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HAZARDS SUMMARY REPORT ON THE JUGGERNAUT REACTOR 

by 

J. R, Folkrod, D. P. Moon, and J. K. Saluja 

I. SUMMARY 

The JUGGERNAUT (Fig. l) is a l ight-water-cooled and moderated, 
graphi te- ref lec ted , heterogeneous the rma l reac tor at Argonne National 
Laboratory . The reac tor is designed to provide experimental facilities 
for the conduct of basic r e s e a r c h in the neutron flux range up to 4 x lO^^n/ 
(cm )(sec) at an operating power level of Z50 kw. The pertinent design and 
operating cha rac t e r i s t i c s a r e summar ized in Table I. 

(EWVtBLE CEKTEit SHIELD 

BEAM HOLE SKUnER MECHANISM 

MTATIHS SHIELD 

SHIM-SAFETY DRIVE 

INTEIMAL THEKMAL COLUMN 

REACTOR CORE 

EAST THERMAL COLUMN 

BEAM HOLE 

FLOW METERS 

DUMP-STORASE TANK AND VALVE 

VERTICAL EXPERIMENTAL PORTS 

SHIELOINO BLOCKS 

CONTROL ROD DRIVE 

VESSEL 

UNIVERSAL FACILITY 

ION EXCHANGER 

HELIUM OASOMETER 

AUXILIARY PUMP 

MAIN CIRCUUTINO PUMPS 

FI6. 1 
JUGGERNAUT REACTOR 

This r epor t evaluates potential hazards posed by cer ta in hypotheti
cal major accidents during the course of reac tor operation, and the ade
quacy of the safeguards provided to ensure that the health and safety of 
personnel , within and beyond the site boundary, a re not unduly endangered. 
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The r e s u l t s i n d i c a t e t h a t in the even t of a n y c o n c e i v a b l e r e a c t i v i t y i n c r e a s e , 
a u x i l i a r y and i n h e r e n t s a f e t y f e a t u r e s p e c u l i a r to the J U G G E R N A U T wi l l 
o p e r a t e to e n s u r e a u t o m a t i c shu tdown t h r o u g h a n o n d e s t r u c t i v e BORAX- type 
p r o c e s s . 

T a b l e I 

SUMMARY O F J U G G E R N A U T DESIGN AND 
O P E R A T I N G C H A R A C T E R I S T I C S 

P o w e r l e v e l 

P r e s s u r e 

C o o l a n t - m o d e r a t o r 

C o r e ( a n n u l a r ) 

I n s ide d i a m e t e r 
O u t s i d e d i a m e t e r 
A c t i v e he igh t 
F u e l a s s e m b l i e s 

T o t a l n u m b e r 
F u e l p l a t e s p e r a s s e m b l y (max) 
P l a t e d i m e n s i o n s 
F u e l c o m p o s i t i o n 
T h i c k n e s s of " m e a t " in p l a t e 
F u e l e n r i c h m e n t 
C ladd ing ( lZ45 a lumiinum) 

C o n t r o l R o d s 

C o n f i g u r a t i o n 
N u m b e r 

Sh im 
Safe ty 
F i n e c o n t r o l 

D i m e n s i o n s 

S h i m - s a f e t y r o d s 
F i n e c o n t r o l r o d 

M a t e r i a l 

S h i m - s a f e t y r o d s 
F i n e c o n t r o l r o d 

Z50 k w ( t ) 

A t m o s p h e r i c 

H2O 

46 c m 
61 c m 
57.Z c m 

ZO 
12 
66 X 7.3 X 0.178 c m 
15.2 w / o U, 84 .8 w / o Al 
0. 102 c m 
9 3 % U^^^ 
0.038 c m 

B lade 

3 
4 
1 

48 X 17.8 X 0 .274 c m 
29.Z X 2 .54 X O.OZO c m 

Z w / o n a t u r a l b o r o n - s t e e l 
C a d m i u m 



Table I (Cont'd.) 

Control Rod Drives 

Shina-safety rods 

Rate of withdrawal (max) 
Rate of react iv i ty addition 
Total t r ave l 
Scram time 

Fine control rod 

Rate of withdrawal (max) 
Rate of react iv i ty addition 
Total t r ave l 

Reactor Vesse l (two welded sections) 

Inside d iameter 

Upper section 
Lower section 

Overal l height 
Wall th ickness 
Mater ia l 

Nuclear Data 

Neutron flux 

The rma l (max) 
The rma l (core average) 
Fas t (max) 
F a s t (core average) 

