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ABSTRACT

Conductivity, density, and acidity (pH) measurements were
made on a series of urany! nitrate solutions under conditions
closely simulating the process used to Toad weak acid resins
in the preparation of the HTGR recycle fuel particlte. To
relate these parameters to the uranium and nitrate concentra-
tions of the solutions, a least~squares fit of the experimental
data and mathematical expressions resulting from computer
curve~fitting techniques was made.

Measurements were made on solutions having concentrations
of 0.05 to 1.27 M uranium, 0.1 to 2.0 M nitrate, and NO3/U
ratios from 1.56 to 2.3. These measurements were made at
25, 30, 40, 50, and 75°C.

From these experiments, the necessary data were obtained to
write two computer programs which can be used to predict or
calculate uranium and nitrate concentrations of the process
solutions and which will allow control of the process to be
exercised in the particle preparation.

INTRODUCTION

The kernel of an HTGR recycle fuel particle is prepared by loading a
weak acid resin (carboxylic acid exchange groups) with uranium from an
acid-deficient nitrate solution using the exchange reaction: UO0,2% + 2HR
5 UOy,R, + 2HY, where HR is the resin in hydrogen form. Since the degree
of loading of the uranium on the resin depends primarily on the acidity
of the solution, the measurement of the acidity and the uranium content of
the solution are important to the process control of loading. Therefore,
it is desirable to continuously monitor solution parameters to control the
process and obtain maximum loading efficiency.!

Since the net effect of resin loading, shown in the exchange reaction
above, is to exchange one uranyl ion for two hydrogen ions, it seems the
loading process could be controlled by in-Tine measurements of the pH and
density of the uranyl nitrate. However, the assumption cannot be made that
this is a simple chemical reaction. The uranium in solution is hydrolyzed
or otherwise complexed and is only partially present as U0,2*. As a re-
sult of these complexes, attaining an equilibrium pH requires much Tonger
for uranyl nitrate than for simple ionic solutions. This difference has
also been observed by Haas! and Shaffer,? who have studied the behavior of
uranyl nitrate as related to this and other processes. The complexity of
uranyl nitrate solutions due to hydrolysis has also been studied by Baes



and Mesmer.3 These same types of acid-actinide mixtures were studied by
Mocken, Marchand, and de Vries," who used experimentally derived equa-
tions to relate density and conductivity to uranium and acid concentration.
Their work was an extension of previous publications on density and con-
ductivity measurements of these mixtures.®s6

The purpose of the experiments described and discussed here was to
measure the densities, pH's, and conductivities of acid-deficient urany]l
nitrate solutions under process conditions and to correlate them with
uranium concentration, NO3/U ratio, and temperature as variables. Then
from this correlation the feasibility of using these solution parameters
as a process control could be determined. Since the loaded resin is the
end product in this process, it is very important that the process control
be stringent enough to make sure all the resin is loaded uniformly. This
fact should dictate the type of control used.

EXPERIMENTAL

Two stock solutions of uranyl nitrate were prepared by dissolving
387.3 grams of U03 in 128.2 m1 of concentrated nitric acid under reflux.
The solutions were filtered to remove any insoluble material and diluted
to 1000 m1 with water. Each solution (Nos. 1 and 2) was assayed by two
methods--gravimetric and volumetric. There was excellent agreement in the
assays by the two methods: 1.287 M in uranium for solution No. 1 and
1.271 M for solution No. 2. Using the Kjeldahl distillation method, the
nitrate concentration of each solution was determined to be 2.008 M for
solution No. 1 and 1.987 M for solution No. 2. The free acid or acid de-
ficiency of the stock solutions was determined by potentiometric titration.

The density of each solution used in the experiment was determined by
pycnometric measurement to an accuracy of +0.05%.

The conductivities, i.e., specific conductances, of the experimental
solutions were measured using a Radiometer conductivity meter (type CDM3)
with a dip-type conductivity cell. The cell constant for the meter was
experimentally determined to be 1.00 cm within 1.34%. This meter is
equipped with temperature compensation and is capable of measuring con-
ductances from 1.5 microsiemens to 200 millisiemens.

The pH of the solutions was measured with a Beckman Research pH meter
(model 101900) with a resolution of 0.0005 pH units. The instrument is



calibrated against a standard cell with a precisely known potential. The
electrode is standardized using a buffer solution of known pH at a given
- temperature.

EXPERIMENTAL DATA
Set No. 1

Six concentrated standard solutions having NO;/U mole ratios of 1.56,
1.70, 1.90, 2.00, 2.10, and 2.30 were prepared from stock solution No. 1 by
diluting a weighed aliquot of the stock solution with a weighed amount of
2.00 M nitric acid. Five additional experimental solutions were prepared
from each of the six standard solutions by diluting with water. These 36
solutions were used to obtain the experimental data. Measurements of pH,
conductivity, and density were made at 25, 50, and 75 + 0.05°C.

Set No. 2

Six concentrated standard solutions having NO3/U mole ratins of 1.56,
1.60, 1.70, 1.80, 1.90, and 2.00 were prepared from stock solution No. 2
with 2.00 M nitric acid. Five additional experimental solutions were again
prepared from each of the concentrated standard solutions, and measurements
of pH, conductivity, and density were made at 30, 40, and 50°C on these 36
solutions.

RESULTS AND DISCUSSION

The numerical results for each set of 36 solutions are given in
Appendices I and II. Fiqures 1, 2, and 3 show the set No. 1 solution
relationship between acidity, density, and conductivity and the uranium
concentration at 25°C. Figures 4, 5, and 6 show the same relationship
at 30°C and at varying uranium concentrations for the solutions from set
No. 2. These experimentally derived curves show that all three parameters-
are quite sensitive to the NO3/U ratio. However, the density is almost
independent of the NO3/U ratio.

If the conductivity from data set No. 1 is plotted against the NO,/U
mole ratios at a fixed uranium concentration as shown in Figure 7, a break
in the curve is observed at a NO3/U ratio of 2.00, as expected.

The relationship between pH and the NO;/U mole ratios at a fixed
uranium concentration is shown in Figure 8. A sigmoidal curve 1is the
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result, having an inflection point at a NO3/U mole ratio of about 2.05
rather than 2.00 as expected. The deviation from stoichiometry is probably
due to the uranium complexes present in these acid-deficient uranyl nitrate
solutions. The attainment of an equilibrium pH requires a longer time com-
pared to that of simple ionic solution because of these complexes.!

In Figures 9, 10, 11, and 12, the relationships among pH, conductivity,
density, uranium concentration, and temperature are shown. Figure 9 illus-
trates pH values measured at both extremes of free acid and acid deficiency.
This figure also indicates a slight disagreement found in the pH measured
on the solutions made from stock solution No. 1 and those made from stock
solution No. 2. The comparison between the two pH measurements can be made
at 50°C since this was the only temperature common to both sets of data
used in the experiment.

Figures 10, 11, and 12 show excellent agreement between the two data
sets with respect to density and conductivity at 50°C. The precision of
the density measurements for the two data sets when compared with the theo-
retical density of water is given in Tables I and II. Also shown in Figures
10 and 11 is the effect of temperature on conductivity and density, res-
pectively. The conductivity of a given solution will increase while the
density will decrease with temperature.

Since differences have been noted in the pH measured on the two stock
solutions, a study was made to determine the reliability of the measure-
ment. The acidity (pH) of a number of acid-deficienct uranyl nitrate pre-
parations was measured. The dilutions on which the measurements were made
were prepared from the original stock uranyl nitrate solution No. 2. The
pH of each dilution was measured immediately after preparation at 30, 40,
and 50°C. These measurements are shown in Table III.

A new stock uranyl nitrate solution (No. 3) was prepared in the same
manner as were stock Nos. 1 and 2. The pH of dilutions made from the new
stock solution was measured at 30°C and is shown in Table IV.

