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HTGR FUEL REPROCESSING: A WHOLE-BLOCK BURNER WITH RECYCLE
OF COOLED GAS FOR TEMPERATURE CONTROL

Paul A. Haas

ABSTRACT

Burning of whole fuel blocks (hexagonal prisms about 1k
in. across the flats and 31 in. long) is being investigated
as one head-end treatment for reprocessing the General Atomic
Company type of HIGR fuel. Experimental results with a one-
sixth-block burner have shown practical burning rates and good
utilization of O,. This report describes and presents anal-
yses for a whole-block burner with recycle of cooled gas to
provide temperature control and heat removal. A simplified
model was selected and computer programs were written to cal-
culate gas compositions and temperatures throughout the
burner. Complete utilization of O, or low concentrations of
02 in the exit gas depend on graphite temperatures that are
sufficiently high to produce CO, which reacts with Op in the
bulk gas. It does not appear practical to operate under con-
ditions that promote both high utilization of O2 and low CO
concentration in the exit gas. Instead, the burner conditions
should be chosen to clearly favor moderate concentrations of
either O, or CO in the exit gas. Moderate concentrations of
O, in the exit gas would allow lower graphite temperatures
and would probably give the desired burning rates for three
axially aligned blocks. Moderate concentrations of CO in the
exit gas would ensure high burner capacities but would result
in higher temperatures and more complex burner control
behavior. An experimental burner is recommended to verify
the calculated results. The general conclusions apply to
both fluidized- and fixed-bed burners.

1. INTRODUCTION

High Temperature Gas-Cooled Reactor (HTGR) fuel elements commonly con-
tain uranium and thorium carbide and oxide compounds in the form of small
fissile and fertile spheres coated with pyrolytic carbon, and are fabri-
cated with high C/Th atom ratios (v250). One type of HTGR fuel elements
is a hexagonal graphite prism approximately 14 in. across the flats and
31 in. long (see Fig. 1). An essential head-end step in HTGR fuel reproc-

essing involves burning the element to convert the graphite and carbon to
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COZ’ leaving the thorium and uranium as particles or powder, which can
subsequently be treated as required. The principal method of purifica-
tion during reprocessing is based on conventional solvent extraction of

Th(NO3)u and UOQ(NO solutions.

3)2
One reprocessing requirement unique to HTGR fuel is separation of

the 233U from the 236U. The 233
232Th. The 236

U is bred by capture of excess neutrons in
U is produced by nonfission capture of neutrons in 235U and
should be retired from the fuel cycle. This separation depends on the

integrity of a silicon carbide coating on "makeup" particles containing
235
U.

If the SiC coating remains intact, the makeup particles containing

236U)

and can be chemically or mechanically separated from the fer-

tile particles, which contain thorium and 233U.

The temperatures to which
*
the TRISO -coated particles are subjected must be limited to avoid failures

as a result of the high pressures generated by fission product gases.

This report is concerned with the use of a whole-block burner (WBB)
as one head-end treatment for HTGR fuels. In this approach, intact fuel
blocks (Fig. 1) are loaded into a high-temperature reactor and burned with

2
approach for the reference fluidized-bed burners (FBB) under development

0, (the 02 may be diluted by other gases). The WBB is also a backup

by the General Atomic Company for the HTGR reprocessing pilot plant. Major
operational problems must be solved for both the FBB and the WBB; there-
fore, final selection of the most effective system must await the results

of development programs.

The purpose of this report is to present a WBB concept which either
resolves or circumvents the most troublesome reaction rate and heat trans-
fer difficulties involved. The burner requirements are discussed first.
Next, the proposed concept is described. Finally, the behavior of the
proposed system is examined using computer calculations with a simplified
model to predict some results. The mechanical problems of feeding blocks
or removing particles or particulates are quite similar for (and somewhat
independent of) different WBB burner concepts and are thus not considered

here.

*
TRISO-coated particles have a silicon carbide layer between pyrolytic
carbon coatings while BISO coatings are pyrolytic carbon only.



1.1 Experimental Results at ORNL

The reaction kinetics and mechanisms of heat transfer were considered
and reported for the burning of early graphite-uranium fuels.l Numerical /7
solutions for a mathematical model showed reasonable agreement with experi-
mental results, and potential operation problems were revealed. The
descriptions and discussions in this report are based on some conclusions
from experimental studies made with a Unit Operations one~-sixth-block
burner.2 One is that O2 can be reacted with an HTGR fuel block at practical
rates for some temperatures in the range 800 to 1600°C. A second is that
the O2 concentration of the exit gas will be low over at least part of
this range if the gas flow is channeled through the coolant holes of
axially aligned blocks. A third is that the reaction of the fuel blocks
for specified burner conditions is reproducible without fluctuations,
passivation of the graphite surface, or other unpredictable variations.
Together, these results indicate that we can obtain a practical, repro-

ducible graphite burning rate and a low O, concentration in the exit gas

2

for some 02—C02 mixture at temperatures below 1600°C, but they do not
allow us to predict what temperature is required or what the exit CO con-

tent will be.

The above experiments were carried out using one-sixth blocks pre-
pared by making three axial cuts across corners of the hexagonal HTGR
fuel blocks.2 The principal mechanism of heat removal was radiation from
the graphite to the air-cooled metal burner walls. The one-sixth block
is not symmetrical, and calculations for either correlation of experimental
data or theoretical approaches are difficult. The range of allowgble gas
flow rates was limited by the capacity of the off-gas system. Burning
could not be maintained at low O2 concentrations due to excessive heat
losses for cooling both by radiation to the walls and by the heat capacity
of the diluent gas. The true temperatures of the burning graphite are not

certain, as all indicated temperatures would tend to be low.



