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The Safety of Nuclear Reactors

By C. Rogers McCullough,* Mark M. Mills, T and Edward Teller,z USA

REACTOR TECHNOLOGY

n any new neld of technology, it is I SEREEIRGN
Creugpleuspbtayvely it pessible, as many fem
tures WWW humans welg,
faggadniclcar reactor technology 1s such a field, and
no one locks to it with hope for many matenal
Lenents for mankind. Among these benefits are the
possihility of clectric power generation, propulsion

e

by nudear energy, and the utilization of reactors as
research tools in many branches of science and

Meaciile

\long with a long list of possible attractive fea-
reactors, there are, unfortunately, certain
dangerous characteristics. The Advisory Committee
on Reactor Safeguards (see Appendix) has the re-
sponsibility of looking at the hazards connected with
nuclear reactors. The members of this comm’ttee are
exceedingly anxious to see rapid and fruitful devel-
opment of reactor technology, but because of the
nature of the hazards involved, and because they
have Leen specificallv requested to look at hazard
problems, they feel it important that no undue risks
be taken in the development of nuclear reactors.

REACTOR SAFETY

Imimediately, when one attempts to evaluate re-
actor hazards, there is encountered the necessity for
ting to define the notion of reactor safety, and
what this notion shall include. Of course, absolu‘e
rilfcty 1S nat possible aud, Wiaatsis realivemeant in

councgtion with,reactor hazards 1s the minymizatign
o.lullar04~nnxﬂ oue has an acceptable caiculated risigy

tures ot

[he operation of nuclear reactors appears sate
! it is. In fact, deceptively safe. A nuclear reactor
ot run away unless a number Of serious mis-
thes of plinning i operation should be committed.

1s. however, nipossible to conduct extensive op-
erations over a long time without occasional occur-
rences of such mistakes, \We have heen exceedingly
* «o far that nobody has as vet been killed by a
wway reactor. It is not possible to count on in-
detimte contmmnation of such L.ad luck.
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ere have been essentially no reactor

accidents leading to serious consequences. For this

TN Sl TSGR TMDAA Ot ALOUITASTOT ACCIAARES,
4E5I5I|llihIllIllilanilnl-lullu-iil:balng:voumseiul

needed by insur
anmiee\ample in e»mue
of ggardsedniother words, to determine what is an
acceptable risk, a certain amount of judgments dh
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With all the inherent safeguards that can be put
into 3 reactcr , there is still no fool-proof system. Any
system can be defeated by a great enouvh iool. The
o2l damgeroesuTs when IbIﬂﬂtalllllhlll‘llllﬂll‘:
Causeavelamtion ol caution.’y

Problems of reliability, adequate control, adequate
supervision, must all be included. It is convenient to
look upon the concepts of reactor satety in the fol-
lowing ways:

One important coucept is the division of safety
problems into on-site and oft-site problems. The on-
site problems have to do with the protection of
reactor operating personnei and other people who
may be at the reactor site in order to make use of it,
and the protection of the economic investment in the
reactor facility. Off-site problems have to do with
the protection of the general public, or persons who
are not more or less directly connected with the op-
eration of the reactor. One way to minimize off-site
hazards is simply to locate the reactor at a remote
and unpopulated place. In terms of reactor utiliza-
tion and economics, this solution is oiten unsatisfac-
tory. The economic utilization of electric power

generated by reactors, for examele, nearly al'.-.'\\s
req "!T“\ that the reactor he ablv close
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to notential users orf this power. This means that for

located reason

e reactor <hould he located near
populous, industrial areas.

Substantial moral and ethical problems are in-
volved in connection with reactor hazards, On-site
pe’sonne', like persons w oxnmg in other industries,
knowmgly and willingly submit “hemseives to what-
ever hazards are :*.i-'fnci"t(‘d with working near a

reactor because of salary ‘.4.'.:irc:ne:1ts special work-

conomic reasons t

ing com.'itw nr personal mterest
Fm 0! jcn"-'nx on the other I:z:u' lm have
r th
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moral obligation in the operation of a reactor. This
problem is more severe than in the case of dangerous
chemcal or explosives plants, because the radioactiv-
itv contained in a reactor can constitute a hazard to a
wide area 1f it escapes irom a machine and becomes
dispersed. This public hazard has been one of the
main concerns oi the Advisory Committee on Re-
actor Safeguards.

From another point of view,

the safety of a nlideay

reaclageam beveard. tordependiipon twol things: Thi
iWoﬁtﬁc e
: rw— o Biaaraind

or example, the reactivity may de-
crease rapidly with increasing temperature. In this
case, it may be practical'» impossible to exceed some
safe limit in temperature. This intrinsic stability is
very desirable. .n fact, one may say that a machine
with large intrinsic stability can be so stable, be-
cause of fundamental physical characteristics, that
only a Maxwell demon can make it misbehave. An
ordinary machine, which depends on the operation of
the control system to set its power level, can be upset
by a mere gremiin! One would like to minimize the
dependence upon administrative control for safe
operation of a reactor. However, _
uwﬂammmm
1 certapedependence upon administrative control fogy
salgant ) operatiop. This means that prob-
lems arise connected with the loading and unloading
of fuel, the startup and shutdown of the reactor,
proper manipulation of controls, and adequate ac-
counting {or all materials made radioactive by the re-
actor, including both intentionally irradiated material
and any radioactive effluent associated with the oper-
ation. Thu  the normal, as well as the abnormal oper-
ation and behavior of the react~r must be carefully
considered. It is clear that a reactor which in normal
operation is well run and under complete and precise
control is much less likely to behave in an abnormal
fashion leading to a serious accident.

