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Use of Electronic Worksheets for Calculation of Stagewise Solvent
Extraction Processes

R. A. LEONARD

CHEMICAL TECHNOLOGY DIVISION
ARGONNE NATIONAL LABORATORY
ARGONNE, ILLINOIS 60439-4837

ABSTRACT

The electronic worksheet, a powerful new tool for
engineering analysis, is used to calculate flowsheets
for stagewise solvent extraction processes. The
algorithms presented give the component concentration
of each stage at steady—-state conditions and an esti-
mate of the time to reach steady state. Any number
of inlet and exit streams can be included and a dif-
ferent distribution ratio can be specified for each
stage. The procedure is illustrated using a nuclear
waste flowsheet. Although this paper deals with
stagewise solvent extraction, it shows the utility

of the electronic worksheet for many types of scien-—
tific and engineering calculations.

INTRODUCTION

Equations for solvent extraction calculations have been summarized
by Alders (1) and Lawrowski et al. (2). Alders, in particular, focuses
on stagewise solvent extraction calculations, giving equations for
every occasion including continuous countercurrent operation, batch
countercurrent operation, and the approach of these operations to
steady-state conditions. The equations are especially useful when
there is no more than one intermediate feed point and the distribution
ratio of the component being analyzed is comstant. More recently,
following the work of Lowe (3), Groenier (4) developed a FORTRAN
program called SEPHIS for solvent extraction processes. This model
uses a solvent consisting of an extractant, tributyl phosphate (TBP),
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in a diluent, normal paraffinic hydrocarbon (NPH), and an aqueous
phase containing nitric acid, uranium, and plutonium. For these
components, SEPHIS can handle a range of extractant concentrations
and process temperatures, a variety of side streams in the process
flowsheet, and can calculate the distribution ratios of the components
as they vary from stage to stage. The SEPHIS model has proven to be
quite useful and has been expanded (e.g., to include a fourth com—
ponent, thorium) and modified in various ways in the past 13 years to
make it even more useful. In this paper, procedures and algorithms
for doing these types of calculations, albeit of a more general
nature, on an electronic worksheet are explored. The ease with which
electronic worksheets can be set up for these calculations makes
their use very attractive.

Electronic worksheets, or "spreadsheets™ as they are more often
called in the popular literature, have been around for seven years
now (5). Because of the more popular name and because of what they
were first used for, business applications, the spreadsheet did not
seem to have any utility for engineers and scientists. However, this
is not true. The electronic worksheet program can do complex
engineering calculations involving material balances (6,7), heat
transfer (8), and chemical reactors (9). In this paper, the elec-
tronic worksheet is applied to flowsheet calculations in stagewise
solvent extraction processes.

For those not familiar with electronic worksheets, a quick
overview is in order. Each worksheet is a table or matrix of cells,
each cell designated by the row and the column in which it is located.
The individual cells can contain text, numbers, equations, or logical
expressions. The equations and logical expressions can use numbers
or, for the logical expression, text located in other cells. The
structure of the equations is similar to those found in the FORTRAN
and BASIC languages. Some worksheets can do iterative calculations.
For example, if there are equations in both cells A and B, and the
equation in cell A uses the value of cell B and the equation in cell
B uses the value of cell A, the worksheet will recalculate the values
of these cells until the difference between the last two values in a
cell is less than an amount specified by the user.

Quite a variety of worksheets exist to choose from; these
include MULTIPLAN, EXCEL, CRUNCH, JAZZ, DIGICALC, C-CALC, VISICALC,
SUPERCALC, and LOTUS 1-2-3. The work reported here was first done
using a DIGICALC worksheet on a VAX computer. It was later checked
using MULTIPLAN and EXCEL on a 512K Macintosh computer. If it is
large enough, any electronic worksheet should be able to perform the
calculations described here. The time to recalculate a worksheet
depends both on the number of cells to be calculated and the worksheet
program. With the 5000-cell worksheets evaluated for this report,
the recalculation time for the DIGICALC worksheet was 7 minutes;
for the MULTIPLAN worksheet, 30 seconds; and for the EXCEL worksheet,
10 seconds.
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The electronic worksheet has been called a fourth-level pro-
gramming language because of its power and ease of use compared with
third-level languages such as FORTRAN, BASIC, PASCAL, C, etc. (The
first- and second-level languages are machine language and assembly
language, respectively.) One of the criticisms leveled at worksheets
is that they are not as structured as third-level programming lan-
guages. Thus, one can get into trouble with complex worksheet
programs. One must always be careful that a program is written
correctly. Also, of course, the end result is only as good as the
model available for use in the program.