2. BURNER REQUIREMENTS FOR HTGR FUEL REPROCESSING

A WBB is a chemical reactor for reacting O2 with a large excess of
carbon {graphite) to discharge heat and COz-CO. Its design capacity deter-
mines the O2 feed rate. The reactions of O2 with carbon are exothermic and
are thermodynamically favorable up to very high (>2000°C) and unacceptable
temperatures; however, the rates of reaction are very low at temperatures
below 700°C as graphite has an autoignition temperature of about T25°C
in air. Thermodynamically, the equilibrium temperatures would be limited
by the endothermic reaction of 002 with carbon to produce CO. On the other
hand, this reaction is so much slower than the reactions of O2 with either
carbon or CO that we cannot depend on the formation of CO to limit the
temperatures. The burner temperatures must be controlled by making provi-
sions to ensure that the heat removed equals that produced by burning.
These requirements will be developed in more detail in the sections that

follow. A more complete review of burner requirements, including aspects

of remote operation, is presented elsewhere.3

2.1 Burner Capacity

The WBB should have the capacity for burning at least 1 kg of carbon
per minute so that only a reasonable number of multiple units would be
required for a full-scale plant. This capacity is equivalent to 83 g-moles
of carbon per minute or 7.8 x 106 cal/min for reaction with O2 to give COQ.
For the usual ceramic conductivities and thicknesses, the heat conducted
through a ceramic burner liner would constitute a small fraction of heat

released at the proposed burning rate. Thus, a ceramic-lined burner will

be approximately adiabatic (see Sect. k.2).

For C/Th ratios of 250 atoms/atom or 13 g/g, a carbon burning rate of
1 kg/min is equivalent to about 0.1 metric ton of thorium per day, which
is the reprocessing rate that would be required for four 1100-MW(e) HIGR
reactors. Fifteen burners would be required for a 1l.5-metric ton/day

reprocessing plant or for 55,000 MW(e).

The two most likely configurations have 72 and 108 coolant holes per

block. Thus, the required O, feed rate is about 1 g~mole per minute per

2
coolant hole.



2.2 Burner Temperature Limitations

The high burning rates needed require graphite temperatures above
those permissible for practical metals; however, the temperatures must
not exceed those allowable for TRISO coatings on the fuel particles. The
extreme limits are about 800°C minimum to give useful reaction rates of
graphite with O2 and 1600°C maximum to avoid breakage of TRISO coatings.
The practical range of operating temperatures for a WBB is more restricted.
The reaction of graphite with O2 produces so much heat and the rate is so
dependent on temperature at 800°C that it is extremely difficult to devise
a control scheme which will match the heat removal with the heat of reac-
tion throughout a whole block at about 800°C. Use of a low 02 concentra-
tion in conjunction with a large flow of diluent gas for heat removal
lowers the rate of reaction and requires graphite temperatures higher than
800°C to give practical rates. Controlled graphite temperatures above
1500°C are probably not satisfactory design values for several reasons:

(1) They allow little margin for avoiding failures of TRISO
coatings.

(2) They are far above the allowable temperatures for metals
of construction, and design or operating miscalculations
could result in rapid failures.

(3) Any predicted temperatures above 1500°C would be uncer-
tain since the kinetics of the endothermic reaction of
graphite with CO, are poorly known.

(4) The limit of the temperature of TRISO coatings limits
the allowable temperature gradients; that is, burning
procedures which allow high localized temperatures are
not acceptable even though they do not permit the
burner walls to become overheated.

2.3 Specific Problems or Questions

The evaluation of burner concepts demands that certain assumptions
be made concerning the relative importance of conflicting requirements.
The limitations of various concepts or the differences between concepts
can be recognized by considering some specific problems. Any proposed
burner concept (whole block or any other type) must provide answers to

the following problems or questions:



(1) Burner temperatures must be controlled within an accept-
able range--high enough to give practical rates of
reaction but low enough to avoid damage to materials of
construction or the TRISO coatings on fuel particles.

(2) The composition and temperature of the exit gas must be
tolerable.

(3) The heat removal mechanism must be well understood and
controlled to allow scale-up and operation with confi-
dence.

(4) Accessory procedures such as burner startup, burner
feed, and burnout of residual carbon must be dependable
and should not require an excessive complexity or amount
of equipment.

(5) The burner control procedure must be practical and
dependable for remote operation.

3. EQUILIBRIUM AND RATES FOR BURNER REACTIONS

The overall reaction of carbon with O2 to give 002 and heat results
from a complicated and difficult-to-correlate set of reactions. Reactions
of a solid with a gas to give a single product are often complex. There

are three significant solid-gas reactions (AH values are for 18°C):

C +0,(g) ~ Co,(g) AH = -94.03 kecal, (1)
C + CO2(g) + 200(g) AH = L40.79 kcal, (2)
20 + Og(g) + 2C0(g) AH = -53.2L4 kcal. (3)

A fourth reaction of importance occurs between gases:

2C0(g) + Og(g) -+ 2002(g) AH = -134.82 keal. (L)

Each product can result from a combination of reactions--CO from either

(3) or from (1) + (2), and CO2 from (1) or from (2) + (L).



The normal burner operating conditions (gas concentrations and tem-
peratures) are far from thermodynamic equilibrium for the three reactions
of gases with graphite. As written, reactions (1) and (3) are highly !
favored for all temperatures up to the maximum allowable in a HTGR fuel
burner. Reaction (2) becomes more favorable as the temperature increases
and is highly favorable at all temperatures (>800°C) which give practical
rates of burning. Reaction (4) is also highly favorable at all practical
burner temperatures. Therefore, the burner reactions are determined by |
rate effects instead of by the thermodynamic equilibria. The autoignitionj

temperature of CO in air is 640°C. Thus, any gas mixture containing both//

CO and O, at temperatures above 800°C should react very rapidly until J/

essentially all of one of the reactants is consumed.

The graphite has interconnected, open porosity so that reaction may
occur over a finite depth. Hence pore diffusion of the reactants and
products can be significant effects. The rate of reaction of O2 with

5

graphite is much faster (by a factor of 10° at 800°C, 0.1 atm)h than the

rate of reaction of COE' t 1s generally accepted that the O2 reacts to
produce both CO and COZ’ with the CO/CO2 ratio increasing as the tempera-
ture increases. Data on the experimentally observed CO/CO2 ratios are /
variable and of uncertain significance as a result of oxidation of CO by
02. The reaction of CO with O2 is surface catalyzed. When O2 is present
at high gas temperatures, the CO produced by reaction (3) rapidly reacts

with O2 so that the net effect is an increased rate of 002 formation.

The rate of reaction of O2 or 002 with graphite vs graphite tempera-
ture shows three controlling effects, with transition regions between them
(Fig. 2). At low temperatures (Zone III)where the chemical reactivity is
low, the composition of the gas in the graphite pores is approximately that
of the bulk gas. The rate of chemical reaction at active sites on the
solid surface (including interior surface) is controlling. The catalytic
effects of impurities in the graphite are important. For an intermediate
temperature (Zone II), the gas composition in the pores decreases from

that of the bulk gas at the exterior surface to a low value in the interior

of the sample; the diffusion of gas in the pores is controlling. At a high
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temperature (Zone I), the concentration of the reacting gas is low at
the exterior surface; in this case, the mass transport in the surface film

is the rate-controlling step.

