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1. Summary The solubility of 28'PuO,in sodium at 100 C

EnvironmentM conditions simulating the temperature increments from 500*C to
Hypothetic6. Core-Disruptive Accident 800 C ranged from 24.6 12.9 ppm to 48.0

40.9 ppm.(HCDA) on a reduced scale provided the fol-
lowing information: The solubility of '''PuO, in sodium at 1000

-

ppm to 10,000 ppm oxygen impurity levels* Aerosols resulting from the condensa. ranged from 20.9 10.3 ppm to 38.6 40.0tion of gaseous constituents withouta

sodium generally comprise small, ppm.

spherical, particles (diameter 0.01 to There was no sigmficant evidence that the. .. .

0.25 pm) and branched chain-like struc- solubility of 2''PuO, m, sodium was depen-tures' dent on either temperature or oxygen level.

* Aerosols resulting from the condensa-
tion of gaseous constituents with 2. Introductory Overviewsodium generally comprise spherical,
small (diameter 0.01 to 0.50 pm) par- In support of the Nuclear Regulatory Com-
ticles, with some branched chain-like mission, Mound Facility completed a pro-
structures and some agglomerating par- gram to produce and characterize the
ticles. primary aerosols that could result from a

hypothetical core-disruptive accident
Fslectron diffraction analyses identified ac- (HCDA) in a liquid metal fast breeder reactor
tinide dioxides, fission products, fission pro- (LMFBR). These tests were conducted under
duct oxides, the constituents of stainless simulated conditions that can be related to

,

steel, sodium, an oxide of sodium (Na,0), the actual events that would occur under
sodium uranates (Na UO. and Na.UO.), and such a critical excursion.
the sodium plutonate compounds [Na.PuO.

~

and Na,(U,Pu)O.l. The two main objectives of the study were:
1) the investigation of the chemical reactions

Reaction pathways are dictated by chemical and compounds formed from the short-lived
kinetics rather than by thermodynamics, as vapor state existing in the HCDA event, and
the cooling process during which aerosols 2) the acquisition of a thermodynamic data
are formed from atomic species is a fast and base for the possible reactions and species
essentially irreversible process. formed from the interactions of the U-Pu-O-

Na system.
Solubility studies show that for aerosols pro-
duced from laser vaporization of mixed oxide The simulation of the HCDA event was ac-
(U,Pu) pellets, 5.3% 1.5 % of the complished by the laser evaporation tech-
plutonium-239 is water soluble, and 8.7% nique. Mixed-oxide fuel (PuO,/UO,), stainless
2.4% of the plutonium-239 is water soluble steel, and fission product materials were
when the aerosolis produced from a mixed- mixed and pressed into small pellets. Two
oxide (U,Pu) stainless-steel pellet vaporized systems, a static and a dynamic laser-
in the presence of sodium. heating system, were employed, with the

,

dynamic syste n simulating the HCDA
Other solubility studies show that 2.6% scenario more faithfully by providing a
1.5% of the plutonium 239 is soluble in longer high-temperature-residence time.

* simulated lung fluid from an aerosol pro-
duced by vaporization of mixed-oxide (U,Pu), In the static system, the pellet was placed on
stainless steel pellet, and 5.5% 1.1% of the a heater on the pellet stand. The sodium,
plutonium-239 in the aerosol is soluble in placed in a depression in the center of the
simulated lung fluid when the vaporization pellet, was melted, and the focused laser
is done in the presence of sodium. beam was pulsed through the sodium liquid

to the pellet. The vaporized acrosols from the

3



pellet and liquid sodium were condensed on groups that have developed or are develop-
Transmission Electron Microscopy (TEM) ing models from aerosol data. The models are
grids attached to Scanning Electron used to assess the risk factors for the escape
Microscope (SEM) stubs that .were sus- of radioactive aerosols from the reactor to
pended from a copper fixture above the the environment during an HCDA in a
pellet. LMFBR.

.

In the dynamic system, the pellet was piaced
in a holder at the top of a quartz tube that 3. The HCDA
was inductively heated. Heated sodium gas *

was introduced to the pellet and the focused 3.1. Introduction
laser beam was pulsed through the surround-
ing gas to the center of the pellet. The In support of the Office of Nuclear
vaporized aerosols from the pellet, along Regulatory Research, Nuclear Regulatory
with the sodium gas, were carried by an Commission, Mound Facility has established
argon gas flow through the RF plasma. The a program to produce and characterize the
aerosols and the sodium gas were condensed primary aerosols that could result from a
on TEM grids attached to SEM stubs which hypothetical core-disruptive accident
were attached to a copper fixture located (HCDA) in a liquid metal fast breeder
below the RF plasma. The TEM grids were reactor (LMFBR). These tests were con-
photographed and analyzed for particle size, ducted under simulated conditions that can
shape, and morphology. Electron diffraction be related to the actual events that would oc-
patterns were analyzed for compound forma- cur under such a critical excursion. The pro-
tion. gram includes the following:

The aerosols from the simulated HCDA were * A feasibility study to determine the .

spherical and ranged in size from 0.01 to 0.50 possibility of direct acquisition of
pm. The branched chain like particles, which kinetic information regarding the chem-
are typical of mixed-oxide aerosols, have ical reactions for the U-Pu-O-Na system .

been verified. The combination of sodium in the simulated HCDA environment.
with fuel to form sodium uranates and
sodium plutonates was observed. There was * The acquisition of a thermodynamic
no evidence that fuel and fission products dsta base of the possible reactions and
react to form compounds under these condi- species formed from the interactions of
tions, the U-Pu-O-Na system.

Aerosols were collected from the static laser * The simulation of an HCDA event by
system both with and without sodium for the laser evaporation technique.
solubility studies in both distilled water and
simulated lung fluid. In both cases increased * The investigation of the chemical reac-
solubility of plutonium-239 in the presence tions and compounds formed from the
of sodium was observed. short-lived vapor state existing in the

HCDA environment.
The solubility of '"PuO, in sodium was
studied at various temperatures and oxygen * The a. essment of the role of reaction .

impurity levels. Neither temperature nor kinetics on both the bubble formation
oxygen impurity level had any effect on the and post-HCDA environment effects on
solubility of 8"PuO,in sodium. the materials present throughout this |,

accident sequence.
The principal use of the resulting data is for
reactor safety analysis. The data are being The resulting data are being compared with
compared with theoretical and existing theoretical and existing analytical data and
analytical data and coordinated with other coordinated with other groups that have
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developed or are developing models and 3.1.2. Literature Survey
aerosol data. Large amounts of experimental
data exist on the generation and behavior of Melting, vaporization, and release of fuel
single-component aerosols, and some limited have been postulated to occur primarily fol-
data exist on aerosols containing both ura- lowing two low-probability hypothetical.

nium and sodium oxides, but little or no data core-disruptive accidents (HCDAs): Loss of
exist on multicomponent systems contain- - Flow (LOF) and Transient Overpower (TOP).
ing aerosols generated from (U,Pu)O,, It should be emphasized that these low prob-

,

sodium, and stainless steel produced under ability HCDAs would occur only if one does
HCDA conditions. not SCRAM the reactor. Since the reactor

w uld SCRAM, and the fuel rods would be
Mound designed and fabricated a system neutralized, the probability that an HCDA
that was capable of incorporating all these w uld occur due to an LOF or TOP condition,

materials in a laboratory scale simulation of is exhemeh low. Several computer models
'

an HCDA. The operation of a laboratory- have been devised to predict different
scale simulation has enabled Mound to vary aspects of these accidents. Because of the

,

the operating parameters and materials, differences m reactor designs, the complexi-
,

, ty f the phenomena involved, and the uncer-
3.1.1. The HCDA Scenario tainties m the analysis, such mechanistic,

During the most severe hypothetical core. descriptions of the HCDA sequence of'

disruptive accidents (HCDA) caused, for ex. events vary somewhat [1-7).'

ample, by transient overpower (TOP) or loss In the LOF accident, when sodium flow has
of flow (LOF), substantial amounts of the been decreased to about 25% of its normal
reactor fuel, stainless-steel claddmg, and value (after 4 or 5 sec), sodium saturation.

sodium coolant could be vaporized. The conditions are calculated to exist near the
vapor species formed, m, eludmg PuO, UO, core outlet. Voiding the core selectively from
PuO,, UO,, UO , 0, 0,, Na, stainless steel, the center channels _' outwardly causes, , ,

|
and the fission products, are expected to be positive reactivity feedbacks which result in
contamed initially m, gas bubbles within the steadily increasing power over a period of

,

sodium coolant. A temperature gradient about I sec. Prompt criticality then in-
withm the bubble will exist, mitially, from creases the power level by several orders of

, ,

probably greater than 2800y m, the gas magnitude, resulting in core self-
phase to about 900 C at the hquid sodium disassembly. The resultant fuel motion is
walls of the bubble. As the bubble moves assumed to terminate the excursion. The
away from the primary heat source, coohng specif cation of conditions that might exist
will cause condensation and reactions will oc- in the core and in individual fuel elements
cur at the hqmd sodium walls of the bubble. just prior to the self-disassembly stage is

uncertain. For example, peripheral fuelThe physical and chemical nature of the elements could still be under sodium,aerosol particles is important in predicting
the eventual behavior and fate of the aerosol.

whereas centralregion fuel elements could

Physical properties of the aerosol (particle be dry or possess only a thin sodium film.
The fuel elements with sodium and thosesize, density, settling velocity, and coagula.

tion tendencies) are currently being studied, with residual films may not contain sigmft-,
,

*

cant internal melt fractions; whereas " dry"chiefly by vaporization of UO,. The chemical
nature of the aerosol particles, which is elements may have cladding melting, clad-

determined by the chemical species present ding removal by streaming sodium vapor or-

in the various temperature regimes transited gravity, high fuel melt fractions, and fuel
slumping. So, even without different acci-by the aerosol, must be considered because dent sequences, diverse failure conditionsit could affect the physical properties of the could exist simultaneously m differentaerosol and would definitely influence the

subsequent environmental and biological regions of the core.

pathways of any aerosol that might escape In the TOP accident, sodium is calculated to
from the reactor containment structure. be in the core and the cladding and to remain

5
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relatively cool while significant fractions of 3073 K in the gas phase to 1173 K at the li-
fuel are melted within the pins. hbsequent- quid sodium walls of the but ble [16,17,18].
ly, the pins fail and molten fuel mixes witi- The pressure exerted by the HCDA bubble
the sodium; the resultant fuel coelart in- hm been calculated at approximately 19 atm
teraction (FCI) causes sodium ejection. [23]. This is the best estimate of conditions
Resulting reactivity feedbacks pmdece a of the HCDA bubble after core disassembly
rapid excursion similar to that of the LOF. and interaction with the sodium coolant. -

The disassembly of the core and melting of When the HCDA occurs, temperatures of
the cladding are assumed to occur when the 3000 K and 6000 K are generated before the a

fuel reaches a temperature of 5000 K or formation of the fuel bubble at equilibrium
greater. At these temperatures, gaseous fuel conditions of 3073 K in the aerosol and 1173
species and fission product oxides become K at the sodium surface. Between 3000 K
the principal contributors to the vapor pres- and 6000 K, the reactions predicted from the
sure. In LMFBR technology, the gaseous fu- thermodynamic data are as follows: (1) the
el species are the primary concern because fuel will produce the oxides, UO, UO,, UO.,
the fuelis the main component of the reactor PuO and PuO,, and O and 0,; (2) the sodium
core. From the studies cited [8-12], it can be vaporizes into elemental Na; and (3) the
assumed that a pressure of about 100 atm is stainless steel vaporizes into elemental Fe,
exerted by fuel at the 5000 K vaporization of Cr, and Ni [16-19]. As the temperature
the cladding. Pressures of 253 and 269 atm decreases from 6000 to 3000 K, the free

are predicted for 6000 K, and pressure of energies for UO and PuO decrease, and the
1000 atm or greater are predicted for 7000 K free energies for UO,, UO., and PuO, in-
[13]. In summary, these pressures exerted at crease, making these the dominant species.
the various temperatures cause the vaporiza- The pressures of free O and O, decrease as
tion of the cladding containing the fuel and, more UO, is produced. The stainless steel .

thus, release the vaporized and molten fuel (Fe, Cr, and Ni) and elemental Na remain in a
for interaction with the sodium coolant. vapor state.

