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ABSTRACT 

The KAPL No. 6, first-cycle Purex lA flow sheet 
is presented as an exanrple of waste volume reduction 
through optimum solvent-extraction flow sheet design. 
Calculated on the basis of previous flow sheets, a 
54 to 69^ reduction of first-cycle waste storage 
volume is achieved by taking advantage of the extract1-
bllity and reflux of nitric acid in TBP systems to 
provide adequate salting while minimizing the amount 
of acid going to waste. 

Although this report is concerned only with the 
first Purex cycle, the calculations are equally valid 
for the second uranium cycle, and the principles pre­
sented are applicable to similar nitric acid - salted 
TBP systems. 
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A LOW-WASTE-VOLUME, FIRST-CYCI£, lA PUREX FLOW SHEET 

J. K. Davidson and W. 0. Haas, Jr. 

INTRODUCTION 

One of the advantages of TBP - nitric acid solvent-extraction systems 
is the possibility of recovering the nitric acid salting agent from aqueous 
waste by fractional distillation. Since radioactive process waste is stored 
as neutralized concentrate, the volume of hot waste can be significantly re­
duced by removing acid prior to neutralization. 

A more fundamental step in the reduction of waste volume is the use of 
a flow sheet designed to give the minimum amount of waste compatible with 
other requirements. With such a flow sheet the economic advantage of sub­
sequent treatment to reduce waste volxime may become marginal. 

The KAPL low-acid first-cycle lA Purex flow sheet is designed to give 
the minimum amount of waste compatible with low product loss and adequate 
decontamination. The extractibility of nitric acid in TBP systems was used 
to promote acid reflux in the lA extraction section by adjustment of flow­
sheet parameters. With suitably chosen parameters a stable system is 
obtained in which the acid concentration remains constant and high through 
the bulk of the extraction section but drops sharply in the last few stages 
leading to the waste stream. Adequate salting for good recovery is main­
tained by the extraction of acid in these last stages despite the relatively 
low acid concentration of the waste stream. 

Calculated on the basis of the ORNL-846 high-acid flow sheet-'- the KAPL 
No. 6 flow sheet represents a 5^ to 695̂  reduction in storage volume of first-
cycle aqueous waste. This reduction is obtained without appreciably affecting 
decontamination, recovery, or stability and without increasing the conrplexity 
or cost of operation. In contrast, distillation of nitric acid from first-
cycle aqueous waste has the disadvantage of requiring an additional oper­
ating step, with the corrosion problems and more serious hazards inherent 
in distilling highly radioactive nitric acid which may contain organic 
residues. 

SUMMARY OF HI(S- AND LOW-ACID FIXJW-SEEET COMPARISON 

Storage volumes of waste from the KAPL No. 6 low-acid, and the ORNL-846, 
high-acid, first-cycle lA Pxxrex flow" sheets are compared in Table 1 to illus­
trate the savings which can be achieved by flow-sheet design.(1) 

'•'•'Flow-sheet conditions are given in Table 3 and Figure 1. 

KAPL-15^3 
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TABLE 1. First-Cycle Waste Storage Volumes - Flow-Sheet Conrpsa-ison 

Flow sheet KAPL No. 6 ORNL-846 

Without acid recovery 

Volume, gal./metric ton U* 174 555 

With 90^ acid recovery 

Volume, gal./metric ton U* 32 70 

Overhead from acid recovery 

Nitric acid, lb/metric ton U 392 1336 

*Based on storage of neutralized concentrate, 35^ solids. 

In the absence of acid recovery steps the storage volxime of aqueous waste 
from the low-acid flow sheet is 69^ less than that from the high-acid flow­
sheet . If 9056 of the nitric acid is recovered from the wastes before 
neutralization, the storage volume of waste from the low-acid flow sheet is 
54^ less than "that from the high-acid flow sheet, with the low-acid flow 
sheet placing a significantly smaller load on the distillation equipment. 
Substltxrtion of the low-acid flow sheet for the high-acid flow sheet 
accomplishes 79?̂  of the volume reduction obtained by recovering acid from 
high-acid waste. 

The reduction of first-cycle waste volume much beyond the 32 gal. of 
35^ solids per metric ton of urajaium obtained on recovering acid from-low-
acid waste depends upon eliminating added process reagents. Of these 32 gal., 
NaN02 from the valence adjustment step is responsible for 11 and KNOo from 
the KMn0i,.-Mn02, head-end step is responsible for 5. Nitrogen dioxide may be 
substituted for NaNO- but, beyond this point, investigation of concentrated 
residues from other cycles is more profitable in the over-all waste picture. 

First-cycle decontamination characteristics of the high and low-acid 
flow sheets are similar. The only significant difference in decontamination 
noted in a series of four pairs of high-level, first-cycle pilot plant runs 
(connnon feed was used for each hig^h-acid, low-acid pair) was the somewhat 
better ruthenium decontamination with the high-acid flow sheet and the better 
zlrconitmi + niobium decontamination of plutonium product with the low-acid 
flow sheet. 

KAPL-1543 



lAX 
30 vol i TBP 
R.F. = 333.3 

lAW 
0.95 M HNO3 
0.06 M NaNOc 
R.F. = 106.S 

lAF 
2.0 M UN 
0.5 M HNO3 
R.F. »= 67".5 

Ikl 
lA BANK 

IBS 
30 vol ̂  TBP 
R.F. =83.3 

-̂  

-^ 
IBP 
0.77 M HNO3 
0.03 M FeSA 
R .F. = 83.8 

IAS 
2.0 M HNO3 
R.F. 50.0 

a 
' lAP I 
I I 

\1/ 
IB BANK 

IBX 
0.6 M HNO3 
0.03 M FeSA 
R.F. = 83.3 

S=r 

^ 

IBU 
L _ ^ _ _ i 

JM. 

ICU 
0.21 M UN 
0.05 M HNO3 
R.F. = 635.8 

ICX 
0.02 M HNO-
R.F. 625' 

1^ 
IC BANK 

Jik 

lew 
30 vol $ TBP 
R.F. = 416.7 

FIGURE 1. KAPL No. 6, Low .Acid First-Cycle Purex Flow Sheet 



Specification-
Limiting F.P. 

Ruthenium 
Zirconium •!• Niobium 

High-Acid Flow Sheet 
Uranium 

3.0 
4.0 

Plutonium 

3.2 
3.0 
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TABLE 2. First-Cycle Log Decontamination - Flow Sheet Comparison 

Low-Acid Flow Sheet 
Uranium Plutonium 

2.8 2.9 

h.O 3-7 

Purex lA flow sheets are designed for operation at close to maximum 
capacity to obtain optimum decontamination and economy. To avoid unstable 
operation in terms of excessive product loss, flow-sheet design must make 
allowances for the limits of analytical and flow-rate control, and for the 
probable range of operating temperattures. With other parameters at their 
nominal values, the KAPL No. 6 and ORNL-846 lA flow sheets become unstable 
if the solvent flow is reduced by more than 6i> and 4^, respectively. The 
effects on flow-sheet stability of variations in other important parameters 
have been determined for both flow sheets; these effects are given in 
Tables 4 and 5• As instability would normally be corrected by changing the 
extractant flow rate, they are given in terms of per cent variation in 
solvent flow giving an equivalent effect. 

