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Dissolution of Irradiated MURR Fuel Assemblies
- Effect of Increased Purge Rate and Catalyst Concentration on the
Batch Size

by
Edward A. Kyser

Savannah River National Laboratory
Environmental and Chemical Technology Directorate

July 22,2010

SUMMARY

Flowsheets for the dissolution of aluminum-clad spent nuclear fuel have been proposed using
0.002 M mercuric nitrate catalyst in 5 to 6 M nitric acid. Previous calculations for flammable gas
control during the dissolution of spent nuclear fuel have been extended to cover a range of dissolver
purge rates from 40 to 55 scfm. A range of dissolver solution volumes from 12000 to 15000 liters
were considered for the large H-Canyon dissolver (6.4D). Depending on the purge rate, anywhere
from four to six bundles of MURR fuel can be initially charged to the dissolver (6.4D). For succes-
sive charges where the dissolver solution already contains 0.002 M mercury catalyst and the dissolved
aluminum from five bundles of MURR fuel, five to nine bundles of additional fuel can be charged
depending on the purge rate and the dissolver solution volume.

Similar calculations have been performed for the small H-Canyon dissolver (6.1D) for solution vol-
umes that ranged from 6000 to 7500 liters and purge rates from 40 to 55 scfm. The limitations on the
initial charge are four to six bundles depending on the purge rate. The aluminum from four bundles
of fuel in an initial charge will allow nine to ten bundles in the second charge to 6.1D depending on
the purge rate and dissolver solution volume. Solubility or criticality limitations will restrict the sec-
ond charge on the small dissolver.

The concentration of aluminum from previous charges will slow the dissolution rate to extend the cy-
cle time of repeated charges of fuel. Calculations have been performed to allow a second catalyst ad-
dition (up to 0.004 M total catalyst) to reduce the cycle time (as necessary) based on the aluminum
concentration and the purge rate.
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INTRODUCTION

H-Canyon is preparing to resume processing of off-site aluminum-clad spent nuclear fuel (SNF). The
Savannah River Site (SRS) has historically received aluminum-clad SNF from research reactors and
processed these fuels in H-Canyon. The initial fuel type planned for processing is irradiated SNF as-
semblies from the University of Missouri Research Reactor (MURR). A recent report' reviewed the
history of the dissolution of irradiated MURR fuel and provided a basis for processing that fuel in the
future. Due to flammability limitations in the off-gas system that restricted the dissolution batch size,
H-Canyon requested that SRNL evaluate the effect that proposed increases in the off-gas purge rates
would have on the amount of fuel that could be safely charged to the dissolver’.

Previous, calculations showed that a credited purge rate of 40 scfm would restrict the dissolver batch
size to no more than four bundles of MURR fuel in an initial charge'. Depending on volume and con-
centration constraints, the initial charge could be followed by a second charge of up to five bundles to
the same dissolver batch for the nominal 13000 L dissolver. In the previous report, it was noted that a
modest increase in the purge rate (~10%) would allow additional bundle(s) of fuel to be added to each
charge.

H-Canyon requested that SRNL evaluate the effect of purge rate of up to 55 scfm on the number of
bundles allowed in each charge. They also requested a basis for the use of additional mercury cata-
lyst during the second charge (as a second catalyst addition) to reduce the cycle time.

DISCUSSION

The details of the dissolution process and description of the MURR fuel were thoroughly discussed in
a previous study' and will only be summarized here as necessary to extend the calculations. For addi-
tional discussion on the scaling of each of the parameters which affect the dissolution rate or purge
requirements refer to the previous report or the original references as provided by that report.