.

The fuel-coolant reaction is an important At the aerosol temperatures from 3000 to
aspect of the analysis of HCDAs. In the ear- 1173 K, the dominant species remain UO,,
ly study, violent interactions were obtained UO,, and PuO, with minor combinations of
when small quantities of sodium were in- UO and PuO present. The free O and O,
jected into large amounts of inductively pressures decrease as the OlM ratio in-
melted UO,, and severe explosions resulted creases. The available 0 and 0, combine with
[14|. These explosive reactions were thought Na and fuel to form Na.UO.and Na,(U,Pu)O.
to be possible in an HCDA; however, large at temperatures between 1175 and approxi-
scale coherent UO, sodium vapor explosions mately 1500 K in the vapor phase and con-
appear impossible in a reactor environment tinue in the liquid phase to 775 K [20-241
[15]. In a real reactor system, fission gases Since the fuel originally contains more ura-
and fragments, as well as solid materials and nium than plutonium and since the ther-
gas bubbles entrained in the liquid sodium, modynamic properties are very close for
would be present and would promote boiling both products, the probability is greater that
prior to reaching the threshold for homo- Na,UO. will be the dominant specie over
geneous nucleation in sodium; mild interac- Na,(U,Pu)O.. At this point, the oxygen .

tions of the type observed in the Treat in-pile pressures are very small and, for all practical
experiments would be the result [15]. purposes, used up. If any appreciable oxy-

gen is left, it could form oxides with stainless
The HCDA bubble consists of vapor species steel (Fe, Cr, and Ni) which is highly unlikely.

.

of fuel, sodium, stainless steel, and fission If oxides are formed, the free energies of for-
products. The HCDA bubble will be con- mation predict Cr,0, > Fe,0. > NiO. Since no
tained within the sodium coolant. A tem- literature can be cited to support this
perature gradient within the bubble will be assumption, it is likely that the Fe, Cr, and

Ni condense as fine elemental particles.
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In summary, it is assumed that the cool- This effect would be the case if fission pro-
down products of the HCDA aerosol bubble ducts reacted with the fuel species to form
are UO, U O ,, U O ., P u O ,, Na UO., reaction products with the net result of
Na.(U,Pu)O., and elemental Fe, Cr, and Ni. larger and more complex particulates [28].
Thi se predictions are estimated with no con- The minor products of Fe, Cr, and Ni from
tributions from fission products considered. stainless steel would also form larger par--

ticles than would the oxide reaction products
The magnitude of the plutonym aerosol [29).
source term used in estimating plutonium*

transport to the environment in the event of In summary, the reaction products formed
a large core-disruptive acciAnt in an from the cool-down of the HCDA bubble
LM FBR is still poorly defined. 'I he most im- should have particle size distributions equal
portant source willlikely result from conden- to or greater than 10 to 2500 pm. These are
sation of fuel that has been vaporized during the values for the UO,-PuO,-Na interactions
the accident. Sizea for condensed fuel par- which form the aerosols in the HCDA bubble
ticles prior to agglomeration are less than 1.0 [26]. These predictions are 5 ased on the
m[25]. assumption that fission products are not

considered as part of the interaction system
In an HCDA, the bubble components will and have been ignored.
condense into an aerosol composed of PuO,
and UO, mixed with sodium. The particle 3.1.3 HCDA Simulation Methods
size distribution was estimated to range
from 0.10 to 0.38 pna [19). Three HCDA simulation methods were used

for these studies: the capacitance discherge
Large particles, such as those produced in system, the static laser system, and the.

fuel-sodium interactions, would tend to set- dynamic laser system,
tle out rapidly before leaking from the con-
tainment [25,26]. A particle size distribution The capacitance discharge system consisted,

was reported for an HCDA bubble contain- of a quartz tube with high-voltage leads
ing two-phase sodium and UO,-PuO, fuel in which contained a stainless-steel fuel pin
the form of an aerosol [26]. The particle dis- filled with UO, and Na,U,0, fuel. The tube
tribution was divided into 11 sizes, with 2% was placed inside a set of RF coils, and an
of the mass having a diameter of up to 10 RF plasma was generated with argon gas.
pm; 8% with a diameter of up to 30 pm; and The simulation was accomplished when
the other 90% of the mass being equally sodium gas was introduced into the quartz
divided into diameters of up to 60,110,160, tube at the same time as the voltage was ap-
225,310,500,850,1450, and 2500 pm [26,27], plied acress the fuel pin, causing the vapor-
indicating that particles greater than 10 pm ized fuel pin and sodium gas to mix and fall
result from a fuelcoolant reaction. It is not through the high-temperature RF plasma
clear, however, what happens to stainless (>6000 C). The vaporized particles were con-
steel while the bubble is rising, since the con- densed on sample collectors and analyzed for
dition (e.g., the particle size distribution) of compound formation and particle size.
molten steel at the end of the fuel-coolant in-
teraction is not known [26]. Stainless steel The static laser system consisted of a.

did not appreciably alter the total amount of ceramic-coated heater on top of a pellet
fuel that leaked to the secondary contain- stand that was centered inside a pyrex
ment. Leakage values for two flow areas cylinder. The cylinder had entry and exit,

through the cover were 2.2% and 10.1% with ports to purge argon gas and a quartz top. A
steel and 2.1% and 9.6% without steel where fuel and stainless-steel pellet that contained
lower values correspond to 0.1 ft', and higher sodium metal in a depression in the center
values correspond to 1.0 ft'[26), condensing vas placed en the pellet stand. The simula-
on the branch chain structures and forming -ion was accomplished when the heater
the more complex aerosol particulates [28]. melted the sodium, and a focused laser beam

was pulsed through the sodium liquid into

7



the pellet, vaporizing the sodium and por- pin was connected to the CDU leads inside
tions of the pellet at ~6000 *C.The vaporized the reactor chamber. The CDU test equip-
particles were condensed on transmission ment was adjusted to the desired test pa-
electron microscope (TEM) grids that were rameters, and the fuel pin was exploded. Fig-
attached to scanning electron microscope ure 2 illustrates the complete experimental
(SEM) stubs, which were suspended from a setup used for these studies. The vaporized
copper fixture above the pellet. The grids fuel pin, along with the sodium gas, is car- *

and stubs were analyzed for compound for- ried by an argon gas flow through the RF
mation and particle size. plasma and condensed on the sample collec-

tor as si! awn in Figure 1. The samples were *

The dynamic laser system consisted of a analyzed for particle size using a Leitz
quartz tube body and top that contained the Classimet Image analyzer. The samples were
pellet holder and entry ports for the argon analyzed for comiound formation by the
and sodium gas. The quartz tube, containing Debye-Sherrer powder x-ray diffractometry
a fuel and stainless-steel pellet, was placed method.
inside of a set of RF coils, and an RF plasma
was generated with argon gas. The simula- 3.2.1.2 Systems Studied and Rationale
Con was accomplished when sodium gas was
introduced into the quartz tube at the same The materials used for this study were com-
time that the focused laser beam vaporized a posed of depleted uranium dioxide (UO,),
portion of the pellet, causing the vaporized sodium diuranate (Na:U,0,), and thorium ox-
pellet and sodium to mix and fall through the ide (Th0,) mixed to the following composi-
RF plasma (> 6000 C). The vaporized par- tions (in wt %):
ticles were condensed on TEM grids
attached to SEM stubs that were suspended 1) 20% UO,-80% Na:U,0,
from a copper fixture below the RF plasma -

at the bottom of the quartz tube. The TEM 2) 20% UO,-80% Na,U,0,
grids and SEM stubs were analyzed for com-
pound formation and particle size. 3) 20% UO,-80% Na:U,0, .

4) 100% UO,
3.2. Experimental

5) 100% ThO,

3.2.1. Capacitance Discharge Method 6) 100% UO,

3.2.1.1. Apparatus and Procedure 7) 100 % 0 0,

In all phases of the study, stainless-steel fuel 8) 100% UO,
pins were heated by the capacitance
discharge method. Figure 1 illustrates the The UO, was prepared by reducing U,0,in a
quartz reaction chamber that was located in hydrogen atmosphere and confirmed by
a glovebox. The capacitance fuel pin test x-ray diffraction to be UO,. The Na,U,0, was
used a 44-J capacitance discharge unit precipitated with NaOH. The precipitate
(CDU) with a discharge time of a few was washed with water to eliminate excess -

microseconds. The capacitor charge to the NaOH and then dried. The ThO, was 99%
pin was 3000 V, and the energy available for pure. The reactor structural material was
pin firing was 450 J. The fuel pin preheat 316 stainless-steel tubing. The sodium was ,

temperature was 2700 C. The argon flow reagent grade metal which was stored under
rate was 6.6 x 10 * m /sec, and the RF xylene.8

generator plate current was 1.0 A. The fuel
was loaded into a 316 stainless-steel tube (fu- The materials were mixed using a mortar
el pin,1.0 mm diameter by 0.05 mm wall and pestle and loaded into 1.0 mm diameter
thickness by 18.75 mm long), and the ends of by 18.75 mm long,316 stainless-steel tube.
the tube were pinched shut. The fuel

8
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FIGURE 2 - Capacitance Discharge unit (CDU) experimental system.

