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produces a yellow slurry and then  dry yellow crystals. Uccomposition on heating to 350°C produces 
a fine. high-surface-area UO, powder with ceramic properties suitable for pellet fabrication.' 

The formation of NH,NO,-UO,(NO,), double salts has important effects on the thermal denitration 
process for the preparation of UO, and its physical properties. Thermogravimetric analysis has shown 
that thermal decomposition of (NH,)2U0,(N0,), 2H,O proceeds in three distinct steps: 
(1)  dehydration occurs at 50°C; (2) the anhydrous tetranitrate decomposes exothermically, without 
melting, at 170-270°C to form the trinitrate salt; and (3) the  trinitrate decomposes endothermically, 
without melting, at 270-300°C to form amorphous UO,. Subsequent heating to 500°C causes 
crystallization of the UO, (ref. 2). 

Decomposition products from the  MDD process have the  same chemical makeup as those products 
from simple thermal dcnitration of a U0,(N03)2 solution, plus sane N,O and H,O derived from 
NH,N03 decomposition. The surface area, particle size, and pellet fabrication behavior of the MDD 
powder are very similar to the UO, product produced by the  ammonium diuranate (ADU) 
precipitation conversion process. More power reactor fuels have been fabricated from the  product 
of the ADU process than horn all other U0,(N03),  conversion proce~ses .~  

2 2  EQUIPMENT 

The MBD process developed at ORNL uses well-demonstrated denitration equipment to prepare 
UO, powder with desired ceramic properties for UO, pellet fabrication. Since the MDD UQ, is 
formed by the decomposition of solid crystak, the oxide properties depe on the crystallization 
conditions. A rotary kiln with liquid at the feed point and a distinct region of crystallization was 
selected for the double-salt decomposition reaction. "Phe desired UO, powder properties may not 
be duplicated in a fluidized bed or agitated trough where the feed is sprayed onto UO, solids. 

The heart of the MDD process and the work described herein is a rotary kiln purchased from the 
Harper Electric Furnace Corporation in Lancaster, New York. "he kiln is equipped with an inclined 
.Q-in.-ID, 60-in.-long stainless steel tube, which rotates within a heated chamber that is 18 in. long, 
16% in. wide, and 22 in. high (see Fig. 1). It is heated by eight cylindrical elements: each has a 2-in. 
ciiam, is spirally wound over a 191h-in. length, and has - 1-kW capacity. These are inserted vertically 
from the top in two rows, one on either side of the rotating tube. The ends of the 6Q-in.-long tube 
are sealed to stationary end fittings by rotating graphite rings supported by stainless steel bellows. 
A stationary 1-in.-OD center tube traverses the entire length of the e liquid feed is injected 
through a %-in. tube (located inside the center tube) into the rotating kiln within the heated zone. 
Several s/,-in.-diam holes drilled in the stationary center tube allow steam and decomposition gases 
to pass out of the upper end of the kiln countercurrent to the feed. Inside the rotating tube within 
the heated zone, two 1-in.-diam stainless steel rods roll free to break up agglomerates as the solids 
form and promote heat transfer. These "breaker bars" are kept in place longitudinally by two washers 
eoncentric with and welded to the stationary center tube. A disc or dam located about midway in the 
heated zone divides the center tube into the wet upper end and the dry lower end adjacent to the 
granular solids. The center tube temperature is measured by a the acouple resting on the b o t t o ~  
of the center tube about 2 in. into the heated zone from the dry end. By the time the oxide product 
is discharged from the lower end of the kiln countercurrent to an air purge, it has cooled enough to 
be collected in either 2- or 4-L polyethylene bottles. 
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Fig. 1. Schematic showing spatid relationships in the rotary kiln, 
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The other two pieces of equipment vital to kiln operation are t h e  furnace controller and the feed 
pump. At a set point of -600aC, the control thermocouple in the heated compartment will be held 
at + l 0 C  by the furnace controller, regardless of small load variations, with no attention by the 
operators. A rotary-type peristaltic pump with small-bore polywnyl tubing gave constant fced rates 
within 5% over several hours of continuous operation. For stable kiln operation established by a 
constant center tube temperature and constant product discharge rate, dependable furnace control 
and unvarylng liquid feed rates are absolutely essential. 

