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Abstract

Closed chamber incineration (CCI) is a novel technique by which irradiated
nuclear graphite may be destroyed without the risk of radioactive cation release
into the environment. The process utilizes an enclosed combustion chamber
coupled with molten carbonate fuel cells (MCFCs). The transport of cations is
intrinsically suppressed by the MCFCs, such that only the combustion gases are
conducted through for release to the environment. An example CCI design was
developed which had as its goal the destruction of graphite fuel elements from
the Fort St. Vrain reactor (FSVR). By employing CCI, the volume of high level
waste from the FSVR will be reduced by approximately 87 percent. Additionally,
the incineration process will convert the SiC coating on the FSVR fuel particles to
SiO2, thus creating a form potentially suitable for direct incorporation in a
vitrification process stream. The design is compact, efficient, and makes use of
currently available technology.

*Operated for the U.S. Department of Energy by Battelle Memorial Institute under contract DE-AC06-76RLO 1830.



Introduction

Closed Chambel" Incineration

Closed chamber incineration (CCI) is a novel technique by which irradiated
nuclear graphite may be destroyed without the risk of radioactive cation release
into the environment. The process utilizes an enclosed combustion chamber
coupled with molten carbonate fuel cells (MCFCs). The transport of cations is
intrinsically suppressed by the operation of the MCFCs, while the combustion gas
is passed through and released to the environment. CCI offers other benefits,
such as a reduction in waste volume and simultaneous separation of high and
low level waste components. Some graphite moderated reactors such as the Fort
St. Vrain reactor (FSVR) employ a particulate fuel with silicon carbide (SIC) and
pyrolytic carbon (PyC) coatings. During CCI, the outer PyC coating will be
completely oxidized, and the SiC will be at least partially converted to silica
(SiO2), rendering the fuel particles potentially suitable for direct incorporation in
a vitrification waste stream. The projected size of a CCI assembly is small
considering its large graphite throughput, and feedstock requirements are
minimal. As a result, operation of the device should be relatively efficient and
economical compared to conventional incineration or geologic disposal of
nuclear graphite.

Molten Carbonate Fuel Cells

The chemical reactions occurring in a MCFC are

}02 + CO 2 + 2e ---)CO_ (1)

at the cathode, and

H 2 + CO_" ---)CO 2 + H20+ 2e (2)

at the anode. The net result of the two reactions is the combination of hydrogen
and oxygen to produce water. However, there is also mass transfer of CO2
through the cell from the cathode to the anode. From Reaction (1), it is apparent
that the ideal oxidant gas composition is a 2:1 molar ratio of CO2 to 02.

Figure 1 is a schematic of the operation of a molten carbonate fuel cell.
Note the transport of CO3 2" in the molten carbonate electrolyte from cathode to
anode. The electrolyte is typically a mixture of Li2CO3 and K2CO3 which is
molten at cell operating temperatures (600 to 700 °C). The liquid electrolyte is
contained within an inert, porous LiA102 matrix. The oxidant gases are
transported to the electrolyte through the porous cathode. There the oxygen and
carbon dioxide react to form carbonate anion which is then ionically conducted to
the anode. At the anode, the carbonate ion reacts with hydrogen in the fuel gas
(typically natural gas, CH4) to re-form CO2 and water.

The most important feature of the molten carbonate fuel cell with respect
to the destruction of nuclear graphite is the electric potential developed (or
imposed) during operation. It is not possible for a cation to be transported from
the cathode to the anode. Thus, the transport of cations (such as cesium,
strontium, uranium, plutonium, etc...) is intrinsically suppressed. Any cations



carried with the oxidant gas from the combustion chamber to the fuel cell stack
will tend to collect within the cathode due to the presence of the electric potential.
The expected volume of cationic species or particulate matter deposited in the
cathode is small due to the low oxidant flow rates exiting the combustion
chamber. Although conduction of anions is not intrinsically suppressed as for
cations, anions other than CO3 2- will be conducted less effectively. The primary
concern with respect to radiological issues is the release of 14C produced by
neutron activation during irradiation.

porous NiO cathode porous Ni anode

Exhaust gas

---------I_

Oxidant gas CO32
from combust ion

chamber

Fuel gas

molten carbonate/LiAIO 2structure

Figure 1 - Molten carbonate fuel cell operation.

