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. @ A SUMMARY
A coolant line rupture during operatibn of a high temperatgre gas cooled graphite
moderated reactor would present a sefious hazard. The reactor would immediately de-
pressuriZe'énd'a'great deal of air would be infroduced into the coolant stream. As the
air passed over the graphite moderator a ruhaway oxidation reactibn would probably ensue
unless an adequate sﬁfety system were available.
A This“investié;tion vas designed to evaluate chlorine as a reactor safeguard to
be used to control a runaway reaction. Throughout this study, & small amount of chlor-
‘1ne in aﬂ air ;tream has demonsfrated the ability to substantially»réduce the oxidation
ra£evof graphite. This has been the case even where the principal oxidizing agent was
molecular oxygen or ozone.
Testing'yili continue in the presence of ionizing radiation to evaluate ﬁhe
~ effectiveness of chlorine Ae an 1nhibitor under simulated in-reactor enviromment.
Chlorine appears to inhibit graphite oxidation by blocking active sites on the sur-

face. On the basis.of this mechanism a rate law was derived which is consistant with

observed behavior.

' ' UNCLASSIFIED
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< ii troduction

Several,investigations(l'S) have been conducted to evaluate inhibitors of carbon

oxidation. These inhibitors can be categorized by phase. Solid phase inhibitors héve '
been very effective in laboratory expériments with reactor graphite, but have failed
to inhibit oxidation durihg in-reactor tests., Evaluation of gas phase inhibitors in the
~ presence of ;oﬁizing radiation, or under reactor conditions is not reported in the
literature.:.Of the gas phase inhibitors previously 1nvestigated, chlorine appeared to
be the mbst suitable for use as a reactor safeguard since the quantity necessary to con-
trbl oxldation is small. Day(S) 1llustrated the effectiveness of chlorine ﬁhen he was
- able to extiﬁguish burning‘graphite at 2200° C with the addifion of 0.25 per cent
chlorine to his oxygen stream.

This investigation has.been désigned to evaluate the effectiveness of chlorine as
an'inhibitor for'controlling runaway oxidation in gas cooled reactors. In order to
make & proﬁer evaluation, chlorine will be tgsted first in the laboratory without ioniz-
ing rédiation to -determine mechaniSms_and rates. Effects of ionizing radiat}on upon the
reactions will then be tested to insu;é the effectiveness of the inhibitor under reactor
-conditions. Testing in a neutron flu# is not considéred essential to the program since
it can be reésonably assumed a reactor wopld scram if a coolgnt line ruptured and air
was drawn intQ the"gystemQ‘;Gas phase inhibitors would not have to withstand high neut-
ron density for pfblonged pe:iods but_would have to operate under intense gemma radi-
ation, and be capablé of reducing the-Oxidation_rate of grephite at elevated tempera-
tures;to fhe point that'a runéway oxi@ation could not occur.

Following these premises, this investigafioh‘ﬁas planned in three.phases: (I) Lab-
oratory experimentsiin £he:ab§encé of radiation, (11) Experiments in the presence of gamma
radiation, microwave, and high-volfage di;charge, and (III)_E#periments to test the in-
hi itor-during runaway conditions in a prototype unit which is a full scale mock-up of

‘ iii EGCR channel. _All experiments are to be oxidations of reactor grade graphite in flow
' cl2

1
systems with temperature and the o ratio as independent variebles.
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. ,i!iscussion

Phase I experiments were conducted at four temperatures, (750, 700, 600, 550°C),

Phase I--Experimental

and at chlorine to oxygen ratios varying from O to 11%4. Samples were of CSF graphite
teken parallel to the extrusion axis of the par. CSF is a reactor grade, gas purified
graphite, and the densify of the bar from Vhich the samples were made.was 1.67 g/cm3.
Samples were made in the form of sleeves 2" in length, 0.426" 0.D., and 0.25" I.D. to
furaiah a.relatively-high reaction sarface. Samplee.were not outgassed prior to
oxidation._ |

Air or oxygen was dried through silica gel to a measured moisture content of

| 5.7 X lO'h g/l before passing over the samples. Heat was provided in the reaction
zone by .an electrical tube furnace. Temperature was controlled with a Wheelco Capi-~
catrol indicator controller using a platinam vs, platinum - 13% rhodium thermocouple
sensing system. The temperature variation-during & run was apprdximately': 5° C. At
least one absolute temperature value appears to have been in error; however, the
experiments in questionm will be rechecked after equipment recalibration.