Fundamentally, the dissolution rate is controlled by the concentrations of nitric acid, mercury catalyst,
dissolved aluminum, and the effective submerged surface area. The initial nitric acid concentration
should be determined based on the moles of aluminum and uranium metal to be dissolved while arriv-
ing at a terminal nitric acid concentration of ~0.5 M nitric acid after the complete dissolution of the
last charge (assuming 3.75 mole of nitric acid consumed per mole of aluminum dissolved and 4 mole
of nitric acid consumed per mole of uranium dissolved). The concentration of aluminum at the be-
ginning of each dissolver batch is assumed to be minimal (due only to aluminum in the heel of the
previous batch). It is assumed that the maximum dissolution rate (where the purge requirements are
the highest) will occur early in the initial dissolver charge (as the catalyst addition is completed), and
will be primarily determined by the amount of catalyst present, the nitric acid concentration and the
effective surface area of the fuel bundles. The metered addition of mercury catalyst as a function of
time allows significant aluminum to dissolve into solution prior to the catalyst addition being com-
pleted, thus results in a lower the peak off-gas rate. Depending on the dissolution rate during catalyst
addition and the length of time taken to add the catalyst, sufficient aluminum will dissolve to control
the dissolution rate during the middle stage of dissolution of the initial charge.
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90 T T 1T T T T T T T T Table 1. LFL Data at
NO/N,0O Molar Ratio
wr= Kt —o— :i Equal to 2.57 °.
7 - % Air__NO,* LFL®
Toy el 0%  944%  5.62%
0 Vartica! chorge — 14 fest long, 4 typs 1B elements — 5% 89.0% 6.00%
Perforated magazine, 15-inch submerg
5 50— i:::t:NH;(Tjgz,::.d over flrst hour | 10% 83.9% 6.10%
& 0.44N Iiru:l5 eeld 15% 78.8% 6.20%
& ol Run at boiling peint, 103..105 °C, for 15 heurs — 20% 73.7% 6.30%
3 Note: 25%  68.6%  6.40%
30— Fres of nitragan dioxide, air, ond moi sture — 30%  63.5%  6.50%
u 5{#1\,:__ T - —0 35%  583%  6.70%
o 40%  532%  6.80%
0 H, — 45%  482%  6.83%
o] I‘|~¢..|_|_j_¢_|_,5._}_|_|___“ 50%  433%  6.70%
00 1 2 3 4 5 ¢ 7 8 9 10 1M 12 13 54%  39.4%  6.65%
Time, hours 55%  38.4%  6.63%
Figure 1. Off-gas Concentrations Observed during the Dissolution of 60%  335%  6.50%
Aluminum Clad Fuel’. 65%  288%  6.20%
_ . _ . o ) 70%  243%  5.70%
The dlssolutlop of -alumlnur.n clad fuel prlmarlly.geperates nitric oxide 75%  194%  5.60%
(NO) along with nitrous ox1d.e. (N,0), nitrogen d10x1de (NOz),'nltrog.en 80%  148%  520%
and hydrogen. The cgmposmon of the off-gas varies over.tl.n?e with 85%  104%  4.60%
the highest concentration of hgldrogen.observed durmg the.lmtlal few 90%  57%  430%
hours of .the dissolution cycle” (see Figure 1). A dissolution off-gas 96%  0.0%  4.00%
composition of 7.0 vol % H,, 71.38 vol % NO and 21.62 vol % N,O on a7 ... NO/N,O molar ratio
an air, water and nitrogen dioxide-free basis is assumed to be bounding =7 57, NO+40,=> NO,.

for this process4. The initial few hours of dissolution also coincides  ° Determined by fit of data
with the period of highest dissolution rate’. Potential flammable con-  from Scott.’. Precision of
centrations of hydrogen that are produced are diluted with air by a dis- ~ Values estimated to be 0.1 vol
solver purge stream. The data of Scott’ at an NO/N,O ratio equal to %.

2.57 was used to determine the composition-specific lower flammability limit (LFL) (Table 1 and
Figure 2). As discussed in the previous report, the LFL for NO/N,O molar ratio equal to 2.57 should
be a lower bounding limit for the actual process off-gas' The process off-gas varies between NO/N,O
molar ratios of 2.7 to 5. The LFL values are temperature corrected to 200 °C since that is the operat-
ing condition in the iodine reactor through which the off-gas stream flows.

The dissolution rate (and off-gas generation rate) varies linearly with both the mercury catalyst and
the nitric acid concentrations'. Dissolved aluminum decreases the rate in an inverse logarithmic rela-
tionship. For these calculations it is assumed (based on the observations of Caracciolo®) that the dis-
solution rate of the fuel scales with the outer area of the submerged portion of the fuel bundles. After

0.2 X% V2 V2 V2 V4 0.8
O  Flame did not Propagate _
A Flame Propagated NO/NZO =2.57 NO+N20
T2 — —= —  Le Chatelier's Mixture

0.4 0.2 0.0

1.0 0.8 0.6
Figure 2. LFL Flammability Data for the Hydrogen-Nitric Oxide-Nitrous Oxide-Air System at 28 °C.

<—— Air



Table 2. Effect of the Number of MURR Bundles Charged

on the Aluminum and Uranium Concentration (upper

bounding solution volume).

Vol Bundles Al U Al U U HNos
L ke* Ke M gL gl® M°
15000 1 285 33 0070 021 0.16 077
15000 2 569 66 0141 041 033  1.04
15000 3 854 100 0211 062 049 130
15000 4 114 133 0281 082 066 157
15000 5 142 166 0352 103 082 184
15000 6 171 199 0422 124 099 211
15000 7 199 233 0492 144 115 237
15000 8 28 266 0563 165 132 264
15000 9 256 299 0633 1.85 148 291
15000 10 285 332 0704 206 1.65 3.18
15000 11 313 366 0774 227 181 344
15000 12 342 399 0844 247 198 3.1
15000 13 370 432 0915 268 2.4  3.98
15000 14 399 465 0985 2.89 231 425
15000 15 427 499 1.055 3.09 247 451
15000 16 456 532 1.126 330 264 478
15000 17 484 565 1.196 3.50 2.80  5.05

? Assumes 6.8 kg Al/bundle + 5.418 kg Al/assembly, 4 assemblies/bundle.

b Post irradiation values assuming 20% burn-up of *°U.

¢ Initial acid required: 0.5 M excess acid, 3.75 moles of acid consumed per

mole of Al, 4 moles of acid consumed per mole of U.

Table 3. Effect of the Number of MURR Bundles Charged

on the Aluminum and Uranium Concentration (minimal

solution volume).

