
NUREG/CR-1134
MLM-2637

_
.

.

The Possible Mechanisms for the
Formation of the Observed and
Expected Compounds During a
Hypothetical Core Disruptive
Accident {HCDA:'

Prepared by W. A. Zanotelli, G. D. Miller

Mound Facility

'

o ssion .
a

1426 062

7911280 3( '



.

.

NOTICE

- This report was prepared as an account of work sponsored by
an agency of the United States Government. Neither the
United States Government nor any agency thereof, or any of
their employees, makes any warranty, expressed or implied, or
assumes any legal liability or responsibility for any third party's
use, or the results of such use, of any information, apparatus
product or process disclosed in this report, or represents that
its uee by such third party would not infringe privately owned
rights.

D] ,

Available from

GPO Sales Program
Division of Technical Information and Document Control

U.S. Nuclear Regulatory Conmission
Washington, D.C. 20555

and 9b
National Technical Information Service

Springfield, Virginia 22161



.

NUREG/CR-1134
MLM-2637
R7

__ _ ...- : _ _ _ __ _ :-

The Possible Mechanisms for the
Formation of the Observed and
Expected Compounds During a
Hypothetical Core Disruptive
Accident (HCDA)
. ~ _ . - - - _ - - - _ _ _ . . - - _ . . _ . _

Manuscript Completed: August 1979
Date Published: October 1979

Prepared by
W. A. Zanotelli, G. D. Miller

Mound Facility
Miamisburg, OH 45342

Prepared for
Division of Reactor Safety Research
Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555
NRC FIN No. A1171

1426 064



ABSTRACT

This report presents results for an evaluation of the thermody-
nanics and kinetics of the possible chenical reactions which
nay occur in an HCDA bubble environment during its transport
v'ithin, and follo'ving, its release from the reactor primarv
system.
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Ti1E POSSIBLE MECHANISMS FOR THE FORMATION

OF THE OBSERVED AND EXPECTED COMPOUNDS DURING

A HYP0THETICk CORE DISRUPTIVE ACCIDENT (HCDA)

by

William A. Zanotelli, Jr. and Gary D. Miller

INTRODUCTION

In support of the Of fice of Nuclear Regulatory Resea rch, Nuclear
Regulatory Commission, Monsanto Research Corporation has initiated
a program to produce and characterize the primary aerosol s which
could result from a hypothetical core disruptive accident (HCDA)
in a Liquid Metal Fast Breeder Reactor (LMFBR). These tests are
being conducted under conditions which would probably exist dur-
ing a postulated excursion. The HCDA event i s simulb ted by emp-
loying laser-promoted evapora tion technique.

One of the prima ry objectives of this study is to .nvestigate the
chemical reactions and the compounds formed in the short-lived
vapor state of the HCDA envi ronment. While there is considerable
e xpe ri me n t a l data available on the generation and behavior of
single-component aerosols, and limited information on aerose's
containing both uranium and sodium oxides, data is only recently
being generated by MRC for multi-component systems containing aero-
sols generated from (U,Pu)0 sodium, and stainless steel produced2,

under HCDA conditior.s.

The resul ting data from the aerosol characterization from a simu-
lated HCUA will be used to predict the possible mechanisms for the
formation of the observed and expected (thermodynamically possible)
compounds formed during a HCDA. This report will discuss the
following topics:

The possible mechanisms operating in tt.e fuel bubble;*

The possible mechanisms operating in the containmente

following release of the fuel bubble from the primary
system;

.

e Kinetics of the various sodium-mixed oxide reactions.