Helium was used to previde an inert atmosphere in the reaction zone before and
after the oxidatione. Oxidation was measured as a function of graphite weight loss and
the rate expressed in uaits of gram/gram-hour. Several control runa were made during
which the samples were,erought to "(50o C, held for 15 minutes, and then cooled to rooﬁ
temperature in aelium. ‘Weight loss was negligible. Similar runs were made with tank

chlorine to teet for impurities. The oxidation was agaln negligible.

;"Phase I-—Datav

Data from Phase I experiments agreed with previous investigations in establishing
the ability of chlorine to inhibit oxidation of graphite. However, it was noted that
_at constant temperature the oxidation rate varied'inversely with the chlorine to oxygen

ratio., A power function function relationship existed as long as & stoichiometric

3
M

Sd 004

f’"’
{
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excess of bxygen'was maintained. A mechanism, consistent with observed data, would in-
‘iiglve blocking of active sites on the graphite surface by chlorine, effectively reduc-

ing the active site concentration, thereby reducing the reaction rate, This mechanism

is suppbrted by the fact tﬂét activation energies remained constant o#er widely verying

chlorine to oxygen ratios (See Figure 1). Velues of activation energieé were 37.6

+ .06 kcal/mole at %2. ratios from O to 114, It may be concluded then, that the

principle mechanism and the order of the reaction d4id not change in this range. |

On this basis, the following reactions were assumed'
_ l A ;
1) (0p)g =—> = (02)1n

k
(2) (Op)ym *+ 2 (G- C¥) ‘___—k?-> 2(G-C-0)
- _2 .

, . | |
(3) (6-cC- o)—--3—> (6 - C*) + 00 (Assume all CO formed is removed)

kh
(4) (clp)g T== (Clo)m

k. )y
k A
(5) (Clpo)in + 2 (G - C¥) —2—>‘k. 2 (¢ -¢C-Cl)
: -5

G - bound carbon atoms in the graphite lattice

C* - available active sites
g - gas phase

in

diffused into regction zone
It is assumed that the gas phase concentration remains constant.

-

From these reactions, the rate law:

4o | O 1
dt k3, AB /2, 5
| foe'l_

is derived. (See Appendix I)

=

UNCLASSIFIED
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where A 1is the total number of active sites both occupied and unoccupied

G B is' kp ke k k. ]1/2
: k.o ks k1 k|

Data from Phase I experiments appearing in Table I are plotted against curves calculated
from the rate law (see Figure 2). Correlation of observed and calculated values confirm
the law. Nitrogen apparenfly does not enter into the reaction since similar experiments
in oxygen showed the seme behavior. Values and dimensionsof k3A for a specific temperature
are identical to the oxidation rates with no chlorine present at that temperature. B
remains essentially constant at O.1 + 0.03, is insensitive to variation in temperature
and thus has a low net activation energy.

Figure 2 is very useful-for predicting the oxidation rate at any chlorine to oxygen
ratio, but because it is a log - log plot it distorts the picture of actual behavior.
For this reason a linear plot of oxidation rate vs. per cent chlorine at 700o C is shown
in Figure 3. With no chlorine, the oxidation rate was 1.34 x 10-1 g/g hr. The rate
was reduced by a factor of 8 to 1.7 x 10-2 g/g hr. with 1.9% ehlorine. A rate reduction
of this magnitude would be equivalent to a temperature drop of 93° C in a reactor.
Figure 3 illustrates the high initial rate reduction caused by a low percentage of chlor-
ine, and then a quasi-saturation effect at about 2%. On this basis, approximately 2%
would be the maximum chlorine concentration necessary to control a runaway reaction,
and since the chleriee concentration would be relatively low, the corrosion and tox-
icity hazards wo;ld be diminished.

| Phase II

Experiments ere currently being conducted to evaluate ehiorine.as an inhibitor
in cases where ozone is the principle o#idant. Data from these experiments will be
correlated with eXperiments cenducted in a microwave glow discharge where oxygen atoms
are the principle reactant species. Resulﬁs ehould give“a clearer inSiéht into reactions

which occur in the presence of intense gamma radiation.

