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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 pulse column. 

Although there are many conflicting correlations of these variables as a 

function of column geometry, operating conditions, and physical properties 

of the liquid 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 

model and the experimental data. 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 

i^illhem 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 liquid 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-

unn and thus permitted easier maintenance of the pulse generator since it 

was in an area of low level radioactivity. 
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The pulse column as we know it today uses the idea of pulsing the 

liquids 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 (45) 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 

vfalues 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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Figure 1. Diagram of perforated plate pulse column. 
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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 

line marked "pulse volume velocity," the pulsation applied to the column 

is 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 

so the area is called the "emulsion region." 

Increasing the pulse frequency still further causes the dispersion to 

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

appear and local flooding, or reversal of the dispersion, 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 

well-defined. 

The flooding curve which separates regions D and E represents the 

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 

not too little pulsation but too much oulsation. Hindered settling has 

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

• 
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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 

'oles in the perforated plates on an upstroke of the pulse generator. 

Liquid jets issuing from the plate perforations constitute a kind of 
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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

sion 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 ooint. 

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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(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 

Investigator 

Arthayukti 
et al. (2) 

Bell and 
Babb (3) 

Biery (4) 

Cohen and 
Beyer (11) 

Eguchi and 
Nagata (15) 

Kagan et al. 
(25) 

Miyauchi and 
Oya (36) 

Sato et al. 
(45) 

Sehmel and 
Babb (47) 

Dt 
cm 

5.0 

5.08 

7.62 

2.54 

5.8 

5.6 

3.2 
5.4 

3.5 

5.05 

Col 

Ht 
m 

2.0 

6.1 

4.0 

3.7 
7.8 
8.6 

0.69 

2.2 

jmn geometry 

Sp 
cm 

5.0 

5.59 

5.71 

5.08 

5.2 

5.0 

1.0 

10.0 

2.5 

7.0 

5.03 

cm 

0.2 

0.32 

0.16 

0.32 

0.15 

0.2 

0.15 

0.30 

0.1 

0.33 

0.32 

s 

0.2 

0.23 

0.23 

0.09 

0.08 

0.08 

0.09 

0.19 

0.081 

0.23 

Operating variables 

A f Fc Fd 
cm/ eye/ cm/ cm/ 
eye see sec sec 

1.0 

0 

12.7 

0.3 

3.6 

0.38 

1.14 

0.1 

0.85 

0.5 

1.5 

0 

1.5 

0.6 

2.0 

0.64 

5.2 

2.0 

9.0 

0.3 

3.3 

0.4 

3.5 

0.28 

1.2 

0.5 
'\i 

3.3 

0.8 

1.67 

0.4 

3.0 

0.3 

3.3 

0.3 

3.5 

0.014 

0.042 

0 

0.54 

0.1 
a. 
0.2 

0.03 

0.16 

0.14 

0.44 

0.15 
'\i 

0.5 

0.03 

0.27 

0.1 

1.0 

0 

0.43 

0.014 

0.042 

0.12 

0.58 

0.25 

0.45 

0.03 
'\i 

0.16 

0.18 

0.38 

0.3 

1.0 

0.03 

0.26 

0.1 

0.5 

0.174 

0.43 

•.i«W|»Sj»BJ«»<^«J»S 
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System 
H2O 
and Method of measurement 

Ed 
range 

CCli» Draining the column and 
measuring the volume 

M.I.B.K. Shutter plate technique 
Hexane 

50% TBP Suddenly stopped and meas-
kerosene ured the dispersed phase 

layer height on each stage 

Isoamyl Draining to a graduated 
alcohol cylinder and measured 

Ketone Not mentioned 

Kerosene Not mentioned 

M.I.B.K. Measured volumetrically by closing 
all inlet and outlet at upper dis­
engaging section 

M.I.B.K. Not mentioned 

0.01 

0.12 

0.01 

0.08 

0.08 

0.25 

0.1 

0.26 

0.03 

0.15 

0.03 

0.21 

0.005 

0.34 

0.025 

0.23 

Hexane Closed inlet and outlet valve and 0.02 
Benzene measure the ratio at contacting '^ 
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 results 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 

small droplets increase the interphase mass transfer contact area. Also, 
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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, K -iT, 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. 

d^X dX _ * 
E^ -r^ - ^ 7?7^ - KAK - K) c QU- C dZ oc c c 

d^X, dX, _ ^ 
^A -ATT- - ^A-AT--^ K a(X^ - X^) d dZ^ d dZ DC c c 

= 0 

= 0 

(1) 

(2) 
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Figure 4. Concentration profiles in the column, 
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(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 radioactive 

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: 

fci » (1) Steady state method -̂  

» The tracer is injected continuously into the column and the steady 
t 

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 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 
I 

1 

*i 

*' 

l< 

1-4 
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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: 

Aa^ = al - a! = 2/P.B = 2E./F.H^ (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) It 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 

droplets. 

(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 



17 

been identified by various names in the literature. 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 limit 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

fer coefficient. This is discussed briefly but is largely considered 

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 pulse 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 to 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 

7 = F^cj (4) 

The velocity of the dispersed phase relative to the moving continuous 

phase was written as 

\ - V^d ^ V<^ - d̂̂  ^5) 

Then, 7 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 d is 

7^ = 2 d'p g (p^ - p̂ )(J,(l - ej)/36p^ (6) 

where (j)(l - e.) is a function of holdup which allows for the effect of 

adjacent drops on one another. The value of p is 

Pm = ^d^d ^ (̂  - ^d^Pc ^7^ 

Using this definition. Equation 6 becomes 

7^ = 2dp g (p^ - p^)(l - e^)*(l - E:j)/36y^ = 7^(1 - ê )0,(l - e^) (8) 

where 7 is the mean Stokes law velocity of isolated droplets. Confining 

Equations (5) and (8) gives 

V ^ d ' V^^ - d̂̂  = 0̂̂ 1 - d̂̂ *̂ i - d̂) (9) 

When data were plotted as 

V^d^^ • d̂̂  ^ V^^ • d̂̂ ' ^̂ * ^̂  " d̂̂  



20 

the result was a straight line, indicating that <{)(1 - e.) was a constant. 

When F = 0 and F . approaches zero then (1 - e.) approaches 1.0. Under 

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

effect upon one another and {{((I - EJ) is unity so that 

7^ = lim (F ./e.) (10) 
° F^-^ 0 ^ ° 

e ^ - 0 

Thus the term 7 is 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, 

F^Me^/(l -Ed̂ )Fc = W ^ -̂ d̂  ^̂ ^̂  

If 7 , the characteristic velocity, is known, then Equation (11) can 

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. To do this one differentiates Equation (9) with respect to e. 

first considering F. as the dependent variable and then considering F as 

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

obtain 

fdf = 2 Vdffi - -df> (12) 

fcf = %'l - 41(1 - 2e^f) (13) 

The f subscript indicates flooding since at the upper flooding point 

dF ./de. = 0 and dF /de . = 0. Combining Equation (12) and (13) gives the 

holdup at flooding 

e^^ = 2/(3 + (1 + 8F^.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 

F -J and F.^ so obtained, he computed E.- from Equation (14). This value 
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of CJ^C, along with the values of F ^ and F .̂ , were then substituted into 

Equation (9) to find 7 , the characteristic velocity. In principle v^ 

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

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

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 

available 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 

e^ = 0.23 (F^/Af)''-«(1/(1 + FyF^.)"'") (15) 

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

form 

e^ = 0.23 (Fj/Af)'»-« (16) 

and if F. is very small, EJ 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-settler type operation. It thus appears that the 

work was done at low pulse amplitude and frequency. However, the fact 

that e. 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 pulse columns. The second major effort was carried out 

by Babb and his students at the University of Washington (Seattle). In 

the first of a series of papers, Sehmel and Babb (47) reported on their 

holdup studies using a 2 inch diameter oulse 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 local holdup for about seven to eleven plates above the inlet 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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f^ = 40(0.3 + 9 X lO-VjjYAp - In 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 

amplitude-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 

^d " V^^'^^"^^ "̂  ̂ -̂̂ ^ ^ ^ ° " ^ "̂  ̂ '^^ ^ 10-'F^)(Af - K z ) ^ (18) 

where the ratio F ./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 

\ = V ^ d ' V ^ i - d̂̂  1̂9̂  

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

material balance for de./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)„< 1.3F^«'-^2Sp-''-"D^-°-" 

e^ = 0.52(Af/Fj)-°-Ml + ?^/f^)-'''S^''•%-'''' (20) 

This equation is very similar to that of Eguchi and Nagata. It shows that 
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the holdup w i l l decrease w i th an increase in pulse volume ve loc i ty ( A f ) , 

but i t also includes a funct ional dependence on plate spacing and hole 

diameter. In the m ixe r -se t t l e r region the equation predicts that holdup 

varies inversely w i th p late spacing and hole diameter. 

For operation i n the t r a n s i t i o n reg ion, the pulse volume ve loc i t y 

range and holdup cor re la t ion were given as 

l .SF .o - ^SP 'o - ^ZDh" " * ' ' < (A f ) ^ < 0 . 8 F . ° - " S o-ssn -0.37 
d " — T — d p h 

e^ = 0.42 Af F^O'^Ml + FyF^, ) - ' ' - 'Sp- ' ' -«»Dj , ' ' - " (21) 

From t h e i r experimental data p l o t there is a minimum point of holdup at 

the t r a n s i t i o n reg ion. 

For emulsion operation reg ion, the corresponding pulse volume v e l o c i ­

ty and holdup co r re la t i on were 

(Af)^ > 0 . 8 F . ° ' " S 0-350 0.37 
*.i I E - d p h 

^ ^ c^ = 0 . 5 4 ( A f ) - M l + F ^ F ^ ) — S p - ^ - D ^ o . a s (22) 

»-i This equation shows that the holdup in the emulsion region will increase 
I ! I linearly with an increase of pulse velocity. The larger exponent on the 

y. pulse volume velocity term (2.4) indicates that holdup is very sensitive 

[ j to the energy input into the column. 
* ? i 

I •, , 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 

Ii i 
the "characteristic velocity" concept introduced by Thornton, but found 

•n t 
f~| I that at high pulsation the correlation so obtained diverged significantly 
.*i 

f? ! 
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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 

dp = 1.73 X ^0-\{yX^p/Mn°'' (23) 

where 

X„ = (uJ/P?P„)^ (24) 

The variable p 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 

PQ = (Af)V(B^ X S^) (25) 

where 

Be = sV(l - s)(l - s^) (26) 

The droplets of dispersed phase of mean diameter d were considered to 

move at a terminal velocity relative to the continuous phase of 

"t = V ^ d ̂  ̂ /(l - ̂ d^ ^27) 

where the terminal velocity was represented by spheres travelling freely 

through a continuous medium, given by the equation 

u^ = (4 g dpAp/3 f^p^)^ (28) 

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

correlation of the form 
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e^ = 0.66F^2/V*"* 'l̂  < 0-21 (29) 

e^ = 6.32Fĵ /̂ i|;2''* ^ > 0.30 (30) 

4^= ((Af)/(B^ Sp)^/^)(y//YAp)^/'» (31) 

The semi-theoretical derivation shows that e. should be a function of F^, 

but the data were fit best by using F.^/^. 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 

using the system CCK-HzO. The dispersed phase flow rate used was low 

compared with other investigators and the pulse velocity was high. The 
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holdup 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 

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 

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

work. 

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

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

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 

"lost important variables were continuous phase flow rate and pulse ampli­

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

.̂  

Investigator 

Burger and 
Swift (8) 

Mar and 
Babb (29) 

Eguchi and 
Nagata (15) 

Kagan et al. 
(25) 

Kagan et al. 
(26) 

Sehmel and 
Babb (48) 

Miyauchi 
and Oya 
(36) 

Rozen et al. 
(44) 

Smoot and 
Babb (52) 

Arthayukti 
et al. (2) 

Dt 
cm 

5.08 

5.08 

5.8 

5.6 

5.6 
30.0 

5.1 

3.2 
5.4 

10 

5.08 

5.0 

Columr 

Ht 
cm 

70 

153 

55 

400 

-

220 

37 

86 

160 

122 

200 

I geometry 

Sp 
cm 

2.54 
5.08 

7.6 
15.2 

5.2 

5.0 

5 

15 

5.0 

10 

100 

3.75 

8.0 

0.18 
0.13 

5.0 

Dh 
cm 

0.32 

0.16 
0.32 

0.15 

0.2 

0.2 

0.3 

0.15 

0.3 

0.15 
to 
0.5 

0.01 

0.2 

s 

0.25 

0.23 

0.08 

0.08 

0.08 

0.2 

0.09 

0.2 

0.1 
to 
0.32 

0.23 

0.2 

Operating 

A 
cm/ 
eye 

1.3 

2.9 

1.3 

2.5 

0.1 

0.9 

0.5 

1.5 

0 

2.4 

0.6 

5.2 

0 

1.5 

1.45 

2.0 

1.28 

2.54 

2 

4.1 

f 
eye/ 
sec 

1.2 

1.5 

0.5 

1.0 

0.5 

3.3 

0.3 

2.5 

0 

2.5 

0.3 

2.5 

0.4 

3.0 

1.0 

1.0 

3.0 

9.0 

0.9 

2.1 

variabl 

fc 
cm/ 
sec 

0.07 

0.33 

0.17 

0.6 

0.1 

0.4 

0.7 

0.1 

0.5 

0.1 

0.4 

-

0.14 

0.23 

0.58 

0.57 

les 

N 
cm/ 
sec 

0.5 

0.7 

0.25 

0.41 

0.2 

0.4 

0.2 

0.5 

0.1 

0.4 

-

0.14 

0.23 

0.6 

0.01 
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System Method of analysis 

Suoersol Tracer: MnSO., steady 
H^O state technique 

Hexane Tracer: Fe(N03)3, 
Benzene steady state 
CCU; H2O technique 

Tracer: acetone acid, 
steady state technique Ketone 

H2O 

Kerosene 
CCU 
H2O 

ecu 
H2O 

Hexane 
Benzene 
MIBK 

MIBK 
H2O 

Kerosene 
H2O 

MIBK 
1,1,2-C2 
HCI3, H2O 

CCLw 
H2O 

Tracer: dye stuff 
steady state and pulse 
input of dye tracer 

Tracer: methyl blue 
dye and KCl, impulse 
method 

Tracer: CuSO^, steady 
state technique 

Tracer: red color dye 
stuff, impulse tech­
nique 

Tracer: methyl blue 
and Sudan brown, im­
pulse method 

Tracer: acetic acid, 
acetone steady state 
technique 

Tracer: ICH2CH3 or 
Nal, two detection 
point technique 

Range 

^c 
cmV 
sec 

6.17 
to 

11.18 

1.29 
to 

10.32 

0.4 
to 

6.0 

7.0 
to 

18.0 

2.0 
to 

15.0 

0.57 
to 

2.6 

0.3 
to 

12.0 

3.0 
to 

18.0 

0.7 
to 

2.6 

No 

t 

Ed 
cmV 
sec 

No 

No 

No 

No 

No 

No 

0.3 
to 

2.0 

9.0 
to 

35.0 

0 
to 

0.99 

0.9 
to 

2.1 
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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, 

£ = 1 ( 5 0 . 68^0 . 07f0 . 36p 0 • 3Q 0-3 y C t a / Z p 0 • <> SyO • 0 S \ / g o ) 

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-

I I 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 

am* dispersion coefficient on pulse frequency and pulse amplitude is too small 

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

E^ = 1.2 X 10^(A^-2f^-^5)/p^i.^ (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 equations presented were 

E = 4.18 - 1.64 X 10~^xF^(f - f^)^ + 0.19Ap (f<fM; mixer-settler 
C C n n 

operation) (34) 

E = 6.97 - 9.08 X 10"^ x F (f - f^)^ + 0.166Ap - 4.8 a + 2.49 a^ 
C C n 

(f > f..|; 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 

amplitude. 

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 

I 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/P^B)d\/dl' - dX^/dZ - NQ^(X^ - X^*) = 0 (36) 

(l/P^B)d2x^/dZ2 - dX^/dZ + NQ^(X^ - X^*) = 0 (37) 

where N . = K . iTH./F. (overall number of transfer unit); i = c,d and 
01 01 t 1 

then a finite difference approximation of Equation (36) using central 

^̂  * order differences as 

t (l/P,B)(X^_,„-2X^_>X^_,.,)/(«)'-(X^^.„-X^_,.,)/2iZ=N„^(X^^^-X^_,) 

kii 

' -^^c, i+r^c, i- l^/^^^=^oc^^c, i-*c, i^ 

(38) 

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

1 i ] j , of a stagewise model as 

(1 * "c'Cc.i-l - " d ' - "ct '̂c.i - "c.i. l ' = W d - < . l ' ('«' 

.,: .. (1 * "d'^d.l - "d.Ull - °'d(''d.l-l - "d.l' - NodO ĉl - < . i ' t"") 

where a. = ̂ J^ii N .Q = K . ¥ S /F. (single stage number of transfer 

. ; i unit). 

I i 1 Upon examining Equations (38) and (39) they noted that, if the number 

.1 I 

M i 

of stages to which Equation (39) applied became large, then Equation (36) 

tended to approach Equation (38). Specifically, if the difference 

mmmmmn^smma^^^Trm 
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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/P^B+l/2)(X^_,.,-X^_,)-(n/P^B-l/2)(X^_,-X^_,„)=N„,0(X,,,-X;_,) (41) 

and Equation (41) would be the same as Equation (36) if the following re­

lation were satisfied: 

1/P B = l/2n + a /n (42) 
c c 

Then, in the limit as n becomes very large, 

limit (P B) = n/â . (43) 
n -> 00 

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.B = l/2(n - l)f^ + a./(n - l)f.̂  (44) 

where f- is a function of the extraction factor A = E„F^/F.. They found 
T X c d 

that for (Aa + a.) > 0.5 the value of fj 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 variables. 
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1 < N„^ < ~ oc 

0.56 < (Act̂  + a^) < 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 fj were 

set equal to 1.0 in the same calculations, agreement to within 10% was 

obtained. At increasing n, a., and N 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 

F. = 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 3 normally has a value between one and 

two and whose value can be obtained from the correlation 

B = 0.57 (0^2 Sp)i/V(Dj,s) (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/P.B = l/(2Bn - 2) + a./n (47) 

Final ly, for column operation in the "emulsion" region the backmixing 

coeff icient can, i f the assumption of Equation (45) is accepted, be 

written as 

a. = F./F. = Afe./F. (48) 

which is physically the volume of phase i moved by the pulse generator 

divided by the flow rate of phase i. Substituting P.B = H.̂  ^i^^i ' 

n Sp F./E., where Sp is the height of an individual stage and H^ is the 

column height, gives 

E./(Afe. Sp) = (l/a.)(l/(2B - 2/n)) + 1/3 (49) 

If one neglects the term 2/n, which is usually very small, and plots 

Equation (49) with Equation (46) substituted for B, then measured values 

of the longitudinal dispersion coefficient should fall on the line repre-
1 

sented by the equation. 