A comparison of the pH measurements of these stock solutions, shown in
Figure 13, indicates that when pH measurements are made on two solutions
having the same acid concentrations, the results will vary by as much as
+0.2 pH units. This would account for the deviation indicated in Figures
9 and 13.
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Table I. Density of water by extrapolation of uranyl nitrate
density data at 25°C, 50°C, and 75°C (data set No. 1)*

Mole ratio 25°C . 50°C 75°C
NOs3: U Slope Intercept Slope Intercept Slope Intercept
1.56 0.3197 0.99651 0.3145 0.98921 0.3115 0.97528
1.70 0.3248 0.99873 0.3229 0.99584 0.3242  0.97587
1.90 0.3282 0.99714 0.3223 0.98962 0.3228 0.97486
2.00 0.3298 0.99875 0.3288 0.98834 0.3241  0.97547
2.10 0.3341 0.99664 0.3146 0.99074 0.3121  0.97699
Mean . 0.9978 0.9908 0.9757

Standard deviation £0.0014 +0.0030 +0.0008

*Theoretical density of water at 25°C = 0.9971; 50°C = 0.9881;
75°C = 0.9749.

Table II. Density of water by extrapolation of uranyl nitrate
density data at 30°C, 40°C, and 50°C (data set No. 2)*

Mole ratio 30°C 40°C 50°C

NOs: U Slope Intercept Slope Intercept Slope  Intercept
1.56 0.3140 0.99524 0.3128 0.99300 0.3109 0.98783
1.60 0.3085 0.99575 0.3053 0.99281 0.3040  0.98840
1.70 0.3137 0.99613 0.3126 0.99302 0.3119 0.98823
1.80 0.3176 0.99596 0.3169 0.99285 0.3155 0.98797
1.90 0.3197 0.99587 0.3193 0.99225 0.3177 0.98781
2.00 0.3222 0.99590 0.3229 0.99211 0.3215 0.98791

Mean 0.9958 0.9927 0.9880

Standard deviation +0.0003 +0.0004 +0.0002

*Theoretical density of water at 30°C = 0.9957; 40°C = 0.9922;
50°C = 0.9881.
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Acidity of replicate acid-deficient uranyl nitrate

preparations at various temperatures (stock solution No. 2)

Acidity, pH

NO3/U (U)M 30°C 40°C 50°C
2.00 1.004 1.012 1.004 1.026
1.004 1.042 1.043 1.080
1.024 1.441 1.361 1.300
1.90 1.056 1.740 1.682 1.631
1.056 1.784 1.710 1.697
1.078 1.913 1.808 1.705
1.80 1.116 1.950 1.880 1.830
1.116 2.003 1.925 1.865
1.114 2.000 1.882 1.832
1.70 1.162 2.116 2.020 1.960
1.156 2.105 2.022 1.966
1.156 2.100 2.030 1.969
Table IV. Acidity of replicate acid-deficient uranyl nitrate
preparations at 30°C (stock solution No. 3)
NO3/U (U),M Acidity, pH
2.00 1.004 1.039
1.004 1.040
1.004 1.049
1.004 1.049
1.004 1.050
1.045 = 0.005
1.90 1.056 1.750
1.056 1.790
1.056 1.788
1.056 1.793
1.780 + 0.018
1.80 1.116 1.955
1.116 1.957
1.116 2.000
1.116 2.000
1.978 + 0.022
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Additional tests were made on the stability of dilute uranyl nitrate
solutions by measuring the pH of dilutions made from stock solution No. 2
on successive days at 30°C. The stability of these dilute solutions is
quite good, varying about 0.02 pH units in 24 hours, as shown in Table V.

Table V. Acid stability of dilute acid-deficient
uranyl nitrate solutions at 30°C

Acidity, pH

Deviation,

NO5/U (U) M ak h* pH units
2.00 0.100 2.343 2.276 0.067
0.300 1.889 1.868 0.021
0.500 1.616 1.580 0.026
1.90 0.100 2.585 2.611 0.026
0.300 2.272 2.292 0.020
0.500 2.090 2.103 0.013
1.70 0.100 2.860 2.870 0.010
0.300 2.600 2.591 0.009
0.500 2.404 2.416 0.012
1.56 0.100 2.978 2,956 0.022
0.300 2.716 2.700 0.0716
0.500 2.543 2.532 0.011

*a = initial pH measurement; b = pH measurement made 24 hours later.

To further establish the reliability in preparing these solutions, the
deviation of the pH measurement between two uranyl nitrate stock solutions
and between dilutions made from a given stock solution is shown in Tables
VI and VII.

USE OF EXPERIMENTAL DATA

The experimental data given in Appendices [ and II can be used to
derive an expression to compute the uranium and nitrate concentrations of
uranyl nitrate solutions, given the density, conductivity, pH, and tempera-
ture. Since resin loading is most efficient in the acid-deficient region,
only data in the range of 1.56 to 2.00 NO3/U ratio will be considered.
This Tlimited range with one set of constants gives the best fit of the
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Table VI. Acidity of two different uranyl nitrate stock
solutions at 0.2 M uranium and
Ratio Acidity, pH DeViation,
NO5/U Stock I Stock II pH units
2.00 2.260 2.066 0.194
1.90 2.520 2.410 0.110
1.70 2.810 2.700 0.110
1.56 2.940 2.810 0.130
Table VII. Acidity of two different uranyl nitrate dilutions

from stock solution IT at 0.2 M uranium and 30°C

Acidity, pH

Ratio Stock I1 Stock 11 Deviation,
NO, /U Dilution I Dilution II pH units
2.00 2.124 2.104 0.020
1.90 2.596 2.440 0.156
1.80 2.803 - -

1.70 2.895 2.720 0.175
1.60 3.004 - -

1.56 3.008 2.82 0.188
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data. A second set of constants could be obtained for the region of 2.00
to 2.30 NO3/U if desired.

The density and conductivity data set No. 2 were fitted to the fol-
lowing equations. The fit of the data is given in Table VIII using the
values shown.

Density = DENW + A(U) + B(NOs), and (1)
Conductivity = A E Bi(303) , (2)
3

where
DENW = 0.992247-0.0003806 DT-0.00000375(DT)? (density of pure water),
DT = temperature -40,
Temp = temperature of the test solution, °C,
A = 2.65684EF - 01,
U = uranium concentration of test soclution, molar,
B = 2.82071E - 02,
NO; = nitrate concentration of test solution, molar,
Ay = Ay + (A;)(DT),
A = 7.56708t - 01,
A, = 3.52224t - 02,
By = By + (B,)(DT),
B; = 1.13629E + 02,

B, = 1.50419,
C3 = Cp + (Cp)(DT),
C, = 1.02522,

C, = -2.21409E - 03.

Equations 1 and 2 were then solved for the uranium and nitrate concentra-
tions, and the following expressions were obtained:

U = B5(D-B)(C5)(Prod)(Divd), and (3)
NO3 = (A)(C5 + D)(Prod)(Divd), (4)
where

D = DENS - DENW,

o
o
=
(7]
n

density of test solution, grams,

o
-
O
j B
i

cond - Ag,
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Table VIII. Prediction of the density and conductivity
of uranyl nitrate solutions from known uranium and
nitrate values at 30°C, 40°C, and 50°C