This study was done to simulate the HCDA pounds identified, and particle size range
conditions using the CDU method and to ac- data collected from the analyses are sum-
quire background information on particle marized in Table 1. The fuel pins that were

,

size analyses and compound formation with heated by capacitance discharge (CD), with
UO, before introducing PuO,. or without sodium, formed compounds that

were not too different from the starting com-
3.2.1.3. Results pounds (see Table 1). The compounds iden- -

tified were U,0., U.0,, U.O., Th0,, Na,U,0 ,
Results from the stud: by the CDU method and FeNi. The U,0., U,0,, and U.0, are
were primarily assessed by examining the superstoichiometric oxides of UO, and can
products by x-ray diffraction and particle be designated as UO,,,, UO,,.,, and UO,,,..
size analyses. The pellet compositions, com- These oxides are favored and are expected to

10
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Table 1 - ANALYSIS OF EIGHT MODEL FUEL PIN FIRINGS

Particle Size
Wt. Fuel Wt. X-Ray Analysis

Sample Pin Wt. Fuel Residue Diffraction (Size range in pm,
No. Fuel (g) (g) (g) Results % as particles) Comments

1* 20% UO, 0.1345 0.08G1 0.0951 U.O. - No sodium
80% Na,U,0, Na,U,0, vapor used

2* 20% UO, 0.1345 0.0862 0.0953 U.O. - - No sodium
80% Na,U,0, Na,U,0, vapor used

FeNi

3* 20% UO, 0.1399 0.0905 - U.O. - No weight on
80% Na,U,0, Na U,0, sample residue

Fe Ni
'

4* 100% UO, 0.1611 0.1131 - U.O. - No weight on
U,0, sample residue

5* 100% ThO, 0.1429 0.0483 - ThO, - No weight on
sample residue

6* 100% UO, 0.1648 0.1169 0.0567 U.O. - Difficulty main-
U,0, taining sodium

vapor flow

7* 100% UO, 0.1637 0.1153 0.0737 U.O. <5 37.4 % Difficulty main-
U,0, 5-10 12.3 taining sodium

10-15 5.5 vapor flow
15-20 5.7
20-25 3.6
25-30 1.7
30-35 2.3
35-40 2.6
40 45 2.9
45-50 26.0

8 100% UO. - 0.1055 0 5 63 0.0712 U.0, <5 32.4 % Maintained a
U,0, 5-10 13.4 good sodium

10-15 6.3 vapor flow
15-20 6.5
20-25 6.8
2540 3.2
30-35 5.3
35-40 3.0
40-45 3.3-

~
45-50 19.8

* Designates samples formed from two fuel pin firings.

-

- -
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| form from UO, at high temperature in an air lyzed for particle size, shape, agglomeration
atmosphere. The compound Na:U,0, was (chains), and compound formation (electron'

formed, at high temperature, as the decom- diffraction).
position product of Na:U,Or. The compound
Th0, was one of the starting compounds. 3.2.2.2. Systems Studied and Rationale
The compound FeNi is a product formed ,

from the two components of stainless steel, The radioactive pellets used in the first
iron and nickel. phase of the study were composed of

depleted uranium dioxide, plutonium diox-
*

The particle size analyses data were col- ide, and reactor structural materials mixed
lected on samples 7 and 8 (see Table 1). The to the following compositions (in wt %):
greatest percentages of particles were

.

smaller than 5.0 pm, 37.4% and 32.4%, 1) 100% UO,
respectively. For both analyses,49.7% and'

45.8% of the particles were <10.0 pm in 2) 100% PuO,
j diameter. The next greatest concentration of
| particles was in the 45-50 pm range,26.0% 3) 80% UO,-20% PuO,

and 19.8%, respectively. The remaining size
range percentages did not vary more than 4) 75% UO,lPuO,-25% 316 stainless steeli

3% and ranged from 1.7 to 6.8%. These
1

i seven size ranges represented 24.3 to 34.2% 5) 75% PuO,-25% 316 stainless stel
of the total number of particles.

The depleted UO, was 99.5% pure. The
3.2.2. The Static Laser Heating Method '''PuO, had a plutonium assay of 0.8767 g

Pu/g PuO, product. The isotopic analysis
3.2.2.1. Apparatus and Procedure (Method) was 94.0 % plutonium-239, 5.8 % -

>

plutonium 240, 0.30% plutonium-241, and
In all phases of the study, the pellets were less than 0.05 % plutonium 238 and
heated with a rail laser adapted to use a plutonium 242. The 316 stainless steel was -

neodymium glass rod. Figure 3 illustrates Metco 41c powder (45 to 112 pm size range).
the revised static laser heating fixture which The sodium was reagent grade metal which'

was located in an argon atmosphere was stored under xylene.,

glovebox. The laser voltage was set at 2.70
kev (24-J output) with a pulse time of 5 The materials were mixed using a mortar

,

I msec. The spot diameter was 0.10 cm, and and , .astle, charged into a 14-mm diameter
the power density calculated from the spot graphite-coated die, and hydraulically
size was 4.0 MW/cm'. At this power density, pressed at 8.61 x 10' Pa in an argon at-
a temperature of 10,000 K can be expected in mosphere glovebox. The moisture level was
the vapor plume [30]. The energy input to the less than 1.0 ppm, and the oxygen level was
pellets was approximately 10,000 J/g. The less than 10.0 ppm.
laser beam passed through a 90* directional
lens, a lens-prism system, and the quartz top This study was done to provide an electron-
of the static laser fixture, vaporizing a por. diffraction-analysis base and an idea of the
tion of the pellet. Figure 4 illustrates the shape and size of the primary particle. In
complete experimental setup used for these the second phase of this study, the radioac- -

studies. In both phases of the study, the tive pellet compositions were:
vaporized portion of the pellet was con-
densed on both TEM grids and SEM stubs 1) 100% PuO,-Na (liquid) -

as shown in Figure 3.
2) 75% PuO,-25% 316 stainless steel-Na

The SEM samples were analyzed for particle (liquid)
size, distribution, and elements constituting
the particles. The TEM samples were ana. 3) 75% UO,lPuO,-25% 316 stainless

steel-Na (liquid)

12
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4) 75% UO,lPuO,25% 316 stainless 3.2.2.3. Results
steel-Na (liquid) air

Results for the two phases of the study were
The materials used were the same as those primarily assessed by examining the pro-
used in the first phase of the study. The ma- ducts via SEM and TEM analyses. The

*

terials, after being mixed and charged into pellet compositions, compounds identified,
the die as described in the first phase of the and aerosol size range data collected from
study, were also pressed at 8.61 x 10' Pa in the TEM analyses are summarized in Tables
an argon atmosphere. The moisture and oxy- 2 and 3.-

gen levels were the same as described in the
first phase of the study. Sodium metal was The pellets that were laser heated without4

introduced into a depression prepared in the sodium formed compounds that were not dif-
center of the pellets. The pellets were heated ferent from the starting components (see
to melt the sodium in the depressions just Table 2). The compounds identified were
before the laser heating UO,, PuO,, and FeNi. The compound FeNiis

a product formed from two of the com-
This study was done to simulate the HCDA ponents of stainless steel, iron and nickel.

. .

conditions in both an argon and air at-;

mosphere. It also provided background elec-
tron diffraction analyses for the PuO,-
sodium system.

Table 2 AEROSOL SIZES AND COMPOUNDS FORMED IN STATIC
; LASER EXPERIMENTS WITHOUT SODIUM

Pellet Size Major-

: No. System (um) Compounds
,

1 UO, 0.01 to 0.25 UO,
-

4

2 PuO, 0.01 to 0.10 PuO,
,

3 80% UO,-20%PuO, 0.01 to 0.15 UO,,PuO,
t
'

4 75% UO,lPuO -25% SS 0.01 to 0.25 UO,,PuO,,Fe

5 75% PuO,-25% SS 0.01 to 0.25 PuO,,FeNi

Table 3 - AEROSOL SIZES AND COMPOUNDS FORMED IN STATIC
LASER EXPERIMENTS WITH SODIUM

Pellet Size Compounds
No. System (um) Major Minor _.

] 1 100% Puo, Na (liquid) 0.01 to 0.50 PuO ,Na,0 Na.PuO,
.

.~ 2 75% PuO.-25% SS-Na 0.01 to 0.50 PuO,,Fe,Na,0 Na.PuO,
(liquid)

i 3 75% UO,lPuO,-25% SS-Na 0.01 to 0.25 UO,.PuO,.Fe Na.UO
(liquid) Na.INO.

.

4 75% UO,lPuO,-25% SS-Na 0.01 to 0.15 UO,, U.0, INO, Na.UO.
(liquid) (air) Fe,0 Na,0

,

;
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The pellets that were heated with sodium theorized that the lower taporization point
formed plutonate (Na.PuO ) when PuO, was of PuO, compared to UO, may allow enough
present and sodium uranate (Na,UO.) when time during cooling for the crystalline par-
UO, was present (see Table 3). Pellet #3 was ticles to form.
the closest simulation to the HCDA condi- Electron diffraction patterns were photo-
tions. The major products from the vaporiza- graphed from the particles shown in the ,

tion of the pellet were the starting com- fields of Figures 5 through 9. The com-
ponents UO, and PuO,, and iron. a consti- pounds were discussed in the previous sec-
tuent of stainless steel. The minor com- tion and are listed in Table 2.

~

pounds formed were sodium plutonate
(Na.PuO ) and sodium uranate (Na,UO.). Figures 10 and 11 are transmission electron

photomicrographs of the UO,lPuO,-SS-Na
Pellet #4 (Table 3) was vaporized in air to (liquid) system condensation acrosols. The
simulate the escape of the bubble from the particles are spherical, and the diameters
reactor containment to the air environment range from 0.01 to 0.25 m. The photomicro-
of the reactor building. The major products graphs show branched chain-like structures
formed were UO,, U.O., PuO,, Na,0, and that are slightly different from those that
Fe,0. The minor compound formed was were vaporized without sodium. There seems
sodium uranate (Na.UOJ. to be more agglomeration of the particles,

and the particles overlap more in the chain
An x-ray line scan of a TEM grid, that had structure as can be seen in Figure 8 and 11.
ZrO, as a simulant for PuO,, indicated that The particles vaporized with sodium seem to
the minor compounds formed were 3 to 4% of have a stronger charge than the particles
the total composition (31). Thus, it can be vaporized without sodium, and thus the
concluded that the minor compounds formed charged particles agglomerate more, causing
with PuO, (Na,PuO. and Na.PuO ) can be more overlapping and compression of the -

estimated to be 3 to 4% of the total composi- chain-like structures.
tion, since the properties of ZrO, and PuO,
are very similar. Electron diffraction patterns were -

photographed from the particles shown in
3.2.2.4. HCDA Aerosol Formation the fields of Figures 10 and 11. The com-

pounds were discussed in the previous sec-
Figures 5,6, and 7 are transmission electron tion and are listed in Table 3. These com-
photomicrographs of the condensation pounds and the spherical branched chain-like
aerosols from the P u O ,, U O,-P u O,, particles are expected to form as condensa-
UO,lPuO,-SS system. The particles are tion products from an IICDA event.
spherical, and the diameters range from 0.01
to 0.25 m. The photomicrographs show 3.2.3. Dynamic Laser Heating Method
branched chain-like structures that are
typical of vaporization condensation 3.2.3.1. Procedure and Apparatus (Method)
aerosols of most metal oxides [30]. These
branched chain-like structures from the In all three phases of the study the pellets
fields of Figure 6 and 7 are shown in Figures were heated with a raillaser adapted to use a
8 and 9. neodymium glass rod. Figure 12 illustrates

'

the dynamic laser heating fixture which was
Figures 5, 8, and 9 also show some located in a nitrogen atmosphere glovebox.
crystalline particles that had not been The laser voltage was set at 2.70 kev (40-J
observed in previous HCDA experiments output) with a pulse time of 5 msec. The spot -

