inch diameter column to measure the holdup in all operat-

ing regions. Three correlations were presented, one for each of the three

different regions. The pulse volume velocity range for each region was

also given. For the mixer-settler region, the pulse velocity range and

the holdup correlation were

(Af)M < ]‘3Fd0.22sp-0.320h-0.37

eq = 0-52(AF/F )70 7(1 + Fy/F )0-7s,"2 20, ~0-2¢ (20)

This equation is very similar to that of Eguchi and Nagata.

It shows that
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the holdup will decrease with an increase in pulse volume velocity (Af),
but it also includes a functional dependence on plate spacing and hole
diameter. In the mixer-settler region the equation predicts that holdup
varies inversely with plate spacing and hole diameter.

For operation in the transition region, the pulse volume velocity

range and holdup correlation were given as

0.22 T0.32 -0+37 0.22 0.35 -0.37
1.3F 0+ 225P70 32Dy < (Af)p < 0.8F,°*2%5 °-2%D,

= 0.42 Af Fd0.33(] + Fd/FC)-0-7S -0.680h0-37 (2])

€4 p

From their experimental data plot there is a minimum point of holdup at
the transition region.

For emulsion operation region, the corresponding pulse volume veloci-
ty and holdup correlation were

0.22 0.35 0.37
(Af)g > 0.8F, 2% 0-2%D,

= 2.4 -0.7¢ -1.2py 0.89
€y 0.54(Af) (T+Fd/Fc) sp D, (22)

This equation shows that the holdup in the emulsion region will increase
linearly with an increase of pulse velocity. The larger exponent on the
pulse volume velocity term (2.4) indicates that holdup is very sensitive
to the energy input into the column.

The third major effort in the study of holdup in pulse columns is
represented by the work of Miyauchi and Oya (36) who correlated their own
data as well as that of Cohen and Beyer (11), Li and Newton (27), Sehmel
and Babb (47), and Shirotuka et al. (49). They first attempted the use of
the "characteristic velocity" concept introduced by Thornton, but found

that at high pulsation the correiation so obtained diverged significantly
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from their experimental data. Their final approach to holdup correla-
tion, carried out as part of an extensive backmixing study, was to measure
drop sizes photographically and to correlate them by a semi-theoretical
relationship first introduced by Endoh and Oyama (16) which employs the
application of Kolmogoroff's local isotropy concept to drop dispersion in

a mixing vessel. Their equation for the mean drop size in dilute liquid

suspension is

- _ -2 2106
dp 1.73 x 10 Ao(ykop/u )

where

(23)

3
A, = (ud/olp,)* (24)

The variable Py is the mean rate of energy dissipation per unit mass of

column fluid and, for the pulse column, has been determined by Jealous and

Johnson (22) to be
3
Py (Af) /(BC X Sp)

where

B

(25)

s2/(1 - s)(1 - s2?) (26)

c

The droplets of dispersed phase of mean diameter'ap were considered to
move at a terminal velocity relative to the continuous phase of
where the terminal velocity was represented by spheres travelling freely
through a continuous medium, given by the equation
- - X
Uy = (4 9.3 00/3 fr0,) (28)

Equations (23) through (28) were then combined to form a holdup

correlation of the form
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gy = 0.66Fd2/3w°‘°“ ¥ < 0.21 (29)
eq = 6.32Fd2/3w2'“ p > 0.30 (30)
(31)

v = ((AF)/(B, Sp) /%) (uy?/vap)/*
The semi-theoretical derivation shows that €4 should be a function of Fd’
but the data were fit best by using Fd2/3. The authors postulated that
the 2/3 power dependence arose either from unsteady drop dispersion or
from coalescence as the dispersed phase traveled through the column.

Biery (4) studied the performance of a 3 inch diameter pulse column
using the system (50% TBP-kerosene)-nitric acid-water and, although no
holdup correlation was attempted, the data he obtained are especially use-
ful because the column used was about 30 feet long and thus represents one
of the larger experimental columns for which information is available.

Rouyer et al. (43) collected holdup data on larger diameter columns
using 30% TBP in dodecane as the organic phase. They studied mass trans-
fer, holdup, and longitudinal dispersion in thirty 4 inch diameter columns
having a variety of different geometries, in several 12 inch diameter
columns, and in one 24 inch diameter column. Unfortunately, the specific
geometric details of each column were not given. However, of the details
that were provided, the amplitude-frequency products and the flow rates
were typical of many commercial installations and were similar to those
used by Biery. Their holdup values fell in the 10% to 20% range, as did
those of Biery.

Arthayukti et al. (2) measured the holdup in a 2 inch diameter column

The dispersed phase flow rate used was low
The

using the system CC1,-H,0.

compared with other investigators and the pulse velocity was high.
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. noldup range reported was 0.01 to 0.12. They showed that the measured

holdup did not coincide with the value calculated from the residence time

5
calculations using the volumetric flow rate of the dispersed phase in a

piston flow diffusion model.
Backmixing

In 1950, Morello and Poffenberger (37) and Geankoplis and Hixson (18)
noted the existence of backmixing in extraction columns, especially in

spray towers, but its significance was not clearly stated until two years

later, by Newman (38). Thornton (54) also noted the influence of axial

mixing on pulsed column behavior and over the years the actual extent of
longitudinal mixing has been determined in a number of different studies.
Experimental details of the various investigations are tabulated in Table

What has been missing is a critical review and evaluation of this

B . 2
.

®a work.

:; i Burger and Swift (8) were the first to investigate backmixing in a

ff f pulse column. They used a 2 inch diameter column with water and a

S: ; kerosene-like solvent, supersol, as the liquid system. They found that

. ; considerable backmixing occurred in the continuous phase and also, from

:; , visual observation, that some droplets of dispersed phase were also trans-
: . ported backwards through the column. They concluded that backmixing was

; quite insensitive to pulse frequency, plate spacing, flow rate ratio, and
;; ’ total throughput over the operating range which they studied. The two

* ! most important variables were continuous phase flow rate and pulse ampli-

tude. The order of magnitude of the Tongitudinal dispersion coefficient
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Table 2. Backmixing in pulsed columns: experimental details

———

Operating variables

Column geometry A f Fr Fd
D¢ Ht Sp Dp s cm/ cyc/ cm/ cm/
Investigator cm cm cm cm cyc sec sec sec
Burger and 2.54 1.3 1.2 0.07 0.5
swift (8) 508 70 5.08 0.32 0.25 - - - -
2.9 1.5 0.33 0.7
Mar and 7.6 0.16 1.3 0.5 0.17 0.25
Babb (29) 508 153 15.2 0.32 0.23 -

2.5 1.0 0.6 0.4

Equchi and 0.1 0.5 0.1 0.2
Nagata (15) 5.8 55 5.2 0.15 0.08 - - - -
0.9 3.3 0.4 0.4

Kagan et al. 0.5 0.3
(25) 5.6 400 5.0 0.2 0.08 - - 0.7
1.5 2.5
Kagan et al. 5.6 5 0 0 0.1 0.2
(26) 30.0 - - 0.2 0.08 - - - -
15 2.4 2.5 0.5 0.5
Sehmel and 0.6 0.3 0.1 0.1
Babb (48) 5.1 220 5.0 0.3 0.2 - - - -
5.2 2.5 0.4 0.4
Miyauchi 3.2 37 10 0.15 0.09 O 0.4
and Oya 5.4 - - - - -
(36) 86 100 0.3 0.2 1.5 3.0
Rozen et al. 3.75 0.15 0.1 1.45 1.0
(44) 10 160 - to to - - 0.14 0.14
8.0 0.5 0.32 2.0 1.0
Smoot and 0.18 1.28 3.0 0.23 0.23
Babb (52) 5.08 122 0.13 0.01 0.23 - - - -
2.54 9.0 0.58 0.6
Arthayukti 2 0.9
et al. (2) 5.0 200 5.0 0.2 0.2 - - 0.57 0.01

4.1 2.1
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3 ) Range
% H EC Ed
Lol cm?/  cm?/
, System Method of analysis sec sec
Supersol Tracer: MnSO,, steady 6.17 No
H, 0 state technique to
11.18
Hexane Tracer: Fe(NOs)s, 1.29 No
¢ Benzene steady state to
. CCl,; H,0 technique 10.32
.
Ketone Tracer: acetone acid, 0.4 No
H,0 steady state technique to
6.0
Kerosene Tracer: dye stuff 7.0 No
CCly steady state and pulse to
H,0 input of dye tracer 18.0
- CCly Tracer: methyl blue 2.0 No
! H,0 dye and KC1, impulse to
method 15.0
L |
Hexane Tracer: CuSO4, steady 0.57 No
& gdenzene state technique to
-y I MIBK 2.6
S
s MIBK Tracer: red color dye 0.3 0.3
iﬁ 3 H,0 stuff, impulse tech- to to
¥ - ! nique 12.0 2.0
i;s
L Kerosene  Tracer: methyl blue 3.0 9.0
ﬁ} . H,0 and sudan brown, im- to to
F: : pulse method 18.0 35.0
. :
% MI3K Tracer: acetic acid, 0.7 0
1,1,2-C, acetone steady state to to
. HC1;, H20 technique 2.6 0.99
H CCL, Tracer: ICH,CHs or No 0.9
H,0 Nal, two detection to
2.1

point technique

T R et

p

<o i be x

B



ey

32

in the continuous phase as measured in their experiments was about 10
cm?/sec.

Attempts have been made to correlate backmixing as a function of
column geometry, pulse conditions, flow rates and physical properties of
the liquid system. Mar and Babb (29) proposed the first correlation for
the longitudinal dispersion coefficient in a pulse column based on ex-
perimental data using the system hexane-water, benzene-water, and carbon
tetrachloride-water. By using dimensional analysis, logarithmic transfor-
mation and multiple regression they obtained the following relation, for

which a 17% deviation from the experimental data was claimed,

EC = K SDO-GBAO-07f0v36Fd0-3Dh0-3 YO-#Z/(FCO-QSTO-OS) (32)

This correlation shows a fairly strong dependence on the pulse fre-
quency and only a small effect of pulse amplitude, which conflicts with
the findings of Burger and Swift. According to this equation, an increase
in the continuous phase flow rate will decrease backmixing in the con-
tinuous phase and an increase in the dispersed phase flow rate will in-
crease backmixing in the continuous phase. Density and viscosity was
found to have a minor effect but interfacial tension was important because
it controlled the size of the droplets. The equation shows a high de-
pendence on interfacial tension. Plate spacing was also an important
variable. It should be noted that the correlation of Mar and Babb shows
no effect of column holdup on backmixing.

Kagan et al. (25) pointed out that the dependency of the longitudinal
dispersion coefficient on pulse frequency and pulse amplitude is too small

in the correlation of Mar and Babb. According to their own experiments
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they proposed the equation

Ec = 1.2 x 105(AT-2F1-35)/F 1% (33)

The units used in Equation (33) were not clearly stated in the original
paper. Nevertheless, this equation shows a greater dependence on ampli-

tude and frequency which seems reasonable in light of other investigations
to be discussed.

Sehmel and Babb (48) presented a correlation based on the use of
their correlation for the transition frequency between mixer-settler and

emulsion operation. The two eqguations presented were
4.18 - 1.64 x 1075x Fc(f - fH)2 + 0.194p (f< f,; mixer-settler
(34)

E
c

operation)
6.97 - 9.08 x 107° x Fc(f - fH)z + 0.166Ap - 4.8 a + 2.49 a?

m
L]

~ {(f > fy; emulsion operation) (35)

These two equations also show that backmixing tends to decrease with

increasing continuous phase flow rate. In the mixer-settler region back-

mixing was independent of amplitude and dependent on continuous phase flow
rate, and on the square of the frequency difference from the transition

frequency. A density difference increase also increased the backmixing.

In the emulsion region backmixing decreased more rapidly with an increase
in the continuous phase flow rate, and also with an increase in the pulse
amp11itude.

The constants in these equations were obtained for a single liquid

system and for a single column geometry, hence its use is limited. Holdup

did not appear in their correlations.
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Miyauchi (33), early in 1957, worked on the backmixing problems
theoretically by using a simplified diffusion model. The extent to which
extraction was influenced by backmixing was investigated, but no experi-
mental work was done. The following year, McMullen et al. (31) worked on
the solution of the diffusion model with backmixing in both phases, and
solved it numerically for a large number of conditions.

In 1963, Myauchi and Vermeulen (34) presented the diffusion and back-
flow models for two-phase axial dispersion. They wrote the diffusion
model for the two phases over a differential length of column as

0 (36)

2 2 _y ¥
(1/PCB)d Xc/dz - dXC/dZ - NOC(XC XC )

*) =0 (37)

] 2 2 _ -
( /PdB)d Xd/dZ d%d/dZ + Nod(xc Xc

where Noi = K E'Ht/Fi (overall number of transfer unit); i = c¢,d and

oi
then a finite difference approximation of Equation (36) using central
order differences as

2 _ *
(]/PCB)(Xc,i+1'2xc i+xc,i-1)/(AZ) '(Xc,i+1'xc,i-1)/ZAZ'Noc(Xc,i’Xc,i) (38)
38

Then they wrote a material balance over component i of a typical stage,

j, of a stagewise model as

%*

(U + o)X iy = Xepq) = aelXe s - %o ia) = Nocol¥e 5 - Xc,q) (39)
%*

(14 ag) (K 5 = Xy 5a1) = ag g = Xg,5) = NogolXe 5 - X, 4) (40)

where a; = F./Fi3 Noig = K s S'Sp/Fi (single stage number of transfer

0i0 oi
unit).

Upon examining Equations (38) and (39) they noted that, if the number
of stages to which Equation (39) applied became large, then Equation (36)

tended to approach Equation (38). Specifically, if the difference
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approximation to the differential model is divided into n segments, then

the size of each segment AZ was equal to 1/n, which could be used to

transform Equation (38) into

) (&)

*
(n/PcB+]/2)(Xc,i—I'Xc,i)-(n/PcB-]/z)(Xc i'xc,i+])=Noc0(xc,i-xc,i
and Equation (41) would be the same as Equation (36) if the following re-

lation were satisfied:

1/PB = 1/2n + a/n (42)

Then, in the 1imit as n becomes very large,

1imit (P B) = n/a, (43)

Equation (42) might thus serve as a basis for providing a link be-

tween the differential and the stagewise models of the column. However,

Equation (42) applies only for n >> 1. The preceding outline shows only

one approach to linking the two models. Miyauchi and Vermeulen used a

different linking mechanism. They chose to equate the limiting extents of

mass transfer for each model. The diffusion model was solved for mass

transfer at an infinite number of transfer units (NTU + =), and the stage-
wise model was solved with each stage assumed to be an equilibrium stage.
The results were then equated to obtain the expression
1/P.8 = 1/2(n - 1)f, + a;/(n - 1)f; (44)
where fT is a function of the extraction factor A = Ech/Fd‘ They found

that for (Aac + ad) > 0.5 the value of fT was very nearly equal to 1.0

irrespective of A.
As a severe test of the linking relationship, calculations were made

for n = 2 over the wide range of variabies,

SRt BRI GRS 1+ R ;
* SRR LR o AT e C e SR W ety A5 o
. e wa g
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0.56 < (Aac + ad) < 32

0.0625 < A < 16
and the fraction of solute unextracted from the two models when the link-
ing conditions were satisfied generally agreed to within 5%. If fT were
set equal to 1.0 in the same calculations, agreement to within 10% was
obtained. At increasing n, s and NOC the approximation improved
rapidly.

It is also of interest to note that Equation (44) can also be ob-
tained if the variance for the residence time distribution of fluid ele-
ments was used to develop a link between the two models.

In applying these results to the pulse column Miyauchi and Vermeulen
considered that the rate of interstage mixing could be considered to be
equal to the pulse volume velocity for each phase, or

?} = A fe, (45)
They also drew upon information obtained from the work of Miyauchi and Oya
(36) which showed that, hydrodynamically, a single cell or stage (the
volume between two perforated plates) may behave as some fractional number

of perfectly mixed stages, B, where B normally has a value between one and

two and whose value can be obtained from the correlation
B = 0.57 (Cg? $,)*/3/(Dys) (46)

Thus, the variable n in Equation (44) should be replaced by Bn, the effec-

tive number of stages. So, expanding Equation (44), neglecting the terms

1/n and 1/2, in comparison with n, and replacing n by Bn in the remaining
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terms gives
1/PiB = 1/(28n - 2) + ai/n (47)

Finally, for column operation in the “"emulsion" region the backmixing
coefficient can, if the assumption of Equation (45) is accepted, be

written as

a, = Fi/Fi = Afei/Fi

(48)

which is physically the volume of phase i moved by the pulse generator
divided by the flow rate of phase i. Substituting PiB = H Fi/Ei =
n Sp Fi/Ei’ where Sp is the height of an individual stage and Hy is the

column height, gives

E;/(Afe; Sp) = (1/04)(1/(28 - 2/n)) + 1/8 (49)

If one neglects the term 2/n, which is usually very small, and plots
Equation (49) with Equation (46) substituted for 8, then measured values
of the longitudinal dispersion coefficient should fall on the line repre-
sented by the equation.

Miyauchi and Oya (36) have done this and found good agreément for
pulse columns. Now, the important result of their work is that, if
longitudinal dispersion coefficients are measured for the continuous phase

and if they fit a plot of Equation (49), then one has a means of computing

values of a; (for a stage-wise model) from values of Ei obtained by stand-

ard tracer injection techniques in the laboratory. Further, as long as

relation (49) holds, then a; can be computed from Equation (48) which
involves only pulse amplitude, pulse frequency, holdup fraction and super-

ficial flow rate and does not require that the dispersion coefficient be

Two other points add importance to this result. First, o cannot

known.
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be measured directly in the pulse column and second, for multicomponent
systems involving chemical reaction a differential model of the column is

not feasible. Therefore, to include backmixing in multicomponent calcula-

tion for reacting systems there must be a means of obtaining a;. The work
of Miyauchi and Vermeulen potentially provides an elegant and simple solu-
tion to the problem.

In addition to providing verification of Equation (49) for backmixing
in the continuous phase, Miyauchi and Oya (36) also studied backmixing in
the dispersed phase, a subject which had not yet been dealt with quanti-
They tested the validity of Equation (49) for both phases in the

tatively.

pulse column. Although the backmixing equation of Miyauchi and Vermeulen

uses the subscript i indicating that the equations may be applied to

either phase, their plots of Equation (49) for the dispersed phase show a

significant deviation from the theory at low pulsing conditions. However,

as pulsation was increased, the theory was found to hold. Thus, backmix-
ing coefficients for both phases may be computed from Equation (49) if the
column is operating in the emulsion region.

Support for the approach of Miyauchi comes from additional work by
Kagan et al. (26). Kagan studied longitudinal mixing in 2.2 inch and 12

inch diameter pulse columns with holes approximately 3/32-inch diameter

and with plate spacings of 2, 4, and 6 inches. Continuous phase flow

rates ranged from 83 to 450 gal/hr-ft?. These variable ranges are similar
to those used by Rouyer et al. (43) and by Biery and Boylan (5) in their

holdup measurements, and are also in the ‘'same range as can be expected in

a commercial sized column.
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Kagan found that, for single phase flow in the absence of pulsation,
the longitudinal dispersion coefficient, Ec’ was a linear function of the
flow rate and as the column diameter and the plate spacing increased the
value of the dispersion coefficient also increased. The variation of Ec
with diameter was due to transverse nonuniformities (channeling, etc.).
However, when pulsation was applied to the column at a constant plate
spacing the value of EC varied linearly with the expression (Af + Fc)’
which is the effective velocity of the continuous phase under pulsation,
and was independent of the column diameter.

For two phase flow, such as occurs in an operating pulse column,
Kagan found that above an effective velocity (Af + Fc) of 1.8 cm/sec the
presence of the second phase had little effect upon longitudinal disper-
sion in the continuous phase since at higher pulsation intensities the
dispersed phase droplets become smaller and their velocity approaches the

pulsation velocity. Experimental data for EC was fitted to the equation

- 0+76
E,. =0.49 5, (Af + Fc) (50)

which held for single phase flow over the entire range of their experi-
mental data and, for (Af + Fc) > 1.8 cm/sec, it also fit their data for
the continuous phase in two-phase flow. Now, Miyauchi's equation for the

longitudinal dispersion coefficient is

E. = ((Af S )/B)(1 + F /(2Afe) (51)

and, by some algebraic manipulation, it can be rewritten as

E. = (Sp/B)(AfEC + 0.5F ) (52)

which is similar to Kagan's correlation, Equation (50). Further, in the

variable ranges of interest the pulse velocity (Af) is 1.0-2.0 cm/sec
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while the range of Fc is 0.1-0.2 cm/sec. In other words, (Af) is about 10

times as large as Fc' Thus to a good approximation Kagan's equation is

= 0.76
Ec 0.49 Af Sp (53)
And Miyauchi's equation is
E, = (e /8) Af S, (54)
So the basic structure of the two correlations is consistent. Further, €c

has a value of 0.8 to 0.9, while B, according to Miyauchi should be be-
tween 1 and 2. Therefore, eC/B should be approximately 0.85/B. So for a

2 inch plate spacing the two approximate equations would be

EC = 1.69 Af (Kagan) (55)

(56)

E, = (4.32/8) Af (Miyauchi)
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DEVELOPMENT OF PROPOSED DISPERSED PHASE HOLDUP CORRELATION

Typical experimental data and calculated values from the correlations

of various authors are shown in Table 3.