THE CONTAINED RADIOACTIVITY

The most serious continuing hazard associated with
nuclear reactors is due to the large amount of radio-
activity which they .ontain. Large reactors may
contain hundreds of pounds of radioactive fission
products which correspond to many tons of radium
in conventional radioactive measure. Not all of these
fission products are as hazardous as radium, but
nearly all of them contribute substantially to the
hazard.® There are two ways in which the hazard
of contained fission products may be minimized : One
is to remove fission products during the operation of
the reactor in such a way as to maintain 2 minimum
concentration of such material in the machine. This
continuous removal of fission products requires some
tvpe of fuid fuel. either liquid or gaseous. in order
to continue cieanup operations on the fuel during the
operation of the machine. The other way to minimize
the hazard is to minimize the possibility of the escape

of these fission products irom the machine. The po-
tential ability of a reactcr :0 run away makes it
possible for this radicactive material to escape to the
surrounding areas. The hazard is crudely analogous
to conducting both expivsive and virulent poison
production under the same roof.*

Until really safe nuclear machines of the future
become available, we have to construct our reactors
with extreme circumspection and we must continue
to operate them with the same caution aiter ten years
of safe running as on the very first day when they
were started up.*

In order to emphasize the characteristic of the
special hazard due to radioactive materials in the
reactor, a list of tolerances is presented in Table [.3
Although there has been a substantial effort in the
assessment of the effects of radiation on biological
systems, particularly systems resembling people,
there is still a great deal to be learned.? However,
even allowing for considerable error in the quantita-
tive assessment of this problem, 1t is still evident from
Table I that radioactive poisons are more hazardous
than chemical poisons by a factor of something like
10® to 10°. This is such an enormous factor that radio-
active poisons essentiallv must be considered a quali-
tative new kind of problem. Furthermore, this implies

Table 1. Comparison of Toxic Substances in Air*
(concentration in mg/m?)
Retio
g fata! to
Substance Toierance t “Fatal dose’ * toievance
Chemicol Poisons
Chlorine 29 ¢ 2901 100
Arsine 016° 8001 2000
Beryllium 1.3 x 10 ? ?
> Rodiooctive Poisons**
U™ (insol) 1690 % 10 1690 x 10+ 10,000
Pu™ 32 10 32 x 10* 10,000
Sr* 1.3 % 10" L3 X 1t 10,000

* It shouid be remembered that industrial poisons are
usually in many ton quanti‘ies, whereas radioactive poisons
are in 100-kilogram quantities.

T “Tolerance” for chemicai poisons is defined as the max-
imum tolerable level for 8§ hours per day exposure. In the
case of radioactive poisons tclerance is the maximum level
wiich can be tolerated every day for 8 hours equivaient to
0.043 rem per day.

$“Fatal Dose™ in the case of chemical poisons s defined
as the “rapidly faral” dose when the given concentration in
air is inhaled for 30 minutes to one hour. In the case of ra-
dioactive material thie means about 350% survival if the
dose is acquired quite rapidiy, for example, over a minute or
perhaps during an 8-liour dar. This is equivalent to about
400 rem.*t

7 Adopted at meeting of the American Conierence of
Governmental and Industrial Hygienists in Atlantic City,
N. I, in April 1951

§ Industrial Hygiene and Toxicology, Frank H. Paty,
Editor, Interscience Pubiishers, Inc., 1949

*¢ Maximum Permicsible Amounts of Radicisotones in
i5¢ Human Body and Mao Permissible Concentrations
in Air and Water. Handbook 32, National Bureau of Stand-
ards, March 20, 1953,

+* The Effects of Atomic Weapons,
ng Office, Revised Serrember 1950
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that the problem of keep'ng radicactive materials
within the reactor and preventng the spread of radio-
acuive materials aver populous areas is very serious.

;':: Table II there is a summary of delaved heat
and the corresponding radioactivity from
fisston products. For a machine of 230,000-kw heat
power (G0,000-kw electric power), something like
3043 mmillion curies of activity remains at the end of

dav after shutdown. This corresponds to 300 tons
ot radium in terms of radioactivity. The sheer quan-
tity of radioactivity is enormous.

Operation of this reactor for one vear produces
about 100 kilograms of fission products. On the basis
of 1077 mg ¢m? this can contaminat» 10®* cubic kilo~
meters of air 1o tolerance. Said another way, a layer

t air one nin deep covering an area 1000 km on a
side could he brought to tolerance level.

Another ifeature of radicactive poisons is that a
lethal level is not detectable Ly human senses. Fur-
thermore. very sericus injury may not be detected for
suine vears aifter exposure.®

ESCAPE OF RADIOACTIVITY

The way in which reactors can maifunction and
lead to the escape of fission products may be classi-
fed as follows: (1) a super-critical nuclear excursion
or nuclear runaway ; (2} meit-down of reacior com-
ponents, even with the chain reaction shut down,
because of the delayed heat produced by the radio-
active fission products; and (3) possible exothermic
chemical reactions among the components of the re-
actor itseli. The latter, although it is clearly not
present if the machine is operating normally, may be
initiated by a runaway nuclear chain reaction or by
delaved heat melting.