Minimum cr i t i ca l m a s s 
Maximum loading (~7% kg^) 
Fuel consumption 
Average H :̂U^^^ atom rat io 
Average H20:A1 volume rat io 
Average void coefficient of react ivi ty 
Average prompt t e m p e r a t u r e coefficient 

of react iv i ty (20° to 65°C) 
Reactivity effect of equi l ibr ium xenon at 

250 kw 
Maximum excess react iv i ty control led 

by shim rods 
Combined worth of sh im-safe ty rods 

Window-shade type 

0.30 c m / s e c 
0.01 (% Ak/k ) / sec 
50 cm 
0.5 sec 

Rack and Pinion 

0.33 c m / s e c 
<0.003 (%Ak/k)/sec 
20 cm 

74.6 cm 
6l cm 

196 cm 
0.48 cm 
5052-H34 aluminum 

4.0 X 10^^ n/(cm2)(sec) 
1.7 X 10^2 n/jcm^Ksec) 
7.0 X 10^^ n/(cm2)(sec) 
5.2 X 10^^ n/(cm2)(sec) 

3.1 kg U"^ 
4.0 kg U"^ 
62 g m / y r 
380 
2.93 

-0.15 (% Ak/k) /% void 

-0.015 (% Ak/k)/°C 

-0.80% A k / k 

4.7% Ak 
7.5% Ak 
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Table I (Cont'd.) 

Heat Transfer and Fluid Flow 

Total coolant volume 600 l i t e r s 
Coolant volume in core 56 l i t e r s 
Maximum coolant flow (250 kw) 7.9 l i t e r s / s e c 
Coolant velocity in fuel channel 8.2 c m / s e c 
Inlet coolant t empera tu re ~32°C 
Average power density in core coolant 4.5 kw/ l i t e r 
Average heat flux 1.73 w a t t / c m 
Average surface t empera tu re of fuel 

plates 69°C 

The maximum core loading contains 4.0 kg U^̂ ^ disposed in 20 p la te -
type fuel a s sembl i e s to provide an initial excess react ivi ty of 7.0% Ak in the 
cold clean condition. However, the excess react ivi ty in a typical core load
ing will approximate 4.5% Ak, a value that can be controlled by three of 
seven boron-s t ee l sh im-safe ty rods . The combined worth of the seven shim-
safety rods and one cadmium control rod was calculated to be 7.6% Ak. 

The shim-safe ty rods a r e actuated independently through magnet ic 
clutches by ARGONAUT-type window shade-dr ive mechan i sms . The dr ives 
have been modified and improved as a consequence of long- t e rm pe r fo rm
ance t e s t s . All rods drive to posit ions of minimum react ivi ty in the core 
region. 

Solid neutron absorbe r control is augmented by sys tem safety in te r 
locks that energize a solenoid-opera ted , a i r - a s s i s t e d , dump valve to effect 
removal of the top water ref lector (worth 1% Ak/k) in 2 sec . 

The JUGGERNAUT is self- l imit ing to nuclear excurs ions prompted 
by step react ivi ty inputs up to 3.0% Ak/k. This self- l imit ing feature is 
at t r ibuted to a la rge negative void coefficient of react ivi ty [-0.15% (Ak/k) / 
% void], a prompt negative t empera tu re coefficient of react ivi ty 
[-0.019% (Ak/k)/°C at 65°C], and a long prompt neutron lifetime (2.0 x 10"^ 
sec). 

Rigorous safety review^s a r e p re requ i s i t e to the conduct of exper i 
ments . System controls and safety inter locks compel s t r i c t adherence to 
the p r e s c r i b e d sequence of p r e - and pos t - s t a r tup opera t ions . 

The maximum ra te of withdrawal of any shim-safe ty rod (by a window 
shade-dr ive) is equivalent to the addition of react ivi ty at the ra te of 
0.01% (Ak/k) / sec . During s ta r tup opera t ions , the core is initially filled with 
water (by an auxil iary pump) at a p r e s e t ra te corresponding to a maximum 
addition of 0.025% (Ak/k ) / sec . 

\ 



The max imum excurs ion promoted by a purely hypothetical e r r o r 
in fuel loading would peak at a power level of 30 Mw, with a consequent 
total energy r e l e a s e of 20 Mw-sec and a maximum fuel plate surface t em
pe ra tu re of 150°C. The melting point of the aluminum cladding is 650''C. 

A major accident involving complete core meltdown and r e l ea se of 
fission products was a lso evaluated. The accident was postulated to occur 
from a rapid reac t iv i ty inc rease of 6.3% Ak/k after long- te rm reac tor 
operat ion (l6 h r /day) at 250 kw. The total fission energy produced by the 
postulated excurs ion is 130 Mw-sec . The total number of fissions would 
be 4 X lO" . 

Analyses showed that the haza rd posed by the r e l ea se of I formed 
during s teady-s ta te operat ion is g r ea t e r than the hazard at t r ibuted to I 
genera ted during an excurs ion. Assuming a continuous plume (due to slow 
leakage from the r eac to r building) and a wind velocity of 2 m / s e c , an ob
se rve r 1600 m do-wnwind of the building could accumulate as much as four 
t imes the max imum pe rmis s ib l e concentrat ion of I (for continuous 
exposure) in his thyroid gland. However, this concentration is only one-
tenth of the max imum pe rmis s ib l e one-shot exposure (2.4 JJLC I = 2 5 rem) 

The max imum beta radiat ion dose sustained by an observer in the 
path of the plume would be 120 m r at 1600 m, and 400 m r at 1000 m from 
the r eac to r . 

