
&,~,~ ~-
THIS DOCUMENT IS, J'lm if!:! ~HER DIS­
SEMHVJt I Ed Wllt!.Qui rus E~ WRITTEN 
CONSE'NI OF fHE OIREQIQ 9 "''OT~ND FUEL 
CYC~I!Ci iiQOCbGY OFFICE - AGNS-35900-3.1-111 

STUDIES AND RESEARCH 
CONCERNING BNFP 

PILOT-SCALE PULSED COLUMNS 
COLUMN PROFILE AND HOLDUP STUDIES 

Dr. Anthony F. Cermak 

November 1980 . .MASTER 

Work Performed Under Contract DE-AC09-78ET-35900 

ALLIED-GENERAL NUCLEAR SERVICES 
P.O. BOX847 

• BARNWELL, SC 29812 
This document ts 

PVBLICLY RELEASAB~ . 
'df>J(J.A ~ c~~ArvL-r .. _,i-~ 

D Authorizing Cial 
Date s7 {o It 5 

ENTIN ATF. 
· ants in the 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



This document is 
PUBLICLY RELEASABLE 

AGNS-35900-3.1-111 

Distribution 
Category UC-83 

STUDIES AND RESEARCH 
CONCERNING BNFP 

PILOT-SCALE PULSED COLUMNS 
COLUMN PROFILE AND HOLDUP STUDIES 

Dr. Anthony F. Cermak 

,:MASTER November 1980 , 

,--------DISCLAIMER---------, 

This book w<JS prep.1red dS an ac• )Unt ol work sponsored by an agf>ncy of the Un1ted States Go ... ernment. 
N~·ither the United States Government nor any diJ<:~ncy thereof. nor any of their employees. makes any 
wdrranty, el<.pre~s or implied. or cs.sumes any leyal li.lbil,ty or responsibility for the dCCuracy, 

c 1mpleteness. or uSI~fulness of any informatron". app.~ratus. product. or process discloSP.d, or 
represents th<ll its •Jse v.outd not infringe privately owned righu. Reference herein to any specific 

t.)mmen ial product. !J•OCess. ''' ~rvice by trade name. trademark. manufacturer. or otherwise. does 
not necessarily constrtute 1r 1mply its endorsement. recoml"l'lefldation. or favorrng by the United 
States Government Of any aqency thereof. The voews and opinions of authors eKpressed herein do not 
necessarily state )f refle<:t th1 sa of the United States Government or any agency thereof. 

ALLIED-GENERAL NUCLEAR SERVICES 
POST OFFICE BOX 847 

BARNWELL, SOUTH CAROLINA 29812 

;;pJ""'-1&«-'}'\. C~cc d1.'-t:" . 
! Authorizi'il jj I ~ ,..;.1 

Date 5 'fv 5 

WASTE AND FUEL CYCLE TECHNOLOGY OFFICE 
UNDER CONTRACT DE-AC09- 78ET35900 



• 

ACKNOWLEDGEMENTS 

The contributions of the AGNS Operating, Analytical, and Maintenance 
Departments in performing the laboratory and analytical work as well as 
maintenance work are gratefully acknowledged. 

• 



ABSTRACT 

Experimental studies were conducted on pilot-scaled pulsed columns for 
the purpose of obtaining data for verification of contactor computer 
programs. This work is in support of Safeguards programs related to 
determination of near real-time inventories in pulsed columns. 

Holdup tests were performed resulting in the derivation of an empirical 
equation for estimation of the dispersed phase holdup in a column. 
Uranium solvent extraction mass-transfer tests were conducted in which 
all four process cycles were simulated under coprocessing flowsheet 
conditions. Extensive data were obtained during these tests on uranium 
profiles and inventories within the columns. Transient profile data 
were also determined between selected runs under the tested operating 
conditions. No concentration peaks could be observed during the tran­
sient period. Based on the extensive inventory data taken, empirical 
equations were developed for relating uranium inventory in a column to 
the test parameters. These equations were found useful for predicting 
and estimating the column inventory under the known run conditions. 
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1.0 INTRODUCTION 

C o n s i d e r a b l e i n t e r e s t has come about in r e c e n t y e a r s in d e v e l o p i n g 
advanced nuclear m a t e r i a l s account ing systems for plutonium and enriched 
uranium in spent fuel r ep rocess ing f a c i l i t i e s sub j ec t t o i n t e r n a t i o n a l 
i n s p e c t i o n and inventory v e r i f i c a t i o n . The proposed goals of the I n t e r ­
n a t i o n a l Atomic Energy Agency (IAEA) a re the d e t e c t i o n of a d i v e r s i o n 
of: 

(1) 75 ki lograms of U-235 c o n t a i n e d in l o w - e n r i c h e d uranium over a 
per iod of one year 

(2) 8 kilograms of separa ted plutonium as the oxide or n i t r a t e in 1 t o 
3 weeks (abrupt d i v e r s i o n ) 

(3) 8 kilograms of plutonium over an e n t i r e year (p ro t r ac ted d ive r s ion) 

(4) 8 k i l o g r a m s of p l u t o n i u m c o n t a i n e d in i r r a d i a t e d fue l in 1 t o 
3 months. 

In support of t h i s need, the Los Alamos S c i e n t i f i c L a b o r a t o r y (LASL), 
A l l i e d - G e n e r a l N u c l e a r S e r v i c e s (AGNS) and o t h e r l a b o r a t o r i e s a r e 
developing advanced techniques for nuclear m a t e r i a l s measurement.^ ' In 
support of t h i s program, under the sponsorship of LASL, r e s e a r c h e r s a t 
the Ames L a b o r a t o r y , Iowa S t a t e U n i v e r s i t y , under t h e d i r e c t i o n of 
Dr. L. E. Burkhart , a re developing t h e o r e t i c a l models for pulsed column 
behavior which w i l l p r ed i c t so lu t e p r o f i l e s . ( 2 ) Th is t e c h n i q u e , when 
p rope r ly appl ied with s i g n a l s coming from o n - l i n e p r o c e s s i n s t r u m e n t s 
i n t e r f a c e d to a computer can produce column i n v e n t o r i e s in nea r r e a l ­
t ime . To d a t e , the SEPHIS program^^ has been used for t h e purpose of 
p r e d i c t i n g s o l u t e p r o f i l e s and end s t r e a m c o n c e n t r a t i o n s from con­
t a c t o r s . However, t h i s program was o r i g i n a l l y des igned for m i x e r -
s e t t l e r c o n t a c t o r s and i s not d i r e c t l y a p p l i c a b l e to d i f f e r e n t i a l 
c o n t a c t o r s , such as pulse columns, s ince i t does not i n c o r p o r a t e such 
f a c t o r s as back-mixing. 

Work was i n i t i a t e d in 1979 a t AGNS, under con t rac t to the Department of 
Energy (DE-AC09-78ET-35900 Sub-Task 4 . 1 ) , t o c a r r y out e x p e r i m e n t a l 
s t u d i e s on proposed coprocessing f lowsheets in which a p o r t i o n of the 
uranium is allowed to remain with the p lu ton ium t h r o u g h o u t the second 
and t h i r d plutonium p u r i f i c a t i o n c y c l e s . ^ ^ This work was conducted in 
p i l o t s c a l e p u l s e columns u s i n g uranium o n l y . These columns were 
equipped with samplers along the he ight of the column, such that samples 
could be obtained and s o l u t e p r o f i l e s determined. An example of such a 
p r o f i l e i s shown in Table 1-1 in which the AGNS determined e x p e r i m e n t a l 
p r o f i l e i s compared to t ha t obtained by the SEPHIS and Burkhart mode l s . 
As can be seen, exce l l en t agreement was obtained with that p r e d i c t e d by 
the Burkhart model. 

The work i n i t i a t e d in 1979 was f u r t h e r expanded in 1980 t o i n c l u d e 
s o l u t e p r o f i l e and d i s p e r s e d phase h o l d - u p s t u d i e s on a l l P u r e x 
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purification cycles under coprocessing conditions for purposes of 
verification of contactor computer programs. Also, some transient 
profile data were obtained between selected runs as well as column 
uranium inventory at the termination of a run. Comparisons are made 
with that predicted by the SEPHIS model. The data were made available 
to LASL and Dr. L. E. Burkhart for comparison to the Burkhart model in 
advance of the publication of this report. 
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TABLE 1-1 (* ) 

EXPERIMENTAL URANIUM CONCENTRATIONS VERSUS 
SEPHIS AND THE BURKHART MODEL 

( 2 - I N . - I . D . EXTRACTION/SCRUB PULSED COLUMN) 

Distance (ft) 
from 

Column Bottom 

24 (scrub) 

21 

18 

15 (feed) 

12.8 

12.2 

11.2 

9 

7 

Uranium 
SEPHIS 

Aq 

0 

17.2 

25.0 

25.0 

10.0 

1.5 

0.4 

0 

0 

Org 

52.5 

65.0 

71.0 

71.0 

32.5 

6.2 

1.0 

0 

0 

Concentration ( 
Experiment 
Aq Org 

0 

15.0 

19.7 

20.0 

9.0 

1.5 

0.4 

0 

0 

54.0 

62.7 

67.5 

68.5 

38.0 

20.1 

8.0 

1.0 

0 

grams/Iiter) 
Burkhart 
Aq 

0 

15.0 

19.8 

21.4 

9.1 

1.5 

0.4 

0 

0 

Model 
Org 

54.0 

62.7 

67.5 

69.0 

39.2 

17.6 

7.0 

1.0 

0 

*Table 1-1 reproduced from Reference 2 wi th the permiss ion of LASL. 
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2.0 SUMMARY 

Ninety hydrau l ic t e s t s were performed on pu l sed columns in the p i l o t -
p l an t to determine the e f f ec t of b a s i c hydrodynamic v a r i a b l e s on the 
d i spe r sed phase holdup in the column. Evaluat ion of experimental holdup 
da ta r e s u l t e d in an empi r i ca l e q u a t i o n showing the dependence of the 
holdup on the pulse v e l o c i t y in the d i r e c t i o n of the d i s p e r s e d phase 
flow. The equat ion app l i e s to t e s t ed columns and the experimental range 
shown in Table 4-2 and 4 - 3 . Dispersed phase holdup v a l u e s were d e t e r ­
mined through both the volumetr ic measurement in the column, and weigh t 
r e c o r d e r r e a d i n g s . T e s t s have shown t h a t the method d e v e l o p e d a t 
AGNS(5) for ho ldup d e t e r m i n a t i o n in a pu l sed column th rough weight 
r ecorde r readings i s r e l i a b l e . 

F i f t e e n mass - t r ans fe r t e s t s using uranium were performed on the p i l o t -
p l an t equipment to s imula te runs in the f i r s t u r an ium-p lu ton ium c y c l e , 
second uranium c y c l e , and second and t h i r d p l u t o n i u m c y c l e s u n d e r 
coprocess ing c o n d i t i o n s . Run condi t ions are shown in Tables 4-4 through 
4 - 8 . 

The p i l o t p lant experiments were designed to obtain de t a i l ed c o n c e n t r a ­
t i o n p r o f i l e s , o p e r a t i o n a l holdup da t a , and uranium i n v e n t o r y in each 
t e s t e d column. The f i r s t th ree t e s t s (HS-1, HS-2, and HS-3), s imulat ing 
the HS and IC columns, were performed with 15 v /o TBP. The o t h e r t h r e e 
t e s t s on these columns (HS-4, HS-5, and HS-6), as well as t e s t s s imula t ­
ing the 2D-2E, 2A-2B, and 3A-3B columns, were performed with 30 v / o TBP 
as the organic phase. During t e s t s HS-1 through HS-6, the HSF feed flow 
r a t e was var ied as shown in Tables 4-4 and 4-5 to d e t e r m i n e i t s e f f e c t 
on column concen t ra t ion p r o f i l e s . Tests s imulat ing runs in the second 
uranium cycle (2D-2E c o l u m n s ) , and second (2A-2B columns) and t h i r d 
(3A-3B colutms) plutonium c y c l e s were performed changing the o r g a n i c 
phase flow r a t e as shown in T a b l e s 4-5 th rough 4 - 8 , r e s p e c t i v e l y . 
During t e s t s , the 2-inch diameter lA dua l p r o c e s s column was used for 
e x t r a c t i o n and s c r u b b i n g , and the 3 - i n c h d i a m e t e r IBX co lumn f o r 
s t r i p p i n g , with the except ion of the l a s t t h r e e runs ( 3 A - 1 , 3A-2, and 
3A-3) where the 2-inch diameter IBS coluimi was used. 

In a l l runs , samples were taken along the t e s t e d columns under s t e a d y 
s t a t e condi t ions and analyzed for s o l u t e s c o n t e n t (u ran ium and n i t r i c 
a c i d ) . Ana ly t i ca l data were evaluated and the a c t u a l c o n c e n t r a t i o n of 
uranium and n i t r i c acid was determined for each sampl ing p o i n t . From 
these da t a , the c o n c e n t r a t i o n p r o f i l e s of s o l u t e s a long each t e s t e d 
column were determined. 

Mass - t r ans fe r t e s t s have shown tha t both the HS and 2D columns w i l l be 
flooded if the HSX/HSF and 2DX/2DF r a t i o va lue , r e s p e c t i v e l y , goes below 
2 . 8 , cons ider ing the organic phase and aqueous s c r u b b i n g s t r eam flow 
r a t e s of the coprocessing f lowshee t . ( ° ) 

Four t r a n s i e n t t e s t s between subsequen t runs shown in T a b l e s 4 - 2 4 
t h r o u g h 4 - 2 7 r e s u l t e d in smooth u r a n i u m c o n c e n t r a t i o n c u r v e s 



(Figures 4-39 through 4-42) at sampling points around the feed solution 
inlet to the dual process column, indicating no concentration peaks in 
that part of the column during transient period. 

Experimental concentration profiles of three runs (HS-1, HS-6, and 2D-1) 
along the dual process column were compared with profiles obtained by 
the SEPHIS code under the same conditions. Due to considerable back-
mixing of the continuous phase, the computed SEPHIS uranium profiles 
were not in agreement with the experimentally determined concentration 
profiles. 

Uranium inventory in tested columns was determined both through volume 
and concentration measurement at the end of the run, and through cal­
culations from experimental concentration profile and holdup data. Both 
results are in good agreement as shown in Table 4-28. Inventory data in 
the table were evaluated. The evaluation resulted in empirical equa­
tions usable for estimation of the uranium content (inventory) in pulsed 
columns operating under similar conditions as tested. See Section 4.4 
for details. 
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3.0 EXPERIMENTAL 

3.1 Equipment Description 

The experimental equipment shown in Figure 3-1 consisted of th ree g lass 
pulse columns and anci l lary equipment such as s ta inless s teel tanks and 
pumps. The 2-inch (50-millimeter) diameter lA column, used for e x t r a c ­
t ion and scrubbing, had an o v e r a l l height of 26.5 feet (8.15 meters) 
with a working e x t r a c t i o n sec t ion of 13 feet (3.96 meters) ( lower 
section) and scrubbing section of 9.3 feet (2 .8 m e t e r s ) . The 3-inch 
(75-millimeter) diameter IBX column, used for stripping (simulating the 
IC and 2E columns), was 22 fee t (6 .71 meters) h igh , with a working 
section of 17 feet (5.20 meters) . The 2-inch (50-mil l imeter) diameter 
IBS column for s t r i p p i n g ( s imula t ing the 2B and 3B columns) had an 
overal l height of 23 feet (7.02 meters) and working sec t ion height of 
18 feet (5.49 meters) . 

All three columns were provided with s ta inless steel nozzle p l a t e s with 
23% free surface area, 1/8-inch (3.2-millimeter) o r i f i c e diameter , and 
1/16-inch (1.6-millimeter) pla te thickness. The p l a t e s were assembled 
on a central 1/4-inch (6 millimeter) diameter s ta inless s teel t i e rod on 
a 2-inch (50-millimeter) pla te spacing. Each column was provided with a 
6-inch (150 millimeter) diameter top and bottom disengaging section made 
of g lass . The bottom disengaging section was connected to a be l lows-
type pulser. The top disengaging section was vented. The interface was 
automatically con t ro l l ed in the lA column in the bottom disengaging 
section and in the IBX and IBS stripping columns in the top disengaging 
section. This was accomplished by means of sensors cons i s t i ng of two 
titanium conductivity probes used to regulate an air-operated, s ta inless 
s t ee l control valve at the aqueous phase outlet l ine . 

All th ree columns were provided with severa l samplers at d i f f e r e n t 
locations along the column's working section. Sampler locations at each 
column are shown in Figure 3-2. Aqueous and organic samplers were each 
made of s ta in less s tee l tubing with an inside diameter of about 1/8 inch 
(3 mi l l imeters) . The organic sampler was provided (within the column) 
with a tubular end piece made of Teflon. 

