
ttH.-v'-- Z^^ 

International 
Nuclear 
Fuel 
Cycle 
Evaluation 

NFC 

INFCE/DEP./W6.7/4 

LONG-TEEM DISPOSAL OP HIRICHKENT PLfiNT TRILS 



INPCE/DEP/WG. 7 / 4 . 

LON&-TEFM DISPOSAL OP ENRIOMENT PLANT TAILS 

August 1979 

Prepared for 

Working Group 7 of the 

International Nuclear Fuel Cycle Evaluation 

by the U.S. Delegation 



mrcE/aayws. 7/4 
LGNG-TEFM DISPOSAL OF ENRIOMNT PLANT TAILS 

ABSTRACT 

Approximately 97% of the uranium fed to the isotope 
separation plants is recovered as tails containing nomi
nally 0.2 wt percent U-235. Essentially all this tails 
material produced in the past, as well as that currently 
being generated, is stored as solidified UFf in steel 
cylinders. 

This report describes a stand-alone, 10 tU/day facility 
for converting the UFg to a stable uranium oxide powder 
amenable to long-term storage in steel drums. The conver
sion is accomplished in a two-step process in which the UFg 
is first reduced to UF^ with hydrogen in a tower reactor 
and then the UF4 is pyrohydrolyzed to IX>2 with steam in a 
three-stage screw reactor. One reduction reactor supplies 
the feed for three pyrohydrolysis reactor lines. Included 
in the process flow sheets and reactor design details are 
descriptions of the major auxiliary components for vapori
zing and feeding the UF5, a dissociator for ammonia used 
as a hydrogen source, a system for recovering anhydrous 
hydrogen fluoride, and a reactor system for the disposal 
of hydrous hydrogen fluoride. 

Two of the nominal 10 tU/day plants would be required 
to handle the tails produced in isotope separation plants 
supplying enriched uranium to a nuclear power industry with 
a generation capacity of 50 GWe per year. 
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1. INlHUULTiON 

Current processes for separation of the uranium isotopes employ 
UF as feed. The heavier isotope, U-238, is concentrated in the 
UF bottom stream from the process. Presently, most of this 
cascade stream, containing nominally 0.2 weight percent U-235, 
is stored in steel cylinders awaiting further processing (1) as 
refeed for isotope tails stripping processes, or (2) for us» in 
other nuclear applications. A relatively small amount has been 
converted to UF^ and the other uranium salts for further reduc
tion to metal or for use in chemical or catalytic process 
applications. 

Since the demand for tails material for the above applications 
is still limited, thus implying substantial long-term storage 
needs, a waste storage scenario for use in the INFCE studies 
was requested. This report is responsive to this request but 
is not intended to make a recommendation as to timeliness or 
direction of ultimate disposal of this material. 

2. SUMMARY 

For the purpose of this study, it was assumed that a water 
insoluble uranium compound essentially free of fluorides would 
be the desired form for the final storage of cascade tails. 
U(>2 produced in a two-step process in which the UF,- is reduced 
to UF^ with hydrogen in a tower reactor, followed by pyrohydrol-
ysis to UO2 with steam in a screw reactor, has been selected as 
a suitable compound for storage. The U02 would be stored in 
200~1 steel drums holding approximately 900 kg, and the drums 
would be warehoused until a permanent storage facility could 
be developed. Approximately one-third of the fluoride content 
of the UFg will De recovered as anhydrous HF with potential 
for industrial sale, while the remaining fluoride content will 
be reacted with limestone and disposed of in landfills. 

The magnitude of the conversion process it illustrated by con
sidering a typical electrical generation rate of 50 GWe per 
year, as shown in Table I. At this level, two plants nominally 
sized at 10 metric tons of uranium (tU) per day will be 
required. 
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TABLE I . 50 GWe REQUIREMENTS 

T a i l s Production Rate, tU/yr 6,400 

Anhydrous HF Production, t / y r 1,025 

Drums Required for Disposal 8,075 

Storage Area, ha /yr 0.30 

Spent Limestone to Landf i l l , t / y r 5,160 
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3. SELECTION OF STORAGE FORM 

Several forms of uranium compounds in addition to UFg are 
candidates for storage. These include UF4, UO_, U30g, U03, and 
uranium metal. All are relatively insoluble and can be pre
pared to be stable to ordinary environmental exposure. Some 
properties of these materials are given in Table II. 

The UO3, U3OQ, U02, and UF4 are noncorrosive and essen
tially insoluble in water and dilute acids and alkalies. Any 
of these materials should be amenable to long-term storage, and 
after eventual destruction of the drum by atmospheric corrosion, 
the uranium compounds should be quite resistant to leaching by 
ground waters. Uranium metal in massive form would also be 
amenable to storage, and though finely divided metal would 
oxidize to U30g, there should be no problem with leaching. 
The UF6 is sr.orable as long as container integrity is main
tained; on exposure to moisture, however, it readily hydrolyzes 
to UO2F2 which is very soluble. Since the stored UFg is non-
corrosive toward steel, container integrity will depend upon 
exterior protection from atmospheric and other corrodants. 

