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Extensive pilot plant studies of the continuous, mercury-catalyzed nitric acid dissolution 
of uranium-aluminum alloy materials similar to possible reactor fuel elements were carried 
out. Marked dfierences were observed in the dissolution rates of cast and wrought alloys. 
Optimum feed-acid concentrations varied with the type of alloy. At constant acid feed con- 
ditions dissolving rates vaned approximately with the cube root of catalyst concentration 
up to a limiting concentration. The metal dissolving rate was proportional to the 0.8 power 
of the nitric acid feed rate. A general empirical correlation was developed. 

Nuclear react.or fucls arc periodically 
processed to sep:ir:ite the fissiotia hlc 
material froni :illoying elcnients and froni 
fission pmduct.a \vliicli may “poison” t.lie 
retictor if they :ire not removed. Many 
reactors use uraniiitii-:ilumiiiuni-allo~ 
fuel elcnients of various compositions and 
shapes, the spent fuels Iking processcd hy 
batchwise mcrcury-rata1yzec.l tlissolution 
in nitric acid follo\veil by separation cJf 
uranium froni aluminum ant1 fisaiuti 
products by solvent. extniction. I t  w i s  

anticipated that  operating simplifications 
could he achieved by continuoits, as 
opposed to l)atch, dissolution. Conse- 
quently, estensive pilot plant studies of 
thc continuous dissolution of uranium- 
alumiiiuni alloys containing up  to about  
10 wt. yc uranium wcrc undertaken. Data  
atid eorrel:it.ions arc given for the portion 
of these investigations pertaining to the 
important proccss re1:itionships in con- 
tiiiuoua dissolution. 
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Fig. 1. Schematic drawing of continuous dissolver. 

TEST EQUIPMENT AND MATERIALS 

Tlir colitiiiunus tliasolver uacd in the ex- 
periinerit:il work w i g  a td1 %in. I.D. type- 
3.17 stninlws stcd pipe with :i rooliiig scctioii 
:it. ttic top. This ovc*rhend cooliiig sert.ion 
and a down-draft. condriistrr of standard 
design w r e  used to vondenw the steani in 
t.he o 8 - g : ~ ~  riairig from ttic dissolver solution. 
The ucid fcwl wris cont-ixiuourly stnun 
he:itcd 1.0 near-hiiliiiK tempc.ratuwa: t.hc 
product w i s  w t c r  cooled and tlicii (sol- 
lwted in :I st:iililew steel drum pl:ic.cd on s 
platform si-alc!. The. : i d  fced rntc W:LS con- 
trolled with :L rotahctcr rind metinired I)y 
liquid-levc4 readings on the frctl t:riik. In- 
et.runientntion for measuring the ked and 
product spcc?itic grnvitirs arid tenilrrst.urcs 
3t variou9 locat.ions was uvailablc. 

The reavtor fuel materid t.o he dissolved 
was simul:itcd by usirig cylintiric*:il ~ U K S  
ubout 1% in. in dinmekr rind 8 in. long. 
AltlrougIi riot rcprrwnttrtive of M.T.R.-type 
furl plates. in tlint the surface-to-volume 
ratio of such h r s  is much lower th:rn that 
of pl:rtcs, this forni of mntcrisl \\’as H con- 
venient. arid rconomical choice!. Extruded 
2s alumirium-bar Rtoek tirid cnsl aid  ex- 
truded urariium-uluminun~-alloq. slugs sere 
ueed in thcs experimental work. The slugs 
wcre loaded periodically through :i pair of 
gate vulves loc:rtecl at the t.op of the dis- 
BoIver. 

GENERAL CONCEPTS 

A kclienxitic c1i:igr:im of the continuous 
dissolver and t.he iriiportant ausiliary 
equipment is sliowi in Figure 1. The 
symbols defined on this diagram repre- 
sent the itiiportunt process vuriahlcs and 
are  used throughout this paper. 

