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ABSTRACT

Slow and fast settling ammonium diuranate (ADU) slurries were dried in a
one metre diameter laboratory spray drier using either preumatic or centrifugal
atomisation. Uniform, fine, dry powders were obtained with both atomisation
techniques but pneumatic atomisation was preferred. Spray drying did not
adversely affect the properties of the subsequent UO; powder and pellets. It
was not necessary to treat the ADU feed slurry to remove ammonium nitrate in
solution.

A theoretical model of droplet evaporation during spray drying is developed,
taking into account droplet size distribution, gas~spray hydrodynamics and heat
transfer rates. This model satisfactorily accounts for the observed operaticnal
characteristics of the drier.
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1. INTRODUCTION

Uranium dioxide (UO2) is the fuel most commonly used in nuclear power
reactors. While the method of processing uranium concentrates depends to some
extent on whether natural or enriched fuel is required, the ammonium diuranate
(ADU) route is most widely used to produce the sinterable uranium dioxide
powder required for fuel pellet fabrication. For example, for natural fuel,
ADU is precipitated from uranyl nitrate solution with ammonia, then filtered,
dried and finally calcined and reduced with hydrogen.

As part of a programme to investigate improved technology for UO2 produc-
tion (Alfredson 1970), spray drying of ADU slurries was studied as an alterna-
tive to other commonly uged methods such as batch tray, rotary kiln and

continuougs belt drying. The advantages of spray drying are:

(1) The process is continuous and little operator supervision is
necessary. This contrasts with the batch tray operations presently uged in a
number of facilities. As plant capacities grow, there will be an increasing
economic incentive to develop continuous and fully automated processes for UO2
production.

(2) sSpray drying is a single operation from slurry feed to dried preduct.
Filtration and washing procedures which normally precede drying can probably be
eliminated.

(3) Spray drying typically produces a homogeneous product with charactexr-
{gtics which can be accurately controlled. Quality control is necessary at all
stages of UO2 production to minimise reject rates at the fabrication stage.

(4) The uniformity of the spray dried product contrasts with the ' lumpy'
powders produced by other drying methods. Further, most materials can be spray
dried in the form of spherical agglomerates. If this shape could be maintained
during calcination and reduction, a free-flowing powder might be produced
which could be fed to an automatic pellet press without further processing. At
present, precompaction, crushing and granulation are generally required to
produce a suitable free-flowing powder.

No previous study of the spray drying of ADU has been reported although
Berry (1967) indicated that Eldorado Mining and Refining Ltd. has undertaken
developmental work on the continuous spray drying of ADU. Seidl (1965)
outlined design calculations for a pneumatic 'Micro-Drier' which has some
features in common with a spray drier. Some interest has also been expressed
in spray drying of uranium dioxide as a means of introducing binder-lubricants
and producing a free-flowing powder for automatic pressing (Glatter 1957) and

a process to this end has been patented (Wilkinson 1968).



2.

This report describes experiments in a one metre diameter, laboratory
spray drier in which both pneumatic and centrifugal atomisation of ADU slurries
were studied. The properties of the dried powders are reported and the effect
of spray drying on the characteristics of the U0z powders and pellets sub-
sequently produced is discussed. A theoretical model of spray drying is
presented which accounts for the observed operational characteristics of the
drier.

2. THEQRY OF SPRAY DRYING

Spray drying'is characterised by the creation of a highly dispersed
liquid in a high temperature gas followed by rapid evaporation. At least in
theory, spray drier performance can be predicted from a knowledge of atomisa-
tion, drying and spray-gas hydrodynamics.

2,1 Atomisation

The aim of spray atomisation is to produce a high surface to volume ratio
in a ligquid phase resulting in high mass and heat transfer rates. Three types
of atomisers are commonly employed: '

Pressure nozzles: These nozzles convert the energy of a pressurised

liquid into a high velocity liquid sheet which collapses into ligaments and

ultimately droplets on contacting the gas stream. Pressures employed generally

range from 0.7 to 30 MN m 2 with the highest pressures required to produce the )

smallest droplets (Tate 1965). Pressure nozzle atomisation is not suitable for

coarse or abrasive slurries because of excessive wear on atomiser internals and
because the nozzle orifice can easily be plugged. It was not used in the
present experiment, and will not be further discussed.