w
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: @ ' Ozone Experiments

Temperatures in these experiments were necessarily low ( < 350° ¢), because of

ozone instability at higher ranges. Experiments are conducted at atmospheric pressure,
with flow ranging fromea.o cfh to 6.0 cfh of air or oxygen. The ozone concentration at
the generator outlet was 64 by volume in an oxygen stream and 3% in air; however, the
concentration was not measured at the sample position. Reacting gases were dried to
‘about 6.5 x 10-2 g/l moisture content by passing through silica gel and then through a
dry ice-acetone trap. In normal experimentation chlorine was added to the carrier gas
between the ozone gene:ator and the sample position to reduce damage to the generator.
Control runs were made in which chlorine was passed through the generator; but since
no significant difference was noted in oxidation rates tnis_was discontinued.
Results | [

beta fnom ozone oxidation experiments (see Table I) are preliminary but lead to
interesting conclusions. Chlorine is a much more efficient ozone oxidation inhibitor
in an oxygen stream then in an air stream. It may be noted that a g%g ratio of
ce; 0.15 reduced the oxidation rate by a factor of 120 in an oxygen (ozone) system
and by only a factor of 5 in an air (ozone) systen. The rate reductions in an air
stream are comparable'in magnitude to those experienced in thermal wonk in the absence
of ozone; and it would be reasonable to conclude the rate determining mechanism may be
the same' Competition for active sites, however, will not explain the magnitude of
reduction of ozone attack noted in an oxygen stream. Chlorine would be expected to com-
pete less effectively for active sites with osone than with oxygen, and the rate wouid
be correspondingly higher rathén than the iower yelues that were experienced.

Since competitionrfor active sites does not seem to be rate determining in an

oxygen (ozone) chlorine system, the mechanism may involve conversion of ozone to less

active species by the chlorine.

v
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One possibility would be recombination of ozone to form molecular oxygen in the presence
of a third body. Another would be formation of chlorine-oxygen complexes which would
either be less reactive with graphite than ozone, or would decompose rapidly to form
molecular oxygen.

Third body recombination mey be tentatively discounted. If third body recombin-
ation ﬁas significanf the nitrogen in the air would also be expected to have some in-
hiviting effect on the oxidation by ozone. Within the accuracy with which the ozone
concentration was known at the sample position, the oxidation rates in the absence of
chlorihe were proportional to.the ozone concentration, whether the carrier'gas was oxygen
or air.

Formation of chlorine oxygen complexes could be considered the rate limiting
mechanism. Specles such as Cl0 and OCl0 have been observed to be formed under electri-
cal dischargé or flash photalysis conditions.(6'7) 0Cl0 is stable and would probably
undergo little reaction ﬁith gfaphite. C10 rapidly decomposes into Clo and Op. Analysis

of effluent gas is expected to aid in determination of the correct mechanism.

Microwave and Gamms Experimentation

| Oxidation experiments are.in progress in both microwave glow discharge, and in
the presence of high gamma radiation.. Work to date is exploratory, however, and
accurate evaluation of data is not possible at this time.

Microwave oxidation experiments are conducted either in or down streem of a glow
produced by a Raythéon diathermy unit prodﬁcing 112 watts at 2450 megacycles. Flows
renge from a maximum of %0 ml/min down. Pressﬁre is ca. 500 and temperature approxi-
mately 250d C. )

Experiments in the presence of gamma radiation are being conducted in & radiation
field of 1.2 x 106 R/hr. Temperature is varied from 750° C to 500° C end flow from 5.0
to 0.2 efh.

UNCLASSIFIED
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Phase III

' ‘ii The prototype unit to be used in'fhaseHIII experiments is now being constructed.
Design is essentially complete and is shown schematically in Figure 4. It has been de-
signed to allow experiments similar to those of Robinson and Taylor(a) to determine con-
ditions which would sﬁpgprt a runaway-oxidation reaction in thevEGCR. It will also pro-
vide for testing corrosive inhibitors under these circumstanées. 'Temperature of the
grephite can be raised as high as 800° C, with air flow up to 100 cfm through the annular
test zone.