The feed preparation tank cons i s ted of a 500-gal lon s t a i n l e s s s t e e l 
vessel equipped with a mechanical a g i t a t o r , coo l ing-hea t ing j a c k e t , 
sight g lass , temperature and pressure instrumentation. Connections were 
provided for liquid and a i r inlet and outlet and for sampling. All feed 
and receiving tanks were provided with s ight g l a s s e s , l i qu id and a i r 
i n l e t s and ou t l e t s , piping, and connections for vacuum and samplers . 
The tank volumes are shown in Figure 3-1. Feed flow rate was controlled 
by calibrated displacement pumps. 

3.2 Procedure 

Experimental work performed on p i l o t - p l a n t pulse columns inc luded 
hydrodynamic and mass-transfer t e s t s . Hydrodynamic t e s t s were made to 

- 7 -



determine the flooding curve and dispersed phase holdup. Mass- t ransfer 
t e s t s were performed to determine the uranium concen t r a t i on p r o f i l e 
along the column. Accoun tab i l i t y of uranium and o ther s o l u t e s in a 
pulse column requires the knowledge of both the holdup of l iquid phases 
and concentration profi le of the given solute in the column. 

3.2.1 Flooding Tests 

The maximum operational capacity is generally determined by the column 
flooding t e s t . Flooding t es t s using 15 v/o TBP - 0.1 M HNO3 were made 
in the lA and IBX columns only . All t h r ee columns were t e s t ed for 
flooding with the system 30 v/o TBP - 0.1 M HNO3. (NOTE: For a l l runs 
the diluent was n-dodecane.) 

In addition, each column was flooded temporar i ly during mass - t r ans fe r 
t e s t s to verify and determine the actual flooding point for a given set 
of process condi t ions . Flooding data are d iscussed in Sect ion 4 . 1 . 
Flooding curves are presented in Figures 4-1 to 4-6. 

3.2.2 Holdup Determination 

A method has been developed at AGNS^^» °̂  for determination of the 
dispersed phase holdup in a pulse column based on weight recorder read­
ings. The weight recorder is calibrated to measure the average liquid 
density in the column. A mathematical relationship exists among the 
dispersed phase holdup, densities, and column geometry. The dispersed 
phase holdup can be reliably determined from known density values and 
column dimensions and is generally given by the ratio of the dispersed 
phase volume in the column-active section to the total liquid volume of 
that section. Knowing the dispersed phase holdup, it is possible to 
determine the holdup of the continuous phase in the column. 

In a glass pulse column, the dispersed phase holdup can also be visually 
determined through liquid volume measurements in the column. The inter­
face location is marked with the pulse column operating under steady-
state conditions. The feed streams and the aqueous outlet stream are 
then shut off simultaneously and the phases allowed to separate. The 
dispersed phase volume is then measured between the new interface loca­
tion and the original one. The dispersed phase holdup is determined by 
dividing the measured volume of the dispersed phase by the total liquid 
volume of the column active section. 

Each of the above techniques was used during holdup tests at the BNFP. 
Tests were performed first with the liquid system 15 v/o TBP - 0.1 M 
HNO3 and then with 30 v/o TBP - 0.1 M HNO3, so the effect of TBP volume 
concentration on the dispersed phase holdup could be evaluated. Holdup 
values were measured in the same manner during actual mass-transfer 
tests which were made to determine uranium concentration profiles. 
Holdup measurement data are summarized in Tables 4-2 and 4-3 and in 
Figures 4-7 and 4-8. 
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3.2.3 Mass-Transfer Tests with Uranium 

Cold uranium runs (utilizing natural uranium only) were used to simulate 
all four process cycles, i.e., the first uranium-plutonium extraction 
cycle, second uranium cycle, and second and third plutonium cycles. The 
objectives were: (a) to optimize operating process conditions, (b) to 
determine the uranium concentration profile in each column, and (c) to 
verify dispersed phase holdup calculations by volumetric measurements at 
the end of each run. 

Optimization of process conditions for each run is discussed in Sec­
tion 4.0. Concentration profiles were determined, based on chemical 
analyses of replicate samples of each liquid phase drawn at each sampler 
along the column during steady-state operation of the column. 

The methods for chemical analyses are described in Appendix A. The 
model for the calculation of solute concentration profiles, based on 
chemical analyses, is given in Reference 4. 

Data for the four runs, simulating the four process cycles at BNFP, are 
presented in Tables 4-4 through 4-8. These data are discussed in Sec­
tion 4.0. A description of the method used for dispersed phase holdup 
measurements is presented in Section 3.2.2. All tests were conducted at 
room temperature (approximately 24''C). 

3.2.4 Solutes Inventory (Accountability) 

Inventories for accountabili ty of uranium, plutonium, or other so lu t e s 
in a pulse column may be made ei ther experimentally or analyt ical ly (see 
Figure 3-3). Experimental determinations are done e i ther : (a) through 
volume-concentration measurement or (b) by concentration p r o f i l e s used 
in conjunction with holdup data for both liquid phases wi th in the con­
t ac to r . The f i r s t method (volume-concentration) is convenient but gives 
no indication of the effect of mass-transfer and hydrodynamic v a r i a b l e s 
on the solute content within the column during process performance. 

This measurement is accomplished by draining the column a f t e r reaching 
the operational s teady s t a t e , decan t ing , and determining the so lu te 
concentration in each liquid phase. The quan t i ty of any given so lu te 
within a column i s : 
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M(solute) = VA'C(A) + Vo-C(o) 

where: 

**(solute) ~ Solute content in the column (grams) 

VA 

vo 

= Total volume of the aqueous phase within the column 
(liters), 

C(A) 

^(0) 

= T o t a l v o l u m e o f t h e o r g a n i c p h a s e w i t h i n t h e c o l u m n 
( l i t e r s ) , 

= The a v e r a g e s o l u t e c o n c e n t r a t i o n i n t h e a q u e o u s p h a s e 
( g r a m s / l i t e r ) , 

= The a v e r a g e s o l u t e c o n c e n t r a t i o n i n t h e o r g a n i c p h a s e 
( g r a m s / l i t e r ) . 

The second method ( C o n c e n t r a t i o n P r o f i l e - H o l d u p ) i s more c o m p l e x and 
t ime consuming than the p r e v i o u s one , but i t prov ides for d e t e r m i n a t i o n 
of the e f f e c t of m a s s - t r a n s f e r and hydrodynamic v a r i a b l e s on t h e s o l u t e 
i n v e n t o r y during o p e r a t i o n . The holdup measurement i s d e s c r i b e d in S e c ­
t i o n 3 . 2 . 2 , and the measurement of c o n c e n t r a t i o n p r o f i l e s i s d e s c r i b e d 
i n S e c t i o n 3 . 2 . 3 . The s o l u t e i n v e n t o r y in an o p e r a t i n g p u l s e column may 
be c a l c u l a t e d as f o l l o w s : 

( 1 ) S i n g l e P r o c e s s Column ( S t r i p p i n g ) 

W i t h r e f e r e n c e t o F i g u r e 3 - 4 , t h e s o l u t e ' s c o n t e n t w i t h i n t h e 
column can be determined from the e q u a t i o n : 

M ( s o l u t e ) = Vi 

+ V2 

+ V, 

C ( 0 ) i 

^(A)2 " ^d 

^ A ) ^ ^d 

( f e ) " ( ^ ( 0 ) 2 " ^(A)2 ) 

( ^ 0 ) " ^ A ) )] 
'(A) 4 
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where: 

M(goXute) ~ t o t a l s o l u t e content wi th in the column (grams), 

Vj to Vi, = Column s e c t i o n a l volumes ( l i t e r s ) ; see Figure 3-4, 

C. . * S o l u t e c o n c e n t r a t i o n i n t h e a q u e o u s p h a s e 
'(A) ( g r a m s / l i t e r ) , 

C. = S o l u t e c o n c e n t r a t i o n i n t h e o r g a n i c p h a s e 
'(0) (grams/liter), 

C. ., C^ -. - Solute average concentrations within the column 
(A; (.u; working section (grams/liter), 

Xjj = Dispersed phase (organic phase) holdup (number), 

Dc ~ Diameter of the column working section (cm), 

Dg = Diameter of the column disengaging section (cm). 

(2) Dual Process Column; (Extraction and Scrubbing) 

Solute's content within the dual process column shown in Figure 3-5 
can be determined by use of the equation: 

M(8olute) = Vi • C(A)^ 

^ ' ' [̂ (0)2 ̂  "d, • ( § ) • ( V ) 2 - ̂ "(0)2)j 

^V3[c^0), ^ \ • (C(A), - ^ 0 ) , )] 

+ V5 • C(o)^ ....3 

In this equation: 

Vj to Vg = Column sectional volumes, (liters); see Figure 3-5 

Index S = Scrubbing section 

Index E = Extraction section 

Each of the three equations above was used for determining the uranium 
inventory in each column during tests. Test data are summarized in 
Table 4-28 and discussed in Section 4.4. 
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A promising computer program,^ » • '' based on the pulsed column model 
considering the continuous phase axial mixing (back-mixing) wi th in the 
contactor, is being developed by L. E. Burkhart. After completion, this 
program should provide near r e a l - t i m e de te rmina t ion of uranium and 
plutonium concentrat ion p r o f i l e s and t h e i r inventory in the column. 
Experimental concentration p r o f i l e s , as well as holdup data from our 
p i lo t -p lan t runs, are being used by L. E. Burkhart for v e r i f i c a t i o n of 
the computer code. 
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SOLUTE CONCENTRATION ALONG THE SINGLE PROCESS (STRIPPING) COLUMN 

FIGURE 3-4 
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SOLUTE CONCENTRATION ALONG THE 
DUAL PROCESS (EXTRACTION-SCRUBBING) COLUMN 

FIGURE 3-5 
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4.0 RESULTS AND DISCUSSION 

4.1 Column Capacity 

The highest operational capacity of a pulse column is generally esti­
mated from the corresponding flooding curve. Flooding tests performed 
on the lA, IBX, and IBS columns resulted in curves shown in Figures 4-1 
through 4-6. 

Flooding curves for the lA and IBX column with 15 v/o TBP as the organic 
phase are shown in Figure 4-1. The estimated maximum operational total 
liquid velocity (Utot) of the IBX stripping column is 1.2 centimeters/ 
second while that of the lA extraction column is 100% higher or 
2.4 centimeters/second. 

Pulse columns are generally designed to operate at approximately 25-to 
30% below the estimated highest total linear liquid velocity (Utot)« ^^ 
our case, the operational liquid velocities (which have to be considered 
for the columns design) are as follows: 

The lA column: Û -. x = 0.7 x 2.4 = 1.8 centimeters/second 

The IBX column: UB/ \ = 0.7 x 1.2 = 0.9 centimeters/second 

By knowing the total required liquid flow rate of a column (from flow­
sheet) and the corresponding operational liquid velocity, the column 
cross-sectional area and diameter can be calculated. The recommended 
operational velocity can be used also for estimation of the existing 
column operational capacity (total liquid flow rate or throughput). For 
example, the lA column of a diameter of D =30 centimeters, operating 
with the organic phase continuous (15 v/o TBP) , will have a capacity 
of: 

V̂ ^̂ . = 0.785 D„^ x UA = 0.785 X (30)^ X 1.8 
^°^ ^ ^(op) 

=5> 1270 milliliters/second « 4570 liters/hour 

Flooding curves in Figures 4-2 to 4-4 were evaluated in this manner. 
Resultant data, which include both the maximum and recommended opera­
tional liquid velocities, are summarized in Table 4-1. This table shows 
that the above velocities are of about 40 to 50% higher when extraction 
is performed with 15 v/o TBP than with 30 v/o TBP. On the other hand, 
the operational velocities for stripping with 15 v/o TBP would be 
approximately 10 to 15% lower than with 30 v/o TBP. This may also be 
surmised from diagrams in Figures 4-5 and 4-6 where flooding curves for 
both 15 v/o and 30 v/o TBP are compared. 

Mass-transfer tests with 15 v/o TBP (Runs HS-1 to HS-3) fixed a limit 
for the aqueous solution (HSF) feed rate to the dual process column 
(extraction-scrubbing) at constant solvent (HSX) and scrubbing stream 
(HSS) flow rates. See run conditions and data in Table 4-4. The column 
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was found to flood from the HSF feed point onwards when the HSF feed 
rate was increased above 185 milliliters/minute. This is probably due 
to the local increase in the dispersed phase holdup caused by local 
density changes. Further investigation would be required to confirm 
this, however. 

Flow rate ratios resulting from data in Table 4-4 (Run HS-1), considered 
optimal for runs with 15 v/o TBP, are as follows: 

Scrubbing section: HSX/HSS « 13.0 

Extraction section: HSX/HSF « 6.3 

and HSX/HSF + HSS « 4.3 

During these experiments, when HSX/HSF and HSX/HSF + HSS ratios dropped 
below 5.6 and 4.0, respectively, the column flooded. See Figures 4-43 
and 4-44 for details. 

Data for runs with 30 v/o TBP as the organic phase are shown in 
Table 4-5. The HS dual process column flooded when the HSF feed rate 
was increased above 370 to 375 milliliters/minute. Flow rate ratios for 
Run HS-5 in Table 4-5, considered optimal with 30 v/o TBP, are as 
follows: 

Scrubbing section: HSX/HSS ^ 7 

Extraction section: HSX/HSF-^3.2 

and HSX/HSF + HSS«2.2 

When HSX/HSF and HSX/HSF + HSS ra t ios dropped below 2.8 and 2̂ , r e spec ­
t ive ly , the column became flooded (see Figures 4-45 and 4 - 4 6 ) . Again, 
fu r the r s t u d i e s would be requi red to e s t a b l i s h t h e cause of t h i s 
phenomenon. 

A similar observation was made at the 2D column opera t ing with 2DS and 
2DF flows as indicated in Table 4-6. When 2DX organic flow was reduced 
to about 850 to 860 mi l l i l i t e r /minu te (2DX/2DF r a t i o reduced to about 
2.75), the column was flooded s tar t ing from the 2DF feed i n l e t . 

4.2 Dispersed Phase Holdup 

Experimental run c o n d i t i o n s , t e s t data from holdup t e s t s , and mass-
t r a n s f e r t e s t s are descr ibed in S e c t i o n 3 . 2 . 2 and summarized in 
Tables 4-2 and 4-3 . The 91 dispersed phase holdup (Xd) va lues in the 
tables were determined by volumetric measurements. Forty-four of these 
X(j values were checked by calculations based on weight recorder c h a r t s . 
Data in the t a b l e s show tha t the volumetr ic and weight recorder Xd 
values corre la te well wi th in the t e s t e d range . The Xd was found to 
increase with an increase in the ra t io of the d i spersed to continuous 
phase flow r a t e . At a constant r a t i o , i t was a l so found to inc rease 
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with an increase in the total flow rate. These data are shown in 
Tables 4-2 and 4-3. 

Experimental holdup data in both tables were mathematically analyzed and 
correlated. The diagram in Figure 4-7 shows a high dependence of the Xd 
value on the expression 2/AQ + AÛ j.̂ ,, which can be taken as twice the 
pulse velocity in the direction of the dispersed phase flow. Theoreti­
cally, the pulse amplitude at upstroke equals the pulse amplitude at 
downstroke, only at a flow ratio of O/A = 1 . At a ratio of O/A j' 1, the 
upstroke amplitude will be different from that of the downstroke. Con­
sequently, the upstroke pulse velocity will be different than the 
downstroke velocity in the column. 

Liquid velocity difference AUd-c in the above expression takes into 
account the effect of the flow rate, as well as of the flow rate ratio 
on the Xd. 

The velocity difference 

AUd-c = Ud - Uc 

can be r e w r i t t e n in the form 

AU, = U, ( l - i - — ) 
d-c d \̂  Pd/c / 

where: 

Ud = dispersed phase linear velocity (centimeters/second) 

U(. = continuous phase linear velocity (centimeters/second) 

and Pd/c ~ Ud/Uc (=Ld/Lc); dispersed to continuous phase flow 
ratio. 

Equation (4) indicates that an increase in either velocity U^, or ratio 
Pd/c or both will increase the velocity difference AUd_c > and conse­
quently, will increase the dispersed phase holdup (X̂ j) value. 

Based on all experimental data in Tables 4-2 and 4-3, an empirical 
equation was derived in the form 

Xj * 0.185 (2/AQ + AUj_^)2-8 ^ 

which describes the effect of the pulse velocity in the direction of the 
dispersed phase flow on the Xj within the experimental range. 

4 
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where: 

Xd = dispersed phase holdup (%), 

f = pulse frequency (1/second), 

AQ = pulse amplitude (centimeter), and 

'̂ d̂-c "̂  ̂ d ~ ^c> i-e*) the difference between the dispersed and contin­
uous phase linear velocities (centimeter/second). 

Figure 4-8 shows graphically the relationship between the dispersed 
phase holdup (Xd) and function (2/AO + AUd-c)^'^- Statistical analysis 
indicates the following uncertainties about the fixed line in this 
figure (Appendix B): 

±9% at the low end of the data, 
±5.5% at the middle, and 
±13.3% at the high end. 

This equation applies to the experimental run conditions and ranges 
shown in Tables 4-2 and 4-3. 