The nitric acid solution and mercuric 
nitrate ait.alyst solution (a wpamte 
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stream if so desired) are fed at the bottom 
of the dissolver, and uranium-aluminum 
slugs are charged intermittently into the 
top of the vessel. The acid dissolves the 
slugs as it flows countercurrent to the bed 
of metal, and the product solution is 
withdrawn through an overflow pipe. At 
constant feed rates for slugs, acid, and 
catalyst the metal level will seek an  
equilibrium value, and a steady dissolu- 
tion rate and uniform product com- 
position should be obtained. The system 
is then inherently stable in that minor 
process fluctuations will be compensated 
by changes in the slug level and, hence, 
the surface area available for dissolution. 

When slugs are added a t  the desired 
dissolution rate, the equilibrium metal 
level is dependent upon the quantity of 
acid fed and the catalyst concentration. 
The amount of acid fed may differ from 
that stoichiometrically equivalent to the 
metal feed rate, and the extent of this 
difference will be reflected in the product 
composition. Hence the acid feed rate 
required for a given dissolution rate is 
determined by the product composition 
needed for satisfactory performance in 

the subsequent process steps. The con- 
centration of the acid in the feed also 
restricts the product composition to 
definite ratios of aluminum, uranium, and 
acid concentration. The mercuric-ion 
(catalyst) concentration in the feed might 
also be expected to affect the reaction 
kinetics. The effects of these three param- 
eters (acid feed rate, feed acid concentra- 
tion, and catalyst concentration) on 
dissolution rate are the most important 
dissolver process relationships that were 
investigated. 

DISSOLVER PROCESS RELATIONSHIPS 

General Discussion 

I n  ft correlation of the effects of the 
process variables aluminum dissolving 
rate R, (kg./2i-hr. day) has been used as 
the major parameter. This quantity has 
been selected because i t  links results 
obtained with the specific uranium- 
aluminum alloy used in the experimental 
work with quantities predictable for 
alloys of other compositions. The alloy 
used ip this work was approximately 
10 wt. yo uranium, or about 99 mole ’% 

aluminum, and so the reaction is essen- 
tially the dissolution of aluminum. In  
order to obtain the uranium dissolving 
rates for an alloy of similar composition 
and metallurgical characteristics from 
the aluminum dissolving rates presented 
in the subsequent correlations, one need 
only multiply by the ratio of percentage 
of uranium to percentage of aluminum. 

The product nitric acid concentration 
is used in all correlations as an index of 
product composition. This property is 
related to the aluminum concentration 
by stoichiometry and can be readily con- 
verted by use of the relationships dis- 
cussed below. ’ 

Stoichiometry 

A general discussion of the material- 
balance relationships and the reaction 
stoichiometry will clarify subsequent cor- 
relations of the effect of each of the process 
variables. 

Samples of the continuous dissolver 
off-gas were analyzed in a number of runs. 
Table 1 shows the average analysis, the 
reactions indicated, and the calculation 
of the average moles of acid conwned 
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Fig. 2. Stoichiometric correlation of data. 

Vol. 2, No. 2 

N. NITRIC A C I D  FEED RATE, g-moles HNOalhr  

Fig. 3. Variation of dissolution rate with acid feed rate. 
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TABLE 1. THE MERCURY+ATALTZED DISSOLUTION OF ALUXIXUM IN XXTRIC . k I U  

Moles of acid of A1 
consumed/ dissolved 

mole A1 through 

6.00 1 
4 .00  52 
3.75 46 
3.00 1 

Assumed reaction dissolved reaction shown. 
A1 + 6 IfKO, = AI(NOi)r + SO2 + 3 1 1 2 0  
AI + 4 HSOa = A1iSOs)a + SO + 2 HzO 
8 :I1 + 30 HNOa = 8 Al(NO,I, + 3 N20 + 15 HzO 
2 A1 + 6 I1SC)3 = 2 :\l(XO,)a + 3 H2 

Calculated weighted-nveragc acid conauxnption = 3.85 
- 

*These %dues nrc crrlrulvccd from tlic following avcrwe of diasolrcr off-goe samplca: SOX = 1 z, NO = 70%. 
NzO = 23!'l. €11 = a!;. 

nf. NITRIC ACID FEE0 CONCENTRATION, g-mol./P 

Fig. 4. Effect of feed acid concentration for cast slugs. 

for each mole of aluminum dissolved; the 
small mole fraction of uranium in the 
alloy is neglected. Using this calculated 
value of 3.85 for the average acid con- 
sumption ratio, in conjunction with a 
nitric acid material balance around the 
dissolver, one obtains the following equa- 
tion for the ratio of product acidity (n,,) to 
feed acidity (n,): 

where N is the acid feed rate in gram- 
moles per hour and R,, is the kilograms of 
:iluminum rlissolved per day. In the 
derivation of Equation (1) the ratio of 

volumetric product rate P to volumetric 
feed ratc F was sct equal to 1. This is 
considered valid because experimental 
data showed that the maximum error 
introduced by this assumption is less than 
1%. 