If container integrity cannot be assured, tails material 
could be stored as an oxide, as the tetrafluoride, or as massive 
metal. Except for UO3, all of these materials have been pro
duced from UF in large quantities, primarily f^om enriched UFg, 
since both U02 and the metal have been used extensively as 
fissile material in nuclear reactors. The tetrafluoride has 
been produced as an intermediate in metal production and also 
as a by-product from depleted UF, during recovery of the 
fluoride values. 

The least expensive material for storage is UF.; a fully 
developed production process is available; and a potentially 
salable by-product, anhydrous HF, would be produced. Assuming 
that UF. is not to be considered satisfactory for long-term 
storage because of its fluoride content, remaining possible 
choices include the oxide forms and metal. Either UO or D O 
would be easier and cheaper to produce than the metal. Metal 
production is essentially a batch process involving the reduc
tion of UF with magnesium in a thermite-type reaction and 
producing a uranium contaminated magnesium fluoride slag which 
would require storage. 

For the purposes of this study, UO. was selected as the 
material to be produced for storage of the cascade tails, 
although either UO or U.O. can be produced at essentially 
the same cost, by quite similar processes, and yielding the 
same by-products. The UO- will eventually oxidize to the more 
3table U,0 upon exposure to air as the storage drums deterio
rate; so U,0 will probably be the final state in storage. 

4. SELECTION OF PRODUCTION PROCESS 

A number of processes have been developed for the produc
tion of UO from UP,» primarily designed to produce a ceramic 
grade of UO- suitable for compacting and sintering close to the 
theoretical crystal density for use as the fuel in nuclear 
power reactors. Other processes have been developed, but used 
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TABLE II. URANIUM COMPOUND PROPERTIES 

Melting 
Density, g/cc Point, 

C Crystal 

7.29 

Bulk" 

1.5 - 4.5 

Point, 
C Solubility in Water 

^3 

Crystal 

7.29 

Bulk" 

1.5 - 4.5 Decomposes Insoluble; Soluble in Acids 

U3°8 
8.30 1.5 - 4.0 Decomposes Insoluble; Soluble in Acids 

uo2 10.96 2.0 - 5.0 2500 Insoluble; Soluble in Acids 

UF4 6.70 2.0 - 4.5 960 0.1 g/1000 cc 

UF6 4.68 4.6 64 Hydrolyzes and Dissolves 

U 19.05 19 1132 Insoluble 

U02F2 Very Soluble 

Bulk densities of uo , U,0 , UO , and UF are highly variable. 
y 3 8 ' WI2' _ ' 4. 
xiv — depending on the production process and the properties of the 

starting uranium compounds. 
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much less extensively, to either recover the fluoride values as 
HF for reuse or to recover the uranium values from contaminated 
feed stocks for reprocessing. Both wet and dry processes have 
been studied. 

Wet processes are the primary commercial methods for pro
ducing isotopically enriched U0_ from UFfi for fabrication into 
nuclear reactor fuel elements. The UF, is hydrolyzed and dis
solved in water to form a solution of UO.F-, from which the 
uranium vrlues can then be precipitated in any of several dif
ferent forms, the most common being ammonium diuranate, 
(NH.) U_0 [1]. The ammonium diuranate is filtered, washed, 
dried, calcined to U 0 , and reduced with hydrogen to form UO_. 
Physical properties of the UO are determined principally by 
control of the precipitation step. The ceramic-grade UO 
generally produced can be compacted and sintered to over 95fc 
of theoretical density. 

Dry methods for converting UF to UO have been studied 
extensively both as processes for producing UO as fuel for 
nuclear reactors and as processes for recovering the fluoride 
values as anhydrous and aqueous HF for reuse. The dry route 
processes are based on a combination of hydrolysis and reduc
tion reactions performed either sequentially or simultaneously. 

On a commercial basis, UF has been reduced with hydrogen 
to UF in tower reactors both at National Lead Company of 
Ohio[2] (NLO) at Fernald and at Union Carbide Corporation, 
Nuclear Division[3] (UCC-ND) at Paducah, Kentucky. The UF has 
been used primarily to produce uranium metal by reduction with 
magnesium; the anhydrous HF produced has been recycled to con
vert UO to UF . Tonnage quantities of UO have been produced 
from UF by pyrohydrolysis in screw reactors at NLO and at 
Mallinckrodt Chemical Works (MCW) at St. Louis, Missouri, pri
marily as a means of reprocessing contaminated, enriched 
UF4[4,5,6]. 