ALGORITHMS FOR STAGEWISE SOLVENT EXTRACTION PROCESSES

An electronic worksheet that has been set up for calculating
stagewise solvent extraction processes is described. Besides out-
lining the appropriate algorithms, a general philosophy of worksheet
organization is presented, and features unique to the use of elec-
tronic worksheets are noted.

Worksheet Organization

The first step in worksheet organization is to determine the
required size of the worksheet. To prepare a worksheet that could
accommodate up to 25 contactor stages, a 50-column worksheet was
specified. The 50 columns have letter designations, from A to Z and
AA to AX. To allow calculations to reach steady—state conditions, a
128~-row worksheet was specified. The rows have number designatioms,
from 1 to 128. The cell in the upper left-hand corner of the work-
sheet is referred to as Al; the cell in the lower right-hand corner
is referred to as AX128. For example, to specify a range of cells
that includes the entire worksheet, the convention Al..AX128 is used.
These conventions are used throughout this paper.

The second and final step in worksheet organization is to assign
various work areas within the worksheet. For the solvent extraction
process, three areas are used: the summary, aqueous-phase, and
organic-phase sections. The summary section is placed in the upper
left corner of the worksheet so that, if the number of rows or
columns needs to be increased, the worksheet can be enlarged without
overrunning the summary section. The summary section is designed so
that it fits entirely on the display screen of seven columns by
20 rows (Al..G20). The space allocated for the aqueous—phase section
is below the summary section on the worksheet, using 25 columns and
the rest of the rows (A21..Y128). The space for the organic—phase
section is to the right of the aqueous—phase section, occupying the
other 25 columns and using the rows from 21 down to the bottom
(221..AX128). The remaining range of cells (Hl..AX20) is not used.
The overall worksheet organization is depicted in Fig. 1.

The location of the aqueous—- and organic-phase sections was
chosen carefully, based on the way that the worksheet does its
calculations. In the worksheet used, DIGICALC, the cells are calcu-
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ngrsary (Unused)
A ived H1.AX20
Aqueous~ Organic-
Phase Phase
Section Section
A21.¥Y128 Z21. AX128
Al1.AX128

Fig. 1. Overall Worksheet Organization

lated row by row starting at the top of the worksheet. Within

each row, the cells are calculated left to right. Thus, because the
aqueous—phase concentrations are needed for the organic-phase cal-
culations, the organic-phase concentrations within each row are placed
to the right of the aqueous—-phase concentrations in that row. Because
of this calculation order, the worksheet must be recalculated twice

so that the calculated values in the summary section are correct.

Some electronic worksheets, e.g., MULTIPLAN, 1-2-3, and EXCEL,
can evaluate the cells with equations and see that they are calculated
in their proper order. If there are circular references between
cells, these programs indicate this and provide iterative calcula-
tional routines. For such worksheet programs, the strict attention
to worksheet organization and order of calculation given here is
unnecessary.

Summary Section

The summary section contains information about the process being
evaluated, the input data, and the calculated results. A typical
summary section for a worksheet is shown in Table 1. The first three
rows contain general process information that is not used in the
calculations. In these rows, the component being extracted, the
temperature at which the distribution ratios were measured, and the
number of contactor stages in each section are indicated.

The middle section of this table, rows 6 through 8, contains
input data from the process flowsheets. The codes for the various
input streams are as shown in Fig. 2, which describes stream flows
in a l4-stage contactor used in studies of actinide extraction and
recovery from waste solutions (10). Note that DX and FP are shown in
a single column in Table 1. This is because the organic effluent
(FP) is recycled and, so, becomes the organic feed (DX). Although
the concentration for DX-FP is a calculated value, it 1s shown here
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Scrub (DS) Strip #2 (FF)
HNO,  0.25M HNO, 0.05M
Feed (DF) HF 0.05M
HNO, 1.5M
Pu 100% Strip #1 (EF)
Am 100 %
NonTRU 100% HNO 0.05M
(400) (50) (150) (75)