Mole . Values at 30°C

ratio

Experiwmental conc, molar

Dengity, grams/cc

Conductivity,

millisiemens

NO3/U Uranium _ Nitrate Observed Calc Error, % Observed  Calc Error, %
1.5% 0. 100 J. 156 1.0266 1.02006 2.0 Lee2 13.8 13.2
0,200 0.312 1.0579 11,0576 2.0 lead £5.1 4.4
0.330 Us 668 1.08938 1.0886 -3.1 34.u 34.6 1.9
0,400 Ve 624 1.1207 1.1196 -J.1 3.0 42,9 -0.2
4500 0.720 1.1522 1.1505 -J.1 3J.U »0.1 0.2
1.60 0.100 Ja160 1.0266 1.0268 3.0 Ly ek is.2 -1.7
3,200 Ue320 1.05875 1.0578 J.0 2220 25.7 -0.4
C. 301 0.480 1. 083 1.0892 0.1 20.V 355 ~1l.4
0. 430 0. 840 1.1197  1.1200 J.1 4vad 46,0 -1.5
0. 500 U. 800 1.1493 1.1511 J.2 524D 2le4 -2+ 1
1.70 G. 100 0.170 1.0275  1.0270 J.0 Lo.x 5.0 ~2.5
0.200 0. 340 1.05338 1.0584 J.0 2ls4 27,3 ~0s 4
0.300 0.510 1.3992  1.0898 )0 37.9 37.7 -0.5
0. 400 Ue 680 1.1219 1.1211 =J.1 47.1 46,7 -0.8
0. 500 0.850 l.1528 1.1525 2.0 55.0 54.6 ~0.8
1.80 0,100 0.180 1.02278 1.0273 7.9 139 i5.9 -0.2
0. 200 U 360 1.059% 1.,0590 3.0 2da ¢8.9 1.3
0.300 J. 540 1.0912  1.0906 -2.1 o7 et 39.9 1.3
0.400 0.720 1.123) 1.1223 -Ja 1 49ad 49.4 0e9
0.500 2. 900 1.1548 1.1539 -0.1 3.9 57.7 1.3
1.90 0. 100 0. 190 1.0279 1.3276 2.0 l5.9 16.7 ~0at
0.200 J. 380 1.059% 1.0595 2.0 3da.2 30.4 0.8
0.3230 0. 570 1.0615 1.0915 3.0 4lab 42.1 1.5
0.400 (s 760 1.1238 1.123% J.0 2hab $2.2 1.3
0. 500 0.950 1,1558  1.1553 3.2 6dau w09 1.6
2.00 C.131 U. 20?2 1.0283  1.023? J.9 Lse> L7.7 -4.1
0.230 . 400 1.0605 1.0601 30 adad 32,0 -2.1
0. 301 Je 502 1.093)  1.0926 3.0 43 .9 “bo b -1.3
0.401 Je BD2 1.1252  1.1248 2.0 3267 2540 ~1.3
0. 529 1. 009 1.1570  1.1567 J.0 baad bé.l -J.6
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Table VIII (continued)

Values at 40°C

Mole @ /—4—b7b07 - »—o-v---7-—-— TR -
ratio Experimental conc, molar Density, grams/cc Conductivity, millisiemens
NOz/U ... Uranium Nitrate  Observed  Cale _Error, % Observed _Calc _ Error, %
1.956 0.100 0.156 1.n242 1.0232 ~Nal louel 16.5 1.9
0.230 De 312 1.089% 1.06542 0.1 27 4J 29.7 2.4
0.320 De @68 1.0873 1.08%2 042 e wi) a9 O0e9
Cs 400 Ja 024 1.1182 lellbl ~0a 2 201 Suaebd -0.%
0.500 0.780 1.1493 1.1471 ~Ne 2 S50 a0 5069 Deb
1.60 0.130 Ve 160 1.02133 1.0233 3.3 L7.2 1.9 -1.7
0.200 Qe 320 1.0542 1.U54% 0.0 dded 3Ueh ~}.9
Oe 201 Q48D 1.0849 1.03854 0.1 428D 4LaT -1.5
e %00 Q. 649 1.1157 1.1166 0.1 Sled 1.8 -l.4
0.500 0. 800 1.1457 1,1477 0.7 Sled UL % -1.9
1.7 Je 100 Ja 170 1.2242 1.9236 -0l loeld 119 -1,%
Ne 220 Ja 349 1.0657 1.05590 0.1 324D 3243 -1.0
N.300 JeHlQ 1.0847 1.3863 0.7 4 .0 44,5 ~JaT
Ca 400 J. 680 l1.1181 1.1177 0.0 L - 55,0 -1.0
3.500 34850 1.,1493 1.1491 0.0 D4 e tval -J.6
1.8) 0. 100 Ja 18O le0244 1.0239 0.0 ly.1t 10.9 ~0.9
n. 7290 Jde 360 1.0564 1,0555  ~0.1 33.0 3441 1.0
0.300 De %9 1.0R79 1.0872  -0.1 ool  4l.1 0.8
04430 Ve 720 1.1197 1.1188 ~041 27.5 5842 1.1
0.500 0.500 1.1512 1.1505  ~0.1 574 0l.8 1.2
1.90 Q. 190 0. 130 1.0246 1.0242 Qe D ¢d el 149.9 ~1a43
0.200 Je 380 1.0556 1.0561 0.7 3D 30.0 1.7
0. 300 Je 570 1.0879 1.0880 0.0 43.8 %9 4 & 1.7
04490 3. 760 1,120 1,1200 0.9 Je3  bled 1e&
0.500 Je 350 1.1522 1.1519 ) Tuad 71.5 2.2
207 0.101 e 202 1e4J024% 1.0248 0.0 Chad 2i.1 -3.0
0,200 0. 4N 1.957) 1.0567 043 30e5 20«9 ~1.9
0. 301 De GO2 l1.989% 1.0892 0.2 D5ad DLa -1.3
D401 J. 3d0? 1.12113 1.1214 .2 09 4J 64,7 -0.5
0. 500 l1.u00 1.1533 1.1533 De D Toas2 I1>.3 ~1.0



25

Table VIII (continued)

Values at 50°C

Mole
ratio Experimental conc, wolar Density, grams/cc Conductivity, millisiemens
NOL/U Uranium Nitrate Observed  Calc Error, % Observed  Calc  Error, %
1.56 0.109 0.15¢6 1.9188 1,0190 0.3 1540 iv.3 7.3
0.200 0.312 1.0493  1.0500 0.3 33.0 34,5 2.0
0.3209 0,468 1.0815% 1.,0810 0.2 t1ed 4fa? 0.0
0.400 Jao26 1.1122 1.1119 0.9 D8ed 26,3 0.6
0.500 0. 780 1.1431 1.1429 0.2 bded ol.9 -0.2
1.60 0.100 0,160 1.0186 1.0191 Os1 ldas iv.8 ~3.1
0.220 0, 320 1.0493 1.0502 0.1 3944 3543 0.4
G.3321 J. 480 1.0800 1.08106 0.1 493 4045 “1.7
0.400 0.640 1.1103  1.1124 0.2 bUed 59748 -1.2
€.500 J. 800 1.1401 1.1435 0.2 fi.g 0746 -2.0
1.70 0.100 0.170 1.0195 1.0194 0.0 dle3 209 -1.7
0. 200 0. 340 1.0506 1.0508 0.2 t.1 37.5 ~0.56
0.300 0.510 1.0817 1.0822 0.0 PR 5ie5 2.9
0. 4930 0.680 L.1129 1.1135 0.1 Sred 63.5 ~0.8
0.500 0.850 1.1443 1.1449 0.1 1245 T3.9 -0.8
1.3 0.1720 0.18D 1.0194 1.0197 0.0 24.2 22.1 ~0ah
0.200 0360 1.0511 1.0514 0.0 37ad 39.6 1.0
0. 300 0.5490 l.0826 1.0830 0.0 D% Dl 0.8
0.400 0. 720 1.1138 1.1146 0.1 5042 67.1 1.0
0.500 0.900 1.1460 1.1463 0.9 {10 Taa.? 1.5
1.20 0.130 0.190 1.0199 1.0239 0.0 deeld <343 2.5
0.290 O 380 1.0539 1.0519 Del “lee 41.8 0.8
0. 330 J.579 1.0831 1.0838 0.1 D0ed 57.4% 1.6
0.400 0. 760 1.1150 1.1158 0.1 (0.0 70.8 1.2
0. 500 Q.35 1.1467 l.1a77 0.1 Gied ol 1.8
2.00 0,191 0.202 1.0199 1.0206 0.1 £Dad c4a T -3.3
0,290 0.400 1.0528 1.0525 0.0 “4.9 43.9 -2.0
Q.301 0.601 1.0845 1.0850 0.3 51.3 Lla. 4 ~1.8
0. 501 0. 301 140174 1.1172 0,3 5.3 7445 -1.0
0. 590 1.001 1.1482  1.1491 0.1 o7e duef ~0.8



26

Cond = specific conductance of test solution, millisiemens,
Divd = [(B)(Prod) + (A)(B5)] L.