Other types of fuel cells have been implemented in various applications
requiring elemental separation. Phosphoric acid fuel cells have been used as
hydrogen separation devices, sulfide fuel cells have been used to remove
hydrogen sulfide from natural gas, and a solid oxide fuel cell has been used to
measure oxygen content for a building ventilation control system (1). Other
proposed applications include using a sulfate fuel cell to remove sulfur dioxide
from combustion gases and using fuel cells to control the decomposition or
synthesis of particular compounds in a flowing gas stream (1).

Avvlications

Graphite Moderated Reactor_

Graphite moderated reactors with a power level greater than 1 MWth have
been built in 10 nations worldwide. Many of these reactors are either
decommissioned or nearing the end of their service life. Presented in Table I are
estimates for the graphite mass associated with these reactors. This material
typically remains in the decommissioned reactors, pending permanent disposal at
a later date. For those reactors which have fuel as an integral part of the graphite
moderator, the fuel elements are necessarily classified as high level waste.
Permanent disposal of these graphite fuel elements in their present condition
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would be inefficient and costly due to their large volume. Several nations have
examined disposal options such as conventional incineration, geologic disposal,
and deep sea disposal. However, no satisfactory technique has been developed
which addresses both radiological and financial issues associated with the
destruction and/or disposal of nuclear graphite.

Specific Application for Design Example

The Fort St. Vrain reactor is a high temperature gas-cooled reactor (HTGR)
which was designed to employ a thermal spectrum breeding cycle, although no
fuel reprocessing was ever performed. The fuel is in the form of spherical
particles coated with layers of pyrolytic carbon and silicon carbide. The coatings,
shown in Figure 2 for both the fertile and fissile particles, were designed to
contain the fission products produced during reactor operation. The fissile
particles were 93% enriched in 235U, and breeding was accomplished by the
conversion of fertile 232Th to fissile 233U. The fuel particles are embedded in a
pyrolyzed resin matrix which is inserted in cylindrical channels drilled into the
fuel block. A schematic drawing of the graphite fuel blocks is shown in Figure 3.

Table I Approximate Graphite Mass Associated with Graphite Moderated
Reactors

Country Operating (t) Decommissioned (t)
Belgium 800 0
France 2572 14474

Germany 0 1900
Italy 0 2188
Japan 1900 0

North Korea 2400 0

Spain 0 2572
Former Soviet Union 26720 15900

UK 58876 11467
USA 0 20220

Totals 93268 69721

Currently, 720 irradiated FSVR fuel blocks are stored in the Irradiated Fuel
Storage Facility (IFSF) at the Idaho National Engineering Laboratory (INEL). The
Department of Energy (DOE) has accepted responsibility for the eventual disposal
of an additional 1488 irradiated fuel blocks which are currently located at the
FSVR site in modular vault dry storage. The burnup experienced by the FSVR
fuel was less than half its design value. As a result, the fissile particles still retain
a significant fraction of the original 235U. Enough 236U was produced by neutron
activation to minimize the proliferation concerns over the fissile particles.
However, the fertile particles contain a significant amount of 233U produced
during reactor operation which is easily separable from the 232Th and represents a
substantial proliferation threat.

Current disposal options for the FSVR fuel blocks include vitrification
and/or geologic disposal. Vitrification would eliminate the proliferation threat,
but requires separation of the fuel particles from the graphite blocks. Past plans



have indicated that this would most likely be performed by either conventional
incineration or crushing operations. Both of these options are radiologically
unacceptable because they pose a significant risk of fission product release into the
environment. Geologic disposal of the blocks in their present condition would be
extremely expensive and involve the permanent storage of approximately 2 x 108
cm 3 of material into a high level waste repository. Because less than 13 percent ofL

the overall volume is occupied by high level waste, this represents a highly
inefficient solution.

Fissile Particle Fertile Particle

Dimensions (_tm) Dimensions (_tm)

100 - 300 Kernel diameter 300 - 600

50 Buffer coating thickness 50
20 Inner PyC coating thickness 20
20 SiC coating thickness 20
40 Outer PyC coating thickness 40

Figure 2 - FSVR TRISO fuel particles.

The primary sources of irradiated nuclear graphite in the U.S. are the
Hanford production reactors and the Fort St. Vrain reactor. Although a large
volume of graphite is present in the production reactors, the need for its disposal
is not as pressing as that presented by the FSVR graphite. The fissile material and
fission products in the production reactors are contained within fuel elements
which are not integral to the moderating graphite. Therefore, destruction of the
production reactor graphite represents only a low level waste volume reduction.
Because the FSVR fuel is an integral part of the graphite blocks, the destruction of
the graphite fuel blocks represents a high level waste volume reduction with
simultaneous separation of high- and low-level waste components. Because no
technology currently exists which satisfies all the disposal requirements of the
FSVR graphite blocks, this reactor system was selected as the basis for the example
CCI design.