The most important results are found in the comparison of the experi-
mental work of Biery and Boylan (4,5) with calculated values of holdup
from the correlations of Miyauchi and Oya (36), Sato et al. (45), and
Sehmel and Babb (48). Biery's work assumes importance because it was
taken on a pulse column of sufficient length and diameter that approaches
the dimensions of plant-size columns. Also, sufficient details of the
measurement conditions were given to permit comparison. As can be seen

from Figure 5, the correlation of Miyauchi and Oya (36) is significantly
better than the others in agreement with Biery's experimental data.
Closer examination of these nine points shows that the agreement js best

when values of ¥ (the major parameter used in Miyauchi's correlation) is

in the range of 0.1 to 0.3. The predicted values of holdup from the

correlation also agrees best with the experimental work of other investi-

gators when the value of ¢ is in the range of 0.1 to 0.3. This parameter

(y) is a measure of the column geometry, pulsing conditions, and physical

properties of the fluid system, as can be seen from its definition:

v = ((Af/(scsp)‘/’)(udZ/vAp)‘/“ (31)

To evaluate the usefulness of Miyauchi's correlation in a pulse

column the information in Tables 4 and 5 was prepared. Table 4 describes

the pulse columns used in the Purex plant at Richland, Washington and also
those used in other plants around the world since many of the other plants

The information was obtained from the

were desinqned from the same data,
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Table 3. Comparison of hold-up correlations with experimental data from various investigators
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Figure 5. Comparison of the proposed holdup equation with Miyauchi's

equation and experimental data.
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Bell Cohen a
By Arthayukti Biery Hexane I[soamyl Egaucht Kagan Li Miyauchi
Dis. phase CC1, 50% TBP-kero. MIBK alcohol  Ketone Kerosene Toluene MIBK
Dy om 5.0 7.62 5.08 2.54 5.8 5.6 N 3.2
5.4
5', cm 5.0 5.7 5.59 5.08 5.2 5.0 ~ 1.0
N
10.0
Dy em 0.2 0.6 0.32 0.32 0.15 0.2 ~ 0.15
\
0.30
S 0.2 0.23 0.23 0.09 0.081 0.082 ~ 0.095
0.19
A cm/cyc 1.0 0.3 0 0.38 0.1 0.5 ~ 0
v N N~ 4" ~ N
3.6 12.7 1.14 0.9 1.5 1.5
f cyc/sec 2.0 0.4 0.3 0.28 0.5 0.8 n 04
" N N 4 N N N
9.0 3.5 3.3 1.2 3.3 1.7 3.0
Fd cm/sec 0.01 0.25 0.12 0.03 0.18 0.3 0.03
LY " ~ ~ ~ N 0.290.38 ~
0.04 0.45 0.6 0.16 0.38 1.0 0.26
Fe  cm/sec 0.0t 0.1 0 0.03 0.14 ~ 0.03
a a n n ~ 0.15-0.5 ~
0.04 0.2 0.54 0.16 0.44 0.27

v o© & 2
Sehniel Sehme1?
Hexane Hexane a
Sato Benzene Benzene Shirotuka
MIBK MIBK MIBK Benzene
3.5 5.05 5.05 A
2.5 5.03 5.03 ~
N
7.0
0.1 0.3175 0.3175 ~
N
0.33
0.081 0.23 0.23 A
06 0.64 0.64 ~
’\: N 4"
2.0 5.2 5.2
03 03 0.3 ~N
Y N\ Y
3.3 3.5 3.5
0.1 0.17 0.17
N " N 0.04
0.5 0.43 0.28
0.1 0 ~ ~N
"] Y
1.0 0.43

%pata used in Miyauchi's plot; (A) 4 = 0.0073 Fd’” v O, (8) ¢, = 0.738 rdz/’ 0-8355. (c) e, = 1.058 rd"’ «0-8%6,

2
(D) g4 = 1.4703 Fy 5 y1-15%5, ____Miyauchi's correlation.

Figure 5. (Continued)
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Table 4. Design and operating parameters of purex pulse columns at the Hanford planta

sy Y

Column AcN:e ;Mght lns!dt d;mter Amplitude Frequenc, Disp. phase flow Cont. phase flow Direction of Flow rate Volume velocity Cartridge
ft in

type (in) {cyc/min {gal/hr-ft?) gal/hr-ft? transfer ratiod gai/hr-ft? type
HA,TA,2P 13,5 (Extr. 24 (Extr. 1.1 (Extr. 40-50 375 (0) 155 (A} A0 2.42 530 Standard®
13.2 {Serub 32 {Scrub 0.6 (Scrub 210 {0) 30 (A) 0 A 0.14 240
HC,2E 18.0 34 0.53 40-50 330 (A) 180 (0) 0 A 1.83 510 Fluorothened
1C 18.0 34 0.53 40-50 330 (A) 220 (0) 0 A 1.50 550 Fluorothene
18X 28.0 27 0.84 40-50 355 (0) 25 (R) 9 A 0.07 380 Standard
188 13.3 8 0.84 49-50 §50 (0) 275 (A) A 0 2.00 820 Standard
28 n 7 1.1 40-50 160 {0) 90 (A) 0 A 0 56 250 Standard

®From 1nformation contained in HW-31000 {Del.), "Purex Technical Manual" (41).
bBlsed on direction of transfer.
“Two 1nch plate spacing, one-eighth inchholes, 23 percent free area, stainless steel.

dI“‘our inch plate spacing, three-sixteenths inch holes, 23 percent free area, fluorothene.

14
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Table 5. Parameters for Purex plant columns using Miyauchi's correlations

Ho]d-gp £ £

Column fraction c

type v Eq (ft2/hr) (ft2/hr) o oy
HA,1A,2D

Extract  0.277  0.163 3.293 0.98° 9.99° 0.81

Scrub 0.151 0.052 1.62 0.26 31.92 0.25
HC,2E 0.112 0.055 3.56 0.81 4.69 0.15
1C 0.112 0.055 4.24 0.95 3.83 0.15
18X 0.211 0.082 2.39 0.53 51.89 0.33
1BS 0.211 0.110 5.87 1.81 4.57 0.28
2B 0.277 $.093 7.93 1.16 18.67 1.07

qMultiply by 0.259 to convert to cm?/sec.

bBackmixing coefficient, defined as backflow over main flow, ?}/Fi.

Purex Technical Manual (41). The use of pulse columns in fuel reproc-
essing operations represents the most widespread application of these ex-
tractors and thus is the best source of data on large scale units.. Al-
though the information is about 20 years old it still contains the key
elements of current pulse column design and operation.

The column diameters shown in Table 4 range from 7 to 34 inches and
have processing capabilities of about 10 tons U processed per day. The
columns built at the Nuclear Fuel Services plan at West Valley, New York
range from 4 to 10 inches in diameter and will handle about 1 ton U/day.
At the Eurochemic plant in Belgium (24) the columns are 4 to 6 inches in
diameter (one column, the 1BS scrub column is only 2 inches). Thus, in

a plant, column diameters over the tenfold range of about 3-30 inches are




46

to be expected. This conclusion will be important in discussing holdup
and backmixing.

Using the data from Table 4, values of ¢ and of holdup were calcu-
Jated from the correlation of Miyauchi and Oya (36). Notice that, for ac-
tual plant columns, the values of y fall within the range of 0.1 to 0.3
which, according to the data in Table 3, is the range of greatest accuracy
for the correlation. Figure 6, which is a plot of Miyauchi and Oya's cor-
relation against the data they had available shows that much of the experi-
mental data on holdup in the literature also fall in this range. However,
although the correlation fits the data plotted in Figure 6 quite well,
errors in using the correlation to predict the data of Biery and Boylan
range from 4 to 40% over this same range of y. Although values of ¢ from
0.1 to 0.3 provide the best fit to their data (which Miyauchi did not have
available), the degree of fit is still not satisfactory.

A logical question at this point is, "In the face of a large amount
of experimental data given in the literature and used by Miyauchi in de-
veloping his correlation, why should so much credence be given to the nine
points reported by Biery and Boylan (5)? Three factors account for this.
First, they used a three-inch diameter column, which is of sufficient
magnitude that it borders on the lower range of diameters encountered in
plant-sized columns. Second, their pulse amplitude, pulse fregquencies, and
amplitude- frequency products were similar to those used commercially and
third, their dispersed phase flow rates (in gal/hr-ft2) were close to the
values likely to be encountered in a plant.

In Table 5 and also in the last nine points of Table 3, Miyauchi's

correlation tends to yield values that are lower than the experimental
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From Eq.(13) for

L M.1.B.K - water system Q\[><de
Fd = 0-043 cm/sec o}%

Bc =4-6x 1072
Dy=54cm

| Data of dp from Fig.5

.
(5% 4
u

O
B
N o B
™~

-

(- CsH1OH-H20

System

X‘ﬂ’r - | T/ T
- ;Fél <. K I i
> 4“ N~ From Eq.(16) by Klee 1}
b a Treybal '2)
A Eq.(6)

0.03 0.050-07 O-
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Figure 6. Holdup correlation of Miyauchi and Oya.
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points of Biery and Boylan. But support for their higher values can be
found in the results of work done in France by Rouyer et al. (43) on

large diameter columns. They studied mass transfer, holdup, and longi-

tudinal dispersion in thirty 4-inch diameter pulse columns having a
variety of different geometries, in three 12-inch diameter columns, and in

one 24-inch diameter column. Unfortunately the specific geometric details

of each column were not given. However, of the details that were provided

the amplitude-frequency products and the flow rates were similar to those
given in Table 4 and also those used by Biery. Their data for a 4-inch

diameter column are shown in Table 6. The values for dispersed phase

holdup fall in the 10%-20% range, as do the data of Biery. The comparison
is quite good. For example, Biery's sixth data point (Table 3) is for
flow and pulsing conditions very close to entries four and five of Rouyer
et al. Biery reports a holdup of 15% while Rouyer reports 16% and 17%.
The comparison is even better when one considers that Rouyer used a

slightly higher dispersed phase flow-rate. Other similar comparisons of

the two sets of data are also consistent.

Rouyer et al. further studied holdup in twelve and twenty-four-inch
diameter columns and concluded that, although a certain anisotropy in the
emulsion region of the column could lead progressively to channeling, the
effect for pulse columns does not appear at diameters up to 24 inches, as
evidenced by the uniform holdup measured as a function of column radius.

They did find some radial variation near the ends of a 24 inch diameter

column but found it negligible at a distance of 4 meters from the inlet.
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Table 6. Experimental and calculated holdup obtained by Rouyer et al. on
a 4-inch diameter pulse column

Af F. Fy Hodup Holdup®
(in/min) (gal/hr-ft?) (gal/hr-ft2) (experimental) (calculated)

32.3 82.3 438 .143 . 139
35.4 82.3 438 .153 157
38.3 82.3 438 .154 .164
41.3 83.2 438 .159 4 .178
44.1 83.2 438 172 192
47.2 83.2 438 191 .208
53.2 83.2 438 .227 .248

59.1 83.2 438 .310 .328
35.4 104.4 547 .182 .203
41.3 104.4 547 .229 .248
47.2 125 547 .362 .323

29.5 125 658 232 .209

32.4 125 658 .257 .236

calculated by Rouyer et al. using a correlation based on the work of
Thornton.

They also found only a minor effect on mass transfer results as the
columns were scaled up.

Similar conclusions on the effect of column diameter on scale-up are
reported in the Purex Technical Manual (41) except for partition columns
where only a small amount of excess extractant is available. In these
cases, louver-plate redistributors were placed at selected locations
along the length of the column to redistribute the flow and minimize
channeling. Other than this, scale-up using data from 3-inch columns was

straightforward. It thus appears that scale-up from 3-inch columns to
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plant size columns can carried out effectively. However, almost all of
the data used in Miyauchi's correlation was obtained for pulse columns
less than three inches in diameter, a number of the data points coming
from columns 2-inches or less in diameter. One can thus conclude that
Miyauchi's correlation is probably valid but that there are small-column
effects which place a 1imit on the minimum size of an experimental column
which should be used to take holdup data.

At present, then, the holdup correlation of Miyauchi and Oya (36) appears

to be better than others which have been presented. This correlation is

ey = 0.66 Fd2/3¢°-8“ ¥ < 0.21 (29)

g4 = 6.32 Fd2/3w2'“ p > 0.21 (30)
where

b = (Af/8, S,)Y/(ug/ve)t/® (31)

In the mixer-settler region (Y < 0.21) the dispersed phase holdup
predicted by Equation (29) is in disagreement with the experimental data
of Bell and Babb (3), Sehmel and Babb (47), and Eguchi and Nagata (15) as
shown in Table 7. For a given system at a fixed value of the dispersed
phase flow rate the holdup should decrease with increasing values of ¢ in
the mixer-settler region, passing through a minimum, and then as emulsion
operation begins the holdup should increase with increasing pulsation.

In the emulsion region (¢ > 0.21) the dispersed phase holdup pre-
dicted by Equation (30) shows that the agreement is best when the value of
¥y is in the range of 0.1 to 0.3 as discussed previously, but at higherval-
ues of y the predicted holdup is too large, as shown in Table 8. The

slope of Equation (30) is too sharp. This means a small change in y will

et
I
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Table 7. Comparison with Migauchi's correlation of holdup with experimental data at low effective
velocity (Af + Fd)

Operating variable Pulse column . b

f A Fc Fd Geometry Experimental data

cye/ cm/ cm/  cw/ Dt Sp Dh s by . q

sec sec sec sec cm cm cm System A B C Y €4 €4

0.367 1.27 0.261 0.261 5.05 5.029 0.23 Hexane 0.1 0.0183 0.079 0.132
H.0

0.5 1.27 " " " " " " 0.07 0.025 0.012 0.099

0.33 0.635 " " " " " MIBK 0.11 0.0181 39.009 0.134
H,0

1.13 0.635 " " " " " " 0.045 0.0621 0.026 0.0415 o

0.33 2.54 0.183 0.245 5.08 5.59 - 0.23 Hexane 0.068 0.0318 0.014 0.075
H,0

0.33 2.54 " 0.576 " " " " 0.12 0.0321 9.025 0.132

0.67 2.54 " 0.446 " " " " 0.06 0.0647 0.038 0.0572

0.3 1.0 0.2 0.2 5.8 5.2 0.15 0.081 Ketone 0.09 0.048 0.017 0.045
H,0

2
aq, < 0.09, proposed correlation is: eq = 0.0073 Fd /s w-0.9485_
bA = Sehmel and Babb; B - Bell and Babb; C - Eguchi and Nagata.
ced evaluated by using Miyauchi's correlation.

ded evaluated by using proposed correlation.

T ——
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Table 8. Comparison with Miyauchi's correlation of ho]dugawith experi-

mental data at high effective velocity (Af + Fd

Operating variables

Geometry
f A Fc Fd Dt Sp Dh s
cyc/sec cm/cyc cm/sec cm/sec cm cm cm
3 2.54 0.183 0.446 5.08 5.59 0.3175 0.23
5.89 3.175 0.251 0.239 " " " "
4.95 " " " “ “ " "
4.125 " ! " " " ! "
2.475 " " " " " " "
2 1.5 0.3 0.3 3.5 5.0 - 0.081
1 7.2 0.014 0.042 5.0 5.0 - 0.2
1 8.4 " " " " - "
1 8.8 " v " " - "

2
qproposed correlation for y > 0.3, gy = 1.058 Fd/é w0-856.

Ba . Bell and Babb (3), B - Sato et al. (45), C - Arthayukti
et al. (2).

c

d

€4 evaluated by using Miyauchi's correlation.

€4 evaluated by using proposed correlation.

P L

P
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b1 Experimental dataP

. by ¥

: System A B o Miyauchi edc edd
MIBK-H,0 0.58 0.64 1.26  0.42

i " 0.48 1.56 7.1 0.59

: n 0.29 1.31 4.7 0.5

v L 0.18 1.1 3.01 0.44

A " 0.09 0.66 0.88 0.28

1 " 0.15 0.56 0.71 0.28
CC1.-H,0 0.058 0.85 0.51 0.1

i " 0.12 0.99 0.74 0.13

‘ " 0.11 1.032  0.82 0.13

i
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produce too great a change in the holdup. The power of ¢ is 2.4 in Equa-
tion (30) is so large that the holdup is very sensitive to the value of y
in their correlation.

Equations (29) and (30) were obtained by Miyauchi and Oya (36) from
tneir own experimental data and from selected data of Cohen and Beyer (11),
Sehmel and Babb (47), Li and Newton (27), and Shirotuka et al. (49). Tol-
uene, benzene, methyl isobutyl ketone and isoamyl alcohol were used in
their experiments. After studying the data of these authors carefully, it
appears that Equations (29) and (30) should be modified since Miyauchi and
Oya use only selected data points from the work of many of the authors cited.

The modified correlation was made using all the experimental data
available and with the help of a statistical analysis program for regres-
sion. If one examines the experimental data points plotted in Figure 6,
it can be seen that the data approximate a parabola. Therefore, an effort
was first made to correlate the points by first, second and third order
polynomial regression. Up to a fourth order polynomial regression only a
flattened parabolic line was given but with fluctuation in it. It did not
appear to fit the data well. Therefore, no further attempt was made to
obtain a single correlation equation, and a separate regression was per-
formed for each operating region.

The experimental data plotted on Figure 6 shows that the transition
point from mixer-settler to emulsion operation occurs at a value of ¢
equal to 0.09. By checking these equations on Figure 6 with the experi-

mental data, a proposed dispersed phase holdup correlation was selected as

follows:
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gq = 0.0073 Fd2/3¢*°-9"°5 (v < 0.09, o = 0.218) (57)
eq = 1.4703 Fd2/3¢1~15*5 (0.09 < y < 0.3, ¢ = 0.177) (58)
eq = 1.058 Fd2/3w°'°5° (p > 0.3, o = 0.249) (59)

The equation for ¢ > 0.3 shown in Figure 5 has a lower slope than
Miyauchi's plot, hence this will correct the holdup calculated from the
modified holdup correlation and also evaluated from the original correla-
tion of Miyauchi and Oya. The new proposed holdup correlation is in good
agreement with the experimental data. Table 9 shows the comparison of
this new correlation with Biery's experimental data (4). The proposed
correlation is also in good agreement with these data.

Table 10 shows the application of this proposed correlation to real
plant operating columns at the Purex plant at Richland, Washington. The
holdup values calculated from the new correlation are a little higher than
the value calculated by using Miyauchi's correlation. This fits the
holdup range as reported by Rouyer et al. (43) from their large scale
pulse column experimental data.

