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FOREWOl?D 

The Atomic Energy Conrmfssion requires that a Reactor Hazards Summary 
Report be submitted and approved by the Atbisory Committee on Reactor Safe- 
guards prior t o  the operation of a new reactor or the modification of an 
existing reactor in oract? t o  determine, and thus assure, the safety of the 
Cormnission's various reactor projects In accordance with USAEC-OR-8401, 
Reactor Safety Detedna.tion, this report describes the hazasds that may 
conceivably be 'associated with the Aircraft Reactor Test. 
types of hazards are described as well as the extent t o  which these hazards 
have been'evaluated and considered in  the design and proposed operation of 
the reactor. 

All possible 
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AIRCRAFT FEAC.TOR TEST - 

ODUCTION AND 

s f u l  completion of a pro 
riment; (ARE) 

udfng the 
has demonstrated the high probability 

of producing mil i tar i ly  usefu l  afrcraf't nuclear power plants empk~jslng ~ e -  
flector-moderated circulating-fuel reactors, Consequently, an accelerated 
program. culminating i n  operation of the Aircraft Reactor T e s t  (BRT) is under 
way. In order t o  adhere to the @ompPess-ed"schedule of the accelerated pro- 
gram, it is essential  that  the Atomic Energy Commission approve the 7500 Area 
in Oak Ridge as the test s i t e  by February 15, 1955. This report sumarizes 
the hazards associated with oprat ing the contained 60-&fw reactor of the ART 
a t  the proposed Oak Ridge $est site, 

Descriptions are given of the reactor, reactor cell, test site,-Peac'cor 
controls, aqd.q&mtSng plan, prior  t o  presentatfsn of tihe hazards consider- 
ationso Tthe hazards are classffied into tbree major categorfesr I) acci- 
dents ui th  an appreciable probability of occurring, 2) accidents causing 
mptm shellg and 3 )  accidents causing rupture af the  re- 
actor' ce 1) rkccfdents would involve &nor diffPculties fn the 
in$egx-ity of the reactor system and would not r e s u l t  i n  bjury t o  operating 
personnel o r  the surrounding population* Category (2) accidents, which are 
extreme nuclear excursions, Mght be caused by and can eause major breaks i n  
the r d c t o r  .ass b u t  due t o  the presence of the rkactor c e l l  which would 
remain in&& t 
people, ' The causes of category (2) accfdents are described in a general mas- 

would be no Anjury t o  operating prsonnel or other 

P t  has been impossPble t o  date t o  deserLbe a specffic series of 
w&ld lead t o  an extreme nuclear excursion- In the t o t a l  faci l -  

tion, category ( 3 ) $  the reae.tor a d  the reactor eel1 would be ' 
release the accumulated f iss ion products, but thfs  could only  be 
by means of extmmely clever dfstribatLon of' W g e  quantities 

of explosives by a saboteur or by a large aerial. bomb, I n  the analysis the 
een presumed; namely., %hat complete va%rt&lizatAon of 
OCCU:P~ 

t severe c 
This  %s highly improbable sfnee any suah accf- 

eat at  a high t e~ r~emture ,  and its oc- 

other materials that would also be 
the f u e l  i n  particulate fmseems t o  be 

to t a l  heat input required. 

Propulsion PPojee 
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The reactor of the ART is t o  be a 60 
lating-fuel ype whose pasic design is  su 
i n  aircraft.$ The size and weight of the reactor and shield w i l l  conform 
with aircraf t  requirements, and, insofar as possible i n  the limited time 
available, the design of the important components w i l l  be based on concepts 
satisfactory for  aiAorne applic 

OpePation of the ARF: demons 

-moderated circu- 
actors t o  be used 

t t  

rature circul 
fuel  reactor could be b u i l t  and operated and that  laaterials and meh iae~y  for  

It show- eration at  elevated temperatures had been developed. 
dicted large negative t6mperature coefficient of reactivity 

ition, it was found that  most of the Xe135 was removed.' 
lanket space i n  the pump so that the steady-state 

l t an t  self-regulatory characteristics of the reactor could be 

f the ;Ef3' was only 3$ of the normal equilibrium 

ing the fuel  through the reactor i n  a single, thick, annular passage and 
achieving the major polotion of the ni@eration with a beryllium reflector 

as an important portion of the shield, With the re- 
shielding requirements it has been possible t o  design 

way that the ent i re  f u e l  system i s  contained wfth- 

The purpose of the Aircraft Reactor Test i s  t o  
, shielded volume t o  provide a low-weight shield and 
oro 
construction and the predicted operating character- 

-moderated circulat i  

P of 60. Mw was selected bec I 
ed t o  demonstrate that  the engineering problems are 

solved and that  the operating characteristics are satisfactory for the high- 
e r  powered reactors t o  be used fn high-altitude supersonic strategic bomberso 
In addition, a reactor with a power level i n  the 60-m range w i l l  provide 

For a power level  above 60 Mw, the cost appears t o  be di-  
rect ly  proportional t o  the power, 
satisfactory 200-Mw reactor c m  be bui1t.mox-e quickly by first building a 
~O-MW reactor and then following it with a 200-Mw reactor i n  which the 
benefits of the experience gained w3th the 60-MM reactor w i l l  have been 
incorporated. 

which the beryllium moderator w f u  be lumped i n  8 central island a'nd'in an 
outer annulus (see Fig, 2,1, See, 2, t h i s  report), Two centrifugal pumps, 
arranged i n  p r a l l e l ,  will circulate the f u e l  downward between the inner 
beryllium island and the outer beryllium reflector and out  of the bottom 
of the core, 
changer region, which is  around the spherical coreo 
region the fuel-wil l  r e tu rn  t o  th pumps and wil l  again be discharged down- 
ward into the coreo The reactor heat wi l l  be a 

power t o  f l y  radar picket ships, patrolbombers, and other desir- 
a f t ,  

Also it does appear that a thoroughly 

n of the ART envisions an essen 

The fuel  w 5 l . l  then turn and flow upward through the heat ex- 
From the heat exchanger 

L 

. 
2, A. Po Fraas and A. Wo Savolafnen, ORNL Aircraft Ruclear Power Plant 

Designs, OR&-1721, May 1954 (issued Nov, 10, 1954), 

i 
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coolant The f u e l  
ions which have been shown t o  have 
cra1aqth-s l'?erF-ZrF4-UF4 f u e l  mixture 

is known t o  be satisfactory, The mfirture NaF-KF-LeF-Wb has some very de- 

considered for  the 
The-most promising seems t o  be one ffanctionally the stme as tht for 

center of the reactor+ 
and the most comp&ct that has been dev%seibo 

sirable p r o p  asd 

Quite a variew of shielding arr 
ART. 

ring a unf t  shield, namely, a shield des$gned t o  give 1 r/hr 
Such a shield Ls not far from being 

It all m a k e  

data on the effects on the radiation. dose levels of the re- 
lease of delayed neutrops and decay gammers i n  the heat exchanger, the gene- 
ration of secondary gammas throughout the shield, etc, While the complica- 
tion of detailed instrumentation within the shieLd does not appear warranted, 
it w i l l  be extremely worthwhile t o  obtain radfatfon dose level  data at; repre- 
sentative points around the periphery of the shield, particularly i n  the 
vicinity of the 

heat generated in the reactor, The most promising' of these is one that re- 
sembles a tmbojet  power plant i n  many respects.. 
essentially similar t o  those suitable fox turbojet operation, Conventional 
axial flow blowers will be used t o  force cooling air through the Padfators* 
This aprangement w i l l  be flexible and as inexpensive as any arrangement de- 
vised, It w i l l  give thermal capacft%es and flu&% transit tfmes essentially 
the same as those i n  a full.-scale aiPcPaSt power plant', 
some very valuable experience w i t h  the operat%on of high-temperature liquid- 
to-air heat exchangers that; eqbody features of coostruction and fabricating 
techniques suitable for aircraf t  us 

materials that axe i n  good supply, asd it will provide use- 

osing of the 

It wfll employ radiators 

It MU. also give 

In  an effor t  t o  mfnimj-ze the liklihood of important troubles developtng 

e tests have been ibesigned t o  establish sound 

n such factors es, etc, The operating 

during a e  course of the test, an extensfve series of component development 
tests has been in€t%ated. 
techniques for the fabrfcat s ' b d  heat exchangers and t o  provide 

i n  the course of these t prove most helpful i n  

se component development tests include experkrents with 
ating troubles wfth the ART and i n  di&gnoshg such troubles 

sembly which dl1 consist of the pump, 
ned for  the full-scale reactor* The ex- 

heat exchanger w i l l  not be included in t h i s  hot 
c r i t i ca l  experiment, 

erienee w3th the ARE h&s kriafcated the advisability of buildfng, in 
ly, a complete reactor-pmnp-heat exchanger- 
ra t ion as a eoqonent t e s t  i n  the eqeri- 
In a s t ructure  as complex as this it is mental eng3aeePin.g laboratoryp 
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f e l t  that there w i l l  probably be a number chanical problems of construe- 
than go to  extreme and awkward lengths t o  t r y  to correct these 

and operated s h p l y  as a high-temperature component test w i t h  no fissionable 
material e e w r i e n c e  gained i n  fabricating and shakedown testing this 
first asse should not only prove invaluable i n  constrktion and operation 
of the second assembly fo r  use w i t h  fissionable material, but should actually 

the first unf t ,  it is t o  be 'built as expeditiously as 

- 
Also, the use of circulating fue l  w i t h  its high negative temperature coef- 
f ic ient  gives a reactor in  which a nuclear explosion- seems almost out of tbe 
question. 
conditions the ent i re  reactor s p t e m ,  w i t h  the exception of the NaK-to-air 
radiators, w i l l ' b e  enclosed in a c e l l  consisting of an inner tank within which 
the reactor asse w i l l  be installed and an outer water-filled tank. The 
c e l l  w i l l  thus 
The very compact installation envisioned resul ts  i n - a  Yery low investment in 

A re lat ively sraall amount of energy would be re- 
leased by reactions involving the l iquid m e t a l s ,  and therefore a corpespond- 

In order tp operate the ART a t  Oak R i d g e  under the safest  possible 

ide a water-fiiled annulus around the reactor assenibly, 

(about 1/20 of that required for  the KAPL-SIR reactor designed 
r level). 

0 the 
amounts of energy tha o r  catastrophe. 
It w i l l  be impossible f o r  a fragment ejected from the reactor assembly by an 
explosion t o  rupture the inner tank of the c e l l  because the pressure shel l  
surrounding the reactor has been deliberately designed t o  yield a t  a pressure 
of 1000 psi and the maximum velocity of a fragment ejected a t  this pressure 
would be substantially below that required t o  penetrate the c e l l  wall . ,  

The 60-MY reactor test uni t  was designed t o  
the National Reactor Testing Station (NEITS) a t  Arco, Idaho, 
ed that the reactor could be pretested a t  Oak R i d g e  and then shipped t o  mRTS 
fo r  the nuclear tests. 
operation a t  NRTS would require a t  least six months longer than a t  Oak Ridge, 
Delays would be occasioned by conducting a construction operation 2,000 
miles away and any small diff icul ty  that might arise i n  reactor operation 
would be l ikely t o  introduce a major delay if that dif'ficultywere not fore- 
seen and plans t o  cope w i t h  it made i n  advance, 
sioned by construction of the small reactor assembly c e l l  fo r  use a t  the Oak 
R i d g e  site, and approval is being requested from the Atomic Energy Commission 
for  owpation of the A i r c r a f t  Reactor T e s t  i n  such a c e l l  a t  the Oak Ridge 

It was envision- 

However, a survey disclosed that construction and 

No delay would be occa- 

s i t e  

ta for  the ART are 

i 
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TABLE 1.1 AIRCRAFT REA@TOR TEST mTA 

Power - 
Heat, maximum (kw 
Heat flux (Btu/hr 

Power (max/avg) 
Power density, maximum (-/liter of core) 
Specff i c  power (kw/kg of fissionable 

Power generated i n  reflectom, kw 
Power generated i n  island, km 
Power generated in pressure shell, kw 
Power generated i n  lead layer, kw 
Power generated in  water layer, kw 

materia i n  core) 

Materials 

Fuel 

Fuel jacket 
Moderator 
Ref lector 
Shield 
Primary coolant 
Reflector coolant 
Secondary coolant 

Fuel - System Properties 

35 

1 
U r a n i u m  enrichment ($ 
Crit ical  mass (kg of 
~ o - 1  uranium inventory (kg of 8 

t ion at maximum power (g/day> 

maxima power ($) 

60,660 
Heat trsnsportea out by 

2: 1 
1400 

circulating f u e l  

4500 
204Q 
600 
210 
132 
c4 

P J ~ F - Z P F - U ~ ~ ~  50-46-4 mole 

Ineonel 
Beryllium 
Bar yllfum 
Lead and borated water 
The. circulating f u e l  
Sodium 
'Ma 

or N@-IIF-LiF-U3'4, 11-42- 
44-3 mole 4$ 

.". 

i 

Thermal, m a x i m x u  , 
i 
i 
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Control 

Shim control 
Rate of withdrawal 
Temperature coefficient 

Circulating Fuel-Coolant Systems 

0 
Fuel i n  Core 

Maximum temperaturg, F 
L i  Fuel 
1,600 

Temperature rise, "F 400 
Flow velocity, ft/see 7 
Reynolds number 170, ooo 

Li Fuel 
1,-600 

400 
35 
2.7 

8 
4,600 

Z r  Fuel 
1,-600 

400 
7 

85,000 

Zr Fuel EaaK Coolant 
1,500 

400 400 
55 50 
2.7 32.6 

8 36 
2,300 180,000 

Cooling System f o r  NaK-Fuel Coolant 
Maximum air temperature, ?F 
Ambient airflow- throughr NaK rgdiators, cfm 

-Radiator air  pressure drop, i n  %O 
Blower power required (total. for  4 Blowers), hp 
~0-1 radiator in le t  face area, f t2  

Cooling System f o r  Moderator 
&iximum temperature of' sodium, OF 
Sodium temperature drop i n  heat exchanger, OF 
NaK temperature r i se  i n  heat exchanger, OF 
Pressure drop of sodium in heat exchanger, psi 
PsPessure drop of MaK i n  heat exchanger, psi  
Flow Pate of sodium through reflector, ft3/sec 
Flow rate of sodium through island and pressure 

Flow velocity of sodium through reflector and island, 

Reynolds number of sodium in reflector and island 

shell, ft3/sec 

ft /sec 

750 
300,000 
10 
600 
64 

1200 
100 
100 
7 
7 
1035 

0053 

30 

System Volumes and Pump Data Lf Fuel Z r  Fuel H a  Coolant NaK Coolant 
Number of pumps 2 2 2 4. 
Pumping head, f t  50 50 250 280 
Flow per Pump, 600 600 430 1300 
Pump speed, rpm 2850 2850 4300 w 
Pump power. per P ~ P ,  h - ~  40 65 16 100 
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cor@ di€urle*r (is.) 23. 
Island diameter (in.) u 
Fuel region thicbess (in.) 4-5 
Reflector thiclrness (in.) 3.2 i 

I 

I 
i 

I 

, i _ "  . /  



-8- 

2. THE S-ED REACTOR ASSEMBLY 
-,, - r  

The reactor is t o  be of the c i r c ~ t i ~ - f l u o r i d e - f u e l ,  reflector- 
noderated type. 
moderator naterial  and is designed t o  operate a t  60 Mw. 
bly w 9 l l  include the pressure shell, reflector, fue l  and sodium pumps, aild 
&at exchanger assemblies. The basic design is shown i n  Fig. 2.1, a ver t ical  
section through the reactore A series of concentric shells, each of which is 
a s w a c e  of revolution about the ver t ical  axis, constitute the major portion 
of the assenibly, The two inner shells suppound the fixel region a t  the center 
(that is, the eore of the reactor) and separate it from the beryllium i s a n d  
and the outer beryllium reflector. The fue l  circulates downward and outward 
t o  the entrance of the spherscal-shell heat exchanger that lies beheen the 
reflector shell  and the m i n  pressure shell. m e  fue l  flows u p r d  between 

ich operate i n  parallel, it is discharged inward t o  the top of the 
The fuel pumps are sump- 