6'
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THE POSSIBLE MECHANISMS OPERATING

IN THE FUEL BUBBLE

During the most severe HCDA, caused for example by a transient
overpower or loss of flow, substantial amounts of the reactor
fuel, stainless steel cladding, and sodium coolant are vapor-
ized. Thermodynamics predicts that all of the components will be
atomized at temperatures in excess of 5000 K. The vapor species
present will be uranium, plutonium, oxygen, sodium, iron, chromium,
nickel and fission products. The vapor species thus formed begin
to cool within the " bubble" from a temperature of 3100 K to approx-
imately 1200 K at the liquid sodium walls of the " bubble". The
approach to predicting the major products from Figure 1 is to
consider the process beginning at a temperature in excess of
5000 K and to simulate a cool-down orncess by following the temp-
erature axis to the left. Na2 UOu and Na2 U0 are anomolies in2 7
this analysis; thermodynamically they should be the fi rst products
formed. Evidently a kinetic barrier prevents this, since these
products were not observed experimentally. Thus, from observation
o f Fi gure 1. thermodynamics preticts that UO will form first:2

U ( g ) + 0 ( g ) ----- U O ( g ) + 0 ( g ) - UO (1)2(g)

This formation s houl d 'sta rt at approximately 5800 K. Table 1 rep-
resen ts the principal compounds in the fuel bubble from 5800 K to
1200 K. The compounds are shown in the predicted order of forma-
tion based on the thermodynamic data from Figure 1. The next
thermodynamically controlled reaction product is NaV0 This3

compound would start to form a t approximately 5300 K, by the
following reaction:

g ) + 0 ( g ) ----- N a 0 ( g ) + U O2(g) - NaV03[g) (2)Na

The sodium vapors are expected to react with oxygen to form Na0 at
temperatures greater than 2000 K, and then react with oxygen and
UO to form the sodium uranates. At emperatures below 2000 K,2

Na2 0 is expected to form and then react with UO2 to form sodium
u ra na tes , since sodium itself does not react with UO2 (Pepper,
1964 Addison, 1965, Chasanov, 1969). The unreacted sodium vapors,

cool, move to the wall of the bubble, and condense into liquid
sodium.

Thermodynamically the next compound to form would be pug The2

following reaction would start at approximately 4800 K:

g) 0(g) --- -- P u G ( ) ) ----- Pu02(g) (3)+ 0Pu +

E x pe ri me n ts using Zr02 as a simulant for Pu02 have indicated that
bPu02,would indeed be formed. g

\/ Qbc,

b
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The compounds Na3 U0% and Nauu0s would form af ter Pu0 as shown2

from Figure 1. Na3 U0u would start to form at approximately 4600 K
by the following reaction:

+ U O ( s ) ---- N a 3 U0"(s) (4)3 Na(g) 2 0(g)+ 2

Na u0 would start to form at approximately 4400 K by the followingu 3

reaction:

Nauu0s (5)4 Na(g) + 3 0(g) UO (s)
+ =

2

These c]mpounds have been observed experimentally and along with
Nau0 appear to be the principal sodium uranates formed.3

The stainless steel products did not reac' with sodium or fuel.
The stainless steel is composed of iron, chromium, and nickel
in vapor form above 3300 K, liquid below 2800 K. Some constituents
of stainless steel were observed, such as FeC and a combination
product FeNi. The only compound formed was Fe2 0 From Table 13

the forma tion of Fe2 0 starts at 3000 K by the following reaction:3

2 Fe + 3/202 - Fe2 0. (6)3

At 2000 K the compound Na2 0 is expected to form as follows.

Na2 0 (7)3 02 Na[g) + ! =
2

The FeNi compound is expected to combine at 1500 K by the follow-
ing mechanism:

Fe + Ni FeNi(s)
=

Table 1 summarizes the principal mechanisms and compounds formed
using the thermodynamic data from Figure 1. In summary, at 6000 K
the atomized constituents of the fuel " bubble" are uranium, plu-
tonium, oxygen, sodium, iron, chromium, and nickel. The compounds
that are formed in the bubble are shown a t various temperatures
when they become thermodynamically possible. The principal com-
pounds that would cool down and mix with the sodium liquid when
the bubble collapses are: UO Pu0 NaV0 Na3UOu, Nauu0s, Fe203,2, 2, 3,

Na2 0, FeNi, and FeC, along with some elemental iron, chromium,

nickel and sodium [g).
Table 2 represents the possible mechanisms and the compounds that
are expected (thermodynamically possible) for a HCDA. At high
tempera tures uranium dioxide can form superstoichiometric compounds

