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Abstract

ACTION |NoTATION
This report summarizes the work done to date by ORNL, Alllis-
Chalmers, and Kaiser Engineers on the LEGCR graphite combustion S fouts
problem that may follow from the maximum credible accident, "~
that is, the rapid loss of pressure from the primary reactor W
coolant system. The solution to date is to protect the fuel |
support sleeves with a siliconized silicon-carbide coating
and to allow the moderator surfaces to oxidize. The moderatory
surfaces have available only 6.5% of the total core flow which S
places an upper limit on the rate of oxidation. The rate of
heat removal tkrough the sleeve to the main coolant flow is
sufficient to cause a decrease in temperature throughout the
reactor and subsequent guenching of the oxidation. This method
depends only on continued coolant flow from one blower. Prob-
lems attendant with this and other schemes of controlling the
fire are discuss
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I. Introduction

The Experimental Gas-Cooled Reactor (EGCR) is a pressurized,
helium-cooled, graphite-moderated reactor in which seven fuel rods
per element are suspended in graphite support sleeves which are
stacked six high in each of 232 coolant channels. In safety analyses
of the plant, credible accidents are postulated, and their effects,
particularly on the release of fission products to the surroundings,
are studied. The worst accident that is credible is called the maxi-
mum credible accident (MCA). In the EGCR, the MCA is taken tc be &
rupture of the main coolant system, either a pipe rupture or a nozzle
blowout, such that the size of the hole does not exceed the area of
one pipe.l This accident further presumes that at least one main
coolant blower and heat-removal system remain operative for several
days after the ancident.

If this accident were to occur, air would enter the system.

The graphite, being at temperatures of approximately 510 to 1075°F,
could ignite and cause a runaway combustion. If the heat of oxida-
tion from this fire is not removed, the containment vessel pressure
would exceed the design pressure of the containment shell. Thus

the possibility of this ignition's occurring must be determined, and
action mugt be taken to control the fire if it occurs.

Unfortunately, graphite is a variable substance with an unusual
variation in reactlon rate. Also, the temperatures in the EGCR grapn-
ite are such that it is not immediately obvious that a fire will or
will not occur; tc determine this requires a more sophisticated
analysis than is usually done in "worst case" hazards calculations.
Preliminary calculations have been done by American Car and Foundry2
(now Allis-Chalmers) and Prados.” The results of these studies were
not acceptable to the project because of the lack of knowledge of the
rate equations to be used and the fact that relatively small (100°F)
changes in temperature could change the result.
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It became apparent that further knowledge of the oxidation

kinetics of graphite was required, and a three-pronged attack on

the problem was begun. This included an experimental program, the

development of a more refined analytical model of graphite oxidation
in an EGCR core channel, and an extensive literature search of graph-
ite reaction rates.

The experimental program currently unde. way at Hanford has
two parts: 1) a basic research program aimed at determining the
effects of different variables to be described later and 2) an
applied program in which tests are run in a prototype burning rig
in which the conditions of one of the EGCR channels are approximated.
These experimental programs were set up primarily to back up an analyt-
ical model for graphite combustion that could be appliied to the EGCR.

The analytical model developed largely by A-C has been set up
by both A-C = cn the Bendix G-15 — and by Oak Ridge, on the IBM T7090.
Although validation of the model and the rate equations used is not
yet complete, it is believed that the model is basically correct and
would require only slight changes in input to describe the EGCR con-
ditions with reasonable accuracy.

At this time it appears that coating the graphite sleeves with
silicon carbide will be effective in controlling the graphite com-
bustion. It is impractical to coat the moderator channels, and, if
this accident should ocecur, these surfaces will oxidize. The heat
of oxidation, however, will be transferred from the annulus region
to the coolant flowing at a high rate in the central channel. Under
worst possible conditions the oxidation in the annulus region would
be starved by the low annular flow which is prescribed by the de-
signer to be 6.5% of the total flow entering a channel. Actually,
the oxidation probably will not reach ratss at which this effect is
important, and it is expected that the temperatures throughout the
core will reach a maximum before starvation effects become of great

significance assuming one blower remains operative.
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This report presents a simple exposition of the oxidation pro-
cess in sufficient detail to build a background necessary to under-
stand the following discussions: descriptions of the calculational
mcdels, description of the Hanford experimental programs, summaries
of the calculations, thinking that led to the choice of the coated
sleeves as the method for controlling the oxidation, the attendant
operational problems that must be solved, and further work that must
be accomplished as backup for this concept when presented for oper-
ational approval from the AEC.

II. PrinciEles of Oxidation Analysis

Graphite is a relatively nonreactive material. Two of the pro-
ducts of chemical reaction are its oxides CO and 002 which are gaseous.
Since no protective oxide film is formed on graphite, cxidation wiil
occur indefinitely. Presently we are interested in runaway combustion
which is the condition when heat cannot be removed at as fast a rate
as it is generated, thus resulting in an uncontrolled increase in
temperature.

The reaction rate constant of graphite follows the Arrhenius

equation:
N = ac/R (1)

where a 1is the frequency factor, c¢ is the activation energy, R
is the universal gas constant, and T is the graphite temperature.
The heat removal, g, from the reaction zone to a flowing gas in the

absence of thermal radiation, is:

[}

q/A h (T ) (2)

graphite surface ~ Tair

where the heat transfer coefficient h depends on the gas properties

as f‘ollows:h
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ho= SEIR(Y Sq) (B (3)
. Sp X k,

The ratios (k/uo'a) and (Cpu/k)o'h are relatively insencitive to
temperature, so the heat transfer coefficient is primarily dependent
on the eight-tenths power of the flow rate.

At a given flow rate, the heat removal is linearly dependent on
the temperature difference between the graphite surface and the air
stream at that point. The heat generation rate, however, depends on

the exponential e-c/RT.

These relationships are shown in Fig. 1.

For a given graphite, the heat generation rate is shown on curve
c. The heat removal re*e at a given flow rate, W, is shown on curve
a which crosses the heat generation curve at two points, 4 and e.
The lower point, e, represents a stable point, tha. is, a slight per-
turbation in temperature would result in the temperature returning
to Tl' Point 4, however, is an unstable point. It can be seen that
if the temperature is decreased, the heat removal exceeds the heat
generation and the temperature will decrease to point e. If the
temperature is increased slightly, however, the heat generation ex-
ceeds the heat removal, causing the temperature to increase until
the reaction is limited by the transport of reactants by diffusion
and convection to the graphite surface from the bulk gas stream.
This is called a runaway combustion. The effect of heat removal is
ooviously important. For instance, if the heat removal is too slow,
as shown by curve b in Fig. 1, the heat generation alwuys would ex-
ceed the heat remcval, and the temperature would increase. The 2ffect
of different reaction rates obviously is important, as can be shown
by curve f in Fig. 1. Whereas curves b and 2 would result ir
a runaway, the same heat removal curve, b, is sufficient at lempera-
tures below Tj to prevent runaway when the reaction rate ic as shown
by curve f.

The heat release due to oxidation as 2 functicn of temperature

depends on the rate of oxidation. The rite of oxidation in gruphite

o
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is complicated by the fact that graphite is a porous material, and
the effect of surface-to-volume ratio can be crucial. Reaction rates
obtained from small-scale laboratory tests must bhe applied to larger
scale models, such as the EGCR, which require rate equations for use
in calculations. Depending on the temperature, this scaling up of
data can be in significant error if either a simple fraction of total
weight lost per hour or if a simple surface-to-volume scaling is used.
It asppears that the concept of diffusional control of oxidation can
be used for the scaling. To understand this concept, some preliminary
comments on the kinetics of graphite oxidation are in order.

Since graphite is a porous material, the reactant, in this case
oxygen, can diffuse into the graphite to a considerable depth to reach
active sites where it can react with the carbon. The reaction can be
classified into three zones identified by Walker:5 I, II, and II1I.
These are schematically shown in Fig. 2.

In zone I at low temperatures the reaction proceeds at a rela-
tively slow rate compured to the rate of diffusion of oxygen in the
pores, so that the reaction proceeds at a constant rate throughout
the volume of the solid. In this case, the rate of reaction is con-
trolled by the chemical kinetics. In zone II, at somewhat higher tem-
peratures, tiie reaction proceeds at a rate faster than the rate at
which the reactants czn proceed through the pores to the reaction
sites, and the rate of oxidation decreases exponentially from u max-
imum value at the surfauce to zero at some distance within the graphite.
As the temperature increases further, the rate of chemical reaction
becomes significant compared with the rate of mass transfer of oxygen
to the external surface. In zone IIIa both solid-phuase diffusion and
gas-phase mass transfer resistance limit the flow of reactunts to the
active sites within the graphite. 1In zone III at high temperatures
the rate is essentially a surface reaction with the rate of reaction
being contrclled by diffusion of products across the boundary layer

and therefore by the coolant velocity. This approaches the equilibrium
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flame conditions which are of no concern in the EGCR, since, if these
rates are reached, the situation is out of control.

It is expected that the conditions in the EGCR will approach
those of zone II. This effect is treated in the rate equations by
the method of "depth of diffusion", as outlined by P. J. Robinson.6
For purposes of calculation, it is assumed that 1) the oxygen
diffuses according to Fick's law into the graphite under isothermal
conditions; 2) the reaction rate depends on the concentration of
oxygen at the element of volume under consideration; 3) the moles
of products equal the moles of reactant gas, that is, the reaction

is:

C + 02 = C02;

and 4) the rate of change of reactant concentration with time is
so small at any location within the pores that steady-state condi-
tions exist.

Application of the laws of conservation of mass to a small-
volume element of graphite under the conditions specified above
leads to the governing differential equations for this process at
any point within the graphite.¥*

Fe - o
C = 5C (5)
P
where
C = O concentration in graphite pore:, moler, volume of gan
v "volume rate constant," molec 0, reacting/("active™ <«

vol of sample)(time)(mole of O,/volume of ras)

%
This development follows closely that given in the appendix

of ref. T.
%
The concept of "active" volumes is described in refs. 6 and 7

and is related to experimentally determined rate constants.
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DP = effective diffusivity of oxygen in pores of sample,
1ength2/t1me

This equation must be solved subject to the condition that at
the external surface of the graphite sample:

o)
where
Co = 02 concentration at the outer sample surface
It is convenient to let:
L = an/kv (6)

The parameter, L, has tue dimension of length and is determined by
the relative rates of diffusion and chemical reaction. It takes on
a special significance in situations where L, the so-called "depth
of diffusion", is small relative to the sample dimensions. In such
cases, the mathematical problem reduces tc that of unidirectional
diffusion-reaction in an infinite slab where Eg. (5) becomes:

dec C (
dx L
The boundary conditions are:
c = C at x = 0
o}
cC = 0 at x = o
The solution is:
- T
c = ¢ e x/L (8)

The reaction rate in an infinitesimal section, dx in thickness, normal.
to the sample surface, would be k, CS8dx where S is the external sur-
face area of the sample. Hence the total reaction rate, @, in moles

of oxygen reacting per unit time for the entire sample would be:
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vV O

Q = kae"‘/L Sdx (9)
(o}

If it is assumed that temperature (and hence kv) remains constant

over the range of integration, one obtains:

QR = kCSL (10)

that is, the rate of reaction is equal to that which would have been
observed had the oxygen concentration remained constant at Co for a

depth L into the sample and had been zero elsewhere. If there were

no diffusional resistance to oxygen penetration into the sample, the
concentration Co would exist uniformly througi the pores, and the

"diffusion-free" reaction rate would be given by:

Q* = kCV (11)

where V 1is the total sample volume. Hence, for the special case
where L is much smaller than the smallest dimension of the sample,
the ration, n, of the true reaction ruate to the diffusion-free rate
is:

& kCSL s -
M= ¢ - kcv ~ ¥
v O

The relationship for 7 for solid slabs and solid long cylinders
T

is given by Prados' as follows.
For a slab:
tanh (b/L
= i (13)
where b 1is the half-thickness of the slab. It should be noted that
as (b/L) 20, n — 1, as would be expected for cases where diffusion
is rapid relative to reaction. Also, as (b/L) 2w, n = 1/(b/L) =

SL/V, as expected for cases where diffusion is slow relative to reaction.
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For a long solid cylinder of radius b:

5 I, (b/L)

" = /T I (/L) (14)

For small values of (b/L), n — 1. For the ~ase of large (b/L),
n —2/(b/L) = SL/V.