23. PROCESSFLOWSHEET 

The MDD equipment is shown schematically in Fig. 2. All except the furnace controller, designated 
SCR, is located in a walk-in hood with dimensions 12 ft wide x 8 ft  high x 4 ft deep in 
Laboratory 113, Building 3019. Liquid feed is prepared by mixing H,O, HNQ,, UO,, and NH,NO, 
in a 30-gal, stainless steel makeup drum and then pumped to the Pyrex feed t a n k  (6-in, diam by 3 
ft high), where it can be metered to the kiln. The feed tank gauge glasses. -?&in. ID, not only 
indicate the level in the tank but also are used to check the feed rate by pumping only from the 
gauge glass and measuring the rate of depletion. The other major system is the recirculating batch 
condensate collection system. At the beginning of a run, enough water to prime the recirculating 
pump (2 L) is measured into the stainless steel condensate reservoir (20 L). Condensate is 
continuously recirculated through a cooler, down through the packing ( 1,4 -in. ceramic Berl saddles) 
of the scrubber, and back to the reservoir. The scrubber is principally a solids de-entrainer since i t  

was not sized to fully recover nitrate values. When liquid feed is initiated to the kiln, the off-gas 
stream containing steam, HNO, vapor, decomposition gases, and air passes upward through the 
scrubber, where most of the condensables are liquified, The noncondensable gases continue through 
an updraft condenser and a knockout pot into the building vessel off-gas system, which maintains a 
slight vacuum on all of the equipment. As the run progresses, the volume of co 
reservoir increases and periodically must be diverted to the building low-level liqu 
Rinse water is pumped to the kiln for a short time prior to liquid feed introduction to establish a near 
steady-state temperature profile within the evaporation zone of the rotating tube. Rinse water is also 
introduced at the end of a run to purge the small-diameter liquid fee 
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24. O P E W ~ C  CONDITIONS 

In earlier work (1989) with the 4-in.-ID rotary kiln located in uilding 30197 180 kg u*3 was 
produced in a series of short runs under a fairly wide range of operating conditions as shown in 
Table 1. Although the material produced was free flowing and of good appearance, it contained 
8.2% NO,, which was not considcred representative of MDD product and was not used for further 
evaluation. Portions of this material were dissolved to provide feed for runs dcscribed later. 

From these early runs it was concluded that to lower the NO, concentration in the powder product 
we should raise the center tube temperature, increase the residence time, improve the heat transfer, 
and increase the air purge rate. We experienced good operation with the speed of rotation and 
degree of inclination used previously, so a lower feed rate was decided upon to reduce the heat 
required for evaporation, reduce the solids inventory in the system, and thus aid heat transfer to the 
solids. It was decided to maintain the liquid feed composition near 500 g UL,  the H+ or acidity near 
neutral, and the NHi/U ratio at 2.6. 

DEMONSTRATION 

The purpose of the three extended runs described in this section was to produce -60 kg of UO, 
powder that is typical of that produced in a rotary kiln of reasonable size using the MDD process. 
The feeds were made by dissolving the off-specification material made previously. 

3.1 ROTARY KILN OPERATION 

The operation of the kiln, in principle, is quite simple and straightforward: the furnace temperature 
is held at a constant value by the controller, the kiln at a Fixed inclination is rotated at a constant 
speed, the liquid feed is metered in at a constant rate, the air purge is constant, and the slightly 
reduced pressure fluctuates within a narrow range. The variability of operation must result from our 
inability to control or  even be aware of the buildup and depletion of solids on the tube wall and 
breaker bars. As the powder is collected, the product bottle is weighed periodically and a grab 
sample is taken of the last material produced. 
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Condensate 
batch no. 

0.65 I 1 

2 1300 
2042 

3.43 
3.66 

3 I 1116 ‘ 1821 
3.78 
4.16 

28 0.52 1 

4 957 
1985 

4.67 
4.26 

28 0.52 1 

5 994 
1935 

5.74 
4.80 

28 
23 

6 6.43 
6.46 

23 OS2 2 814 
1868 

7 765 
1646 

4.57 
4.62 

23 2 
0-52 I 

“LOX = loss on ignition. 
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“LOX = loss on ignition. 