(150) "1 Wl 7% 7 A~ > S Y™ (150)
' 1 2 /3/ M 5 6 77 8 9 10 1 12 ></13 14 :
R 2 o s &y |
v lasoy (150) +5) )

1
v | Raftinate (DW) Am Product (EW) Pu Product (FW) '
)
1 ]
' | oy 1.33M HNO, 0.14M HNO 0.05M '
v | Am. Py 3 nci/g Pu 0.23% HF 0.05M '
' | NonTRU  100% Am 99.86% Pu 9.77% ,
' Am 0.12% !
’ !
---------------------------------------------------- 1 L
TRUEX Solvent (DX, FP)
CMPO 0.25M
18P 0.75M
CCl,
Fig. 2. Flowsheet for Actinide Recovery from a Nuclear

Waste Effluent.

for completeness.

(Parenthetical entries indicate
stream flow rates in mL/min.)

Because of the limitations of the worksheet charac-
ter set, the americium concentration in uM is typed out as "mmM".

Additional input data, the component distribution ratios (D)
for each stage, are given in the lower left section of Table 1, in
The distribution ratios for stages 1 through 5

rows 11 through 15.

appear in cells All..El1l, those for stages 6 through 10 in cells

Al2..E12, etc.
end in cell D13.

As there are only 14 stages (see Fig. 2), the ratios

Calculated results in Table 1 are to the right and below the

distribution ratios.

In cells F1l1..Gl5 are the flow ratios (R) for

each process section and the flow rate for the aqueous raffinate,

q(DW).

In cells D16..G1l8 are the calculated americium concentrations

(in the same units as those of the input values, uM) in each of the
organic and aqueous effluents from each section of the flowsheet
These effluents include two not shown in Fig. 2:

shown in Fig. 2.
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the organic effluent (DP) from the extraction/scrub section, which
goes directly from stage 7 to stage 8, and the organic effluent (EP)
from the first strip section, which goes directly from stage 11 to
stage 12. Each of these concentrations is taken from the appropriate
column in row 128 of the worksheet.

Aqueous-Phase Section

In the aqueous—-phase section of the worksheet, the component
concentration in the aqueous effluent of each stage is calculated for
successive intervals of time where each time interval is the residence
time of one phase in a stage. For these calculations, the residence
time (tR,k) for one phase (k) in a stage is assumed to be the same
as that for the other phase in the same stage. In addition, it is
assumed that the residence time for a phase in a stage is the same
for all stages. Because the residence time for a phase in a stage is
given by

tR,k = Vk/ak (1)

where Vi is the volume of phase k in the stage and qi is the volu-
metric flow rate of phase k, these assumptions are equivalent to
assuming that, for a given residence time, the volume of each phase
in each stage is given by Eq. 1. 1In addition, one further assumption
is made; namely, that this movement of phase liquid from stage to
stage in discrete volumes is a reasonable approximation to continuous
countercurrent liquid flow. With these assumptions, each row of the
aqueous—phase section will represent a time interval corresponding

to the residence time of one phase in a stage. Time will then be
increasing with each row by the amount calculated using Eq. 1.

This nonsteady-state model is strictly valid only for batch
countercurrent operation. For all other cases, it is only an approxi-
mation. However, even if the above assumptions are not realized,
this model will give the appropriate concentrations for both phases
in all stages at steady state.

A part of the aqueous—phase section of the worksheet (A21..N42)
is shown in Table 2. In row 21, the columns are labeled xi to
indicate x;, the aqueous-phase concentration of the component
(in this case, Am) in the effluent from stage i. The units for xy
are the same as those used in the summary section of the worksheet.
In row 22, the initial concentration of the effluent from each stage
at time zero is given; for the case shown in Fig. 2, the americium
concentration is taken to be zero at all 14 stages, the liquid flows
are assumed to be at steady-state conditions, and americium is
introduced into stage 5 of the contactor.

To account for component movement through the contactor, a
material balance about each contactor stage is made. In the calcula-
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tion, the extraction efficiency? of a stage (stage efficiency) is
assumed to be 100%. This is a reasonable assumption for well-designed
annular centrifugal contactors, which allows the concentration (vi)

of the organic effluent from stage i to be related to the concentra-
tion (x4) of the aqueous effluent from stage i by the distribution
ratio (Dy) for stage i as

Dy = yi/x%1 (2)

Then, for stage i, with flows into and out of the stage as shown in
Fig. 3, a material-balance equation can be written for the stage
that, when combined with Eq. 2, gives

x = fiig_j;EJZEZL (3)
i 1+ RyDy

where Rj, the organic/aqueous (O/A) flow ratio for process section j,
is given by

Rj = qo,3/4a,; )

In Eq. 4, a, j is the aqueous flow rate in process section j and 9, j
is the organic flow rate in process section j.