[31]. The crystalline particles can be at- diameter was 0.10 cm, and the power density
tributed to PuO,, since they were first calculated from the spot size was 4.0
observed in Figure 5 and appear in systems MW/cm'. At this power density, a tempera-
that contain PuO, as shown by Figures 8 and ture of 10,000 K can be expected in the vapor
9. The explanation for this phenomenon is plume [30]. The energy input to the pellets
not known at this time, although it could be
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was approximately 10,000 J/g. The laser pleted uranium dioxide, plutonium dioxide,
beam passed through a 90 directional lens, and reactor structura! inaterials mixed to
a double mirror system, and the focusing the following compositions (in wt %):

'

i

lens of the dynamic laser fixture, vaporizing
a portion of the pellet. Figure 13 illustrates 1) 75% UO,lPuO,25% 316 stainless steel
the complete experimental setup used for Na(gas) |

.

ithese studies. In all phases of the study, the
vaporized portion of the pellet, along with The depleted UO, was 99.5% pure. The
the sodium gas, is carried by an argon gas 28'PuO, had a plutonium assay of 0.8767 g . ,

flow through the RF plasma and was con- Pulg PuO, product. The isotopic analysis
densed on both TEM grids and SEM stubs was 94.0 % plutonium-239, 5.8 % plu-
as shown in Figure 12. tonium-240, 0.30% plutonium-241, and less

than 0.05 % plutonium-238 and plu-
The SEM samples were analyzed for particle tonium-242. The 316 stainless steel was Met-
size, distribution, and cleraental censti- co 41c powder (45 to 112 pm size range). The
tuents of the particles. The TEM samples sodium was reagent grade metal which was
were analyzed for particle size, shape, ag- stored under xylene.
glomeration (chains), and compound forma-
tion (electron diffraction). The materials were mixed using a mortar

and pestle, charged into a 14-mm diameter
3.2.3.2. Systems Studied and Rationale graphite coated die, and hydraulically

pressed at 8.61 x 10' Pa in an argon at-
The radioactive pellets used in the first mosphere glovebox. The moisture level was
phase of the study were composed of de- less than 1.0 ppm, and the oxygen level.was

less than 10.0 ppm.
,
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FIGURE 11 - TEM photomicrograph of laser-produced chain particles from a 75%
UO,lPuO,-25% SS-Na (liquid) pellet.
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Heated sodium gas was introduced to the
pellet, and the focused laser beam was 4) 67.5% UOJPuO,-22.5% 316 stainless
pulsed through the surrounding gas to the steel-10% Te Na(gas)
center of the pellet.

5) 67.5% UOJPuO,22.5% 316 stainless
This study was done to compare the aerosols ' steel 10% BaO-Na(gas)-

produced in the dynamic system with the
aerosols generated in the static system. 6) 67.5% UOJPuO -22.5% 316 stainless

steel 10% Cs,0-Na(gas).

In the second phase of the study, the
radioactive pellet compositions were: The materials used and the method of

preparation were the same as those used in
1) 80% UO/PuO,-20% Te the first and second phases of the study.The

laser heating of the pellets and the introduc-
2) 80% UOJPuO -20% Ba0 tion of the sodium gas were the same as

those used in the first phase of the study.
3) 80h UO/PuO,-20% Cs,0

This study was done to determine if there
4) 90% UOJPuO,-10% Te were any interactions between fuel, fission

products, reactor materials, and sodium.
- 5) 90% UO/PuO,-10% Ba0

3.2.3.3. Results
6) 90% UO/PuO,10% Cs,0

Results for the three phases of the study
The UO, and PuO, materials ware the same were p imarily assessed by examining the

.

as'those used in the first pha- - study. products via SEM and TEM analyses. The
The tellurium was 99.9% pu' _,a0 was pellet compositions, compounds identified, .
technical grade. The Cs,0 wae,99.9% pure. and aerosol size range data collected from
The materials were mixed, and the pellets the TEM analyses are summarized in Tables*

were pressed under the same conditions as 4 and 5.
those used in the first phase of the study.
The pellets were laser heated in the same The pellets that were laser heated without
manner as the first phase of the study, ex- sodium formed compounds that were not dif-
cept sodium gas was not used in this experi- ferent from the starting components (see

,

ment. Table 4). The compounds identified were
UO,, PuO,, Te, BaO, Cs, and CsO,. There was

This study was done to determine if there no interaction between the fuel and fission
were any interactions betweert the UOJPuO, products to foim a compound.
fuel and the fission products (Te, BaO, and

. Cs,0) and to provide an electr6n diffraction The pellets that were heated with sodium
analysis base for future, more-complicated formed sodium uranate (Na UO ) when UO,

4

systems. was present and Na (U,Pu)O. when PuO, was
present in a mixed fuel pellet (see Table 5).

In the third phase of the study the radioac- Pellet #1 (Table 5) was the closest simulation
,

tive pellets had the'following compositions: to the HCDA without fission products. The
major products from the vaporization of the

1) 60% UOJPaO,-20% 316 stainless pellet were UO,, PuO,, Fe, and Na, The
steel-20% Te-Na(gas) minor compounds formed were sodium'

uranate (Na UO.) and sodium uranium-
2) 60 % UOJPuO,-20% 316 stainless plutonium oxide, Na (U,Pu)O.. These results

steel-20% BaO Na(gas) compared very closely with the results from
the same composition pellet laser heated in

3) 60 % UOJPuO,-20% 316 stainless the static system. The exceptions were Na
steel-20% Cs,0 Na(gas) ,

23
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Table 4 AEROSOL SIZES AND COMPOUNDS FORMED -
IN DYNAMIC LASER EXPERIMENTS WITHOUT SODIUM .

,

Pellet . Size Major t'

i No. System - ~(pm) Compounds
,

.
,

'

'
,-

3 ,,

1 80% UO/PuO,-20% Te 0.01 to 0.15 UO,.PuO,,Te ;"

,

| 2 80% UO,lPuO,-20% Ba0 0.01 to 0.25 UO,,PuO,,Ba0 n
,

< ,

3 80% UO/PuO -20% Cs,0 0.01 to 0.20 UO,, PuO,, CsO,'

.

4 90% UO/PuO,10% Te 0.01 to 0.10 UO,, PuO,,Te

5 90% UO/PuO,10% Ba0 0.01 to' O.25 UO,,PuO,,Ba0 ,

,

6 90% UO/PuO,-10% Cs,0 0.01 to 0.15 UO,, PuO,, CsO,
_

,

.s

Table 5 - AEROSOL SIZES AND COMPOUNDS FORMED IN DYNAMIC LASER 'I
|,.EXPERIMENTS WITH SODIUM ' .

) ,

Pellet Size Compounds

| No. System (pm) Major Minor '.s

t

'

1 75% UO,IPuO,-25% SS-Naig) 0.05 to 0.50 UO,, PuO,, Fe, Na Na UO.
.

~

Na,(U,Pu)O. ,;
- .

.! 2 60% UO,/PuO,20% SS-20% Te-Na(g) 0.01 to 0.25 UO,,PuO,,Fe, Na,UO. 3
i ,Te,Na Na,(U,Pu)O{

|3 60% UO/Puu,20% SS-20% BaO-Na(g) 0.01 to 0.30 UO,, pao 2Fe, Na.UO.
Na,(U,Pu)O. -Ba,BaO,Na .

,

Na,UO.4 60% UO/PuO,-20% SS-20% 0.01 to 0.25 UO,, PuO,, Fe r '.

Cs,0-Na(g) . OsO,, Ce, Na - Na,(U,Pu)O.-
,

5 67.5% UO/PuO 22.5% 0.01 to 0.50 UO,,PuO,,Fe, , ' Nn,UO. -

'

SS 10% Te-Na(g) Te,Na Na (U,Pu)O.
.

6 67.5% UO/PuO,-22.5% 0.01 to 0.15 UO,, PuO,, Fe, Na,UO. .
SS-10% BaO Nafg) Ba,BaO,Na N2,(U,Pu)O.

j 7 67.5% UO,lPuO,-22.5% 0.01 to 0.20 UO,.PuO,,Fe, No,UO.
1 SS-10% Cs O-Nafg) CsO,, Na Tla,(U,Pu)O.

.
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metal, a major constituent of the dynamic The particles are spherical and range from .

system, and Ila (U,Pu)O. formed in the 0.01 to 0.50 pm. The particles compare very
dynamic system and Na PuO, formed in the closely with the same composition pellet that
static system. was vaporized in the static system. Figures

11 and 18 show branched chain like struc-.

3.2.3.4. IICDA Aerosol Formation tures that are slightly different from those*

that were vaporized without sodium. There
Figures 14,15 and 16 are transmiss*on elec- seems to be more agglomeration of the par-

i

tron photomicrographs of 80% fuel 20% fis- ticles, and the particles overlap more in the-

sion product ec7densation aerosols chain structure as can be seen in Figures 11
( U O ,/ P u O ,-Il a O , U O ,l P u O ,-T e , and and 18. The particles vaporized with sodium
UO,/PuO,-Cs,0). The particles are spherical, seem to agglomerate more, causing morei

and the diameters range from 0.01 to 0.25 overlapping and compression of the chain-
um. The photomicrographs show branched like structure. Figure 19-22 are transmission
chain like structures that are typical of electron photomicrographs of fuel stainless
vaporization condensation aerosols of most steel fission products sodium system con-
metal oxides. These branched chain like densation acrosols. Figures 19 and 20 are
structures are evident in Figures 16 and 17, photomicrographs of 60% UO,lPuO,-20%
which show condensation aerosols from a SS 20% Te Na(gas) and 60% UO,lPuO,-20%
90% UO,lPuO,-10% Te system. SS 20% Cs,0 Na (gas) system condensation

aerosols. The particles are spherical, and
Figure 18 is a transmission electron photo- diameters range from 0.01 to 0.50 pm. The
micrograph of 75% U O,lP u O, 2 5 % photomicrographs show branched chain like
SS-Na(gas) system condensation aerosols, structures which are typical vaporization

i

|
'

~
<

f .{p|..$.
.. ..

.. ?
#

.. . . ., . . .. .,.
*

-

.r a ..
-

., .% 44 v- , '~ -
. , ..

E",:, ''

|
s --

,
,

+ , n.. ?. ,
-n: + , .7 u. -i.- - . , . . . . ... .

,y 7[.:_ :: ''_ _ . .
.. ..

- -

3 *.. -

,. ,.

4- -
' '

.Y; _
. ' f: zw: .

.. y. ,.

h* . .
* '

? j ,, , ,
. n. , , . .

s - f ' , $ 1 ; :. ' .'. " e'; ? ,, 1 .. C '. ."" .N
'

;

FIGURE 14 - TEM photomicrograph of laser-produced particles from an 80%
UO,lPuO,-20% 13a0 pellet.
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FIGURE 15 - TEM photomicrograph of laser-produced particles from an 80%
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FIGURE 19 TEM photomicrograph of laser-produced particles from a 60% UO,lPuO -20%
SS-20% Te pellet and Nafg).

.

7> ,e,,s.g- .-~wwp: y
', ;.

* -

6o .., ' ,,sb,b ., -* n, , p ..