It w i l l  employ sodium-cooled beryllium as the reflector- 
The reactor assea- 

i n  the heat exchanger into the two fue l  pumps a t  the top. From the 

annular passage leading 'back t o  the reactor core. 
type pumps w i t h  gas seals, 
region is shown i n  Fig- 2.2,. A schematic diagram of the reactor system is 
shown i n  Fig, 2.3, 

R e f  lector-Moderator Cooling 'Sptem 

A horizontal section through the pzmip volute 

The reflector w i l l  be cooled by sodium circulated by two pumps a t  the 
top of the reactor. 
beryllium and back upward though the annular space between the beryllium 
and the enclosing shells. The central beryllium island w i l l  be cooled i n  
a similar manner, except that the sodium w i l l  leave the bottom of the is- 
land t o  be returned t o  the top of the reactor through cooling passages i n  
the main pressure shell. The sodium w i l l  return t o  the pump inlets  through 
small tornodial sodium-to-NaK heat exchangers around the outer periphery of 
the pump-expansion tank region. 
assemblies w i l l  be positioned on either side of the fue l  punrp volute region. 
The pipe from the sodium pump discharge w i l l  make a s l i p  f i t  into the re- 
f lector sodium inlet  tube. 
return passage w i l l .  simply recirculate w i t h  no penalty other than a small 
increase in the required pump capacity, 

The sodium w i l l  f l o w  downward through passages i n  tbe  

The sodium pump and heqt exchanger sub- 

The leakage through this s l i p  f i t  into the sodium 

PPessuPe Shell  

The Inconel pressure shell w i l l  constitute both the main structure of 
the reactor and a compact container f o r  the fuel circuit ,  
been mdif ied somewhat from that shown in  Fig, 2.1 t o  make the shell  con- 
tinuous +,bough the vicinity of the headers and thus give better continuity 
of stress,flow and a minimum of welding. 
welded t o  the outer surface of the shell between the %IC pipes w i l l .  serve 
both t o  reinforce that weakened region and t o  provide f o r  sodium flow up 
through the shell, 
sist of a 0.75-in0-thick Inconel shell, a 0.125-in,-thick hot-pressed BbC 

The design 

Blisters made of l-in,-thick plate 

The inner l iner  assembly of the pressure shell will con- 



Fig. 2.t. 60-Mw Reflector-Moderated Reactor, 
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layer, and an inner 0 e Heat generated in the 
pressure shell by the absorption of gammas from the fuel  wil l  be removed 
by sodium flowing between the outer surface of the l i n e r  and the inner 
surface of the pressure shell so that  the pressure shel l  tempera2;ure will 
be held t o  1200'F. A 0.062-in.-th gap w i l l  provide azrrpbe flow 
pass@e the bottom of the island t o  
the top of the pressure shell, 
fromthe outer surface of essure shel l  t o  the sodium-to-f\iaK heat 
exchanger inlets. The hot 
shaped, with 60&g angles at the i r  vertexes, and they w i l l  have rabbeted 
edges, This design makes it possible t o  cover a spherical surface wi-bh a 
single block size and sbape. To f ac i l i t s t e  welding %aa the f i n a l  assembly, 
the pressure shell w i l l  be sp l i t  circumferentially a t  botb l0S  and 35"N 
latitudes. 
cessible f o r  welding,'and the upper portion of the main shell  can be lowered 

for so&m t o  f l a w  uptiard 
Transfer tubes there w i l l  direct the sodium 

ea boron carblde blocks w i l l  be diamond- 

By spli t t ing the l iner  at, 1OS latitude, It will be easily ac- 

o place f o r  the f i n a l  welding operations. 

._ 
Heat Exchanger 

i c  ll fuel-to-NaK heat exchanger, which 
the compact layout of the reactor-heat exchanger assembly, is based on the 
use of tube bundles curved i n  such a way that the tube spacing w i j l  be uni- 
form, irrespective of 1atitude.l The individual tube bundles terminate 
i n  headers that resemble shower heads, 
assembly because a large number of s m a U  tube-to-header asseniblies can be 
m a d e  leak-tight much more easily than one laxge u n i t ,  Fu~thermore, these 
tube bundles w i l l  give a rugged flexible construction that w i l l  resemble 
s tee l  cable and w i l l  be aWrably  adapted t o  semi& 
of differential  thermal expansion must be expected. 

This arrangement w i l l  fac i l i t a te  

large aznounts 

Pumps 

Two fuel pumps and two sodium umps are located at the top of 
reactor.> These pumps are similar, but  the f u e l  pmgs have a larger f l q w  
capacity, I n  addition t o  pumping, the fuel  pmg WiU perform several other 
functions, Most of the xenon and krypton and probably some of the other 
fission-product poisons wiU be removed from the fluoride xnmure by scrub- 
bing it with helium as it is swirled and agitated i n  the expansion tank, 
The high swirl rate i n  the expansion tank i s  also desirable i n  %ha$ tbe 
centrifugal f ie ld  w i l l  keep the free surface of the fuel reasonab&y stable. 
i n  maneuvers or i n  "bunpy" fl ight.  
as a mixing-chamber fo r  thq addition of high-uranium-content fuel t o  the 
main fuel stream t o  enrich' the mixture and t o  compensate f o r  burnup. 

The expansion chamber will also serve 

Fluid 
WiU. be scooped from the vortex -ill the eqamsion tank and directed into the 
centrifuge cups on the backs of the impellers. Slnce considerably more fuel  
will be scooped from the vortex than can be handled by the centrifuge, the 

t. 
J 

..e 

t 

1 excess w i l l  be directed into the s w i r l  p u p  where it will be accelerated 

-1 

6 
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and &rlxtrned t o  
rotationa3 velocity. 
pump w i l l  prevent fuel from splashing up i n t o  the annulus around the shaft 
below the seal. 

ansion tank. There it will help maintain a high 
A slinger located on the pump shaft above the swirl 

A number of other special features have been included i n  the PUT@ 
design t o  adapt it t o  the :~ull-scale reactor shield. 
signed so that it can be removed o r  installed as a subassembly with the 
impeller, shaft, s e d ,  and bearings in a single compact uni t .  
w i l l  f i t  i n t o  the bore of a cylindrical casingweldedto the top of the re- 

of 34C around the lower part of the impeller shaft w i l l  be a t  the same level 
as the reactor gamma shield Jus t  outside the pressure shell. 
tween the bearings wi l l  be f i l l e d  with o i l  t o  avoid a gap i n  the neutron 
shield. 
good speed control. 

The pump has been de- 

T h i s  assembly 

ure shell. A 3-in. layer of uranium j u s t  above a 1/2-in. layer 

The space be- 

The pumps will be powered by d-c electric motors i n  order t o  provide 

Shield - 
The shield f o r  the reactor has some characteristics that are peculiar 

t o  th i s  particular reactor Configuration. The thick reflector was selected 
on the basis of shielding consideration. The two major reasons for using a 
thick reflector are that a reflector about 12 i n .  thick followed by a layer 
of boron-bearing material w i l i L  
the gamma flux can be reduced t o  a value about equal t o  that of the 
cor diat ion,  This thickness will also reduce the neutron leakage 
flux from the reflector in to  the heat exchanger t o  the level of thsrt  from the 
delayed neutrons that w i l l  appear i n  the heat exchanger from the circulating 
f u e l .  
energy developed i n  the co:re w i l l  appear as heat i n  the high-temperature zone 
included by the pressure shell. 
produced by the reactor must be disposed of w i t h  a parasitic cooling system 

enuate the neutron flux t o  the point where 

An additional advan’tage of the thick reflector i s  that 9% of the 

This means that very l i t t l e  of the energy 

heat exchan 

pressurized water shield i s  t o  be contained i n  shaped rubber bags similar t o  
f i t t ed  aircraft fuel tanks. Cooling of the lead shield w i l l  be effected by 
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circulation of water through coils embedded i n  the outermost portion of 
the lead and through auxiliary coolers. 
cooled by thermal convection of the atmosphere i n  the reactor assembly 
cell.  

The borated w a t e r  shield w i l l  be 

Assembly and Testing 

t h  
ted i n  the 31-12 a. The who1 ssembly is  designed so that  
can be carried ts are added, piece by piece, 

Mass spectrographic techniques w i l l  be used for leak testing. 
pleted assembly of circulating-fuel and moderator-cooling systems can be 
leak tested before it i s  moved t o  the site. A l l  themoc 
instrumentat 

A s s e m b l  

The com- 

r auxiliary equipment w i l l  proceed concurrently with the assembly of 
to rca t  Building 7503. 

A l l  instrumentation i n  the building w i l l  
Cleaning and leak tes t ing procedures w i l l  be 

the sasle as those for the reactor. 
be checked out, as far as possible, prior t o  instal la t ion of the reactor 
package. 

W i n  the shield) wiU be 
as a package from the Y-12 area t o  the 7503 building. 
have been made, f i n a l  leak testing will be carried out, 

After all connections 

The BaK system will be f i l l e d  with S 

closed, the NaK pumps w i l l  be started. A heat input of approximately 300 kw 
w i l l  be attained by circulation of the NaK, and t h i s  energy i n  the R a X w i U  
be used t o  preheat the reactor. The presence of leaks, if  any, from the BaK 
system t o  the fuel  system w i l l  be determined at t h i s  time by a flame photo- 
meter, In  addition t o  the leak check, the circulation of NaK in  the system 
w i l l  permit the checkout of all instrumentation and the determination of the 
system characteristics, 
be sampled and analyzed f o r  oxygen content, If the oxygen content i s  wi th in  
the capacity of the purification system, the N a f c w i l l  be l e f t  i n  the system 
for the remainder of the tes t ;  otherwise it w i l l  have t o  be replaced. If 
the NaK i s  t o  be replaced it w i l l  be dumped hot i n  order t o  carry the oxide 
with it. 

After circulation fo r  several hours, the BaK w i l l  

, 
f i n a l l y ,  the f u e l  system w i l l  be f i l l e d  w i t h  a barren fluoride mixture. 
Circulation of the f luids  i n  these circuits w i l l  permit f i n a l  cleaning of 
the systems, operational checks of instrumentation, and a determination of 
the system operating characteristics. As wi'ch the NaK, samples w i l l  be 
taken and analyzed for  purity. 
the fue l  system and replaced with a fluoride mixture containing 8% of the 
required uranium (as determined from the c r i t i ca l  experiment ) . 

The barren carr ier  w i l l  then be drained from 
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d 

and possibly for  underwater reactor disassembly work after -reactor oper- 
ation. Also, the truck door in  the north w a l l  of the ARE Building will 
be enlarged t o  provide a large entry door t o  the ART area, 

Field maintenance and laboratory fac i l i t i es  w i l l  be installed i n  the 

1 

area east of the new bay aid south of the low bay of the AREe 
and the old experimerital bay w i l l  be partitioned from the new bay with 
about a 16411. -thick solid, concrete-block shfeld w a l l .  
not be erected unt i l  after placement of the upper sqctfons of the reactor 
assembly container, %e only other major modification t o  the fac i l i ty  
t o  accommodate the-ART w i l l .  be that  of modifying and equipping one of the 
ARE experimental p i t s  for  underwater disassembly work on the reactor after 
operation. 

This area 

This w a l l  w i l l  

, 

Beactor C e l l  

The c e l l  designed for  housing the reactor assembly 5s shown i n  
Fig. 3.4, As may be seeng the ce l l  Ls t o  consist of an inner and an outer 
tank. 
The space between the two -tanks wf l lbe  of the 0Pder of 18 in. and w i l l  be 
f i l l ed  with water. The inner tank w i l l  be sealed so that  it can contain 
the reactor i n  an inex% atmosphere of' nitrogen,at atnospheric, presisuret but 
i% w5U be built  t o  withsttgid .presSwes .of% LOO pa%* The outer tank .ell, be 
merely,a water container. 

The imer tank w 
section about 11 f't long and a hemispherical bottom and top. 
tank, which 5s t o  be cylindrical, w i l l  be approximately 27 ft i n  diameter 
and about 47*5 f t  high, When the reactor is t o  be operated at high power, 
the space between the tanks and above the inner tank w i l l  be f i l l ed  with 
water so  that  i n  Che event of an accident so severe as t o  cause 8 meltdown 
of the reactor t h e  heat given off' by the decay gamma-activity W i l l  be car- 
ried off by the w a t e r .  
conditions would- be exceedingly high (-of the order of 32O900O Btu/hPoft2) 

The heat dump equipment w i l l  be located outside the cell ,  b u t  nearby. 

i t h  a straight 
The outer 

9 

S%.nce the heat transfer rate-to water under boiling 

inner tank w i l l  not exceed the.water t e m -  

rder of 1;QOO;QOQ gal.'' Boil&= of 
tank w i l l  suffice t o  carry 
ducts; after any accident with- 

down testing, 
the space inside the tank will be shfelded fairly w e l l  so that  it will be 
ppssfble for  a man t o  enter the %mer tank through a manhole for  inspection 
o r  repair work9 even if  the reactor has; been run at  moderately high power. 

Since the shielding a t  the reactor will be quite effective, 
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- Fig. 3.4. Reactor Assembly Cell wi th  Water-Filled Annulus. 
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The unshielded reactor assembly w i l l  weigh appraximately 10,000 lb; the 
lead gamma shield, approximately 30,000 lb; and the water i n  the shield, ap- 
proximately 34,000 lb.  The first two of these items can be handled conven- 
ient ly  with a 20-ton crane, while the borated water will be pumped i n  af ter  
the rubber 

. 

s have been :installed for'the water shield. 

The reactor assembly, with its aircraft-type shield, w i l l  be m 
on vertical  columns with the reactor off-center from the 
out 6 ft-above an open-grated f l  This positioning 

w i l l  provide the space needed for movement of the portable fluoride fuel and 
sodium moderator coolant containers t o  their  operating s5ations under the re- 
actor, The off-center location will also serve t o  minimize the length of the 
NaK piping6 

6 the reactor w i l l  through a 
thimble-type passage or bulkhead i n  the double-walled ce l l .  

The piping will-be anchored t o  the inner plate and connected with a bellows- 
type seal  t o  the outer one, 
maintained at  a pressure above that  of the inner tank t o  prevent out-leakage 
from the inner tank 

The openings 
covered with stiff plates which w i l l  be welded t o  the tknk walls. 

The volume within a l l  bulkheads w i l l  then be 

junction panel for  controls, instrumentation, and 
auxiliary services w i l l  be installed through the tank below the building 
floor grade as a part of another bulkhead t o  pass wires, pipes, tubes, etc., 
required for the circui ts  and systems, The various thermocouples, puwer 
wiring, etc.,.will be installed on the reactor assembly i n  the shop and f i t -  

sconnect plugs so that  they can be plugged into the panel i n  a 
d of time af te r  the reactor assembly has been lowered into position 

This w i l l  minimize the amount of assembly work re- i n  the t e s t  fac i l i tyo  
n the f ie ld* 

stalled i n  the 
11 be about 3 ft by 5 f t  and 

ce t o  the .inner thnk for  use I I second opening 

t o  allow passage through 
I 

service a f te r  placement of. thetop. 
Sufficient catwalks, ladders, and hoisting equipment will b& installed within 
the inner tank t o  provide easy access for servicing a l l  equipment, - 

The control bulkhead i n  the ce l l  will be located so that  the associated 
control junction panel and the co 
equipment p i t  (formerly the ARE s to ra  

borated shield water make-up and f i l l  tank with a transfer pump, vacuum pump, 
relays, switch gear, and emergency power supply. 
diluted with helium, will be piped through the l?aK pipeng bulkhead t o  the 
disposal f ac i l i t y  outside %he building. 

e l  will extend t o  the auxiliary 
The p i t  and basement equip- 

I ment w i l l  include such ftems as the lubricating o i l  pumps and coolers, 

The reactor off-gas flow, 
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quirement of the ART heat du tern i s  t o  i 
fvalent to 60 Mw of heat with a mean temperature level of 

1300°F in  the NaK system. 
dump system should simulate the turbojet engines of the full-scale a i rcraf t  
i n  a number of important respects, such as thermal iner€ia, NaK holdup, and 

It has a l so  seemed desirable that  the ART heat 

e point where the 
currently proving 

ore, it is believed that th i s  
prove both sufficiently reliable 

or planned for  the ART makes use of type 310 stainless s tee l  clad 
and sufficiently well-tested t o  serve for  the ART. 
f i n  
copper f i n s  spaced 15 per inch and mounted on 3/16-inp-OD tubes placed on 
2/3-inO square centers. 
2 f t  sauare. Mwoh.i.infol.mation has been obtained i n  tests of similar units. 