Equation 3 is used in each cell in row 23 of the aqueous-phase
section of the worksheet. The values of R; and D; are obtained from
the summary section of the worksheet. The xj4+1 and yj-] values are
obtained from their appropriate columns, but one row up from the row
being calculated; in this case, row 22. (The location of the yj
values is discussed later.) At the end stage of a process section,
the X341 or yj-1 value is replaced by the value of a feed stream. For
example, for stage 1 in Fig. 2, y, is replaced by ypx, the americium
concentration in the organic feed (DX). For once-through solvent
operation, this value will be listed in the summary section. For
complete solvent recycle as shown in Fig. 2, y, is yj14, the americium
concentration in the organic product effluent (FP) from stage 14. In
a second example, for stage 7 in Fig. 2, xg is replaced by xpg,
the americium concentration in the aqueous scrub (DS) to stage 7.

Special attention is necessary where there are two liquid feeds
of the same phase into a process section, as at stage 5 in Fig. 2.
For this stage, x44] (where i = 5) must be replaced by an average
value, §i+1, of the two streams being fed to stage i; i.e., the
effluent from stage i+l, which has an americium concentration of

8Extraction efficiency is the ratio of the amount of a component

extracted from one phase into the other to the amount that would
be extracted if the two phases were at equilibrium. The extrac-
tion efficiency is expressed either as a fraction or as a
percentage.
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Ay, Qy,
Yi Vi
—_—y —>
Stage i
é—-jé__—_
qa.j qa.j
X. Xiet

Fig. 3. Liquid Flows to and from Contactor
Stage 1 in Section j

Xj+1 and an aqueous flow rate of g, j+1, and the aqueous feed, which
has an americium concentration of_ xpp and an aqueous flow rate of
9z,DF+ A material balance gives xi4] to be

_ 9a,0F"pF " Ya, j+1%i41
i+l 9a,DF t da,j+1

X

(5)

When Eq. 5 is substituted into Eq. 3 for xy41 and noting that when
da, j+1 and qa pF merge they form q, 4, Eq. 3 becomes

Rex Rex
Rex¥1-1 * (1 T Ree / For TRy, Fitl
1T T + RguDg &)

for the feed stage where Rex 1s the 0/A flow ratio in the extraction
section and Rg. is the 0/A flow ratio in the scrub section.

Thus, Eq. 6 is used for stage 5 in cell E23, and Eq. 3 is used for
all other stages (cells) in row 23 of the aqueous—phase section shown
in Table 2. Once the cells of row 23 are filled in, "fill down” work-
sheet commands are used to copy the equation in each cell of row 23 to
those in the corresponding cells in rows 24 to 128. Thus, all cells
in A23..D128 and F23..N128 contain Eq. 3. Those in E23..E128 contain
Eq. 6.

Organic-Phase Section

In the organic-phase section of the worksheet, the component con-
centration in the organic effluent of each stage, yj, is calculated
using Eq. 2 where xj is the corresponding aqueous-phase value for the
same stage during the same time interval; i.e., in the same row as
the y; value. A part of the organic-phase section of the worksheet
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(Z21..AM42) is listed in Table 3. 1In row 21, the columns are labeled
yi to indicate yj, the organic-phase concentration of the component

in the effluent from stage i. The actual y; values, calculated using
Eq. 2, start in row 22. This equation is used for the entire organic-
phase section. The use of Eq. 2 assumes that the stage efficiency is
100%, as mentioned above. Also, within the assumptions discussed
above in the aqueous-phase section, increasing row numbers denote
increasing time. As before, even if the assumptions are not realized,
the steady-state concentrations for the yj values will be correct.

DISCUSSION

With the algorithm for stagewise solvent extraction operations
developed above, a wide variety of processes can be evaluated, both
for steady-state operation and during startup. In the following
discussion, a flowsheet proposed for processing nuclear waste is so
evaluated. Then the electronic worksheet is compared with similar
FORTRAN programs, possible worksheet modifications are outlined, and
the double-diamond nature of the worksheet algorithm is explained.
Finally, the application of the electronic worksheet to calculations
for other stagewlse separation processes 1s discussed.