Vol  Bundles Al U Al U U HNOs
L ke* kg M gL gL’ M€
12000 1 285 33 0088 026 021 0.3
12000 2 569 6.6 0176 052 041 117
12000 3 854 100 0264 077 062 150
12000 4 114 133 0352 103 082 184
12000 5 142 166 0440 129 1.03 217
12000 6 171 199 0528 1.55 124 251
12000 7 199 233 0616 180 144 284
12000 8 228 266 0704 206 1.65 3.18
12000 9 256 299 0791 232 185 351
12000 10 285 332 0.879 258 206 3.84
12000 11 313 366 0967 283 227 418
12000 12 342 399 1055 3.09 247 451
12000 13 370 432 1.143 335 268 485
12000 14 399 465 1231 361 289 518
12000 15 427 499 1319 386 3.09 552
12000 16 456 532 1407 412 330  5.85
12000 17 484 565 1495 438 350  6.19

* Assumes 6.8 kg Al/bundle + 5.418 kg Al/assembly, 4 assemblies/bundle.

b Post irradiation values assuming 20% burn-up of *°U.

¢ Initial acid required: 0.5 M excess acid, 3.75 moles of acid consumed per

mole of Al, 4 moles of acid consumed per mole of U.
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the bundle is consumed, the dissolution
rate of the fuel assemblies itself is as-
sumed to scale with the outer area of the
submerged portion of the assemblies. For
this process the dissolver is heated to
boiling and the catalyst is added at a
steady rate over at least a one-hour period
of time. The gradual addition of catalyst
slows the initial dissolution rate and al-
lows a significant quantity of aluminum
to dissolve prior to completion of the
catalyst addition. The peak off-gas gen-
eration rate is thus reduced allowing a
larger amount of fuel to be charged in the
initial charge. The amount of fuel al-
lowed is calculated based on the initial
conditions and the peak off-gas genera-
tion rate as determined by Kyser' from
Caracciolo’s measurements’ and scaled
by the outer surface area of the fuel bun-
dle.

For multiple charge dissolutions, the dis-
solution rate will be significant during the
time that the dissolver solution is heated
but not yet at temperature because the
catalyst is already present in the solution
(as compared to the initial charge). The
purge requirements are calculated credit-
ing the suppression effect that the dis-
solved aluminum has on the dissolution
rate, allowing additional fuel bundles to
be included in the charge. The concentra-
tion of aluminum in the dissolver is de-
termined by the number of fuel bundles
dissolved in the initial charge and the vol-
ume of solution in the dissolver. Table 2
shows the expected concentrations of
aluminum and uranium for assumed up-
per expected volume (15000 L) in the
6.4D canyon dissolver. Table 3 shows
the same values for the volume calculated
at a minimal operating volume (12000 L)
of the dissolver. A solution volume
change from 12000 L to 15000 L changes
the aluminum concentration from 0.44 M
to 0.35 M for an initial charge of five
bundles. Additional tables calculated at
different dissolver solution volumes are
included in the appendix as Tables 10
through 15.
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Required Purge Rate as a Function of Off-gas Rate:

H-Canyon has historically operated the fuel dissolution process by establishing a minimum purge rate
for dilution of the hydrogen in the process off-gas. The dissolvers are allowed to operate up to 60%
of the LFL due to the use of active engineered controls (Dissolver Low Air Sparge and Purge
Air/Steam Flow Interlocks) which shut off the flow of steam to the dissolver coils. Since the iodine
reactor in the off-gas stream is heated to 200 °C, the basis of minimum purge rate is set at 60% of the
LFL at 200 °C. Temperature attenuation (adjustment) of the LFL from 28 to 200 °C is performed us-
ing a formula taken from the literature (Burgess-Wheeler Law) and described in a report by Dyer®.
Various temperature coefficients are reported in the literature but the value of 0.0011/°C for the rela-
tive change in the LFL of hydrogen in air”® appears to be the most appropriate for the assumed gas
mixture. Table 4 shows the calculated dilution effect that a 40 scfm purge has on the assumed off-gas
composition at various peak off-gas rates. The LFL is estimated using the NO/N,O molar ratio equal
to 2.57 data from Scott’ (i.e., numerical values evaluated from Scott’s data included as Table 1).

Table 4. Effect of Purge Rate Dilution on Off-Gas Composition (40 scfm minimum purge rate).

Peak Off-gas Rate H, NO N,O H, NO N,O Air LFL 60% LFL LFL
scfm ® sefm®  sefm®  scefm®  Diluted  Diluted  Diluted  Diluted 28°C°  200°C¢  Margin
20 1.4 143 43 2.3% 23.8% 7.2% 66.7%  6.03% 2.9% 0.6%
30 2.1 21.4 6.5 3.0% 30.6% 9.3% 571%  6.58% 3.2% 0.2%
3437 2.4 245 7.4 3.2% 33.0% 10.0%  53.8%  6.65% 3.2% 0.0001%
40 2.8 28.6 8.6 3.5% 35.7% 10.8%  50.0%  6.70% 3.3% -0.2%
50 35 35.7 10.8 3.9% 39.7% 120%  444%  6.82% 3.3% -0.6%
60 42 42.8 13.0 4.2% 42.8% 13.0%  40.0%  6.80% 33% -0.9%
70 4.9 50.0 15.1 4.5% 45.4% 13.8%  364%  6.73% 33% -1.2%
80 5.6 57.1 17.3 4.7% 47.6% 144%  333%  6.63% 33% -1.4%
90 6.3 64.2 19.5 4.8% 49.4% 150%  308%  6.53% 3.2% -1.7%
100 7.0 71.4 21.6 5.0% 51.0% 15.4%  28.6%  6.47% 3.1% -1.9%
130 9.1 92.8 28.1 5.4% 54.6% 165%  23.5%  637% 3.1% 2.3%
150 105 107.1 324 5.5% 56.4% 17.1%  21.1%  632% 3.1% 2.5%
200 140 1428 432 5.8% 59.5% 18.0%  167%  6.23% 3.0% 2.8%