4.3 Concentration Profile 

Uranium and nitric acid concentrations along the pulse column were 
determined through sampling as described in Section 3.2.3. This method 
was also used for the test runs shown in Tables 4-4 through 4-8. Actual 
concentration profile data for each run are summarized in Tables 4-9 
through 4-23 and Figures 4-9 through 4-38. 

Uranium concentration profiles for the HS-1, HS-2, and HS-3 runs are 
shown in Figures 4-9 through 4-14. During these runs, only the HSF 
aqueous solution feed rate was changed as indicated in Table 4-4. Other 
feed rates were held constant. 

Under operating conditions shown in Table 4-4, the HS column was always 
flooded when the HSX to HSF ratio was below 5.6 to 5.7. The flooding 
began locally at the HSF feed inlet. Uranium concentration in both the 
organic (15 v/o TBP) and aqueous phase around the HSF feed point 
increased with any decrease in the HSX/HSF ratio, up to the above flood­
ing ratio value. This observation is shown graphically in Figure 4-43. 
The extrapolated "organic" curve in the figure indicates that the 
organic phase was about saturated with uranium at flooding (about 55 to 
60 grams uranium/liter). 

Uranium concentration profiles for the HS-4, HS-5, and HS-6 runs are 
shown in Figures 4-15 through 4-20, and Tables 4-12 through 4-14. 
During these runs, the HSF aqueous solution flow rate was changed while 
the other two feed rates (HSX and HSS) were held constant, as noted in 
Table 4-5. 
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Uranium concentration in the organic, as well as in the aqueous phase 
around the HSF feed inlet, increased with a decrease in the HSX/HSF 
ratio up to an extrapolated value of about 2.7 to 2.8. At that ratio, 
saturation of the organic phase with uranium was found to occur at the 
HSF feed point causing column flooding, again starting around the feed 
inlet, as was observed during the above runs with 15 v/o TBP. See 
Figure 4-45 for details. The flooding was also demonstrated during two 
(of three) additional tests performed for the determination of transient 
conditions in the HS column. 

Uranium concentration profiles for the 2D-2E, 2A-2B, and 3A-3B experi­
mental runs are shown in Tables 4-15 through 4-23, and Figures 4-21 
through 4-38. 

Changes in transient uranium concentration were determined between the 
following two subsequent runs: HS-4 and HS-5, 2D-1 and 2D-2, 2A-1 and 
2A-2, and 3A-1 and 3A-2. During transient tests, when the operational 
steady-state of the initial run (e.g., HS-4) was reached, flow condi­
tions of the subsequent run (e.g., HS-5) were adjusted. Then samples of 
both the continuous and dispersed phase were drawn along the dual pro­
cess column at samplers A-4 through A-7 in 5, 20, and 35 minutes after 
the above flow adjustment. When the column operated under steady-state 
conditions for the subsequent run (in 100 to 120 minutes) the last set 
of samples was taken. Resultant data are shown in Tables 4-24 through 
4-27 and Figures 4-39 through 4-42. Figure 4-39 includes transient 
concentration curve of the HSF feed inlet computed by SEPHIS program 
(assuming theoretically a settling volume of 5% in each "stage" of the 
column). 

Concentration profiles obtained experimentally of runs HS-1, HS-6, and 
2D-1 were compared with those computed by the SEPHIS^^' code. For the 
SEPHIS calculations, the number of stages for the program was obtained 
from the column operating diagram (Figures 4-47, 4-49, and 4-51). The 
same feed concentration and flow conditions were considered as in the 
experimental runs. Comparison of the experimental concentration profile 
for runs HS-1, HS-6, and 2D-1 with that obtained from SEPHIS program is 
shown in Figures 4-48, 4-50, and 4-52, respectively. 

4.4 Uranium Inventory in Pulsed Columns 

The uranium inventory i.e., its holdup within the pulse column operating 
under steady-state conditions, was calculated as described in Sec­
tion 3.2.4. The "Concentration Profile-Holdup" method for inventory 
determination was applied for each test. In several cases, the inven­
tory determination was verified by use of the "Volume-Concentration 
Measurement" method. Data obtained by the two methods are summarized in 
Table 4-28 and in Figure 4-53. 

Test results indicate that for any column, the uranium inventory is a 
direct function of the rate of uranium entry into the column and an 
inverse function of the flow rate of the stripping stream. The rate of 
entry for uranium is in turn a function of both the flow rate and 
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concentration of the feed solution. Test data confirm that the uranium 
holdup (inventory) in the column increases with an increase in both the 
feed solution to stripping solvent flow ratio and uranium concentration 
in the feed solution. This can be explained by the following analytical 
evaluation of the solute's inventory in pulse columns: 

(1) Dual Process Column for Extraction and Scrubbing (Figure 3-5) 

Considered parameters and variables: 

M = solute's inventory (grams), 
V = volume (liters), 
V = flow rate (liters/minute), 
C = average solute concentration (grams/liter), 
C = solute concentration (grams/liter), 
Xd " dispersed phase holdup, 
K = coefficients, 
0 = organic phase, 
A - aqueous phase, 
E = extraction, 
S " scrubbing, 
St = stripping 
f = feed 

Solute inventory in the column scrubbing section is 

+ VQ . X , 
S ^ ^S 

MS= Vs • (1 -X^) . C(o) + Vg . X . C(A)s 

= V s - [C(0)3-X,^ •(^(A)s-^(O)s)] 

Assuming that the average concentrations can be expressed as 

ZLlff _ f̂ • ̂ f 
^(0), , " hs ' v.^v " ^ i s 'S ^^ ^(0) ^̂  ^ s t 

and C . . . = K 
^f • ^f 

(A)s 2S Vg 

where K.g and K-g are coefficients <1.0, the above equation will 
have the form 

"s = ^ S -̂  ^ds(K2g • ̂ ' - - K^gj 
V • C 

V • —= 7 
^ ^St 
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The value of the expression 

Xd, •(^s-'-^-Hs) 

is very small in comparison to K ĝ due to the dispersed phase hold 
up (Xdg) which v a r i e s wi th in a range of about 5 to 15% in the 
column scrubbing s e c t i o n . Under g iven flow and o p e r a t i n g 
conditions the expression in brackets can be considered c o n s t a n t ; 
therefore, the above equation can be rewritten in the form: 

Ŝ = S V 
8 

St 
Analogously, the equation which app l ies to the column e x t r a c t i o n 
section will be: 

M "lE * ""1 = - (S .^^- .E) V co l 
St 

co l 
St 

The total solute inventory in a dual process column is: 

M(S,E) = Ms + ME 

^S^^^E 

Considering the column volume: 

Vcol = Vs + VE 

and volume ratio: 

Pv = Ve/Vcol 

The equation (10) obtains the form 

:) St 

M(S,E) = t Ko(l - P„) + K, v] col 
St 

S,E col V St 

10 

11 

Theoretically, coefficients Kg, Kg, and Kg g are expected to be 
affected by operating and flow conditions in the respective column 
sections. The volume ratio (Py) is given by the column design. 

- 25 -



Stripping Column (Figure 3-4) 

Solute inventory can be expressed as: 

**St - Vcol • (l - Xd) • C(A)st + Vcol • Xdst • C(0)st 

,1 • [c(A)st + Xd • (c(o)st - C(A)st>)J = V, 12 

Assuming: 

C(A)st = '̂ ISt • ^ 
^f • ^f 

St 

and 

^f • ^f 
C(0)st " '̂ ISt • V ^2St • Cf, 

f 

then the equation (12) can be written in the form 

M 
St ^ISt * ̂ d (K (• 2St 

- K 
St 

ISt 
) • 

col 
^f • ^f 

St 

St col 
"f • ^f 

St 

Coefficient 

^St ' ^iSt + Xd lK2St • — Kxst J 
\ ''St / 

13 

is theoretically affected by operating and flow conditions in the 
column. 

Derived Equations 11 and 13 show the effect of both the solute 's 
feed rate and stripping stream (solvent) flow rate on the inventory 
as was observed during tests. 

From the test r e s u l t s plot ted in Figure 4-53 and shown in 
Table 4-28, empirical equations were derived from determination of 
the uranium inventory within the tested pulsed columns. The equa­
tions apply to the experimental range of operating conditions as 
shown in Tables 4-4 through 4-8. The equations are as follows: 
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(a) The IC, 2E, 2B and 3B Stripping Columns; 

M,„, s= 0.45 V, ,, . ^- . C, , ±10% 
(U) (col) vg^ (U)^ 

The equation applies to the range of 

— • C = 30 to 100 grams U/liter vst (")f 

and stripping stream acidity of up to O.3MHNO3. 

(b) The HS Dual Column; 

M,,,. « 0.44 V- ,. • • C.,,̂  ±4% 
(U) (col) vgj. (U)f 

The equation applies to the range of 

• C.,,. = 30 to 95 grams U/liter 

^St "̂̂ f 

and HSS scrubbing stream acidity of about 3.0 M HNO3. 

(c) The 2D Dual Column; 

• ( ^ • " = < « . - " ) 
"(U) =" !•" »(col) - l ^ - O , . , . -50 1 ±4Z 

The equation applies to the range of 

• C ni\ " 75 to 95 grams U/liter 
Vc^ ( u ; , St ^" ' f 

and 2DS scrubbing stream a c i d i t y of up to O.OIMHNO3. 

(d) The 2A and 3A Dual Columns; 

•(^•^<>"r") "(U) - "•«'' '(col) • ' >='•- - ^' -" 

The equation applies to the range of 

• C,„^ = 55 to 85 grams U/liter 
Vp^ (ur St ' 'f 

and scrubbing stream acidity of about 1.0 M HNO3. 
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In these equat ions 

M. . = Uranium inventory in the column (grams) 

V, , , = Column t o t a l l i qu id volume ( l i t e r s ) 
(co l ) 

V = Feed flow r a t e ( l i t e r s / m i n u t e ) 

Vg = S t r i p p i n g stream flow r a t e ( l i t e r s / m i n u t e ) 

C = U r a n i u m c o n c e n t r a t i o n i n t h e f e e e d s t r e a m 
^^^f (grams U / l i t e r ) . 

The above u n c e r t a i n t i e s of e a c h e q u a t i o n i n d i c a t e t h e 
d i f f e r e n c e between the c a l c u l a t e d and measured v a l u e . 

- 28 -



TABLE 4-1 

OPERATIONAL LIQUID VELOCITY DATA 

ORGANIC 
PHASE: 

15 v/o TBP 

15 v/o TBP 

30 v/o TBP 

30 v/o TBP 

PROCESS: 

Extraction 

Stripping 

Extraction 

Stripping 

CONTINUOUS 
PHASE: 

Organic 

Aqueous 

Organic 

Aqueous 

TOTAL OPERATIONAL 
LIQUID VELOCITY: 

Maximum: 

Utot 
(cm/sec) 

~2.4 

1.2 

1.7 

1.4 

Recommended: 

"(op) 
(cm/sec) 

~1.8 

0.9 

1.2 

1.0 

FIGURES: 

4-1 

4-1 

4-2 

4-3 
4-4 
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TABLE 4-2 

DISPERSED PHASE HOLDUP DATA FOR SYSTEM 15 v/o TBP - 0.1 H HNO3 

Test 
No: 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

13 
(U 
(0 
U '• 
<U 0) 
CU CO 
(0 rH 
•H 3 
Q Pu 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

0 

0 

0 

• • 
u 

B 0) 
r-l ca 'e" 0 -H 5 

5.0 

5.0 

Organic 
Flow 
Rate: 
LO 

(ml/min) 

1250 

500 

600 

600 

600 

155 

600 

300 

120 

600 

160 

600 

600 

800 

400 

Aqueous 
Flow 
Rate: 

LA 
(ml/min) 

500 

1250 

600 

600 

600 

1545 

300 

600 

600 

120 

600 

150 

600 

400 

800 

Ratio 

LO/LA 

2.5 

0.4 

1.0 

1.0 

1.0 

0.1 

2.0 

0.5 

0.2 

5.0 

0.3 

4.0 

1.0 

2.0 

0.5 

Pulse 
Frequency: 

f 
(1/sec) 

1.25 

1.25 

0.92 

1.27 

1.59 

1.00 

1.42 

1.42 

1.42 

1.42 

1.42 

1.42 

1.27 

1.27 

1.27 

Pulse 
Amplitude: 

Ao 
(cm) 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

1.6 

1.6 

1.6 

1.6 

1.8 

2.0 

2.0 

2.0 

2.0 

Dispersed Phase 
Holdup Xd (%): 

Experimental 
(Volumetric 
Measurement) 

-12.0 

21.7 

8.0 

18.0 

33.0 

19.6 

11.0 

14.8 

16.0 

7.7 

22.0 

19.1 

17.9 

21.4 

12.6 

Experimental: 
(Weight 

Recorder) 

-13.0 

24.0 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Calculated 
(Equation) 

11.3 

23.6 

7.1 

17.5 

32.8 

18.3 

10.9 

15.0 

16.4 

9.8 

21.8 

19.6 

17.5 

21.0 

14.3 

• • 



• • 

TABLE 4-2 (CONTINUED) 

DISPERSED PHASE HOLDUP DATA FOR SYSTEM 15 v/o TBP - 0.1 M. HNO3 

Test 
No: 

16 

17 

18 

19 

20 

21 

22 

23 

24* 

25** 

Xl 
(U 
m 
u •• 
Q) Q) 
D- cn 
to Cfl 
•H JS 
0 PH 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

u 
C -u 

3 6 '-̂  
rH tfl e 
0 -H a u 0 ^ 
7.5 

Organic 
Flow 
Rate: 
Lo 

(ml/min) 

900 

450 

900 

200 

375 

750 

1125 

1300 

1050 

1050 

Aqueous 
Flow 
Rate: 

LA 
(ml/min) 

900 

900 

450 

1300 

1125 

750 

375 

200 

1300 

1300 

Ratio 
LQ/LA 

1.0 

0.5 

2.0 

0.15 

0.33 

1.0 

3.0 

6.5 

0.8 

0.8 

Pulse 
Frequency: 

f 
(1/sec) 

1.25 

1.25 

1.25 

1.20 

1.20 

1.20 

1.20 

1.20 

0.97 

0.97 

Pulse 
Amplitude: 

Ao 
(cm) 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

Dispersed Phase 
Holdup Xd (%): 

Experimental 
(Volumetric 
Measurement) 

-17.6 

13.1 

17.3 

9.0 

11.6 

14.2 

17.9 

20.5 

10.0 

9.2 

Experimental: 
(Weight 

Recorder) 

— 

— 

— 

10.5 

12.0 

15.5 

18.6 

20.0 

8.8 

8.8 

Calculated 
(Equation) 

16.7 

15.2 

18.4 

11.6 

12.6 

14.9 

17.5 

18.9 

7.7 

7.7 

*Test HS-1 

**Tests Hs-2, and HS-3 



TABLE 4-3 

DISPERSED PHASE HOLDUP DATA FOR SYSTEM 30 v/o TBP - 0.1 M. HNO3 

Test 
No: 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

•0 
(U 
CO 
U •• 
0) (U 
0. CO 
CO CO 
•H J3 
0 PL, 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

M 
(U 

0 -•-> 
6 0) 
3 e /-̂  
•-̂  CO B 
0 -H 0 

5.0 

Organic 
Flow 
Rate: 

Lo 
(ml/min) 

800 

800 

800 

800 

800 

400 

200 

400 

800 

800 

200 

375 

750 

1125 

1300 

Aqueous 
Flow 
Rate: 

LA 
(ml/min) 

800 

400 

200 

400 

800 

800 

800 

800 

800 

800 

1300 

1125 

750 

375 

200 

Ratio 

LQ/LA 

1.0 

2.0 

4.0 

2.0 

1.0 

0.5 

0.25 

0.5 

1.0 

1.0 

0.15 

0.33 

1.0 

3.0 

6.5 

Pulse 
Frequency: 

f 
(1/sec) 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

1.2 

Pulse 
Amplitude: 

Ao 
(cm) 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

Dispersed Phase 
Holdup Xd (%): 

Experimental 
(Volumetric 
Measurement) 

-16.1 

10.3 

7.6 

10.6 

16.4 

16.0 

17.2 

16.5 

15.7 

16.6 

22.6 

18.4 

14.9 

9.8 

6.7 

Experimental: 
(Weight 

Recorder) 

15.0 

11.5 

8.0 

11.5 

15.0 

14.5 

13.5 

14.5 

15.0 

— 

— 

— 

—— 

— 

— 

Calculated 
(Equation) 

15.0 

12.1 

10.8 

12.1 

15.0 

18.1 

19.9 

18.1 

15.0 

16.7 

24.8 

21.3 

15.0 

9.9 

8.0 

• • 



• • 

TABLE 4-3 (CONTINUED) 

DISPERSED PHASE HOLDUP DATA FOR SYSTEM 30 v/o TBP - 0.1 M. HNQ3 

Test 
No: 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

T3 
di 
CO 
u •• 
0) OJ 

&, cn 
CO cfl 
•H XI 
0 P-, 
A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

0 

0 

0 

0 

0 

• • 
u 
di 

c 4-1 
S d) 
3 6 ^ 
rH Cfl e 
0 -H a 
u 0 ^ 
5.0 

7.5 

Organic 
Flow 
Rate: 