A number of other dry route processes for converting UF to 
UO or U_0 have been demonstrated in laboratory anc. pilot plant 
studies using fluid-bed, flame, and hot-wall type ref.ctors. A 
two-step process in which UF reacts with steam to form UO-F-
and the UO F is then reduced to U0? with hydrogen has been 
studied at Argonne National Laboratory [7], the Cak Ridge Gaseous 
Diffusion Plant, NLO[8], and in France [9]. By using steam in 
the second step, 0 0 . has also been produced. Single-step 
fluid-bed processes nave also been used in which the UF is 
reacted simultaneously with steam and hydrogen to produce U0_ 
on a starting bed of U0_[10]. ANL developed a variation of 
this process in which the UFft feed was stopped intermittently 
to produce a denser and more fluoride-free U0_[11]. i'J02 
powders have been produced directly from UF and also irom 
fluid-bad produced UCLF. by feeding these materials into an 
oxygen-hydrogen or an oxygen-propane flame, while dense UO_ 
deposits have been plated on hot reactor walls by reaction of 
UF with hydrogen and oxygen or steam[12]. 
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The o v e r a l l r e a c t i o n for these oxide p r o c e s s e s i s : 

UF, + 0 . + 3H_ •»• U0, + 6HF 
O £• A & 

or 

UF, + 2H_0 + H_ -• UO_ + 6HF. 
o * ^ £ 

Intermediate r e a c t i o n s i n c l u d e : 

UF, + 2H.0 •* U0_F_ + 4HF 
D £. £.2. 

UF, + H„ •*• UF. + 2 HF 
6 2 4 

U02F2 + H20 •*• 1/3 U 30 8 + 2HF + 1/6 0 2 

°°2F2 + H2 "* U°2 + 2 H F 

1/3 U 0g * 2/3 H2 -*• U02 + 2/3 H20 

UF + 2H 0 -»• UO + 4HF 

Since the only dry processes that have been used on a pro
duction basis are the hydrogen reduction of UF, to UF in a tower 
reactor and the pyrohydrolysis of UF to UO_ in a screw reactor, 
they were selected for use in this evaluation. For a 10-tU/day 
plant, the design of the tower reactor for the reduction step 
should be relatively straightforward because of the extensive 
experience with this reactor. The work on the second step in 
the screw reactor has been much less extensive, approximately 
25 kg of uranium per hour maximum production rate, so that the 
scale-up factors are larger. Some additional studies may be 
required before the final equipment sizing can be set. The 
use of a fluid bed or a stirred fluid-bed reactor might also 
be acceptable for this reaction, since both screw and fluid-bed 
reactor types have been used for the conversion of UCL to UF 
on a multiton-per-day scale. A typical analysis of the UO_ 
expected from the pyrohydrolysis reactor is given in Table III. 

The anhydrous HF produced in the reduction reaction can be 
condensed anu possibly sold. Otherwise, it can be combined with 
the aqueous HF from the hydrolysis reaction and be reacted with 
limestone. The resulting calcium fluoride plus unreacted lime
stone would be disposed of in a landfill. 

5. PROCESS FLOW SHEETS 

The chemical processing steps required can be broken into 
two conversion systems with appropriate processes for the 
recovery of by-products and system support. The first con
version system involves the reduction of UF, to UF4- The 
second system is the pyrohydrolysis of the OF, to DO.. The 
basis for equipment sizing and the material balances shown on 
the flow diagrams is a conversion plant rated at 10 tU/day, 
3000 tU/yr. 
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TABLE I I I . ANTICIPATED ANALYSES OF UO FROM PYROHYDROLYSIS 
REACTOR 

Typical 

Component Analyses 

U02 95.5% 

U 87.9% 

F < 0.2% 

Fe 12 ppm 

Cu 42 ppm 

Cr 1 ppm 

Ni 75 ppm 
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5.1 Reduction of UF. to UF. 
6 4 

Large-scale production of UF has been accomplished by the 
reaction of UFfi with hydrogen in electrically heated Monel tower 
reactors. 

The "hot wall" process[2,3,13] has been used to produce 
tonnage quantities of depleted and slightly enriched UF at 
Department of Energy (DOE) facilities operated by UCC-ND at 
Paducah, Kentucky, and at NLO at Fernald, Ohio. 

Flow diagrams are attached which show the major component? 
of the UF. reduction system. 

Cracked ammonia, the source of the hydrogen, is mixed with 
UF vaporized from cylinders and simultaneously fed to the top 
of the heated tower reactor. The solid UF drops into a cooling 
screw conveyor and is transferred to a storage hopper for dis-
tribntion to the pyrohydrolysis system. The excess hydrogen and 
the HF and nitrogen gases pass through filters and chemical 
traps (activated carbon) to remove UF. dust and any residual 
unreacted UF before being refrigerated to condense the anhy
drous HF by-product. The hydrogen and nitrogen gases flow to 
the limestone bed absorber where the residual HF is reacted 
prior to discharging to vent. 

