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INTRODUCTION

The purpose of this work was to develop a rapid laboratory method
for making microspheres of nuclear fuel materials, mostly oxides, and to
use the method for the preparation and preliminary evaluation of several
products. A method which proved very useful for this purpose was devel -
oped. The method is & sol-gel process, but it differs significantly from
sol -gel processes in use at Oak Ridge National Laboratory (ORNL)l and at
several other laboratories and plantézJ[ Features which make this new
method attractive for laboratory use are simplicity, flexibility, and the
abllity to control anion concentration in the gel microspheres before they
are fired. These features make it possible not only to investigate and
evaluate, in a preliminary manner, many types of microsphere products,
but also to "build" into the microspheres properties such as controlled
porosity.

Microspheres of nuclear fuel materials containing admixed materials
to increase their strength or thermml conductivity or to raise their melt -
ing temperature, and microspheres with controlled porosity are needed for
evaluation as nuclear fuels. Hopefully, some of these new products will
exnibit superior performance as nuclear fuels.

Among the types of microspheres prepared were porous UO2 and ThOE;
-Mo, U02~M, and Tho

uo Z4r0, and ZrN-Z2rC; and ZrC.

2 2 2 2
These products were examined by microscopy, porosities were measured using

Mo cermets; mixed UO

mercury porosimetry, photomicrographs of sections and chemical analyses
were made, and resistances to crushing were determined. The results of
these evaluations are given along with a description of the procedures

used.

DESCRIPTION OF THE METHOD USED TO PREPARE MICROSPHERES

All of the microspheres described in this work were prepared by the
procedures outlined in Figure 1. In the sphere forming procedure, a stream
of sol was forced from a syringe into a layer of 2-ethyl-l-hexanol (2EH)
floating on 15 M_NHAOH. The sol dispersed into droplets in the 2EH and the
droplets fell into the 15 M NH,OH where they gelled. The gelled microspheres
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Fig. 1. Two Methods for Making Sols and One for Spheres Were Used.



did not agglomerate or otherwise change shape in the 15 M_NHMOH. Anions

in the gelled spheres were leached out by the concentrated ammoniwa hydrox-
ide. Thne gel spheres were dried and fired, usually for 1 hr at 1250—130000
in argon purified over hot copper. In some cases L% H,-Ar was used.

It was discovered that sols form when ammonium molybdate solutions are
mixed with solutions of uranium, thorium, or zirconium salts. The funda-
mental reasons that such sols form are not known, but the sols proved to
be excellent starting materials for Torming certain types cof products, as
will be shown below. A second method for meking sols (Fig. 1, bottom)
almost as simple as that described above, consisted of bubbling diluted
ammonia gas into solutions of uranium, thorium, or zirconium salts until
gelation occurred, then melting the gel at about 5OOC to convert it to a
free-flowing sol. All of the products described in this report were made
from sols prepared by one of these two methods.

In some cases, minor variations in sol preparation were used. FYFor
example, sols containing zirconium were prepared by stopping the ammonia
Tlow just vefore gelation occurred because the gels containing zirconium
often could not be converted to sols by warming. In addition, good spheres
could not be made from sols containing zirconium or thorium, made by the
method shown in the lower half of Fig. 1, unless the sols were heated to
70—9000 for aboul 1L hr. Presumably, this treatment caused at least a par-
tial conversion of amorphous sol into small crystallites.

In Fig. 2, the procedure used in this work is compared with the ORNL
sol-gel process.l The other sol-gel processes, which have been described

2-1

in publications, are quite similar to the ORNL process. In the first
step, anions are removed from a salt of uranium, tThorium or zirconium by
heating in alr or water vapor, by alkaline precipitation followed by wash-
ing, or by solvent extraction, dialysis, or lon exchange. The product is
peptized with water or dilute electrolyte sclution to form a sol which is
fed through a needle into an organic liquid where sol droplets are formed
and dried to yleld gel microspheres. In the procedure used in this work,
sol i1s made by either of the two methods outlined in Fig. 1, and micro-
spheres are formed by feeding this sol into the layered 2-ethyl-1-hexanol