The round-tube and plate- 

2 
Individual radiator cores w i l l  have an in le t  face 

ted though five systems. Four Will co 
s t i t u t e  the main heat dump system, while the f i f t h  w i l l  be the moderator 
heat dump system. 
drain tanks w i l l  be used, but these w i l l  not require the remotely operable 
couplings desired _for the sodium or fuel  systems. 
into the main cooling circuit  by pressurizing the tanks. 
of the fuel-to-Na" heat exchanger w i l l  be manifolded i n  four groups of six 
each. The 
w i l l  be & 
The NaK w i l l  flow upward through the radiator bank t o  the pumps. 
pass flow through the expansion tank w i l l  al low it t o  serve as a cold trap. 
A f i l t e r  t o  remove oxides w i l l  be placed i n  the return l ine 

In the main heat dump system a group of four f i l l -and-  

The NaK w i l l  be forced 
The 24 tube bundles 

ill flow from these tube bundles out ta  thkt radiators which 
i n  four vertical  banks with four radiator cores i n  each bank. 

A smallby- 

the tank. 

The moderator heat dump system wi l l  be essentially similar except that  
i t s  capacity w f l l b e  about one-quarter that  of one of the Pour circui ts  of 
the main heat dump system. 
changer i n  the top of the reactor where the NaK will pick up from the 
sodium the heat generated in  the island and reflector.  
t o  8 smll NaK-to-air radiator where it w i l l  be cooled and ned t o  the 
pump suction. An expansion tank and by-pass filter w i l l b  
the main Na31 system. 
throt t le  valves i h  the NaX systems, since the NaK w i l l  be drained i f  any 
repairs are required. 

NaK will be circulated t o  the Na-to-NaK heat ex- 

The NaK w i l l  pass 

uded, as i n  
It is  planned t o  have only drain and f i l t e r  by-pass 

As shown i n  Fig .  3*2, the NaK-ta-air radiators I& 
air duct close t o  the reactor cel l .  This duc 

addition, The raiUWors 

2. W . 2  3 Design and Performance of Sodium- 
to-Air Radiators, 0W-i. 26, 1953). 
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over the force 300,000 cfm 
of air through the raaiators and out through a 10-ft-dla discharge stack 78 
f t  high. 
control can be best accomplished through by-passing a portion of the air 
around the radiators, This arrangement required only constant speed a-c 
motors and s i q l e  duct work with a controllable louvre for  by-passing, 
heat dump ta te  w i l l  be modulated by varying the number of blowers i n  oper- 

set of counterweighted self-opening louvre vanes in  the in le t  or 
du2t from each blower%ill prevent backflow through the blowers 

Thus each blower w i l l  be driven with an a-c’motor inde- 

from zero t o  f u l l  load. An additional 4 f t  by 8 ft s e t  of 

Since the axial-flow blowers w i l l  stall and surge i f  throttled, 

The 

not i n  operation. 
pendently of th”e others, and the heat dump capacity can be increased Bn in- 

es w i l l  be mounted i n  such a way as t o  bleed afr from the 
s and the radiators t o  get vernier control 

Heat barriers mounted on either side of the radiators will be required 

between the b 
of the heat load, 

! 

es during the wapmup operations, Wmup will be accom- e 
i the-pumps and driv5ng them at part or  full speed, 
1 

i r 
c 

Since approximately 400 hp must be put into the pumps i n  the NaK circuits,  
thEs powiir ktll appea2 as heat i n  the fluid pumped as a r e s u l t  of flamd 
f r ic t ional  losses, 
prbduce a heat input i n  the NaK system of approximately 300 kw. 
be enough t o  heat the system quite satisfactorily with the radiator cores 
blanketed t o  pre$erat excessive heat losses, 
less s tee l  door 
both faces of 
give a heat loss of 30 kw.’ 

A mechanical power input of bo0 hp t o  the NaX pumps w i l l  
This should 

Relatively simpJe sheet stain- 
led with O,5 in .  of thermal insulation when closed over 
ator (64-ft2 inlet-face area) f i l l ed  w i t h  llOO°F NaK w i l l  

presents some problems. The 
upe with the 4 ft by 8 ft by-pass louvres wide open and 

L 
‘ t  This w i l l  give a heat dum$ capa- 

?O F 
one blower on w i l l  be about; O,5 i ne  
c i ty  of 3 Mw i f  a l l  the radiator hea barriers are opened, Lower heat 

ained by varying the number of heat barriers opened. Oper- 
arrier doors against a pressure of 0,5 fa. %O (2.6 lb/ft2) 

of the reactor 

o that the to t a l  amount of heat t o  be 
i rcu i t  w i l l  be about 6$ of the redctor 

the same proportions 

1 

t o  develop‘ a good, reliable, relatively simple fill-and-drain system incor- 
porating a remotely operable coupllngo Such a piece of equipment w i l l  permit 
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removal of the f u e l  from the reacrbor and pr  de considerable f lexibi l i ty  -6 
6 i n  the conduct of operationso 

t ion or removal of the fuel w i l l  
modifying the fuel  composition. Should a reliable remotely operable coup- 
l i n g  not be developed in  time, welded attachments w i l l  be made between the 

It is  believed that  by removing the fuel  
the radiation level canbe cut f ations. Easy installa- ,t 

3 
k 

,t. 

processing the fuel o r  

the pressure vessel, a t rack w i l l  be installed on the floor and inside the 
w a l l ,  Wheels will be mounted on the ta 
one end, so that  the assembly can be l o  

olly, both on the bottom and 
d by the oveyhead crane to the 

with the end wheels on the dolly roll ing against the ver t ical  
e on the floor track, each dolly w i l l  be moved t o  its’operating 

s ta t ion under the reactor, 
a lift f o r  raising the tank connection nozzle t o  the contset position within 
the reactor shield, 

Each track pair  i n  th i s  area w i l l  be mounted on 

ts 0 em i n  
accurate measurement of the quantity of f luid i n  the drain tank at a l l  times 
during either the f i l l ing  or the draining operation, 
important i n  connection with reactor fuel  systems because it is  inrpor.t;&nt 
that  the exact amount of fuel i n  the reactor be known a t  a l l  timeso 

This i s  particularly 

The shielding required for  the f u e l  tank w i l l  be 10 in. of lead t o  re- 
duce the dose t o  1 r/hr at 5 f t  from the tank one week af te r  full-power 
operation. 
about 15 tons. 
w i l l  be 5 in. thick, and it w i l l  weigh appraximtely 2 tons. 

The resulting shield weight for a 7-ft3-capacity tank w i l l  be 
The lead shield required for  the 1-ft3 sodium drain tank 

- 
F i l l  and drain systems for fuel  o r  for  sodium from the moderator c i rcui t  

w i l l  include provision for  both preheat and the removal of decay gamma heat. 
These functions w i l l  be carreed out by diverting NaK from the radiator c i r -  
cui ts  and directing it through a jacket surrounding the drain pipe and 
through coils i n  the drain tank, 

. Off-Gas Disposal System 

The design of the off-gas system was based on the pessimisti - 
t ion that  a l l  the f i ss ion  products will be given up to the off-gas system 
as they are formed and will be swept out with 1000 l i te rs -of  helium per 
day. They w i l l  be passed through a long chwcoal-filled pipe designed so 
that no more than 0.001 curie/sec of radioactivity will go up the stack. 
About 4 of the 60 M w  -trfl l  appear as fission-product decay energy, Since 
the design was based on a l l  of the fission products being released t o  the 
off-gas system, a decay of t-0*2 was used i n  calculating the heat releaseda 

The gases wll l  be removed from the fuel  i n  the expansion tank 
top of the reactor and vented through a 1/4 in. Inconel l ine 20 f t  long 

s tee l  pipe 1050 f t  long. The first 50 f t  of this pipe w i l l  be 
the balance w i l l  be f i l l ed  with activated charcoal. 
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the stack where 11 mix with the 
On th is  basis, the holdtq time 670,000 cfm of hot air from the radiatorso 

and heat generation f o r  each component of the off-gas system will be as 
follows : 

Component volume 

1/4 In. l i ne  20 ft fon 200 
304 X 18 4 

5 (assuming 1/2 volume 
i s  charcoal) 304 X 10 

Holdup Time Heat Generation 
(- sec) 

600 3000 
17 10 

325 3 3 x 10 

665 4 3 x 10 

The ent i re  lO!jO f t  of 2-in. pipe will be i n  a trench under 6 f t  of water for 
heat dissipation. Additional shielding e11 be used 8s needed. 

88 If the gases are held up f o r  one or t w  days, calculations s w that 
3S.r presents the greatest hazard, 
o u t  about 2.4 MeV per d i s i r r t e g r a t i o f ; i ~ ~ ~ 8 e  The act&.vity i n  curies/sec 
is 

6 x 10 (w) x 3 x 10” (f%ssions/sec..w) x 0,04 (atoms/fission) x h e  

*’ and its d&ughter RbB8 give 

7 - A t  
LO 3.7 x 10 (dis/sec;curie) 

6 -ht = 1.9 x 10 h e  

available 

3. The formula, which was obtained from Me To Robfaason of the O€Q& Solid 
State Division, is based on experimental evidence. 
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Since about 0.5 Mw of heat w i l l  be given up by the fission products on 
the charcoal, the limiting factor w i l l  be the heat transfer. Upon entering 
the charcoal, the gas w i l l  be absorbed very rapidly, and the first few feet  
of charcoal w i l l  soon r i se  in temperature t o  around 400°F. The temperature 
w i l l  start t o  decrease i n  less  than 10 f t ,  and,-by the t i m e  the gas has passed 
through about 100 ft of charcoal, the temperature will be down t o  near the 
ambient temperature of the surrounding water. 

A li ound If-gas syst o 'be provide i n  

c 

case there i s  a leak along the pipe i n  the trench. In such an event, the 
reactor wiI1-be shut  down and the gas wil l  be vented into the reactor cell .  
After a two-day holdup, a vent l ine w i l l  be opened directly t o  the stack. 
This auxiliary vent l ine can also be used i f  fission-product gases leak from 
any of the reactor components into the reactor cel l .  Mopitrons w i U .  be pro- 
vided at suitable locations i n  a l l  gas lines. In  the event that  the off-gw 
system is t o  be operated at a time when no power is  being abstracted from the 
reactor, the air from the blowers will be lhcted around the radiators t o  
avoid diff icul t ies  whlch would otherwise follow from cooling of the NaK. 
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t 
The early OF@& effor t  t o  develop the circulating-fuel type of aircraf t  

reactor w a s  motivated i n  part  by a desirable control feature of such 
e is %he inherent s tab i l i ty  at design point of' the 
hat r e su l t s  from the negative f u e l  temperature coef- 

In  a power plant with this characteristic the 
wbo j e t  load 

fickent of reactivity, 
a minimrun of exter- 

between the and power 
Controlwise the power plant consists of 

heat dump (.in the case 02 ART) and the coupling 
(the NaK circuit)  
by nwclear means at the reactor, by changing the 

e ,BRED 

Control at design point can be 

the Mi% flow), or by cheuz@;fng. the load (fee., the 
heat dump from the NaK radiators). 

For the ART at  desfgn point the regulating rod w i l l  be used drily for  
adjusting the reactor mean f u e l  temperature, I n  particularj an upper tem- 
perature l i m i t  w i l l  cause the regulaging rod t o  insert  un t i l  the fuel out- 
let temperature does not exceed 1600 Fa This l i m i t  w i l l  override any norm1 

re  a low HE% outlet temperature from 
cally decrease the heat load t o  keep 

system a t  no less than 1Q50°F. Tkbis lower 

the system isothermal at 
the life ewctancy  of the 

rating temperature e restricted 

k by t& maximum rate at  which the load can be changed or  By the maximum 

design point power raage the m i m u m  rate of withdrawal of the regulating 
rod w i l l  be obtafned by addfng Ak/k a t  the rate of 3.33 x lQm4 per second, 

rate a t  which the regulathg rod can be withdram, respectively. In  the 1 



This wil l  mi se  the f u e l  outlet tkmperature at the Pate of 12%’ per second 
unt i l  the maximum fuel  outlet temperature of 1600°F is reached, at which 
point the temperature l i m i t  w i l l  hold. In  t h i s  range a permissible load 
cmnge rate of-one-half design point power i n  1 min is comparable t o  the 
requirements of engine performance fo r  a nuclear-powered aircraft. Load 
changes are effected by manual demand for  changing the air f l o w  over the 
NaK radiators. 

point, and (3) Qperation i n  the design point range, For the second and 
third of these categories the nature  of $he reactor-and power plant is so 
different from that of conventional high flux reactors that control mu 
be based on inherent characterist icsof the reactor t o  a large extent 
than on conventional reactor control a r t ,  There is no conventional art for  
these categories wfth high flux reactors. Control at tup  uti l izes,  i n  
principle, old reactor control art with shot-period 7 that are con- 
ventional in: principle. Experimentation will take place primarily i n  the 
s t a r t u p  and design-point regions. In the intermediate region between these 
two, l i t t l e  testing w i l l  take place. Consequently, operational procedure 
will be f o U  o take the reactor from the low-level adequately control- 
led region t o  high level region in  - one simple h e r .  This  procedure 
will be assured by permissive instrument interlocks that are described i n  

and dump t h k s  and the reactor. The 
ipes between these tanks and the reactor will be f i l l ed  

with moderator material, either Be or BeO, through which cylindrical holes 
f o r  these chambers w i l l  run radially out from the’centerline of the system. 
From four t o  six such holes w i l l  be available. Chaniber Sensit ivit ies will 
be adequate for  the entire range of nuclear operation, 

ansion chamber is a key i t e m  i n  providing safety for  the 
ART, 
for  the sysBem by the expansion of f u e l  from the c r i t i c a l  region. 
expansion volume all be available atball times, 

Sc~arn System 

A conventional scram system achieved by dr 
cr i t ica l  lattice w i l l  no6 be used with the ART. 
t ing this feature are the following: 

The f u e l  temperature coefficient of reactivity provides s tab i l i ty  
Adequate 

The reasons for  elimina- 

1. In the ‘design-point range described, analysis shows t iti 
the rate of withdrawal and the ra te  of load increase w i l l  l i m i t  the 
period of the reactor when it is operating normally. A limited rate of 
rod withdrawal and a limited rate  of load increase near the design point 
i n  the ARE 
used on the ARTo 

a minimum period of about 10. see , The :swe technique w i l l  be 
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der of 1 sec, can oc i n  the desik-poi 
of structural fa i lure  The t o t a l  Ak/k required i n  range only i n  the 

the rod t o  override an increase resulting from such failure cannot be ob- 
taine 
f a g t  vent a serious accident, The temperatwe coefficient w i l l  
react so rapidly.that it w i l l  l i m i t  the signal which would normally actuate 
a scran, e 
has not be 
enough in cases-to prevent the accident. Therefore, i n  the design- 
point region the conventi0:nal scram would be of l i t t l e  merit. 

od nor could such a rod, were it available, be inserted 

or an eXe:remely high rate of increase in reactivity. It 
ible t o  devise a control system that would react rapidly 

20 eriments a scram system w i l l  
the one control rod, The ntethod 

single-rod s y s t e m  lacks the safety oposed because 
feature of a plural i ty  of rocis, as ordiikrily found i n  conventional reactors. 
The actuating signal w i l l  'be a short period, a high fluk, a manual scrmP or" 
any of a number of failures in  the system, and the signal w i l l  be supplied 
through an auction circui t  i n  the conventional manner. 

system lies i n  the procedure of adding 
oading tank and forcing it against gravity 
1 be done by pressmizing the loading hank 

lve which w i l l  f a i l  closedo Two parallel helium 
oading tank t o  the off-gas system w i l l  f a i l  open* All 

ts w i l l  be made w i t h  the valve between the 
tank and the reactor locked open, and the signal from the auction 

tuate the solenoid i n  the helium-pressurizing system i n  the 

rgency dm@ tank, w i l l  contain valves which 

the fue l  a t  the 
uranium w i l l -  be added in stepso 
be foreed fr into the reactor by cans of helium pres- 
sureo The s le, as described previously. The 
rod will be inserted f o r  
the rod will be slowly wi%hdrawn, and a count w i l l  be taken on the f iss ion 

After each uranium addition the fue l  w i l l  

ven s&oUnt; of uranium w i U  be added, 

the subcritical multiplication as a f a c t i o n  of" uranium 
oniumLberyllium source of approxLma%ely 15 curies strength 

led i n  the central island of the reactor t o  provide neutrons 
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ginning the c r i t i ca l  experiment, the speed of the pumps w i l l  

neutrons will be av 
%he f l o w  through the core w i l l  be about 50 ~ p m ,  Thus over 

control while going 

ribed above, 

'constant neutron flux, 
a l ly  the same as that f o r  the ARE. 