Uranium and nitrate concentrations were computed from measured values
of conductivity and density and are compared in Table IX. 1In the case of
acidity (pH) and density, the least-squares fit of the experimental data

i

from set No. 2 gave the following expressions for uranium and nitrate:

y = (A ¥ BY(DEN + C)

(oH - D)2 , and (5)

NO; = P + (Q)(DENW) + (R)pH + (5)(pH)2, (6)

A= Al + (Az)(DT)a
Ay = 1.7587E - 02,
A, = 1.1642E - 04,
DT = temperature -40,
Temp = temperature of test solution, °C,
B = By + (B,)(DT),
B, = 3.2219,
B, = 1.6471E - 03,
DEN = DENS - DENW,
DENS = density of test solution, g/cc,
DENW = 0.992247 - 0.0003806(DT) -~ 0.00000375(DT)2,
C=0C, + (C,)(DT),
C; = -4.0335E - 01,
C, = 1.7881E - 02,
pH = acidity of test solution,
D=0, + (Dz)(DT)a
Dy = -1.6537,
D, = 7.878E - 02,
P =P, + (P,)(DT),
P, = 4.868E - 01,
P, = 5.8927E - 03,
Q0 =0; + (Q,)(DT),
Q, = 5.1134,
Q, = -2.4523F - 03,



27

Table IX. Predictions of uranium and nitrate concentrations
in uranyl nitrate solutions from measured densities and
conductivities at 30°C, 40°C, and 50°C

Values at 30°C

Mole Meas Meas Nitrate conc, molar ___Uranium conc, molar
ratio cond density Error Error
NO3/U  (m8)  (gm/cc) _ Observed Cale (%) Observed Cale (%) .
1.56 12.2 1.02¢6¢ 0. 15¢ . 137 ~11.9 0.100 Ja. 1072 1.8
240 1.0579 0.312 Q.290 ~-4,1 N.20D J.7202 1,2
34.0 1.0898 D.668  (.461 -1.5 N0.390 J. 305 1.R
43,0 1.1207 Oeb?4 0.627 0.5 Q.40 J. 404 1.0
50.0 1.1522 C. 780 0.782 0.7 0.500 0.506 1.2
1a40 144 1.02606 CelbN  0.1672 1.7 D.100 J. 097 ~045
25.8 1.057% 0.320 . 2,321 0.3 Nn,200 0,159 -0,7
36,0 1.0685 0480 Q.48¢ 1.2 N.301 0. 298 ~1.1
44,7 1.1192 Ca 660 0,645 1.3 N.400 Je 396 ~-1.0
52.5 1.1493 C.800 0.8'13 1.7 N.500 ). 492 ~-1.6
1.7C 15.4 1.0275 0.1710 (Q.17% 2.8 0.100 Je.101 1.2
27T+4 1.0588 0. 340 0,342 Ne b 0,200 J. 201 0.6
37.9  1.0902 0.510  0.517% 0.6 0,300 0.301 O.b
47.1 1.1219 C.680 0,687 1.0 0.400 Je 407 0.5
55.0 1.1528 C.B5%3 0.8%7 Q.7 D.500 Je 500 D1
1.80 15.9 1.027» C.1R0  0.18} 0,3 7.100 J.102 1.7
28.5 1.0594 C.3&0 0,356 -1.1 0.200 J. 202 1.0
39.4 1.0912 C.540 D0.534 ~-1.1 N300 J. 3073 .9
49,0 1.1230 0.720 D.715 ~0.7 NW400 J. 403 0,8
57.0 1.1548 0.909 N.891 ~1.0 0.500 J. 504 0.9
1.90 16.8 1.02719 0.190. 0.17931 0.5 0.100 0.101 1.0
30.2 1.0599 C.380 0,377 -0.7 N.200 0.202 DR
4145 1.0915 0,570 0.562 ~1e% N.300 2. 201 0.2
51.5 1.1238 0. 760 0D.751 -1,1 0.400 40?2 N.6
60.0 1.1558 0.950 0,937 -1.3 D.500 J. 5013 0.6
2.00 18.5 1.0283 0,202 0.211 4.3 0.101 2.1900 ~0.6
32.7 1.0605 0.400 0.409 2.2 04200 Je 201 0.2
45,0 1.0930 0.6C2 N. 610 1.4 0.301 0.302 Ga2
55.7 1.1250 0.802 0.312 1.3 N,401 0,401 -0.1
64,5 1.1570 1.000 1., 00¢ D¢ N.500 J. 500 N1l
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Table IX (continued)

Values at 40°C

Nitrate conc, molar

Uranium conc, molar

Mole Meas Meas 2020 0 —
ratio cond density Error Error
NO3/U (mS) (gm/cc) Observed Calc (%) Observed Calc (%)
1.5¢ 1€¢.2 1.0242 0,154 Q0,153 ~1l.6 0.1090 Ja. 104 4.0
29,0 1.0554 N+312 9,30¢ 2.0 0.200 0.205 2.6
40.5 1.0873 0468 0,466 -0.3 0.3390 0.308 2.8
50.7 1.1180 0.624 0.629 N.8 D400 Je 407 l.¢&
58.5 1.1493 C.T80 0.779 ~0,1 0.500 0.508 1.7
1.60 17.2 1.0233 0,160 D0.163 1.7 0.10D J. 1030 ~D.4
30.7 1.0542 C.320 n.323 0.8 0.200 Q.1729 -0.5
4245 1400649 Cea8B0  0.48¢ 1.2 0.301 J.297 -1.3
52.5 1.1157 6460 D647 1.1 Q.400 J.1396 -1.0
61,9 1.1457 c.800 0.811 1.2 0.500 Je 491 b P 4
1.70 18.2 1.0242 0.170 N,172 1.4 N.109D D.1072 1.9
32,6 1.0557 Ca 340 0,344 1.2 0.200 J. 202 1.2
44,8 1.08¢7 0.510 Q.514 0.8 0,300 J.301 0.3
5545 l1.1181 0680 D687 1.0 0.409 J. 401 a2
66,5 1.14932 C.850 0.85¢ 0.7 0.5790 Je 500 0.1
1.80 19.1 1.0244% 0.180 nN.1R? 1.1 0.1120 D.102 1.7
3131.8 1.0564 D.,360 0.357 =07 N.200 Ne204% 1.8
46,7 1.0879 D540 0.537 ~0.5 0.300 Je 303 1.0
57.% 11197 C.720 0,714 -0.9 0.400 Qe 00 1.0
6T7T.0 1.1512 C.900 0.891 -1.0 N.500 Je 504 0.7
1.G0 202 1a02406 J.180 0G.197 1.5 0.100 J. 101 1.3
35.4 1.0550 0.380 0.373 ~1.8 0,200 J. 169 - (o &
48,8 1.0879 0570 04561 -1.7 0.200 0.301 0,2
€0.5 1.1201 Jua7¢0 04750 -1.72 0.400 0.402 0.4
70.0 1.1520 C.9%0 0,931 -2.0 0.500 0.502 0.5
2.00 21.8 10244 0.202 0.208 3.1 0.101 0.089 2.1
38.6 1.0570 0.400 0,408 2.0 2.2100 0. 200 0.2
53.0 1.0894 0.602 C.h10 1.7 0.391 J. 31 ~0..0
65560 l1.1218 0.802 0,807 0.¢ 0,401 J.4aD2 0.2
76,0 1la1533 1.00D 1. 009 0.9 0.500 2.46929 ~042
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Table IX (continued)