Design Example

To eliminate the need for grinding or crushing operations intended to
increase combustion rates by increasing available surface area, the system was
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Figure 3 - FSVR graphite fuel blocks.



designed to accommodate incineration of intact FSVR graphite fuel blocks. The
limited available surface area required higher combustion temperatures than
normally specified for graphite incineration. However, a maximum temperature
of 1000 °C was selected to facilitate the use of standard metal alloys for the
combustion chamber components. The maximum system pressure was limited
to 100 kPa so that no pressurization was required° Also, combustion and
transport of the oxidant gas was specified to occur under natural convection
conditions, thus eliminating the need to drive the gas flow. The operation of the
system was designed to be consistent with existing hot cells, and the
incorporation of existing MCFCs was specified to allow implementation using
off-the-shelf technology.

Graphite Combustion

Chemical Kinetics. Carbon is oxidized to carbon monoxide and carbon dioxide by
the reactions

2C + 0 2 --> 2CO, (3)

and

C + 02 -_ CO2. (4)

The first reaction is kinetically preferred and represents the primary mechanism
for carbon oxidation (2). The relative rate of Reactions (3) and (4) is given by

k-L3= 14.1 e (-6240fr), (5)
k4

for refined graphite (<100 ppm impurities) (3). Note from Equation (5) that for
any given temperature, Reaction (3) is strongly preferred. Thus, for CCI scoping
calculations, it may be reasonably assumed that the only primary oxidation
product is CO.

Carbon oxidation exit gas compositions typically contain less than five
percent CO (4). This phenomenon is independent of graphite type or impurity
content. Because the predominant primary oxidation product is CO, the
production of CO2 must occur almost exclusively in the gas phase. It has been
shown that carbon dioxide is produced by the kinetically rapid reaction,

2CO + 0 2 _ 2CO 2, (6)

which occurs in the gaseous boundary layer adjacent to the graphite surface (4).
The CO2 produced by Reaction (6) may be subsequently reduced by the graphite
(5), but this reaction is not significant below 1200 °C, or in the presence of excess
oxygen (6). Thus, under the conditions imposed by CCI, the net product of
graphite combustion may be assumed to be exclusively CO2.

Gulbransen et al. (7) developed a semi-empirical correlation for oxidation
rate data over the temperature range 600 to 1500 °C and the pressure range 0.3 to
10 kPa in pure oxygen. Under these conditions, carbon oxidation is rate-
controlled by diffusion of the oxygen into the porous surface of the graphite.
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Extrapolation to slightly higher pressures in pure oxygen should be valid because
this induces no changes in the oxidation mechanism or the rate-controlling
parameter. The Gulbransen et al. correlation has been previously recommended
for use in predicting graphite oxidation rates in gas-cooled reactors during
operation (8), therefore it should represent a reasonable approximation for the
purposes of this study. The correlation is given by

_,,-6 032e(-1812/T)dine _ 3.55 x iv Po2 g/cm2-s' (7)dt

where dmc/dt is the carbon oxidation rate in g/cm2-s, po2 is the oxygen pressure
in kPa and T is the temperature in Kelvin.

Oxidation rate laws for carbon are somewhat dependent on the graphite
type. This is primarily due to the presence of impurities which act as catalysts.
The presence of impurities such as Ba, Na, Mn, and Pb have been shown to
significantly increase the oxidation rate of graphite (9,10). One of the most
effective catalysts is Mn, which increases the oxidation rate by a factor of
approximately 200 at 438 °C in concentrations less than 1 ppm (9). It would have
been desirable to use an oxidation rate law specifically for the PGX graphite used
for the FSVR fuel blocks, however, no experimental data were available for this
material. The oxidation rates of two types of nuclear graphite (CSF and TSX) used

in U.S. production reactors are similar to each other, but these data were only
available at temperatures below 700 °C in pure oxygen (11,12). In this regime, the
oxidation rate is limited by the kinetics of the chemical reactions themselves and
these data are therefore not applicable to CCI conditions. The rate law given by
Equation (7) was produced for spectroscopic grade graphite (AGKSP), with a total
impurity content of approximately 1 ppm. Typical PGX graphite has an impurity
concentration of approximately 16 ppm, so the predictions of Equation (7) will be
conservative if the additional impurities present in PGX graphite act as catalysts
during oxidation (13).