! 
I Miyauchi and Oya (36) have done this and found good agreement for 

I 
, pulse columns. Now, the important result of their work is that, if 
I 
! 

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 E. obtained by stand­

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

I 
relation (49) holds, then a. can be computed from Equation (48) which 

1 ' 

I involves only pulse amplitude, pulse frequency, holdup fraction and super-

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

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

tatively. They tested the validity of Equation (49) for both phases in the 

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 

1̂ . I 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 
I 

,it4 • 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, E , 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 E 
c 

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 E varied linearly with the expression (Af + F ) , 

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 + F ) 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 E was fitted to the equation 

E^ = 0.49 S_°*^^(Af + F^) (50) 

which held for single phase flow over the entire range of their experi­

mental data and, for (Af + F ) > 1.8 em/see, it also fit their data for 

the continuous phase in two-phase flow. Now, Miyauchi's equation for the 

longitudinal dispersion coefficient is 

^c '̂  ̂ ( ^ ^ Spe^)/B)(l + F^/(2Afe^) (51) 

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

E^ = (Sp/B)(Afe^ + 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 F is 0.1-0.2 cm/sec. In other words, (Af) is about 10 

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

E = 0.49 Af S »-75 (53) 

c P 

And Miyauchi's equation is 

Ê  = (e^/3) Af Sp (54) 

So the basic structure of the two correlations is consistent. Further, e^ 

has a value of 0.8 to 0.9, while 3, according to Miyauchi should be be­

tween 1 and 2. Therefore, e /3 should be approximately 0.85/3. So for a 

2 inch plate spacing the two approximate equations would be 

E =1.69 Af (Kagan) (55) 

E = (4.32/3) Af (Miyauchi) (56) 
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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 is 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 ij; is in the range of 0.1 to 0.3. This parameter 

{^) is a measure of the column geometry, pulsing conditions, and physical 

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

t|̂ = ((Af/(a S)^/')(V/TAP)'/'* (31) 
c P " 

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 

wero de<;1nned from the same data. The information Wfis obtainpd from the 
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Table 3. Comparison of hold-up correlations with experimental data from various Investigators 
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Table 4. Design and operating parameters of purex pulse columns at the Hanford plant' 

Column 
type 

HA,1A,2P 

HC,2E 

10 
1BX 
IBS 

22 

Active height 
(ft) 

13.5 (Extr.) 
13.2 (Scrub) 

IS.O 

18.0 

28.0 

13.3 

:i 

Inside diameter 
(In) 

24 (Extr.) 
32 (Scrub) 

34 
34 

27 

8 

7 

taplitude 
(In) 

1 1 (Extr.) 
0.6 (scrub) 

0.53 

0.53 

0.84 

0.84 

1.1 

Frequency 
(cyc/mln) 

40-50 

40-50 

40-50 

40-50 

40-50 

40-50 

Disp. phase flow 
(gal/hr-UM 

375 (0) 
210 (0) 

330 (A) 

330 (A) 

355 (0) 

550 (0) 

160 (0) 

Cont. phase flow 
gal/hr-ft' 

155 (A) 
30 (A) 

180 (0) 

220 (0) 

25 (A) 

275 (A) 

90 (A) 

Direction of 
transfer 

A 
0 

0 
0 
0 

A 

0 

0 
A 
A 

A 
A 

0 
A 

Flow rate 
ratio'' 

2.42 
0.14 

1.83 

1.50 

0.07 

2.00 

0 56 

Volume velocity 
gal/hr-ft' 

530 
240 

510 
550 
330 
820 
250 

Cartridge 
type 

Standard' 

Fluorothene 

Fluorothene 

standard 

Standard 

Staida-i 

'From information contained In HW-31000 (Del.), "Purex Technical tianual" (41). 

Based on direction of transfer. 

''THO inch plate spacing, one-eighth Inch holes, 23 percent free area, stainless steel. 

Four inch plate spacing, three-sixteenths inch holes, 23 percent free area, fluorothene. 



45 

Table 5. Parameters f o r Purex p lant columns using Miyauchi's cor re la t ions 

Hold-up c c 
Column f r ac t i on c d 

type ijj Ej ( f t V h r ) ( f t V h r ) a^ a^ 

HA,1A,2D 

Extract 

Scrub 

HC,2E 

10 

IBX 

IBS 

28 

0.277 

0.151 

0.112 

0.112 

0.211 

0.211 

0.277 

0.163 

0.052 

0.055 

0.055 

0.082 

0.110 

0.093 

3.29^ 

1.62 

3.56 

4.24 

2.39 

5.87 

7.93 

0.98^ 
0.26 

0.81 

0.95 

0.53 

1.81 

1.16 

9.99^ 

31.92 

4.69 

3.83 

51.89 

4.57 

18.67 

0.81 

0.25 

0.15 

0.15 

0.33 

0.28 

1.07 

^Multiply by 0.259 to convert to cm^/sec. 

Backmixing coefficient, defined as backflow over main flow, F'-/F.. 

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 IBS scrub column is only 2 inches). Thus, in 

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

lated from the correlation of Miyauchi and Oya (36). Notice that, for ac­

tual plant columns, the values of i|; 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 i|j. 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 frequencies, and 

amplitude-frequency products were similar to those used commercially and 

third, their dispersed phase flow rates (in gal/hr-ft^) 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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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 

(in/min) 

32.3 

35.4 

38.3 

41.3 

44.1 

47.2 

53.2 

59.1 

35.4 

41.3 

47.2 

29.5 

32.4 

•̂ c 
(ga l /hr - f t^ ) 

82.3 

82.3 

82.3 

83.2 

83.2 

83.2 

83.2 

83.2 

104.4 

104.4 

125 

125 

125 

•̂d 
(ga l /h r - f t ^ ) 

438 

438 

438 

438 

438 

438 

438 

438 

547 

547 

547 

658 

658 

Holdup 

(experimental) 

.143 

.153 

.154 

.159 

.172 

.191 

.227 

.310 

.182 

.229 

.362 

.232 

.257 

Holdup^ 

(calculated) 

.139 

.151 

.164 

.178 

.192 

.208 

.248 

.328 

.203 

.248 

.323 

.209 

.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 limit 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 

Cj = 0.66 F^2/3^o.8i, ^ < 0.21 (29) 

e^ = 6.32 F^^/^^-" ij; > 0.21 (30) 

where 

^ = (Af/6^ Sp)^/'(y5/YAp)^/- (31) 

In the mixer-settler region (i|; < 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 

\li is in the range of 0.1 to 0.3 as discussed previously, but at higher val­

ues of Tp 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 ^p will 



Table 7. Comparison with Miyauchi's correlation of holdup with experimental data at low effective 
velocity (Af + F.)^ 

Operating 

f A 

eye/ 
sec 

0.367 

0.5 

0.33 

1.13 

0.33 

0.33 

0.67 

0.3 

cm/ 
sec 

1.27 

1.27 

0.635 

0.635 

2.54 

2.54 

2.54 

1.0 

variable 

^ Fd 
cm/ 
see 

0.261 

11 

I I 

11 

0.183 

11 

II 

0.2 

em/ 
sec 

0.261 

M 

II 

M 

0.245 

0.576 

0.446 

0.2 

Dt 
cm 

5.05 

II 

•1 

II 

5.08 

II 

II 

5.8 

Pulse column 

Geometry 

em 

5.029 

II 

II 

II 

5.59 

II 

II 

5.2 

Dh 
cm 

-

0.15 

s 

0.23 

II 

II 

II 

0.23 

II 

II 

0.081 

System 

Hexane 
H2O 
II 

MIBK 
H2O 

II 

Hexane 
H2O 
II 

II 

Ketone 
H2O 

Experimental 

A 

0.1 

0.07 

O.n 

0.045 

B 

0.068 

0.12 

0.06 

data"^ 

C 

0.09 

^ 

0.0183 

0.025 

0.0181 

0.0621 

0.0318 

0.0321 

0.0647 

0.048 

c 
^d 

0.009 

0.012 

0.009 

0.026 

0.014 

0.025 

0.038 

0.017 

d 
^d 

0.132 

0.099 

0.134 

0.0415 

0.075 

0.132 

0.0572 

0.045 

% < 0.09, proposed correlation is: t^ = 0.0073 F^^' ^-0.9485 

A = Sehmel and Babb; B - Bell and Babb; C - Eguchi and Nagata. 

^e^ evaluated by using Miyauchi's correlation. 

Ejj evaluated by using proposed correlation. 

tn 
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Table 8. Comparison with Miyauchi's correlation of holduo with experi­
mental data at high effective velocity (Af + F^)^ 

f 

eye/sec 

3 

5.89 

4.95 

4.125 

2.475 

2 

1 

1 

1 

Operating 

A 

cm/cyc 

2.54 

3.175 
I I 

I I 

I I 

1.5 

7.2 

8.4 

8.8 

variables 

fc 
cm/sec 

0.183 

0.251 
I I 

I I 

I I 

0.3 

0.014 
I I 

I I 

fd 
cm/sec 

0.446 

0.239 
I I 

I I 

I I 

0.3 

0.042 
I I 

I I 

" t 
cm 

5.08 
It 

I I 

I I 

I I 

3.5 

5.0 
I I 

I I 

cm 

5.59 
I I 

I I 

I I 

I I 

5.0 

5.0 
I I 

I I 

Geometry 

\ 
cm 

0.3175 
I I 

I I 

I I 

I I 

-

-

-

-

s 

0.23 
I I 

I I 

I I 

I I 

0.081 

0.2 
I I 

I I 

^Proposed correlation for i|; > 0.3, ê  = 1.058 F̂ ^̂ ^ ^iP'^^^. 

^A - Bell and Babb (3 ) , B - Sato et a l . (45), C - Arthayukti 
et a l . (2) . 

^E, evaluated by using Miyauchi's correlation. 

e. evaluated by using proposed correlat ion. 
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System 

MIBK-H2O 
I I 

I I 

II 

11 

II 

CCU-H2O 
M 

II 

Experi 

A 

0.58 

0.48 

0.29 

0.18 

0.09 

mental 

by 
B 

0.15 

data'' 

0 

0 

0 

c 

058 

12 

.11 

^ 

Miyauchi 

0.64 

1.56 

1.31 

1.1 

0.66 

0.56 

0.85 

0.99 

1.032 

^d^ 

1.26 

7.1 

4.7 

3.01 

0.88 

0.71 

0.51 

0.74 

0.82 

^d^ 

0.42 

0.59 

0.51 

0.44 

0.28 

0.28 

0.11 

0.13 

0.13 
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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 iĵ  

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 i|> 

equal to 0.09. By checking these equations on Figure 6 with the experl-

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

follows: 

r : 

m» 
r; 

• 
U 
•«» 

t 
t 

% 

U 
1 
f 



55 

e^ = 0.0073 F^V^^j-o-a-es (^ < o.09, a = 0.218) (57) 

e^ = 1.4703 F j ^ / ^ ^ - ^ ' ^ ' (0.09 < ij; < 0.3, a = 0.177) (58) 

e^ = 1.058 F^^/^°-^^^ (iji > 0.3, o = 0.249) (59) 

The equation for ip > 0.3 shown in Figure 5 has a lower slope than 

Miyauchi's p lo t , hence this w i l l correct the holdup calculated from the 

modified holdup correlation and also evaluated from the original correla­

t ion 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 l i t t l e higher than 

«% the value calculated by using Miyauchi's correlat ion. This f i t s the 

holdup range as reported by Rouyer et a l . (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). I t 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 i f redistr ibutor plates are employed. 

P 

i S ^ 
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Table 9. Modified correlation comparison with Biery's experimental data' 

Biery's 
run 
No. 

4 

9 

11 

12 

14 

15 

18 

20 

21 

f 

eye/sec 

0.433 

0.317 

0.4 

3.5 

0.733 

0.733 

0.733 

0.8 

0.6 

Operating 

A 

cm/cyc 

3.53 

2.69 

0.864 

0.305 

2.54 

2.54 

2.54 

2.62 

2.62 

variables 

fc 
cm/see 

0.174 

0.186 

0.191 

0.185 

0.098 

0.1 

0.19 

0.176 

0.172 

^d 
cm/sec 

0.45 

0.45 

0.44 

0.25 

0.437 

0.45 

0.45 

0.45 

0.45 

Biery's 
experimental 

data 

0.21 

0.14 

0.24 

0.13 

0.08 

0.15 

0.15 

0.19 

0.15 

^ 

0.276 

0.138 

0.056 

0.173 

0.302 

0.302 

0.302 

0.34 

0.255 

Miyauchi's 
Correlation 

Ed 

0.17 

0.07 

0.03 

0.06 

0.21 

0.21 

0.21 

0.28 

0.14 

Proposed 
correlation 

Ed 

0.20 

0.09 

0.07 

0.08 

0.22 

0.22 

0.22 

0.24 

0.18 

(1) 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-HaO, p = 0.89 g/cm', y^ = 0.17 cp, y = 10.5 
dyne/cm, p = 1.034 g/cm'. d 

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

Column 
type 

HA,1A,2D 

HA,1A,2D 

HC,2E 

IC 

IBX 

IBS 

23 

Di ameter 

em 

60.96 

81.28 

86.36 

86.36 

68.58 

20.32 

17.78 

Amplitude 

em/eye 

2.79 

1.52 

1.35 

1.35 

2.13 

2.13 

2.79 

Frequency 

cyc/sec 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

cm/sec 

0.18 

0.03 

0.20 

0.25 

0.03 

0.31 

0.10 

cm/sec 

0.42 

0.24 

0.37 

0.37 

0.40 

0.62 

0.18 

I* 

0.28 

0.15 

0.11 

0.11 

0.21 

0.21 

0.28 

Ed by 
Miyauchi's 
correlation 

0.16 

0.05 

0.05 

0.05 

0.08 

0.11 

0.09 

Cfj by new 
correlation 

0.19 

0.06 

0.06 

0.06 

0.13 

0.18 

0.11 

»̂i 

\ 
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Table 11. Comparison of similar condition from Rouyer's et a l . (43) 
data and from Purex plant data 

Af Fc Fd D̂  

(in/min) (gal/hr ft^) (gal/hr ft^) ^d (inch) 

Rouyer's experi­
mental data 35.4 104.4 547.0 0.182 4 

Proposed correla­
tion evaluated 
HW-31000 IBS 
column result 37.8 275 550.0 0.179 8 

1 
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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+ F ) greater 

than 1.8 cm/sec and Rozen's correlation appeared to yield coefficients too 

high to fit the experimental data of other investigators (see Table 12). Also 

it was correlated from his own experimental data only. Miyauchi correlated 

continuous phase backmixing by using his own data plus some from Eguchi 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 

E^ = 1.3073 (Sp/nJ2/MD^/-.)(Af6:^ + F̂ ./2) (o = 3.4) ((.0) 

The physical constant also corrected as 

3 = 0.765 (D̂ =̂  Sp)'/3(s/Dj^) (61) 

Miyauchi's continuous phase backmixing correlation is 

E^ = 1.75 (Sp/DpV3(D^s)(Afe:^ + F^/2) (62) 
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Tablel2. Comparison of Ec correlations with experimt-ntal data from 
various investigators 

Colian gconetry 

"t 5 , \ ' 
cn CB Oi oa 

S.08 S.OS O.X 0.3 

• « « M 

2 . M • 

5.09 5.6 0.16 " 

> N H •• 

m m m u 

30 10 0.21 " 

a a N M 

$.6 5 

10 15 0.5 0.05 

M N M N 

5.05 5.03 0.32 0.11 

. . . . 

'Dispersed phase 
physical properties: 
(continuous phase Is 
water) 

''EiperlaenUI E^ 

s 

0.25 

" 
M 

0.23 

• 

" 

0.09 

-

" 

0.32 

0.1 

0.23 

• 

Operating «artaP1« 

A 

cyc/sec 

2.66 

-
-

2.54 

1.28 

2.54 

1.19 

1.49 

1.23 

2.0 

2.0 

0.64 

2.54 

f 

CK/cyc 

1.17 

1.5 

1.17 

-

0.5 

0.81 

1.67 

" 

• 

1.0 

1.0 

0.67 

1.75 

fc 
cn/sec 

0.27 

0.28 

0.33 

0.23 

0.36 

0.23 

0.22 

-

0.34 

0.14 

" 

0.26 

0.44 

T "d 
dyne/cn g/cia* 

301 Supersol 44.0 0.754 

MIBK 

CC1 . 
Kerosene 

Benzene 

Hexane 

data. 

9.8 

12.0 

25.0 

34.28 
38.7 

0.81 

1.595 

0.74 

0.97 

0.65 

fd 
c«/soc 

0.5 

" 
0.64 

0 36 

0.23 

-

0.22 

• 

0.34 

0.14 

-

0.?6 

0.44 

"d 
poKe 

0.01)9 

0.005 

0.015 

0.014 

0.006 

0.003 

System'' 

30X 
Supersol 

" 
a 

HIBK 

m 

* 

CCI, 

* 

• 

Kerosene 

• 

Benzene 

Hexane 

* 

0.24 

0 31 

0.30 

0.25 

0 0« 

0.18 

0.34 

0.43 

0.45 

0.11 

0.28 

0.03 

0.18 

?olse 9^ai' 

0.01 1.0 

^c^ 
oa'/sec 

10.41 

10.16 

11.18 

1.35 

0.94 

1.81 

6.9 

7.9 

9.2 

15.8 

10.5 

0.96 

1.88 

cm'/sec 

6.92 

7.71 

3 7S 

3.72 

1.6S 

5.4! 

3.56 

3.78 

5.19 

7.24 

23.18 

1.326 

10.31 

cm'/sec 

4.03 

4 32 

2.47 

1 28 

0 89 

1 7) 

2 99 

3 04 

1 75 

7.15 

7 16 

2 35 

3.16 

E^' 

cm'/sec 

6 07 

7.69 

3.64 

6 0 

3.27 

4.24 

6 2 

7.61 

3.99 

8.21 

8.21 

-h 

8.16 

E / 

cm'/sec 

9.13 

11.4 

5.94 

6 5B 

2.16 

5.94 

3.75 

4.5« 

2.63 

14.9 

12.7 

1.84 

11.5 

E ' 

cm'Jsec 

0.54 

0.97 

0.26 

1.39 

1.56 

1.69 

1.81 

0.17 

0.95 

1.18 

1.18 

0.89 

1.46 

Investigator 

Burger > 
Swift (8) 

Smoot » Babb 
(52) 

Kagan et a l . 
(26) 

Rozen et a l . 
(44) 

Selaael and 
Babb (48) 

H^ evaluated by Nlyauchl and Oya'i cerre1atlon(367. 

