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SUMMARY

Environmental conditions simmlating the HCDA on a reduced scale
provided the following information:

Aerosols resulting from the condensation of gasecus constituents
without sodium generally comprise small, spherical particles
{diameter 0.0l to 0.25 uym) and branched chain-like structures.

Aercsols resulting from the condensation of gaseous constituents

with soedium generally comprise spherical, small (diameter 0.01 to
0.50 um) particles, with some branched chain-like structures and

zoma agglomerating particles,

Electron diffraction analyses identified actinide dioxides, the
constituents of stainlese steel, an oxide of sodium (Na,0), sodium
uranates (Ma,U00, and Na,U0;), and a sodium plutonate compound

{Hﬁq Puﬂ_-,] -

Initial solubility studies indicated that 12.1% of the plutonium-239
disgolved in distilled water when a mixed-oxide (Pu, U) stainless=-
steel pellet was vaporized with sodiem., Reaction products are con-
trolled kinetically during cooling rather than by equilibrium thermo=-
dynamics,

1, INTRODUCTION

In support of the 0£fice of Nuclear Requlatory Research, Nuclear
Regulatory Commlssion, Mound Facility has initiated a program to
produce and characterize the primary aerosols that could result
from a hypothetical core-disruptive accident (HCDA) in a2 Liguid
Metal Fast Breesder Reactor (LMFBR). These tests are being con-
ducted under simulated conditions that can be related to the
actual events that would occur under such a critical excursion.
The program includes the following:

A feagibility study to determine the pessibility of direet
acquisition of kinetic information regarding the chemical
reactions for the U-Pu-0-Na system irn the simulated HCDA
environment,

The acquiszition of a thermcdynamic data bage of the poasilis
reactions and species formed from the interactions of the
U-Fu-0—-Ha system.

The simulation of an HCDA event by the laser Evnporntiuua:
technique, T
The investigation of the chemical reactions and compoumda
formed from the short-lived vapor state existing in the
HCDA environment.

-




The assessment of the role of reaction kinetics on both
the bubkle formation and post-HCDA environment effects on
the materiala present throughout thiz accident seguence.

The resulting data are being compared with theoretical and ex-
izting analytical data and coordinated with other gronps that
have developed ¢r are developing models and aerosel data, Large
amounts of experimental data exist on the generation and hehavior
of single-component aercscls, and some limjited data exist on
aercaols containing both uranium and sodium oxides; but little or
no data exist on multicomponent systems c¢ontaining aeroscls gen-
erated from (U, Pul0;, sodium, and stainless sateel produced under
ECDA conditions.

Mcund has designed and fabricated a aystem that is capable of in-
corporating all these materials in a laboratory-scale simulation
of an HCDA. The operation of a lakoratory-scale simulation will
enable the wvariation of the operating parameters and materials.

2. THEORY

During the most severe hypothetical core-disruptive accidents
(HCDA)Y , caused for example by transient overpower (TOP) or loss
aof flow (LOP), substantial amounts of the reactor fuel, stainless
steel cladding, and sodium ceolant cculd be vapcorized, The vapor
species formed, including Pud, UGQ, Pud,, UD,, VO;, O, 0, Na,
stainless steel, and the fission products are sxpected to be con-
tained initially in gas bubbles within the sodium coolant., A
temperature gradient within the bubble will exist, initially,
from probably greater than 2800°C iIn the gas phase to about %00°C
at the liguid sodium walls of the bubbkle. As the bubble moves
away from the primary heat source, cooling will cause condensation
and reactions of various vapor specles probably resulting in the
formation of an aerosol. In addition, condensation and reactions
will occur at the ligquid scdium walls of the bubble.

The physical and chemical nature of the aerosol particles is im-
portant in predicting the eventual behavior and fate of the aero-
sol. Physical properties of the aerosol (particle size, density,
settling velocity, and coagulation tendencies) are presently bs-
ing studied, chiefly by vaporization of U0;. The chemical nature
of the aerosol particles, which is determined by the chemical
species present in the various temperature regimes transited by
the aeroscl, must be considered because it conld affect the physi-
cal properties of the aerosol and would definitely influence the
subsequent environmertal! and biological pathways of any aerosol
that might escape from the reactor containment structure.




