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ABSTRACT

Design considerations are outlined for plants for the productien of nuclear
purity uranium dioxide with capacities of 100, 200 and 500 tonnes U/year. The
cost of the process eguipment is not greatly affected by various process alter-
natives; equipment performance, which affects product quality, consistency of
powder properties and plant reliability, is important in determining the
recommended process, This involves the following steps: batch dissolution,
continuous solvent extraction in mixer~settlers, single-stage precipitation of

ADU, thickening and spray drying of'ADU, and calcination-reduction in continuous

pulsed fluidised bed reactors,

continued...



ABSTRACT { continued)

Estimates of the cost of recovery of free acid and combined nitrate from the
raffinate and filtrate waste streams indicated that the value of the recovered
acid would be greater than the processing cost only in the case of free acid
recovery from solvent extraction raffinate in the 500 tonne/year plant, However
if acid recovery is necessary for plant effluent control, the processing cost can

be largely offset by the value of the recovered acid.
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i, INTRODUCTION

This report ocutlines designh considerations for plants to produce, from
Australian ore concentrates, a ceramic grade uranium dioxide suitable for the
fabrication of pellets for nuclear fuel elements. A standard process is described
in detail and various alternative equipment units are compared on the basis of
performance and cost data to identify cost sensitive areas and derive a recommended

process,

The study is based on information obtained from the research programme at
Lucas Heights (Alfredson 1970) and from the literature. Plant capacities of 100,
200 and 500 tonnes of uranium per year as uranium dioxide are considered. These
throughputs were chosen to include the size of plant which, though not completely
economic might be built to meet the early requirements of a power programme,
and a larger plant which would be economic in a nuclear power programme, In the
Appendix, estimates are also given for the capital cost of the installed process
equipment only, and the annual direct processing charges excluding labour. These

estimates are compared with other published data (Amdel 1966, 1970).
The standard process has the following stages:

(a) Batch dissolution
(b) Continuous solvent extraction in mixer-settlers
(¢} Continuous single-stage precipitation
(d) Continuous rotary drum vacuum filtration
(e) Continuous belt drying

{f) Continuous pulsed bed calcination-reduction,

Acid is not recovered; acidic waste solutions are neutralised and mixed
with alkaline wastes and are probably subjected to further waste treatment as

required by local regulatiens; the latter is not included in this report.
The following alternatives are considered:

a) Continuous dissolution
b

S

Continuous pulsed column solvent extraction

——r

Continuous two-stage precipitation

Continuous spray drying

Ly

Continuous caleination-reduction in rotary kiln furnaces

P T o S N e T e
[*TI e
e

e
f) Batch-tray calcination-reduction,

The costsof recovery of free nitric acid from the raffinalte, and the
recovery as nitric acid of the combined nitrate contained in the raffinate and

filtrate are also considered,
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2. DESIGN CONSIDERATIONS FOR A PIANT USING TiHE STANDARD FLOWSHEET

The mass balance for the standard flowsheet is given in Figure 1 for a through-
put of 500 tonnes U/yr. The mass balances for other throughputs are proportional
to this. Figure 2 gives the sguipment flowsheet,

2.1 Yellow Cake 3pecification, Storage and Handling

There is no standard specification for Australian yellow cake, but most modern
treatment plant processes produce a high quality concentrate with the Us0g content
better than 90 per cent. Typical analyses for Rum Jungle concentrates held at
Lucas Heights are as follows:

3102 and Acid
Us0s Hz0 Naz0 503 Insolubles
92% 1,06 | 3.5% 0.5% 0,25%

While variations in Rum Jungle concentrates can be anticipated, they should cause
no difficulties in subsequent processing. The solvent extraction purification
process 1s very flexible and can cope with a wide variety of concentrates. The
only concentrates which may be difficult to purify are those containing high
concentrations of rare earth elements such as Mary Kathleen concentrates, Silica
can also cause problems as it precipitates in acid solutions and hence can cause
blockages in plant equipment, but the concentration in the Rum Jungle concentrates

is well below that at which this trouble is likely to occur {approx., 1 per cent).

Yellow cake is contained in 44 gal steel drums with a polythene liner,
holding about 600 1lb of concentrate. The drums of yellow cake are safe to handle
and singe the ¥ radiation dose on the surface of the drum is about 2.5 mrem/hr no

special radiation precautions are necessary.

In the proposed plant, the drums are emptied into the dissolver from a
ventilated dust hood, The plastic liner is disposed of as solid waste, and the
empty drum monitored inside and out for contamination, If contaminated, it is
washed clean for re-use. The contamination level should be less than 1 mrem/hr
of fixed activity before despatch from the plant. The wash water can be used for

make-up in the dissolver,

In general, the concentrate flows readily and does not pick up moisture in
storage, provided the drum is not left open for any appreciable time., Normal

safety procedures in operating the plant should minimise this occurrence,



2.2 Dissolution

Batch dissolution is proposed since it provides a convenient point for analysis

and quantitative checking of the uranium input to the plant,

The batech dissolution equipment is designed on the basis of using two dissolver
tanks, each capable of producing the uranyl nitrate required for approximately one
shift:of operation using a discrete number of drums of yellow cake, and allowing

approximately 8 hours' residence time in the dissolver,

The contents of a drum of yellow cake are dumped in the dissolver and the
calculated volume of nitric acid added from a head tank. The dissolver 1s stirred
and heated with steam to near boiling (110°C). Water is added to make up the
required volume. The solution is maintained at approximately 95°C until required,
and analysed and adjusted for uranium and acid concentrations before use, A water-
cooled jacketed pipe is provided to cool the solution to 30°C as it is fed to

mixer-settler units.

Acid requirements for dissolution are based on experience at Lucas Heights
which indicates that 1.35 litres of 16 M acid per kilogram of uranium (Charlton,
A.A.E.C. unpublished work) is required to produce a 300 g U/4 feed solution with

3 M free acid concentration,

In overseas practice, the need to filter the dissolver solution before solvent
extraction is approached in different ways. Springfields (U.K.AE.A,) practice is
to filter all solutions on a precoated rotary drum vacuum filter (Littlechild
1967) . French practice is to decant the clear liguor and filter the settled
ligquors on a rotary drum vacuum filter (Decrop et al, 1958). Other producers in
the United States (Thayer 1958) and Canada (Burger and Jardine 1958) do not filter
this solution., We also use the solution without filtration (Charlton, A,A,E,C,

unpublished work) .