The percentage weight loss on ignition (LOX) to 900°C determined OD the grab samples (results 
obtained after the conclusion of each run) is also sh 
seemed to indicate an increasing trend, which was reversed by de  ing the feed rate. The LO1 
includes H,Q and other volatiles, NO?, and oxygen lost in the tran to U,O,. These values were 
encouraging since they averaged only slightly more than half the nitrate content of the product 
powder produced in earlier campaigns (180 kg in 1989). 

Tables 3, 4, and 5. Th 
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3 2 2  Product-Fdhing Glove Iksx, Runs KN-17 and -18 

The preparation of -25 mesh product from the UO, powder produced in run KN-16 (described 
above) was carried out in a hood in Laboratory 108, Building 3019. Since larger amounts were 
planned for future rum, it was obvious that a safer, morc efficient method of handling, screening, and 
weighing had to be devised. Two unused standard 3-ft glove boxes were available; therefore, a 6-ft- 
long glove box was made by cutting -13-in.-diarn irregular holes in the adjacent sides of the two 3-Et 
glove boxes and bolting them together through backup flanges inside each box with a rubber gasket 
between the outer walls. The 6411. bag-out port remaining on one box was replaced with the 12-in. 
port removed from its other side. The result was a versatile 6-ft-long box divided into two 
compartments with a large pass-through port between them and a 12411. bag-out port in either end. 
A 2-in.-diam penetration in the bottom of one compartment allow the -25 mesh fraction of each 
product bottle to be dumped into the SO-L "blender bottle" supported underneath the box. This 
plastic bottle is screwed into its sealing plastic lid that is flanged to the bottom of the box. 

The  powder produced in runs KN-1'7 and -18 was processed in the new glove box using a different 
method for size reduction, Since run KN-16 had shown that all the -6 mesh material had satisfactory 
NO, content, no attempt was made to separate the as-produced -6 +3c mesh fraction and the -25 
mesh fines. The +6 mesh oversize was separated and set aside for recycle as before, The weights 
of the product and recycle material are shown in Tables 7 and 8, 

Table 7. Sieve analysis and cornpition of NO 

-25 Mesh product da 

"LO1 = IQSS an ignition. 
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particle diameter, with one run producing a maximum of 88 prn and the others showing 15 and 
30 pm. For the sieve analyses, all material passed a 6 mesh screen, as produced, and was size reduced 
by gentle brushing through the 25 mesh screen. Any further desired size reduction of the 
agglomerated particles could have been accomplished with a minimum expenditure of energy. The 
uranium isotopic analysis confirmed that the material is normal uranium. 

Table 9. Characterization of UO, 
II I Run no. 

Characteristic 
I I I It Uranium. wt % 1 80.5 1 79.7 1 80.5 

I I I 
- ____ - _ _  __ - - _ _  11 Particle diameter distribution 

II -230 +400 mesh, wt % I 8.3 I 9.8 I 11.9 
I 20.7 I 0.9 

The impurities found in the three blended product batches are sh 
iron and carbon, were present at - 100 ppm each in the UO, di 
runs. The fact that the chromium and nickel are not correspondingly high indicates that the iron did 
not come from corrosion of the stainless steel process equipment. Aside from iron and carbon, only 
sodium, thorium, copper, and sulfur were found to be greater than 25 ppm in any run" All of the 
elements found above their detection limit by the method of inductively coupled plasma analysis for 
trace quantities are listed in Table 10. A more sensitive analytical method would have to be used if 
phosphorus or sulfur was considered significant at values less than 1 
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The gas stream exiting the upper end of the kiln countercurrcnt to the fecd contains steam, nitric 
acid vapor, NOfl N,, and 0,. It first contacts a short section of wetted packing, which serves mainly 
as a solids separator to trap any fine UO, carried by thc gas. It then passes through a condenser and 
finally through a knockout pot before entering the building off-gas system. 'The condensed liquid is 
collected in a tank from which it is recirculated by a centrifugal pump through a heat exchanger 
(cooler) and is sprayed over thc packing in the de-entrainer mentioned previously. A minimum 
volume of -2 L of water is required to charge the system initially, and thc maximum capacity is 
-20 L. For a material. balance only final volumes and concentrations are required. '73ese values 
are presented in Table 11. 