Pneumatic atomisers: Pneumatic atomisation relies on the shearing forces

- between a liquid surface and a high velocity air jet for liquid dispersion.
Because pneumatic atomisers can produce extremely fine atomisation, they are
often used for small-capacity or pilot plant installations. Perhaps the best
correlation for droplet size from pneumatic converging nozzle atomisers is due
to Gretzinger and Marshall (1961):

0«4
u
g = My —a
dm = 2600 (M )(Gd aea (1)
a a wp

where Eﬁ is the mass median droplet diameter expressed in micrometres and the
other symbols are as defined in Section10. Gretzinger and Marshall found that
droplet size distribution was log-normal with the geometric standard deviation

given by

¢
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The geometric standard deviation (og) is defined as the ratio of the 84,13 per
cent diameter to the 50 per cent diameter and for a log-normal distribution is
independent of the type of diameter for which it is calculated (Herdan 1960).

Rotary atomisers: These rely on centrifugal force to accelerate a thin

film of liquid to the edge of a high speed rotating disk. With peripheral
speeds up to several hundred metres per second, the liquid is discharged as a
film or as ligaments which subsecquently disintegrate into droplets. A wide
range of disk designs have been tried from the simple flat and saucer-shapes
to the widely used radial vane or slot types. Rotary atomisers are ideal for
spraying slurries, particularly where large capacities are required. Droplet
size distribution is generally narrower than that obtainable with pneumatic
nozzles (Belcher, Smith and Cock 1963). The most widely used correlation for

droplet diameter is that of Friedman, Gluckert and Marshall (1952).

a 0«6 02 ooL 0«1
T
= = 0.4 ('—11-) d veel3)
ONr 2 2

where E;S is the Sauter (or surface/unit volume) droplet diameter. Masters and

Mohtadi (1967} found this correlation reliable for small diameter, high speed
atomisers. Friedman, Gluckert and Marshall (1952) found that droplet size

distribution was log-normal with the geometric standard deviation given by

o = 0.93d ... (4)

where dVs is expressed in micrometres. The Sauter drop diameter can be

converted to the mass median diameter by the equation (Herdan 1960),

gn d = fn d& + 0.5 n? ¢ e (5)
m vs g
2.2 Drzing

Droplet evaporation is a simultaneous heat and mass transfer operation
which is a function of temperature, humidity and transport properties of the
gas as well as the drop diameter and its velocity relative to the gas stream.
The most widely quoted equations for heat and mass transfer are those of Ranz
and Marshall (1952),

D50 0.33

Sh = 2 + 0,60 Re

Sc ee. (B)
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Nu = 2 + 0.60 Re?"5¢ py0+23 e ()

For small particles, drag forces predominate over inertial forces so that
droplets released into a gas stream quickly attain their terminal velocity.
For droplets smaller than 100 Um diameter the terminal velocity can be ignored

with little error (Marshall and Seltzer 1950) and Equation 6 and 7 simplify to

sh

it
38

dtkf/Dv .31(8)

il
(¥
.

Nu. hdt/kf . e o (9)

With this assumption, the equation for heat transfer can be written,

Q = hA AT | ... (10)
or
An a(-npdf:_/s)
at

= 2 kf ﬂdt AT . -..(11)

Integration gives the diameter dt at time t

) 8 kf ATt
dt = 4 - —m—- . e (12)

The time for complete evaporation T is then
2
p AHdO

o ' ... (13)
8 k. AT

In Qetermining the temperature driving force AT, it is usual to assume that the
drying air is at the outlet temperature and the droplet temperature is equal to
the wet-bulb temperature during evaporation. It should be noted however that
when the hot drying air is introduced close to the atomiser, significant devia-
tions from this assumption may occur.

2.3 Gas-Spray Hydrodynamics

This is an extremely complex subject about which little is known. Yet it
is an important aspect of spray drier design since the capacity of a drier is
a function of its ability to dry the solution or slurry before it impinges on
the walls of the drier. If a complete description of the air velocity both
inside and outside the atomiser jet were known, it would be possible to follow
the trajectory of a droplet as it evaporates. Such an approach is not vet
possible. Instead, reliance must be placed on empirical equations of the
velocity inside the atomiser jet. Our approach follows the work of Albertson
et al. (1948) and Gluckert (1962).