Kosiba and Dienes (14) noted an increase in oxidation rate by a factor of two
to five for previously neutron-irradiated graphite from a gas-cooled reactor.
Other studies of this phenomenon have suggested that the observed increases in
oxidation rate for irradiated graphite may be the result of contamination by
impurities carried in the reactor coolant gas which then act as catalysts during
combustion (11). No catalytic effects were considered in this analysis.

Increases in oxidation rates by a factor of six to ten have been reported in

the presence of a gamma flux near 500 °C (10,13). However, Bunnell et al. (12)
state that the magnitude of these increases are not consistent with known rates of
oxidation-enhancing radiolytic reactions. Further, radiolytic oxidation at 1000 °C
should be negligible compared to thermal oxidation. Therefore, the effects of a
gamma flux were not incorporated in this analysis.

Combustion Chamber Design. A schematic drawing of a single block combustion
chamber is shown in Figure 4. The approximate dimensions of the device are 0.5
m in diameter and 1.5 m high. The graphite block is situated on a coarse-mesh
support grate which allows oxygen to enter the coolant channels from below, and
allows the residual fuel particles to collect in the lower plenum. The 108 coolant
channels in the fuel blocks shown in Figure 3 are beneficial to CCI because they
serve to increase the available surface area for oxidation, and they enhance the



uniformity of oxygen flow throughout the block. A valve on the bottom of the

chamber is opened after each block is completely oxidized to allow the fuel

particles to collect in a shielded container. Residual waste from multiple blocks

may be temporarily stored in the container, with considerations such as heat

transfer and criticality ultimately determining its shape and size.

insulated lid _ block handling channel
,i,,, ii , •

pressure sensor _'_ combustion gas
heater leads outlet

graphite matrix
MoSi2 heaters _ core block

_i fuel channels

refractory
coolant channels

k

)

_, metal container

it

thermocouple
oxygen inlet

support grate

gravity feed residue collection plenum

t

_NNN residue release valve

Figure 4 - Schematic drawing of CCI combustion chamber.
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The graphite block is maintained at the desired temperature by the use of
MoSi2 heaters arranged around the periphery of the combustion chamber. These
heaters are capable of operating in a high temperature oxidizing environment
without significant degradation. Temperature control is facilitated by an array of
thermocouples located within the support grate. The walls and lid of the
combustion chamber are lined with refractory insulation to permit the use of
conventional metal alloys in the construction of the outer metal shell. The
combustion gas outlet is insulated as well to reduce heating demands on the
MCFC stack.

A pressure sensor determines the overall gas pressure in the combustion
chamber, and a pressure release valve (PRV) is incorporated to vent the
atmosphere to an overpressure container in the event of a pressure transient.
The oxygen partial pressure is monitored at the combustion gas outlet to ensure a
2:1 CO2-to-O2 ratio is maintained during operation. To achieve an overall
combustion chamber pressure of approximately 100 kPa, the oxygen partial
pressure must be maintained at 33 kPa to produce the proper CO2-to-O2 ratio in
the exit gas.

Closed chamber incineration will completely oxidize the graphite
moderator, the fuel channel matrix, and the outer PyC coating on the fuel
particles. The reduction in volume from the original total volume of the block to
the packed volume of the fuel particles is approximately 87 %. Combining the
surface area of each FSVR block (5.2 x 104 cm 2, including the coolant channels),
the mass of combustible graphite (6.4 x 104 cm3/block), and the density of PGX
graphite (1.78 g/cm 3) with Equation (7) yields an expression for the time required
for complete oxidation of each fuel block, given by

7 12--0.s2 eOS12fl')t= . Po2 days, (8)

where again Po2 is in kPa and T is in Kelvin. Equation (8) is plotted in Figure 5 at
1000 °C as a function of oxygen partial pressure up to 100 kPa for uncatalyzed
oxidation. Also included in Figure 5 are estimates for the expected increase in the
oxidation rate due to previous neutron-irradiation and impurity catalysis effects.
The oxidation time estimates given in Figure 5 are based on the initial
combustion rate. The oxidation rate will accelerate continuously during
combustion due to the associated increase in available surface area. The estimates

presented in Figure 5 should thus be viewed as upper limits on the amount of
time necessary to completely oxidize a FSVR graphite block.