The Springfields process is fully reported (Mason and Smith 1985) and is based
on concentrates containing 0.7 to 4.0 per cent silica which are blended to produce
a solution of 1.8 per cent silica on a uranium basis. Rum Jungle concentrates
which we have used contain approximately 0.25 per cent silica on a uranium basis.
No troubles have been encountered with mixer-settlers due to this silica in the
feed, though some blockage of the control valve and flowmeter used to control the
feed rate has occurred. The feasibilfty of using a flowmeter and needle valve
to control the flow required for a 200 tonnes/yn plant has been tested and no
blockage or control problems were encountered. It is therefore assumed that it

is not necessary to filter the dissolved yellow cake before solvent extraction,

2.3 S3olvent Extraction

Uranyl nitrate is purified using 20 vol. per cent tributyl phosphate ( TBP)
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in kerosene according to ‘the flowsheet shown in Figure 3 in mixer-settler units
similar to those currently in use at Lucas Heights, These units use 6 extraction
stages, 10 serub stages and 16 strip stages in 2 x 16-stage units (Charlton A,A.E.C

unpublished work) .

The Lucas Heights units are capable of processing 15 tonnes U/yr, which
compares favourably with reported throughputs and sizes of the Springfields plant
(Page et al. 1960). TFor this study, the Lucas Heights units have been scaled up
on the basis of interfacial surface area, keeping the same length-breadth ratio
and a residence time in the mixer of greater than one mimute, A minimum residence
time of 10 seconds 1s needed for at least 90 per cent efficiency of mass transfer
{Lowes and Larkin 1967).

The proposed unit is controlled manually using flowmeters and valves on the
feed streams, Uranium concentrations are measured continucusly on the product
stream and in the solvent in a critical extraction stage as described by Littlechild
(1967) . Gamma absorptiometry {Yates and May 1970) is recommended for this
analysis. A frequent check is also made on the raffinate and recycle solvent
streams to ensure that the uranium is not beling carried through in these streams.
The solvent extracticn unit can be shut down by stopping all process streams,
shutting down the mixers and clesing the raffinate and product outlets, and can be

restarted after a delay of several days with no significant loss of product quality.

2.3.1 Solvent washing

Littlechild {1967) reported that efficient carbonate washing is essential
to prevent the concentration of uranium building up in the solvent, He recommended
the use of five sﬁages of carbonate washing, followed by a water (very dilute acid)
wash to remove carbonate hake. He did not state the required ratio of carbonate
to organic for the cleanup cycle, but Burger and Jardine (1958) reported the use

of a ratio of 1:25 for pulse columns, and this is also assumed in this study.

2.3.2 Solvent loss and make-up

TBP will be lost to the raffinate and product streams because of its
solubility in water {0.39 g/ﬂ). It is assumed that the loss of TEP by evaporatlon

is negligible,

Kerosene loss is more difficult to estimate, It is insoluble in water, but
the evaporation rate is higher than for TBE., Evaporation losses should be
minimised by the use of covered mixer-settler boxes and tanks. It has been

arbitrarily assumed in this study that the kerosene loss is double that of TBP,

The concentration of TBP in the extractant is not critical and need only be
checked on a weekly basis, It should be kept to 20 + 1 per cent by TBP or kerosene

addition as necessary.
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2.3.3 Raffinate waste treatment and disposal

With six stages of extraction, the uranium concentration in the raffinate
should be below 0,04 mg/ﬁ. The acid concentration is 2.2 M and this is
neutralised with lime before the raffinate is discharged to the effluent treat-
ment plant, Three raffinate storage tanks are provided, each capable of holding
12 houvrs' throughput, to allow analysis and neutralisation to be ecarried out,
They are operated on the basis of one filling, one being analysed, and one

undergoing neutralisation and disposal,

2.5.4 Safety

A main reason for the choice of TBP as a solvent is its safety in handling.
It is stable to high concentrations of nitric acid, and is not subject to spon-
taneous explosion reactions at operating conditions, The kerosene diluent is
also chosen for its safety. It has a boiling range of 300-400°F, and a minimum
flashpoint of 100°F. The mixture is generally handled in closed vessels and

tanks and the fire risk is very low,

2.4 Precipitation

Continuous precipitation with ammonia gas is used in a single-stage, stirred
tank reactor with a residence time of at least 8 minutes., A delay tank is provided
between the precipitator and filter with a capacity equivalent to 6 hours'
operation, holding 2 hours' supply normally, and allowing 4 hours in which to
change the filter cloth in the event of a breakage, DBoth precipitator and delay
tank are kept at 50°C by heating with steam.

The uranyl nitrate feed to the precipitator 1s controlled manually and the
ammonia flow is automatically controlled to maintain the required pH (7.5) in
the precipitator, Approximately 2,8 moles of ammonia per mole of uranium is

required for this duty (Janov - A.A.E.C. unpublished work) .
2,5 Filtration

The size of the required continuous rotary drum vacuum filter is calculated
on the basis that an existing 3 £t unit normally handles a slurry flow of
40 ﬂ/hr, irrespective of wash water flow. The filter cloth specifisd is Eimco
Filter Media No, NY-319F, this being the best of several types tested at Lucas
Heights (Janov ~ A,A.E.C. unpublished work)., This cloth has been in intermittent
~use for more than a year with no breakage or apparent deterioration but it 1is
assumed that in plant service it may be necessary to change it every two months,
The filter unit is easily operated, the flow of slurry being regulated to maintain

a constant submergence of the drum,

The filtrateris fed to one of three delay tanks, one being filled, another
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being analysed and emptied, and a third available on standby. The concentration

of dissolved uranium in the filtrate should be approximately 4 mg/ﬂ, but the
Iiltrate should also be checked for fine brecipitate which may have carried through
the filter cloth. This normally should only happen on start-up with a eclean filter
cloth,

Treatment of the filtrate depends upon how much uranium has passed through
the filter. If no uranium precipitate is present, the liquid is discharged to
the effluent treatment plant. If uranium precipitate is present, for example
owing to a break in the filter cloth, it could be recycled via the third tank to
be added slowly to the delay tank for re-filtering. In general, particles carried
through the cloth under normal operation are usually extremely fine and do not
settle on standing., Where neither of the above actions is appropriate, the filtrate
may be treated with a flocculent to coagulate the particles which can then be

recovered, No allowance for this treatment is included in this study,

The radioactivity of the alkaline filtrate is very low, being solely due to
the uranium present. The concentration of ammonium nitrate is below 0.7 M and

its recovery is not considered to be economic.