Note: Off-gas assumed to be generated at 7.0 % H,, 71.4% NO, and 21.6% N,O on an air and water free basis (NO/N,O =3.3 molar ratio).
3 60°F , 1 atm.

PLFEL conservatively estimated from NO/N,0=2.57 molar ratio data. Actual value is likely larger.

¢ Temperature correction of LFL calculated as LFL corrected = LFL* (1-0.0011* (t-28)), t = °C.

These values for the LFL are assumed to be applicable anywhere in the region of NO/N,O molar ratio
of 2 to 5. Keeping the peak off-gas flowrate below 34.37 scfm will maintain conditions in the iodine
reactor below 60% of the LFL for a credited purge rate of 40 scfm.

At higher purge rates the allowed peak off-gas rate that maintains the off-gas stream below 60% of
the LFL increases. Using the same assumptions for off-gas composition and the new value for the
purge rate, the dilution effect is calculated. The corresponding value of the LFL for the diluted mix-
ture is calculated based on the diluted air concentration from Scott’s data and the temperature correc-
tion of the LFL is then calculated. Table 5 shows the effect of purge rates from 40 to 60 scfm on the
allowed peak off-gas rate. For example, increasing the credited purge rate from 40 to 45 scfm allows
the peak off-gas rate to increase from 34.37 to 38.67 scfm while maintaining the off-gas below the
LFL in the iodine reactor. Tables 4 and 5 only depend on the peak off-gas rate, composition of the
off-gas and the LFL data used (Table 1).

11
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Table 5. Effect of Purge Rate Dilution on Off-Gas Composition.

Purge Rate Peak Off-gas Rate  H, NO N,O H, NO N,O Air LFL
sefm ® sefm ® sefm ® sefm ® scfm Diluted Diluted Diluted est®  200°C°
40 34.37 2.4 24.5 7.4 3.24% 33.0% 10.0% 53.8% 6.65%  3.24%  0.0000%
41 35.23 2.5 25.1 7.6 3.24% 33.0% 10.0% 53.8% 6.65%  3.24%  0.0000%
42 36.09 2.5 25.8 7.8 3.24% 33.0% 10.0% 53.8% 6.65%  3.24%  0.0000%
43 36.95 2.6 26.4 8.0 3.24% 33.0% 10.0% 53.8% 6.65%  3.24%  0.0000%
44 37.81 2.6 27.0 8.2 3.24% 33.0% 10.0% 53.8% 6.65%  3.24%  0.0000%
45 38.67 2.7 27.6 8.4 3.24% 33.0% 10.0% 53.8% 6.65%  3.24%  0.0000%
46 39.53 2.8 28.2 8.5 3.24% 33.0% 10.0% 53.8% 6.65%  3.24%  0.0000%
47 40.39 2.8 28.8 8.7 3.24% 33.0% 10.0% 53.8% 6.65%  3.24%  0.0000%
48 41.25 29 29.4 8.9 3.24% 33.0% 10.0% 53.8% 6.65%  3.24%  0.0000%
49 42.11 29 30.1 9.1 3.24% 33.0% 10.0% 53.8% 6.65%  3.24%  0.0000%
50 42.96 3.0 30.7 9.3 3.24% 33.0% 10.0% 53.8% 6.65%  3.24%  0.0000%
52 44.68 3.1 31.9 9.7 3.24% 33.0% 10.0% 53.8% 6.65%  3.24%  0.0000%
55 47.26 33 33.7 10.2 3.24% 33.0% 10.0% 53.8% 6.65% 3.24%  0.0000%
60 51.56 3.6 36.8 11.1 3.24% 33.0% 10.0% 53.8% 6.65%  3.24%  0.0000%

Note: Off-gas assumed to be generated at 7.0 % H,, 71.4% NO, and 21.6% N,O on an air and water free basis (NO/N,O=3.3 molar ratio).
3 60°F , 1 atm.

b LFL conservatively estimated from NO/N,O=2.57 molar ratio data. Actual value is likely larger.

¢ Temperature correction of LFL calculated as LFL corrected = LFL* (1-0.0011* (28- t)), t = °C.