Operation with the 8 
Limi ts  w i  

Operation Between Startup and Design Poin 

data w i l l  have been obtained from the hot 
c r i t i ca l  experiment, the l o w  power operation w i l l  be held t o  a minirmUn, 
After going cr i t ical ,  the reactor w i l l  be leveled out manually a t  about 
10 to  100 watts. 
lowed t o  go on a period, 
on %he reactivity contribution of the delayed neutron fraction, When the 
power level has reached about 1 kw, the pumps w i l l  be started and the rod 
w i l l  be inserted t o  drive the reactor subcriticalo 
be 
st and the reactor w i l l  be brought t o  about 10 watts; the rod w i l l  be 
withdrawn; and the reactor w i l l  be allowed t o  go on a periqd u n t i l a  level 
of 1 kw is reached, 
inserted t o  drive the reactor subcritical. 
t o  give 2 o r  3 calibration points on the regulating rod., 
rod will have been carefully calibrated i n  the hot c r i t i ca l  experiment, only  

in t s  w i l l  be ne 

The pumps will be stopped, and the reactor w i l l  be al- 
This  will be a check on the effects of flow rate 

Sufficient uranium w i l l  
t o  give about 0.55 excess reactivity, The pumps will again be 

The pumps w i l l  again be started, and the rod w i l l  be 

Since a similar 
T h i s  procedure will be repeated 

kw 14 
nanually with the rodo A t  this power level, the shielding and off-gas 
system w i l l  be checked out thoroughly without great hazard t o  personnel, 
The pwnp speed w i l l  then be increased so that  the fuel  f l a w  rate  w i l l  be 
increased from 50 g p  t o  the design flow rate of 1200 
a decrease i n  reactivity of the order t o  0.8 Akp 'and the rod w i l l  be with- 
dmwn accordingly, 

This  WlU cause 

The reactor will then be ready to deliver POWre 

ture c ien 
t r o l  mandatory i n  taking the reactor from zero power t o  some power a t  which 
the teqkratupe coefficient provides s tabi l i ty  w h i l e  the reactor gets its 

demand fpom the load, Accordingly, a single operation procedure for  
ation i n  this range w i l l  be followed, The load w i l l  be i 
mission t o  start adding the load will come only when a c 

ked 
ted 

current reaches some prescribed value. T h i s  value w i l l  be determ- 
* ined in  the manner described below the first time the reactor-is 



at about 10 

negative because of the temperature 

t o  pernit opening of the heat barrier doors t o  the MaK radiators. Natura l  
s open w i l l  be about 300 kw, 

log N reading reaches th i s  
value, the tempeature' coefficient w i l l  always suffice t o  provide regula- 

ockt* the system 

opened. If on the other hand the f lux is too 

Design-Point Operation 

Wfth the reactor at about 300 kw (estimated from the power extracted 
by opening the heat barrier doors) the blowers will be started and heat 
will be extracted fromthe N a p  which, in turn, w i l l  extract heat from 
the f u e l .  A 
heat balance will be obtained a t  each level of extracted power vs nuclear 
power. 
Care w i l l  be taken not t o  exceed the m a x i m u m  temperature of 169ooFaor fall 
below the minimum tCmper&ure of l150%o 
for  1000 hr a t  60 Mwe 

Xenon w i l l  be removed continuously from the fuel  by helium injected 
into the pump chamber and escapfng i n  the swirl chamber, 
moval by this means can be determined only bs. operating the power plant, 
However, experience with the ARE has indic&bed that  less  than 1% Ak/k of 
the regulating rod w i l l  be needed t o  cope with the xenon that  is not re- 
moved. 
could and would under some circumstances shut the reactor down, The low- 
temperature li'dt on the NaK radiator outlet temperature w i l l  automatically 
remove the load t o  effect  t h i s  shutdown. 
wfll bsTJdumped unt i l  the Xenon decayso 

adding fuel inLthe form of high-U235-content "pil ls" of solid fluoride 
fuel. 
entry provided i n  the fuel  expansion tank located on the north head of 
the reactoro 
tested t o  make it jam-proof and incapable of ejecting a l l  its p i l l s  i n  
one spurto 
the reactor system, 

The. reactor will. be leveled out  a t  3, l5$ 30p a d  60 Mwo 

The operation of al.1 components will be observed a t  each power levelo 

T k  reactor w i l l  then be operated 

The rate of re- 

Should the purging be much less  than fs anticipated, the xenon 

In case th i s  happens the fuel  

Fuel enrichment t o  compensate for burnup will be accomplished by 

These will be introduced into the reactor f u e l  circuit  through an 

The pfll-addition mecthanism w i l l  be carefully designed and 

It will permit the introduction of only One p i l l  at a time t o  
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* F  The t o t a l  burnup is equivalent t o  about 2,5$ Ak/L The capacity of / I 

i 
the p i l l  machine w i l l  be such as t o  hold no more p i l l s  than that amount 
equivalent t o  2,5$ Ak/k,  Accordingly, the rod w i l l  always be capable of ,b 

-. overriding any fue l  addition, 
p i l l s  can be aaded w i l l  be much less  thsn that which can be effectively can- 
celled by glovement of the control rod. Compensation for  bupnup and fission- 
product poisoning can be accomplished by both control rod w i t h d r a w a l  f o r  

Furthermore, the rate a t  which successive 

The best cho 
fue l  component for  the ARE test, 

It is composed of approximately 60$ V235, 11s Na, and 29$ F (by w e i g h t ) .  
Severrtl p i l l  dispenser (and container) designs have been prepared that are 

2.4 g of $35, 
reactor fue l  
operation a t  
p i l l s  per day, or a total of about I200 p i l l s  for the 1000 hr of ful l -  
puwer operation, 

Its melting point is , and its solid density a t  10009 is about 4*9 g/cd. 

use of p i l l s  1/2 in,  in  diameter by 1/4 in. thick. P iUs  of 
lume of 0.80 cm3, they weigh 4,O g, and they contain about 

The rate of p i l l  addition required t o  maintain a constant 
ory w i l l  thus be Oe5 p i l l  per Wd of operationo Far 
P level of. 60 I&, this will require the addition of 30 
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An attempt has been nmde t o  envision as many bajards as p0;isibJ.e that 
might occur during the course of the operation of the Aircraft Reactor Test. 
Included i n  th i s  chapter, therefore, is a Uscussion oP..t;he nomal radi- 
ation hazards, the hazm&; resulting from operational. o~ equipmeu-b failures; 
ana f luid leaks, as w e l i  tts the nuclear and c;hexu%cal hazar4s peculiar t o  Che 
cyclee The dispersios of airborne activi%y, either From the off-gas system 
or following a hypothetical accident i n  which aJ1 the f u e l  is volatilized, 
is  described i n  the folloving chapter, "Dispersion of Airborne Acti;Lvity." 

The radioactivity of the ART w i l l  be Qiherently confiped by the nature 
of the design and materials i n  such a manner tb'k %he uneontroUed a spe r -  
sion of the activity ou+s:ide the reactor ceU w U .  be vir%ually impossible. 
Consequently, the hazard from most fqilures will be neaigible', since the I., 

even be released t o  the cell. 
t h e t i c d  nuclew acciden% could rupture the reactor pressur6 shell, the re=- 
t o r  ceU would remain intact  and the accident wo 

9 
' 
1 

I only action required w i l l  be dumping of t$e fue l ;  tbe activj;ty would uot 
1 
d 

Furthemore'it i s  show %bat while a "nypo- 

Some consideration has been given t o  cases 
as w e l l  as the pressure slslJ., would be rupture4, and the re,su&ting subse- 
quene dispersion of actixi$y has been examinad i n  de$W.. 3% is  belAeved 
that such an accident cou:Ld occur only as the r e s a t  of aeriaf bombing o r  

I sabotage. 
; 

Radiation Dose Levels 

The radiation dose levels t o  be expected a t  represeni;ative stations a t  
the fac i l i ty  have been estimated for a variety of conditions and have been 

1 

i 
( 5 )  concrete block stacked wound and on tog of a i r  duct for  

1 
i 

i 
i into the M a X  systems, 
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w i l l  be adequately shielded 
so that the control room operators w i l l  receive much less than 1 rem/& 
even with 141) of *he fue l  i n  the radiator ana much less than 0.1 rea/& 
even if the pressure shell I s  ruptured. The dose rates wouldbe consider- 
ably higher, however, if it were postulated tbt the reactor ce l l  vas also 
ruptured, i n  which case the ac t id ty  would DQ longer be conf5rted. 
treme situation is considered in %be fsUowing chapter, "Dispersion of 

This ex- 

s that can be 
envisioned i n  
section ape l i s ted  those failures %Ucl~m"t.Lld have the greatest effect on 
the operation and wlxicta %herefore seem t o  offer tibe $reatest hazards, 
each failure some probab1.e causes w e  given, as w e l l  as the result, and *be 
action required in order to &k&xi.ze the ha!zard is stated. 
as kill be shown, the fa i . lure  wodd be inconvenient, but no serious danger 

since the most drastic: action requZred wouldl be dumping of the 
sod3,t.m) in to  the aunSp tanks, 

s t e m  as complex as the AirmaZt Reaetor Test. fn this 

For 

In all casesr 

Therefore it i s  also apparent 
stem must'i3e assured, 

Fuel Freeze. Excessive could cause 
beat exchanger and stop the flow of the fuel. The 

seriotas2.y damaged, bat some cracks night form 

(boil i n  2 d n )  as a resulk of fissbn-fragmeaat decqy heat, wW& w i l l  be 
3800 Btu/see (6 of power) immeaiately upon cessation of cool;ing i n  the 
cLrcuit, In the reactor structure, the cooling avaLl@le froat conduc%iori 

ing of the f u e l  woa3.d not be adequate t o  keep 

se ok fie2 flow stoppage and consequent lack of COOL- 
ature of the fuel i n  the fuel. circuit  would rise 13eF/sec 

blades, wel ls ,  
oints where fuel naigh-k be $rap@. from befag raised t o  fuel 

vqor iza t ion  temrature, Excessive cooling i n  the pr imry I?aM circui t  

al pressure.lo&, there would be a large reactivity de- 
fbfii'ty of ledage of sodium i n t o  the fuel circuit, 

results of defoma-kfon wowla be sinailas, but tbe effects would be of a 
lower magnitude. A failare of the pressure shell w 3 u l d  release fission 
products; hot, h iguy  raaoactive fuel and &tendant decay heat3 and NaKa 

The 

k 

b 
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I 
a NaK or a fuel  

uld possibly result 
sfer chasacteristics. It 

of these postulated 
with the possible exception of slight deformation i n  the 

two fuel pumps stopped pumping, the fuel flow pattern would be altered and 
roughly one-half the fuel-to-NaX heat exchanger wouldbe starved, 
would be a consequent reduction i n  power ovtput, 
failed, fuel  flow would stop and the fuel  temperature would r i s e  13OF/sec 
because of f i s s i o n  fragment decay heat (See item on "Fuel Freeze" above). 
If o n Q  one f u e l  pump failed the fuel  would be dumped or  the reactor would 
be operated at reduced power; if both pumps failed it would be necessary t o  , 

dump the fuel, 

There 
If both the fuel  pumps 

S°F/sec t o  accommodate the increased heat load on 
the operable pump, and ,it would be necessary t o  d.utnp. the f u e l  or t o  oper- 
ate the reactor a t  reduced power. If both sodium pumps failed, the tempera- 
tures of the beryllium i n  the moderator and'the sodium would r i s e  0,5°F/sec, 
and it would be necessary t o  dump the fuel. 

reduce fiss3c flow'and consequently reduce the reactor power output, 
other puzrrp failures, it wouldbe necessary t o  dump the f u e l  o r  t o  operate 
the reactor a t  reduced power, If 
exc&nge system failed, the f u e l  temperature would r i se  13OF/sec (see i t e m  
on "Fuel Freeze" above), and the fue l  would be dumped Smmediately. Fail- 
u r e  of the NaK pump i n  the moderator cooling circuit  would 'cause tempera- 
tures of the sodium and the beryllium t o  r i s e  0,5"F/sec. 
the sodium pump failures, it would be necessary t o  dump.the fuel, 

ailure of one NaKpump i n  the pr at exchan would 
As w i t h  

the BaK pumps, i n  the priniary heat 

As i n  the case of 

If the purnps for  providing cooling o o the pumps were 
there would be a slow increase i n  temperature of the o i l  coolant, the fuel  
pwq shaft, the bearings, and the gas-seal mechanism. TaLlures of this 
type would be taken care of by switching t o  the auxiliary pump and'repair- 
ing the pump *that failed.. 

and aU.instrumentation and essential equipmeat would be transferred t o  Z t .  
Therefore, there would be no Med ia t e  hazard following such a failure. 
T 
P 
stments. 
ture r i ses  from the- fuel afterheat. 
be-taken t o  restore the normal power supply as rapidly as possible. 
ever, if the failure lasts an extended period of t ime,  it may be necess- 
t o  dump the fuel. 

i c a l  Power Failure. An emergenc 

rgency power system w i l l  be adequate to operate at leas t  one fuel  
sodium pump, one Nag pump, one blower, and all the necessary in-  
%is equipment will be sufficient t o  prevent excessive temgera- 

A l l  possible measures will irnmedSately 
How- 
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sep&atioa i n  the core or failure of 
the d cause hot spots in the f u e l  channel. 
I n  this event there would be the possibility of fuel boiling in the core 
and causing irregularities i n  power or increased corrosion. The power 

d be reduced u n t i l  the fuel boiling ceased, or, i f  necessary, 
uld be 

Excessdve Fu i n  the enrichtierit system might r e s f i t  
I n  %his event the reactor would heat t o  a i n  the addition of excess fuel. 

new and higher equilibrium terngerature. 
duced instantaneously would make the reactor prompt c r i t i c d ,  
0.W2 wodd occu  and result i n  
The reactor would quickly level out at the new temperature, 
librium temperature weFe excessive, tbe fuel  would be dumped. 

An excess of 0,6 l b  of $35 intro- 

immediate fuel temperature rise of U o F .  
A hk/k of 

If the eqni- 

Fuel Fill-and-lkain System Failure, The fuel fill-and-dPain system 
might faZlbecause of .iarmned valves or a coolant system failure, If such 
a failure occurred before the f u e l  was enriched, there would be no hazard, 
The system would be repaired, if possible, o r  the nonradloactive €'ne1 would 
be drained on the f loor  of the reactor cel l ,  I n  the event of an emergency 
drain of radioactive f u e l  coincident with a failure of the fill-and-drain 
system that prevents drainage, the reactor %ki l l  fa i l  at the weakest p i n t  
and release bot fuel, fission products, sodim, and gaK in the reactor cell ,  
If the dra in  system functioned satisfactorily but  the dump tank cooling sys- 
tem failed af te r  the f u e l  was drained, the tank would fail at its wegrJsest 
point and release large quan t i t i e s  o f b o t  fuel and f i s s ion  products t o  the 
reactor cell ,  
fuel, as described i n  a following section. 
radioactive fuel under normLl'operating conditions and drainage was pre- 
vented, it would be necessary t o  cool the radioactive fuelwith ' the normal 
heat removal. system u n t i l  the decay heat zaad dropped sufficiently t o  permit 
shutdown of the M a K  systern, 

The reactor ce l l  i s  designed t o  contain the hot, radioactive 
If it were desired to drain the 

If the blowers failed, heat loss 

by radiographic techniques, as w e l l  as by preliminary testing, any leaks 
that might occ& would probably result either fron corrosion or a f&i.gUe 
crack. 
because of the ancertainties associated therewith, 

Corrosion i s  far more probable and is of particular concerng largely 
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The corrosion process is discussed i n  Appendix C, Fromthe t e s t  data 
included there, it i s  estimated that the corrosion penetration i n  the hot 
Sone of the ABT would be of the order of 15 t o  18 m i l s  if no reductions, 
i n  cornpaison with present experience, can be effected i n  the corrosion 
race, !the w a U  thicknesse xposed be 
125 mils i n  the core and 2 I n  the core the 
w a l l  thickness i s  believed t o  be ample; i n  the heat exchanger tbe metal 
would sustain a steep temperature gradient because of cooling by the XaK 
so t ha t  the -penetrations -gtven above mag not apply, 
ponent tests fa i l  t o  justify this assumption, heavier tubkng will be used. 