These provlems will be discussed in more detail
belo'v. The first two are unique to nuclear reactors
as compared o other power sources, and have no true
anaiogue mn other areas of technology. They are dis-
cussed in some detail, for research reactors,® and
nuclear power plants® elsewhere.

THE PROBLEM OF NUCLEAR RUNAWAY
An outstunding characterisiic of nuclear reactors
15 their potential ability to achieve extremely high
power levels in a short time if adequate control of

araduetion

the machine is lost. A muq-
dent, imay stargand be overam u ly igps
than.assecond..In this respect they

Ay elospelargesscale: machingg, and it is this ex-
tremely short time that makes it quite important that
automatic control and safety svstems be available, be
reliabie. and Le relativelr rapid in their operation.
A ¢

a8p4ges NoL SEETIO Qe yery yioleng, A comparison
between a nuclear reactor and an atomic bomb is very
nu<ieading and certainly not to the point. From a
number of studies of possible reactor accidents of
this type, it must be concluded that even though re-
actor accidents could happen quite rapidly in terms

Toble ll. Delaved Heat Power and Radioactivity*
airer Normal Shutdown
Activity level f=om o
previons sesdy wect power of:
Time afzer 300 kw 250,500 kew
shutdoun :::x:'a.‘) er: sctitnty g4:
s ke cunes b cumes
10 10 sec 129 21 x 10 11.000 18 x 10*
1 1.7 min 30 1.3 x 10 6800 1.1 x 10°
10 16.7 min 3.2 84 x 10* 4300 70 x 10'
10¢ 28hr 3.3 5.3 x 100 2700 44 < 100
10* 28 hr 2.0 33ix10 1700 28 x 10*

* The radicactivity figures are for fission products oniy
(do not include radioactive fuels or components). It is as-
sumed that the mean decay event corresponds to 1.0 Mev
in converting from kw to curies.

of human reaction times and conventional external
emergency human actions, nevertheless, a nuclear
reactor is a very siuggish device and does not pro-
duce a nuclear explosion even remotely approximat-

ing that of an atomic bomb. Inwg
thenutal, Keactors,. MOULNG3UKE N £Xpi Jion. really

QEEgER. 4 or very fast reactors with a non-thermal
neutron spectrum and heavily loaded with enriched
uranium, it does appear possible to have an accident |
which is fast enough so that portions of the machine |
may be propelled with velocities of a few meters per |
second. This again does not resemble an atomic bomb

explosion, or even the explosion of ordinary chemical

explosives; rather it is similar to the events that

might occur in an automobile accident. Therefore a

nuclear runaway, in itself, does not represent - seri-

ous hazard to off-site people.

However, as pointed out above, a nuclear runaway
can serve to do two things: It may disrupt the struc-
ture of the reactor sufficientiv so that radioactive
poisons may escape, or it may lead to exothermic
chemical reactions between different components of
the reactor core, and a chemical explosion of con-
siderable violence. Indeed, for certain types of reactor
stiuctures, it would appear that the chemical reaction
that might follow a nuclear runaway would produce
substantially greater energy and violence than the
runaway which preceded.it.

In order to make some of these notions more quan-
titative, it is conveni: 1t to talk about the rising period
of a nuclear reactor. A nuclear reactor which is super-
critical increases in power level by a factor of ¢ at each
interval of time corresponding to the so-called e-fold-
ing time. In turn, the ¢-folding time is related to the
Intrinsic neutron generation time of the reactor. and
the degree of superc-iticality, by the so-called in-hour
equation. In Fig. 1, a number of cusves are shown
connecting the rising period of the reactor with its
excess reactivitv, i.e., the fraction of excess neu-
trons produced in one generation. The o-folding
tm1c~ shown in the figure are relatively long. This
i3 due to the delaved neutrons. As vou all know.
the fission event produces certain fssion nroducts
which, in tura, after perinds ranging up to 20 seconds,
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Figure 1. Variation of rising period with excess reactivity from
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emit delayed neutrons. The fraction of these delaved
neutrons produced in U™ fission amounts to some-
thing like 34 % of all neutrons produced. If one makes
the excess reactivity oi the reactor so great that the
chain can proceed without the delayed neutrons, then
the reactor is said to be in a prompt critical condition,
that is it is critical or even supercritical on prompt
neutrons alone. In this condition the e-folding time
hecones short and one may estimate it by means of
the equation :
1 Rez

Te To

[n this equation, =, is the ¢-folding time, ro is the in-
trinsic neutron generation time which depends on the
type of reactor, and k.. is the excess reactivity above
prompt criticality.