Similar expressions tor a sphere and hollow cylinder are given
by Robinson.6

An approximate relation for n which appears to hold well for

most solids of reasonable shape is:

1 = 7tanh g (15)

where

¢ = Vv/sL

This equation is exact for a large slab and gives close agreement
for spheres and solid and hollow cylinders, as shown by Robinson.6

Prados7 gives a method of reducing reaction rate data to the
active mass basis which is given in Appendix A.

The actual EGCR geometry and conditions are too complex to be
described accurately by the development in Appendix A. A digital
computer program will be described in section V. The information
in Appendix A has been included to check the depth-of-diffusion con-
cept which is fundamental to further analysis. There are other fuc-
tors which affect the reaction rate of graphite which will be dis-
cussed in conjunction with descriptions cf the experimental programs

given in section III.
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III. The Experimental Program

An experimental program is under way at Hanford which consists
of two approaches: 1) a basic program to determine the effects on
the combustion of graphite of variables that cannot be duplicated
on a large-scale test and 2) a prototype program in which a channel
of the EGCR is duplicated in full scale in the radial dimensions and
is 6 ft long. The graphite-air oxidation studies may be outlined as
follows:

I. Laboratory Experiments

A. Rate Determination
1. Effect of
a. manufacturing variables

(1) density
(2) purity
(3) coke and pitch source

b. temperature
c- flow rates
d. gamma field
e. irradiation damage
f. surface-to-volume ratio
g oxygen partial pressure
h. prior oxidation
i. water vapor
B. Combustion Experiment (laboratory scale)

1. Test validity of theoretical model in prediction
cf ignition conditions

a. air or oxygen flcw
b. graphite temperature
c. graphite of varied reactivities

2. Test inhibiters
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II. Prototype Experiments

A. Experiments to Tes: Validity of Model (these experi-
ments have been and will continue to be done in mock-
up of the EGCR)

1. Graphite temperature, 1100°F
2. Air inlet temperature, 80 to 550°F
o 18 Various air flows

B. Experiment Designed to Simulate More Closely EGCR
Accident Conditions

1. Programmed heat decay
2. Fuel element geometry

d. Duplication of temperature and flow in desired
region

C. Evaluation of Inhibitors under Runaway Conditions

The effect of manufacturing variables is secondary in EGCR ap-
plications because tests have beer run with EGMTR moderator graphite.
The effect of temperature depends greatly on the activation
energy, ¢, in the Arrhenius equation. This value can vary, but Dahl
of Hanfords feels that 50 kcal/g-mole is a reasonable number. Further

discussions on rate equaticns will be given in section IV.

The role playea by the gas flow wac discussed in section III.
The e:perimental progrem has not produced any evidence to dispute
the analyses as previcusly given.

The effect of gamma field is currently bteing studied in a con-
tinuous weight-monitoring rig at Hanford. It has been .uggested that
the definite accelerating effect of gamma radiation on the oxidation
rate of graphite is due to formation of czone, which in turn has a
higher reaction rate with graphite. Although there are some effects
of the volume of gas upstream from the reacting sample undergoing
radiation, the greatest contritution is thought to be due to the
formation of czone in *the gas existing in the pores. It is expected
that the gamma effect is similar to adding a cecnstaent tu the rate

over a range of temperatures. Thus, at low temperatures the effect
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would be more signifi-cant than at higher temperatures. This would
showv up as a change in the activation energy. At the present time,
however, the only thing that nas been done is to multiply the fre-
quency factor by a factor of 1.7. Although it is recognized that
this is not strictly corrcct, it is expected to be conservative.

The effect of stored energy due to radiation damage is not ex-
pected to have a great effect on the reaction rates at the tempera-
tures existing in the EGCR. The apparent reduction in specific heat
of the graphite, however, could affect the rates oif temperature rise
in the transients following the accident. Also, radiation damage
could have an effect through the mechanism of opening of surface
sites and increasing the porosity.

The effect of surface-to-volume ratio becomes extremely important
in the temperature ranges in which diffusion control becomes important.
This was described in some detail in section II.

Some controversy exists as to the effect of oxygen partial pres-
sure. Many workers have reportea a first-order dependency, that is,
the reaction rate is directly proportionsl to the concentration of
oxygen in the ambient gas, but there have been some cases of zero-
order dependency. The Hanford experimenters were originally prone
tc accept the zero-order dependency as appliea to the EGCR analysis,
but recent data9 show that the order is about 0.5 at temperatures
below about 500°C and increasing to about first order above this
temperature. This can be explaiml by noting that at the lower tem-
peratures the chemical tep, probably the desorption of products from
active sites, is the controlling step so that varicus concentrations
of oxygen will nearly always supply sufficient reactants. At higher
temperatures, however, diffusion contrcl becomes important, and the
rate would deperd cn oxygen concentration. In the EGCR analysis, to
be described in section IV, a first-order dependency is used.

The existence of prior oxidation affectis the reaction rate. Figure

3 shows that the rate is lower at the first 1 to 2% burnoff, and then it
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increases to 5 steady value at higher burnoffs. This is felt to be
due to the unplugging of pores on cr near the surface of the graph-
ite, caused by initial oxidation, allowing more active sites to be-
come available to the reactants. Dahl and deHalas feel that the higher
rate, which can te two or three times higher than the initial rate,
will be applicabls to the EGCR in case of an accident; impurities in
the gas stream under operating caonditions over a period of time will
react with graphite sufficiently to put it in the region of the high-
er rates.

Water vapor can be very tightly adsorbed on graphite,lo as shown
in Table I, and has a very great catalyzing effect, probably of several

TABLE I

Retention of Untreated Water on Graphite during
Heat Treatment in Vacuoll

Heat Treatment

*C Minutes Fraction Retained
300 25 4.3
400 10 65.5
500 20 37.0
600 35 16.7
700 5 16.1
800 20 9.0
900 10 6.8
100C 15 L.y
1100 25 1.5
1200 15 0.5
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orders of magnitude. Not much work has been expended on this sub-
ject at Hanford. The EGCR is expected to have about 0.01% water in
the gas stream under cperating conditions. No attempt will ke made
to control the water concentration rigidly in the burning rig, the
feeling being that the graphite would adsorb moisture in air previous
to assembly of the rig, and enough would remain adsorbed even during
the preliminary temperature elevation to 1100°F. Also, the inlet air
is expected to have moisture comparable to that in the containment
vessel prior to rupture of the main coolant system. Since the greatest
change in reaction rates is expected between perfectly "dry" graphite
and that containing trace amounts of moisture — any greater amounts
having a smaller effect — it is felt that the rig would not need tight
moisture control to approximate the EGCR.

Whereas the basic program will be used to discover fundamentals
of the graphite-air reaction, the prototype burning rig will be used
not only to validate rate equations used in the computer analysis of
the EGCR burning prohlem but also will attempt to duplicate the EGCR
channel as closely as possible. The flow diagram of the prototype
burning rig is shown in Fig. 4. The burning region is enclosed in a
stainless steel pipe containing six l1-ft-long axial graphite sections
mocking up the EGCR annulus. The fuel sleeves in the early tests were
simulated by a 5-in.-o.d. graphite plug nested within annular graphite
pieces of 5 1/b-in.-i.d. and approximately 8.5 in.-0.d., ccrrespending
to the moderator. Gamma heating is simulated by four calrods in the
moderator. In the early tests four calrods simulated gamma heating
in the central plug. In later tests actual EGCR sleeves werce used
with the fuel elements teing simulated by seven 3/4-in.-o0.d. steel
rods inserted through the center of the sleeves. Further tests will
be perfcrmed wilth a globar “hrough the centers of the sleeves to mock
up the radian*t heat load due to the levelizaticn of the temperature

structure in the fuei pellets,
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Eighteen thermoccuples capable of measuring up to approximately
1000°C are placed on l-ft axial spacings, as shown in Fig. 5. On each
axial plane one thermocouple measures the gas stream temperature, one
placed 1/52 in. in from the surfaces measures the moderator temperature,
and one placed 1/32 in. from the plug surface measures the simulated
sleeve temperature.

The graphite is brought to temperature by means of the calrods
with a slight drift of argon past the graphite. When the desired tem-
perature is reached, the heat power is reduced to that required to
maintain adiabatic conditions. Meanwhile, air can be moved by the
blower through a preheater and exhausted up the bypass. Oxidation
is initiated by valving this preheated air through the graphite as-
sembly. The rig is so designed that the air can pass through a scrubber
column before discharge to the air if noxious inhibiting agents such
as chlorine are heing tested. The capability exists of diluents be-
ing introduced into the air upstream of the graphite to simulate the
effects of air mixed with helium and to check the effects of oxygen
depletion and CO and 002 production in the gas stream. It is not‘
possible to recycle the gas hecause of the temperature limitations
on the blower. The system is constructed of stainless steel to with=-
stand the high temperatures involved, but due to its susceptibility
to chlorine corrosion, extensive chlorine suppression tests should
be performed near the end of the program.

At the present time, the air preheater can heat the inlet air
to approximately 800°F. Most of the tects to date have been operated
with 80°F. Since the heat generation rate is dependen: on the ex-
ponential of the grauphite temperature and the heat removal is lin-
early dependent on the temperature difference between the graphite
and the air temperature at a point, and since at lower flow rates the
temperature of the air rises quite quickly during its transit along
the channel, it is expected that the effect of air inlet temperature
is very small compared tu other effects. Also, it is believed that

these effects of variant inlet temperatures can be evaluated analytically.
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Blowers of 225 lb/hr are available, and thoy are sufficient to
simulate any condition expected in the EGCR. The rig is capable of
executing any programmed heat input and is currently being rewocrked
to allow testing of the coated sleeves with a globar heater simulating
the fuel elements located in the center.

The full-scale burning rig is intended to perform two functions:
1) approximate the EGCR as closely as possible &nd 2) provide a
test bed to check the analytical models developed for the computer
programs to be discussed in section V. This last phase is necessary
because of the inability to simulate directly in the burning rig the
effects of gemma irradiation, prior irradiation of the graphite, the
true transients after the loss-of-pressure accident (which never truly
can be analyzed either ), and the effects of the shorter length of the
channel.

Up to the present time, three classes of tests have been performed
on the burning rig. In the first series, a solid graphite plug, in~
ternally heated, was used to simulate the fuel sleeve. The test simu-
lated the annulus region on the EGCR. In the second series, a steel
pipe was placed over the central graphite slug to simulate a perfectly
nonreactive sleeve. The third series, now in progress, includes tests
of coated sleeves of varying quality, with and without internal globar
heating. _

Tests with Sclid Graphite Plug
The experiments using the solid graphite cen*ral plug are de-

sx'ibed in ref. 10, and the results are shcwn in Figs. 6, 7, and 8.
The principel mocde of hest removal in these tests was by the gas
flowing in the annulus. Graphite in the tests was Speer nuclear
grade 2 with density of 1.68 and dih purity ranging between 0.256
and 0.312. Oxidation experiments showed the reactivity of this
graphite to be 2.8 times that of CSF and approximately the same as
EGCR moderator graphite.
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In the first set of experiments the graphite was raised to a
desired temperature, then the power to the heaters was cut off, and
air was introduced. Under these conditions there was considerable
radial beat loss causing a less severe test than would be encountered
in an accident. However, as may be seen in Fig. 6, runaway did take
place under these conditions above 710°C with flow as high as 40 lb/hr.
During these particular tests, a longitudinal temperature gradient of
at least 200°C existed between the center of the column and the inlet —
a distance of 3 ft. Increased flow served only to enhance oxidaticn,
generate additional heat, and speed the course of the runaway.