Column 4 of these tables gives the expected maximum deviation of each 
parameter under operating conditions. If each of the parameters varied 
from their nominal value the maximum expected amount in the direction of 
instability, the resulting systems would lack uranitim capacity by 1.4^ for 
the low-acid flow sheet and 3-4^ for the high-acid flow sheet.* Odds against 
such an occurrence are very large, and the maximum total effect of parameter 
variation expected is well within the safety factors of the two flow sheets. 
In addition, under actual operating conditions both the high- and low-acid 
systems can tolerate reasonably long periods of instability before incurring 
appreciable product loss. This reservoir capacity of the flow sheets per­
mits operation at close to maximum capacity with normal operating corrective 
measures even if uranium capacity is exceeded at times. 

The two flow sheets are similar with respect to product loss and 
partition. Other than appreciably lowering the amount of acid in the first-
cycle Plutonium product, operation of the lA system under low-acid conditions 
did not affect the IB and IC systems. 

•Temperature variation was not included. 

CONFIDENTIAL KAPL-1543 
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TABLE 3. Conrparison of First-Cycle lA Flow Sheets 

KAPL No. 6 ORNL-846 

lAF 

Relative flow rate 
UQg(N03)2, M 
HHO3, M 

'2> M 
KNO3, M 

IAS 

Relative flow rate 
HNO3, M 

lAX 

Relative flow rate 
TBP, vol $ 

LAP 

Relative flow rate 
UO2 (N03)2, M 
HNO3, M 

LAW 

Relative flow rate 
HNO3, M 
NaND2, M 
KNO3, M 
Volume, g a l . / n t e t r l c t o n U 
HNO3, l b / m e t r i c t o n U 

67.5 
2.00 
0.50 
0.10 
0.04 

50.0 
2.00 

333.3 
30.0 

31^6.4 
0.390 
0.10 

106.2 
0.95 
0.06 
0.03 

873 
436 

100.0 
1.35 
^.00 
0.10 
0.03 

66.7 
3.00 

333.3 
30.0 

3J+7.5 
0.387 
0.16 

l^h.l 
2.22 
0.06 
0.02 

1272 
1485 

CONFIDENTIAL KAPL 



TABIE 4. Factors Affecting Stability of the KAPL No. 6 lA Purex Flow Sheet 

(Uranium capacity is exceeded if extractant (lAX) flow is reduced by more than Qjo, 
with other parameters remaining at their nominal values. Variations in other 
parameters affect uranium capacity as the siun of their equivalent effects in terms 
of per cent lAX flow-rate variation.) 

lA Stream 

Extractant (lAX) 

Feed (LAF) 

Scrub (IAS) 

Parameter 

Flow rate 
^ TBP 

Flow rate 
UN 
HNO3 

Flow rate 
HNOo 

Nominal Value 

333.3 
30.0 

67.5 
2.00 M 
0.50 M 

50.0 
2.00 M 

Effect of Parameter Variation on Flow-Sheet 
Capacity in Terms of ja lAX Flow-Rate Variation 
Expected Maximum Parameter* ' Equivalent 
Variation under Operating lAX Flow Variation, 

Conditions jo_ 

+ I.3I0 
+ 0.8^** 

+ 1.55̂  
+ 0.03 M 
+ 0.15 M 

+ 1.5?& 
+ 0.03 M 

+ 
+ 

T 

+ 

1.5 
2.6*** 

1.4 
1.6 
t 

0.15 
0.15 

o 
e 

Temperature, "C 25 ft - 0.2 

*Conibinatlon of operating tolerances, instnunent errors, and analytical confidence levels, 
«*30.0 + O.85& 
***30.0 + 2.6^ 
+Mlnor variations of lAF acidity have an Insignificant effect on the scrub system. 
t+No estimate of expected variation made. Equivalent lAX flow-rate variation is for a 

I'C rise in ten?)eratvire. 



TABIE 5' Factors Affecting Stability of the OiRNL-846 lA Purex Flow Sheet 

(Uranium capacity is exceeded if extractant (lAX) flow is reduced by more than 4?^,* 
with other parameters remaining at their nominal valvies. Variations in other 
paraneters affect uranium capacity as the sum of their equivalent effects in terms 
of per cent lAX flow-rate variation.) 

lA Stream 

Extractant (lAX) 

Feed (lAF) 

Scrub (IAS) 

Parameter 

Flow rate 
f TBP 

Flow rate 
UN 
HNO3 

Flow rate 
HNOo 

Nominal Value 

333.3 
30.0 

100.0 
1.35 M 
2.00 M 

66.7 
3.00 M 

Effect of Parameter Variation on Flow-Sheet 
Capacity in terms of ̂  lAX Flow-Rate Variation 
Expected Maximum Parameter** Equivalent 
Variations tmder Operating lAX Flow Variation, 

Conditions ^ 

+ 1.5?& 
+ 0.&f>*** 

+ 1.5^ 
+ 0.03 M 
+ 0.15 M 

+ I.55& 
+ 0.03 M 

+ 
+ 
1.5. 
2.6+ 

+ 1.4 
T 2.0 
t+ 

+ 
+ 

0.15 
0.15 

Temperature 25''C 0.2 

*Can be raised to 856 by reducing the scrub: extractant ratio to that of the KAPL No. 6 flow sheet. 
**Combination of operating tolerances, instrument errors, and analytical confidence levels. 
***30.0 + 0.8^ 
t30.0 + 2.656 
•ttMinor variations of lAF acidity have an Insignificant effect on the scrub section. 

+-H-N0 estimate of expected variation made. Equivalent lAX flow-rate variation is for a 
l^C rise in temperature. 
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III. DESIGN OF THE KAPL NO. 6, LOW-AC ID lA PUREX FLOW SHEET 

First-cycle Purex waste volumes and product decontamination depend 
almost entirely on the lA flew sheet. For that reason little attention is 
given to the IB and IC flow sheets in this report beyond determining that 
changes in lA design do not affect their operation adversely. 

For clarity the following discussion of low-acid lA flow sheet develop­
ment is given in logical rather than historical sequence. A more qualitative 
discussion of lA flow-sheet design principles is given in the Appendix to 
help interpret a complicated but not inherently difficult situation. 

A. Equilibria 

In previous Purex flow sheets adequate salting for plutonium recovery 
was apparently based on raffinate acidity,'^' with flow rates and concen­
trations being chosen to have this acidity correspond to the extraction factor 
[(extractant flow rate/aqueous flow rate). E(o/a)] calculated to give adequate 
recovery in the number of extraction stages available. Because the reflux and 
build-up of HNO3 concentration in the extraction section were not being used 
to advantage, precise acid equilibrium data were not necessary. Design of 
stable lA flow sheets which utilize acid reflux to obtain adequate salting 
with minimum waste acid requires more exact knowledge of the relation between 
the distribution of U02(N03)2 and HNO3 in the system. 

In the Appendix the discussion of lA flow-sheet design is based on the 
assunrption that aqueous acid concentrations remain constant within each 
section. The situation actually existing is not that siniple. In the scrub 
section some acid will be extracted from the scinb stream as it enters the 
lA bank, and acid concentrations will change as the uranium concentration 
changes. Even larger variations in acid concentration will occur in the 
extraction section where uraniiim concentrations cover a much wider range. 
As a result, an acid as well as a uranium X-Y diagram will be required for pre­
cise calculation and, to complicate the situation further, the uranium and 
acid distributions will have to be calculated simultaneously as they are not 
independent. The distribution data used are given in Figures 19 and 20 
(pp. 61 and 63). 

