
y}TL / ^ - J e-y^C^y 

.ik. ^^W'^^^^^^ " '"^ 

INHIBITING THE CO/CO2 REACTION BET̂ -JEEN CARBON 
AND PLUTONIA AT ELEVATED TEI-IPERATURES MASTER 

E. W. Johnson 
MOUND FACILITY,* MIAMISBURG, OHIO 45342 XfO g73") 

ABSTRACT 

Monsanto Research Corporation is charged with processing 
encapsulated plutonium dioxide heat sources into radio
isotopic thermoelectric generators (RTGs) to support deep-
space missions. One of the problems associated with the 
sometimes protracted, ground storage of these devices is 
the ingrowth of carbon dioxide and carbon monoxide in the 
gas phase due to the cyclical reaction established betxv̂ een 
the fuel ( ̂ ®Pu02) and the carbon impact body. This in
growth proceeds according to the two equations: 

xCO + Pu02 = XCO2 + PUO2-X (1) 

and XCO2 + xC = 2xC0, etc. (2) 

This reaction stops after launch because the two solid-
phase reactants are physically separated when the inside 
of the RTG is evacuated to space for performance reasons. 
l̂ ĥen the RTG is stored on the ground, however, the product 
gases become establjshed and can cause degradation of the 
solid-state thermoelectric elements. Controlling the re
duction of the plutonia to such an extent that Reaction 
(1) becomes thermodynamically unfavorable minimizes the 
continued generation of CO and CO2. 

The conditions necessary to maintain plutonia at a sub-
stoichiometric level are being determined. These test 
conditions are described and are supported with data 
from previous heat source studies. Finally a facility 
to perform the necessary treatment is described. 

*Mound Facility is operated by Monsanto Research Corporation for 
the U.S. Department of Energy under Contract No. DE-AC04-76-DP00053. 
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INTRODUCTION 

For the past ten years, MRC has been responsible for the assembly 

and storage of heat sources fabricated of plutonia, iridium, and 

carbon components. The original system was the Multi-Hundred Watt 

(Figure 1) Heat Source. Twenty-four 100-watt ^^PuOj spheres are 

welded into iridium clads and, after decontamination and vent acti

vation, placed in a spherically-wound Thornel-50 impact body. 

These are stacked into a cylindrical re-entry body with an iridium 

can (LES 8/9 Mission) or left bare (Voyager). [Note: Four flight 

heat sources were made for the LES 8/9 Mission and six flight units 

in support of the two Voyager spacecraft.] 

Early in the MHW Program, monitoring of the internal gas of the 

stored heat source indicated surprising quantities of CO and CO2 

(Ref. 1). Repeated flushing with pure inert gas followed by an in

terval of ground storage (usually one to two weeks) resulted in a 

lowering of the CO and CO2 concentrations (Figures 2 and 3). 

The present heat source system for missions to be launched on the 

Space Shuttle is the General Purpose Heat Source (GPHS, Figure 4). 

As the modules are assembled usually well before the radioisotopic 

thermoelectric generator (RTG) assembly, there is time to perform 

processes which would tend to reduce the CO and CO2 generation. 

This will lower the exposure times and levels of the thermoelectric 

elements to CO which will result in a better margin of reliability 

(Figure 5, Ref. 2). The GPHS RTG (Figure 6) will be assembled at 

Mound Facility. By performing the fuel reduction before this 

assembly, the normal neutron and gamma radiation exposure to the 

operating personnel will be lessened as the facility is for the 

most part remotely operated (the operator is shielded by about 76 

cm of concret e). 



THEORY 

After the 62.5 W plutonia fuel pellet is fabricated (hot pressed 

using carbon tooling at 1580°C), it is subjected to a final oxida

tion with ^̂ 02 to burn off the carbon residue from the dies. The 

fuel pellet is then placed in the iridium clad and a final GTA clo

sure weld performed. 

At this point, the fuel is essentially stoichiometric PuO2.00' 

After decontamination, vent activation, and module assembly, how

ever, heating the module under an inert gas will cause the follow

ing reaction sequence: 

(1) At the fuel: xCO, . + PuO (s) = xC02(g) + PuO _ (s), 

(2) At the carbon: XCO2(g) + xC(s) = 2x CO(g), 

(3) At the fuel: 2xC0, . + PuO _ (s) = 2x C02(g) + 

PuO „ (s), etc. y-3x 

This reaction will proceed until equilibrium is established at the 

proper CO and CO2 partial pressures and plutonia stoichiometry. 

If, while at the same temperature, the cover gas containing the 

CO and CO2 is removed and the internal volume filled with pure 

inert gas, a new equilibrium will be established. This behavior 

was pointed out earlier in Figures 2 and 3 and corroborated by LANL 

studies (Ref. 3). 