Typically, neutron generation times are about one
millisecond for large thermal reactors, something like
1, millisecond for water boilers and small thermal
reactors, and may be as short as a microsecond or less
for fast-spectrum epithermal machines. The value
that one may assign to k.. depends on the type of
machine and its requirements’ for excess reactivity in
order to conduct experiments, overcome temperature
effects, allow for burnup of the fissionable material, or
override fission-product poisons. However, it seems
reasonable to assume an excess k-value of about 0.01
fraction for terms of discussion. If this is done, then
an ¢-folding time for the large thermal machines of
140 sccond is obtained. Only seven e-folding times,
that is T4o second, are required in order to increase
the power level of the machine by a factor of 1000,
For machines with shorter neutron generaticn times,

the ¢-folding times are correspondingly reduced. Here
one may say that nuch .r reactors represent a genuine
departure from conventinnal power sources in ti
enormous power level increases are possible in the

event of mal-operation in remarkally short times

1ese 1uses are expected to have two characteristics.
First of all, they should be scli-contuined and wheily
automatic so that thev are not subject to error of
adjustment or maintenance and are not subject to
intentional tampering. Secoud, these fuses are to be
activated by changes in the powsr level, essenually
changes in the flux level of the nuclear reactor. and
have rapid enough response so that they will intro-
duce a substantial negative reactivity in the reactor
in o teme of the order of one second or less. One of
the continuing difficulties in the development of these
fuses is this latter requirement for short-time opera-
tion. It appears that successful development of sach
a fuse will soon be achieved, but because of the short-
time requirement this development is neither easy
nor simple.

As a matter of practical fact. one must consider
how a large excess reactivity might be achieved in a
nuclear reactor.® First of all, it is clear that 1t can
not really be achieved instantaneously although some-
thing analogous to instantaneous excess reactivity
can be obtained on startup of a reactor if only a
weak source of neutrons is used during the startup
procedure. It is then conceivable that through some
error, rapid removal of coutrol rods would allow the
reactor to be highiyv supercritical before the power
level had risen to something approaching the normal
power range. For this reason, startup accidents are
particularly to be avoided.

In ary event. one must consider not only the possi-
ble degree of excess reactivity but also the rate at
which reactivity may be added to the machine. For
this reason, one would like safety rods and shim rods
that move out rather slowly but which could be re-
inserted rapidly at any point during withdrawal.}

One would also like the degree of control residing
in the control and safety system to huve a graded
weight so that as the reactor becomes nearly critical.
only smailer amounts of reactivity are introduced by
the withdrawal of control rods. Safety rods which
must be completely withdrawn and cocked before
they may be re-inserted are particularly undesirable.

There is another point which is (uite pertinent in
the serious consideration of how rapidly excess re-
activity might really be added to a given nuclear
reactor. Extremely fast reactors. for example. look

~ §In order 10 avoid circumlocution. ail remarks concern-
ing control and safety svstems will be made as though these
were conventional absorber systems. Of course it is entirely
possihie to increase the reactivity of a reacior by smsenting
fissionable ¥ rial instead of withdrawing an absorber or
hy changing the characteristics of a redector. Our Caussion
will assume that ail controls are of an ahsorbing tvpe
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parucnlariy dangerous because of the verv short
c-tolding time that one can achieve with modest ex-
cess react vity. However, part of this dager is spuri-
ous heeause the reactor will become supercritical
enongh to run through a complete runaway accident
bcfore very much excess reactivity can be added by
ordinary methods of operation of controls. Only very
sudden motion of the control rods, motion so rapid
that it would have to be induced by special pneumatic
svstems could lead to a rapid, explosive type of acci-
dent with these fast reactors. For this reason, a care-
ful study of the possible rate of reactivity increase,
rather than the tetal potential excess reactivity avail-
able, should be carried out when the nuclear runaway
problem is considered.

[t seems that the prevention of nuclear runaway
accidents is very closely associated with the problem
of excess reactivity and the rate at which excess
reactivity might be added to a given machine. This in
turn depends on the technical details of any given
machite, both m its neutronic behavior and in the
operation of control devices and possible other ways
ot changing the reactivity, perhaps because of the
presence of experimentai irradiation faciiities. This
1= not a problem that can be geneially soived for all
miachines, but cach machine must be studied on its
own merits.

\We will now turn to the characteristics of a nuclear
runaway, assuming that it is actually underway. As
pointed out above. a nuclear runaway is not particu-
larly violent but it does take place in a remarkably
short time. The runaway will proceed according to
the following steps. First of all, excess reactivity is
mserted, the reactor thes rises exponentially in power
level with a nearly constant e-folding time until
crinugh energy is accumulated in the structure to
Jfect the behavior of neutrons. These early effects
are characterized by the term, temperature coefficients
nf the reactivity. These may be either positive, that is
making the reactor more reactive, or negative, mak-
ine the reactor less reactive and tending to shut it
down. If an increase in power level tends to make the
reactor more reactive and increase the power level
not only further but make the further increase more
rapid. onc sometimes savs that this is an autocata-
lvtic reactor. Such a reactor appears to be particu-
larly dangerous, and can possibly achieve really short
c-folding times. A\ few strongly autocatalytic reactors
are known. For most reactors, negative reactivity co-
efiicients will take effect and lead to a lengthening
i the c-folding time.

Finally, a third phase of the runaway will occur

hen enough of the reactor structure is actually
melted, vaporized or otherwise affected (in most
cases reactivity coefficients will not be adequate to
Jiut the reactor down without destructive effects,
Jthough for some reactors this will indeed he the
case), and these destructive effects will shut down
the nuciear chain reaction and stop the runaway.