H^ evaluaud by Mar and Babb's corrRla>ia«(2t). 

•EJ evaluated by KaganS et al. (2t> correlation. 

'EJ evaluated by Rozm'i et al.Jl44) correlation. 

*Ej evaluated ty Setawl end Babb's corrtUt1oi>(M)i, 

V • Fj < 1.8 CK/scc Kigali's t t i|.-correlation cannot be used. 
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Table 13. Data used for mdlfication of Miyauchi's Ec correlation 

Data 
points 
used 

7 

32 

113 

13 

81 

64 

Investigator 

Burger and 
Swift (8) 

Kagan et a l . 
(26) 

Miyauchi and 
Oya (36) 

Rozen et a l . 
(44) 

Sehmel and 
Babb (48) 

Smoot and 
Babb (52) 

cm 

5.08 

5.6 
30 

3.2 

10 

5.055 

5.08 

Column 

cm 

2.54 
to 

5.08 

5 
10 
15 

1.0 
10.0 

3.75 
7.5 

5.029 

5.578 
4.023 

used 

cm 

0.3175 

0.21 

0.15 
0.30 

0.15 
0.3 
0.5 

0.3175 

0.1585 
0.3169 

s 

0.245 

0.087 

0.095 
0.19 

0.095 
0.23 
0.32 

0.23 

0.23 

System 

30% Supersol 
Water 

CCU-H2O 

MIBK 
Water 

Kerosene-H20 

Hexane-H20 
Benzene-H20 
MIBK-H2O 

MIBK-H2O; 1,1,2, 
triehloroethane-
acetone-water 
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Tracer and technique 
Tracer concentration 

measured Ej. evaluated 

MnSO.,, 
Steady state injection 

2 pts. Take sample with 
S.S. Capillary with­
draw 

Diffusion model 

Impulse injection. 
Methyl blue dye 
KCl 

HaO-KCl; MIBK - oil-
soluble red dyestuff, 
Impulse injection 

Impulse injection; H2O-
methylene blue 
Keroene-sudan brown 

Steady state injection. 
Copper sulfate 

By photoelectric 
colorimeter 

HaO-phase-electrical con­
duct iv i ty ; MIBK-photo-
e lec t r i ca l l y measured 

FEK-M photocolorimeters 
EPD-09 recording 
potentiometers 

By hypodermic needles 
analyzed by 
colorimeter 

Diffusion model 

2 2 a^ = p 2 ^e 
2 -P 

•f —=-p e 
^e 

One dimension diffu­
sion model 
dX = E i aP" c 3Z at 

Not mentioned 

Diffusion model 
E^=-FxS xC^/ln(0.01) 

Acetic acid. 
Steady-state injection 
Acetone 

Hypodermic needles 
v^ithdraw 
Direct titration 

Ec by using Mar & 
Babb's correlation 
Ej by lab. study 

( 
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6 = 0.57 (D^^ Sp)^/Ms/D^) (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: 

E^ = 1.75 (Sp/D^)2/MD^/s)(Afe^ + Fy2) (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 (Sp/D^)^/MD^/s)(Afe^ + F^/2) (gQj 

For dispersed phase 

E^ = 1.75 (Sp/D^)^/'(D^/s)(Afe^ + Fj/2) (63) 
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"{^rM'^%) 
Figure 7. Comparison of proposed backmixing correlation with Miyauchi's 

correlation and experimental data. 



'f f J^*W f i r̂ t . ». « «f«j- *^«^^ H T "IJf^ f f t 
>M« M> *? ̂  •**t*^» i-\'ifl*> -

Symbol used 

Investigator 

Dispersed phase 

Column Dia. cm 

Spacing cm 

Hole dia. cm 

Free area fraction 

Amplitude cm/eye 

A 
Burger 

30% Supersol 

5.08 

2.54 
5.08 

0.3175 

0.245 

1.27 
2.86 

D 
Kagan 

CCL-

5.6 
30.0 

5 
10 
15 

0.21 

0.087 

0.635-5 

• 

Miyauchi 

M.I.B.K, 

3.2 
5.4 

Vol 0.0 

0.15 
0.3 

0.095 
0.19 

156 OA.1.5 

O 
Rozen 

Kerosene 

10.0 

3.75 
7.5 

0.15 
0.3 
0.5 

0.095 
0.23 
0.32 

1.45 
2.0 

A 
Sehmel 

Hexane 
Benzene 
M.I.B.K. 

5.05 

5.029 

0.3175 

0.23 

0.635-1.27 

V 
Smoot 

M.I.B.K. 
1,1,2 tri-
chloroethane 

5.08 

5.58 
4.02 

0.159 
0.32 

0.23 

1.28-2.54 

cn 

cr 

Frequency cyc/sec 

Dis. flowrate cm/sec 

Con. flowrate cm/sec 

1.5 
1.167 

0.4^0.68 

0.06^0.33 

0.33-3.5 0.4'̂ v3.0 1.0 0.3^3.5 0.5-1.5 

0.174'\0.43 

0.174'\'0.43 

0.043 0.139 

0.05-0.30 0.139 

0.23-^0.60 0.23'^0.60 

0.25'vX).60 0.23'\0.53 

Sn 2/ D. 
(A) E^ = 1.75 (TC^)'' (-r-)(Afê  + F /2) (Miyauchi's correlation) 

S„ 2/ Du 
(B) E^ = 1.3078 {-f-y^ (s^(Afe^ + V ^ ^ (proposed correlation) 

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 

"t 
cm 

P 
cm 

D h 
cm 

A 

cm/cyc 

f 

cyc/sec 
fc 

cm/sec 
•̂ d 

cm/sec 

5.08 5.08 0.3175 0.25 

5.09 5.578 0.1585 0.23 

30 5.0 0.21 

30 

10 

I I 

I I 

10 

I I 

15.0 

3.75 

7.5 

3.75 

15 

7.5 

0.5 

0.09 

0.111 

2.86 

II 

2.54 

II 

1.28 

0.83 

1.78 

2.14 

1.45 

11 

2.0 

1.17 

1.5 

0.5 

II 

0.5 

1.67 

1.67 

1.67 

1.0 

II 

1.0 

0.067 

0.28 

0.36 

0.23 

0.36 

0.22 

0.22 

II 

0.14 

0.68 

0.5 

0.36 

0.23 

0.23 

0.22 

0.22 

II 

0.14 
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System 

30% H2O 
Supersol 
II 

MIBK;acetic 
H2O 

CCLî -HzO 

II 

II 

H2O 
Kerosene 
II 

II 

II 

II 

Experimental 

data cm^/sec 

10.56 

10.16 

1.13 

1.21 

0.95 

2.9 

11.0 

12.8 

3.0 

5.8 

4.8 

10.5 

8.0 

Proposed £Q 
data cm^/sec 

4.48 

5.78 

1.32 

1.27 

0.76 

1.25 

4.88 

5.47 

4.89 

7.9 

6.3 

17.1 

10.43 

Investigator 

Burger & Swift (8) 

II 

Smoot & Babb (52) 

11 

II 

Kagan et al. (26) 

11 

II 

Rozen et al. (44) 

II 

II 

II 

II 



Table 15. Comparisons of the correlation of Ej with Arthayaukti's experimental data^ 

Operating 

A 

cm/cyc 

3.4 

3.4 

4.1 

4.1 

4.1 

4.1 

variables 

f 

cyc/sec 

2.1 

1.82 

1.61 

1.95 

1.07 

0.93 

fd^ 
cm^/sec 

1.036 

0.943 

2.02 

1.036 

0.283 

0.142 

fd^ 
cm^/sec 

3.033 

1.88 

2.33 

4.46 

0.59 

0.37 

fd^ 
cm^/sec 

0.89 

0.66 

0.75 

1.13 

0.32 

0.24 

fd ' 
cm^/sec 

2.24 

1.98 

2.09 

2.5 

1.48 

1.31 

fd ' 
cm^/sec 

0.66 

0.49 

0.56 

0.84 

0.239 

0.178 

^ 

0.84 

0.73 

0.78 

0.94 

0.52 

0.45 

^d' 

0.24 

0.17 

0.19 

0.32 

0.08 

0.05 

^d" 

0.07 

0.06 

0.06 

0.08 

0.04 

0.03 
<n 

^The system is CCLi»-H20, and the column geometry is: Dt = 5.0 em, Sp = 5.0 em, D^ = 0.2 cm, 
T = 0.1 cm, s = 0.2, dispersed phase flow rate is: 0.57 em/sec. 

Experimental data. 

Êjj evaluated by using Miyauchi's holdup correlation and E. correlation. 

Ejj evaluated by using proposed e^ correlation and Miyauchi's E. correlation. 

Ê̂ j evaluated by using Rozen's correlation. 

Ejj evaluated by using proposed e . and E . correlation. 

Êjj evaluated by using Myiauchi's e. correlation. 

Ejj evaluated by using proposed e . correlation. 

#*»<»»*.«*..>(«,* ,i..j*,((K«,. a»-.*.!««T.»»» 4 .•* ««><n«>Mt m i|l«»*«»v <•»»!*# P N * - ' ' - ' -sBial 
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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, d. = Afe./F.. 
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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 E and E. 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, little 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 

(5) e. 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: 

"((i*"d.i-i"'d,i-r(i"2''d,i"<d,i^d,i+i'<d.i*i'*fc«i^°c.i*i"'c.iH-

(l+2a. . )X. i+a^ . ,X^ , ,)+JRXN gained-ZRXN lost 'd lH.X, i+h,Xj J / d t (62) 
^ , 1 >-,• l - , l - l t . , l - l 1 C , 1 1 Q , 1 

The accumulation term can be written in the following form: 

^^^i^c,i"^^d.i)/^t = V^^c,i)/dt"\,i'l("i^/^t"^^^^d,i)/^*"^d,i^(N^/^^ 
(63) 

For an equilibrium stage: 

"d.i/Xc.i = fx.i ••̂ "" "d.i = fx.i '<c,i W) 

where E^ . is the equilibrium distribution coefficient. Also, 
X, 1 

H^ + h. = V. (65) 

ĥ . = V. - H. (66) 

-dH^/dt = dh./dt (67) 

»i = V^d - e,^.) 

9̂  

L 

4̂ 
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Vd.F I f^.E i 
stage 0 

No mass transfer and no chemical reaction 

Top disengagement section 

•"cPd.l^d,! 
''d^^'^d,0^^d,0 

''d^l'^d,i-l^^d,i-l p „ „ 
k '̂ d°'d,î d,i 

T 
''c°'c,0̂ c,0 

F ot . 1X ' 1 c C,l-1 C,l-1 
fc'l^c.i'Xc.i 

1 

^ ''d°'d,i+l^d,i+l ''c°'e,î c,i 

^d^l^d,i)^d,i 

''d(̂ '-°'d,N̂ d̂,N 

Mi^.i^i'^ci^i 

1 ''d"dJI+l^d,N+l ''c^cN^cN 

Stage L or N+1 

No mass transfer and no chemical reaction 

Bottom disengagement section 

Vd,R ^ ^ , S 

Main flow 

Back flow 

Figure 8. Backflow stagewise model 
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By rearrangement, the accumulation term can be found as follows: 

^^"i ^C.i"'N '^d.i^^''* ' H.(l+(V.-H.))d(X^^.)/dt+(l-Ej^ .) Xj, ., dH./dt (63) 

By using the new proposed holdup correlation for a value of ij/ between 0.09 

and 0.3 the holdup is: 

t^ = 1.4703 F^2/3^i.i5i5 (58) 

Then, 

H^ = V.(l - e^) = V.(l - 1.4703 F^^/^TJ/^'^^^^) (69) 

d(H.)/dt = -0.9802 F̂ -̂ /̂ iJ/̂ '̂ îsŷ  d(Fjj)/dt (70) 

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: 

d([X]^^.)/dt = ([X]J-^f - [X]^^.)/At (71) 

Then the general concentration control equation of species X derived using 

Euler's integration formula is 

t < f = tX]J,i -(At/(U((V.-H.)/H.)E^^.))( ^ (a,,i.i[X],,,_i-(H2a^,.) 

Wc,i*(l^-c,i+l)tX]c.i.lH(Fd/Hi)(E,,i.l(Ha,^..^)[X]^^._l-

E,,i(U2a,^.)[X]^^.+E^^.,^a,^.,^[X]^^.,^).ERXNgain 

-ZRXN lost - ((l-E^^.)/H.)[X]^^.(d(H.)/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 

model 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) 

[M1V)]^_,.1 - (1 * 2a^_,)[Pu(l»)]^_,] * HT C(l ^ "d.i-l' 

fpu.1-lt'""(""c.i-l * »d,1^lfp..1^lC'"'('^']c.i.l 

- (1 + 2aj .,)Epjj ,[Pu(IV)]j, ̂ ] - Rxn 1 + Rxn 2 - Rxn 3 

- ̂ ^ T T ^ [Pu(IV)]^_, ̂ H,).{At/[I . Ep„^,(!i^)]l 

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

[Pu(III)]^,;f = [Pu(III)]̂ ,̂ i + {^[(l ^a^,,,^)[Pu(III)],^i,T +a^^.^^ 

[Pu(III)]^^._., - (1 + 2aj,^.)[Pu(III)]^.^.] + Rxn 1 - Rxn 2 

+ Rxn3-J-[Pu(III)]^^. ̂ H .}At 

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

* °d.t.lfu.i.l["'"'^C.i.l - (1 * 2"d.i>fu,i[""""c.i^ 
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From Co-de­
contamina­
tion cycle 

HNO3 SCRUBBING 

HNO3 0.2 moles/1 

20% TBP in CCU 

Fj 0.0064 1/sec 

(0.07894 cm/sec) 

ORGANIC FEED 

Pu(IV) 
U(VI) 
HNO3 
HNO2 

moles/1 
0.07364 
0.04832 
0.14 
0.02 

20% TBP in CCU 

Fj 0.0255 1/sec 

(0.3145 cm/sec) 

URANIUM STREAM 

U(VI) 
HNO3 
HN02 

moles/1 
0.039 
0.076 
0.021 

Fj 0.0319 1/sec 

(0.3935 cm/sec) 

1 
STAGE 1 

V 
STAGE Np 

Np+1 

STAGE L 

Figure 9. Flow sheet of U-Pu partitioning cycle, 
the pulse column (from Pease). 

PLUTONIUM STREAM 

Pu(III) 
U(VI) 
HN 
HZ 
NO 3 
H+ 

moles/1 
0.155 
0.00021 
0.259 
0.039 
1.41 
0.6 

F̂ . 0.012221/sec 

(0.15073 cm/sec) 

AQUEOUS FEED 

Hydroxyl-
amine 
nitrate 
Hydrazine 
HNO3 
HNO2 
Pu(IV) 
U(VI) 
Pu(III) 

H2O 

moles/7 

0.^0 
0.05 
0.2 
,01 

F^ 0.01222 1/sec 

(0.15073 cm/sec) 

Initial conditions of 
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Table 16. Pulse column simulation condition details 

Column 
geometry 

System 

Physical 
properties 

Operating 
variables 

Column 
parameter 

Column diameter 

Column height 

Plate spacing 

Plate free area fraction 

Cross section area 

Total column volume 

Equilibrium stage volume 

Dispersed phase 

Continuous phase 

Interfacial surface tension 

Dispersed phase viscosity 

Dispersed phase density 

Pulse amplitude 

Pulse frequency 

Dispersed phase flow rate 

Continuous phase flow rate 

Dispersed phase holdup 
fraction, e^ 

Continuous phase backflow 
ratio, a 

Dispersed phase backflow 
ratio, a^ 

Continuous phase backmixing 
coeff., E(, 

Dispersed phase backmixing 
coeff., E^ 

4.0 in 

45.0 ft 

2.0 in 

12.57 in^ 

6788 In' 

25.13 in' 

10.16 cm 

1371.6 em 

0.23 

20% TBP in CCU 

H2O 
4.7x10= Ib/hr 

2.68 Ibm/ft hr 

91.08 lb/ft3 

1.333 in/cyc 

60.0 cyc/min 

9.32 
46.4 ft/h 

17.8 ft/h 

r 
r 
0.299 

0.0674 
0.1968 

20.95® 
18.06 

2.387® 
1.69 

5.08 cm 

81.07 cm^ 

1.1 X 10^ cm' 

411.35 cm^ 

16.5 dyne/cm 

0.0111 poise 

1.459 g/cm' 

3.387 cm/cyc 

1.0 cyc/sec 

0.079® 
0.394 cm/sec 

0,151 cm/sec 

a 

3.678® 
3.18 cm^/sec 

0.304® 
0.803 cm^/sec 

Value for stages before feed stage. 
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V. - H, 
^^^CU(VI)]^^,. ^H.}.{At/[l . E,^.(-iH^)]} 

Equation for HNO2 

- (1 '• 2=x^_,)CHN0d<.,i] * H7 t(l * »d.i-l>f"'"'^^c,i-l 

* "d.i.lfHNO..iH»]c.i.l - <̂  * 2"d.l'fHI.O„it™°^3,.,] 

- i Rxn 2 - Rxn 4 - Rxn 5 -

V. - H, 

(1 - EuMn. •{) ! « ^ [ H N O . ] , . , ^ H , } 

Equation for hydroxylamine (only present in aqueous phase) 

[NH>OH*]t^f = [NH,OH^]J_,H^ [(1 -\^s*y'>m^m\^,,y^ "c,i-lW'OH'lc.i-l 

- (1 + 2a, ,.)[NH30H*], ,] - 0.69 Rxn 1 - Rxn 5 

Equation for hydrazine (only present in aqueous phase) 

- (1 + 2ci, jJtNiHtL ,] - 0.25 Rxn 3 - Rxn 4 

C,l C,l 

-H:t ' 'A,i^"i '" 

M 
•A 

I 

I** 

' 1 

M 
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Equation for H 

- (1 *2a^_,) [H% , ] . f^ [(1 +a,^,.,)E„NO,.l.,tNO;]^,,., 

^^d.l^lfHNOa.i+lCNO'lc.i+l - (1 * 2\,i)fHN03.it'*''=3c,i] 

+ 1.75 Rxn 1 - 1.5 Rxn 2 + 1.25 Rxn 3 + Rxn 4 + Rxn 5 - {[H*], . 