5.1.1 Hydrogen and UF supply systems (Figure 1) 

Hydrogen for use in the UF redaction process is obtained 
by cracking anhydrous ammonia. The reae on for cracking the 
ammonia is given by the following equation: 

900 - 950 C 
3 Catalyst 2 2 

Jhe anhydrous NH is received in railroad tank cars and 
transferred to storage tanks as a liquid. The unloading 
fac.lities consist of a railroad siding, liquid and vapor 
piping, and a vapor compressor. Two 57,000-1 storage tanks 
are provided. The storage tanks are designed to meet health 
and safety standards with rupture disc and relief valves being 
provided. The storage taiks are located under an open shed to 
prevent heating of the tank by the sun's rays. Pressure sens
ing units and water spray cooling are also provided to prevent 
overpressure in the summer. Steam heat is used to control 
pressure in tie winter. Electrically heated vaporizers are 
used to vaporize and supply the NH feed to the dissociators 
at a controlled flow and pressure. The dissociators are com
mercially available units rated at 57 to 85 scmh of dissociated 
ammonia. The catalyst in the dissociators is nickel-iron pellets. 
Following the dissociators, the gases flow through heat 
exchangers and then to molecular sieves to remove any unreacted 
NH in the gas stream. Utilities required for the hydrogen 
supply system include cooling water, steam, electric power, and 
oxygen-free nitrogen r/as. The nitrogen is required for purging 
equipment before maintenance can be performed and for the 
regeneration of the molecular sieve traps. 
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Steam-heated containment type autoclaves are provided to 
vaporize the UF for supply to the reduction plant. Two auto
claves suitable for use with the various model UF cylinders 
(30A and -B and 48A, -F, -G, and -Y)[14] are required to pro
vide a continuous supply of UF to the reactor, one on-stream 
and one heating or on standby. The autoclaves are designed for 
a pressure of 1.14 MPa (abs) and have alarms and automatic shut-
off valves on the steam supply, condensate drains, and UFfi 
vapor lines. Utilities required include nitrogen for purging 
the UF cylinder, and steam for vaporizing the UF, and heating 
the UF feed lines. Materials handling equipment and storage 
areas are required for the transportation of the UF cylinders, 
loading and unloading of the vaporizers, and storage of full 
and empty cylinders. 

5.1.2 Reduction system (Figure 2) 

Surge drums are provided for both the UF and the disso
ciated ammonia to improve the gas flow and pressure control 
to the tower. The UF inlet to the tower is controlled at a 
pressure of 0.20 MPa tabs) and the dissociated ammonia is con
trolled at about 0.17 MPa (abs). A nozzle is used to mix and 
introduce the UF. and dissociated ammonia into the tower. The 

6 
tower temperatures are controlled by four heating and cooling 
zones of equal length. 

The temperature gradient of the tower walls ranges from 
650 C in the top zone to 450 C in the bottom zone. Electrical 
resistance heaters are used to preheat the tower walls before 
the gases are admitted to the tower and four air blowers rated 
at 180 m3/min are provided to cool the tower during operation. 
Since some of the UF produced from the reaction will accumu
late on the wall of the tower, the tower is cooled to about 
150 C and vibrated periodically to deslag the tower. Figure 3 
shows a dimensional drawing of the tower reactor used at the 
Paducah Plant reduction facilities. 

The TT formed from the UF reduction drops into a steam-
cooled screw conveyor and is transferred to a powder seal leg 
and storage hopper. From the storage hopper, the UF is trans
ferred by a drag-line conveyor to one of the hoppers feeding 
the pyrohydrolysis system. 

The excess H„, N , and HF formed in the tower flow cocur-

* . % ' rently with the OF through the cooling screw conveyor and then 
to a cyclone separator and tubular f i l t e r f i t ted with fine mesh 
screens (20 mesh). The powder collected by the cyclone and 
primary f i l t e r i s returned to the cooling screw. A secondary 
f i l t e r equipped with porous sintered metal f i l t e r s i s used for 
f inal f i l t r a t ion of the gas stream. Chemical t raps , f i l led 
with 6- to 8-mesh activated carbon, are used to remove any 
traces of unreacted UFfi from the gas stream going to the HF 
recovery system. The reduction tower operates a t a pressure 
of 0.13 to 0.16 MPa (abs) and a differential pressure of 
0 to 3.4 KPa. ""ae maximum differential pressure across each 
of the f i l t e r s i s controlled at about 13.8 to 17.2 KPa. The 
different ia l pressure across the chemical traps ranges to a 
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maximum of 12.4 KPu, at which time the traps are taken off 
stream and the activated carbon replaced. 

5.2 Pyrohydrolysis of UF to UO 

Tonnage quantities of UF^ have been pyrohydrolyzed to U02 

with steam in Inconel screw reactors at DOE facilities operated 
by NLO at Fernald, Ohio, and by MCW at St. Louis, Missouri. 
Single-stage reactors processing about 25 kg of uranium per 
"nour were operated at these sites. Design of the facility for 
handling the 10 tU/day is based on the screw reactor lines used 
to Y ,^roflunr - 3 U02 to UF4 in the feed plants operated by 
UCC-ctu at P-ducah, Kentucky, and by NLO at Fernald. 