3. EXPERIMENTAL PROCEDURE:
3.1. LASER EVAPORATION

3.1.1. MATERIALS

The radicactive pellets used in the first phase of the study were
composed of depleted uranium digxide, plutenium dicoxide, and re-
actor structural materials mixed to the followling compositions
{in weight percent):

1. 100% UO:

2, 100% Pud:

3. B0% U0z - 20% PuD:

4, 75% U0z/Pud: - 25% 3116 stainless steel
5. 75% Pubz -~ 25% 316 stainless steel

The depleted UQz; was 99.5% pure., The 2?%Pud; had a plutonium assay
cf 0.8767 g Pu/g Pul: product. The igotopic analysis was 94.0%
plutonium-232, 5.8% plutonium-240, 0.30% plutonium-241, and less
than 0.05% plutonium—238 and plutonium-242. The 316 stainless steel
was Metco 4lc powder (45 to 112 um size range). The scdium was re-
agent grade metal which was stored under xylene,

The materials were mixed using a mortar and pestle, charged into a
l4-mm-diameter graphite-coated die, and hydraulically pressed at

8.61 x 10% Pa in an argon atmosphere glovebox. The moisture level
was less than 1.0 ppm, and the oxvgen level was less than 10.0 ppm.

In the second phase of this study, the radiocactive pellet composi-
tions were:

1., 100% Pu®: - Na {Liquid)

2. 75% PuD; - 25% 316 stainless steel - NHa {Liguid)

3. 75% UOz/PuD; - 25% 116 stainless steel - Ha (Liguid}

4. 75% U0 /Pul: - 25% 316 stainless steel - Na (Liquid) Air

The materials used were the same as those used in the first phase
of the study. The materials, after being mixed and charged inte
the die as described in the first phase of the study, were also
pressed at 8.61 x 10° Pz in an argon atmosphere. The moisture
and oxygen levels were the same as= described in the first phase
of the study. Scdium metal was introduced into a depression pre-
pared in the center of the pellets. The pellets were heated to
malt the sodium in the depressions just before the laser heating.



In the third phase of the study, the radicactive pellet had the
following composition:

75% ©U0;/PuQ; - 25% 316 stainless steel - Na {Liquid)

The materiais and methcocd of preparation were the same as these
used in the second phase of the study.

3.1.2. METHOD

In all three phases of the study the pesllets were heated with a
rail laser adapted to use a necdymium glass rod. Figure 1 illus-
trates the revised static laser heating fixture which was located
in an argon atmosphere glovebox. The laser voltage was seb at
2.70 keV (24-J cutput) with a pulse time of 5 msec. The spot
diameter was 0.10 om, and the power density calculated from the
spot size was 4.0 MW/cm®. At this power density, a temperature
of 19,000 K can be expected in the vapor plume [1]. The energy in-
put tc the pellets was approximately 10,000 J/g. The laser beam
passed throngh a 920° directional lens, a lens-prism system, and
the gquartz top of the static laser fixture, vaporizing a portion
cf the pellet. Figure 2 illustrates the complete experimental
setup used for these studies. In the first two phases of the
study, the vaporized porticon of the pellet was condensed on both
transmission electron microscope (TEM) grids and scanning elec-
tron microscope (SEM) stubs as shown in FPigqure 1, 1In the third
phase, the stub support was removed from the laser heating fix-
ture, and the vaporized portion of the pellet was condensed on
glags slides which were suszpended undar the guartz top.

The S5EM samples were analyzed for particle size, distribution,

and elemental constituents of the particles. The TEM samples were
analyzed for particle size, shape, agglomeration {chains), and
compound formation {(electron diffraction).

The condensate was removed from the glass glides=, digsolved in
digtilled water, and analyzed for plutonium-239% by alrha scin-
tillation counting technigques.