Since the negative reactivity coefficients can lead
to shutting off the nuclear accident without destruc-
tive effects, a ic\\ word Is about these coefficients may

be desirable. Fir ;.Il. large negative reacuvity
coernicients are clearh nted. However, thes¢ co-
efficicnts must be quick geting, able to taice effect and

shut down the reactor duri: ng the transient conditions
Ox a runawav. Prlm‘.r} <..1..nce~ in YCY“-_'(‘YJ!UT(‘ are
caused by the generation of fission heat in the fuel
elements. Heating of the fuel elements may change
the reactivity of the machine negatively if the fuel
elements contain large quantities of U**. This nega-
tive change is due to the increased absorption of
resonance energy neutrons hy Doppler hroadening of
the U™$ ahsorption resonances. For large lumped
thermal reactors, this effect amounts to about 10-°
fraction of reactivity per degree C temperature rise.

A secondary reason for the temperature coefficient
is the heating of the moderator. In many reactors.
this will beneficially reduce reactivity. However, the
time for heat to flow from the hot fuel elements to
the moderated portion may be sufficiently long, sev-
eral seconds to a minute in some cases, so that al-
though the moderated temperature coefficient is
favorable, it does not have time to come into play
during a nuclear runaway. For example, the thermal
diffusion time across a four-inch thickness oi graph-
ite-moderator in a large lumped thermal machine is
nearly a minute. This time is so long that the coeffi-
cient associated with moderator heating plays no part
during the runaway.

One of the important technical areas associated
with understanding nuclear runaway behavior of a
reactor is cthat of heat transfer under transient con-
ditions. Relatively little knowledge in this area has
been available because most heat transfer studies are
conducted under steadv-state couditions.

It appears likely that a nuclear runaway will cause
enough disruption of the reactor structure so that
fission products will start to leak out of the reactor
into the surrounding area. How fast this escape of
fission products will be depends upon the type of
reactor and type of reactor accident. It may be possi-
ble to show that there will he very little mechanical
violence outside the reactor shield, so that if the
building which houses the reactor can be made gas-
tight. then escape of fission products to areas outside
the reactor buxldmg can be grcatl\ reduced \w

DELAYED ENERGY PRODUCTION =

©ear reactors have another somewiAE unidvorg
blescligmmeta<tic. Decause of thc accumulated fission
products, and the accompanving exothermic radio-
active transmrmatmu ot these ﬁS‘lOH '\deUCtS a

enerzy produced by the fission prod.x::s I'x~ lieen
studied, and the result for power production in the
48
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reactor which has been operatiig for a long time may
e summarized in the following equation:

1-0.2 5 s 1

» — 007 P Vit nime s 1+
()'Jln' ormq“")(’c' 5 2> F |

de'gprd ==

sec

Here
the reactor, I riaqeqd 15 the delaved heat power level of
the reactor in the same units as the normal power
leval, the time in seconds, and the 0.07 is an ex-
perimentally determined coefficient. Although the
nssion products individually decay exponentially, the
result of their statistical production i1s to make this
delaved heat decay with the relatively weak power
law indicated. For about one second after the reactor
is shut down the delaved pov. er level is approximately
77c of 'nc normal pow: D

e [” ormat 15 the normal operating power level of

Pis

1™
hreakdown of pum(' loss of pumpmg power, me-
chanical faiiure of ¢ ohng piping, then even if the
nuclear chain reaction is immediately shut down by
inserting control or safety rods, there will still be
left a substantial heat load which must somehow be
disposed of.

For example, if the fuel :lements from the Mate-
rials Testing Reactor were suddenly removed irom
the reactor and left standing in the open air, they
would meit down by themselves by delayed heat pro-
duction. 1f they were suddenly immersed in water,
probably thxs mel:mg would not take place.

he tvel elements, and otner m:uenals in
the reactor in close thermal contact with the fuel
elements will then start to increase in temperature.
The rate of temperature rise will be proportional to
the preceding steady power level of the machine, and
the rate of temperature rise will be reduced if there
is a large heat capacity in intimate thermal contact
with the fuel elements. In fact, since the rule of du
Long and Petit indicates that the heat capacity ot
solid materials is proportional to the number of atoms
they contain, a crude rule of thumb would state that
the rate of temperature rise is proportional to the
power of the reactor per atom of material in good
thermal contact with the fuel elements. The simple
expression we have given for the delayed power indi-
cates that the time rate of temperature rise should be
proportional to the 0.8 power of the time. In Fig. 2
are curves showing the rate of temperature rise fol-
luwing uncooled shutdown from normal operation for
a few reactors.” One concludes that this temperature
rise, aithough not so rapid as tc constitute a sudden
event in terms of human reaction times, is neverthe-
ess rapid enough to be quite troublesome. In Table II

are summarized some delayed heat power levels.

Tlhepepiypemsaypreventyes desigys are suggested.
One is to have a standiy. g '

which works either by gravity flow of coolant or by

natural convection. Another is to have seamiibggemey
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Figure 2. Calculated temperature rise after shutdown of the chain
reaction. ‘Heat ity ptions are indi d.) (Courtesy of

W. H. Zinn, Argonne National Lsborotory)

be
b equipment. The
“fire-hghters” would then approach the reactor and
make suitabie connections and force through emer-
gency cooling. A third possibility - to have sgamdy
forcegycpavecuen. coolingysinilar to the main cooling
sy'stem but connected to a special power supply and
with special separate piping.