Number of Fuel Bundles in the Initial Charge to the Dissolver:

The number of fuel bundles that can be charged to the dissolver in the initial charge will be limited
based on flammability. The peak areal off-gas rate as determined by Kyser' from the Carraciolo pilot
scale data’® will be used (1.351 scfm (60°F, 1 atm)/ft* outer area at 0.002 M catalyst). A constant sub-
mergence of 54 in. of bundle will be assumed for all calculations. The combination of the outer sur-
face areas as calculated by Laurinat’ with the submergence provides the exposed area for the calcula-
tion of the peak off-gas rate based on the number of fuel bundles charged to the dissolver in the initial
charge. Note that this calculation continues to assume that the bounding off-gas rate is determined by
the outer surface of the fuel bundle as discussed in the previous report'.

Table 6 shows the results of the calculation for the outer areas of both the MURR fuel assembly and
the fuel bundle for a five bundle initial charge. Table 7 shows the results of this calculation for the
outer bundle area as the number of bundles is increased from four to ten bundles. These peak off-gas
results are calculated by the same methodology established in

the previous report'. Calculations of the results shown in  Table 7. Calculated Outer Bundle Ar-
Tables 6 and 7 depend on the design of the fuel bundle (outer  eas and Peak Off-gas Rates for an Ini-
area), the catalyst and acid concentrations, and the peak areal ~ tial Dissolver Charge.

off-gas rate (determined by Kyser' from Carraciolo’s data®).

Bundles Area Peak Off-gas

Table 6. Calculated Areas and Peak Off-gas rates for an Ini- 2 sofim ®
tial Dissolver Charge of Five Bundles.
ssolver Charge of Five Bundles 4 3 30.87
- 5 28.6 38.58
Area Area Peak Oft-gas
5 5 b 6 343 46.30
fto/ft ft scfim
MURR out 1.159 26.1 17.62° ’ 400 2402
Bundl e 1.269 28.6 3§ 58 ) 7 o173
t . . .
—uncie outer , 9 514 69.45
Outer surface area per length of submerged section.
10 57.1 77.17

® peak off-gas rate of 1.351 cfn/ft® at [Hg]=0.002 M from Kyser'.

¢ Effect of irradiation on MURR material assumed to be 50% of unirradi-
ated aluminum.

? Peak off-gas rate of 1.351 cfnv/ft® at
[Hg]=0.002 M from Kyser'.

12
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Number of Fuel Bundles in the Second Charge to the Dissolver:

For efficient operation and waste minimization reasons it is desirable to charge the dissolver batch
with sufficient acid and fuel to result in dissolver product with acceptable fissile concentration in a
final solution of ~1.5 M aluminum nitrate and 0.5 M nitric acid concentrations. With bundles of
MURR fuel, sufficient fuel cannot be added in a single charge to attain those conditions and multiple
charges will be desirable for each dissolver batch. When multiple charges are performed, the pres-
ence of the catalyst from the initial charge causes additional reactivity (off-gas) during the heating cy-
cle for the second charge as compared to that of the initial charge (when catalyst was not present).
Dissolved aluminum counterbalances that effect by limiting the dissolution rate. The effect of dis-
solved aluminum on the dissolution rate is shown in Figures 3 and 4 ''°. A regression of the 16 wt
% fuel data shown in Figure 4 (most similar to MURR fuel assemblies) yields equation 1. The reduc-

(1) Dissolution Rate (mg/min/cm?) = 102.64* 107 " "1 (for 16 wt % U-Al, Al clad tubular fuel, [Hg]=0.001)
= 52.53 mg/min/cm’, (at 0.27 M Al)

(2) Effect of Al on Dissolution rate = (102.64* 10778 "[A)/ 52 53 = 102.64/52.53 * 107078 " [A1
Since it is a ratio referenced to 0.27 M Al, equation 2 is independent of [Hg].

Q/A = 1.351 scfm (60°F, 1 atm) /ft* @0.002 M Hg  (from Carraciolo’s data (Ref. 1))

Qumit = Peak Off-gas Rate (from Table 5), determined from LFL data and credited purge rate,
= 38.67 scfm for 45 scfm purge (from Table 5)

Area = 5.710 ft*/bundle for 54 in. submergence, (1.269 ft*/ft *54 in/12 in/ft)

(3) Qumic = 1.351 scfi/ft* *Area * N bundles * [Hg]/0.002 * (102.64/52.53) * 1070787141

Solve for [Al]:
(4) [Al]lmin = (1/1.078) * Log;o { (1.351 scfm/ft?)/Qyimit * Area * N bundles * [Hg]/0.002 * (102.64/52.53)}
see appendix for additional detail (pg 21).
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Note: Rate at end of catalyst addition (~0.27 M Al) = 52.53mg/rnin/cn'12

Figure 4. Effect of Aluminum Dissolution and Nitric Acid
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tion in the dissolution rate in successive charges by dissolved aluminum (as compared to the rate in an
initial charge) is represented by equation 2. Several key assumptions were made: 1) the off-gas rate
scales with the dissolution rate 2) the peak off-gas rate observed by Carraciolo'” corresponded to the
completion of the catalyst addition, 3) the rate (off-gas or dissolution) is proportional to the exposed
surface area of the fuel bundles and 4) the rate is proportional to the catalyst concentration. With
these assumptions, equation 2, combined with peak off-gas measurements and allowable off-gas rates,
was rearranged to solve for minimum aluminum concentration, (equation 4) which will limit the dis-

Table 8. Effect of Catalyst and Aluminum Concentration on
the Size of a Fuel Charge for Various Purge Rates.