The next basic type of experiment was designed to simulate more
nearly a channel in an infinite lattice array with adiabatic condi-
tions. 1In these runs the graphite was again raised to temperature,
then the power to the heaters in the central fuel sleeve only was
cut off. The power in the outer bank of the heaters was adjusted
to keep the surface of the moderator at the same temperature as the
fuel sleeve. Thus heat from adjacent channels was simulated, and
radial heat loss was essentially nullified.* As shown in Fig. 7, the
temper: tures of the moderator and fuel sleeve did not decrease when
the graphite temperature exceeded 400°C, with flow ranging between
4 1b/hr and 19 1b/hr of dry air at inlet temperatures of between 20
and 210°C. Runaway could be considered to have taken place under
these conditions. When a severe runaway had been established, a 10-
fold increase in air flow served only to speed the course of the runa-
way rather than arrest it. Additional data on the graphite temperature
response as a function of air flow and heater power are shown in Fig. 8.

*It was later discovered that this is an ultraconservative pro-
cedure in that the heat capacity of the moderator was practically
nullified. Luckily, in most of the runs the temperature of the mod-
erator was in excess of that of the plug, and this effect was not
needed.
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Tests with Solid Nonreactive Plug

In the second series of tests, a nonreactive sleeve was simu-
lat>»d by placing a 4-in.. .. 40 stainless steel pipe over the central
graphite column. These .xperiments are described in ref. 12. The ex-
perimental procedure vas to bring the graphite to the desired initial
temperature with no gas flow, then shut off power to the inner bank
heaters, introduce the air flow, and hold constant power toc the outer
bank heaters. As in the first series of experiments, the only mode

of heat removal was by the air passing through the annulus; therefore,
the results are not indicative of the EGCR because with coated sleeves
the bulk of the heat removal will be by the large flow passing through
the center of the sleeve around the fuel elements.

Figure 9 is an identification of the thermocouples which will be
refe'rred to by number in the following figures. Figure 10 shows the
static power vs temperature plct, that is, the power required to main-
tain the given temperatures with no heat of oxidation. Figure 1l show
that, when the initial temperatures are approximately 600°C or less
with flow rates of approximetely 4 1b/hr and with 2.1 kw heater power,
temperatures throughout the rig eventually decrease with time. The
estimated annular flow rate with ore blower operating on air at at-
mospheric pressure is 25.2 lb/hr. Hence, this test is of value in
that it shows that with considerably lower flow rates in the annulus
than would exist in the EGCR and attendant lower cooling, the tempera-
turee do not rise. The effect of the lower flow rates is significant
in that no evidence of starving exists, that is, as the system ap-
prcaches equilibrium, the upstream temperatures do not exceed those
farther along the channel. Under these conditions, the rate of burn-
ing is ccntrolled by the temperature, not the oxygen supply, and the
effect of increased flow would be to increase the cooling and hence
the rate of temperature decrease. As can be seen in Fig. 10, a power
rate of 2.1 kw would maintain a static temperature of approximately
550°C. However, the low gas flow rate used in this test was sufficient
tc reduce the temperatures at all channel stationc.
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Figure 12 shows the same phenomenon as Fig. 11 but for a heater
power of 2.94% kw. At 120 min after the initiation of the tests, the
maximum temperature of 540°C is reached, after which all temperatures
except that of station 19 decrease, although the heater power is suf-
ficient to maintain a static temperature of 600°C. Station 19 reaches
its maximum 320 min after the start of the tests.

Figure 13 shows a slow rise in temperature starting with a tem-
perature of 640°C. At 200 min when the temperature of station T has
risen to that of station 13 farther up the channel, the rate of rise
of the temperature of station 13 increases. This is apparently due
to reduced cooling at station 13 which results in greater oxidation.

The results of a similar experiment with slightly different initial
conditions are shown in Fig. 14. This test was allowel to continue for
420 min before the heater power was turned off. The most significant
feature of these data occurs at around 360 min when the rate of rise
of station 7 increases at a time when thc rate of rise of stations 13 and
19 is beginning to taper off. Inarmuch as the cooling effect of the
gas would act in an opposite fashion, this test clearly indicates that
the downstream channel locations were starved for oxygen.

Tests with Coated Graphite Sleeve
The third series of experiments are those testing actual EGCR

coated sleeves. Preliminary results of tests on poorly coated sleeves
are reported in ref. 13. These tests were of a preliminary nature and
were used to get a rough estimate of the efficacy of the coated sleeves
in controlling graphite oxidation. Sleeves having known defects such
as bare areas, cracks, and excessive porosity that were available at
ORNL were sent to Hanford for testing, the philosophy being that if
these sleeves raised the runaway ignition temperature a significant
amount, then the sleeves of quality high enough for use in the EGCR
could easily prevent runaway combustion.
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A full-scale radial channel mockup which included EGCR modera-
tor graphite, SiC-coated fuel sleeves, and dummy fuel elements was
used in this experiment. Inlet air flow was 186 lb/hr which is the
flow in the lowest power channel in the EGCR when the channels were
orificed for constant maximum fuel element clad temperature. (After
these tests were run, it was determined that the channels should be
orificed for constant outlet temperature. This would decrease the
temperature of the graphite in the hottest channel but would inciease
the temperature in the lower power channels.) Percentage of the flow
directed through the fuel sleeve was 93.5 and 6.5 through the annulus
between the moderator and the sleeve. Inlet air was not preheated
or predried. Sufficient power was maintalned to the heaters in the
mcderator to offset radial heat losses at the begirning of each run
and was maintained during most runs. Graphite and slseve tempera-
tures were monitored at 30 positions a.loné the length of the column.

Self-sustained combustion occurred during two of the nine runs
(Nos. 3 ané@ 9). Test 3 began with midplane temperatures of both the
sleeve and moderator about 700°C. Temperatures at the ends of the
column ranged from 600 to 625°C. Immediately after the air flow was
begun temperatures in the center of the column rose rapidly and with-
in 40 min reached 1100°C. At this point air flow was shut off and
the test concluded. It is believed that because of a failure in one
of the sleeves the damage to moderator block 4 (see Fig. 15) was
caused at this time. Test 9 was begun with the temperature in the
lower blocks around 35C°C, the center about 500°C, and the top about
900°C.

When air flow was introduced, the temperature of the top blocks
rose to 1040°C in 1 hr while the lower end cooled to 200°C At this
point air flow was cut from 186 to 47 1b/hr and the top blocks cooled
to about 950°C while temperatures in the center and lower sections
fell 100 to 300°C in an hour. The top section of the column was the
only part to be expcsed to severe oxidizing conditions. This exposure
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lasted 2 1/2 hr. During intervening runs initial temperatures ranged
from 650 to 550°C. Rapid cooling took place in each case.

Three sleeves were used, one with a National Carbon Company coat-
ing on graphite manufactured by National Carbon, another an American
Lava Corporation coating on a Great Lakes Carbon Company graphite,
and the third a Norton Company coating on graphite of unknown origin.
Pretest inspection of the sleeves showed large uncoated areas on the
inside surfaces, bare graphite ends, and cracks in the coatings.
Simulated reactor accident conditions caused severe oxidation to take
place at the uncoated surfaces and particularly at unprotected sleeve
ends. These tests show that unless the sleeve ends are properly
coated, a sequence of events can occur which will seriously increase
the combustion hazard during a reactor incident. 1) If any two ad-
Joining sleeves do not properly fit together, the resulting gap will
have an abundant oxygen supply from the inner channel which will cause
the graphite to oxidize. 2) The oxidation widens the gap and the
rate of oxygen flow through the gap increases. It will thus oxidize
rapidly, especially when the rate of reaction is controlled by the
coolant velocity. 3) The increase in oxygen flow increases the rate
of oxidation in the gap, causing further widening of the gap. Soon
a large hole will open up which greatly increases the oxygen supply
in the annulus. Furthermore, as oxidation progresses, the coating
is undercut and spalls off. The exposed bare graphite accelerates
the rate of growth of the hole. Such a hole is shown in Fig. 16.

The air Jetting through the hole has a severe effect on the moderator.
Holes completely through the 1 1/2-in.-thick moderator blocks were
produced allowing air to escape into the static zone on the outer
surface of the block. It should be noted that during this test the
initial graphite temperature was TOO°C and rose to 1100°C.

Even with these poorly coated sleeves, the runaway ignition tem-
perature was raised to 675°C.1u Runaway did not occur at temperatures
below 665°C. However, on the basis of these tests, it was decided to



Fig. 16. Damage to a Coated Sleeve.

UNCLASSIFIED
PHOTO 54425




- 40 -

coat the ends of the sleeves. It had been originally planned to
leave the ends of the sleeves uncoated to a:low =asier machining
and mating of the adjacent sleeve surfaces. Investigation showed
that grinding and polishing the ends of the sleeves to a fit “ight
enough to maintain leakige below an acceptable level would actually
cost less than breaking away the coating on the ends of the sleeves
and machining as originally planned.

The burning rig will soon test good-quality coated sleeves and
sleeves with no coatings at all, with the fuel elements simulated by
a globar which will be programmed to give the same radiant heat load
to the inner surface of the sleeve as expected in the EGCR.

IV. Oxidation Rate Equations

The development of rate equations to be used in determining the
heat release due to graphite oxidation in the analyses has been one
of the fundamental problems confronting the graphite oxidation pro-
gram for the EGCR. Initial work performed by Allis-Chalmers2 used
Kosiba's datals for irradiated graphite and used surface-to-volume
ratio scaling for use in the EGCR geometry. This was in significant
error in two ways. 1) The activation energy of the equations as de-
termined by the low-temperature points was such that at extrapolations
to higher temperatures unirradiated data crossed over to yield higher
reaction rates than the irradiated data. This is shown by the X pointcs
in Fig. 17. 2) Use of the surface-to-volume ratio assumes that the
reaction proceeds both on the surfaces of the experimental sample and
the graphite in the reactor. As explained quite thoroughly in sec-
tion II, the oxidation of graphite is not just surface reaction, but
proceeds into the graphite to significant devpths.

Reelization of these shortcomings led to the Hanford experimental
work described in section III and the work done by Prados.T This work
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consists of a critical analysis of data on high-purity (reactor-
grade) graphite from six different sources. Prados points cut that
attempts to describe the rate of the graphite-oxygen reaction quanti-
tatively are complicated by a number of factors of which the following
are the most serious: 1) The dependence of the reaction rate on oxy-
gen on partial pressure (reaction order) is in some doubt. 2) The
vrimary reaction product may be either CO, 002, or both. Both pro-
ducts enter into secondary rrcactions, and it is diffic 1t to deter-
mine which, indeed, is the primary product under any given set of
conditions. 3) Since graphite is porous, reaction may occur on in-
ternal pore surfaces as well as at the external surface. Hence, dif-
fusion of oxygen and product gases withirn the pore structure may play
an important role in determining the over-all rate of reaction. At
higher temperatures, gas-phase diffusion of reactants to the external
surface may also be a rate-determining mechanism. L) Thes graphite-
oxygen reaction is strongly catalyzed by traces of inorganic impurities.
The quantitative effect of these impurities is difficult to determine
since impurity content may vary within a given sample of graphite.
Variations in graphite crystal orientation may elso product varia-
tions in oxidation rates. 5) Oxidation rates may be markedly ac-
celerated by neutron and gamma radiation. 6) Rates may be retarded
by the presence of certain halogen-containing substw.ices in the gas
phase.

Prados proceeded to reduce the data by means of “he depth-of-
diffusion concept and assumption of oxygen first-order dependency
t0 a consistent basis of fraction of active mass reacting per unit
time, artive mass being the mass given by the vclume generated by
the product of the surface area and the pseudodepth of diffusion.
This 1s described in more detail in Appendix A, and the results of
this work are shown in Fig. 17. The rate equation describing the
least squares fit of the data is:

N = T.24Xx 107 exp (- 22100/T) (16)
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where X has unics of weight fraction oxidized per hour per atmosphere
of 02, and T is in °K.

sSMBASBes e s saemeeaeeees s
.................................

LL .0 kecal/g atom. This is within the range of values reported

from individual investigations but is somewhat below the average

(about 50 kcal/g atom). Points for unirradiated, high-purity graph-
ite agree with each other within a factor of 6 or less., It is felt
that the major cause for such a discrepancy lies in variations among
the graphite specimens investigated of such factors as impurity content,
crystal orientatdon, pore size distribution, etc.