2.6 Drying

The wet cake from the filter contains approximately 30 wt. per cent moisture
on a wet basis and must be dried before calcination~reduction. Continuous
operation is desirable and three types of dryer have been considered, one being
a spray dryer dealt with in Section 3.4, The other types considered are a
conveyor-band (throughflow) dryer and a rotary dryer, for which the normal evap-
oration rates are 2 to 10 1b water/ftE.hr and 2 to 6 1b water/fts.hr respectively,
(Noden 1969). Drying. rates for ammonium divranate (ADU) have not been measured
but no problems have been encountered in the use of batch ovens (Janov, A.A.E,C,
unpublished work). The minimum drying rates for the two types of dryer considered
above have been used to give conservative estimates for the cost of this equip-
ment, On this basis, the conveyor-band dryer is 10-15 per cent cheaper than a

rotary dryer and has been selected for this study,

The dryer is fed directly from the filter and the product is discharged

into a hopper.

2,7 Calecination-Reduction

Various types of equipment are available for calcination-reduction of ADU
to U0z, In the standard flowsheet, a continuous pulsed bed is used, but rotary
kiln furnaces and batch tray furnaces are also considered in Sections 5.5 and

3.6 respectively.

Fluidised-bed processes are commonly used in uranium processing (Harrington
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and Ruehle 1959, Alexander et al. 19680, Alfredson 1967) but difficulties arise in
fluidising the high surface area, fine powders required for U0z pellet manufacture
due to channeling of the gas through the bed and the elutriation of fine particles,
A pulsed bed is being developed at Lucas Heights to overcome these problems
(Alfredson 1970) and the proposed continuous pulsed bed unit is based on current
experience with batch operation and projected modes of continuous operation (Fane
and Alfredson 1970). The advantages of the pulsed fluidised bed reactor are good
gas-so0lids contacting and heat transfer characteristics which should minimise

iticrosintering of the powder during reduction and give uniform powder properties.

The ADU is caleined and reduced continuously in one pulsed bed heated to
approximately 600°C, the U0z product being stabilised continucusly at ambient
temperature in a second pulsed bed. Dried and granulated ADU is fed into the
top of the first pulsed bed by means of a screw feeder and rotary gate valve,
powder is withdrawn from the bottom of the bed by a pipe, fitted with a slide
valve, and fed by a cooled vibratory feeder into a cooled transfer hopper where
it is fluidised with nitrogen. Similar feed and discharge mechanisms are

provided for the stabilisation unit.

Automatic control of the bed temperature and level, continuous recording
of the bed and filter pressure drops, and control of the pulsation by solencid
valves and a timer, is provided for in the reduction reactor., Similar controls,
but without the temperature control, are provided for in the stabilisation

reactor,

The size of the unit is based on an estimate that the 5 in diameter reactor
in use at Lucas Heights can process approximately 10 kg/hr of uranium dioxide.
The same length/diameter ratio for the bed and solids residence time are used.
For mass balance calculations, gas requirements are assumed to be twice the
stoichiometric hydrogen requirement for the reduction reaction and twige the

stoichiometric oxygen requirement for the reaction U0z — UD for stabilisation,

2.1
although the requirement of a constant fluidising gas velocity actually leads to
vaprying stoichiometric requirements for different size equipment {Fane and

Alfredson 1970).

Cracked ammonia is used for reduction without dilution at a flow equivalent
to twice the stoichiometric requirement, and 2 per cent oxygen (10 per cent air) in
nitrogen is used for stabilisation at the same volumetric flowrate as in the
reduction reactor. Small amounts of inert gas are also required for purging

hoppers, feeders, ete. but this requirement is assumed to be negligible,

Crushing of the dried ADU to approximately -20BSS is regquired and this
is done in a Jackson and Crockett No, 6 granulator. From current experience,

‘it is estimated that this granulator can process approximately 35 kg/hr ADU,
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equivalent to approximately 180 tonnes U/yr.
2.8 Utilities

In this section, utilities specifically concerned with process equipment are
considered in some detail and those which would be shared in an integrated fuel

mamufacturing plant are briefly mentioned for completeness,

Fume control from the dissolver, dryer and calcination=-reduction unit is by
means of a sodium carbonate jet scrubber which can create a flow of 1,000 ¢fm ailr
complete with the necessary ducting, circulation pump and storage tank, The gas
from the reduction reactor will contain a maximum of 75 per cent hydrogen, which
is explosive in air between 4 and 74 per cent concentration (Kirk-Othmer 1966) .
It is therefore diluted at least 30 times with alr as soon as possible after

passing through the reactor and then piped to the scrubber,

Yellow cake drums are tipped and ADU gramulated in separate forced draught
dust hoods, the air being filtered before disoharge. General ventilation,

filtration of exhaust air and a stack are not considered further in this study.

Nitric acid (60 per cent commercial grade) is delivered in multiples of 10
tons (1,600 gal) lots, It is stored in a ground level tank which can hold at
least one week's supply, with a process head tank capable of holding 12 heurs'
supply.

Ammonia is supplied in 850 1b cylinders {no storage capacity required in
the plant) for the 100 and 200 tonnes/yr plants and in 2 ton lots for the 500
tonnes/yr plant,

Demineralised water is standard for processing use throughout the plant,
sinee a very high purity product is required, It i1s assumed that process water

is obtained direct from the town supply.