Purge Rate, cfm 40 45 50 55
Peak Off-gas rate, cfim 34.37 38.67 42.96 47.26
Allowed
Total Bundles Min. Required Al*

[Hgl, M Next Chrg M M M M
0.002 1 0 0 0 0
0.002 2 0 0 0 0
0.002 3 0.111 0.063 0.021 0
0.002 4 0.227 0.179 0.137 0.098
0.002 5 0.316 0.269 0.227 0.188
0.002 6 0.390 0.342 0.300 0.262
0.002 7 0.452 0.405 0.362 0.324
0.002 8 0.506 0.458 0.416 0.377
0.002 9 0.553 0.506 0.463 0.425
0.002 10 0.596 0.548 0.506 0.467
0.003 1 0 0 0 0
0.003 2 0.111 0.063 0.021 0
0.003 3 0.274 0.227 0.184 0.146
0.003 4 0.390 0.342 0.300 0.262
0.003 5 0.480 0.432 0.390 0.351
0.003 6 0.553 0.506 0.463 0.425
0.003 7 0.615 0.568 0.525 0.487
0.003 8 0.669 0.622 0.579 0.541
0.003 9 0.717 0.669 0.627 0.588
0.003 10 0.759 0.712 0.669 0.631
0.004 1 0 0 0 0
0.004 2 0.227 0.179 0.137 0.098
0.004 3 0.390 0.342 0.300 0.262
0.004 4 0.506 0.458 0.416 0.377
0.004 5 0.596 0.548 0.506 0.467
0.004 6 0.669 0.622 0.579 0.541
0.004 7 0.731 0.684 0.641 0.603
0.004 8 0.785 0.738 0.695 0.657
0.004 9 0.832 0.785 0.743 0.704
0.004 10 0.875 0.827 0.785 0.747

# Min. [Al] required to meet 60 vol % LFL standard at 200 °C for calcu-
lated peak off-gas rate.
Assumptions:

1. Peak off-gas rate of 1.351 scfm (60°F, 1 atm.) ia: [Hg]=0.002 M".
2. Fuel submergence equal to 54 in. which results in 5.710 ft%/bundle outer

area.

3. [Hg] assumed present prior to introduction of fuel to dissolver.
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solution rate to control the off-gas to the
LFL limit for successive charges with
aluminum and catalyst in the dissolver
solution.

The dissolution rate (and peak off-gas
rate) is therefore controlled by the alu-
minum and nitric acid concentrations in
the dissolver at the initiation of the sec-
ond charge (at this point we have not dis-
cussed a second catalyst addition).
These concentrations are primarily de-
termined by the solution volume in the
dissolver, the initial nitric acid concen-
tration and the number of bundles of fuel
in the initial charge. The number of
bundles in the initial charge can be used
with Tables 2 or 3 to determine the ex-
pected aluminum concentration at the
start of the second charge (MURR fuel
only). Thus for a given credited purge
rate (which determines the allowable
peak off-gas rate), the number of bundles
that can be included in a second charge
to the same dissolver batch can be de-
termined based on the amount of soluble
aluminum present via equation 4. The
initial section of Table 8 shows the re-
sults of these calculations for a credited
purge rate from 40 to 55 cfm for a cata-
lyst concentration of 0.002 M Hg. Note
that Table 8 depends on the purge rate
and the aluminum and catalyst concen-
trations (not the dissolver solution vol-
ume). Tables 2 and 3 (which depend on
the number of bundles charged and dis-
solver solution volume) can be used to
determine the aluminum concentration.
Tables 2 and 3 are specific to MURR
fuel due to credit taken for the specific
aluminum and uranium contents of that
type of fuel bundle assuming that each
bundle contains four assemblies.
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Effect of Increasing the Catalyst Concentration on a Subsequent Charge:

The presence of dissolved aluminum (and depletion of nitric acid) reduces the rate of dissolution and
this effect has been credited in the calculation of the amount of fuel that may be charged in a second
charge. At some point the aluminum concentration will reduce the dissolution rate such that a second
catalyst addition may be desirable to reduce the cycle time. Equation 4 includes the effect of in-
creased catalyst concentration in the calculation of the minimum aluminum concentration to control
the peak off-gas rate to the bounding value observed in the Carraciolo work'”. As before, this calcu-
lation depends on the purge rate, aluminum concentration, along with the catalyst concentration. Ta-
ble 8 shows the minimum aluminum concentration (calculated from equation 4) required to control
the peak off-gas rate to the bounding values for catalyst concentrations of 0.002 M (baseline), 0.003
M and 0.004 M total mercuric nitrate. Note that Table 8 assumes that the catalyst is present prior to
the introduction of the fuel charge although additional catalyst should be metered into the boiling dis-
solver solution in the same manner as the initial catalyst addition to aid in the control of the reaction.
The assumption that the catalyst is already present conservatively controls the off-gas rate but pro-
vides minimal limits on the conditions where additional catalyst might be used.