Values at 50°C

conc, molar

Mole Meas Meas Nitrate conc, molar Uranium
ratio cond density Error Error
NO3/U (mS) (gm/cc) Observed Calc (%) Observed Calc (z)
1.56 18.0 1.0188 0,186 0,145 =T.? 2.109 0,100 0.2
33.8 1.0499 7.312  0.336 ~2.0 0a7200 3,200 0.1
47.3 1.0B15 0.45%8 D.468 0.1 D.200 J. 2072 Qb
68.0 1.1431 C. 780 0,782 0.2 0,500 J.501 0.1
1.60 19.8 1.016¢ 0.160 0,160 -0.0 0,100 0.098 -2.1
3542 140493 0.320 0n.318 -0.7 0.200 Ja 197 -1l.6
49.3 1.0800 D.4RD - 0,486 1.7 0.301 Da 294 -2.2
605 1.1103 0.640 0. 644 0.5 D.400 03292 -2.1
T1.0 1.1401 0.800 2.80°9 1.1 2.500 Ja.4RE ~2.7
1-70 21.3 100195 00170 0. 171 lc\q 0.!00 !)-100 ‘“‘0-1
37.7 1.0506 C.34n 0,342 0.% 0.200 0.169 ~-0.5
51.0 1.0817 0.510 0,50% ~1.0 N.300 Je 299 ~0.4
64.0 1.1129 0. 680 D.684 0.6 NN 2,397 0.7
T4.5 1l.1443 C.850 J.85¢ 2.7 0.500 3.097 -0.h
1.80 22.2 1.019¢ 0.180 0.181 D.4% 0.107 2.100 ~0.5
39.2 11,0511 0.3£0 0,35+ -1.1 C.200 0.199 -0.3
54.0 1.082¢6 0.5%40 D.535%5 -0, 0.300 0.299 -0.3
66.5 1.11328 C.T720 0,712 ~-1.1 Je%00 s 398 ~0.¢
77.0 1.1460 6.900 0,887 -1.5 T1.500 0. 500 Na1
1.50 22. 7T 1.0196 0.180 0.18%8 ~2.6 D,100 2.100 0.2
4l.4 1.0509 C.380 0.37¢ -1.1 0.200 D197 -1.7
5¢e5 1.0831 Coe570 0. 9560 -1.7 D.200 J.29°9 -0.6
7T0.0 1.1150 C.760 0.750 ~1.3 0.400 J. 308 ~-0.5
81.0 1.1467 D.950 0.932 -1.@ 0.500 2. 498 ~Dah
2.00 255 1.019%9 0.202 0.209 2.3 D.101 0. 098 ~3.3
44.8 1.0528 C.400 0.409 2.2 0,200 0.200 0.1
61.5 1.0845 0.€01 0.€11 1.6 0.301 3.298 ~1.0
753 le.ll174 0.801 0,810 1.1 a1 J. 401 -3.0
87.5 1l.l482 1.001 1.00# 0.5 N50D Q. 696 -0.3
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R =Ry + (Rp)(DT),
R, = -2.3192€ - 01,
R, = -4.0891F - 03,

S = Sl + (SZ)(DT)s
S, = 2.2317E - 02,
S, = 6.0217E - 04.

The same types of equations were derived from experimental data set
No. 1. These equations are not shown because, due to the availability of
more data points, a better fit of the data was obtained using data set
No. 2. Also, the second data set is more useful because it more closely
simulates or approximates process conditions.

The use of the above equations is cumbersome and time-consuming with-
out access to a computer. For that reason, two short programs for use in
the PDP-10 computer have been written to calculate the uranium and nitrate
concentrations of uranyl nitrate solutions given solution parameters of
density, conductivity, acidity (pH), and temperature. The program given
in Appendix III is for the case of conductivity and density. It can be
used for any temperature in the range of 25°C to 75°C, for any density up
to 1.4 grams/cc, and for specific conductances up to 160 millisiemens.
Appendix IV gives the program for acidity, pH, and density. It can be used
for any temperature in the range of 25°C to 75°C, for any density up to
1.4 grams/cc, and for acidities ranging from 0 to 3.5.

In most cases the errors between the calculated and observed concen-
trations of uranium and nitrate are less than 2% in Table IX, where the con-
centrations were calculated from known densities and conductivities. The
error shown in Table X, where the concentrations are calculated from the
measured values for density and pH, is in general less than 2% for uranium
and 5% for the nitrate.

A computer calculation was made using the density and pH values given
in Table X at 30°C to determine the effects of errors in the pH measure-
ment on the computed uranium and nitrate concentration. In this calcula-
tion, the pH was allowed to vary x0.5 pH units. The data from this calcu-
lation, shown in Table XI, indicate that a 1.0% error in pH measurement will
cause a 0.2% error in the calculated uranium concentration and a 1.8% error
in the nitrate concentration.
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Prediction of uranium and nitrate concentration in
uranyl nitrate solutions from measured densities

and pH at 30°C, 40°C, and 50°C

Values at 30°C

Mole

ratio Density

NO3/U (gm/ce) pH

1.56 1.0260 342540
1.0579 3.088
1.0898 2.97¢C
1.1207 2., 880
1.1522 2,180

1.€60 1.0266 3.163
1.0575 3,004
1.0885 2.888
1.1192 2.800
1,1493% 2,707

1.70 1.0275 3,060
1.0588 2,895
1.0902 2.77C
1.,1219 2.680
1.1528 2.600

1.80 1.0274 2.964
1.0594 2,803
1.0912 24668
1.1230 2.562
1.15448 2.474

1.90 1.0279 2.1780
1.0599 24596
1.0915 2.4%0
l1.1238 20341
1.1558 2..250

2.00 1.0283 2,381
1.0605 Ze124
1.0930 1.917
1.1250 1.766
1.1570 1.620

Uranium conc, molar Nitrate conc, molar
Error Error
. Observed c(alc (%) Observed  Calc (%)
7.100 0,100 ~0.2 D.156 0,139 -11.90
1,200 N.199 =Nk 0.%12 0,313 0.2
0.300 0.30]) Ne? 0.463 0.48R8 4.2
D.400 0,299 ~0.3 N.624 0,655 5.0
04520 0.499 ~0.2 0.783 0.R27 RN
0,100 0.09%9 -0.7 ND.160 0,146 ~G.0
D.200 0,197 ~1l.4 N.320 0,319 ~0.4
7.301  D.276 ~1.7 0,420 0.489 1.6
D400 0.3%4 ~1.%5 0,63 D,655 2ot
0.500 0.489 ~2.2 D.800 0,819 2s4
2.100 0.102 1.5 7,170 03,159 —f.2
0,200 0.201 3.3 0,30 0,336 ~1,2
2.300 0.309 0.1 .510 0.509 -0.1
0.400 0.401 N2 D.680 0.532 0.2
0.500 0.499 -2.1 0.8%) 0.R69 ~0.2
0.100 Q0.102 1.8 0.180 D170 ~5.6
0.200 0,202 .73 0.360 0.347 -3.4
0.300 0,303 De 0.540 0.8%2% -2,8
7. 400 0.404 0.9 0.T729 02.7100 -2.8
N.500 0.59% 0.9 NSN3 0,873 ~-3.0
0. 100 0,101 2.7 D.19) 0.188 -Ne5
N.200 0,202 0.3 J.38) 0.372 —2.?
7.300 0,302 0.5 0.570 0.549 -2.7
D. 400 0.4064 1.9 0.7¢63 0,728 ~4e2
7.500 0.5N6 1.1 0.95%3 0.903 ~4,C
2.101 0.0918 ~2s7 C.2002 0.233 15.4
N.200 0,199 ~0.7 D.400 ND.429 7.2
0,301 0.300 -3 D.602 0.622 3.3
0,401 0,400 -0.1 0,802 0,80¢ 0.5
0.500 0,501 N.1 1.000 0.990 -=1.0
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Table X (continued)