IWwever, should corn- 

If a leak, either from corrosion o r  Que, did occur, vari 
ns  could occur between the fuel and the Ela or NaK, depending upon 

osition, the size 02 the leak, and whether the leak w a s  i n to  or 
out of the f u e l  system, 
each of 16 distinct leak conditions are also discussed i n  Appendix C. 1% 
is  apparent that the resulting hazards are dependent upon the assumptions 
made regarding the leak size, extent of completion of the reaction, and the 
precipitation of insoluble particles, The most severe case imaginable i s  

a following section enti t led "Accidents Causing Rupture"of the 

The consequences of' the chemical reactions.from 

Ult' The probable consequences are, however, much less  severe 
and are discussed below, 
the fuel  and the subsequent hazards would be s m a U .  

The act ion taken i n  each case wouldbe t o  duplp 

ak i n  Core. Since the f u e l  pressure i s  maintained below that of 
the sodium, a core leak would most probably result i n  the addition of sodium 
t o  t& fuel .  The sodium would dilute the f u e l  miXtu and, i n  the reaction 
of sodium with tlie fuel, UF3 wouldbe produced, The action could continue 
ubtilmetaJlic uranium w a s  produced, which, i n  turn,  would be deposited i n  
the hotter part of the system (i,el, between the core and the heat exchanger), 
This situation would be handled by dumping the fuel--no hazard would ensue. . 

On the other hand, if  the f u e l  were t o  leak i n t o  the sodium i n  the 
moderator region, the result  would be more seriouspbecause such a leak would 
certainly a l l o w  excess uranium t o  be presen.t i n  the core region, 
event, the fuel would be dumped as soon as possible. 

In t h i s  

the Heat Exchanger, A l e  anger would 
either admit f u e l  into the NaK system o r  vice versa. A fuel leak into the 
IaK system would increase the activity outside the primary shield, w h i l e  a 
I?aK leak into the fuel  system might result i n  excess uranium i n  the core. 
Either of these s i tua t ions  would be undesirable, bu t  it is now fat that a 
fuel leak i n t o  the NaK system would be the more hazasdous; therefore %he 
pressure of the BaK i n  the heat exchaager be maintained higher than 
that of the f u e l  i n  the f u e l  system, 

sult i n  Na.K 

Eventually uranium w o d d  be formed and would be de- 
entering the fuel, As with sodium, UF3 would be formed and the rUeL mix- 
ture would be di luted,  
posited i n  the hotter section of the system. 
handled by dumping the f u e l  and no hazard would result, 

T h i s  s i tua t ion  would be 
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If the fuel  pressure were t o  be greakr  than that of the NaK and a 
ion producks would move outside the reactor 
h wouldbe experienced at various locations 
l$ of tihe fuel in the PJaEL system axe given 

t 

dose rate i n  the control room 15 mSn after tihe 
l y  0,2 rem/hr, The fuel and then the NaK systems 

rig the fuel, 
ght develop i n  the  Ha- 

ould increase the 
adium system would a H f l  leak i n t o  

decrease reactifity i n  the.corep since potassium is more poisonous .t;O the 
reactor than sodim is, Bei%her af the above situations presents 8 serious 

question be dpained. 

f' d 
s e a ?  would be' dtrnrped and 

t o  f i r e  as a hazard, the building 
(Figs, 3.1 and 3.2) carries a Uniform Building Code f i r e  rating of 2 hr, 
Inflammable materials are no$ used i n  any appreciable quantity i n  the con- 
s t ruc t ion  of the building OI? %he reactor, 

ing, pumps, and heat transfer equipment, has been exmined 

system, even the  high temperatures f i n  the absence of 

The reactor, as w e l l  as the 

the high (up to 160QeF) ely from this standpoint.be 
eniperatures involved, Howe cept for  the use of Ha and M a l l  

combustible znakrrial) 

The possibil i t ie have been previously dis- 
cussed. 
helium (or nitrogen) i n  which sodim and NaK are not flammable, 

However, during operation, the reactor ce l l  wi l l  be f i l l e d  with 
I n  fact, 

eriments have shawn tw-k even %he potentiaUy dangerous reactians of HaX 
the absence o$ oxygen. A SaKleak external 

It i n  a fire, and therefore the Alkali 

20 f t  frcm the building. 

2. A trade compound deve:Loped by Ansul Chemical Company, EJlasinette, W i s e  

i 
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Accidents Caused by the H a t u r a l  IXLements 

qnence of the p f the AR!r 
and material of construction i n  the building, there is l i t t l e  probability 
of any damage occurring from natural elements which could create a hazard. 

&h S a 
equence of the particular topography 

e, a flood, and therefore flood damage, i s  impossible. 
the frequency and severity of earthquakes i n  the O a k  

t y  of earthquake damage i s  extremely 
smaU (see section on seismology of area i n  Appendix A, "Chaxacteristics 

. of Site"), 

re  lding is 
Uniform Building Code criteria,  These c r i te r ia  provide for  design against ' t 
wind loads of 20 lb / f t2  (about 100 nrph) without exceeding the allowable nor- 
mal working s t ress  of 20,000 psi  i n  the s teel  structure. 
meteorological data f o r  this area3 shows that it is h iguy  improbable that 
winds of this magnitude will even be approached at the sheltered s i t e  of the 

A review of the 

- 
L 

3 

From th is  table it may be seen that a &/k of 0.09 i s  the highest that may 
be expected. 
this or any other Ak couldbe introduced i n t o  the reactor. 

It is  then necessary t o  consider the m a x i m a  rate at which 

Total  value of control rod 
- 

0,005 Ak/k 

Control rod motion 

Teaberature coefficient of 
reactivity 

0,00033 (Ak/k)/sec 

-5.5 x (Ak/k)/OF 

val of sodium from,-passages 

RemovaJ. of sodium from passages 

tk'ough reflector i.0-0015 Ak/k 

through island +0,0005 Ak/k 

Fuel replacing sodium i n  core shell  
and reflector cooling passages 

c 

0.09 Ak/k 

.3* Myers-A Meteorological Survey of the 
Oak Ridge Area? ORO-99 (Zove 1953). 
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of tvo extreme situaticras whiih 
appear t o  establish an upper l i m i t  on the rate a% which the reactivity 
could increase. are as followsx 
cipitate out i n  re  and the f u e l  streaan en 
m a l  ra te  b u t  no uranium leave 
enters %he 'moderator the sodium A thi rd 
situation-one i n  wh eryllium reflector melts and mixes uniformly 
with the fuel-;was examined, but  it developed that this accident would 
not give neaxly as large 1% ra te  of increase i n  k&f because the high heat 
capacity of the deflector would keep the' beryll i  om melting rapidly. 
The rate Qf temperature r5se i n  %he portion adja o the f u e l  region 
would be only 20°F/sec at  60 Mw, The two most severe accidents are dis- 
cussed belox-. I n  addition, the vulnerability of %be 
tration by pressure shell  fragments, i f  the pressure 
as a consequence of other accidents, is examined. 

(1) f u e l  abruptly begins t o  pre- 
core at the nor- 

( 2 )  fwl abruptly 

ce l l  t o  pene- 
r e  t o  rupture 

The investigation of these two extreme nuclear accidents may be sum- 
marized as follows: 

derived from their  high negative temperature coefficienb make the pro- 
posed 60-MW reactor self-regulating even for  eztremely rapid changes i n  
kef2 

2. n i f  t k r  u r  
emely high rate  of increase of keff 

shell  fragments ejected would not pierc 
ce l l  

3 .  on d 
reactor ce l l  would be even less than for  the case with15 of the fuel  i n  
the HaK system, i,e,, only 0.04 rem/& i n  the control. room 15 min a f te r  the 
accident (see Table 5*l).  . 

the pressure shel l  ruptured. 
u n t i l  the reactivity was reduced t o  less than unity and the power dropped 
back t o  a low leyel, 

Thermal eqansion of the f u e l  would continue 

BoiLing of' the f u e l  might or migbt not take place, 

f 
i 

i 



If boiling does take place, the heat of vaporization of the ZrF4 is 
40 kc4/moleO 

a numerical approach i n  Appendix E. 
reaso 
this type of accident the pressure shell i s  ruptured only  i f  the reactivity 

This accident‘ has been considered ana3yt;ically i n  Appendix D and by 

consistent and are summarized i n  Fig. Eel of Appendix Em For 
The results of the two  m e t h m k  are 

rate higher than  that  corresponding t o  W the rhte<a% which 
ed into the core, If the presske shell  should rupture, 

r e  they would 

e discussed i n  App 
AppendAx all the chemical reactions may be contained, with the possible ex- 
ception of the case discussed i n  a following section i n  which there i s  an 
air atksphere in the reactor ce l l  and a hydrogen explosion becomes a 
possibility, 

he go is not main-ned higher 
core, f u e l  would enter the moderator region 
leak, It has been assumed that as a conse- 

eeable events an abrupt rupture of the reflector shel l  close 
to the core Inlet would begin t o  discharge fuel i n t o  all the cooling pass- 
ages through the beryllium at a rate  equivalent t o  that given by the sodium 
velocity, While the cooling passages would probably plug close t o  the i r  

teresting t o  construct the probable course of the accident 
d tbat no plugging occurst The i n i t i a l  fuel velocity through 

the passages would be about the same as that for the sodium, i,e,, 30 fps. 
Because 0% the higher density of the fuel, i ts velocity would fall off as it 
penetrated the reflector, 
entered all the coolant passages simultaneously, thus giving the maximum 
rate of increase i n  reactivity, 
f lector would give a t r a n s i t  time of about l/7 sec, or about l/7 of the 

The worst case would be that i n  which the fuel 

The i n i t i a l  fuel  velocity through the re- 

The volume of’these,passages i s  about ding vahe  for  the core. 
as compared with 3 f t 3  i n  the core, The increase i n  &ff i f  fuel  

f i l l e d t h e  passages i n  the reflector and i s l and  has been computed t o  be 
0.09.- ‘phe average power density i n  the f u e l  i n  the reflector was calculated 
t o  be s 
pexatur 
corea 
in regions of high importance wouldbe at least  twice the average so that 
%be ra te  of temperature rise there should be at least  twice %he average 
value i n  the coreo 

s that i n  the coreo This would make the average rate of tem- 
i n  the reflector f u e l  about equal t o  that for  the f u e l  i n  the 

However, the rate of temperawe rise a t  the nose of the f u e l  columns 

Calculations were made for this case, except that the rate 
in was taken t o  be twice as great to give a truly &reme case, 
this instance %he power was found t o  rise t o  about 6000 2 4 ~  i n  about 80 msec, 
.at whi& point the f u e l  i n  the beryllium would begin t o  boil. The pressure 
i n  the reflector cooling passages would rise abruptly t o  about 500 psi, the 

e expelled from t h e m  i n  about 10 msec, and, at that point, the 
uldhave reached a temperature of about SO0F above normal; the 

I n  

uld then be on a 20-wee negative period, t 

* 
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h 

t i n  the cell .  

r" i 
th i s  pressure can be computed as follows: 

t h i s  height would be 

and 
. V = G x  32.2 (ft/sec2) x 720 (ft) = U 5  Fps e 

any particul& trouke: 
maximum possible velocity of a fragment tbat might be broken out of-%& pres- 

shell  i n  the event a hydrostatic rupture. 
compared with tbe veloc requiPed t o  penetrate tbe 1/2-in. w a l l  of the en- 
closure. 
varies with their  shape, baxdnesso strength, massp and velocity, w i t h  a 
6-in. cast-iron sphere giving a rough standard f o r  t h i s  case, 
Appendix F , the velocity for penetration of 1/2-in s teel  plate by such a 
sphere is rouguy 380 f'ps, 
at the bottom, and since the shielded drain tanks for the f u e l  and sodlum 

It is also -&portant because it represents the 

This velocity has %o be 

As &iscussed i n  Appendix F p  the penetrating power of projectiles 

As shown i n  

Since the pressure shell i s  designed t o  rapture 

under tbe re 

ti.on would be available 'to give still higher L 

L celJ. pressures and possibly rupture the reactor cell., As pointed out i n  the 
previous section, since %he chemic& reaetmons axe more serious with an o q -  
gen atmosphere, the cel l  atmosphere will be maintained greaker than %$ 



-44- 

nitrogen, The omgen concentration will be monitored, and the instrumen- 
ocked (during power operation) t o  dump the f u e l  when- 

concentration i s 'g rea te r  t h a n  l$. It then appears t h a t  the 
only means by which both the pressure shel l  and the reactor ce l l  could be 
ruptured simultaneously would be as a result  of bomb damage. 
b i l i t i e s  of such a bombing, either by sabotage or aer ial  bombing, are re- 
mote. 
reactor pressure shell and ce l l  would be fromthe dispersion of the activity. 

The possi- 

The principle hazard associated with the simultaneous rupture of the 

Th i s  i s  discussed i n  the following chapter on "Dispersion of Airborne 
Activity," 

Hydrogen Explosion. In considerin various chemic 
Appendix B), one way that the reactor ce l l  might conceivably be ruptured 
wouldbe by a hydrogen explosion following the reaction of the sodium or  NaK 
with wate a i r  atnosphere. As mentioned above, nitrogen is  t o  be main- 
taineci. iii reactor; c e l l  once any appreciable radioactivity has been 
generated i n  the fuel. Oxygen absorbers w i l l  be exposed t o  the atmosphere 
wi th in  the ce l l  and an oxygen monitor win be interlocked t o  open both the 
fuel and the NaK drain valves if the oxygen concentration goes above l$. 

The energy produced from the various reactions, including those requir- 
ing an oxygen atmosphere, have been calculated i n  Appendix B and are s m -  
ized i n  Table 5.3. The most serious event would be that i n  which the shield 
water would combine i n  stoichiometric proportions witb all the sodim and 
BaX i n  the system, and the resulting hydrogen wouldburn i n  the presence o f  
the available oxygen i n  an air atmosphere i n  the reactor cell,  
were lost to the cell walls, the pressure i n  the ce l l  would reach 181psia., 
Obviously, th i s  i s  an overestimate because considerable heat wouldbe re- 
moved by the surrounding water during the course of the reaction. 

Xf no heat 

'JXBLl3 5.3 .  SOURCES OF ENERGY 

6 Beat from reaction of 1000 l b  of Ha 

Heat from reaction of hydrogen with 
available oxygen i n  air-f iUed 
reactor c e l l  1.56 x 10 Btu  

and MaK with water 2.07 x 10 Btu 

6 

Heat from reaction of 1000 l b  of Na 
and NaK with air 

Heat from reaction of 1200 l b  of 
zirconium-base fuel with sodium 

decay heat emLtted 

6 

6 

2.90 x 10 Btu  

o,g8 x 10 Btu 
0.3 x 10 6 B t u  

8 x 10 6 Btu 
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If a31. bf the tzydro u t  igniting, 
uld increase the 

1 psia only part, or 
f it is  assumed that 

sure rise, or 132 p i a ,  and that the pressure from alz reactions prior'  t o  
the explosion is 
then a peak press 

e i s  maintained within the 

ee the normal pres- 

relieved by heat removal by tke w a l l s  of the cell,, 
of 214.7 psia would result. This value is about double 

enee cf several unlikely events 
xygen absorbing, and moni- 

toring system would fail,  an air leak i n t o  the ce l l  would OCCUP~ a leak 
between the sodium or E a  and the skafelding water would occwg and the 
hydrogen would not be ignited as it was formed bu t  would react only a f te r  
the major part of tbe Ea;$-water reaction la& gone to  completion. Even if 
all of these things did h q p n ,  it seems udikely that the resulting shock 
wave could rupture the tank wall., particularly i n  v i e w  of the. inertia of 
the steelwa3.l and the water surroundin 

losiv@s, Blowing up of the ART With explosive 
saboteurs would be feasible, as for  any ins ta l -  

1 
d 
i lation. 

on the praxhi ty  of the charge with resgec-k t o  the most c r i t k a l  components, 
i,e,, the reactor pressure shell  and the fuel  drain system. 
t o  these components and therefore vulnerability will detePmine the effec- 
tiveness of t h l s  type of sabotage, ff%e double-walled reactor ce31 serves 
as a barrier against entry and would be f o d d a b l e  as proteetion against  
external explosions, 
charge w i t h i n  the container during serv5cing operations coal& be effective. 