The number of bundles that can be charged in subsequent charges (third, fourth, etc.) to the dissolvers
would also be dependent on the purge rate and aluminum and catalyst concentrations as outlined
above.

CONCLUSIONS

This report provides updated values for the lower flammability limit of the expected off-gas from the
dissolution of aluminum clad uranium-aluminum alloy fuels. It follows the protocol as established in
the previous report on MURR fuels and extends the calculations from 40 to 55 scfm purge and from
12000 to 15000 liters of dissolver solution volume. Additional values are also provided for the 6000
to 7500 liter volume range for the smaller H-Canyon dissolver. Catalyst concentrations of 0.002 to
0.004 M mercuric nitrate were considered on subsequent fuel charges to be utilized as needed to
safely shorten the dissolution time. The tabular results provide the basis to determine limitations on
both the initial and successive charges for a range of purge rates, solution volumes and catalyst con-
centrations for MURR bundled fuel. Other fuel types will require generation of additional tables to
take into account the differing aluminum and uranium contents of those fuels.
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Table 9. Effect of the Number of MURR Bundles Charged

on the Aluminum and Uranium Concentration (14000 L

solution volume).

Vol Bundles Al U Al U U HNos
L ke* kg M gL gL® M
14000 1 285 33 0075 022 0.8 079
14000 2 569 66 051 044 035 1.07
14000 3 854 100 0226 066 053 136
14000 4 114 133 0302 088 071 165
14000 5 142 166 0377 110 088 193
14000 6 171 199 0452 132 1.06 222
14000 7 199 233 0528 1.55 124 251
14000 8 28 266 0603 177 141 279
14000 9 256 299 0678 199 1.9  3.08
14000 10 285 332 0754 221 177 337
14000 11 313 366 0829 243 194  3.65
14000 12 342 399 0905 265 212  3.94
14000 13 370 432 0980 2.87 230 423
14000 14 399 465 1.055 3.09 247 451
14000 15 427 499 1131 331 265 480
14000 16 456 532 1206 3.53 283 5.09
14000 17 484 565 1281 375 3.00 537

? Assumes 6.8 kg Al/bundle + 5.418 kg Al/assembly, 4 assemblies/bundle.
b Post irradiation values assuming 20% burn-up of *°U.

¢ Initial acid required: 0.5 M excess acid, 3.75 moles of acid consumed per
mole of Al, 4 moles of acid consumed per mole of U.

Table 10. Effect of the Number of MURR Bundles

Charged on the Aluminum and Uranium Concentration
(13000 L solution volume).

Vol  Bundles Al U Al U U HNOs
L ke* kg M gL gL’ M€
13000 1 285 33 0081 024 0.19 081
13000 2 569 6.6 0162 048 038  1.12
13000 3 854 100 0244 071 057 143
13000 4 114 133 0325 095 076 174
13000 5 142 166 0406 1.19 095 2.04
13000 6 171 199 0487 143 1.14 235
13000 7 199 233 0568 1.66 133 266
13000 8 28 266 0649 190 152 297
13000 9 256 299 0731 214 171 328
13000 10 285 332 0812 238 190 3.59
13000 11 313 366 0.893 262 209 3.90
13000 12 342 399 0974 285 228 421
13000 13 370 432 1055 3.09 247 451
13000 14 399 465 1.136 333 266 4.82
13000 15 427 499 1218 357 285 513
13000 16 456 532 1299 3.80 3.04 544
13000 17 484 565 1380 4.04 323 575

* Assumes 6.8 kg Al/bundle + 5.418 kg Al/assembly, 4 assemblies/bundle.
b Post irradiation values assuming 20% burn-up of *°U.

¢ Initial acid required: 0.5 M excess acid, 3.75 moles of acid consumed per
mole of Al, 4 moles of acid consumed per mole of U.
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Table 11. Effect of the Number of MURR Bundles Charged
on the Aluminum and Uranium Concentration (7500 L solu-

tion volume).

Vol Bundles Al U Al U U HNos
L ke* kg M gL gLl M
7500 1 285 33 0141 041 033 1.04
7500 2 569 6.6 0281 082 066 157
7500 3 854 100 0422 124 099 2.1l
7500 4 114 133 0563 165 132 2.64
7500 5 142 166 0704 206 1.65 3.8
7500 6 171 199 0844 247 198 371
7500 7 199 233 0985 2.89 231 425
7500 8 28 266 1.126 330 264 478
7500 9 256 299 1266 371 297 532
7500 10 285 332 1407 412 330 585
7500 11 313 366 1548 453 3.63 639

? Assumes 6.8 kg Al/bundle + 5.418 kg Al/assembly, 4 assemblies/bundle.
b Post irradiation values assuming 20% burn-up of *°U.

¢ Initial acid required: 0.5 M excess acid, 3.75 moles of acid consumed per
mole of Al, 4 moles of acid consumed per mole of U.

Table 12. Effect of the Number of MURR Bundles Charged
on the Aluminum and Uranium Concentration (7000 L solu-

tion volume).