2.3.1 Pneumatic atomisation

The decrease in centre-line velocity in an air stream initially at sonic’
velocity is given by Albertson et al. (1948) as,
ay 6.2 D_ Uy |
dat v '

U = -u-(l4)
vhere Uy, is the initial jet velocity which can be determined from a momentum
pbalance between gas and liquid. Since initially the liquid momentum is
negligible,
UM
aa

U

= . ... (15)
M (Ma + M)

Integration of Equation 14 gives the distance a droplet in the centre of the

jet travels in time t, as:

y? = 12.4 D, Ut . ... (16)

2.3.2 Centrifugal atomisation

The decrease in jet centre-line velocity (Gluckert 1962), is given by

My
= .(_11= (
U o 0.16 U, Wy - D) . oo (27)

The initial jet velocity is the vector sum of the radial and tangential

velocities (Fraser, Eisenklam and Dombrowski 1957).

Uy, = 2 v 2 mnrN . ea. (18)

Integration of Equation 17 gives for y »> ¥,

M3

y> = 0.32 U ¢ . .o (19)

Np_x

2.4 Spray Drier Capacity

Equations 1 - 19 provide a preliminary basis for spray drier design or
selection or, alternatively, a method for the prediction of a particular unit's
performance. For satisfactory operation a droplet must dry before it impinges
on the spray drier walls. For pheumatic atomisation the limiting case occurs

when the spray travels the chamber length L in T seconds. Then, from Equations



14 to 16

d kAT M + M

o £ a

T - O.BOJ U.D pAH ( " ) ... (20)
a e a

Equation 20 gives the maximum droplet size that can be dried in a chamber
length L and implies that the drier diameter is not a limiting factor. This is

most certainly the cage if
D > 2L tan (0/2)

where o is the spray angle, which generally lies in the range 16 - 30° for
pneumatic atomisers. In centrifugal atomisation, the spray is discharged in
the radial direction and the limiting case occurs when t = T and y = D/2. Then
solving Equations 13, 18 and 19 gives

d kAT p i
o _ f a
=2 = o0.84 ‘/ i (rNM1 ) ) .o (22)

Equations 20 and 22 can be expressed in terms of the rate of heat transfer

to the spray by means of the relation,
Q = AH Ml - ) ---(23)

For pneumatic atomisation

o = = 55 - ... (24)

ae a

0.6 L \? kaT M, (Ma + M}
(%

and for centrifugal atomisation

0 = o.70 (_p_)z kglT ‘f a1 oe . (25)
. d P rN

o}

3. EQUIPMENT AND PROCEDURE

ADU slurries were dried in an 'Anhydro! Laboratory Spray Drier (size 1)
(see Figure 1). This unit has facilities for either centrifugal or pneumatic
nozzle atomisation. Table 1 gives its specifications and Figure 2 is a
schematic diagram of the drier and ancillary equipment,

The slurry was pumped from a stirred feed vessel at 2 - 8 litres h !

and passed into the drier via either the rotating disk atomiser or the pneumatic
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nozzle. The centrifugal atomiser contained four outlets of circular cross-—
section with a diameter of 1.6 mm on the periphery of a 65 mm disk. The
pneumatic atomiser nozzle was supplied by Spraying Systems Co., Illinois, USA
(spraying set-up no. 4) and was designed so that contact of air and slurry teook
place externally to the nozzle (see Figure 2). After atomisation by either
method, water was rapidly evaporated from the spray as it contacted the heating
air which was blown through the drying chamber at a constant rate. A bank of
electrical heaters enabled air inlet temperature to be varied up to a maximum
of 280°C. on drying, the powder was conveyed into a small cyclone where it was
removed from the air stream. Any ADU dust still remaining in the air was
removed by entrainment with water in an ejector scrubber. The ejector design
is shown in Figure 3. 1In practice almost all the ADU was removed by the
cyclone separator and little ADU was found in the water scrubber circuit.

Two ADU slurries were prepared which were typical of slow and fast settling
suspensions. The 'slow' settling slurry was prepared by single stage precipi-
tation of uranyl nitrate with agqueous ammonia at pH 7.2 while the 'fast'
settling slurry was obtained by two stage precipitation (Janov et al. 1971).

In most experiments, no attempt was made to filter or wash the ADU before spray
drying.

