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I. Introduction 

The Experimental Gas -Cooled Reactor (EGCR) i s 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 surrour~ings, 

are studied. The worst accident that is credible is called the maxi

mum credible accident (ICA). In the EGCR, the ICA is taken to be a 

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 furthel' presumes that at least one main 

coolant blower and heat-removal system remain operative for several 

days after the a~cident. 

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 i s not removed, t he containment vessel pressure 

would exceed the deSign pressure of the containment shell, Thus 

t he poss ibility of this ignit i on' s occurring mus t be determined, and 

ac tion mu.t be taken t o cont r o l the f i r e if i t occurs . 

Unfor~unately, graphi te is a variabl e substance wit h an unusual 

variat ion in reac t Ion r ate , Also , t he temperatures in t he EGCR graph

i te ar e such that it i s not immediately obvious that a f ire will or 

will not occur ; to determine thi s requires a more sophi st i cat ed 
analysis t han is us ual ly done i n "worst e ase l! hazards calculations. 

Preliminary cal culations 

(now Allis -Chalmer s ) and 

have been 

Pr"dos . 3 

? 
done by American Car and Foundry-

The results of these studies were 

not acceptuble t o the project because of the lack of knowledge of the 

r ate equat i ons to be used and the fac t t hat r elative ly small (lOO·F) 

chang~ s in t emperat ure could change the r esult . 
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It becam~ apparent that further knowledge of the oxidation 

kinetic s of graphite was required, and a th:ee-pronged attack on 

the problem was beg~. This included an experimental program, the 

development of a ~re refined analytical model of graphite oxidation 

in an EGCR core ch9nnel, and an extensive literature search of graph

i~e 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 applied to the EGCR. 

The analytical model aeveloped largely by A-C has been set up 

by both A-C - on the Bendix G-15 - and by Oak Ridge, on the IBM 7090. 

Although validation of the model and the rate equations used is not 

yet complete, it i s believed that the model is bas ically correct and 

would require only slight changes in input to describe the EGCR con

ditions with rea sonable accuracy. 

At this time i t appears that coating the graphit e sleeves with 

s ilicon carbide wi ll be effect i ve in cont rolling t he graphite com

bust i on . I t i s impractical t o coat the moderator channels, and, if 

t hi s accident shoule occur, t hese surfaces will oxidize. The heat 

of oxidat i on , however, will be trans f erred from the annulus r egi0n 

to the coolant flo·'ing at a high r ate in t he central channel. Under 

wor st possible conditions t.he oxi dat i on i n the annulus region would 

be starved by the l ow annular flow which i s prescribed by the de

s igner to be 6.5i of t he t otal flow ent er i ng a c hannel. Actually, 

t he oxidat i on probably wi l l not r each rat ~s 3t which this effect is 

impor t~~t, and i t i s expected tha t the temperat ures t hroughout the 

cor e will reach a maximum befor e star vat ion e f fec t s become of great 

s i gnifi c anc e assuming one blower r emains operative . 
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Thi s report presents a s imple exposit i on of the oxidation pro

cess in suffi cient detail to build a background neces sary t o under

s tand the following discussions: descriptions of the calculational 

models, description of the Hanford experimental programs, summaries 

of the cal culations, thinking that led to the choice of the coated 

sleeves as the method for controlling the oxidation, the attendant 

operational probl ems that must be solved, and further work that must 

be accomplished as backup for t his concept when presented for oper

ational approval from the AEC. 

II. Pr i nciples of Oxidation Analys is 

Graphite is a relatively nonreactive material. Two of the pro

ducts of chemical reaction are its oxides CO and CO
2 

which are gaseous. 

Since no protective oxide filru i s formed on graphite, oxidation Wiil 

occur indefinitely. Presently we are interested in runawa, combustion 

whic h i s the condition when heat cannot be removed at as fast a rate 

as it i s generated, t hus resulting in an uncontrolled increase in 

temperat ure. 

The r eaction rate constant of gr aph i te fo llows t he Arrhenius 

equation: 

JI = ae -c/Frr (1) 

where a i s t he f requency f ac t or, c i s t he ac t i vation energy, R 

is t he uni versal gas con stant, and T i s the graphi t e t emperature. 

The heat remo val, q , f rom the reaction zone t o a flowing gas in the 

absence of the~al radiation, i s : 

h (T graphi t e surface 

wher e the heat t ransfer coeffic ient h depends on the gas pr oper t. i es 
4 as follows : 



h 

The ratios (k/~O . 8 ) 
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0 ·023~ ~...!9.) IL ) 
D Sf ~ \ k , eq 

and (c ~/k)0.4 Bre rela tively insens i t ive to 
p 

heat transfer coeffic ient is primarily dependent 

on the eight-tenths power of the flow rate . 

At a given flow r ate, the heat remo val i s linearly dependent on 

the temperature difference between the graphite surface and the air 

stream at that point. The heat g~neration r ate , however, depends on 
-c/m: the exponential e . These r el ati onships ar e sho~ in Fig. 1. 

For a given graphite, the heat generation rate i s shown on cW"ve 

c. The heat removal ra~e at a given flow rate , W, is shown on curve 
a which crosses the heat generation curve at two points , d and e . 

The lower point, e, represents a stable point, tha, i s , a slight per

turbation in temperature would resa l t in the temperature returni ng 

to Tl . Point d, however , is an unstable point. It can be seen that 

if the temperature i s decreased, the heat removal exceeds t he heat 

generation and the temperature will decrease to p~int e. I I t he 

temperature is i ncreased slightly, however, the heat gener at ion ex

ceeds the heat r emoval, causing t he temperature to increase unt ; l 

the react ion is limited by the transport of reactant . by diffus i on 

and convection t o the graphite sur face from t he bulk gas st r eam. 

This i s called a runaway combustion . The effect of heat removal i s 

obviously importan t . For instance, if t he heat removal i s too s l ow, 

a s s hown by c urve b in Fig. 1, t he heat generat ion alW"dYs wO'J.ld :;! x-

ceed the heat removal, and t he temperat ure would i ncre ase . The ~frec t 

of differen t reac tion rates obv i oils ly i s impor tant , a s cun be ~ hov,.'n 

by c urve f in Fig. 1. 'tlher eas curves b and ::: wc.uld re ::.ci t i r!. 

a run~way, t he s am~ heat remo val curve, b , is s uffic i ent a t ~e~peru 

t W"'es be l ow T3 t o prevent run3.way when the r eaction rat e i s :l ~ s ho ",.11 

by curve f . 

The heat re l e as e due to oxidat i on a s u i'u...r1C't i on of' tcmpcrat '..C"'e 

de pends .:m t h"" ra t e o f oxidation . The rate o f ox i da "~i0n i l"". :;- :~p !:i te 
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is complicated by the fact that graphite i s a porous material, alld 

the effect of surface-to-volume ratio can be crucial. Reaction r ates 

obtained from small-sc ale laboratory tests must be applied to l~ger 

scale models, such as the EGCR, which require rate equations for use 

in calculat ions. Depending on the temperature, this scaling up of 

data can be in significant er~or if either a simple fraction of total 

·.eight lost per hour or if a s imple surface-to-volume scaling is used. 

It appears that the concept of diffusional control of oxidation can 

be used for the scaling. To understand this concept, some preliminary 

comments o~ the kinetics of graphite oxidation are in order. 

S~nce graphite is a porous materia l, t he reactant, in this case 

oxygen, can diffuse into t he graphite to a considerable depth to reach 

active s ites 'Where it can react ;.;ith the carbon . 'l'he reaction can be 

classified into three zones identified by Walker: 5 I , II, ~~d III. 

These are schematically shown in Fig. 2 . 

In zone I at l ow temperatures the r eaction proceeds at a rela 

t ively s low r ate com~ed to the r ate of diffusion of oxygen in ~"e 

pores, so that the reaction proceeds at a constant rate throughout 

the vo lume of t he solid. In this case, the r ate of r eac'o ion is con

trolled by the chemical kinetic s . In zone II, at some what higher tem

peratures, ti:1! reaction proceeds at a r ate fas ter t.han the rate at 
which the reactants C"-Il proceed U:r ough tl!e pores to l.he reaction 

s i tes , and t he rate of oxidat i on dec reases exponentiall y f rom a max-

imum value at t he surface t o zero at some di s tance within the graphite. 
As the temperatw'e incr.ea se s further, the rate of cr.emica l reac tion 

becomes s ignificant compared wi th the rate of mass trans f er of oxygen 
to the exte rnal surface . In zone IlIa both solid-phase diffus i on arid 

gas -phase mas s t ransfer rf:: s ista'"1ce limit the f10 ..... of reac tants to the 

ac tive s ites within the graphite . In zone III at hi gh temperatures 

t he r ate is essentiall y 1::1 surface react i on wi th the rate o f reaction 

being cont r c lled by diffus i0n of product s across the boundary layer 

and ther efore by t he coolhnt velocity. This approache s the equilibrium 
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flame conditions which are of no concern in the EGCR, since, if these 

rates are reached, the situation i s out of control. 

It is expected that the conditions in the EGCR ~~ll 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 elelllCnt of volume under cons ideration; 3) the moles 

of products equal the moles of reactant gas, that i s , the reaction 

is: 

and 4) the rate of change of r~actant concentration wit h time is 

90 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 differentia l equations for t his process at 

any point within the graphite.* 

ifc = 

whe re 

C 0 2 concentrntion i n graphlte por'c :; , mo ),·::' , vo lluoe 0 1' gu ~ 

.. 01 t t " 1 0 0 j (lt 11 k = vo urne rate cons an ' , rno e ;. 2 n.:·act.lw, r)e t.l V0 ~ Of 
v 

vol of rmmpl c )( time )(mo lc of O,/ vol wnc of ~a ,, ) 

* This development fo llows clo sely t hat given in t he appendix 
of ref. 7. 

** The concept of "active " volumes i s desc r ibed i n r e f s . 6 and 7 
and 1s related to e xperimentally determined rate cons t ants . 



- 11 -

effective d1ftus1vity of oxygen in pores of sample, 

length 2 /ti1llte 

This equation must be solved subject to the condition that at 

the external surface of the graphite sample: 

where 

C = 

Co = 02 concentration at the outer sample surface 

It is convenient to let: 

(6) 

The parameter , L, has t~e di1lltension of length and is determined by 

the relative rates of diftusion and chemical reaction. It takes on 

a special significance in situations where L, the so-called "depth 

of diftusion", is small relative to the sample di1lltensions. In such 

cases, the mathematical problem reduces to that of unidirectional 

diftusion-reaction 1n an infinite slab where Eq. (5) becomes: 

d
2
C 

dx2 

The boundary conditions are: 

C C 
0 

C 0 

The solution is: 

C = 

= C 

~ 

at x = 

at x = 

-x/L 
Co e 

0 

... 