(2EH) and 15 M_NHMOP. Anion removal actually is part of the sphere forming
step.
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Fig. 2. Comparison of the Microsphere Preparation Method with the
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The main advantage offered by this new method is the saving in time
and effort required to investigate new sols. For example, the anion
removal step requires no effort by the experimenter. In most of the cases
described below, anion removal was accomplished by leaving the gel spheres
in 15 M_NHMOH overnight. Micrcscopic investigation of the wet gel spheres
immediately after formation will reveal if a new sol is working well enough
to indicate that {iring and evaluation of the fired product will be worth-
while. TIf the wet gel spheres appear Lo have unsatisfactory shapes, sur-
faces, or strength, they are discarded. Thus, the effect of several
variables, such as sol concentration, on the forming operation can be
evaluated rapidly.

Because it is not necessary to control water or surfactant content
in the 2EH, the 2EH need not be circulated through a purification system
and only a small amount (a layer about 3 inches thick) is required. No
surfactant is needed hecause agglomeration of the droplets in the 2EH is
not a problem. The droplets fall through the 2EH in a fraction of a
second and therefore do notl have an opportunity to agglomerate. The 2EH
serves only to disperse the sol into droplets; it does not serve as a dry-
ing medium in this system as it does in the ORNL system outlined in Fig. 2.
Therefore, the 2EH may be water -saturated.

The anion removal step may be terminated at any desired residual
anion concentration by removing the gelled spheres from the ammonium
hydroxide at the proper time. Results which are given later show that
in some cases the residual ion concentration may be more important than
has been previously realized.

Quantities of spheres sufficient for laboratory evaluation (about
20 g) can be formed in less than 5 min. The products described here were
all made by applying pressure to a syringe by hand. To achieve better
control over the sphere sizes, the use of a constant-speed feeding device
would be necessary. Needles with bore diameters between 0.02 and 0.05 cm
were used. The sphere size obtalined depends on the velocity with which
the stream of sol is introduced in to the 2EH rather than on needle size.

This point will be discussed in more detail in the next section.



CONTROL CF MICROSPHERE SIZE8

The greater the velocity of the stream of sol entering the 2EH, the
smaller are the spheres formed. An experiment was performed in which
colored water droplets were pumped into 2EH, with a controlled-speed
syringe drive. The dispersed droplets were photographed, and the photo-
graphs vwere examined with a microscope to determine the droplet sizes.

The results are shown in Fig. 3. The variation of radius with velocity
cannot be explained by & simple theory such as that given in the appendix.
However, it is clear, from the results in Fig. 3, that the droplet size,
and therefore the product size, can be controlled by controlling the

velocity with which the sol 1s introduced into the Z2EH.

[

POROUS UO2 MICROSPHERES MADE BY VOLATILIZING MOOBQ

Porous UOP microspheres were made by Liring UOp gel spheres containing
hydrous MoO_,. The sols and gel spheres were prepared by the method out-

lined in Fig. 1 (top of figure). Upon firing, Mo, volatilized leaving

pores in the product. A firing temperature of lOOéOC for 1 hr in argon
results in volatilization of about 98% of the molybdenum, and a tempera -
ture of lSOOOC was used to desorb the remaining MOO3 from the porous
product.

In a typical preparation, a sol 1 M in uranium was prepared by mixing
1.6 M‘UM+ chloride solution with (NHM)? ¥oO), solution. The U solution
was made by dissolving UCl3 in water. The UCl3 reacts with water to form
U™, The Mo/U atomic ratios weve adjusted between 0.1 and 0.8. A UA+
chloride scl, prepared by the method shown in the lower part of Fig. 1,
could be used in plaée of the solution; the results were the same in
either case. Microspheres were prepared as described above (see Fig. 1)
and left standing in 15 M_NHMOH for 20 hr. Upon removal from the 15 M_NHAOH,
the atomic ratio of 0L /U had decreased from an initizal value of 3 in the
ol to about 0.01. For sols with:a MO/U atomic ratio of 0.3 or more, the
Mo/U retio had decreased to about one-half the original value. When the
Mo/U ratio in the sol was 0.1, only about one-third of the molybdenum

leached out in the 15 M_NHhOH.
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The porosity of the product increased rapidly with increasing MO/U
atomic ratios in the sol frowm 5% for sols containing no Mo to 30% at a
ratio of 0.3 (Fig. #4). Greater amounts of molybdenum in the sol resulted
in only & small increase in porosity.

