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ABSTRACT

Calculations have been performed on water mixtures of oxides and
nitrates of U-233, U-235 and Pu-239 with chemically similar thorium
compounds to determine critical dimensions for simple geometries (sphere,
cylinder and slab). Uranium enrichments calculated were 100%, 20%, 10%
and 5%; plutonium calculations assumed 100% Pu-239. Thorium to uranium
or plutonium weight ratios (Th: U or Pu) calculated were 0, 1, 4 and 8.
Both bare and full water reflection conditions were calculated.

The results of the calculations are plotted showing a critical

dimension versus the uranium or plutonium concentration. Plots of
K-infinity and material buckling for each material type are also shown.
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INTRODUCTION

Experimental and analytical data are needed to establish safety
guidelines for chemical processing of advanced nuclear reactor {¥?1s
Processing of such fuels may involve oxides, nitrates or other compunds
of 233U, 235U and/or 239Pu in the presence of thorium. The Thorium
Fuel Cycle Technology (TFCT) Program was initiated in 1977 at Savannah
River Laboratory (SRL) to study recycle facilities for thorium based
fuels. Pacific Northwest Laboratory (PNL) was contracted by SRL to
set up an experimental program to study these fuels. Preliminary to
the experiments, calculations were performed at PNL to determine the

types and quantities of nuclear materials and sizes of experimental

involving uranium, plutonium and thorium compounds in solution.

vessels for the program.

PNL funding for the TFCT Program was terminated at the end of
FY-1978. The calculations completed as of that time are presented in

this document.



DESCRIPTION OF CALCULATIONS

ATOM DENSITIES

Atom densities for the mixtures of interest were calculated
assuming that compounds in solution occupy a volume in the solution
proportional to the ratio of the actual density of the compound to
the theoretical density of the compound in solution (e.g., the portion
of each cm3 occupied by UO2 at a density of 5 g/cm3 would be 5/10.96 cm
since the theoretical density of UO2 is 10.96 g/cm3). This method is
useful for tertiary mixtures such as UO2 + ThO2 + H20 where analytical

3

details of such mixtures are difficult to find. Using this method,
significant errors in atom densities may occur in the denser solutions
(i.e., where the density of individual compounds in the solution is
near theoretical density) as a result of changes in chemical bonding in
the solution under these conditions. Compound densities assumed for

atom density calculations are shown in Table I.

An example of the method used in this work to calculate atom
densities is given in Appendix A. For nitrate mixtures, it is assumed
that the solution contains no excess nitrates (i.e., 0.0 molar excess

HN03).



TABLE I. Theoretical Densities for Compounds of Interest

Chemical Thgoretica13
Compound Formula Density (g/cm”) Re ference
Uranium Oxide uo,, 10.96 2
Plutonium Oxide PuO2 11.46 3
Thorium Oxide ThO2 9.86 ‘ 2
Uranyl Nitrate U02(N03)2 5.1657 3
Plutonium Nitrate Pu(N03)4 5.629 3
Thorium Nitrate Th(NO5),, 5.203 g, 5a)
Water H,0 1.000 3

(a) Derived from data given in these references.



CROSS SECTIONS AND COMPUTER CODES

For this work, ENDF/B-IV cross section data were used for all
nuclides except Thorium-232. Thorium cross section data updated by
B. R. Leonard and used in analyzing 233U—Thorium High Temperature Gas
Cooled Reactor 1attices(6) were used in place of the ENDF/B-IV data.

The EGGNIT code(7) was used to generate multigroup data from the
cross section libraries. The cross section libraries had been pro-
cessed by the FLANGE(B) (thermal data); and ETOG(g) (epithermal data)
codes prior to use in EGGNIT.

Critical parameters (sphere, cylinder radius, and slab thickness)

were calculated using the one-dimensional multigroup diffusion code HFN(]O).

K-infinity and material buckling data were taken from the EGGNIT
code output. The parameters are both derived from a two group critical
equation discussed in the GAMTEC-II code 1iterature(]]).