However, the effectiRness of suck actS,on mal& depend primarily 

Accessibaity 
i 

Howeverg the successful placement of an exglosive 4 
? 

t 
i 

i 
I 
i 
i 
1 

i 
t 

r 
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atmosphere within the 
lease of fission-product 

be elcperienced. 

layer of water was t o  provide a simple, positive cooling s y s t e m .  The worst 
to  be thrown on this cooling s y s t e m  would be that resulting 

lower portion of the tank will be designed so that the fuel  
fuel  into the bottom of the tank after a long period a t  

1 aBd a 1/2-in.-thick steel plate tank bottom, it can be sbown 
w i l l  be spread out i n  a layer 2 in. a t  the thickest point. 

that 2 

For tbAs thick- 

3 dn after 1000 hr at 60 Mw = 10 w/cm 
i t y  in  salt from fission- t a  

0.33 x 300 

Heat release rate  from 2-in.-thick layer 

At in steel plate 

At i n  water fi lm 

At in  fuel  layer (assuming no convection) 

Area of lapr against shell 
6 Amount of water required t o  absorb 8 x LO B'tu 

(heat from fission products i n  first 2 hr) 

If its temperature r i s e  is 130% 

ture r i s e  is 130% 
vaporizes 

gf watkr required t o  absorb a t o t a l  of 
20 x 10 B t u  (heat from fission products i n  
next 22 hr) 

~ 

If its temperature rise is 130% 
and it vaporizes 

47,000 w / f t 2  
160,000 Btu/hr O f  t2 

400% 

40% 

400% 

36 f t2  

62,000 lb (1000 ft3) 

10 

20,000 lb (32 it3) 

r 
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Amount of water i n  27-ft-dia outer tank 

Amount of water i n  27-:ft-dia 4isk 1 f t  thick 

Actually, any accident severe enough t o  dump a l l  the fue l  charge in%o 

1,000,000 gal (14,000 ft3) 

4,200 gal (570 ft3) 

I 
k the bottom of the tank would probably also rupture the shield so t h a t  the 

shield water would float on the surface of the fluoride, 
lently, and water vapor would rise, condense OB the tank walls, and drain 
back to the bottom of We tanko 

It would b o i l  vio- 

The double-walled c e l l  was devised primarily i n  an effort, t o  give a 

No pumps or  other motor-driven eqqipept would be 
thoroughly reliable means fo r  absorbing the heat evolved i n  any acc ibnt ,  
no-aaatter how eevere. 
required and, even if the electrical  p e r  supply were to remain inoperable 
for  days Gter the accident, there would be enough heat c a p c i t y  in the water 
so that l i t t l e ,  if any, of it would vaporize. The high swf'ace beat transfer 
coefficient associa-d with boiling of the water should ensure good eooZing 
of the ce l l  walls. 

~* .5 

Comparison of Various React- 
k 

Because of the imp0 containing the products of a reactor 
accident, several differ t a l  reactor containers were examined. A 
comparison of key data for  the most promising types of container is given i n  
Table 5.4, and the worst set af conditions applicable t o  each ewe is pre- 
sumed, As m y  be seen, the reactor assenbly c e l l  proposed i n  this repart 
compares favorably with the hemispherical and ellipsoidalbuildings. The 
double-walled c e l l  also appears superior in  tbat i.t would be less subject 
t o  sabotage. men if both the inner and the outer tanks were 'ruptmed by 
sabotage and the reactor melted down, the residue would tend to sin& t o  the 
bottom of the tank p i t  where it would 
the region a t  the top and between the 
absorb the heat of aiiy reaction and as a s 
a t  the top of the pit .  Af-ter careful revi 
considerations, the 24-ft-65a double-walled ce 
promisiw test fsoi l i ty .  

flooded by the water that had f i l l e d  

e l  
as. This  Wakr would serve both t o  

Id  t o  reduce %he r a i b t i o  
of these and a host of l e  

i 

F 
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6. DISPERSION OF KmORNE ACrIVITY' 

Meteor0 logica a have been used t o  calculate the possible radiation 

The nor- 
hazards t o  the Laboratory and civilian population as a result of both nor- 
m a l  and accidental release of radioactive materials from the ART. 
mal method of d.ischarging activity w i l l  consist of directing the off-gases 
through a charcoal-filled pipe which bfiu remove most Qf the activity and 
effect a more than two-day holdup b&ore ejecting the residual gases up tihe 
stack. The stack i n  carrying tihe large volumes of heated air produced by , 
the process systems will arge plume r ises  i n  winds under 10 mho 
The resultant ground exp e 83TRTa$s and evewhere s u b s t a n t i d y  
below tolerance, I n  fact)  ev 
stack, the resulting exposure 
however, effect a reduction i n  the resulting grqund concentration of around 
lo9 which w i l l  be des-i e i n  some emergency si 

ue of about 6 x 10 

n there i s  no process air flow up the 
be below tolerance* The process air w i l l , .  

8 
heat which could cause all the f iss ion 

t o t a l  activity present was 
even though ARE operation 

This activity w i l l  be safely dispersed from 

I n  the calculation 
d as the min 

then assumed t o  be t h  
ne of the activity was  continuously removed and therefore 
the disaster. 

a hot day-kime cloud, but  it w i l l  exceed tolerance at  night by a maximWn fac- 
to r  of 5 or 17, depending upon which tolerance value is  used. 
expected, the doses from the cold cloud or from rainout of either cloud 
would be well above tolerance. 

As would be 

the discharge of activity up the stack 

ude hLgher i n  other instances than %he 

t factors ake 1i 

onged period, The krypton toler- 

$- 

i 

i 
i 

i 
1 

6 e 
I 

r 

c 
i 
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Holdup System. In the charcoal-fi 
times the minimum atnount of charcoal required t o  effect a two-day holdup 

ipe there w i l l  be over 100 
\.-.\ 

of krypton. 
i n  the reactor system or  travel time in the off-gas system. 

In the calculations, no credit i s  taken f o r  residence time 

or (nighttime) of 0.4 w a s  
used i n  the disaster calculation rather than the more likely value of 0.35. 
The hot cloud and the stack plume r ises  were limited in  some instances, 
even though greater heights would have effected greater dispersions. 
the nighttinre stable conditions w i l l  not last much longer than 16 hr, the 
unrealistic assumption of' continuous nighttime conditions was not used f o r  
continuous exposures or f o r  disaster-cloud travel times of greater than 
about 16 hr. Low average wind ci ty  values were used fo r  t he  hot cloud, 
even though equally Justifiable e r  values would have effected greater 
dispersions. Also, for  each calculation tb3 gives the maximum dose at any 
location, it is  assumed that the wind always blows in that direction with a 
constast optimum value. 

ALthough 

of 
at required t o  mporize a l l  the f u e l b e -  
the first component which comes off (as 

the heat required t o  vaporize 
a l l  the fuel. .For deter activity in  the cloud, an upper l i m i t  
is used, since all the f 
t i m e  t o  be vaporized. 
activity maybe removed continuously. 

never be in  the right place at the r igh t  
Also, operation of the ARE indicated that sone 

Radiation Tolerances 
I .  

The maximum t o t a l  dose which the civilian population should be permit- 
ted t o  receive in  any accident is  25 rem. 
t o  contaminated atmosphere which w i l l  give a dose of 25 remby inhalation 
is therefore of considerable interest. 
exposure of 10 curie~sec/m3 has been given by Marley3 fo r  t o t a l  f ission 
products. 
that is  considerably lower than that for  the average excited mag, which is 
around 30 liters/min. In applying Marley's tolerance t o  a given condition 
the to t a l  radiation is assumed t o  decay accordihg t o  t - O o 2  as the radio- 

The max im permissible exposure 

A value f o r  the maxinrum permissthle 

However, Marley used a breathing rate  of the order of 6 liters/min 

active cloud moves out from' the source. 

On the othe hand, To J. Burnett of the O m  Health Physics Division 
has calculated,E on the basis of a selected group of 30 long-lived fission 
products, that the maximum permissible exposure t o  these isotopes is 
1.44 curie-sec/d aSter 39 days5 of .reactor operation. The 30 isotopes 

I 

3.  We G. Wley ,  Health Physics Considerations i n  a Reactor Accident, 
R/SAF/wI[/3 (no date) 

4. Appendix G, "Exposure Hazard Calculations," th i s  report. 

5. Thirty-nine days is used here (rather than 41, which would be a closer 
approximation t o  the anticipated 1000 hr of operation time) because 
some calculations were already available with th i s  time asd the dif- 
ference is smaU. 
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selected define to l e race  for 
1000 hr of operation, these 30 isotopes represent about 890s the to t a l  
activity present at 1 sec!, i f  t-0-2 is  ass-amed for all the aktivity. 

k 

Since these are long-liv& isotopes, no &cay correction i s  applied. 
(It is further shown in  Appendix G that this  group of 30 isotopes m y  
be reduced t o  a gronp of six isotopes which coritr5bute over 95o/lof the 
dose t o  the bone.) 

A s  was noted previously the off-gas system is designed to routinely 
discha3. e less than OaOOl a r l e / s e c  of fi88 t o  the stack. 
for Krd-Rb88 has beerz caJxulated6 t o  ke 6.3 x 10-8 cuPies/rd for contin- 
uous exposzire. This calculation permitted a dose rate of 0.3 arem/& for  
the 1000 hr of contemplated reactor operatio& 

The tolerance 

Discharge of Activity up the Stack 

The ART stack is  '58 f t  high a d  10 f t  in diameter. Its dimensions 
were largely defined by the a f r  flow f romthe  process systems since i B  was 

loy th i s  air ia or 
deai- capacfty of 

t o  effect greater dispersion of the 
ers  is 3 x 105 cfm of air at 

mi$; mlwne of air wben heated i n  the hot-air radi- ent temperature. 
ators t o  73O?F expands t o  6.7 x 105 efm, asld therefore, during power opera- 
tion, this  l a t t e r  qmatt-ity of air is discharged up the stack. 

si0 dered for 
of air f-Cow: air ,  (2) 3 x 105 c f m  

With the two-day holdtap provided i n  the of ambient air9 a d  (3) BO air flow. 

8. Fe W. fiomas, WA, Wllson 
Stem Plant (1952) 9 unpublished nanuscript e 

Ala.B Plane Observations, Watts Bar F 
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i n  estimating the plume rise expected from a 10-ft-dia stack, 78 f t  high. 
Figure 6-1 shows estimated plume r ises  versus wind speed for  both 
64'  x ,105 cfh air at  750°F and 3 x lo5 cfm of air at  ambient temperature. 

2 

P 

cul'ated plume rise values w e r e  used, together with appropriate 
data derived from the observations reported by Myers and 

Holland,g t o  compute the m a x i m u m  ground concentrations and the distance 
from the stack of the maximum ground concentration under a wide range of 
wind speeds. 
but the plume rise was limited t o  about 6-00 meters at  night, which corre- 
sponds t o  the upper L imi t  of observed rises from the large W A  steam plant 
stacks during stable conditions. The calculated rises below the 600-meter 
level  were used fo r  the nighttime rise. This treatment 'of the stable ,case 
ruinhi.zes.the safety factor of the light-wind &able case which might be 
the most doul%ul. 
are those which occur with winds under 10 mps and are representative of 99.s 
of the hours of wind observed a t  the site. 

The f u l l  plume r i se  was  used i n  the unstable or day-time case, 

me important dispersion conditions which are considered 

The parameters used for  these 

dY e 
,.with and without the decay correction. The 

decay'correction given here i s  that  determined by the decay rate for equi- 
oducts; t-0.2, 

section on "Ra 
s exposure i s  6,3 x 10-8 curie/m3. 

on Tolerances") the concentra- 
Fuktherrnore, 

for  a reactor operating at  60 Mw the equilibrium discharge rate  of ICr88 
af te r  a two-day holdup i n  the off-gas system is  O;OOO9 curielsec (section on 
"Off-Gas System"). 
occurs during the day at  0,37 mile from the source when the wind speed is 
10 meters per second (1 mps = 2.24 miles per hour). This concentration 
(6-08 x 10-9 curie/m3 per 0:OOl curie/sec emitted) is a factor of 10 below 
the toleranee for  continuous exposure. Furthermore, it should be noted that 
the wind will not blow i n  the same direction and with the same high (10 mps) 
velocity for  1000 continuous hours of daytime conditions, and, i n  addition,. 
the actual off-gas holdup system w i l l  have over LOO times the amount of char- 
c d a l  required t o  effect  the two-day holdup which w a s  use$ i n  the above tal- 
culations a 

The maximwn concentration (with no decay correction) 

stack w i l l  be less 
and the air temperature will be less than 'j'f30'F. For the limiting case with 
no power being removed. from the system, there will be 3 x 105 cfm of aubient 
temperature air flow up the stack. A by-pass air duct will be provided 
around the radiators so that  the air may be sent up the stack without cool- 
ing the reactor, 
the lower stack rises which are given by the lower curve i n  Fig. 6.1. These 
plume rise&, together with the meteorological data derived from QRO-99, were 

The lower temperature and smaller air flow w i l l  produce 
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Aspendix F 

EFFECTS OF A :NUCLEAR ACCIDENT ON REACTOR STRUCTIEU 

The detailed design of the reactor and related equipment has been 

Thus the system is  one i n  which no 
The type of failure t o  

I n  either caseJ the failure would develop slowly 

predicated upon the use of a stress level approximately one-fifth of 
the stress for rupture :in loo0 hr. 
burst-type of rupture WSLU. be l ikely t o  occur. 
be expected would be the r e s d t  of either a fatigue crack or  a leak 
caused by corrosion. 
so that  there would be wple indication of the character of the trouble 
before anything ser ious developed, It shouldbe noted, however, that 
while this philosophy has been applied.to the types of accident and haz- 
ards t o  be expected, no advantage of th i s  design basis has been taken 
En, consideration of extreme accidents. Such accidents could take place 
only i f  a burst-type of rupture occurred, and such ruptures have been pre- 
sumed, even though no reasonable mechanism for causing them has been en- 
visioned, 

In addition, two major tenets of the design philosopby have been that 
the pressures throughout the systems should be kept low, particularly i n  

and that a l l  structure should be cooled t o  a temperature 
equal t o  or below that of the secondary coolant leaving the 

heat exchanger. Great care was exercised i n  establishing the proportions 
of the designs presented i n  Tables F.1 and F-2 -to sat isfy these conditions, 
The stress values calculated f u r  the various stations in a typical  design 
are indicated i n  Fig, 2.10 The stresses i n  the structural parts have bean 
kept t o  a minimum and the abi l i ty  of the structure t o  withstand these 
stressee has been made as great as practicable. 
iridicatetd since they wiW be indeterminate, and it is f e l t  that they will$ 
t o  a large degree, anneal out at  operating temperatures. 

If a very severe pressure surge is assumed t o  occur 
ccident, it; is possible t o  envision fairly 
would lead 40 a failure i n  the reactor st 

l e  F , 3  presents strength da;ta for Inconel, the s t r u c t u r a l  

Thermal stresses are not 

such analysis is thestrength of the material of the 

being considered, Note that  t 
are much higher $ban the 1000-hr s 

percent elongation i 
place before rupt  

s tant ia l  stress concentration 
stantial, but  the volumetric change i n  the pressure sheU.wi3.l be 
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TAl3TX Fel. Kl3Y DIMEXSIOMBL DATA FOR TRE ART PW-HEAT MCWGER- 
PrnSURE SHXLL ASSEMBLY 

Core - 
Core diameter ( ino) 
Island outer diameter ( ino) 
Core in le t  outer diameter (in.)  
Core irdet inner diameter (in.) 
Core i (in.2) 

Fuel velum in 
Fuel volume in 

Fuel System 
(ft3) (30 in. length) 

Ekpansion tank height (in.) 
Fuel Pumps 

ine t o  centerline spacing 
c h e e r  w i c l t h  (in.) 

Volute chardber length (in.) 
Volute c h e e r  height (in. ) 

eUer speed (rpm)  
Estimated impeller weight (lb) 
Critic@ speed (rpm) 

Speed (rpm) 

Impeller in le t  diameter {in.) 
Inrpeller discharge height (in.) 