By checking the holdup calculated from the proposed correlation with
Rouyer's experimental data and with the only data set available from the
Purex plant under the similar conditions, there is also good agreement,
as shown in Table 11. According to Rouyer's investigation, channeling
does not occur in columns up to 600 mm (23.6 inches). It thus appears
that the new holdup correlation should provide a better means of pre-
dicting holdup in columns un to at least two feet in diameter and perhaps

even larger diameters if redistributor plates are employed.
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Table 9. Modified correlation comparison with Biery's experimental data®

Operating variables

Blery's ¢ T T - A Correlation correlation
No. cyc/sec cm/cyc cm/sec  cm/secC data v ed €d
4 0.433 3.53 0.174 0.45 0.2 0.276 0.17 0.20
9 0.317 2.69 0.186 0.45 0.14 0.138 0.07 0.09
1 0.4 0.864 0.191 0.44 0.24 0.056 0.03 0.07
12 3.5 0.305 0.185 0.25 0.13 0.173 0.06 0.08
14 0.733 2.54 0.098 0.437 0.08 0.302 0.21 0.22
15 0.733 2.54 0.1 0.45 0.15 0.302 0.21 0.22
18 0.733 2.54 0.19 0.45 0.15 0.302 0.21 0.22
20 0.8 2.62 0.176 0.45 0.19 0.34 0.28 0.24
21 0.6 2.62 0.172 0.45 0.15 0.255 0.14 0.18

a1 pulse column geometries are: Dt = 7.6 cm, Sp,= 5.7 cm, D = 0.16 cm, s = 0.23; (2)
system physical properties are: 50% TBP, kerosene-H,0, p = 0.89 g/cm?, My = 0.17cp, v = 10.5
dyne/cm, p_ = 1.034 g/cmd. d

9s
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Table 10. Comparison of ed evaluated by Miyauchi's correlation and new correlation at Hanford

plant
Column Diameter Amplitude Frequency FC Fq Miygﬂcg¥'s eq by new
type cm cm/cyc cyc/sec cm/sec  cm/sec 1] correlation correlation
HA,1A,2D 60.96 2.79 0.75 0.18 0.42 0.28 0.16 0.19
HA,1A,2D 81.28 1.52 0.75 0.03 0.24 0.15 0.05 0.06
HC,2E 86.36 1.35 0.75 0.20 0.37 0.1 0.05 0.06
1C 86.36 1.35 0.75 0.25 0.37 0.11 0.05 0.06
1BX 68.58 2.13 0.75 0.03 0.40 0.21 0.08 0.13
1BS 20.32 2.13 0.75 0.31 0.62 0.21 0.11 0.18 ~
2B 17.78 2.79 0.75 0.10 0.18 0.28 0.09 0.11
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Table 11. Comparison of similar condition from Rouyer's et al. (43)
data and from Purex plant data

Af Fe Fd Dy
(in/min)  (gal/hr ft2) (gal/hr ft?) €4 (inch)

Rouyer's experi-
mental data 35.4 104.4 547.0 0.182 4

Proposed correla-
tion evaluated

HW-31000 1BS
column result 37.8 275 550.0 0.179 8
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DEVELOPMENT OF PROPOSED BACKMIXING CORRELATION

The backmixing correlation presented by Miyauchi (33) which was derived
from the backflow model shows that his correlation and the correlations sug-
gested by Kagan et al. (26) and by Rozen et al. (44) have the same form.
Kagan's correlation was limited to an effective velocity (Af-+Fc) greater
than 1.8 cm/sec and Rozen's correlation appeared to yield coefficients too
high to fit the experimental dataof other investigators (see Table12). Also
it was correlated from his own experimental data only. Miyauchi correlated
continuous phase backmixing by using his own data plus some from Equchi and
Nagata (15) but by examination of Table 12, it can be seen that this corre-
lation yields coefficients too low to fit the data of Burger and Swift(8),
and of Kagan and Rozen, and too high to fit that of Smoot and Babb (52)
and of Sehmel and Babb (47). According to several authors, Miyauchi's cor-
relation fits best for operation at low pulse volume velocities. There-
fore, a modification of Miyauchi's backmixing correlation is needed.

Based on Miyauchi's backmixing correlation and some experimental data
of the other investigators (see Table 13), the modification was carried
out by using a least square statistical analysis program. After regres-
sion on all of the available experimental data, the best continuous phase
backmixing correlation was found to be

Ec = 1.3078 (S, /0, )*/*(Dy /5)(Afe + F /2) (o = 3.4) (¢0)

The physical constant also corrected as

B = 0.765 (D, > sp)‘/3(s/oh) (61)
Miyauchi's continuous phase backmixing correlation is
E.=1.75 (Sp/Dt)2/3(Dh/s)(Afec + Fc/2) (62)
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Table12. Comparison of Ec correlations with experimental data from
various investigators

Colum geometry Operating variables . o ‘ .
< e
O S, Dy T s A f Fe Fq  System” v g £ Ee £ £ €’
o @ o o cyc/sec com/cyc cm/sec om/sec comt/sec cmi/sec cm’/sec om?/sec em?/sec on?fsec Investigator
5.08 5$.08 0.32 0.3 0.25 2.86 t.v7 0.27 0.5 0% 0.2¢ 10.4) 6.92 4.03 6 07 9.13 0.54 Burger &
Supersol swift (8)
* . . - ® - 1.5 0.28 " - 03t 10.16 7.19 432 7.89 1.4 0.97
- 2.54 * . - ® 1R 1) 0.3 0.64 * 0.30 N.18 3175 2.47 3.64 5.94 0.26
! 5.09 5.6 0.16 " 0.23 2.4 - 0.23 0 36 MIBK 0.25 1.35 3.7 128 60 6 58 1.39 (Smoot & Babb
52)
- - v - - 1.28 0.5 0.36 0.23 * 0 06 0.94 1.66 G 89 3.27 2.16 1.56
- - - " " 2.54 0.83 0.23 " - 0.18 1.81 5.41 17} 4.24 5.94 1.69
30 10 o.21 * 0.09 1.19 1.67 0.22 0.22 ¢, 0.4 6.9 3.5 29 62 .75 1.6 ?agt;n et al.
26
. . - . . t.49 . " h - 0.43 7.9 3.78 304 7.61 4.56 0.7
$.6 S " . . 1.23 - 0.34 0.34 " 0.45 9.2 5.19 s 3.99 2.63 0.95
10 15 0.5 0.05 0.32 2.0 1.0 0.14 0.14  Kerosene 0.1  15.8 7.24 7.1% 8.21 14.9 1.18 '(?0:;" et al.
4
- - " " 0.1 2.0 1.0 " " . 0.28 10.5 23.18 716 8.21 12.7 1.18
5.05 5.03 0.32 0.11 0.23 0.64 0.67 0.26 0.26 Benzene 0.03 0.86 1.326 23 _h 1.84 0.89 :eh!ez M)\d
abb (48

. . " " - 2.54 1.75 0.44  0.44 Hexane 0.18 1.86 19.3} 3.16 8.16 1n.s 1.46

%pispersed phase -, Y Py Vg v e
physical properties: e/cm g/cm® poise oise g/om’
{continuous phase ts =
water) 30% Supersol 44.0 0.754 0.009 0.0% 1.0

NIBK 9.8 0.81 0.005
[+ 1Y 12.0 1.595 0.015
Kerosene 25.0 0.74 0.014
Benzene 34,28 0.97 0.006
Hexane 38.7 0.65 0.003

bixurinnul E < data.

‘Ec evaluated by Miyauchi and Oya's correlation!{36),

‘ic evaluated by Mar and Babh's correlation (29)

€€, evaluated by Kagan's et a1, (28) correlation,

'f.c evaluated by Rozen’s et al.f44) correlation,

':c evaluated by Sehmel and Babd's correlation (48),

.A' + fc < 1.8 cm/sec Kagan's et g}, correlation cannot be used.

09
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Data used for modification of Miyauchi's Ec correlation

Table 13.
Column used
Data
points Dt Sp Dh s
used Investigator cm cm cm System
7 Burger and 5.08 2.54 0.3175 0.245 30% Supersol
Swift (8) to Water
5.08
32 Kagan et al. 5.6 5 0.21 0.087 CCl,-H,0
(26) 30 10
15
113 Miyauchi and 3.2 1.0 0.15 0.095 MIBK
Oya (36) 10.0 0.30 0.19 Water
13 Rozen et al. 10 3.75 0.15 0.095 Kerosene-H,0
(44) 7.5 0.3 0.23
0.5 0.32
81 Sehmel and 5.055 5.029 0.3175 0.23 Hexane-H,0
Babb (48) Benzene-H,0
MIBK-H,0
64 Smoot and 5.08 5.578 0.1585 0.23 MIBK-H,0; 1,1,2,
Babb (52) 4.023 0.3169 trichloroethane-

acetone-water

AP S anr. SO et N A B W oA~
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Tracer and technique

Tracer concentration
measured EC evaluated

Mn50u s
Steady state injection

Impulse injection,
Methyl blue dye
KC1

H,0-KC1; MIBK - 0il-
soluble red dyestuff,
Impulse injection

Impulse injection; H,0-
methylene blue
Keroene-sudan brown

Steady state injection,
Copper sulfate

Acetic acid,
Steady-state injection
Acetone

2 pts. Take sample with Diffusion model
S.S. Capillary with-
draw

By photoelectric Diffusion model
colorimeter
0'2 :g._ _i_. +_.2_e-
Pa Pe% " Pa?
H,0-phase-electrical con- One dimension diffu-
ductivity; MIBK-photo- sion model

electrically measured X _p X _p X
3t i 377 " 'c 3L

p
‘e

FEK-M photocolorimeters Not mentioned
EPD-09 recording

potentiometers

By hypodermic needles Diffusion model
analyzed by E.=-FxS sz/ln(O.Dl)
colorimeter P

Hypodermic needles Ec by using Mar &
Withdraw Babb's correlation
Direct titration E4by lab. study

f



e

s $
&4 ]
¥
i
¢ g
- i
. .
¥

3

14 ®
wr  }
o »
¥ !
: H
@ .
&% i
oy !
§

;

63

B = 0.57 (Dy® S,)/*(s/Dy) (46)
It is seen that the proposed correlation will give a little lower value
than Miyauchi's correlation. This is because the influence of the lower
experimental data by Sehmel and Babb and of Smoot and Babb and also some
of Rozen's data. Figure 7 shows the comparison of these two correlations
with the experimental data.

Table 14 shows a comparison of the backmixing calculated by the pro-
posed new correlation with the experimental data. The calculated values
are in good agreement with the experimental data, especially that of
Smoot and Babb and of Rozen.

It has been shown by Miyauchi that at high pulse volume velocities
dispersed phase backmixing approaches an ideal backflow model and thus
that the correlation should be of the same form as for the continuous
phase:

Eq

=1.75 (sp/nt)Z/S(uh/s)(Afed + Fy/2) (63)
Table 15 shows a comparison of the dispersed phase backmixing
coefficient from this correlation. It gives a very good agreement with
Arthayukti's et al. (2) experimental data.
The backmixing correlation for both phases is thus proposed as:

For continuous phase

E. = 1.3078 (S/D,)?/3(D, /s)(Afe  + F /2) (60)

For dispersed phase

Eq = 1.75 (Sp/Dt)z/3(Dh/5)(Afed + Fy/2) (63)



W e oghonitiln o

»
« A

A <e stilivuli oo M

.

w ! t Ak ui-;! ! w—v«g Wﬂy“l‘ X e KA o g
* R ‘w.ml B K R SR g

64a

T T T TTT 1 T
20,0}
10.0 | o ° 9
£ . :
5.0[ =B a8 .
0
" -
s
_ s 2 " W -
o ~':%§:5f*\‘ 2% 4
v & v A a
~ ¥ v
o loo t -
w - a :
0.5 [ i}
L -
(B)
(A)
O. | IS WS O | 1 L1 1111 1
O.! 0.5 1.0 5.0 10.0

Af(Sp \*?*( Pn \(, . Fec
Dy s )\ "2afe,

Figure 7. Comparison of proposed backmixing correlation with Miyauchi's
correlation and experimental data.
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Symbol used A O ® O A \Y
Investigator Burger Kagan Miyauchi Rozen Sehmel Smoot
Dispersed phase 30% Supersol  CCL, M.I.B.K. Kerosene Hexane M.1.B.K.
Benzene 1,1,2 tri-
M.I1.B.K. chloroethane
Column Dia. cm 5.08 5.6 3.2 10.0 5.05 5.08
30.0 5.4
Spacing cm 2.54 5 1.10.0 3.75 5.029 5.58
5.08 10 7.5 4.02
15
Hole dia. cm 0.3175 0.21 0.15 0.15 0.3175 0.159
0.3 0.3 0.32
0.5
Free areca fraction 0.245 0.087 0.095 0.095 0.23 0.23
0.19 0.23
0.32
Anmplitude cm/cyc 1.27 0.635-5.156 (1.5 1.45 0.635-1.27 1.28-2.54
2.36 2.0
Frequency cyc/sec 1.5 0.33-3.5 0.4+.3.0 1.0 0.3n3.5 0.5-1.5
1.167
Dis. flowrate cm/sec 0.4 0.68 0.174~0.43 0.043 0.139 0.2310.60 0.230.60
Con. flowrate cm/sec  0.06v0.33 0.17400.43 0.05-0.30 0.139 0.2540.69 0.230.58
S 2/ Dh
(A) E.=1.75 (zB) *  (-)(Afe_ + F_/2) (Miyauchi's correlation)
c Dt 3 c c
S 2 Dh _
(B) E_ = 1.3078 (:2)7® (=))(Afe_ + F_/2) (proposed correlation)
c Dt S (o c

Figure 7. (Continued)
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Table 14.

Comparison of the Ec calculated by proposed correlation with
the experimental data

{

Column geometry

Operating variables

A

f F

F

sy
- R ’:w, ;»M !ga&a;; g iﬁ‘« A

P h ¢ d

cm cm cm cm/cyc cyc/sec cm/sec cm/sec

5.08 5.08  0.3175 0.25 2.86 1.17 0.067 0.68 :
" " u n " 1.5 0.28 0.5 ;;
5.09 5.578 0.1585  0.23 2.54 0.5 0.36 0.36 3
" u L z " L 0.23 0.23 ﬁé
" " " " 1.28 0.5 0.36 0.23 §§
30 5.0 0.21 0.09 0.83 1.67 0.22 0.22 )
" " " " 1.78 1.67 0.22 0.22 Tom-
30 15.0 " " 2.14 1.67 " " il
10 3.75 0.5 0.111 1.45 1.0 0.14 0.14

" 7.5 " " " n m "

" 3.7 " " 2.0 1.0 " "

10 15 " n " " " n

1] '7'5 n
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Experimental Eg
Ec Proposed E¢ #
System data cm?/sec data cm?/sec Investigator P
30% H,0 10.56 4.48 Burger & Swift (8)
Supersol {
ﬂ " 10.16 5.78 " §
/ MIBK;acetic  1.13 1.32 Smoot & Babb (52) i
1.21 1.27 " i
.4
0.95 0.76 " %
‘ CCL,-H,0 2.9 1.25 Kagan et al. (26)
g " 11.0 4.88 " -
i " 12.8 5.47 " ;;
H.0 3.0 4.89 Rozen et al. (44) r
Kerosene pi
i " 5.8 7.9 " L
" 4.8 6.3 " N
g " 10.5 17.1 u ’
“ 8.0 10.43 "

“h
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Table15. Comparisons of the correlation of Eq with Arthayaukti's experimental data®

Operating variables

A f g £ £, £ £y

cm/cyc cyc/sec cm?/sec cm?/sec cm?/sec cm?/sec cm?/sec ¥ edg sdh
3.4 2.1 1.036 3.033 0.89 2.24 0.66 0.84 0.24 0.07
3.4 1.82 0.943 1.88 0.66 1.98 0.49 0.73 0.17 0.06
4.1 1.61 2.02 2.33 0.75 2.09 0.56 0.78 0.19 0.06
4.1 1.95 1.036 4.46 1.13 2.5 0.84 0.94 0.32 0.08
4.1 1.07 0.283 0.59 0.32 1.48 0.239 0.52 0.08 0.04
4.1 0.93 0.142 0.37 0.24 1.31 0.178 0.45 0.05 0.03

L9

The system is CCL,-H,0, and the column geometry is: Dt = 5.0 cm, Sp =5.0cm, O, = 0.2 cm,
T=20.1cm s =0.2, dispersed phase flow rate is: 0.57 cm/sec.

bExperimenta] data.

CEd evaluated by using Miyauchi's holdup correlation and ﬁd correlation.

dEd evaluated by using proposed €4 correlation and Miyauchi's ﬁd correlation.
eEd evaluated by using Rozen's correlation.

fEd evaluated by using proposed €4 and Ed correlation.

ged evaluated by using Myiauchi's €4 correlation.

hed evaluated by using proposed €4 correlation.
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From the above examination it is seen that Miyauchi's backflow model
is valid and hence that for a stagewise model of a column, the backmixing

coefficient may be calculated from the simple relation, di = Afei/Fi.
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PULSE COLUMN MODEL

Two pulse column models have been developed to describe mass transfer

with backmixing in a countercurrent extraction process. They are often
referred to as the diffusion model and the stagewise or backflow model.
In the diffusion model mass transfer is based on the concentration gradi-
ent and the column is treated as a differential system approaching a
packed column. Similar equations are written for each phase, and in these
equations, backmixing is represented by longitudinal dispersion coeffi-
cients Ec and Ed which can be evaluated from the proposed backmixing
correlation. Because the height of a transfer unit for each species in
the column is different, and up to now the H.T.U. of the species in the
column to be simulated cannot be estimated by the available information,
the diffusion model will not be used in this work. Also, for nonlinear
distribution coefficients, the equations must be solved numerically.
Hence, 1ittle is gained by using this approach, as can be seen by com-
paring Equations (38) and (39).

The stagewise model is the simplest way of describing mass transfer
with backmixing in pulse columns. The pulse column model used in this
backmixing investigation was based on the following assumptions:

(1) Each stage is assumed to be an equilibrium stage and interphase mass
transfer depends on the equilibrium distribution.

(2) Each stage is a perfect mixing stage and the concentration is uniform
throughout the stage.

(3) Backflow occurs between stages to account for backmixing effects.
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(4) The backflow ratio used is calculated from the equation

= Afei/Fi

(5) €5 is evaluated from the proposed new holdup correlation.

(6) The volume of each equilibrium stage is assumed to be the same.

(7) The equilibrium stages are numbered from the top of the column.

(8) The first and last stage are disengagement sections which are assumed
to have the same volume as the other equilibrium stage. No chemical
reactions and no mass transfer occur in these sections.

The mathematical equation derived from a material balance for each
stage is as follows:

Input - Ouput - (Lost to Reaction) + (Gained from Reaction) = Accumulation

Figure 8 shows the "Backflow Stagewise Model" schematically. For a
typical stage i, the material balance equation is:

Fa{(Ttay 510%q, 5.1 (1%20g )Xy 5oy siqXg, ey PP Oag 500X 5iq -

(1+20, ;)X *og i-1%¢, §-1) TZRAN gained-IRXN lost=d(H;X_ ;+h.X, ;)/dt (62)

C,i
The accumulation term can ve written in the following form:

hiXg, §)/dt = Hid(Xo ()/dtsX_ cd(Hi)/dteh.d(Xy §)/dteXy d(h,)/dt
(63)

d(H,lXC i

For an equilibrium stage:

Xq,i/%c.i = Ex i hemce Xy o= E. 5 X (64)
where Ex i is the equilibrium distribution coefficient. Also,

Hy +hy =V, (65)

hi = v_i - Hi . (66)

-dHi/dt = dhi/dt (67)

Hy = V(0 - eq,4)
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Stage 0
No mass transfer and no chemical reaction

Top disengagement section
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Fed,1%a,1 Fc"‘c,oxc,o ﬁ
Fall+ag 0)%4,0 FolT+a, 10X 4
Fa(May 4 10%g i1 . . . Fo(l+a, )X
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l Fad,ie1%d, 101 P, i%e,i
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i

Stage L or N+1
No mass transfer and no chemical reaction

Bottom disengagement section
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‘ Figure 8. Backflow stagewise model.
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By rearrangement, the accumulation term can be found as follows:
d(H; X. 3*hy Xy, )/dt = Hi(1+(vi-Hi))d(Xc’i)/dt+(1-Ex’i) Xo ; dHi/dt (63)

i
By using the new proposed holdup correlation for a value of y between 0.09

and 0.3 the holdup is:

gq = 1.4703 Fd2/3w"‘5’5 (58)
Then,
= - = - 2/3,1.1515
Hy = Vi(l ed) Vi(l 1.4703 F, /3y ) (69)
(70)

d(H.)/dt = -0.9802 F,~1/3yt-1515y_ d(F )/dt
i d i d

In order to use a digital computer for generation of the response

data from the simulation model, the continuous derivatives must be approx-

imated. A backward finite difference technique was assumed in this work.

The approximation has the form:
- t+at _ t 71
d([x],, ;)/dt = (IXIC 57 - [XI 5)/at (71)
Then the general concentration control equation of species X derived using
Euler's integration formula is

F
(XI5 = DX, #(at/QeVH e, DCRE (o 440X 5 -2 )

[XIg, i o ) IXD s H(Fg/H(Ey 5 1 (O%oy 5 IIXD 5q-

o

AR B RTTIRETETR

E (1+2ad,i)[X]c,1+Ex’i+]ud’i+][X]C’i+])+ZRXN gain

Xy
-ZRXN lost - ((]'Ex,i)/Hi)[xjc,i(d(Hi)/dt) (72)
The basic model used in this simulation study is one developed by
McCutcheon (30) for the separation of uranium from plutonium and was

written to simulate a column in a scrap recovery plant for the recovery of

unirradiated plutonium. Data on the operating column have been collected

by Bruns (7). In the column there is an organic feed containing a mixture
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of uranium and plutonium in a nitric acid solution. The plutonium in the
feed stream is selectively reduced from Pu(IV) to Pu(III) by use of
hydroxylamine nitrate. This reduction in the plutonium valence causes the
plutonium to transfer into the aqueous phase, thus effecting the uranium-
plutonium separation. So, one of the basic reactions in the column is

the reduction of plutonium by hydroxylamine.