Mole
ratio

1.5¢

1-60

1.70

1.80

1.90

2.00

Values at 40°C

Density

1.0242
1.0554
1.0873
1.1180
1.1493

1.0233
1.0542
1.0849
1.1157
1.1457

1.0242
1.0557
1.0867
l.1181
1.1493

1.0244
1.0564
1.0879
1.1197
1.1512

1.0246
1.0556
1.0879
l1.1201
1.1520

l.0244
1.0570
1.0894
l.1218
1.1533

Uranium conc, molar

pH Observed
Z.120 Ne 10D
2980 0.200
2+8¢6C 0. 300
2780 0.400
2.700 0.507
3.065 N.100
2.897 042930
2.7813 0.301
2.694 0.400
2.604% 0.500
2950 . 100
2,185 2.200
2.6%56 2.300
2e5¢E7 Ne.400
2.%483 0.500
2.857 0.100
2.68% nN,200
2.552 0.300
2ek4? N, 400
e 3632 N, 500
2.6177 N0.100
2e%49] N,200
2362 N.200
20255 0,400
2.157 0.590
<2335 0,101
2.071 0.200
1.875 D« 301
1.725 Ve 4n1
1.600 Ne 500

Exror
Calc (%)
n,102 2.8
0.202 1.1
0.3C4 1.3
0,402 0.5
0.507 .5
0.100 ~Da5
0.198 ~1.1
N.2%6 -1.3
0.294% -1.5
0.690 2.1
D102 1.5
0.202 N.8
0.300 N.1
0,400 0.1
9.590 (SN}
0.101 o4
0,202 1ot
0.303 1.3
D.,404 1.1
Ne 508 Je9
C. 100 D43
N, 198 ~0.9
n,.301 0.2
N. 403 .3
D.508 .9
0,NO¢e -1
0.107 -1.4
0.72908 -9
ND.400 ~-D.3
0,498 -%.3

Nitrate conc, molar
Error

. Observed  Cale (%)
0.156 0.144% -7.8
D.212 0.317 1.9
0.453 0,497 542
Ne624 0,657 Sets
J. 7RI QLA2F 6.0
D.160 0.144 =947
0.329 0.219 ~0.2
D.480 0,688 1.7
Net&2 0.F55 2.4
2.800 0.819 24
N7.170  0.160 ~Se7
7.343 0.33° 0.4
0.5l 0.51! 0.2
N.683 0.582 0.2
N.RE)  N,852 0.2
J.180 0.1T71 -2.1
Ne360 0,353 2.1
N.540 0.579 ~2.0
DeT720 0.705 -2.1
N.90) 0.876 —2.6
0.16u 0.19 0.7
0.380 0.372 —-2.2
0.572 0.553 -3.0
NeT€0 0.731 -3.8
0.950 0.927 ~4e 5
0.202 0,231 14.5
040 N,433 8.3
T.602 D627 4ol
0.802 0.81¢ 1.7
1.000 D.99 00
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Table X (continued)

Values at 50°C

Mole
ratio Density
NO3/U  (gm/cc) pH
1-5(3 110188 2-95(‘
1.0499 2810
1.0815 2,700
l-1122 20620
1.1431 2e 5472
1,€0 1.0186 24929
10493 2o TET
1.0800 24660
1.1103% 2.568
1.1401 2»494
1.70 1.0195 2870
1,0506 2.700
1.0817 22591
1.1129 2.497
1.1443 2.416
1.80 1.0196 2.777
1.0511 2.582
L.0826 2,475
1.1138 2239C
1.1460 2.311
1.50 1.0199 2.611
1.0509 2.410
1.0831 2,212
1.1150 2+ 177
le1467 2.103
2.00 1.0199 2e.343
1.0528 2.066
1.0845 1.889
1.1174 1777
l.1482 1.61¢

Uranium conc, molar

Nitrate conc, molar

Error Error
Observed Calc (%) _ Observed Cale (%)

0.100 0.101 D28 N.156 0,143 -R.1
D200 0,200 Ned N.312 0.318 1.8
7.300 0.201 Dt Deht8  D.49) 5.0
1. 400 0.400 -J.0 D624 0.657 52
D500 0,499 ~-0,.2 7.780 0.824 5.7
0.100 0.100 -0.3 2,163 D.145 5.3
0.200 02,198 -1.1 7.320 06.319 -0.2
0,301 0.29F ~1.6 DeRD  0L.48R 1.4
D400 0.393 -1.7 0,640 0.654 2.2
N.500 0N.4739 ~7.2 D.800 0.215 1.9
N.100 0.19? 2.1 D2.170 0.154 ~B.1
0.200 0.201 N.6 N340 0.334 ~-1.8
0,302 0.301 2.3 7.510 (C.806 -0.9
0.400 0.401 0.2 0,683 0,K677 0.5
N.500 0.502 D.2 .85 0.847 -0.72
0,100 0.107 1.6 0,180 0.157 ~-7.1
Q.200 0.202 0.3 0,360 0.351 2.5
0.300 0,307 0.8 0,549 0.5725 =27
0.400 0.407 0.4 N.720 0.#%9% ~3,.4
D500 0,506 1.1 D900 2,870 -1.1
0.100 0.101 0.9 0,190 0.189 -0.7
0,200 0,199 ~0+5 0,380 03.373 ~-1.4
0.30C 0.301 0.5 N.573 0.554 ~245
De 400 DL 407 Na9 DeTtd 0.732 -3.7
N.500  0.505 N.9 2.%50 0.905 ~4 .8
0,121 D.008 -3.3 D.202 0.7226 11.0
0.200 0.200 -D.0 0,490 0.422 8.1
N.301 0,296 ~0hH 3.601 0.622 1.5
0,401 0.403 0.5 0.801 0.80% 1.0
7.500 0,409 -0.3 1.000 0.99% -0.7



Table XI. The effect of pH error on computer uranium and nitrate concentrations
in uranyl nitrate solutions from measured densities and pH at 30°C

Moie Uranium conc (M) Calculated error, % Nirrate conc (M) Calculated error, 7
ratio Density Exp Obe pH Observed Obs pH Exp Obs pH Observed Obs ph
N0 /U _{gm/ce) pH value Calc - -0.5 pH +0.5 value Calc -0.5 pH +0.5
1.56 1.0266 3,260 0.100 G.100 -3.8 =0.2 2.6 2.156 0s 133 19,9 -11.3 -35.7
1.0579 3.088 0.200 0.193 —2.% -J.4 1.1 J.312 0.3132 16.1 3.3 -12.8
1.0898 24979 0.300 0.301 -1.2 D.2 1.3 3.453 D.688 15.2 5.2 -4.9
1.1297 2.880 0200 0.399 ~le% =03 J.5 3.52¢4 0.655 13.4 5.3 -2.1
1.1522 2.780 0e509 0.499 -la1 -%.2 J.5 J.782 0e.827 13.0 6e 0 0.1
1450 1.0266 3.163 0.100 0.093% =4.5 -0.7 2.2 J.153 O. 166 21.0 “9.0 -33.9
1.0575 3.006 0.239 D.197 -3.4 -l.6 3.2 34323 0.319 15.4 ~d.% -13.7
1.088% 2.388 0.3201 0. 295 -3.2 -l.7 -3.6 3. 490 0.%89 12.8 1.9 ~Tets
1.1192 2 .800 0e400 Oe 394 ~2.8 ~l.5 -%.7 Jebtd De 655 13.8 2.6 -6.7
le1a93 2.707 G507 0.489 -3.2 -2.2 ~l.8 3.820 J.%819 Yoo 2.4 -3.5
1.70 1.0275 3.060 0.100 J.101 -2.5 1.5 4.6 2.170 3. 159 23,0 ~5.2 -30.7
1.0588 2+R95 2.20¢C 2.201 -1.9 7.3 2.0 0. 3% 0.338 16.2 ~1.2 -1%.3
1.0902 2.770 04320 0303 -145 el 1.3 J.510 3.509 10.% ~J.1 -9.2
1.1219 2.680 0.400 0.601 -1.0 3.3 1.2 3.680 0.682 B.4 D2 -6.8
1.152%8 2.600 0.500 0.599 -1.2 -k Do ? 7. 852 De 869 heb ~3,2 -5.9
1.80 , 10278 2.964% 100 0102 -2.5 1.8 50 J.18 N. 170 22.9 ~545 -29.5
1.0594 2.801% 0.230 0.20G7 -1e6 3.9 2.7 24352 0. 348 11.5% -3.% -ie.1
1.0912 2.668 0.309 2.303 -0.8 2.9 2.1 0.540 04525 7.6 ~2.8 -1l.7
1.1230 2.562 0.400 J.406 =35 0.9 1.9 J. 7290 G730 5.2 ~2.8 -9.7
1.1548 2.674 0.500 2.505 =Je2 0.9 1% 72.950 3.873 3.5 3.0 ~B.7
1.90 1.0279 2.780 0.130 0.101% -4.1 2.7 4.3 J. 1370 J.138 277 -3.9 -25.7?
1.0599 2.596 0.200 0.202 -1.8 e 8 2.8 J2.382 Ne372 {2.9 2.2 -1541
1.0915 2.460 0.300 0.392 -6 0.6 2.3 J.570 0.549 5.7 -3.7 -12.7
1.1238 2.341 3.4G0 D4%0% -0.5 1.0 2.1 3.750 T.T728 3.9 -~6a2 -i1.2
1.15%8 225G 0.5030 G505 -G.2 iel 2.1 24959 0.903 1.7 -6.9 -10.7
?.00 1.028% 2.381 0.101 0.098 -8.8 -7 1.8 3.232 0.233 65,5 15.% -10.7
1.0605 2.124 0.209 0.199 -6.3 -0.7 te? 3,420 0,429 2344 1.2 -7.0
1.0930 1.917 0.301 04300 -3.1 -1.3 1.7 J2.632 2.627 taeh 3.3 -
1.1250 1.765 0.401 0.400 -2.5 -3.1 1eb 3.807? J.826 9.3 3.5 -7.3
1.1570 1.620 0.500 0.501 =23 0.1 1.5 1.020 0.990 6432 1.0 -7.5