As would be expected, the crush strengths of 300 p spheres decreased
rapidly (from 1700 g to about 300 g) as the porosity increased from 5% to
30%.

The density of the product not penetrated by mercury was close to
100% of theoretical, showing that nearly 21l of the pores were open to
the surface.

=3

Some typical examples of the section of the porous products are

Q.

shown in Fig. 5. The porosity was increased from 19 to 3&% by increas-

ing the MO/U atomic ratio in the sol from 0.1 to 0.8. Almost all pore

diameters fell in the range 1 to 10 y, with the smaller pores predominant
p

Tor the lower porosities. The NQ surface areas were 0,1 ma/g or less,

and decreased slightly with increasing porosity, due to the increase in

pore size with increasing porosity.

An example of a section of a U0, microsphere of low porosity, 1.3%,

2
is shown for comparison purposes in Filg. 6. The spheres from waich this

section was taken were prepared by the method shown in Fig. 1 (bobttom).
POROUS ThOp MICROSPHERES MADE BY VOLATTLIZING MOOLf

Porous Thop microspheres were preparved by the same method described
in the previous secticon for porous UOE microspheres, with 1 M_Th(NO3)u
solution in place of the U chloride solution. The thorium concentra -
tion in the sols was 0.7 M. The maximum Mo/Th atomic ratio used was 0.6;
higher ratios resulted in sols that could not be converted to gel spheres
because they were too viscous. For ratios less than 0.3, the (NHM)Q MOOM
solution was mixed into thoria sols prepared by using ammonia {bottom
method in Fig. 1). At these low ratios, sols prepared by simply mixing
Th(NOg)M solution with (Nﬂh>9 MoO), solution resulted in ellipticel rather
than spherical product. Leaching in 15 M_NHMOH decreased the ratio of
nitrate ions to thorium atoms frbm 4 in the sol to 0.0l in the gel spheres

but did not effect the Mo/Th atomic ratios.
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Fig. 6. Fired Microsphere from a ULM Chloride Sol. Porosity is 1.3%.



The porosity of the product was over 20% when the Mo/Th atomic ratio
in the sol was only 0.1 and shoved no dependency on the smount of molyb-
denun in the sol over the range of ratios between 0.1 and 0.6 (Fig. 7).

Some vériable other than the amount of molybdenum caused the porosity to
scatter between 12 and 33%. This wvariable is probably the rate of mixing

of the thorium and molybdenum solutions. The sol forms very rapidly and,

to obtain a uniform sol, the rate of mixing must be rapid. The scl prepara -
tion step needs further investigation.

Up to 0.1 Mo/Th the resistance to crushing decreased with increasing
porosity, as expected, and the density of the ‘I'hO2 not penetrated by mer-
cury was usually nearly lOO% of theoretical, showing that most of the pores
were open to the surface. At higher Mo/Th, however, the products with
lower porosity usually had lower crush strength and lower density, indicat-
ing that here some pores were not open to the surface.

Porous spheres of mixed U0, -Tho, (20-80%) were also made by the same
procedure, with the exception that a 0.8 %.Th(Nog)M -- 0.2 M_UOQ(NO3)2
rather than 1 M_Th(NOB)u was mixed with ammonium molybdate solution.