(8 ) 

The reaction rate in an infinitesimal section, dx in thickness, normal. 

to the sample surface, would oe kv CSdx where S is the exter nal sur 

face area of the sample . Hence the total reaction rate, Q, in moles 

of oxygen reacting per unit ti1llte for the entire sample woul d be: 



f .. k C e -x/L Sdx 
v 0 

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

over the range of integration, one obtains: 

k C SL 
v 0 

(10) 

that is, the rate of reaction is eqURl 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 elsewher~. If there were 

no diffusional resistance to oxygen penetration into the sample, the 

concentration Co would exist uniformly thrO'lgil the pores , and the 

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

k C V 
v 0 

(11) 

where V is the total sample volume. Hence, for the special case 

where L is much smaller than the smallest dimens ion of the sample, 

the ration, ~, of the true reaction r&te to the diffusion-free rate 

is: 

!L 
Q* 

SL 
V 

(12) 

The relationship for ~ for solid s l abs and solid long cylinders 

is given by Prados7 as follows . 

For a slab: 

tanh (b!L) 
(bILl (13 ) 

where b is the half-t hickne ss of the slab. It should be noted that 

as (b/L) .... 0, ~ .... 1, as would be expected for cases where diffusion 

is rapid relative to reaction. Also , as (b!L) ...... , ~ .... l!(b!L) 

SL/V, as expected :!'or cases where diffusion i s s low relative to reaction . 
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For a long so11d cylinder of radius b: 

11 (b/L) 

10 (b!L) 
(14 ) 

For small values of (b/L), '1 --f 1. For the ~ase of large (b/L), 

'1 --f 2/(b/L) = SL/v. 
Similar expressions tor a sphere and hO~.l()" cylinder are given 

6 by Robinson. 

An approximate relation for '1 which appear. to hold well for 

most solids of reasonable shape is: 

= 

where 

~ = V/SL 

( 15) 

This equation is exact for a large slab and gives close a greement 

for spheres and solid and hollow c~'linders, as shown by Robinson. 6 

Prados7 gives a method of reducing reaction rate data t o the 

active mass ba3!S which is given in Appendix A. 

The actual EGCR geometry and conditions are too complex to be 

described accurately by the developnent 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 an~lysis. There are other fac 

tor s which affect the reac t i on rate of graphite which '.111 be d i s 

cussed in conjunction with descriptions (' f the experiment.al programs 

given in sec t i on III. 
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III. The Experimental Program 

An experimental program is under way at Hanf"r d which cons i st s 

of two approaches: 1) a basic program t o determine the effects on 

the combustion of graphite of variables that cannot be duplicated 

on a large-scale t est 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. rne 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 r at i o 

g. oxygen partia l pressure 

h. prinr oxidation 

1. water vapor 

B. Combustion Experiment (laboratory scale) 

1. Test validity of t heore tical model L~ predic t ion 
of ignition conditions 

a . ~ir or oxygen fle w 

b . graph i te temperature 

c . graphi te of varied reac t ivities 

2 . Test i nhibitc r s 
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II. Prototype Experiments 

A. ExpE'rimen t s t o Tes'; Validity of M::>del ( t hese experi
ments have been and vill cont i nue to be done in mock
up of the EGCR) 

1. Graphite tempe~ature, llOO°F 

2. Air inlet t emperature , 80 t o 550°F 

3. Various a ir f l ows 

B. Experiment Des igned t o Simul ate M::>re Closely EGCR 
Accident Conditions 

1- Progr!llll!led heat decc.y 

2 . Fuel element geometl'y 

d . Duplication of temperature and flow in des ired 
regiou 

C. Evaluation of Inhibitors ~~der Runaway Conditions 

The effect of manufacturing variables is secondary in EGCR ap

plications because tests have bee~ run' with EGr.R moderat or graphite. 

The effect of t emperature depen~s ~eatly on the activation 

energy, c, in the Arrhenius equation. 
-8 

of Hanford feels that 50 kcal/g-mole 

This value can vary, but Dahl 

i s a reasonable number. Further 

discussions on rate equations will be given in section IV. 

The r ol e playeu by the gas flow vas di scus sed i n section III . 

The e ;~rimental progrdm has not produced any evidence to diopute 

the analyses as prevI~usly given. 

The effect of gamma field i s current ly being studied in a con

tinUOU" weight -monitor i ng r i g at Hanfor d . I t ha s been _~gested that 

t he defin ite acceler a ting effec+- of g~mma r adiat i on on the oxidation 

r ate of graphi te i s due to f ormat i on of o zone, wh ich in t urn has a 
higher reaction r a t e wi t h graphite . Although t here are some effect s 

of t he volume of ga s upst r eam f r om the r eacting sample under going 

r adiation , the gr e a t est c t~n t :::' lbution i s t hought to be due t o t he 

i'o rna t i on a t' o zone i n +.ile ga s exist i ng in the ,pore s . It i s e xpected 

that t he gamma effect is s imi la. to addi ng a cn~st~nt t o t he r ate 

o ver a range o f t emperat u=es . Thus , at lo~ temperatures t he e f f ect 
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would be IIIDre signinoant than at higher temperatures. This would 

shov up as a change in t~e activation energy. At the present time, 

however, t he only t hing t hat, I'.B.S been done is to multiply the fre

quency factor by a fac tor of 1.7. Although it is recognized that 

this is not strictly corr~ct, i t i s expected to be conservative. 

The effec t of stored energy due to radiation damage is not ex

pected to have a great effect on t he reaction rates at the te~pera

t ures existing in the EGCR. The apparent r eduction in specific heat 

of the graphite, however, could affect the rates 01' temperature rise 

in the transients f o llowing the accident. Also , radiation damage 

could have an effec t through the mechanism of opening of surface 

sites and increas ing 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 deta!l in seCTion II. 

Some controversy exists as t o th,' effect of oxygen partial pres

sure. Many workers have reportea a f irst-order dependency, that is, 

the reactioL rate is directly proportional to the concentration of 

oxygen in the ambient gas, but there have been some cases of zero

order dependency. The Hanford experimenter s wer~ originally prone 

to accept the zero-order dependency a s applieci t o the EGCR analysis, 

but recent dsta9 show that the oIjer is about 0.5 at temperatures 

below about 500·C and inc reasing to about fir st order above this 

temperat ure. This can be explaind by not ing t hat at the lower t em

perat ures the chemical :ep , probably the desorptlon of products from 

active sites, is t he cont r olling step so that various concent"&tions 

of oxygen will nearly always supply suffi c ient reactant s . At h lgher 

temperatures, ho wever, diffus i on c ontrol become s important, and the 

r a t e would deper.d en oxygen r:oncentr ation. In the EGCR analysis, to 

be described i n sec ':.lon IV, eo fir st -or der dependenc y i s used . 
The e Xistence of pr i or oxidat i on aff e c ts the reac t ion rate. Figure 

3 shows that the rate is lower a e the firs t I t o 21> burnoff. and then it 
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increases to ~ 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 sit.,s to be

come available to the reactants. Dahl and deHalas feel that the higher 

rate, which can be two or three times higher than the initial rate, 

will be applicabl" to the EGCR in case of an accident; impurities in 

the gas stream under operating ccnditions 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 

"e 

~OO 

400 

500 
600 

700 
800 

900 
1000 

1100 

TABLE I 

Retention of Untreated Water on Graphite during 

Heat Treatment in Vacuoll 

Heat Treatment 
Minutes Fraction Retained 

25 74.~ 

10 65·:;; 
20 ~7·0 

~ 5 16 .7 

5 16 .1 

20 9·0 
10 6.8 

15 4.4 

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 EXleR i s expected to have about o.oli wat er in 

t he gas stream under operating condit i ons. No attempt will oe made 

to contr ol the water concentration rigidly in the burning rig, the 

feeling being that the graphite would adsorb moisture in air previous 

to assembly of t he rig, and enough would remain adsorbed even during 

t he preliminary temperat ure elevation to llOO·F. Also, t he inlet air 

i s 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 misture - any greater amounts 

having a smaller effect - it is felt that the r ig would not need tight 

moisture control to approximate t he EXleR. 

Whereas the basic program will be uded to discover fundamental s 

of the graphite-air reac~ion .. the prototype burning rig will be used 

not only to validate rate equations used in the comput er analys i s of 

the EX:CR burning pro"'em but also will attempt to dupl1catethe EX:CR 

channel as closely a s possible. The flow diagram of the prototype 

burning rig is shown in Fig . 4. The burning region i s enclosed in a 

sta~less steel pipe containing six loft -long axia l graphite section s 

mocking up the EGCR annulus . The f ue l sleeves i n the early tests were 

simulated by a 5- in .-o . d . graphite plug nest ed within annular graphite 

piece s of 5 l/4-i~ .-i.d. and approximat ely 8.5 in. -o.d., corresponding 

t o t he moderat or. . Gamma heating i s s imul a t ed by f our calrods in t.he 

moderator. In the ear ly tests f our calrods s imulat.e.! gamma heating 

in t he central plug . In latp.r t ests actual EGCR sleeve s were llsed 

with t.he fuel elements teing s imulated by seven ~/4 - in . -o . d . stee l 

r ods insert ed through t !,e ce~ter of the sleeve s . fur ther cests viII 

be perfcr~d 'W i t r: CJ. gle·bar ".::.hrough the centers of the sle eves to roc k 

up t he radi an .... ht's l l oad due t o the l e velizatior. o f the temperature 

s t ruc ture i n t he f ue l pelle ts . 
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Eighteen theI'lllOCouples capable of measuring up to approximately 

lOOO·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/~2 1n. 1n from the surfaces measures the moderator temperature, 

and one placed l/~2 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 gr .. phite. When the desired tem

perature is reached, the heat power is reduced to that required to 

maintain adiabatic con~1tions. Meanwhile, .. ir can be moved by the 

blower through a preheater and exhausted up the bypass. Oxidation 

is initiated by valv1ng this preheated air through the graphite as

sembly. The rig is so designed tha1; the air can pass through a scrubber 

column before discharge to the air if noxious inhibiting agents such 

as chlorine are being tested. The capability exists of diluents be

ing introduced into the air upstream of the graphite to simulate the 

effects of a1r mixed with helium and to check the effects of oxygen 

deplet10n and CO and CO2 production in the gas stream. It is not 

possible to recycle the gas because of the temperature limitations 

on the blower. The system is constructed of sta1nless steel to with

stand t he high temperatures involved, but due ta 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 a~ 

to approximately SUO·F . Mos t of the teots to date have been operate~ 

with SO·F. Since the heat generation rate is dependent on the ex

ponential of the graphite temperature and the heat removal is lL~ · 

early dependent on the temperature difference between tte graphite 

and t he air t~mperature at a poin~ and s1nce at l ower flow rates the 

t emperature of the a ir rises quite quickly during i t s trans it along 

t he channel, it i s expected that the effect of air inlet temperature 

i s very small compared t o other effects. Also, it i s believed that 

t hese effects of variant 1nlet temperatures can be evab ated 'l:m l;ytlcally . 
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Blowers of 225 lb/hr are available, and th->y are sufficient to 

s1mulate any condition expected ~.n the EGCR. The rig is capable of 

executing any programmed heat input and is currently being reworked 

to ,,11011 testing of the coated sleeves with. a globar heater simulating 

the fuel elements l ocat ed in the center . 