5.2.1 Pyrohydrolysis system (Figure 4) 

Three parallel pyrohydrolysis lines each consisting of 
three reactors in series are required to handle the 10 tU/day 
output from the reduction reactor. Figure 4 illustrates the 
flow sheet for this process. The UF. from the reduction tower 
storage hopper is charged to an individual feed hopper for 
each line and is fed to the inlet of the first reactor. The 
powder is moved through the three reactors by specially 
designed screws which lift the powder for good gas-solids con
tact as it is conveyed from the inlet to the outlet of each 
reactor. The powder drops by gravity from the outlet of each 
stage to the inlet of the next and from the third-stage reac
tor into a storage hopper. The U02 from the storage hopper 
can be conveyed to a central drumming station or fed to the 
inlet of a rotary kiln calciner for additional densification 
and stabilization. Figure 5 shows a dimensional drawing of 
the first-stage reactor and the screw conveyor used in the 
Paducah Plant hydrofluorination line. 

Steam, preheated to 560 C, is injected at the outlet of the 
third stage and flows countercurrent to the powder movement to 
discharge near the first-stage inlet, along with the HF pro
duced from the pyrohydrolysis reaction. 

The first reactor stage has a temperature gradient from 
about 500 C ct the inlet to about 700 C at the outlet; the 
last two stages are heated to about 700 C. The UF4 feed hopper 
is heated to at least 100 C. The UO. is cooled to about 50 C 
and exposed to an air-nitrogen atmosphere to form a surface 
film of U^OQ and to stabilize the oxide against further oxi
dation prior to drumming. 

The excess steam and the HF are fed to a cyclone separator 
equipped with a .-int̂ red metal filter, and a secondary sintered 
metal filter is used for final cleanup of the gas stream. The 
powder collected from the exhaust gas system is refed to the 
first reactor stage periodically through a rotary valve. The 
HF-steam mixture is then fed to the inlet of a limestone-packed 
tower in which the HF reacts to form calcium fluoride. A dis
cussion of this system follows the description of the anhydrous 
HF recovery system. 
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The UO product is expected to have a bulk density of about 
3.0 g/cc, may be pyrophoric at elevated temperatures, and will 
probably tend to surface oxidize to U3OQ at temperatures around 
100 C. Fluoride content should be less than 0.2%. Since the 
U30g formed on oxidation is more stable than the UO2, the prod
uct from the pyrohydrolysis reactors should be amenable to 
permanent storage without an additional calcination step. 

5.3 Hydrogen fluoride handling 

By-product hydrogen fluoride from the UFg reduction is an
hydrous and has a potential for commercial sale. This accounts 
for approximately one-third of the fluoride handled. The HF 
from the pyrohydrolysis reaction is diluted to approximately 
30% by the excess steam requirements dictated by reaction 
kinetics. This dilute hydrofluoric acid requires disposal. 
A description of these two processes follows. 

5.3.1 Anhydrous HF recovery system (Figure 6) 

The HF recovery system consists of a low temperature 
refrigeration unit, two HF condensers, HF drain tanks, and 
a limestone scrubber system. It is assumed for this study 
that the recovered HF is sold; therefore, storage and transfer 
facilities are required for the recovered HF. The refrigera
tion unit is a three-stage R-22 system capable of cooling to 
-80 C. The two HF condensers are operated in series with the 
first unit controlled at about -20 C and the second unit con
trolled at about -70 C. The exit gases from the condensers, 
which contain about 3 to 5% HF, are then drawn into the calcium 
carbonate reaction system described below. The HF storage 
facilities consist of two 47,000-1 tanks with load cells to 
determine the quantity of HF collected. A railroad tank car 
loading station is also required. The air vented from the 
tank car as it it, loaded is passed through a condenser at 
-68 C to recover most of the HF and then through a separate 
small limestone reactor. 

S3.2 Dilute HF disposal system (Figure 7)[15,16] 