( I.1 0 8). Pluttnium dioxide is knowr.such as UO (UuG9) and UO2s7 322s

to form substoichiometric oxide above 1700 K. The stoichiometric

t,rp tji o s ; pos s i b l e range from Pu0 1.s to Pu0 3 99 The counterpart
av

1426 0706
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p Table 1 - PRINCIPAL COMPOUNDS
AND MECHANISMS IN THE FUEL BUBBLEi

Temperature, K Substances Present

6000 - U, Pu, Na, 0, Fe, Cr, Ni

5800 - U ( g ) + 0 ( g ) --- U 0 ( g ) + 0(g) UO (s)
=

2

5300 - Na[g) + O(g) -- Na0(g)=

+ U O ( s ) ---- UO
2 3(s)

4800 - Pu(g) + 0[g) pug (g)=

+ 0 ( g ) --- P u 02(s)

4600 - 3Na[g) + 2''(g) + UO (s) - Na UO
2 3 4(s)

4400 - 4Na[g) + 30(g) + U O ( s ) -- N a U O5(s)2 4

3000 - 2 F e ) ) + 3 0 ( g ) --- F e 0 ( s )23
-

+ 1/2 0 ~ ~~~~ N 02000 - 2Na(g) 2 2

1500 - F e ( ) ) + N i [ j ) --~ F e N i ( 3 )

- Fe()) + C(s) FeC

" UO1300 - UO2, Pu02, NaV03' 3 4, Na UO5' *23'4

Ni, Na 0 (solids) and Na(g)FeNi, FeC, Cr,
2

1200 - Na())

" ' < t j

i426 071 7
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Table 2 - POSSIBLE COMP 0UNDS
AND MECHANISMS IN THE FUEL BUBBLE

Temperature, K Substances Present

6000 -U, Pu, 0, Na, Fe, Cr, Ni (gases)

UO5800 - UO2 + 0.25 0(g) 2.25(s)
=

UOUO2 + 0.67 0(g) 2.67(s)
1

5300 - Na(g) + 0(g) - Na0(g)

+ Pu0 (s) = NaPu0 (s)2 3

0(g)4800 - Pu0 Pu0 1.5(s) + 2
2

Na Pu0 (s)4600 - 3 Na[g) + 2 0(g) + Pu02(s) 3 4

- 3 Na[g) + 2 0(g) + (U,Pu)0~2(s)4600 "

Na 3(U,Pu)04 s)

4400 - 4 Na(g) + 3 0(g) + Pu0 "2 (s) -

Pu0 (s)Na
4 5

1300 - UO2.25, UO2.67, 1.5, NaPu03' 3 4,Pu0 "3 u0

Na Pu0 (s lids)Na 3(U,Pu)04, 4 5

1200 - Na(3)

g Ji .!,;



plutonium compounds NaPu0 3 Na3 Pu and Na Pu0s are possiblyu,

formed. The mixed oxide compound Na3(U,Pu)0 has been observed
in some experiments and could posoibly form ( Adamson , 1973).

In summary, Table 1 represents the observed and principal compounds
that form based or. the experimental work done at Mound . Table 2
represents the possible mechanisms and compounds that could form
during a HCDA, since their thermodynamic properties should closely
approximate those of the principal compounds in most cases.

*

CONTAINMENT MECHANISMS FOLLOWING RELEASE

OF FUEL BUBBLE FROM THE PRIMARY SYSTEM

When the fuel bubble breaks the primary system containment it will
be exposed to an air atmosphere composed of excess 0 CO and H O2, 2 2
vapors. Table 3 is a summary of the principal compounds formed
and the mechanisms expected. Table 1 shows that the sodium uran-
ates with uranium in the oxidation state of +5, with the exception
of NaV0 3, are very hygroscopic and sensitive to oxidation, yield-
ing ultimately Na2 00 (Cordfunke, 1971). Thus the following2 7

sodium tranates and expected plutonates, Na3 U0 , Na3 Pu0 Na 3 ( U ,Pu )0u ,%,

when exposed to air, would follow the general reaction:

2 Na3 00 +2H O + h 0 ----- Na2U207 + 4 NaOH (9)% 2 2

The NaV0 and the expected NaPu0 33 would be stable at approximately
650 K i n air, but would decompose to Na2U207 if exposed to air at
greater than 650 K according to the following reaction (Cordfunke,
1971).

