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I, James C, Warf, declare as follows:

1 I am Professor of Chemistry at the University of Southern California
(USC), where I have been a member of the faculty for the last thirty-four
years, Prior to that time, I spent five years with the Manhattan Project,
mostly at Ames Iowa, apd to a lesser degree at the University of Chicago and
at Cak Ridge, Tennessee. I specialized in the chemistry of nuclear materials
and was Croup Leader of the Anmalytical Section and, part of the tine,

the Inorganic Section, at times with seventy pecple working under ne.
Directly after World War II, I played « role in the formation of the
Federation of Atomic Scientists (la‘er Federation of American Scientists).
Nearly thirty years ago I helped found the Los Angeles Chapter of the
Federation of American Scientists, which later became the Los Angeles
Federation of Scientists and, most recently, the Southern California Federation
of Scientists. I remain active with the or.anization to tlis day.

A more detailed statement of professional qualifications is attached hereto.

- I have reviewed certain documents rslated to the UCLA Argonaut reactor,
These documents have included: (1) "Analysis of Credible Accidents for
Argonaut Reactors™ by S. C, Hawley, et al, particularly those sections
dealing with explosive chemical reactions and graphite fire, (2) a draft
analysis by David DuPont of the Wigzner energy section of the Hawley report,
supra, (3) "Fuel Temperatures in an Argomaut Reactor Core Following a Hypothetical
Design Basis Accident (DBA)" by G.E. Cort, and (4) the fire response section
of the March 1982 Emergency Response Flan for the UCLA Reactor, specifically
the Los Angelcs Fire Department fire response plan attached thereto as
“Attachment A." Certain other relevant documents, identified below, have
also been reviewed,
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p A It i3 my understanding that, having cperated for roughly twenty years,
the UCLA Argonaut reactor is currently the subject of a safety review by

the U.3, Nuclear Regulatory Commission as part of a license renewal proceeding.
Such a review seems to me to be a sensiule precaution, as occasionally

some significant fact or facts, overlooked in an original analysis decades
before, may be uncovered, And if nothing significant is found, a greater

level of assurance of safety has been established. Thus, in my opinion,

it would be prudent for such a safety review to take into accouut the following
facts:

4, The original Hazards Analysis for the UCLA reactor dismissed the
protability of damage from fire resulting in the release of fission producta
as “"very small® in part because “"nor> of the materials of construction of
the reactor are inflammahle,” (1960 UCLA Reactor Hazards Analysis, p. 62,
"Fire”)., While other facters may affect the probtability of fission product
release from fire, tke statement that none of the materials of construction
of the reactor are inflammable is simply incorrect., A number of those
materials--particularly the graphite, uranium, magnesium, amd even the
aluminum, among others—-cre, under the right conditions, most definitely
combustible.

2 The first and most obvious of the combustible materials used in

the Argonaut reactor is the graphitr-—used as moderator, reflector, and
thermal column, Graphite will, under the right circumstances, aost definitely
burn, as the Hawley report correctly indicates. (Charcoal is, after all,

a graphitic substance, and it will, of course, readily burn.)

6. Cr. page 32 of the Proceedings of the 1958 Atomic Energy Commission and
Contractor 3afety and Firs Protection Conference, held at AEC Headquarters
in Cermntown, Marylond, June 24-25, 1958, held in part to analyze the
implications for reactor safety of the Windscale accident in which the
graphite moderatcr and tho uranium fuel both caught Jire, Dr. C. Rogers
McCullough of the USAEC is quoted as saying:

By the way, this is an amusing point. The balief had Zrown up on
the part of many pecple in this country that graphite will not buxm.
This is nonsenss, Craphite is carbon, and anyone knows that carbon
will burn if you get it hot enough. But this glib remarx, that
graphite will not catch on fire, had become prevalent.

While not having personal knowledge of any widespread bellef in this
country that graphite could not burn, I concur with Dr. McCullough's
statement that 1t, of course, can turn in air, as the Windscale fire
unfortunately sc clearly demonstrated. A belief to the contrary would be
neither correct nor prudent.