At a temperature of 1000 °C and an oxygen partial pressure of 33 kPa,
Equation (8) yields an estimated oxidation time of 9.65 days for a single FSVR
block. Performance predictions based on this value are summarized in Table II.
To completely destroy all 2208 graphite blocks over a reasonable period of time
would require either multiple units such as the one shown in Figure 4, or a
single scaled-up version to accommodate multiple blocks. The entire inventory
of FSVR fuel blocks could be destroyed in approximately ten years by the
simultaneous oxidation of eight blocks, assuming an equipment availability
factor of 70%.
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Figure 5 - Time for complete oxidation of a single FSVR block.

Table II Combustion Chamber Performance Predictions

Graphite oxidation rate 11.8 kg/day

Time for complete block oxidation 9.65 days
02 consumption rate 31.5 kg/day

CO2 production rate 43.3 kg/day
Block volumereduction 87%

The SiC coating on the fuel particles will be converted to SiO2 by exposure
to the high temperatures and oxidizing atmosphere of the combustion chamber.
This adds to the attractiveness of closed chamber incineration because the
remaining fuel particles will be in a form potentially suitable for direct inclusion
in a vitrification process stream.

Molt.en Carbonate Fuel Cell Stack D.esig_n

The assumptions employed for calculation of the molten carbonate fuel
cell stack performance predictions were:

• 2:1 CO2-to-O2 oxidant ratio
• 100% oxidant utilization
• 75% CH4 fuel utilization
• 700 °C MCFC stack operating temperature
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• MCFC stack current density of 160 mA/cn_ 2
• All gases treated as ideal

Experimental data for the relationship between stack voltage and cell current
density (iA) are shown in Figure 6. Two sets of data are shown which represent
two different CO2-te-O2 ratios. Although the cell voltage is independent of this
value, oxidant utilization will be less than 100% if the CO2-to-O2 ratio is not

maintained at 2:1. A current density of approximately 50 mA/cm 2 represents the
minimum for which 75% fuel utilization may be maintained. Above 360
mA/cm 2, damage to the anode will occur, resulting in reduced cell life. A current
density of 160 mA/cm 2 provides an acceptable compromise between fuel
utilization and cell life. In addition, this value represents the nominal operating
condition for standard MCFCs of this type. Based on the data shown in Figure 6, a
stack voltage of 0.84 V corresponds to a current density of 160 mA/cm 2.

0.9.5 -

0.9

0.85 -

0.8

! ,_ 0.75
O

"_ 0.7-
u

0.65 CO2-

---O--- 1:1

0.6 _ 2:1

0.55 .... t , , , , t .... t .... I .... t .... i , , , , t .... I
0 50 100 150 200 250 300 350 400

Current Density

(mA/cm2)

Figure 6 - Molten carbonate fuel cell voltage as a function of current density at a
constant fuel utilization of 75%.

Typical 10 cm x 10 cm MCFCs have an active surface area (A,lt) of 94 cm 2,
yielding a cell current of 15 A. The mass flow rate of CH4 required to produce 15
A is

RTic"""_, (9)
Qc., = Fpc. '



where R is the gas constant, T is the MCFC operating temperature, icen is the cell
current, F is the Faraday constant, and pCH4 is the partial pressure of the fuel. For
simplicity, the fuel pressure was assumed to be 100 kPa. Evaluating Equation (9)
at a cell operating temperature of 700 °C yields a required CH4 flow rate of 13.5
mol/day per cell to sustain a current of 15 A. Recall from Reaction (2) that 1 mole
of CO2 is produced at the anode for each mole of H2 consumed. Therefore, the
required CO2 flow rate is twice that of CH4 because 1 mole of CH4 produces 2
moles of CO2. This establishes a requirement for a CO2 flow rate of 27.0 mol/day
per cell. This is equivalent to 1.8 mol CO2/A-day per cell, which is the specific
induced CO2 flOW rate (Qc02, sp). This value may be used to scale the MCFC stack
to a size appropriate for the volume of CO2 produced by combustion. From Table
II, the CO2 flow rate (Qc02) provided to the MCFC cathode is 984 mol/day. The
number of cells (n) needed to accommodate this flow rate at the given current
density is

n = Qc% . (10)

Inserting the appropriate values into Equation (10) indicates that roughly 36 cells
are required for this application. Given an individual cell thickness of 2 ram, the
resulting size of the MCFC stack is approximately 10 x 10 x 8 cm. This is extremely
compact considering the relatively high throughput provided by the system.