Equation (1) is shown graphically in 
Figurc 2, along with experimental data 
from a large number of pilot plant runs. 
The data arc seen to agree closely with 
the line representing Equation (I). It is 
important to note that data from runs 
with wide variations in feed mercuric ion 
concentration? feed acid concentration, 
and metallurgicul properties of t.he alloy 
are randomly distributed in Figlire 2, 
showing t.1iat the react-ion stoichiometry 

s not significantly influenced by these 
mriables. 

The iiit.ric .acid consiimptiori for all 
runs averaged 4.0 moles per mi~le of alloy 
dissolved and was within 107; of this 
value for !Gyp of the runs. This further 
shows the validity of Equation (I) as an 
average rq)imentstion of the reaction 
stoichioi~ictry. 

Hhct of Motollurgical Proportias 

Met:illogr:rphic cxaminat.ion of the 
cast and estruded urnnium-:iluniinum 
slugs used in these studies reve:iled signi- 
ficant differences in crystalline structure. 
The cast slugs consisted of relatively large 
dentrites of primriry aluminuiri (first to 
freeze during solidification) surrounded by 
nctworks of euteetic of E-11, and dumi- 
num. Exarninstion of estruded shgs  of 
the same composition showel.1 a fairly 
uniform distribution of aluniiiiuni and 
intermetallic compound, with the eutectic 
network broken and less pronounced. 

As might be expected, slugs showing 
such dissiniilarities in alloy structure had 
different dissolving characteristics. At (L 

constant feed acid composition and 
catalyst concentration extruded uranium- 
aluminum slugs dissolved about twice as 
fast as comparable cast material. 

A nuniber of runs were carried out with 
lengths of extruded aluminum rod. I t  was 
found that 2s aluminum rod dissolved a t  
a rate w r y  slightly lower than that for 
extruded urtniium-alloy slugs; conse- 
quently, the runs made with the former 
material were considered representative 
of the hehavior of extruded uranium- 
aluniinuiii slugs. Furthermore, as the 
uranium contained in the extrucled alloy 
has little effect on the dissolution rate, 
it  may be concluded that extruded alloys 
of a composition somewhat diffcrent from 
the slugs used in this study will dissolve 
at comp:irahle rates. 

Differences in fabrication histories for a 
given alloy, however, would be expected 
to give significant differences in dissolu- 
tion rate corresponding to differences in 
alloy structure. Consequently, the numer- 
ical dissolution-rate relationships pre- 
sented in this paper must be considered 
applicable only to the specific niaterials 
used in this study. Furthermore, the 
effects of irr:idist.ion were not investigated. 

Effect of Acid Fmd Rat. 

Several series of runs \vcre iiinde at 
constant feed acid and catalyst concen- 
trations and varying acid fced rates. The 
results are shown in Figure 3, which is a 
logarithmic plot of the dissolving rate 
R, wgiinet the acid feed rate N. The slope 
of each of the lines is 0.8, which indicates 
that the dissolving ratk is proportional to 
the 0.8 power of tlie acid feed ratc a t  all 
conditions bested. This rclutiorisliip all- 
pears to he quit.e general, :ind through it8 
use the wsults from m:iny riiiis li:tvc becn 
"iiornidixed" to :L singlc acid feel1 rate to 
facilitate other correlations. 
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concentration; in this case the maximum 
rate occurs with about 5 M  acid. 