The HF disposal system consists of four Cac03 fixed-bed 
reactors, a Karbate condenser, and a lime neutralization and 
precipitation system. It is assumed for this study that if 
there is no market for the anhydrous HF produced in the UF-
to UF4 reduction system, the HF disposal system must be 50% 
larger than the system described. The CaC03 reactors will 
initially be heated to a temperature of 150 to 320 C and each 
reactor will operate for approximately 9 hours. The CaCO^ 
reactors are designed to be 99% efficient. An Oolitic-type 
limestone is required for the CaCC>3 reactors. The calcium 
fluoride, produced from the reaction of HF with CaC03, forms 
a relatively frail envelope around the limestone lumps in the 
form of fines. After approximately 9 hours on stream, the 
reacted CaCO, bed will be withdrawn from the reactor, screened 
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on 6-mesh screc.is to remove the fines, and the oversize 
(partially reacted limestone) recycled to the reactor, together 
with fresh makeup limestone to keep the tower filled to the 
depth of 4 m. The undersize material which contains approxi
mately 80 to 95% calcium fluoride will be drummed and land-
filled. The Karbate condenser will condense the excess steam 
and the unreacted HF from the CaC(>3 reactors. The condensate 
from the Karbate condenser containing about 0.3 weight percent 
HF will be neutralized with 100% excess hydrated lime [Ca(0H)2l-
The calcium fluoride formed in the neutralization process and 
unreacted Ca(OH)2 will be renoved in a laminar settling clari-
fier, dewatered, drummed, and landfilled. H2S04 will be added 
to the final liquid effluent from the neutralization system to 
reduce the pH down to the 6 to 9 range. 

6. AUXILIARY SYSTEMS 

Two vacuum collection systems are installed in the process 
area. One system is used to collect UF4 and U0~ powders only 
from the process systems; the powder from this system is col
lected in drums and reprocessed through the pyrohydrolysis 
reactor. The other system is used for general cleanup, and 
the dirt from this unit possibly containing small quantities of 
UF4 and U02 is drummed and discarded by burial. Both systems 
are bag-type units. 

Sanitary water is required for wash rooms, safety showers, 
eye washes, drinking fountains, and fire protection. Additional 
water will be required for process cooling, for the refrigera
tion system, and for neutralization. 

Other utilities such as steam, dry nitrogen, and dry air are 
required. Steam is necessary for building heating and in the 
production process. Dry air is required for air-operated instru
mentation, pneumatic vibrators, and pneumatic valve operators. 
Nitrogen is necessary mainly for purging in the process system 
to preclude the formation of explosive atmosphere due to hydrogen 
and air concentrations. 

Material handling and storage systems must be included for 
handling large volumes of cylinders and drums. 

Electrical facilities to supply the 440, 220, and 110 voltage 
are necessary for operating functions 

An adequate area for a maintenance shop is necessary to 
facilitate building and system maintenance. 

Laboratory facilities with a capability of monitoring the 
quality of all process streams and effluents are required. 

Suitable safety, fi • , and health provisions must be in
cluded in the design to satisfy all Federal, State, and local 
codes. 

Adequate restrooms, showers, lunchroom, and office facilities 
need to be made available. 

For building and personnel safety, a sprinkler system should 
be installed for fire protection and hydrogen analyzers strategi
cally located to indicate the formation of high hydrogen 
atmospheres. A 1% by volume hydrogen indication corresponds 
to 25% of the lower explosive limit (LEL). Easily accessible 
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emergency showers and eye wash stations are required in the 
chemical handling and process areas. 

7. PLANT SIZING AND STORAGE REQUIREMENTS 

The study assumption was that annual nuclear electrical 
economies of 10, 50, and 100 Gigawatts Electrical (GWe) were 
to be considered. The storage volume requirements and MF 
generation rates for these three cases are given in Table IV. 
The drums would be stored in long-term warehousing and even
tually be transferred to a waste repository. 
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TABLE IV. CONVERSION SIZING INFORMATION 

10 GWe 50 GWe 100 GWe 

Tails Rate, tu/yr 1,280 6,400 12,800 

Anhydrous HF Rate, tU/yr 205 1,025 2,050 
(Assumes 95% Recovery) 

U02 Volume Rate, m
3/yra 290 1,450 2,900 

(Packed Density = 'v* 5.0 g/cc) 

IK>2 Drums Required/yr 1,615 8,075 16,150 
(900 kg/208-1 Drum) 

2 
Area, m /yr 600 3,000 6,000 

(0.37 m2/drum)(Single Stack) 

Hectare/yr 0.06 0.30 0.61 

CaC03 + CaF2 t/yr 1,030 5,160 10,300 
[83% CaF , 16% CaCO , 1% Ca(0H)2] 

A packed density of 5.0 g/cc was assumed for the 3.0 g/cc 
bulk density powder. 

These numbers would increase by 50% if the anhydrous HF 
cannot be recovered and sold. 
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APPENDIX 

EQUIPMENT FUNCTION AND DESIGN BASIS 

UF. -»• UF, Reactor 
— 6 4 

a. Purpose 

To convert UF to UF by reduction with hydrogen. 

b. Design Basis 

(1) Operating Conditions 

Temperature, C 650 

Pressure, MPa (abs) 0.3 

(2) Dimensions 

Reactor Diameter, Top, cm 32.4 

Reactor Diameter, Bottom, cm 50.8 

Reactor Height, m 6.0 

Collection Section Height, m 1.8 

(3) Reactor Capacity 

tU/day 10 

(4) Material of Construction 

Reactor Monel 

Head and Collection Section Monel 

(5) Number Required 1 

(6) Electric Heater 

3 Units 35 kW 

1 Unit 45 kW 

(7) Comments. The reactor section is encased with 
four equal sections of electric heaters each 
equipped with a blower to maintain close tempera
ture control. UF., H 2, and N 2 flow is to the 
reactor head where they are mixed before entering 
the reaction section. Converted UF4 drops into 
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the collection section where it is conveyed by a 
cooling screw to a storage hopper. The exhaust 
gases, N2, HF, and H2, exit through a cyclone 
separator and a tube filter where entrained UF4 
is trapped and subsequently transferred to the 
UF4 storage hopper. 