123
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SUMMARY

Conductivity, density, and acidity measurements were made on a series
of uranyl nitrate solutions under a number of process conditions of tempera-
ture and acidity. It has been found from this study that the acidity and
conductivity of the solutions were quite sensitive to the uranijum and
nitrate concentration, whereas the density is sensitive only to the uranium
concentration.

The complex relationships among acidity, conductivity, temperature,
density, and concentration were quantified in this study. Computer pro-
grams were written to quickly predict or calculate the uranium and nitrate
concentrations where (a) the temperature, density, and conductivity or (b)
the temperature, density, and pH are known. The use of these programs will
allow precise process control to be exercised in the preparation of HTGR
recycled fuel particles by the simple monitoring of the density, tempera-
ture, and either conductivity or pH of the process solution.
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Experimental data set No. 1

Mole
ratio Molarity Density, grams/cc
NOa/U Nicrate — Dranium  257C T S0°CTT 7RG
1.57 0.102 0.065 1.0174 {.0094 0.9954
0,312 0.199 1.0602 1.0517 1.0371
0. 590 0.376 1.1168 1.1074 1.0930
0.992 0.632 . 1.1985 1.1884 1.1722
1. 499 0.956 1.3013 1.2393 1.2725
1.988 1.2617 l.40644 1.3900 1,3725
1.70 0.091 0.053 1.0146 1.0066 0.9928
0.299 0.176 1.0552 1.0467 1.0326
0. 5%0 0.347 1.1119 1.1159 1.0R82
0.989 0.582 1.1889 1.1956 1.1656
1.484 0.872 1.2858 1.2757 1.2591
1.988 1.169 1.3750 1.3675. 13541
1.90 0.109 0.058 1.0157 1.0075 0. 9940
0. 310 0.163 1.050% 1.0419 1.0281
0.601 0.316 1.1011 1.0917 1.0770
0.986 0.519 1.1680 1.1578 1.1425
1.501 0.790 1.2568 1.2456 L.2292
1.988 L.086 1.3398 1.3253 1.3149
2.00 0.103 0.052 - 1.,0145 1.0048 0.9918
0.286 0.143 1.06482 1.0359 1.0222
0.603 0.301 1.0973 1.0875 1.0731
1.012 0.506 1.1652 1.1547: 1.139¢
1.546 0.773 1.2540 L.2426;, 1.2283
1.988 0.994 1,3265 1.3150 1.2973
2,10 0.091 0.043 1.0110 1.0030 0.9893
Q.307 0.148 1.0460 1.0372. 1.0227
Q.5601 0.286 1.0910 1.0834 1.0690
1.000 0.476 1.1570 1.1392 1.1249
1.511 0.719 1.2380 1.2149 1,1988
1.988 G.947 1.3120 1.2900 1.2741
2.30 0.099 0.043 1.0128 1.0043 00,9910
0.300 0.130 1.0419 1.0326 1.018%
0.602 0u262 1.0861 t.0767 1.0628
1.009 0.439 1.1467 1.1365 1.1217
1.504 0.654 1.2193 1.2079 1.1922
1.988 0.864 1.2898 1.2765 1.2581

Conductivity,

. Acidity, pH millisiemens

25°¢ 0 50°¢ 0 T5%¢ e 507c - 5tE
3.4 74 3.203 2.700 8.7 13.2 18.0
3.220 2,953 2.152 22.8 34.4 46,2
3.024% 2+ 760 2.582 27.9 57.0 75.0
2.810 2,575 2a.380 54.3 97,0 105,%
2.61% 2.37a 24170 57.5 98.7 130.0
24413 2.187 1.9388 T4.5% 109.2 143,0
3.334 3.113 2.828 3.1 12.5 17.2
3.282 2.847 ?.678 22.4 34,0 45,0
2.R78 2.660 2.4k0 33,2 57.5 77.0
2.667 2.460 24260 54.4 Bl.5 107.5
2.862 24254 2.08D 58.0 3%.% 132.9%
2.268 2.080 1.860 T4.5 110.3 147,00
3,058 2.832 24556 3.6 14.% 20,0
2.8056 ?2.518 2.320 23.4 35,2 4T, 7
2.600 2.1382 2.100 319.8 59.0 79.0
2.390 2.17T0 1.960 56,2 33,0 109.D
2.164 1.960 1. 740 7T1.5 195.0 137.5
1.974 1.788 1.550 80.0 117.0 183.0
2.858 2.660 2.446 9.2 14.2 19.5
24546 2+363 24155 22.2 33.56 45.0
2.282 2.107 1~903 40.2 60.0 81.5
2.034 1.865 1.646 58,0 86.0 114.5%5
1.778 Le624 1.396 3.9 109.0 1%4.0
1.586 1.414 1.735 82.0 129.5 160.0
2.412 2.394 24260 9.0 13.6 19,0
1.872 1.880 1.803 2643 318.5 51.5
1.496 1.529 1.450 44.5 65.5 8r.n
1a172 1.240 1e167 65,5 95.0 120.%
D.862 0.940 D+ 855 83,5 120.0 152.5
dab24 J.5118 0633 94,2 136,0 176,92
1.895 1.918 1.950 13.0 18.8 24.5
1.42? 1.449 1.465 22,2 4bH.2 59,%
1.063 1.082 1.107 57,2 1.0 104,5
0.73¢ 0.T58 0. 781 83.7 118.5% 152.0
J.476 0480 J3.503 107.5 151.0 193.0
0.200 0.208 0,300 119.0 180.0 235%5.0
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Experimental data

set No. 2

Mole
ratio

NO3/U

1.¢%

1.60

1.70

1,30

1.90

2.00

Molarity
_Nitrate _ Uranium
0.15¢ U. 100
J.312 Ue 200
D.468 ue 300
Deb24 Ce.a00
0.780C 0.500
0.160 Jel100
J«320 U. 200
D.abu V.301
J.640 Je&0C
J. 800 Uao00
0.170 V100
Qe 340 0.200
Ue510 Ue300
J.080 Y600
0.850 J. 500
Je 100 J. 100
0.360 v. 200
Qs 540 L. 300
0,720 U.400
Je 900 U.500
0.190 0.100
0.380 Je 200
Q570 Ue300
Te T60 G.400
0.550 0.500
0.202 U101
0.400 U.200
d.6v2 U, 301
JeBuU2 Ua 01l
1.000 Je500