C, 1 

-fHN03.iC"«]c.i'H7^"i>"- (^i—)fHNO,.i<C'"''C - ["^c.i' 

Equation for NOl 

[NOlDj^f ' [MOl]*^, ^ [{^[(1 + c^,,,i)[NO;],_,„ ^ c.̂ ,i.,CNOl]<̂ _,., 

- (1 * 2a^_,)[N0;]^_,] * jf̂  [(1 * «j.l.l)(fHNO„i-l»>]c,i-l 

-4Ep„_,.,[Pu(IV)]^_.., .^E^,^,.,[U(VI)]^_..,) 

^ °'d.itl'%03,i+lt''°'^c,i.l ' ''fpu,i.l[''"<""c,i*1 

+ 2Ejj_,^,[U(VI)]^_,^,) - (1 * 2aj,,-)(EHN03,,-[N0l]<.,, 

*4Ep„_,[Pu(IV)]^_, *2E„_,[U(VI)]^_.)]4Rxn2 

- (^Tf°-^)[''0I],,, i H,>At - 4Ep„_, '-\^ 

([Pu(IV)]*;f - [Pu(IV)]t_,) - 2E,_, ̂ ^ ([U(VI)]t^f 

-[U(VI)]J_,)]/(l.\l^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, listed 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 

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. = Afe./F.. The holdup used to calculated the 
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Table 17. 

Variables 

Run 

A® 

B'̂  

Ĉ  

D̂  

E^ 

F̂  

Comparison 

Dispersed 
phase 
holdup 
fraction 

^d 

0.067* 
0.196 

0.064* 
0.187 

0.067* 
0.196 

0.344* " 
0.73 

0.067* 
0.196 

of the simulated models with 

Aqueous 
back 
flow 
ratio 

"'c 

20.95* 
18.06 

21.03* 
18.27 

0 

0 

20.897* 
17.99 

Organic 
back 
flow 
ratio 

'̂d 

2.887* 
1.69 

2.75* 
1.61 

0 

0 

2.886* 
1.69 

the actual column 

Plutonium stream 

Pu(III) 
mole/1 
g/hr 

0.147 
1619.2 

0.146 
1534 

9.146 
1534.6 

0.153 
1614 

0.155 
1634.2 

0.153 
1609.3 

U(VI) 
mole/1 
g/hr 

0.0006 
6.8 

0.0084 
86.86 

0.0084 
85.82 

0.0004 
3.83 

0.0002 
2.2 

0.00054 
5.55 

HN 

M 

0.31 

0.28 

0.28 

0.27 

0.26 

0.28 

HNO 3 

M 

1.13 

1.25 

1.25 

1.41 

1.41 
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Pease's actual columnwith 270 real stages, as cited by McCutcheon (30) 

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

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

Simulated 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). 

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

^Tracer quantity. 
* 
Value for stages before feed stage. 
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0.77 

0.52 

0.52 

0.7 
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0.62 

HNO 2 
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_g 
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0 

Pu(IV) 
mole/1 
g/hr 

0 

.9 

_g 

0 

0 

_g 

Uranium 

U(VI) 
mole/1 
g/hr 

0.0396 
1050.9 

0.0354 
955.4 

0.0354 
955.4 

0.0385 
1056.7 

0.0392 
1052.3 

0.0384 
1036.3 

stream 

HNO 3 

M 

0.012 

0.137 

0.137 

0.076 

0.076 

0.104 

HNO 2 

M 

-

0.002 

0.002 

0.004 

0.021 

0.023 

Flow 

Fd 
1/hr 

cm/sec 

113 
0.387 

114.84 
0.393 

114.84 
0.393 

114.84 
0.393 

114.84 
0.393 

114.84 
0.393 

rate 

Fc 
1/hr 

cm/sec 

46 
0.157 

44 
0.151 

44 
0.151 

44 
0.151 

44 
0.151 

44 
0.151 

Pu(I I I ) 
Inventory 

grams 

1448.29 

1443.95 

1146.81 

858.23 

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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Figure 10. Comparison 
backmixing 

of plutonium stream profiles with and without 
effects (aqueous phase). 
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Figure 15. Comparison of transient concentration profiles of plutonium 
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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 profile 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 

0.187 for the stages below the feed stage. The i> value calculated for 

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

tonium product stream was very severe when backmixing effects were in­

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

equilibrium stages is necessary in order to simulate the measured column 

performance. 

This work has been done by Yih (57) in an independent study. The 

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 

effects was 90 which is 4.5 times the number used by McCutcheon. Figures 

16 through 20 are the comparison of the concentration profiles of piston 

flow, 20 stage backmixing model and 90 stage backmixing model. The output 

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 18. Comparison of distribution coefficients of uranium and plu­
tonium in different equilibrium stage model with and without 
backmixing effect. 
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Figure 20. Comparison of nitric acid concentration profiles in both 
phases 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 

by the increase in number of equilibrium stages required in the simulation 

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 

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 

reconmended. 
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APPENDIX: SIMULATION PROGRAM 

P-4 
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Computer Program Variables List 

#• 

If 

k 

^ 
'-
• * 

m 

•m 

it 

i-
i 

•• 

L 
f 
! • i 
r 

A 

AA 

AP 

AQ 

AQN 

Al thru A9 

ALPHA 

ALPHO 

Bl thru 83 

BC 

BB 

C 

CC 

DATLAB 

DDTAQ 

DDTHU 

DDTOR 

DDTORF 

DT 

DENG 

Pulse amplitude, cm/cycle 

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

Pseudoaqueous phase flow rate, liter/see 

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/F. 

Backflow ratio of dispersed phase 

Constants used in calculating distribution coefficients 
for NO3 

Constant for calculating Psi, BC = SV(1 - S)(l - S^) 

Constant for calculating Psi, BB = Visd^ 

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)x6am 

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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P 

DEND Dispersed phase density, gram/cm* 

DISTRI Name for distribution coefficient subroutine 

EH2 Distribution coefficient for nitrous acid 

** EH3 Distribution coefficient for nitric acid 

ENH2 ((Vol-HU)/HU)xEH2 or (0p/Ap)xEH2 

' ENH3 ((Vol-HU/HU)xEH3 or (0p/Ap)xEH3 

ENP ((Vol-HU)/HU)xEOAP or (0p/Ap)xE0AP 

a ENU ((Vol-HU)/HU)xE0AU or (0p/Ap)xE0AU 

-* EOAP Distribution coefficient for plutonium (IV) 

EOAU Distribution coefficient for uranium (VI) 

F Pulse frequency, cycle/sec 

FD Dispersed phase superficial flow rate, cm/see 

FIS 10**(0.91u.^/2 - 1.52) used in distribution coefficient 
m calculation subroutine 

|§ FTBP C", for TBP concentration used in calculating the distri­
bution coefficient for HN02 

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 

(NH3OH ), hydroxylamine concentration, aqueous, mole/ 
liter 

(NH3OH ) , 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 

r 

%% 
• « 

it 
% 

f M 
SMk 

f! 

P k 
* 

GAM 

H 

HF 

HN 

HNF 

HNO 2 

HNO2F 

HN020 
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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 RXNl 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 calculating Psi, MPK = (VISdV(6AM 
xAbsolute (DENC-DEND))^/-

Number of iterratlons or time steps specified 

Feed stage number 

NO3 concentration in aqueous phase, mole/liter 
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N03I 

N030 

N03F 

N03S 

OP 

OR 

ORF 

ORl 

0R2 

PUORG 

P3A 

P3AF 

P4A 

P4AF 

P40 

P40F 

PSI 

PUBAL 

PUTOT 

PUS 

RXNl 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, 0R2 = 
ORl + ORF, liter/sec 

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

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

Plutonium (III) concentration at time t+At, aqueous phase 

Plutonium (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/liter 

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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REACT Name of subroutine for reaction rate models 

S Plate free area fraction 

SP Column plate spacing, cm 

TAQ Interstage time constant for pseudoaqueous flow rate, 
sec"^ 

TOR Interstage time constant for pseudoorganic flow rate, 
sec"^ 

TEMl thru TEM8 Intermediate variables used in material balance calcula­
tion, essentially these variables represent all terms 
except the accumulation terms in the material balance 

TIME Number of minutes of column operation 

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

liter 

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

UBAL Overall uranium material balance, gram 

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

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

liter 

VOL Volume of a single theoretical stage, liter 

Vise Continuous phase viscosity, poise 

VISD Dispersed phase viscosity, poise 

VI Volume of disengagement section, liter 

W (NOs)^, square of nitrate concentration 

XLAB Label on X axis in plot 

YLAB Label on Y axis in plot 

WSSIS]^ 
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Define Reaction Rate 
Constant for RXN 

\
Read in i n i t i a l con. / 

i r o f iTes . Ey. F^. ' ' d - t ' O / 

Read in input con. & 
neonetry, onysical 
proper t ies , l u l se 

condit ions 

I 
Initialization 

, i . 
f Write out initial \ 
values of input condition^ 

Initialize end 
condition 

Calculate overall 
Pu, U balance 

Initialize feed 
conditions 

Initialize organic flow 
rates and holdups 

Calculate Pu inventory 
for the initial condition 

Calculate Miyauchi's 
il value 

Set number of 
iterratlons in time At 

i'.egin i terra tion 

Call subroutine for 
distribution Coefficients 

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

Calculate backflow ratio 
""c' "d ^°'" ^^'-^ stage 

X 
Call subroutine for 

material gained or lost 
by chemical reaction 

Calculate material 
balance for each sta^e 

I Do stagewise mate­

rial balance calculation 

X 
Calculate new concentration 

profiles by Euler's intenrat 

Establish new present 
values for next iterration 

Calculate organic 
phase concentration 

nroflies 

\ P r i n t o u t f i n a l 7 
^ohcentration p ro f i l es / 

I 
Punch cards of fi 

^concentration prof 
\for Input of nex 

Inal 7 
files / 
t run/ 

Plot final c o n ^ f 
ntration profiles/ 

ure 21. Simulation program flowsheet. 

file:///Read
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
SIMULATION QN URANIUM-PLUTONIUM PARTIT IONING PULSE COLUMN WITH OR WITHOUT* 
BACKMIXING EFFECTS * 
THE SIMULATION MODEL USED I S STAGEWISE BACKFLOW MODEL * 
MODEL PARAMETER ACCOUNTS FOR BACKMIXING I S ALPHA=A*F*HUH/FLOW RATE * 

* * * * t i * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
* USING MCCUTCHEON'S HOLDUP RATIO EQUALS THE PSEUOO FLOW RATE RATIOS * 
* HUH=OP»/(AQ»-frOP» ) * 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 4 c * * * * * * * * * * * * * * * * , 

• USING MIYAUCHIS HOLDUP CORRELATION: HUH=0.66*FD**2./3.*PSI**0.84 « 
• OR HUH=6.32*F0**2/3*PSI**2«4 • 

* I F PSI I S GREATER THAN 0 . 2 1 • 

* 
« 

« 

H U H = 6 . 3 2 * F 0 * * 2 / 3 * P S I * * 2 . 4 
I F P S I I S LESSER THAN 0 . 2 1 
H U H = 0 . 6 6 * F D * * 2 / 3 * P S I * * 0 . 8 4 * 

* 
# * * « * 4 L * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * • 

* * * * * ; « ( * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* USING THE PROPOSED HOLDUP CORRELATION;HUOSI•4703*0PI1-1}**(2./3.) * « 
# 
« 

* 
« 

* 
* 
* 

*PSI**1.15149529 

IF PSI IS GREATER THAN 0,09 
HUD=:1.4703*FO**(2*/3.)*PSI**t.lS149S29 
IF PSI IS LESSER THAN 0*09 
HUO=0•0073*FO**(2 /3•)*PSI**-0•9485 

***************************************************************************** 

* 
# 

* 
« 
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
THE PARTITIONING PULSE COLUMN IS 4 INCHES IN DIAMETER AND THE EFFECTIVE 
HEIGHT IS 45 FEET .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 1.333 INCHES PER CYCLE AND THE FREQUENCY IS 
1 CYCLE PER SECOND 

***************************************************************************** 

THE MAIN PROGRAM CONSISTS OF INITIALIZATION FUNCTIONS. INTERSTAGE 
BACKFLOW RATIO CALCULATION AND GENERAL MATERIAL BALANCES. 
THE REACTION MODELS • DISTRIBUTION COEFFICIENTS • AND VARIABLE 
HOLDUPS ARE WRITTEN IN SUBOROUTINES. 

REAL 
REAL 
REAL 
REAL 
REAL 

REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 

T O R . T A Q . A . F . V O L . V l . P U B A L t U B A L 
0 R F . 0 R 1 . 0 R 2 . 0 R . A Q 
H Z F C 2 3 ) • N 0 3 S • N a 3 I 
P4AF(23).P3AF(23).UAF123>.HFC 23>.N03F(23).HN02F(23I.HNFC231 
P4A(23).P40(23).P3A(23).UA(23).UO(23).Ht23).NOSC23>•N030(23) 

H N U 2 ( 2 3 ) . H N 0 2 Q ( 2 3 ) . H N C 2 3 ) . H Z ( 2 3 ) » P U O R G ( 2 3 ) . P U S . P U T O T 
EOAPf2 3 ) . E 0 A U ( 2 3 ) • E H 3 ( 2 3 ) • E H 2 ( 2 3 ) 
E N P ( 2 3 ) • E N U ( 2 3 ) . E N H 2 ( 2 3 ) « E N H 3 ( 2 3 ) 
H U ( 2 3 ) . A L P H A ( 2 3 ) . A L P H 0 ( 2 3 ) • H U H ( 2 3 ) 
A P ( 2 3 ) . O P ( 2 3 ) . D D T O R ( 2 3 ) . O D T A Q ( 2 3 ) . O D T H U ( 2 3 ) 
K t . K 2 . K 3 . K 4 . K 5 » K U « K P . K H . I S . F I S ( 2 3 ) 
X ( 2 3 ) . Y ( 2 3 ) . X L A B f S I . Y L A a C S ) . G L A B C S ) . D A T L A B I S ) 
R X N 1 . R X N 2 « R X N 3 » R X N 4 . R X N 5 

P S I .GAMgMPK 
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DEFINE REACTION RATE CONSTANTS FOR CHEMICAL REACTIONS 

Kl=0.0235 
K2=0.68966 
K3=0.0693 
K4=1.5 
K&=0.234 

WRITE! 6.5) 

READ I N I N I T I A L VALUES OF CONCENTRATION PROFILE . D ISTRIBUTION 
COEFFIC IENTS. FLOW RATES AND FEED RATES. ETC. AT T I M E - 0 

R E A D ( 5 . 1 5 ) 
R E A 0 ( 5 . 2 5 ) 
R E A 0 ( 5 . 3 5 ) 
M = L * 3 . 
R E A 0 ( 5 . 4 5 ) 
R E A 0 C 5 . 2 5 ) 
R E A D ( 5 . 2 5 ) 

TAQ.TOR . F . A 
DT 
N F . L 

H Z ( M ) . H N 0 2 ( M ) . N 0 3 ( M ) . H N ( M ) . H f M ) . 0 R l . N 0 3 S 
AQ 
AQNEW 

( A > 

READ I N INPUT FEED CONCENTRATION 

P 4 0 F . U 0 F . H N 0 2 I . O R F 
SP. S 
GAM.VISO.DENC.DENO 

R E A 0 ( 5 . 5 5 ) 
R E A O f 5 . 6 5 ) 
R E A 0 ( 5 . 7 5 ) 
L L = L * 2 
DO 6 I ^ l . L L 
R E A 0 ( 5 . 8 5 ) N 0 3 ( I ) . H N 0 2 ( I ) . H N ( I ) . H Z ( I ) 
R E A D ( 5 . 8 5 ) E O A P ( I ) . E O A U d ) . E H 3 ( I ) . E H 2 ( I ) 
R £ A 0 ( 5 . a S ) P 4 A ( I ) . P 3 A ( I ) . U A ( 1 1 . H i I ) 
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INITIALIZATION 

Na=NF+l 
N 7 > N F - 1 V 0 L = ( C 3 . t 4 1 5 9 2 8 * ( 4 » * 2 . S 4 ) * * 2 . / 4 . ) * ( 4 5 . * 3 0 . 4 8 / 1 0 0 0 . ) ) / L 

Vl=VOL 
OR2'BORF-*-OR1 

T I M E = 0 . 0 
N 5 S 2 0 

WRITE OUT I N I T I A L VALUES OF INPUT CONDITIONS 

WRITE(6.7S) P40F.UOF.HN(M).HZlMJ.NO3lM».N03I.N03S.HNO2(M).HNO2I.OR 

•1.onF.ORa.AQ.DT.LvNFtTAQ.TORANSAA.F 

INITIALIZE PSEUOO FLOW RATES 

00 16 1=1.N7 
AP( I ) = AQ 
OPCI)=ORl 
DDTAQ( I )=0 .0 

16 OOTOR( I ) - 0 .0 
J = NF 
DO 26 I = J . L L 
AP(I)=:AQ 
OP(t)aOR2 
OOTORCD-O.O 

26 ODTAQ(I)sO.O 
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I N I T I A L I Z E END CONDITIONS 

AP(M) = AQ 
O 0 T A Q ( M ) 2 0 . 0 
P 4 A ( M ) = 0 . 0 
P 3 A < M ) « 0 . 0 
U A { M ) = 0 . 0 
N 0 3 ( M ) = N 0 3 ( M)-*-HN(M) 

OVERALL PU AND U BALANCE 
PUBAL = l.0-CAO*(P4A(l»4-P3A(l))*0R2*P4A(LL)*EOAP(LL)>/(ORF»P4OF) 
UUAL-1.0-( AQ*UA(l>4-OR2*UACLL)*EOAU(LL))/(ORF*UOF) 

INITIALIZE FEED CONDITIONS -j 

DDTORF«0.0 
W R I T E ( 6 . 1 0 S ) P 4 0 F . U 0 F . H N O 2 l . 0 R F 
W R I T E ( 6 . 1 1 5 ) T IME.PUBAL.UBAL 

I N I T I A L I Z E ORGANIC FLOW RATES AND HOLDUPS 

H U f l ) = V l / ( 1 . + O R I / A Q ) 
H U { L L ) = V l / < 1.4-OR2/AQ) 
P 4 0 ( 1 ) = E O A P ( 1 ) * P 4 A ( 1 ) 
P 4 0 { L L ) = E 0 A P { L L ) * P 4 A ( L L > 
ODTHUtLL)sO.O 
D O T H U f 1 ) = 0 . 0 
0 0 36 J = 2 . N 7 
H U ( J ) = V 0 L / ( l . * O R l / A Q ) 
P 4 0 ( J ) = E 0 A P ( J ) * P 4 A { J ) 

3 6 O D T H U ( J ) « 0 . 0 

http://P40F.U0F.HNO2l.0RF


p** **•* 

\ 

:f 9qjl^m I Wf r ^ T^tT m'^mr^wm- • • t 

K=NF 
N 2 = L L - 1 . 0 
DO 46 I = K , N 2 
HU( I ) s V O L / ( 1.4-0R2/AQ) 
P 4 0 ( I ) = £ a A P ( I ) * P 4 A ( I ) 

4 6 00THU( D s O . O 

W R I T E ( 6 . 1 2 5 ) 
DO 56 1 = 1 . L L 

56 W R I T E ! 6 . 1 3 5 ) I . P 4 A ( I ) . P 4 0 ( 1 ) . P 3 A I I ) . U A ( I ) . H ( I ) . N 0 3 ( I ) 
W R I T E ( 6 . 1 4 5 ) 
DO 66 1 = 1 . L L 

6 6 WRITE4 6 . 1 5 5 ) I . H N 0 2 ( I ) . H N ( I ) . H Z ( I ) . E 0 A P ( I ) . E Q A U C I ) . E H 3 ( I ) . E H 2 C I ) 
W R I T E ( 6 . 1 6 5 ) 
DO 76 1 = 1 . L L 

76 W R I T E C 6 . 1 7 5 ) I . A P ( I ) « O P ( l ) . H U ( 1 1 . D O T A Q C I ) . D O T O R C 1 1 . D D T H U C I ) 

CALCULATE THE TOTAL PLUTONIUM I N THE COLUMN 

PUTOT=0. 
DO 86 J s l . L L 
P U S = ( ( P 4 A ( J ) + P 3 A ( J I ) * H U ( J ) * P 4 A < J ) * E 0 A P ( J » * < V 0 L - H U t J > l ) * 2 3 9 . 