In Fig. 8, photomicrographs of sectioned porous 'I'hO2 and UOEJIhOE
(20-80%) spheres, with 33% and 43% porosity, respectively, are shown.
Thege spheres were made from sols containing 0.6 atom of Mo per mole of
Th + U. The respective crush strengths (average of five measurements) for
300 p spheres were W60 and 250 g. It is apparent that the pores are quite

uniformly distributed.
POROUS UO? MICROSPHERES MADE BY VOIATILIZING CHLORIDE

It was discovered that the volatilization of residual chloride during

firing of UQ., gel spheres not only produced controliable porosity similar

2

to that obtained by volatilization of MoO but also resulted in a greater

o)
range of porosity of 1 t¢ hhd. ’
The sol and spheres were prepared by the method ocutlined in the botton
of Fig. 1, starting with 1.0 to 1.7 M_Uu+ chloride solutiocns. The volume
of 15 M.NHMOH used was varied to cause different residuval chloride concen-
trations in the gelled spheres. As the volume .of 15 M_NHMOH increased,

the amount of chloride in the gelled spheres (Fig. 9) and the porosity of
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the product (Fig. 10) fired in argon both decreased. Oven -drying removed
very little chloride, but Tiring reduced the Cl/U atomic ratio in the

i

product to less than 10~ (about 10 ppm) if the ratio in the gel spheres
was as low as 0.2, The excess oxygen in the fired product, calculated as
% UOB’ ranged between 0.3 and 3% UOB.

The porosity in the fired product reached s meximun of LU% when the
Cl/U atomic ratio in the gel spheres was about 0.3 (Fig. 10). If the
ratio was increased to between 0.3 and 0.4, the porosity decreased rather
than increased, because the vpore structure began to break up. At ratios
higher than 0.43, the product was a powder. At ratios below lO—M, too
low to measure by the analytical methods used, the products still had
porosities 2 to 7%. Evidently very small amounts of chloride in the gel
spheres result in several percent porosity in the product.

Tn a typical preparation (porosity, 27%), 93% of the pore diameters
were in the range 0.3 to 1.6 1, about 3% were larger than 9 u and 2% were
smaller than 0.6 . The remsining 2% fell between 1.0 and 3.9 u.

Resistance to crushing in SOO i spheres was maximum (over 1700 g)
at 5% porosity, dropping to 800 g at 1% porosity and to 100 g at the poros-
ity maxdmum of Ll (Fig. 11). The two circled points near 429 porosity in
Fig. 11 represent product from the gel spheres in which the Cl/U atomic
ratio was greater than 0.2 before firing. Here the onset of detericration
into powder lowered both the resistance to crushing and the porosities.

Examples of sections of fired U0, wicrospheres with Lhd porosity,
the highest attained, are shown in Fig. 12. The photograph taken at lower
magnification shows that the porosity is uniformly distyributed. An exam-
ple of product in which the pore structure has started to break up (Cl/U
atomic ratioc in leached spheres was 0.U4) is given in Fig. 13. This prod-
uct still retained its spherical shape but had practically no strength.

Ites color was red, rather than the black color typical of UOE‘
CERMET MICROSPHERES OF U024Mo, UOQ-W AND Th02~Mo

The main purpose for introducing metal into nuclear fuels oxide

microspheres is to increase the thermal conductivity. Therefore, to
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Fig. 13. Example of Fired UOp in which the Pore Structure
Begun to Break Up. Porosity is 42.5%.
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obtain a potentially useful product it is necessary to learn not only how
to make strong, well-shaped microspheres but also how to make a product
with good thermal conductivity. The visual observation of a continuous
metal phase in photomicrographs of polished seciions indicates good ther-
mal conductivity.

In the examples described below, the structure was too fine 1o
determine if the metal phase was continuous, even at 1000 times magnifi -
cation. The absence of any visible metal aggregates 1s encouraging.
Electrical conductivity much higher than expected for oxides was observed
in electron microprobe measurements. These results are sufficiently prom-
ising to warrant further development work. In particular, a good method
for measuring the thermal conductivity of the microcspheres is needed.