Performance predictions for the MCFC stack based on the incineration of a
single graphite block are presented in Table III. Because the results scale linearly
for combustion of multiple blocks, a MCFC stack large enough to process the CO2
produced by the simultaneous incineration of 8 blocks is only 10 x 10 x 60 cm.
Note also the minimal consumption of methane. Thus, not only is the size of
the system small, but the feedstock requirements are minor in relation to the
throughput provided. The production of electrical power is incidental to the
operation of the MCFC stack, and is not critical to the process. An alternative
operational scheme would be to apply the stack voltage externally and eliminate
the need for the CH4 fuel. A fuel cell operating in this manner is referred to as an
electrochemical membrane separation device.

Table III Molten Carbonate Fuel Cell Stack Performance Predictions

Number of fuel cells required 36
Approximate stack size 10x 10x8 cm

Stack voltage 0.84 V
Stackcurrent density 160mA/cm2
Stackpower output 454 W
Oxidant utilization 100%

Fuel utilization 75%

CH4 consumptionrate 7.78kg/day

System Design

Control System. Effective process control is required to maintain the proper ratio
of CO2 and 02 in the combustion chamber exit gas. Additional controls are
required to maintain the desired temperatures in the combustion chamber and
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the MCFC stack. Because the oxidant and fuel flow rates, combustion

temperature and pressure, 02 partial pressure in the exit gas, exit gas flow rate,
and MCFC stack voltage are all interdependent, feedback mechanisms are
required which will maintain nominal system operation. Figure 7 is a system
schematic which shows the relevant links between the various components. The
shaded circles represent those quantities which are measured, while the open
circles represent those that are controlled.

The pressure release valve (PRV) is a passive system that prevents the
possibility of combustion chamber overpressure with the associated risk of
contaminated gas release. In the event of a pressure transient, the PRV allows
the combustion chamber atmosphere to be vented to a relatively large reservoir
maintained near room temperature. After the PRV is opened, the combustion
chamber heaters are disconnected and the oxygen flow is stopped. Upon
restarting the system, the contents of the overpressure reservoir are recycled
through the combustion chamber. In this manner, any contamination resulting
from combustion chamber overpressure is contained within the CCI system.

Control of the combustion chamber during normal operation is facilitated
by adjustment of the temperature (Tcc) and oxygen flow rate (Q02). As a result,
changes in the combustion chamber pressure (P), exit gas oxygen partial pressure
(P02), exit gas flow rate (Qc), and MCFC stack voltage (V) require changes in Tcc
and Q02 to alter the graphite oxidation rate. An increase in the combustion
chamber pressure indicates that the oxidation rate is too high, requiring a
decrease in the temperature and oxygen flow rate. An increase in the oxygen
partial pressure in the exit gas indicates that the oxidation rate is too low, and the
temperature and oxygen flow rate must be increased to compensate. The CO2
flow rate to the MCFC stack may be computed based on the measured values for
Q02, P02, and P. An increase in the CO2 flow rate indicates that the oxidation rate
is too high, requiring a decrease in the combustion chamber temperature and
oxygen flow rate. An increase in MCFC stack voltage may result from a decrease
in the oxidation rate or a decrease in the fuel flow rate, requiring increases in Tcc,
Q02, and the fuel flow rate (QcH4). By appropriately adjusting the interdependent
feedback mechanisms between each of the parameters, operation should be
possible under natural convection conditions, thus eliminating the need for
compressors to drive the gas flow and simplifying system design and
construction.

Assembly design. Figure 8 is a conceptual arrangement of a prototypic CCI
system. ;Fhe components are drawn approximately to scale to allow comparison
of their relative sizes. The MCFC stack is located adjacent to the combustion
chamber to reduce heat losses in the exit gas. The MCFC stack outlet gas is piped
to the interface box where it is directed to the effluent stack and dispersed into the
atmosphere. No filtering of the effluent is necessary because no particulate
matter can be transported through the molten carbonate fuel cell stack. It is
possible that the effluent gas may contain trace amounts of anionic radioactive
species (such as 36C1-, which is created during irradiation from impurities in the
graphite), but the only constituents present in significant quantities should be
carbon dioxide, water vapor, and methane.