9.2 Chemical Traps 

a. Purpose 

To trap out any small quantities of UF, which may be 
present in the reduction tower off-gas. 

b. Design Basis 

(1) Operating Conditions 

Temperature, C 120 

Pressure , MPa (abs) 0.2 

(2) Dimensions 

Shel l 

Diameter, cm 60 

Height, m 1.8 

Basket 

Diameter, cm 50 

Height, m 1.08 

(3) Capacity 

6- to 8-Mesh Activated Carbon, kg 90 

(4) Material of cons t ruct ion 

Shell Monel 

Basket, Wall , 20-Mesh Screen Monel 

Basket, Top and Bottom P la tes Monel 

(5) Number Required 4 

(6) Comments. The chemical t r aps a re operated in p a i r s . 
Each t r ap contains 90 kg of 6 - t o 8-mesh ac t iva t ed 
carbon. Each p a i r of t r aps i s equipped with audible 
and v i s i b l e high temperature alarms which ac tua te 
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at 98 C. The normal operating temperature is less 
than 65 C. Differential pressure exceeding 14 KPa 
indicates system problems or plugged traps. 

9-3 UF Vaporizers - Containment Type Autoclaves 

a. Purpose 

To convert UF to gaseous state for use in the UF -UF 
reduction tower. 

b. Design Basis 

(1) Operating Conditions 

Temperature, C 120 

Pressure, MPa (abs) 1.1 

(2) Capacity, kg/day 27,210 

(3) Number Required 2 

(4) Comments. The autoclaves will be equipped with 
automatic shutoff valves on the exterior UFg, 
steam, and steam condensate lines, UFg cylinder 
valve closing device inside, and steam emergency 
vtnt and relief valves. The autoclave is instru
mented to alarm on high steam pressure, high con
densate level, high temperature, and high UFg 
cylinder wall temperature and close the automatic 
valves. Each autoclave will be equipped with UFg 
detectors which also will activate the automatic 
valve closures. 

9.4 Ammonia Dissociators 

a. Purpose 

To obtain hydrogen for reduction from dissoc iat ion of 
ammonia. 

b. Design Basis 

(1) Operating Conditions 

Temperature, C 950 

(2) Capacity, scmh ammonia 28 

(3) Number Required 2 
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9.5 Molecular Sieve 

a. Purpose 

To remove residual undissociated ammonia. 

b. Design Basis 

(1) Operating Conditions 

Temperature, C (max) 400 

(2) Capacity, scmh 17 

(3) Number Required 2 

(4) Comments. Sieve packing is synthetic zeofite 
(type 5A, 3.2-mm pellets). Saturation is assumed 
to be 50 ppm ammonia in exit hydrogen-nitrogen 
stream. Regeneration is accomplished by purging 
with nitrogen at 315 to 345 C for 8 hours. 

9.6 Dissociated Ammonia Surge Drum 

a. Purpose 

To maintain desired flow at stable conditions to the 
reduction tower. 

b. Design Basis 

(1) Design Conditions 

Temperature, C 95 

Pressure, MPa (abs) 0.38 

(2) Operating Conditions 

Temperature, C 40 

Pressure, MPa (abs) 0.24 

(3) Material of Construction Steel 

(4) Dimensions 

Diameter, cm 90 

Height, m 1.37 

Dished Heads 2 ASME 
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7 UF Surge Drum 

a. Purpose 

To maintain desired flow at stable conditions to the 
reduction tower. 

b. Design Basis 

(1) Design Conditions 

Temperature, C 150 

Pressure, MPa (abs) 0.52 

(2) Operating Conditions 

Temperature, C 70 

Pressure, MPa (abs) 0.38 

(3) Material of Construction Steel 

(4) Dimensions 

Diameter, cm 90 

Height, m 1.37 

Dished Head 2 ASME 

(5) Comments. Tank is steam jacketed or enclosed in 
heated housing to provide the heat necessary to 
maintain UF. in the gaseous state. 