A second reaction concerns the re-oxidation of plutonium by the
nitric acid in the column. This re-oxidation reaction is autocatalytic,
with a nitrous acid catalyst being produced. To suppress the accumulation
of the nitrous acid it is destroyed by adding hydrazine to the column.
There are finite kinetics to each of the reactions among the various
species in the column and these are accounted for by McCutcheon in the
development of the basic model. Details are given in his thesis (30), as
are the equations for the equilibrium distributions of each component.

The model presented here is a modification of McCutcheon's work to include
the effects of backmixing on column operation.

The number of equilibrium stages required in the basic simulation
model was 20, as suggested by Bruns (7). The feed stream entered at stage
four. These values were used so that a comparison of the piston flow
mode] with the results from the backmixing model could be made. The
effect of backmixing should be to increase the number of equilibrium

stages necessary to give the same separation.
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SIMULATION STUDIES

Figure 9 shows a diagram of the column and Table 16 gives the de-
tailed conditions of operation. An equation for each specie in the col-

umn can be written in the general form of Equation (72). The results are:
Equation for Pu(IV)

F
[Pu(IV)IEAY = [Pu(IV)IE | + G2 L0 + o 1) [PU(IV] 4uq * o 41
2 2 1‘ L] L *

F
[PV ;- (1 + 2a_ D[Pu(INI 1+ g2 L0 + oy 4 p)
* 9’ . s i b

Epy,i-10PU(IVI L 5.0 * o, 141Bpy, 141 [PUCIVIL 54

e ) V, - H
— b tru(n)] g WD+ Epy (DD

Hi i

Equation for Pu(III) (only present in aqueous phase)

F
t+At _ t _c
(Putttnle,i™ = TPulIII 3+ G TV + g g JIPUIII g g g

[Pu(III)]C’i_1 - (1 + 2ac,1)[Pu(III)]C’i] + Rxn 1 - Rxn 2

1 d
+ Rxn 3 - ﬁ: [Pu(III)]C’i i Hi}At

Equation for U(VI) (no chemical reaction on U(VI))

| F
VDL = vn ¢ 4+ {;f [ +ag ) VOV g *o 34 LUOVD 5y

F
- (T+2a, UV, B (AT TN 4 10731 I
’ i * 4 ’

*ay 1498y, 1LV g - (0 + 204 H)E, STVOVDD, 4]

[
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HNO ; SCRUBBING

HNO; 0.2 moles/1

20% TBP in CCl,

Fd 0.0064 1/sec
(0.07894 cm/sec)

ORGANIC FEED

moles/1
Pu(Iv) 0.07364
u(vl) 0.04832
HNO 5 0.14
HNO » 0.02

20% TBP in CCl,

PLUTONIUM STREAM

STAGE 1

moles/1
Pu(III) 0.155
u(vl) 0.00021
HN 0.259
HZ 0.039
NO 4 1.41
Ht 0.6

F. 0.012221/sec
(0.15073 cm/sec)

MF']

Fd 0.0255 1/sec
(0.3145 cm/sec)

URANIUM STREAM

STAGE Np

NE+]

moles/]
0.039
HNO 5 0.076
HNO, 0.021

U(vI)

Fd 0.0319 1/sec
(0.3935 cm/sec)

AQUEOUS FEED

STAGE L

L

Flow sheet of U-Pu partitioning cycle.
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Hydroxyl -
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Hydrazine
HNO 5
HNO ,
Pu(IV)
u(vI)
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OO D™
[$) @)

QOO OOOOO
—

Fc 0.01222 1/sec
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Table 16. Pulse column simulation condition details

’ Column Column diameter 4.0 in 10.16 cm
geometry  cojumn height 45.0 ft 1371.6 cm
2.0 in 5.08 cm

Plate spacing
Plate free area fraction 0.23

Cross section area 12.57 in? 81.07 cm?
Total column volume 6788 in® 1.1 x 105 cm®

Equilibrium stage volume 25.13 in?® 411.85 cm®
20% TBP in CCl,

I M

E

e

WO LIS TN VS

o

“weye

Y O

1P v
s
v

2
%

System Dispersed phase
Continuous phase H20
Physica! Interfacial surface tension 4.7x10° 1b/hr 16.5 dyne/cm
properties Dispersed phase viscosity 2.68 1bm/ft hr  0.0111 poise
Dispersed phase density 91.08 1b/ft? 1.459 g/cm?
Operating Pulse amplitude 1.333 in/cyc 3.387 cm/cyc
variables Pulse frequency 60.0 cyc/min 1.0 cyc/sec
Dispersed phase flow rate 9.32° 0.0792
46.4 ft/hr 0.394 cm/sec
Continuous phase flow rate 17.8 ft/hr 0.151 cm/sec
Column Y 0.299
; parameter  picpersed phase holdup 0.0674%
f fraction, €4 0.1968
Continuous phase backflow 20.95%
ratio, . 18.06
Dispersed phase backflow 2.387°
ratio, a, 1.69
Continuous phase backmixing 3.6782
coeff., E. 3.18 cm?/sec
Dispersed phase backmixing 0.3042
coeff., E4 0.803 cm?/sec

yalue for stages before feed stage.

[
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Equation for HNO:

[HNO, ]

F
t+At <
[HNO21 75" = [HNO ] + {Hi [+ “C,1+1)[HN02JC,1+1 TeeLin c,i-1

F
d
- (‘ + zac,i)[HNozlc,il + ﬁ—i— [(.l + ad,'i—])[HNOZ]C,'I-']

+ oy 14160, , 141 lHN02]¢ qup - (T 204 i)Eun,,ilMN02]c 4]

] - E -)
- 7 Rxn 2 -Rxn4-Rxnb - . [HNOz]c i H, }

' R
'{At/[] + EHNOZ 1('—1'H'—l)]}
? i

Equation for hydroxylamine (only present in aqueous phase)
F
+.t+AL _ +.t c + +
[NH;0H ]c,i = [NH;0H ]C’1.+{Hi [(1-+ac,i+1)[NH30H ]c,i+1+ "c,i—l[NH3OH ]C
+
- (1 + ZGC,i)[NHaOH ]c,i] - 0.69 Rxn 1 - Rxn 5
+
- 2 [NHSOH'T SHdat
.I ]

Equation for hydrazine (only present in aqueous phase)

F
+.t+At _ +,t _‘_:_, + +
[NZHS]C,i - [NZHS]C,]- + {H1 (] + aC,'i""])[NzHSJC,'i*'] + aC,i-][NzHSJC,'I-]

+
- (] + Zac,i)[Nsz]c,i] - 0.25 Rxn 3 - Rxn 4

H [Nz 5] H }At

»1-1
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Equation for H+
F
| tat+at _ ittt _c + +
e, = i+ R LRI L R LSRRI LI P

F
. + d -
(T+2a, LRI, T+ . [T +ay 5-1)Euno,, 1-10N0s]¢ 59

Yoy, i01Bim0,, 141 IN03]e jaq - (1 + 20 J)Eyy SINOSD 4]
£1.75 Rxn 1 - 1.5 Rxn 2 +1.25 Rxn 3 +Rxn 4+ Rxn 5-([H+]Cn.
-En <[N03]. ) 4 H. At - (Xi—:—ﬂi)s ([No7]t*4t - ot
0,1 002 e, i i g My Hy Bino, i ((NOslc i - INOs]c 4)
Equation for NO3
[N03IETST = [ho3d¢ ; + [{gf [+ ag g IN0ST, g + g 5 qDNOS] 5

F
- d -
(1 + 20, ;)INO5], 5T+ o [+ oy 5 ) By, i8N0 509

+ 8Ep, s qLPUIVTC 4y + 2B, 5 LUV 5 y)

og,i+1 oy, 101 0N e ge1 ¥ 4Epy 1 [PUIV)] 54y

——i
-+

+

26y 4 [UOVDT 54q) - (0% 20y (N (Epyg  5INOa, 5

-+

1
4EPu,i[PU(IV)]c,i + ZEU,i[U(VI)]c,i)] -5 Rxn 2

1-E . V. - H.
HNO3, i - d _ i i
( P JINOs I ;5 gt Hytat - 4Epy e

Vv, .
([PulIZT" - TPV ) - 28y 5 —— (uvn e
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RESULTS

Four programs, one for each combination of two holdup subroutines,
each in turn with and without backmixing, were used. The results are
shown in Table 17. According to the different holdup and backmixing
correlations in the results obtained are discussed below.

The results of Run 1, Tisted in Table 17, show that the dispersed
phase holdup fraction evaluated from the flow rate ratio approach is 0.34
above the feed stage and 0.73 below the feed stage. From the results of
the literature survey and from comparison with the plant scale column
(43), the dispersed phase holdup fraction calculated from this assumption
appears to be much too high. In this run which followed the piston flow
model with 20 equilibrium stages, the plutonium inventory in the column at
steady state was 868.234 grams. This is lower than the value reported by
Bruns (7) who estimated the amount to be about 2 kilograms. Although the
output concentrations are in good agreement with Pease's actual column
data the concentration profiles probably peak too much because backmixing
has not been accounted for.

A second run made with the new holdup correlation gave a dispersed
phase holdup fraction of 0.067 in those stages above feed stage and 0.196
in those stages below the feed stage. By comparison with the data of

Rouyer et al. (43) and Arthayukti et al. (2) this value is reasonable. The

Laas G R AR ook S L ?»WE, - '"!-ww‘ ~mmzq%mxﬁm‘%d ™ m '

plutonium inventory increased to 1147 grams. The output streams still

show good agreement with Pease's data.

‘Backmixing was included in the third run in which the backflow ratios

were calculated as a; = Afsi/Fi‘ The holdup used to calculated the
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Table 17. Comparison of the simulated models with the actual column

Variables Dispersed Aqueous OQOrganic Plutonium stream

phase back back
holdup flow flow Pu(III) U(VI) HN HNO 5
fraction ratio ratio mole/1 mole/]
Run €4 o, Ay g/hr g/hr M M
A2 0.147 0.0006
1619.2 6.8 0.31 1.13
gP 0.067%  20.95¢  2.887%  0.146  0.0088 ( ,q 1 g5
0.196 18.06 1.69 1534 86.86 . .
c¢ 0.064* 21.03%*  2.75* 9.146 0.0088 o »o 1
0.187 18.27 1.61 1534.6  85.82 . .
d
D 0.067* 0.153 0.0004
0.196 0 0 1614 3.83 0.27 1.41
g® 0.344% 0.155 0.0002
‘ 0.73 0 0 1634.2 2.2 0.26 1.41
ef 0.067* 20.897* 2.886*  0.153 0.00054 oo 1 .33
0.196 17.99 1.69 1603.3  5.55 . :

3pease's actual columnwith 270 real stages, as cited by McCutcheon (39).

bSimu]ated backflow model with holdup evaluated by using proposed
correlation and equilibrium stages assumed as 20. (Run No. 3).

CSimulated model with holdup evaluated by using Miyauchi's correla-
tion and equilibrium stages assumed to be 20. (Run No. 4).

dSimu]ated plugflow model with holdup evaluated by using proposed
correlation and equilibrium stages assumed to be 20. (Run No. 2).

®Simulated plugflow model with holdup evaluated by using pseudoflow
ratio approach and equilibrium stages assumed to be 20. (Run No. 1).

fSimulated backflow model with holdup evaluated by using proposed
correlation and equilibrium stage assumed to be 90 (results of Yih (57)).

ITracer quantity.

*
Value for stages before feed stage.
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Uranium stream Flow rate
H* HNO, Pu(IV) U(VI) HNO; HNO, Fd Fe Pu(III)
mole/1 mole/l 1/hr 1/hr Inventory
M M g/hr g/hr M M cm/sec  cm/sec grams
0.0396 13 46
- 0.77 - 0 1050.9 0012 - 45387  0.157
0.52 - 9 gég324 0.137 0.002 g’§§§4 34,51 1448.29
0.52 - 9 853324 0.137 0.002 g‘§§§4 34]5] 1443.95
0.7 - 0 ?62283 0.076 0.004 31§§§4 84]5] 1146.81
0.6 0 0 ?6229§ 0.076 0.021 31§é§4 3415] 868.23
g 0.0384 114.84 44
0.62 0 1036.3 0-104 0.023 4 393" 5 157  2840.0
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backflow ratio was that obtained from the new holdup correlation. The

dispersed phase holdup was thus the same as that in the second run, since

the same correlation was used. Figures 10 through 15 show the comparison

of the concentration profiles of this run with the second run which had no

backmixing effects.
Figure 10 shows the plutonium concentration profiles from the back-

mixing and the piston flow models. The plutonium (III) and the uranium

(VI) concentration profiles both have more of a flat profile than the

corresponding curves for the piston flow model. The profiles from the

backmixing run show a higher concentration present in each equilibrium

stage and hence the plutonium inventory is higher. The plutonium in-

ventory for this run was 1448.29 grams, which is closer to the value sug-

gested by Bruns (7). This shows the importance of backmixing effects in

the simulation work.
The plutonium (III) concentration at the bottom of the column is much

higher for the backmixing run. In fact it indicates contamination of the

uranium product stream since such a high concentration in the aqueous
phase at the bottom of the column also means that there will be a signifi-
cant amount of plutonium in the uranium product stream leaving the bottom

of the column. An increased number of equilibrium stages is needed to

meet the output concentration found experimentally.

Figure 11 shows the uranium concentration profiles. The backmixing

effects on the uranium concentration profile are very severe in both

phases. Therefore, the uranium concentration in the plutonium product

stream at the top of the column will be contaminated with uranium.
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backmixing.

———— #

E R e ol R . b Al Sl et T - .‘x - 3 E *
. - - - S s e -" - w . -y ' ; t: ﬁ
“ . ) ¢ = A oy s A * ’ * * b Bl ol @ e wadBa WD B P e v % &b
-+ €



86

8

DISTRIBUTION COEFFICIENT

rrrJ1+rto1t0 v vt bP b ni

a—a U

BLANK MARK W/0 BACKMIXING
BLACK MARK WITH BACKMIXING

FEED STAGE

[ 1t 1 111 1§

| | 1

|

|

o-e Pg: DISTRIBUTION COEFFICIENTS

Figure 13.

EQUILIBRIUM STAGE

Comparison of distribution coefficients of uranium and plu-
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Plutonium (IV) concentration profiles are plotted in Figure 12.
Backmixing effects can be seen in the characteristic flat concentration
profile. The plutonium profile in the organic phase is higher than the
plutonium prdfi]e in the aqueous phase because the plutonium (IV) in the
aqueous phase is reduced to plutonium (III) by hydroxylamine and subse-
quently transferred to the aqueous phase. Pu(III) is essentially insolu-
ble in the organic phase.

The distribution coefficients of plutonium and uranium are functions
of ionic strength which, in turn, is a function of the concentration of
each species in the column. Because backmixing affects the concentration
distribution of each component, the distribution coefficients are also
affected. The magnitude of the effect is shown in Figure 13.

The transient change in the uranium concentration in the uranium
product stream leaving the bottom of the column is shown in Figure 14.
The transient concentration in the piston flow model increases from a
minimum point to steady state in 8 hours. But the uranium transient con-
centration under the influence of backmixing decreases from a maximum
point to its steady state value. The time needed is 11 hours.

Figure 15 shows that the plutonium (III) transient concentration in
the piston flow model decreases from the maximum point to steady state in
8 hours. The plutonium (III) transient concentration leaving the top of
the column in the backmixing model increases from a minimum point to
steady state in 13 hours, which is longer than the 8 hours required with-
out backmixing. From this comparison it can be seen that backmixing in-

creases the time needed to arrive at steady state.
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The fourth run used the holdup equation of Miyauchi. The dispersed

phase holdup fraction was 0.064 for the stages above the feed stage and
The ¢ value calculated for

WS WD SRR —— QI

Ern e o W Lt ¢ o e e sssivsch ‘é Wtsiios 5,

0.187 for the stages below the feed stage.
this simulation is 0.299 and at this value Miyauchi's correlation is very

close to the new correlation. Hence the calculated values of holdup will

be very similar. Therefore, the results of this run were not plotted,

since the other effects were also similar to those found in the third run.
The plutonium inventory for the fourth run was 1443.95 grams, a little

lower than the value from third run.
Since the contamination of the uranium product stream and the plu-

b R b

tonium product stream was very severe when backmixing effects were in-

3

cluded in a 20 equilibrium stage model, an increase in the number of

equilibrium stages is necessary in order to simulate the measured column ;w
performance. '
This work has been done by Yih (57) in an independent study. The i
number of equilibrium stage was determined by trial and error based on the )
specifications for acceptable levels of uranium and plutonium contamina- '
tion. The number of equilibrium stages needed to correct the backmixing hon
effects was 90 which is 4.5 times the number used by McCutcheon. Figures g;
16 through 20 are the comparison of the concentration profiles of piston j
flow, 20 stage backmixing model and 90 stage backmixing model. The output f;
concentrations are in good agreement to Pease's experimental data. The :*
plutonium inventory is 2840 grams which is a little higher than Brun's %;
suggested value. However the effect of extraction efficiency has not yet ?;

been accounted for even in the 90 stage simulation.
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Figure 16. Comparison of plutonium stream concentration profiles in dif-
ferent equilibrium stage model with and without backmixing

‘ effect.
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Figure 18. Comparison of distribution coefficients of uranium and plu-
tonium in different equilibrium stage model with and without
@ backmixing effect.
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Comparison of hydroxylamine, hydrogen ion, and hydrazine con-
centration profiles in different equilibrium stage model with

and without backmixing effect.
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Figure 16 shows that the profile for plutonium (III) in the 90 stage
backmixing model has a slope between that of the piston flow model and the
backmixing model, both with 20 equilibrium stages. This means that the
backmixing effects are not so severe as in the 20 stage model. The
uranium contamination is reduced by using the 90 stage backmixing model.

Table 17 shows that the 90 stage model is in good agreement with
Pease's actual column data and a little higher than Bruns estimate (7).
Only the nitric acid concentration in the uranium stream is too high to
fit Pease's data. It is expected that even better agreement with experi-
mental data will be obtained when the effects of extraction efficiency, or

finite mass transfer rates, are included in the model.
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CONCLUSIONS AND RECOMMENDATIONS

Backmixing effects on pulse column operation have been investigated !
by a critical survey of the literature and also by mathematical simulation
of a plutonium-uranium partitioning column. A variety of conclusions can
be drawn regarding holdup and backmixing phenomena.

(1) Holdup plays an important role in backmixing effects. A correct
holdup estimate is needed to achieve a good simulation with backmixing.
The newly proposed holdup correlation is an improvement over those which
have already been proposed.

(2) Backmixing effects on the pulse column have been shown very
clearly from the simulation work by the resulting flat concentration pro- -
files, the elongation of the time required to arrive at steady state, and I’ A
by the increase in number of equilibrium stages required in the simulation g
model.

(3) In pulse column design backmixing must be taken into account. A
higher column is needed than that predicted from a model which does not
include backmixing.

(4) In the present simulation work, the extraction efficiency was l
assumed to be 100% to investigate only the influence of backmixing.
Since the extraction efficiency is also important, the interphase mass
transfer coefficients must also be incorporated into the model.

(5) In simulation work with backmixing and extraction efficiency a
correlation for H.T.U. is needed and experimental work in this area is

L3

recommended.

k-



i
SR uw..»»:..u.a.

10.

11.

12.

13.

14.

98
LITERATURE CITED

Aris, R. 1959. Notes on the diffusion type model for longitudinal
mixing in flow. Chem. Eng. Sci. 9: 2066-¢07.

Arthayukti, W., G. Muratet and H. Angelino. 1976. Longitudinal
mixing in the dispersed phase in pulsed perforated-plate columns.
Chem. Eng. Sci. 31: 1193-1197.

Bell, R. L. and A. L. Babb. 1969. Holdup and axial distribution of
holdup in a pulsed sieve-plate solvent extraction column. I. and
E. C. Process Design and Development 8(3): 392-400.

Biery, J. C. 1961. The transient startup behavior of a liquid-
liquid extraction pulse column. Ph.D. dissertation. Iowa State
University, Ames, Iowa.

Biery, J. C. and D. R. Boylan. 1963. Dynamic simulation of a

"liquid-liquid extraction coiumn. I. and E. C. Fund. 2: 44.

Bischoff, K. B. and 0. Levenspiel. 1962. Fluid dispersion-generali-
zation and comparison of mathematical models-1 generalization of
models. Chem. Eng. Sci. 17: 245-255.

Bruns, L. E. 1969. Plutonium-uranium processiﬁg in the plutonium
reclamation facility by coextraction-partition. U.S. AEC ARH-1343.