The method used to prepare sol for UOP~MO product was the same as

that described above for making porous UO, microspheres by volatilizing

MOO3- The major difference in the preparition occurred in the firing
step. Firing was carried out in a reducing atmosphere (L% H, -AT, 1250°¢
for 1/2 ar) in order to reduce the MoO3 to metal rather than volatiliz-
ing it.

No structural details could be discerned from photomicrographs of
polished sections taken at 1000 times magnification (Fig. 14). Thus, it
is not possible to determine if there is a continuous molybdenum or UO2
phase. On the other hand it is apparent that there are no large aggre-
gates of metal. Some crystallite growth was made visible by the polish-
ing process. Chemical analysis showed that the product from which Fig. 14
was taken contained about one-half atom of molybdenum per mole of UOQ- The
resistance tc crushing of 300 u spheres was about 600 g. ‘The density,
determined with mercury at 25°C, was 10.16, or ohd, of the density calcu-
lated from the theoretical densities of UO2 and melybdenum. X-ray analyses
showed the presence of molybdenum metal and no molybdenum oxide.

A very similar procedure was used to make UQ.,-W mlcrospheres. Enough

2

{ M ammonium metatungstate solution was mixed with 1 M_UM+ chloride solu-
tion to yield a sol contalning aboul one atom of W per atom of UOE' This
sol is not stable and must be formed into spheres quickly. Because the
sol is acidic, precipitation of tungstic acid begins within about 10 min-

utes. The forming and firing procedure were unchanged from that described
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above for the UOE—MO case. The products also appear to be very similar
(Fig. 15). Again, no structural details can be discerned from the photo-
micrograph of polished sections, with the exception that some crystallite
growth is evident. The resistance to crushing of 200 p spheres was aboutb
500 g. Chenmical analysis of the fired product showed 0.9 atom of W per
mole of UOQ.

The method used to prepare sol for ThOguMo product was the same as

that described above for making porous ThO, microspheres by veolatilizing

MOOB. Firing was performed in a reducing itmosphere (% B, Ar 1150°C for
1 hr). Apain, no structural details could be discerned from photomicro-
graphs of polished sections (Fig. 16) except that crystallite growth was
evident. The crystallites can be seen quite clearly in photographs at
lower magnification (right side of Fig. 16). Chemical analyses showed

the product contained about cne-half atom of Mo per mole of ThO The

o
resistance to crushing of 300 yu spheres was 500 g. X-ray analysis showed
molybdenum metal and no molybdenum oxide. Electron microprobe examina -
tion did not reveal any inhomogeneity in the product. This examination
did show that the electrical conductivity of the specimens was much higher

than that of pure thoria.

MICROSPHERES OF UO2 FROM UO3 GELS
The preparation of UO2 microspheres would be much simpler if they
6 6
could be made directly from UO+ solutions. Because U + sols are not

o Ly

stable, 1t has always been necessary to reduce the UO+ to U before mak-
ing a sol. It was found that U6+ sols, which were suitable for forming
gel spheres, could be made by the methed in Fig. 1 (bottom) if sugar or
glycerine were intrcduced into the U'Jr solution before the NH3 gas was
introduced. Precipitation (probably of ammonium diuranate) began after
15 min, and it was necessary to form the sols into spheres quickly before
this precipitation started.

Approximately 6 atoms of carbon (as sucrose or glycerine) were used
per atom of uranium. The gelled spheres could be thoroughly dried with -
out damage, but the evolution of organic material during firing left

cracks which weakened the product (Fig. 17). The fired product contained
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as much as 3 (using sucrcse) to as little as 0.1 (using glycerine) atoms
of carbon per molecule of UOQ.

The sol used for the product in Fig. 17 was made by mixing 15 ml of
1.4 M_UOE(NOS)2 with 2.4 ml of glycerine and 5 ml of 1% Carbopol* thickener
(an organic material added to increase the strength of the gelled spheres
in the ammonium hydroxide). Amwonia diluted with air was introduced until
droplets formed from the resultant sol would cross the 2EH-15 @‘NHMOH
interface. (This was a sol pH of about 3). The spheres were leached in
15 M_NHAOH overnight. After leaching, there were 3.3 atoms of carbon per
atom of uranium. The gel spneres were fired to BOOOC in argon, cocoled,
and cracked spheres were removed. No further breakage was observed upon
firing to 13OOOC in argon for 1 hy, indicating that the transformation of
UO3 into UO2 can be achieved satisfactorily by firing at high temperature.
Because of the many imperfections in the product (Fig. 17) the resistance
to crushing was only 140 g for 300 . spheres.