The solid cturves of Figure 19 represent equilibrium distributions of 
U02(N03)2 at conditions of constant aqueous acidity; the broken curves repre­
sent equilibrium distributions of uranitim at conditions of constant organic 

(l)Since the extraction coefficients (E o/a) of U02(N03)2 are appreciably 
higher than those of plutonium (IV) nitrate,and the concentrations of the 
latter are insignificant in con5)arison with those of the other components, 
first-cycle Purex flow sheets are designed to recover plutonium nitrate while 
allowing capacity for U02(N03)2. 

CONFLQEHTIAL KAPL-15^3 
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acidity. These are useful for complete solution of flow-sheet problems since 
points on the uranium and the corresponding acid equilibrium diagrams have a 
one-to-one correspondence. Any point on either diagram definesfoxir equi­
librium concentrations; an equilibrium point on the uranium diagram is also 
an acid equilibrium point. 

To enrphasize the relation of the uranium and acid distribution diagrams, 
the two can be considered as distortions of each other. In converting the 
acid diagram of Figure 20 to the uranium diagram of Figure 19^ the following 
steps would be made: (l) the vertical coordinates representing constant 
aqueous acidity would become solid curves; (2) the horizontal coordinates 
representing constant organic acidity would become broken cixrves; (3) the 
origin representing zero acid concentrations in the two phases would expand 
into the distribution ctjrve for \rranitim in the absence of acid; (4) the cvirve 
for acid distribution in the absence of uranium would disappear into the 
origin; (5) the solid curves repiresenting constant aqueous uranium would 
become vertical coordinates; and (6) the broken curves representing acid 
distribution at constant organic uranirom concentrations would become hori­
zontal coordinates in transfer. 

The fact that this conversion can be made is in^jortant since it makes 
possible the transfer of acid cjperating lines from the acid plot to the 
uranium plot. In transfer these straight lines become curved. The vertical 
and horizontal tie-lines connecting the operating and equilibrium lines in 
the McCabe-Thiele-type diagram for HNOo also become curved in transfer but 
like the transposed acid operating lines retain their original relationship 
to the distorted acid coordinates as they still represent constant acid con­
centrations in the organic and aqueous phases. Since acid and uranium 
equilibrium conditions for each state will be represented by a single point 
on the uranium plot, the uranium and acid McCabe-Thiele-type stage-to-stage 
steps will appear on the tiranitim diagram in double sawtooth fashion with 
cormnnn equilibrium points as shown in Figure 2. 

u^ moles UN lAP-lAS (HNO3) 
• -̂  liter solvent '-

lAP-IAS (UN) I ^ '^^^^^^ f equilibrium 
points 

- .40 

moles UN 
- -35 liter H2O 

.1 .2 .3 
J \ L 

FIGURE 2 . Ccmibined Urany l N i t r a t e - N i t r i c Acid X-Y Diagram 

CONFIDENTIAIf. :•• .-. ; .-. .•• .•• • ... KaEL«15^3 • • • • • •• • • • • • • • • • • • • • • • • • • ••• • • • • • • • • • •• • ••• • • •• •• 

file:///rranitim


20 CONFIDENTIAL 

Although more conqplicated, the actual concepts and reasoning are the same 
as those employed in simple McCabe-Thiele-type construction. Use of the 
diagrams is illustrated below in calctilating the minimum salting require­
ments for the Purex lA scrub section. 

B. Scrub Section 

Design of the scrub section for the low-acid flow sheet was based on 
the uranium product concentration of 0.405 mole/liter solvent obtained with 
the ORNL-846 lA flow sheet. To minimize salting requirements and enhance 
acid reflux, the IAS to lAX solvent-free flow ratio was chosen to be 0.l4l. 
This was thought to be a practical lower limit with regard to decontamination 
and hydraulic stability. 

The other important scrub section parameter remaining is the scrub 
stream (lAS) acidity since the acid contribution frcan the extraction section 
can be ignored in calculations near the product end of the system as a result 
of efficient acid stripping at the feed stage and adjacent scrub stages. To 
determine the minimum concentration required for uranium recovery it is 
necessary to use the cxirves in Figures 19 and 20 in constructing X-Y diagrams. 
The slope and intercept of the uranium operating line being fixed, an arbitrary 
choice of lAP acidity is made and an acid operating line of slope 0.l4l placed 
on the acid diagram intersecting the vertical coordinate of the chosen IAS 
acidity at a point corresponding to an estimate of the product stream acidity. 
This point falls below the intersection of the IAS acidity and the broken 
curve representing an organic uranium concentration of 0.405 mole/liter 
solvent. 

This acid operating line is then transferred to the uranium diagram, and 
both Tu-anium and acid stages are stepped off. To do this a horizontal line 
is drawn from the intercept of the Tiranium operating line and the ordinate, 
and a curved line of constant organic acidity is drawn from the intersection 
of the transposed acid operating line and the solid curve representing the 
chosen IAS acidity. If the chosen LAP acid is correct, the intersection of 
the straight and the curved tie-lines corresponds to the equilibrium point of 
the first stage. A vertical line and a ctirve, representing constant aqueous 
concentrations of iiranium and acid, are then projected from the equilibrium 
point to their respective operating lines. These two points represent the 
uranium and acid concentrations between the first and second stages. By 
repeating the first step of constructing horizontal and curved tie-lines 
representing constant organic concentrations of tiranium and acid from the 
two material balance points, an intersection defining the equilibritxm con­
ditions of the second stage is obtained. 

This procedure is continued as long as it is apparent that the choice 
of lAP acid is correct as judged by convergence of succeeding points.* If 
the points diverge, a new valtie of lAP acidity is chosen and the process 
repeated. In practice it will be found possible to determine the correct 
product acidity within a short time as the criterion is very sensitive to' 
small changes in acidity,, Usually only a few stage points need to be con­
structed to determine the correct lAP acidity within limits of analytical 
accuracy. 

*Divergence after a few stages could also be caused by an insufficient 
concentration of acid in the IAS. 
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Once the tiranitim equilibrium ctirve for a given IAS acidity is deter­
mined, its effect on tiranium capacity may be examined. As mentioned in the 
Appendix, the capacity requirements of the scrub section will be satisfied 
if the operating and equilibrium lines touch. If the operating line is 
tangent to the equilibritim ctirve, the IAS acidity is at a practical mlnlnnim. 
For reasons of stability, discussed in a later section, a IAS stream of 
slightly higher acidity is chosen (2.0 M for the KAPL No. 6 flow sheet). 
When the amotint of acid leaving the system in the product (lAP) stream is 
determined for a suitably low IAS acidity, the amount of acid available from 
the scrub section for extraction section salting will be known and both 
tiranium capacity and plutonltim recovery in the extraction section of the low 
acid flow sheet may be calctilated for various choices of feed concentrations 
and flow rates. 

C. Extraction Section 

To obtain maximum salting with the minimum amount of acid, the lAF was 
made as concentrated as freezing point and operational convenience wotild 
permit. To prevent hydrolysis of plutonltim (IV) and maintain optimum con­
ditions for the KMnOij. - Mn02 head-end process and plutonltim valence adjust­
ment step it is desirable to keep the feed slightly acidic at all times. 
For the KAPL flow sheet 0.5 M HNO3 was chosen as the minimum concentration 
asstiring an acid feed under plant operating conditions. Since the maximum 
tiranitim concentration considered feasible in O.5 M HNO3 is approximately 2 M, 
the relative flow rate required to deliver product 0.405 mole/liter solvent 
was calculated on that basis. The acid concentration in the lAW stream is 
calctilated by adding the amounts coming into the extraction section from the 
lAF and from the scrub section and dividing by the solute-free lAW flow rate. 
The acid operating line of slope (IAS + 1AF)/(1AX) = O.308 is then con­
structed on the acid diagram from the point representing the calctilated lAW 
aqtieous acidity and the absence of acid in the incoming extractant stream. 