Using this rate equation, the depth of oxidation was found as a
function of temperature and ie shown in Fig. 18.

The heat release equations used in the analysis of the reactor
hazard were estimated on the assumption that graphite is oxidized
completely to 002 to a depth given by the depth of diffusion L where
L as defined in Eq. (6) may also be expressed as:

L= 1,'MDP/(X RT) (17)

The heat release per unit surface area of graphite is:

------- -.cn---—---.....-----r-n:-a-.--.o-L;..----..-...- - ®
/S = P AH & AL (18)
where Po is the partial preccure of O; and AH is the heat of reaction
in BTU/1b, mole.

R R I S I

When combined, Egs. (17), (18), and (16) yield for air at one

etmosphere:
q = (8)(7.53 X 107)(1/1660)°*2%exp (-~ 19,900/T) (19)

where q is the heat release in P*u/hr, S is the macroscopic surface
area of the graphite in I‘ta, and T 1is the temperature in °R. The
(T, ].660)0‘25 term vas included in this manner for convenience because
in the temperature range of interest (around 1100°F), this term is
close to one and is relatively insensitive to temperature compared
to the exponential term.
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The above heat release equation includes the depth-of-diffusion
term. When the depth of diffusion, L, exceeds the dimensions of the
piece undergoing oxidation, Eq. (19) is no longer strictly correct,
and the diffusion-free equation is used in which L in Eq. (18) is re-
placed by the dimension of the plece.

Equation (18) also does not include factors for the gamma irra-
diation effect and prior neutron irradiation. It is expected that
the gamma effect becomes less significant at at higher temperatures
(above 500-600°C), but it perhaps is justifieble in the interest of
conservatism to include a factor in the analysis.

Henford has also done experimental work on EGCR graphite and
CSF graphite and has reported rate equations., A rate for EGCR graph-
ite was reported 16 to be:

k = 1.0 X 10*? exp(— 25,000/T) (20)
where k is the fraction of active mass oxidizing per hour per atmosphere
of air, and T is temperature in °K. The actual data are shown in Fig.
19.17 Comparison of Eq. (20) with Fig. 19 shows that the equation
does not fit the experimental curves. This is so because of the follow-
ing relil.:iut:r:uat.]'8 The recommended equation is based on an activation
energy of 50 kcal/mole and an increase in the frequency factor by 1.7X to
allow for rate enhancement by gamma irradiation. Hanford has recom-
mended 50 kcal/mole as the ectivation energy on the tasis of data from
e series of kinetic experiments conducted on CSF graphite. Since
many more experiments were conducted on this graphite than have been
run on EGCR graphite to date, they feel much more confient cf the
data. Experimental error produces & range of + 4 kcal/mole, and
#ince the apparent activation emergy of EGCR graphite (47 kecal/mole)
falls within this range, it was deemed valid to use the extablished
value of 50. Assuming constant activation energy, frequency factors
were calculated for each observed rate and averaged (see Table II).
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TABLE II

EGCR Graphite Frequency Factor Determination

k = (a)exp (- ¢/RT), nrt
(e = 50,000 cal/mole)
T °C k (br™t x 1079) a x 100
525 1.01 5.55
550 3.38 7:13
575 6.42 5.49
600 13.3 L.87
625 29.8 4.86
650 99.9 7.56
a = 5.91 X 10%°
standard deviation ¢ = 1.16 X 1010

It should be noted that the gas constant, R, used to determine
the values given in Table II was taken as 2.00 cal/mole-°K. Use of
the actual value, R = 1.9872, yielded a frequency factor a = 5.40
x 10°°. This would then require a gamma correction of 1.85X to give
the same values as Eq. (20). Since the guuma effect cannot be accurate-
ly represented by such a simple factor, this difference is not con-
sidered to be important.

The reported rates were based on total weight of the sample.
Samples used in thes. experiments were sleeves 2 in. long with an
outside diameter of 0.42€ in. and an inside diameter of 0.250 in.

The wall thickness was 0.22 cm, or less than the predicted depth of
diffusion at temperatures above 500°C. Cross-sectioning of a number
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of samples revealed no apparent reaction gradient through the sample.
However, for complete assurance that the experiments were not dif-
fusion controlled, the surface-to-volume ratio was halved for several
experiments. No eff:ct on the oxidation rate was discernible.
Equation (16), given by Prados, and Eq. (20), recommended by
Hanford, are shown in Fig. 19 along with the actual data on EGCR
and CSF graphite. Prados’ equation is quite close to the EGCR rate
in air in the temperature range of interest (around 600°C) but yields
lower rates at higher temperatures and is conservative at the lower
temperatures. Also, no gamma effect is included. The Hanford equa-
tion yields higher rates throughout the temperature range, and be-
cause of the higher activation energy, becomes increasingly conserva-
tive with increases in temperature. Further use of these equations
is made in section V.

V. Graphite Oxidation Analysis in the ECCR

A description of the principles of oxidation analysis was given
in section II. This section will go into more detail on the applica-
tions of these principles specifically to the EGCR.

There are a great many considerations involved in the analysis
of the EGCR. The geometry is complicated in that seven fuel rods
are suspended within a graphite sleeve of 3-in.-i.d. and 5-in.-o0.d.
dimensions which are stacked, along with top and bottom dummies, in
5 1/b-in.-dia, 20-ft-long channels in the moderator graphite. Neither
the axial nor radial power distributions is constant. The initial
temperatures of the graphite components vary bcth along the channel
and radially. The transient calzulations must consider the radiant
heat load on the inner surface of the sleeve due to the levelization
of the temperature structure in the fuel elements, changes in flow

rates and heat removal, heat transfer across the sleeve, heat
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generation due to decay of fission products in the fuel, sleeve, and
moderator, chemical heet release as a function of temperature and
oxygen supply, and the heat capacity of the fuel and the graphite.

The original digital computer program was set up by Landoni at
Allis-Chalmers (then .«cr').2 It has since been modified by Lampe of
Allis-Chalmers and Edwards of the K-25 computer facility at Oak Ridge.
The equations presented in Appendix B are according to Landori and
contain the following assumptions and features:

1) The radial temperature profile is treated by temperature
nodes for the fuel element clad, sleeve, moderator, central channel
coolant, and annulus coolant.

2) No axial heat transfer is assumed for the sleeve and mod-
erator block.

3) Radiant and convective heat transfer are included.

L) A constant mass flow rate of air is assumed for the central
channel and annular coolant.

5) Heat sources included are a) fuel element temperature
levelization; b) gamma, beta, and neutron afterheat assumed all
In the fuel element; c) graphite oxidation heat from reaction at
sleeve and moderator block surfaces.

6) Oxygen consumption is calculated stepwise up through the
core.

The program described in Appendix B was modified by Lampe19 in
the following ways. The section on energy contributed by the delayed
neutrons after shutdcwn was deleted because the effect is small.
Landoni used the Way-Wigner relation (t-O.E) for energy due to fission-
product decay. This is somewhat low at times before 105 sec after
shutdown and somewhat high thereafter. Lampe substituted the Unter-
meyer relation which is thought to be higher than actually expected.
These curves along with preferred curve developed by 0RNL20 are shown
in Fig. 20.
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Lampe treated the effects of the radial Utemperature structure
across the sleeves by varying the heat capacity of the graphite as
an input to the computer in such a manner that rise of temperature
is similar tc that in the case under an imposed surface peat load.
A six-node model of the sleeve at one axial position was calculated,
and the transient radial temperature distributions were found. The
average temperature of the inside node was then taken to represent
the surface temperature. This temperature was then plotted, ané
from this a pseudoheat capacity was found for use in the calcula-
tions. The results of the fine-structure model at cne axial position
are shown in Fig. 21, and comparison of results using various pseudo=-
heat capa~ities is shown in Fig. 22. 1In this calculation, 25% of the
actual heat capacity of the sleeve was used for the first 10 sec and
90% thereafter. This procedure is somewhat conservative in terms of
the heat stored in the graphite. In order to obtain the temperature
match, it can be seen irom Fig. 22 that the pseudoheat capacity must
be low on the initial transient, and then increases at longer times.
This would show a greater heat content in the core when the tempera-
tures reach their peaks and begin to deline than would actually be
the case. The full value of the heat capacity of the moderator was
used because it is not subjected to a sudden large radiant heat load
and the temperature gradient through the column is expected to be
small. An extra measure of conversatism is present in this procedure
in that the outer surfaces of the sleeves, according to the computer,
will rise at the same rate as the inner surface. This will reflect
itself in a quicker rise in the surface of the moaerator which is un-
coated. This is an area in which furthe:- work could be done.

The fuel element temperature levelization is treated by assum-
ing that the heat transferred from the fuel region of the fuel ele-

ment during a thermal transient can be expressed as:

a = Q exp (- A7) (21)
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where

= heat flux between fuel and clad

= time constant

heat stored on fuel element above clad steady-state

J))’tﬂ
]

temperature
T = time

The above equation is an approximation of the actual analytical ex-
pression which is an infinite series of exponentials. Because the
equation is an approximation it is wvalid only for short periods of
time when used with a particular time constant. To calculate the
transient temperatures of a fuel channel for a period of time greater
than a few seconds, it is necessary to use different values of the
time constant for each time increment. The time constant is deter-
mined by use of a numerical solution to the transient problem at a
single axial location.

For a time 4O sec after the accident the fuel temperature pro-
file has leveled out, and the temperatures of the fuel clad and fuel
are within 200°F of each other. At this time the fuel element is
trea‘ed as a single node combining the oxide and clad heat capacities;
the decay of the fuel temperature profile is eliminated from the cal-
culation.

The results of the Allis-Chalmers calculation are reported in
ref. 19; only the results direc*ly pertinent to graphite oxidation
will be reported here.

The assumptions of the depressurization accident with air as a
coolant are:

1) The reactor was operating in a steady-.tate condition at
100% power with fuel element temperatures as given in ref. 21 and
power distributions as obtained from ref. 22 for bank insertions
of all control rods 62 in. into the active core except for the cen-
tral contrcl rod which is fully inserted.
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2) The rupture is located in the cold leg of the reactor
coolant system.

3) The reactor coolant system pressure decreases to 16 psia
within 5 sec.

4) The flow in the reactor core is instantaneously reversed.
All the helium in the upper plenum and in the annulus between the
moderator and temperature barrier is assumed to flow downward through
the core during the 5-sec depressurization time. The flow is assumed
to be zero when the depressurization is complete and is assumed to
vary linearly with time during the depressurization.

5) The reactor is scrammed 2.0 sec atter the start of the acci-
dent. Immediately following the scram the power generation in the
fuel follows Untermeyer’s curves of decay heat. The heat generation
in the sleeve and column is assumed to be 2% of full-power heat gene-
ration and decays according to the Untermeyer curves. Thirty per cent
of the heat generated in the graphite is in the fuel assembly sleeves
with the remainder in the graphite column.

€) The blower in the ruptured loop del! 'ades.

7) No steam tube ruptures occur during .ae accident.

8) The air entering the bottom of the reactor core from the
bottom plenum is at 500°F.

9) The flow of air from this one operable blower is 85,000 lb/hr.
Approximately L3% of this flow bypasses the reactor core through the
ruptured loop.

10) Flow resistance through the failed blower is negligible.

11) The moderator is uncoated, and the coating on the sleeve
is 95% effective.

12) The reaction is first order.