In general, this approach to making UO2 microspheres appears promising,

but improvements in yield and quality are needed.
MICROSPHERES MADE FROM SOLS CONTAINING ZIRCONTIUM

The incorporation of zirconium compounds into nuclear fuel microspheres
i1s sometimes desirable Lo increase the strength of the product, or, possi-
bly in future applications, to improve the high temperature properties.

For example, the melting point of zirconium monocarbide is 3&2000.

Microspheres of 20 mole % Zr0, - 80 mole % U0, were formed from a Zr0

2 2

, 80l was prepared from 1.6 M

ZrO(NO3)2 solution by the method of Fig. 1 (bottom). The mixed sol and

sol mixed with UOQ(NO3)Q solution. The Zr0

solution was 0.25 M in Zr and 1 M in U02(NO3)2 . Spheres were formed by
the method already described. The gel spheres were fired for 1 hr at
1150°C in L% H,- Ar. High porosity in the product (Fig. 18), Lkh%, resulted
in a low resistance to crushing of about 500 g for spheres LOO n in diam-
eter. The pores were almost all between 0.015 and 0.1 i in diameter and
therefore are too small to be seen clearly in Fig. 18. Very likely, the
transformation of U0, to UO. during firing caused this porosity in the

3 2

product. Thus, the main objective in adding Zr02 to UOp spheres, to

*
Product of B. F. Goodrich Chemical Company.
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Fig. 18. Fired Microsphere of 20 mole % Zr0,-80 mole % UO, Made
2 2

from ZrOe-UO3 Gel.
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increase strength, was not achieved. On the other hand, the spheres are

quite strong in comparisocn to the highly porous UQ, and ThO2 products

2
described earlier.

Gel spheres containing LO mole % Zx0, and 60 mole % UO,, of excellent

3)
shape and appearance, were also prepared. However, these spheres cracked
during firing.

To make stronger microspheres of UOP— 770 it was necessary to mix

2)

Zr0, sol, prepared as above, with U0, scl, prepared from 1 M_Uu+ chloride

solgby the method already described %Fig. 1, bottom), rather than with
UOE(N03)2 solution. With the same firing conditiocns, product was pre-
pared containing 33, 50, and 67 mole % Zr0, (Fig. 19). At 33% ZrO, the
product was a mixture of black and yellow spheres, some of which were

cracked. At 50% Zr0,

were frosted. At 67% Zr0

some of the spheres had a glossy surface and some
o all were frosted. he resistance to crushing
of all three products approached 2 kg at LOO p diameter, except that the
black spheres containing 33% ZrO2 were much weaker.

A photomicrograph of a polished section of a sphere of 50 mole %

Zr0,- 50 mole % U0, (Fig. 20) indicates the material is a single phase,

2
with no visible pores.

Microspheres of ZrC and mixed ZrC and ZrN were also made. The sol
and gel spheres were prepared in essentially the same way for both prod-
ucts; only the firing atmospheres and temperatures were different. A
ZrO2 sol was prepared as in Fig. 1 (bottom) and Spheron 9 graphite was
dispersed into the sol using an ultrascnic probe. The sol used for pre-
paring ZrC microspheres contained three atoms of carbon for each atom of
zirconium; that used for preparing mixed ZrC-ZrN contained only two.

Sol containing 3 atoms of carbon per atom of zirconium was formed
into gel spheres by the method shown in Fig. 1. Heptane was used in place
of 2-ethylhexanol. The gel spheres were fired 1 hr in argon at 18007¢.
The gel spheres remained spherical during the transformation to ZrC
(Fig. 21). X-ray analysis showed ZrC and no Zx0, .