S
-

g. g , ,,' 3 * ,.

h,,. k 4i i, , ,.

k* 6 .-Q - 's .F

~s T... ~ . %,
4

! . ., M , - s '
.

v
-

.i
,. *

' , $. , 9. . g .,- g 4, ,-
.

. gy.d. =f~. . - )

3.., p e|-
.

,,

y* . . *..r, -

/- ,..

,% [
-,

r .

s . _g, ,

*, ,v. . ,

s. s s. ,,

, ,- , t
.

y, oo ,4 *
7e .

} -- 'y a't% 18 .f' g.,
,z . ,.

*
.

,.)g, *-
4* ; ' (,' - .* . .

g ,,

,t < y,4 y . . 4
.~

Y'

. .
be* , , , .

., * . - . * h 'W . % '. * , .*

( . * . $.e* .*c.rw
t- _ b~. .m ..,i

.
. .

,

.

t

l
,
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condensation aerosols of most metal oxides. small branched chained like structures (0.01
Figures 21 and 22 are photomicrographs of to 0.50 pm) that are typical of vaporization
these chain-like structures from the 67.5% condensation aerosols of most metal oxides
UO,lPuO,-22.5% SS-10% Te-Na(gas) and [30]. This was evident from the laser
67.5 % U O,lPu O, 22.5 % SS-10% BaO- evaporation methods. Since the laser
Na(gas) system condensation aerosol. The evaporation methods produced the expected *

chain-like structures show 'hr agglomera- aerosols, and the CDU method was not
tion and compression effect h seems to be vaporizing the metal oxides, the CDU
typical of condensation aerosols in the method was abandoned for the more rewar- -

presence of sodium. ding laser evaporation methods.

Although the effect does rat seem t.o be as The laser evaporation methods, static and
great when fission products are present, the dynamic, compared very closely with each
effect was evident on all aerosols that were other and very closely with the literature.
generated with sodium present. The com- The range of particle sizes for both systems
pounds in Tables 4 and 5 are expected to was 0.01 to 0.50 pm, which compared with
form in spherical branched chain acrosols predicted values of 0.1 to 0.38 pm [19]. In
during condensation from an IICDA event. both methods the branched chain-like par-

ticles were typical, and most of the particles
3.3. DISCUSSION were spherical. Some cubic particles were

also noted in both methods. When sodium
was present, the particles were slightly

, .

J, .3.1 Comparison of the S,mulation larger, and the chain-like structures ag-i

Methods glomerated or became more compressed.
This was evident in both methods. .

The capacitance discharge unit (CDU)
method did not simulate the IICDA condi- The compound formation from the starting
tions as well as the static and dynamic laser material compared very closely in both ,

evaporation methods. This was evident methods. The compounds from the fuel
from the compounds identified and from the (UO,,PuO,), stainless steel (Fe,Ni), sodium
particle size analyses. The compounds (Na,Na,0), and fission products (Te, Cs,0,
generated were various forms of the starting BaO), which were starting components, were
materials. No interactions of sodium with also the typical compounds formed in both
uranium to form sodium uranates were evi- methods. The compound formation from the
dent, as was the case when the laser evapora- interaction of fuel and fission products with
tion method was used. sodium were different in each method, with

the exception of the sodium uranate com-
The particle sizes that were produced by the pound Na UO.. Na,UO. was formed in both
CDU method ranged from <5 to 50 pm com- methods. In the static laser evaporation
pared to very small (0.01 to 0.50 pm) par- method, the sodium plutonate compound

produced by the laser Na.PuO was formed. In the dynamic laserticles that were
evaporation method. Several reasons have evaporation method, the sodium mixed-
been proposed as to why the difference ex- oxide plutonate compound Na (U,Pu)O. was
isted. The main reason proposed was that formed. .

the UO, was not vaporized but reached only
a white hot liquid state as verified by high The advantage of the dynamic laser system
speed photography 132]. This liquid state over the static laser system is that the

,

was not as conducive to interaction of the dynamic laser heating method simulates the
sodium and UO, to form sodium uranates as IICDA scenario more closely by providing a
the gaseous state, as evidence by the laser longer high-temperature residence time.
evaporation methods. This liquid state was Thus, the results from the dynamic laser
also conducive to larger particles being heating method are more representative of
formed. The vaporization of UO, produces the HCDA conditions than the results from

the static laser heating method.
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3.3.2 Theoretical considerations use up all the reactants before the system
cools enough to allow other possible pro-

3.3.2.1 Thermodynamics ducts to become stable. Na UO.(c) is an
anomaly in this analysis; thermodynamically

The standard free energy changes for the it should be the first product to seed out.
reactions of the following general equation Evidently a kinetic barrier prevents this.'

have been calculated for all systems on This disagreement between the experiment
which sufficient thermochemical data exist and the thermodynamic prediction il-

lustrates the need for kinetic studies of the[31]:>

HCDA.
xNatg) + yU(g) + zO(g) - Na.U,0.(c) (1)

There is experimental evidence that there
The results of the calculations are shown in can be equilibration between some (but not
Figure 23. The thermochemical data upon all) of the possible products in an HCDA.
which the calculations are based are in most Specifically, Blackburn has studied the
cases considered accurate up to about 3000 equilibrium [33]
K. Because of the near linearity of the
curves, it is reasonable to extend the calcula. UO,y, + 3Na , + 0,ui . * Na.UO.ni (2)n
tions to about 5000 K. Above this tempera-
ture the validity of further extension is ques- at 900 C. His work shows that Na UO.u,
tionable because of the increasing impor- formation can be favored if excess oxygen is
tance of electronically excited states that available either as dissolved gas or

when accessible, add large amounts to the nonstoichiometric oxygen-rich uranium ox-
heat capacity of a species. Inspection of Fig- ide. Rough kinetic data from Blackburn's
ure 23 shows that at temperatures above work show that ~mentially all the UO,n,

>

about 5000 K UO,(c)is more stable than are formed in tne sim .-.ad HCDA could be con-
any of the sodium uranates except verted to Na UO.o, in 1 msec. We conclude
Na,UO.(c), while at temperatures below that Na:UO. is the thermodynamically
about 3000 K, UO,(c) is less stable than are favored product at high temperatures. The

.

any of the sodium uranates. If equilibration reason it is not observed experimentally is
is allowed between all possible products, that its formation is prohibited by chemical
then Na,U,0,(c) would be the expected pro- kinetics. The next product to " seed out" ac-
duct at low temperatures. This, of course, is cording to the thermochemical analysis is
not what is observed. The reason is that UO,ui. As the cool-down continues to about
equilibration between all the products is not 1200 K, the reaction of Equation 2 explains
possible because of prohibitively high kinetic the experimental observation of Na.UO n, in
barriers. addition to UO,o,.

An alternate approach to predicting the ma. 3.3.2.2 Kinetics
jor product from Figure 23 is to consider a
process beginning at a temperature in excess The sodium mixed uranium / plutonium oxide
of 5000 K and to simulate a cool-down pro- reaction is represented by
cess by following the temperature axis to the
left. For the present, ignore Na:UO.(c). As 3x Nau ., ,, + (1 +x)MO,o, -- xNa MO.o,

>

one looks at a cool-down, it may be noted + M O,.,,o, (3)

that the first product to become stable is
UO,(c). The next is NaUO,(c). By this time, with M = U + Pu in the ratio Pu/(U+Pu) =
however, UO,(c) formation is more stable by 0.20. In the best experimental work present-,

about 50 kcal/ mole. Because of the essential- ly available on the kinetics of this reaction,
ly irreversible nature generally observed in the volume change of the mixed oxide pellet
solid formation, it is felt that the first pro- was followed as a function of time at three
duct to begin to seed out [here UO,(c)] will be temperatures, 700, 800, and 900 *C [34].
the major product because its formation will Because the volume change is related to the
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reaction extent, Martin's data contained suf- ate because most of the data points wu
ficient information to allow a tempere.ure- taken after the major part of the reaction
dependent rate law for Reaction 3 to be ex- had already occurred. The experiments at
tracted. This section of this report discusses 800 and 900*C should be repeated with mea-
how the rate law was extracted, its implica- surements made at much shorter intervals
tions, its limitations, and methods for deter- so that the early stages of reaction can be"

mining a more reliable rate law. observed.

The theoretical maximum increase in the vol- The rate constants were determined at 700,-

ume of the mixed-oxide pellet after comple- 800, and 900 *C from the slopes of the best fit
tion of reaction is 4.44%. The time data con- lines. The values are poor at 800 and 900*C
firm this theoretical value i34]. Some pellets for the reasons discussed above. Table 6
were observed to expand more than 4.44%, shows the rate constants extracted at each
but these observations could be explained by temperature. Using Arrhenius analysis, the
cracks and fissures found in pellets. The data in Table 6 were fitted to a straight line
reaction extent,a, may then be taken to be according to the linear least squares method,
the observed volume expansion divided by which gave a coefficient of determination, r'
its theoretical maximum value. (measure of goodness of fit), of 0.899. From

the coefficients a temperature-dependent
The next step in the analysis was to find a rate constant,
rate law based on a physical reaction model
which fits the data. Three integrst rate laws k = 10''"exp(-40,272/T) (7)
were examined. Using a first order rate law,

could be writ ten, the kinetic parameters of
I n(1-a) = -kt, (4) which are:.

where k is the rate constant and t is the time. E.=80.0 kcal-mol ' and A = 10 * " day ' or
the fit of the data to a linear function of t was

,

poor. In addition, there was no physical A = 8.8 x 10-" sec '.
basis for using a first order rate equation for
the reaction of interest here. Second, using From Equations 6 and 7, the time for 90%
the equation: completion of reaction, to,, was easily ob-

tained as:
-In(1-a) = kt* (5) 0.54

(8)' 10" " exp(-40,272/T)which corresponds physically to the growth
of spherical nuclei, the fit of the data was
very poor. This law would apply if the reac- where t.i,tesis in days. From Equation 8, reac-

tion tir were calculated for severaltion mvolved a gas-solid interaction at the temperatures of interest: 5000 K 3100 K (in-
,

pellet surface. Finally, the expression, side bubble temperature), and 1200 K (out-
sMe h% temperatumb hese thes am

1 -(1-a)% = kt (6) shown m, Table 7.

which corresponds physically to movement Inspection of Table 7 shows that at the tem-.
,

of a spherical phase boundary, was tried [35]. perature of the inner part of the bubble, the
'

This rate law seems most plausible for a reaction can proceed essentially to comple-
,

hquid-solid reaction at the pellet surface, ion in less than a microsecond. The forma-,

When the data at 700 C were plotted (see tion and subsequent observation of Na,MO.
Figure 24) using Equation 6, a straight hne is, therefore, explicable from the kinetic,

was obtained except m the region represen- data *
ting the last stages of reaction where devia-
tion might be expected because of side reac- The rate constant in Equation 7 may be in
tions and possible subh,mation. At 800 and considerable error for several reasons. First,
900 *C, the fit (see Figure 25)is hard to evalu- as mentioned previously, the data at 800 and
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Table 6 TIIE RATE CONSTANT, k, FOR SODIUM-MIXED OXIDE REACTIONS
WAS DETERMINED FROM TIIE DATA PLOTTED IN FIGURES 24 AND 25

Temperature Temperature
("C) (K) 1/T(K') k(day') In k

.