Gravity feed to convey the slurry to the atomiser was found unsuitable
because of frequent blockages at the valve leading from the feed vessel. In
the final arrangement, slurry was pumped from a feed vessel located below the
atomiser level. Little or no throttling of the flow was required and the feed
rate was adjusted using a variable speed drive. Except at the lowest flow
rates (2 - 3 litres h ')where accurate control of the slurry feed rate was
gsometimes difficult, this arrangement was quite satisfactory.

The maximum concentration of slurry that could be spray dried was limited
by the final settled density of the ADU and by mechanical problems associated
with satisfactory pumping of the suspensions at low flow rates (2 - 8 litres
per hour). In the case of the 'slow' settling slurry the final settled concen-
tration was about 300 kg m ° and in practice the maximum feed concentration was
limited to about 280 kg m °. fThe final concentration of the fast settling ADU
was about 800 kg m °. The maximum feed concentration used in the present
series of experiments was 500 kg m ° but more concentrated glurries could he
satisfactorily pumped.

The ADU powders were characterised in terms of their moisture content,
chemical composition and bulk density. Moisture content of the product powder

was determined by drying in an oven at 50°C for 18 hours. Uranium, nitrate and
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ammonia contents of the powders were measured by conventional chemical methods.
Pour and tap densities were determined according to the following standar-
dised technique. The powder was first sieved to -150 mesh and then poured
through a filter funnel into a 17 mm diameter measuring cylinder. The height
through which the powder fell varied from 135 mm at the start of pouring to
36 mm at the finish. Pour density was calculatéd from the weight of ADU
occupying 23 cm® of poured volume. The powder in the measuring cylinder was
then tapped to constant volume by dropping the cylinder onto a cork base from
a height of 50 mm. Tap density was calculated from the weight of ADU occupying
the tapped volume. Pour and tap bulk densities determined in this way corre-
lated reasonably well (Figure 4).
4, OPERATIONAL RANGE OF THE SPRAY DRIER

4.1 Experimental Results

Preliminary experiments were undertaken with water in place of the slurry
in order to determine the operating range of the drier. This range is set by
the requirement that complete evaporation should occur before the spray
impinges on the walls of the drier. If this réquirement is not met, a wall
deposit of caked powder will build up with a subsequent deterioration in powder
characteristics and recovery. Figures 5 and 6 show the operational limits for
both pneumatic and centrifugal atomisation established by observing the spray
pattern through the viewing window of the drier. When the capacity was
exceeded, droplets of water were visible either on the roof of the drier, in
the case of pneumatic atomisation, or as a 'halo' around the drier walls with
centrifugal atomisation. Three regions of operation were distinguished; a
region of apparent complete evaporation in the drying chamber, a region where
only minor wall impingement was noted and a region of gross wall impingement.
Completely satisfactory operation is only possible in the first region.

Although the relationships between evaporative capacity and atomiser
conditions were determined with water, it was found that they could be applied
equally well to ADU slurries. Provided the drier was operated within the
limits indicated by Figures 5 and 6, the powder produced was quite dry and
typically of a uniformly fine texture. With pneumatic atomisation,maximum

2

evaporative capacity was about 7 kg h lat 350 kN m 2 air gauge pressure but

only 4 kg h'! at 100 kN m 2. Evaporative capacity with centrifugal atomisa-
tion was about 7 kg h' ! at a disk speed of 900 rev s ! and 4 kg h ! at 500
rev s .

4.2 Theoretical Predictions

Mean droplet sizes for both atomisers used in the present work have been
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calculated from Equations 1, 3 and 5 and are shown in Figure 7. Droplet
diameter increases with feed rate but decreases as either air pressure or disk
speed increases. Pneumatic atomisation produces droplets with the smaller
mean diameter but according to Equations 2 and 4, centrifugal atomisation gives
the more uniform droplet size distribution.