2 NaV0 + h02 - b Na2U 07 (10)
'

3 2

From Table 1 the Na uu0s and the expected Na uPu0s would remain
stable at >1200 K in air, but on cooling below this temperaturb
these compounds in the presence of maist air react with H O to2

form Na20 07 by the following reaction (Cordfunke, 1971)-2

U 07 + 6 NaOH(aq) (II)2 Nauu0s + 3 H O ----- N a 22 2

6 NaOH(aq) (12)2 NauPu0s +3HO - Na2 Pu:0 7 +2

When the components of stainless steel from the bubble are exposed
to air, the compounds Fe203, FeNi, Fe, Ni and FeC are not expected
to be affected by air but to remain in this form (Johnson, 1977).
The chromium is expected to combine with oxygen to form Cr30u by
the following reaction (Johnson, 1977).

3 Cr + 2 02 -- --- C r 3 0. (13)

1426 073
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Table 3 - OBSERVED AND EXPECTED COMP 0UNDS FORMED - ~ - - - -

WHEN THE FUFL BUBBLE ESCAPES TO THE AIR ATMOSPHERE
,

I. Reactions of Sodium Uranates and Plutonates Present in Bubble

1. Excess 0 , H O and C0 in the Containment
2 2 2

2. 2 Na UO4+2H2 2 ""227 F 4 Na0H+,0 00
3

4+2HO+102 2 2 7 + 4 Na0H3. 2 Na Pu0 Na Pu 0
3 2

Na ("' ")2 7 + 4 Na0H4. 2 Na (U,Pu)0 04+2H0+102 23 2

5. 2 NaV03+102 00"227
06. 2 NaPu03+5 2 " 2 "2 7

" 2 2 7 + 6NaOH(aq)7. 2 Na U05+3H2
~ 0

4
\

8. 2 Na Pu05+3HO Na Pu 02 7 + 6 NaOH(aq)
;-

4 2 2

II. Reactions of Stainless Steel Comoonents Present in Bubble

1. Excess 0 , H O and C0 in the Containment
2 2

2. 3 Cr + 2 0 ---- C r 0
2 34

III. Reactions of Sodium Components Present in the Bubble

1. Excess 0 , H O and C0 in the Containment
2 2 2

2. 2 Na + 1 0 Na 0=

2

3. 2 Na + 0 Na 0-

2 22

4. Na 0 + H O 2 NaOH-

2 2

5. 2 Na0H + CO ---- N a 03 + "202 2

6. 3 NaOH + 2 CO --- Na C03 + NaH 03 + "202 2

IV. Reactions of Uranium and Plutonium Present in the Bubble

1. Excess 0 ' H 0 and CO in the Containment
2 2 2

2. 3 U0 +0 =U0g 2 38

3. UO2+102 3
= U0

4. Pu0 -X+X0 Pu0
2 2

-

. . -- -

1426 07410



From the experiments conducted in air previously and from a know-
ledge of sodium chemistry, a sodium fire would be initiated on
contact with moisture in the air. According to the two previous
references, the following reactions are expected to occur:

2 Na + % 02 - Na2 0 (14)

2 Na + 0, -- N a 2 0 (15)2

2 NaOH (16)Na2 0+HO --
2

2 NaOH + C0 ----- N a 2 CO +HO (17)2 3 2

Na2 CO + NaHCO + H O (18)3 NaOH + 2 CO -
3 3 22

These sodium species are expected to be available for further
reaction.

The U0, should react with 0 in the ai r and produce the follow-2

ing compounds:

3 UO +0 ---- U 0 (19)2 2 3 8

UO + 's 0 2 - U0 (20)2 3

The Pu0 should be relatively stable in an air atmosphere and
2

2 2 that may be formedremain as Pu0 Any substoichiometric pug
would be oxidized to pug (Keller. 1971) as follows.2

Pu0 (21)Pu02-x + x0 = 2

With the exception of substoichiometric pug 2 and the sodium plu-
tonates, the compounds of Table 3 are the principal compounds
formed from the " bubble" when it escapes and collapses in the
p ri ma ry containment. The sodium plutonates were included because
their thermodynamic properties are similar to the sodium uranates
and because when Pu0 is added to the system, there is a very good

2

probability that these compounds will be observed experimentally.