VALIDATIONS

Validation calculations have been performed using the codes and
cross section data previously described. The results of these calcu-
lations are shown in Table II. Calculations 1-4 (Table II notation)

D
A

were done on bare and water reflected spheres of plutonium nitrate.
Hydrogen-to-zogPu atom ratios ranged from %6 to 1159. The calculated
values of k .. for these systems ranged from about 2% to 5% above
criticality (keff = 1.0). The average value of ke for the plutonium
solution was 1.036.

Calculations 5-9 were performed on bare and water reflected spheres

235 (235

and cylinders of uranyl {"77U) nitrate and uranyi U} flouride,

Enrichment for these systems ranged from 93.2 to 4.89 wt% and the

hydrogen-to-235U atom ratios ranged from 43.2 to 1835. The calculated
values of keff ranged frem about 1/2% below criticality to about 3% above.

The average value of keff for the 23°U solutions was 1.011.

Calculations 10-12 were performed on bare and water reflected spheres

of uranyl (233

U) nitrate. The calculated keff for these solutions ranged
from about 1% to 1 1/2% above criticality. The average value of keff

for the 233U solutions was 1.011.

DTF-IV calculations were performed on one of each of the different
nuclide systems to assure congruence with the corresponding HFN

(17)

calculations.

As noted in Table Ii, the computed values of k are close to, or

above, unity and none is significantly beiow unftyoef;he average values -
are above unity which implies these particuiar calculations to be con-

servative (critical system expected to be calculated as super critical). .
No check calculations were made, however, on agueous homogeneous solu-

tions containing thorium due to lack of appropriate critical experiment

data.

(8]
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TABLE II. Results of Some Validation Checks
) 1 o §phere . Cy]inder.
Enrichment or H/fissile Diameter Diameter Height Keff
Description of Experiment 240py Content (w/o) Atom Ratio (cm) (cm) (cm) HEN DTF-IV  Reference

Pu-239

1. Full Water Reflected (FWR)

SS Sphere, Pu(N03)4 4.6 56 29.21 -- -- .049 - 12

2. PWR SS Sphere, Pu(N03)4 4.6 370 29.21 -- -- .030 -- 12
3. Bare SS Sphere, Pu(N03)4 4.6 664 38.61 - -- .044 -- 12
4, FWR SS Sphere, Pu(N03)4 4.6 1159 38.61 -- -- .021 1.022 12
u-235

5. FWR Al Cylinder, U02F2 93.2 43, -- 15.24 70.10 .018 -- 13
6. Bare Al Cyclinder, U02F2 93.2 331 - 25.40 170.10 .028 -- 13
7. Bare Al Sphere, U02(N03)2(2) 93.2 1378 69.19 -- -- .001 0.999 14
8. Bare Al Sphere, UOZ(N03)2(2) 93.2 1835 122.02 -- -- .995 -- 14
9. FWR SS Cylinder, U02F2 4.89 735 -- 38.10 153.01 .014 -- 15
u-233
10. FUR AT Sphere, U0,(N05),!%) 98.70 405 26.6 -- - 015 -- 16
11. Bare Al Sphere, U02(N03)2 97.70 1533 69.19 -- -- .013 14
12. Bare Al Sphere, UOZ(N03)2 97.67 1986 122.02 -- -- .006 1.009 14

(1) 233U or 235U enrichment (wt%).

]
(2) These solutions contained small amounts of
(3) Vessel thickness not specified, 1/16 inch wall thickness assumed.