3.1.3. RESULTS

Results for the first two phases of the study were primarily
assessed by examining the produgts via SEM and TEM analyses. The
pellet compositions, compounds identified, and aerceol size range
data collected from the TEM analyses are summarized in Tables 1
and 2. -

The pellets that were laser heated without sodium formed compounds
that were not different from the starting components (See Table 1).
The compounds identified ware UQ:z, Pul:;, and FeNi., The compound
FeNi is a combination product of two of the components of stain-
lesz steel, iron and nickel.
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FIGURE 1 - Revised static laser heating system fixture which per-
mits inert—gas laser heating.
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Table 1 - AEROS0L SIZES AND COMEOQUNDS FORMED IN
STATIC LASER EXPERIMERTS WITHOUT SCODIUM
Follet Size Major
Number System {pm} Compounds
1l b P 0.01 to 0.25 UOQ:
2 Pulz 0.01 to 0,10 FEud;
3 BO% UDx=20% Puxd: 0.01 to 0.15% UQ>, Pull:
4 75% U0z /Pud,-25% 55 0.0l to 0.25 U0;, Puds, Fe
5 75% PuDy-25% 5S 0.01 to 0.25 Pud:, FeNi

The-pelleta that were heated with formed sodium plutonate (NayPuGs)
when Pul:; was present and scdium uranate (Naaﬂnuf when UJ0; was
present. [See Table 2.} FPellet ¥3 was the clozest simulaticn to
the HCDA conditions. The major products from the vaporization of
the pellet were the starting components UQ:, Pud;, and irom, a con-
stituent of stainless steel., The minor compounds formed were sod-
iwm glutonate (Na,PulGs;) and sodium uranate (Ha;U0,).

Pellet %4 {Table 2) was vaporized in air to simulate the escape of
the bubble freom the reactor containment to the air environment of
the reactor building. The major products formed were UD:z, UsQg,
Pul:, Na.0, and Fez03, The mincor compound formed was sodiuvm
uranate (Na,UD0s).

Aercscols formed in the third phase of the study were primarily
assesged by examining the dissclved products by alpha scintilla-
tion counting technigues. The pellet conpositions, total mass of
plutonium-239 vaporized, total mass of plutonium—239 dissolved in
water, and the fraction of plutonium=-239% dissolved in water are
summarized in Table 3. The initial test indicates that an awver-
age of 12.1% of the plutonium=-239 dissolved in distilled water
when a mixed-oxide, stainless-steel pellet was vaporized with
sodium.

3.2. HCDA AEROSOL FORMATION

Figures 3, 4, and 5 are transmission electron photomicrographs of
the Pud:, UD:-Pud:, Ul /Pud.=55 system condensaticon aerosols. The
particles are spherical, and the diameters range from 0.01 to 0.25
pm. The photomicregraphs show branched chain-like structures that
are typical of vaporization condensation asrosols of most metal
cxides [1]. These branched chain-like structures from the fields
of Figures 4 and 5 are shown in Figures 6 and 7.

Figures 3, 6, and 7 alsc show some crystalline particles that had
not been observed in previous HCDA experiments [2]. The c¢rystal-
line particles can be attributed toc Pu0O;, since they were first
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Table 2 - AEROSOL SIZES AND COMFOUNDS FORMED IN
STATIC LASER EXPERIMENTS WITH S0ODIUM

Fellet Size Compouhnds
Nunber System {ym) Major Minor
1 100% PuQ;=-Na {(Liguid} 0.01 to 0.50 Pud:, Naz0 NayPuQe
2 75% FPuQ:=25% S5E8=Na 0.01 to 0.59 Puli, Fe, Ha;O Na,PuOsx
(Liguid}
3 75% U0, /Pub.=25% SS-Na 0.51 to 0.25 U0, Pud;, Fe Ka:U0,,
(Liguid} Ha,Puls
4 75% UQ;/Pal,-25%=55=-Na 0.0l to ©.15 U0z, UyCe, Pud; Ha,Udsx
{(Liguid) {Air) Fe 03, Wa,0
Takhle 3 - ASSESSMENT OF DISSOLVED PRODUCTS COF
AEROSCLE FORMED TN THE FLUID PHASE
239
23%py Total Fraction Pu
pissclved 23%pq Dissolved
Sample in H,0 Vaporized in Hz0
Humber System (pg) {ug) (%)
1 75800, /FPud;-25% SS-Na 4.8 24.0 20.0
{Liguid)
Z 75% U0./Pul;=-25% S5-Na 2.2 23.5 9.4
(Liguid)
3 75% U0, /Pud,-25% S5-Na 1.7 24.5_ 6.9
{(Liquid) Average = 12.1
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jerograph of laser-produced particles from an 80% UOs=20% Pul:z pellet.