Table 4 represents the mechanisms at work and the compounds that
could possibly form upon release of the bubble to the containment.
From previous experiments in ai r atmosphere , the reaction of
sodium oxide and sodium carbonate with uranium compounds have
produced the following compound; 8 -Na2 00 , Na2 U0 Na2 002 7, 2 3

(Na 0 2 U0 2), N a 2 U 2.s 0 8.s (Na20 2.5U0 3), NaV0 and Na UU 2(C0 3)32 3,

Sodium itsel f does not react wi th UO (Pepper, 1974, Chasanov, 1971).2

The NaV0 has been previously discussed as being oxidized to
3

U 07 has been discussed as being formed from theNa2 U0 in air. Na2 22 7

0''
- f 1426 075 n



Table 4 - POSSIBLE COMPOUNDS FORMED WHEN THE
FUEL BUBBLE ESCAPES TO 1:iE AIR ATMOSPHERE

Reactions that form Sodium Uranates and Plutonates in the Containment.

1. Excess 0 , H O and C0 in the Containment
2 2 2

.

Na U 0227+CO22. Na C03+ UO2+02
=

2

3. Na C03 + 2 Pu02+02 " 2 "2 7 + C020"

2

4. Na 03+ O2+102 2 4 + C02Na U0
2

5. Na 03+ u02+302 ---- Na fu0 + CO,.
2 g

~ " 2 2 5 (" 202UO%. Na 0 + 2 UO U0
2 2 2

2 "2 - ~ " 2 "2 5 ("#27. Na + 0 0 2 pug,,

0 .5 UO )P. "a,0 + ?.5 U0 " 2"2.5 8.5 (Na2 3
~

3

2 3 " 2 "2.5 8.5(N 20 0 2.5 Pu0 )9. N 0 + 2.5 Pu0 ~

3

'J. 2 Na 0 + U0
2 3 "4U0

~

5

'' 3 Na 0 + Pu0 Na Pu05+ ""-
.

2 2 4

1?. Na U04 + UO2 2 NaV03+!02 - Na "2 7-

2 2

13. Na Pu04 + UO2 3 2 ~ "227= 2 NaPu0 +,0 00
2

4 (U0 ) (C0 )3 + 2 Na0H14. 3 Na CO3 + UO2 + "?0+10 Na
2 2 2 3

" 4 ( u0 ) ( 0 )3 + 2 NaOH15. 3 Na 3+ u02*h0+i0222 2 3

- _. _ __ __ __I

1426 07612 d';u :.



oxidation of NaV0 but a previous study (Johnson, 1977) showed3,

that the following reaction produced Na 00 in the air:2 2 7

Na 0 0 + C0Na2 C0 + 2 UO + 03 2 2 2 2 7 2 (22)=

In the same study the B-Na2U0u compound was formed i n ai r by re-
acting Na2CO3 with either UO2 or Na2U207 Since heating B-Na200u
at 1250 K causes a partial decomposition to Na2U207 in an air
atmosphere, and since the temperatures are predicted to be <1250 K
for the cool-down in air, the production of g-Na 00 is attributed2 %

(Johnson, 1977) to the following reaction:

Na2 00 + UO + li0 - -- N a V O , + CO (23)3 2 2 2 2

The compounds Na U 0 (Na 0 2 UO ) and Na U 0 (Na 0 2.5UO )2 2 3 2 2 2 2 3 2 3are expected to form in air by combining the.fo$ lowing compounds:

Na2 0 + 2 UO - Na 0- 2 UO (Na2 U0 3) (24)2 2 2 2

Na2 0 + 2.5 UO = Na2 0-2.5 U0 (Na U 0,,3) (25)3 2 2 25

The plutonium analog of the compound from reaction (24) could be
expected to form likewise, since the thermodynamic properties of
the two substances are similar; however, similar studies in an
air atmosphere using plutonium have not been conducted.