Hydrogen is supplled by cracking ammonia over a heated catalyst and nitrogen
is supplied by burning cracked ammonia in air in an inert gas generator, The
commercial unit slze of generators available 1s approximately 1000 ft3/hr.
Compressors and storage recelvers are provided to supply the hydrogen and nitrogen
to the pulsed fluidised beds at 50 psig. The compressed air requirement for the

plant is small(5 fts/min for a 500 tonnes/yr plant) and is not congidered further.

Electrical supply is usually installed in units of 200 kVA and it is
assumed that one such unit will be sufficient for all sizes of plant considered

in this study.



3. EQUIPMENT ALTERNATIVES

3.l Continuocus Dissclution

Continuous operation of a process is usually more attractive than batch
operation since automatic control can be used, smaller eguipment is required for
a given throughput, and less manual handling is required. These advantages hold
for continuous dissolution, However, a feed hopper and screw feeders are required
with the continuous dissolver, but not with batch dissolvers., Batch operation also
has the advantage that a convenient point is provided for uranium accounting.

Operational requirements are much the same for batch and continuous dissolution.

Continuous dissolution has been thoroughly investigated at Springfields (Page
et al, 1960) where it was recommended that a three-stage system with a total
residence time of 8 hours be adopted., Three equal-volume stirred stages are
proposed for this study, most of the reaction taking place in the first stage, to
which yellow cake, nitric acid and water are fed continuously, the temperature
being maintained at near boiling temperature (about 110°C) by heating with steam,
The second and third stages are maintained at about 95°C, The residence time
allowed permits the use of the third stage as a feed tank to the solvent extraction
process. The dissolver could be shut down and restarted without significantly

alffecting the concentration of the product.

The dissolver product solution should be analysed for uranium and free acid.
Uranium may be analysed continuously using gamma absorptiometry (Yates and May
1970). The residence time in the final stage is long encugh for sampling every

2 hours to be sufficient,

3.2 Pulged Column Solvent Extraction

Pulsed columns for continuous processing are an alternative to mixer-settlers
and have the advantage of a smaller hold-up. Thus they reach equilibrium much
guicker and are more responsive to control than mixer-settlers. They are also
easier to clean, Whereas mixer-settlers are often fed by gravity, pulsed columns
are much taller and usually require continuously cperating feed pumps. An
efficient pulsing unit is also necessary and interface control can cause problems,

particularly if large quantities of interfacial crud are formed.

Conditions of flow required are very similar to those examined by Logsdail
and Larner {1963) and calculations are based on the optimum frequency conditions
established by them,

The sizes of the pulsed ecolumn units required are as follows:
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100 200 500
tonﬁes/yr tonnes/yr tonnes/yr

Extraction and Scrub: diameter 3 in 4 in 6 in
height 26 ft 26 ft 26 f't
Strip ¢ diameter 6 in 8 in 12 in
height 31 £t 31 £t 31 ft

Additional height is required in the process building Lo accommodate the
pulsed columns, but a smaller floor area is required than for mixer-settlers,
These considerations have been neglected in comparing the costs of these alter-

natives,

3.3 Two-3tage Precipitation

The advantage of two-stage or multi-stage precipitation over single-stage
precipitation i1s that a wider range of ADU properties can be achieved and control
of the unit should be less critical. The first stage of precipitation is carried
out at a pH where only part of the uranium is precipitated and small changes in
operating conditions are not important., The pH in the second stage is maintained

in the range 7 to 9 and does not need to be automatic,

The precipitation conditions necessary to yield a satisfactory ADU for
pellet manufacture produce a precipitate which filters at much the same rate as

single state precipitated ADU (Janov et al, 1970),

The equipment used is similar to that for single~stage precipitation; two
stirred tanks of equal volume are used with a total residence time of 186 minutes,
Purified uranyl nitrate is fed to the first stage where ammonia is added con-
tinuously to precipitate the bulk of the uranium as ADU. The slurry then overflows
to the second stage where a further addition of ammonia is made to bring the slurry

to the required pH, It then overflows into the filter delay tank,

3.4 Spray Drying

Spray drying gives control over the particle size of the dry ADU and
eliminates the need for crushing before pulsed bed caleination and reduction, No
detrimental effects of spray drying on the properties of the U0z powder have been

observed (Levins, A,A.E.C, unpublished work) .

Spray drying can be substituted for three processing stages in the standard
flowsheet; filtration, drying and granulation, provided that a counter-current
decantation stage is included to give as concentrated a slurry feed as possible

to the dryer and to eldminate ammonium nitrate from the solution. The cost of
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the dryer depends upon the rate of water evaporation required. Its physical

size determines the maximum particle size of powder obtainable,

The settling rate for single-stage precipitated (pH 7.5) ADU is approximately
1.2 ft/hr and the decanter size is calculated by assuming that the required feed

to the dryer is 35 wt, per cent solids,

3.5 Caleination-Reduction in Rotary Kiln Furnaces

Rotary kiln furnaces have been used for the production of sinterable U0z in
France (Delange 1963), Germany (Wirths and Ziehl 1958) and England (Smith et al,
1964) . They have the advantage of continuous and simple operation but require a

closely sized feed material.

Separate calcination, reduction and stabilisation reactors have been assumed
with respective mean residence times of 20 min, 1 hour, and 20 min. Delmas and
Holder (1963) reported a throughput of 72 tonnes/yr for reduction in a 6 inch
diameter by 12 ft long furnace, but a commercial quotation received at Lucas
Heights indicated three times this flow. The sizes of the reduction units
required have been caleculated by scaling the diameter allowing for a maximum
available diameter of 10 in and assuming a constant length, For calecination and
stabilisation, it is assumed that a reduction in residence time can yleld a pro-
portionate increase in fhroughput as controls of speed and slope are available
in these units and the diameters are scaled accordingly. The resultant dimensions
have been checked for consistency with the controlling variables of speed and

slope by use of the equation of SBullivan et al. (1927) :

t 0.19 L/ND sin & s

where t is the mean residence time in a kiln of diameter D and length L rotating

at a speed N and set at an inclination & to the horizontal.