The rate equations used are those derived using Hanford’s recom-
mendation equation (20). As discussed in section IV, when the depth
of diffusion exceeds the half-thickness of the sleeves and the cell

diameter of the moderator, the reaction is no longer considered to be
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diffusion controlled, and the dimensions of the piece are used in
iieu of the depth-of-diffusion term. This procedure yields the
following equations that were used in the A-C analysis:
1) For inside or outside surfaces of the coated graphite
sleeves:
a) below 1411°R:
14

q = 2.99 X 107 exp (- 45,000/T) (21)
b) above 1411°R:
q = 3.66x 10" exp (- 22,500/T) (22)

2) For the annulus surface of the moderator:
a) below 1300°R:
6

q = 2.30 x 10™° exp (- 45,000/T) (23)
b) above 1300°R:
qQ = T.16 x 108 exp (- 22,500/T) (24)
where
a4 = heat flux, Btu/hr-ft°
T = absolute temperature of graphite being oxidized, °R

The calculation was performed for 10 axial positions as shown
in Fig. 23. The fﬁel channel clad, sleeve, and block temperatures
are shown as functions of time for positions 4, 5, 6, and 7 on Figs.
24-27. Figure 28 shows the oxygen concentration in the mcin coolant
channel and annulus as a function of time. Figure 29 shows the chan-
nel and annulus outlet temperature as a function of time.

It can be seen from Figs. 24-27 that the maximum temperatures
reached are approximately 1200°F. Figure 29 shows that the air out-
let temperature from the annulus reaches a peak of approximately
1160°F around 2.5 to 3.0 hr after the accident. Figure 28 shows that
the bulk of the burning occurred in the annulus. The recsults of this
study show that bLurning can be controlled if the sleeves are coated
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to 95% effectiveness, and one blower can remain operative. In these
calculations, 43% of the flow bypassed the core through the “roken
loop. Actually, if the blower in the broken loop did indeed deblade,
it should be apparent to the operators through either the rpm read-
ing or the power requirement to that blower. Thus the loop with the
inoperative blower could be identified and the isolation valves closed.
This would increase the flow through the core to approximately

85,000 1b/hr and result in an increased cooling effect.

The program described in this section was originally set up for
the Bendix G-15. Essentially the same program is being set up for
the IBM 7050 at Oak Ridge; the calculation assumptions and model are
contained in Appendix C. The vastly greater speed of this machine
should make it possible to test the effects of various sleeve coat-
ing effectivenesses, flow rates, inlet temperature as functions of
steam generator behavior, blower failure for varying periods of time,
changes in air concentrations, and other effects that one may wish to
study as they come up. Also, the number of axial increments taken to
reprecsent the entire channel can be increased up to 50 on the IBM
T090, and thereby over-all channel heat balances can be made much
more accurate. The cost of operating the IBM T090 is quite modest
compared to a comparable amount »f work on the Bendix G-15.

The IBM 7090 formulation of the problem neglects the effects of
the temperature levelization in the sleewe but includes it for the ‘mode-
rator. It should be noted also that in Landoni’s differential equa-
tion for heat balance on the ccolant, Eqs. (B-1) and (B-2) in Ap-
pendix B, the part of the total differential including the partial
differential of temperature with respect to x, the axial distance,
is not included. The effect of this differential, that is, the
"earryover" from an upstream increment to the succeeding increment,
is considered by adjusting the time increments in such a manner that
the temperatures leaving the previous increment will be the entering
temperatures in the succeeding increment. In the IBM 7090 formulation,
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however, time increments of any size can be chosen (provided they

are not sufficiently large to cause machine instability). The com-
plete total differential of the temperature rise in the coolant stream
is included as shown in Egs. (C-1) and (C-2) in Appendix C.

Results of the IBM 7090 computations are now only of a prelimi-
nary nature and will be included in another report on the prcblem.

The above results are contingent on final validation of the
analytical model which is currently being done by Lampe at Allis-
Chalmers and will be reported in A-C Study IV-?24. In this study,
the computer will be used to analyze the burning in the Hanford
burning rig. If the ignition temperatures and rates of change in the
burning rig can be predicted with reasonable accuracy, this will serve
as a check on the computations in the EGCR.

VI. Proposed Methods for Controlling Combustion in the EGCR

The following methods have been proposed for suppressing a
graphite fire in the EGCR:

1) Valve off the broken loop and allow burning of air that has
entered the system.

2) Valve off the broken loop and, in addition, provide a purge
gas to reduce oxygen concentration in the core or to prevent entry of
oxygen to the core. The gases that may be used are: a) helium,

b) nitiogen, and c¢) carbon dioxide.

3) Valve off all coolant flow and remove decay heat externally
through the pressure vessel walls to water tubes underneath the
insulation.

4) Maintain the reactor blanketed with nitrogen.

5) Inject a chemical innibitor such as: a) chlorine gas,

b) freon, or c¢) carbor tetrachkloride.

6) Use a solid-phase Zunibitor in the graphite.
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7) Cool the core by means of a water or fog spray.

8) Coat the sleeves and allow the moderator to burn. The low
air supply in the annulus might produce heat from the cambustion
slowly enough so conduction of heat through the sleeve to the main
gas stream could remove both the chemical heat and the decay heat.
The main channel flow rate should be great enough to cool the core
so that eventually the annulus would be below combustion temperature.

Method 1, valving off the broken loop, has merit and has been
studied in a preliminary manner by Kaiser Engineers.23 The results
show, however, that the temperature of the gas passing through the
blower will reach 1300°F about 3/4 min after the incidence of the
acciden®t. It is clear that the blower cannot withstand these con-
ditions, and, if this temperature is credible, we would then be con=-
fronted with an accident in which both main blowers are lost in addi-
tion to loss of coolant. Also, serious instrumentation and control
difficulties may be encountered in determining which loop has failed
and which isolation valves to actuate.

The calculations in ref. 23 were performed with procedures
vielding such extremely large factors of conservatism that the
results are practically useless. A discussion of these calcula-
tions is given in ref. 24 and will not be repeated here. In short,
to evaluate this procedure properly would require the use of the IBM
TO090 program described in section V with the addition of subprograms
for steam generato: performance and inlet plenum gas composition,
since the method depends on burning the available supply of oxygen
entrained in the system previous to closure of the block valves.

If the brerk were to occur inboard cf the isolation valves,
closure of the other valve in the loop would prevent a positive
driving force from being produced which could force air into the
system. Any air entering the system under these conditions would
do so by means of molecular and eddy diffusion through the broken
ends of the pipe and the restricted annulus formed by the pipe and
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surrounding concrete structure. It is not apparent of what magni-
tude this effect would be, but it probably would not be large.

Method 2, purging the system with a relatively inert gas such
as helium, carbon dioxide, or nitrogen, is worthy of further study.
KE23 states that three volume changes of gas would reduce the oxygen
concentration to 1% by volume if, after air were initially allowed to
enter the system, no more air entry were allowed. It is important to
analyze the problem further under these conditions to see how much
damage will be wrought in the time required to dilute the oxygen in
the system and the time period during which low oxygen concentrations
must be maintained. Then it is necessary to see if the required pipe

sizes are available or can be installed to provide the necessary flow
'rate of diluent gas. For example, if helium is used as the diluent
and if it is deemed sufficient to provide three volume changes in

2 min, and assuming the helium will enter the system at sonic velocity
at a temperature of 100°F, then about a L-in.-dia pipe is required.
If, on the other hand, 1 min is the maximum time allowed, then about
a 6-in.-dia pipe is required The helium supply would have to be at
a sufficiently high pressure to provide the critical pressure ratio
across the end of the pipe, that is, if the downstream pressure is
about 22.2 psia (which would be the containment vessel pressure on
loss of helium and the contents of one steam generator), then the
critical pressure ratio for helium being 0.4875, the pressure at the
pipe exit would need to be 45.5 psia. The available helium supply is
only the amount of gas at pressures sufficiently greater than this to
provide for pressure drop in the pipes and to allow for the increase
in containment pressure due to inert gas injection. The purge would
need to be ccincident with closing of the isclation wvalves or the
supply of gas may not be sufficient to maintain a positive pressure
differential across the break long enough for the core to cool down
to a temperature at which readmission of oxygen would not cause un-

controlled combustion. Also, the allowable contalrment vessel pressure
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could limit the amount of helium blanket gas injected. This method
suffers in that nothing can be done for breaks that cannot be valved
off, that is, nozzle ruptures, and also suffers from the fact that
identification of the ruptured loop may be impossible. In either
of these cases, it is not expected that the core can be cooled down
to a safe temperature in the time available, which would be limited
by the supply of inert gas or the containment vessel pressure.

Method 3, valving off all coolant flow and removing decay heat
externally through the pressure vessel walls to water tubes under-
neath the insulation, is an extreme procedure which should only be
considered as a backup to other systems. It will be discussed more
fully in section VII.

Method 4, maintaining the reactor blanketed with nitrogen or
other relatively inert gas, would be effective in that operation of
a mechanism on demand is not required. However, it would be extremely
inconvenient to equip all workers entering the containment shell with
aqualungs or air hoses. It must be remembered that the probability of
the maximum credible accidert is small, and, although it must be pro-
vided for, the means of combating it should not be an intolerable
nuisance to the everyday operation of the reactor. At this late
stage, it would be extremely expensive and inconvenient to attempt
to construct a concentric envelope around the primary system to pro-
vide an inert gas blanket. Also, it would not be certain that rupture
of the main system would not rupture the blanketing system.

Method 5, introduction of an inhibitor into the gas stream upon
rupture of the main system envelope, would be a very effective way of
preventing runaway oxidation. Preliminary results of Hanford's tests
show that a small burst of chlorine gas giving a 2% concentration in
the air stream will effectively poison the active sites in the graph-
ite and will prevent combustion if the graphite can be cooled below
the unstable temperature during the time period in which it remains
chemisorbed on the graphite (about 3 min). If the graphite cannot be
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cooled quickly enough, the chlorine concentration must be maintained
until the critical temperature is passed. The chlorine injection
equipment must be extremely relieble, for an accidental injection of
chlorine into the system could be disastrous to the metal components
of the reactor. Also, this kind of system could not be periodically
tested for the same reasons. If, during the accident, the ch:orine
concentration in the atmosphere surrounding the electrical components
becomes excessive, insulation breakdown will prevent operation of
these items. Thus, if blower operation is required to remove combus-
tion heat and decay heat, as is now the case, the use of chlorine is
self-defeating. The use of other gaseous inhibitors has not been
studied in much detail.

Method 6, use of a solid-phase inhibitor in the graphite, is an
approach worthy of further study. Phosphorous pentoxide impregnated
in graphite wes found to be effective in inhibiting oxidation, but
it is not stable under neutron irradiation. Perhaps other compounds
containing atoms in the V and VI outer shell electron groups could
be studied. Although this cannot be used in the EGCR, it might be
worthwhile to expend some research effort in development compounds
that can be impregnated in graphite for oxidation resistance.

Method 7, cooling the core by means of a water and fog spray,
is another possibility. Although the graphite will react with water
in the familiar "water-gas" reaction, the process is endothermic and
would cocl the core by removal of heat not only by the temperature
rise and vaporization of water, but also by the heat required for the
reaction, although the latter is probably small compared to the latent
heat of vaporization. This scheme should be analyzed to determine the
amounts of graphite consumed and the resultant containment vessel pres-
sure from the addition of steam, carbon monoxide, and hydrogen from
this reaction. Also, the concentrations of hydrogen and carbon mon-

oxlde should be determined to evaluate the explcosion hazard.
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Method 8, use of siliconized silicon-carbide coatings on the
sleeves, is the method chosen for control of the oxidation in the
EGCR. Coating of the sleeves can eliminate the oxidation of almost
two-thirds of the geometrical surface available for combustion, but
it is impractical to coat the moderator because of the tight tem-
perature control required in the process, the cost of which could be
prohibitive in large pieces such as the moderator blocks. The moder-
ator * will oxidize, but the heat of combustion is transferred through
the sleeve to the large coolant flow in the center portion of the
sleeve. As an upper limit, the rate of heat evolution from the moder-
ator is limited by the oxygen supply in the annulus whose flow is ap-
proximately 6.5% of the total channel flow. As shown in the results
of the analysis given in section V, Fig. 28, the partial pressure of
oxygen in the annulius outlet is decreased to 0.14 atm. Thus oxygen
starvation would not be the dominating influence; the main effect
would be that the heat can be removed at a rate equal to or greater
than that being generated. The results of Allis-Chalmers' study IV-
512019 giow tnet inftial temperatures begin to rise. Without the
coated sleeves, the temperatures would continue to rise to a runaway
condition, but coating the sleeves allows the high heat removal of
the higher central channel flow rates without the attendant large
oxygen supply to the burning surfaces, which would occur if the
sleeves were not crated.