Steady—-State Operation

Whether or not the residence times of the two phases in all
stages are equal, as assumed in the algorithm, the steady—state
concentrations predicted by the algorithm will be unaffected. These
steady-state concentrations can be seen in the lower rows of Tables 2
and 3, where the concentration values in most stages have reached
constant values.

For the nuclear waste processing flowsheet discussed in Ref. 10,
the reference flowsheet (Fig. 2) was modeled using an electronic
worksheet as discussed above; the results are partially listed in
Tables 1, 2, and 3. Based on these results, the process was tested
in the laboratory. After the test, the americium distribution ratios
(D) were found to be higher than expected because of evaporative
losses of the CCly diluent in the solvent. The new, higher D
values were used in place of those shown in Table 1, and the americium
profile was recalculated. The measured and calculated americium
concentrations in the aqueous phase exiting each stage are listed in
Table 4 and plotted in Fig. 4. The calculated value of americium
concentration and the americium concentration in each effluent sample
taken during the test run agree quite well. Agreement is not as
good, at least not in the extraction/scrub section, for the samples
taken from each stage after the test run. This deviation occurred
because the liquid feed pumps to the contractor were stopped five
seconds before the rotors were turned off. 1In addition, the rotors
continued to spin for 10 to 15 seconds after they were turned off.
This allowed internal liquid flow to continue after external liquid
flow to the contactor had stopped. The results of this are seen most
clearly in the measured stage concentrations near the feed stage,
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Fig. 4. Americium Profile through
the Contactor Stages

stage 5. These americium concentrations are lower than the predicted
values because of the loss of americium entering the contactor when
the feed pump for DF was turned off. The shutdown effect also shows
up in stage 1, where the organic feed is no longer entering and the
concentration of americium is 3.6 times higher than both its measured
and calculated values in the effluent.

In calculating the americium concentrations for the laboratory
test shown in Fig. 4, one other change had to be made. Recycle of
the solvent was expected; this was included in the worksheet calcula-
tions for the reference flowsheet. However, because of the large
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volume in the recycle system, none of the solvent fed to the contactor
contained americium. Thus, when the flowsheet was calculated for

the actual test, the organic solvent feed (DX) was specified to
contain no americium.

Once the worksheet is set up, each of the components in the
flowsheet, indicated in Fig. 2, can be calculated. The only changes
that need to be made are in the summary section of the worksheet:
the component name, the component concentration in each incoming
liquid feed, and the distribution ratio for the component in each
stage. Worksheet calculations for components, such as nitric acid,
that can affect the D values of other components are made first. If
there is sufficient storage capacity available, a worksheet can be
saved for each component. Otherwise, one worksheet can be used over
and over until all the component concentrations have been calculated.

Process Startup

During process startup, the americium coancentration in each
stage gradually builds up and approaches a steady-state value.
This can be seen by looking down each column of Tables 2 and 3.
This approach to steady state should be fairly accurate if the
residence time of each phase in each stage is the same. There will
be some loss in accuracy because, in the model, liquid movement from
stage to stage occurs as discrete volumes. In the contactors, the
actual liquid movement from stage to stage is continuous.

A further loss in the ability of the worksheet to predict the
component concentration during process startup will occur if, as is
usually the case, the residence times of the two phases in a stage
and from stage to stage are different. For the test reported in
Ref. 10, the stage residence times for the two phases varied from
7 to 34 seconds. The residence time for each phase in each stage is
shown in Table 5. Assuming that the phase with the longer residence
time will limit concentration changes and assuming the residence
times between the feed point and the effluent point are most impor-
tant, a time of 30 seconds was assigned to each row of the worksheet
for the analysis of the americium concentration in the organic
effluent (FP). The results, plotted on Fig. 5, show that agreement
between experimental and calculated values is quite good, even
though (1) the organic-phase residence times in the extraction
section were quite a bit less than 30 seconds and (2) the residence
times of the aqueous phase were less than 30 seconds in all but one
stage. Thus, as a first approximation, the worksheet can be used to
predict the rate at which steady-state conditions will be approached.
The results will often be quite good, as in this case.