The three zones occur at different temperatures for O2 and CO2. The
data for COg—graphite are more consistent and easier to correlate than
those for Og-graphite. For COg—graphite, Zone III conditions with an acti-
vation energy, E, of about 93 kcal/mole prevail up to about 1200°K. Zone
II conditions with an activation energy of about 48 kcal become controlling
at about 1500°K. The temperatures where Zone I conditions are controlling
are higher than those that are practical for HTGR fuel burning. The

reaction of graphite rods with high flow rates of CO, at 900 to 1300°C has

5Tt

clearly shown the effects of pore diffusion. Bulk density profiles in /-
the 0.50-in.-diam rods show uniform reaction through the rod at 904°C, and
reaction over about 0.P-cm thicknesses at 1300°C. The rate equation

selected from these and other data is:

—2&,000 .
R=0.30x1°e T , (5)
where
= quantity of C or CO2 reacted, g—moles/cmg—hr,
T = temperature, °K.

For a WBB, this rate of reaction is not significant below 1150°C and does
not give the rates of carbon burning required for temperatures less than
1250°C., The effects of mass transfer through a boundary layer must also
be considered at elevated temperatures where this equation would give high

rates of reaction.

There are no satisfactory equations for describing the chemical s
kinetics of the Og—graphite reaction.LL The chemical reaction is approxi- o
mately first order with an activation energy of about 38 kcal/mole. Zone
TIT conditions (below 800°K) give low carbon burning rates that are of no
practical importance for an HTGR fuel burner., Zone I conditions with b
mass transport in the surface film as the controlling effect probably

prevail in the WBB for graphite temperatures asbove 1200°K. When mass
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transport is controlling, the rate of reaction shows little dependence
on the graphite properties or temperature. For Zone II conditions and
the two adjacent transition regions (800 to 1200°K), the interactions of
chemical reactivity, graphite porosity, mass transfer, and heat transfer

are so complex that each system must be evaluated separately.

The heat transfer effects are quite different for the two gaseous
reactants, O2 and CO2. The reaction of CO2 with carbon is endothermic
so that the graphite is cooled by the reaction, and is self-limiting since
the rate of reaction decreases as the graphite is cooled. The reactions
with O2 are exothermic so that the graphite is heated. The rates of these
reactions increase with temperature, and excessive temperatures will occur
if the rate of heat transfer is not controlled so as to equal the rate of

heat genersation.
4, PROPOSED WHOLE-BLOCK BURNER FLOWSHEETS

Figure 3 is the recommended flowsheet for an adiabatic WBB; only the
essential features are shown. The burning rate is set by selecting an O2
feed rate. The burner temperatures are limited to a practical range by
controlling the recycle gas flow rate and hence the recycle gas/02 flow
ratio. The O2 first reacts with any CO in the recycle gas; then any

remaining O, reacts with graphite in the burner. The gas leaving the

burner 1is cioled to a temperature compatible with operation of a recycle
blower. A key point is that the CO or O2 content of this recycle gas
partly cancels out with respect to the burner heat balance. Calculations
to be presented later will show that the exact temperature and composi-
tion of the exit gas are not necessary for designing the burner. Also,
the heat conducted through a ceramic burner liner will be a small fraction
of the heat produced in the burner system; therefore, the burner will be
an adiabatic flow reactor. In the remaining calculations and discussions,

"adiabatic" will be used to mean removal of heat by the gas without trans-

fer of heat through the burner walls.

A flowsheet showing additional details to solve accessory operating

problems is shown in Fig. 4. In general, the details shown are one of
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several alternatives and are not necessary to primary concepts shown in

Fig- 3-

4.1 Anticipated Control Behavior

The purpose of the burner control system is to obtain steady-state
burning with approximately adiabatic operation. The O2 feed rate is
determined by the intended burning rate. The recycle gas rate is regu-
lated in order to control a "representative" graphite temperature. In
practice, the graphite temperature varies with position; consequently,
it may be more convenient to measure some other temperature. In the dis-
cussion in this section the term "temperature'" refers to the burner
temperature that is representative of the reactivity of the graphite.

The recycle ratio is the ratio (in moles/mole) of cooled exit gas recycled
to the 0, feed. With these definitions, the control behavior of an

2
adiabatic burner can be discussed in qualitative terms.

There is a minimum temperature (and a corresponding maximum in the
recycle ratio) for which steady-state burning is possible. Below this
temperature, the graphite at the inlet loses heat faster than heat is
produced by burning, the temperature continues to decrease, and the burner
"goes out." At this minimum temperature, the exit gas will contain O

2

since the average O, concentration must be high enough to provide the

2
required driving force for the rate-controlling mechanism. At any higher
recycle ratios, the only steady state is that obtained under conditions
where burning is negligible and the graphite temperature is equal to the

inlet gas temperature.

For graphite temperatures above the minimum for sustained burning,
steady-state burning is possible. The steady-state recycle gas/O2 flow
ratio and the O2 concentration in the exit gas decrease as the graphite
temperature increases. Since there is less gas to remove the heat in this
case, the exit gas temperature increases as the recycle gas/O2 flow ratio
decreases. It is possible to achieve the required rate of burning with
lower exit O, concentrations because of higher inlet O

2
(less recycle gas) and higher gas temperatures.

5 concentrations
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If the graphite temperatures are too low for an appreciable rate of

reaction of CO2 with graphite, utilization of O2

transfer of O2 to the graphite surface depends on an O2 concentration

must be incomplete. The

gradient and becomes slow as the bulk O2 concentration becomes small.

Therefore, 0, concentrations in the exit gas can approach zero only when

2
graphite temperatures are sufficiently high to produce CO, which reacts
with O2 in the bulk gas. As the recycle gas/O2 ratio is reduced, the

graphite temperatures increase until the reaction of CO, with graphite

2
produces enough CO to react with all the 02. In this region, control of
the burner is somewhat uncertain since the same recycle gas/O2 feed ratio

with only slightly different graphite temperatures can give O2 or CO in
the exit gas. 1In fact, minor variations between coolant channels in the

same graphite blocks could give O, in the exit gas from one channel and

2
10% CO in the exit gas from another.