86 PUTOT=PUTOT+PUS 
W R I T E ( 6 . 1 8 5 ) PUTOT 
N = l 
W R I T E ( 6 . 1 9 5 ) 

6 « 1 0 0 0 % / ( 3 « 1 4 1 5 9 2 8 * C 4 « * 2 . 5 4 ) * * 2 « / 4 . ) 



CONSTANT P S I CALCULATION 
B C = C S * S ) / { ( l . - S ) * i l . - S * S ) ) 
A A = ( A * F ) / ( ( B C * S P ) * * ( 1 . / S * ) ) 
BB=VISO*VISO 
C C=(ABS(OENC-DENO))*GAM 
M P K = ( 8 B / C C ) * * ( 0 . 2 5 ) 
PSI=AA*MPK 
W R I T E ! 6 . 2 0 5 ) S P . S .GAM.VISD.OENO.MPK.PSI 

SET NUMBER OF ITERRATION 
I F I N . E Q . 3 2 0 0 1 ) GO TO 13 

A0=AQNEW 
BEGAIN ITERRATION 

AP!M)=AQ 
T I M E = N * D T / 6 0 . 

CALL SUBROUTINE FOR D I S T R I B U T I O N COEFFICIENTS 

CALL O I S T R I { P 4 A . P 3 A a H N . H . N 0 3 . H N 0 2 . H Z . U A . F I S . E O A U . E O A P • E H 3 . E H 2 
l . L L . N ) 

CALL SUBROUTINE FOR HOLDUPS AND FLOW PARAMETERS 

CALL H O L D U P ! O P . A P . E O A P . E O A U * E H 2 . E H 3 . O O T O R . O D T A Q . H U . E N P . E N U . 
1 E N H 2 . E N H 3 . 0 0 T H U * N 7 . 0 D T O R F . L L . N F . T O R . O R F , V O L . V 1 . 

l O R I . N 8 « H U H . a R 2 . T A Q « A 0 . P S I . G ) 

http://HN02.HZ.ua
http://EH2.EH3.OOTOR.ODTAQ.hu


BACKFLOW RATIO CALCULATION ; ALPH«A*F*HUH/FLOW RATE 
A L P H A ! 1 ) = A * F * H U H ( 1 ) / ( A Q * G ) 
A L P H O ! 1 ) = A * F * ! 1 - H U H ! 1 ) ) / ! a P C l ) * G ) 
DO 96 I = 2 » L L 
A L P H A ! I ) = A * F * H U H ! I ) / C A Q * G ) 
A L P H O < I ) » A * F * ! l - H U H ! I ) ) / ! O P ! I - l ) * G ) 

96 CONTINUE 
ALPHA!NF)=A*F*HUHCNF) /CAQ*G) 
A L P H O ! N F ) = A * F * ! 1 - H U H ! N F ) ) / ! 0 R 2 * G ) 

I F IN PISTON FLOW MODEL SET ALPH=0 
DO 96 1 = 1 . L L 
A L P H A ! I ) = 0 . 0 
A L P H O ! I ) = 0 . 0 

9 6 CONTINUE 

MATERIAL BALANCE CALCULATIONS FOR EIGHT COMPONENTS 

0 0 126 1=1 .LL 

CALL SUBROUTINE FOR REACTION MODELS 

I F ! I . E Q . l ) GO TO 2 3 
I F d . E Q . L L ) GO TO 33 ' 
CALL R E A C T ! P 4 A . P 3 A * H N . H . N 0 3 . H N 0 2 . H Z . F I S . R X N l , R X N 2 . R X N 3 . R X N 4 . 

I R X N 5 . K 1 . K 2 . K 3 . K 4 . K 5 . M . I ) 

GO TO 43 
2 3 CONTINUE 



I * " * ^ * ! ^ ! l^'m'rw§-m^imwim-' i ^ t r^^^. 

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

TEM1=!AQ/HU!1 ) ) * ! ! 1«-ALPHAC2) ) * P 4 A ! 2 ) - ! 1+ALPHA! 1 ) ) * P 4 A ( 1 ) ) 
1 + ( 0 R 1 / H U ! 1 ) ) * ! A L P H 0 ! 2 ) * E O A P ! 2 ) * P 4 A ! 2 ) - ! l + A L P H O ! 1 ) ) * E O A P ! 1 ) * P 4 A ( 1 ) ) 

TEM2=(AQ/HU!1 ) ) *C C 14^ALPHA! 2 ) ) * U A ( 2 ) -C 1-l-ALPHA! 1) ) * U A i l ) ) 
1-f C O R l / H U I l ) ) * ( A L P H O C 2 ) * E O A U ! 2 ) * U A ! 2 ) - ( l ^ A L P H O ! l ) ) *EOAU( 1 ) * U A ! 1) ) 

TEM3=!AQ/HUC1) ) * ! ( 1-l-ALPHAC 2 ) ) * P 3 A ! 2 ) - ! 14-ALPHA! 1 ) ) * P 3 A ! 1 ) ) 

TEM4=(AQ/HUI1 ) ) * ! I t^ALPHAC2) ) * H N ! 2 ) - ! I l -ALPHAI 1) ) * H N I 1 ) > 

T E M 5 = ! A Q / H U ( 1 ) ) * ! ( l + A L P H A ! 2 ) ) * H Z C 2 ) - ! 1 + A L P H A ( 1 ) ) * H Z ! 1 ) ) 

T E M 6 = I A Q / H U ! 1 ) ) *C ( l>ALPHAC2) ) * N 0 3 < 2 ) - ! 1 I^ALPHA! 1 } ) * N 0 3 ! 1 ) ) 
1 - l - IOR l /HU! ! ) ) * ! N 0 3 S ^ A L P H 0 i 2 ) * E H 3 ! 2 ) * N O 3 C 2 ) - ! l - l - A L P H 0 ! l ) ) * E H 3 f 1 ) * N 0 3 ! 
1 1 ) ) ^ ! 0 R 1 / H U ! 1 ) ) * ! 4 * A L P H O ! 2 ) * E O A P i 2 ) * P 4 A ! 2 ) ^ 2 * A L P H O ! 2 ) * E O A U ! 2 > * 
lU A! 2 ) ) - ( ORl /HU 11 ) ) * ( 1 +ALPHO( 1 ) ) *C4*EOAP! 1 ) * P 4 A ( 1) 4-2*E0AU! 1 ) * U A ! 1 ) ) 

T E M 7 = ( A Q / H U ( l ) ) * !C1 •ALPHA 1 2 ) ) * H N 0 2 ! 2 ) - ! 1 + A L P H A ! 1 ) ) * H N 0 2 C 1 ) ) 
l - l - ! O R l / H U ( l ) ) * A L P H O ! 2 ) * E H 2 ! 2 » * H N 0 2 ! 2 ) - ! O R 1 / H U ! 1 ) ) * ! l * A L P H O t I ) ) * 
I E H 2 ! 1 ) * H N 0 2 ! 1 ) 

T E M 8 * ! A Q / H U ! I > ) * ( < H - A L P H A ( 2 ) ) * H ! 2 ) - ! l + A L P H A ! 1 ) ) * H ( 1 ) ) 
1 ^ ( 0 R 1 / H U ! 1 ) ) * C N 0 3 S * A L P H O C 2 ) * E H 3 l 2 » * N 0 3 ! 2 ) ) - < O R l / H U ! l ) ) * ! l * A L P H O ! l ) 
1 ) * E H 3 ( 1 ) * N 0 3 < 1 ) 

\o 

GO TO 53 



fi^^^ ^ ^ 

4 3 I F I I . N E . N F ) GO TO 6 3 

TEM1=! AQ/HU! N F ) ) * ! ALPHA ( N 7 ) * P 4 A ! N 7 ) 4-! 14-ALPHAIN8) ) *P4A( N 8 ) - ! l-t-2* 
I A L P H A ! N F ) ) * P 4 A ( N F ) )4-( ORF/HU( NF ) ) * P 4 0 F + ! OR l / H U ( N F ) ) * ! 1+ALPHO! N7) ) * 
1 E 0 A P ( N 7 ) * P 4 A ! N 7 ) 4 - ! 0 R 2 / H U ! N F ) ) *ALPHO( N8) •ECAP! N8 ) * P 4 A ! N 8 ) 
1 - ! 0 R 2 / H U ! N F ) ) * ( 1 + 2 * A L P H 0 ! N F ) ) • E 0 A P ! N F ) * P 4 A ! N F ) - R X N 1 + R X N 2 - R X N 3 

TEM2=( AQ/HUINF) ) * ! ALPHA!N7)*UA!N7)-»- ! !•»-ALPHA! N8) ) * U A ! N 8 ) - ( 1-I-2* ALPHA 
l ! N F ) ) * U A ! N F ) ) 4 - ! 0 R F / H U ! N F ) ) *UOF4-! O R l / H U ! NF ) ) * I 14-ALPHO! N7 ) ) *EOAU! N7I 
1 * U A ! N 7 ) + ( 0 R 2 / H U ! N F ) ) * A L P H O ! N 8 ) * E O A U I N 8 ) * U A ! N 8 ) - ! O R 2 / H U ! N F ) ) * 
1 ! 1 + 2 *ALPH0!NF) ) *EOAU! N F ) * U A ! NF ) 

TEM3=! A Q / H U I N F ) ) * ! ALPHA! N 7 ) * P 3 A ! N 7 > 4-! 14-ALPHAIN8 ) ) * P 3 A ! N 8 ) - ! 14-2* 
I A L P H A ! N F ) ) * P 3 A ! N F ) )4-RXNI~RXN2+RXN3 

TEM4=! AQ/HU ! N F ) ) * I ALPHA!N7)*HN!N7)4-114-ALPHA!N8) ) * H N ! N 8 ) - ! 14-2* _i 
1 A L P H A ! N F ) ) * H N ( N F ) ) - K 2 * R X N l - R X N 5 o 

TEM5=! A Q / H U I N F ) ) * ! ALPHA! N 7 ) • H Z ! N7) 4-! 14-ALPHAIN8) ) * H Z ! N 8 ) - ! 14-2* ALPHA 
1 ! N F ) ) * H Z ! N F ) ) - 0 . 2 5 * R X N 3 - R X N 4 

TEM6=! A Q / H U I N F ) ) * I A L P H A ! N 7 ) * N 0 3 ! N 7 ) * ! 1+ALPHA! N 8 ) ) * N 0 3 ! N 8 ) - 1 14-2* 
l A L P H A I h F ) ) * N 0 3 ( N F ) ) • ( O R F / H U ( N F ) ) • ! N D 3 I + 4 * P 4 0 F + 2 * U 0 F ) 
1 + ! 0 R 1 / H U ( N F ) ) * ! 1 + A L P H O ! N 7 ) ) * ( N 0 3 ! N 7 ) * E H 3 ! N 7 ) + 4 * P 4 A I N 7 ) * E 0 A P ! N 7 ) 
1+ 2 * U A ! N 7 ) * E O A U ! N 7 ) ) +1OR2/HU(NF) ) * ! A L P H O ( N 8 ) ) * ! N 0 3 ! N 8 ) * E H 3 I N 8 ) 
l 4 - 4 * P 4 A ! N 8 ) * E O A P C N 8 ) + 2 * U A ! N 8 ) * E O A U ( N 8 ) ) 
1 - I 0 R 2 / H U I N F ) ) * ! l + 2*ALPHO!NF) ) * ( N 0 3 ! N F ) * E H 3 ! NF ) + 4 * P 4 A ! NF ) *EOAP!NF) 
l + 2 * U A ! N F ) * E 0 A U ! N F ) ) - 0 . 5 * R X N 2 

T E M 7 = ! A Q / H U ! N F ) ) * ! A L P H A ! N 7 ) * H N 0 2 ! N 7 ) + ! 1 + A L P H A ! N 8 ) ) * H N 0 2 I N 8 ) -
I ! 1 + 2 * A L P H A ! N F ) ) * H N 0 2 I N F ) ) • ( O R F / H U ! N F ) ) * H N 0 2 I + ! O R l / H U ! N F ) ) * ! 1 + 
I A L P H O ! N 7 ) ) * E H 2 ( N 7 ) * H N 0 2 ! N 7 ) + I 0 R 2 / H U ! N F ) ) * A L P H O ! N 8 ) * E H 2 I N 8 ) * H N 0 2 
1 ! N 8 ) - ! 0 R 2 / H U I N F ) ) * ! l + 2 * A L P H O ! N F ) ) * E H 2 ! N F ) * H N 0 2 ! N F ) + 0 . 5 * R X N 2 -
1RXN4-RXN5 



M^.««^ 'tim.m, .ff, sis f.̂,. j.„„^ ^ , j , „^^^„,f ,̂̂ .i,,j 

rFM8«(AQ/HUCNF))*!ALPHA!N7)*H(N7)+!1•ALPHA!N8))*H!N8)-!1+2*ALPHA 
1(NF))*H(NF))+(ORF/HUCNF))*N031+(ORl/HUCNF))*Cl+ALPH0CN7))*EH3!N7) 
1«N03(N7)+!0R2/HU!NF))*ALPH0!N8)*EH3!N8)*N03!N8)-!0R2/HUCNF))*! 
11+2*ALPH0!NF))*EH3!NF)*N03!NF)+1.7S*RXN1-1.5*RXN2+1.25* 
1RXN3+RXN4+RXN5 
GO TO 53 

14 0=ORl 
P=ORI 
IFII.EQ.N7) P=0R2 
IFC I.GT.NF) 60 TO 73 
60 TO 83 

73 Q*0R2 
P=0R2 
IFCI.EQ.LL) 60 TO 33 ^ 

rj 

83 TEM1=(AQ/HU!I))•!ALPHA!I-I)^P4A(I-l)+!1+ALPHA!I+l))•P4At1+1)- -* 
1(l+2^ALPHA(I))^P4A!I))+!0/HU!I))^!1+ALPHOCI-l))•EOAP!I-l)^P4ACl-l) 
1+(P/HU!I))•ALPHO!I+1)•EOAPII+1)•P4A!I+l)-(0/HU(I))•!l+2^ALPHO(I)) 
l^EOAPCI)^P4A(I)-RXNl+RXN2-RXN3 

TEM2=!AQ/HU!I))•!ALPHA!I-l)^UA!I-l)•!1+ALPHA!1+1))•UA!1+1)-!1+ 
12^ALPHA!I))^UA!1))+!0/HU(I))•(1+ALPHO!1-1))•EOAU!I-1)^UA!1-1)+!P 
1/HU(I))•ALPHO!I+l)^EOAU(I+l)^UA!I+l)-(0/HU!I))•!l+2^ALPH0!I))• 
lEOAU! I )^UA( I) 

TEM3=(AQ/HU!I) )•!ALPHA! I-1)^P3A( I-l)•(1+ALPHA!I+l))^P3A!1+1)-
1! 1+2^ALPHA! I))^P3A!I))+RXN1-RXN2+RXN3 

TEM4=!AQ/HU!I))•!ALPHA!I-1)^HN(I-l)+!1+ALPHA!I+l))•HN!I+l)-
I!1+2^ALPHA!I))^HN!I))-K2^RXNl-RXN5 

TEM5=!AQ/HU!I))•!ALPHA!I-l)^HZ!I-l)+!l+ALPHA!I+l))•HZ!I+l)-!1+2* 
1ALPHA!I))*HZ!I))-0«25^RXN3-RXN4 



fs 1 r ^ * i I H"^"-^'^ ••'•'-•«''^- %^^'^'r^H^..^ ^ ^ 
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5 •> 

TEM6s(AQ/HU(I))•!ALPHA!1-1)^N03!1-1)+!1+ALPHA!I+1))•N03!I+l)-
1!l+2^ALPHA!I))•NOS!I))+!0/HU!I))•(1+ALPHO(I-l))^!EH3!I-l)^N03!I-l) 
l + 4^E0AP!1-1 )^P4A!I-l)+2^E0AU!I-I)^UA!I-l) ) + (P/HU(I))^ALPHO!I + l) 
1^(EH3( I + l )^N03( I+t)+4^P4A( I + l)•EOAP! I + l )+2^E0AU! I + l )^UA! I + D ) 
l-!0/HU!I))^!1 + 2^ALPH0!I))^!EH3!I)^N03!I)+4+P4A!I)•EOAP!I) + 2^E0AU! I 
D^UA! I ))-0.5^RXN2 

TEM7=!AQ/HU!I))•!ALPHA!I-l)^HN02!l-l)+!I+ALPHA!I+l))^HN02!I+l) 
l-!l+2^ALPHA!I))^HN02!I)) + !0/HU!I))•!1+ALPHO!I-l))^EH2! I-l)• 
1HN02(l-l) + !P/HU!I))^ALPHO!I+i)•EH2II+l)*HN02!1+I)-!0/HU!I))•! 1 + 
12^ALPH0! I))^EH2!I)*HNO2!I)+0.5*RXN2-RXN4-RXN5 

TEM8=!AQ/HUII))*!ALPHA!I-1)*H!I-l)+!1+ALPHA!I+l))*H!I+l)-!1+2* 
IALPHA! I))*H!I)) + !0/HU(I))*(1+ALPHO!I-l))*EH3!I-l)*N03<I-l) + !P/HU 
l(I))^ALPHO!l+l)*EH3!I+1)*N03!l+l)-!0/HU(I))•(1+2^ALPH0(I))^EH3!I) 
l^N03!I)+l.7S*RXNl-l.S^RXN2+1.2S^RXN3+RXN4+RXNS 
60 TO 53 