Working backward it is asstuned that excess capacity for tiranltim is 
available and that, therefore, the effect of tiranitim on acid distribution 
can be ignored in a McCabe-Thiele-type acid construction at the raffinate 
end of the system. Restilts of doing this, shown in Figure 3> illustrate 
the degree of acid reflux taking place in these systems. 
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moles HNO3 

FIGURE 3. Nitric Acid X-Y Diagram for the lA Extraction Section 

Obviously at some point in going from the raffinate end of the system to 
the feed stage, the tiranitim concentration will become large enough to in­
fluence acid distribution. Examination of the tiranitim X-Y diagram for the 
system indicates, however, that even at the calctilated lAW acidity, with no 
acid reflux assumed, the uranitim concentration in the second stage below the 
feed stage will be too small to influence acid distribution appreciably. 
The stepping-off of acid stages can then be carried out for n-2 stages, 
where "n" is the ntunber of extraction stages. If "n" is nine, the convergence 
of the acid operating and equilibritim lines limits the maximum acid concen­
tration to approximately 3.O M in the aqtieous phase. As the uranitim concen­
tration increases in the next two stages, the steps will take a path similar 
to that in Figure 3- Not until the feed stage is reached does the organic 
acid concentration decrease appreciably; the aqueous acid concentration still 
remains high since the aqueous at this point contains the acid displaced from 
the organic phase by tiranitim. The McCabe-Thiele acid construction for the 
scrub section can now be transferred from the tiranitim diagram to the acid 
diagram (Figure 4). If conditions for excess tiranitim capacity in the ex­
traction section exist, stage acid concentrations for all but the few inter­
mediate stages near the feed stage will be known accurately. 

To determine whether excess extraction capacity for tiranitim does exist, 
a horizontal line is drawn through the scrub operating point adjacent to the 
feed stage in the tiranitim X-Y diagram. The aqueous coordinate of the inter­
section of this line with the uranitim equilibritim ctrrve for the estimated 
feed stage acidity corresponds to the feed stage aqtieous tiranitim concentration 
A vertical line is dropped from this point to the extraction operating line, 
and the McCabe-Thlele-type construction is continued with the use of tiranium 
equilibrium lines for the predetermined aqueous acid concentrations of the 
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succeeding stages. It is evident from Figure 5 that the asstimption of marked 
decrease of uranium concentration within a few stages of the feed stage was 
correct even for a low estimate of feed stage acidity. More exact tiranitim 
and acid concentrations for the stages adjacent to the feed stage can be de­
termined by following the procedtire outlined for calctilating the lAP acidity. 

D. Plutonltim Recovery 

Calctilation of plutonium recovery is now necessary. The flow sheet as 
designed to this point is adeqtiate with respect to uranitim scrub and ex­
traction capacity, and the relative aqueotis flow rates are at a practical 
optimum for plutonltim recovery. The adeqtiacy of the salting for plutonltim 
recovery must be established to detennine whether the LAF and IAS acid con­
centrations should be increased. 

Figures 21 and 22 (pp.65 and67) and the acid and uranium X-Y diagrams 
of Figures 4 and 5 were tised to detearmine the plutonltim (17) extraction 
coefficients in the Individtial stages. Since the concentrations of plutonltim 
are too low to affect its own extraction coefficients or those of the other 
components, concentrations can be put on an arbitrary basis. To cover the 
range of relative plutonium concentrations acctirately, plutonltim X-Y diagrams 
were constructed on log-log paper. With an arbitrary loss of tmity asstuned, 
the extraction section operating line is plotted as in Figure 6, tising the 
equation: 

Y _ aqueous flow rate ,^ ..» 
~ solvent flow rate 

Starting at the aqueous concentration of unity a vertical line is drawn to 
the point representing the extraction coefficient in the stage nearest the 
raffinate as calculated from Figures 4 and 21. From this point a horizontal 
line representing constant organic concentration is drawn to the operating 
line. Another vertical line of constant aqueous acidity is extended up to 
a point coinciding with the extraction coefficient of the second stage above 
the raffinate, and a horizontal line is again drawn from this point to the 
operating line. This geometrical construction is continued until the hori­
zontal line constructed corresponds to the relative concentration of plutonium 
in solvent leaving the feed stage. Care shotild be taken to calculate 
plutonltim coefficients from Figures 5 and 22 rather than Figures 4 and 21 
when appreciable concentrations of tiranitim are present. 

A separate log-log X-Y diagram is made for plutonltim (IV) distribution 
in the scrub section. Using log-log paper having a similar scale, the 
product concentration is arbitrarily asstimed to be tinity and the operating 
line 

Y = aqueotis flow rate . j + 1 
organic flow rate 

as drawn in Figure J. Construction of the McCabe-Thiele-type steps proceeds 
in a manner similar to that used in the extraction section but starts with 
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FIGURE 6. Relative Plutonium Distribution in Six-Stage 
Extraction Section - K/VFL No. 6, lA Flow Sheet 
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extension of a horizontal line representing an arbitrary product concentra­
tion of unit. The final step in preparing the scrub section X-I diagram is 
the extension of the line representing the concentration of Pu (17) in solvent 
coming from the extraction section and entering the scrub section. 

10-

10 

lOl 

lAP-

10-

relati\€ 
in sol̂ < 
( f i o l l l t f 

solTient 
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phase 
-free bBRK 
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^ 

relative concertration Pi(l7) 
aqueous phai 
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(IV) 
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ee 
bssis) 
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operating line 

10- 10" 10» lOl 102 

FIGURE 7. Relative Plutonixun Distribution in Five Stage Scrub 
Section - KAPL Ho. 6, lA Flow Sheet 

Since the concentration of plutonium (17) in the solvent stream Joining 
the extraction and scrub sections can have only one value tmder steady-state 
operation, the X-Y diagram for one section can be transferred to the diagram 
for the other section. In addition to coincidence of the solvent concentra­
tion common to both sections, equivalent extraction coefficients, as repre­
sented by straight lines with a slope of unity, must coincide. With transfer, 
the diagram of Figure 8 is obtained. The relative feed concentration of 
plutonitutt (17) is represented by the Intersection of the two operating lines. 
Taking into account the relative flow rates of the lAF and lAW streams, a 
theoretical loss can now be calctilated. For plant design, stages are added 
to allow for less than 1005̂  stage efficiency and minor flow variations.(1) 

^^JStage efficiencies in mixer-settlers drop off as extraction factors 
depart markedly from unity becaxjse of the exaggerated effect of back-mixing 
and bypassing as well as non-attainment of equilibrliui. The stage calcu­
lations are much more exact for such tinits, however, than for columns where 
the effectiveness of very large or very small extraction factors is limited. 
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Re lative nniif»f̂ Ti-hT»n.tinn Pri(TV) 

in So:.vent Phase 
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Scrub Section Operating Line 

Relative Ccncentratiun Pu(l7) 
in Aqueotis Eiaise 

(solute-free baisis) 
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FIGURE 8. Relative Plutonium Distribution in the KAPL Ho. 6, lA Flow Sheet 
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Essentially these additional stages are added to the center of the extraction 
section, where they are most effective in providing a safety factor against 
plutoni\im (IV) losses. 