Vol Bundles Al U Al U U HNo;
L ke* kg M gL gL’ M°
7000 1 285 33 0151 044 035 1.07
7000 2 569 6.6 0302 088 071 1.65
7000 3 854 100 0452 132 106 222
7000 4 114 133 0603 177 141 279
7000 5 142 166 0754 221 177 337
7000 6 171 199 0905 265 212 3.94
7000 7 199 233 1.055 3.09 247 451
7000 8 228 266 1206 3.53 283  5.09
7000 9 256 299 1357 397 3.8  5.66
7000 10 285 332 1508 442 353 623

 Assumes 6.8 kg Al/bundle + 5.418 kg Al/assembly, 4 assemblies/bundle.
® post irradiation values assuming 20% burn-up of 2*U.

¢ Initial acid required: 0.5 M excess acid, 3.75 moles of acid consumed per
mole of Al, 4 moles of acid consumed per mole of U.
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Table 13. Effect of the Number of MURR Bundles

Charged on the Aluminum and Uranium Concentration
(6500 L solution volume).

Vol Bundles Al U Al U U HNo;
L ke* ke M gL gL M
6500 1 285 33 0162 048 038 112
6500 2 569 66 0325 095 076 1.74
6500 3 854 100 0487 143 114 235
6500 4 114 133 0649 190 152 297
6500 5 142 166 0812 238 190 3.59
6500 6 171 199 0974 285 228 421
6500 7 199 233  1.136 333 266 4.82
6500 8 228 266 1299 380 3.04 544
6500 9 256 29.9 1461 428 342 6.6
6500 10 285 332 1.624 476 380  6.68

? Assumes 6.8 kg Al/bundle + 5.418 kg Al/assembly, 4 assemblies/bundle.
b Post irradiation values assuming 20% burn-up of *°U.

¢ Initial acid required: 0.5 M excess acid, 3.75 moles of acid consumed per
mole of Al, 4 moles of acid consumed per mole of U.

Table 14. Effect of the Number of MURR Bundles

Charged on the Aluminum and Uranium Concentration
(6000 L solution volume).

Vol  Bundles Al U Al U U HNo;
L ke* kg M gL gL’ M°
6000 1 285 33 0176 052 041 1.17
6000 2 569 6.6 0352 1.03 082 1.84
6000 3 854 100 0528 155 124 251
6000 4 114 133 0704 206 1.65 3.18
6000 5 142 166 0879 2.58 206 3.84
6000 6 171 199 1.055 3.09 247 451
6000 7 199 233 1231 3.61 289 5.18
6000 8 228 266 1407 412 330 585
6000 9 256 29.9 1583 464 371 652
6000 10 285 332 1759 515 412 7.19

 Assumes 6.8 kg Al/bundle + 5.418 kg Al/assembly, 4 assemblies/bundle.
® post irradiation values assuming 20% burn-up of 2*U.

¢ Initial acid required: 0.5 M excess acid, 3.75 moles of acid consumed per
mole of Al, 4 moles of acid consumed per mole of U.
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Derivation of the equations describing the effect of Al and catalyst concentrations on a subsequent charge.
(pg 13 this report)

(1) Dissolution Rate (mg/min/cm?) = 102.64* 10™78 "1 (for 16 wt % U-Al, Al clad tubular fuel, [Hg]=0.001)
= 52.53 mg/min/cm’, (at 0.27 M Al)

(2) Effect of Al on Dissolution = (102.64* 1078 "[A)/ 52 53=(102.64/52.53) 1078 " 1A for [A1]>0.27 M
Referenced to end of catalyst addition at 0.27 M Al.
Since it is a ratio referenced to 0.27 M Al, equation 2 is independent of [Hg].

Assume off-gas rate directly proportional to dissolution rate and the observed peak off-gas rate corresponds to
the dissolution rate at the end of catalyst addition, (0.27 M Al)

Q/A =1.351 scfm (60°F, 1 atm) /ft* @0.002 M Hg, (from Carraciolo’s data (Ref. 1)
Area (A) = 5.710 ft*/bundle for 54 in. submergence, (1.269 ft¥/ft *54 in/12 in/ft)

Adding in effect of N bundles charged, [Hg], [Al]
(3) Q= 1.351 scfim/ft’ *Area * N bundles * [Hg]/0.002 * (102.64/52.53) * 107078 *[Al

Qpimir = Peak Off-gas Rate (from Table 5), determined from LFL data and credited purge rate,
= 38.67 scfm for 45 scfm purge (from Table 5)

Choosing Purge rate, N bundles and [Hg] determine the [Al] such that Q = Qyiy
Quimic /{(Q/A) *Area * N bundles * [Hg]/0.002 * (102.64/52.53)} = 1070787 1Al
and  (Q/A)/ Qymy *Area * N bundles * [Hg]/0.002 * (102.64/52.53) = 10078 *[Al
Take Log;, of both sides of the equation and solve for [Al]

(4) [Al]mn = (1/1.078) * Log;o { Q/A/Qymie * Area * N bundles * [Hg]/0.002 * (102.64/52.53)}
= (1/1.078) * Logyo {1.351 sefm/f* / Qmi *5.710 f* * N bundles * [Hg]/0.002 *(102.64/52.53)}
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