33 CONTINUE 

TEM1=!AQ/HU(LL))•!P4A!M)+ALPHAIL+1)4P4A!L+1)-!I+ALPHAILL))• 
1P4A!LL))+!0R2/HU!LL))4!l+ALPHO!L+l))•EOAPIL+l)^P4A!L+1)-!0R2/HU! 
ILL))^!1+ALPHOlLL))^EOAP!LL)*P4A!LL) 

TEM2=!AQ/HU!LL))*!UA!M)+ALPHA!L+1)*UA!L+1)-!1+ALPHACLL))*UA!LL)> 
l+!0R2/HU!LL))*!1+ALPHOIL+1))•EOAUIL+l)^UA!L+1)-!OR2/HU!LL))• 
1!l+ALPHO!LL))^EOAU!LL)*UA!LL) 

TEM3=!AQ/HU!LL))*!P3A!M)+ALPHA!L+1)*P3A!L+1)-(l+ALPHAILL))*P3A!LL) 
1) 

TEM4=!AQ/HU!LL))*CHN!M)+ALPHA!L+1)*HN!L+l)-!1+ALPHAILL))*HN!LL)) 

f 

TEM5«!AQ/HU!LL))*!HZCM)+ALPHA!L+l)^HZ!L + l ).-! 1+ALPHAILL) )^HZCLL) ) 



'1 r-^r^ I r-f -̂ ^ 

1!LL))+!0R2/HU!LL))•(l+ALPHO(L+1))^!EH3!L+I)•N03IL+1)+4^EOAP!L+l) 
l*P4A(L+l)+2^E0AU!L+l)^UA!L+1))-!OR2/HU!LL))•(1+ALPH0(LL))•( 
2EH3!LL)^N03ILL)+44E0AP!LL)•P4A!LL)+2^EOAUILL)•UA!LL)) 

TEM7=!AQ/HU(LL))^!HN02!M)+ALPHA!L+1)^HN02!L+1)-!1+ALPHA(LL))^ 
lHNa2(LL))+!0R2/HU!LL))•(1+ALPH0IL+1))•EH2CL+1)^HN02!L+1) 
1-(0R2/HUCLL))•!1+ALPHOILL))^EH2!LL)•HN02(LL) 

TEM8=! AQ/HU ILL)) •!H!M>+ALPHA !L+1> •HI L+1)-(1+ALPHACLL) l^HCLD) 
1+!0R2/HU!LL))^(1+ALPHO!L+l))^EH3!L+l)^N03!L+l)-!0R2/HU!LL))^ 
1(l+ALPHO!LL))^EH3!LL)*N03!LL) 

EULER INTEGRATION ROUTINE. CALCULATE NEW CONCENTRATION 
PROFILE AT TIME T=T+DT 

53 CONTINUE 
P4AF!1)=P4A!I)+lTEMl-!1-EOAP!I))^P4A!I)•DDTHU!I)/HU!I»)*DT/!l+ENP! 
•I ) ) 
IF(P4AF(I).LE.O.O) P4AF(I)=0.0 

UAF!1)=UA!I)+(TEM2-!l-EOAU!I))•UA!I)•DDTHU!I)/HUCI)J^DT/!l+ENU!I)) 
IFCUAFID.LT.O.O) UAF!l)=0.0 

P3AF!I)=P3A!I)+!TEM3-P3A!I)•DDTHU!I)/HU!I))•DT 
IF!P3AF(I).LT.0.0) P3AF!I)=0.0 

HNF!I)=HN!I)+!TEM4-HN!I)4DOTHU!I)/HU!I))^DT 
IFCHNF! D.LT.O.O) HNF!I)=0.0 

HZF!I)=HZ(I)+!TEM5-HZ!I)^DDTHU!I)/HU!I))^DT 
IF!HZF!I).LT.O.O) HZF!I)=0.0 

N03F! I )=N03!I )-!4*!P4AFII )-P4A! I ))4ENP! I )+2^!UAF! I )-UA! I) )^ENU! D -
•!TEM6-!l-EH3!I))*N03!I)*DDTHU!I)/HU!I))*DT)/!1+ENH3!II) 
IFIN03FC D.LT.O.O) N03F(I)=0.0 



p r • ' ^ ^ - ' • > ? % M jps^, # #. r .>. - , ,,.(. ^mif t^t^•v•^, tr.i^M'^^if ^M 

H N 0 2 F ! I ) = H N 0 2 ! I ) + C T E M 7 - 1 1 - E H 2 ! I ) ) * H N 0 2 ! I ) * D O T H U ! I ) / H U ! I ) ) * D T / ! 1 + E N 
• H 2 ! I ) ) 

I F I H N 0 2 F ! I ) . L T . O . O ) H N 0 2 F ! I ) = 0 . 0 

H F I I ) = H ! 1 ) + ! T E M 8 - ! H ! I ) - E H 3 ! I ) * N 0 3 ! I ) ) * D D T H U ( I ) / H U ( I ) ) * D T - E N H 3 ( I ) * 
• ( N 0 3 F ! I ) - N 0 3 ( I ) ) 

I F ! H F ( I ) . L T . O . O ) H F ! I ) = 0 . 0 
1 2 6 C O N T I N U E / 

OVERALL P L U T O N I U M AND U R A N I U M C A L C U L A T I O N 

P U B A L = l . 0 - ! A Q * ! P 4 A F ! l ) + P 3 A F ! l ) ) + 0 R 2 * P 4 A F ! L L ) * E O A P ! L L ) ) / ! 0 R F * P 4 0 F > 
U B A L = 1 . 0 - ! A Q 4 U A F ! l ) + O R 2 * U A F ! L L ) * E O A U ! L L ) ) / ! O R F * U O F ) 

CALCULATE THE TOTAL P L U T O N I U M I N T H E COLUMN ro 

P U T O T = 0 . 
DO 1 3 6 1 = 1 . L L 
P U S = ! ! P 4 A ! I ) + P 3 A ! I ) ) * H U I I ) + P 4 A ! I ) * E O A P ! I ) * ! V O L - H U ! I ) > ) * 2 3 9 
P U T O T = P U T O T + P U S 

1 3 6 C O N T I N U E 

E S T A B L I S H NEW PRESENT VALUES 
DO 1 4 6 1 = 1 . L L 
A P ! I ) = A P ! I ) + O O T A Q ! I ) * D T 
O P ! I ) = O P ! I ) + O O T O R C I ) * O T 
P 4 A ! I ) = P 4 A F ! I ) 
P 3 A ! 1 ) = P 3 A F ! I ) 
U A ! I ) = U A F ! I ) 
H Z ! I ) s H Z F ! I ) 
H N ( l ) s H N F ! I ) 



•IB-Sirai »-i ••- ••-y'T-si-rm 9 * • .,™ 
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H N 0 2 I I ) = HN02F! I ) 
N 0 3 ! I ) = N 0 3 F ! I ) 
H l l ) = HF! I ) 

146 CONTINUE 

« » * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * « * * * * * * * * * * * * < « 
» CHECK THE STEADY STATE BY TOLERANCE OF PLUTONIUM BALANCE * 
* I F C P U B A L . L E . 0 . 0 0 1 ) 60 TO 13 • 
» * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * > « 

# * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ! « 
* PRINT OUT INTERVAL CONTROL « 
2 I F ! M O D ! N . 8 0 0 ) . E Q . O ) 6 0 TO 9 3 * 
* N=N+1 • 
» 6 0 TO 3 • 
J93 CONTINUE 5 _^ 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ 

CALCULATE CONCENTRATIONS I N 0R6ANIC PHASE 

DO 156 1 = 1 . L L 
H N 0 2 0 ( I ) = H N 0 2 ! I ) * E H 2 ! I ) 
N O 3 0 I I } = N 0 3 ! I ) * E H 3 ! I ) 
U O ! I ) = U A ! I ) * E O A U ! I ) 
P U 0 R 6 ! I ) = P 4 A ! I ) * E O A P ! I ) 

156 CONTINUE 

SUCCESSIVE PRINTOUTS OF CONC. AND D ISTRIBUTION COEF. PROFILES 

W R I T E ! 6 » 2 2 S ) 
W R I T E I 6 . 2 3 S ) 

T IME.PUBAL.UBAL 
T I M E 



1^ - •:f f^^^*^ g fe*^ ^^ r-^T ^ - ^ ^ T I ' S J i ' f " - t r.2 ^ ' ^ " t ^ r» 

oo 166 I - l . L L 

160 W R i r h ( 6 , 2 4 5 ) I . P U 0 R G C I ) . P 4 A C I ) . U 0 C I ) . U A C I ) . P 3 A C I ) . H C I ) 
W R I T E ( 6 . 2 5 5 ) 
DO 176 I « l , L L 

17t, tfPITt ( 6 , 2 6 5 ) I . N 0 3 0 C I ) . N 0 3 C I ) . H N 0 2 0 C I ) . H N 0 2 C I ) . H N C I ) . H Z ! I ) 
W R I T t : ! 6 . 2 7 5 ) 
OO 186 1 « 1 . L L 

186 X R I T b C 6 . 2 8 5 ) I . E 0 A P C I ) . E 0 A U ! I ) . E H 3 ! I ) . E H 2 ! I ) 
N»N41 
GU T(l 3 

PRINT FINAL STEADY STATE PU E^ it PROFILES& DISTRIBUTION COEF. PROFILES 

13 W R I T E I 6 . 2 9 5 ) N l . T I M E 
W R I T E ! 6 . 3 0 5 ) PUBAL.UBAL 
DO 196 1 = 1 , L L 
P 4 0 ! I ) = E U A P ! I ) * P 4 A ! I ) 7^ 
U 0 I I ) = E0AU! I ) * U A ! I ) *^ 
H N O 2 0 ! I ) = H N Q 2 I I ) * E H 2 ! I ) 
NI030! 1 ) = N 0 3 ! I ) * £ H 3 ! I ) 

196 CONTINUE 
k ' R I T E ! 6 . 3 l 5 ) 
WRITE CONCENTRATION PROFILES 
OO 206 1 = 1 , L L 

2 0 6 W R I T E I 6 . 3 2 5 ) I . P 4 A ! I ) . P 4 0 ! I ) * P 3 A ! I ) . U A ! I ) . U O ! I ) • N 0 3 ! I ) 
W R I T E I 6 . 3 3 5 ) 
OO 2 1 6 1 = 1 . L L 

2 1 6 W R I T E I 6 . 3 2 5 ) I • N 0 3 0 ! I ) . H ! I ) . H N ! I ) . H Z ! I ) • H N 0 2 ! I ) • H N 0 2 0 ! I ) 
WRITE D ISTRIBUTION COEFFICIENTS 
DO 2 2 6 1 = 1 . L L 

2 2 6 W R I T E I 6 . 3 5 5 ) I . E O A P ! I ) . E O A U ! I ) . E H S C I ) • E H 2 ! I ) 
WRITE TOTAL PLUTONIUM INVENTORY 
tiRITE!6.185) PUTOT 
WRITE BACKFLOW RATIO AND HOLDUPS 
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WRITEI6 .365) 
00 236 1=1,LL 

236 WRITE(6 ,375) I . H U ! I ) . H U H ! I ) 
DO 246 l = l . L L 

246 WRITE(6 .3a5) I . A L P H A ! I ) . I . A L P H O ! I ) 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
PLOT THE PROFILES 

DO 256 1=1,LL 
X(I)=I 

256 Y!I)=P4A!I) 
PLOT PLUTONIUM PROFILE 
K=l 
CALL GRAPH!LL .X .Y .K . l07 . 8 . . 1 2 . . 3 . • I . . 0 . . 0 . • • S T A G E NUMBER;••'CON 

U N M O L E / L I T E R ; • . • S P E C I E S N O T E ; * . ' P U I I V I A ; • ) 
DO 266 1=1 .LL J;;::̂  

266 Y! I ) = P 4 0 ! I ) "̂  
K=2 
CALL 6 R A P H S I L L . X . Y . K . 1 0 7 . ' P U I I V l O ; ' ) 
PLOT URANIUM CONCENTRATION PROFILE 
DO 276 1=1.LL 

276 Y!I)=UA!I) 
K=3 
CALL G R A P H S ! L L . X . Y . K . 1 0 7 . » U ! V 1 ) A ; « ) 

00 286 1=1.LL 
286 Y!I)=UO!I) 

K=4 
CALL GRAPHSILL.X.Y.K.107. 'UIVI)0;«) 
PLOT PLUTONIUMIIII) CONCENTRATION PROFILE 
DO 296 1=1.LL 

296 Y!I)=P3A!I) 
K=5 
CALL 6RAPHS!LL•X.Y.K«107.•PU!Ill):*) 
PLOT HN03 PROFILE 
OO 306 1=1.LL 



306 Y( I)=N03(I) 
K = 6 
CALL GRAPH!LL.X.V.K.107. 8..12..3..1..0..0..'STAGE NUMBER;'.•CON 

U N M O L E / L I T E R : ' . ' S P E C I E S N O T E ; ' . ' N a 3 A ; • ) 
DO 316 1=1,LL 

316 Y(I)=NO30!I) 
K = 7 
CALL GRAPHS!LL.X.Y.K.107.'N030;' ) 
PLOT HYDRAZINE CONCENTRATION PROFILE 
DO 326 1=1.LL 

326 Y(I)=HZ(I) 
K = 8 
CALL GRAPH(LL.X.Y.K.107. 8..12..3.•I.* 0..0..'STAGE NUMBER;••'CON 
U N MOLE/LITER;•••SPECIES NOTE;•.•HYDRAZINE;•) 

PLOT HYDROXYLAMINE CONCENTRATION PROFILE 
DO 336 I=1.LL 

336 Y(I)=HN!I) 
K=9 
CALL GRAPHS!LL«X.Y.K«107.•HYDROXYLAMINE;* > 
PLOT H+ CONCENTRATION PROFILE 
DO 346 1=1.LL 

346 Y!I)=H!I) 
K=10 

CALL GRAPHSILL.X.Y.K.107.'HYDROGEN ION H+; • ) 
PLOT HN02 CONCENTRATION PROFILE 
DO 356 1=1.LL 

356 Y d )=HN02!I ) 
K = l l 
CALL GRAPHILL.X.Y.K.107. 8..12..3.•I..0..0.•'STAGE NUMBER;••'CON 
U N MOLE/LITER;',•SPECIES N0TE;«.^HNO2 IN AO:^) 
00 366 1=1,LL 

366 Y!I}=HNU20!I) 
K=12 
CALL 6RAPHSILL.X.Y.K.107.•HN02 IN OR PHASE;•) 
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^**** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 4t 

« • 
* 
* 
« 
* 

STEADY STATE D I D NOT A R R I V E * 
tt 

« 
« 
* 

tt 
* 

*************************************************************************t 

PUNCH DATA CARDS FOR NEXT RUNS I N P U T I F 
0 0 3 7 6 1 = 1 . L L 
W R I T E ! 7 , 6 5 ) P 4 A ! I ) . P 3 A ! I ) . U A d ) . H ! I ) 
W R I T E ! 7 . 6 5 ) N 0 3 ! I ) . H N 0 2 C I ) . H N I I ) . H Z ! I ) 
W R I T E ( 7 , 6 5 ) E O A P ! I ) . E O A U ! I ) . E H 3 ! I ) . E H 2 ! I ) 

3 7 6 C O N T I N U E 

FORMATS 

IS 
25 
35 
45 
55 
65 
75 
65 
95 

F 
IM 

F 
F 
F 
F 
F 
F 
F 
F 
r 

i« 
2 ' 
3 ' 
4 * 

5 * 
6« 
7« 
8» 
8 ' 
9» 
A* 
B» 

0 R M A T I / / / . 5 X . • 
ENT SECTION I S 
0RMATI4F12.7) 
0 R M A T I F 1 2 . 7 ) 
0RMATI2I5) 
0RMATI8F9.4) 
0RMATI4F10.5) 
ORMATI2F4.2) 
0RMATI4F6.3) 
0RMATC4E14.5) 
ORMATIIOX.'ORINGINAL 
PLUTONIUM FEED CONC 
URANIUM FEED CONC 
HN EXTRACT CONC 
HZ EXTRACT CONC 
HN03 EXTRACT CONC 
HN03 FEED CONC 
HN03 SCRUB CONC 
HN02 STRIP CONC 
HN02 FEED CONC 

ASSUME THE VOLUME OF UPPER AND BOTTOM OISENGA6E 
THE SAME AS THE EQUILIBRIUM STA6E VOLUME') 

ro 
vo 

SYSTEM PARAMETERS'./.lOX. 

OR6ANIC FLOW. SCRUB 
FEED 
EXTRACT 

.F9.5,/ 
,F9.5,/ 
.F9.5./ 
.F9.5./ 
.F9.5./ 
.F9.5./ 
.F9.5./ 
•F9.S./ 
•F9.5./ 
.F9.5./ 
•F9.5./ 
•F9.5./ 

• lOX. 
.lOX, 
• lOX. 
.lOX. 
*10X. 
.lOX. 
• lOX, 
• lOX. 
tlOX. 
.lOX. 
• lOX. 
.lOX. 