Anecillary equipment required includes transfer hoppers from the dryer, screw
feeder and hopper from the reduction reactor, a cooled screw feeder between the
reduction and stabilising reactors and product containers for transporting the
U0z Prom the plant. Rotary kiln furnaces will require much more floor space than
the pulsed fluidised bed reactors and about the same as the batch tray furnaces,

but no allowance is made for this in the comparison of costs.

3.6 Batch Tray Calcination-Reduction

This type of unit has been used in Canada (Berry 1967), United States
(Placek and North 1960) and England (Hinton 1955). It is at present in use at
Tucas Heights for producing small quantities of UOz (5 kg batches) and is known
to be capable of producing satisfactory U0z (Janov. = A,A,E,C, unpublished work).

It has the disadvantages of requiring much manual handling in loading and



12,

unloading the furnace, the possibility of non-uniform temperatures occurring
within the bed of powder, and possible differences in powder characteristics

between batches.

For the proposed plant, a continuously operating furnace is assumed. The
ADU powder is loaded into trays to be stacked in a reaction vessel which is then
sealed, purged and placed in the furnace for reaction. After reaction, the
vessel is removed and placed to one side to cool; meanwhile another vessel has
been loaded and replaces the first one in the furnace. After the vessel and
contents have cooled, the powder is stabilised and then unloaded., The full cycle
for each vessel takes 12 hours, as follows: 2 hours' discharge and load; 2 hours'
heat up and reaction; 6 hours' cooling and 2 hours' stabilisation. On this basis,
the furnace could accommodate 6 reaction vessels in 12 loadings per day, but a

total of 5 vessels with 10 loadings per day is assumed for this plant,

The volume of the furnace and vessels is calculated by assuming that the
bed of powder in the trays is one inch deep, there is 2 inches between each tray
and the bulk density of ADU is 62,4 1b/ft®,

Contrel of the furnace temperature is automatic while gas flow rates are
controlled manually with flowmeters. The heating load for all types of caleination-

reduction apparatus is assumed to be similar.

4, NITRIC ACID RECOVERY

Approximately 18 per cent of the nitric acid requirement for the solvent
extraction flowsheet is used in the neutralisation of the sodium in the yellow
cake and becomes sodium nitrate in the raffinate, 46 per cent appears as free
acid in the raffinate and 38 per cent appears as ammonium nitrate in the filtrate.
Singe nitriec acid accounts for approximately 60 per cent of the cost of chemicals
for conversion of yellow cake to U0z powder by the standard flowsheet, there is
an economic incentive for acid recovery. Depending on the location of the pro-
cessing plant, there may be limits on the nitrate content of the plant effluent
and this could necessitate removal of nitrate from the effluent stream. Recovery
of this nitrate in the form of nitrie acid would give some economic return for

this processing.
Two alternative approaches for nitric acid recovery are considered:

(i) recovery of free acid from the raffinate solution.only, and

(ii) recovery from nitrate in raffinate and filtrate solutions.

Recovery of free nitric acid from raffinate streams at the National Lead
Company of Ohio has been described by Harrington and Ruehle (1959) and some
details of the evaporation and distillation of these streams are also available
(Arnold et al, 1956). For this study, it is assumed that 90 per cent of the
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raffinate is boiled off in a stainless steel forced-circulation evaporator and

the vapours distilled in a bubble-cap tower, fitted with a steam-heated external
reboiler and a surface condenser, The dimensions of the distillation tower were
calculated by assuming a superficial vapour velocity of 0.8 ft/sec, 20 bubble-cap
plates at 24 in spacing, and an operational pressure of 7 psia, Allowance is also
made for ozonisation of the liquid on one plate to oxidise chlorine and minimise
corrosion effects (Arnold et al., 1956). 'The design of the evaporator is based on
a feed stream of 2.2 M free nitric acid with 90 per cent evaporation at 2.8 psia,
the overall heat transfer coefficient being 250 Btu/hr.ft2.°F with a steam supply
of 50 psig.

Nitrate can be recovered from raffinate and filtrate by the addition of
sulphuric acid equivalent to the combined nitrates present in both liquids and
boiling off the free nitric acid formed, This type of process is used at Port
Hope Refinery, Canada, on raffinate streams from pulsed column operations {Burger
and Jardine 1958). The sizes of evaporator and distillation column necessary to
handle the greatly increased volume of liquid have been calculated on the same

bagis as for acid recovery from the raffinate stream alone,

S. BASIS FOR COSTING

This Section outlines the basis for the cost estimates made in the comparison

of the flowsheet alternatives described above and in the Appendix,

Equipment costs were determined from published data (Aries and Newton 1955;
Bauman 1964; Buchanan and Sinclair 1964; Drew and Ginder 1970; Guthrie 1969a,
1969b; Perry 1963; Peters and Timmerhaus 1968)., In general, the size of the
plant is relatively small for chemical plant, and in many cases it is difficult
to find reasonable cost figures, When the equipment size required is below that
guoted in the literature, the cost has been caleulated by extrapolation with due
regard to the type of equipment, Where several references have yielded different
cost figures, a reasonable mean has been taken., Except where otherwise stated,
type 316 stainless steel has been assumed to be the material of construction of

the equipment,

Particular difficulty was encountered in arriving at reasonable estimates
for the mixer-settlers, pulsed solvent extraction column, pulsed bed calcination-
reducticn units and rotary kiln furnaces. Costs for these are not directly
obtainable from the literature. Costs were estimated for the first three on the
basis of material, parts and manufacturing costs from a knowledge of the equip-
ment in use at Lucas Heights (for mixer-settlers and pulsed beds) and that used
at Harwell (for solvent extraction columns). The costs of rotary calecining
furnaces used in this study are based on commercial guotations received at

Tmcas Heights for units approaching 100 tonnes/yr throughput.
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All capital costs for equipment have been updated by the use of the Marshall
and Stevens installed equipment index (published bi-monthly in Chemical Engineering)
to Jamiary 1970,

The costs of process chemicals, except nitric acid, were teken from Australian
Chemical Process Engineering for June 1970: this listing is published quarterly,
Costs of nitric acid were obtained from George Shirley Pty. Ltd., Sydney, on the
basis of supply in bulk of at least 100 tons/yr of 60 per cent acid which is the

most economical concentration to purchase,
6. DISCUSSION

6.1 Equipment Alternatives

.
Details of the costs of alternative equipment to that used in the standard
flowsheet are given in Table 1 and summarised in Table 2. The estimated costs
for- continuous dissolution are slightly greater than for batch dissolution and,
as a uranium accounting point is also lost, the use of continuous dissolution
would not seem to be justified for the sizes of plant under consideration. Pulsed
columns appear to be slightly cheaper for comparable throughputs than mixer-
settlers although, with the degree of uncertainty in the assumptions used in
estimating these costs, actual costs could be more comparable, Two-stage pre-
cipitation increases the equipment cost slightly but this may be compensated by

the need for slightly less stringent control in precipitation.