The operational range of the drier can be predicted from the equations
developed in Section 2. From Equations 20 and 22 the maximum droplet size
that is completely evaporated can be calculated. All droplets less than this
diameter will be dried while the extent of evaporation of drops greater than
this diameter can be calculated via Equation 12. Given the droplet size
distribution (Bquations 1 ~ 5), the percentage volume of the spray that
impinges on the chamber wall can be computed. Results of such calculations
are shown in Figures 8 and 9 for both spray drying metheds. The curves are of
the same general shape as the experimental curves (Figures 5 and 6) though not
parallel. In the case of pneumatic atomisation 'gross wall impingement'
corresponds to above 13 - 21 per cent by weight of the central portion of the
jet hitting the drier roof. ‘'Complete evaporation' corresponds to below 9 -
16 per cent impingement. The latter figure is higher than expected, probably
because the air inlet is located in the centre of the roof and acts to sweep
the spray away from the wall. For centrifugal atomisation the figures are
lower; 6 - 10 per cent for gross wall impingement and 3 - 7 per cent for
complete evaporation. While it is difficult to quantify the terms 'gross wall
impingement' and 'complete evaporation', it appears that the capacity of the
drier is at least as good as is predicted by the simple models assumed in the
theoretical analysis.

5. SPRAY DRYING OF ADU SLURRIES

A series of experiments was undertaken to determine the effect of slurry
feed concentration and drier operating conditions on the characteristics of
the ADU product.

5.1 Pneumatic Atomisation

5.1.1 Slow settling ADU slurry

The results for the slow settling slurry prepared by single stage precipi-
tation are set out in Table 2. The effect of drier outlet temperature on the
pour and tap densities of the product powders is given in Figure 10. As the
air inlet temperature was fairly constant at about 275°C, drier outlet temper-
ature was determined mainly by the slurry feed rate. Though there is consider-
able scatter, a trend towards lower bulk densities as cutlet temperature is

increased is evident. At the lowest feed rates, the pour density is very low
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( ~ 350 kg m J) compared with a true density for ADU of about 4500 - 5200

kg m >

(Woolfrey 1968). A high bulk density is desirable for fuel pellet
pressing.

There is general agreement in the literature that increasing drying
temperature decreases the bulk dengity (Marshall 1954). The usual explanation
for this effect is as follows. The particle size of the dried powder, and
hence the bulk density, depends on the relative rate of drying compared with
the rate of shrinkage due to surface tension forces. If the rate of drying is
increased (by increasing inlet or outlet temperatures) shrinkage ig minimised
and particles of greater porosity are produced.

The single run at a lower slurry concentration (219 kg m °) gave a bulk
density significantly above the general trend, suggesting that ADU bulk density
increases with decreasing solids content. This is in agreement with most
previous studies (Duffie and Marshall 1953, Wallman and Blyth 1951) although
at least two workers have reported the reverse effect (Marshall 1954). The
abnormally high moisture content of the product powder is another possible
reason for the high bulk density.

The free water content of the powders produced was found to vary between
negligible amount (< 0.5 per cent) and 5.5 per cent with most results below 1
per cent. Moisture content did not vary consistently with eperating
conditions but, at the lowest feed rates, a colour change from the yellow
slurry to the bright orange powder was noticed, suggesting that some bound
water had also been removed.

ADU was prepared by precipitation with ammonia from a uranyl nitrate
solution so that the slurry contained ammonium and nitrate ions in addition to
the bound ammonia present. No attempt was made to wash the feed slurry. The
ammonia and nitrate contents of the dried powder varied substantially with the
outlet temperature from the drier as shown in Figure 11, indicating that at
the higher outlet temperatures extensive decomposition of the ammonium nitrate
took place in the drying chamber.

Ammonium nitrate can decompose in three ways (Thorpe and Whiteley 1947,
Feick and Hainer 1954). At low and intermediate temperatures, ammonia is lost

endothermically when exposed to air and the residue becomes acidic,
NHyNO3z = NH;z + HNOj . eae (I}
At about 170°C and above, irreversible, exothermic decomposition occurs,

NHyNO3 -+ N20 + 2H20 . <. (ET)
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At very high temperatures nitrogen and oxygen are liberated,
2NHyNO3 * 2N2 + 4H20 + Oz . ees (ITI)

Under the experimental conditions of this study only reactions (I) and (II) are
of interest. The ammonia content of the product decreased more rapidly than
the nitrate content as drier outlet temperature increased (see Figure 11)
suggesting that at least part of the decomposition occurred via reaction

scheme (I). It does not appear likely that any chemically bound ammonia was
liberated from the ADU at the temperatures used in these experiments.

Woolfrey (1968) indicated that no bound ammonia is liberated below about 250°C
with most evolution taking place in the range 350 - 450°C.