C'AQUEOUS FLOW* • 1 0 X . F 9 . 5 . / . 1 0 X . ' T I M E STEP S E C * . 8 X . F 4 . 1 . / . 1 OX. 
E'NUMBER OF EQUlL S T A 6 E S ' . 1 4 , / . 1 OX.•FEED AT STAGE • • 1 4 . / . I 
GOX.* INTERSTAGE TCS: AQ.OR* , F 9 . 2 . F 9 . 2 . / . 1 OX. 
H ' P R I N T , MIN * , I 4 . / . 1 0 X . 
I 'AMPLITUOE CM/CYCLE * . F 9 . 5 . / . 1 OX,'FREQUENCY CYCLES/SEC * . F 9 . 5 . / ) 

105 F 0 R M A T ! 1 0 X , ' I N P U T CONDITIONS IMPOSED AT TIME = 0 . 0 * . / . l O X . 
• •PLUTONIUM FEED C O N C * . F 9 . 5 . / . 1 OX, 
**URANIUM FEED CONC * . F 9 . 5 , / . 1 OX. 
••HN02 FEED CONC •.F9.5,/.1 OX. 
••OR FEED FLOW RATE *.F9.5,//) 

115 FORMAT(/.ISX.^TIME = •»F5.1./.12X,•ORIGINAL OVERALL PU AND U MATER 
•ERIAL B A L A N C E S : (INPUT - OUTPUT)/lNPUT*./.12X.*PLUTONIUM... •.E14. 
•6.lOX.'URANIUM... •.E14.6./) 

125 F0RMAT!/.5X.*STAGE NUMBER OUTPUTS: PU!IV)A PU!IV)0 
1 PUdll) UAIVl) H+ N03-*) 

135 F0RMAT!/.13X,I2.12X.E12.5.SX.E12«5.5X.E12.5,5X.E12.5.5X.E12.5.5X. 
1E12.5) 

145 FORMAT!/.5X.*STAGE NUMBER OUTPUTS: HN02 HN H 
IZ EOAP EOAU EH3 EH2*) 

155 FORMATI/.13X.12. 5X.E12.5.2X.E12.5.2X.E12•5.2X.E12.5.2X.E12.5.2X. 
1E12.5.2X.E12.5) 

165 FORMAT!/.5X.*STAGE NUMBER OUTPUTS: AP OP 
I HU OOTAQ DDTOR DDTHU*) 

175 F0RMAT!/,13X,I2.12X.E12.5,5X,E12.5«5X,E12.5,5X,E12.5.5X,E12.5.5X 
I.E12.5) 

185 FORMAT!/,5X.'THE TOTAL PLUTONIUM IN THE COLUMN IS'.2X,F16.8) 
195 FORMAT!/.5X.'INITIAL CONDITIONS PRINTOUTS END*.50!**•)./////) 
205 FORMAT!/.5X.*MIYAUCHI HOLDUP CORRELATION PHYSICAL AND GEOMETRY 

ICONSTANTS ARE LISTED BELOW*./,5X,•SPACING=*,F6.3.2X.*PLATE FREE 
lAREA FRACTIONS*.F6.3./.5X,'INTERFACIAL SURFACE TENSION='.F6.3. 
I'DISPERSED PHASE VISCOSITY=«.F6.3.•DISPERSED PHASE DENSITY=^.F6.3. 
l/.5X.^MIYAUCHIS PHYSICAL CONSTANTS^.Fl0.7.2X.•MIYAUCHIS GEOMETRY 
ICONSTANT=«.F10.7) 

215 FORMAT!/.5X••ALPHAS.IX.12.2X.F10.7•3X.^ALPH0^.IX*I2.2X.FI0.7) 
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2 2 5 F O R M A T ! * 1 * • 1 5 X . * T I M E s * . F l O . 5 , / . 2 0 X . * Q V E R A L L MATERIAL BALANCES: ! I 
•NPUT - O U T P U T ) / I N P U T * . / . 2 0 X . • P L U T O N I U M . . . • . £ 1 4 . 6 . l O X , * U R A N I U M . • • 
• • . E 1 4 . 6 . / ) 

2 3 5 FORMAT C / . I O X . ' A T T IME=* . F 1 0 . 5 . / / . 1 6 X , • P U d V ) * . 12X . • P U ! I V ) * . 
1 1 3 X . * U ! V I ) • , 1 3 X . * U ! V I ) * . 9 X . * P U d U ) * . 1 0 X , * H + * . / . 1 6 X , * ORGANIC*. 
11IX.'AQUEOUS^.12X.^0RGANIC^.IIX.'AQUEOUS*./) 

245 FORMAT(/.5X."STAGE*.12.2X.6!El 2.5.5X)) 
255 FORMAT !*-*./.16X.*N03-*.14X.•N03-^.15X.•HN02*.14X.*HN02*.12X. 

l*HN*,14X.*HZ«,/.16X, 
4 * O R G A N I C * . I I X . • A Q U E O U S * . 1 2 X . ' O R G A N I C * . 1 1 X . • A Q U E O U S * . / ) 

2 6 5 F0RMAT(5X . * S T A G E * . I 2 . 2 X . 6 ( E 1 2 . 5 , 5 X ) ) 
2 7 5 FORMAT I • - • . / . I 5 X . ^ E P U d V ) • . 1 4 X . ' E U ! V I ) • . 1 3 X . * EHN03* . 1 3 X . *EHN02« • / ) 
2 8 5 FORMAT CSX.* S T A G E * . t 2 . 2 X . 4 ! E 1 2 . S . 7 X ) ) 
2 9 5 FORMAT! / .5X . •NUMBER OF I T E R R A T I O N * . 1 6 . 5 X , • A T T I M E * • F 9 . 4 . / / . l O X . 

1 * THE F INAL CONCENTRATION PROFILES ARE L I S T E D BELOW*) 
3 0 5 F O R M A T ! / . 5 X . * P U B A L = * . £ 1 2 . 5 . I O X . • U B A L = ^ . E l 2 . 5 ) 
3 1 5 F O R M A T ! / . 5 X . • S T A G E NUMBER OUTPUTS: P U C I V ) P U O d V ) ^ 

1 P U d l l ) U ! V I ) A U ! V I ) 0 N 0 3 - ^ . / / ) w 

3 2 5 F O R M A T ! / . 6 X . I 2 . 1 9 X . E 1 2 . 5 . 3 X . E l 2 . 5 . 2 X . E l 2 . S , 2 X . E l 2 . 5 . 1 X . E 1 2 . S . 2 X . E I 
1 2 . 5 ) 

3 3 5 FORMAT( / . 5X .»STAGE NUMBER OUTPUTS: N030 H+ 
1 HN HZ HN02 H N 0 2 0 * . / ) 

3 4 5 F O R M A T ( / . 5 X . * S T A G E NUMBER OUTPUTS: EOAP EOAU 
I EH3 E H 2 * . / ) 

3 5 5 F O R M A T ! 6 X . 1 2 . 1 9 X . E 1 2 . 5 , 3 X . E l 2 . S . 2 X . E 1 2 . 5 . 2 X , E 1 2 . 5 ) 
3 6 5 FORMAT I / . 5 X . * S T A G E NUMBER*,12X. •HOLD U P * . 1 3 X . * H O L D UP F R A C T I O N * . / ) 
3 7 5 F O R M A T I / . 1 1 X . I 2 . 1 6 X . F 1 0 . 6 . 1 0 X . F 1 0 . 6 ) 
3 6 5 F O R M A T C / » l 0 X » * A L P H A * » 2 X . I 2 . 2 X . F 9 . 6 . l 0 X . * A L P H O * . 2 X . I 2 . 2 X . F 9 . 6 ) 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

9 9 STOP 
END 
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L I S T I N G OF SUBROUTINES USED IN MAIN PROGRAM 

D I S T R I B U T I O N COEFFICIENTS EVALUATION SUBROUTINE 

SUBROUTINE D I S T R I I P 4 A . P 3 A . H N . H . N 0 3 . H N 0 2 . H Z . U A . 
I F I S , E 0 A U , E 0 A P , E H 3 . E H 2 . L L , N ) 
REAL P 4 A ( 2 3 ) . P 3 A ! 2 3 ) . H N ! 2 3 ) . H ( 2 3 ) . N 0 3 ! 2 3 ) , H N 0 2 ! 2 3 ) . H Z ! 2 3 ) 

l . F I S ( 2 3 ) . N O 3 0 ( 2 3 ) 
REAL K 1 , K 2 , K 3 , K 4 . K 5 . K H . K P , K U , I S . N 0 3 S . N 0 3 I . I N T E R R 
REAL UA(2 3 ) . E O A U ! 2 3 ) . E 0 A P ! 2 3 ) . E H 3 ! 2 3 ) . E H 2 ! 2 3 ) 
OO 386 1 = 1 . L L 
W = N 0 3 ! I ) * * 2 
IS=0.S*!NO3d )+H( I)+HN! I )+HZd ) )+2*UA! I )+8*P4A! I )+4.5*P3A! I ) 
KP=12.163-9.033*IS+2.23*1S*IS-0.163*IS**3 
KU=8.7 91+6.071*IS-6.176*IS*IS+1.579*IS**3 
KH=0.385-0.155*IS+0.024*IS*IS 
F I S d )=1 0** ( 0. 91 *SQRT!IS)-1.521) - • 
C = 0.731 fCj 
Al = l + KH*Hd )*N03d ) 
A2=UA!I)+KP*P4A!I)*W/KU 
A3=P4A!I)+KU*UA!I)/!KP*W) 
A4=!A1/N03!I))**2 
A5=A4/W 
A6=Al/!4^SQRT(KU)^N03d )^A2) 
A7=A1/!4^SQRT(KP)•W*A3) 
A8=l-SQRTd+8*C*KU*A2/A4) 
A9=1-SQRTC1+8*C^KP^A3/A5) 
EOAUd )=(A6^Aa)^^2 
EOAP( I )=(A7^A9)^^2 
B1=KH^H(I)+l/N03!I) 
B2=UA!I)^KU+W^P4A!I)4KP 
B3=1-SQRT!1+8^C^B2/!B1^B1)) 
EH3(I)=-B1^KH^B3/!4*B2) 
FTBP=0.73l-EH3!I)*N03!I>-2*EOAP!I)*P4A!I)-2*EOAU!I)*UA!I) 



I F I F T B P . L T . 0 . 0 ) F T B P « 0 . 0 
E H 2 C I ) = 1 8 . 5 * F T B P 

3 8 6 CONTINUE 
RETURN 
END 

HOLDUP EVALUATION SUBROUTINE 
I . BY USING MCCUTCHEON'S HOLDUP ASSUMPTION:HUH=OR/! I+AQ) 

FOR UPPER DISENGAGEMENT STAGE 

DDTOR C l ) = d . / T O R ) * C O R l - O P ! l ) ) 
DDTAQ! l ) = ! l . / T A Q ) * i A P ! 2 ) - A P I D ) 
H U ! 1 ) = V 1 / ! 1 . + O R 1 / A P I 2 ) ) 
H U H ! l ) = H U ! l ) / V l 
E N P ! I ) = O R l * E O A P ! l ) / A P ! 2 ) 
E N U ! l ) = 0 R l * E O A U d ) / A P ! 2 > 
E N H 2 ! 1 ) = 0 R 1 * E H 2 ! 1 ) / A P ! 2 ) 
E N H 3 ! I ) = 0 R 1 * E H 3 ! 1 ) / A P ! 2 ) 

FOR STAGE BETWEEN FEED STAGE AND UPPER 01SENGA6EMENT SECTION 

OO 416 J = 2 . L L 
I F I J . N E . N F ) 6 0 TO 43 
D D T O R ! N F ) = ! I . / T O R ) * ! 0 P ! N 7 ) - 0 P ! N F ) + O R F ) 
6 0 TO 416 

43 D D T O R ! J ) = ! l . / T O R ) * l O P I J - l ) - O P ! J ) ) 
4 1 6 D D T A Q ! J ) = ! I . / T A Q ) * ! A P I J + I ) - A P ! J ) ) 

DO 426 1 = 2 . N 7 
H U ! I ) = V O L / ! l + O R l / A P ! I + l ) ) 
H U H ! I ) = H U ! I ) / V O L 
E N P ! I ) a O P ! I - l ) * E O A P ! t ) / A P ! I + l ) 



'3.TI i .1 

E N U d ) = O P ! I - l ) * E O A U d ) / A P d + l ) 
E N H 2 ! I ) = 0 P ! I - l ) * £ H 2 ! l l / A P ! I + l ) 

4 2 6 E N H 3 ! I ) s a P ! I - l ) * E H 3 ! H / A P ! I + l ) 

FOR FEED STAGE 

HU(NF)=!AP!N8)*VOL)/!APIN8)+OP!N7)•ORF) 
HUH ( NF )= HU ( NF ) /VOL 
ENP!NF)=!OP!N7)+ORF)*EOAP!NF)/APCN8) 
ENU!NF)=!0P!N7)+0RF)*E0AU!NF»/AP!N8) 
ENH3!NF)=!0PIN7)+0RF)*EH3!NF)/AP!N8) 
ENH2!NF)=!OP!N7)•ORF)*EH2!NF)/AP!N8) 

FOR STAGE BELOW FEED STAGE BUT BOTTOM 0ISEN6A6EMENT SECTION 

K=N8 
L L L = L L - l 
OO 436 I = K , L L L 
H U d ) = V O L / ! 1 + 0 R 2 / A P ! I + 1 ) ) 
H U H d ) = H U ! I ) /VOL 
E N P d ) = O R 2 * E 0 A P ! I ) / A P d + l ) 
E N U ! I ) = 0 R 2 ^ E 0 A U ! I ) / A P ! I + l ) 
E N H 2 d ) = a R 2 ^ E H 2 ! I ) / A P d + l ) 

4 3 6 E N H 3 ! I ) = 0 R 2 ^ E H 3 d ) / A P ! I + l ) 

FOR BOTTOM DISEN6A6EMENT SECTION 

4:> 

0 0 T A Q ! L L ) = ! 1 . / T A Q ) ^ ! A P ! L L + 1 ) - A P ! L L ) > 
OOTOR!L1.)=C t . / T O R ) * ! O P ! L L - l ) - O P ! L L ) ) 
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H U ( L L ) » V l / ( l + 0 R 2 / A P ! L L + l ) ) 
H U H I L L ) = H U ! L L ) / V l 
E N P ( L L ) = 0 R 2 * E 0 A P ( L L ) / A P ! L L + 1 ) 
E N U ! L L ) = 0 R 2 * E 0 A U ! L L ) / A P ! L L + l ) 
E N H 2 ( L L ) = 0 R 2 * E H 2 ( L L ) / A P I L L + 1 ) 
E N H 3 ! L L ) = O R 2 * E H 3 ! L L ) / A P ! L L + l ) 
D D T H U ! 1 ) = ( V 1 * 0 R 1 * 0 D T A Q ( 2 ) ) / ! ! A P ! 2 ) + O R I ) * * 2 • ) 
DO 446 1 = 2 , N 7 

4 4 6 D D T H U ! I ) = ! V O L * O R l * D D T A Q ! l + 1 ) - V O L * A P ! I + l ) * D O T O R ! I - l ) ) / ! ! A P ! I + l ) 
l + Q R l ) * * 2 . ) 

DDTHU!NF) = ( V O L * ! O P ! N 7 ) + O R F ) * D O T AQ(N8 ) -VOL*AP(N8 ) * !ODTOR(N7 )+DDT 
1 0 R F ) ) / ( ! A P ! N 8 ) + 0 P ! N 7 ) + 0 R F ) * * 2 . ) 

0 0 456 I = K . L L L 
4 5 6 D D T H U ! I ) = ! V 0 L * 0 R 2 * 0 D T A Q ! I + 1 ) - V O L * A P ! I + l ) * D 0 T 0 R ! I - l ) ) / ! ! A P ! I + l ) 

1 + 0 R 2 ) * * 2 . ) 
D D T H U ! L L ) = ! V 1 * 0 R 2 * 0 0 T A Q ! L L + 1 J - V 1 * A P ! L L + 1 ) * D D T O R I L L - 1 ) ) / 

I I ! A P ! L L + 1 ) + 0 R 2 ) * * 2 . ) j;;; 
RETURN ^ ^ 
END 

I I . U S I N G MIYAUCHIS HOLDUP CORRELATION TO EVALUATE THE HOLDUP 

DO 476 I = 2 . L L 
I F I P S I . G T . 0 . 2 1 ) GO TO 6 3 6 
H U H d ) = l - 0 . 6 6 * l O P ! l - l ) * G ) * * ! 2 . / 3 . ) * P S I * * ! 0 . 8 4 ) 
H U d ) = H U H d ) *VOL 
GO TO 476 

6 3 6 H U H d ) = l - 6 . 3 2 » ! O P ! I - l ) * 6 ) * * ! 2 . / 3 . ) * P S I * * ! 2 . 4 ) 
H U ! I ) = H U H ! I ) * V O L 

4 7 6 CONTINUE 
I F I P S I . G T . 0 . 2 1 ) GO TO 616 
H U H d ) = l - 0 . 6 6 * ! 0 R I * 6 > * * ! 2 . / 3 . ) * P S 1 * * ! 0 . 6 4 ) 
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H U ! 1 ) = H U H ! 1 ) * V O L 
H U H ! N F ) = l - 0 . 6 6 * ! 0 R 2 ^ G ) * * ! 2 . / 3 . ) • P S I * * ! 0 . 8 4 ) 
HU!NF)=HUH(NF) *VOL 
GO TO 626 

6 1 6 H U H d > = l - 6 . 3 2 * ! 0 R l * 6 ) * * ! 2 . / 3 . ) * P S l * * ! 2 . 4 ) 
H U d ) = H U H d )*VOL 
H U H ! N F ) = l - 6 . 3 2 * ! O R 2 * 6 ) * * ! 2 . / 3 . ) * P S I * * ! 2 . 4 ) 
HU ( NF ) sHUH! NF ) *VOL 

6 2 6 CONTINUE 
ODTOR! l ) = d / T O R ) * ! O R l - O P ! l ) ) 
O O T A Q ! l ) = ! l . / T A Q ) * ! A P ! 2 ) - A P ! l ) ) 

DO 416 J = 2 . L L 
I F I J . N E . N F ) 60 TO 4 3 
D D T O R ! N F ) = I 1 . / T O R ) * ! O P ! N 7 l - O P ! N F ) + O R F ) ^ 
DDTAQ! I>tf^)=! l / T AQ) * ! A P ! N 7 ) - A P ! N F ) ) w 
6 0 TO 416 °^ 

4 3 D D T O R ! J ) = ( l . / T O R ) * I O P ! J - l ) - O P ! J ) ) 
DDTAQ! J ) = d . / T A Q I * ! A P ! J + l ) - A P C J ) > 

4 1 6 CONTINUE 
I F I P S I . G T . 0 . 0 9 ) 6 0 TO 866 
D D T H U ! 1 ) = - ! 2 . / 3 . ) * 0 . 6 6 * ! 0 R l * 6 ) * * ! - l . / 3 . ) * V O L * D D T O R ! l ) * P S I * * ! 0 . 8 4 ) 
6 0 TO 876 

8 6 6 D D T H U ! 1 ) = - ! 2 . / 3 . ) * 6 . 3 2 * P S I * * ! 2 . 4 ) * ! O R l * 6 ) * * ! - I . / 3 . ) * V O L * O D T O R I I ) 
8 7 6 CONTINUE 

DO 596 1 = 2 . L L 
I F I P S I . G T . 0 . 2 1 ) 6 0 TO 5 2 6 
D D T H U ! I ) = - 0 . 6 6 * ! 2 / 3 ) * ! O P ! I - l ) * G ) * * ! - l / 3 ) * P S I * * ! 0 . 8 4 ) * V O L * D D T O R ! I - 1 

1) 
O O T H U ! N F ) s - 0 . 6 6 * ! 2 . / 3 « ) * ! O R 2 * G ) * * ! - l . / 3 . ) * P S I * * l 0 . 8 4 ) * V O L * O D T O R ! N F 

1) 
6 0 TO 596 



r ptm-

526 O D T H U ( I ) = - ( 2 . / 3 . ) * 6 . 3 2 * P S I * * C 2 . 4 ) * ! 0 P ! I - l ) * 6 ) * * ! - 1 / 3 ) * V O L * D D T O R ! I < 
I I ) 
0 0 T H U l N F ) = - ! 2 . / 3 . ) * 6 . 3 2 * P S l * * ! 2 . 4 ) * ! 0 R 2 * 6 ) * * ! - l / 3 ) * V 0 L * 0 D T 0 R ( N F ) 