L Q 
(ml/min) 

250 

470 

937 

1405 

1625 

300 

560 

1125 

1690 

1950 

200 

375 

750 

1125 

1300 

Aqueous 
Flow 
Rate: 

LA 
(ml/min) 
1625 

1405 

937 

470 

250 

1950 

1690 

1125 

560 

300 

1300 

1125 

750 

375 

200 

Ratio 

LQ/LA 

0.15 

0.33 

1.0 

3.0 

6.5 

0.15 

0.33 

1.0 

3.0 

6.5 

0.15 

0.33 

1.0 

3.0 

6.5 

Pulse 
Frequency: 

f 
(1/sec) 

1.2 

1.2 

1.2 

1.2 

1.2 

1.25 

1.25 

1.25 

1.25 

1.25 

1.20 

1.20 

1.20 

1.20 

1.20 

Pulse 
Amplitude: 

AQ 
(cm) 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

Dispersed Phase 
Holdup Xd (%): 

Experimental 
(Volumetric 
Measurement) 

-27.1 

22.4 

16.1 

9.7 

7.4 

38.0 

27.6 

20.6 

9.0 

8.2 

9.7 

12.3 

14.9 

18.0 

12.0 

Experimental: 
(Weight 

Recorder) 

26.0 

22.0 

16.0 

10.5 

8.0 

— 

— 

— 

— 

— 

10.0 

13.5 

15.5 

— 

— 

Calculated 
(Equation) 

27.8 

23.1 

15.0 

8.9 

6.7 

33.9 

27.7 

16.8 

9.0 

6.5 

11.6 

12.6 

15.0 

17.6 

10.4 



TABLE 4-3 (CONTINUED) 

DISPERSED PHASE HOLDUP DATA FOR SYSTEM 30 v/o TBP - 0.1 M. HNO3 

Test 
No: 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

(U 
CO u •• 
0) 0) 
a. CO 
CO CO 

a PM 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

u 
Qi 

0 -W 
0 B '"̂  
rH 5 e 
0 -H 0 
0 Q ^ 

7.5 

Organic 
Flow 
Rate: 

LQ 
(ml/min) 

250 

470 

300 

800 

400 

200 

400 

800 

1050 

800 

800 

800 

800 

800 

400 

Aqueous 
Flow 
Rate: 

LA. 
(ml/min) 

1625 

1400 

1950 

800 

800 

800 

800 

800 

1300 

800 

400 

200 

400 

800 

800 

Ratio 
LQ/LA 

0.15 

0.33 

0.15 

1.0 

0.5 

0.25 

0.5 

1.0 

0.8 

1.0 

2.0 

4.0 

2.0 

1.0 

0.5 

Pulse 
Frequency; 

f 
(1/sec) 

0.95 

0.95 

0.95 

0.95 

0.95 

0.95 

0.95 

0.95 

0.97 

0.95 

0.95 

0.95 

0.95 

0.95 

0.95 

Pulse 
Amplitude: 

AQ 
(cm) 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

Dispersed Phase 1 
Holdup Xd (%): 

Experimental 
(Volumetric 
Measurement) 

-4.5 

7.0 

4.8 

9.6 

7.3 

5.8 

7.0 

9.0 

8.2 

9.1 

8.6 

7.1 

8.7 

8.9 

6.8 

Experimental: 
(Weight 

Recorder) 

— 

— 

— 

— 

—— 

— 

— 

— 

— 

9.8 

8.0 

6.5 

8.0 

9.8 

7.3 

Calculated 
(Equation) 

5.1 

5.9 

4.7 1 
7.8 

6.9 1 
6.5 

6.9 

7.8 

7.6 

7.8 

8.7 

9.1 

8.7 

7.8 1 

6.9 

• • 
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TABLE 4-3 (CONTINUED) 

DISPERSED PHASE HOLDUP DATA FOR SYSTEM 30 v/o TBP - 0.1 ̂  HNO3 

Test 
No: 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

T3 
di 
CO 
u •• 
di di 
IX CO 
CD CO 
•H x: 
0 PH 

0 

0 

0 

0 

0 

Q 

0 

0 

0 

0 

0 

0 

0 

0 

0 

u 
di 

C -u 
e di 
3 6 ^ 
rH Cfl B 
0 -H 0 

7.5 

5.0 

Organic 
Flow 
Rate: 

L Q 
(ml/min) 

200 

400 

800 

240 

1560 

200 

1300 

300 

600 

900 

1040 

160 

800 

800 

800 

Aqueous 
Flow 
Rate: 
LA 

(ml/min) 

800 

800 

800 

1560 

240 

1300 

200 

900 

600 

300 

160 

1040 

800 

400 

200 

Ratio 

LQ/LA 

0.25 

0.5 

1.0 

0.15 

6.5 

0.15 

6.5 

0.33 

1.0 

3.0 

6.5 

0.15 

1.0 

2.0 

4.0 

Pulse 
Frequency: 

f 
(1/sec) 

0.95 

0.95 

0.95 

1.00 

1.00 

1.00 

1.00 

1.13 

1.13 

1.13 

1.13 

1.13 

1.00 

1.00 

1.00 

Pulse 
Amplitude: 

A Q 

(cm) 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

Dispersed Phase 
Holdup Xd (%): 

Experimental 
(Volumetric 
Measurement) 

-4.6 

7.3 

8.9 

4.0 

18.2 

4.3 

17.0 

8.0 

13.0 

17.8 

20.0 

6.8 

10.2 

10.0 

9.2 

Experimental: 
(Weight 

Recorder) 

5.0 

7.9 

9.8 

— 

— 

— 

— 

— 

— 

— 

-12.0 

9.1 

8.7 

Calculated 
(Equation) 

6.5 

6.9 

7.8 

3.5 

18.1 

4.2 

16.3 

9.0 

12.6 

17.2 

19.7 

7.6 

9.0 

10.1 

12.6 



TABLE 4-3 (CONTINUED) 

DISPERSED PHASE HOLDUP DATA FOR SYSTEM 30 v/o TBP - 0.1 jl HNO3 

Test 
No: 

61 

62 

63 

64 

65 

66 

D
i
s
p
e
r
s
e
d
 

P
h
a
s
e
:
 

0 

0 

0 

0 

0 

0 

C
o
l
u
m
n
 

D
i
a
m
e
t
e
r
;
 

(c
m)
 

5.0 

Organic 
Flow 
Rate; 

LQ 

(ml /min ) 

800 

800 

400 

200 

400 

800 

Aqueous 
Flow 
Rate: 

LA 
(ml/min) 

400 

800 

800 

800 

800 

800 

Ratio 

k)/LA 

2.0 

1.0 

0.5 

0.25 

0.5 

1.0 

Pulse 
Frequency: 

f 
(1/sec) 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

Pulse 
Amplitude; 

(cm) 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

Dispersed Phase 
Holdup Xd (%): 

Experimental 
(Volumetric 
Measurement) 

-9.8 

10.1 

8.0 

4.6 

8.3 

10.2 

Experimental; 
(Weight 

Recorder) 

9.5 

12.0 

7.5 

5.0 

7.5 

12.0 

Calculated 
(Equation) 

10.1 

9.0 

7.9 

6.0 

7.9 

9.0 



TABLE 4-4 

RUN CONDITIONS AND DATA 
(Runs: HS-1, HS-2, and HS-3) 

Column: 

HS Column 

IC Column 

HS Column 

IC Column 

HS and IC 
Column 

Stream: 

HSS 
(IAS) 

HSF 
(lAF) 

HSX 
(lAX) 

ICX 
(IBX) 

Phase: 

A 

A 

A 

A 

Concentration: 

U 

(g/ii) 

0.0 

273.3 

0.0 

0.0 

HNO 3 
(M) 

2.97 

2.44 

0.0 

0,0 

Pulse Frequency; (c/min) 

Pulse Amplitude: (cm) 

Dispersed 
Phase 
Holdup; 

(%) 

Scrubbing 

Extraction 

Average (Scrub 
and Extract) 

Pulse Frequency: (c/min) 

Pulse Amplitude: (cm) 
Dispersed Phase 
Holdup; (%) 

Temperature: C C ) 

Flow Rate: (ml/min) 

Run 
HS-1 

80 

165 

1050 

1300 

83 

2.0 

(~7.6) 

(~11.9) 

~10.2 

57 

2.0 

-10.4 

-24 

Run 
HS-2 

80 

145 

1050 

1300 

83 

2.0 

(7.6) 

(11.4) 

9.8 

57 

2.0 

10.1 

24 

Run 
HS-3 

80 

130 

1050 

1300 

83 

2.0 

(7.6) 

(10.9) 

9.6 

57 

2.0 

11.0 

24 

NOTE: Holdup data in parenthesis were calculated using equation 5̂. 

- 37 -



TABLE 4-5 

RUN CONDITIONS AND DATA 
(Runs: HS-4, HS-5, and HS-6) 

Column: 

HS Column 

IC Column 

HS Column 

IC Column 

HS and IC 
Column 

Stream: 

HSS 
(IAS) 

HSF 
(lAF) 

HSX 
(lAX) 

ICX 
(IBX) 

Phase: 

A 

A 

0 

A 

Concentration: 

U 
(g/£) 

0.0 

278.2 

0.0 

0.0 

HNO3 
(M) 

3.0 

2.47 

0.0 

0.0 

Pulse Frequency: (c/min) 

Pulse Amplitude: (cm) 

Dispersed 
Phase 
Holdup: 

(%) 

Scrubbing 

Extraction 

Average (Scrub 
and Extract) 

Pulse Frequency: (c/min) 

Pulse Amplitude: (cm) 
Dispersed Phase 
Holdup: (%) 

Temperature: (°C) 

Flow Rate: (m 

Run 
HS-4 

150 

285 

1030 

1290 

-84 

2.0 

(-15.2) 

(-17.4) 

~60 

2.0 

(-8.4) 

-24 

Run 
HS-5 

150 

330 

1050 

1300 

84 

2.0 

(15.1) 

(17.9) 

16.3 

60 

2.0 

9.7 

24 

L/min) 

Run 
HS-6 

150 

350 

1050 

1300 

84 

2.0 

(15.1) 

(18.1) 

60 

2.0 

(8.4) 

24 

NOTE: Holdup data in parenthesis were calculated using equation 5̂ . 
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TABLE 4-6 

RUN CONDITIONS AND DATA 
(Runs: 2D-1, 2D-2, and 2D-3) 

Column: 

2D Column 

2E Column 

2D Column 

2E Column 

2D and 2E 
Column 

Stream: 

2DS 
(IAS) 

2DF 
(lAF) 

2DX 
(lAX) 

2EX 
(IBX) 

Phase: 

A 

A 

0 

A 

Concentration: 

U 
(g/ji) 

0.0 

272.6 

0.0 

0.0 

HNO3 
(M) 

0.01 

2.5 

0.0 

0.0 

Pulse Frequency: (c/min) 

Pulse Amplitude: (cm) 

Dispersed 
Phase 
Holdup: 

(%) 

Scrubbing 

Extraction 

Average (Scrub 
and Extract) 

Pulse Frequency: (c/min) 

Pulse Amplitude: (cm) 
Dispersed Phase 
Holdup: (%) 

Temperature: Cc) 

Flow Rate: (m' 

Run 
2D-1 

145 

310 

1050 

1130 

-84 

2.0 

(-15.0) 

(-17.5) 

-60 

2.0 

(-8.8) 

-24 

Run 
2D-2 

145 

310 

950 

1130 

84 

2.0 

(14.7) 

(18.4) 

17.6 

60 

2.0 

9.8 

24 

./min) 

Run 
2D-3 

145 

310 

900 

1130 

82 

2.0 

(15.1) 

(17.5) 

16.4 

60 

2.0 

10.0 

24 

NOTE: Holdup data in parenthesis were calculated using equation _5' 
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TABLE 4-7 

RUN CONDITIONS AND DATA 
(Runs: 2A-1, 2A-2, and 2A-3) 

Column: 

2A Column 

2B Column 

2A Column 

2B Column 

2A and 2B 
iColumn 

Stream: 

2AS 
(IAS) 

2AF 
(lAF) 

2AX 
(lAX) 

2BX 
(IBX) 

Phase: 

A 

A 

0 

A 

Concentration: 

U 
(g/O 

0.0 

25.3 

0.0 

0.0 

HNO3 
(M) 

1.0 

3.0 

0.0 

0.3 

Pulse Frequency: (c/min) 

Pulse Amplitude: (cm) 

Dispersed 
Phase 
Holdup: 

(%) 

Scrubbing 

Extraction 

Average (Scrub 
land Extract) 

Pulse Frequency: (c/min) 

Pulse Amplitude: (cm) 
Dispersed Phase 
Holdup: (%) 

Temperature: CC) 

Flow Rate: (ml/min) 

Run 
2A-1 

104 

650 

280 

240 

-82 

2.0 

(-19.8) 

(-26.3) 

-72 

2.0 

(-15.1) 

-24 

Run 
2A-2 

104 

650 

200 

240 

82 

2.0 

(20.6) 

(27.2) 

23.4 

72 

2.0 

16.1 

24 

Run 
2A-3 

104 

650 

240 

240 

82 

2.0 

(20.2) 

(26.8) 

24.6 

71 

2.0 

14.4 

24 

NOTE: Holdup data in parenthesis were calculated using equation _5. 
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TABLE 4-8 

RUN CONDITIONS AND DATA 
(Runs: 3A-1, 3A-2, and 3A-3) 

Column: 

3A Column 

3B Column 

3A Column 

3B Column 

3A and 3B 
[column 

Stream: 

3AS 
(IAS) 

2AF 
(lAF) 

3AX 
(lAX) 

3BX 
(IBX) 

Phase: 

A 

A 

0 

A 

Concentration: 

U 
(g/O 
0.0 

41.8 

0.0 

0.0 

HNO3 
(M) 

1.0 

3.0 

0.0 

0.2 

Pulse Frequency: (c/min) 

Pulse Amplitude: (cm) 

Dispersed 
Phase 
Holdup: 

(%) 

Scrubbing 

Extraction 

Average (Scrub 
land Extract) 

Pulse Frequency: (c/min) 

Pulse Amplitude: (cm) 
Dispersed Phase 
Holdup: (%) 

Temperature: (°C) 

Flow Rate: (ml/min) 

Run 
3A-1 

100 

400 

260 

260 

-84 

2.0 

(-21.4) 

(-25.5) 

-73 

2.0 

(-15.5) 

-24 

Run 
3A-2 

100 

400 

200 

260 

84 

2.0 

(22.0) 

(26.1) 

24.1 

73 

2.0 

16.7 

24 

Run 
3A-3 

100 

400 

230 

260 1 

84 

2.0 1 
(21.6) 1 

(25.7) 

23.3 

73 

2.0 

16.3 

24 1 

NOTE: Holdup data in parenthesis were calculated using equation 5̂. 
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TABLE 4-9 

CONCENTRATION PROFILE DATA 
(Run: HS-1) 

HS Coltimn: (15 v / o TBP) 

Sample: 

End 
Stream 
A-1 
A-2 
A-3 
A-4 

A-5 

A-6 

A-7 

A-8 

A-9 

A-10 

A-11 
End 
Stream 

Aqueous: 
u 

(g /£ ) 
(HSS) 
0.1 

- 6 . 8 
16.3 
20.1 
21.0 
20.8 
19.2 

18.4 
17.1 

9.1 

2.6 

0.4 

0.2 

0.1 
(HSW) 

(-0.2) 

HNO3 
(M) 

(HSS) 
2 .97 

- 2 . 9 5 
3.03 
3.04 
3.10 
3 .0 
3.15 
3.10 
3.16 
3 .0 
3.05 

3.30 
3.12 
3.30 

2.84 
2.94 
2.20 
(HSW) 

~ 2 . 1 8 

Organic: 
U 

(g /£ ) 
(HSP) 

- 4 2 . 2 
42.3 
42.6 
43 .3 
43.4 
43.2 
43.0 
43.3 
43.0 
42 .2 
27.6 

8.8 

1.8 
1.9 
0.2 

0.1 
(HSX) 
0 .0 

HNO3 
(M)' 
(HSP) 

- 0 . 1 2 
0.12 
0.12 
0.12 
0.13 

0.13 

0.14 

0.25 

0.33 

0.34 

0.32 

0.08 
(HSX) 
0.0 

IC Coltimn: (15 v /o TBP) 

Sample: 

End 
Stream 
B-1 
B-2 
B-3 
B-4 

B-5 

B-6 

B-7 

End 
Stream 

Aqueous: 
U 

(g/O 
(ICX) 
<0.1 
<0.1 

0.1 
0.2 
2.4 

14.0 

26.5 
27.0 
33.5 
33.0 
(ICU) 

~ 3 4 . 4 

HNO3 
(M) 
(ICX) 
<0.001 

0.002 
0.003 
0.004 
0.009 

0.020 

0.055 
0.060 
0.110 
0.120 
(ICU) 