No effect of atomising air pressure on particle properties was apparent,
However, from visual observation of the spray pattern, a gauge pressure of
250 ~ 270 kN m % was found to be most satisfactory for adequate spray disper-—
sion with minimal wall impingement.

Examination of the product powder under an optical microscope revealed
that most particles were between 5 - 10 um in diameter and were of roughly
spherical shape. No effect of operating conditions on particle size was
apparent.

5.1.2 Fast settling ADU slurry

Table 3 lists results obtained with the fast settling slurry prepared by
two stage precipitation. Some of the trends discussed in the previous section
are also apparent in these results and will be referred to only briefly.

Product bulk density varied little with operating conditions for the fast
settling slurry and no consistent trend was evident. This was in contrast with

the effect observed for the slow settling slurry (see Figure 10). The moisture

content of all powders was below 1 per cent by weight.

Figure 12 shows the ammonia and nitrate contents of the product powder as
a function of drier outlet temperature. The NH3;/U and NOE?U ratios were below
those reported for the slurry prepared by single stage precipitation because,
in the present case, the mother solution was decanted before the feed slurries
were prepared by adding distilled water. The tendency for the ammonia and
nitrate contents to decrease with increasing outlet temperature was again
apparent. However, because less nitrate and free ammcnia was present the
effect was not as large.

Powder particle size distribution was determined using a Sharples

Micromerograph. The size distribution varied only slightly with drier
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operating conditions. Figure 13 shows a particle size distribution analysis
for a typical dried powder. The mass median diameter of 5.4 ym was consistent
with estimates of particle size obtained by optical microscopy.

5.2 Centrifugal Atcomisation

Centrifugal atomisation was not as satisfactory as pneumatic atomisation
for the ADU slurries studied. Atomisation of slow settling slurries was
possible only at relatively low feed concentrations while fast settling
slurries quickly blocked the atomiser feed line. These blockages were due to
a thick scale of caked ADU which built up at the inlet to the disk feed
chamber near the point where the slurry first experienced the high temperatures
inside the drier.

Results obtained with the slurry prepared by single stage precipitation
are shown in Table 4. The moisture content of the powders, while still accept-
able, was generally above that obtained with pneumatic atomisation. The
ammonia and nitrate contents of the product which are shown in Figure 14 were
found to be a function of drier outlet temperature as cbserved before. Pour
and tap densities did not vary consistently with operating conditions but were
in the same range as those obtained by pneumatic atomisation.

A disk speed of 650 - 1000 rev s ! corresponding to peripheral speeds in

the range 130 - 200 m & ! and a feed rate of 4 - 5 litres h '

appeared to be
the most satisfactory operating conditions for this atomiser. Under these
conditions the powders produced were very similar in appearance under the
microgcope to those obﬁained by pneumatic atomisation. Mean particle size was
about 7 - 10 um.

5.3 Discussion

The particle size of a spray dried slurry will be smaller than the initial
droplet diameter because of shrinkage due to evaporation.. A mass balance on a

single droplet gives,

Cf 1’3
dg = ®p a ‘ ...(26)

where df iz the diameter of the product particle of density pp. The final
particle density pp must be between the tap density (ptap = 800 - 1300 kg m °)
and the true density (4500 - 5200 kg m 2 {Woolfrey 1968)). If the external

void fraction is € then
ext

P
o = tap ee e (27)

P - Eext)
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These eguations can be applied to a typical set of data for pneumatic
atomisation. The following values can be extracted from Table 2; feed rate =

4.5 litres h_l, Cf = 243 kg m_a, atomising air pressure = 276 kN m * and

ptap = 1170 kg m 3. Substituting these values for C

26 and 27 and assuming Ee

£ and ptap in Equations

<t " 0.40, gives df/d0 ~ 0.50. From Figure 7, dO ~

20 um under these conditions so that 4. ~ 10 um. This can be compared with an

f
estimated product diameter of 5 - 10 uUm.
Taking a typical result using the centrifugal atomiser; feed rate = 4.2

litres h—l, C_ = 153 kg m_s, disk speed 700 xrev g ! = 1060 kg m-3; gives

£ ! ptap
df/do = 0.42. Pigure 7 predicts do ~ 37 um under these conditions giving

df ~ 15.5 um. Product diameter was estimated at 7- 10 um. The difference
between observed and predicted particle size could be due to a small amount of
particle attrition in the drier and in the cyclone collector and to the limit-
ations of the theoretical analysis.