Burger, L. L. and W. H. Swift. 1953. Backmixing in pulse columns
IT experimental values and effect of several variables. U.S. AEC
HW-29010.

Burkhart, L. E. 1956. Extraction efficiency of a pulse column of
varied geometry. M.S. thesis. Iowa State University, Ames, Iowa.

Burkhart, L. E. 1958. Pulse column design. Ph.D. dissertation.
Iowa State University, Ames, Iowa.

Cohen, R. M. and G. H. Beyer. 1953. Performance of a pulse extrac-
tion column. Chem. Eng. Progress 49(6): 279-286.

Danckwerts, P. V. 1953. Continuous flow systems: Distribution of
residence times. Chem. Eng. Sci. 2(1): 1-13.

Davies, 0. L. 1954. Design and analysis of industrial experiments.
Hafner Publication Co., New York.

Defives, D. G. Schneider. 1961. Retention of dispersed phase in a
pulse column. Genie Chim. 85: 246-251.




15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

99

Equchi, W. and S. Nagata. 1959. Studies on the pulsed plate column.

Chem. Eng. Japan 23(3): 146-152.

Endoh K. and Y. Oyama. 1958. On the size of droplet disintegrated
in liquid-liquid contacting mixer. J. Sci. Res. Inst. 52(1495):
131-142.

Foster, H. R., Jdr., R. E. McKee and A. L. Babb. 1970. Transient
holdup behavior of a pulsed sieve plate solvent extraction column.
I. and E. C. Process Design and Development 9(2): 272-278.

Geankoplis, C. J. and A. N. Hixson. 1950. Mass transfer coeffi-
cients in an extraction spray tower. I. and E. C. 42(6): 1141-1151.

Graham, H. V. 1960. Effect of pulse column variables on bubble
diameter. Ph.D. dissertation. Iowa State University, Ames, Ilowa.

Groenier, W. S., R. A. McAllister, and A. D. Ryon. 1966. Flooding
perforated-plate pulsed extraction columns: A survey of reported
experimental data and correlations, and the presentation of new
correlations with physical properties operating variables, and
column geometry. U.S. AEC ORNL-3890.

Hinze, J. 0. 1955. Fundamentals of the hydrodynamic mechanism of
splitting in dispersion processes. Am. Ind. Chem. Eng. 1(3): 289-
295.

Jealous, A. C. and H. F. Johnson. 1955. Power requirements for
pulse generation in pulse columns. I. and E. C. 47(6): 1159-1166.

Jones, S. C. 1963. Ph.D. dissertation. University of Michigan, Arn
Arbor, Mich.

Joseph, C., J. Van Geel, E. Detilleux, and J. Centeno. 1971. Tecn-
nological experience with extraction experience at Eurochemic. Proc.
Int. Solvent Extraction Conf. (The Hague). Vol. 1, p. 533. Society
of the Chemical Industry, London.

Kagan, S. Z., M. E. Aerov, V. Lonik and T. S. Volkova. 1965. Some
hydrodynamic and mass-transfer problems in pulsed sieved-plate ex-
tractors. International Chem. Eng. 5(4): 656-661.

Kagan, S. Z., B. A. Veisbein, V. G. Trukhanov and L. A. Muzychenks.
1973. Longitudinal mixing and its effect on mass transfer in pulsed-
screen extractors. International Chem. Eng. 13(2): 217-220.

Li, W. H. and W. M. Newton. 1957. Liquid-liquid extraction in a
pulsed perforated-plate column. Am. Ind. Chem. Eng. 3(1): 56-62.

T T

> |

" 3§ e

e
£y 3

a8

- x wpee
H8B ponly 3 b

PORIR

» e
.
425 #

« g

T ﬁ;&z L

-

AP Bt -t 3
ES

S SRR TR TEE T

]
i



-

‘

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42,

100

Logsdail, D. H. and J. D. Thornton. 1957. Liquid-liquid extraction
part XIV: The effect of column diameter upon the performance and
throughput of pulsed plate columns. Trans. Inst. Chem. Engrs. 35:
331-342.

Mar, B. W. and A. L. Babb. 1959. Longitudinal mixing in a pulsed
sieve-plate extraction column. I. and E. C. 51(9): 1011-1014.

McCutcheon, E. B. 1975. Simulation and control synthesis for a
pulse column separation system for plutonium-uranium recovery.
Ph.D. dissertation. Iowa State University, Ames, Iowa.

McMullen, A. K., T. Miyauchi and T. Vermeulen. 1958. Longitudinal
dispersion in solvent-extraction columns: Numerical table. U.S.
AEC UCRL-3911 supp.

Misek, T. and V. Rod. 1971. Calculation of contactors with longi-
tudinal mixing. Pages 197-236 in C. Hanson. Recent advances in
Tiquid-liquid extraction. Pergamon Press, New York.

Miyauchi, T. 1957. Longitudinal dispersion in solvent-extraction
column: Mathematical theory. U.S. AEC UCRL-3911.

Miyvauchi, T. and T. Vermeulen. 1963. Longitudinal dispersion in
two-phase continuous-flow operations. I. and E. C. Fund. 2(2):
113-125.

Miyauchi, T. and T. Vermeulen. 1963. Diffusion and backflow models
for two-phase axial dispersion. 1I. and E. C. Fund. 2(4): 304-310.

Miyauchi, T. and H. Oya. 1965. Longitudinal dispersion in pulsed
perforated plate columns. Am. Ind. Chem. Eng. 11(3): 395-402.

Morello, V. S. and N. Poffenberger. 1950. Commercial extraction
equipment. 1. and E. C. 42(6): 1021-1035.

Newman, M. L. 1952. Correspondence spray tower extraction. I. and
E. C. 44(10): 2457-2458.

Nicholson, E. L. 1967. Preliminary investigation of processing
fast-reactor fuel in an existing plant. U.S. AEC ORNL-TM-1784.

Pratt, H. R. C. 1975. A simplified analytical design method for
differential extractors with backmixing: 1. Linear equilibrium re-
lationship. I. and E. C. Process and Development 14(1): 74-80.
Purex Technical Manual. 1955. U.S. ERDA Report HW-31000(Del.).

Rod, V. 1964. Calculation of extraction columns with longitudinal
mixing. British Chem. Eng. 9(5): 300-304.

L B ¢

T

T

R Y AR




L
Sl ety

.-

‘? Fraok '5‘*‘ AR Wb

oo

s?’yﬂ ﬁ?z LD m’*mﬁw . ¢ *

a

s waggwg

*

- | E‘”ﬁ% g ey

e

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54,

101

Rouyer, H., J. Lebouhellec, E. Henry, and P. Michel. 1974. Present
study and development of extraction pulsed columns. Proc. Int.
Solvent Extraction Conf. (Lyon, France). Society of the Chemical

Industry (London) 3: 2339-2364.

Rozen, A. M., Yu G. Rubezhnyy and B. V. Martynov. 1970. Longitudi-
nal mixing in pulsation extraction columns. The Soviet Chem. Ind. 2:

66-73.

Sato, T., K. Sugihara and I. Taniyama. 1964. Performance character-
istics of pulsed perforated plate columns. Kagaku Kogaku 2(1): 30-

32.

Sege, G. and F. W. Woodfield. 1954. Pulse column variables. Chem.
Eng. Progress 50: 396-402.

Sehmel, G. A. and A. L. Babb. 1963. Holdup studies in a pulsed
sieve-plate solvent extraction column. I. and E. C. Process Design

and Development 2(1): 38-42.

Sehmel, G. A. and A. L. Babb. 1964. Longitudinal mixing studies in
a pulsed extraction column. 1I. and E. C. Process Design and De-

velopment 3(3): 210-214.

Shirotuka, T., N. Honda, and H. Oya. 1958. Extraction character-
istics of and flow properties with pulsed extraction columns either
packed or perforated. Kagaku Kogaku Chemical Engineering (Japan) 22

(11): 687-694.

Steicher, C. A., Jdr. 1959. Axial mixing and extraction efficiency.
Am. Ind. Chem. Eng. 5(2): 145-149. .

Sleicher, C. A., Jr. 1960. Entrainment and extraction efficiency
of mixer-settler. Am. Ind. Chem. Eng. 6(3): 529-531.

Smoot, L. D. and A. L. Babb. 1962. Mass transfer studies in a
pulsed extraction column. I. and E. C. Fund. 1(2): 93-103.

Stemerding, S., E. C. Lumb and J. Lips. 1963. Axial vermischung in
einer Drehscheiben-Extraktions Kolonne. Chem. Ing. Tech. 35(12):

844-850.
Thornton, J. D. 1957. Liquid-liquid extraction part XIII: The

effect of pulse wave-form and plate geometry on the performance and
throughput of a pulsed column. Trans. Inst. Chem. Engrs. 35: 316-330.

Van Dijck, W. J. D. 1935. Extraction apparatus. U.S. Patent No.
2,011,186.




K
A -

56.

57.

¥

et S
@»

.

.

. 28 L s‘w«n«% B w Npleal +o B

X a e TR0
o

@

"
n

:‘k

102

Van der Laan, E. T. 1958. Notes on the diffusion type model for the
Tongitudinal mixing in flow. Chem. Eng. Sci. 7(3): 187-191.

Yih, S. M.

Private communication.



®

-

[ A g'mg I B AL ST R S

103
ACKNOWLEDGMENTS

I wish to express my appreciation to Dr. L. E. Burkhart for his
kindly help, guidance, encouragement, valuable criticisms and money
support for simulation program running through this research effort.

To the other members of my graduate committee also go my thanks.
These gentlemen are Dr. Ulrichson, Chemical Engineering, and Dr.

Mathews, Mathematic Science.

Thanks to Dr. Vince Yih who has helped me to get through some con-
ceptions of this research studying and Mr. Chuang's SAS help.

For their work in the preparation of the dissertation manuscript, I
would like to thank Charmian Nickey for the typing and the drafting staff
at the Ames Laboratory for preparation of the figures.

My father, who was blinded during the suffering of captive in Sino-
Japan war of World War II. But he treats himself as a normal man; he can
do everything which everybody can do, of course he needs to overcome a lot
of difficulties. This impressed me the strength to face the difficult
circumstances and frustrations in my life.

To my mother, who was dead before I start my back school studying,

I would like to present this thesis as a memorial to her.

My beloved wife Shu-Lan takes care of my family duringmy abroad
studying periods and a lots thanks to her in my heart.

Also, thanks to those people who encourage me as the studying driving
forces and those who discourage me as the backmixing effects. Eventual-

ly, the driving forces overcome the backmixing effects and extraction can

be performed. Thanks be to God.



104
SIMULATION PROGRAM
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Computer Program Variables List

Pulse amplitude, cm/cycle

Intermediate symbol for calculating Psi, AA = (Af)/
((BCxSP)**(1/3))

Pseudoaqueous phase flow rate, liter/sec

Actual aqueous phase flow rate (does not vary from stage
to stage)

New actual aqueous phase flow rate, liter/sec

Constant used in calculating U{VI) and Pu(IV) distribu-
tion coefficient

Backflow ratio of aqueous phase; ALPHA = Afe/Fi
Backflow ratio of dispersed phase

Constants used in calculating distribution coefficients
for N03

S2/(1 - S)(1 - s?)
Visd?

Constant for calculating Psi, BC

Constant for calculating Psi, BB
Tributyl phosphate concentration used in calculating
Pu(III), and U(VI) distribution coefficient; used in
subroutine DISTRI

Intermediate symbol for calculating Psi, CC = absolute
(Dend-Denc ) xGam

Label of plot data on plot

Time derivative of pseudoaqueous phase flow rate
Time derivative of aqueous phase holdup

Time derivative of pseudoorganic phase flow rate
Time derivative of organic feed flow rate

Time increment between integration steps; second

Continuous phase density, gram/cm®
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Dispersed phase density, gram/cm®

Name for distribution coefficient subroutine
Distribution coefficient for nitrous acid
Distribution coefficient for nitric acid
((Vo1-HU)/HU)XEH2 or (Op/Ap)xEH2
((Vol-HU/HU)XEH3 or (Op/Ap)xEH3
((Vo1-HU )/HU )XEOAP or (Op/Ap)xEOAP
((Vol-HU ) MU )xEOAU or (Op/Ap)XEOAU
Distribution coefficient for plutonium (IV)
Distribution coefficient for uranium (VI)
Pulse frequency, cycle/sec

Dispersed phase superficial flow rate, cm/sec

10**(0.91ﬁ31/2 - 1.52) used in distribution coefficient
calculation subroutine

C", for TBP concentration used in calculating the distri-
bution coefficient for HNO2

Conversion factor used for calculating linear flow rate
from volume flow rate

Interfacial tension of liquid system; dyne/cm
H+, hydrogen ion concentration, aqueous phase, mole/liter
Hydrogen concentration at time t+At

(NH30H+), hydroxylamine concentration, aqueous, mole/
liter

+ . . .
(NH30H ), hydroxylamine concentration at time t+At
Nitrous acid concentration, aqueous, mole/liter
Nitrous acid concentration, aqueous, at time t+At

Nitrous acid concentration, organic, mole/liter
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N2H5+, hydrazine concentration, aqueous, mole/liter
Hydrazine concentration, aqueous, at time t+At
Aqueous phase volume holdup, liter

Aqueous phase holdup fraction

Name for subroutine for calculating holdups and flow rate
parameter

Subscript for stage number

Aqueous phase ionic strength

Subscript or number index

Ion strength function for hydrogen ion
Ion strength function for plutonium (IV)
Ion strength function for uranium (VI)
Rate constant for reaction 1

Constant used in TEM4 multiple RXN1 material balance
calculation

Rate constant for reaction 3
Rate constant for reaction 2
Rate constant for reaction 4
Last stage in the column

Bottom disengagement section

Symbol for fictitious stage (LL+1), used to specify
input and output at the bottom stage (LL)

Physical factor on calcylating Psi, MPK = (VISd2/(GAM
xAbsolute (DENC-DEND))/*

Number of jterrations or time steps specified

Feed stage number

NOs concentration in aqueous phase, mole/liter
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NO30
NO3F
NO3S
opP
OR

ORF
OR1
OR2

PUORG

P3A

P3AF
P4A
P4AF
P40
P4OF

PSI

PUBAL

PUTOT

PUS

RXN1 thru RXN5
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Nitric acid feed concentration, M
Nitric acid concentration in organic phase, mole/liter
Nitric acid at time t+At of aqueous phase

Nitric acid concentration in the scrub stream, mole/liter

Pseudoorganic phase flow rate, liter/sec

Actual organic phase flow rate (does not vary from stage
to stage), liter/sec

Organic feed flow rate, liter/sec
Organic phase flow rate in scrubbing section, liter/sec

Organic phase flow rate in extraction section, OR2 =
OR1 + ORF, liter/sec

Plutonium (IV) organic phase outlet concentration, plu-
tonium (IV) concentration in the uranium product stream,

mole/1iter

Plutonium (III) concentration in aqueous phase, mole/
liter

Plutonium (III) concentration at time t+At, aqueous phase
Plutonijum (IV) concentration in aqueous phase, mole/liter
Plutonium (IV) concentration at time t+At, aqueous phase

Plutonium (IV) concentration in organic phase, mole/liter

Plutonium (IV) concentration in organic feed at feed
stage, mole/Tliter

Holdup correlation constant

Residual from overall Pu material balance over the column
Total plutonium inventory in the column, grams

Plutonium inventory in each individual stage, gram

Incremental change in material gained or lost to reaction
for each time step as determined by the kinetic rate
equations, mole/liter sec
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Name of subroutine for reaction rate models
Plate free area fraction

Column plate spacing, cm

Inte{stage time constant for pseudoaqueous flow rate,
sec”

Intefstage time constant for pseudoorganic flow rate,
sec™

Intermediate variables used in material balance calcula-
tion, essentially these variables represent all terms
except the accumulation terms in the material balance

Number of minutes of column operation

Uranium (VI) concentration in the aqueous phase, mole/
Titer

Uranium (VI) concentration at time t+At, mole/liter

Overall uranium material balance, gram

Uranium (VI) concentration in the organic phase, mole/
liter

Uranium concentration in feed stage, organic phase, mole/
Titer

Volume of a single theoretical stage, liter
Continuous phase viscosity, poise
Dispersed phase viscosity, poise

Volume of disengagement section, liter
(NO3)2, square of nitrate concentration
Label on X axis in plot

Label on Y axis in plot




4

M..

&4

P
»

:
¥

- ey %ﬁm g

5
¥

"

A i e

4
R
#
by
s
kad
%

i

Define Reaction Rate
Constant for RXN

no

— 3

l fegin iterration AJ
i

Call subroutine for
distribution Coefficients

1

1

Read in wnitial con.
wrofiles, Ex. Fc’ Fg.t=0

Read in input con. &
fqesmetry, ohysical
nroperties, Julse

conditions

1

l Initialization

b

¥

Write ocut 1nitial
values of input condition

Call subroutine for
holdup and flow parameters
(proposed holdup eauation)

1

Calculate backflow ratio
@er g for each stage

R

Call subroutine for
material gained or lost
by chemical reaction

{

Calculate material
halance for each stane

N )
Initialize end
condition Do stagewise mate~
1 rial balance calculation

Calculate overall
Pu, U balance

)

Initialize feed
conditions

1

Initialize organic flow
rates and holdups

!

Calculate Pu inventory
for the initial condition

1

Calculate Miyauchi's
v value

t

Set number of
iterrations in time at

t

1

Calculate new concentration
profiles by Euler's intearat

i

Establish new present
values for next iterration

//‘\

[

Calculate organic
phase concentration
nrofiles

Y

Printout final
concentration profiles

Y

Punch cards of final
concentration profiles
for input of next run

{

Plot final con-
centration profiles

Check steady state YES

uy Pu balance tolerance

NO

Check print-
out interval

NO

Calculate organic phase
concentration profiles

Print out new con-
centration profiles

Do next iterration

Figure 21.

Simulation program flowsheet.
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* SIMULATION ON URANIUM=-PLUTONIUM PARTITIONING PULSE COLUMN WITH OR WITHOUTS
* BACKMIXING EFFECTS *
* THE SIMULATION MODEL USED IS STAGEWISE BACKFLOW MODEL &
* MODEL PARAMETER ACCOUNTS FOR BACKMIXING IS ALPHA=A*F$HUH/FLOW RATE *
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& USING MCCUTCHEON®S HOLDUP RATIO EQUALS THE PSEUDO FLOW RATE RATI1O0: *
* HUH=0P */ (AQ*+0P"') *
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USING MIYAUCHIS HOLDUP CORRELATION: HUH=0.66%FD*%2./3,.%PS1%%0,84

OR HUH=6.,32%FD*%2/3%PS1*%2,4

IF PSI IS GREATER THAN 0.21

HUH=6,32%FD®%2/3%PS[%%2,.,4

IF PSI IS LESSER THAN 0.21

HUH=0,66*%FD*%2 /3%PSI*%0.84%
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USING THE PROPOSED HOLOUP CORRELATIONIHUD=1.4703%0P(1-1)%%(2.73,)
*PSI*%1,15149529

IF PSI IS GREATER THAN 0.09
HUD=1:47038FD%%(2+/3.)%PS1#¥1.15149529
IF PSI IS LESSER THAN 0.09
HUD=0.,0073%FD%%(2 /3.)*PS[*%-0,9485
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THE PARTITIONING PULSE COLUMN IS 4 INCHES IN DIAMETER AND THE EFFECTIVE =»
HEIGHT (S 45 FEETY +REAL STAGES ARE 270,THE PLATE SPACING IS 2 INCHES. *
THE FEED STAGE IS LOCATED AT 18 FEET HIGH OF THE PULSE COLUMN *
THE DISPERSED PHASE IS CCL4 AND THE CONTINUOUS PHASE IS WATER *
THE OPERATING AMPLITUDE IS 1333 INCHES PER CYCLE AND THE FREQUENCY IS *x
1 CYCLE PER SECOND *

SEE R XSRS R S KK R KSR K EE R B EEE KRR E XA RE R R KE KK R KRR K AR KRR R RS C SR XX KU S EE XA E LSS B REE S
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THE MAIN PROGRAM CONSISTS OF INITIALIZATION FUNCTIONSs INTERSTAGE
BACKFLOW RATIO CALCULATION AND GENERAL MATERIAL BALANCES.

THE REACTION MODELS o DISTRIBUTION COEFFICIENTS o AND VARIABLE
HOLDUPS ARE WRITTEN IN SUBOROUTINES.