E. Flow-Sheet Stability 

In designing lA Purex flow sheets for optiinum uranium capacity, allow­
ance must be made for the limits of analytical accuracy and flow-rate control 
and for the probable range of operating temperatures. It is desirable to 
operate close to maximum capacity for efficiency and the improved decontami­
nation obtained with high solvent saturation. Exceeding capacity, however, 
shoaild be avoided, not primarily because of small uranium losses, but because 
of the high plutonium reflux and loss that acconpanies such a condition. 

Under conditions of either the KAPL No. 6 and 0ENL-8î 6 lA flow sheets 
the scrub section is the only part of the system that is critical with respect 
to minor variations in parameters. With flow-sheet parameters at their 
nominal values, the extraction section possesses an approximately 20^ reserve 
capacity for uranium recovery. In addition, the capacity of the extraction 
section is only moderately affected by changes in parameters other than the 
lAX flow rate since the maximum concentration of uranium available in solvent 
from the extraction section is nearly invariant with flow ratio and acidity. 

The excess capacity of the extraction section, however, is inadequate to 
cope with excessive refloix in the scrub section. Relatively minor variations 
in flow-sheet parameters will cause the scrub section to return more uranium 
to the lAFS than can be recovered by the extraction section. In such a case 
the solvent going from the feed stage into the scrub section is in equilibrium 
with lAFS. Loss of uranium will occur if the lAFS delivers more iiranium to 
the extraction section than can be retxirned to the scrub section by solvent 
in equilibrium with it. Under such conditions acid reflux will be repressed 
by the high uranium concentrations in solvent. Coupled with the lower 
uranivim extraction coefficients existing throughout the bank this will have 
a disproportionately large effect on plutonium reflux and losses. 

In calculating the stability of the KAPL Ho. 6 and 0RNL-8i|̂  flow sheets 
the criterion previously mentioned was used. The flow sheet was said to be 
in a condition of incipient instability, in tei-ms of the X-I diagram, when 
the scrub section operating line was tangent to the scrub section equilibrixim 
line. Taking into account the effect of changed lAX flow rate on product 
concentration and other parameters, the percentage difference between the 
nominal lAX flow rate and reduced lAX flow rate at incipient instability was 
termed the degree of safety. This was found to be 6^ for the KAPL No. 6 lA 
flow sheet and 4^ for the 0RNL-8i)^ flow sheet, although the latter coixld be 
raised to 8^ by decreasing the LAS to lAX flow ratio of the ORHL flow sheet 
to that of the KAPL flow sheet. 

With the uranium diagram first adjusted to a condition of incipient in­
stability by reduction of the lAX flow rate, other flow-sheet parameters were 
then varied and their effect on stability Judged by the per cent variation 
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in lAX flow rate required to bring the scrub operating line back to tangency 
with the equilibrium curve. This equivalency was used because solvent flow 
rate is most readily adjusted to Terasd.y unstable operation or correct for 
off-specification feed. 

For small variations in THP concentration the equilibriian curves were 
shifted using the following equations: 

Auo _ 2ATo 

uo 1.095 + 2.19 U Q + 0.369 ho 

Aho , Au 
_!£= 0.652 x - j ^ 
T^o ^o 

T = molar concentration of TBP in solvent 

U Q = moles uranium/liter solvent 

hQ = moles HNOo/liter solvent 

aqueous acid and uranium concentrations are the same for 
T Q and T Q + AT^. 

In the absence of extensive equilibrium data for tenrperattires other than 
25°C, the effect of temperature variation on flow-sheet capacity was deter­
mined in a series of solvent extraction i-uns in "Mini" mixer-settlers. This 
was feasible despite analytical limits and flow-rate variation since only the 
equivalency of ten^ierature variation and relative extractant flow rate was desired. 
Use of the same feeds through a run-series eliminated variation in concen­
trations, and a common drive to the syringe-displacement feed system eliminated 
variation in flow ratios. Equivalency was determined by bracketing points of 
approach and departure from incipient stability as judged by uranium analyses 
of extraction stage saiî iles. When such a point was bracketed by varying 
relative solvent flow rates at one temperature, the process was repeated at 
other tenrperatures. An exaniple of the type of data obtained is shown in 
Figure 9- Although the method is not a substitute for equilibritim data, it 
represents a considerable short-eut over the conventional equilibrations and 
calculations that otherwise would have been required. The equivalencies 
obtained were found to be reproducible and self-consistent. The effect of 
temperature on plutoniiim extraction is not of concern since the extraction 
coefficients (o/a) for plutonium (I7) in the absence of viranitun increase with 
increased temperatures. Operation much below 25"G is not likely. 
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Tables k and 5 give the estimated variation of each parameter under 
normal operating and analytical conditions and their equivalency in per cent 
extractant flow.'orate. Since the variations are as likely to be on the safe 
side as on the side of instability, and since the extraction equipment acts 
as a ireservoir to damp out short-term fluctuations, designing for ever-safe 
operation is not necessary or desirable. The amount of operating margin 
used will depend on circumstances but normally would decrease with increased 
experience. 

EFFECT CF OHE LOW-ACID lA FLOW SHEET OH THE IB AND IC SYSTEMS 

Since the IB and IC systems produce no aqueous waste directly, they are 
mentioned in this stvidy only as their operation is affected by changes in 
the lA flow sheet. The reduction in second-cycle plutonitim waste obtained 
indirectly as a result of changing from high- to low-acid first-cycle oper­
ation is insignificant. 

Organic product (lAP) from the low-acid lA system was designed to con­
tain the same concentration of U02(H03)2 as the product of the ORNL-8î 6 
high-acid lA system. The only change of any magnitude in feed to the IB 
system is the acid concentration. With no other IB parameter changes the 
change in IB feed acidity is reflected in a reduction of acid concentration 
in the IB scrub section and the plutonium product stream. This affects the 
partition of uranium from plutonium to a slight but not serious extent and 
will have no effect on the partition of plutonium from uranivmi or the be­
havior of the IC system. The capacity of the IB system for uranitim remains 
more than adeqtiate following the first-cycle low-acid flow sheet and presents 
no serious problem with regard to stability. Uranium and acid X-I diagrams 
of the low-acid first-cycle IB flow sheets are given in Figures 10 and 11. 

PILOT PLANT RON RESULTS 

Eleven full activity-level pilot plant runs were made with the KAPL low-
acid first-cycle flow sheet. The first four were paired with high-acid runs 
using common feed for each pair. The last seven were run consecutively with 
individual dissolvings and KlfeiOi,. - Mn02 head-end steps. 

As can be seen from resxilts of the paired runs reported in Table 6, the 
high- and low-acid flow sheets are quite similar with respect to decontami­
nation. The only significant differences appear to be the somewhat better 
ruthenium decontaminations obtained with the high-acid flow sheet and the 
definitely better zirconium + niobium decontamination of the first-cycle 
Plutonium product obtained with the low-acid flow sheet. With either flow 
sheet first-cycle decontaminations are adeq\iate for a two-cycle process. 

The partitions of plutonium from first-cycle tiranium product given in 
Tables 8 and 9 were considered satisfactory since the loss of plutonium was 
insignificant and only a small amount of additional partition is required 
of the second tiranixim cycle. 
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Partitions of uranitim from plutonium product were adequate in about half 
of the runs with both the high- and low-acid flow sheet. Although no ad­
ditional partition is obtained in the second plutoniian cycle all present post-
solvent-extraction coupling steps provide sufficient additional partition to 
provide satisfactory product. Like the decontaminations reported in Tables 6 
and T, the partitions given in Tables 8 and 9 are for run conposites and re­
flect the effects of tenjjorary maloperation. Under continuous plant 
processing it is believed that such occurrences will diminish in frequency 
with increasing experience. 