The availability of oxygen over the plutonia may be assessed by 

defining the reactions: 

1/2 (O2) = (0) AG° = RT In ^^^^ -
'f " P(02)J5 



and (O)^gf = [0]p^Q AG(0) = RT In P(0). (Ref. 4) 
X 

Using methods described by Peterson (Ref. 5), the partial pressure 

of oxygen over the plutonia may be expressed as 

In P(02) = 2 
AG°(0) + AG(0) 

RT 

Three average plutonia fuel temperatures have been calculated by GE 

for operation in the RTG. Also, we have calculated the temperature 

distribution for two storage container conditions (varying external 

insulation amounts) (see Figure 7). Figure 8 illustrates the be

havior of P(02) as a function of stoichiometry for the five poten

tial fuel temperatures (Ref. 6). 

Considering the reaction, 

(C02) = (CO) + 1/2(02), 

AG° = -RT In ^'^^^^^,'^[^^^ = 67500 - 20.75T . (Ref. 7) 

For the five fuel temperatures under consideration, when 

lnP(02) = A - 2 1 n f g | y , 

values of A were calculated and are given in Table 1. 

There will be corresponding temperatures at the graphite impact 

shell (GIS) where reaction of the newly generated CO2 with carbon 

can occur as 

<C> + (CO2), = 2(CO), 

with AG° = -RT In ̂ i ^ ^, = 40800 = 41.7T . (Ref. 7) 
^(.002) 

These values are also given in Table 1. 



Table 1 - THERMODYNAMIC VALUES WERE CALCULATED 
FOR THE FIVE REFERENCE CONDITIONS 

Condition 

RTG/Ar 

MRMF I 

RTG/Xe 

MRMF II 

RTG/VAC 

Temperature, K 
Fuel Carbon 

In 

3456 

1511 

1528 

1588 

1734 

1281 

1336 

1290 

1413 

1478 

-25 .78 

-24 .08 

-23 .58 

-21 .90 

-18 .30 

P(C02) 

4.957 

5.617 

5.070 

6.455 

7.094 

B 

-35.66 

-35.31 

-33.72 

-34.81 

-32.49 

^m P(02) = A-2 m f ^ • 

În P(02) = B + In P(CO) 

Us.ing the data in Table 1 and Figure 8, one can calculate the 

theoretical substoichiometry as a function of carbon monoxide 

pressure in' the various conditions as shown in Figure 9. 

It is apparent from Figure 9 that there is some disagreement in 

theoretical 0/Pu values at the elevated temperatures in question. 

Earlier information was presented for Mffl-J in storage and, when 

coupled with the RTG at GE (Ref. 8), resulted in the lowering of 

the 0/Pu to about 1.98. Temperatures of fuel and graphite were 

similar; CO pressures varied down to below 0.01 atm (1000 Pa). 

FACILITY 

A 36-station vacuum/inert gas manifold has been installed in Cell 

108 of Building 50 at Mound Facility to serve as a Module Reduction 

and Monitoring Facility (MRMF) for up to 68 GPHS-type heat source 

modules. This method of storage effectively prevents atmospheric 

contamination of modules while reducing the CO/CO2 ingrowth rate 



after RTG assembly. In summary, the MRMF is designed to perform 

the following functions: 

a. permit controlled gas exchanges; 

b. analyze gas-phase constituents; 

c. provide controlled storage temperatures; 

d. verify "leak-tightness" of storage environment; 

e. reduce exposure of operating people during RTG assembly; 

f. reduce CO/CO2 present in converter interior during RTG 

assembly. 

A plan view of Cell 108 is provided in Figure 10, and Figure 11 is 

a photograph looking into the rear of Cell 108. The cell, with 

30-inch (76 cm)-thjck reinforced concrete walls, conta3.ns the gas 

handling equipment and the GPHS re-entry modules after they are 

assembled in another area. The major portion of the operation is 

carried out from the operating corridor, 118 (Figure 12). The 

flow diagram control panel (Figure 13) enables the operator to per

form a variety of functions (see above) and yet incur minimum radi

ation exposure. 

Preliminary operating procedures have been issued to DOE and con

tractors. 

VERIFICATION PROGRAM 

MRC has issued preliminary operating procedures and specifications 

to DOE and their program contractors. Checkout of the equipment 

has been completed (a good vacuum is obtainable, the RGA is opera

tional, etc.) but a slip in delivery of the initial production run 

of encapsulated plutonia pellets has prevented total characteriza

tion of the system. Determinations of the thermal gradient across 

the storage container (aeroshell surface temperature minus stainless 



steel can surface temperature) as a function of temperature have 

been completed. A secondary compatibility test of a storage con

tainer with the graphite felt internal insulation is under way at 

the high end of potential storage conditions (storage can tempera

ture of 973 K) in order to verify that no adverse effects are being 

imposed upon the GPHS re-entry module due to storage system inade

quacy. The test plan has been issued and approved. 
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