Some economlc advantage is obtainable by the use of spray drying, in whigh
two process stages replace three,:and manpower requirements are also probably
reduced. The difference between heating requirements for the two processing
routes is considered to be small, The calculated costs for rotary kiln furnaces
are much greater than for continuous pulsed bed equipment even allowing for the
greater uncertainty of the cost data for the latter., Batch-tray furnaces are
roughly comparable in cost to pulsed bed equipment, but the manpower requirements

are considered to be greater,

Thus, with one exception, the cost of the process equipment is not greatly
affected by the various alternatives to the standard flowsheet considered. Equip-
ment performance which affects product quality, consistency of powder properties
and plant reliability and has been described in the previous Sections is therefore
important in détermining which process is to be recommended. This involves the
following steps: bateh dissolution, contihuous solvent extraction in mixer-
settlers, continucus single-stage precipitation, continuous counter-current
decantation and thickening, spray drying, and continuous calcination-reduction

in pulsed fluidised bed reactors.
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6.2 Nitric Acid Recovery

The costs of recovering nitriec acid from raffinate produced by the standard
flowsheet are detailed in Table 3 and summarised in Table 4, These estimates
do not include engineering design, construction and startup costs in the capital
costs, nor capital charges in the operating costs, It appears to be uneconomic
to recover the free acid and nitrate as acld from filtrate and rqffinate solutions
since the processing cost (execluding capital charges) is greater thah the value
of the recovered acid, However, recovery of the free acid only from the raffinate
in the 500 tonnes/yr plant is attractive, If limits on nitrate in the plant
effluent make processing essential, a large proportion of this processing cost can

be offset by the reduced acid requirement brought about by using this recovery

system,
7. SUMMARY

Design considerations have been presented for the production from Australian
ore concentrates of ceramic grade uranium dioxide in plants with capacities of
100, 200 and 500 tonnes of contained uranium per year, The standard process is
desceribed and compared with various flowsheet alternatives on the basis of perform-

ance and capital and operating costs.

The cost of the process equipment is not greatly affected by the various
alternatives and the more important factor in determining the preferred process
is equipment performance which affects product quality, consistency of powder

properties and plant reliability.

The recommended process has the following steps: batch dissclution, continuous
solvent extraction in mixer-settlers, continuous single-stage precipitation,
continuous counter~current decantation and thickening, spray drying, and continuous

pulsed bed caleination, reduction and stabilisation.

Estimates of the costs of recovery of free nitric acid from raffinate and
of nitric acid from the combined nitrate in the raffinate and filtrate streams
indicate that it is marginally economic te recover free nitrie acid from the
raffinate stream in the largest plant considered, but in no other case is recovery
economic. However to make the plant effluent meet acceptable nitrate concentrations,
recovery may be necessary and this processing cost can be largely offset by the

value of the recovered acid.
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TABLE 4

SUMMARY OF NITRIC ACID RECOVERY COSTS ($A)

Costs for Three Plant Throughputs
tonnes U/Yr)
100 200 500

Free Acid Recovery

Capital Cost 42,600 52,800 79,200
Operating Cost 22,600 26,250 36,200
Value of Nitric Acid Recovered 10,900 19,800 49,000
Recovery of Both Nitrate and Free Acid

Capital Cost 73,600 96,700 155,400
Operating Cost 36,100 51,300 95,700
Value of Nitric Acid Recovered 23,100 46,300 110,000




APPENDIX

COSTS OF INSTALIED PROCESS EQUIPMENT, CHEMICALS AND UTILITIES

Data derived in this study for the capitsl cost of the installed process
equipment and the annual operating costs, excluding capital and labour charges,
may be compared with equivalent data from Amdel (1966, 1970). Some differences
are noted and explained but, in general, the comparison confirms the reliability

of the estimates in this paper.

The costs of the installed process equipment for the standard flowsheet are
detailed in Table Al on the same cost basls as in the text, These costs are
summarised in Table A2 to give the total cost of the installed process equipment,
Estimates are also included in Tables Al and A2 for the installation of essential
utilities, though for an integrated fuel manufacturing plant the cost of some of
these would be shared with the rest of the plant. Shared utilities are listed
separately, Buildings, laboratory equipment and waste processing facilities are
not included, nor are design and construction charges, The total costs of the
installed process equipment and utilities for the 100, 200 and 5C0 tonnes/yr
plants are respectively $4199,000, $A240,000, $A294,000,

A scale factor X can be calculated from the costs presented for the three

sizes of plant considered, according to the formula:

g:.=<£a.

Ca Po ?

where C, and Cz are the costs of equipment and P; and Py are the capacities of
the equipment for two sizes under consideration, The scale factor obtained is
0.25 for each interval, which may be compared with the generally accepted factor
of 0,67 for chemical plant equipment which has been used by Amdel (1967, 1970).
The factor is lower owing to the relatively small size of the plants considered

and the cost of equipment is relatively insensitive to capacity in this rangeiof

sizes,

Amdel (1970) recently presented costs for a 500 tons UOp/yr plant based on
8,000 hr/yr operation (7,200 in this report). Rotary kiln furnaces were selected
for calcination, reduction and stabilisation, and the total cost of process equip-
ment, excluding electrical, piping, instrument and installation costs, was
estimated to be $A237,890. Comparative costs as estimated by Amdel, and in this
report, are shown in Table A3 and there is good agreement between the Amdel total
estimate and the figure of $A244,750 derived in th;s report,

The principal differences in costs are in Amdel's greater estimates for
drying, calcination and reduction rotary kilns and smaller estimates for solvent

extraction ancillaries and filtratlon, Our costs for rotary kiln furnaces are



(2)

APPENDIX ( continued)

based on examination of detailed gquotations from the manufacturer, Amdel assumed
very small tankage sizes for solvent extraction and assumed that the raffinate
would be processed for nitrie acid recovery, whereas our costs are based on large
holding and neutralising tanks for raffinate and large interstage tanks. Also,
the size of the rotary drum vacuum filter in the Amdel (1970) estimate is only

70 per cent of ours and filtrate storage and disposal equipment was not inecluded

in their estimate.