2Lt

REAL TOR+TAQsA,,FVOL V1 PUBAL +UBAL

REAL ORFs0OR1+s0R2+0RAQ

REAL HZF(23)sNO3S.NQ3I

REAL PAAF(23)+P3AF(23)4.UAF(23) 4HF(23)NO3F(23)+ HNO2F(23) HNF(23)
REAL PA4A(23),P40D(23)+P3A(23),UA(23),U0(23),H(23)sNO3(23),N0O30(23)

REAL HNO2(23)s HNDO2U(23) sHN(23)sHZ(23) + PUORG(23) +PUSPUTOT
REAL EOAP(23)+EOAU(23)sEH3(23),EH2(23)

REAL ENP(23)sENU(23)+ENH2(23)+ENH3(23)

REAL HU(23) sALPHA(23) yALPHO(23) s HUH(23)

REAL AP(23)s0P(23)+DDTOR(23),DDTAQ(23) ,DDTHU(23)
REAL KlsK29KIoKAoKSeKUsKPsKH»ISSFIS(23)

REAL X(23)sY(23) s XLAB(S) s YLAB(S) +GLAB(S) s DATLAB(S)
REAL RXN1+sRXN2¢RXNIoRXNS 9 RXNS

REAL PSI «GAMaMPK
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DEF INE REACTION RATE CONSTANTS FOR CHEMICAL REACTIONS

K1=0.0235
K2=0,68966
K3=0,0693
K4=1.5
KS=0,234

WRITE(6+5)

READ IN INITIAL VALUES OF CONCENTRATION PROFILEs DISTRIBUTION
COEFFICIENTS, FLOW RATES AND FEED RATESs ETC. AT TIME=O0

READ(54+15) TAQ.,TORF+A

READ(S5+25) DT

READ(S5:35) NF,L

M=L+3,

READ(S¢45) HZ( M) s HNO2(M) s NO3 (M) sHN{ M) o H{M)» OR1+NO3S
READ(S5,25) AQ

READ(5,25) AQNEW

gLl

READ IN INPUT FEEDO CONCENTRATION

READ(S5+55) P40OF sUOF ¢ HNO21 5 ORF
READ(S +65) SPs S
READ(5s75) GAMSVISDsDENC, DEND
LL=L+2
D3 6 I=1,LL
READ(5985) NO3(I)sHNO2(I) +HN(I)»HZ(I)
6 READ(S5:85) EOQOAP{I)ECAULI ) EH3(TI),EH2(])
READ(S5:85) PAACI) P3A(I) UA(I)H(I)
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INITIALEZATION

NB8=NF+1
N7=NF—-1
V0L=((3.1415928*(40*2054,‘¥2014.)*(45.#30.48/1000.))IL
v1=VvoL

OR2=0RF+O0R1

TIME=0.0

N5=20

WRITE OUY INITIAL VALUES oF INPUT CONDITIONS

WRITE(6+75) PQOF.UOF-HN(M)tHZ(H)-N03(H)oNO3loN03SoHN02(M)oHNOZloOR
'l.ORF.ORZoAO-DTsLoNFoTAOoTORoN5¢A.F

pLL

INITIALIZE PSEUDO FLOW RATES

DO 16 I=1N7
AP(1)=AQ
oP(I)=0R1
DDTAQ( 1)=0.0
16 DDTOR( 1)=0.0
J=NF
oo 26 I=J.LL
AP(I)=AQ
oP(1)=0R2
DDTOR(1)=0.0
26 DDYTAQ(I)=0.0
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INITIALIZE END CONOETIONS

AP{M})=AQ
DOTAQ(M)=040

P4A(M) =0.,0
P3A(M)=0.,0
UALIM)I=06,0
NO3(M)=NO3( M) +HN(M)

OVERALL PU AND U BALANCE
PUBAL=1+0-(AQ%(PAA(1)+P3A(1))+0R2*P4A(LL)*EOCAP(LL) )/ (ORF*P4OF)
UBAL=loO~(AO‘UA(l)+OR2#UA(LLD*EOAU(LL))/(ORF#UOF)

INITIALIZE FEED CONDITIONS

SLL

DDTORF=040
WRITE(64105) PA4OF ¢ UOF ¢ HNO21 4 ORF
WRITE(65115) TIME.PUBAL sUBAL

INITIALIZE ORGANIC FLOW RATES AND HOLDUPS

HUC1)=V1/(1 «+OR1/AQ)
HULL)Y=V1/(1.+0R2/AQ)
P40(1)=ECAP (1) 2P4A(1)
PAO(LL )J=ECQAP(LL)*®PAA(LL)
DDOTHULLL )=04.0
DDTHU(1)=0,.,0
00 36 J=2+N7
HU(J)=VvOL/{ 1. +0R1/7AQ)
P40(J)=EODAP(J)*P4AL))

36 ODTHU(J)=0.0

e "

A g
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46

56

66

76

86

A

K=NF

N2=LL-1.0

DO 46 1I=K.N2
HUCI)=VOL/(1.+0R2/AQ)
PA0(1)=ECAP(I)*P4A(])
DOTHU( 1)=0.,0

WRITE(6.125)

DO 56 I=1l.LL

WRITE(6:135)1+P8AL1)sP40(1)¢P3ALI) sUA(I)sH(I)eNO3(1)
WRITE(6+4145)

DO 66 I=1,.,LL

WRITE(6¢155)1e HNO2(I) sHNE 1) sHZ( 1) +EOAP (1) sECAULI) sEH3(1),EH2(I)
WRITE(64165)

DO 76 I=1.LL

WRITE(6+175) 1 +AP(I)s0P(I),HU(1),DDTAQ(I) DDTOR(1)+DDTHU(I)

CALCULATE THE TOTAL PLUTONIUM IN THE COLUMN

PUTAT=0.

DO 86 J=l.LL
PUS=((PAA(J)I+P3A(JI) IeHU(I ) +PAALJ)IXEDCAP (J) *(VOL~HU(J))) %239,
PUTOT=PUTOT+PUS

WRITE(6.185) PUTOT

N=1

WRITE(6+195)

G=1000e7(3+1415928%(4¢%2:54)%%24/44)
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CONSTANT PSI CALCULATION
BC=(S$S5)/7((1.~S)*(1.-S5%S))
AA=(A*F) 7L (BCESP)*%(1./3:))
BB=VISO*VISD
CC=(ABS(DENC-DEND) )#GAM
MPK=(BB/7CC)*4(0.25)
PSI=AA&MPK

WRITE(6+205) SPsS+GAMVISDDEND » MPK o PS I

SEY NUMBER OF ITERRATION
3 IF(N.EQs32001) GO ¥O 13

A Q=AQNEY
BEGAIN ITERRATION

LLL

AP(M)=AQ
T IME=N®DT/60.

CALL SUBROUTINE FOR DISTRIBUTION COEFFICIENTS

CALL DISTRI(PAAP3AsHNsHaNOIsHNO2 HZsUASFISIEQAUL EQAPSEH3 sEH2
lelLi oN)

CALL SUBROUTINE FOR HOLODUPS AND FLOW PARAMETERS

CALL HOLDUP(OP, APJEDAPIEDAUSEH2+sEH3I +DDOTORsDDTAQeHUSENP oENU
1ENH2,ENHI yDDTHU o N7 o DDTORF oLL « NF s TORSORF o VOL ¢ V1 s

10R1 +NB8HUH» OR2 + TAQ+AQ +PSI +G)
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BACKFLOW RATIO CALCULATION 3§ ALPH=ASFEHUH/FLOW RATE
ALPHA( 1) =A%FEHUH( 1}/ AQ*G)
ALPHO(1)=A%*F*(1-HUH(1))}/7(0P(1)%G)
DO 96 I=2,LL
ALPHA( I)=A*FEsHUH(1)/(AQ%G)
ALPHO( 1) =A%F&{ 1-HUH(I) )/7{ 0P (1~-1)%G)
96 CONTINUVE
ALPHA(NF)=A*F*HUHINF)/ ( AQ*G)
ALPHO(NF ) =AXF* ( 1-HUH(NF ) )/ (OR2%G)

IF IN PISTON FLOW MODEL SET ALPH=0
00 96 1=1,.LL
ALPHA( I)=0.,0
ALPHO(1)=0.0
96 CONTINUE

MATERIAL BALANCE CALCULATIONS FOR EIGHT COMPONENTS
DO 126 I=1.LL
CALL SUBROUTINE FOR REACTION MODELS

IF(1.EQ.1) GO TO 23
IF(I.EQeLL) GO TO 33

CALL REACT(PAIAPIAsHNIHINOIsHNO2sHZ+FISsRXNLIsRXN2sRXNIsRXNA o
IRXNSsK1eK2e K39 K4 KSoMs1l)

GO TO 43
23 CONTINUE

gLl
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CALCULATE THE UPPER DISENGAGEMENT SECTION ASSUME NO CHEMICAL REACT
ION OCCURS INSIDE f

TEMI=(AQ/HU(1) ) (1¢ALPHA(2) )¥PJA(2)—-( 1+ALPHAL 1)) *P3A(]1))
L1+ (ORI/Z7HUCL) J*(ALPHO(Z2 ) *ECAP(2)%PRA(2)-( 1 +ALPHO( 1) ) *EQAP( 1) *P4A( L))

TEM2=(AQ/HU(1) )& ({1 +ALPHA( 2) )SUAL2)-( 1 +ALPHAC(1) )%2UA(1)) .
L4(ORL/7HU( L) )*{ ALPHO(2)*EOCAU(2)FUA(2)~-( 1 +ALPHU(1 ) ) *ECAUC 1 )I*UA( 1))

TEM3=(AQ/HU(L1) ) 2 ((1+ALPHA(2) Y*P3A(2)-(1+ALPHA(1) ) %P3A(1))
TEMA={ AQ/HU(1) )R (1+ALPHAL2) )*HN(2)—-(1+ALPHA(1) )*HN(1))

TEMS={AQ/7HU(L1 D )R ((1+ALPHA(2) ) *HZ(2)-(1+ALPHA( L) )*HZ(1))

6L1

TEM6=(AQ/7HU(L1) )*((L+ALPHA(2) )¥NO3¢(2)-( 1 +ALPHA(1)})*NO3(1))
1+{0R1/7HU(1) )*{NOISH+ALPHD(2) *EH3(2)*NO3(2) -(1+ALPHO( 1) )*EH3( 1) *NO3(
111 )+(0R1/7HU (1) ) { AALPHO( 2)*EDARP{2 ) %PAA(2)+2%ALPHO( 2) *EQAU(2) *

IUA(2))=-(OR1/HU(1) ) #(1+ALPHO( 1) ) *(A*EDAP( 1)*P4A( 1) +2%ED0AU(1)*UA(1))

TEM7=(AQ/HU (1) )% ( (1 +ALPHA(2) )*HNO2(2)-( 1 +ALPHA( 1)) *HNO2( 1))
1+ (0OR1/7HU( 1) ) *ALPHO(2) *EH2 (2) *HNO2(2) ~(OR1/HUCL) ) * (1 +ALPHOC( 1)) #
1EH2(1) *HNO2(1)

TEM8=( AQ/HU(1) )*((1+ALPHA(2) ) xH(2) ~(1+ALPHA(1))*H(1))
1+(OR1/7HU( 1) }®(NO3S+ALPHO( 2)*EH3(2) *NO3(2) )~ (OR1/7HU( 1)) *#(1+ALPHO(1)
1) *EH3( 1) *NO3(1)

60 YO S3
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IF(I.NE.NF) GO TO 63

TEMI=(AQ/HU(NF } ) *(ALPHA (N7 ) *PAA(NT7) +( 1 + ALPHAINB) ) *PAA(NB)~(14+2%
LALPHA(NF } ) *PAA(NF) )+ (ORF/ZHUINF ) ) $PAOF+{OR1/HUINF) ) *( 1 +ALPHO(NT7))*
1EQAP(NT7) %P3A(NT)I+(OR2/7HUINF ) } *ALPHO(N8 ) *ECAP(NB ) *P4A(NS)
1-(0OR2/HUINF ) ) # (1 +2%ALPHO(NF ) ) *EQDAP (NF ) P4 A(NF )-RXN1+RXN2-RXN3

TEM2=( AQ/HUINF ) ) ¥ (ALPHA(NT7 )*¥UA(NT) +{ L +ALPHA{(N8) ) *UA(NSB)}~(1+2%ALPHA
LUNF ) )®UA(NF )) + (ORFZHUINF) ) *U0OF + (OR1 Z7HU(NF ) ) #( 1 +ALPHOU(NT ) ) $ECAU(NT)
12UAINT )+ (OR2/HUINF ) ) *ALPHO(NSB ) *EOAU(NB) *UA(N8)-(OR2/HU(NF)} ) *

10 1+2%ALPHOUNF) )*EDAUINF)®UA(NF)

TEM3=(AQ/HUINF ) ) * (ALPHA(N7 ) #P3AINT) +{ 1 +ALPHA(NS ) ) %P3A(NE)~-L 1 +2%
LALPHACNF ) ) %P3A (NF ) J+RXNI~-RXN2+RXN3

TEMA=(AQ/HUINF ) ) L ALPHAINT ) #HNI{NT) +{ 1 +ALPHA(NS8) ) ®HN{NB)—-( 1 +2%
TALPHACNF ) ) ¥ HNINF ) ) -K2%RXN1-RXNS

oct

TEMS=( AQ/7HUINF ) ) { ALPHAINT7 ) *HZ(NT7) +( 1 +ALPHA(NS) ) XHZ(NB8) - (1 +2% ALPHA
L1UNF)I®HZINF ))~0.25«RXN3-RXN4

TEM6=( AQ/HU(NF ) ) * {ALPHA(NT)ENO3INT)+(1+ALPHAINS) ) $NOI(NB)-(1+2%
TALPHAUNF ) )X NO3(NF ) I+ (ORF/ZHU(NF ) ) #(NO31+4*P40F +2%U0OF)

1+ (0OR1I/HUINF ) # {1+ ALPHOINT7) } % (NO3(N7)$EH3(N7)+4%PAAINTI*EOCAP(NT)
14 2%VA(N7 ) $EQAU (N7 ) }+(OR2/HU(NF ) )*{ ALPHO(NB8) )*(NO3(N8)*EH3(N8)
1+4%P4A(NB)*ECAP(NE ) +2¢UA(NB) ¥EOQAU(NSE))

1-(OR2/HUINF ) ) ¥ ( 1 4+ 2%ALPHO(NF ) ) * {NO3{NF)XEH3(NF ) +4%*PSA(NF ) *EOAP(NF)
1+ 22UA(CNF ) #ECAUINF ) ) -0 . 5S*RXN2

TEM7=( AQ/HU(NF ) ) * (ALPHA(NT7)®HNO2(N7)+(1+ALPHA(NS) ) *HNO2(NB )~
1(142%ALPHA(NF) )*HNGC2{NF ) ) + {(ORF/HU(NF ) ) *HNO2 I+ {ORL/HU(NF ) ) *{ 1+
LALPHO(NT) ) #EH2 (N7 ) #HNO2 (N7 )+ (DR2/HUI(NF ) ) * ALPHO( N8 ) #EH2 ( N8) #HNO2
1{N8)—(OR2/HU(NF ) ) (1 +28ALPHO(NF ) J$EH2 [ NF ) #HNO2{ NF ) +0 ¢ 5*RXN2~
IRXN4A~R XNS :
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TEMB= ( AQ/ZHUANF ) ) CALPHAINT )®HINT )+ (1 +ALPHA(NS) ) 3HINS8)—~( 1 +2*¢ALPHA
LUNF) ) #HINF ) )+ (ORF/HUINF ) ) $NO3I+(OR1/7HU(NF ) ) #( 1+ ALPHO(N7 ) )®EH3(N7)
1#NOI(NTI+{OR2/HU(NF) ) *ALPHO(NB) *EH3(NB8) *NO3 (NB) - ( OR2/HU(NF ) )% (

11 #2%ALPHUCNF ) ) S EH3I(NF ) ENO3(NF ) +1 7S%¥RXN1~1¢5%¥RXN2+1.25%
IRXN3+RXNA+R XNS
GO TO S3

0=0R1

P=0R1

IF(1.EQeN7) P=0OR2
IFC(I+GT.NF) GO TO 73
GO 7O 83

0=0R2
P=0R2
IF(1.EQeLL) GO YO 33

-
¢

TEMI=( AQ/ZHU(]) ) *#{ALPHA( I-1)*P4A(I-1)+(1+ALPHA(I+1))*P4A(]1+1)— =
101 +2%ALPHACI) ) *PAA( 1)) +(0/7HUCT) )*( 1 +ALPHO( I-1) ) *ECAP(I~-1)*P4aA(I~-1)

L4 (P/7HULI) ) *ALPHO( I +1) *EDAP( I +1)*¥PAA(I+1)—-(0/HU(I) ) *(142%ALPHO(I))

1$EQAPL 1) *PAALT )-RXNI+RXN2-RXN3

TEM2=({ AQ/HU(I) )& (ALPHA(I-1)%UA(I-1 )+ (1 +ALPHA(I+1) ) *UA(I+1)~-(1+
12%ALPHA( L) ) SUALL) )+{(0/7HUCT) ) *( 1 +ALPHO(I~1))*ECAU(I-1)*VA(I-1)+(P
17HUCT) Y*ALPHO( 141 )*ECAU( I ¢1)3UA(I+1)-(O0/7HUCI) ) *(142%ALPHO(I) ) %
1EOAUC(L)IX®UAC(I)

TEM3=(AQ/HU(L) )& (ALPHA(I-1)%P3A( I-1 )+ (1 +ALPHA(I#1))*P3A(1I+1)~
1( 1 +2%ALPHAC(I) ) *P3A (1) ) +RXNI-RXN2+RXN3

TEMA=(AQ/HU(I) ) ( ALPHAL I=1)*HN( I-1 )+ (1 +ALPHA(I+1) ) *HN(1+1)~
LC142%ALPHA( I) ) #HN( I) ) ~K2%RXN1~RXNS

TEMS=(AQ/7HUCI) )% (ALPHAL 1~1 )*HZ( I=1 )¢ (1 +ALPHACI# 1) ) *HZ(I+1)-(1+2%
LALPHA(I) )®HZ(1))-0,25%RXN3-RXN4
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TEM6=(AQ/7HU(I) )&{ALPHALI-1)¥NO3{ I-1)+(1+ALPHA(1¢#1))*NO3(1+1)~
1(1¢28ALPHACTI) ) #NO3(I) )+ (O/7HUCI) )*( L +ALPHOU(I~-1))*(EH3(I-1)*NO3(I-1)
144%EQAP(I-1)3P4A(I-1)+2%EDAU(I-1)*VA{I-1) )+ (P/HUL]) )SALPHO(I+1)
3¢ (EH3(I#1)ENO3(I+3)44%PRA(I+1)FECAP([+1)+2%EDAU(I#1)%UA(I+]1))
1=(O0/HUCI) ) * (14 2%ALPHO(I) D) *(EHI( T)*NOI(I) +4%PAA( 1) SECAP( 1)+ 2%EQAULI
1)2UA( 1) )—-0+5%¥RXN2

TEMT=(AQ/HUCL) ) R2(ALPHA( I-1)*HNO2(I-1)+ (L + ALPHAC( I+1) ) $HNO2(1 +1)
1-(1425ALPHAC(L) )SHNGC2( 1))+ (0/ZHUCI) ) ®(14ALPHO(I-1))R%EH2(I-1)%
IHNO2(I=1 )+ (P/ZHUCI ) )*ALPHO( I+ )*EH2( T+1 ) *HNO2( 1+ 1)-(O/7HUCI) ) *(1+
12%ALPHOC 1) ) SEH2( I ) #HNO2( 1) +0+ SERXN2-RXN4—~RXNS

TEMS8=( AQ/HULT ) )*(ALPHA( I-1)%H(I-1 )+ (1 +ALPHA(I41 ) ) *H(I+2)~-(142%
FALPHAC D) )*H(I) )4+ (O/7HULI) I * (L 4ALPHO( 1-1 ) )*EHI(I-1)*NO3(1~-1)+(P/HU
1CI))*ALPHOCT+1 )SEH3(I+1 )*NO3(1+1)~-(0O/HU(I ) )% (1+2%ALPHO( I))*EH3(I)
LI¥NO3( L)+ 1+7S*RXNL =L +sSERXN2+41 « 25%¥RXNI+RXNS +RXNS

GG TO 53

1 33 CONTINUE

TEMI=(AQ/7HUCLL) ) ®(PAA(M)+ALPHA(L+1 ) %PAA(L+1)~(14ALPHA(LL))*
1PAAILL)) +(OR2/HU(LL) ) #( 1+ALPHO(L+1) ) $EOAP (L+1)*PaA(L+1)~(0OR2/HU(
ILL) ) #(1+ALPHO(LL ) ) $EDAP(LL ) #PAA(LL)

TEM2=(AQ/HU(LL) ) # (UACM) $+ALPHACL+1) SUA(L+1)~( 1 +ALPHA(LL ) ) *UA(LL))
1+ (OR2/HUCLL) ) # (14 ALPHO(L+ 1) ) #EOAUCL 1 ) *UA(L+1)-(0R2/HUCLL) ) &
1(1+ALPHOCLL ) ) $EOAU(LL ) SUA(LL)