~ 0.120 

Organic: 
U 

(lew) 
0.40 

<0.01 
0.01 
0.44 
3.20 

15.90 

31.0 
32.0 
40.40 
37.60 
(HSP) 
42.20 

HNO3 
(M) 

(lew) 
0.001 
0.001 
0.002 
0.003 
0.004 

0.014 

0.080 
0.070 
0.120 
0.110 
(HSP) 
0.120 



TABLE 4-10 

CONCENTRATION PROFILE DATA 
(Run: HS-2) 

HS Column: (15 v/o TBP) 

Sample: 

End 
Stream 
A-1 
A-2 
A-3 

A-4 

A-5 

A-6 

A-7 

A-8 

A-9 

A-10 
A-11 
End 
Stream 

Aqueous: 
U 

(g/£) 
(HSS) 
0.0 

-3.2 
8.5 
12.6 

14.6 
15.2 
14.1 
13.6 
12.6 

8.1 

2.6 
2.0 
0.3 
0.3 
0.2 
0.2 
(HSW) 

- 0.2 

HNO3 
(M) 
(HSS) 
2.97 

^2.96 
3.09 
2.98 
3.20 
3.10 

3.05 

3.10 
2.97 
3.14 
3.0 
3.46 
3.51 
3.50 
3.47 
2.90 
2.10 
(HSW) 

-2.0 

Organic: 
U 

(g/£) 
(HSP) 

-34.7 
34.8 
35.5 
35.7 

35.9 
36.2 
35.6 
36.0 
34.3 
34.0 
22.8 
21.9 
8.5 
9.3 
2.3 
2.6 
1.2 
0.1 
(HSX) 
0.0 

HNO3 
(M) 
(HSP) 
0.16 
0.16 
0.16 
0.16 

0.16 

0.18 
0.17 
0.36 

0.36 

0.34 
0.33 
0.32 
0.34 
0.27 
0.08 
(HSX) 
0.0 

IC Column: (15 v/o TBP) 

Sample: 

End 
Stream 
B-1 
B-2 
B-3 

B-4 

B-5 

B-6 

B-7 

End 
Stream 

Aqueous: 
U 

(g/£) 
(ICX) 
<0.01 
<0.1 
0.03 
0.16 

0.36 

6.70 
6.0 
18.60 
18.0 
28.20 
28.0 
(ICU) 

- 29.0 

HNO3 
(M) 
(ICX) 
<0.001 

- 0.003 
0.003 
0.003 

0.004 

0.020 
0.016 
0.060 
0.063 
0.140 
0.145 
(ICU) 

- 0.120 

Organic: 
U 

(g/£) 
(lew) 
<0.1 
<0.1 
<0.1 
0.1 

0.9 

8.6 
8.1 
21.2 
23.7 
33.6 
33.3 
(HSP) 
34.7 

HNO3 
(M) 
(lew) 
<0.001 
<0.001 
<0.001 
<0.001 

0.005 

0.010 
0.012 
0.050 
0.070 
0.139 
0.130 
(HSP) 
0.155 



TABLE 4-11 

CONCENTRATION PROFILE DATA 
(Runl HS-3) 

HS Column: (15 v/o TBP) 

Sample: 

End 
Stream 
A-1 

A-2 

A-3 

A-4 

A-5 

A-6 

A-7 

A-8 

A-9 

A-10 
A-11 
End 
Stream 

Aqueous: 
U 

(g/£) 
(HSS) 
0.0 

~2.0 

4.8 
5.0 
9.0 
9.8 
9.5 

10.3 
9.8 
9.0 
9.1 
6.6 

2.6 

0.4 
0.6 
0.3 
0.1 
(HSW) 

- (-0.2) 

HNO3 
(M) 
(HSS) 
2.97 
2.98 

2.96 
3.10 
2.95 
3.02 
3.0 
3.20 
3.10 
3.15-
3.10 
3.18 
3.0 
2.97 
2.98 
3.0 
2.80 
2.90 
2.70 
2.10 
(HSW) 
2.01 

Organic: 
U 

(g/£) 
(HSP) 

- 33.1 
33.1 
32.2 
33.4 
33.0 
33.4 
32.9 
33.9 
33.1 
32.9 
32.8 
32.4 
32.7 
24.7 
25.2 
13.2 
13.4 
4.6 
6.3 
1.4 
0.1 
(HSX) 
0.0 

HNO3 
(M) 
(HSP) 

- 0.14 
0.15 

0.16 
0.17 
0.16 
0.17 
0.17 

0.17 

0.17 
0.16 
0.21 
0.20 
0.25 
0.26 
0.245 
0.25 
0.20 
0.07 
(HSX) 
0.0 

IC Column: (15 v/o TBP) 

Sample: 

End 
Stream 
B-1 

B-2 

B-3 

B-4 

B-5 

B-6 

B-7 

End 
Stream 

Aqueous: 
U 

(g/n) 
(ICX) 
0.0 
0.2 

0.2 

0.3 
0.4 
0.7 

5.2 

19.0 
18.4 
26.0 
25.1 
(ICU) 

^ 26.9 

HNO3 
(M) 
(lex) 
<0.01 
<0.01 

<0.001 

0.01 

0.01 

0.01 
0.01 
0.02 

0.15 
0.14 
(ICU) 

/̂  0.13 

Organic: 
U 

(g/£) 
(lew) 
(~0.2) 
<0.1 

0.3 

0.5 

0.6 

5.9 
5.5 
23.2 
22.9 
31.6 
30.7 
(HSP) 
33.1 

HNO3 
(M) 
dew) 

<0.001 
<0.001 

0.002 

0.003 

0.040 

0.050 

0.061 

0.145 
0.140 
(HSP) 
0.140 



TABLE 4-12 

CONCENTRATION PROFILE DATA 
(Run: HS-4) 

HS Column: 

Sample: 

End 
Stream 
A-1 
A-2 
A-3 

A-4 

A-5 

A-6 

A-7 

A-8 

A-9 
A-10 
A-11 
End 
Stream 

Aqueous: 
U 

(g/O 
(HSS) 
0.0 

- 5.0 
12.1 
15.1 

16.4 
16.6 
17.1 
17.3 
17.0 
16.7 
11.6 
12.1 
4.4 
4.6 
0.9 
0.2 
0.1 
(HSW) 

- 0.1 

HNO3 
(M) 
(HSS) 
3.0 
2.98 
3.10 
3.13 

3.30 

3.35 

3.40 

3.47 

3.50 

3.50 
3.34 
2.70 
(HSW) 

-2.20 

Organic: 
U 

(g/£) 
(HSP) 

~ 73.2 
73.4 
74.1 
74.2 

74.2 
74.6 
75.2 
74.9 
74.5 
74.3 
54.4 
54.0 
21.0 
20.6 
4.1 
0.8 
0.2 
(HSX) 
0.0 

HNO3 
(M) 
(HSP) 

-0.29 
0.28 
0.28 
0.30 

0.30 

0.28 

0.26 

0.41 

0.64 

0.68 
0.66 
0.40 
(HSX) 
0.0 

IC Column: 

Sample: 

End 
Stream 
B-1 
B-2 
B-3 

B-4 

B-5 

B-6 

B-7 

End 
Stream 

Aqueous: 
U 

(g/£) 
(lex) 
<0.1 

- 0.1 
0.4 
5.0 
4.8 
15.9 
16.2 
34.1 
33.8 
47.6 
47.5 
56.4 
56.1 
(ICU) 

— 57.0 

HNO3 
(M) 
(lex) 
<0.01 
<0.01 
<0.01 

<0.01 
0.02 

0.04 

0.10 

0.23 

(ICU) 
— 0.23 

Organic: | 
U 

(g/£) 
dew) 

- 0.1 
0.1 
0.2 
0.3 
0.3 
11.0 
11.2 
39.1 
38.8 
59.2 
58.9 
72.8 
72.5 
(HSP) 
73.2 

HNO3 
(M) 
dew) 

<0.001 
<0.001 
<0.001 

<0.001 

<0.001 
0.014 

0.030 

0.160 

(HSP) 
0.290 



TABLE 4-13 

CONCENTRATION PROFILE DATA 
(Runl HS-5) 

HS Column: 

1 

Sample: 

End 
Stream 
A-1 
A-2 
A-3 

A-4 

A-5 

A-6 

A-7 

A-8 

A-9 

A-10 
A-11 
End 
Stream 

Aqueous: 
U 

(g/Ji) 
(HSS) 
0.0 

-< 7.1 
15.0 
16.4 

17.5 
17.9 
18.6 
18.3 
18.2 
17.8 
12.2 
12.5 
5.6 
5.2 
1.0 
0.8 
0.3 
0.1 
(HSW) 

-^ 0.1 

HN03 
(M) 
(HSS) 
3.0 
2.97 
3.01 
3.05 

3.11 
3.07 
3.21 
3.26 
3.30 
3.34 
3.57 
3.61 
3.69 
3.60 
3.60 
3.51 
3.08 
2.60 
(HSW) 

-2.26 

Organic: 
U 

(g/il) 
(HSP) 

-̂  85.0 
85.1 
85.4 
85.7 

86.7 
87.3 
88.7 
88.2 
87.8 
87.5 
72.8 
73.5 
31.9 
32.4 
5.7 
6.1 
0.2 
0.1 
(HSX) 
0.0 

HNO3 
(M) 
(HSP) 

-0.20 
0.20 
0.20 
0.20 

0.21 
0.22 
0.21 
0.23 
0.22 
0.26 
0.31 
0.35 
0.54 
0.59 
0.70 
0.63 
0.66 
0.35 
(HSX) 
0.0 

IC Column: 
1 

Sample: 

End 
Stream 
B-1 
B-2 
B-3 

B-4 

B-5 

B-6 

B-7 

End 
Stream 

Aqueous: 
U 

(g/£) 
(ICX) 
<0.1 

/w 0.1 
0.5 
5.1 
5.3 
19.0 
19.2 
38.4 
39.0 
54.3 
54.0 
63.0 
63.3 
(ICU) 

- 63.9 

HNO3 
(M) 
(lex) 
<0.01 
<0.01 
<0.01 

<0.01 
0.01 

0.02 

0.08 

0.18 

(ICU) 
-̂  0.17 

Organic: 
U 

(g/^) 

dew) 
- 0.0 

0.1 
0.3 
1.0 
0.8 
14.4 
14.7 
45.6 
46.0 
68.6 
69.0 
83.6 
84.0 
(HSP) 
85.0 

HNO3 
(M) 
dew) 

<0.001 
<0.001 
<0.001 
0.012 

0.015 

0.021 

0.030 

0.110 

(HSP) 
0.204 



TABLE 4-14 

CONCENTRATION PROFILE DATA 
(Run: HS-6) 

HS Column: (30 v/o TBP) 

Sample: 

End 
Stream 
A-1 
A-2 

A-3 

A-4 

A-5 

A-6 

A-7 

A-8 

A-9 
A-10 
A-11 
End 
Stream 

Aqueous: 
U 

(g/£) 
(HSS) 
0.0 

~ 5.4 
17.1 
15.6 
22.3 
21.6 
26.3 
27.0 
27.1 
26.6 
22.6 
23.7 
17.6 
18.1 
16.2 
4.8 
5.1 
<0.1 
<0.1 
<0.1 
(HSW) 
<0.01 

HNO3 
(M) 
(HSS) 
3.01 
2.94 
2.97 

3.15 

3.11 

3.10 
3.05 
2.98 
3.10 
3.20 
3.24 

3.40 
3.35 
3.30 
2.90 
2.40 
(HSW) 

-2.35 

Organic: 
U 

(g/£) 
(HSP) 

- 91.1 
91.4 
93.3 

93.6 

93.7 
94.0 
94.2 
94.8 
93.1 
93.4 
82.1 
82.7 

20.4 
21.4 
2.3 
<0.1 
<0.1 
(HSX) 
0.0 

HNO3 
(M) 
(HSP) 

- 0.175 
0.175 
0.170 

0.170 

0.165 

0.180 

0.240 

0.30 
0.340 

0.60 
0.630 
0.650 
0.50 
0.370 
(HSX) 
0.0 

IC Column: (30 v/o TBP) 

Sample: 

End 
Stream 
B-1 
B-2 

B-3 

B-4 

B-5 

B-6 

B-7 

End 
Stream 

Aqueous: 
U 

(g/£) 
(ICX) 
<0.1 
<0.1 
<0.1 

0.3 
0.3 
4.7 
5.1 
36.8 
37.5 
61.5 
60.9 
72.0 
71.7 

(ICU) 
'^ 73.5 

HNO3 
(M) 
(lex) 
<0.001 

- 0.001 
0.001 

0.002 

0.003 

0.003 

0.070 

0.085 

(ICU) 
- 0.094 

Organic: 
U 

(g/£) 
dew) 
<0.1 
<0.1 
<0.1 

0.1 
0.1 
1.8 
2.1 
44.1 
43.5 
74.6 
74.0 
88.1 
88.5 

(HSP) 
91.1 

HNO3 
(M)' 
dew) 

- 0.001 
0.002 
0.002 

0.002 

0.002 

0.020 

0.060 

0.110 

(HSP) 
0.175 



TABLE 4-15 

CONCENTRATION PROFILE DATA 
(Run: 2D-1) 

2D Column 

Sample: 

End 
Stream 
A-1 
A-2 
A-3 

A-4 

A-5 

A-6 

A-7 

A-8 

A-9 
A-10 
A-11 
End 
1 Stream 

Aqueous: 
U 

(g/£) 
(2DS) 
0.0 

^31.0 
50.8 

62.9 
63.7 
72.1 
72.4 
71.9 
72.5 
42.7 
43.2 
8.7 

3.8 
1.7 
1.1 
(2DW) 
(-1.4) 

HNO3 
(M)' 
(2DS) 
0.01 

-'O.OS 
0.14 

0.40 

1.90 

2.30 

2.94 

2.91 

2.83 
2.68 
1.80 
(2DW) 

|'-1.50 

Organic: 

(g/£) 
(2DU) 

-79.8 

83.1 
86.2 

86.8 
88.1 
87.1 
89.1 
87.1 
89.0 
67.1 
68.0 
18.6 
19.7 

8.9 
3.9 
1.5 
(2DX) 
0.0 

HNO3 
(M) 
(2DU) 
0.08 

0.06 
0.07 

0.12 

0.15 

0.19 

0.41 

0.54 

0.54 
0.48 
0.18 
(2DX) 
0.0 

2E Column 

Sample: 

End 
Stream 
B-1 
B-2 
B-3 

B-4 

B-5 

B-6 

B-7 

End 
Stream 

Aqueous: 
U 

(g/£) 
(2EX) 
0.0 

-̂  0.1 
0.3 
4.4 
4.6 
12.0 
5.1 
32.8 
33.0 
59.6 
59.9 
72.1 
72.4 
(2EU) 

-72.6 
73.9 

HNO3 
(M) 
(2EX) 
<0.01 
<0.01 
<0.01 

<0.01 
<0.01 

0.01 

0.02 

0.06 

(2EU) 
- 0.07 

Organic: | 
U 

(8/£) 
(2EW) 
(-0.2) 
«̂ 0.1 
0.1 
0.2 
0.4 
4.3 
2.1 
28.7 
29.1 
62.6 
63.0 
78.2 
78.5 
(2DU) 
79.8 

HNO3 1 
(M) 
(2EW) 

<0.001 
<0.001 
<0.001 

<0.001 
<0.001 

0.015 

0.030 

0.070 

(2DU) 
0.079 



TABLE 4-16 

CONCENTRATION PROFILE DATA 
(Run: 2D-2) 

2D Column 

Sample: 

End 
Stream 
A-1 
A-2 
A-3 
A-4 

A-5 

A-6 

A-7 

A-8 

A-9 
A-10 
A-11 
End 
Stream 

Aqueous: 
U 

(g/£) 
(2DS) 
0.0 

-14.1 
70.0 
100.1 
114.2 
116.6 
120.2 
126.7 
121.9 
127.2 
120.8 
125.0 

HNO3 
(M) 
(2DS) 
0.01 

-0.02 
0.04 
0.09 
0.70 

1.70 

2.10 

Organic: 
U 

(g/£) 
(2DU) 

~ 88.5 
89.3 
97.1 
104.0 
108.2 
109.8 
111.6 
112.2 
111.8 
112.3 

HNO3 
(M) 
(2DU) 

- 0.06 
0.04 
0.06 
0.07 
0.10 

0.16 

0.19 

2.40 i 110.6 0.23 
! 111.5 

108.0 i 2.43 104.1 i 0.20 
109.7 i 106.6 1 
53.0 
3.1 
0.4 

(2DW) 
(--0.1) 

2.40 1 74.2 
2.10 1 10.7 
1.80 
(2DW) 
1.56 

0.7 
(2DX) 
0.0 

0.20 
0.37 
0.30 
(2DX) 
0.0 

2E Column 

Sample: 

End 
Stream 
B-1 
B-2 
B-3 
B-4 

B-5 

B-6 

B-7 

End 
Stream 

Aqueous: 
U 

(g/£) 
(2EX) 
0.0 
0.3 
0.4 
1.9 
24.1 
24.6 
45.4 
46.0 
64.6 
65.1 
72.8 
73.2 
(2EU) 