The CO burner temperature is low when the exit gas contains 0, (but

2
no CO). As the recycle gas/O2 feed ratio is reduced further, the CO con-
centration in the exit gas and the CO burner temperatures increase rapidly.
As long as the recycle CO/O2 feed ratio is less than 2, some O2 enters the
WBB and the maximum system temperature is in the WBB. After the recycle
CO/O2 feed ratio exceeds 2, the CO burner temperature is the highest sys-
tem temperature. The gas entering the WBB is C02—CO, and burning of the
graphite proceeds by the endothermic reaction of CO2 with carbon. When

the exit gas contains CO, the WBB exit temperatures will show little
variation with the recycle gas/O2 feed ratio. A cold gas (low CO concen-
tration in the exit gas) heats up to about the same temperature to which

a hot gas (high CO concentration in the exit gas) is cooled by the endo-

thermic reaction of CO2 with carbon.

The recommended control procedure is to fix the O2 flow rate and vary
the recycle gas flow rate (and, therefore, the recycle gas/O2 flow ratio)
to control the CO burner temperature when that temperature is high, or
the WBB gas exit temperatures when the CO burner temperature is low. Other
variables are less desirable. The composition of the recycle gas, which

is a secondary variable, is more difficult to measure than temperature.
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The temperature to which the recycle gas is cooled could be the control
variable, although it appears less suitable than the recycle gas flow
rate. The temperature of greatest concern is the maximum temperature
of the burning graphite, but measuring this temperature would be diffi-

cult and would give unreliable results.

Either the CO burner temperature or the exit gas temperature will
follow the maximum graphite temperature. When little CO is formed, the
CO burner is cold and the maximum gas temperature of an adiabatic burner
at steady state is approximately the same as the maximum graphite
temperature. In other words, the gas is not cooled by the endothermic
reaction of 002 with graphite and there is no CO to burn in the CO burner.
When the temperatures are sufficiently high to cause formation of a
significant amount of CO, the CO burner is hot. When the recycle gas
contains more than two moles of CO per mole of 02, all the O2 combines
with CO and the CO burner temperature is the maximum temperature in the
system. The optimum range for each temperature will have to be identified

by experimental tests or by careful calculations.

The recycle gas flow rate could be increased to decrease the control
temperature, or decreased to increase the control temperature. The effect
would be to provide more cooling gas either to cool the CO burner or to
cool the WBB, depending on the temperature control point in use. However,
the control actions would have to be slow to match the slow system reaction
times. Gas composition and the high- and low-temperature measurements

would be needed to allow shutdown for safety reasons, if necessary.

4.2 Scale-up for Heat Removal

The proposed WBB flowsheets assume that an adiabatic burner is used.
A1l the heat is carried by the gas and is transferred to a coolant fluid
in an external heat exchanger. This makes scale-up for heat removal
extremely simple. The gas recycle system is designed for the required
recycle gas/02 ratio (5 to 8) and the O, rate necessary to achieve the
design burning rate. While the geometry of the burner (number of blocks,

etc.) affects the exit gas temperature and composition, it is not important
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to the design of the external heat transfer system. The design of the
burner can allow for the exit temperature of the gas, as all heat is waste
heat at this point and effective means of cooling such as the use of

liquid water can be used to protect the metal walls from overheating.

The assumption of an adiabatic burner is required by the large
amounts of heat involved and the relatively low thermal conductivities
of ceramics. The burning of 1 kg of carbon per minute to form CO2

6

releases 470 x 10 <cal/hr. The surface area, A, of the burner is about
30,000 cmg. For a 10-cm thickness (Ax) of ceramic, k = 10(cal/hr.cm:°C),

and AT = 1000°C, the heat transferred by conduction, q, is:

_ kA AT _ (10)(30,000)(1,000)
4 Ax 10 ’

g = 30 x lO6 cal/hr.

This calculation shows that about 6% of the heat is transferred for
a AT of 1000°C and a relatively high thermal conductivity for a ceramic.
For a practical burner design, heat losses can be lower and an adiabatic
burner can be approximated very easily, whereas temperature control by

removal of heat through a ceramic liner is not practical.

The objectives of this report do not include a review of the problems
of other burner concepts. However, crude calculations for transfer of
heat show that excessive graphite temperatures are almost certain if the
heat is to be transferred by conduction or by radiation from the block
surface., If the burning occurs over a L-in. length of block, the AT to
conduct heat to the surface is excessive. If the reaction occurs on the
end surface of the block with heat transfer by radiation from the end,
the calculated temperatures are well over 2000°C. Therefore, it appears
to be impossible to burn an entire fuel block.with pure O2 at a carbon
burning rate of 1 kg/min without exceeding the allowable graphite tempera-

tures., Both conduction through the graphite and radiation from the
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graphite surface are inadequate to provide the necessary heat transfer.
The only possibility would be that the rate of reaction of CO2 with carbon
would be sufficiently high to remove the heat of reaction; however, this
appears unlikely at tolerable temperatures. For experimental studies, the
true temperatures of burning graphite are very difficult to measure and

are generally unknown.

4.3 Other Flowsheet Advantages

Even after the temperatures, heat removal, and burning rates for
steady-state operation of the primary burner have been specified, some of
the accessory and non-steady-state operations still present troublesome
problems. These have been the greatest sources of difficulties and
failures for the experimental studies of both WBBs and FBBs. The WBB

concept recommended here has some important advantages in these aress.

The recycle concept using an insulating ceramic liner and a CO burner
allows several convenient procedures for heating the cold burner to the

operating temperature. For example, the recycled CO,. might be diverted

through a heater to carry heat into the burner, CO fiom an external supply
might be burned in the CO burner, or the carbon burnout bed might be
charged with coke and used to add heat to the system. The relatively low
rate at which heat is transferred through the burner walls allows a slower
and better-controlled heatup than is practical for burners designed for a
high rate of heat transfer through the walls. After the leading surface
of the graphite is above the ignition temperature, the 02 feed and recycle

gas flows can be increased in a programmed manner to provide a smooth

approach to steady-state temperatures.

The use of secondary (and perhaps tertiary) burners to complete the
burning of carbon in solids discharged from the primary burner often
results in as many problems as are encountered with the primary burner.