700 973 10.277 x 10 * 4.40 x 10-8 8.12

800 1073 9.320 x 10 * 15.0 2.71 -

900 1173 8.525 x 10 * 45.0 3.81

Table 7 -TIIE TIME REQUIRED FOR system will probably have to be studied by
COMPLETION OF SODIUM-MIXED atom beam techniques. A variable-tempern-
OXIDE REACTIONS WAS DETER- ture sodium beam incident on the mixed-
MINED FROM EQUATION 8 oxide pellet under high-vacuum conditions

with subsequent surface analysis of the
Reaction Iteaction pellet after different beam exposure times

Temperature Time Time would yield empirical rate laws. Mass spec-
(K) (days) (sec) trometric detection of reflected reactants,

products, and intermediates would provide
1200 2.67 x 10 8 230 additionalinformation which would possibly

lead to the elucidation of the reaction
3100 3.12 x 10 " 2.7 x 10' mechanism. .

5000 2.24 x 10~" 1.9 x 10'' 3.3.3 Environmental Implications
^

900 C were such that accurate rates could In the event that an IICDA occurs, and
not be extracted. Second, and perhaps more radioactivity from the vapor bubble is re-
serious in nature, is the fact that we have at- leased to the atmosphere, the radioactivity
tempted to extrapolate kinetic data over a will be dispersed downwind by the normal at-
temperature range of about 2000 K, that is, mospheric mixing processes and will lead to
from ~1000 K to ~3000 K. Such extrapola- the irradiation of man by the following
tion is questionable even over a range of a pathways: 1) external radiation from the
few hundred degrees, and we are not aware cloud as it passes overhead; 2) internal radia-
of any chemical rate laws which take the tion from activity inhaled during the
same form over a range of more than a hun- passage of the cloud: 3) external radiation
dred or so degrees. When temperatures of from activity deposited from the cloud; 4)in-

~

~3000 K are approached, we are dealing with ternal radiation from ingestion of contami-
the chemistry of excited states, which nated water and foodstuffs; and 5) internal
almost always display radically different radiation from inhalation of resuspended ac-
kinetics from ground states of the same tivity. Irradiation from inhalation of
species. We must therefore conclude that the resuspended activity, external radiation .

kinetic predictions made here are the best from the cloud, and external radiation from
possible given the present data; however, ap- activity deposited from the cloud are not
plication of these predictions to considered in this assessment; measures

~

temperatures higher than ~1500 K is very could be taken to limit irradiation by these
questionable. routes. Moreover, the dose from inhalation

of resuspended activity, even in the absences
The need for kinetic data at temperatures ap- of countermeasures, is probably less than
proximating the bubble conditions is clear the uncertainty associated with the estimate

~

from the foregoing discussion. Experimental of the dose from inhalation of activity in the
kinetics at these high temperatures with this cloud [36].
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The results of this study show that aerosols Thus, during an IICDA the greatest poten-
in the respirable range 0.01 to 0.50 pm are tial hazard to man is the inhalation of these
produced, and that mixed sodium fuel or respirable '"PuO, aerosols. The majority of
sodium actinide aerosols are formed. The the uptake,94.5%, would remain in the lung,
solubility of PuO, has been shown to be and some would be transferred to the gastro-

,

enhanced in the lung when sodium is preseet intestinal tract by ciliary action of the lungs.
with the PuO,. Experimental evidence in The remainder of the uptake,5.5% 1.1 %,

animals has shown that inhaled polydisperse would be soluble and be translocated from
aerosols of mixed sodium and plutonium ox- the lung to the bone and liver. The actual

,

ides are transported from the lungs to liver risk factors for cancer could be influenced by
and bone to a greater extent than plutonium medical treatments such as irrigation of the
dioxide aerosols with similar aerodynamic- lungs to remove the insoluble "Pu and injec-8

size distributions [37]. This increased tions of complexing agents such as EDTA to
transportability depends upon the ratio of eliminate the soluble "Pu. In either case,8

sodium to plutonium in the aerosol. Ex- the inhalation of aerosols from an IICDA
perimental evidence in rats has shown that would definitely increase the risk factor of
after six months, greater amounts of inhaled cancer in the lung, bone, and liver. The ac-
acrosols of sodium and mixed oxide fast- tual risk factors could be calculated from the
breeder reactor fuel (80% '"UO, -20% total exposure and from the amount retained
""PuO,) are transported from the lungs to in the body after medical treatment.
the body, by a factor of up to 30, from the
mixed sodium fuel aerosol [Na: fuel mass The ingestion of '"Pu from foodstuffs and
ratio of above 12:1] than from an aerosol of water is another potential hazard to man
fuel alone [38]. Various studies showed that from an HCDA. Foodstuffs have been shown
when the atomic ratio of sodium to to absorb 1 x 10-' less than the original-

plutonium dioxide was greater than 10:1, the amount of '"Pu deposited on the surface [39].
amount of plutonium translocated from the This amount then decreases to a factor of 1 x
lung to extrapulmonary tissues was between 10 * after a rain [39). Thus, the risk of inges--

3% and 3.4% of the initiallung deposit up to tion to man through foodstuffs is not very
one year after inhalation [36). This is signifi- great, especially after a rain.
cant compared to the less than 0.5% of the
initial plutonium lung deposit translocated The results of this study show that '"Pu is
one year after inhalation of plutonium diox- soluble in water with and without sodium
ide aerosols alone [36]. present. Without sodium present, 5.3%

1.5% of the '"Pu acrosols are soluble in
llCDA aerosols inhaled by humans or water, and with sodium, 8.7% 2.4% of
animals could be expected to react the same '"Pu aerosols are soluble in water. Thus, dur-
way as sodium and mixed-oxide fuel. There ing an IICDA,91.3% of the "Pu would be in-2

would be a greater translocation of the soluble, and 8.7% 2.4% would solubilize in
plutonium from the lungs to other organs of the water supply. The insoluble 8"Pu has
the body. been shown to fall through the water and

become entrapped and mixed with the sedi-
The results of this study show that ment on the bottom [39]. The soluble '"Pu j

- respirable mixed ('"UO,8"PuO,) aerosols has been shown to behave in the same way
(0.01 to 0.50 m) with and without sodium as the insoluble '"Pu after a few days and
are soluble in simulated lung fluid (SLF). become mixed with the sediment [39]. The
Without sodium 2.6% 1.5% of '"Pu was soluble '"Pu left in the water is a factor of I-

soluble in SLF, and with sodium 5.5% x 10''less than the original amount of '"Pu
1.1% '"Pu was soluble in SLF. This in- solubilized [39). Thus, the risk of ingestion of
creased solubility with sodium is a factor of '"Pu from foodstuffs and water are very low
2.1 times greater than without sodium. in the event of an llCDA. The greatest risk

from an flCDA is from the inhalation of
respirable '"Pu aerosols mixed with sodium.
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The actual risk factors for cancer would de- able, to a limited extent, to assess the ap-
pend on several factors, such as total ex- plicability of an equilibrium thermodynamic

i posure and reaction of the individual to model to sodium uranate formation. The
medical treatment to eliminate both the solu- disagreement with experiment shows thatI

ble and insoluble "Pu from the body. sodium uranate formation is not a ther-8

modynamically controlled process. The ther-
~

3.3.4 Recommendations for Future Work modynamic results were of use, however, in
rationalizing the experimental results in

The key to understanding the chemistry of terms of a cooling curve / seed out
HCDA and core-melt aerosols is the pro- mechanism. Chemical kinetics data on -

posed physical and chemical models for com- sodium uranates and plutonates at realistic
paring calculated to experimental results. In HCDA temperatures would be very helpful
order to calculate the quantities associated in understanding IICDA aerosol chemistry.
with any model one must have the ap- In order to give a concise guide to what ther-
propriate thermodynamic and kinetic data mochemical and kinetic data have been
available. The unavailability of these data determined and to what areas emphasis
has been a limiting constraint in HCDA and should be directed, the following outline was
core-melt aerosol chemistry. We have been constructed.

SUMMARY OF THERMOCHEMICAL AND KINETIC DATA
ON TIIE Na-U-O AND Na-Pu O SYSTEMS

Core-Melt Temperature Range (~700 to 900 C)
.

I. Thermochemical Data
A. Systems studied - Na-U-O

1. Type of data - heats of formation for sodium uranates .

2. Method - high-temperature Knudsen effusion / mass spectrometry
3. Referenca - J. E. Battles, W. A. Shinn, and P. E. Blackburn, J. Chem. Ther-

mo., 4, 425 (1972).

B. Systems in need of study: Na-PuO
1. Type of data needed - heats of formation and heat capacities
2. Probable best method - high temperature mass spectrometry
3. Feasibility - feasib!e by same method as above (I A 3).

II. Chemical Kinetic Data
A. Systems studied - mixed oxide (PulU+Pu=0.20) and sodium

1. Type of data - rates determined from volume change as a function of time
data

2. Method - metallographic microscopy
3. Reference - Q. E. Martin and J. Schilb, in ANL Fuels and Materials

Chemistry Semiannual Report. Argonne National Laboratory, Chemical Eng. .

Div. (July-December 1972). pp. +9.

B. Systems in need of study - PuO,1Na, UO:/Na, more accurate data needed on mixed ,

oxide /Na system
1. Type of data - rate constants for uranate and plutonate formation as func-

tions of temperature
2. Probable best method - metallographic microscopy
3. Feasibility - very feasible; same methods as used by Martin and Schilb will

work with single oxides: accuracy of method can be improved by more careful
experimental design.
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liCDA Temperature llange F 900 to 2800 C)

I. Thermochemical Data
A. Systems studied - Na U-O (extrapolation of data to highest part of temperature

'

range may be questionable)
1. Type of data - heats of formation
2. Method mass spectrometry
3. Iteferences - J. E. Battles, W. A. Shinn and P. E. Blackburn, J. Chem. Ther-

modynamics, 4, 425 (1972).*

B. Systems in need of study - Na-Pu-O at high end of temperature range
1. Type of data - heats of formation, high temperature heat capacities
2. Method - mass spectrometry / calorimetry
3. Feasibility - experimentally feasible.

II. Chemical Kinetic Data
A. Systems studied - none
B. Systems in need of study Na U-0, Na Pu-O

1. Type of data - rate constants and/or cross sections for uranate formation reac-
tions and formation of intermediate gaseous species.

2. Method high temperature mass spectrometry, atom beam experiments, sur-
face analysis.

3. Feasibility - feasible, but requires large initial outlay for instrumentation and
an in-depth research effort to achieve enough results to make reliable predic-
tions..

.