<-74.4 

HNO3 
(M) 
(2EX) 

<0.001 
<0.001 
<0.001 
<0.001 

0.001 
0.009 

0.016 

0.035 

(2EU) 
-0.044 

Organic: 
U 

(g/£) 
(2EW) 

- 0.1 
0.2 
0.25 
0.70 
20.7 
21.1 
50.3 
50.6 
75.1 
75.5 
85.8 
86.3 
(2DU) 
88.5 

HNO3 
(M) 
(2EW) 

<0.001 
<0.001 
<0.001 
<0.001 

<0.001 

0.001 
0.007 

0.030 

(2DU) 
0.060 



TABLE 4-17 

CONCENTRATION PROFILE DATA 
(Run: 2D-3) 

2D Column 

Sample: 

End 
Stream 
A-1 
A-2 
A-3 
A-4 

A-5 

A-6 

A-7 

A-8 

A-9 

A-10 
A-11 
End 
Stream 

Aqueous: 
U 

(g/£) 
(2DS) 
0.0 

- 53.4 
79.0 
99.5 

101.8 
111.0 
114.3 
114.0 
116.2 
116.8 
118.4 
114.8 
115.6 
103.0 

65.6 
2.3 

(2DW) 
^ 2.1 

HNO3 
(M) 
(2DS) 
0.01 

0.02 
0.02 
0.40 

1.80 

2.10 

2.20 

2.27 

2.0 

2.0 
1.83 
(2DW) 

-1.60 

Organic: 
U 

(g/£) 
(2D0) 

--92.8 

99.3 
104.1 
107.6 
108.0 
112.0 
112.7 
112.4 
113.0 
111.9 
112.7 
110.8 
112.0 
104.6 
105.7 
90.2 
9.1 

(2DX) 
0.0 

HNO3 
(M) 
(2DU) 
0.03 

0.02 
0.02 
0.05 

0.11 

0.16 

0.16 

0.19 

0.18 

0.21 
0.15 
(2DX) 
0.0 

2E Column 

Sample: 

End 
Stream 
B-1 
B-2 
B-3 
B-4 

Aqueous: 
U 

(g/il) 
(2EX) 
<0.1 
0.3 
0.5 
3.4 
15.7 
16.2 

B-5 1 42.1 
1 42.7 

B-6 1 63.9 
1 64.2 

B-7 

End 
Stream 

72.8 
73.3 
(2EU) 

-73.8 

HNO3 
(M) 
(2EX) 

<0.001 
<0.001 
<0.001 
<0.001 

0.001 

0.001 
0.010 

0.025 

(2EU) 
--0.033 

Organic: 
U 

(g/^) 
(2EW) 

- 0.2 
0.2 
0.3 
0.7 
12.1 
12.9 
47.8 
48.1 
79.0 
79.4 
90.8 
91.5 
(2DU) 
92.8 

HNO3 
(M) 
(2EW) 

<0.001 
<0.001 
<0.001 
<0.001 

<0.001 

0.001 

0.001 
0.010 

(2DU) 
0.028 



TABLE 4-18 

CONCENTRATION PROFILE DATA 
(Run: 2A-1) 

2A Column 

Sample: 

End 
Stream 
A-1 

A-2 

A-3 
A-4 

A-5 

A-6 

A-7 

A-8 

A-9 
A-10 
A-11 
End 
Stream 

Aqueous: 
U 

(g/O 
(2AS) 
0.0 

-- 3.4 

10.2 

15.1 
18.8 
19.1 
19.6 
20.5 
19.3 
19.8 
5.4 
5.9 
1.0 
1.2 
0.2 
0.1 
0.1 
(2AW) 
(-0.4) 

HNO3 
(M) 
(2AS) 
1.0 
0.99 

1.0 

1.10 
1.32 

1.71 

2.84 

2.91 

2.90 

2.87 
2.81 
2.70 
(2AW) 

-2.62 

Organic: 
U 

(g/£) 
(2AP) 

-57.6 
57.9 

59.G 

60.3 
61.1 
61.4 
61.7 
63.6 
61.6 
62.2 
23.0 
24.1 
4.7 
5.9 
1.1 
0.6 
0.3 
(2AX) 
0.0 

HNO3 
(M) 
(2AP) 

- 0.11 
0.09 

0.10 

0.12 
0.16 

0.20 

0.40 

0.39 

0.53 

0.51 
0.40 
0.40 
(2AX) 
0.0 

2B Column 

Sample: 

End 
Stream 
B-1 

B-2 

B-3 
B-4 

B-5 

B-6 

B-7 

End 
Stream 

Aqueous: 
U 

(g/£) 
(2BX) 
0.0 

- 14.7 
12.8 
20.8 

27.8 
32.1 
32.9 
36.1 
36.7 
38.8 
39.3 
40.6 
40.9 
(2BP) 

-41.4 

HNO3 
(M) 
(2BX) 
0.30 
0.29 

0.29 

0.30 
0.30 

0.30 

0.30 

0.31 

(2BP) 
-0.33 

Organic: 
U 

(g/£) 
(2BW) 

(-15.0) 
-.25.4 
24.3 
31.8 
34.7 
40.6 
45.7 
46.3 
50.6 
51.1 
55.8 
56.3 
57.1 
57.4 
(2AP) 
57.6 

HNO3 
(M) 
(2BW) 

- 0.030 
0.028 

0.028 

0.030 
0.030 

0.030 

0.033 

0.060 

(2AP) 
0.113 



TABLE 4-19 

CONCENTRATION PROFILE DATA 
(Run: 2A-2) 

2A Column 

Sample 

End 
Stream 
A-1 
A-2 
A-3 
A-4 

A-5 

A-6 

A-7 

A-8 

A-9 
A-10 
A-11 

End 
1 Stream 

Aqueous: 
U 

(g/£) 
(2AS) 
0.0 

~ 3.1 
15.9 
29.8 
39.4 
40.0 
41.8 
41.2 
42.0 
41.9 
38.0 
37.8 
32.0 
32.4 
26.9 
18.3 
4.6 

(2AW) 
(-1.4) 

HNO3 
(M) 
(2AS) 
1.0 
0.96 
1.0 
1.10 
1.30 

1.95 

2.57 

2.63 

2.71 

2.73 
2.70 
2.70 

(2AW) 
^2.62 

Organic: 
U 

(g/£) 
(2AP) 

-64.1 
64.3 
67.1 
75.1 
84.3 
85.5 
90.0 
90.5 
90.3 
91.1 
88.3 
89.1 
85.4 
86.2 
81.0 
69.0' 
24.5 
26.9 
(2AX) 
0.0 

HNO3 
(M) 
(2AP) 

~0.11 
0.10 
0.10 
0.11 
0.13 

0.16 

0.21 

0.20 

0.30 

0.33 
0.40 
0.30 

(2AX) 
0.0 

2B Column 

Sample: 

End 
Stream 
B-1 
B-2 
B-3 
B-4 

B-5 

B-6 

B-7 

End 
Stream 

Aqueous: 
U 

(g/£) 
(2BX) 
0.0 

_ 3.0 
7.5 
13.9 
19.6 
20.1 
27.6 
28.3 
36.1 
37.0 
48.2 
48.7 
(2BP) 

^ 49.6 

HNO3 
(M) 
(2BX) 
0.30 
0.29 
0.29 
0.30 
0.29 

0.30 

0.30 

0.30 

(2BP) 
-0.31 

Organic: | 
U 

(g/£) 
(2BW) 

_ 4.6 
6.0 
10.6 
18.1 
24.6 
25.5 
34.1 
35.5 
47.4 
48.5 
63.2 
63.6 
(2AP) 
64.1 

HNO3 
(M) 
(2BW) 

<0.001 
0.030 
0.023 
0.023 
0.025 

0.025 

0.025 

0.050 

(2AP) 
I 0.113 

http://~0.11


TABLE 4-20 

CONCENTRATION PROFILE DATA 
(Runl 2A-3) 

2A Column 

Sample: 

End 
Stream 
A-1 

A-2 

A-3 

A-4 

A-5 

A-6 

A-7 

A-8 

A-9 
A-10 
A-11 
End 
Stream 

Aqueous: 
U 

(g/£) 
(2AS) 
0.0 

,̂  5.1 

19.5 

36.0 

44.9 
46.4 
45.6 
47.2 
45.4 
47.4 
26.3 
27.0 
9.1 

4.0 
2.4 
1.7 
(2AW) 
(-0.2) 

HNO3 
(M) 
(2AS) 
1.0 
0.95 

0.99 

1.12 

1.40 

2.10 

2.64 

2.83 

2.80 

2.80 
2.76 
2.70 
(2AW) 

^2.59 

Organic: 
U 

(g/£) 
(2AP) 

^ 60.9 
63.4 

69.4 

78.3 

82.2 
83.0 
83.5 
84.1 
83.9 
84.2 
73.2 
75.3 
36.4 
37.0 
11.8 
3.8 
0.6 
(2AX) 
0.0 

HNO3 
(M) 
(2AP) 

^0.09 
0.09 

0.10 

0.13 

0.16 

0.18 

0.22 

0.21 

0.28 

0.30 
0.35 
0.33 
(2AX) 
0.0 

2B Column 

Sample: 

End 
Stream 
B-1 

B-2 

B-3 

B-4 

B-5 

B-6 

B-7 

End 
Stream 

Aqueous: 
U 

(g/£) 
(2BX) 
0.0 

^ 6.9 
8.1 
12.6 
13.3 
18.9 
19.7 
28.6 
29.2 
33.7 
34.2 
40.3 
40.6 
44.1 
44.7 
(2BP) 

^ 45.5 

HNO3 
(M) 
(2BX) 
0.30 
0.29 

0.29 

0.29 

0.30 

0.30 

0.30 

0.30 

(2BP) 
.. 0.31 

Organic: | 
U 

(g/£) 
(2BW) 

^15.4 
16.8 

21.3 
22.0 
30.1 
30.6 
40.4 
40.6 
46.6 
46.9 
55.3 
55.7 
60.0 
60.4 

1 (2AP) 
1 60.9 

HNO3 
(M) 
(2BW) 

^ 0.025 
0.025 

0.025 

0.024 

0.025 

0.026 

0.028 

0.050 

(2AP) 
0.092 



TABLE 4-21 

CONCENTRATION PROFILE DATA 
(Run: 3A-1) 

3A Column 

Sample: 

End 
Stream 
A-1 

A-2 

A-3 

A-4 

A-5 

A-6 

A-7 

A-8 

A-9 
A-10 
A-11 
End 
Stream 

Aqueous: 
U 

ig/a) 
(3AS) 
0 . 0 

- 7 . 3 

19 .7 

2 3 . 8 

2 5 . 6 
2 6 . 1 
2 6 . 9 
2 7 . 7 
2 7 . 8 
2 8 . 6 
11 .4 
1 2 . 1 

3 .7 

1 .3 
1 .0 
0 . 6 

(3AW) 
( - 0 . 9 ) 

HNO3 
(M) 

(3AS) 
1 .0 
1 .0 

1 .10 

1.21 

1.34 

1.60 

2 . 7 0 

2 . 9 0 

2 . 9 4 

2 . 9 1 
2 . 8 0 
2 . 7 3 
(3AW) 

- 2 . 7 0 

Organic: 
U 

( g / O 
(3AP) 

~ 6 2 . 7 
6 4 . 3 

7 1 . 1 

76 .2 

7 6 . 4 
7 7 . 4 
7 9 . 1 
8 0 . 8 
8 0 . 3 
8 1 . 0 
5 2 . 4 
5 3 . 1 
1 1 . 2 

3 . 6 
2 . 1 
0 . 8 

(3AX) 
0 . 0 

HNO3 
(M) 
(3AP) 
0 . 0 9 
0 . 1 0 

0 . 1 0 

0 . 1 2 

0 . 1 4 

0 . 1 9 

0 . 2 8 

0 . 3 5 

0 . 4 1 

0 . 4 4 
0 . 4 0 
0 . 3 1 
(3AX) 
0 . 0 

3B Column 

Sample: 

End 
Stream 
B-1 

B-2 

B-3 

B-4 

B-5 

B-6 

End 
Stream 

Aqueous: 
U 

( g / « 
(3BX) 
<0 .1 

- 6 . 6 

18 .9 
2 0 . 2 
2 8 . 8 
2 9 . 1 
3 6 . 3 
3 8 . 0 
4 6 . 2 
4 6 . 8 
4 9 . 8 
5 0 . 1 

(3BP) 
^ 5 0 . 8 

HNO3 
(M) 
(3BX) 
0 . 2 0 
0 .19 

0 . 2 0 

0 . 2 0 

0 . 2 0 

0 .20 

0 .22 

(3BP) 
- ^ 0 . 2 6 

Organic : | 
U 

( g / « 
(3BW) 

^ 1 2 . 0 
1 3 . 3 
1 4 . 5 
2 7 . 4 
2 8 . 0 
36 .7 
3 7 . 0 
4 6 . 3 
4 8 . 0 
5 6 . 8 
5 7 . 0 
6 1 . 6 
6 2 . 2 

(3AP) 
6 2 . 7 

HNO3 
(M) 
(3BW) 

^ 0 . 0 1 2 
0 . 0 1 0 

0 . 0 1 0 

0 .015 

0 . 0 1 5 

0 .015 

0 . 0 3 0 

(3AP) 
0 .087 



TABLE 4-22 

CONCENTRATION PROFILE DATA 
(Run: 3A-2) 

3A Column 

Sample: 

End 
Stream 
A-1 
A-2 
A-3 

A-4 

A-5 

A-6 

A-7 

A-8 

A-9 

A-10 
A-11 
End 
Stream 

Aqueous: 
U 

(g/il) 
(3AS) 
0.0 

^10.4 
29.2 
39.3 

47.9 
49.3 
52.6 
54.9 
52.2 
53.4 
52.2 
52.8 
50.5 
51.4 
41.2 
42.6 
24.4 
7.0 
(3AW) 
(^0.5) 

HNO3 
(M) 
(3AS) 
1.00 
0.99 
1.12 
1.33 

1.67 

1.96 

2.83 

2.90 

2.92 

2.94 

2.90 
2.81 
(3AW) 

^2.78 

Organic: 
U 

(g/il) 
(3AP) 

^66.9 
67.8 
72.7 
80.7 

90.3 
91.0 
98.6 
99.8 
99.7 
100.7 
100.3 
101.1 
98.5 
99.3 
91.0 
92.8 
70.4 
12,1 
(3AX) 
0.0 

HNO3 
(M) 
(3AP) 

-0.08 
0.07 
0.09 
0.10 

0.13 

0.17 

0.22 

0.26 

0.32 

0.36 

0.34 
0.30 
(3AX) 
0.0 

3B Column 

Sample: 

End 
Stream 
B-1 
B-2 
B-3 

B-4 

B-5 

B-6 

End 
Stream 

Aqueous: 
U 

(g/O 
(3BX) 
0.0 

- 2.6 
6.1 
11.1 
12.2 
20.4 
21.0 
33.5 
34.1 
46.8 
47.1 

(3BP) 
~ 47.3 

HNO3 
(M) 
(3BX) 
0.20 
0.19 
0.19 
0.20 

0.20 

0.20 

0.21 

(3BP) 
^0.23 

Organic: 
U 

(g/£) 
(3BW) 

^5.3 
6.0 
10.5 
15.7 
16.2 
27.0 
27.5 
45.6 
46.3 
64.8 
65.6 

(3AP) 
66.9 

HNO3 
(M) 
(3BW) 
0.007 
0.020 
0.020 
0.019 

0.019 

0.020 

0.040 

(3AP) 
0.082 



TABLE 4 - 2 3 

CONCENTRATION PROFILE DATA 
JJmT: 3A=3) 

3A Column 

Sample: 

End 
Stream 
A-1 
A-2 

A-3 

A-4 

A-5 

A-6 

A-7 

A-8 

A-9 

A-10 
A-11 
End 
Stream 

Aqueous: 
U 

(g/£) 
(3AS) 
0.0 
8.7 
21.4 

30.3 

30.9 
32.2 
33.9 
34.5 
34.2 
35.1 
31.3 
32.0 
21.6 
22.9 
12.6 

8.0 
4.1 
(3AW) 
(-0.1) 

HNO3 
(M) 
(3AS) 
1.0 
0.98 
1.0 

1.18 

1.50 

2.20 

2.79 

2.98 

2.99 

2.93 

2.93 
2.69 
(3AW) 

-2.62 

Organic: 
U 

ig/l) 
(3AP) 

-64.3 
66.2 
76.6 

86.1 

91.0 
89.2 
94.6 
95.3 
94.8 
96.1 
91.5 
92.2 
75.4 
76.0 
42.0 
42.7 
42.0 
3.6 
(3AX) 
0.0 

HNO3 
(M) 
(3AP) 

'-' 0.10 
0.09 
0.10 

0.11 

0.16 

0.20 

0.26 

0.24 

0.35 

0.36 

0.36 
0.34 
(3AX) 
0.0 

3B Column 

Sample: 

End 
Stream 
B-1 
B-2 

B-3 

B-4 

B-5 

B-6 

End 
Stream 

Aqueous: 
U 

(g/£) 
(3BX) 
0.0 

-4.3 
12.1 
13.0 
22.4 
23.0 
30.3 
31.3 
41.2 
42.4 
49.8 
50.2 

(3BP) 
^ 50.7 

HNO3 
(M) 
(3BX) 
0.20 
0.19 
0.19 

0.19 

0.20 

0.20 

0.22 

(3BP) 
-0.26 

Organic: j 
U 

(g/£) 
(3BW) 

-7.0 
7.6 
16.5 

27.6 
28.1 
37.4 
38.8 
53.2 
53.9 
62.6 
63.3 

(3AP) 
64.3 

HNO3 
(M) 
(3BW) 

-0.025 
0.023 
0.024 

0.025 

0.023 

0.025 

0.040 

(3AP) 
0.100 



TABLE 4-24 

TRANSIENT URANIUM CONCENTRATION DATA 
BETWEEN RUNS HS-4 AND HS-5 

u 
.-1 

1 
CO 

A-4 

A-5 

A-6 

A-7 

0) 
01 

iS 

0 

A 

0 

A 

0 

A 

0 

A 

Uranium Concentratio 
at Sampling 

0 
min. 