The full-scale burning rig is intended to perform two functions: 

1) approximate t he meR as closely as possible IIDi 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 silllulate directly in the burning rig t he 

effects of g8mma irradiation, prior irradiation of t he graphit e, the 

true transients after the loss-of-pressure accident (which never truly 

can be ana~ed either), and the effect s of t he shorter length of the 

channel. 

Up to the present time, three classes of t e st s have been performed 

on the burning rig. In the first series, a sol i d graphit e plug, in

ternally heated, was used t o s1mulat e the fuel sleeve. The test simu

lated the annulus re~ion on the EGCR. In the second series , a steel 

pipe lias placed over the central graphi t e slug to s illlulat e a perfectly 

nonreac ~ ive sleeve . The third ser ies, now in progress , includes tes ts 

of coat ed sleeves of varying qual i t y, with and without i nternal globar 

heat ing. 

Test s with Solid Graphite Plug 

The experiments using the solid graphite central plug are de 

~lbed in ref . 10, and the r esul ts ar e shown in Figs . 6 , 7, and 8 . 

The principal mde of heet r emoval in t.hese tests was by the gas 

f l owing in the annulus . Gr aphite in the tesb was Speer nuc l ear 

grade 2 with density of 1 .68 and dih purI t y ranging between 0.256 

and 0. 312. Oxidation exper1L:ent s showed t he reactivit y of t hi s 

graph He to be 2.8 t.imes t hat of CSf and approximately t he same as 

EGeR 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 consicerable 

radial beat loss causing a less severe test than would be encountered 

in an acc ident . However, as my 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 tezts, a longitudinal temperature gradient of 

at least 200·C existed between the center of the column and the inlet 

a distance of 3 t't. Increased flov served only to enhance Oxidation, 

generate additional heat, and speed the course of the runaway. 

The next basic type of experiment was desi~ed to simulate more 

nearly a channel in an infinite lattice array with adiabat i c condi

tions. 1.'1 these runs the graphite vas again raised to temperature, 

then the power to the heaters in the central fuel s leeve only was 

cut off. The pover in the outer bank of the heaters was adjusted 

to keep the surface of the IIIOderator at the same temperature a s the 

fuel sleeve . Thus heat from adjacent channels was Simulated, and 

radial heat loss was essentially nullified.* As shown in Fig. 7, the 

temperLtures of the moderator and fuel sleeve did not decrease when 

the graphite temperature exceeded 400·C, with flow ranging between 

4 lb/hr and 19 lb/hr of dry air at inlet temperatures of bt!tveen 20 

and 210·C. Runaway could be cons idered 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 th<! 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 discoverp.d that this is an ultracon"ervative pro-
cedure in that the heat capacity of the IIIOderator was practically 
nullified. Luckily, in IIIOst of the runs the temperature of the IIIOd
erator was in excess of that of the plug, and thi3 effect was not 
needed. 
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Tests with Solid NOnreactive Plug 

In the second series of tests, a nonreactive sleeve vas silllu

lat,d by placing a 4-ill.. . •• 40 stainless steel pipe over the central 

graphite column. Thes .. ,xper1lllents are described in ref. 12. The ex

perimental procedure 'as to bring the graphite to the desired inittal 

temperature with no gas flow, then shut off power to the inner bank 

heaters, introduce the air flow, and bold constant power to the outer 

bank heaters. As in the first series of exper1lllents, the only IIIOde 

of il .. .,t removal vas 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 . 
referred to by number in the follov1llg figures. Figure 10 shows the 

static power vs temperature: plot, that is, the power required to _in

tain the given temperatures with no heat of oxidation. Figure 11 show 

that, when the initial temperatures are approximately 6oo"c or less 

with flow rates of approx1metely 4 Ib/hr and with 2.1 kw heater pover, 

temperatures throughout the rig eventually decrease with t1llle. The 

estimated annular flow rate with "'.~ blower operating on air at at

mospheric pressure is 25.2 Ib/hr. Hence, this test is of value in 

that it sbows that with considerably lower flow rates in the annulus 

than would exist in the EGCR and attendant 10ller cooling, the tempera

turee do not rise. The effect of the lower floll rates is significant 

in that no evidence of starving exists, that is, as the system ap

proaches equilibrium, the upstream temperatures do not exceed those 

farther along the channel. Under these conditions, the rate of burn

ing is controlled by the temperature, not the oxygen supply, and the 

effect of increased floll liQuld 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 kll would maintain a static temperature of approximately 

550·C. However, the low gas flow rate used in this test lias sufficient 

to reduce the temperatures at all channel stations . 
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Fiaure 12 shows the _ phe~non as Fig. II but for a heater 

pover of 2.94 Itw. At 120 II1n after the initiation of the tests, the 

MX1 •• te.perature of 540'c is. reached, after which all temperatures 

except that of station 19 deerease, althoU&h the heater power is sut

ficient to maintain a static teaperature of &lO·C. Station 19 reaches 

its -X1-W }2O II1n after the start of the tests. 

Figure l} shows a slow rise in teJll)erature starting vi th a teII-
perature of 640·c. At 200 II1n when the teaperature of station 1 has 

risen to that of station l} farther up the channel, the rate of rise 

of the teaperature of station l} increases. This is apparently due 

to reduced cool1ng at station l} which results in greater oxidation. 

'l'be results of a s1a1lar exper*nt with slightly different initial 

conditions are shown in Fig. 14. This test was alloWlll to continue for 

420 aiD before the heater power was turned off. 'l'be most Significant 

feature of these data occurs at around }60 II1n when the rate of rise 

of station 1 increases at a time when t~: rate of rise of stations l} and 

19 is beginn1ng to taper off. Inaf.aueh as the coolill8 effect of the 

gas would act in an opposite fashion, this test clearly indicates that 

the downstrea chanDel locations were starved for oxygen. 

Tests with Coated Graphite Sleeve 

'l'be third series of experiments are those test1ng actual meR 
coated sleeves . Preliminary results of tests on poorly coated sleeves 

are reported in ret. l}. 'l'bese tests were of a pre11lll:1nary nature and 

were used to get a rough estimlte of the efficacy :>f the coated sleeves 

in controll1ng graphite Oxidation. Sleeve s having known defects such 

as bare areas, cracks, and excessive porosity that were available at 

ORllL 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 meR 
could easily prevent runaway combustion. 
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A full-scale radial channel DIOckup which included EGCR DIOdera

tor graphite, SiC-coated fuel sleeves, and dWIII\Y 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 

ori!iced 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 tile 

te.perature of the graphite in the hottest channel but ·.auld inclease 

tile tellperature 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 ..:lderator and the sleeve. Inlet air was not preheated 

or predried. Sutfic ient power was maintained to the heaters in the 

~erator to offset radial heat losses at the beg1r~1ng of each run 

and was _intained during DIOst runs. Graphite and s12eve telllP<'ra

tures were DIOnitored at 30 pos1Ltons along the length of the column. 

Self-sustained combustion occurred during two of the nine runs 

(llos. 3 and 9). Test 3 began with III1dplane temperatures of both the 

sleeve and DIOderator about 7OO·C. Temperatures at the ends of the 

column ransed 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 III1n reached lloo·C. At this point air flow VIlS shut off and 

the test concluded. It is believed that because of " failure in one 

of the sleeves the damage to DIOderator 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 5OO·C, and the top ~Lout 

9OO·C. 

When air flow was introduced, the temperature of the top blocks 

rose to l04o·c in 1 hr while t.he lower end cooled to 2OO'C At this 

point air flow was cut from 186 to 47 lb/hr and the top block. cooled 

to about 950·C while temperatures in the center and l0wer sections 

fell 100 to 3oo·C in an hour. The top section of the co lumn was the 

only part to be expcsed to severe oxidiz'ng 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 COIIIP"llY coating on graphite of unknown origin. 

Pretest inspection of the sleeves showed large uncoated areas on the 

inside surfaces, bare graplli te ends, and cracks in the coatings. 

Simulated reactor accident conditions caused severe oxidat~on 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 w111 

have an ab'JIldant oxygen supply from the inner channel which w111 caus~ 

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 oxid&tlon in the gap, causing further widening of the gap. Soon 

a large hole w111 open up which greatly increases the oxygen supply 

in the annulus. Furth~rmore, as oxidation progresses, the coating 

is undercut and spalls off. The 

the rate of growth of the hole. 

The air Jetting through the hole 

exposed bare graphite accelerates 

Such a hole is shown in Fig. 16. 

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 700·C and rose to llOO·C. 

Even with these poorly coated sleeves, the runaway ignition tem-
14 perature was raised to 675·C. Runaway did not occur at temperatures 

below 665·C. However, on the bas is of these tests, it was decided to 
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coat the ends of the sleeves. It had been originally planned to 

leave the ends of the sleeves uncoated to a:!ow easier machining 

and mating of the adjacent sleeve surfaces. Investigation showed 

that grinding and polishing the ends of the sleeves to a fl t ';ight 

enough to maintain leakl'~ below an accept.able level would actually 

cost less than breaking away the coating on the ends of the sleevec 

and machining as originally planned. 

The burning rig ~ill soon test good-quality coated sleeves and 

sleeves with no cOatings at all, with the fuel elements simulated by 

a globar which wi!.l be progrSllllled to give tile same radiant heat load 

to the inner surface of the sleeve as expected in the EGCR. 

IV . Oxidation Rate Equations 

The develoJ8'nt of rat~ 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-
2 gram for the EGCR. Initial work performed by Allis-Chalmers used 

Kosiba's data15 for irradiated graphite and used surface-to-volume 

ratio scaling for use in the EGCR geollll!try. This was in significant 

error in two ways. 1) The activation energy of the equations .. 5 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 i s shown by the X poin'os 

in Fig. 17. 2 ) Use of the surface-to-volume ratio assume s t hat t he 

reaction f~~ceeds both on the surfaces of the experiment al sample and 

the graphite in the reactor. As explained quioe thoroughly in sec

tion II, the oxidation of graphite i s not just "urface react ion, but 

proceeds into the graphit~ to signlficant de~ths . 