A carbon burnout bed could be integrated with the burner concept recom-
mended here to resolve some of these problems. With this burnout bed,
particle collection, storage, and feeding between burners would be elimi-

nated. Also, poor utilization of O2 would not be as troublesome since
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any remaining O2 would be utilized in the main burner. In addition, the
carbon burnout bed temperature could be controlled by using a recycle
gas/O2 ratio similar to that for the WBB. If most of the carbon is
burned in the main burner, the carbon burnout bed may not make up its

heat losses and thus may require preheating of the O2 or external heating.

The high temperatures (estimated to be above 900°C) of the gases
leaving the fuel blocks result in burner design problems. A favorable
factor is that all the heat is waste heat at this point and overcooling
can be used to protect the burner walls and the charging mechanism. It
may be convenient to use one or two fuel blocks between the charging
mechanism and the gas exit as a thermal baffle; however, in this case,

a procedure for separating the blocks at the gas exit would be required.

Since any HTGR fuel burners will use O_ and may produce CO, the design

of any burner must prevent damaging CO—O2 ixplosions. According to the
concept recommended in this report, the O2 concentration in the burner
exit gas would always be low and the O2 content would be monitored to pro-
vide safety shutdowns. The CO burner would be equipped with a pilot flame
or an ignition device. Safety shutoffs from the ignition device and from
low or high WBB temperatures would terminate the flow of O2 (similar to
the fuel gas shutoff for usual gas burners). The normal WBB temperatures
will be far above the autocignition temperature of CO. The CO burner will
have a small volume and a relatively open passageway to the WBB, thereby

minimizing the effects of any backfires.

One of the simplest burner startup procedures would be to furnish CO
(CO/O2 ratio of v2) from an external supply using a selected O2 feed rate.
The control system would provide a gas recycle to limit the CO burner
temperature. When the WBB exit temperature reached an acceptable value
(perhaps 800°C), the CO rate would be gradually reduced and thus allow

the burning of graphite to proceed.

The preferred exit gas would be composed of CO, with low CO and/or 02

2
contents. Appreciable O2 concentrations would not be tolerable because
they would upset the control procedure; that is, increasing the recycle

gas flow might not cool the burners. High CO contents would be indicative
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of high temperatures in the burners and would also require oxidation to
002 ig an exit gas being routed to a decontamination process such as
KALC. The maximum acceptable gas recycle rate for a selected O2 feed
rate (and, in turn, the minimum practical burner temperatures) would be
that which resulted in the allowable 02 concentration in the recycle gas.

(A higher rate would result in excessive O. in the exit gas.) It should

be possible to determine experimental limiis for acceptable operation

Vs O2 feed rate or carbon burning rate as a parameter. As the O2 feed
rate or carbon burning rate increased, the minimum practical graphite
temperatures would also increase. The maximum carbon burning rate would
be that point at which the graphite temperatures reached the allowable
maximum and the gas recycle rate could not be increased further either
because of O2 in the exit gas or because of unacceptable pressure drops
or other effects of high flow rates. Experimental results obtained with
the Unit Operations one-sixth-block burner lead us to believe that this
maximum rate would be far in excess of 1 kg/min. Experimental tests
could be made to determine either the lowest acceptable burner tempera-
tures with the 0, or CO contents at the design rate, or the highest

2
burning rate for a design temperature and CO content.

5. CALCULATIONS FOR AN ADIABATIC WHOLE-BLOCK BURNER

A simplified model was selected and computer programs were written
to calculate gas compositions and temperatures throughout the WBB. The
purpose of these calculations was to identify the most useful ranges of
temperatures and recycle gas compositions. They also provided an indica-~
tion of the allowable range of reaction rates and a limited verification

of the proposed burner control concepts.

For steady-state, adiabatic operation of a WBB, the radial heat
transfer between cooclant holes is zero; therefore, calculations can be
made for a single hole with no radial heat transfer in the graphite.
Since axial temperature gradients will be uniform and moderate, the
effects of axial heat transfer in the graphite will also be neglected.

This makes it possible for calculations to be performed for incremental



21

elements from the burner inlet to the exit by using a computer program.
The simplified model involves several limitations from the following

assumptions:

(1) The reaction of O, with graphite is controlled by mass
transport of 0, through a surface film; this is valid
only for high (>1200°K) graphite temperatures. [The
calculated burning rates are too high for graphite
temperatures below 1200°K (or 925°C).]

(2) The reaction of COp with graphite is controlled either
by pore diffusion with an activation energy of 48 kcal
or by mass transport of CO and CO, in a surface film.
This assumption gives high reaction rates for an inter-
mediate temperature where both effects contribute.

(3) Tne film thickness for mass transfer is calculated from
a correlation for equivalent film thickness for heat
transfer. Any errors are somewhat self-correcting with
respect to temperatures since the same film thickness
is used for mass transfer and heat transfer.

(4) The model does not allow for enlargement of the coolant
channels as burning proceeds.

5.1 Some General Results

The calculations were made specifically for the concept of adiabatic
burning with a fixed O2 feed rate and recycle of cooled gas to provide
temperature control and heat removal. Two types of results were obtained:
(1) calculated numerical values for a selected set of conditions, and (2)
general conclusions, many of which would also apply to other burners such
as FBBs and fixed-bed "chunk" burners. The general conclusions are dis-

cussed in this section.

It does not appear practical to operate under conditions where both

the utilization of O2 is high and the concentration of CO in the exit gas

is low. The transfer of 02 to the graphite surface depends on an O2 con-

centration gradient and becomes slow as the bulk O, concentration decreases.

2

5 or low concentrations of O2 in the

exit gas depend on graphite temperatures that are sufficiently high to

Therefore, complete utilization of O

produce CO, which reacts with 02 in the bulk gas. In theory, the burner

conditions could be selected to produce just enough CO to consume the 02;
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however, the reaction between CO2 and carbon is so sensitive to small
temperature variations from wall heat losses, surface area or flow varia-
tions, etc., that this type of control does not appear to be practical.
Even if the required conditions could be experimentally determined for a
single known flow channel, variations as burning proceeds or between
channels would not allow the required control for burning of a whole

block.