With few exceptions the losses of uranium and plutonium were satisfacto­
rily low. The values reported in Tables 8 and 9 are for steady-state con­
ditions and do not represent run composites. 
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Pi lo t Plant Bun Results* 

DecontaBloatlon - CoBsiarison of 

Ron Ho. 10 11 

lA flow sheet LA HA 

Log decontaminations 

Across lA baxik (lAF to 

Beta 3.9 3-9 
Gamma 3.3 3'0 

To uranium product (lAF 

Beta k.9 h.9 
Gaaraa > k.l k.O 
Buthenium 2.5 2.7 
Zirconium+ ^.1 3.9 

niobium 

12 

LA 

lAP) 

k.O 
3.0 

to ICg) 

5.0 
k.l 
2.7 
k.3 

High-j 

13 

HA 

3.9 
2.7 

5.0 
k.O 
2.9 
k.O 

To Plutonium product (lAP to lEP) 

Beta k.6 k.6 
Gaaraa 3.8 2.9 
Rathenlum 2.7 3'k 
Zirconium + 3.6 2.7 

nlobltam 

k.6 
3-k 
2.7 
3.5 

3.9 
2 .9 
2.8 
2.7 

and Lo 

Ik 

LA 

k.3 
3.7 

5.1 
k.k 
2.9 
k.3 

k.9 
k.k 
3.2 
k.3 

v-Acld 

15 

HA 

k.k 
3.7 

5.5 
k.k 
3.2 
1̂ .2 

k.& 
3.7 
3.5 
3.6 

Flow I 

16 

U 

k.l 
3.2 

5.6 
3.8 
3.8 
3.6 

5.1 

3.7 

%.o 

Sheets** 

17 

HA 

k.l 
3.1 

5.6 
1̂ .2 
3.9 
i>.l 

5.1 
3.9 
3.8 
3.6 

«KAPL-809> "Pilot Plant Progress Report," August, Bepteadser, October 
1952, F. C. Stelner and J. F. LaBonte, December 10, 1952. 

KAPL-d60, "Pilot Plant Progress Report," Hoveaber, Deeeaber 1952, 
January 1953* F. C. Stelner, April 8, 1953' 

**The lA flov sheets used vejre similar to those of Table 3 vlth the 
exception of a lOft reduction in feed uraniun concentration to ensure 
stability Tith -Oie most adverse cooiblnatlon of normal operational and 
analytical yarlatiotxs. Deeontaalnatlons reported are for run cooposites 
and nay reflect the effect of tei^orary upsets. 
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TABIE 7. Pilot Plant Run Results* 

Decontamination - KAPL No. 6 Flow Sheet** 

Run Ho. 18 19 

Log decontaminations 

Across lA bank (lAF to lAP) 

Beta 3.5 3-7 
Gamma 2.k 2.8 

To uranium product (lAF to ICU) 

Beta k.6 k.l 
Gflmma*** 2.6 3-1 
Ruthenium 2.9 3.1 
Zirconium + 2.5 3.1 
niobium*** 

To plutoniian product (lAF to IBP) 

Beta k.k k.2 
Gamma 3.4 3.6 
Ruthenium 2.7 3.1 
Zirconium+niobiiun 3.4 3.3 

20 

3.9 
3.1 

5.8 
k.O 
3.2 
3.7 

k.Q 
3.9 
2.9 
3.7 

21 

3.9 
3.1 

5.6 
k.3 
3.k 
k.O 

5.0 
k.3 
3.3 
k.l 

22 

3.5 
2.9 

k.l 
3.5 
3.1 
3.3 

4.5 
3.7 
3.5 
3.6 

23 

3.3 
2.7 

5.0 
3.9 
3.3 
3.7 

4.7 
3.8 
3.4 
3.8 

24 

3.9 
2.6 

4.5 
3.3 
3.5 
3.2 

4.5 
3.4 
3.3 
3.3 

*KAPL-913^ "Pilot Plant Progress Report," February through Jime 1953^ 
A. J. Arker and C M . Wilson, November 2, 1953. 

**The lA flow sheet used was that of Table 3. Decontaminations reported 
are for run con̂ josites and may reflect the effect of temporary upsets. 

***Sillceous material carried zirconitua-niobium into the uranium product 
in run 18 as a result of addition of mechanically dejacketed slugs to the 
dissolver following conplete dissolution of the heel. The effect of this 
material vas still apparent in run 19. 
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TABIE 8. P i lo t Plant Run ResTilts* 

Losses and Partitions 

Comparison of High-and Low-Acid Flow Sheets** 

Run Ho. 

lA flow sheet 

Per cent loss 

10 

LA 

11 

HA 

12 

LA 

13 

HA 

14 

LA 

15 

HA 

16 

LA 

17 

HA 

Aqueous raffinate (lAW) 

Uranitim 
Plutonium 

Organic r a f f i n a t e 

Uranium 

Log p a r t i t i o n 

To uranivim 
product (ICU) 

To plutonixm 
product (IBP) 

0 .01 
0.008 

(ICW) 

0.05 

4.3 

5.3 

0.002 
0 .03 

0.008 

4 . 1 

6 . 1 

0.006 <0.001 
0.05 0 .2 

0.08 

3.7 

5.4 

0 .01 

4.9 

6 . 1 

0.002 
0.003 

0.002 

4 . 0 

4 .7 

0.002 
0.007 

0.07 

4.6 

5 . 1 

0.002 
1.2 

0 .01 

4 . 0 

6 . 1 

0.003 

3.7 

*KAPL-809, "Pilot Plant Progress Report," August, September, October 
1952, F. C. Stelner and J. F. LaBonte, December 10, 1952. 

KAPL-860, "Pilot Plant Progress Report," Hovember, December 1952, 
January 1953^ F. C. Stelner, April 8, 1953. 

**The lA flow sheets used were similar to those of Table 3 with the 
exception of a lOfjo reduction in feed uranium concentration to ensure stability 
with the most adverse combination of normal operational and analytical vari­
ations. Partitions reported are for run composites and may reflect the effect 
of ten5)orary upsets. Losses reported are steady-state values. 
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TABLE 9- Pilot Plant Run Results* 

Losses and Partitions - KAPL No. 6 Flow Sheet** 

Run Ho. 18 19 20 21 22 23 24 

Per cent loss 

Aqueous raffinate (lAW) 

Uranium 
Plutonium 

Organic raf f ina te 

Uranium 

Log p a r t i t i o n 

To uranium 
product (ICU) 

To plutonitim 
product (IBP) 

0.003 
0.02 

(lew) 

0.001 

4.0 

5.8 

0.05 
0.3 

0.06 

3.2 

5.9 

0.002 
0.6 

0.002 

4.6 

6 .1 

0.009 
0.009 

0.08 

4.9 

4.0 

0.003 
0.01 

0.004 

4.5 

4.2 

0.001 
0.02 

0.02 

3.7 

4.6 

0.003 
0.02 

0.007 

3.6 

4.6 

*KAPL-913^ "Pilot Plant Progress Report," February through June 1953, 
A. J. Arker and C. M. Wilson, Hovember 2, 1953. 