During run KN-16, two batches of condensate were collected. The first batch contained the 
overheads collected during the filling of the first four product bottles (as indicated in Table 3) and 
a portion of the fifth. The second batch contained the overheads collected during the remainder of 
the run. Duplicate samples were analyzed, and the averaged values were used to calculate quantities 
shown in Table 11. Assuming that all the H+ is nitric acid, the 36.8 mol of nitrate recovered is 
-40 wt 5% of that contained in the uranyl nitrate feed. This low recovery is mot surprising because 
the "scrubber" was not optimized to recover nitrate values and the decomposition products of 
NH,NO, are reported' to be H20, N,, 0,, and N,O and not recoverable NO, In runs KN-17 and 
KN-18 (Tables 4 and S ) ,  only single samples of each batch of condensate were analyzed, but the 
apparent recoveries remained -40 wt %. The uranium values in the condensate can be recovered 
by concentrating it and using it in the formulation of feed for subsequent rum. 

Table 11. Values recovered in the recirculating 

Run no, 

KN-16 

KN-17 

KN-18 

Total acid 

4- DEMONSTRAnON WITH MARS SEPARATOR PRODUCTS 

A batch of uranium-iron alloy that was processed through the AVLIS equipment (although not 
actually enriched) has been designated Mars separator product. A 5 ity of this material was 
dissolved in nitric acid; the resu ranyl nitrate solution was by solvent extraction, 
concentrated by evaporation, fo into MDD feed, and calcin , in the 4-im.-ID rotary 



17 

. -  

50 kg of uranium se 

was stored in fiv 



18 

characterizes the preconcentration product solutions. Prior to evaporation, all product batches had 
been analyzed for a number of contaminant elements by a combination of inductively coupled 
plasma/atomic emission spectroscopy (ICP/AES) and spark source/mass spectroscopy ( S S M S ) .  The 
material being processed was, ultimately, to be converted into uranium oxide suitable for use as 
nuclear reactor fuel. Acceptance criteria for the intermediate uranyl nitrate solution are listed in 
ASTM specification C788 for nuclear reactor-grade uranyl nitrate. 

Table 12 Purification produd 
solution concentrations 

I 2 I 65.6 I 0.08 I 

The preconcentration contaminant analyses of duplicate samples indicated that product solution batch 
number 3 contained iron at a concentration exceeding the maximum level specified 
(see Table 13). The SS/MS samples are analyzed without prior removal of uraniu 
I C P / B  analyses were performed after first stripping uranium from the sample by ion exchange. 
S S M S  values for iron are therefore subject to uranium absorbane overlap. In addition, S S M S  
analysis provides poorer resolution than can be obtained by ICP/AES. FWSD and AVLIS program 
personnel agreed that, due to the high iron content, the third batch of feed material would remain 
segregated from the balance of the solution throughout processing an 
after all other material had been processed. 

Table 13- Concentration of h n  in pu 
batch number 3 (preconcentration) 

lv  

DRUM3-1 200 I 5342 I 421 

uSS/MS = spark source/mass spectroscopy. 
61CP/AEs = inductively coupled plasma/atomic emission spectroscapy. 
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Table 15. Contaminant concentrations uct 
batches AVCONC-1 and AVCONC4 

‘Aluminum result obtained by inductively coupled plasma/ atomic emission 
spectroscopy. All other results were obtained by spark source/mass spectroscopy. 

b R ~ ~ I t s  from duplicate samples are presented due to wide disparity. All sther 
results were essentially identical for the duplicate samples analyzed. 

Also note that the contaminant levels reported above are less than those previously reported for 
unconcentrated purified solutions. Comparison of analyses before and after concentration indicated 
that any addition of corrosion product during the evaporation process was negligible. Results after 
concentration also indicate that the credibility of the preconcentsation analyses is limited by poor 
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Table 16. Weights and nitrate contents of UO, powder 
I I I 

19-1 

19-2 

19-3 0.39 I 2,009 I 122 I 

In the second run (KN-20), the feed contained 316 g U/L and 0.4 M €3'. e furnace temperature 
was controlled at 600 to 606"C, and the center tube temperature was measured at 515 to 530°C The 
product was collected in four bottles and screened as before except essentially all of the -6 mes 
material was brushed through the 25 mesh screen initially; the weights of rejects for each bottle are 
recorded in Table 16. Nitrate contents of the -25 mesh products were in the same range as before. 
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Wormal uranium confirmed: 23%u = 993%. X-ray diffraction found as major constituents WO, and an 

'Under detectable limit or as shown. 
unidentified amorphous phase, No intermediate or minor constituents. 
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