It is clear that a-delayedipmcident;sidsit, couid no,

be Lrougnts tmders controk- mighwsverve welk lead %0
surficient disrupaon: ~* the reactorcoresto-allow figr
snongmp Mt is aiso clear that this again
will not be of itself . very violent event, and agaus
as in the case of the nuclear runaway it is probable
that an accident of this kind can be minimized a good
deai by providing a gas-tight building around the
reactor

CHEMICAL REACTIONS

Either a nuclear runaway or a delaved heat accident
may cause considerable mielting and mixing of re-
actor components and lead to e\O"xcrm ¢ chemical
reactions between these components. A simple exam-
pie of this type is that of an air-cooled graphite re-
actor. A sudden temperature rise in the uranium
fuel may be sufficient to canse it to meit and heat the
adjacent graphite so that both the uranium and
graphite can burn n the cooling air. If the air sup-
ply is not turned off, it is likely that a substantial
portion of the reactor could be consumed in this wayv.
This would then disperse radioactive fission products
into the surrounding area through the exhaust portion
of the cooling system. ’
Another example is ¢
ated-anci-¢ naturai
chinte of this sort a runaway accident could

iat of a heavv-water-mode

oled uranium reactor. In a ma-

|
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urannun and allow it to nux mtimately with the
water, [n this case the thermodynamic potential indi-
cates that an exothermic ciw:mcnl reaction can take
place. Whether or not such a reaction would be rapid
and violent is not clearly known. In this case one has
with the chemical kinetics of a heterogene-
ously reacuny chemical system (among other things
the probable desree of dispersion of the uranium into
the water is not known ). Presumably, the rate will
depend upon the mtrinsic molecular kinetic process
in the convenuonal chemical sense. but it will also
depend upon the degree of dispersion of the uranium
into the water, the rate at which reacting molecules
can diffuse through the uranium oxide layer that
would be formed between the uranium and the water,
and the degree of turbulent mixing and scrubbing of
the two reactants against each other. This latter ef-
fect might he generated by the reaction itself. This is
clearly a complex problem and a great deal more
needs to bhe lcarned. However, one can say this: If
an exothermic reaction of this type goes to comple-
tion, the resulting energy release wiil neariy always
be substantialiy greater than the energy generated in
a preceding nuclear runaway. Thus it is important to
determine the possible chemical reactions. A substan-
tial increase in reactor safety can be achieved by the
elimmation of possible reacting components in the
reactor structure.

+ Kooda
L aedl

SAFE DESIGNS

[t secris worth while to summarize the preceding
discussion with a few remarks concerning the ap-
proach to safe reactor designs. First of all, it is desir-
able to provide a large negative reactivity coefficient.
This car  sually be achieved by thermai coupling of
the ©  elements to those portions of the reactor
whir - give a substantial reduction to the neutron
multiplication when heated. For example, in the case
ot vuriched, water-moderated reactors, close thermal
contact between the fuel elements and the moderated
witer can jead to enough heating and vaporization
of the water to reduce the water density in the event
of a nuclear runaway, and shut down the reactor
Letore serious damage 1s done. Successful tests of
this sort have heen made '\ design of this sort must
be thought through carefuliv in order to make sure
that enough heat transifer surface is avail:ble and
rupid enough heat low will take place to shut down a
machine during an accident.

The control system must be carefully designed so
that in the event of too high a power level, too high a
rate of rise ot power level, a serious reduction in
coolant flow, or any major failure of fuel elements,
the reactor wiil shut down in a time interval small
enouzgh to minimize damage. All potentially danger-
ous tatlures should be monitored by instruments and
control channels leading to shut-down or “scram.”
These monitors and channels should be at least in
duplicate, independent of each other, and preferably
of different tvpes. In addition, particular care should

be taken that a failure cannot put the controls out of
operation.

In order to prevent a de‘m- ed heat acciden®, it is
umportant that enough n ection heat trans-
fer can take place in the r,)\‘c.’.'t',:\ztc.' core to dispose
of the delayed heat, perhaps just into the ground.
Even if the structure iz damaged, one must try to
keep the temperature lower than that temperature
which would start a substantial pressure rise in the
reactor structure. In that case, the fission products
may be kept inside the reactor shield. This means
that some coolant contained in the core should have
a large surface to which it can *ransfer heat by natu-
ral convection or byv.woiling convection, and that this
degree of cooling should be sufficient to keep the bulk
of all volatile materiais below their boiling points. It
may be remarked that boiling heat transier is known
to be especially efficient. so that in any event there
will tend to be a ceiling put on the temperature rise
at about the builing temperature of the original cool-
ant employved. This in turn implies that by appro-
priate construction one may limit the pressure inside
the shield to a few atmospheres, Thus it may be
rather easy to make sure that the fission products are
kept inside the shield.

Finally, the problem of chemical reaction among
reactor components can often be minimized. For ex-
ample, already-reacted compouents might be used in
some cases. Uranium oxide rather than uranium
metal in an air- or water-cooled reactor may serve
as an exampie.