The burner conditions should be selected to clearly favor a moderately
low concentration of either O2 or CO in the burner exit gases. The remain-
der of the burner system and the off-gas system can then be designed to
accommodate this composition. The burner control procedure, as well as
the remainder of the system, is simpler and more dependable when a low con-
centration of one component is selected than when the design allows for
both O2 and CO in the off-gas. The discussion of specific numerical

results will be presented according to the alternatives of CO —O2 or CO_ -

2 2

CO in the burner exit gas.

Steady-state burning with good temperature control and relatively

uniform temperatures are possible in an approximately adiabatic burner

in which heat is removed by diluting the feed O, with coocled recycle gas.

If the reactor is far from adiabatic (that is, i major fraction of the
heat is removed by radiation or conduction through the wall), this is not
possible since the hottest graphite will be much hotter than the best-
cooled graphite. The best-cooled graphite might be too cool to continue
burning before the O2 is diluted sufficiently to limit the maximum tem-—

peratures; in such cases, the burner would "go out'.

The calculations indicate that adiabatic burners would give practical

burning rates without exceeding 5% O. in the exit gas. The calculated

2
values are 12 to 20% O2 in the inlet gas and graphite temperatures of 900
to 1200°C. For WBBs, multiple, axially aligned blocks would be required
because the desired carbon burning rate of 1 kg/min cannot be obtained

for a single block without exceeding the limits given above.

The calculations, using the best literature data on reaction rates,

indicate that burner conditions which give CO in the exit gas must result



23

from high graphite temperatures with 1250°C as the minimum. For the
adiabatic burner, small variations in graphite temperature or activity,
with otherwise identical conditions, result in changing the exit gas

composition from 0.5% O2 to >10% CO in this (v1250°C) temperature region.

The conditions that give CO in the exit gas produce the highest local
burning rates since the reaction of CO2 with carbon at the higher graphite

temperatures adds to the burning from mass transfer of 0O, to the graphite

2
surface. If the higher graphite temperatures are acceptable, an adiabatic

burner will allow higher burning rates for CO than for O, in the exit gas.

2
The exit gas is also hotter, thus requiring less recycle gas for heat

removal.

If graphite temperatures are high, the principal reaction of the
graphite can be pore-diffusion-controlled reaction with 002 and oxidation
of the CO after it diffuses out of the graphite. This reaction can
decrease the density of the graphite over a finite depth and may result
in a release of graphite powder from the weakened, low-density surface.h—6
Also, the burning of the graphite is concentrated in the region of highest
temperature, and any powder is less likely to be burned up while it is
being carried through the remainder of the burner. Thus, high local
graphite temperatures may be a significant cause of problems associated
with graphite powder. The reaction of O2 with carbon is so rapid that
it is controlled by mass transfer through the boundary layer at practical
burner temperatures and does not give the in-pore reaction that CO2 deoes.

Also, conditions that cause O, to be present in the exit gas also provide

2
a more uniform distribution of burning throughout the burner and are more
favorable to completing the burnup of particles before they are blown out

of the burner.

5.2 Results for Recycle of C02—O2 to an Adigbatic Burner

Operation to allow some O_ in the exit gas has important advantages

2
over conditions requiring recycle of COZ—CO. The maximum burner tempera~
tures in this type of operation are lower since the adiabatic burner will

give appreciable CO concentrations only when the graphite temperatures are
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high, as required for reaction of carbon with CO The O, is not explo-

sive or toxic in air. The most likely result of2non—stea§y—state opera-
tion or of operating difficulties for either of the alternatives is dis-
charge of unused 02. This is less troublesome when the recycle system
is designed for 002—02 than when a system is designed for CO2—CO. The
reaction of 02, which is concentrated at the exterior surface of the
graphite, is less likely to produce fines than is the higher-temperature

reaction of 002 in the graphite pores.

The lower temperatures necessary to allow O, in the exit gas result

in two limitations: (1) up to 30% more recycle zas is necessary to remove
the heat, thereby increasing the size of recycle system components; and
(2) the maximum capacity of the WBB may be lower if the graphite tempera-
tures are limited in order to 1limit the production of CO. A consideration
of uncertain importance is that reaction og¢curs throughout the burner when
O2 is present in the exit gas, whereas reaction with 002 is concentrated
in the areas of highest graphite temperatures.

Calculated steady-state results are shown in several forms for three
aligned blocks (length, 243 cm). Figure 5 shows the inlet and exit tem~

peratures and O, concentrations vs the recycle gas rate for an O, feed

2
flow rates, and

rate of 1 g—moli/min. Typical sets of temperatures, O2
carbon burning rate vs position are shown for two recycle gas rates
(Figs. 6 and 7). For a selected exit gas temperature of 1000°C, the
graphite temperatures and exit O2 concentrations are shown vs the 02 feed
rate (Fig. 8). As previously mentioned, the calculated reaction rates

are too high for graphite temperatures below 1200°K (or 925°C).

The exit gas temperature appears to be the most reasonable control
variable for operation with O2 in the exit gas. The graphite will have
to be preheated to above 800°C, probably by using a preheated CO2 recycle.
Then O2 feed would be started with a 002/02 feed ratio near the allowable
minimum. This minimum was calculated to be 6 for adiabatic operation
(Fig. 5) but would be somewhat lower for a real burner with heat losses.
The exit gas temperature would increase as the graphite temperatures

increased, and the ratio of recycle gas would be monitored to control
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this exit gas temperature. For an exit gas temperature of 1000°C (1273°K)

and an O2 feed rate of 1 g-mole/min, the calculated ratio is 8.1 (Fig. 5);

the exit gas would contain about 1.3 vol % O The calculated results vs

o
position are shown for approximately this ratio (Fig. 6). The O2 feed

rate or carbon-burning rate can be varied over a wide range with accept-

able variations in graphite temperatures and exit O, concentrations (Fig.

2
8). In a practical WBB, the selected control temperature (gas exit) must

be sufficiently high to keep all the graphite hot enough to burn. Any
heat losses will result in lower temperatures than those from the adiabatic
calculations. The heat capacity of the graphite is a stabilizing effect.
If a maximum value is specified for the inlet O, concentration (nv16%),

overheating of the graphite is impossible.