TEM3=( AQ/HUCLL) ) {PIA(MI+ALPHA(L+L1 ) EPJA(L+1 ) (1 +ALPHA(LL) ) *P3A(LL)
1)

TEMA=(AQ/7HUCLL) ) (HN(M) +tALPHA(L+1) *HN(L+1 )= (1 +ALPHA(LL ) ) ®HN(LL D))

TEMS=(AQ/7HUILL ) )R (HZ(M) ¢ALPHALL +1 ) *HZ(L +1 }-( 1 +ALPHA(LL ) )*HZILL))

74!
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TCLL) I+ (OR2/7HUILL) )¢ ( L+ALPHO(L 41 ) ) {ENI(L41)ENO3 (L +1)+4%EQAP(L+1)
1%PGA(L+1 ) +2%E0AUCL#L)*UALL+1))—-(OR2/HU(LL ) ) *( 1+ ALPHO(LL ))& (
LEHI(LL)*NO3(LL ) +4*EDAP(LL ) *PAA(LL ) +2%EOQAU(LL)*UA(LL))

TEMT=(AQ/HULL) )2 (HNO2( M) + ALPHAC(L +1 ) *HNDZ2(L+1)~( 1 +ALPHA(LL) )%
IHNO2{LL) )+ (OR2/7HUCLL) ) & (J + ALPHOC(L+1 ) ) *EH2 (L +1 ) *HNO2 (L +1)
1= (0R2/7HUILL ) )+ (1 +ALPHOCLL ) ) *EH2(LL ) *HNO2(LL)

TEMB=(AQ/HULLL) )& (HIM)+ALPHA(L#1)*HIL+1)~(1+ALPHA(LL) JeH{LL )
14 (OR2/7HUCLL ) ) $ (1 +ALPHOCL#1) ) ¢ EH3(L +1)¢NO3(L+1)-(0OR2/HU(LL) ) *
1{1+ALPHO(LL ) )*EH3(LL)ENO3(LL)

EULER INTEGRATION ROUTINE, CALCULATE NEW CONCENTRATION
PROFILE AT TIME T=T4DT

CONTINUE
PAAF(1)=PAA(I)+(TEMI-(1-EOAP(1))*P4A(1)#DDTHULL)I/HU(I) ) *DT/ (1+ENP(

‘1))

IF(PAAF(I1)+LE«0+s0) P4AF(1)=0.0

UAF(1)=UA(TI)+{TEM2-(1—-EQAU(T ) ) *UA(I)*DDTHULII/HUC(I) I*DT/(1+ENU(I))
IF(UAF (1)L Te0.0) UAF(1)=0.0

P3AF(1)=P3A (1) +(TEM3-P3A(I)*DDTHU( I)/HU(1))*»DY
IF(P3AF(1)eLT.0.0) P3AF([)=0.0

HNFUI)=HN(I)+(TEMA-HN( I )*DOTHU(I)/7HUCIL) ) *DT
IF(HNFLI)elTe0,0) HNF(I)=0,0

HZF(I)=HZ(I)+(TEMS~HZ(I)&DDTHU(I)/HU(I))*DT
IF(HZF (1) el Te040) HZF(1}=0.,0

NO3FCI)=NO3(1)=(4%(PAAF (T )-P4A(T))*ENPLI)+2%(UVAF (1) -UVALL) ) *ENULI) -
*(TEM6~(1-EH3(I))IENOI( [ IFSODTHUCII/ZHU( L) ) 4DTI/ (L+ENH3(1))
IF(NO3F(I)elTe0e0) NO3F(1)=0.0

gecl
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HNOZ2F({ I)=HNO2( 1)+ (TEM7—=(1—EH2( 1) I*HNOZ2( 1) *DDTHUC( I ) 7HU( 1) ) «DT/ (1 +EN

*‘Ha2(1))
IF(HNO2F (1) oL T e040) HNO22F(1)=0,.0

HF(L)=H(1 )+ ({TEMB=(H(I)-EH3([)*NO3([))*DDTHU(I)}/HU( 1)) *OT-ENH3(I)®
S{NO3F( I)-NO3(1))

IF(HF(I) LT s0e0) HF(I)=0,0

CONTINUE /

OVERALL PLUTONIUM AND URANIUM CALCULATION

PUBAL=1.0-(AQ* (PAAF(1)+P3AF(1))4+0R2*PSAF(LL )I*EOCAP(LL ) )/ (ORF*PAOF)
UBAL=1.0-(AQ*UAF( 1)+0RZ2*UAF(LL)*EOAULLL) )/ (ORF*UOF)

CALCULATE THE TOTAL PLUTONIUM IN THE COLUMN

PUTOT=0.

DO 136 I=1,LL
PUS=((PIA(II+PIALIDI*HUCI ) +PSALII*EQAP(T) *{VOL~-HU(I1)))*239

PUTOT=PUTOT +PUS

CONT INUE

ESTABLISH NEW PRESENT VALUES
00 146 I=1,LL
AP(I)=AP(I)+DDTAGCI)*OT
DP(1)=0P(I)+DDTOR(1)*DT
PAA(T1)=PaAF(I)
P3ALII=P3AF (1)

VAC(I)=UAF(I)

HZ(I)=HZF(1)

HNCI)=HNF(I)

¥l
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HNO2(1)=HNOZF(1)
NO3(I)=NG3F (1)
HOT)=HF(1)

146 CONTINUE

:ttlt#ttt##t‘*t#‘#t###tttttt#t##*t#*tt**ttt#*##*###‘***#####tttt#*tii
» CHECK THE STEADY STATE BY TOLERANCE OF PLUTONIUM BALANCE :

* IF(PUBAL «LE«0+,001) GO YO 13 :
REXXXE ER RS R AR KRB R AR KRR X REE PR R SRR U B AP ER KRR R R X E RS XXX R RN E XSRS E XS LSS X0

NERE A B SRR AR R SR R AR SRR R R SRS R EERE S ERE R KR E K E R XK S ERE KR SR KK S E RS K0
: PRINT OUT INTERVAL CONTROL :
. IF(MOD(N+800).EQ.0) GO TO 93 4
* N=N+1 *
. GO TO 3 .
293 CONTINUE .
(233X T IR S2 22233 X 32 R 2 2222 22 2222t R L2 2 2R 222 22 2222222222 2 2 2 X

CALCULATE CONCENTRATIONS IN ORGANIC PHASE

DO 156 1I=1,LL

HNO20( [)=HNO2( L) *EH2(I)

NO30(I)=NO3(1)*%EH3(]1)

UVOCII=UACT)*EQAU(T)

PUCRGUL 1)=PAA(1 )*EQAP(I)
156 CONTINUE

SUCCESSIVE PRINTOUTS OF CONCe AND DISTRIBUTION COEFe PROFILES

WRITE(6+225) TIME,PUBAL +UBAL
WRITE(6+4235) TIME

LA R

e

S

‘9‘%23;

74}
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DO 166 1=},0LL
166 WRITH(G,245) LoPUORGC(I)+PAA(I) sUO(I)VALI I PIA(T).H(1)
WRITE(G.255)
DO 176 (=) ,0LL
170 wRITE (boZ65)loN030(!’.No3(l)oHNDZO(l’.HNOZ(l,nHN(l)’HZ(I)
WRITE(H,275)
CO 186 t=1,0LL
186 ﬁﬂlft(b.Zﬂs)loEOAp(l’nEOAU(I)'EH3(l,-EHZ(l’
NaN¢1
GU YO 3

PRINT FINAL STEADY STATE PU & U PROFILESE DISTRIBUTION COEF. PROFILES

13 WRITE(64295) N1.TIME
WRITE( 6+ 305) PUBAL +UBAL
DO 196 I=1,LL
P40(I)=EQAP(1)*P4A(])
UOCT)=EQGAU(I)*UA(])
HNOZ2O( [)=HNO2( I )*EH2(1)
NO30(I)=NO3(I)*EH3(IX)

196 CONTINUE
WYRITE(64315)
WRITE CONCENTRATION PROFILES
DO 200 I=1,LL

206 WRITE(64325) [ +PAA(I)+PAD(1) +PIA(L) sUA(TI)UO(L)NO3(I)
YRITE(6,335)
DO 216 I=1.LL .

216 YRITE(6+325) IoNO30CI)+H(I)sHNCE)+sHZ(I)HNO2(I) »HNO20(T)
WRITE DISTRIBUTION COEFFICIENTS
DO 226 I=1,LL

226 WRITE(6,355) I+EOAP(I)»EOAU(I)¢EHI(I)EH2(I)
WRITE TOTAL PLUTONIUM INVENTORY
YRITE(6.,185) PUTOT ’
YRITE BACKFLOW RATIO AND HOLDUPS

9cl
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WRITE(6+365)
DO 236 I=1,LL
236 WRITE(64375) 1+HU(I)e HUH(I)
DO 246 I=1l.LL
246 WRITE(6+385) I+ALPHA(TI) sl +ALPHO(I)

SRS XS R ER SR SRR XK R R R SRR R EEEE SR R R R L SR KRR ERE R SR R AR K R KR X BER AT SRR EE R ERE R
PLOT THE PRAFILES

DO 256 I=1,LL
X(1)=1
256 v{1)=P4A(1)
PLOT PLUTUNIUM PROFILE
K=1
CALL GRAPHILL s XsYsK91079 8312633091 e90e90s90°STAGE NUMBERS®* ¢ *CON
1IN MOLE/LITER:;®+*SPECIES NOTES®* 'PULIVIAS?®)
DO 266 I=1,LL
266 Y(1)=Pa0(1)
K=2
CALL GRAPHS(LL ¢XsYsKe107¢ *PU(IV)IO;*)
PLAOT URANIUM CONCENTRATION PROFILE
DO 276 1I=1.LL
276 Y{I)=UA(I)
K=3
CALL GRAPHS(ILL ¢XoY ¢Ks10To*ULVI)AS®)
00 286 I=1l.LL
286 Y(1)Y=uQ(1l)}
K=4
CALL GRAPHS(LL ¢ X oY eK»107»*U(VI)O:®*)
PLOT PLUTONIUM(IILI) CONCENTRATION PROFILE
00 296 I=lsLL
296 Y{I1)=P3A(1)
K=S5 ,
CALL GRAPHS (LL e XeYesKe107¢ 'PULIII)Z®)
PLOT HNO3 PROFILE
DO 306 I=1,.LL

Let



o

3006

316

326

PLO

336
346
396

366

?,:M wr kD PhEE e EE A e WA ] 2 £ hak e I ke prr G v
* L] *

W m*w‘a&wt;immm»mmwm L 1 © 4 ) oo

Y(L)=NO3(IL)

K=6

CALL GRAPHILL 9 XoY9Ke1079 8¢912093¢310690e¢003*STAGE NUMBER:® ¢+ *CON
LIN MOLE/LITER; *,*"SPECIES NOTE;*3*NO3AS"*)

DO 316 I=1,LL

vy(I)=NQ30(I1)

K=7

CALL GRAPHS(LL s XeYeKe107,*NO30:*)

PLOT HYDRAZINE CONCENTRATION PROFILE

DO 326 I=1.LL

Y(I)=HZ(I1)

K=8

CALL GRAPH(LL s XeYsK91079 Be912093e91090es0.9°STAGE NUMBER: ®*+*CON
1IN MOLE/LITER:® e *"SPECIES NOTES®* »*"HYDRAZINE:*)
T HYDROXYLAMINE CONCENTRATION PROFILE

DO 336 I=1.LL

Y(I)=HN(I)

K=9

CALL GRAPHS(LLoXsYsKol1074+ *HYDROXYLAMINE: )

PLOT He+ CONCENTRATION PROFILE

DO 346 I=1.1L

Y{I)=H(I)

K=10

CALL GRAPHS(LL #XsYsKel079s"HYDROGEN ION H+3")

PLOT HNO2 CONCENTRATION PROFILE

DO 356 I=1,LL

Y{I)=HNO2(1)

K=11

CALL GRAPHILL o XsYeK9107s B8e912093¢91¢30e90e¢+*STAGE NUMBER; * ¢ *CON
1IN MOLE/LITER; ®*,*SPECIES NOTE;*' +*HNO2 IN AQ:*)
DO 366 1I=1,LL

Y(I)=HNO20(I)

K=12

CALL GRAPHSI(LL o XeYeKe 1079 *HNO2 IN OR PHASE:"®)

8¢l
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376 CONTINUE
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PUNCH DATA CARDS FOR NEXT RUNS INPUT [IF STEADY STATE DID NOT ARRIVE,
DO 376 I=1.LL

WRITE(7+65) PAA(1),P3A(I)»UA(TI)HII)
WRITEC7:65) NO3(I1)sHNO2€CI)oHN(I)HZLI)
WRITE(7+65) ECAP(1)sECAULI)EHI(L)sEH2(I)

$ 231322t 311 ]

FORMATS

FORMAT(///+5X%Xs * ASSUME THE VOLUME OF UPPER AND BOTTOM DISENGAGE
IMENT SECTION IS THE SAME AS THE EQUILIBRIUM STAGE VOLUME®')
FORMAT (4F12,7)

FORMAT(Fl12.7)

FORMAT (215)

FORMAT (8F 94 4)

FORMAT(4F10,.,5)

FORMAT(2F4,.,2)

FORMAT (4F 64 3)

FORMAT(4E14,.,5)

TORMAT (10X» *ORINGINAL SYSTEM PARAMETERS®s/+10Xs

1* PLUTONIUM FEED CONC $eF9e5:1/210Xs

2*URANIUM FEED CONC ¢ 3F9e¢5¢ /710Xy
3'HN EXTRACT CONC 9 F9¢S597910X,
4* HZ EXTRACT CONC *oF9e¢S5e7/ 910X,
S*HNO3 EXTRACT CONC P9F9e¢5¢/910Xs
6*' HNO3 FEED CONC oF9e¢5s/7 010X,
7*HNO3 SCRUB CONC ¢ yFIeSe/e10X,
8*HNO2 STRIP CONC 9 F9eSe/s10Xs
8'HNO2 FEED CONC PeF9e¢Se/79s10Xs
9°* ORGANIC FLOW: SCRUB 9F9¢50e/010Xs
At FEED S eF9eS5e7¢10X,
8¢ EXTRACT *oF9¢5¢7010X,

6¢cl
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C*AQUEQUS FLOW' 31 0XsF9¢S5e/79010Xs*TIME STEP SEC*+8XeFA61¢/7910Xse
E*NUMBER OF EQUIL STAGES®,14+/+10Xs*FEED AT STAGE 2el40/01
GOXs *INTERSTAGE VCS: AQeOR* yF9:29sF 929/ 510X,
H* PRINT s MIN ' 91457 010Xs
I*AMPLITUDE CM/CYCLE P oFD.59/7 010X+ *FREQUENCY CYCLES/SEC®*,F9.5+7)
105 FORMAT (10X, *INPUT CONDITIONS IMPOSED AT TIME = 0,0%'4/+10X,
** PLUTONIUM FEED CONC?! 3F9¢S5¢/7 910X,
¢ URANIUM FEED CONC *3F9e54¢/7910X,
¢V HNO2 FEED CONC 9F9e¢59/7 910X,
'*OR FEED FLOW RATE +F9,5,7/7)
115 FORMAT(/s1S5Xe*TIME = *4FSel19/7¢12XsORIGINAL OVERALL PU AND U MATER
SERIAL HALANCES: (INPUT = QUTPUT)I/INPUT 4/ +12Xs* PLUTONIUMeees *oEl4,
*6910Xs "URANIUMsae "9E144647)

125 FORMAT(/+5X+*'STAGE NUMBER QUTPUTS: PU(IV)A PU(LIV)O
1 PUCTILIT) UALVI) H+ NDO3-*)

135 FORMAT (/013X [ 21 2XeE L1265 +5X0E1245¢5X9E12e5+5XvEL12e5¢5XsE12e¢595Xy
1E12.5)

145 FORMAT (/sS5SX+*STAGE NUMBER OUTPUTS: HNO2 HN H
12 EQCAP EDAUY EH3 EH2*)

155 FORMAT (/s13Xe 120 SXeE12e5+2X9E12e5+2X3E12e532XeE126592XeEL120592Xs
1E12¢5+2XsE1245)

165 FORMAT(/+5X»*STAGE NUMBER OUTPUTS: AP oP
1 HU DDTAQ ODTOR DDTHU?®)

175 FORMAT(/ 013 Xs 1241 2X3E12¢5 95X sE12¢5¢5XeE12:5¢5XeE12¢5+s5X+E12¢555X
1+E12.5)

185 FORMAT(/ +5X+*THE TOTAL PLUTONIUM IN THE COLUMN IS*+2XeF1648)

195 FORMAT(/ +SXs*INITIAL CONDITIONS PRINTOUTS END®*+50(°%*)s//7///)

205 FORMAT (/45X "MIYAUCHI HOLDUP CORRELATIGN PHYSICAL AND GEOMETRY
1ICONSTANTS ARE LISTED BELOW® ¢/ ,5Xs* SPACING='4F643+2Xs*PLATE FREE
LAREA FRACTION=?3F643+795Xs *INTERFACIAL SURFACE TENSION=®+FGe3>»
$1*DISPERSED PHASE VISCOSITY=Y 4F6¢3s *DISPERSED PHASE DENSITY='9sF6e3»
17 +SXe * MIYAUCHIS PHYSICAL CONSTANT=® ¢F10.7+2Xs *MIYAUCHIS GEGMETRY
ICONSTANT=*4F1047) .

215 FORMAT (7 +SXe®ALPHA® 31X e 12 92X sF 1067 93Xe *ALPHO® s 1 X0 12¢2XeF1047)

otlL
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225 FORMAT(* 1* o ISX ' TIME=®*3F10.5,/920X» *OVERALL MATERIAL BALANCES: (I
'NPUT — OQUTPUT)IVINPUT® 3/ 420Xs "PLUTONIUMo o+ *+E14:6510Xs*URANIUMs s

$¢ E14464/)
235 FORMAT (7eL0Xs AT TIME="eF 10458 /7+16Xe°PULIV)*e12Xe*PULLIV)?,

I 13XsUCVIN s 13X "UIVII® 3 IXs'PUCTIIN®10XKe*H+*4/ 416Xy *ORGANIC?
111Xe"AQUEDUS® 312X 2 "ORGANIC® +11Xs*AQUEOUS® /)

245 FORMAT(/ +5Xe'STAGE"s12¢2X¢6(E124545X))

255 FORMAT (%~? o/ 316X 9" NO3I=?5148Xs *NO3I—-? 515X * HNO2%9 14 Xe "HNO2% s 12X

1OHN® 3 LAX s "HZ » /916Xy
4Y0RGANIC* 31 1Xs AQUEDUS® 12X *ORGANIC® 411X+ AQUEQUS? /)

265 FORMAT (S5X¢? STAGE® ¢ [2+42X+6({EL245,5X))
275 FORMAT(*~*4/¢s15Xe PEPUCIV) *914Xe"EU(VI)?s13Xs*EHNO3* 913Xy *EHNO2%4/)

28S FORMAT(SXs *STAGE® 9 12»2X»4(E12:557X))
295 FORMAT (/ ¢SX+*NUMBER OF ITERRATION® 165X *AT TIME®sF9489//7+10X,

THE FINAL CONCENTRATION PRUFILES ARE LISTED BELOW®')

| &4
305 FORMAT (/+SXe*'PUBAL='3E12.5¢10Xe*UBAL=?0EL1245)
315 FORMAT (/+SX+*STAGE NUMBER OUTPUTS: PUCTV) PUOCIV) .