Th.
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RESULTS AND CONCLUSIQONS

The calculated critical parameters are shown in Appendix B in
Figures 1-144. Each calculated point indicates a critical system
(Keff = 1.0) with no calculational bias correction applied. There are
six sections - U-235 enriched uranyl nitrates (Figures 1-32), U-233
enriched uranyl nitrates (Figures 33-64), Pu-239 nitrates (Figures 65-72),
U-235 enriched uranium oxides (Figures 73-104), U-233 enriched uranium
oxides (Figures 105-136) and Pu-239 oxides (Figures 137-144). Each
section contains critical parameters for spheres, cylinders and slabs
with bare and full water reflection conditions. For the uranium systems,
calculations were made with enrichments of 100%, 20%, 10% and 5%. For
plutonium systems, no Pu-240 is included. Th to U or Pu (Th/X) ratios of
0, 1, 4 and 8 were used in the calculations with Th. K-infinity and
material buckling curves are also presented in each section. The calcu-
lated values on the figures presented in Appendix B were plotted by
computer and eye-guide smooth curves were drawn between the calculated
points. Where the data were so sparse that an eye-guide curve might be
misleading only the data points are shown.

Using the calculated data, a comparison can be made of the effect
of replacing U-238 in enriched uranium with Th-232. Data in Table III
compares 20% U-235 enriched uranium with a similar system in which Th-232
replaces U-238 by weight. Bare slab thickness is shown over a range of
0.08 to 8.0 grams heavy metal (HM)/cm3. The data are essentially
identical up to about 2 g HM/cm3 where the Th mixture becomes slightly
less reactive than the U-238 mixture. Comparisons at 10% enrichments

and with nitrates show similar results.



TABLE III. Criticality (Bare Slab Critical Thickness) of 235

Compared to that of Enriched Uranium Mixtures

U-Th Mixtures

Heavy Metal Bare Slab Thickness (cm)
Concentration 20% U-235 in U 20% U-235 in Th
(g HM/cm3) (no Thorium) (no U-238)
0.08 47.60 -—-
0.10 32.30 32.58
0.15 --- 22.86
0.20 19.72 ---
0.25 -—- 18.18
0.30 17.26 _———
0.40 -—-- 16.20
0.50 15.70 15.68
0.80 15.16 -—-
1.0 15.10 15.06
1.5 --- 15.36
2.0 15.84 -—-
2.5 -== 16.54
3.0 17.02 -—-
4.0 —-—- 19.08
5.0 19.74 21.28
8.0 24.38 -—-
8
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APPENDIX A - ATOM DENSITY SAMPLE CALCULATION

The following is an example of the method used to calculate atom

densities for this report. The system described is:

UOZ(N03)2 + Th(N03)4 + H20

Let
s s . . . o grams fissile isotope in U
E = fissile isotopic content (weight %) arams U
- . : . : . grams Th
R thorium to uranium weight ration grams U
0 = assumed uranium density = SEE%E—Q
cm
p* = atom density of fissile isotope X
28 .
D = atom density of U-238
A® = atomic weight of fissile isotope X
28 . .
A = atomic weight of U-238
DH = atom density of hydrogen in the mixture
D0 = atom density of oxygen in the mixture
Then
DX _ _E_Q 0.6022 atom X/ l *
- A ‘ b-cml

* Atoms of isotope x per barn-centimeter (b-cm).

12




and

(1-E) 238
028 = --zg—‘g . 0.6022 atom U/ i
A b-cm

If the oxygen and nitrogen atom density in U02(NO3)2 is 0U and
NU, respectively, then

28 |

VU =8 - (D %) atom 0,
b-cm
and
Wo= 2 0 (08 4 %) fatom N,
i - b-cm]
Let
Th _ . .
D = thorium atom density
Th _ . R .
N = nitrogen atom density in Th(NO3)4
Th . .
0 = oxygen atom density in Th(N03)4
Th - . . .
A = thorium atomic weight
then
R
Th _ =& . 0.6022 atom Th
D = p'h | becm
and
N4 - pTh atom N,
b-cm
Th Th