Run HS-4 
at steady 
state: 

74.2 

74.6 

16.4 

16.6 

74.9 

75.2 

17.1 

17.3 

74.3 

74.5 

16.7 

17.0 

54.0 

54.4 

11.6 

12.1 

5-10 
min. 

-76.3 

16.6 

78.8 

17.5 

79.0 

17.5 

58.8 

12.2 

20-25 
min. 

79.7 

16.8 

81.7 

17.6 

82.1 

17.7 

66.3 

12.1 

n (grams/liter) 
Time: 
35-40 
min. 

82.4 

17.7 

84.5 

18.5 

84.3 

18.1 

69.9 

12.5 

-100-110 
min. 

Run HS-5 
at steady 
state 

86.7 

87.3 

17.5 

17.9 

88.2 

88.7 

18.3 

18.6 

87.5 

87.8 

17.8 

18.2 

72.8 

73.5 

12.2 

12.5 
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TABLE 4-25 

TRANSIENT URANIUM CONCENTRATION DATA 
BETWEEN RUNS 2D-1 AND 2D-2 

u 
(U 

1 
CO 

A-4 

A-5 

A-6 

A-7 

• • 

(0 
CO 

0 

A 

0 

A 

0 

A 

0 

A 

Uranium Concentrati 
at Samplin 

0 
min. 
Run 2D-1 
at steady 
state: 

86.7 

88.1 

62.9 

63.7 

87.1 

89.1 

72.1 

72.3 

87.1 

89.0 

71.9 

72.4 

67.1 

68.0 

42.7 

43.2 

5-10 
min. 

-93.4 

73.8 

96.9 

82.1 

97.4 

82.4 

85.4 

64.2 

20-25 
min. 

98.9 

90.1 

102.0 

97.6 

102.6 

97.7 

94.3 

87.9 

on (grams/Iiter) 
g Time: 

35-40 
min. 

103.0 

100.7 

105.0 

107.6 

104.7 

108.4 

99.1 

106.3 

-110-120 
min. 

Run 2D-2 
at steady 
state 

108.1 

109.8 

114.2 

116.6 

111.6 

112.2 

120.2 

126.7 

111.8 

112.3 

121.9 

127.2 

111.5 

110.6 

120.8 

125.0 
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TABLE 4-26 

TRANSIENT URANIUM CONCENTRATION DATA 
BETWEEN RUNS 2A-1 AND 2A-2 

• • 

u 

0) 

CO 

A-4 

A-5 

A-6 

A-7 

• • 
0) 
(0 
cd 

0 

A 

0 

A 

0 

A 

0 

A 

Uranium Concentration (grams/liter) 
at Sampling Time: 

0 
min. 
Run 2A-1 
at steady 
state: 

61.0 

61.4 

18.8 

19.1 

61.7 

63.6 

19.6 

20.5 

61.6 

62.2 

19.3 

19.8 

23.0 

24.0 

5.4 

5.9 

5-10 
min. 

- 63.4 

21.2 

67.5 

22.9 

68.2 

23.3 

47.7 

12.1 

20-25 
min. 

71.5 

25.5 

79.6 

29.4 

80.6 

29.8 

66.1 

19.7 

35-40 
min. 

76.7 

29.7 

84.3 

33.8 

83.0 

33.5 

71.8 

26.3 

-110-120 
min. 

Run 2A-2 
at steady 
state 

84.3 

85.5 

39.4 

40.0 

90.0 

90.5 

41.2 

41.8 

90.3 

91.1 

42.0 

88.3 

89.1 

38.0 

38.9 
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TABLE 4-27 

TRANSIENT URANIUM CONCENTRATION DATA 
BETWEEN RUNS 3A-1 AND 3A-2 

u 
iH 

1 
CO 

A-4 

A-5 

A-6 

A-7 

• • 
OJ 
(0 

0 

A 

0 

A 

0 

A 

0 

A 

Uranium Concentratii 
at Samplin] 

0 
min. 
Run 3A-1 
at steady 
state: 

76.4 

77.4 

26.1 

25.6 

79.1 

80.8 

26.9 

27.7 

80.3 

81.0 

27.8 

28.6 

52.4 

53.1 

11.4 

12.1 

5-10 
min. 

-78.6 

28.3 

82.7 

31.9 

83.0 

32.2 

61.0 

19.1 

20-25 
min. 

82.8 

36.9 

90.9 

40.7 

91.3 

41.4 

79.2 

30.4 

3n (grams/liter) 
e Time: 

35-40 
min. 

88.1 

40.8 

95.4 

46.7 

95.1 

46.1 

89.5 

40.3 

-110-120 
min. 

Run 3A-2 
at steady 
state 

90.3 

91.0 

47.9 

49.3 

98.6 

99.8 

52.6 

54.9 

99.7 

100.7 

52.2 

53.4 

100.3 

101.1 

52.2 

52.8 



TABLE 4-28 

URANIUM INVENTORY IN TESTED COLUMNS 

HS-1 

HS-2 

HS-3 

! HS-4 

HS-5 

HS-6 

2D-1 

2D-2 

2D-3 

2A-1 

2A-2 

2A-3 

3A-1 

3A-2 

3A-3 

lA Column 
(extraction & scrubbing) 
U Inventory 

(grams) 

From 
Concentration 
Profile and 
Hold-up Data: 

~560 

490 

460 

1010 

1190 

1280 

1140 

1510 

1690 

730 

1310 

990 

860 

1370 

1130 

From 
Volume and 
Concentration 
Measurement: 

~1140 

1430 

1610 

1260 

960 

830 

1320 

1060 

Calculated 
From 

Equations 15 
Through 17: 

(grams) 

570 

497 

450 

1012 

1144 

1223 

1150 

1474 

1650 

722 

1320 

974 

865 

1344 

1075 

§ 

(grams) 

~1290 

1130 

1020 

2300 

2630 

2780 

2410 

2670 

2810 

1760 

2470 

2060 

1930 

2500 

2180 

IBX & IBS Columns 1 
(stripping) | 

£ Inventory 
(grams) 

From 
Concentration 
Profile and 
Hold-up Data: 

~540 

450 

430 

990 

1150 

1210 

1190 

1290 

1380 

1160 

870 

1050 

970* 

760* 

880* 

From 
Volume and 
Concentration 
Measurement: 

— — 

— — 

~1190 

1315 

1330 

— 

940 

1090 

715* 

820* 

Calculated 
From 

Equation 14: 
(grams) 

594 

490 

470 

1030 

1206 

1290 

1305 

1310 

1300 

1180 

940 

1070 

855 

700 

775 

M 1 g 

(grams) 

~1320 

1090 1 

1040 

2290 

2680 

2870 

2900 

2910 

2890 

2620 

2090 

2380 

1900 

1550 

1720 



System: 15 vto TBP - 0.1 M HNO3 
Room temperature (~ 23 "C). 
Nozzle plates. 

1A Column, 
Organic continuous 
(Nozzles turned downwards) 

IBX Column, 
Aqueous continuous 
Nozzles turned upwards) 

0 I I I I I I 
0.5 1.5 2 

^ Pulse Velocity f X AQ (cm/sec) 

THE lA and IBX COLUMNS FLOODING CURVE 
(WITH 15 v/o TBP - 0.1 M HNO3) 

FIGURE 4-1 



THE lA COLUMN FLOODING CURVE 
(WITH 30 v/o TBP - 0.1 M HNO3) 

FIGURE 4-2 
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o 1-8--

. 1.6--

•5 1-2 + 

0.6--

0 . 4 - -

Room temperature. 
Nozzle plates (Nozzles turned upwards) 
Aqueous phase continuous 

0.5 1 1.5 2 2.5 

^ Pulse Velocity fxA^ (cm/sec) 

3.5 

THE IBX COLUMN FLOODING CURVE 
(WITH 30 v/o TBP - 0.1 M HNO3) 

FIGURE 4-3 
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Room temperature. 
Nozzle plates (Nozzles turned upwards). 
Aqueous phase continuous. 

1 1.5 2 2.5 

^ Pulse Velocity fxA^, (cm/sec) 
3.5 

THE IBS COLUMN FLOODING CURVE 
(WITH 30 v/o TBP - 0.1 M HNO3) 

FIGURE 4-4 
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3 - -

2.8--

2.6--

2.4--

2.2 

2 - -

1.8--

1.6--

1.4--

1.2--

1 - -

0.8 - -

0.6--

0.4-

0.2-1-

0 
T + 

Room temperature. 
Nozzle plates (Nozzles turned downwards). 
Organic Phase continuous. 

15 v/o TBP 

+ —H 
2 

fxA„ 

+ 
0.5 1 1.5 

^ Pulse Velocity 
2.5 

(cm/sec) 

3.5 

COMPARISON OF lA COLUMN 
FLOODING CURVES FOR 15 v/o AND 30 v/o TBP 

FIGURE 4-5 
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Room temperature. 
Nozzle plates (Nozzles turned upwards). 
Aqueous phase continuous. 

1 1.5 2 

fxAo 

2.5 

(cm/sec) 

3.5 

COMPARISON OF IBX COLUMN 
FLOODING CURVES FOR 15 v/o AND 30 v/o TBP 

FIGURE 4-6 
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50-

4 0 - -

30-

X 

J 2 0 - -

1 0 - -

(4) 15 V/O TBP 
(̂ ) 30 % TBP 
Room temperature 
(Data from 
Tables 4-2 & 4-3) 

J^ 
H \ h 

3 4 

2fA„ -H AU,_ -J»- (cm/sec) 

DISPERSED PHASE HOLDUP VERSUS ijkp + AUd-c 

FIGURE 4-7 
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ON 

T3 

50--

45--

40--

35--

n 30--

Q. 

o 
I 
(0 25 

20 

;̂  15 

10--

5--

--

- -

< i ^ 

1 — 1 — 1 — 1 

Equation: 
X, = 0.185(2fA„ + 

i^S»^ 
v 

1 — 1 — 1 — 1 — 1 — 

^ W 

-\— 

AU,J" 

-̂  

7 

— 1 — 1 — 1 — 

4) 15V/OTBP 
(̂ ) 30 v/o TBP 
Room temperature. 

H 1 1 1 1 

^ 

1 1 
10 20 30 40 50 60 70 80 90 10O 110 120 

••(2fA„ + AU,.J" 

130 140 150 160 170 180 190 200 

DISPERSED PHASE HOLDUP VERSUS (2fAo -̂  AUd^c)^'^ 

FIGURE 4-8 



IAS 

1AF 

, A T ^ ; 

lAW(HSW) 

10 20 30 40 50 60 70 

3^- U Concentration (g/L) 

THE HS COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN HS-1 (15 v/o TBP) 

FIGURE 4-9 
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IBX 

= \ 
10 20 30 40 50 60 70 

^ U Concentration (g/l) 

1BP(1CU) 

THE IC COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN HS-1 (15 v/o TBP) 

FIGURE 4-10 
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1AF, 
o . > 

iA>r^ " 

I lAW(HSW) 

10 20 30 40 50 60 70 

- U Concentration (g/l) 

THE HS COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN HS-2 (15 v/o TBP) 

FIGURE 4-11 
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1AP 0 10 20 30 40 50 60 70 

^ U Concentration (g/l) 

1BP(1CU) 

THE IC COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN HS-2 (15 v/o TBP) 

FIGURE 4-12 
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1AS 

lAP(HSP) 

1AF A-5 
O »> 

[ " l A W (HSW) 

0 10 20 30 40 50 60 70 

» ^ U Concentration (g/l) 

THE HS COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN H S - 3 ( 1 5 v / o TBP) 

FIGURE 4 - 1 3 
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30 40 50 60 

U Concentration (g/l) 

• I ' I ^ 

1BP(1CU) 
— • 

THE IC COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN HS-3 (15 v/o TBP) 

FIGURE 4-14 
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IAS 

1AF A-5-
O »• 

J , — .Mil. A 

1AW 

50 60 70 80 
• U Concentration (g/l) 

90 100 110 120 

THE HS COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN HS-4 (30 v/o TBP) 

FIGURE 4-15 
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30 40 

• U Concentration (g/l) 

IBP 
—^ 

THE IC COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN HS-4 

FIGURE 4-16 
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IAS 

50 60 70 80 

- U Concentration (g/L) 
90 100 110 

THE HS COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN HS-5 (30 v/o TBP) 

FIGURE 4-17 
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30 40 50 60 

• U Concentration (g/l) 

100 

1BP 
— • 

THE IC COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN HS-5 

FIGURE 4-18 
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IAS 

1AP 

\ / '̂ -725 
1 7 1 9 - ^ 

1AF 
o-

A-2. 

A-3-

A-4. 

A-5 

A-6-

A-7' 

A-8-

A-9 

A-10' 

A-11' 43-

« 4 ^ 
1AX 10 20 30 40 -+- + 

n̂  AW 

50 60 70 80 

- U Concentration (g/l) 

90 100 110 120 

THE HS COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN HS-6 (30 v/o TBP) 

FIGURE 4-19 
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,^^>%< 0 10 20 30 40 50 60 70 80 90 100 

3^- U Concentration (g/l) 

1BP 

THE IC COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN HS-6 

FIGURE 4-20 
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IAS 

Ul' 1AW 

50 60 70 80 

- U Concentration (W) 

THE 2D COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN 2D-1 (30 v/o TBP) 

FIGURE 4-21 
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30 40 50 60 

- U Concentration (g/l) 

1BP 
— • 

THE 2E COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN 2D-1 

FIGURE 4-22 
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IAS 

0 10 20 30 40 50 60 70 80 90 100 110 120 

- U Concentration (g/l) 

THE 2D COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN 2D-2 (30 v/o TBP) 

FIGURE 4-23 
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30 40 50 60 

- U Concentration (g/l) 

80 90 100 

IBP 
— I * " 

THE 2E COLUMN EXPERIMENTAL 
CONCENTRATION PROFILES FOR RUN 2D-2 

FIGURE 4-24 
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IAS 

1AP 

THE 2D COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN 2D-3 (30 v/o TBP) 

FIGURE 4-25 
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• 

30 40 50 60 

• U Concentration (g/l) 

IBP 
— • 

THE 2E COLUMN EXPERIMENTAL 
CONCENTRATION PROFILES FOR RUN 2D-3 

FIGURE 4-26 
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THE 2A COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN 2A-1 (30 v/o TBP) 

FIGURE 4-27 
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30 40 50 60 

• U Concentration (g/l) 

1BP 
— • 

THE 2B COLUMN EXPERIMENTAL 
CONCENTRATION PROFILES FOR RUN 2A-1 

FIGURE 4-28 
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IAS 

Hi' AW 

50 60 70 80 

-U Concentration (g/l) 

r 
110 

THE 2A COLUMN EXPKRIMRNTAL CONCENTRATION 
PROFILES FOR RUN 2A-2 (30 v/o TBP) 

FIGURE 4-29 
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1BS-X 

1AP 30 40 '50 

- ^ U Concentration (g/l) 

70 80 90 100 

/. 
1BS-P 

THE 2B COLUMN EXPERIMENTAL 
CONCENTRATION PROFILES FOR RUN 2A-2 

FIGURE 4-30 
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THE 2A COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN 2A-3 (30 v/o TBP) 

FIGURE 4-31 



0 10 20 30 40 50 60 70 80 90 100 

^ U Concentration (g/l) 

1BP 
— • 

THE 2B COLUMN EXPERIMENTAL 
CONCENTRATION PROFILES FOR RUN 2A-3 

FIGURE 4-32 
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Tli 1AW 
10 20 30 40 50 60 70 80 90 100 110 120 

^ U Concentration (g/l) 

THE 3A COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN 3A-1 (30 v/o TBP) 

FIGURE 4-33 
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1BS-X 

1AP 
o=ot=r 

10 20 30 40 50 60 70 80 90 100 
^ U Concentration (g/l) 

/ 
1BS-P 

THE 3B COLUMN EXPERIMENTAL 
CONCENTRATION PROFILES FOR RUN 3A-1 

FIGURE 4-34 
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IAS 

1AW 

10 20 30 40 50 60 70 80 90 100 110 120 

1^~ U Concentration (g/l) 

THE 3A COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN 3A-2 (30 v/o TBP) 

FIGURE 4-35 
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20 30 40 50 60 

^ U Concentration (g/l) 

70 80 90 100 

IBP 
— • • 

THE 3B COLUMN EXPERIMENTAL 
CONCENTRATION PROFILES FOR RUN 3A-2 

FIGURE 4-36 
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IAS 

1AF A-5-
O——*• 

1AX 

THE 3A COLUMN EXPERIMENTAL CONCENTRATION 
PROFILES FOR RUN 3A-3 (30 v/o TBP) 

FIGURE 4-37 
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1BS-X 

100 

^ U Concentration (g/l) 

M 
1BS-P 

THE 3B COLUMN EXPERIMENTAL 
CONCENTRATION PROFILES FOR RUN 3A-3 

FIGURE 4 - 3 8 
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SEPHIS: 
for feed stage 

a> 
(0 
A 

sz 
0. 
o 
c 
(0 
O) 

O 
c o 
1 
c « u c o o 

i 

A-5 

A-6 

52-

50-

Run HS-4 
,at steady 

state 

A-4 

i 

—I 1 H 
10 20 30 40 + -I- + 4- 4-

Run HS-5 
at steady 

state 

50 60 70 80 90 100 110 120 130 140 

^ Sampling Time (min) 

TRANSIENT URANIUM CONCENTRATION IN THE 
HS COLTIMN BETWEEN RUNS HS-4 AND HS-5 

FIGURE 4-39 
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130--

o *°-- Run2D-1 
at steady 

20- -

1 0 - -

" • / 

state 

Sampler A-7v 

Organic phase: 

Aqueous phase: 

Run 2D-2 
at steady 
state 

10 20 30 40 50 60 70 80 90 100 110 120 

Sampling Time (min) 

TRANSIENT URANIUM CONCENTRATION IN THE 
2D COLUMN BETWEEN RUNS 2D-1 and 2D-2 

FIGURE 4-40 
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120 • -

110- - . 