Further problems that must te resolved with coated sleeves are
enumerated in section VII.
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VII. Discussion of the Coated Sleeves and Attendant Problems

As discussed in section VI, control of graphite oxidation by
silicon-carbide coatings on the sleeves depends on conducting the
heat generated in the moderator through the sleeve to the gas flow-
ing in the channel inside the sleeves. Thus the heat removal of the
large flow through the channel is used without allowing large amounts
of air to reach the exposed moderator surfaces. The results shown in
section V show that this method will be effective in controlling the
core temperatures if a flow of 40,000 lb/hr is maintained through the
core. This is a reasonable number in that it is the core flow with
one blower operative and the blower in the broken loop debladed and
the isolation valves open. However, there are several problems re-
quiring solution before complete confidznce is Jjustified in this
method.

Forced cooling of the core is necessary for long periods of
time after the accident. For instance, natural convection using
one loop with a stalled blower and with outlet temperatures of 2000°F
and inlet temperatures of 150°F cannot remove the decay heat (as ex-
pressed by the Way-Wigner relation) until 70 days after shutdown.>?
Of course this is a rough calculation in that the heat capacity of
the graphite is not considered; it is only the rate of heat remowval
available with air at atmospheric pressure at those conditions. A
transient calculation was performed in which the core was taken as
a solid piece at iniform temperature and the natural convection flow
rates varied as a function of outlet temperature. It was found that
maximum core temperatures of approximately 2600°F were attained at
2l.9 days after shutdown. If the blower resistance were bypassed,
the core temperature reached a maximum of 2000°F in 17.8 days. 1In
these calculations perfectly coated sleeves were assumed, and the
flow in the annuli was assumed to burn completely. The heat gene-

rated by the oxidation at these low flow rates was found to be
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negligible compared to the decay heat. These results were obtained
on an extremely simplified model by means of the OR-SFT code on the
IBM 7090. It is evident, however, that some form of forced cooling
is necessary.

This leads to problems in maintaining a heat sink. That is, at
least one of the steam generators must remain available for long times
after the accident, and blower operation must be maintained. In case
of power supply failure it is expected that the rate of temperature
rise will be slow enough so that at least cne or two days are avail-
able to restore power. Under these conditions it seems that the
weakest links in the chain required to remcve the heat are the blower
and the steam generator. Feedwater failure within months after the
accident could be serious. Also, at the present time it has not been
shown that the steam generators will be sufficiently effective at low
flow rates. A bearing seizure in the rotating equipment could be
serious if it happened within a month or so after the accident. The
vessel cooling system could be used tc cool the core if the blcck
valves are shut, but it is not known at the present time at what time
after shutdown it would be feasible to use them.

The above considerations may require that an alternate heat sink
be provided which is completely independc.i. of the operating equipment,
and that does not require a long chain of events to effect its use.
This heat sink may be obtained rather inexpensively by means of water
tubes underneath the insulation exterior to the pressure vessel. These
tubes would normally be dry, and water would be supplied to them only
upon failure of the other mcdes of heat removal. Their position ex-
ternal to tne pressure vessel makes the consequences of inadvertent
operation unimportant since they would not be metallurgical bonded
to the pressure vessel wall. Preliminary calculations have shown
that central corc temperatures between 2500°F and 2800°F can be ex-
pecteda if this mode of heat removal is used alone. Concurrent use |

with natural convection would prcobably reduce the peax temperatures
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to approximately 2000°F if the sleeves remain coated. Of course,
natural convection would require an operative steam generator along
with water in the tubes. Usc of this system would need to be studied
further, especially the effects on the bottom grid structure. This
structure can reach a temperature sufficiently high to cause failure,
in vhich case the whole core would fall to the bottom of the rressure
vessel. It is expected that before this happens the fuel cladding
would have melted and allowed the 002 pellets to fall to the bottom
of the core, the control rod cladding would have melted and allowed
the Buc rings to fall to the bottom of the core. Thus, even if the
bottom grid plate did fail, it is not expected that a critical condi-
tion would result. If natural convection were available, however, the
bottom grid should be maintained at a temperature below critical.

Fundamental to the use of the coated sleeve for controlling the
graphite oxidation is the integrity of the coating. Preliminary tests
on silicon-carbide coatings on Speer 901S graphite show good radiation
stability and adherence under thermal cycling.e It is necessary to
apply the coatings to an isotropic grade of graphite ncssessing the
same coefficient of thermal expansion as the coating. Speer 901S
graphite has been specified for the sleeves because cof this property.
Coatings applied to other grades of graphite have shown relatively
poor oxidation protzction because of cracks, porosity, or complete
lack of coating in places.ET Further details on coating work will
be reported by F. L. Carlsen of the ORNL Metallurgy Division ceramics
group, whose responsibility is tec show that coating integrity can be
maintained for three years in the EGCR.

The above discussic. points out some of the problems remaining
in the loss-cf-pressure accident. It is felt that if a heat sink
can be maintained, coating of the sleeves can be depended on to con-
trcl the fire. The effects of loss of cooling for certein periods of
time, alternate forms of ccolant, decreased inlet lemperature due to

steam gererator blowdown on loss of power, reductions in sleeve coating
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effectiveness with time, are some areas that can be studied with the
computer code described in section V to allow final decisions on the
means taken to accommodate them.

Pertinent to the EGCR is the concentration of carbon monoxide
formed when burning the moderator surfaces. Prados has calculated
that if all the oxygen available in the annulus were to be burned to
CO, the following would occur:26

1) It is apparently impossible to initiate a detonation wave
by combusticn of the carbon monoxide. Since all carbon monoxide in
the system would result ultimately from the oxidation of carbon by
air, it would be diluted sufficiently with nitrogen to hold its max-
imum composition below the minimum value for detonation (35% by volune).29

2) Rapid combustion can occur in a premixed carbon monoxide-air
system (flash fire) i the carbon monoxide concentration is above
12.5% by volume.??230 There is sufficient oxygen in the containment
shell to permit the development of such 2 concentration throughout
the containment shell and still leave a stoichiometric excess of oxy-
gen to react with the carbon monoxide.

3) If the in{lammable mixture of (2) existed throughout the
containment shell and were ignited, the adiabatic temperature rise,
calculated urder conse. .ative assumptions, would lead to en internal
overpressure of 34 psig, about three times the design rating of the
containment shell.jl

L) A flasi fire within the reactor coolant system alone would
produce negligible overpressure in the containment shell.

5) If the carbon monoxide should burn at the outlet of the re-
actor coolant channels, no explosion hazard would exist. However,
the minimm ignition temperature of about 1150°F is so close to the
expected conditions at the reactor outlet that this cannot be claimed
as a dependable safety factos.

6) The maximum production rate of carbon monoxide in the reactor

core, based on a core flow rate of 30,000 1lb/hr and a recirculation
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rate between 0.1 snd 10 times the fresh air intake to the system
is sufficient to produce an inflammable concentration of carbon
monoxide within the containment shell after about 10 hr of opera-
tion. The calculation involves the highly conservative assumptions:
a) all oxygen fed to the annuli reacts instantaneously to form
carbon monoxide, and no credit is taken for the decresasing reaction
rate as the core temperature drops; b) the oxygen concentration
in the fresh air fed to the system does not decrease as ca:bon mon-
oxide is supplied to the containment volume.

Prados continues to say that based on the above results it can
be concluded that there is a chance, although a remote one, that a
carbon monoxid: explosion of sufficient strength to rupture the con-
tainment shell could occur severa. hours atter a rupture of the EGCR
Primary coolant loop. This would require the production of suffi-
cient carton monoxide to produce an inflammable concextration through-
out the containment shell and the subsequent ignition of the mixture
by a spark or heat from the reactor core. The probability of obtain-
ing such a concentration can be better assessed after the analysis of
results of the computer calculations on the graphite oxidation behavior

in tlie reactor core.

VIII. Conclusions and Recommendations

Coated sleeves are to be used to control catastrophic oxidation
in the EGCR in case of the loss-of-pressure accident. This method
requires that the heat of oxidation and decay heat be removed by
forced cooling in the first month or so after the uccident. Thus,
further study should find ways to provide the EGCR with cooling for
this length of time. This cculd be dorz by means of pony motors on
the main blower motor shafts, the vessel cocling compressors, bypass-
ing the blowers for natural convection, water tubes underneath the

pressure vestsel insulation, or other means not apparent at this time.
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To determine more accurately the level of urgency for standby
cooling of the MCA, after the analytical model is valideted by Allis-
Chalmeis study IV-324, the IBM 7090 program should Le used to find
the minimum flow rates required for various coating effectivenesses.
Also; the effects of blower power failure occurring at various times
after the onset of the accident and for varying duration should be
studied. It may be advantageous to consider the effects of normal
steam generator blowdown on loss of feedwater power which would tend
tc recuce the inlet air temperatures to approximately 380°F.

The alternate metliods enumerated in section VI ought to be
examined in more detail for possible further use in the EGCR if
found to be less expensive and as reliable as the coated s.eeves,
and for future application on other graphite-mod=rated reactors.

The IBM 7090 program should be made generally available because
many classes of problem dealing with flow in channels can be studied
with it using changes in the input data.
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Nomenc lature

freguency factor in Arrhenius equation, time ™t

area perpendicular to the flow of heat, ft2

half-thickness of a slab or radius of a long cylinder,
length

activation energy in Arrhenius equation, kcal/gm-mole
02 concentration in graphite pores, moles,vol of gas
oxygen concentration in gas phase

specific heat at constant pressure, Btu/Ibm-“R
equivalent diameter, ft

effective diffusivity of oxygen in pores of sample,
(length)2/time

heat transfer coefficient, Btu/hr-ft-°F
thermal conductivity, Btu/hr-ft-°F

volume rate constant, moles of 0, reacting, (active vol of
sample ) (time ) (moles of 0,/vol of gas)
depth of diffusion, length

mass of sample, gm

molecular weight of carbon = 12.01, gm/gm-mole
absolute pressure, atm

partial pressure of oxygen, atm

heat transfer rate, Btu/hr

reaction rate (moles of oxygen reacting)/time
diffusion-free reaction rate, moles Oa/time
gas constant, kcal/gm-mole-°k

area perpendicular to the flow of fluid, ft2

external surface area of sample, ft2
temperature, °K or °R
volume of sample, length5

flaw rate, lb/hr
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Nomenclature (continued)

porosity, pore vol/total sample vol
ratio of reaction rate to diffusion-free reaction rate

chemical rate constant, mss/(mss)(time)(oe partial pressure)
viscosity, lbm/hr-ft

graphite sample density, mess/vol

heat of oxidation reaction, BTU/1b. mole of graphite or 02
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APPENDIX A

Determination of Reaction Rates from Experimental DataT

The experimental reaction rates are usually reported as mass
of carbon reacting per unit 1) sample mass, 2) sample external
(geometrical) surface, or 3) internal surface as measured by gas
adsorption. These can be all reduced to an observed rate constant,
K, by multiplying sample surface-to-mass ratios and dividing by the
experimental oxygen partial pressure (in atmosphere) where necessary.

In cases where the rate of oxygen mass transfers to the external
surface may limit the rate of reaction (above 800°C), one must com-
pute the "chemical rate constant", } , as follows. From a material
balance, the rate at which oxygen is transported to the surface must
equal the rate at which it reacts with the graphite.

Q = # (mM) P, = k,8 (P, -P) (A-1)
where
M = chemical rate constant, mass/(mass)(time) (02 partial pressure)
P@ = partial pressure of oxygen at the ex.ernal sample surface
PG = partial pressure of oxygen in the bulk gas stream
k, = mass transfer coefficient, (moles of 02)/[ (area)(time)
(atm of 02)]
The coefficient k‘G can be estimated from standard c::orre‘.l.at,ioms.32 One
can eee that:
P, = By - }fg (A-2)

Hemme,
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Note that if k., > Q/S, P_= P,, and gas-phase mass transfer is

G o G
unimportant.
The relation between K and N is given by:
d = KN

n is computed from Eq. (15).