0 = 12 ° D atom 0/
I b-cm}

13



Now Tlet

and

Then

Let

Then

|

]

fraction of each cm3 of mixture that contains water

uranium molecular weight = EA* + (1 - E)A28

theoretical density of UOZ(N03)2 in solution

theoretical density of Th(N03)4 in solution

grams UOZ(NOS)Z U + molecular weight N208

grams U - T

grams Th(N03)4

grams Th

, [pcl + R Cz]
Pu °Th

hydrogen atom density in water

oxygen atom density in water

0.06689 ° f atom H/
b-cm

0.03345 * f atom 0/
{ b-cn}

14




Summarizing

Ep
DX = — 0.6022

A
28 - (-Elp 0.6022

78

A
pH - Dﬂ = 0.06689 ° f
p? - DS + 0" 4oV = 0.03385¢+ (12 - DM
N N L R | S L S

15



APPENDIX B - RESULTS OF CALCULATIONS

The following figures graphically show the results of calculations

on nitrate and oxide homogeneous water mixtures of U-233, U-235 and Pu-239:

FIGURES

Page
1. Bare Sphere Radius U Nitrate U-235 Enrichment =1.00. . .. 22
2. FNR(a) Sphere Radius U Nitrate U-235 Enrichment =1.00. . . . 23
3. Bare Sphere Radius U Nitrate U-235 Enrichment =0.20. . . . 24
4. FWR Sphere Radius U Nitrate U-235 Enrichment =0.20. . .. 25
5. Bare Sphere Radius U Nitrate U-235 Enrichment =0.10., . . . 26
6. FWR Sphere Radius U Nitrate U-235 Enrichment =0.10. . . . 27
7. Bare Sphere Radius U Nitrate U-235 Enrichment =0.05. ... 28
8. FWR Sphere Radius U Nitrate U-235 Enrichment =0.05. . .. 29

9. Bare Cylinder Radius U Nitrate U-235 Enrichment =1.00. . . . 30
10. FWR Cylinder Radius U Nitrate U-235 Enrichment =1.00. . .. 31
11. Bare Cylinder Radius U Nitrate U-235 Enrichment =0.20. . . . 32

12. FWR Cylinder Radius U Nitrate U-235 Enrichment =0.20. ... 33
13. Bare Cylinder Radius U Nitrate U-235 Enrichment =0.10. . . . 34
14. FWR Cylinder Radius U Nitrate U-235 Enrichment =0.10. . . . 35
15. Bare Cylinder Radius U Nitrate U-235 Enrichment =0.05. . . . 36
16. FWR Cylinder Radius U Nitrate U-235 Enrichment = 0.056. . .. 37
17. Bare Slab Thickness U Nitrate U-235 Enrichment =1.00. . .. 38
18. FWR Slab Thickness U Nitrate U-235 Enrichment =1.00. . .. 39

(@) Eu11 Water Reflected (25.4 cm)
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19.
20.
21.
22.
23.
24 .
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44 .

Bare Slab Thickness U Nitrate U-235 Enrichment

FWR Slab Thickness U Nitrate U-235 Enrichment

Bare Slab Thickness U Nitrate U-235 Enrichment
FWR STab Thickness U Nitrate U-235 Enrichment
Bare Slab Thickness U Nitrate U-235 Enrichment
FWR Slab Thickness U Nitrate U-235 Enrichment
K-Infinity U Nitrate U-235 Enrichment
K-Infinity U Nitrate U-235 Enrichment
K-Infinity U Nitrate U-235 Enrichment
K-Infinity U Nitrate U-235 Enrichment

Material Buckling U Nitrate U-235 Enrichment
Material Buckling U Nitrate U-235 Enrichment
Material Buckling U Nitrate U-235 Enrichment
Material Buckling U Nitrate U-235 Enrichment
Bare Sphere Radius U Nitrate U-233 Enrichment
FWR Sphere Radius U Nitrate U-233 Enrichment
Bare Sphere Radius U Nitrate U-233 Enrichment
FWR Sphere Radius U Nitrate U-233 Enrichment
Bare Sphere Radius U Nitrate U-233 Enrichment
FWR Sphere Radius U Nitrate U-233 Enrichment
Bare Sphere Radius U Nitrate U-233 Enrichment
FWR Sphere Radius U Nitrate U-233 Enrichment
Bare Cylinder Radius U Nitrate U-233 Enrichment
FWR Cylinder Radius U Nitrate U-233 Enrichment
Bare Cylinder Radius U NItrate U-233 Enrichment

FWR Cylinder Radius U Nitrate U-233 Enrichment
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46.
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48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64 .
65.
66.
67.
68.
69.
70.
1.