The costs of process chemicals and utilities involved in operating the plant
with the standard flowsheet for throughputs of 100, 200 and 500 tonnes U/yr.are
detailed in Table A4, For a 500 tonnes/yr plant, we estimate the annual cost to
be $A195,300, whereas Amdel (1970) obtained $A245,820, The main difference in
chemical and utilities costs between the Amdel estimates and ours is in the nitric
acid costs, where Amdel used $A222/n: for 69 per cent acid in drums and we used
$A109/ton for 60 per cent acid in bulk, Nitric acid accounts for approximately
ﬁwo=thirds of the chemicals and utilitles costs in our estimates and the saving
involved in changing to bulk acid at lower concentration is therefore very

important,



¢ CPITIITATOS

008° g% 0s52s 008 92

co? T Tra/Te8 QoT 00T T oIE fTeR ST 0L opm/TeR o 33 g ‘pIeg of dn-IuE

00s upm/Ted g 0se T TeR ZT 002 apE/TES 9 I30 T FeRIRST] MWHIIFR

00% T /TeS ¥ oo¥ o /Te® 2 002 wrm/Tes T I z TUOTITIMOALD FURATOR

002 T/ TeS T o0e wpm/TeS T 00z T /TeR T 330 z ‘moriEyTdIosad oy “X's - sdmng

ooz'z =3 005°T| 002°T =3 008 fa ] =2 082 PegeyIRe ‘dr-o5El

000°¢ =3 000"} 00F°T 8 000°T om =8 008 FUSATOS

oo T Te3 08t 009 128 005 0s% =8 08T USEN FITUDQTED

o00°e T=F 000 00T e 000°T 008 =2 00% 3oTpOdI

oov S =8 000°t{ ooo'e” =% oot ose‘e Te8 Q02 peqelTie “IJo ¢ CMWNIIITY

000°T Te3 0§L 009 Te2 00¢ o34 Te2 05T qnog

000°e 28 000°%| O0F°'T 28 Q00T | COR Te8 o8 diags - afesmel

oce 0% ¥ 00%“% Toweg pue JUsmdInbE TOIIUCD

00% S 000°S oL % seTPPRd PUE Sa0383IRY

000°9T 000 2T 000 0T ATqmessy PaE RIOMeERId ‘UCTIOTIGSUS)

SR TII00-ToKIN = DOT50BaGXd THeATos

00%‘8 000" 000‘s

o5 22F 5°2 002 3 T 002 233 T (3oxoe BurToc) odig STANTY) JeBURURXE 3BIH

oos 008 00% no=qny Gung POE JTRERINSEI T9AST PIYY OTIIIN

009 wu/Te® &2 05¥ urn/TesS oT 0S¥ apm/Te8 T dong PEOY OTIHIN

088 T=2 082 0se =% 00T ose =2 00T NUBL PEOY OTIRIN

0s% T 057 T 0% T TOIMUR) PUR JUSIRMNSES)] SINGedsdmsy

o:57 0%z 08Z JuSmS.INEES]] TSAS]

000°s T8 008 oo0°e T=2 002 000" Te8 002 3Io z “pe3wyify TUR POGESH fS¥UERL
Tojeqg - Worjurosstq

oo 006 008

0sL 33 ¥IT 0sL 233 T c8L o+3 FFT qusndinbg pue ¥og AuTddrl

(AaTomd=o qT 00S°T)

0sT 33 ST oS8T 33 €T oST 93 ST SRMUSC UT § “WIDTM Ul 02 ‘Jofsauo) I9TTOW

TUFLOUEH 9Me) MOLLI9A
| v§ 4500 SZTg JTUf ¥g "350) 2T TTUf] v§ 1500 SZTg JTUf YT

I3 /SSLI0T 005

IR /SeUI0] Q02

T/ SO0 L DOL

TEEER I QUvaIs - INETDE ST0t: AT IViSIT &0 51800 'T9idavo

v THEVL




** CRONUTIHOD

—— —
00T*S 0ss‘e 0812
c09 e} 2T 08% ¥ S 0S% ke 3 330 2 ‘sasddoy asysueay
009 ¢33 02T 008 e3F 08 00% &3 OF Xoq2a0TD
006°¢ oN € 0092 ‘ON 2 002t ON T {0/ §¢) SI0YETIURID 3FSHOOID-UOSIHORP
ToOTFeThen “L
00L°92 00T 22 008 oz
0cL e3F 2zt 009 T 008 e3¢ 30 g2 ‘sasddoy asjsusij
000° 92 233 08 00812 =33 02 00002 =+ OT (IePNIIxT ISTTOY “TOUT) 3TUn J2LI]
. Buriag ‘9
- —— T
008°Te 00692 0sL 9T
0oL Urm/Te? 00T 009 utm/Ted o8 00s urm/Ted -0g dumd S3reuosI(q 93BIITTd
05¥°¥ Te3 000°2 oos‘e Te3 000°T| 005°T Te8 00% JIo g ‘siue] 93ea}ITd
000 %2 233 ¥ 000°02 217 S2 008 ¢T =33 2t ITU-IYTTS
Qo2 002 002 Toaquoy auangedgedms],
ose I /Ted 082 00% auy/Tes oot 00g Ju/Te2 oS domg ouol
008 T ®% 000°T 000°T 88 0S¢ 0SL Te3 002 (Pe3eaTde) Nuel LeToq
ISATEd UMMoes
Wi ATejoy - uoTEaIiid ‘S
oos‘e osge 0og‘e .
(Burpacosy
ooz 000° 2 oo0‘ 2 samqessdmey, ‘pd) juemdinby Toaquo)d
008 Te2 g9 0s¢g TeF 52 00g Te3 2T (pe3®iTde) Tessep uwotTgeyTdroadg
. 3FeI5-oTTULS - UOTIEdrarosdd ¥
V& T3500 SZTg 37Un ¥§ T3S0 SZIg Jidn | Vg 3500 8ZTg 3TUf WSRT