The other general conciusion that the Safeguard
Committee has come to is that expiosive hazurd 1n
reactor accidents is minor, at least for people not at
the reactor site. Indeed, for many reactors, it appears
unlikely that thege will be much mechanical violence
external to the reactor shield. For this reason, a gas-
tight building, or a moderately gas-tight building
which may confine the fission products during a cool-
ing period and from which the fission products are
exhausted into scrubbers and out a high stack, may
serve to prevent the spread of fission products fol-
lowing a reactor accident. For some reactors the
confining building will have to be a gas-tight pres-
sure vessel. Safe-design procedures represent an im-
portant field oi nuclear reactor development.

AUMSISTRERLE TN\ |

Although good administrative control of the re-
actor does not lead to the same degree of confidence
in the good behavior of the iachine that intrinsic
gremlin-iree built-in  stability does, nevertheless,
good admunisirative control does enhance the safety
and 'ehabnlm of reactor ope':mon Indeed Jood-ad-
WFrom the
point of view of public hazard, M
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| lowever, th
Theovehont the design and construction of the re-
actor, thoroud it supervision, careful design for relia-

liey:, and thorough testing of all reactor components
meluding coolant system, off-gas systemis, shims,
saiety and control mechanisms, and all control and
sperating instrumentation should be carried through.
All these comnponents should be given systematic and

| thorough shakedown testing hefore the reactor is put

into operation and before it becomes radioactive so
that madification, correction, and maintenance can be
done with less difficuity. Indeed, it is extremely diffi-
cult to empl.asize how important it is to have com-
plete, thorough, systemaric shakedown of all portions
of reactor control and iistrumentation.

In the design of the reactor, careful attention
should be given to the protiem of maintenance after
it is placed in operation. It should be possible to enter
all instrument areas, most of the control areas. and
obviously the central control room, after the machine
has started up and been operating for some time.
Fuel-element failure, a continuing probiem. may
allow radioactivity to enter portions of the reactor
structure which normally would be expected to be
radiation-free. This should be taken into account in
the original design.

Once the reactor is placed into operation, continu-
ing close supervision is essential. Maintenance pro-
cediires <hould be carefully followed and maintenance
checks should be scheduled in an appropriate way.
The period of reactor startup is a particularly critical
one, and should be followed very closely. Reactor
loading and unloading are delicate operations, par-
ticularly the unloading of now-radioactive fuel ele-
ments. Startup of a reloaded reactor must be carefully
considered since the reactivity may have been affected
by a new fuel loading. The normal, or routine, day-
to-day operation requires close super ision so that
troubles may be detected at an early date and cor-
rective measures taken. Clearly, careless operation of
the controls may lead to a supercriticality accident
and the manipulation uf the controls should be carried
out only by people who are thoroughly familiar with
the characteristics of the reactor and its associated
eguipment.

[i a reactor is employed as an irradiation facility,
it 15 possible for experiments 1o give rise to sudden
changes of reactivity. Experiments should be pla.ined,
the plan reviewed by the administrative staff, and
suitable emergency procedures decided upon, Lefore
inserting experiments into the reactor.

Finally, there is one phase of the administratively
controiled reactor which is usually taken for granted
but may require a word or so: The careful accounting
ior all materials which have been irradiated in the
machine. There is usually available 2 number of test
lisles in which experimental irradiations may be car-
ricd out. The samples so irradiated can be highly

radioactive and should not be allowed to accumuiate
unduly, or to be lost, or to be handled in an irrespon-
sible manuer.

CONSEQUENCES OF AN ACCIDENT

We Lclieve the following discussion outlines the
main features “which can make a nuclear incident
dangerous. In the event of a reactor accident, there
will probably result a rejease of radioictive matenal
from the reactor. Operating personnel may be seri-
ously injured or perhaps even Killed. The reactor
itseli may be damaged beyvond repair or recovery.
The reactor building and its associated equipment
are very likely to be heavily contaminated and indeed,
it may not be possible to clean up the building suffi-
ciently to put it into operation again. Design of the
building so that possible cleanup operations are as

eas) as possible is desirable.’* Smooth, clean suriaces, ”

perhaps clad in stainless steel, would make cleanup
operations easier. Finally, radicactive materials can
escape irom the reactor site altogether. Fission prod-
ucts may be carried in the wind and spread over
adjacent populated areas and constitute an acute
hazard. Radioactive material may escape into the
ground and be carried by the percolating ground
water to adjacent rivers or other water supplies.
Although a great deal needs to be kunown about the
character of radioactive material that might escape
from a reactor, whether it is in large or small particies,
whether it is indeed gaseous, whether it would rise
high into the air or seep siowly along and into the
ground, nevertheless, some notion of the possible
spread of the hazard could be obtained by study of
the meteorology, and hydrology at the reactor
site.1213.14 [t is desirable, for example, to have the
prevailing wind o blow from the reactor to uninhab-
ited aress. It is also desirable to have the reactor site
not be located on a main watershed. From the pomnt
of view of the hazard alone, it is of course desirable
to have the reactor site far from populous or vital
industrial areas. It will not always be possible to
obtain this remote location and still obtain economic
utility from the reactor. For this reason, the Safe-
guard Committee is continuing to emphasize the
importance of safe reactor designs, the development
of contained fuses to minimize the possibility of 2
runaway accident. and the use of gas-tight containing
vessels and build’" gs.