5 9 6 CONTINUE 
0 0 606 1 = 1 . L L 
E N P d ) = ! V O L - H U ( I ) ) * E O A P ! I ) / H U ! I ) 
ENU ( 1 ) = ! VOL-HU ( I ) ) * E O A U d ) / H U ! I ) 
E N H 2 ( I ) = ! V O L - H U ! I ) ) * E H 2 ! I } / H U ! I ) 
E N H 3 ( I ) = ! V O L - H U ! I ) ) * E H 3 ! I ) / H U ! I ) 

6 0 6 CONTINUE 
RETURN 
END 

I I I . U S I N 6 THE PROPOSED HOLDUP CORRELATION TO EVALUATE THE HOLDUP _̂  
to 

SUBROUTINE HOLDUP COP.AP.EOAP.EOAU.EH2.EH3.DDTOR.DDTAQ.HU.ENP. ^ 
I E N U . E N H 2 . E N H 3 . D D T H U . N 7 . D D T O R F . L L . N F . T O R . O R F . V O L . 
I V l . O R l . N 8 . H U H . 0 R 2 . T A Q . A Q . P S I . 6 ) 

REAL 0 P C 2 3 ) . A P ! 2 3 ) . E O A P I 2 3 ) . E O A U ! 2 3 ) • E H 2 I 2 3 ) . E H 3 I 2 3 ) . 
I D O T O R ! 2 3 ) . D 0 T A Q I 2 3 ) . H U i Z5) 

REAL E N P ! 2 3 ) . E N U ! 2 3 ) . E N H 2 ! 2 3 ) . E N H 3 ! 2 3 ) . D D T H U ! 2 3 ) 
REAL N a 3 . N O 3 F . N O 3 O ! 2 3 ) . H U H ( 2 3 ) . 0 R . O R l . O R 2 . O R F 

REAL PSI 
CALCULATE HOLDUPS AND FLOW PARAMETERS 

USIN6 THE PROPOSED CORRELATION TO EVALUATE THE HOLDUP 

HUHCl)=!1-!l.4703*!OP!1)*6I**!2•/3.)*PS1**!1.15149529))) 



-^'^ l » « ^ ^ I ,̂.,,,,, ,, ^ . 
' lift, »*mww>ii-» f 

H U d ) = HUHC 1 ) *VOL 
DO 396 I « 2 , L L 
H U H ! I ) = 1 - ! 1 . 4 7 0 3 * 1 O P ! I - l ) * 6 ) * * C 2 . / 3 . ) * P S I * * ! 1 . 1 5 1 4 9 5 2 9 ) ) 
H U ! l ) s H U H ! l ) *VOL 
3 9 6 CONTINUE 
HUHINF ) = 1 - ! 1 . 4 7 0 3 * ! O R 2 * 6 ) * * ! 2 . / 3 . ) * P S I * * ! I • 1 5 1 4 9 5 2 9 ) ) 
HU!NF)=HUH!NF) *VOL 
DDTOR! I ) = ! l / T O R ) * ! O R l - O P C D ) 
O D T A Q ! l ) = ! l . / T A Q ) * ! A P ! 2 ) - A P ( 1 ) ) 

0 0 406 J = 2 . L L 
I F I J . N E . N F ) 6 0 TO 103 
O D T O R ! N F ) = I l . / T O R ) * ! O P ! N 7 l - O P ! N F ) + Q R F ) 
D D T A Q ! N F ) = ! l / T A Q ) * ! A P ! N 7 ) - A P ! N F ) ) 

6 0 TO 406 _, 
103 DDTOR! J ) = d . / T O R ) * I O P ! J - l ) - O P C J ) ) ^ 

D D T A Q ! J ) = ! l . / T A Q ) * ! A P I J + 1 ) - A P ! J ) ) 
4 0 6 CONTINUE 

I F I P S I . 6 T . 0 . 0 9 ) 6 0 TO 113 
D D T H U ! 1 ) = - 0 . 0 0 4 8 6 7 * I O P ! I ) * 6 ) * » ! - l . / 3 . I • V O L * D D T O R ! 1 ) * P S I * * ! - 0 . 9 4 8 5 ) 
6 0 TO 123 

1 1 3 D D T H U ! l ) = - ! 2 . / 3 . ) * 1 . 4 7 0 3 * P S I * * ! 1 . 1 5 1 4 9 5 2 9 ) * ! 0 R 1 * G ) » * ! - I . / 3 . ) * V O L 
1*DDT0R!1 ) 

123 CONTINUE 
DO 143 1 = 2 . L L 
I F I P S I . G T . 0 . 0 9 ) 6 0 TO 133 
D D T H U ! I ) = - 0 . 0 0 4 8 6 7 * ! O P ! I - 1 ) * 6 ) * * ! - 1 . / 3 . ) » P S I * * ! - 0 . 9 4 8 5 ) * V O L * D D T O R 

1 ! I - 1 ) 
D D T H U ! N F ) = - 0 . 0 0 4 8 6 7 * ! O R 2 * 6 ) * * ! - I • / 3 . ) * P S I * * ! - 0 . 9 4 8 5 ) * V O L * D D T O R ! N F ) 
6 0 TO 143 

133 D D T H U ! 1 ) = - ! 2 . / 3 . » * 1 . 4 7 0 3 * P S l * * C l . I 5 l 4 9 5 2 9 ) * ! O P ! I - l ) * 6 ) * * ! - l . / 3 . ) * 
l V O L * D D T O R d - l > 

J 



O O T H U C N F ) = - I 2 . / 3 . ) * l . 4 7 0 3 * P S I * * ! 1 . 1 5 1 4 9 5 2 9 ) * C 0 R 2 * 6 ) * * C - l . / 3 . ) * V O L * 
IDOTORCNF) 

1 4 3 CONTINUE 
DO 4 1 6 1 = 1 . L L 
E N P C I ) = C V U L - H U d ) ) * E O A P C I > / H U C I ) 
E M U ! I ) = C V O L - H U C I ) ) * E O A U d ) / H U C I ) 
E N H 2 ! I ) = ! V O L - H U ! I ) ) * E H 2 ! I ) / H U C I ) 
ENH3C I ) = ! V 0 L - H U ! I I ) * E H 3 d ) / H U ! I ) 

4 1 6 CONTINUE 
RETURN 
END 

CHEMICAL REACTION MATERIAL BALANCE EVALUATION SUBROUTINE 

SUBROUTINE R E A C T I P 4 A . P 3 A . H N . H . N 0 3 . H N 0 2 . H Z . F I S . R X N l • R X N 2 . R X N 3 * R X N 4 - • 
l . R X N 5 « K I . K 2 . K 3 « K 4 . K 5 . M . I ) vo 

REAL T O R . T A Q . 0 R 1 . D R F . O R 2 . N 8 . N F . V O L . A Q . O R 
REAL P 4 A ( 2 3 ) « P 3 A ! 2 3 > » H N ! 2 3 ) « H ! 2 3 ) « N O 3 ! 2 3 ) . H N 0 2 ! 2 3 } » H Z I 2 3 1 

I . F I S ! 2 3 ) . N 0 3 0 ! 2 3 ) 
REAL K I . K 2 . K 3 . K 4 . K 5 
REAL R X N 1 . R X N 2 . R X N 3 . R X N 4 . R X N 5 

R X N l = K l * C H N C I ) * * 2 ) * C P 4 A ! I ) * * 2 ) / C P 3 A ! I I * * 2 * ! H ! I ) * * 4 ) * ! 0 . 1 9 + N O 3 C I ) ) 
1 * * 2 ) 

R X N 2 = K 4 * P 3 A d ) * H N 0 2 ! I )*HI I ) * N 0 3 < I ) 
R XN3=K3* P 4 A ! I ) * H Z d ) 
R X N 4 = K 5 * H Z ! I > * H N 0 2 ! I ) * H C I ) * H C I ) 
R X N ^ F I S ! I ) * H N 0 2 ! I ) 
1 F ! H N ! I ) « L E . 0 ) RXN5=0 

RETURN 
END 

IT 
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CONCENTRATION 
0 . 0 1 0 . 2 

PHASE FLOW RATE 

FREQUENCY. AMPLITUDE 
3 . 3 8 7 

INTER6ATION 

0 . 4 0 . 2 0 . 1 4 

INPUT DATA L ISTED 
/ / G O . S Y S I N 00 • 

INTERSTAGE TIME CONSTANT. 
7 5 0 . 0 7 5 0 . 0 1 . 0 

TIME INTERVAL FOR EULER'S 
1 . 5 

FEED STAGE. TOTAL STAGE NUMBER 
5 20 

FEED 
0 . 0 5 

AQUEOUS 
0 . 0 1 2 2 2 2 2 
0 . 0 1 2 2 2 2 2 

FLOW RATE AND FEED CONCENTRATIONS; 
0 * 0 7 3 6 4 0 . 0 4 8 3 2 0 . 0 2 0 . 0 2 5 5 

COLUMN G E O M E T R Y : SPACING. FREE AREA FRACTION 
5 . 0 8 0 . 2 3 

CCL4 PHYSICAL CONSTANT:INTERFAC IAL TENSION 
DENSITY 

1 6 . 5 0 . 0 1 1 1 . 0 1 . 4 5 9 
PEASE'S ORIGINFL PROFILES CLOSE TO STEADY STATE 

0 . 0 0 6 4 0 . 2 

F O l . U C V I ) F . H N 0 2 F . F D 2 

. V I S C O S I T Y . H 2 0 DENSITY. CCL4 4:̂  
O 

1 , 4 9 6 0 0 E - 0 3 
1 * 4 2 1 0 0 E 00 
3 . 1 4 4 0 0 E 00 
1 . 4 9 6 0 0 E - 0 3 
1 . 4 2 1 0 0 E 00 
3 . 1 4 4 0 0 E 00 
5 . 18 8 0 0 E - 0 3 
1 . 4 4 5 0 0 E 00 
2 . 6 5 2 0 0 E 00 
1 . 4 3 2 0 0 E - 0 2 
1 . 4 6 0 0 0 E 00 
2 . 1 7 4 0 0 E 00 
3 . 7 3 4 0 0 E - 0 2 
1 . 4 9 3 0 0 E 00 

1 . 5 0 8 0 0 E - 0 1 I M 2 . 1 l l O O E - 0 4 
1 . 8 3 7 0 0 E - 1 0 
6 . 8 1 1 0 0 E 0 0 
l .SOdOOE-Ol 
1 . 8 3 7 0 0 E - 1 0 
6 . 8 1 1 0 0 E 0 0 
1 . 4 9 5 0 0 E - 0 1 
2 . 3 7 2 0 0 E - 0 8 
6 . 2 1 8 0 0 E 0 0 
1 . 4 5 2 0 0 E - 0 1 
3 . 2 4 9 0 0 E - 0 6 
5 . 3 7 I 0 0 E 0 0 
1 . 3 1 7 0 0 E - 0 1 
4 . 7 6 5 0 0 E - 0 4 

2 . 2 8 0 0 0 E - 0 1 
1 . 5 7 4 0 0 E - 0 1 
2 . 1 1 1 0 0 E - 0 4 
2 . 2 8 0 0 0 E - 0 1 
1 . 5 7 4 0 0 E - 0 1 
9 . 6 t > 3 0 0 E - 0 4 
2 . 2 8 1 0 0 E - 0 1 
1 . 4 5 5 0 0 E - 0 1 
3 . 3 a 0 O 0 E - 0 3 
2 . 2 9 2 0 0 E - 0 1 
1 . 3 2 4 0 0 E - 0 1 
9 . 9 9 0 0 0 E - 0 3 
2 . 3 9 S 0 0 E - 0 1 

6 . 5 0 9 0 0 E - 0 1 
3 . 7 3 8 0 0 E - 0 2 
9 . 1 5 S 0 0 E 00 
6 . 5 0 9 0 0 E - 0 1 
3 . 7 3 8 0 0 E - 0 2 
9 . 1 5 5 0 0 E 00 
7 . 6 6 4 0 0 E - 0 1 
3 . 7 6 7 0 0 E - 0 2 
8 . a 9 9 0 0 E 00 
7 . 5 1 6 0 0 E - 0 1 
3 . 8 7 0 0 0 E - 0 2 
6 . 1 1 9 0 0 E 00 
7 . 0 6 2 0 0 E - 0 1 
4 . 1 6 7 0 0 E - 0 2 

. 



•^-^ji liqm ar t «.*i* I « » i » / i '' * * ' i - l l i s ^ ' •^.iVfl. , » y ,J J, j,^,^j 
^1 

'<«! * ((wi'«||(. 

1 .47S00E 00 
2 . J 0 3 0 0 E - 0 2 
1 .40 100E 00 
1 . 7 2 70OE 00 
1 . 3 1 3 0 0 E - 0 2 
1 . 2 5 4 0 0 E 00 
1 . 7 8 700E 00 
5 . 4 6 7 0 0 E - 0 3 
l.OaOOOE 00 
1 . 5 7 7 0 0 E 00 
9 . 0 2 3 0 0 E - 0 4 
8 . 9 9 3 0 0 E - 0 1 
1 . 1 2 2 0 0 E 00 
5 . 3 1 6 0 0 E - 0 5 
7 . 6 6 8 0 0 E - 0 1 
7 . 4 3 3 0 0 E - 0 1 
0 . 0 
7 . 0 4 7 0 0 E - 0 1 
5 . 8 0 5 0 0 E - 0 1 
9 . 2 2 0 0 0 E - 0 8 
6 . 7 a 5 0 0 E - 0 1 
5 . 1 7 2 0 0 E - 0 1 
0 . 0 
6 . 6 7 5 0 0 E - 0 1 
4 . 9 1 6 0 0 E - 0 1 
1 . 0 8 9 0 0 E - 1 0 
6 . 6 3 0 0 0 E - 0 1 
4 . 8 1 1 0 0 E - 0 1 
0 . 0 
6 . 6 1 1 0 0 E - 0 1 
4 . 7 6 7 0 0 E - 0 1 
7 . 3 2 6 0 0 E - 1 3 
6 . 6 0 3 0 0 E - 0 1 
4 . 7 4 9 0 0 E - 0 1 
4 . 6 5 1 0 0 E - 1 3 
6 . S 9 9 0 0 E - O I 

4 . 1 6 7 0 0 E 0 0 
1 . 1 5 1 0 0 E - 0 1 
1 . 1 3 2 0 0 E - 0 4 
4 . 1 4 6 0 0 E 00 
8 , 5 3 0 0 0 E - 0 2 
3 . 4 2 1 0 0 E - 0 5 
3 . 8 8 6 0 0 E 0 0 
5 . 3 2 4 0 0 E - 0 2 
1 . 2 4 4 0 0 E - 0 5 
3 . 4 6 4 0 0 E 0 0 
2 . 1 2 7 0 0 E - 0 2 
5 . 2 8 4 0 0 E - 0 6 
2 . 7 6 9 0 0 E 00 
3 . 7 6 5 0 0 E - 0 3 
2 . 5 2 6 0 0 E - 0 6 
2 . 1 6 5 0 0 E 00 
7 . 0 5 0 0 0 E - 0 4 
U 2 8 4 0 0 E - 0 6 
1 . 8 8 7 0 0 E 0 0 
8 . 8 0 6 0 0 E - 0 5 
6 . 7 0 9 0 0 E - 0 7 
1 .7730CE 0 0 
1 . 1 4 3 0 0 E - 0 5 
3 . 5 3 9 0 0 E - 0 7 
1 .72S0GE 0 0 
4 . 3 5 a O O E - 0 6 
l . d 7 4 0 0 E - 0 7 
1 . 7 0 5 0 0 E 0 0 
4 . 3 3 8 0 0 E - 0 6 
9 . 9 4 6 0 0 E - 0 8 
1 . 6 9 7 0 0 E 0 0 
4 . 3 3 8 0 0 E - 0 6 
5 . 2 8 1 0 0 E - 0 8 
I . 6 9 3 0 0 E 0 0 
4 . 3 4 1 0 0 E - 0 6 
2 . 8 I 3 0 0 E - 0 8 

1 . 1 0 6 0 0 E - 0 1 
l . O l l O O E - 0 2 
3 . O 3 B 0 0 E - O 1 
1 . 2 0 1 0 0 E - 0 1 
1 . 1 0 9 0 0 E - 0 2 
3 . 2 9 8 0 0 E - 0 1 
1 . 2 8 1 0 0 E - 0 1 
I . 2 9 8 0 0 E - 0 2 
3 . 5 0 7 0 0 E - 0 1 
1 . 3 3 2 0 0 E - 0 1 
1 . 7 0 2 0 0 E - 0 2 
3 . 7 1 7 0 0 E - 0 1 
1 . 3 1 3 0 0 E - 0 1 
2 . 2 4 1 0 0 E - 0 2 
3 . 8 3 7 0 0 E - 0 1 
1 . 2 4 0 0 0 E - 0 1 
2 . 6 0 7 0 0 E - 0 2 
3 . 8 5 9 0 0 E - 0 1 
1 . 1 9 0 0 0 E - 0 1 
2 . 7 9 4 0 0 E - 0 2 
3 . 8 6 4 0 0 E - 0 1 
1 . 1 6 6 0 0 E - 0 1 
2 . 8 8 0 0 0 E - 0 2 
3 . 8 6 4 0 0 E - 0 1 
1 . 1 5 5 0 0 E - 0 1 

2 . 9 1 7 0 0 E - 0 2 
3 . 8 6 4 0 0 E - 0 1 
1 . 1 5 0 0 0 E - 0 1 
2 . 9 3 3 0 0 E - 0 2 
3 . 8 6 5 0 0 E - 0 1 
1 . 1 4 8 0 0 E - 0 1 
2 . 9 3 9 0 0 E - 0 2 
3 . 8 6 5 0 O E - 0 1 
1 . 1 4 7 0 0 E - 0 1 
2 . 9 4 0 0 0 E - 0 2 
3 . 8 6 5 0 0 E - 0 1 

6.e8000E 00 
6.51800E-01 
4.55500E-02 
7.38200E 00 
6.02200E-01 
4.79000E-02 
8.08500E 00 
5.27700E-01 
4.92700E-02 
8.87400E 00 
4.29600E-01 
4.98500E-02 
9.55400E 00 
3.32300E-01 
4.99500E-02 
9.96600E 00 
2.67200E-01 
4.99500E-02 
1.01500E 01 
2.36200E-01 
4.99500E-02 
1.02200E 01 
2.23400E-01 
4.99500E-02 
1.02500E 01 

2.18100E-01 
4.99500E-02 
1.02700E 01 
2.15900E-01 
4.99500E-02 
1.02700E 01 
2. 15000E-01 
4.99500E-02 
1.02700E 01 
2.14600E-01 
4.99500E-02 
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