JI% /soudol, 008

JZ /S0y, 002

JIX/S8UU0L, 00T

(pemuTquod } Ty TILVL




006 6¢g

00g* 0¢

S9XDY FUTTPUIEY
009°% wrm/ 13 000°¢ | 009°9 um/-33 000°¢ | 0099 urm/ 33 000°€ JTopsod MOJF UOTFEIITTd PUS UOTIETTIUSA
008°¢ a1 /qT 0SS 000°¢ T /AT SEC osL°T TU/qT 082 wBo3s
0sLfL YA 002 08L L YAT 002 0sL L VAT 002 £4ToTa308TH
08L°S aIU/TeS 08¢ 0sL°2 aq/Te8 OST 008°T T/TeS §L afesue); pUe 3TUR - JO3EM POSTIRJISUIES]
{3TUn 9ZTTS
PIEPUE]S B ST JOYBISUST ) SI9ATIOSY
o8eaoqg pue uoTssegdmol S pue Y
00% 2T oo%° 2T 00% 2T fUoTRISUSD S A9UT FRUCORL) BTUCWIY
oos‘e sy §°2 afegolg ETUOWHY
SSTRITIH] [Bd9ua) ‘0T
006°TT 0oB 0T 0056
00%°S Te8 000°9 | Q0L'F ™2 000°% ooo‘e ™3 00’2 sdumg pue Juel pesH ‘eFedolg PTOY OTIIIN
_ wn_._un..a pue dmd ‘syuey
00879 ar/A3 000°T | 00S°9 /33 000°T | 00579 urm/ 33 000°T . *ToUT FOqanaos 43 - Jurqgnaog sumy
§ST3TTI3N oFgroads "8
008 8y 00T ¥ 0oL 5e
006 e+ 2T csL c3F S 009 33 € I3o ¢ “saeddoy gonpoad
009°T e+ 2T 08e‘t 3 S o0T' T g3 ¢ J30 ¢ ‘sasddop assued] s5FeSISIUL
0008 0008 000°6 Isted PUR STOIIUOD
ATqwesse pue
008 2T ®BIP UT OT 000°TT eTp UT 8 o008 eIP UT 9 UCTAONLIGSUOD ~ 37U UOTIBSTTRARIS
000°TT 000%6 000°8 soEmImg
LTquasse PUB UOTIONAISUCD
0058 ¢T BTP UT OT 000 2T BTP UT B 000°8 BTP UT 9 - 4TUf UOT3ONPOY~UOTIEBULOTED
Pog DOS[I SNONULIWO)
= UOTJESTTIOP]S PUe UOT3oNpoy~uol3eulote) '8
¥ © 3500 82T 3TUN ¥g "3900 SZTS 4TUN ¥§ “2350) 8ZTE 1TUN w291

JIA/SSWDT, 005

I} /S8II0l 002

If/S8uuc], Q0T

(porwiziuod ) TV FIHVL




000° 762

000° 072

000°68T

006°6¢ 00s8°2¢ 00 0g
008°2. 08288 00T 8%
00¢° 28T 0897 9%T 009° 02T
006°TT Q0B 0T 00S°8
00S* 8% 00T E¥ Q0LfG¢E
00T°S 08G e 0ST 2
00L° 92 00T 22 00S° 02
00S° TS 006° %2 0SL9T
005°¢2 0se°2 oce‘z
CO08° 9% CS6° 2¢ 00892
00%°8 0002 000°9
006 008 008
hwwwwdnoa Q08 nw\mwﬂﬂog 002 MN\mmmﬂoa coT

g1g0] quawdinbyg poTTelsSUl TEBIOL

SOTITTTRN TeIsuey

(s380) uswdinby sssvoad %0% ) UOT3RITR®ISUL

gago) quswdIinby 590047 TBAOTL
SeT3TTTIN 2T JIoadg
TO T ONPeI-UOT1IEUTOTRD
UOTRRTNUIRIY
Buthag
UOTI8ILTTH
uoTaesTdIosdg
TOTIOBILYD QUIATOS
UOTINTOSSEJd

BurTpuey oXed MOTTSX

(¥¢) INEWATMOZ SSEO0HL AITIVISNI J0 LS00 TYIIVD 40 AMVHWNAS

SV EIEYL



TABLE A3

COMPARTISON OF COST ESTIMATES BY AMDEL AND THIS REPORT

(Amdel 500 tons UOz/yr; this report 500 tonnes U/yr)

Equipment

Dissolution

Solvent Extraction

Tanks and Pumps for Solvent Extraction
Precipitation

Filtration

Drying, Calcination and Reduction
Stabilisation

Services

Amdel

8,650
22,380
3,750
1,710
14,300
122,500
25,500

39,100

$A237,890

This Report

9,300
21,400
25,400

2,650
29,350

100,000
25,000

31,650

$A244,750
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C
SOLVENT
207.18pP/
KEROSENE

4-72VOL

FEED
300qu/e
3M HNOj -
I VOL
_ - SCRUB EXTRACTION
LOADED ES
e —— 10 STAGES 6 STAG
20% TBPIKERO}
l69¢ U/e
472 VoL SCRUB RAFFINATE
100g U/ € 40mg U/¢L
0-06M HNO3 2:2M HNO3
0-26 VOL. 126 VOL
3
STRIP I—
I6 STAGES —y
PRODUCT STRIP
100q U/¢e
006 M HNO3 0-05M HNO5
3-00 VOL 3.26 VOL

FIGURE 3. SOLVENT EXTRACTION FLOWSHEET FOR URANIUM PURIFICATION