Sodium Pump S 

' Impeller diameter (in.) 

Sodium inberyllium passages (ft3) 
Sodium in  pressure shell  (ft3) 
Sodium i n  prmp and heat exchanger ( f t  ) 
Sodium in return from moderator (ft2) 
T o t a l  sodium volume (ft3) 

3 

Main Heat Exchanger 
Volume ( f t3)  
&&er of tube bundles 
R d e r  of txibes per bundle (U. x 12) 
T o t a l  nuniber of tubes 
Latitude of header centerline (deg) 

Sodium-to-NaK Heat Exchangers 
Nttniber of tube bundles 
Number of tubes per bundle 

Volume of beryllium plus fuel ( f t  ) 
volume of beryllium only (ft3) 
Cooling passage diameter (in.) 
E W e r  of passages in island 
N d e r  of passages in  reflector 

3 Moderator Regions 

21 
10075 
11 
7 

!% -5 

2-96 
0.25 
2.23 

5.64 

14 
6 

0.2 

0.45 

20 
12 
32 

2850 

6000 

1.1 

u. 

O.U.  
0 -18 
0.55 
0.10 
0 *20 
.1 e 18 

2 
300 

27.2 
24 -0 

46 
232 

0 187 

e 
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I 
J 

I2 m.s. 



Temperature, O F  1200 1500 

Ultimate tensile strength, psi  

23-00 

The p r i n c i p d  element i n  the reaceor s t ruc tu re  i s  the main pressure 
shell. 
52.5 i n ,  
sure  shell w i l l  be 120OOF. The stress i n  t h i s  shell for a n  i n t e r n a l  pres- 
sure  P is  given by 

It i s  a sphericdl  ves se l1  in ,  t h i ck  with an i n t e r n a l  diameter of 
During nomd.  operating conditions the temperature of t h e  pres-  

s = - =  Pr W = 12,9 P . 2t 2 

The stress, S j  and pressureb P, are i 
tbickness,  t, are i n  inches, 
Tab le  F63 it i s  evident, Chat %he m a n  pressure shell would begin t o  yield 
at  a pressure of about 1000 p s i  a t  stress concentratians such as those 
which will be present  i n  the ligament between the beat exchanger inlet and 

3 3  would be expected that progressive local. yielding 
place i n  these regions u n t i l  f a i l u r e  occurred; some 
uld occur i n  the process, 

sI r:, and tbe shell 
I n  re-exaaining the  stress expression and 

ader pipes. 

Anomer major weak area 
would be the f la t  struc:tural  region a t  the top  of the shell where the p u p s  
and expansion tanks ase t o  be located,  While f i n a l  detailed designs axe 

P 

! 

t 

t 
k 

, 

I 

i 
I 

i 



b 
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The shear stress i n  th i s  region would then be 
. >  

d 
Pr  'P P T d2 
2 t  A = T T  s = - =  - 

Td t 

k 

This  would give a tensile strength of 14,100 psi, which re 
average stress i n  the ligaanents. 
holes wouldbe approximately twice as great so that  yielding would begin 
there, 
ment, and further plastic deformation would follow u n t i l  a tear  wouldbegin 

! The peak value around the edge of the 

The stress would then distribute itself uniformly across the liga- 

take place6 

outer core shell  are of particular 
cause expansion of that core shel l  would increase the f u e l  volume i n  the 
reactor and as a consequence give an increase i n  reactivity, 
shell  were not supported by the moderator, the stress i n  the shel l  would 
be given by 

If the core 

Rote that a factor of 1,6 instead of 2 was used i n  the denominator because 
the radius of curvature of the core shell at the equator i n  the vertical  
plane i s  greater than it is i n  the horizontal plane. This core shell is  
actually supportedby flattened Inconel wires inserted between the core 
shell  and the beryUum reflector and spaced i n  rows on l o i n *  centers, 
These s t r ips  are used primarily t o  maintain the spacing between the reflec- 
tor  and the shell  and hence t o  ensure the proper coolant flow passage open- 
ing, It i s  interesting t o  determine the radius  of curvature of the shell  
when deflected between the supports by a pressure that would give the same 
stress i n  the core shell  as would prevail i n  the main pressure shell. If 
a simplified cylindrical geometry is  assumed, the relation for  that case 
is 

.- 

from which a radius of 1-6 i n ,  i s  obtained, Thus the core shel l  wo 
deflect t o  the point where it would have a radius  of curvature of 1.6 i n ,  
between supports, The effect on the core volume of this distortion coupled 
with that of the inner core shell  would be relatively s m a l l ,  and would give 

The stresses in the 

core shell  because i t s  diaaeter would be roughly one-half that of the outer 
core shea ,  

I rease of about l$ for a 1000-psi pressure. 
,t 2 3  would be similar to ,  but lower than, those i n  the outer 
.I 

3 
P 
i- 



The possibility of buc tubes i n  ma 
heat exchanger has also been considered. The stress i n  the tube w a l l s  
from an external pressure is 

13e: 4P. 

i n  the main pressure 
changer tubes would col- 

would begin t o  
e force acting on the pump 

2 ing screws is  over 2 in. 
i n  the system restraining the pump 

body from blow-out and since it is i n  a Fold region where the t e n s i l e  
strength of the material i s  of the order of 90,000 psi, it is clear that 
th i s  does not represent a weak point i n  the system. While the t h rus t  bear- 
ing a t  the top of the pump impeller shaft might fa i l  and allow the impeller 
shaft assembly t o  move upward several inches, the purqp impeller i t s e l f  
would keep the shaft from moving on out through .the pump body. 
failure took place there would be free communication fro& the reactor core 
through the pump impeller bore i 

from the standpoint of aletermining the pressure a t  various stages during a 
nuclear accident, 

If this 

f u e l  expansion tank, 

The volumetric stiffness of the main pressure shell  is of interest  

The change i n  volume, ATt i n  cubic feet, is given as 

noted that the pressure shell i n  some respects would be s t i f f e r  than it is 
assumed to be here because of the presence of the l i ne r  i n  the heat ex- 
changer region and a t  the south end. On the other hand, the system would 



‘\, 

7126- 

be less  stiff because of the presence of f lat  regions i n  the pun@ and 
e egion. It seems l ikely that  a rough approximation t o  
the stiffness of the system has been given, - Des$ructiveness of Presswe Shell r”ragments 

occur at1000 psi  i s  of interest, 
The velocity of the f l u i d  escaping through a crack if rupture should 

This can be computed as follows: 
1- . 

s t  

f lu id  
$3 ’ 

(in lb/ft3). 
S 

r 
out of the pressure shell  i n  the event of a hydrostatic rupture. 
interesting t o  estimate the maximum kinetic energy that could exist i n  an 
escaping fragment for this case. 
i n  the rupture process should equal double the area under the PV diagram 
f o r  the pressure at rupture and the volumetric increase inside the pressure 
s h e a  up t o  the rup tu re  pressure, 
be multiplied by a factor of two t o  a l l o w  for the elast ic  overshoot o r  re- 
bound of the shell accompanying the pressure relief: 

This velocity of 2l.5 fps  is  certainly a reasonable one and 
It is  also important because it t give any particular trouble. 

s the m a x 3 . m ~  possible velocity of a fragment that might be broken 
It is  

The work or  energy put i n t o  the fragment 

This triangular PV diagram area should 

K. E. = 10,900 = 

Thus it appears that the most destructive fragment from a pressure shell 
failure a t  1000-psi pressure would be a &Flb  fragment that would leave the 
reactor a t  a velocity of 23.5 fps with a kinetic energy of about 11,000 ft-lb. 
If this fragment were of 1-in.-thick Inconel, i t s  area would be 260 in.*. 
If it were t o  strike the lead s’aield and all of its momentum were imparted 
t o  a lead fragment of the sane mea having a thickness of 7 in., the result- 
ing velocity of the lead fragment could not exceed 20 f p s  i f  no alLowance 
were made for  the energy absorbed i n  rupturing the lead. 

I n  re-examining the above analysis it appears that  a nurdbe 
of failure might be encountered, If no special provision were made t o  re- 
lieve the pressure it seems likely that the north head would deflect plas- 
tically t o  the point where the putup impellers would seize in the i r  casings. 
Thus whether the increase i n  volume associated with this deflection would 
be sufficient t o  relieve the pressure associated with the nuclear reaction 

end upon the particular accident. 
upture would occur. 

Certainly, if  carried far 
I f  rupture did occur it seems unlikely that  

a 

B 

t 

k 

? 
h 
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a large fragment. or, for 
of the w a l l  of the main pressure shell, Bather ikseems l ikely that the 
w a l l  would sp l i t  and open up t o  relieve the excessive pressure. 
most likely that th i s  spl i t t ing would occur i n  the ligaments between the 
heat exchanger outlet tubes a t  the south end 
about a 3/k-in, stretch 3.n these ligaments wo cur prior t o  
failure , 
Pressme Relief 1 

be blown out 

It seems 

In that event 

t pressure sign to  re l ie  
umber of ways. urge from a nuclear accident It would be possible, 

for example, t o  put a poppet valve i n  the fuel region just ahead of the 
fuel pump i n l e t  so that it would open and vent t o  the expansion tank, The 
u t i l i t y  of such a move i s  doubtful because the volume available i n  the ex- 
pansian tank is probably not quite adeqKate t o  take care of an extreme nu- 
clear accident. While an overflow w i l l  be connect 
expansion tank t o  the emergency fuel dump tank, an 
heated a t  all times, its diameter would have t o  be 
were t o  be effective i n  relieving a press 
A second provision fo r  pressure relief could take %he form of a fraagible 
diaphragm, 
reactor it would be i n  a high-pressure region and would be subjected t o  a 
pressure of approximately 70 psi  under n o m a  operating conditions, Thus 
it would have t o  be designed t o  rupture  at a pressure of at  least 4-00 psi 

If this frangible diaphragm were placed a t  the bottom of the 

the ultimate tensile strength 
Thus , if  a ely 4 a t  1200OF. 

of the disk, under normal operating conditions the 
n t  w o u l d  have t o  be roughly 16 times as great t o  produce 

failure, or  about 1000 prsio 
at, or elose to, the f u e l  pump inlet  where the pressure would nomally be, 
perhaps,5 psi, it could be designed t o  rupture at a pressure of 60 ps i  and 
still  have a factor of safety of 12, stress-wise, for  normal operating con- 
dit ions.  Yet another device tbat might be used wouldbe t o  employ a weak 

If, on the other hand, the diqphragm were placed 

or the bottorn of the pressure sEZell, 
shell i s  particularly attractive from this standpoint because a drain l i n e  

The side or bottom of the pressure 
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" .- 
fromthe b l i s te r  t o  the fue l  dump tank could be easi ly  installed. 
course, a large diameter'pipe could be extended direct ly  out through the 

O f  

ver, since a pipe of at leas t  4 or  5 in ,  i n  diameter would 
s would constitute a serious gap i n  the shield which would 

s ion  relieved by boiling at the peak of the power curve i s  of interest, 
A t  first glance, it appears that  such an accident might lead t o  the ejec- 
tion of pressure shel l  fragments that could pierce the w a l l  of the inner 
tank. 
of Fig, E, l 'and the data i n  Tables E.2 t o  E.6, two points are evident. 

In re-examining the stress analysis results, together with the curves 
The 

shel l  w i l l  probably rupture local ly  under an i n t e r n a l  
eeri'1000 and 2000 ps i  and w i ~  certainly rupture generally E 

t at a pressure noftci exceed 4000 psi. 
opening having a diameter of say 4 i n ,  appears, the rate of ejection WilL 

The second point i s  that  if  a small F 
gh t o  keep the f lu id  pressure from r is ing so much that  
would tear open further or a second f a i l u r e  would occur . 

d not be possible for all of the energy to  be concen- 

fact ,  from Bernoulli's equation, the limiting velocity for  the f l u i d  column 
gle's& fragment travelling at  a very high velocity. I n  

_. 
and velocity, While an ogival shape is the most pene- 

enetrating power than  any i r regulw shape l ikely t o  be 
a fragment of such a shape seems quite out of the question, 

eJected from the pressure shell. 
of wrought iron plate by cast iron cannon b a s  appears t o  be roughly appli- 

A 

!€!be old Krupp formula for  the penetration 
, 

where V i s  i n  f p s  and t*and d 
required t o  penetrate 1/2-ine plate i s  then 

velocity of Eb 6-il.1. sphere 

e problem from a different oint  
ructure carefuUy, it appears most l ikely that a circular 

section 36,4 in. i n  diameter would be sheared out through the heat ex- 
changer out le t  belt. 
assuming that  there was no Loss in reactivity u n t i l  boiling began t o  expel 

By using the numerical method outlined ear l ier  and by 

f u e l  from the core and that all of the pressure relief w a s  obtained by 
shearing out the bottom of the pressure shellg the results for  a very severe A 

,t r surge caused by increasing keff at a rate of 4% per second 
ea, as shown i n  Fig. E a l e  The fragment would be accelerated 

ad passed neazly through the lead region, It w a s  assumed i n  the a 
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ted the lead 

o the space between the lead 
for  the anergy absorbed in 

might tilt during the process 

ccurred. Na allaw- 

velocity of the Inconel and lead. frag- 
i s  only about 40 as. at the end of the e While the failure 

of failure, tws would probably result i n  opening a f lap i n  the pressure 
shell  without tearing %he f lap loose from %he shell  and edectfng it as a 
projectile, 
i n  f l igh t  so that it mu3.d strike the tank bottom edgewise, 
required for such a prodectile t o  pierce the tank w a s l  can be estimated 
from the relation for the energy required t o  punch holes i n  plate, be , ,  

The worst case would oceur i f  the f lap were edected and t i l t e d  
The velocity 

If the Inconel disk is k i n ,  thick, its weight, W, w i u  be about 
and the periphery, B, of the hole it wijl punch w i l l  be about 76 in,  
ultimate tensile strength, s, of the s teel  plate shotiLd be about 60,om psi, 
The velocity, V, requiredto pierce the tank w a l l  having a tWckness t = 
0.5 i n e  would then be 

The 

0.5 x 76 x 60,000 x 32.2 
v =\1-=\3 12 :*3fjO 

This velocity is comparable t 
the Erupp formula, 
gama shield wouldbe laTge, it wouldbe so f t  so that most of its energy 
upon impact would  go i n t o  deforming i tself  rather than  into piercing the 

380 fps found for the 6-in, sphere from 
While the mass of the leadgiece sheared out  of the 

numerical analyses dis- 
clear accident of the 

Fig, E.2 i : F  the i n i t i a l  ra te  of increase i n  hff did not ex- 
did not result  i n  
the pressure shell 

cause leaks. While 
could be used t o  relieve such accidents so that 

ure overshoot that further operation of the 
would not be damaged, any such incident T o d d  

seems t o  be l i t t l e  point 
ight frangible diaphragm, 
e probability of acci- 
reater likelihood of 

troubles that it might give i n  the course of routine operation. For t h i s  
reason the analysis i a  this report and the curves i n  Figs. 33.2, and E.2 
have been prepared by presuming t h a t  up t o  pressures of 1000 ps i  the only 
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avenue of escape of f u e l  fromthe core circuit  is through the clearances 
between the pump impellers and the i r  casings and Wrough the centrifuge 

e holes i n t o  the fuel  expansion tank, It shwld also be noted 
as6 i n  Fig.-E,'2 that  appears, on this basis, t o  leave the 
d i s  that for an i n i t i a l  ra te  of increase i n  hff o f  1% 
f o r  which the volume of f u e l  expelled i s  abouk equal t o  

the free space uorrna3ly available i n  the expansion tank, 
t o  give pressures above 1000 psi, it w a s  deemed best t o  incorporated a 

For cases tending 

oove i n  the bottom of the pressure shell  so that the pressure 

of m e  t o  the system would result, 
evedby failure i n  that  region, The fuel would be eJected 
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Appendix G 

EXPOSURE CALCULATIOMS~ 

Criteria 

exposure of not more than 25 rem t o  any internaJ. organs (bone, thyroid, 
lungs, G. I. t ract ,  kidneys) over %he lifetime of the people exposed. 
the general population fa being considered, tQe lifetime is taken t o  be 
70 years. 
nant, those especiaUy radiosensitive, those with large previous qposure 
records, and those occupationally exposed, 
organ, then 

ions e h  ed on a total internal  

Since 

The group of people t o  be protected includes children, the preg- 

If D is the exposure -to the 

t=7o y 
D d t  

t=O 

where t i m e ,  t, begins with the intake of the isotope mixture. 
may be either by inhalation or  by ingestion. 