Perhaps it is important again to emphasize the
degree of public hazard that might follow a reactor
accident. Assuming that good luck prevails and no
one is kiiled, it may nevertheless be necessary to
evacuate a large city, to abandon a major watershed,
and very probably it would be necessary to male the
reactor site itself a forhidden area for some years to
come.

De:pite all these possible dire consequences. it 15
the beliei of the Advisory Committee on Reactor
Rgiecuards that nuclear reactors will soon start to
produce substantially increasing naterial benedits for
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humanity. We believe that useiul electric power in
large quantities can e generated by nuclear reactors.
It 15 our cuncern that rapid progress shall be made
uut that enouch caution be observed so that no catas-
trovdue event will delay the fruition of reactor devel-

opment.

APPENDIX. THE ADVISORY COMMITTEE ON REACTOR
SAFEGUARDS 10O THE UNITED STATES ATOMIC
ENERGY CCOMMISSION

The Advisory Committee on Reactor Safeguards
was formed by combiming the Reactor Safeguard
Commuttae and the [ndustrial Committee on Reactor
Location Problems. At this time members are: M.
Uenedict, Massachusetts Institute of Technology;
if. Brooks, Harvard University; W. P. Conner, Jr.,
Hercules Powder Company; R. L. Doan, Phillips
Petroleum Company ; H. Friedell, \Western Reserve
Umiversity: I. B. Johns, Monsanto Chemical Com-
pany : C. R. McCullough, Chairman, ACRS; M, M.
Mills, University of California Radiation Laboratory;
K. k. Oshorn, Allied Chemical and Dye Corporation ;
D. .A. Rogers, .Allied Chemical and D've Corporation ;
C. R. Russell, Secretary, ACRS; R. C. Stratton,
Travelers Insurance Company: E. Teller, Depart-
ment of Physics, University of California; H. Wex-
ler, United States \Weather Bureau; and A. Woiman,
The Johns Hopkins University.

The Reactor Saieguard Committee was formed in
1947, and the Inc ustrial Committee on Reactor Loca-
tion Problems w.s formed in 1949. The following
were also associated with these committees for pro-
longed periods: Cmdr. J. Dunford, US Atomic
Energy Commission; Col. B. Holzman, US Air
Force: | Kennedy, \Washington University, St.
louts; F. Seitz, University of Illinois; G. Weii,
formerly  Division of Reactor Development, US
ALEC; and J. A. Wheeler, Princeton University.

"

10.

11

12

14,

REFERENCES

Teller, E., testimeony, Atomic Power Devclipment and
Private Enterprise, Hearings before the Toint Commut-
tee on Atomic Energy, 83rd Congress, 15¢ Seszion, June-
July 1953 (Govt. Printing Office, Washington, D, C.).
Weil, G. L., Hazerds of Nuclear Power Plants, Science
121, No. 3140, 315 (1833).

Morgan, K. Z. and Ford, M. R, Developments in [n-
ternal Dose Determinations, Nucleonics 12, No. 6, 26
(1934).

Teller, E., Reactor Hazards Predictable, Nucleonics
11, No. 11, 80 (1933).

McCullough, C, R., General Criteria for Safe Reactor
Design and Operation, ASME Annual Meseting, Nov.
28-Dec. 3, 1934,

Mills, M. M., Hazards of Low Power Research Recac-
tors, Proc. 3rd Annual Oak Ridge Summer Symposium,
TID 5031 (Technical Iniormation Services, Oak Ridge,
Tenn., 1951).

Hurwitz, H., Jr., Sofeguard Considerations for Nuciear
Power Plunts, Nucleonics 11, No. 11, 80 (19%%).

Way, K. and Wigner, E. P., Radiation from Fission
Products, Phys. Rev. 70 115 (1946).

Zinn, W, H., Private communication.

Dietrich, J., Experimental Determination of the Seif
Reguiation, and Safety of Water Reactors, P/481, Vol.
13, Internat’ ual Conierence on the Peaceful Uses of
Atomic Encrgy, August 8-20, 1955,

Gilbert, F. W., Decontaminaticn of the Canadian Reac-
tor, Chem. Eng. Frogr. 50, 267, (1954).

Fitzgerald, J. J, Hurwitz, H., Jr, and Tonks, L.
Method for Fvaluating Rodiation Hazards from o Nu-
clear Incident, KAPL-1045 /¥nolls Atomic Power
Laboratory, Schenectady, N Y., 1954). Available from
the Office of Technical Services, U. S. Dept. of Com-
merce, Washington, D. C,

, Fitzgerald, J. J., Hurwitz, H, Jr. and Tonks, L.

Reactor Exclusion Arcas, Nucleonics 12, No. 3, 75
(1954) and 12, No. 4, 78 (1954).
Mesler, R. B, and Widdoes, L. C, Evaluating Reector

Hazards from Airborne Fission Products, Nucleonics
12, No. 9, 39 (1954).




N e )b‘;ru—'.)‘- —— - -y '] . P Bttt A S .

Proceedings of the International Conference

on the

Peaceful Uses of Atomic Energy

Held in Geneva
8 August-20 August 1955

Volume 13
Legal, Administrative, Health
and Safety Aspects of
Large-Scale Use of Nuclear Energy

UNITED NATIONS

New York
1956

v.12 TECHN'" L LIBRARY