The effect of burner length is shown by comparing results for three

blocks (Fig. 6) with those for one block (Fig. 9). The O2 concentrations

are much higher throughout to give the same total carbon burning rate in

one-third the length, and the exit O, concentration is 8.1% for one block

2
as compared with 1.5% for three blocks. The graphite temperatures are

200 to 250°C higher for one block than for three blocks. The inlet O2

concentration for one block is high enough to permit temperatures to
become excessive if localized conditions allow complete utilization of
02; that is, the gas does not have sufficlent heat capacity to limit the

temperature if all the 0, reacts to form 002. Overall, the calculations

2
indicate that the carbon burning rate of 1 kg/min for a single block

requires conditions near the allowable limits for temperatures and would

make verification by careful experimentation mandatory.

5.3 Results for Recycle of COQ—CO to an
Adigbatic Whole-Rlock Burner

When the graphite temperatures in the adiabatic WBB are allowed to

increase, the reaction of CO, with carbon becomes of increasing importance

2
until it is finally the controlling reaction. This occurs because the
concentration of O2 1s much lower than that of COE' If mass transfer is

controlling, the CO, has a much larger concentration difference and thus

2
a higher rate of mass transfer; therefore, the practical rates of carbon
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burning may be much higher if high exit CO concentrations are allow-

able.

Steady-state conditions imply that the flow of burner exit gas be
divided in order to supply both the recycle stream to the burner inlet

and an exit flow in which the amount of O, discharged (as CO CO, or

2 2°
02) must equal the O2 feed rate. This removal of 02 can be accomplished

either through preferential removal of 002 (one mole of CO, per mole of

O2 feed) or by removal of a stream of the same compositiongas the burner
exit gas. For conditions of interest with O2 in the exit stream, the
low O2 concentrations (<2%) result in the same qualitative conclusions
for either case. For example, for a flow of 10 g-moles/min of exit gas
containing 1.60% 0,, removal of 1 g-mole of CO

of 1.78% 02. Since the recycle of CO

5 gives a recycle stream

2—CO may involve high CO contents,

the choice of recycle assumption has more effect for these compositions.

8

The results presented assume a preferential remcval of CO A KALC

type of off-gas treatment could preferentially remove COggas a condensed
liquid with recycle of CO or O2 to the burner.

Calculated steady-state results are shown for three aligned blocks or
a 243-cm length of coolant channel. As the recycle CO concentration
increases, the CO burner temperature and the maximum graphite temperature
also increase, as would be expected (Fig. 10). Since the CO has a smaller

heat capacity than CO_, and the exit gas temperature decreases as the CO

content increases (thi production of CO is endothermic), the recycle gas/
O2 feed ratio also increases as the CO content increases. Two sets of
values vs burner position for 10% CO (Fig. 11) and 30% CO (Fig. 12) further
illustrate these effects. For 30% CO, the steady-state recycle gas ratio
is 7.0 and the maximum temperatures are in the CO burner or burner inlet.
For 10% CO, the steady-state recycle gas ratio is 6.2 and the maximum
temperatures are at the middle of the burner. The carbon burning rate
decreases by less than a factor of L4 over the length of the burner for

10% CO recycle. For a CO content of >30%, the carbon burning is all by
reaction with cog, and the carbon burning rate is over ten times higher

at the inlet than the exit. The graphite temperatures for the recycle
of COQ—CO depend on the rate constant for the reaction of 002 with carbon
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[Eq. (5)]. However, the effect on the calculated results is simply a
shift in the temperature scale of the curves; the slope of the curves and

the qualitative conclusions are unchanged.

The CO burner temperature appears to be the most reasonable control
variable. The control is actually a second-order effect which is not
clear from an inspection of Fig. 10. Consider a burner system at steady
state, for example, the conditions corresponding to a 1250°K CO burner
temperature in Fig. 10. Assume that we decrease the CO burner set point
to 1200°K. Then the 1250°K burner temperature is too high, and the con-
troller should increase the recycle gas rate to cool the burner system.
The first-order effect is a small, but insignificant, increase in CO
burner temperature since the CO content of the recycle gas is still 10%.

However, the O, content of the gas entering the burner is decreased

because there fs more diluent gas and more CO to react with 02. (The
additional recycle gas is almost enough to soak up the additional heat,
thereby giving the insignificant temperature increase mentioned above.)
The lower O2 content at the same CO burner temperature produces less heat
in the burner and a lower CO content in the exit gas. When this recycle

gas of low CO content reaches the CO burner, the recycle gas ratio will

have to be decreased below the original value in order to maintain the

CO burner temperature. When the graphite in the burner has cooled, the
new steady-state values will be those shown in Fig. 10. The control
constants will have to be set to prevent a stable oscillation. This
should not be difficult since the large heat capacity of the graphite

blocks will result in a long time constant for the control behavior.

The change in CO burner temperature with recycle ratio can be cal-
culated for the adiabatic burner. If the recycle ratio is increased
2% for 10% CO recycle, the adiabatic exit CO concentration would be 8.7%
and the CO burner temperature would decrease by about 60°C. This change
would not occur in one cycle of gas since the graphite would have to cool
down to the new steady-state temperatures. This heat from the graphite

would slow down the change in CO concentration of the exit gas.
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The effect of burner length is shown for 30% CO in the recycle gas
by comparing the results for three blocks (Fig. 12) with those for one
block (Fig. 13). The very high gas and graphite temperatures required
to achieve a carbon burning rate of 1 kg/min for one block are probably

not practical operating conditions.
6. RECOMMENDED EXPERIMENTAL STUDIES

The concept of an adiabatic burner with recycle of cooled gas should
be verified by operation of an experimental unit. Since adiabatic opera-
tion implies no heat transfer through the wall, valid results would be
possible with either a full block or a single coolant channel. For a full
block, the adiabatic operation is easily approximated by using a ceramic
liner inside cooled metal walls; the transfer of heat through the ceramic
would be a small percentage of the heat produced by burning and the burner
would be approximately adiabatic. For a single coolant channel, the
ceramic liner would have to be selected to minimize heat losses or a hot
metal wall would be necessary. A full-scale burner designed for whole
blocks could also provide information on mechanical problems but would
require large equipment (about 500 scfm of gas recycle) and a costly supply
of HTGR blocks. Most of the blocks could be graphite with coolant holes

only--no fuel.

The experimental adiabatic burner should be provided with temperature
and composition measurements as required to verify the calculated results.
A computer program should be written to include the change in coolant
channel diameter as the carbon is burned. Comparison of the coolant
channel dimensions after partial burning with calculated wvalues would

provide a somewhat independent check on the methods of calculation.