The intake 

Basic Formulas 
I 

gan is the sum of the 
material a3 Da2 the eqosure rate from material b, ho etc. Thereforet 

D = C Di (rem/day) 
I 

resulting from its eontent of 
at  time t then i s  

4 .64 x 10 (seclday) 

(g) x LOO (erg/g*radl 

i 

t 
t 
B 
b 

i. 
t 



at time, t, where 

Qi = amount of isotope i i n  organ be), 
m = mass of organ containing Qi (g), 

zE(RBE)M = energy, E, dissipated in organ of mass m frpm each 
1 6Asintegration of isotope i, weighted for  biologic83 

effectiveness, RBE, and nonuniformity of distribution, PS, 

BBE = 1 for )', Po, 

1 I. 

i = 5 for a, p-, @+,,e', and atom recoils in bone 
= 1 f o r  a l l  body organs except bone), 

t ,  

xi = elimPaation rate constant for isotope i from the bQdy organ 
. = O,693/Ti, where 

Ti = effective half life of isotope i from body organ 

, where % is the biological half life and Tr is - %Tr 
-- Tb + Tr 
- 
the radioactive haLf life. 

(In the expression of the exposure rate the unit "rad" is the dose from 
deposition of 100 ergs per gram of tissue), 

The total exposure to the body organ from isotope i over any period 
t following a single intake'is 

. -  

where D: is the initial dose rate from isotope i over a period of 70 yews 
(= 25,528 days); thus 

e 
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The-total exposure t o  the body organ from a mixture of isotopes is then 
5 D: , in which the amounts of the components i which reach the organ 

following in take  are considered. For a nixture, the values of Q i  w i l l .  
depend on the composition of the mixture and the uptake of coaponents to 

f 1/02 interest i s  con- 

*e compoq- 
sidered, The total. dose of ea& component of this mixture is  ealcula%ed 
by using its fraction of the t o t a l  of the mixture consi 
ent doses are then summed for  the organs affected. Bas 
these to t a l  doses, the number of microcuries of the mixture which can be 
inhaled t o  give a t o t a l  dose t o  any organ of 25 rem i n  70 years is calcu- 

the sum of 

s number of mLcrocuries is tbe t o t a l  pemdssible inWat ion  

s)  field t o t a l  integrated dose vaLues i n  curie-seconds per cubic 
meter as the integral of concentration with time 

TU) = r x (c/m3) at (see) = curies*sec/m3 
J 

The TID times the breathing ra%e i n  &/see gives the inhalation intake i n  
curies 

3 The maximwn pemLssibLe t o t a l  integrated dose i n  curies-sec/m is 

Wh ng rates may be - 
ate t o  the conditions of res tg  exercise, excite- 



If a unit  inhalation intake of 1 ,uc is  considered, 

The c r i t i ca l  organ i s  that  organ of the body which receives the isotope 
that results i n  the greatest t o  the body, In'most cases it is  that organ 
which receives the greatest damage. However, some organs are l ess  essen- 
t ia l  to the well-being of the ent i re  body, Usua3l.y the c r i t i ca l  organ is 
that wbich receives the greatest concentration, but  there 5s considerable 

The c r i t i ca l  organ depends also on the mode of ensit ivity,  
change with time after intake.  

Calculational Procedure 

a given mixture of 
gans,aP'fected, A tabulation of si, fa%,. and 

5 E(RBE)N values i s  then made and the corresponding values of. DZ axe cal- 
cula6ed by us ing  the m of the organ. These can be summed t o  give the i n i -  
tial dose rates  t o  the organ. 

I 

The values of Di we then tabulated, together with those for  T i ,  By 
fo r  various times, t, following combining these w i t h  values of (1- 

intake, the t o t a l  doses D: are found. The values of Di are then summed, 
arid the t o t a l s  are used t o  calculate ~ ~ 1 ~ 5 1 7 ~  . 

t 

se 

Values of $i w i l l  vary with the mixture of isotopes considered, which 
i n  t u r n  depends on the t i m e  of reactor operation, 
t o  the choice of isotopes for  the mixture t o  be considered. 

This is also sensitive 

The components of the selected mixture were chosen because of their 
known hazard and for  half l ives  generally i n  the range of 20 hr t o  20 years. 
Shorter-lived isotopes would have Di values s m a U  enoygh t o  ignore, and 
longer-lived isotopes would have s m a l l ,  $i values for  the operational times 
of interest  with high-power-density reactors where the reactor is operated with 
8 max. irradiation time of the order of 1000 hr,, Buildup of longer 
l ived materials i s  small for these times. Parent-daughter relations also 
influenced the choice of some isotopes and their  inclusion. Since the 
composition of the mixtur&'chosen w i l l  vary w i t h  time following a reactor 
incident because of the differing decay rates of its components, there would 
be corresponding different ~ ~ 1 ~ 5 1 7 ~  values at  different points sufficiently 

far downwind for  the airborne t r a n s i t  time t o  introduce these decay differ- 
ences. As .a first approximation the decay differences can be ignored, since 
the miXi;ure chosen undergoes small decay for  the relatively short times of 
interest  for  most reactor accidents for  which the radius of hazard i s  s m a l l .  

se 
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25/'f0 based on i n i t i a l  concentration 

'ved mater- 
ay may be cowens si values and, since the longer 

net effF:ct couldbe smaJler MPIse *5 7 7' vaues i d s  are wre 
1 at more a'tai i t 'points  wlwe &cay e significant, 

!Fhe E(RBE)I? vaLues used are either those given by the International J 

d 

.I. 

Cormnittee on Radiologid ProtectLon (ICRF) or are those caLeulated as pre- 
scribed i n  the ICRP Iakernal. D6se SubccmiinAttee Report. af December 7, 1953 
(K. 2. Morgan, chairman). The prescr2bed formula is  

-... 

= fraction of &be 

for tissue for photons of energy E 

J, Mod, Phys, Apr, 1953$ whichw%s d s o  used as the chief' source of d e c q  
schemes and energies) 

i "- 

1 

t 

c 

i 

L 
t 
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For the purpose of these ca,lculations a W u r e  of about t h i r ty  
pes was considered, The relative composi6ions were based 

of” 39 days (N 940 hr), and decay from the time of 
inhalation w a s  ignored. The curies present at re- 

alculated t o  be 

0 
ci = curies of isotope i a t  time o (release time), 

of isotope i from fission 

ion factor for isotope i, taking i n t o  account 

4 x 101‘ (dis/sec/m) 
3.7 x lolo (dis/sec/curie) 

The value 3.36 x 1Ol6 dis/sec/Mw was obtened by using 186 Mev/fission 

90.8 x 10 = 

as given by Wigner i n  0~~~-1638, ,  Project Hope (p. 16). 
Wigner i s  i n  agreement with the Bulk Shielding Facil i ty value of 190 + 
5 Mev/fission determined by J. L. Meem and reported i n  ORNLL3,537. 

The value given by 

Thus,, 
- 

107 (ergs/sec/watt) x 106 (watts/-) 
1.6 x. 

= 3.36 x 1016 fission/sec/Mw. 
(erg/Mev) x 186 (Mev/fission) 

The use of the more tm,di;ional 3.1 x l0l6 value would only introduce a 
scale factor and not a l te r  the relative & values. 

ANL-OCS-383 (Letter Glendenen and Steinberg t o  R. W, Stoughton, Wc, U, 1953) 
with interpolated values chosen t o  give C yi = 200457. 

’ The y-i values used are taken from Glendenen e t  ale, PR 84, 4, 860, and 

i 

The results of the calculations are presented i n  Tables G e l  through 
G.4. Table G,1 gives the f i s s ion  yields used; Table G.2 presents the 
selected isotope mixture; Table G.3 lists the i n i t i a l  dose rates; and 
Table G04 gives the t o t a l  doses i n  70 years. 

From Table G.4 it i s  seen that: 

1. 

25/70 - -= 717 pc (4.7 x 2- The &PI se 

The exposwe t o  the bone is controlling. 

curies), - 53-1 
I 

3. For this mixture (39 days), the maximum permissible t o t a l  
integrated dose = .loa curieosec/m3, 



79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 

108 
log 

TABU G o l o  FISSION YIELDS 

0.03 
0.07 
0.12 
0022 
0,468 
0,872 

1.67 
2.76 
3 078 
6.10 
6,24 
4.45 7 
6 .87 
6-85 
6 0 7 7  
6.75 
6.56 
6.24 
5.90 
6.80 

0,253 

5.15 

, 5.29 
4.37 
3.35 
1.93 
1.00 
0.40 
Oe.11 
0.06 
0.02 

cha,i?l . .  . ma, 

3-25 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 
154 

0.03 
0008 
0020 
00 51 
1.00 
1 0 %  

20 97 
4.45 
6962 
7.81 
69% 
6,42 
6019 
60J-2 
6.09 
6,07 
5.90 
5.43 
6.10 
5.76 

3.40 
4020 ' 

2.45 

b 

1.85 
1.25 
0.75 
0.40 
0.12 
0006 
0002 

1010 12 
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Sr 89 
Isotope si (39 days) 

Y9-l. 

~e133 
1135 

oont ‘d) 

0 3995 

0 .OO371 

1.0 

0 358 

0.340 

oooo34M 

001066 

1.0 

1.0 

0.493 

1.0 

1,o 

0.0335= 

0 . 874 

0 .1053H 

0.9153 

1.0 

0 . 966 

L O  

1.0 

1.0 

. .  

0.994 

1.0 

0 . 0515 18,681 2 . ~ 6 8  

,0610 

,0624 

.0624 20 , 284 2984 

2.368 ,0677 

,0677 

,0677 
* -  

,0656 

,0100 9.080 

,0020 1.816 

0020 0.061 

,0020 1.587 

.0100 0,956 

,0100 8*m 

-0297 26 . 968 

2097 26*051 
J 

,0445 40,406 

, 0445 40.406 

,0662 60.110 

,0662 59 749 

,0656 59.565 

0.024 

0.743 

6,749 

6,070 

1,699 

1.029 

0 . 206 

0,007 

0 -180 

0,108 

0 . 942 

3.056 

2.952 

4 579 
i 

4,579 

6.811. 

c 

- 

7 

L 
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Table G.2. (cont*d) 

0 3” 

1.0 

0 , 00224 

0,8785 

0,558 

1.0 

0.W 

0.0915 

0 . 914 
0 rn 0,178 

1.0 

0.001014 

Y i  - 
0.0656 

.0656 

,061g 

.0607 

,0590 

,0610 

.06I.o 

00576 

.024$ 

,0245 

00125 

0 rn 0040 

0.126 0.014 

48,419 5-4865 , 

29,893 3.3873 

6 , 276 55 ..is8 

47.689 ,50404 

0,395 0.045 

11.350 1.286 

0 -004 0 - - 
882 rn 510 99.998 

It is recognized that more figures are given than are significant; 
this was done f o r  convenience onl$. 

3t 
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Isotope 
i. . z - 

Bone . - 
P 

I 

Sr9l.Y9b 6.420 
4 

Y9l 
? 

2.29% 

0.22 2,8 

0 *.e2 5 .1 

0 0 2 2  3 309 

0.14 2.8 

0 . 058 0-77 

O 0 l 2 J  0 012 0.33 

0.058 6 .io 
2 104 0.69 

0.00265 3.20 

0.2 4.3 

0.1 0.792 

0.1 1.888 

0.063 1.6 

a 

4.503 

8,202 

2.866 

0.326 

0 . 289 

2.586 

0.001 
i 

0 . 062 

6 . 287 
4 

0.579 

0.844 

0.224 

103.97 
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Table G.3 (contra) 

Thyroid 

E x t e r n a l  

39 
Bi50 - 

1.694 

1 029 

0.007 

0.180 

0,108 

0.942 

3.056 

4 579 

2.952 

4.579 

6 . 8 ~  

6,749 

0 . 014 

2.025 

6.749 

6,770 

fai 
7 

0.01 

0*02 

0.02 

0.02 

0.02 

0.02 

0.02 

0002 

0.15 

0 -15 

0~15 

0.36 

CE(RBE)N 
i 

D 3 3 9  a 179-5 fai 
X Z  E(EISE)N 

0.184 

0133 

0.28 

0.89 

0,755 

0 o u . 2  

0.22 

0.957 

0457 

0 , 314 

1.125 

0 955 

3.935 

2.575 

0 . 382 
2527.5 fa i  

x C E(RBE)B 
i 

84 9 398 

328.767 
185.291 

155 752 

1.71 fai 
x GE@BE)N 

i 

0 351 



Isotope 

zp95 
m95m 

m95 

d 4 9  
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TABU G.4. TOTAL DOSES 

52 75 00 0.09532 1.0 7.149 

.001gu 0.9986 7.435 

0.404 0.583 3417 1.0 0 0199 

51 73.6 .06587 4.848 

2700 3895 

e 
a 
1 

48 69.2 00077 

21 30.3 . 0022 

0.706 1.018 01745 

0 533 

0.067 

0.178 

1 

b 
2.8 4.04 . 00006 0.. 0002 

2.182 3.147 .00013 

1 2  17 32 344936 

31 04 44.8 .0196 

1 372 1.98 . 0866 

u 15 087 -0398 

180 259.7 0024973 

8.54 12.32 ,0194 

9005 130 5 .0001 

0,0004 

5 974 

0 . 878 

0.171 

0.632 

6.485 

0 239 

0.013 

z 

1 
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Table G.4 (cont'd) 

Til00693 Isotope T i  - I 

.:< , ,- 
I". 

0.102 

0.025 

0.034 

19.2 

2.164 

18075 13 
k 

14.43 0.460 

~ 6 6 5  0.131 

Te132 2.66 3084 0,067 

Thyroid 

1131 7 0'7 l 3 . 0 1  2.4914 27.65 

2,168 1132 0 *.1 .0.1& ~ 15,0542 

,133 00%5 1.226 12.6202 15.472 

0.278 0~401 10 . 5U7 

%wed on 39-day operation aad a source st rength of 882.5 x LO3 curies/?&, 

1 

b 



d 
1 .  

Isotope 

I n  mrem per pc inhaled. .1c 

c 
L 

I. 

I 
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. 
TABLE G.5, DOSE FROM SXX.$EX&CTED ISOTOPES 

si (39 a) 7w39 D. . 
&6 

$39 d Do 

18-68 0.1490 0 . 6 7 ~  50.33* 
- i6 Curies (39 a) 

x 103/Mw - i6 - 
0.2055 0 . 001639 0.01344 52-36 

21.38 0.1705 0.4885 35 -95 

48.<40 0.3861 2 A27 42.04 

31 . 80 0 *,25 37 0 ~ 4 6 9  6-58 

4 895 0 0390 0,1796 46 64 
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Le Wilson, Bui ldiq  Codes and Other Criteria, GM-127 (AEC), (no date) e --- 
ements for Use -- w i t 4  Fused G f d e  ' C i r c u i i b g  -' Fuel O ~ ~ l ~ J u n e  30, 1952. -- A. P a  Fraas, Three Reactor-HeatExchaog;er-Shield 

0. G. SuTton, Weather, Apr. 1947, p. 108 - 
0. G1 $u.t;ton, Proc. Roy. SOC. London 135A, 155 (1932) 
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t W. F. Davidson, The Dispersbn and Spreading of Gases and Dusts $'rum 
Chimneys, 

Plant (1952) unpublished m a n u s c r i p 7  

Area Relevant t o  the Disposal of 

Hyg. Foundation , -  h e r .  Trans. Bull. 72013 (1949 

ha& Ala. Plume Observation Watts Bar S t e w  

P. Be Stockdale, logic Condi National (x-10) 
5=(Awg. I, 

..--- F, W e  Thomas, TVA, W - 
- -c- 

1 
j 1951) 

AEJP Project Quarterly Pro ress Reports, ORNL 1816, 1771, 1729, 

C. E. Winters and A. M. Weinberg, A Report on the Safely Aspects of 
20, ,1950) - 

7-93 1556, 1515, + 1 39 

- the Homogeneous Reactor E k p e r i m e ~ t ~ - ~ l ~ u  
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