Re.lization of t hese shortCOmings led to the Hanfor d experimental 

work described in sec tion III and ·t he 'oIOrk done by Prados . 7 This work 
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consists of a critical analysis of dat a on high-purity (reaotor

grade) graphite from six different sources . Pr"dos points out that 

a ttempts t o describe t he rat e of t he graphite -oxygen reaction quanti

t atively are complIcated by a number of factors of which t he following 

are the most serious : 1) The depp.ndence of the r eaction rate 

gen on part i al pressure (react i on order) i s in some doubt . 2 ) 

on oxy

The 

primary reaction product ~y be e ither CO, CO2 ' or both. Both pro

ducts enter into secondary r~actions, and it i s dif f i r . l t to det er

mine which, indeed, i s the primary product under ~~y given set of 

conditions . 3 ) Since gr~phite i s porou" , reaction may occur on in

ternal pore surf~c e s as well a s at the external surface . Hence, dif 

fusion of oxygen and produc t "/lse s withir. the por" structure may play 

~ important role in determi ning the over-all rate of r eaction. At 

higher temperatures, gas -phase di ffusion of r eactants t o t he externa l 

surface may al so be a rate-determining mechanism. 4) 'l'h~ graphite 

oxygen reaction i s strongly catalyzed by traces of inorganic impurl tj es. 

The quantitat ive effect of t hese impurit ie s i s di fficult t o determin~ 

since impurity cont ent may vary wit hin a given sample of graphite. 

Variations in graphite crystal orient at ion may elso product varia

tions in oxidation r ates . 5) Oxidation rates may be markedly ac

cel erat e d by neut r on and gamma radiation. 6) Rates may be r etarded 

by t he presence of certai n ha l ogen-contalni ng subst ,. , ces in the gas 

phase . 

Prados pr oceeded to r educe t he data by means of ~he dept h-of

diffus ion concept and as sumpt ion of oxyge~ fir s t -or der dependency 

t.o a cons i stent bas i E of f r act ion of act i ve mn.s r eact ing per unit 

ti~e , act ive mass be i ng t he mass given by t he volume generated by 

t he pr oduct of t he surface area and t he pseudodepth of dif fusion . 

This i s desc r i bed in mor e deta i l in Appendix A, and t he result s of 

this wor k are shown in Fi g . 17. T~e rat e equation de scr ibing the 

least squares fit of' the data i s : 

7.24 X 109 exp (- 22100jT) (16 ) 
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wl;ere JI has un~LS of weight fraction oxidized per hour per atmosphere 

of 02, and T io in OK. 
..... . . . . . . ... ..... .... . 

The activation energy obtained from the above·expression·l.······· .... ... . 
44 .0 kcal/ g atom. This is within the range of values rp.ported 

from ind1vidual investigations but is somewhat below the average 

(about 50 kcal/g atom). Points for un1rradiated, 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 d1screpancy lies in variations among 

the graphlte specimens investigated of such factors as impurity content, 

crystal or1entat~on, pore size d1stri bution, etc. 

Using this rate equation, the depth of oxidation was found as a 

function of temperature and i. shown in FiG. 18. 

The heat release equations used in the analysis of the reactor 

hazard were estimated on the assumption that graphite is oxid1 zed 

completely to CO
2 

to a depth given by the depth of d1ffusion L where 

L as defined in Eq. (6) may also be expressed as: 

(17) 

The heat release per un1 t surface area of graphite is: .. ................. . . .. ... ....................... . ... .. . . 
(18) 

where P i s the partial precsure of 02 and 6H i s th~ hEat of react i on o 
in BTU/lb. mole • .. .. .. .. -.-................................ .... ...................................... .. ............................................ .... ............ . ...... .. .. 
w~en combined, Eqs. (17), (18), and (16) yield for air at one 

at :nosphere: 

(19) 

.. here q is the heat release in P·.u/hr, S is the macroscopic surface 

area of the graphite in ft2, and T is the temperature in 'R. The 

(T/I660 )0.25 term vas included in this manner for convenience because 

in the temperature range of interest (around llOO'F), this term is 

close t o one and i s relatively insensitive to temperature compared 

t o the exponential term. 
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The above beat release equation includes the depth-of-diftusion 

term. When the depth of diftusion, L, exceeds the dimensions of the 

piece undergoing oxidation, SQ. (19) is no longer strictly correct, 

and the diffusion-free equation is used in which L in Eq. (18) is re

placed by the di ... nsion of the piece. 

Equation (18) also does not include factors for the g1IIIIII& irra

diation effect and prior neutron irradiation. It is expected that 

the g1IIIIII& effect becODM>s less significant at at higller temperatures 

(above 5QO-600°c), but it perhapa is Justifiable in the interest of 

conservatism to include a factor in tbe analysis. 

1Ie.n1'0rd has also done experi ... nt&:. work on EaCR graphite and 

CSF grapd te and has reported rate equatiOns. A rate for EaCR graph

i te ¥as reported 16 to be: 

k = 1. 0 X lOll exp(- 25,OOO/T) ( 20 ) 

where k is the fraction of active mass oxidizing per hour per atmosphere 

of &1r, and T is temperature in OK. The actual data are shown ill Fig . 

19. 17 Comparison of Eq. (20) with Fig. 19 shows that t he equation 

does not fit tbe experi ... ntal curves. This is so because of the follow-
18 

ing reasons. Tbe reco_nded equation is based on an activation 

energy of 50 kcal/mole and an increase in the frequency factor by 1.1X to 

a.liov for rate enhance ... nt by g&mma irradiation. Hanford has recom

mended 50 kcal/IWle as the activation energy on the baa1s of data from 

(). "er ies of kinetic experiments conducte~_ on CSF graphite. Since 

many more experi ... nts were conducted on this grapdte than have been 

run on EGCR graphite to date, they feel Imlch IWre confient cf the 

data . Experimental error produces .. range of ! 4 kcal/IWle, and 

"i nce the apparent activation energy of EaCR graphite (47 kcal/aPle) 

~~s within this range, it was deemed valid to use the extablisbed 

-/ &.1U9 of 50. Asstu:ling constant activation energy, frequency factors 

"'''r'' calculated for ea ch observed rate and averaged (see Table II). 
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TABLE II 

EGCH Graphite Frequency Factor Determination 

k (a) e~ (- c/RT), hr-l 

(c = 50, ()()() cal/mole) 

k (hr -1 x 10-3 ) 

1.01 

a = 

3·38 
6.42 

13·3 
29.8 

99·9 

5.91 x 10
10 

standard deviation a = 1.16 X 10
10 

- 47 -

5·55 

7.13 
5·49 

4.87 
4.86 
7.56 

It should be noted that the gas constant, H, used to determine 

the values given in Tabl e II was taken as 2.00 cal/mole-"K. Use of 

the actual value.. H = 1.9872, yielded a frequency factor a = 5·40 

x 10
10

. This would t hen require a gamma correction of 1.85X to give 

the same values as Eq. COO ) . Si nce the gw;IIlIl effec t cannot be accurate

ly represented by such a simple factor, this difference is not con

sidered to be important. 

The report ed rat es were based on total weight of the sample. 

Samples used in theR~ e~riments ~ere sleeves 2 in. long with an 

outs ide diamete r o f 0 .426 in. and an inside diame ter of 0.250 in. 

The wall thickness wa s 0 . 22 em, or less than the predicted depth of 

diffus i.on at temperat ures above 5OO·C. Cross-sectioning of a number 
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of samples revealed no apparent reaction gradient througb 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 EX".cR 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 g8llllla effect is included. The Hanford equa

tion yields higher rates througbout 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 EGCR 

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 princ iples 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 slee ~ of ~-in.-i.d. and 5-in.-o.d. 

d imens ions which are stacked, along with t op ~~d bottom dummies, in 

5 1/4-in.-dia, 20-ft -long channels in t he moderator graphite. Neither 

the axial nor radial power distributions is constant. The ulitial 

temperatures o!' the graphite components vary both along the channel 

and radially. The transient caloulations must consider the radiant 

heat l oad on the inner surface cf the sle~ve due to the levelization 

of the temperature struct.ure in the fuel elements, changes in flow 

rat es and heat removal, heat transfer acros s t he sleeve, heat 
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generation due to decay of fission produc t s if. the fuel , s leeve, and 

moderator, chemical heet release as a flmction of temperature and 

oxygen supply, and the heat capacity of the fuel and the graphite . 

The original digital comput er program was set up by Landoni at 

All1s -Chalmers (then ACF).2 It has since been modified by Lampe of 

Allis-Chalmers and F.dwards of the K-25 computer facili ty at O&k Ridge. 

The equation" presented i!l Appendix B are according to ~nd.ori and 

contain t he following assumptions and features: 

1) The radial temperature profile is treated by temperature 

nodes for the fuel element c lad, sleeve , iIIOderator. central channel 

coolant. and annulus coolant. 

2) No aldal heat transl'er is assumed for the sleeve and mod

erator block . 

~) Radiant and convective heat transfer are included. 

4) A constant mass flow rate of air is assumed for t he central 

c hannel and annular coolant. 

5) Heat source s included are a ) fuel element temperature 

levelization; b) glllllllll, beta , and neutron afterheat assumed all 

In the fuel element; c) graphit e oxidation hea t from reaction at 

sle~ve and moderator b lock surfaces . 

6 ) Oxygen consumpt i on is calculated stepwise up t hrough the 

core . 

The program de scribed in Appendix B was modifi ed by Lam;>e19 in 

the f ollowing ways . The section on ene r gy contr i buted by the delayed 

neut r ons a f t er shutdown was deleted because the effect i s small . 

( - 0 . 2 ) Landoni used the Wa y-Wigner r elat i on t for energy due t o fission-

product decay . This i s somewhat l ow a t times before 105 sec after 

shutdown and somewhat high t her eafter. Lampe subst i t uted t he Unter

meyer r e lat ion whi ch i s thought to be higher than actually expected. 
20 These curves a l ong with pr e f erred curve developed by ORNL a re shown 

i n Fig. 20. 
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Lampe treated the effect. of the radJal ~emperature structure 

across the sleeves by va.rying the heat capacity of the graphite as 

an input t o t he computer in such a manner that rise of tempera~ure 

i s s imilar t o t hat in t e case untler an imposed s urface _eat load. 

A s ix-node model of the s leeve at one axial pos ition was calculated, 

and the transient radial t emperature di s tributions were f ound. The 

average temp2rature of t he ins ide node was then taken to represent 

the surface temperature. This temperature was t hen plotted, ani. 

from this a pseudoheat capac ity was found for use in the calcula

tions . The results of the fine-structurP. model at (ne axi al position 

are shown in Fig . 21, and comparison of results USll:g various pseudo

heat cap..~ ities is shown in Fig. 22 . In this calculation .. 25i of the 

actual heat capacity of the sleeve was used for t he firs t 10 sec and 

9~ thereafter. This procedure i s somewhat conservative in terms of 

the heat stored in the graphite. In order to obtain the temperature 

match, it can be seen from Fig. 22 that the pseudoheat capacity must 

be low on the initia l transient, and then increases at longer times. 