As to the mtter of the ignition temperature of graphite, it is
dependent upon a number of factors such as the purity and density of the
graphite, the amount of air present and the velocity of the air, the particle
size ard surface-to-volume ratio of the graphite, and structural configuration
influencing heat loss. Furthermore, there appear tc he other uncericinties,

as evidenced by Or. MeCullough's comments at the same page of the above-cited



proceed ing:

Research work is going on; we are not satisfied that we know the
ignition point of graphite. . . . A any rate, research is going on
tec learn more about the ignition temperature. ¥t is a tough problem
to solve, and we are exploring possibilities,

Thus, there are some uncertainties as to ignition tcmperature of graphite,
and 1t might be wise from the point of view of a conservative safety
analysis to place or establish the magnltude of error on whatever estimate
of ignition te perature is used, However, I am not prepared at this time
0 susgdest what error limits might be approrriate ior any specific estimate
of ignition temperature,

8. The Hawley report uses a figure of 550° C as the point at which
graphite will bturn readily if sufficient oxygen is supplied. That {igure
seens to me to be reascnable for reactcr-grade graphite, although as I
indicated in 7 above there are soma uncertainties and some error limits
might be appropriate. Any temperature estimate is valld only for a fixed
set of parazuters (demsity, purity, particle size, air supply, ete.)

9. Once ignited, self-sustained combustion of the graphite must be

assumed if the air supply is adequate. Although this depends upon
con:siguration. ailrflow, and the like, it appears to me that somewhere around
5507C is the critical tempera‘ure for induction of a self-sustained fire

in the Argonaut reactor's graphite. This temperature is above a glowing red
heat tut below a white heat. The reaction is exothermic, sc if some of

the grapiite were ignited, it could release enocugh heat to ring other graphite
to the ignition temperaturse,

10, In addition to graphire, T understand the Argonaut reactor at UCILA
employs metallic uranium in a uranium-aluminum eutectic, clad with aluminum.
Metallic uranium readily burns in air if ignited, and under.somewhat more
restrictive conditions, so can aluminum., Aluminum gives off more heat, pound
for pound, thrn uranium metal when burned, but it is somewhat more resistant to
urning. The fact that the uranium and the alurinum are in a eutectic will
not affect the ability of either to bturm, although turning of the eutectic
will give off slightly less hemt than if the materials wers not in a sutectic,
However, tue difference is insignificant. In addition,_ the fact that the
~utectic melts at a relatively low temperature (640°C--Hawley, p. 18),
will not affect the ability of the materials to turn. The metals can burn

as well 1in a liquid form as a solid, In fact, molten metal can cause

fresh aluminum, withcut the normal protective oxide layer, to be exposed

to air, mking turning far more likely.

11, As to ignition “emperature for uranium metal, again there are

some uncertainties, Charles Russell (Reactor Safeguards, Pergamon Press,
Oxford, 1962, p. 115-116, citing W.C. Reynolds, deport NACA TN D-182,
"Investigation of Ignition Temperatures of Metals™) gives the igniticn
temperature of solid uranium metal in oxygen at 1 atmosphere as 508° 7
(32.7 C). VYemel'yanov and Yevstyukhin (The Metallurgy 3f Nuclear Fuel,
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Pergamon Press, Oxford, 1969) state, "At a temperature above 700°C solid
compact uranium turns in air and in oxygen emitting a blinding white 1light,
Here uranium mixed oxide is fo.med according to the reaction

30 + b 0 —22%% 5 008 + Q

where Q = 45,2 k mol.” Turnings of reactor-grade uranium have ignited
whnen being cut using a lathe, evidently from friction. Finely divided
wranium ignites in air at room temperature. Thus the ignition temperature
is a variable, depending on circurstances, ut in general uranium metal
must be ~nrsidered more combustible than graphite., I have had no experience
with uraniumealuminum eutectic, but the cowbustibility of the alloy
certainly merits invest! zmtion, in both sclid and liquid states.

12. It is my understanding that the control blades at the UCLA reactor
are cadmiume-tipped and protected by magnesium shrouds., Magnesium can also
burn, and when it does so it gives off cons’ierable energy. The ignition
temperature of Mg metal is variable, depending on its particle size, etc.

If you specify an ignition temperature you want, from 25° up, I can prepare
a specimen which will ignite at that temperature. One should b aware that
slow oxidation occurs below ignition temperature,

Cadmium metal is a low-melting metal with a relatively high vapor pressure.
The Handbook of Chemistry and Physics reports its meltirz temperature as
3200C, If the cont blades are made of the metal and not the oxide,

it would thus seem prudent to analyze the reectivity and other possible
consequences of an incident which resulted in the melting of the control
bladss, Furthermore, the volatility of cadmium could potentially result
in cadmium vapor being released in a fire or other incident involving elevated
temperatures, If so, the cadmium vapor or its oxide would likely rapidly
condense in air as minute particles and could cause a potential hazard far
fire-fighters or others due to the toxic nature of cadmium, This, too,
should protably be considered, it would seem to me, in designing fire-

fighting plans and analyzing potential accident sequences and consequences,

13, I also understand that UCIA is requesting a license for 2 curies of
plutonium=239 in a plutonium-beryllium neutron source for the reactor facility.
Yere this Pu-3e source to become involved ir fire, the consequences could
verge on the catastrophic. Flutonium metal, of course, can burn, releasing
minute particles into the air, dispersed by the energy of the fire, Fire-
fighting would be extremely hazardous due to the presence of the plutonium
oxide in the air, and the public health implications would be awful,