Effect of Catalyst Concentration 

Series of runs were made with both 
cast and extruded uranium-aluminum 
alloy a t  varying acid feed rates with 5.6M 
acid feed and a range of feed mercuric 
nitrate concentration between 0.00005 
and 0.08M. The results of these runs are 
shown in Figure 6 ,  wherein the acid 
feed rate is normalized to a standard 
value of 200 g.-moles/hr. by means of the 
0.8 power relationship of Figure 3 .  It is 
apparent from Figure 6 that an increase 
in mercuric nitrate concentration in the 
feed results in a definite and significant 
increase in dissolving rate for both cast 
and extruded alloy up to rt limiting 
mercuric ion concentration. Further in- 
creases in mercuric ion concentration 
above approximately 0.015M for cast 
slugs and 0.005M for extruded slugs 
yield no corresponding increase in dis- 
solving rate. Below these limiting cata- 
lyst concentrations the linear relation- 
ships on the logarithmic plot of Figure 6 
can be represented by the following 
empirical equations: 

cast alloy : 

; " I  

f l f ,  NITRIC A C I D  FEED CONCENTRATION, q-mol 1.Q 

Fig. 5. Effect of feed acid concentration for extruded slugs. 

= - I  

0 1  

I - n t . 5 6 f O  4 M  HNO, FEE0 CONCENTRATION 
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Fig. 6. Effect of mercuric ion concentration. 

Etiect of Food Acid Concentration 

Several runs were mnde with varying 
feed acid concentrations, all other param- 
eters being held constant, in order to show 
the effect of acid concentration upon the 
dissolving ratc. The results of such tests 
are shown in Figures 4 arid 5,  wherein the 
dissolving rates R. hsve been "normal- 
ized" to an acid feed late A' of 200 

R, = 1 . i45Nn Rm,".a3 (2) 
extruded alloy: 

General Correlation 

. Equation (1) can be combined with the 
foregoing empirical equations to include 

F the product composition and eliminate 
the acid feed rate, giving the following 
relationships : 

cast alloy: 

R. = 20,200(m,)""~ 

extruded alloy: 

These equations show the relationship 
between the feed and product composi- 
tions and the dissolving rate for the dis- 
solver used in the experimental work. 

Strictly speaking, Equations (4) and 
(5) are applicable only for 5.6M acid feed 
as Equations (2) and (3), which are used 
in the derivation, were determined a t  
this concentration. However, the'plots of 
dissolution rate as a function of acid 
concentration (Figures 4 and 5) show 
little variation in rate for acid concen- 

g.-moles/hr. by the relationship R,a(N)O.*. 
It will be noted that the maximum dis- 
solution per mole of acid fed for cast 
slugs is obtained with about 3M acid 
feed; this maximum is seen to remain 
the same even when the feed catalyst 
roncentration is changed by a factor of 5. 
The dissolving rate curve for extruded 
slugs was determined at only one catalyst 

trations between 3 and 6M for either cast 
or extruded slugs. Consequently, Equa- 
tions (4) and (5)  are approximately 
correct for f e d  acid concentrations 
between 3 and 6 M  and are most accurate 
for 5.6M acid. 

These equations are also significant in 
that they can be used to show the effect 
of the important process variables on 
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specifietl :IS its considerably greater tiis- 
solution rate could result in significant 
savings in fuel-processing costs. 

DISSOLVER OPERATION AND CONTROL 

Nornially :I pl:irit-sc:ile continuous dis- 
solver \vould probably he opcr:ttetl with 
:dl input stre:inis (feed :rcitl, c:it.:tlyst. and 
metal) controlled :it selecte(1 cwnst:int 
rates. These rates slioultl he chosen so 
that  tlivy w e  stoichionietric.:illy equiva- 
lent to the desired dissolution rate and 
product. composition. \\'ith su(4i opttra- 
tion, tlic metal \voultl seek an cyuilibriurn 
level in the dissolver and tlic process 
ivould be irilierently stable, as sm:rll 
changes in some p:ir:iineter ivoitld alter 
the slug lwei (and hence the avnilable 
surface :ireti) so :IS to compensate for the 
c hsn ge . 

Although this inherent stability nould 
normally give :i uniform protluct coin- 
position, rrnusu:il coriclitioiis c*oultl occa- 
sionally yield pro(luct \vhic.h did not meet 
specitic:itions. Such owurrenws could 
I)c detec-tetl by continuous mcnsurcment 
of the specific gravity of cold dissolver 
product; this wits sric:c:essfully demon- 
strated during the pilot p1:tnt tests. 