Based on the electronic worksheet calculations in Tables 2 and 3
and 30 seconds per time interval (row) for the organic effluent (the
last effluent to reach steady-state conditions), the americium
concentration in the organic effluent had been expected to reach 99%
of its steady-state value within 12 to 14 minutes, not 25 to 30
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Fig. 5. Approach of the Americium Concentration in the
Organic Effluent to its Steady—State Value

minutes as seen in Fig. 5. The slower approach to steady state was
the result of americium distribution ratios that were higher than
expected during the experimental run. New worksheet calculations
using the higher ratios showed it would indeed take 25 to 30 minutes
for the americium concentration in the organic effluent to reach

its steady-state value, in good agreement with the experimental
results. The cause of the slower approach was determined by reviewing
the stage~to-stage americium concentrations. As the D values
increase, the already high americium concentrations in the scrub and
first strip stages become even higher. Thus, the americium in the
aqueous feed (DF) must accumulate in these stages before steady—state
operation is established. This buildup is limited by the rate at
which americium is being brought into the contactor. As other
components have different D values, so each component will approach
its steady-state concentration at a different time.
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Comparison with FORTRAN Programs

When the electronic worksheet 1s compared with FORTRAN programs
such as SEPHIS (4), both techniques are found to have their strong
points. The SEPHIS program has at least three advantages. First,
the program is well developed and documented so that, once it is up
and running, it is ready to use. Second, if the system used consists
of uranium, plutonium, tributyl phosphate, normal paraffinic hydro-
carbon, nitric acid, and water, the program will calculate their D
values. Third, if the number of stages needs to be varied, it can be
more easily done using the SEPHIS program.

The electronic worksheet also has several advantages. First,
each of the components in a process can be evaluated as long as its D
value is known. 1In addition, variation of D values from stage to
stage can be accommodated easily. Second, once electronic worksheet
operation is learned, worksheets such as the one described here can
be set up from scratch in a few hours. Third, input and output data
are displayed simultaneously; thus, results are obtained quickly and
can be reviewed with respect to the input data. 1In addition, process
sensitivity to variations in the input data can be evaluated easily.
Finally, worksheets can be modified to include many special problems.
Some of these modifications are discussed below. Advanced worksheet
programs, such as Lotus 1-2-3 and Microsoft EXCEL, are especially
useful when worksheets need to be modified.

Worksheet Modifications

Special problems always seem to arise, requiring the worksheet
to be modified. The number of stages in a process section and
the location of the feed stage are normal process variations that
require worksheet modifications. As mentioned above, the worksheet
must be modified depending on whether or not the organic solvent is
recycled. These modifications are a normal occurrence in using the
described algorithm. Other process sections and additional feed
points can also be handled in a straightforward manner using this
algorithm for stagewise solvent extraction calculations.

Interactive distribution ratios between components. For systems
with two components, in which the D values of each depend on the
concentration of the other component, two worksheets of the form
outlined in Fig. 1 could be set up on a single larger electronic
worksheet. Currently unused areas, e.g., Hl..AX20 in Fig. 1, could
be used to calculate D values for each stage based on the concen-
tration of the other component. A number of recalculations or
iterations would be needed so that the values for D and for concen-
tration can converge to their steady-state values. A more sophisti-
cated approach would be to have the equation for D incorporated in
each cell of the component worksheet that uses a D value and have
this equation get the required concentration of the other component
from the appropriate cell (same stage and time) of the worksheet
for the other component.
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Extraction efficiency. For a stagewise solvent extraction
process where the extraction efficiency, E, is significantly less
than 100%, the distribution ratio for stage i, Dj, should be replaced
by the effective distribution ratio for stage i, Dggf j. Thus, Degf §
replaces Dy in Eq. 2:

Deff,i = ¥i/X1 7

When extraction efficiency for stage i, Ej, becomes 1.0 (100%),

the concentrations of the exiting aqueous and organic phases are
* *

denoted as x;" and y; , respectively. Therefore, Dy now becomes

* *
Dy = yi /x4 (8)
An expression for Ej can be written as

s - X
Ei = _iilh___i; (9)
X{+l ~ Xi

using the nomenclature developed here and shown in Fig. 3. Finally,
the countercurrent concentration ratio for stage i, Sj, is given by

Si = yi-1/%4 (10)

Equations 7-10, when combined with a material balance about stage i,
give the following expression for Deff i:

5 ) DiEi + RjDiSi(l - Ei) + Si(l - Ei) an
eff,i 1+ RjDi(l ~ E{)

This expression replaces Dy in Eqs. 2, 3, and 6 when they are used in
the aqueous- and organic-phase sections of the electronic worksheet.