Density, grams/cc

30°C

1.02¢¢
1.0579
1.08919
1.1207
1.1522

1.026%
1.0575
1.038%
1.1192
ta 1493

1.0275
1. 0588
1.0902
‘L1219
1.1578

1.0272
1.05%¢4
1.0912
t. 1230
lal54n

1.06279
1. 0599
1.071 %
1.12238
11553

1.0287
1.0605
1.0030
1.1250
1.1573

_ Loce

1.0242
1.0554
1.0073
1a118n
l.14c3

1.02727
143542
1.0840
11157
141457

T.0762
1.0 7
LORAT
1.11&1)
1.160Q3

1.3244%
1.0564
1.073
l.11a971
1.1512

1.02¢6
1055
1.087¢
1.1201
1,1520

1.02¢4
1.0570
1.0694
1.1218
1.1533

50°¢C
1.0183
1.0499
1.0%15
1.1122
1,163

1.018¢
1.7493
1.3830
1.1193
1.1401}

t.31a5
1.0524
1.a817
1.1129
1al442

1.7194
1.0511%
1.0826
1.11138
1.14%£0

1.9179
1.05829
1.7831
1.1150
1.1467

1.3199
1.052R
1.0845
ta1174
Tol432

Acidity, pH

2.607

2964
RS- N
2.668
2.5R2
2.674

2.789
24536
2640

241

24259

2,341
24126
1.017
1.765
1.622

TH0°C

r.120
2,980
2,060
?.780
2.709

3.0¢5
2.397
2.7812
2594
?2.604

» 259
. 185
O6SE
67
. 437

[AYERN}

[LC RO

L4587
L6889
.557
Lub7
L363

N g N Py

477
W69
e362
255
157

NN Y

<335
L3TH
RTH
725
509

— =ty

?.311

2.611
2.610
2.272
2.177
2.103

2.343
2.066
1.887
1.7717
1.0 18

Conductivity,

.. millisiemens
30°c  40°C
12.2 16.2
24.0 29,0
34,0 40,5
43,0 50,7
50,0 5645
14,4 17,2
25.8 30.7
36,0  42.5
44,7 52.5
52,8 £1.5
15.4 18.2
27,46 32,4
37.9 4448
| 55.5
55,0 54.5
15.9 10.1
78.5 313.8
39,4 4heT
49,0 57.5
57.0 £7.0
16,8  20.2
10,2 35.4
4.t 48.3
51.5 05
60.0 0.0
1345 21.8
2.7 39,6
45,0 52,0
55,7 6540
[ 76,0




10

20

30

40

50

60
90

70
100
20¢
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APPENDIX III. Computer program to compute uranium and nitrate
concentrations of uranyl nitrate solutions given the tempera-
ture in the range of 30-50°C, the density, and the conductivity

DATA A/2.65684E=01/,8/2.P2071F~02/

DATA AL/T7.56TU6E~01/,42/3.52224F-02/

DATA BL/1.13629E402/,R82/1.50419/

DATA CL/1402522/402/-2.21409F=0%/

WRITE (6,10}

FORMAT(2X,* PREDICTION 0f URAMIUM AND MIYOATE CONCENTOATIONS®,/,
£ 2Xe' IN URANYL NITRATE SOLUTIONS €20M YEASUREN®, /, 2X,
€ * DENSITIES AND CONDUCTIVITIES?,/)

DO 200 K=1,3

ITEMP=20+10%K

WRITEL6,200 FTEMP

FORMAT(/ 42Xy 'COMPARTSON WITH DATA AT t, 12,5 DEGREFS?, /)

NRITE(E,30)

FORMATL /,* CUOND NENS N33 NO3 FRROR iy
b 14 ERROR *

WRITE{6440)

FORMAT{17X,*088 CALC ', 17X, *NAS capc, /)

DT={TEMP~4Q

A3=AL+A2%DT

B83=RB1+B2%07

C3=C1el2%DT
PENW=0.992247-0. 0003 806%0DT~-0, 300003 75%DT*DT
PO 100 I=1,0

DN Y0 4=1,5

READ({5,50) XNU3,»UM,COND,DENS
FORMAT{2FL0.0:10X,2F10. 0

D=NENS-DENW

PROD=COND~-A3

DIVD=1, 0/ (B%PROD+A%B 3}

U= {B3%)~B*L3%PRODI*DIVD
YNO3={({A*C3+51%PRONYI %D YN
WL1=100.%(U/UM-1.0)

W2=1U0. % {YNU3/XNN3-1.0}

WRITE(64+60) CUNDSDEMS,XNNZ, YNN3, W2, UM, U, W1
EORMAT{LIXsFSalsFBabs2F T3, FT1,2F9,4,F7.1)
CNONTINUE

WRITE(6, T

FORMATL /)

CONTINUE

CONTINUE

sTOP

END
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APPENDIX IV. Computer program designed to calculate the uranium
and nitrate concentration of uranyl nitrate solutions, given the
temperature in the range of 30-50°C, the density, and the pH

DAYA AL/L.T58TE-0Q2/4A2/7-1.1542E~06/4R1/3.2219/,32/1.64T71F~-03/
DATA Cl/-%4auU335E-0QL/7,02/1,7881F 027,01/ -1.653T/,D2/7.8737:-02/
DATA PL/4.8683E-01/74P2/5.8927F-03/,21/5.1136/,02/-2.4523F-033/
DATA R1L/~2,31%2E~01/,P2/-4,08917-03/,51/2.23171v-02/
DATA S2/6.0217E-04/
WRITE(G,10)
10 FARMAT(S5Xy "URANIUM CONC= A&B{DEMS-DEMW) ¢C/7{PH-DI&E2 T/, 5X,

£ INTTRATE CONC=P+Q(DENS~DENWIER(PHI ¢ S(OHIx&20, J IWHEPE

£ AsByCyDsPytisReS AND DFNW ARE FUNCTTONS 0OF TEMDE2T(R I, /)
ITEMP=30
DD 200 I=1,3
WRITEL(6,420) 1TEMP

20 FARMAT(/,* TEMPERATURE= ¢,12)
WRITE(6,30)
30 FORMAT( /45Xy TOENS T, 5Xe PPHT 46X, P UM, 6X, T UNT ,SX, tFRRNRT,
£ 4X,'NO3 NG3 ERPORY )
WRITE (6540)
40 FNRMAT{ 21X 'GBS CALC',13X, 'ORS CALCY 4 /)

DY=ITEMP-40
DENW=04992247-0.,0003806%NT-0,00000375%NT%NT
A=A1+A2%DT
B=B1+82%0T
C=C1+C2#%DT
D=D1+02%DT
P=PlepP2x0T
Q=QLlvyQe*0DT
R=R1+R2%DT
S=S51+¢S52%DT
00 100 J=1,6
DO 90U K=1,5
PEAD(9950F XNU3, UM, PH,DENS
50 FORMATLA3F10.0410X4F10.01
DEN=DENS-DENK
U=A*BSDENFC/IPH-D I %%2
YNCO3=PErQ*DEN¢REPHESEPHEPH
E1=100e%{U/UM~1.0)
F2=100. *{¥YNO2/XNN2-1,0)
WRITECO60) UEMSsPHy UMy EL1 ¢ XNN3,YNPR,F 2

¢0 FORMAT (L XgbbBe4sFBa3,2FB.4,FB.1e2FR,4,F8. 11
20 CONTINUE
WRITE(G, T
70 FORMAT( /)
100 CONTINUE
ITEMP=] TEMP+LO
200 CONTINUE
TOe

END
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