(2 curies of Pu=239 is by no means an insignificant amount; placed near

the skin, it will cause radiation burns in a few minutes; inhalation of

aven microgram amounts is exceedingly dangerous),

When Pu metal burns, it goes to Pud2 in limited air, to Pus0g in excess air,
just like uranium, 3e is comparable to Al in its combustidn, tut is ligher
melting, Again, the chemical form of the mterial is important, i,e. whether
in metal or oxida. 2eQ is volatile in steam at high temperatures,
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14, The issue of now %o fight a gZraphite-uraniurm

fire, leaving aside the possibility of cadmium and plutenium particles
being released, has no easy answers am would resquire considerabls prior
analysis of the problems inherent and preparation in advance in the form
of emergency planning, There could be great danger, in particular, ia
employing either water or, to a lesser degree, carbon dioxide %o put out
the fire. In either case, an explcsion might occur. owing to the formatlon
of combustibla gzases.

15, Dr. MeCullough's report on the Windscale iacident, in the AEC
document referred to above, describes how those fighting the fire tried
various methods over a couple of days to put the fire out, which involved
both uranium and graphite, all to no availl, and now they had to try, as a
last resort, water:

Now they were faced with the decision either to use water or to let
the fire burn up. They decided there was nothing left for them to do
tut put water in. There was some trepidation about this, as you can
imagine, because they well knew that water on glowing wranium nakes
hydrogen. Water on glowing carbon makes hydrogen and CO; you have
then a nice mixture of hydrogen, CO, and air, and you might have an
explosion.

But they had no -other choice.

They, in the end, followed techniques learned during World War II in
extinguishing incendiary bombs, and fortunately the gamble paid off.,

But they had no othex choice, and righty wers-extremely worried about

the potential for an explosion. The fact that one did not occur at
Windscale, in my opinion, does not get one around the fact that such an
axplosion is clearly possihle, could be quite dangerous, and that water
should, if at all possible, not be used, or if used, used with the potential
danger clearly thought out. As McCullough concluded:

I think it took a great deal of courage on the part of these people
to mut water on this reactor. They did it with fear and trepidation,
and in talking with them they will not guarantee that they could do
it a secomd time without an explosion.

I note also that the steam that ensued carried with it very significant
quantities of fission products into the envivonment,

16. The potential for metal-water or metal-steam reactions should bde
examined in putting together fire-fighting plans, Aluminum, uranium,
magnesium, and graphite all car react in a steam environment, producing
large amounts of enaergy, liberating hydrogen which can cause explosion
jangers. Russell indicates the Al-HpO reaction liberates nore than

twice the energy of nitroglycerin, in calories per gram, and five times

the energy of black powder; the magnesium-water reacticn just slightly less
than aluminum; and the U=-H20 reaction just somewhat less than black powder.
(Al + NH,NC, was used as a cheap explosive in Vietnam, "Daisy Cutter.",
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17. I do not believe it likely that a group of firefighters arriving

on the scene would have the competence to judge whether tc use water, and

{f so, how, etc. Furthermore, it would seem most prudent for an emergency
plan to have been considered in advance of the appropriate fire-fighting
response, and for the requisite materials to be readily available for such
fire-fighting, There are non-moderating materials that could be used to
smother the fire that would not react explosively with burning core componants;
careful ccasideration should be given to the choice of these., My reading

of the one-page fire-fighting plan included in the March 1982 emergency plan
seems to me ipadequate in these regards,

18, The use of COp on such a fire could also be dangerous. Craphite
is oxidized by COp2, yielding carbon moncxide, which is also explosive
in the presence of air,

19, Simple carbon tetrachloride extinguishers that formerly were used

for lab fires have a host of problems asssociated with their use, notably
the toxic phosgene they give of f when used on fires. And even some chemical
foams ~ight have a favorable moderating effect that needs to be taken into
account (this can bs gotten around, perhaps, by the addition of boron=-
containing compounds to ~uch foams),

20, Pirefighters would also have to be prepared to deal with potentially
toxic substances such as cadmium fumes in the air, and work in an enviroiaent
possibly contaminated with fission products and perhaps plutonium., They
would need good information as to what materials had been released in tc

the air and roughly in what concentrations, good detectors for those
materials, and abllity to read and interpret that information. They

would need appropriate equipment to protect themselves from inhalation of

the mterials and from direct exposure.