The cylindrical combustion chamber is located in the center of the
assembly, with the overpressure reservoir wrapped around its perimeter to
provide the maximum possible volume for gas expansion and pressure
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reduction, while minimizing overall system size. The shielded waste container
is located below the combustion chamber. The CCI system will be required to be
located in a hot cell facility, necessitating that each moving component be easily
handled with remote manipulators. The combustion cell lid has a large handle
and a simple latch mechanism to provide a pressure seal. The waste container
will require periodic replacement, and will require a simple method for
disengaging from the combustion chamber and removal from the assembly. To
eliminate the inconvenience and hazard of exposed wires or pipes, they are
contained within the support structure of the assembly, and all connections are
made at the interface box located near the bottom of the assembly. The size of the
system is small considering its large throughput, with overall approximate
dimensions of 2 m in height and 1 m in diameter.

molten carbonate
fuel cell stack combustion chamber

overpressure
reservoir

E

× support structureo
,., _iping and wiring contained within)

< shielded waste
container

piping/wiring
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Figure 8 - Conceptual arrangement of CCI system.

Radiological Impact

Because all the carbon oxidized during combustion of the FSVR graphite
blocks is transported through the molten carbonate fuel cells, there is some
concern about the introduction of radioactive 14C to the environment. Other

radioactive anions released from fractured fuel particles or due to impurities in
the graphite may be transported through the system as well. However, the
primary isotope of concern with respect to transport through the MCFC stack is
14C.

Prior to atmospheric nuclear weapons testing, the natural equilibrium
global inventory of 14C was approximately 2.2 x 108 Ci (15). Carbon-14 is produced



in the stratosphere by the interaction of atmospheric nitrogen with neutrons
released by cosmic radiation collisions (14N[n,p]14C). The 14C is transported from
the atmosphere to the biosphere with a characteristic residence half-life on the
order of a few years. Most of the atmospheric 14C is absorbed into the oceans as
14CO2. The natural equilibrium inventory in the atmosphere is thus a balance
between production by cosmic radiation and deposition in the biosphere. The
natural atmospheric inventory is approximately 4.3 x 106 Ci, which represents less
than 2 percent of the global inventory (15).

Atmospheric tests of nuclear weapons from 1950 to 1958 contributed
approximately 2.6 x 106 Ci of 14C to the atmospheric inventory, and the tests
during 1961-62 added another 3.6 x 106 Ci (15). The perturbation in atmospheric
inventory due to closed chamber incineration of the graphite from the FSVR and
the Hanford production reactors (except N reactor) during a single year was
projected. The calculation was based on 14C inventory estimates computed for
each reactor derived from flux levels and length of service (16). By the end of the
year, the global atmospheric inventory would have been increased by 3.0 x 103 Ci,
or approximately 0.7 percent of the current total. Note that the assumed source
term for this process is much larger than actually expected because it is extremely
unlikely that all the graphite would be incinerated in one year. Most likely, the
incineration would be performed over a period of 10 to 20 years, resulting in an
annual atmospheric 14C inventory increase of less than 0.1 percent. An analysis
of this type does not address localized effects; however, local doses may be
minimized by proper effluent stack design.

Summary and Conclusions
w

A technique called closed chamber incineration has been proposed for the
destruction of nuclear graphite. Destruction of this material by conventional
incineration is unacceptable due to the difficulty of effectively filtering the
product gases and prevent the release of radioactive and toxic cationic species
such as cesium, strontium, uranium, and plutonium to the environment.
Geologic disposal of the graphite is financially unacceptable due to the magnitude
of the existing volume of irradiated graphite. Closed chamber incineration
coupled with molten carbonate fuel cells provides efficient combustion kinetics
and ensures intrinsic cation transport suppression.

An example CCI design was produced which had as its goal the destruction
of the graphite fuel blocks from the Fort St. Vrain reactor. The FSVR fuel blocks
represent both a proliferation threat and an extremely expensive disposal
problem. As a result, the FSVR fuel blocks represent an effective and needed
application for closed chamber incineration. By employing CCI, the volume of
high level waste from the FSVR can be reduced by approximately 87 percent.
Additionally, the SiC coating on the FSVR fuel particles will be converted to SiO2,
which is potentially suitable for direct incorporation in a vitrification process
stream. Using commercially-available components, a system could be developed
which could completely incinerate the FSVR fuel blocks within ten years. The
radiological impact to the environment due to 14C release would be negligible,
and the system would be compact enough to be located within existing hot cells.
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