This would show a greater heat content in the core when the tempera

ture" reach their peaks and begin to deline than would actually be 

the case . The full value of the heat capacit y of the moderator was 

used because it i s not subjected to a sudden l ar6e r adiant heat load 

and the t emperature gradient t hrough the column i s expected to b" 

small. An extra measure of conversati sm i s present in th is procedure 

in that the out~r surfaces of t he s leeves, accor ding to the computer , 

will rl se a t t he same rate a s t he inner sur face. This will r eflect 

i t sp lf in a quicker r ise in t he surface of t he moderator whi ch i s un

coated . '!'his is an area in whi ct: furthpo· work could be done . 

The fuel element t emper a t ure l evelization is t r eated by assum

i ng that t he heat t r ansferred from t he fuel r egi on of the fue l el e 

ment during a t hermal t r ans i ent can be expressed a s : 

q = Q exp (- AT) o (2l ) 
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where 

q = 
A = 

Q" = 

T = 

heat flux between fuel and clad 

time constant 
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heat stored on fuel element above clad steady-state 

temperature 

time 

The above equation is an approximation of the actual analytical ex

pression which i s an infinit e series of exponentials. Because the 

equation is an approximation it is valid only f or shor t periods of 

time when used with a particular time constant. To calculate the 

transient temperatures of a fuel channel f or a period of time greater 

t han a fev 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 t ransient problem at a 

single axial location. 

Fbr a time 40 sec after the accident the fuel temperature pro

f i le has leveled out, and the temperatures of the fuel clad and fual 

are within 200°F of each other. At t hi s time the fuel e lement is 

treat ed as a single node combining the oxide and clad heat capacities; 

the decay of the fuel tCDperature profile i s eliminated f rom the cal

culation. 

The results of the Allis-Chalmers calculation are reported in 

ref. 19; only the re SULts direc+ly pertinent to graphite oxIdation 

wi ll be reported here . 

The assumpt i ons of t hp depressurization accident with air as a 

coolant are : 

1) The reactor vas operating in a steady-"t at e condition at 

l~ power with ~~el element temperatures as gi ven in r ef. 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

tra l control rod which is fully inser ted . 
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2) The rupture is located in the cold leg of the reactor 

coolant sys tem. 

3) The reactor coolant system pressure decreases to 18 psia 

wi thin 5 sec. 

4) The flow in the reactor core 1s instant<llleously reversed. 

All t l.e 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 f10w 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 after 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 generat~on 

in the sleeve and column is assumed to be ~ of fu.ll-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 

wtth the remainder in the graphite column. 

6) The blo.wer in the ruptured loop del 'ades. 

7) No steam tube ruptures occur during "ne accident. 

8) The air entering the bottom of t he reactor core from the 

bott om plenum is at 500°F. 

9) The flow of air from this one operable blower is 85,000 lb/hr. 

Approximately 43~ of t his flow bypasses the reactor core through the 

ruptured loop. 

10) Flow resistance through the faile d blower is negligible. 

11) The mod~rator is uncoated, and the coat ing on the sleeve 

Is 95~ effective. 

12 ) The reaction i s firs t order. 

The rate equat ions used are those derived using Hanford's recom

mendation equation (20). As dis~ussed in section IV, when the depth 

of diffusion exceeds t he half-'~ickness of the sleeves and t he cell 

diameter of the moderator, the reaction i s no longer cons idered to be 
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diffusion controlled, and the dimensions of the piece are used in 

lieu of the depth-of-diffusion term. This procedure yields t he 

following equations that were u,sed in t he A-C analysis: 

1) FOr inside or outside surfaces of the coated graphite 

sleeves: 

where 

a) beloy 1411 oR: 

14 q = 2.99 X 10 exp (- 45,OOO/T) 

b) above 1411oR: 

q = ~.66 x 107 exp (- 22,500/T) 

2 ) For the annulus surfac e of the coderator : 

a) , beloy l~OO·,R: 

q = 2.~0 X 1016 exp (- 45,OOO/T) 

b) above l~OOoR : 

q = 7.16 X 108 exp (- 22 , 500/T) 

q = heat flux, Btu/hr-rt2 

T = absolute temperature of graphite being oxidized, OR 

The calculation was performed f or 10 axial positions as shoYD , 
in Fig. 2~. The fue l channel clad, sleeve, and block temperatures 

(21) 

(22 ) 

(2~) 

(24 ) 

are shoYD as func t i ons of time for positions 4 , 5 , 6 , and 7 on Figs. 

24-27. Figure 28 shoys t he oxygen concent rat i on in the ~in coolant 

channel and annulus as a function of t i ~... Figure 29 sho>'s the chan

nel and annulus outlet temperature a s a ~~ction of time. 

I t can be seen from Figs . 24-27 that t he maximum temperatures 

reached are approximately 1200"F. Figure 29 shows that the air out

l et t emperature from the 4finulus reaches a peak of approximately 

1160°F around 2.5 to ~ . O hr aft er the acc ident . Figure 28 shoys that 

the bulk of the burning occurred in the annulus . The r caults of this 

s tudy shoy that 1urn ~~ can be controlled if t he 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 deb lade, 

it should be apparent to the operators through either the rpm read

ing or the power requirement to that blower. Thuc the loop vith the 

inoperative blower could be identified and the isolation valves closed. 

This would increase the flow through the core to apprc:.xlmately 

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

The program described in this section vas originally set up for 

the Bendix G-l5. Essentially the same program is being set up for 

the IBM 7090 at Oak Ridge; the calculation assUlllptions and model are 

contained in Appendix C. The vastly greater speed of this machine 

should make it possible to test the effects of various sl eeve 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 

represent the entire channel can be increased up to 50 on the IBM 

7090, and thereby over-all channe.l heat balances can be made DUch 

more accurate. The cost of operating the IBM 7090 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 t emperature level1zation in the 81_ lrut includes i t for the 'mode

rator. I t should be noted also that in Landoni' s differential equa

tion f or heat balanc~ on the coolant, Eqs. (B-1) and (B-2) in Ap

pendix B, the part of t he total differential inc luding the partial 

differential of temperature with respect to x, the axial distr.nce, 

i s not included. The effect of t hi s differential, that is, the 

"cB.:'ryover" from an upstream increment t o the succeeding increment, 
i s considered by adjusting the t ime increments in such a manner that 

t he temperat ures leaving the previous inc r ement vill be the entering 

temperatures in the succeeding increment. In the IBM 7090 f ormulation, 
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however, t1llle increments of any s1ze can be chosen (provided they 

are not sutfi~iently large to cause machine instability). The com

plete total differential of the temperature rise in the coolant stream 

is included as shown in Eqs. (C-l) and (C-2) in Appendix C. 

Results of the IBM 7\$0 computations are now only of a prelimi

nary nature and will be included in another report on the preblem. 

The above results are conlOinsent on tinal validation of the 

analytical model which is currently being done by Lampe at Allis

Chalmers and will be reported in A-C Study rv-:.24. In this study, 

tile cOlI!pUter will be used to analyze the bl:.1"lling in the Hanford 

burnins rig. If the ignit10n temperatures and rates of change in the 

burnins rig can ~ ~redicted with reasonable accuracy, this will serve 

as a check on the computations in the EGCR. 

VI. Proposed Methods for Controlling Canbustion 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, proviQe a purge 

gas to reduce oxygen concent ration in lOhe core or to prevent entry of 

oxygen to the core. The gases that may be used are: a) helium, 

b) nitlogen, and c ) carbon dioxide. 

3) Valve off all coolant flow and remove decay heat externally 

through the pressure ve ssel walls to wat er t ubes underneath the 

insulation. 

4) Maintain the reactor bl a nketed wIth nitrogen. 

5) I njec t a chemical inhib itor such as : a ) chl orine gas , 

b ) freon, or c ) carbon te t rachloride . 

6) Use a solid-phase : l!hlbitor In the graphite . 
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7) Cool the core by means of a wter or fog spray. 

8) Coat the slep';es and allow the moderator to burn. The low 

air supply in the annulus might produce heat from the combustion 

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, val ving 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 

accident . 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 

~'ielding such extremely large factors of conservatism that the 

results are practically useless. A discussion of t hese calcula

t ions is given in ref. 24 and will not be repeated here. In short, 

to evaluate this procedure properly would reqUire t he use of the IBM 

7090 program described in section V with the addi t i on of subprograms 

for steam generatol performance and in' et plenum gas composition, 

since the method depends on burning t he available supply of oxygen 

entrained in the system previous to cl osure of the block valves. 

If t he brpnk w~~e t o occur L~board of the isolation valves, 

olosure of the other valve in the l oop would prevent a positive 

driving f orce from bei ng produced which could f or ce air into the 

system. Any air enter ing the s ystem under t hese condit ions would 

do so by means of molecular and edd.y diffus i on t hrough the broken 

ends of the pipe an~ t he restricted annulus f ormed by the pipe and 
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surrounding concrete structure. It is not apparent of what magni

tude this ~ffect vould be, but it probably vould not be large. 

Method 2, purging the system vith a relatively inert gaG such 

as helium, carbon dioxide, or nitrogen, is vorthy of further study. 

KE2} stat"s that three volume changes of gas would reduce the oxygen 

concentration to l~ 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 j" 

the system and the time period during which low oxygen concentrations 

must be maintained. Then it is necessary to see if the required pipe 

dzes are available or can be installed to provide the necessary flov 

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 lOO'F, then about s 4-in.-dia pipe i s 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, t hat is , i f the downstream pressure is 

about 22.2 psia (which would be the containmen+- vessel ~essure on 

loss of helium and the contents of one steam generator), then the 

critical pressure ratio for helium being 0.4875, the pressure a. the 

pipe exit would need to be 45.5 psia. The avail able helium supply is 

only the amount of gas at pressures sufficiently greater than this to 

provide f or pressure drop in the pipes and to allow for the increase 

in containment pressure due t o iner t gas injection . The purge would 

need to be coinc ident with closing of the i solat i on valves or the 

3upply of gas may not be st:.ff1c ient to mainta in a positive pressure 

differential acr oss t he break long enough for the core to cool down 

to a temperature at which readmiss ion of oxygen would not cause un

contr olled combustion. Also, the allowable containment vessel pre ssure 
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could lilllit the 8IIIOunt 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 ru~tured loop may be impOssible. In either 

of these cases, it is not expected that the core can be cooled down 

to a sate temperat .... e in the time available, which would be limited 

by the supply of inert gas or the containment vessel pressure. 