In light of recent de-emphasis of the HCDA 4. Aqueous PuO2 Solubility
scenario an 1 the high cost in both time and Studies-

money to obtain kinetic data in the HCDA
temperature range, these experiments are
not recommended. Future efforts would be

| best directed toward collecting ther- 4.1 Introduction
mochemical data on the Na-Pu-O system by
mass spectrometric methods, similar to During an HCDA, considerable quantities of
those used by Battles, et al., on Na-U-0, and vaporized UO,, PuO,, and sodium could
toward collecting rate data on U, Pu, mixed- escape from the reactor containment to the
oxide systems by microscopic volume environment. The inhalation of aerosols of
change measurements, essentially an exten- '"PuO, and the eventual contamination of
sion of the work of Martin and Schilb. Both ground water are of great concern from the
these efforts would generate data applicable aspect of biological safety because of the

;. to the core-melt temperature range. Since toxicological effects of '"PuO, in water and
the methods are well established (not state- simulated lung fluid. Therefore the enhanced
of-the-art), and the volume of data required solubility of plutonium with sodium present

i is not too large, these endeavors would be is valuable information that can be used to
'

markedly more cost effective than the atom assess the biological risk factors for an
beam experiments of HCDA II-B would be. HCDA.
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llaabe and Fleischer have shown that and the vaporized portion of the pellet was
respirable '"PuO, particles < 0.3 m in condensed on glass slides that were sus-
diameter appear to dissolve in water 140]. pended under the quartz top. Figure 26 il-
They theorize that the '"PuO, particles lustrates the modified static laser heating
" dissolve" in water by a process of alpha- fixture.
decay induced fragmentation, probably
caused by the heavy, recoiling nuclei. The condensate was removed from the glass

'

slides and placed in centrifuge tubes. Dis-
Allen et al. studied the dissolution tilled water and simulated lung fluid (which
characteristics of Liquid Metal Fast 13reeder was prepared by a recipe described by *

Ileactor (LMFillt) sodium fuel aerosols [42|. Kanapilly, et al.) were added (- 10 ml), and
in the distilled water dissolution studies of the tubes were centrifuged for 20 min [43].
sodium fuel aerosols, the amount of soluble The distilled water and the simulated lung
plutonium was dependent on the sodium fuel fluid were decanted and analyzed for
ratio. Increasing the amount of sodium plutonium 239 by alpha scintillation count-
leads to an increase in the amount of soluble ing techniques. The residual particles, from
plutonium. Dissolution studies of sodium- the test tube. were transferred into beakers
fuel aerosols using simulated lung fluid also containing 5N 11C1 and three drops of IIF.
show that the amount of soluble plutonium The acid solution was evaporated to near
is dependent on the sodium fuel ratio. dryness three times to ensure the dissolution
Plutonium was markedly less soluble in of the residue. The solutions were diluted
simulated lung fluid than in distilled water. with distilled water (~ 10 ml) and analyzed

for plutonium-239 by alpha scintillation
This portion of the report shows the results counting.
of solubility studies of '"PuO, aerosols in
water and in simulated lung fluid. The data 4.3 Results .

were collected from systems comprising >

mixed oxide fuel and reactor structure mate. Aerosols formed in this study were primarily
rials. The aerosols were collected with and assessed by examining the dissolved prod- .

without sodium in both cases. ucts by alpha scintillation counting tech-
niques. The pellet compositions, total mass

4.2 Experimental of plutonium 239 vaporized, total mass of
plutonium-239 dissolved in distilled water

The radioactive pellets used for this study and simulated lung fluid, and the percent of
were composed of depleted uranium dioxide, plutonium-239 dissolved in distilled water
plubnium dioxide, and reactor structural and simulated lung fluid are summarized in
materials mixed to the following composi- Tables 8 and 9. The results show that
tions (in weight percent): a) 75% UO,lPuO, sodium enhances the solubility of plu-
25 % 316 stainless steel, and b) 75'?c tonium-239 in both distilled water and
UO,lPuO, -25% 316 stainless steel -Nadi- simulated lung fluid by about a factor of 2.
quid). The materials used were mixed and In both cases the solubility of plutonium 239
pressed into pellets under the same condi- was greater in distilled water than in
Lions as described previously in this repcet. simulated lung fluid.
Sodium was introduced into a depression
prepared in the center of the pellets. The 4.4 Discussion -

pellets were heated to melt the sodium in the
depression just before laser heating. Should an llCDA occur and if the vapor bub-

ble containing fuel, sodium, and reactor .

In this study the pellets were heated with structural materials escapes the contain-
the rail laser fitted with a neodymium glass ment, the inhalation of plutonium 239 and
rod as shown in Figure 4. The stub support the adsorption of plutonium 239 into the
was removed from the laser heating fixture, water supply would be of vital concern.

Origir, ally, the IICDA aerosols were believed
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Table 8 PuO, SOLUBILITY IN WATER

Total Mass Soluble Mass '"Pu
8"Pu '"Pu Soluble

System Trial A (pg) (pg) (%)

.

75% UO,lPuO,-25% SS 1 45.0 1.6 3.6

75% UO,lPuO,-25% SS 2 51.7 3.1 6.0 ,

75% UO,lPuO,25% SS 3 '57.8 3.6 6.2

Mean 51.5 2.8 5.3

Std.Dev. 6.4 1.0 1.5

75% UO,lPuO,-25% SS-Na 1 23.5 2.2 9.5

75% UO,lPuO,-25% SS-Na 2 24.5 1.7 .8

75% UO,lPuO,25% SS Na 3 66.3 4.8 7.2

75% UO,lPuO,-25% SS Na 4 50.4 3.2 6.4

75% UO,lPuO,-25% SS-Na 5 24.1 3.1 12.9
.

75% UO,lPuO,25% SS-Na 6 12.1 1.1 9.1

Menn 33.5 2.7 8.7 -

Std.Dev. 20.4 1.3 2.4

,

to consist of insoluble '"PuO,. The results terial, and sodium, not just '"PuO,; and 3)
from this study show that '"Puo, aerosols the dissolution was done at 25* C, compared
are soluble in distilled water and simulated to 37* C. The in vitro dissolution data were
lung fluid. used to estimate the initial '" Pu lung

burden, Q., using Healy's method [44). For
The '"PuO, average solubility in distilled 2.44% solubility the lung burden, Q,, was
water without sodium was 5.3% 1.5% and 411 nCi, and for 5.0% solubility the lung
with sodium was 8.70:, .h 2.4%. The "PuO, burden was 472 nCi. These values were, in8

' average solubility .'n simulated lung fluid general, in agreement with the estimate of
without sodium was 2.6% 1.5% and with Q ,450 nCi, obtained by whole body count-

-sodium was 5.5% 1.1%. The results from ing [44]. If Healy's method for estimation of
the simulated lung fluid study compare very the initial '"Pu lung burdens is used and the
favorably with the average fractional same assumptions are applied as the in vitro
dissolution of 2.44% per day and the max- study, the dissolution values of 2.6% 1.5% -

imum of 5.2% obtained by Raabe et al. from and 5.5% 1.1% from this study would be
their in vitro solubility studies [44]. The slightly less (386 nCi and 419 nCi) but would
main differences in the studies were: 1) the compare favorably with the in vitro lung
method of aerosol collection 2) this study burden estimations of 411 nCi and 472 nCi.
used mixed oxide fuel, reactor structural ma-
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Table 9 - PuO, SOLUBILITY IN SIMULATED LUNG FLUID

Total Mass Soluble Mass '"Pu
'"Pu 8"Pu Soluble

: System Trial (pg) (pg) (%)
1

j -

i 75% UO,lPuO,-25% SS 1 38.4 1.2 3.1
i

75% UO,lPuO,-25% SS 2 33.2 1.1 3.3.

,

75% UO,/PuO,25% SS 3 42.5 2.4 5.6
4

75% UO,lPuO -25% SS 4 46.4 0.6 1.3

! 75% UO,lPuO,25% SS 5 32.0 0.5 1.6
'

1

75% UO,/PuO,25% SS 6 24.0 0.4 1.7

75% UO,lPuO,25% SS 7 101.1 1.3 1.2
i

75% UO,lPuO,-25% SS 8 102.9 1.6 1.6:

75% UO,lPuO,25% SS 9 40.3 1.7 4.2
,

'

Mean 51.2 1.2 2.6
1

-

I Std.Dev. 29.5 0.6 1.5

!- 75% UO,lPuO,25% SS-Na 1 55.1 3.2 5.8

75% UO,/PuO,-25% SS-Na 2 18.0 0.7 3.9

75% UO,lPuO,25% SS-Na 3 21.7 1.3 6.0

; 75% UO,lPuO,26% SS-Na 4 17.6 1.1 6.3
.

: Mean 28.1 1.6 5.5
i
i Std.Dev. 18.1 1.1 1.1

The solubility of '"PuO, in distilled water et al. The "PuO, solubility in distilled water8
;

! with sodium present compares favorably with no sod'um present compared favorably
4 with the dissolution characteristic of the with the mults of Fleischer and Raabe [40).~

i LMFBR fuel sodium aerosols found by Allen The value of 5.3% 1.5% for this study was
i et al. [42]. The study showed that- the ~1.8 times greater than the 3.0% for the 01 ,

solubility of 8"PuO, in distilled water was hr value and was about the same as the 5.6%+

"

dependent upon the sodium-fuel ratio and for the 124 hr value reported by Fleischer
i that nearly all of it dissolves in the first 30 and Raabe [40). These values were obtained
; min; after that, the plutonium-239 is relative- by exposing '"PuO, particles of geometric
| ly insoluble in distilled water. In this study diameter 0.3 pm to 100 ml of high purity
} the 8.7% 2.4% solubility with sodium water for 1 and 23 hr durations. A third
t present. compares closely with the 4:1 value of 8.3% was obtained upon exposure to
| sodium to-fuel ratio value of 10.0% of Allen
:
i
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high purity water for a 24 hr time span. This these pathways was 10' to 10' times less
value of 8.3% is a factor of ~1.7 times than the original deposited concentration
greater than the value of 5.3% 1.5% for [39]. As '"PuO, is ~300 times less active
this study. 'Ihe exact mechanism of dissolu- than '"PuO,, the risk for human ingestion by
tion reported by Fleischer and Raabe has not these pathways should be 10' to 10' less if
been resolved but their values indicate that not more than the original concentrations of

*

the solubility of 8"PuO,in high purity water 8.7% 2.4% and 5.5% 1.1% are present.
is time dependent.