FICURE 4 - TEM photom
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FIGURE 6 - TEM photomicrograph of laser-produced chain particles from an 80% U0,~20% PuO,
pallet.




o1

FIGURE 7 - TEM photomicrograph of laser-produced chain
pellet.

[ W |
,’ ﬂ'-l'l"

particles from a 75% UO: /Pud.-25% 885
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observed in Figure 3 and appear in systems that contain PuQ: as
shown by Figures & and 7. The explanation for this phencmenon is
not known at thies time, although it could be theorized that the
lower vaporization peint of Pul, compared to U0 may allow encugh
time during cooling for the crystalline particles to form.

Electron diffraction patterns were photographed from the particles
zhown in the fields of Figure 3 through 7. The compounds were dis-
cuzsed in the previous section and are listed in Table 1.

Figures 8 and 92 are transmission electron photomicrographs of the
U0 /Pud;-58-Na (liquid} system condensation aercsols, The particles
are spherical and the diameters range from 0.01 to 0,25 ym, The
photoemicrographs show branched chain-like structures that are
glightly different from those that were vaporized without szodium,
There seems to be more agglomeration of the particles, and the
particles overlap more in the chain structure as can be seen in
Figures € and 9, The particles vaporized with godium seem to have
a stronger charge than the particles vaporifed without sodivm, and
thus the charged particles agglomerate more, causing mere overlapping
and comprezsion of the chain-like structurss.

Electron diffraction patterns were photographed from the particles
shown in the fields of Figures 8 and 9. The compounds were dis-
cussed in the previous section and are listed in Table 2. These
compounds and the spheric¢al branched chain-like particles are ex-
pected to form as condensation productsz from an HCDA event.

4. THERMODYNAMIC AND KINETIC CONSIDERATIONS

2 thermodynamic assessment of the expected products in an HODA

was previously published [2]}, In that work, it was concluded from
the free energies of reaction for sodium wranate formation that

the distribution of chemical species formed in the hot asrosol was
not thermodynamically controclled. The study considered only the
system Na-U-0, as data on free energies of fermation for the sodium
plutonates were not available. A comprehensive computerized liter-
ature search indicates that since the issuance of the aforemen-
tioned puklication no new thermodynamic data on the sodium plu-
tonates have been published. A thermcchemical assessment of the
possibility of sodium plutonate formation is, therefore, still

not possible,

A kinetic assessment of the rate of Ra:MO, (M=Pu/U)} formation has
also been previously published [3]). The conclusion of that work was
that Na;U0s; formation is entirely possible under the temperature-
time conditions present in both the simulated and real HCDA.
Limitations on the applicability of the data to HCDA chemical pro-
duct predictions were pointed out. These limitations were essen-
tially twofold: first, there was a large temperature extrapola-
tion between measured data and predicted results; second, the

higher temperature data contained a good deal of experimental
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FIGURE 9 - TEM photomicrograph of laser-produced chain particles from a 75% UO;/Pud,~25%
58-Na (liguid) pellet,




uncertainty. These limitations have obvious implicaticns for the
direction of future work oh HCDA and core-melt chemistry.

5, PLANNED FUTURE WORK

Fuature experiments jinclude dynamic laser system studies of the
U0, /PuC:=55=-Na (gas) system using x-ray, TEM, and electron dif-
fracticn analyses. Determination of the effects of fission-pro-
duct additions on the chemical interactions of sodium and mixed-
oxide fuel is a short-term goal. Characterization of species
evolved from a boiling sodium pocl is a long=-texrm geal.