S0l containing 2 atoms of carbon per atom of zirconium was Tormed
into gel spheres in the same way. After firing for 1 hr at l5OOOC in NE

at 1 atm, the product was examined and found to be spheres coated with

golden ZrN, but the spheres were unreacted on the inside. Firing was
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Fig. 20. Fired Microspheres of 50 mole % Zr0,=50 mole % uo, .



e,

e

Y-73499

Y-73498

A

35

e

RS

Fig. 21. Fired Microspheres for ZrC Made from ZrOz-C Gel Spheres.
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continued 3 more hrs at 16OOOC. After this treatment, the spheres
appeared uniform throughout and were dark-violet in color. Although ZrN
was the expected product, chemical analysis indicated the product to be

7 No ZrO2 was found.

€1 .35%0. 53"

CONCLUSIONS

A sol -gel method was developed and proved very useful for laboratory
preparation of microspheres of nuclear fuel materials having novel compo -~
sitiovns or propertlies. The range cf products which have been described
in this report support the conclusion that sol-gel processes have a wide
applicability and great flexibility as preparative methods for nuclear
fuel materials in microsphere form.

The fired products which were prepared in microsphere form include

porous UOE’ ThOP and mixed Tn02~UO with porosities ranging as high as

2}
LL%; cermets of Uo, #, UO, -Mo, and ThoO

-Mo; mixed UOE“ZrO containing

2
up to 67 mole % ZrOy; and ZrC and mixed ZrC-ZrN.

2

Preliminary characterization tests indicate that these products
might all Tind future use in reactor fuel applications. However, much
further testing of both irradiated and non-irradiated products will be
necessary before firm conclusions can be drawn concerning the usefulness
of any of these products.

The preparative methods developed in this work, while they are highly
satisfactory for laboratory use, have not been tested on larger scale.
Nevertheless, the simplicity of these methods, and thelr similarity to
sol-gel processes which have been scaled-up, suggest that the products

described above could be prepared on larger scale without encountering

very serious problems.
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APPENDIX

ATTEMPT TO RELATE LIQUTD DROP SIZE TO THE KINETIC
ENERGY OF THE ENTERING SOL STREAM

A mathematical model was derived in an attempt to relate the fact
that the size of the spheres formed decreased as the velocity of the
stream of sol entering the 2-ethyl hexanol increased. Two major assump-
tions were made in the derivation:

1. The sol has no energy other than kinetic energy, which can be

determined by measuring the veloeity with which it enters the
ZEH, and

2. all the kinetic energy is used in making spheres.

f |

From the theory of the maximum bubble pressure method for measuring

. 10 .
surface tension, the pressure inside a droplet at egqullibrium is

P B

Wl\«?

(1)
where 7 1s the interfacial tension and r is the radius of the droplet.
Multiplying by volume (cc) and setting Eq (1) equal to kinetic energy,

\ . > i 2
one obtains mv. =2 7 (cc)

2 T (2)

By rearranging snd substituting density D for m/cc the equation becomes

L

- 7
T = e
b (3)
or
log r= -2 log v + log 4 »/D. (&)
Therefore a plot of log r vs log v should have a slope of (-2). This

derivation and equation can be found in physical chemistry textbooks
dealing with surface tensionll

The experimental resulis showed that this model did not work well
except perhaps for a very narrow range of velocities near the center of
the graph in Fig. 3. At low pumping velocities, gravitational force
accelerated the sol, so that the maximum droplet radius that could be

cbtained was about 300 4y, corresponding to a solution velocity of 50 cm/sec.



At solubtion velocities greater than 100 cm/sec, much energy was used
& 2

up in processes other than droplet formation, and the droplet radil did

not decrease as rapidly with increasing solution velocity as predicted

by Bq (4). It wes concluded that Eq (&) cannot be used very satisfac-

torily for predicting behavior of real systems since it does not take

into ceonsideration all of the important energy terms for this process.
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