Method :5, val'/ing 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, maintainill6 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 !D8x1m1JDl credible accidett is _11, and, although it must be pro

vided for, the means of ccmbating it should not be an intolerable 

nuisance to the everydl>.y 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. Pre liminary results of Hanford I s tests 

show that a small burst of chlorine gas giving a ~ concentration UI 

t he air otream will effectively poison the active s ites in the graph

i te and will prevent combustion if the graphite can be cooled below 

t he uns table temperature during the tiMe period in whic h 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 reliable, 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~rine 

concentration in the atmosphere surrounding the electrical components 

becomes excessive, insulation breakdown will prevent operation of 

tnese 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, us~ of a solid-phase inhibitor in the graphite, is an 

approach worthy of further study. Phosphorous pentoxide impregnated 

in graphite was fcund 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. Alt hough this cannot be used in the EGCR, it might be 

worthwhile to expend some research effort in develo~nt 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 

1.'1 the familiar "water-gas " reaction, the process is endothermic and 

would cool the core by removal of heat not only by t he t emperat ure 

rise and vaporization of water, but also by the heat required for the 

react ion, alt hough the latter i s probably small compared to the l a tent 

heat of vaporization. This scheme should be analyzed t o determine t he 

amount s of graphite consumed and the resultant containment vessel pre s 

sure from the addition of steam, carbon monoxide , and hydrogen from 

th is reaction. Also , the concent rations of hydrogen and car bon mon

oxide should be determined t o evaluate t he explos i on hazard. 
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Method 8, use ot sl1iconized sllicon-carbide coatings on the 

sleeves, is the method chosen tor control ot the oxidation in the 

EGCR . Coa t ing of t he sleeves can el:\m1nate the oxidation of alJDost 

t w-thirds ot the gecmetrical surface available tor combustion, but 

it i s impracti cal to coat the moderator because ot the tight tem

perature con t r ol required in t he 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 tlow in the center portion ot the 

sleeve. As an upper l1m1 t, the rate of heat evolution from the moder

ator is limited by the oxygen supply in the annulus whose tlow is ap

proximately 6 . 5~ of the total channel flow. As shown in the results 

ot the analysis given in section V, Fig . 28, the partial pressure ot 
oxygen in the annulu.s outlet is decreased to 0.14 atm. Thus Oxygeli 

starvation would not be the dcm1nating influence; the main effect 

would be that the heat can be removed at a rate equal to or greater 

than that being generated. The ~esults of Allis-Challllers' study IV

}12(19) show that initial temperatures begi n to rise. Without the 

coated sleeves, the temperatures wuld continue to rise to a runaway 

condit ion, but !!oating the sleeves allows the high heat removal ot 
t he higher central channel tlow rates without the attendant large 

oxygen supply to the burning surtaces, which would occur it the 

s leeves were not c03t ed. 
Further problems that must be resolved wit h coated sleeves are 

enumerat ed in sect i on 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 ~s flov

ing in the channel inside the sleeves. Thus the heat removal of the 

large flov through the cha~el is used without allowing large amounts 

of air to reach the exposed Jt.:>derator surfaces. The results shown in 

section V shov that this method vill be effective in controlling the 

core teq>eratures if a flov of 40,000 lb/hr is maintained through the 

core. This is a reasonable number in that it is the core flow vith 

one blower operative and the blover in the broken loop deb laded and 

the isolation valves open. Hoveftr, there are several problems re

quiring solution before cOlllplete confid',nce is Justified in this 

method . 

Forced cooling of the core is necessary for long periods of 

t ime after the accident. For instance, natural convection using 

one loop with a stalled blower and with outlet temperatures of 2ooo·F 

and inlet temperatures of 150°F cannot remove the decay heat (as ex

pressed by the Way-Wigner relation) unti l 70 day. after shutdown. 25 

Of course this is a rough calculbtion i n that t he heat capacity of 

the graphite is not considered; it is only the rate of heat removal 

available with air at a t mospheric pressure at those ~onditions. A 

transient calculation vas performed in which t he core vas taken as 

a soli d piece at lniform temperat ure and the natural convection flow 

rates varied a s a function of outle t temperature . It was found that 

~Ax1mum core temperatures of apprOximately 26oo°F were attained at 

21.9 days after shutdown. If the blower ~esis tance were bypa.sed, 

the core tempera t ure reached a maximum of 2000°F in 17.8 days. In 

t he se calculat i ons perfec tly coat ed sl eeve s were assumed, and the 

flow in the annuli was assumed to burn completely . The heat gene

rated by t he oxidat i on at these l ow flow rat e s was f ound to be 



negligible compared to th~ decay heat. These results were obtained 

on an extremely simplified aw:>del by means of the OR-SF!' code on the 

IBM 7($0. It 1s evident, however, that some form of forced cooling 

is necessary. 

This leads to problems in maintaining a heat sink. 

least one of the ste .... generators IllUSt remain available 

That is, at 

for long times 

after the accident, and blower operation IllUst 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 reaw:>ve the heat are the blower 

and the ste .... generator. Feedwater failure within aw:>nths after the 

accident could be serious. Also, at the present time it has not been 

shown that the ste .... generators will be sufficiently effect ive 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 block 

val ves are shut, but it is not known at the present time at what time 

after srutdown it would be feasible to use them. 

The above considerations may reqUire that an alternat e heat s1nk 

be provided which is completely independc.l . of tie operating eqUipment, 

anc'. that does not require a long chain of events to effect its use. 

This heat sink may be obtained rather inexpens l..-ely 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 modes of heat removal. Their position ex

te~al to tne pressure vesse l makes ~he ' consequences of inadvertent 
operation unimportant since they would not be metallurgic"l bcnded 

to t he pressure vessel wall. Preliminary calculations have shown 

that centra l cor~ t emperatures between 2500°F and 2800°F can be ex

pec t ed if this mode of heat removal i s used alone. Concu=rent use 

wi t h natural convec tion would probably r educe the peak temperatures 
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to approximately 200Q'F if tbe sleeves remain coatel. Of course, 

natural convection would require an operative steam generator along 

with water in the tubes. Us~ of this system would need to be studied 

further, espec ially the effects on the bottom grid structure. This 

structure can reach a temperature sufficiently high to cause failure, 

in which 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 1III!1ted and allowed the W 2 pellets to fall to the bottom 

of the core, the control rod cladding would have melted and allowed 

the B4 C 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 conji

tion would result. If natural convection were available, however, the 

bottOlll grid should be main:~ained at a temperature below critical. 

""'demental to the use of the coated sleeve for cont,· o11ing the 

graphite oxidation is the integrity of the coating. Preliminary tests 

on silicon-carbide coatings on Speer 9015 graphite show good radiation 

stability and adherence under thermal cycling. 26 It i s necessary to 

apply the coatings to an isotropic grade of graph1te pos~essing the 

S8!llO! coefficient of thermal expansion as the coating. Speer 9015 

graphite hag been specified for the sleeves because of this property. 

Coatings applied to other grades of graphite have shown relatively 

poor oxidation prot~ction because of cracks, porosity, or complete 

lack of coating in placd s . 27 Further details on coating wo~k will 

be reported by F. L. Carlsen of the ORNL Metallurgy Divis ion ceramics 

grflUP, whose responsibility i s t c show that c 'Jating integrit y can be 

maintained f or th.ree years in the EGCR. 

The above discussie'.: points out some of t he problems remaining 

in t he l oss-cf-pressure acc ident . It is felt that if a heat sink 

can be maintained , coating of the s leeves can be depended on to con

t r ol the fire. The effects of l oss o f c oo l ing for cer t ".in periods of 

t ime, a lternate f onus of coolant. , decreased i nlet : e:nperature due t o 

steam generator blowdown on Joss of pover, reduct i ons in s l eeve coating 
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effectiveness with tillie, are SCDe areas that can be studied with the 

computer code described in section V to allow .final decisions on the 

means taken to accaamodate them. 

Pertinent to tt.e lXlCR is the concentration of carbon monoxide 

formed when burning the moderator surfaces. Prades has calculated 

that if all the oxygen available in the annulus were to be burned to 

CO, the following would occur: 28 
1) It is apparently 1lIIpossible to initiate a detonation wave 

Dy callbusticn of the carbon monoxide. Since all r arbon monoxide in 

the system would result ultimately frail the oxidation of carbon by 

air, it would be diluted sufficiently with nitrogen to hold its max-

ilIIuIII callpos1tion below the minilllulll value for detonation (38~ by ,'OlUllle). 29 

2) Rapid combustion can occur in a premixed carbon · monoxide-air 

system (flash fire) i !" the carbon monoxide concentration is above 

12.5j by vol\lllle.29,30 There is sufficient oxygen in the containment 

shell to permit the development of such ~ concentration throughout 

the containment shell and still leave a stoichiometric excess of oxy

gen to react with the carbon monoxide. 

3) If the j~!"8mrnebl.e !IIixture of (2) existed througjlout the 

containment shall and were ignited, the adiabatic temperature rise, 

calculated ur~er conse , . ~t ive as sum~tions, would lead to an internal 

overpressure of 34 psig, about three times the design rating of the 

containment shell. 31 

4) A flas:, fire wi thin the reac tor coolant sy.tem alone wo:>.ld 

produce negligible overpressure in the containment shell. 

5) If the carbon monoxide should burn at the outlet of tho. re

actor coolant channels , ~~ explosion hazard would exist. However, 

the !llinimum ign! tion tp.,,~et a·~ure of about 1150°F i . so c lose to the 

expected condit ions at tile reactor outlet that " his cannot be claimed 

as a dependable safety fac t o"·. 

6) The maxillDlI!l production r ate of carbon monoxide in t he reactor 

core, based on a core flov rat e of 90,000 Ib/hr and a recirculat i on 
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rate between 0.1 .. nd 10 t1llles the fresh air intake to the system 

is sufficient to produce an inflammable concentrat ion 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 monoxid~and no credit is taken for the decreasing reaction 

rate a s the core temperature drops; b) the oxygen concentration 

in the fresh air fed to the system does not decrease as c~'bon mon

ox1de 1s supplied to the containment volume. 

Prados continues to say that based on the .. bove result s it can 

be concluded that there is a chance, although a remote one, that a 

carbon monoxide explos10n of sufficient strength to rupture the con

tainment shell could occur severa:.. hours afier a rupture of the EGCR 

priJDary coolant loop . This would require the production of suffi

cient carhon monoxide to produce an inflammable conce~tration 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 concentrat~on can be better assessed after the analysis of 

results of the computer calculations on the graphite oxidation behavior 

in t~ ,e reactor core. 