Experimentation is planned between the flow limits of 63.1 cfm (119 #/hr) and 3.02 |

cfﬁ (5.7 #/hr) through the test zonme. These flows correspond respectively with air
flow through the EGCR cent;ai channel anﬁulus with full blower capacity and convective
currents with the blowers off. Chlorine concentration up to 5% 1n.the alr stream can be
safely tolerated. |
Conclusions
| ‘The experimental program is incomplete at this time so no final evaluation of
chlorine aé a reacfor safeguard can be made. Results to date are encouraging and cer-
tainly Jﬁstify continuance of the.invesﬁigation. Rate reductions in thermal work and
ozone studies, and the correlation of data with models, makes the use of chlorine
appear ve£y favorable. If work in the gamma facility follows this trend, it will be

possible to make accurate decisions on the amount of chlorine to be used in a reactor

accident.
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.

APPENDIX I

Derivation of the Rate Law

Basis:

Chlorine inhibits graphite oxidation by blocking active sites.

Assumptions: 1. Experiments are conducted in a flow system so that Cls and Op con-

centrations in the gas phase remain constant.

2. Reaction is not diffusion limited, i.e., absorbed 012 and O, are in
equilibrium with gas phase Cl2 and 02 and their concentrations also
remein constant.

3. Adsorption 1s accompanied by molecular dissociation.

Lk, Most active sites are occupied by chlorine or oxygen.

Nomenclature
A = total number of active sifes (occupied or unoccupied).
C* = availeble active sites
G = bound carbons (graphite lattice)
in = 1into reéction zone
g = gas phase
5
1) (02)g == (02)y, (18) K = _E%g}én,._ = _%.l_._
(8) (0p)ip + 2 (G - C¥) "Eg_" 2(G-C-0) (2a) kKp = _(G-C - 0)2 . kp
arin L S5 (02)1n (GC¥)2 Koo
(3) (G-Ci-0) —>3 (G-C* + go O P (R - 0)
) (Clp), == (c1) (ba) Ky = .ﬁﬂa}m_ -
QgT, 2/in _ N (Gry P N
(5) (Ci2);, + 2(G-C*)‘i5'>'2(G—C-Cl) (52) K5 —f-c-oc)f ks
in " (CTp)in (G-C¥)2 ks
@ UNCLASSIFIED
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Gxus,

2 _ (G-c-C1)°
(€) (@-¢9° = oo,

and
(1) (@<c-02 = Kp (02)gn (6-C%)?

Substituting equation 6 into equation T:

(8) (G-C-O)2=K—I;Z(-é%§;-:§— (G-¢-c1)2

At constant temperature,
A = (c*¥) + (6-C-0) + (6~-C-20C1)
end remains constant.

(9) 1If c* << A, then (G;C -C)™ A-(G-C-0)

R » '- . ) . ) o 1/2
(10) (6-C-0) = [% . ‘(G C On. ]
from equations 1 and 4 (lOa.). (g -¢ -AO) =[—§§%—§%%s-g— (A-(c-cC- O))ﬂ

e _ KoKy
Let B = K5 K,

and ' |
1/2 :
{ - - = iy 1
(11) (¢ - ¢ - 0) B c(:le ¢ :l [l. T B go%ga 1/2
' v ( Clz2 g

from equation 3

1/2

da CO = - -
= k3 (G C‘ 0)
Then
. . 1l -, I
ac0 . Cl /e
- iii. : UNCLASSIFIED
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- G .TABLE II

DATA FROM OZONE EXPERIMENTS ,
TEMPERATURE--300°C PRESSURE--1 ATM--AIR OR OXYGEN FLOW--
EXPERIMENTS . IN OXYGEN (NOMINAL

2.0 cfh

Clp
03 Rate
0 7.2 x 10-3
0 7.2 x 10~3
9.0 x 104  5.69 x 103
1.8 x 10-3 . k.15 x 10-4
.0106 6.0 x 10~
.0565 6.35 x 10-2
EXPERIMENTS IN AIR (NOMINAL 3% OZONE)
0 2.03 x 10-3
0 2.24 x 10-3
.21 442 x 107H
0.21 4.81 x 10-%
G | UNCLASSIFIED
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