Batch countercurrent operation. In batch countercurrent opera-
tion of a solvent extraction process, e.g., an operation carried out
using separatory funnels, the initial rows of the aqueous-phase
section of the worksheet are more tedious to set up. However, either
Eq. 3 or Eq. 6 is still used for each stage, as appropriate, and the
0/A flow ratio for sectiom j, Rj, is the same as the 0/A volume
ratio. These two ratios will be identical for batch countercurrent
operation as long as all of both phases are separated and transferred
at one time. The first calculational row of the aqueous- and organic-
phase sections of the worksheet has equations only for those stages
where the cowmponent is being introduced into the system, i.e., at the
feed stage. The second row has equations in the cells on either side
of the feed stage, as well. The third row has equations in the two
ad jacent cells on either side of the feed stage. 1In each successive
row, two more stages are included until the full number of stages
available is used. Each of the feeds at the end of a process section
for any given calculational row is introduced into the corresponding
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cell farthest from the feed stage that has an equation in it. Thus,
the cells with equations expand in a triangular shape from the feed
stage until the full complement of process stages is reached.

Transient operation. Any type of transient operation can be
accommodated using the electronic worksheet. A worksheet column (or
columns) can be set up for the variable (or variables) in a feed
stage (or stages). Either the flow rate or the component concen-
tration can vary. In either case, the equations would be revised so
that, when the varying flow or concentration is called for, the value
of a cell in the proper row in the new column is used rather than the
constant value in the summary section. In this way, all types of
process variations can be incorporated into the worksheet.

Unequal residence times of the phases in a stage. Although the
present worksheet algorithm seems to work fairly well in predicting
process startup, there may be cases where startup conditions are
important and, perhaps, somewhat unusual. To provide a better model
for this case, as well as to model process variations, the worksheet
must be expanded to twice as many columns. Between each worksheet
column for a stage equilibrating zone would be a column for a stage
holding zone. A material balance would be written for the holding
zone, and the volume of the holding zone would be chosen to give the
proper stage residence time for each phase in a stage. Data on the
liquid going to the next stage equilibrating zone would come from
the holding zone of the previous stage.

In most cases, this more complex procedure will not be needed,
for two reasons. First, the simple procedure usually gives a good
indication of how the process will approach steady-state conditions.
Second, in many cases, only the steady-state concentration profile
will be needed; this profile will be the same regardless of which
model is used.

Double—Diamond Structure

One of the features of the worksheet algorithm giver here is
that the cells in the aqueous—-phase section have a double-diamond
structure; i.e., a cell never refers to the cell immediately above
it. Rather a cell in column i refers to the cells above it but in
the columns to the left (i-1) and to the right (i+l). Imagine the
cells colored red and black in a checkerboard pattern. The calcu-
lations in the red cells and in the black cells are completely
independent. Thus, the equations could be removed from ome set of
cells and the other cells would do the job. In practice, this is not
worth the effort. However, one must remain aware of the properties
of the worksheet algorithm presented here; otherwise, mistakes could
be made when modifying the worksheet for the batch countercurrent or
transient operation.
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Application to Other Stagewise Separation Processes

The algorithm for application of electronic worksheets to stage-
wise solvent extraction processes can be extended to other stagewise
separation processes where two phases are present and where component
concentrations in the two phases are related in some fashion. This
relationship, plus a material balance around each stage, can be used
to set up a worksheet where the two sections for the phases of the
new process replace the aqueous—and organic~phase sections shown in
Fig. 1.

CONCLUSIONS

The algorithm developed here allows electronic worksheets to be
used for the calculation of component concentrations in stagewise
solvent extraction processes. The model was tested with a solvent
extraction process that cleans up nuclear waste liquids and was found
to work well, not only for predicting steady—-state concentrations,
but also for predicting concentrations during process startup. The
algorithm is easy to set up and to use. It has a flexibility that
allows it to be adapted for a wide variety of process conditions, and
it can be modified to model other stagewise separation processes.
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