In conclusion, the greatest risk from
4.5 Conclusions aerosols released from an HCDA are the in- '

halation of respirable particles and their
This study shows that '"PuO, aerosols (0.01 solubility in lung fluid and transfer by the
to 0.5 pm) from mixed oxide fuel are soluble blood to liver and bone. The lung burden (Q.)
in simulated lung fluid. With sodium pres- can be calculated from the data presented as
ent, the solubility is 5.5% 1.1%, and with well as estimations of transfer to the bone
no sodium present, 2.6% 1.5%. In an and liver. Assessment of the risk factors can
HCDA the greatest risk and the potentially be made based on the concentration and ex-
moet dangerous time is the inhalation ex- posure time to these respirable aerosols,
posure period for these aerosols. Calcula- ,

tions from Healy's equation show that the The risk factors for ingestion of respirable
expected lung burden upon exposure to aerosols from an HCDA, after fallout on
these aerosols would range from 385 to 419 vegetation, soil, and waterways, are 10' to
nCi. From these initial results and the 10' less than the original concentration
estimation of exposure time, the expected deposited. Though the risk factors for inges-
translocation of plutonium-239 from lung to tion after fallout are low, it follows that the
blood and then to bone and liver could be cal- potential and long-term fate of these -

culated. These values could be used to assess respirable aerosols in the environment would
the risk factors of exposure time and inhala- merit careful attention and monitoring, since
tion of plutonium 239 for a real case scaled the environmental distribution and disper- -

up LMFBR safety analysis. sibility of the aerosols must depend sen-
sitively on their size distribution. The up-

This study also shows that '"PuO, aerosols take in the plant and water chain could be
(0.01 to 0.5 pm) from mixed oxide fuel are markedly affected by the presence of
soluble in distilled water. With sodium pres- respirable aerosols.
ent, the solubility is 8.7% 2.4%, and with
no sodium,5.d% 1.5%. The next most im- 5. PuO2/Na Solubility
portant risk to man from an HCDA release atuGleSo i-

of these particles, after inhalation, would be
the fallout and subsequent adsorption into 5.1 Introduction
the water and food pathways. The worst case
pathway would be via the aerosols being In the case of a severe HCDA, with core rup-
deposited directly in streams and rivers that ture of a sodium-cooled LMFBR, the core
are used for drinking water and for fishing could melt through the reactor tank and be
(assuming that the fish are eaten). The se- contained in an ex-vessel core catcher or melt
cond case would be the deposition of the through the core catcher to the cement -

aerosols on vegetation and sediment. The building floor. In either case, it would be
aerosols could then be dissolved in ground covered with hot, possibly boiling, sodium.
water and enter the water pathway or be in- .

gested or inhaled from the vegetation or During the process of core meltdown, con-
sediment. siderable quantities of fuel particles and fis-

sion products would be suspended or dis-
A study of '"PuO, in the environment solved in liquid sodium. Some of the fission
showed that soluble plutonium-238 entering
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products and also fuel acrosols or reaction and uranium were found to evaporate
products of fuel-sodium reaction are subse- separately into the atmosphere [46].
quently vaporized into the free volume of the
reactor and then released into the reactor To allow determination of the amount of
containment. For the estimation of activity '"PuO, that would be released from a hot
concentration in the containment, it is im- sodium pool, a study was performed to deter-
portant to know the quantities of sodium, fu- mine the solubility of '"PuO, in sodium. The
el, and fission products that are released solubility would give an estimate of the
from hot or boiling sodium pools. This infor- amount of sodium fuel reaction product
mation becomes especially important if reac- available for evaporation from the sodium
tor containment is breached. pool. From these results the concentration of

'"PuO, that did not dissolve could be calcu-
Even at the core rupture point (temperatures lated. The undissolved ""PuO, would be

,

as high as 6000*C), it is assumed that most. available for release from the sodium pool by i
of the evaporated or molten fuelis stillin the mechanical methods. The effect of tempera-
oxidized state [8]. Some of the evaporated ture and oxygen content on the solubility of
fuel recondenses to particles and is sus- 8"PuO, in sodium was also measured.
pended in the sodium. Conservative calcula-
tions l'ere have shown that up to 7 8 kg of fu- 5.2 Experimental
el might be suspended in 1 m' of sodium

The plutonium dioxide and sodium metal
The release of fuel from sodium into the gas used for this study were the same as those
phase is possible in two ways: particles or materials referred to in previous sections of
aerosols are ejected mechanically from this report. The argon atmosphere glovebox
sodium, for example, by collapsing bubbles, used for this study contained < 10.0 ppm
or, after sodium fuel reaction, as a compound oxygen and 1.0 ppm in moisture content. In
with a higher evaporation rate than the UO, this study a 10:1 ratio of sodium to '"PuO,
and PuO, fuel. fuel was loaded into stainlees steel and nickel

capsules that were 6.35 cm long by 0.64 cm
The reaction product, eodium uranate in diameter. Figure 27 illustrates the capsule
(Na UO.), is well characterized and is stable design. In the oxygen dependence studies,
in the system Na UO, -Na, UO. at oxygen high purity anhydrous sodium oxide (Na,0)
concentrations of 0.4 to 0.9 ppm in sodium was weighed to obtain 1000, 1400, and
and at temperatures above 500*C [45]. 10,000 ppm of oxygen based on the total

weight of sodium and fuelin the capsule.The
The counterpart sodium plutonate, Na,PuO., '"PuO, fuel was weighed and transferred
and its mixed actinide analog, Na,(U,Pu)O., through a small glass funnel to the bottom of
are not as well characterized as the capsule. In the oxygen dependence
Na,UO..There have been only a few calcula- studies, first Na,0 was weighed and
tions on fuel release from burning sodium transferred through a funnel to the bottom
pools. It. is estimated that 1 x 10''% of PuO, of the capsule. Then sodium was weighed,
contained in the pool may be released to the trimmed of any oxide, rolled, dropped into
environment [46]. the capsule, and tamped against the fuel at

the bottom of the capsule. A nickel slug or a
Sodium vapor was released from a boiling stainless steel sphere was dropped into the
sodium pool into a nitrogen atmosphere at :. capsule, which was then scaled by torquing
rate of 85 kg of Nalm' h. Decontamination down a stainless steel socket head screw,

factors for uranium release from sodium When the screw bottomed out, it was 1.27
pools were measured at between 1 x 10' and cm below the top of the capsule. The top of
5 x 10' for sodium containing 1.0 wt % of the capsule was then crimped and welded to
UO, powder. No significant temperature completely seal the capsule. The capsules
dependence of the decontamination factor were placed in a furnace in the inert
between 500 and 900 C was found. Sodium glovebox. No more than eight capsules were
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FIGURE 27 Capsule design used for the studies of the solubility of '"PuO,in sodium.
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loaded into the furnace at any one time for the validity of this hypothesis, in future ex-
heat treatment. Figure 28 is a schematic of periments the alcohol extraction solutions
the furnace and glovebox used for the study. could be filtered through milliapore filters or

reacted with some compound, such as
The capsules were thermally soaked for Al,(SO.),, to precipitate the colloidal par-
three days at temperatures of 500,600,700 ticles. In either case, scintillation counting
and 800 C. After the thermal soak was com- results of the solution after treatment would
pleted, the capsules were quenched in oil and change significantly if the hypothesis is true.
then cut open with a pipecutter. The cuts
were made 2.5 cm below the top and 0.6 cm All experimental data were subjected to a
above the bottom of the capsule.The sodium statistical Q-test, which rejects outlying
was pushed out of the capsule with a values at a 90% confidence level, before the
stainless steel rod. The sodium fuel sample average values and standard deviations were
was weighed, placed in a polyethylene screw computed.
cap bottle, and dissolved in 10 ml of absolute
alcohol. The samples - . +e then filtered 5.4 Discussion
through #41 Whatman fiaer paper into 25-ml
volumetric flasks. The solutions were Should a severe HCDA occur, the core could
transferred to polyethylene screw capped melt and be contained in an ex vessel core
bottles and counted for total plutonium-239 catcher or melt through the core catcher to
by alpha liquid scintillation counting tech- the cement building floor. In either case, this
niques. fuel would be covered by at first hot and

then boiling sodium. Before an accident, the
In the oxygen dependent studies, nickel cap- reactor would contain 20 tons of fuel and
sules and slugs were used because the 5,500 tons of sodium [36]. The 40,000 lb of
literature suggested that stainless steel con- fuel at the 80/20% ratio of UO,lPuO, would
tainment capsules act as an oxygen getter contain 8000 lb of "'PuO, and 11 million Ib of
for liquid alkali metals [47]. Thus, the studies sodium. If a 10% burnup of the fuel was con- ;

that were conducted in stainless steel cap- sidered during the HCDA, then 7,200 lb of
sules with the addition of oxygen, as Na,0, '''PuO, would be available in the core to
actually represent zero oxygen level. dissolve in the sodium. This dissolved
Therefore, all results acquired from the '''PuO, could then be vaporized with the ,

stainless steel capsules can be considered at sodium and escape into the reactor contain-
the zero oxygen level. ment or possibly to the environment.

5,3 Results If the highest solubility of 88'PuO,in sodium I

is 48.0 41.0 ppm, then the highest (worst
Ilesults for the two phases of the study were case) solubility of '''PuO, in sodium would be
primarily assessed by alpha scintillation 89.0 ppm (9 x 10-8 or 0.009%). For ease in
counting techniques. The capsule material, mathematical computation, the solubility of
weights of '''PuO,, sodium, sodium oxide, '''PuO, in sodium is 0.01%. Thus, of the

,

temperatures, thermal soak time, oxygen 7,200 lb of '''PuO, available. 0.72 lb. (0.33 kg)
'

| added, '''PuO, soluble in sodium, and the of '''PuO, would dissolve in the sodium and '

I standard deviation (a) are summarized in vaporize with it. This would be the max-
I Tables 10 and 11. The results (shown in imum amount of '''Pu that could escape to

Figures 29 and 30) do not reveal any signifi- the environment. Because of the low boiling
cant (greater than noise level) dependence of point of sodium (900 *C), however, the

! temperature or oxygen content on the chances are very good that the sodium will
solubility of 88'PuO,in sodium. condense onto colder surfaces and be con-

'

tained in the reactor containment building.
The reason for scatter of the data is not Thus, the most exposure to man of the 0.33
known but is suspected to be caused by col- kg of '''Pu would be to the personnel in-
loidal suspension of 88'PuO,. To investigate volved in the cleanup and decontamination

2
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Table 10 - SOLUBILITY OF '"PuO, in SODIUM AT VARIOUS TEMPERATURES

Average
Number Wt.of Wt. of Thermal Solubility

Type of of '"PuO, Na Temp. Soak Time ***PuO, Std.Dev.
Capsule Trials Samples (g) (g) ( *) (days) (ppm) (ppm)

i SS 1 5 0.03 0.30 500 3 38.6 14.4

SS 2 5 0.03 0.30 600 0 24.6 12.9

SS 3 5 0.03 0.30 700 3 48.0 40.9

SS 4 8 0.03 0.30 800 3 30.5 29.0

Table 11 - SOLUBILITY OF 8"PuO, IN SODIUM AT SEVERAL OXYGEN LEVELS '

Average
Number Wt. of Wt. Of Wt. of Oxygen Thermal Solubility

Type of of '"Pu O, Na Na,0 Level Temp. Soak Time '"PuO, Std.Dev.
Capsule Trials Samples (g) (g) (g) (ppm) (*C) (days) (ppm) (ppm)

Ni 1 5 0.03 0.30 0.0012 1000 500 3 36.8 47.8

Ni 2 8 0.03 0.30 0.0016 1400 500 3 38.6 40.0

Ni 3 5 0.03 0.30 0.0012 1000 800 3 28.8 11.9

Ni 4 6 0.03 0.30 0.012 10000 800 3 20.9 10.3

SS 5 4 0.03 0.30 0.0012 1000 800 3 21.2 25.8

SS 6 4 0.03 0.30 0.012 10000 800 3 27.1 25.9
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of the reactor facility. Although a single ex- building, then the additional dissolved ""Pu
posure of 0.33 kg under the right cir- escaping from the boiling sodium will be in-
cumstances could have severe consequences significant.
to the human population and the environ-
ment, by comparison with an HCDA for a
10% burnup, which could possibly release O. Acknowledgements
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