It was hoped that spray drying would result in a free-flowing, spherical
ADU powder. This proved to be impossible in this laboratory unit because only
relatively fine powders could be produced. Some idea of the particle size that
could be produced in a larger drier can be obtained from Eguations 20, 22 and
26. If attrition is to be avoided in a larger unit it may be necessary to add
a binder to the slurry.

Chemical analysis of the powders produced indicates that ammonium nitrate
is decomposed during spray drying at a rate markedly dependent on spray drier
chamber temperature. Extrapolation of results of Figures 11, 12 and 14
suggests, that, if chamber temperature were maintained at about 200°C or above,
little residual nitrate or free ammonia would be present in the product powder.
Any undecomposed ammonium nitrate will, of course, be rapidly lost at the
higher temperatures, 600°C or more, required for calcination-reduction.
Filtration or washing of the slurry prior to spray drying seems unnecessary.

6. EFFECT OF SPRAY DRYING ADU ON PROPERTIES OF UO2

Since fuel element performance is related to the properties of the UO:
powder used in pellet fabrication, it is important to determine if the method
of drying has any effect on the properties of uranium dioxide produced after
calcination and reduction. Properties of particular interest include the
surface area of the UQ; powder and the density and microstructure of the
sintered pellets,

To determine the effect of spray drying on U0z surface area, two experi-
ments were conducted. In the first, unwashed ADU slurry was spray dried while,

in the control experiment, ADU slurry was treated in the usual manner by
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washing, filtering and tray drying in an oven (Janov et al. 1971). In both
cases, subseguent calcination-reduction to UO: was carried out under identical
conditions in a batch-tray unit. The surface areas of ADU and U0z powders are
shown in Table 5. The spray dried ADU powder was of appreciably lower surface
area, probably because crystallisation of ammonium nitrate during evaporation
greatly reduced the accessible pore area, but, on calcination-reduction, both
U0z powders gave essentially the same surface area.

Pellet fabrication tests were also carried out for the U0; powder
prepared from spray dried ADU. Both the powder as received and a -100 mesh
fraction were isostatically pressed at 309 MN m 2 before sintering at 1600°C.
Green and sintered densities are listed in Table 6. Under identical condit-
ions of precipitation, reduction and sintering, a pellet density of 10500 #
500 kg m ° is normally obtained with UO» from tray dried ADU (Janov - AAEC
private communication). Within experimental limits, the method of drying
appears to have no effect on sintered density.

Examination of the microstructure of UO; pellets made from the UO2 powder
as received indicated that agglomerates as large as 150 - 200 um were present
in the unsieved powder. Since the average particle size of the ADU prepared
was 5 - 10 Um with few particles above 30 um, it can only be concluded that
some sintering together of particles occurred during batch~-tray qalcination—
reduction. The microstructure of the -100 mesh fraction shown in Figure 15 is
quite satisfactory and is at least as good as those obtained with tray dried
ADU,

7. CONCLUSIOQNS

(1) ADU slurries can be spray dried at concentrations up to 80 per cent
of the settled density without difficulty. Maximum throughput for the labora-
tory spray drier investigated was about 7 kg Of‘slurry rer hour. The powders
produced were quite dry and typically of a uniformly fine texture.

(2) A theoretical anélysis of heat transfer rates to droplets dispersed
in a jet confirmed the operational limits of the drier established by experi-
ment. It was shown that only relatively fine droplets could be completely
evaporated in the one metre drying chamber of the laboratory unit. The
particle size of the spray dried ADU product (5 -~ 10 um diameter) was consisgt-
ent with these calculations.

(3) It is not necessary to wash or otherwise treat the slurries before
spray drying. Ammonium nitrate, a by~product of ADU precipitation, is
partially removed during spray drying at a rate dependent on the drying

chamber temperature. The rest will rapidly decompose during calcination-—
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reduction.

(4) Pneumatic atomisation proved to be the most suitable method of
droplet dispersion. Atomisation using a centrifugal disk was satisfactory
only at relatively low concentrations because of feed line blockage. It was
considered that the performance of this atomiser could probably be improved by
minor modifications to feed chamber desgign.