Bare Cylinder Radius U Nitrate U-233 Enrichment
FWR Cylinder Radius U Nitrate U-233 Enrichment

Bare Cylinder Radius U Nitrate U-233 Enrichment

FWR Cylinder Radius U Nitrate U-233 Enrichment
Bare Slab Thickness U Nitrate U-233 Enrichment
FWR Slab Thickness U Nitrate U-233 Enrichment
Bare Slab Thickness U Nitrate U-233 Enrichment
FWR Slab Thickness U Nitrate U-233 Enrichment
Bare Slab Thickness U Nitrate U-233 Enrichment
FWR Slab Thickness U Nitrate U-233 Enrichment
Bare Slab Thickness U Nitrate U-233 Enrichment
FWR Slab Thickness U Nitrate U-233 Enrichment
K-Infinity U Nitrate U-233 Enrichment
K-Infinity U Nitrate U-233 Enrichment
K-Infinity U Nitrate U-233 Enrichment
K-Infinity U Nitrate U-233 Enrichment

Material Buckling U Nitrate U-233 Enrichment
Material Buckling U Nitrate U-233 Enrichment
Material Buckling U Nitrate U-233 Enrichment

Material Buckling U Nitrate U-233 Enrichment

Bare Sphere Radius Pu Nitrate 100% Pu-239 « « « « « « « « « «
FWR Sphere Radius Pu Nitrate 100% Pu-239 -« « « « « « « « « . .

Bare Cylinder Radius Pu Nitrate 100% Pu-239 - -

FWR Cylinder Radius Pu Nitrate 100% Pu-239

Bare Slab Thickness Pu Nitrate 100% Pu-239

FWR Slab Thickness Pu Nitrate 100% Pu-239 . .

K-Infinity Pu Nitrate 100% Pu-239 . . . . . . .
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72.
73.
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75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
9.
95.

96.

Material Buckling Pu Nitrate 100% Pu-239
Bare Sphere Radius U Oxide U-235 Enrichment

FWR Sphere Radius U Oxide U-235 Enrichment

Bare Sphere Radius U Oxide U-235 Enrichment
FWR Sphere Radius U Oxide U-235 Enrichment
Bare Sphere Radius U Oxide U-235 Enrichment
FWR Sphere Radius U Oxide U-235 Enrichment
Bare Sphere Radius U Oxide U-235 Enrichment
FWR Sphere Radius U Oxide U-235 Enrichment
Bare Cylinder Radius U Oxide U-235 Enrichment
FWR Cylinder Radius U Oxide U-235 Enrichment
Bare Cylinder Radius U Oxide U-235 Enrichment
FWR Cylinder Radius U Oxide U-235 Enrichment
Bare Cylinder Radius U Oxide U-235 Enrichment
FWR Cylinder Radius U Oxide U-235 Enrichment
Bare Cylinder Raaius U Oxide U-235 Enrichment
FWR Cylinder Radius U Oxide U-235 Enrichment
Bare Slab Thickness U Oxide U-235 Enrichment
FWR Slab Thickness U Oxide U-235 Enrichment
Bare Slab Thickness U Oxide U-235 Enrichment
FWR Slab Thickness U Oxide U-235 Enrichment
Bare Slab Thickness U Oxide U-235 Enrichment
FWR Slab Thickness U Oxide U-235 Enrichment
Bare Slab Thickness U Oxide U-235 Enrichment

FWR Slab Thickness U Oxide U-235 Enrichment
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123.
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