2l. As stated above, the one page plan by the LA Fire Department, in ay
opinion, does not adequately address the above potential problems. While

one hopes that such an emergency never occurs, amn trusts that adequate
precautions will ©te taken to minimize any potential for such an emergency,

an emergency plan must realistically deal with the conditions that could
occur if such an emergency were to happen., The existing plans to control

a reactor fire are, it seems to me, inadequate. A revised emergency response
could profitably include the following: rapid determination of any radiation
h*zard, rapid evacuation of personnel, stockpiling of fire-fighting substances
safe for reactor materials, and knowledge of access ports to the reacter.

The fire-fighters should not have to locate and confer with any particular
reactor personnel, who might not be available at once,

22, T understand that there is some question about positive temperature
coefficients of reactivity for graphite. 3uch a positive effect has been
known for a long time-——certainly we in the Manhattan Project knew about it
forty years ago.

23. As to the Wigner effect, the small size of the UCIA reactor does not
necessarily mean that the amount of Wigner emerg absorbed per gram of
graphite is likewise small, In fact, wers a large-sized reactor amd UClA's
far smaller reactor %o both produce 1 MW-day of energy, all other things
being equal, the amount of Wigner energy abscrbed in each gram of adjacent
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graphite would be considerably greater in the UCLA reactor than in the
larger reactor, for the simple reason that the larger reactor has far
more «<raphite to absorb the same amount of energy, thus the energy
absorption per gram of graphite is "diluted.” All other things beling
equal, a large reactor with the same neutron flux as the UCIA reactor,
run for the same length of tims, would produce the same amount of energy
absorbed per gram of graphite as the UCLA reactor. And it is the energy
absorbed per gram of graphite that is the key to whether enough energy
has been stored to tring any ~—+ of the graphite to ignition if enough
air is present; and, given the pcoper configuration, one unit of graphite
ignited could release enough heat to tring many additional units of graphite
to ths ignition point.

2, I have read the Hawley, et al, analysis of the Wigner energy matter,
as well as Mr, DuPont's critique thereof, It appears tc me that there is
considerable disagreement as to how much Wigner energy can actually be
absarbed, given operating limits, in the UCLA reactor. As I understand it,
Mr. DuPont uses the same analytical method as Mr, Hawley, yet takes issue
with some of the numerical values Mr, Hawley used in his calculations,
particularly the neutron flux ard number of MWD" of operation at UCLA

and the appropriate cal/g absorption - gure that should be used for
exposures at low doses., It appears tuat, if Mr, Hawley's calculational .
method is correct and if Mr. DuPont's num rical values are the appropriate
ones, the amount of Wigner energy that er ld be abscrbed in the UCLA reacter’'s
graphite would be roughly twenty times . s amount Mr, Hawler indicates.

25, Hrlzl—huloy uses & neutron flux of 1012 n/cnz~soc. Mr, DuPont uses
1.5 x 10+<, taken from the UCIA Application f r Relicensing at page
IIT/6=5. Mr, Hawley's report takes the va)us 0,5 cal/g per 'WD/AT as the
best value for the rats of energy storage .. graphite irradiated at 30°C,
Yet Nightingale (p. 34%) states, "More-accurate values derived from
measurements at very low exposures range from 0.6 to 1.0 cal/MWD/Al."

Mr. DuPont further takes issue with the Hawley study conversion to energy
storage rate at 50°C; graphing the Nightinrale data for the change in the
rate of energy storage with temperature, r. DuPont finds 5/6ths the
anergy stored at S0°C than at 30°C, whereas the iawley report uses a
smaller fraction. Finally, the B ley study indicates. 12 MWD to-4ate at
UCLA; Mr. DuPont says the correct figure is 17 MWD, and if the reactor
were to operate its licensed limit of 5% per year through the proposed
license period (until the year 2000), an additional 37 MWD could be
produced. These modifications of the Hawley study calculations by Mr. DuPont
seem reasonable, and raise a substantial question as to how much Wigner
enargy might be absorbed in the UCIA graphite.