1/¢ tanh ¢ (A-3)

n
@ is given by:

. S N
""SL"SkDp

The relation between k  and M is (if one assumes that 1 mole of
oxygen is equivalent to 1 mole of carbon, that is, complete oxidation):

, - &
This can be compared with the definition, @ = V/SL, to yield:
X -y (A-b)
where
e Wp
v = (/) R (8-5)

If Eqs. (15) and (A-4) are combined with the relation between K
and ¥ , one obtains:

g tang = 3 (A-6)

These relations are sufficient to permit calculations of # and n from
observed over-all reaction rates. The procedure is as rollows:

1) Calculate K from experimental results.

2) Estimate Dp from the relation:

2
D, - 22 (/e13)7 £/ (A-7)

where
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H
[

absolute temperature, °K

o
n

absolute pressure, atm

porosity, pore vol/total sample vol

3) Calculate ¥y from Eq. (A-5).

4) Calculate K/v; solve Eq. (A-6) for ¢. This is a trial
and error solution.

5) Find M from Eq. (A-4).

6) Find 1, if desired, from ratio of K to } .

For limiting cases, steps 4 and 5 may be simplified as follows.

For K/y < 1072

X - K
and

n =1
For K/y > 10:

X = Ky

and
n = SL/V

The results of this procedure on data reported by several inves-
tigators are presented in section III.

The above discussion of the depth-of-diffusiun concept has gone
into considerable detail because it is fundamental to the heat release
equations used in the analysis. deHalas and Dahl35 at Hanford have
applied this concept in a simplified analysis of tests performed by
Brookhaven, Hanford, and the French.ju

Originally, the analysis of the EGCR burning assumed a surface
reaction in which the data of Kosiba15 were converted to the EGCR
geometry by scaling the surface-to-volume ratio. deHalas and Dahl
have shown that the original EGCR approach yielded ignition tempera-
tures in the French experiment of T720°C, whereas in a typical experi-
ment the graphite ignited between 540 and 600°C. Modification of the
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appraoch to include the depth-of-diffucion concept yields a predicted
ignition temperature of 520°C, considerably closer to the experimental
results than that given by the initial analysis.

The Brookhaven tests show the validity of this approach when con-
sidering the variations in reaction rates of various graphites. The
test was performed in a single channel that was held at constant tem-
perature at the beginning of the run, and air was introduced into the
bottom to initiate the test. This test can be described analytically
by the following equations.

At the upper unstable point on Fig. 1, the heat generated by
oxidation in the graphite equals the heat transferred to the gas
stream. Thus:

nPax (T - T,) = Mapmhooe-c/ms ax (A-8)

where
P = perimeter of the channel
x = axial distance along the channel
a = frequency factor in Arrhenius equation
p = density
L = depth of diffusion
RMOO = an arbitrary ratio to convert from data from one grade of
graphite to another

¢ = activation energy

Tg = temperature of the graphite

Ta = temperature of the air

AH = heat of oxidation/lb (14,100 Btu/1t)

Solving Eq. (A-8) for (TS - Ta):

aplHLR
(Tg -T) = '———?rﬁgg e~</RTg (A-9)

The temperature rise of the air as it progresses along the channel

is found from a heat balance with the heat transferred. d
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hP dx ('r‘ - r‘) = W cp aT, (A-10)
Rearranging,
LIS (ar,/ax) = WP T, - hP T
Rearranging,
aT

a'nPT_

hP
Sy = oo P (A-11)
dx WwC a WwC
P p &

Using an integrating factor, ehPx/HCp’ the solution of Eq. (A-11)
becomes :

SHPXMCp g g PX/WCp (A-12)
a g 1
When
x = 0 Ta. = Ti
where
'1'1 = inlet temperature of air
Thus
cl = Ti - 'I'g
Equation (A-12) becomes:
_ -hPx/WC
T -T, = (B, -T)e P (A-13)
Substituting Eq. (A-13) into Eq. (A-9): .
apAHLR
(T -q ) ehBX/MCp _ 1400 -c/RTg (A-14)
£ i h
This can be rearranged to yield:
r(P -T,)h -
P e T ] (A-15)
g L. 40O
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In the Brookhaven test, as analyzed by deHalar -nd Dahl, a
vas found to be equal to 3.3 X 10™ nr™l. Grouping the constants

as follows:
a = apPLAHR, . = 4.8 x 10'T PR, (Btu/nr/rt)

hP

A o =
WC
P
c
3 =2
Equation (A-15) becomes:
B ®h -AX
¥ = = .lni—'('rg -Ti)e (A-16)

The conditions for the BNL experiment were as shown in Table A. Then
PL = 0.164 L.
From ref. 6 the depth of diffusion, L, can be determined by:

L > % (2/273)0- 8 pp-1/2* (A-17)

2.54 x 10
TABLE A
Experiment No. 1 Experiment No. 2
A = 0.372 £t”t A = 0.303 £t™1
X = 1.92 ft X = 1.92 ft
h = 5.2 Btu/hr-ft°-°F h = 12.7 Btu/hr-ft°-°F
P = 0.164 ft P = 0.164 ft
T, = 573°K T, = 573°K

¥
Notice that the solid-phase diffusion control has the effect of

reducing the activation energy by a factor of 2.
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The term (T/E!B))OJB varies only from 1.48 to 1.80 in going from
T = 500 te T = 1000°C; therefore, assume an average value at 800°C.
From Kosiba’s data, the reaction rate from Eq. (1) is:

¥ = ae-c/RT

N
5.5 x 101t e-(5.o X 107)/1.99 T

»x
I

11 e-(9.5 X 101‘),/1'

3.3 X 10
From Eq. (A-17):

0.00181-'1/2 (£t)

-9 e(1.2l+ X 10“)/T

I

1}

3.14 x 10

K
(4.8 x 10*7)(0.164)(3.14 x 1079) e+ X 10 /T g

1®
1

N
_ 8 1.25 x 10°/T
= 2.8x 10 e R&OO
For experiment 1:
Ph_ (0.164)(5.2) o-1:25 X 101‘/'1'
a ¢, 8
= (2.48)(107) RL00
_ -9 L,
3.5 % 1077 -1.25 X 10°/T
Ry00
| (1.8) B2 (o , AX | 8.8 1.9§x10“
-m’(l.)E—(Lg—'li)e ’|=1. # ==k - fn (T -Ti)
+ 0.71 £n RhOO
Substituting into Eq. (A-16):
(2.5 - 1.25) x 101*
< = = 19.5 - fn (Tg - Ti) + in R o



- 86 -

Let RhOO = 1 for now:
4
LB XA - 19.5- (T - 573)
T = 630°C

The reported temperature ior experiment 1 is 830°C. To obtain
this answer, RhOO would have to equal 0.19. According to deHalas
and Dahl, tuis is a reasonable value.

Using RhOO = 0.19, the validity of this equation can be checked
against experiment 2 which used the same graphite.

(0.164)(12.7) o-1:25 x 101‘/T
(2.48)(10°)(0.19)

Ilﬂ|§

n
bk x 1070 e~1:25 X 10°/T

L
- m (1.8) ? (T, - 1y) e . 1694+ 1'—2,1,"& - m (T, - T,) + 0.58

L
L2X10 - 17.7 - m (T - 573)
T = 930°C

This checks with the experimental value, i.e., combustion is ob-
served to start at 930°C in experiment 2.
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APPENDIX B

~

Original Allis-Chalmers Graphite Oxidation Calculationr Hodele

The original Allis-Chalmers graphite oxidation calculation
model wac developed in PEGCPR project job study 3-380 by J. Landoni.
Only the transient-state calculations are shown because the initial
steady-state conditions depend on the axial power distribution under
actual conditions which are considerably different from the curve

distribution originally assumed by Landoni. All terms are defined
in the nomenclature on page 105.
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FINITE DIFFERENCES SoiyrioN

Mu‘b'nj bhe J:f/cﬂaﬂdl e’w bions | be & a j;'aifc J‘[ﬁ(fm.’ fo//awi? the

order: fw/ coolant, ful, sheve, modecater blocks and onnulvs coolont:

1. el Coelant
A5k b G fTe.8) s Z 500, &Il r]
i
“te/[(ti, 00) » 4}; -9 (=, %) - ‘éj‘} L ‘-.’-{- i. }(r.:l.)o 4‘}*
Mhen an ad:‘!nug time interve/ 40 /s vsed instead _Jelxe. 80)4 ax |t (s,
f the éime interval ag demanded ;, the /n/ coo/- &
i t{:.',l.)-- L
— 7
ot Jvnv its possage Ofov ax, then lhe /e// hons ~|] &
2 9 <
member ‘lfﬂﬂ-‘ ll /] C}:_;.:. 4? . :: S
2
Jhe condition o/ moss /:/on/ uof.‘u,‘f/ /or the cool- lf
Jan;Ve: : / Ve = /r z {
ax _‘:___ Y 4 A- Q._.’ & = 9!_
.,“j?'-:/‘; , @ /.&c’ A’, 4! ‘?fo‘l?d‘}hdﬁ

The fvei cookint equation con be written dro”i? svbscripts, x,, x’, 6

/.21,/,? ££ ,ﬂ ,J,P)u/ .z}Prau.u P T a6- .zﬂ d,f)e 26 +4, 7 706

* A‘_ RaAa7 a6
A (4
CJ//;nJ. 9 f.cfféf:’
g pae
ARy



- 9B =

(3G ¢ Hy+ He) 8t - b aT -4 o, = AH (T, -é,/ s2He (T-4)

Y

or

., atl vta, 07, 4.,,05-', s X
where
4,,‘.1'-}'!//4#‘ &, 0
a, * — He d,,-:o
“ -4 he b (T -4) 2k (%)
2.Fvel Elements
FEOT. : JFEY [, [; ) 3er.. ) )'(““w) 44,,, 40 cos 7 x

ARf T (e 0) o% -4 (x 8) - aiéf/ao-lf. zf/z(x.,ay,g- T(x,0)

Y
_ a7
If""
-16 -1(’."‘0}
- L2 oh BT ‘ " ey ? .
47‘;4#’54( P - )dlj 'szE?j,‘“E Xe (e ¢ )4‘4/40«.:‘;‘
R (T-G)a0 -24 RF(7-T,)ab
n{’i’agal ¢ h, BE aT, 0¥
Ca//u'.J. H: 4B 0 8

R-hBRE a6
-3 “ "}{'o*"}

‘ILMI + (2FE +n‘.-ﬁ)a7;-4‘?;-.z}we&m£;{e -e )
4:1,,1 Alcn‘.:’ o -2k (%-4)-24, (%~ z',")

or
4y, d“{ v&, O + a,, o7, = Az 2
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where

Gy = 0
o, AFE 4N + R

4yg 0

4o -}rgm;

A;:.zyﬁs’l. mE.;{e -e /
+-24,-;6' -k X-2K (’:‘9)"(“'9

c
LA -?(t.,o.’
5‘3:‘,." a e ‘("'.) a6 f-h—‘c -’ﬂ-—_? e ’ ’ "‘—;
T 2
A PR . fla0) b 2R )
b A R o ") o ,Ahc n_R TWn,0) L, 4T
» f*’; Ifroﬂ.) A );fﬂ. <
*‘,. P;g:/-’c.(‘o, 6.) . ‘:15- - f(’-, 6,) - a_?'; o0
# he, a.‘r’:/n(..,o. s 4B . Frw,b)- ‘?I’"’j a6
— = F t
-};’/G(r.o.)feg-;(x.,v.)_ 2% ( o0
- 'y
LZ/E'(I-,P.}* -'—L-'L f.(x.”)_ a8
vl‘sdfmi x,
.
Calling @ . 4E ¢ 7 a0 H’f *P- &k P % 46
A )
Mo s ho B 08 R, = by .§ 6
‘9=£{¢- ae

KAy ~RAT + (ISl Kok +£,-Q,)8T; -R, 8T, - Kool

*tAfR)e
fg,g)('f A )
126, (T -F) +28(%-T) -2 K (Ti-by) -2Ka(Ti-4) + 24 9,80 cos & x