The flowsheet for an experimental system would be that shown as Fig.
3 with selected accessory concepts from Fig. 4. No attempt will be made
to specify equipment components in this report since any selection might
also consider their testing for use with a remotely operated burner.
General burner requirements, as evaluated elsewhere,3 would also be con-

sidered.
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8. APPENDIX

Details of the methods of calculation used in this study are pre-

sented here. Some results are also included.

8.1 Calculated Results Using Radiant Heat Transfer

Some calculations were made in which terms were included for transfer
of radiant heat to cold burner walls. These were intended to represent
the tests made with the Unit Operations experimental one-sixth-block
burner.g The results indicated that a simplified model was of limited
use for this complex heat transfer problem; however, two conclusions did

appear to be justified.

The first conclusion is that the combination of a cool 002—02 inlet
gas and radiant heat transfer can easily cool the inlet end of the block
below the temperatures required for high rates of reaction; that is, the

burner will "go out." High gas flow rates supply more 0, without affecting

2
the radiant heat transfer calculations and thus favor burning. The C02—
O2 mixtures containing 25 or 33% O2 may be too low to permit burning to
be continued with radiant cooling. (This difficulty is not encountered

with an adiabatic reactor.)

The second conclusion is that high burning rates with feeds of high

0 _ concentrations (more than one-third O.) are almost certain to result

2 2
in excessive block temperatures. If the 0. is consumed at the inlet end

of the block, the radiant heat fluxes Wouli require temperatures greater
than 2000°K. The simplified model indicates that reaction continues down
the coolant holes. Near the middle of the block, the geometry becomes
poor for radiant heat transfer and conduction would require very large

temperature differences.

These two conclusions in combination indicate that allowable burning
rates are lower for a nonadiabatic burner than for an adiabatic burner.
The temperature differences required for heat transfer become so large
for high burning rates that part of the graphite is either unacceptably

hot or too cool to permit burning to be continued at practical rates.



Lo

8.2 Computer Program

Computer programs were written so that specified conditions at the

burner inlet could be used as the basis for calculating values for incre-

mental lengths to the burner outlet. The programs were written in BASIC

language
The

(1)

for the ORNL PDP-10 time-sharing system.
general approach was as follows:

A hole diameter, graphite length, and incremental length
are specified.

The inlet gas temperature and flows (OQ,CO, 002) are
designated.

The 0, and CO react to leave only one of these gases in
excess. A new temperature and revised flow rates are
calculated.

The mass transfer of O, to the graphite surface is cal-
culated using a zero surface concentration and is set
equal to the rate of CO2 formation.

A rate of reaction of CO, with carbon is calculated
using a graphite temperature equal to the gas tempera-
ture.

A graphite temperature is calculated to give a rate of
heat transfer to the gas equal to the sum of the two
heats of reaction.

Steps (5) and (6) are repeated using the calculated
graphite temperature in (5) until the calculation con-
verges.

A new gas temperature is calculated from the heats of
reaction and the gas heat capacity.

Steps (3) through (8) are repeated until the coolant
channel exit is reached. Results are printed at
selected intervals.

A typical program is shown in Table 1. The simple loop for calculsa-

tion of graphite temperatures (steps 310 to 350) did not converge for some

high graphite temperatures; consequently, a more complex loop was used in

these cases. It should be possible to use the burning rates to calculate

coolant hole diameters vs time and position. This modification will be

added if

develcpment of whole-block burners is continued; however, it has

not yet been attempted.
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Table 1. A Computer Program for an Adiabatic Whole-Block Burner:
ORNL Time-sharing System in PDP-10 Basic Language

10 PRINT "WHOLE BLOCK BJRNER CALC FOR 02-C02-CO"

20 READ D,L,DI

30 PRINT "GO, Gls» G2, AND TO ARE':

40 INPUT GN,G1,G2,T0

50 LET T2=T0 '

60 LET [3=r9=1500

70 LET N=0

80 PRINT *'CO2 FLOW', "CO FLOW", 02 FLOW", "GAS T', "BLOCK T"
90 PRINT G25,G1,G0,T2,T3,

100 IF GN>=N.5%*%G1 THEN 130

110 LET R3=G0

120 60 TO 140

130 R3=G1/2

140 LET GN=G0-R3

150 LET G1=G1-2%R3

160 LET G2=G2+2%R3

170 FOR X=1 T0O 3

180 LET T[8=(TN+T2)/2

190 TO=T2+4134820%R3/ (GO (Te6+RE-3%TR)I+G1%(Te2+.E-3%TRI+GO*(12.1+1+2E-3

*T8))

200 NEXT X

210 LET T2=Tn

220 V2=32E-6+0+.3%E-6%T2

230 R6E=D*®k(44%G2+22%G1+32%0NY/ (ANXV2%N,TRS%kD12)
240 R4=V2%22400%(T2/273)/(N94%44)
250 K2=(12.1+1.2E=3%xT2)Y%V2/(0.75%44)
260 H2=K2*%D.023%¥R61N3%0.8%1/D

270 D3=K2/H2

230 CN=GN/ ((GN+G1+G2)Y*%(224N0%xT2/273))
290 C2=G2/C(GO0+G1+G2)%2240N*T2/273)
300 RN=R4*CO*60/D3

310 R2=N.3NELXkEXP (=4RNNN/(T3+T9))/6N
320 D2=(~94030%RN+4NTIN%kR2Y/ (H2%HKD)
330 LET T9=T13

340 [3=T2-D2

350 IF ABS(T9-T3)>2 THEN 310

36N A=D*3.1416%D]1

370 LET R5S5=(-940N3N%RN+4NT9N*R2)I) %4

320 RB=(RO+R2)Y*A/D1

39N LET G0=G0-RO%*A

400 LET G1=01+42%R2x%x4

410 LET G2=02+RN¥A=-R2*A

420 LET T2=I2=R5/7(GO*k(Te6+D8E=3%T2)+G1%k(7e2+N el ~3%kT2I+G2%k(126141.2E-3%

T2)5)

430 LET N=N+t

440 1F (N+18)/20-INTC(N+1R)Y/20)=9 THEN 440
450 GO TO 479

460 PRINT G2, R8, GN, T2, T3

470 1F NxD1>L THEN 500

420 60 TO 100

490 DATA 1.59, 243, 1t

507 PRINT R, Gls G2, K2, T9

510 FND
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