VIII. Conclus ions and Recommendat ions 

Coated s leeves are to be used t o cont rol catastrophio oxidation 

in the EGCR in case of the l oss -of-pre ssure acc i dent . Thi s method 

requires that the heat of oxidat ion and dec ay heat be removed by 

forced cooling 1n tne first month or so after t he ~ccident. Thus, 

f urther study should f ind ways to provide the EGCR with cooling for 

this length of time . This could be 1or: by means of pony m"tors on 

the ~in blower mot or shaft s , t he vessel cooling compre ssor s, bypass

ing t he blower s for natura: convection, water tubes W1derneath the 
pressure ves ti~l insulation , or other means not apparerlt at this time. 
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To detenaine .:>re accurately the leve: of urgency for standby 

cooling of the teA, after tbe analytical I'IIOdel is validated by Allis

ChalJDo;" . study IV-324, the IBM 1C1)0 program should Le u3ed to find 

the min~ rlow rates required for various coating etfectivenesses. 

Also, the effects of blower pover failure occurring at various times 

after the onset of the accident and for var;ying duration should be 

studied. It _y be advantageous to consider the effects of norul 

steam generator blovdovn on 108S of feedwater power which would tend 

t c reduce the inlet air t~rature8 to approxU.tel;y 380·F. 
The alternate ~t~ods enumerated in section "II oUSht to be 

eXBlllined in IIOre d etall for possibl e further use in the EGCR if 

found to be less expensive and as reliable a e the coated s _eeves, 

and for future application on other graphite~d~rated reactors. 

The IBM 1C1)O program should be made generall;y 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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RoIIenclature 

frec;."'mcy factor in Arrhenius equation, t1JDe-
l 

area perpendicular to the flow of heat, ft2 

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

activation energy in Arrhenius equation, kcal/sa-aole 

02 concentration in graphite pores, molesi vol of gas 

oxygen concentration in gas phase 

specific heat at constant pressure, Btu/Ibm-oR 

equivalent diameter, ft 

effective diffusi vi ty of oxygen in pores of "ample, 
(length)2/t1JDe 

heat transfer coeffiCient, Btu/hr-ft-oF 

thermal conduct! vi ty, Btu/hr-ft-OF 

K = observed rate constant, mass/(mass)(t1me)(02 partial pre8Bure) 
. .. . .. . __ ....... .. ..... .... . ............. . . . .. . .............. "" . . ......... . . . .. .. .... ... . 

ky = volUlBe rate constant, moles of 02 reacting, (active vol of 
sampl~)(t1me)(moles of 02/ vol of gas ) 

L = depth of diffusion, length 

m 
M 
P 

Po 
c;. 

Q 

Q* 

R 

Sf 

S 

T 

V 

W 

= mass of sample, sa 

= molecular weight of carbon = 12 .01 , f!JIl/sa-mole 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

absolute pressure, atm 
partial pressure of oxygen, atm 

heat transfer rate, Btu/hr 

reaction rat~ (moles of oxygen reacttng)/t1me 

diffusion-free reaction rate , moles O~t1JDe 

gas constant, kca l/f!JIl-mole - on 

area perpendicular to the flow of' fluid, f t2 

external surface area of sample, f t2 

temperature, "K or 'R 

volume of sample , length3 

fIQw r ate, Ib/hr 



p 
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ROeenelature (continued) 

= porosity, pore vol/total sample vol 

= ratio of reaction rate to diffusion-free reaction rate 

= chemical rate constant, mass/(mass)(t1me) (02 partial preaaure) 
= viscosity, lbm/hr-ft 

= graphite sample density, mass/vol 

z heat of oxidation reaction, BTU/lb. mole of graphite or 02 
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APPEiiDIX A 

Detera1DatiC>ll of Reaction Rates from E>g>er1mental Data 7 

'!he exper1mental reaction rates are usually reported as mass 

of carbon reacting per unit 1) sample mass, 2) s8ll\Ple external 

(seametrical) surface, or ~) internal surface as measured by gas 

adaarpt1on . These can be all reduced to an observed rate constant, 

K, by multiplying s8ll\Ple surface-to-mass ratios and dividing by the 

ex;oer1Mntal o~gen partial pressure (in atmosphere) where necessary. 

In cases where the rate of o~gen mass transfers to the external 

surface _y 11lll1t the rate of reaction (above 800·c), one must com

pute the "chamical rate constant", )f , as follows . From a material 

balance, the rate at which o~gen is transported to the surfacE: mst 

e~ual the rate at which it reacts with the graphite. 

where , = 
p = e 
PG = 

lea = 

k~ S (PG - P ) 
" 0 

(A-l) 

chemical rate constant, mass/(mass)( time) (°2 partial pressure) 

partial pres sure of oxygen at the ex', ernal sample surface 

partial pressure of oxygen in the bulk gas stream 

mass transfer coefficient, (IWles of 02 )/[ (area)(time) 

(atm of 02)] 

The coefficient kG C3D be estimated from standard correlations.~2 One 

can see that: 

(A-2) 

Heafle, 

K = 
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Note that it kG» QjS, Po c P
G

, and gas-phase MSS transfer is 

unimpor';ant • 

The relation between K and I is given by: 

q is computed from Eq. (15). 

q = l/~ tanh ~ 

9 is given by : 

(A-}) 

The relation between kv and I is (if one assUlles that 1 mole of 

oxygen is equivalent to 1 mole of carbon, that is, cOlllPlete oxidation): 

This can be cOlllPBred "ith the definition, 9 = V/SL, to yield: 

where 

I = y ~2 

y = 
MIl 

(S/V)2 -R 
pRT 

If Eqs. (15) and (A-4) are combined with t he relation between K 

a nd ~ ,one obtains: 

K 
~ t anh ~ = Y 

(A-4) 

(A-5) 

(A-6) 

These relations are suffic i ent t o permit cal culations of i and '1 from 

observed over-all react i on r ates . The procedure i s as f ollo"s: 

where 

1) Calculate K f rom exper<"",ntal results . 

2 ) Es t imate Dp from the re l ation: 

D = p 
O . 22~ e2 1 5 2 

pd ( T/27~ )' f t / hr (A-7) 



T : absolute temperature, "Ie 
P = absolute pressure, atm 

€ = porosity, pore vol/total sample vol 

}) CAlculatv ')' from Eq. (A-5). 
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4) Calculate K/Y; solve Eq. (A-6) for rI. This is a trial 

and error solution. 

5) Find II from Eq. (A-4). 
6) Find'!, if deSired, from ratio of K to JI • 
For limiting cases, steps 4 and 5 may be simplified as follows. 

For K/Y < 10-2 : 

, = K 

and 

= 1 

For K/Y > 10: 

and 

= 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-~iffusivn concept has gone 

into considerable detail because it is fundamental to the heat release 

equations used in the analysis . deHalas and Dahl}} at Hanford have 

applied this concept in a s implified analysis of tests performed by 

Brookhaven, Hanford, and the French. 34 

Originally, the analysis of the meR burning a ssumed a surface 

reac t ion in which the data of Kos iba15 were converted to the meR 
geometry by sca l ing the surface-to-volume r at i o . d.eHalas and Dahl 

have shown that t he origina l meR approach yielded ignition tempera

t ures i n t he French experiment of 720·C, whereas in a typical exper i 

ment the graphi te i gni t ed between 540 and 600·c . Modification of the 
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appraoch to include the depth-ot-ditturion concept yields a predicted 

ignition temperature ot 5?O·C, considerably closer to the experimental 

results than that given by the initial analysis. 

The Brookhaven tests shov the validity ot this approach when con

sidering the variations in reaction rates ot various graphite.. The 

test vas performed in a single channel that vas held at constant tea

perature at the beginning of the run, and air vas introduced into the 

bottom to initiate the test. This test can be described analytically 

by the folioving equations. 

At the upper unstable point on Fig. 1, the heat generated by 

oxidation in the graphite equals the heat transferred to the gas 

strey. Thus: 

P = perimeter of the channel 

x = axial distance along the channel 

a = frequency factor in Arrhenius equation 

p = density 

L = depth of diftusion 

(A-8) 

R400 = an arbitrary ratio to convert from data frO/ll one grade of 

graphite to another 

c = activation energy 

Tg = temperature of the graphite 

T = temperature of the air a 
~ = heat of oXidation/lb (14,100 Btu/lt) 

SolVing Eq. (A-8) for (Tg - Ta): 

(T - T ) = g a 
a~LR4oo -c/RT 

h e g 

The temperature ri se of t he air as it progresses along the channel 

i s found from a heat balance vith t he heat t ransferred . 
, 



lIP dx (T. - Ta) • W Cp dTa 

Rearranaing, 

W Cp (dTa/dle) = lIP Th - lIP Ta 

Rearranging, 

dTa UP 
Ta 

hP, -+- = WC
p 

Os dle WCp 

Using an integrating tactor, ehPxjWcp , the solution ot Eq. 

beCOlMS: 

When 

x s 0 

where 

T1 s inlet teaperature ot air 

Thus: 

Equation (A-12) becaaes : 

T - T = (T _ T l e-hPx/WCp 
sag i 

Substituting Eq. (A-1~ l into E<i. (A-9 l : • 

hPxjWc aplll!LR400 -c IRTg 
(T - T l e- p = h e g i 

This can be rearranged to yield: 

r eT - Til h hPx/W ~ 
tnl g e - CpJ 

I. a plll!LR400 

-8, -
(A-10) 

(A-11) 

(A-11) 

(A-12) 

(A-1~ l 

(A-14 l 

(A~15) 
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In the Brookhaven telt, as ~ed by dellalar -.nd Dahl, a 

vas tound to be equal to ,., X loll- br -1. Group1ne; the constants 

as follows: 

A bP 
= WC

p 

c R = B 

Equation (A-l~) becOlleS : 

B !'II ( )-AX -·-~-T-T e 
T ! II i 

(A-16) 

The conditions tor the BIL experiDent were as shown in Table A. 

PI. = 0.164 L. 

Then 

Froa ret. 6 the depth ot ditfusion, L, can be determined by: 

L ~ (A-17) 

TABLE A 

'.:XPo'r1ment 1'10. 1 Exper iment 1'10. 2 

A = 0.'72 tt-l A = 0.,0, ft-l 

X = 1.92 ft X = 1.92 ft 

h = 5.2 Btu/br_ft2_OF h = 12.7 BtU/br-ft2_OF 
p = 0.164 it p = 0.164 ft, 

Ti = 57' OK Ti = 5D"K 

* Not ice t hat the solid-phase diffusion control has the effect of 
reduc ing t he activation energy by a factor of 2 . 
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The term (T/'i!8} )0.}8 varies only from 1.48 to 1.80 in going from 

T = 500 to T = 1000·C; therefore, assume an average value at 800·c. 