8 UF •* UP Reactor System 

a. Purpose 

To convert UF to U0 by reaction with steam. 

b. Design Basis 

(1) Operating Conditions 

Temperature, C 700 

Pressure, MPa (abs) 0.27 

UF Residence Time, hr 2.5 
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(2) Dimensions* 

Reactor Shell, ID, cm 

Reactor Length, Total, m 
(Three Reactors in Series, 
Each 6.65 m) 

(3) System Capacity 

Total, tU/day 

Each Line, tu/day 

(4) Materials of Construction 

Reactor Shell 

Screw Conveyor 

(5) Number Required 

Reactor Lines 

Reactors Each Line 

(6) Electric Heaters 

Each Reactor, kW 

Each Reactor Line, kW 

Total System, kW 

(7) Screw Drive 

Size, kW 

40.6 

20.0 

10 

3 - 1 / 3 

Inconel 

H a s t e l l o y C 

3 

3 

30 

90 

270 

5.60 

(8) Comments. UF4 is screw fed from a heated hopper 
(100 C) to the inlet of the first stage reactor, 
screw conveyed through the reactor, and dropped 
from the third stage into a collection hopper. 
Steam at 560 C flows countercurrent to the powder 

* There is a large scale-up uncertainty factor in going from a 
production rate of 600 kg of uranium per day in a single-stage 
reactor to a 10 tU/day rate in a multistage, multiline reactor 
system; however, the system is considered conservatively 
rated. The three-stage screw reactor lines used to convert 
UO2 to UF4 at Paducah and MCW, upon which this design is 
based, were nominally rated at 4 tu/day, although actual 
capacity varied from about 2.5 to 9 tU/day, depending on the 
reactivity of the starting UO . 
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movement. Each reactor stage requires a total 
heat input of about 30 kW divided into three or 
more heating zones using electrical resistance 
heating elements. Exhaust gases, steam, and HF 
exit through a cyclone and filter syrtem to remove 
entrained powder and then to the HF disposal svstem 
to react the HF. The UO product is cooled and 
drummed. 

9.9 HF Recovery and Refrigeration 

An HF recovery system is required to remove the HF 
generated in the reduction processes from the gas stream 
befoie venting to the atmosphere. The gas stream, about 
90 kg/hr, contains approximately 77.5% HF, 21.7% nitrogen, 
and 0.8% hydrogen by weight, and is at a temperature of 
95 C at atmospheric pressure. Cooling to -70 C is accom
plished by passing the gas through two Monel condensers 
and separc.tors operating in series. The ou-let gases from 
the pretotal (partial) condenser are at -20 C and from the 
total condenser -70 C The refrigerant-22 system is sized 
to remove 1.6 MJ/kg gas in the pretotal (partial) condenser 
and 0.36 MJ/kg in the total condens?r. The HF is drained 
to the storage tank and the exhaust gas containing approxi
mately 0.3 weight percent HF is fed to the HF disposal 
system. 

9.10 CaCO- Reactors 

a. Purpose 

To remove HF from UF -UO_ reaction off-gas before vent
ing to the atmosphere. 

b . Design Basis 

(1) Operating Conditions 

Temperature, C 150-320 

Pressure , MPa (aba) 0.20 

(2) Dimensions 

Shel l 

Diameter, m 1.22 

Height, m 4.57 

(3) Capacity 

6.35 - 25.4 mm Oolitic Limestone, kg 6165 
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(4) M a t e r i a l of C o n s t r u c t i o n 

Shell Monel 

(5) Number Required 4 

(6) Comments. The CaC03 reactors will operate indi
vidually for approximately 9 hours. Each trap 
will be equipped with electric heaters around the 
shell and a recirculating heat r blower to ini
tially heat the CaC03 in the reactors to a minimum 
of 125 C. The traps have been designed to operate 
at 99% efficiency. 

9-11 Karbate Condenser 

a. Purpose 

To condense t h e excess steam and u n r e a c t e d HF which 
may be p r e s e n t i n t he CaCO^ r e a c t o r o f f - g a s e s . 

b. Design Basis 

(1) Operating Conditions 

Temperature, c 50 

(2) Material of Construction 

Shell Carbon Steel 

Baffles Stainless Steel 

Tubes Karbate 22 

(3) Comments. The condensate from the Karbate con
denser contains about 0.3 weight percent HF and 
the gaseous discharge from the condenser contains 
about 88.6 weight percent C0?, 11.0% nitrogen, 
and 0.4% hydrogen. 

9.12 Lime Neutralization and Precipitation System 

The lime neutralization and precipitation system is 
required to treat the dilute aqueous HF condensate from 
the Karbate condenser. The liquid effluent containing 
about 0.3% weight percent HF is neutralized with approxi
mately 100% excess Ca(0H)2» Calcium fluoride formed from 
the reaction of HF with Ca(0H)2 and the excess Ca(0H>2 is 
settled out in a laminar flow-type clarifier. The calcium 
fluoride and Ca(0H)2 sludge from the clarifier is dewatered 
in a centrifuge, drummed, and landfilled. H2SC>4 is added 
to the high pH liquid effluent from the clarifier to 
reduce the pH down to the 6 to 9 range. 