**The lA flow sheet used was that of Table 3. Partitions reported are 
for run composites and may reflect the effect of temporary \ipsets. Losses 
reported are steady-state values. 
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APPENDIX 
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APEEHDIX. PRINCIPIES OF lA FLOW-^EET DESIGN 

Purex lA flow sheets for the extraction and decontamination of U02(H03)2 
and Pu (HO3)], can be designed on the assui^tion that the concentration 
of the HHOq salting agent remains constant within each section of the system. 
HHOo, however, is also extractable, consieting with U02(H0g)2 and plutonium 
nitrate for TBP. While it is necessary to consider the interrelation of all 
three extracting coB^ionents and TBP to design an efficient flow sheet, dis­
cussion of some of the more important design factors is aided by making 
simplifying assxiaiptions • Following a discussion of the equilibria and reflux 
of HHO3 in the system, the capacity of lA Purex scrub and extraction sections 
for U(^(H03)2 will be considered, with constant aqueous acid concentrations 
assTimed. 

A. Equilibria and Hitric Acid Refltuc 

extraction of U02(H0o)2 and HHO3 from aqueoTis solutions into organic 
containing TBP is governed by the following equilibria: 

The 
solvents containing TBP is governed by the following equilibria; 

+2 % 
UO2 ̂ q + 2N03- + 2TBP^^g ̂ ::^U02(H03)2 ' STBP^^g 

(UOo(HO„)o- 2TBP)„ . 2 2 
% (o/a) = ^4^ ^°^^ « K^ . [HO3] • [TBP] 

(UOg ) aq org 

H* + HO" + TBP ;: ^ HHOo • TBP 
aq 3aq.. org 3 org 

(HHO„TBP) 
Eg (o/a) = 2 2££ z % • [HO" ] • [TBP] 

(g+) 3 aq org 
aq 

where KU and K_ are equilibri\im constants 

Eu and Eg are extraction coefficients, 

organic over aqueous 

[TBP] is the activity of uncon^jlexed TBP in the organic phase. 
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The dependent relations between the above equilibria are shown in 
Figures 19 and 20. The equilibria indicate that uranium extraction is 
limited by the complex U02(H0o)2 • 2TBP. For the 30 vol ^ TBP solvent used 
in these Purex flow sheets, this means that the maximum concentraticn of tiranium in 
solvent is 0.548 mole/liter of solvent. 

In addition to the two macrocoD^Jonents whose e:£tractions are inter­
dependent, there is plutonium (IV) nitrate present in concentrations too 
small to affect the extraction of uranitun and HHO3 but whose extraction is 
affected by them. The probable equilibria involved in the extraction of 
plutonium is:3 

+(4-m) _ Kpu(i7) 
Pu(HOci)_ + (4-m)H0.3 + 2TEP . '^Pu(HO.-), • 2TBP 

^ ^ q 3aq org "= 3 k 

(Pu(NO,)i, • 2TBP)^.^„ ,, . 2 
%U(IV) (%) ^ '(4-m) ' - Kp,(x^) .[NO5 ] (^-). [TBP] 

(^(^03^ )aq ' ' 

where p̂rlf•Tv̂  ^̂  ^̂  equilibriiam constant 

[TEP]Qpg is the activity of xmcomplexed TBP in the organic phase. 

The distribution of plutonium (I7) nitrate between 3056 TBP in hydro­
carbon diluent and aqueous HHO3 is given in Figure 21, and the experimental 
data on the derived relation 

^Pu(l7)/% = K (NOg)^^"? ^ 

is given in Figure 22. 

As a result of competition between U02(H0o)2 and HHOo for TBP, acid 
extraction coefficients (Eg o/a) are much hi^er at the raffinate end of the 
lA extraction section where viranium concentrations are low, than at the feed 
stage and in the scrub section where uranium concentrations are relatively 
high. Combined with the relative flow rates required for product recovery 
and decontamination, the resulting extraction factors 

solvent flow rate 
aqueous flow rate 

Eg o/e 

are in the range favorable to acid extraction at the raffinate end of the 
lA system and acid stripping near the feed stage and in the scrub section. 
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Such conditions result in acid reflux in the lA system. By adjusting 
relative flow rates and concentrations the amount of refltox can be appre­
ciably increased before capacity, recovery, and decontamination are 
affected. Under conditions of the KAPL Ho. 6 flow sheet, acid concentrations 
through the larger part of the extraction section are more than three times 
as great as that in the raffinate. As a resxilt, the last few stages of low 
acidity can be largely ignored as a factor in plutonium recovei^. 

B. lA Scrub Section Capacity for Uranyl Hitrate 

Satisfactory capacitŷ -̂ ' for uranium is the first consideration in 
designing a lA flow sheet. For the KAPL No. 6 lA flow sheet this was arbi­
trarily defined as the capacity yielding a product with the uranixun to solvent 
ratio of the 0EHL-8i|-6 flow sheet. The restiltant product (lAP) concentration 
of 0.^05 mole/liter solvent is then the first fixed reference point. 
(Moles/liter solvent and moles/liter HgO rather than moles/liter solution are 
used to obtain straight operating lines and simplify construction of McCabe-
Thiele-type diagrams. See Table 10 for conversion eqiiations.) 

Material balance and the above choice of product concentration require 
that the difference between the amount of tirani-um in the organic phase leaving, 
and the aqueous phase entering each scrub stage remain at the value 
solvent flow/aqueoiis flow • 0.1l-05 iinder steady-state operation, The locus of 
concentrations obeying this condition is the scrub operating line which has a 
slope equal to the scrub to extractant (lAS to lAX) flow ratio and intersects 
the ordinate at 0.405 mole/liter of solvent. Stage equilibrium requires that 
the concentrations of acid and uranitim in the aqueous and organic streams 
leaving each stage correspond to single points on the distribution diagrams 
of Figures 19 and 20. For the purpose of illustration, and as a first approxi­
mation, the aqueous acid concentration in the scrub section will be assumed 
constant and eqtial to its concentration in the IAS stream. 

Working backward from the product concentration of 0.^05, it is obvious 
that the higher the scrub flow rate is with respect to the extractant flow 
rate, the greater will be the stripping of uranium from the organic phase; 
the subsequent increase in organic Tiranium concentration from stage-to-stage 
will have to be correspondingly large to maintain the difference required by 
material balance considerations. If material balance requires postulating an 

^ Capacity is used to denote limits of the flow sheet without regard 
to equipment. In calcTilating recovery capacity of the extraction section, 
e.g., an infinite number of theoretical stages are posttilated. 
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organic stream with a uranitim concentration above 0.5^8 mole/liter solvent, 
it is evident that a lAP concentration of 0.405 is not possible with the 
IAS to lAX ratio chosen. This situation is illustrated in the McCabe-Thiele-
type diagram of Figure 12.(1) 

Moles UN 
Liter solvent 

O.5W 

0.î 05 

lAP 

from extraction section 

hypothetical position of scrub 
operating line for congilete recovery 

uranium equilibrium line 
actual position of scrub 
operating line 

Moles UH 

Liter H2O 

FIGURE 12. Uranyl Nitrate X-Y Diagram of the lA Scrub Section with 
Insufficient Capacity 

^ ^In such plots the horizontal and vertical tie lines intersecting 
on the operating and equilibriixm lines denote constancy of concentration 
between stages and express the relationship between the two requirements of 
material balance and eqxiilibrium for steady-state operation. Actxial concen­
trations at any point in truly counter-ctirrent equipment, such as a packed 
column, remain on the operating line. Equilibrium points on the plot have 
no counterpart in the column but represent aqueous and organic concentrations 
in diverging phases which are separated by a distance corresponding to the 
height of a theoretical stage. For mixer-settler operation, where the flow 
is counter-cizrrent between stages and co-cxirrent in each stage, the equi­
librium points on the plot essentially correspond to concentrations in the 
settling sections, and operating points on the diagram coriresppnd to con­
centrations in the two phases passing between adjacent stages.^ 
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Under more favorable conditions, i.e., a lower scrub-extractant flow 
ratio or a higher acid concentration in the scrub stream, or both, the 
stage-to-stage increase in tiraniiim concentration will not be as great and 
the scrub operating line and scrub equilibrium line will intersect. In this 
case the concentrations of iiranioim in the organic and aqueous phases rapidly 
converge toward the point of intersection in going from the product stream 
toward the feed stage forming a so-called "pinch", as shown in Figxire 13. 