The NaV0 and the sodium VI uranates can also be formed between3

1000 K and 1300 K by reacting Na2 CO with either U0 or U 0 since3 3 3 3,

the compounds are available for reaction (Adamson, 1973). The
reaction mechanisms cited seem to follow the most direct path to
the fi na l product. There are also other side reactions that can be
expected to occur. The products Na uUO and NauPu03, which have been3

shown to hydrolyze to Na2 U0 and NaOH according to reaction (11)2 7
can also be formed by the following reactions (Cordfunke, 1971).

UO + 2 Na2 0 00 - 750 3 Na 00 (26)3 3

Na Pu0 + 2 Na (27)Pu0 + 3 Na2 0 =
2 3

Another reaction route for NaV0 to be formed is the following:
3

Na 00, + UO - 2 NaV0 (28)2 2 3

The compound Na y(UO2)(C0 3)3 has been observed in reactions of
Na CO and Na 0 with UO in an air atmosphere (Cordfunke, 1971).

2 3 2 2
This compound has been observed when sodium-mixed UO /Pu0 aerosols2 2

were exposed to water vapor ( Allen. 1978). The following reaction
mechanism is predicted for this compound (Johnson, 1977).

3 Na CO + UO + HO+!3 0 - Na,(U02)(C0 3)3+ 2 Na0H (29)2 3 2 2 2

6u ; . i1 1- 1426 077
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The plutonium analog could possibly be expected to fo rm i n a
similar manner, but studies with Pu0 have not been conducted.2

Other compounds that have been observed in an air atmosphere from
and U0 are the hyperstoichiometric compoundsreaction of Na:C0 3 2

U 0 .s 2 and Uu09 These a re possibly formed along with their U02 2

U0 and U 0 counterparts in an enriched air atmosphere.3 3 8

Tables 3 and 4 are summary tables of the reactions and compounds
observed and expected for the escape of the fuel bubble from the
primary containment into the air atmosphere.

KINETICS OF S0DIUM-MIXED
.

URANIUM /PLUT0NIUM 0XIDE REACTIONS

The sodium-mixed uranium / plutonium oxide reaction is represented
'

by

xNa M0 (s) + M0 -2x(s) (30)g or 1) + (1+x)M02(s)3x Na 3 4 2

with M = U + Pu in the ratic Pu/(U+Pu) = 0.20. In the best ex-
perimental work presently available on the kinetics of this re-
action, the volume change of the mixed oxide pellet was followed
as a function of time at three temperatures, 700, 800, and 900 C
(Martin, 1972). Because the volume change is related to the re-
action extent, Martin's data contained sufficient information to
allow a temperature-dependent rate law for Reaction 30 to be ex-
tracted. This section of this report discusses how the rate law
was extracted, its implications, its limitations, and methods for
determining a more reliable rate law.

The theoretical maximum increase in the volume of the mixed oxide
pellet after completion of reaction is 4.44%. The longest time
data (Martin, 1972) confirm this theoretical value. Some pellets
were observed to expand more than 4.44%, but these observations
could be explained by cracks and fissures found in the pellets.
The reaction extent, a, may then be taken to be the observed
volume expansion divided by its theoretical maximum value.

The next step in the analysis was to find a rate law based on a
physical reaction model which fits the data. Three integral rate
laws were examined. Using a first order rate law,

in(1-a)= -kt. (31)

uhere k is the rate constant and t is the time, the fit of the data
to a linear function of t was poor. In addition, there was no
physical basis for using a first order rate equation for the reaction
of interest here. Second, using the equation

kt' (32)-1n(1-a) =

which corresponds physically to the growth of spherical nuclei,

g426 078.ei>
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the fit of the data was very poor. This law would apply if the
reaction involved a gas-solid interaction at the pellet surface.
Finally, the expression,

1 -(1-u)1/3 = kt, (33)

which corresponds physically to movement of a spherical phase
boundary was tried (Sestak 1971). This rate law seems most
plausible for a liquid-solid reaction at the pellet surface.
When the da ta at 700 C were plotted (see Figure 2) using Equation
33, a straight line was obtained except in the region represent-
ing the last stages of reaction where deviation might be expected
because of side reactions and possible sublimation. At P00 and
900 C, the fit (see Figure 2) is hard to evaluate because most of
the da ta points were taken after the major part of the reaction
had al ready occurred. The experiments at 800 and 900 C should be
repeated with measurements made at much shorter intervals so that
the early stages of reaction can be observed.