An adjustment in oper:tting conditions 
must tic made whenever it is apparent 
t h t  the dissolver effluent will not n iwt  
spccific:itions for subsequent processing. 
\7arioris possible methods of atljusting 
the protluct coniposition were tested in 
the pilot plant including changcs i n  feed 
:wid concentration, in the acid feed rate, 
in the dissolver temperature, in the metal 
feed rate, :ind in catalyst concentration. 
The  last method proved moat satis- 
factory. 

This method of adjustment h:is the 
advantage of not changing the metal or 
volumetric throughputs, antl henre nearly 
the entire plrint would furic+,ion riormrtlly 
regardless of the rate of catalyst addition. 
With swh a method the catalyst should 
logically be injected into the feed stream 
sep:trately from the dilute acid to  
facilitate adjustments iri ca tdys t  feed 
rate. Several successful pilot plant runs 
were made to  show the effect of such 
changes in catalyst concentration on the 
product analysis and on the specific 
gravity as recorded on a11 instrument 
chart. 

Fig. 7. General dissolver relationship. 

dissolution rate a t  a constant product 
composition. The  correlations developed 
in previous sections were obt:iined by 
keeping the feed conditions const:rnt. 
except for the variitble h i n g  studied, 
and allowing the product composition 
to vary at  will. However, normal con- 
tinuous dissolver operation would be 
directed toward keeping a constant 
product composition (within specifica- 
tions for feed to  a subsequent process 
step) and varying other conditions as 
necessary. 

Equations (1) and (5) show that  the 
dissolution rate varies with the  I .G5 
power of the catalyst concentration a t  
constant product composition; whereas 
Equations (2) ttnd (3) indicatc a variation 
with the cube root of the  mercuric ion 
concentration at constant acid feed rates. 
Beyond the limiting catalyst concentra- 
tions, an increase in mercuric ion molarity 
will give no corresponding increase in 
dissolution rate at either constant feed 
acid rate or a constant product concen- 
tra tion. 

Insertion of these limiting catalyst con- 
centrations in Equations (2) ,  (3), (4), 
and (5) demonstrates that  the moximum 
dissolution rate attainable at  a constant 
product composition is about three times 
greater for extruded alloy than for cast 
m:it.erinl; Khereas this ratio is only about 
1.5 a t  a constant acid f e d  rate. At tt 

given catalyst concentration below the 
limiting vttlue, extruded alloy dissolves 

about thirty times faster th:in cast 
mat,erial for a constant product composi- 
tion and only about twice as fast a t  u 
constant f e d  acid rate. 

The effect of catitlyst concentration on 
the dissolution rates of cast and extruded 
alloy for a constant product coniposition 
may be illustrated by inserting specific 
values for the feed antl product acidity 
in Equations (4) and ( 5 )  and plotting 
the resultant relationships. For the sake 
of illustrittion, it may be assumed that  
a 1111 wid  product is optimum for sub- 
sequent processing. Sinc-e 11 5.6-V acid 
feed was used in most of the experimental 
work and the resultant correlations, this 
value is chosen for iiiscrtion in 1Sqiiations 
(4) and ( 5 ) .  The resultant relationship 
are 

cast alloy : 

extruded :~lloy: 

zz, = 1.22 x 10e(m,)1.6s (7) 
Equations (6) and (7) arc plotted on 
Figure 7. 

The sigriificantly greater dissolution 
rate of extruded :tlloy as compared with 
cast material should be of specittl interest 
to those concerned with designing the 
fuel elements fora reactor. If thcre is little 
difference in the reactor performarice of 
extruded and cast uranium-aluminum 
fuel alloys, extruded materi:tl should be 

CONCLUSIONS 

Data :tnd correlations have h e n  given 
for the process relationships of concern 
i i i  the continuous dissolution of ccrtain 
ur:tiiiuni-alumirium alloys. These cor- 
relations can be used to aid in the design 
of a workatde dissolver for processing 
ur:inium-alriminum-alloy reactor fuels at 
any giveii capacity to meet tt nitlc range 
of product composition specifiaitions. 

Science a i d  
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