(5) Spray drying of ADU did not adversely affect the properties of the
subseguent, ceramic grade UO: powder and pellets.
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10. NOTATION

A = surface area (m?)

Cf = slurry feed concentration (kg m °)

Cp = gpecific heat (g kc._:;n1 oC)

D = drying chamber diameter {m)

De = effective diameter of atomiser orifice {m}

DV = diffusion coefficient m? g 1)

dt = droplet diameter (lm or m)

do = initial droplet diameter (Um or m)

df = final particle size (um or m)

dm = mass median droplet diameter (Um or m)

dvs = Sauter (surface/unit volume) droplet diameter {(Um or m)

dwp = diameter of wetted periphery between air and liquid (Um or m)

Ga = mass velocity of air at nozzle outlet (kg mﬁzs—l)

h = heat transfer coefficient (Wm? oC)

k = mass transfer coefficient ms )

kf = thermal conductivity at mean film temperature (w n 0C)

L = drying chamber length {m)

Ld = wetted periphery of disk/stream (m)

M, = mass rate of air from nozzle (kg s 1)

M = mass rate of liquid flow (kg s 1)

N = centrifugal disk atomiser speed | (rev s 1)

Q = heat transfer rate (W)

r = centrifugal disk atomiser radius {m)

T = temperature . (OC)

t = time (s)

U = fluid-spray velocity (m s ')

v, = fluid-drop relative velocity (m s )

Ua = velocity of air through nozzle m s 1)

UM = initial jet velocity (m s )

y = distance in direction of jet flow (m)

v} = gspray angle {rad)

T = feed rate of liquid/unit of surface periphery (kg ms 1)

AH = enthalpy change from liquid at feed conditions (T kg 1)
to vapour

AT = temperature driving force °cy

€oxt = ©xternal void fraction -

U = viscosity of feed solution (kg ms )
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NOTATION (Cont'd.)

T T =
b o

= =
QE'"'U
i+

A Q
[Ue}

viscosity of drying air

density of feed solution

density of drying aix

preduct particle density

tap density

surface tension

droplet diameter geometric standard deviation

time required for droplet to evaporate completely

Dimensionless Groups

Nu
Pr
Re

Sc
Sh

Nusselt number = hdt/kf
Prandtl number = cpua/kf
Reynolds number = dtURpa/ua
Schmidt number = l-la/paDv

Sherwood gumber = dtkf/Dv

(kg ms )
(kg m %)
(kg m °)
(kg m °)
(kg m )
Mm )

(s)



TABLE 1

SPRAY DRIER SPECIFICATIONS

Dimensions
Chamber diameter 1.0m
Chamber height, cylindrical section 0.75 m
' conical section l1.0nm
Air Flow Rate {(constant) 0.035 kg s
Electrical Heating
Maximum heater output 9 kw
Maximum inlet air temperature 280°¢
Maximum Evaporative Capacity 7 kg h'!
Pneumatic nozzle air consumption (max.) 7.2m® h !
Air gauge pressure (max.) 400 kN m ?
Centrifugal Atomiser
Digk diameter 65 mm

Maximum rotational speed 1000 rev s °
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TABLE 5

EFFECT OF DRYING METHOD ON SURFACE AREAS OF ADU AND UQ»

(BOTH POWDERS WERE PRECIPITATED IN A SINGLE STAGE AT pH 7.2)

NH 3 NO3 ADU Uo2
Drying U Surface Surface
Method Molax Molar Area_ Area _
Ratio Ratio m? kg 1) m? kg 1)
Spray dried 0.65 0.50 2800 5100
Tray dried 0.53 0.03 14300 5000
TABLE 6
PRESSING AND SINTERING TESTS ON UOs
PRODUCED FROM SPRAY DRIED ADU
Green Density Sintered Density
Preparation - -
P (kg m %) (kg m %)
As received 5340 10490
-~ 100 mesh fraction 5640 10450

Precipitation Conditions:

Spray Drying Conditions:

Reduction Temperature:

Sintering Temperature:

pH 7.2, residence time

= 8 minutes.

Air inlet temperature = 275°%

Atomising Air Gauge Pressure = 270 kN m 2,

Feed Rate = 4 litre h

670°C, Isostatically pressed at 309 MN m -.

1600°C.

1

2







LABORATORY SPRAY DRYING UNIT

FIGURE 1,
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