The rate constants were determined at 700, 800 and 900aC from the
slopes of the best fit lines. The values a re poor at 800 and 900oC
for the reasons discussed above. Tu l e 5 shows the rate constants
extracted at each temperature. Using Arrhenius analysis, the data
in Table 5 were fitted to a straight line according to the linear
least squa res method. which gave a coefficient of determination,
r (measure of goodness of fit), of 0.899. From the coefficients2

a t empe ra tu re - de penden t rate constant,

16.88
10 exp(-40,272/T) (34)k =

coulc be written, the kinetic parameters of which are:

80.0 kcal-mol'I and A = 10 day or16.88 ~l
E =

g

-Il -I8.8 x 10 secA =

From equations 33 and 34, the time for 901 completion of reaction,
to.3 was easily obtained as:

0.54
09 -~T6 88 (30)t

10 exp(-40,272/T)

wner. te.3 is in days. From Equation 35, times were calculated for
teveral temperatures of interest: 5000 K, 3100 K (inside bubble
temperature), and 1200 K (outside bubble temperature). These times
aie shown in Table 6.

Insoection of Table 6 shows that at the temperature of the inner
par of the bubble, the reaction can proceed essentially to com-
ple; ion in less than a microsecond. The formation and subsequent
obse rva tion of Na 4 MO. is, therefore, explicable from the kinetic
data

UI - "I 1426 079 1s
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Table 5 - THE RATE CONSTANT, k, FOR SODIUM-
MIXED OXIDE REACTIONS WAS DETERMINED FROM THE
DATA PLOTTED IN FIGURES 2 AND 3

Temperature Temperature j-
( C) (K) 1/T(K-I) k(dall ) in k

-4 -2
700 973 10.277 x 10 4.40 x 10 -3.12

-4
800 1073 9.320 x 10 15.0 2.71

-4
900 1173 8.525 x 10 45.0 3.81

Table 6 - THE TIME REQUIRED FOR COMPLETION
OF S0DIUti-MIXED OXIDE REACTIONS WAS DETER-
MINED FR0t1 EQUATION 35

Temperature Time Time
(K)___ (days _) _(_se,c_)

-3
1200 2.67 x 10 230

-123100 3.12 x 10 2.7 x 10-
-I4 -95000 2.24 x 10 1.9 x 10

The rate constant in equation 34 may be in considerable error for
several reasons. First, as mentioned previously, the data at
800 and 900 C were such that accurate rates could not be extracted.
Second, and perhaps more serious in nature, is the fact that we
have attempted to extrapolate kinetic data over a temperature range
of about 2000 K, that is, from s 1000 K to N 3000 K. Such extra-
polation is questionable even over a range of a few hundred degrees,
and we are not aware of any chemical rate laws which take the same
form over a range of more than a hundred or so degrees. When temp-
eratures of m 3000 K a re approa - .ed , we are dealing with the chem-
istry of excited states, which almost always display radically
different kinetics f rom ground states of the same species. We must
the re fore .concl ude tha t the ..inetic predictions made here are the
best possible given the present data; however, application of these
predictions to temperatures higher than 1 1500 K is very questionable.

The need for kinetic data at temperatures approximating the bubble
conditions is clear from the foregoing discussion. Experimental
kinetics at these high temperatures with this system will probably

'i18 j g ''
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have to be studied by atom beam techniques. A variable temperature
sodium beam' incident on the mixed oxide pellet under high vacuum
conditions with subsequent surface analysis of the pellet af ter
different beam exposure times would yield empirical rate laws.
Mass spectrometic detection of reflected reactants , products and
intermediates would provide additional information which would
possibly lead to the elucidation of the reaction mechanism.

1426 083
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