From Kosiba's data, t he reaction rate from Eq. (1) is: 

oJ -c/RT 
" = a e 

4 I = }.} X lOll e-(5. 0 X 10 )/1.99 T 

= }.} x lOll e -(2·5 X 10
4 )/-r 

From Eq. (A-17): 

L = 0.00181-1/ 2 (ft) 

4 
= }.14 x 10-9 e(1.24 x 10 )/T 

Thus, 
4 

a = (4.8 x 1017 )(0.164)(}.14 x 10-9) e1 . 25 x 10 /T R
400 

48 108 e1.25 x 10
4
/T R 

= 2. x 400 

For experiment 1: 

Ph 
:J. 

= ( 0 .164~5.2) e-1. 25 x 104/T 

( 2 .48)(10 ) R
400 

= 3 .5 x 10-9 e -1. 25 x 104/T 
R400 

- .en I (1.8) Ph (T - '1'1) c -AXl I .. g 

4 
= 18 .8 + 1 . 25~ 10 -.en (T _ T ) 

g 1 . - -

Subst ltuting into Eq . (A-16 ): 

' 2 . 5 - 1 . 25) x 10
4 

~ - T -- = 19 · 5 .. I n (T - T ) + In R4 g 1 00 

" 
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!.et R400 = 1 for now: 

19.5 - In (T - 57}) 

T - 630·C 

The report" d temperature I'or experillent 1 is 830·C . To obtain 

this answer, R
400 

would have to equal 0.19. According to deHalas 

and Dahl, t~lio 1s a reasonable value. 

Using R400 = 0.19, the validity of this equation can be checked 

against experiment 2 which used the same graph1 te. 

Ph 
a = (0.164)A12.7) e-l.25 X 104fT 

(2.48)(10 )(0.19) 

4 
= 4.4 X 1.0-8 e -1.25 X 10 IT 

4 
- in (1.8) =h (Tg _ Ti ) e-AX = 16.9 + 1 . 25~ 10 - In (Tg - Ti ) + 0.58 

1.25 X 104 
T = 17.7 - In (T - 573) 

T = 930·C 

TIl is checks wi t h the experimental value, i.e . , combustion is ob

s erved to start at 930·C in experiment 2. 
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APPENDIX B 

, 
2 

Orig~l Allis-Chalmers Graphite Oxidation Calculatio~ Model 

The original Allis -Chalmers graphite oxidation calculation 

model was developed L~ PEGCPR project Job study 3-3B0 by J. Landoni. 

Only t he t ransient-state calculations are shown because the inittal 

steady-state conditions depend on the axial pover distribution under 

actual conditions which are considerably different frOlll the curve 

distribution originally assumed by Landon!. All terms are defined 

in the nomenclature on page 105. 
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APPENDIX C 

IBM 7090 Graphite Oxidation Calculation Model 

The EGCR graphite oxidation problem has been coded for the ISM 

7090 computer by R. Edwards of the ORGDP problem setup group. The 

calculation is based on the following assumptions: 

1) The clad temperature is determined only by a) heat flux 

due to the levelization of temperature in the fu&l elements and 

gl1l!lll8 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 

block is assumed to be proportional to gZi, where z1 ~s a constant 

given three values to fi t curve 3 of Fig. 20 ' in three time intervals . 

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

upon the following heat fluxes, based on a mean sleeve temperature: 

a) radiative flux from the fuel clad, b) Newtonian flux to the 

~entral coolant, c) radiative flux from the lIIOderator (based on 

mean moderator temperature), d) Newtonian flux to the annulus coolant, 

e) heat generation due t o gI1I!III8 heating, f) heat generation due to 

graphite oxidation, and g ) increase in the enthalpy of the sleeve. 

4) The heat balance on the moderator i s a ssumed dependent on 

the following, based on a mean moderator temperature: a ) radiative 

f lux from t;he sleeve (based on mean s leeve t emperat ure), b) Newtor ian 

flux to the annulus ooolant , c ) heat generat i on due to gBlJlllla heating, 

d ) heat generat i on due to graphite cxidat ion, and e ) increase in the 

efithalpy or ~he moderator . 
5) Graphi~e oxi da tion i s a ssumed to be gover ned by: 

q = 

where 
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q ~ heat generation rate per unit of surface 

K ; cons';.J\D t 

p ; partial pressUl'e of oxygen 

T surface te~rature 

c ; const ant 

With the aid of t he above assumptions, the following equations 

govern the temperatures defined in the nomenclature: 

A • c ot a p a 
R ta ClQ' 

OT 

; hf Pc (Tc - t f ) + hf Pf (Ts - t f ) 

(C-l) 

- t ) a 
(C ·2) 

(C-3) 

Qs - As G ~ ; h f Pf (Ts - t f ) + ha Pa (Ts - tal 

- (4 4)-+ r P T - T + r P c e sc a a 
(T 4 _ T 4) 

s b 
(C-4) 

+ r P
a 

(T 4 _ ~ 4) 
a b s (C-5) 

(c-6 ) 

OP" W ..,--, 
a ox (C;-7) 

(C-B) 
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~ = qbo '\ (~:fillzl) cos r + t Pb :~ (Tb/1660)0.25 e-c/Tb 
o 0 (C-9) 

t Ga P + Pf P ) (T /1660)°.25 e-C/Ts 
sap f s 

o 0 

t : a [t
s 

P
a 

(T
s
/1660 )0.25 e-c / Ts + P

b o 

(C-10) 

(C-11) 

(Tb/1660)0.25 e-c/ Tb ) 

(C- 12 ) 

The parameter ts 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: 

Wf c Af n c 
...!.......l! + P + h (p + P ) fix· . R t

f 
{x + 1/2 !:>X, 9 JOQ f c f 

w c t (x - 1/2 !:>X, 9 + 1lQ) A n c a .E a a l2 [Pa Ts (II) + Pb Tb (9») !:>x + R IlQ + ha 
W c Aa Po c12 a 12 

!:>x + R t {x + 1/ 2 !:>x, 9JOQ + ha (Pa + Pb ) 
a 

Pf (x + 1/ 2 !:>X, Q + 1lQ) = 



- 113 -

Wt Pt (x - 1/2/}x, e + bII) At: n P t (x + 1/2/}x, e) 'lr 
/}x + R t

f 
(x + 1/2 /}x, e)09 - Aii 

W~ Af n 

/}x + R t
f 

ex + 1/2/}x, Q) bII 

Pa (x + 1/2 /}X, Q +~) ; 

WAn 
a .. 

Ai + R t (x + 1/2 /}x, e) ~ a 

f
p (x + 1/2 /}x, Q) + P (x - 1/2/}x) 

( 
t i ) nx - ,a~ ________ ~~ __ ~a~ ________ _ 

qso As Ds Yl Q - cos r- + K I s -
o 2 Po 

Pf (x + 1/2 l..,<, e) + P
L
, (x - 1/2 /}x, 1I}1 nA 

P a + P f ~------------';-2 -=P-o~----------- I (If .11660)0.25 e -c, ·8 

_ Pa (x + 1/ 2 6¥., g) + Pa (x - 1/2 6¥., II ) r 
'1: , • K ~------------:2~p-""------------ 1 ~ s I'a 

-c fifo e 1 4 5 t P 
b 

" 
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Writing the equations 86 difference equations: 

/t (x + l/~ ~, Q) + t (x - 1/2 ~, Q) 
( 0 8 -t(Q») 
\. 2 5 



Bo.enelature tor Ill( 1090 Graphite Oxidation Code 

I. Independent Variables : 

x = axial distance fl-om t he midplane ot the core, ft 

II = t1Jlle, h!-

II. Dependent Vari abl es : 

central channel coolant temperature, OR 

annulus coolant temperature, OR 

clad temperature, OR 

sleeve temperature, OR 

III)derator block temperature, OR 

- 115 -

Pt = weight fl-action of O2 in central channel, lb O)lb air 

Pa ....,ight tract i on of O2 in arillulus, lb O)lb air 

III. Constants: 

Tin = i nlet temverature to reactor, OR 

= 

steady-state volumetric heat generation rat e in the fuel 

a t the core midpbne, Btu/br-ft} 

steany-state volumetric heat generation rate in the 

moderator block at t he core midplane, Btu/br-rt3 

steady-s t ate volumet ric heat generation rat e in the 

sleeve at the co.·e midplane, Bt u/br-rt3 

QFE'~ ' Qs = heat generat. i on rate per unit l engt h of fuel, 

moderator block, and s leeve, Btu/r~ -ft 

AF,~,A6' Af ,Aa area of fuel, mc.:ie!,,,t.or bl .ook, sleeve, charmel 
. 2 

coolant and annulus coolant , ft 

= (:x1dati on l,eat r ate per 1.m1~: lengt~! to centra.l e:hannel 

and anr.ulus coolant., Btu/br-rt 
2 

". ::.xidat 1c':1 r.eat flux consi;ant f er !"lo!'!nal alr J Btu/!'1r-ft 

. =: measuz-e I ) f sleeve '~ " ,ating, perfe(;+ C0h.t i.!1P' = 0.0, no 

t:0 a t1.g '" 1 . 0 
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p.,Pb,P!,Pc• pen-ter ot &DDUl.u. (al.e.". 0.4.), III04erator block, 

-. ceDtral cbeaMl (al._ 1.4.), aiI4 tuel clad, tt. 

Po • ve1s1>t traction of oxygen 1n no~ air, lb O.jlb air 

., g temperature level1zat10n constant, 41mena10nle .. 

"F • relaxation conatant tor temperature level1zation, hr-l 

I\-'I\'Ps • tuel, III04erator block, and sleeve aftemeet conatants, 

41mena10nle .. 

y 1 • afterheat conatant tor 41tterent t1me regiona, 41mena1onle .. 

z1 • &tterheat time dependence constant tor 41Uerent t1me re-

giona, 41mena10nle .. 

Lo • extrapolated core balt-length, tt 

c • oxidation rate temperature conatant, OR 

All • heat ot oxidation, Bt>Vlb O2 
Wt,Wa • central cllellnel and annull coolant main flow rate, lb 

air/hr 

cp • spc.c1fic heat ot air, Btu/lb air-oR 

rc,ra • radiant heat transter coetfic1ents, Btu/hr-tt2_OR 

T • ..,lent pressllZ'lP ot 8ysteJ«lIIOl.e wt ot air, pe1-lb air/lIIOl.e air 

R • 1&8 constant, ~,_tt3/lIIOl.e_oR. 10.13 

G • vol~tr1c heat capacity tor al. .. ve and JBOderator block 

(, cr ), Btu/°R-tt2 

'b • tract10n ot lIIOClerator block &88umed present, during temperature 

rise 

r • BoltZllllll constant, Btu/°R4 _tt2_hr 

"'c'~ • Hottel's tactor tor radiant heat for clad I>lld lIIOClerator 

block, 41mena10nles8 

S,B. sle.". and III04erator block heat capaclty per foot, Btu/hr-tt-Oa 

I 
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