26, In addition, there are some uncertainties in makin. such calculations,
as they rely on employing empirically derived data from various irradiation
locations in a few reactors and then extrapolating to another reactor of

a different kind and configuration. Plus, I understand there is some
uncertainty as to the pact irradiation history of the UCILA reactor's
graphite--whether, for example, it might have been rreviously used in
another reactor prior to the construction of the UCLA reactor. In lizht

of the foregoing, I suggest removing some of the graphite from different

* YWD means megawatt-days.,
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locations in the UCLA reactor core and experimentally determining how much
Wigner energy has indeed been absorbed to date in the graphite. This could

be done by any of a variety of methods-——calorimetric annealing, X-ray
diffraction patterns, heat of combustion measurements., (I understand

the UCIA reactor is occasionally used to color diamonds, If this effect

is due to changes in the dilamond's crystalline structure and not to impurities
in the diamond, this would be further evidence of this reactor’s capability
of causing radiation damage in graphite, as graphite and diamond are the

two crystalline forms of carbon and would react similarly to neutron
tombardment, I also understand there is some questicn as to whether the

UCLA grapnite has exhibited some swelling a- dimensional change; if this

is confirmed, it would also be evidence of Wigner energy storage and would
lend further reason to the possible usefulness of making actual measurements. )

27. Both the Hawley and che Cort studies examine certain accident scenmarios
that could, by themselves, cause substantial temperature rises in the UCLA
reactor. In both cases--the Hawley analysis of power excursions and the
Cort analysis of coolant restriction following earthquake--the temperature
did not reach that of the melting of the fuel eutectic or cladding.
However, if substantial Wigner energy were stored in the graphite, such an
incident could, conceivably, release that energy and substantially raise
the temperature that could be reached. In addition, some experimental
materials in the reactor core may have ignition temperaturss below the
melting point of the fuel, in which case fire could be initiated even
though the initiating temperature did not approach the fuel's critical
temperature, Thus, the significance of possibl- flammable characteristics
of the reactor core cocatents and the true amoun: of Wigner energy that
could be absorbed during the license period my well have significance in
a safety review.,

28, Muca work has bsen done on the attack of uranium ingots, clad in
aluminum, through a pin hole. At elevated temperatures, air or water
enters the »inhole, reacts, and the resulting oxide swells, This

treaks more Al skin, and the process continues faster; tut so far as T know
oxidation is retarded so much the ignition temperature is not reached.
Powdered uranium (from decomposition of ) can react with liquid water
and glow red, forming U0 and H2, Massive U metal must be heated to react.

29. Uranium and aluminum can be se arated chemically from their eutectic
by any number of techniques. One method is to dissolve ‘he sutectic in
hydrochloric acid, and oxidize the uranium tc uranyl ion using nitric acid.
Addition of excess sodium hydroxide precipitates the uranium as sodium
diuranate, but converts the aluminum to the soluble aluminate ion.
Separation is effected by centrifuging. Alternatively, the uranyl nitrate
can be extracted by ether or butyl phosphate, leaving the aluminum in the
aqueocus phase.

30. [ might also add that as I read the Hawley, et al, analysis of
"credible accidents” for Argonaut reactors, I had the impression that certain
extremely unlikely scenarios were examined and then dismissed, with the
conclusion then asserted that there are no serious creditle accident scenarios
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for Argonaut reactors, when scenarios more Likely appeared not to have been
analyzed whatsoever, Perhaps the above-desc.ibed facts can be of use
in a fuller review of potential accidents and consequences,

31. The above-cited facts might also be of use in mitigating consequences
of or preventing accidents. For example, it might be prudent to consider
use of a uranium oxide fuel, which would be far less susceptible to burning.
A boron-tased control blade might get around the low-melting temperature
oroblem far the cadmium (if it is in the metallic form). 3Boron-tased fire-
fighting foams ar other materials might ameliorate problems cf using water
alone. Sand or a silicate, as a clay, perhaps could be used to smother the
fire., It might be best merely to close off the air supply mechanically,
tut the possibility that this might allcw the reactor to overheat should bde
erxaminec.

I cannot overstress consideration of the danger of using water on
such a five, should it ever occur. The use of water on such a fire cculd

be disastrous, Careful emergency planning before such an avent occurs
should hopefully result in fire-fighters not having to face the terrilhle
choices faced by those respondi.g to Windscale.

I declare under penalty of perJ urder the laws of the
United States of Annenpthntth fgmggg is true and cométh

to the best of my knowledge and belief.

(7(,,,“ Q. wor~

James C, Warf

Executed at /ofd A’"ﬁ‘éd/a , Malaysia
™is _[7__ th day of Ugeaper, 1982,
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