€. RECOMMENDATIONS FOR FUTURE WORK

The key to understanding the chemistry of HCDA and core-melt
aerpsols is the proposal of physical and chemical models for com=-
parison of calculated observables to experimental results. In
order to calculate the chservable guantities associated with any
model one must have the appropriate thermodynamic and kinetic data
available. The unavailability of these data has been a very limit-
ing constraint in HCDA and core-melt aeroscl chemistry. We have
keen able, tc a2 limited extent, to assess the applicability of an
equilibrium thermodynamic medel to sodium uranate formation, The
disagreement with experiment shows that sodium uranate formation
is not a thermodynamically controlled process. The thermodynamic
results were of use, however, in rationalizing the experimental
results in terms of a coouling curve/seed-out mechanism. Chemical
kinetic data on sodium uranates and plutonates at realistic HCDA
temperatures would be wvery helpful in understanding HCDA aercsol
chemistry. In order to give a concise guide to what thermochemi-
cal and kinetic data have been determined and to what areaz em-
phasis should be directed, the following outline has been con-
structed.

SUMMARY OF THERMOCHEMICAL AND RINETIC DATA ON THE Na-U-0 and
Na-Pu—0 SYSTEMS

Core~Melt Temperature Range {~700-900°C)

I. Thermochemical Data
A. Systems studied = Na-U-0
1. Type of data - haats of formation for sodium uranates

2. Method - high temperature Knudsen effusion/mass
spectrometry

3. Reference - J, E. Battlas, W, A, Shinn, and P. E.
Blackburn, J., Chem. Thermo., 4, 425 (1972).

19
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Systems, in need of study: HNa-Pu-0

1.

2.

3.

Type of data needed - heats of formation and heat
capacities

Probable best method - high temperature mass
spectrometry

Feasibility =~ feasible by same method as above (I=-A-3),

IT. Chemical EKinetic Data

.

Systems studied = mixed oxide (Pu/U+Pu=0,20) and scdium

1.

Type of data - rates determined from volume change
versus time data

Methed - metallographic microscopy

Reference = (O, E, Martin and J. Schilb, in ANL Fuels
and Materials Chemistry Semiannual Report, Argonne
Naticnal Laboratory, Chemical Eng. Div. {July =
December 1%72), pp. 4-%.

Systems in need of study - PuQ:/Na, UQ:/Na, more accurate
data needed on mixed oxide/Na system

1.

Type of data - rate constants for uranate and plu-
tonate formation as functions of temperature

Frobahle hest method - metallographic microscopy
Feasibllity = very feasible; same methods as used by
Martin and Schilb will work with single oxides; accur-

acy of method can be improved by more careful experi-
mental design.

HCDA Temperature Range (900 to 2800°C)

I. Thermochemical Data

A,

1.
2.

3.

Systems studied = Na=-U=0 (extrapolation of data o highest
part of temperature range may be guesticnable)

Type of data - heats of Ecrmation
Method - mass spectrometry

Reverences = J. E. Battles, W. A. Shimm and P, E,
Blackburn, J. Chem. Thermodynamics, 4, 425 (1972).




B, Systems in need of study - Na-Pu~0 at high end of tem-
perature range

l. Type of data - heats of formation, high temperature
heat capacities

2. Method - mass spectrometry/calorimetry

3. Feasibility - experimentally feasikle

II. Chemical Kinetle Data
A. Systems studied - none
B, Systems in need of study - Nz2-U-0, Na-Tu-0

1. Type of data - rate constants and/or cross sections
for uranate formation reactions and formation of in-
termediate gaseous species.

2, Method - high temperature mass spectrometry, atom
beam axperiments, surface analyeisz

3. Feasibllity = feasible, but requires large initial
outiay for instrumentation and a high level research
effort to achieve snough results to make reliabls
predictions.

In light of recent de-emphasis of the HCDA scenario and the high
cost in bhoth time and money to get kinetic data in the HCDA tem-
perature range, these experiments are not reccommended. Future
efforts would be best directed toward collection of thermochemical
data on the Na=Pu=0 system by mass spectrometric methods similarx
tc those used by Battles et al. on Na-U-0 and toward rate data on
U, Pu, mixed oxide systems by microscopic volume change measure-
ments, essentizlly an extension of the work of Martin and Schilb,
Both these efforts would gensrate data applicable to the core-melt
temperature range. Since the methods are well established (not
state-of-the-art} and the volume of data required is not too large,
the cost effectiveness of these endeavors would be markedly greater
than for the atom beam experiments of HCDA-II-B,
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i products are controlled kinetically during cooling rather than.
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