1 PULIII) ULVI)A v(vI)Oo NO3-%4/7) w
325 FORMAT(/46X+12+19XsE12e5¢3XsEL12,5+2XsE12e5+2X+sE125,1XsEL20502XsEN

1245)
335 FORMAT(/,5X+*'STAGE NUMBER OUTPUTS: NO30 He

1 HN HZ HNO2 HNO20°%+/)
345 FORMAT (/,5Xs*STAGE NUMBER OUTPUTS: ECAP EQAU

1 EH3 EH2' /)

355 FORMAT(6X9s]12019XsE124593XsE120592XsEL12¢592X4E1245)
365 FORMAT (/¢5Xe"STAGE NUMBER® 12X *HOLD UP®*4 13X, *HOLD UP FRACTION® /)

375 FORMAT(/+11Xe120106XsF10.6910XsF10+6)
385 FORMAT(/ 21 0Xe ' ALPHAY 32X +L232XsFFe6910Xs *ALPHO' 32X 91292X9F9e6)
S SR RS RER SR EE B R R EEEE SRS R EER S U SR SR A R R L AR XS EEEE SRR S RR SR LSS ke EEkE kD

99 STOP
END
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LISTING OF SUBROUTINES USED IN MAIN PROGRAM
DISTRIBUTION COEFFICIENTS EVALUATION SUBROUTINE

SUBROUT INE DISTRI(PAAsP3IAsHNeHINO3sHND2s HZoUA,
1IF IS+ECAULEQAPJEH3 4EHZoLL+N)
REAL PAA(23)sP3A(23) ¢y HN(23)pH(23)4NO3(23),sHNO2(23) +HZ(23)
1+FIS(23) +NO30(23)
REAL K1sK2sK3oK4sKSeKHsKPsKUs IS9sNDO3S ¢ND31 4+ INTERR
REAL UA(23) s EUAU(23)+EDAP(23) o EH3{23)+EH2(23)
D0 386 I=14LL
W=NO3(1)&+%2
IS=0eS%(NOICII+H(I)+HN(I) +HZ (1)) +2%UA( 1) +8%PSA( 1) +4.5%P3A(1)
KP=124163-9¢033%1S54+2,23%IS*[S~0,163%1S5%%3
KU=8e791 +6¢ 071 %3IS~64176%ISX[S+1.579%[S5%%3
KH=0e385-0,155%1S540,024%15*]S
FIS(I)=10%%(0.91%SART(IS)=1.521)
C=0.731
Al=1+KH*H({ 1 )ENO3(]1)
A2=UA( 1) +KP*PAA( ] ) *W/KU
A3=P4A(]1 ) +KURUA{ I )/ (KP*W)
A4=(AL/NO3( 1)) %2
AS=A4/4
A6=A1/7(4+SQRT(KU) *NO3(1)*A2)
A7=A1/7{4%SQRT(KP) ¥WkA3)
AB8=1-SQRT(1+8*C*KU*A2/A4)
A9=1-SART(1+8%CxKP*A3/AS5)
EQAU(I )=(A6*A8)*%2
EQAP(L )=(A7#A9 ) ¥*2
B1l=KH*H{ I)+1/N0O3(1)
B82=UA(I) *KU+W*PAA( I )*KP
B3=1-SQRT(1 +8%C*B2/(B1%8B1))
EH3(1)=~Bl1*KH*B3I/ (42B2)
FTBP=0+731-EH3(I)*NO3(1)-2%EOQAP( 1) *PAA(1)—2%EOQAV(1)SUA(])
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IF(FTIBP.LTe040) FTBP=0.0
EH2(1)=18.5T8P

CONT INUE

RETURN

ENO

HOLDUP EVALUAT ION SUBROUTINE
fTe BY USING MCCUTCHEON®S HOLDUP ASSUMPTIONIHUH=0R/(14AQ)

FOR UPPER DISENGAGEMENT STAGE

DDTOR(1)=(1./TOR)*{0OR1~-0P(1))
DDTAQL1)=(1./TAQ)*(AP(2)-AP( 1))
HUC1)=V1/Z(1 «+0R1/ZAP(2))
HUH(1)=HU(1)/V]

ENP(1)=0R1 #ECAP{1)/AP(2)
ENU(1)=0R1*#EOAU(1)7AP(2)
ENH2(1)=0R1%EH2(1)/7AP(2)

ENH3(1 )=0RLI%EH3(1)/7AP(2)

FOR STAGE BETYWEEN FEED STAGE AND UPPER DI SENGAGEMENT SECTION

DO 416 J=2,LL

IF(J.NE«NF) GO TO 43 .

DDTORINF )=(1+/TOR)I*(OP(N7)-0OP{(NF)+0RF)
GO TO 416
DDTOR(J)=(1./TOR)*(OP(J-1)~-0P(J))
DDTAQ(J)I=(1.,/TAQ)*(AP(J+1)~-AP(J))

DO 426 1=2.N7

HUCI)=VOL/( 1+40R1/7AP(I#+1)):
HUH(TI)=HU(I)/VDL
ENP(L)=0P(I~1)%ECAP(I)/AP(1I+1)

gel
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ENUCI)=0P(I-1)®ECAU(TI)/ZAP(1+})
ENH2{ 1 )=0P{ I~1 ) *EH2{IDI/ZAP(1+1)
426 ENH3(1)=0P( I-1 )REHICIYI/AP(1+1)

FOR FEED STAGE

HUCNF ) =(AP({N8) $VOL )/( AP(N8) +OP( N7) +0RF )
HUH(NF )=HU(NF ) /VOL

ENPINF )=(OP (N7 ) +ORF)*EQAP(NF )/ AP(N8)
ENUINF )=(OP(N7) +ORF )*EQAU(NF )/ AP(N8)
ENH3INF)=(OP{NT7)+0ORFI*EH3IINF)/AP(NS)
ENH2(NF)=(0OP(N7) +ORF)®EMH2 (NF )}/ AP(NS8)

FOR STAGE BELOW FEED STAGE BUT BOYTOM DISENGAGEMENT SECTION

K=N8

LiL=LL-1

D0 436 I=K,LLL

HULT)=VOL/( 140R2/AP(1+1))

HUHCI)=HU( I )/VOL

ENP(1)=0R2%EDAP(I)/AP(1+41)

ENU(I)=0R2%EDAU(I)I/AP(I+1)

ENH2( 1 )=0R24EH2(I)/AP(I+}1)
436 ENH3(I)=0OR2%EHI(T)I/7AP(I+1)

FOR BOTTOM DISENGAGEMENT SECTION

DDTAQILL)I=(1./TAQ)%R(AP(LL+1)~AP(LL))
DOYORC(LL)I=(1,/TOR)&(OP(LL-1)-0P(LL))

veElL
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HULL)=V1/{ 140R2/AP(LL+1))

HUHCLL }=HULL) /VL

ENP(LL )=0R2*EQAPILL)/AP(LL+1)

ENUCLL )=0R2*EOQAUILL)/AP(LL*1)
ENH2{LL)=0R2%EH2(LL)I/APILL+1)
ENH3(LL)=0R2Z2%EH3(LL)/AP{(LL+1)

DOTHU(1)=(V]l *OR1%DDTAQ(2))/((AP(2)+0R]))*%2,)
DO 446 I=2.N7

446 DODTHU( I)=({VOL%OR1*DDTAQ(I+1)-VOL*AP(I+1)*DDTOR(I-1))I/((AP(I+])

1+0R1)*%2,)

DOTHU(NF )=({ VOL (0P (N7) +ORF ) *DDTAQINB8)—-VOL*AP(NB8)*{DDTOR{(N7) +DDT

10RF))/Z((AP({NB) +0P (N7)+0RF ) *%2,)
00 456 I=KsLLL

456 DOTHU(I)=( VOL*OR2%DDTAQ(I+1)-VOL*AP(I+1)%*DDTOR(I-1))/7((AP(I+})

1+0R2)%%2,)

DOTHU(LL )=({ V1*0OR2%0DTAQ(LL+1)-VIEAP(LL+1) *00DTOR(LL~-1))/

L1CCAP(LL+1)+0R2 )%2,)
RETURN
END

~

L1 USING MIYAUCHIS HOLDUP CORRELATION TO EVALUATE THE HOLOUP

636

476

DO 476 1=2.LL

IF(PSI.GT«0s21) GO TO 636
HUH(I)=1=0.66%{0P{I-1)%G)*3(2+/3.) *PSI#&( 0.84)
HUCI)=HUH(1)*VOL

GO TO 470
HUHCI)=1-6¢32%(0P(1-1)%G) %%(2./3.) ¥PSI*%(2.,4)
HU(I)=HUH( L1 )*VOL

CONTINUE

IF(PS1«GT.042%1) GO TO 616"
HUH(1)=1-0¢ 66%(OR1%G) *%(2./3.) *PS1%8(0.84)

Set
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626

43

416

866
876
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HUCL)=HUH(1 )sVOL

HUHINF )=1~0.66%(0R2%G ) #$( 2./ 3. ) #PS1%2(0.84)
HUCNF )=HUH({NF ) 2VOL

GO TO 626
HUH(1)=1-6632%(0R12G) *%(2+/3, ) #PSI*%(2,4)
HUL1)=HUH(1 )$VOL

HUHINF )=1-6+32%(0R2%G)*2(2,/3. ) #PS1%%(2,4)
HU(NF ) sHUH( NF ) *VOL

CONT INUE

DOTAR(1)=(1/TORI*(ORL~0OP(1))
DOTAQ(1)=(1/TAQ)*(AP(2)}-AP(1))

DO 416 J=2.LL

IF(JNENF) GO TO 43
DDTAR(NF)=(1+/TOR)*(OP(N7)~0P{(NF)+0RF)
DOTAQINF )I=(1/TAQ) *(AP(N7)~AP(NF))

GO YO 416

DDYOR( J)=(1./TORI* (OGP J~1)-0P(J))
DDTAQ(J)=(1./TAQIS(AP(J+1)-AP(J))
CONTINUE

IF{PS1.GT,0.,09) GO YO 866

LR A A B

DDTHU(1)==( 2¢/73+)%0.66%(0R1%G)$%(-14/3:)*VOLE*DDTOR(1)*PSI*%(0.84)

GO TO 876

DDTHU(1)==( 267 3+)86:32%PSI*¥(2,4)(0R1%G)**(~1./3.)2VOLEDDTOR(})

CONTINUE
DO 596 I=2,LL
IF(PS]1+GT«0+21) GO TO 526

1)

DOTHUINF )==0.66%{ 2730 )%(0R2%G ) X#¥{(—1¢/3. ) #¥PS1#%{( 0,84 ) *VOLE*DOTOR(NF

1)
GO T0 596

DDTHU( 1) =~0.66%(2/3)%(0P(1-1)%G)%**{~1/3)*%PSI%%(0.84)*VOL*DOTOR({I~1

9el
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5206 DOTHU(L)=-(2:/3:)%6:32%PSI#%(2.4)%(0P{1I-1)%G)2%(-1/3)*VOLSDDTOR(]I~-
1)
DDTHUINF )=~ (2731 %6, 324PS15%(2.4) ¥ (0R2%G ) *¥(—~1/3)XVOLXDDTOR(NF)
596 CONTINUE
DO 606 I=1.LL
ENP(1)=(VOL-HU(1) )*ECAP(I)/HU(I)
ENUCT)=(VOL-HU(I))*ECAU(I)/HU(I)
ENH2( I )=(VOL-HU(I) )XEH2(I)/HU( 1)
ENH3I(T)=(VOL-HU(I) I*EH3(I)/7HU(I)
606 CONTINUE
RETURN
END

ITI.USING THE PROPOSED HOLDUP CORRELATION TO EVALUATE THE HOLDUP

LEL

SUBROUT INE HOLDUP (0P AP, EOAP, EOAU » EH2,EH3+DDTORyDDTAGsHULENP,
LENUSENHZ2 ¢ ENH3 9 DDTHUSN7 +DDTORF s LLsNF s TORsORF »VOL »
IV12,0R1 sN8sHUHe OR2 9 TAQsAQsPS1eG)

REAL OP(23)sAP(23) sEVAP{23) sEOAUL23) +EH2(23) +EH3(23),
IDDTOR(23)+DDTAQ(23)+HU(23)

REAL ENP(23)+ENU(23)+sENH2(23) +ENH3I(23) +DDTHU(23)

REAL NO3sNO3FsNO30(23)eHUH(23) + OR+OR1,0R2 ,0RF

REAL PsSI
CALCULATE HOLDUPS AND FLOW PARAMETERS

USING THE PROPOSED CORRELATION TO EVALUATE THE HOLDUP

HUH(E)=(1=( 1.8703¢(0P(1)%G)%%(2./3.)%PSI**(1.15149529)))
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103

406

113

123

133

HUCL ) =HUH( 1 )3VOL

DO 396 I=2,LL
HUH(I)=1-(1,4703%(0P(I-1)%G) *#( 2/ 3. ) #PSI*%(1.15149529))
HUCT)=HUH( 1 )*VOL

396 CONT INUE ,

HUH(NE )=1-( 1.4 703%(OR2%G) #*{ 2./ 3,) *PSI#%(1.15149529))

HU (NF ) =HUH( NF ) *VOL

DOTOR(1)=(1/TOR)*(OR1-0P( 1))
DOTAQU1)=(1+/TAQ)*(AP(2)-AP(1))

DO 206 J=2,LL

IF(JeNE.NF) GO TO 103
DDTOR(NFI={1./TORI*(OP(N7)I~-OP{NF)+0RF)
DDTAQINF)I=(1/TAQ) X (AP (N7 )~APINF))

GO TO 406

DDTOR( J)=(1./TOR) $(OP(J=-1)-0P(J))

DOTAQ( J)=(1 +/TAQ)SLAP(J+1)-AP(J]))

CONTINUE

IF(PSI«GT40.09) GO TO 113

DDTHU( 1) ==0.004867%(0P(1)%G)$&(~1./3.) *VOL*DDTOR(1)$PSI1*$(~0.9485)
60 TO 123
DOTHU(1)==(2¢73¢)%14703%PST2¥(1:15149529)%(0R1%G)#%(~1.,/3.)%VOL
1#DDTOR(})

CONTINUE

DO 143 I=2,LL

IF(PS1+GT«0,09) GO TO 133

DOTHU( 1) =—0.004867%(0P(1-1)%G)%%(~1+/3.)%PS1*%(~0.,9485) *VOL#DDTOR
1({1-1)

DOTHU(NF )==0e004867¢({ OR2%G)¥$(—~1/3. ) *PSI %5 (-0.,9485) *VOL*DDTOR(NF}
GO TO 143

ODTHUCI)==~( 2473 )81 4703¢PSIS2(L.15149529)%(0P(I-1)%G)**(~1./3.)%
IVOL#DDTOR(1~1)
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DOTHUINF )=~(2¢/3¢)%1 4703 *PSI%¢(1.15149529)+(0R2%G)#%(~1+/3.)8VOL"
1IDDTOR(NF)
143 CONTINUE
DO 416 1=1,LL
ENPLL)=(VOL-HU(I) )*ECAP(I)}/HU(])
EMUCT)=(VOL-HU(I) )SEQAUCI)/7HU(I)
ENH2( I )=(VOL~-HU( L) )*EH2(I )/7HU(I)
ENH3I( I )=(VOL-HU{I))I*EH3(1)/7HU(])
416 CONTINUE
RETURN
END

CHEMICAL REACTION MATERIAL BALANCE EVALUATION SUBROUTINE

SUBROUTINE REACT(PAAPIA¢HNsHsNOI s HNO2yHZsFISsRXNI oRXN2,RXNIsRXNG
1o RXNSs K1 sK23K3 K3 KSeMe 1)

REAL TORsTAQ, OR1sORF,OR2 N8B8¢ NF oVOL » AQsOR

REAL PAA(23) oP3AL23) e HN{( 23) oHI{23) oNO3(23) s HNO2(23) »HZ(23)
1+ FIS(23)+sN0O30(23)

REAL Kl1+sK29K33K44KS

REAL RXNI1sRXN2 +sRXN3RXNARXNS

RXNI=K1®(HN(I) *%2) %2 (PAA(T1 ) %¥2) /7(P3A(1)282%(H(1)*%4)2(0.,19+NA3C(1))
1% %2)
RXN2=K4*PIA(I ) *HNO2(I ) *H{ I ) &NO3( 1)
RXN3=K3%P4A(]I)*HZ(1)
RXNA=KS*HZ ( I)*HNO2(T)*H (I D&H( 1)
RXNS=FIS(I)*HNO2(1)
IF(HN(I) ¢LE+0) RXNS=0
RETURN
END
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INPUT

7/G0+SYSIN DO

75040

INTERSTAGE TIME CONSTANT,
7500

*

DATA LISTED

1.0

x

FREQUENCY,

3.387

2

AMPL ITUDE

TIME INTERVAL FOR EULER'S INTERGATION

1.5

FEED STAGE,

.5 20

TOTAL STAGE NUMBER

FEED CONCENTRATION

0.0S

0.0122222
0.0122222

FLOW RATE AND FEED CONCENTRATIONS;
0.04832
COLUMN GEOMETRY:

0.07364%

5080423

16.

CCL4 PHYSICAL CONSTYANTIINTERFACIAL TENSION

DENSITY

S 0,011 1.0

0.01
AQUEOUS PHASE FLOW RATE

0.2

0.02

1459

0.4

0«2

0+02855

O.14

SPACINGs FREE AREA FRACTION

PEASE®*S ORIGINFL PROFILES CLOSE TO STEADY STATE
1.50800E-01i1i1'2.11100E~-04

1.49600E-03
1.42100E 00
3.14400E 00
1.49600E~03
1.42100E 00
3.14400E 00
5.18800E-03
1.44500E 00
2.65200E 00
1.43200E-02
1+.46000E 00
2.17400E 00
3.73400E~02
1399300 00

1.83700E€-10
6.81100E 00
1.50800€E-01
1¢83700E~10
6.81100E 00
1.49500E-01
2¢37200E-08
6.21800E 00
1.45200E-01
3.24900E-06
5371 00E 00
1¢31700€E-01
4,76500E~04%

2.28000€E-01
1.57400E~-01
2+11100E-04
2+28000E~-01
1+457400E-01

‘'9«60300E-04

2.28100E-01
1+45500E-01
3.38000E-03
2.29200€E~01
1+32400€-01
9.99000E-03
2¢39500E-01

6450900E-01
36 73800E~-02
9+15S00E 00
6. 50900E-01
3.73800E-02
9.15500E 00
7.66400E~-01
3.76700E-02
8. 89900E 00
7+51600E-01
3.87000E-02
8411900E 00
7. 06200E-01
4,16700E~-02

0.0064

FD1,ULV] )}F,HNO2F sFD2

PR

0.2

sVISCOSITYH20 DENSITY,

CCLa

——
E~3
o

v



1447500E 00
2¢30300E-02
1401 00E 00
1.72700E 0O
131 300E=-02
125400 00
1 78700€ 00
$.46 700E-03
1.08000E 00
1.S7700E 00
9+02300E~04
8.932300E~01
1.12200E 00
531 600E~05
7.66800E-01
7«43300E~-01
0.0

T« 04700E-01
S+80500E~01
9.22000E-08
6¢78500E~- 01
S17200E-01
0.0

6 +.67500E~01
4.91600E-01
1.08900E-10
6.63000E-01
4.81100E-01
0.0

6+61100E-01
476 7T00E-~Q1
Te32600E-~13
6¢60300E-01
4,74900E~-01
4+65100E~-13
6.59900E~01

‘j o o .y, 2,
fﬁ ! gﬁi'ﬁﬁ'i' EIOY 0 s o e

4.16700E 00
1¢15100E~01
1.13200€~04
4.14600€ 00
8+53000E~02
3.42100E-05
3.88600E 00
5¢32400E~-02
1. 248400E-05
3.46400E 00
2.12700E-02
5.28400E-06
2.76900E 00
3.76500E-03
2.52600€6-06
2.16500E 00
7.05000E~04
1.284006~06
1.88700E 00
8.80600E-05
6. 70900E-07
1. 77300E 00
1.14300E-05
3.53900E~07
1. 72500E 00
4,35800E~06
1.87400E-07
1. T0S00E 00
4,33800E-06
9.94600E-08
1.69700E 00
4.33800E-06
5.28100E-08
1.69300E 00
4.34100E-06
2.81300E-08

i

1410600E-01
101100E-02
3.03800E-01
1420100E~-01
1.10900E-02
3,29800E-01
1.28100E-01
3.50700E~-01
1+33200€-01
1+70200E~02
3.71700E-01
1¢31300E-01
2.28100E-02
3,83700E~01
1.24000E~01
2.60700E~02
3.85900E-01
1+19000E-01
2.79400E-02
3.86400E-01
1.16600E-01
2.88000E-02
3.86400E-01
1.15500£~-01
2.91700E-02
3.86400E-01
1+15000E-01
2+93300E~02
3.86500E-01
1.14800E-01
2.93900E-02
3.86500E-01
1+14700E~01
2+94000E~02
3.86500E~01

6. BB00O0OE 00
6.51800E~01}
4,55500E-02
7.38200E 00
64 02200E~-01
4,79000E-02
8. 08500€ 00
$.27700E-01
4, 92700E-02
8.87400E 00
4,29600E~01
4. 58500E~02
9.55400E 00
3+32300E-01
4.99500E-02
9+96600E 00
2.67200E-01
4499500E-02
1.01500€ 01
2+ 36200E-01
4+99500E-02
102200 01
223400E-01
4,99500E-02
1.02500E 01
218100E-01
4.99500E~02
102700 01
2.15900E-01
40 99500E-02
1402700 01
24 15000E-01
4+ 99500E-02
1.0270QE O1
2.14600E-01
4. 99500E~02
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