ﬂlln

& »
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or
oy afl ta,, 8% +ay, OT; ta,, AT, +a,, 444 s K
where: e, ¢ -b}
' TE - &,

'Y -JS#I? rhe * & vl - @
- R

4Gy * =

] . -
ho2h (B pR)e a0 2R (%-T)2R(T-T)
e 4% *AR) )+ 2 Ay

-.ZI?(E'I'/) --‘llfq.{z-ﬂ) #JQ”AO o £ Xo

$. Graphite Blocks.
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807; = “ & e 7.E‘.,E a0 4 llc '-. e ﬁ(‘o,')
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a0 44

2
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Ry o7, # (384K, + R -Q) 0T, - K 04 » .zl"!_:_ e Moo +2hy9, 80 cu g x,

A6 -A(8+00)
flﬂa’“cu‘!.;. (e . = )

S 2K (f-t) - 2R (T- ;)

v a,, 87, ta,, 87 +a,, ot « Ky 4
where

%, -2 a, :0

o " 28K, 2K -G, a,,+ 0

a,c: -4

-_rs -AG  =A.0+09
l,.-!‘.f e ‘40#44‘,‘ Jlmfx. 4.2}'3’”:-;:.:,.(15 -e )

M (T-G) -2 R (T~ T)

5. Anavivs Coolont

Similoely to the Jve! coelont

w

*haRaT; 00 +h 7, a7 08

Colling : C'.-ﬁ._f. % 00

"‘I.d
H‘ s “? "
Ho=h, R a0

-" ‘f,-”‘ lr‘ + (‘?C‘f”. Jﬁ"jﬂﬂ aJ”‘(ﬁ_y *"”b[’“f.}
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or
4, 87, *a, a7 te, bt s Kg J
wflcfe
‘J.i : - Ha Q‘.‘ 0
‘.—-’ s ‘H‘ ﬁ‘ 1 O

q 2 tha s K Kp:2Ha(T-8) +24,(Ti-4)
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o b ReR A
-%
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on e 74
. €
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Equations /[ te S are ﬁn linear eguotions ﬁr bhe [ive vaknown increments in /en/crat'uf!.
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X x x x
x ¥ x z »
x ¥ ¥ x
/ x ¥ »
7 > » z b 4
/ x » Y
) § ] ]
=
» » x

ﬁ'u/y 2 .l/dcm q./ {wo ¢’¢ah'u.r with ftwe vnknowns AT ond 8 L 15 solved
and nplacinj therr valves in the Jreviovs O’wﬁon , the other unhnowns are obtiined

aT:, o7, and aéf.
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Nomenc/otvre
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APPENDIX C

IBM 7090 Graphite Oxidation Calculation Model

The EGCR graphite oxidation problem has been coded for the IBEM
7090 computer by R. Edwards of the ORGDP problem setup group. The
calculation is based on the following assumptious:

1) The clad temperature is determined only by a) heat flux
due to the levelization of temperature in the fuel elements and
gamma heating, b) heat flux due to radiation to the sleeve, and
c) heat flux due to Newtonian heat transfer to the central coolant.

2) The afterheat in the fuel element, sleeve, and moderator

i
given three values to fit curve 3 of Fig. 20 in three time intervals.

3) The heat balance acrcss the sleeve is assumed to depend only

block is assumed tu be proportional to 021, where z_. is a constant

upon the following heat fluxes, based on a mean sleeve temperature:
a) radiative flux from the fuel clad, b) Newtonian flux to the
central coolant, c) radiative flux from the moderator (based on
mean moderator temperature), d) Newtoniar flux to the annulus coolant,
e) heat generaticn due to gamma heating, f) heat generation due to
graphite oxidation, and g) increase in the enthalpy of the sleeve.

) The heat balance on the moderator is assumed dependent on
the following, based on a mean moderator temperature: &) radiative
flux from the sleeve (based on mean sleeve temperature), b) Newtorian
flux to the annulus coolant, c¢) heat generation due to gamma heating,
d) heat generation due to graphite cxidation, and e) increase in the
ernthalpy of the moderatcr.

5) Graphite cxidation is assumed to be governed by:

a - Rp (7/1560)°25 ¢=c/T

wnere
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= heat generation rate per unit of surface
= consiant

partial pressure of oxygen

= surface temperature

0 H "9 R0
I

= constant

With the aid of the above assumptions, the following equations
govern the temperatures defined in the nomenclature:

atf A, ne B‘l:f

Weep 3 Rt, ® = he P, (T, - tg) + by P (T - tp)
(c-1)
ata A = S Bta
T"a‘."}"ax"'ﬂta 00 =haPa(Ts-ta)+han(Tb'ta) )
(c-2
- L L
Ye = Pr ke (Tc - tf) +ry K (Tc > T ) (c-3)
s = - -
Q- A G35 = B P (Ts t’f) * By Ta (Ts 1:a.)
- L L - L L
+F P (T -T ') +F P (T -T7)
(c-4)
o - 4 4
%A% H% C P hy (‘b - ta) 2y By (Tb T *s ) (c-5)
W Lpf + Af ; de = = E (c-6)
£ ox R tf ) AH
j o Au n Upa qQ,
s 3% 'R % T M (¢-7)
The heat generatlion terms are:
. & Y 0 z4 . mX
Qp = 9p, Ap (v e 77 + Dy, 0°%) cos ¢ (c-8)



- D

P 0.25 -c/T
= (D, ¥, 0°1) cos X=X + R P, -2 (T, _/1660) e /%
Q = Yo Ry By Yy I b3, b i
P 3
Q. = a A (Ds Y, 0°%) cos I’.{._: +K .. C—: A l—)i- Pf) ('1‘5/1.660)0'25 e C/Ts
(c-10)
Pe 0.25 _-¢/T
qp = K A == P, ('1'8/1660) 2 8 (c-11)
(o]
p -
q = R2Ig, P, (11660 e™/Ts + B (1,/2660)72 /M)
= (c-12)

The parameter gs is the measure of coating on the sleeve. The notation
used above is defined in the nomenclature on page 115.
In terns of finite differences:

l -

W,oce_ t,(x=-1/246x, 0 +809) A, nc

f p 't f P -
o + < the [PcTc (0)-|-IE’1.'I'B (0))
chp Afrrcp
Ax +Rtf(x+1f2Ax,0)ﬂﬂ+hf‘(Pc+Pf)

I

t, (x v+ 1/2 &x, @ + &9)

W, opta (x-l/EAx,0+A9)+Aanc
AX R &0

wa:p Aapocp
Ax +Rta (x + 1/2 ax, 0)&9+ha (Pa+Pb)

R, h, [P, Ts (@) + P T, (0)]
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A, np, (x + 1/2 &x, 0)
+Rtf (x + 1/2 bx, 0)00

W i,
a&x "RE, (x + 1/2 &x, 0) &8

W pr(x-l/.‘?Ax,O-i-M) ap
© AH

Ox

3

18

*

v, (x +1/2ax, 0 + ) =

Hapa(x-1/2Ax,0+m)+AauPa(x+1/2Ax,0)-22
Ax Rta(x+l7§Ax,0)AD AH
W A n
=N &
Ax Rta(x+l/2Ax,0)A9
= ( A We-Af°+ A_D 8%i)cos (nx/L_)
Qg Upo Yo “p “F V1 o
(x + 1/24ax, ) +p. (x - 1/2 &x, @)
z nx /pa a ’
qboA'bnbyio'lCuSi;'l'KPb\ apo ’

+F

(T, /1660)%-2 &7/Ty

o7 |—pa (x + 1/2 ax, 0)+pa (x - 1/2 &ax)

<y ax
(qsn As Ds ¥y 0°1) cos Lo i s | 2 P,

P, (x + 1/22x, 0) + P, (x - 1/2 &x, 0)
‘ £ i (T_/1660)°-25 &~/Ts

Pa -~ Pf 5 T,
P, (x+1/2x,0) +P, (x-1/224x)

- I f m 0-25 -Cﬁ

q, = K§_ 5, B, (TS/1660) e s

_p, (x+1/28x 0) +p, (x-1/256x, 9
0, - K- o e, =, (@,/1660)°%5

e

<Ms , p (1 /1660)°°2% o=*/Th |
L o j
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Writing the equations as difference equations:

t, (x+1/2 4%, ©) + to (x - 1/2 A%, Q)

hf!‘:: 2 *
R0 e8) - ") - 1" (0)
) @) -T " (e
P +crf P
°T (@) -1, (9)
. P @) -1 (o) -
P T (o
el @, @ *
I— rty (x + 1/2 Ax, 0)+tll (x - 1/2 &ax, 0)
Tb(9+£D) = T.b(OJd-i—-A:TihaPa‘\ >
-7, (x, 0)) + ¥y By (£ (0) - 7, (0)) + g
( +1/2Ax0)+t (x - 1/2 ax, @)
I]a'e;(oﬁ"ﬁp) = Ts(°)+ k‘f f(f - 2 -

-1,(0)) + oF, 7 (1. 40) - 1,1(0)) + 1, 7,

Ao (x + 1/2 &x, ©) + s (x - 1/2 &x, @)

. > - 1,(0))

- oFy P (3M0) -1, (0)) + o]
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Nomenclature for IBM 7090 Graphite Oxidation Code

I. Indeperndent Variables:

axial distance from the midplane of the core, ft
time, hr

X

8]

II. Dependent Variables:

= central channel coolant temperature, °R

= annulus coolant temperature, °R

= clad temperature, °R

= sleeve temperature, °R

mcderator block temperature, °R

= weight fraction of O, in central channel, 1b 02/lb air
= weight fraction of O, in annulus, 1b 02/11; air

g d o ot
P U‘Hm’a n'aw La
]

III. Constants:

T,, = dinlet temperature to reactor, °R

Ay = steady-state volumetric heat generaticn rate in the fuel
at the core midplane, Btu/hr-ft5

% = steady-state volumetric heat generation rate in the
moderator block at the core midplane, B‘.'.u/hr-ft5

Qo = steady-state volumetric heat generation ra*te in the
sleeve at the core midplane, B‘l:u/hr-ft5

QFE’Qb' Q,ai = heat generation rate per unit length of fuel,
moderator block, and sleeve, Btu/hr-ft

AF,Ab,AS, Af,Aa = area cof fue;, moderator btlock, sleeve, chanrnel

coolant and annulus coolant, £t~
Qp0q, = cxidation heat rate per uni% length to central channel
and annulus coclant, Btu/hr-f%

sxidaticn reat flux constant for ncormal air, Btu/hr-ft2

=
i

€ = measure of sleeve c~.ating, perfect coating = 0.0, no

coating = 1.0
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P sP, P, P = perimeter of annulus (sleeve 0.d.), moderator block,
. central channel (sleeve 1.d.), and fuel clad, ft.

= weight fraction of oxygen in normal air, 1lb Oe/l'b air

= temperature levelization constant, dimensionless

A_, = relaxation constant for temperature levelization, hr

lJli.,I.’ﬁ';).lis = fuel, moderator block, and sleeve afterheat constants,
dimensionless

yi = afterheat constant for different time regions, dimensionless

z, = afterheat time dependence constant for different time re-
glons, dimensionless

L = extrapolated core half-length, ft

¢ = oxidation rate temperature constant, °R

AH = heat of oxidation, Btu/lb O

P

o

€

-1

o |

2

wf,wa = central channel and annuli coolant main flow rate, 1lb
air/hr

c¢, = specific heat of air, Btu/lb air-‘R

r o?Ty = rediant heat transfer coefficients, Btu/hr-ﬂ2-°n

¥ = axbient pressure of systemfmole wt of air, psi-lb air/mole air

R = gas constant, psi-ft/mole=°R = 10.73

G = volumetric heat capacity for sleeve and moderator block
(Pe), Btu/ °R-£t°

‘b = fraction of moderator block assumed present, during temperature

rise
= Boltzman constant, Btu/ °Rh-ft2-hr

r

> ,7; = Hottel's factor for radiant heat for clad and moderator
block, dimensionless

S,B = sleeve and moderator block heat capacity per foot, Btu/hr-ft-°a
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