1 0 0 - -

Run 2A-1 
,at steady state 

Organic phase: 

Aqueous phase: 

90- -

60 -r 

Samplers 
A-5 & A-6 4 $^ 

• ^ — 6 ~ 

Run 2A-2 
at steady 
state 

30 40 50 60 

^ ' Sampling Time (min) 

70 80 90 100 110 120 

TRANSIENT URANIUM CONCENTRATION IN THE 
2A COLUMN BETWEEN RUNS 2A-1 and 2A-2 

FIGURE 4-41 
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130--

120--

110-. 

100--

2 50 + 
• ^ c a> u 
o 40 
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30-.. 

20- -

10-

Run 3A-1 
^at steady state 

Organic phase:-
Aqueous phase: 

Samplers 
A-5 & A-6 \ 

Samplers 
A-5 & A-6 

• ^ 

-Mr-. 7/ 
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^ - ^ 
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. / 

/ 

/ 

A^ M 
Run 3A-2 
at steady 
state \ . 

•+-
10 20 30 40 50 60 70 80 90 100 110 120 

Sampling Time (min) 

TRANSIENT URANIUM CONCENTRATION IN THE 
3A COLUMN BETWEEN RUNS 3A-1 and 3A-2 

FIGURE 4-42 
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5 0 - -

4 0 - -

3 0 - -

2 0 - -

10- -

HS Dual Process Column 
15 v/o TBP 
Room Temperature 

Flooding 
Ratio 
^>5.6 ^ ^ 
-5.7) I 

Aqueous 

7 8 9 

Flow Ratio HSX/|_|gp 
10 

URANIUM CONCENTRATION AT HSF FEED INLET RELATED 
TO HSX/HSF FLOW RATIO (FOR RUNS HS-1, HS-2. AND HS-3) 

FIGURE 4-43 
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URANIUM CONCENTRATION AT HSF FEED INLET RELATED 
TO HSX/HSF + HSS FLOW RATIO (FOR RUNS HS-1, HS-2, AND HS-3) 

FIGURE 4-44 
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URANIUM CONCENTRATION AT HSF FEED INI.ET RELATED 
TO HSX/HSF FLOW RATIO (FOR RUNS HS-4, HS-5, AND HS-6) 

FIGURE 4-45 
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URANIUM CONCENTRATION AT HSF FEED INLET RELATED 
TO HSX/HSF + HSS FLOW RATIO (FOR RUNS HS-4. HS-5. AND HS-6) 

FIGURE 4-46 
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THE HS COLUMN OPERATING DIAGRAM FOR RUN HS-1 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

The major objectives of this work were: (1) to determine the dispersed 
phase holdup within a pulsed column, (2) the column throughput capacity, 
(3) the uranium concentration profile along columns operating under 
different conditions, and (4) to develop a method for determination of 
the uranium inventory during operation. 

Evaluation of data obtained during holdup tests resulted in development 
of the empirical equation x̂ j = 0.185 (2j"Ao +4U(j-c)^'^ (see equation 5_). 
This equation is recommended for calculating the dispersed phase holdup 
in pulsed columns operating under similar conditions as tested. Experi­
mental data from these tests and from previous tests^^^ confirm the 
practicality of the method developed by AGNS for the determination of 
dispersed phase holdup based on data obtained by means of a weight 
recorder. 

The total column throughput (capacity) is generally determined by know­
ing the column diameter and the total liquid velocity considered for the 
process. The recommended liquid velocities, determined from flooding 
tests, are shown in Table 4-1. They can be also used for calculating 
the column diameter, knowing the liquid phases flow rate from the 
flowsheet. 

The lA column, simulating the HS dual process column, was flooded when 
the HSX organic phase (TBP) to HSF feed solution flow ratio dropped 
below 5.8 (at 15 v/o TBP) and 2.8 (at 30 v/o TBP), operating with con­
stant organic and aqueous scrubbing stream flows as shown in Tables 4-4 
and 4-5, respectively. This observation also applies to the 2D column 
which was flooded when operated with a 2DX/2DF flow ratio lower than 
2.8. 

Concentration profiles shown in this report indicate that the uranium 
concentration increased around the feed inlet and in the dual process 
column scrubbing section with either an increase in the feed solution 
flow rate, or a decrease in the solvent (organic phase) flow rate while 
keeping the other stream flow rates constant. 

Comparison of the experimental concentration profiles with those 
obtained from the SEPHIS code (Figures 4-48, 4-50, and 4-52) shows 
differences, which are caused by the axial mixing (back-mixing) in the 
continuous phase within the pulsed column. 

Transient uranium concentration curves between two subsequent runs 
(Figures 4-39 through 4-42) show no concentration peaks at four sampling 
points around the feed solution inlet of the dual process column. 
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Evalua t ion of t he e x p e r i m e n t a l l y d e t e r m i n e d uran ium i n v e n t o r y 
(Table 4-28 and Figure 4-53) resulted in developing empirical equat ions 
14 through 17 sui table for predicting and ca lcula t ing the inventory in 
pulsed columns, with r e spec t to t e s t flow r a t i o s , a c i d i t y , and the 

^f • ^(U)^ 
applicable range of the value. 

^St 

I t is recommended tha t the a p p l i c a b i l i t y of t he above e m p i r i c a l 
inventory equations be verif ied through t e s t s performed on f u l l - s c a l e 
pulsed columns. 

I t is also recommended to proceed with th is type of inventory experiment 
on p i l o t - p l a n t or l a b o r a t o r y e q u i p m e n t , in o r d e r to v e r i f y the 
r e p r o d u c i b i l i t y of s o l u t e s inven tory , c o n c e n t r a t i o n p r o f i l e , and 
dispersed phase holdup data. 
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1.0 METHODS FOR CHEMICAL ANALYSES 

1.1 Density 

Dens i ty de terminat ions were made by means of an Anton-Paar DMA-IO 
Densimeter. This instrument o p e r a t e s on the p r i n c i p l e of measuring 
changes in resonant frequency of a hollow mechanical o s c i l l a t o r when i t 
i s f i l l e d with l iquids of d i f ferent d e n s i t y . Data reported here were 
obta ined whi l e the o s c i l l a t o r c e l l was h e l d at a t e m p e r a t u r e of 
25.0 ± O.l'C by means of a thermostated water bath. Air and d i s t i l l e d 
water were used for ca l ibrat ion of the o s c i l l a t o r c e l l . 

1.2 Free Acid Concentration 

The method of Booman was used for free acid determination. A lO-fold 
excess of oxalate ion, preadjusted to pH 5.55, was added to the sample 
to complex uranium and so prevent i t s h y d r o l y s i s and the consequent 
introduction of a pos i t ive error through consumption of standard NaOH. 
The acid concentration in the sample was then determined by t i t r a t i o n 
with standard (O.IOOII) NaOH u n t i l a pH of 5.55 was reached as measured 
by an Orion 701 pH meter. 

1.3 Titrimetric Uranium Determination 

(2) 
The New Brunswick modification of the Davies-Gray method was used 
throughout this experimental program where titrimetric uranium determi­
nations were made. The method, as reported by Rodden,^^ was further 
modified as follows: 

(1) To eliminate possible interference by hydrazine, the samples were 
pretreated with 0.1 ml of a 10% solution of NaN0 3 

(2) To solubilize organic phase samples in the aqueous reagents, all 
organic phase samples were combined with an equal volume of acetone 
before analysis 

(3) A colorimetric end point, based on sodium diphenyamine sulfonate, 
was substituted for the potentiometric end point. 

1.4 Densimetric Uranium Determination 

The large number and rapid turnover of samples involved in this study 
made the time-consuming titrimetric uranium determinations impractical. 
Therefore, densimetric uranium determinations were made where appli­
cable. The use of this method was reported in the early fifties, (•̂) but 
only after the advent of electronic instrumentation, based on resonance 
principles (see Section 1.1) for rapid and accurate density measure­
ments, has this method become practical. 
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Methods descr ibed above (Sec t ions 1 . 1 , 1.2, and 1.3) were used t o meas ­
ure dens i ty (d) a c i d c o n c e n t r a t i o n [H"*"] , and u ran ium c o n t e n t (U) of 
prepared so lu t ions of uranium plus HNO3 in H2O, 15%TBP, and 30%TBP. The 
make-up of these prepared s o l u t i o n s was d i s t r i b u t e d so as to cove r t h e 
range of i n t e r e s t for a l l components. Typ ica l l y , the des ign was a f u l l 
t h r e e - l e v e l f a c t o r i a l w i t h s e l e c t e d r e p l i c a t i o n . A f u l l q u a d r a t i c 
polynomial model was f i t to these da ta to form p r e d i c t o r e q u a t i o n s for 
uranium. 

1 .4 .1 Low-Level Aqueous Uranium ( L i m i t s : 0 . 1 t o 3 . 5 M [ H + ] , 1 0 - 9 0 
Grams-Uranium/Liter) 

U = (30.889848 X +48.795328)d g U / l i t e r at t ' C 

Where d = dens i ty at t*C, 

„ -B + V B ^ - 4AC 
* " 2A 

A = 0.00199196, 

B = 0.04978369 +0.00168559y -0.00013578z, 

C = 1.12670857 -d +0.04793604y -0.00209437z 
-0.00050179yz -0.00042916(y2) -0 .00000964(z^) , 

y = ([H+] -1 .76)71.400565, 

z = ( t -29.96)74.178783, and 

t " temperature in "C at which d was measured. 

1.4.2 U in 15ZTBP (Limits; 0.1 to 0.9M [H+], 0.2 to 60gU7liter.) 

1.4.2.1 Where d< = 0.7983 

U = (d -0.77915 -0.026407[H+] 70.00154465 gU7liter at 25'C. 

1.4.2.2 Where d> 0.7983 

U = (d -0.77898 -0.027809[H+]70.0013706 gU7liter at 25''C. 

Where d = density at 25.0 jf O.l'C (see Section 1.1), and 

[H+] = free HNO3 concentration, M (see Section 1.2). 
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1.4.3 U in 30%TBP (L imi t s : 0 .1 to 0 . 9 M [ H + ] , 0 .3 to 110 g U 7 l i t e r . ) 

1 .4 .3 .1 Where d< = 0.84395 

U = (d -0.81379 -0.027034[H+])70.00130016 gU7l i t e r at 25''C. 

1 .4 .3 .2 Where d> =• 0.84395 

U = (d -0.81442 -0.027131[H+])70.00131169 gU7l i t e r at 25'C 

Where d = d e n s i t y at 25.0 +_ 0.1°C (see Sect ion 1 .1) , and 

[H"*"] = f ree HNO3 concen t ra t ion M (see Sect ion 1 .2) . 

Note: T i t r i m e t r i c U de te rmina t ions were made on a l l samples not w i t h i n 
the s t a t e d l im i t s for the methods in Sect ion 1.4. 

The m u l t i p l e c o r r e l a t i o n c o e f f i c i e n t (y^ ) and r e s i d u a l s t a n d a r d 
dev i a t i on dens imetr ic U de te rmina t ion methods were: 

Method Mult, y^ Res. S td . Dev. 

1.4.1 0.99995 0.00053 
1.4.2.1 0.95752 0.00115 
1.4.2.2 0.99944 0.00047 
1.4.3.1 0.99592 0.00059 
1.4.3.2 0.99959 0.00090 
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ANALYSIS OF HOLDUP VERSUS PULSE VELOCITY DATA 

Analysis of data presented in Tables 4-2 and 4-3, relating pulse column 
holdup (Xd) to the pulse velocity (4), confirms previous estimates (see 
equation 5) of the parameters in the empirical relation: 

Xd = bo 4^1 = .19^2.78 

These es t imates ( B Q = . 19 , b i = 2 .78) r e s u l t from l e a s t - s q u a r e s 
estimation based on the linearized (logarithmic) form of the equation: 

(In'Xd) = In bo + bj ln» 

with the presumption that a l l the random e r r o r i s contained in the Xd 
measurement. Reasonable u n c e r t a i n t y bounds (95% confidence l i m i t s ) 
about the f i t ted l ine which l ikely bracket the " t rue" l ine are: 

+9% of Xd at low values of Xd, 

±5.5% of Xd at middle values of Xd, and 

±13.3% of Xd at high values of Xd. 

These bounds resul t from transforming the bounds on (In^Xd) which resul t 
from standard s t r a igh t - l ine theory to exp (In'^Xd), or Xd. 

Also, there are a continuum of possible least-squares l ines tha t can be 
f i t to the data depending upon whether i t is presumed " a l l - e r r o r - i n - X d -
none-in-a," "all-error-in-&-none-in-Xd," or any of the i n f i n i t e number 
of poss ib i l i t i e s in between. The parameter ' , the ra t io of e r ro r v a r i ­
ances of Xd and a, determines which l ine is appropriate. I t is thus far 
assumed ^ = <». The model analysis follows. 

(1) Model: 

Xd = bo(2/Ao + AUd_c)''l 

Independent variables: 

f: pulse frequency 

AQ: pulse amplitude 

AUd-c: 

*: 2ĵ Ao + AUd-c : pulse velocity 
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Dependent variable: 

Xd: observed column holdup 

Parameters to be estimated: 

bo: column holdup at unit pulse velocity 

b^: normalized slope of Xd versus Z relationship at unit 
pulse velocity 

Linearized form: 

(2) 

(InXd) = Inbo + bilnZ 

or 

y = Bo + BiX 

x: InZ 

yt InXd 

BQ: Inbo 

Bi: bi 

General MLE of bi: 

Let y = InXd 

X = InZ 

- - s>l 
£ ( , . ̂ ^ -=a * V(^? - - j ) ^ 
^'^ ^ 2S 

x,y 

All-error-in-x, none-in-y: 

line S2 
-̂ 0̂ bi(0 ' - ^ 

x,y 

All-error-in-y, none-in-x: 

^ s 
line - ,^. line dbi(-) _ x,y 
--XX. ^1^ ̂  - --H» d- " S2 

X 

+ 4-s2 
x,y 
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(3) 95% confidence limits on line; 

^ 1 * ^ /2f 53 (2, n-2) 
1 . (̂i - ̂ ) 

TT 

n: number of data points 

f: f-statistic 

A 

ŷ : prediction at X = X^ 

Sj.: residual standard deviation 

(4) Results: 

Error Structure bi bp 

All in InXd 2.7820 .1863 
(- = oo) 

Equal in both 2.9860 .1350 
(- = 1) 

All in InZ 3.0105 .1299 
(̂  = 0) 

Sy 

<52 
''x 

Sx,y 

'̂ x,y 

s: 

s 

s: 

= 

.131831458 

.015740391 

.043790286 

.9613 

95% CL's 

±9.1% Xd low 
±5.5% Xd mid 
±13.3% Xd high 

±4.0% * low 
±1.9% * mid 
±4.6% * high 
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