- Moles UN 
Liter Solvent 

xjranixm saturation 

^_____ scrub section operating line 

from extraction section 

Tiranium equilibrium l i ne 
Moles UH 

Li ter H2O 

I 1 

FIGOEE 13. Uranyl Nitrate X-Y Diagram of lA Scrub Section with 
Sufficient Capacity 

There is no question of an impossible situation arising in the scrub 
section under these latter conditions. There is, however, the new problem 
of designing an extraction section to recover both the uranium stripped from 
solvent in the scrub section and that introduced in the feed. 

C. lA Extraction Section Capacity for Uranyl Nitrate 

With coaplete recovery assumed, the amoxint of uranium entering the 
extraction section in the feed stream is fixed by the product concentration 
of O.ij-05 mole UN/liter solvent and the lAX flow rate. The amount of 
uranium rettimed to the extraction section by the scmb stream is 
determined by the degree of refltix occuring in the scrub section. The 
concentration of uranium in the combined aqueous feed to the extraction 
section is represented geometrically by the aqueous coordinate at 
the intersection of the extraction section operating line and a horizontal 
line from the scrub operating point adjacent to the feed stage. This aqueous 

0.548 

(lAP) 0.405 
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coordinate is termed lAFS as it results from a combination of scrub (lAS) and 
feed (lAF). The feed (lAF) concentration at steady-state operation is repre­
sented geometrically by the aqueous coordinate at the intersection of the 
scrub and extraction operating lines. These relations are shown in Figure l4. 

Again, by making the simplifying assumption that the equilibrium curve 
is that represented by a single aqueous acid concentration, the situation in 
the extraction section illiistrated in Figure 15 occurs. 

lAP -*= 

- 0.6 

- 0.5 

- 0.3 

- 0.2 

- 0 . 1 ^ 

Moles UN 
Li te r solvent 

' / 
X 

^ ^ ^ 

solvent between 

• ^ 

sections y^ 

1 
1 

scrub section 
operating l l ^ g ^ 

^ ^ 

^ 

U .- -

-f ^ 

, /^extract icHi section 
operating) l i ne 

2 
1 

1 
1 

1 

1 
1 
1 
\-

Moles UN 
Li ter H2O 

3 
1 

AqueoTis from 
scrub sect ion 

lAFS lAF 

FIGUEE l4. Relation of Uranyl Hitrate Operating Lines in 
lA Purex Systems 

Since complete recovery is assumed, the operating or material balance 
line is di«wn from the origin. This indicates that no xiraniTim is leaving 
or entering the system at the raffinate end. 
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Moles UN 
section 

operating line 

extraction section 
operating line . 

Moles UN 
Liter H2O 

lAW lAFS lAF 

FIGURE 15. Uranyl Nitrate X-Y Diagram of lA Extraction Section 
with Sufficient Capacity 

If the relative aqueous flow rate is too high, as in the case of 
Figure 16,the system will be incapable of extracting all of the lAFS uranium 
and construction of a McCabe-Thiele-type diagram will reveal that loss of 
uranium will occxir. 
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aturation 

extraction 
section 
operating 
line 

Moles UN 

Liter H2O 

lAW lAFS 

FIGUEE 16. Uranyl Nitrate X-Y Diagram of lA Extraction Section with 
Instifficient Capacity 

If the aqueous flow rate is reduced by increasing the lAF uranium con­
centration and proportionately reducing the flow, as in Figure 35̂  uranium 
recovery will no longer be limited by the flow sheet. Other alternatives 
improving i^covery but previotisly rxiLed out to simplify discussion are: 
(1) reduction of the relative scrub flow rate, and (2) increase of aqueous 
HNO3 concentrations in the IAS, lAF, or both. 

Under conditions of the KAPL No. 6 and ORNL-846 flow sheets the extraction 
section can, if necessary, deliver to the scrub section solvent which is nearly 
saturated with uranium. As shown in Figure IT, the relation between the ex­
traction section operating line and the tiranitun equilibrium ctirves is such 
that this property of the extraction section will remain fairly constant with 
reasonably large flow-sheet variations. 
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Moles UN 

Liter Solvent 

jiEaiilum_sa.turatiQn 

extraction section 
operating line 

lAFS 

FIGURE IT. Relation of Uranyl Nitrate Operating and Equilibrium 
Lines in lA Purex Systems 

If the concentration of tiranixim in lAFS exceeds the aqueous concen­
tration defined by the intersection of the uranium equilibrivim line and 
the extraction section operating line drawn from the origin, the latter 
will shift to the right to accommodate the new situation. In this case 
the aqueous intercept of the operating line will indicate the concen­
tration of uranium in the waste stream. Figure 18 illtistrates how this 
situation can result from excessive uranixim reflux in the scrub section. 
The scrub section can be considered as limiting capacity for uranium 
recovery in both flow sheets as reflux in this section is relatively 
sensitive to parameter variations and little can be done to increase 
the uranium capacity of the extraction section. 
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LAP 

equilibrium 
l ine 

(a single equilibri\im 
i s used to sisiplif;' 
the diagram) 

lAW lAFS lAF 

Moles UN 

Liter HgO 

FIGURE 18. Uranyl Nitrate X-Y Diagram of lA System 
Effect of Insufficient Scrub Section Capacity 
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•Aip Tn 001/^ - 0»I X 001 4 Wt n V r< ai i: "B 



• ••• 
• 

• 
• 

9 

• 
• • 

• • 
• 

• 
• • 

• • 
• 

• 
• • 

• • •• 
• 

* • 
• • •• 



E o/a Pu(lV) (Solute-Free Basis) 

as 



• • 
• 

• 
• • 
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TABIg 10. Conversion Eqtiations for 30^ ̂EBP and Aqueous Solutions 
Containing Uranyl Nitrate and Hitric Acid - 25''C 

volume golute-free solvent ^ j_ _ 0.O86 Uo - 0.046 Ho = 
volume solvent solution 1+0.086 UQ + 0.046 I Q 

volume solute-free aqueous ̂  ̂  _ 0.076 U„ - O.031 !« = ^ 
volxjae aqueous solution ^ 1+0.076 u„ + 0. •031 i% 

^ 5. ̂  = ___! _ = 1 + 0.086 u- + 0.046 ho 
UQ IQ 1 - 0.086 UQ - 0.046 Ho ° ° 

^ = ̂  » -—̂ J: s = 1 + 0.076 Ua + 0.031 h„ 
U„ lo 1 - 0.076 U„ - 0.031 H- ^ ^ 

UQ =« uranium molarity in solvent u^ = moles uraniian/liter solvent 

KQ = HHO3 molarity in solvent h^ = moles HHOo/liter solvent 

Ug =• uranium molarity in aqueous solution Ug = moles uranium/liter H2O 

Hg =» HHO3 molarity in aqueous solution hg = moles HHOo/liter HgO 
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