The max imum exte rna l gamma radiat ion doses calculated for the 
ex t reme case of a radioact ive cloud moving 15 m / s e c at ground level gave 
values of 100 m r at 800 m, and 30 m r at 1600 m from the r eac to r . A s s u m 
ing instantaneous washout at 1600 m, an observer at this distance would 
suffer 4.0 r e m s 7 and 45 rads /3 exposure . 



II. DESCRIPTION OF FACILITY 

A. Site 

The site for the JUGGERNAUT is in the 300 a r ea of Argonne Na
tional Labora tory , west of the EBWR (see Fig . 2). The geophysics p e r 
tinent to the Labora tory site have been compiled in a number of previous 
safeguard r epor t s with only minor changes from year to y e a r . ' ^ ° / 

RE-3-I7772-B 
W . K O L B i L . B . , I I - 2 8 - 5 6 

HIGHWAY. 

SANITARY AND SHIP CANAL 

FIG. 2 
REGIONAL MAP SHOWING LOCATION 
OF JUGGERNAUT REACTOR SITE 

The nea re s t population center not under direct labora tory control 
is the Nike Station whose point of c loses t approach to the reac tor is 
— 2.4 km. The next nea re s t population center (Lemont) is m o r e than 
3.2 km distant (see F igs . 3 and 4). 
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CHICA60 HE I eHTS 

EST 

F I G . 3 

METROPOLITAN AREA SURROUNDING LABORATORY S I T E 
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B. Building 

The reac tor is to be housed in a prefabr icated metal s t ruc ture 
(18 by 24 m) of s tandard design, which is adjacent to a conventional two-
s tory br ick s t ruc tu re (12 by 30 m). As shown in the plan views (Fig. 5), 
the br ick s t ruc ture houses the offices, shops, l abora to r ies , and ut i l i t ies . 

Access between the meta l and br ick s t ruc tu res is provided by two 
personnel doors , one leading to the r eac to r work room floor, and the other 
leading to the control floor. A third personnel door and a freight door in 
the south wall of the reac tor building provide direct access from outside 
to the work room floor level . 

The capacity of the work room floor (14,700 k g / m ) is adequate to 
support the load of the r eac to r and equipment that may be moved adjacent 
to the r eac to r . 

The reac to r building is se rv iced by an 18-meter span overhead 
t ravel l ing crane ra ted at 9 tonnes, and a 1-tonne auxil iary crane for lighter 
loads. 

The reac tor auxi l iary sys tems a re located in the subreactor room 
beneath the north r eac to r shield. The la rge equipment in the subreactor 
room can be serv iced with the overhead crane by removing concrete bio
logical shield blocks and floor slabs direct ly above the room. 

Radioactive spent fuel is s tored in a pit in the southeast corner of 
the work room floor. F r e s h fuel will be s tored in the CP-5 vault (Bldg. 330). 

During normal r eac to r operation, the reactor building is ventilated 
by three power-dr iven roof exhaust fans. The air intake is through louvers 
in the east and west walls of the building. In the event of an emergency, 
the louvers and roof vents a r e closed by an emergency exhaust sys tem 
actuated by the reac tor opera tor . Building air is then exhausted to the 
a tmosphere through high-efficiency f i l t e r s . The subreac tor room is vented 
by a smal l isolated blower sys tem. 

In addition to the normal site facili t ies and ut i l i t ies , the building 
emergency lighting and ventilating sys tems a r e serv iced by a diesel power 
sys tem. 

C. Reactor Components 

The JUGGERNAUT (see F igs . 6 through 8), which is derived in con
cept from that of the ARGONAUT, features an internal (central) graphite 
the rmal column and an annular core posit ioned within an aluminum vesse l . 
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Extending radial ly outward from the ves se l , the components include a p r i 
m a r y graphite ref lector , a wa te r -coo led lead the rmal shield, secondary 
graphite ref lector , and the bulk biological shielding that houses the h o r i 
zontal exper imenta l fac i l i t ies . Axially above the co re , the components 
include a water ref lector , a continuation of the water -cooled lead the rmal 
shield, and removable concre te plugs and blocks that outline the var ious 
ver t ica l exper imenta l fac i l i t ies . 

1. Internal The rma l Column 

The internal graphite t he rma l column (46 cm by 122 cm high) 
is canned in aluminum. The column houses three ver t i ca l holes that p r o 
vide access for i r rad ia t ions to the region of maximum the rma l neutron flux 
[4 X 10^^ n/(cm^)(sec)] . One hole (15 cm ID) is in the center , the second is 
on a radius of 11.4 cm, and the thi rd (4.4 cm ID) is on the p e r i m e t e r of the 
cylinder. Access to the in terna l t h e r m a l column is from above the reac tor 
by removal of concrete shield plugs. 

2. Core 

The annular core (46 cm ID and 61 cm OD) and support s t r u c 
ture a re designed to accommodate a maximum loading of 20 fuel a s sembl ie s 
with an active height of 5 7.2 cm. 

Each fuel a s sembly (Fig. 9) is made up of 1 2 p ic ture f r a m e -
type pla tes with spacer buttons, and aluminum tubular end fi t t ings. The 
active region of each plate contains 16.7 gm u " ^ (93% enrichment) clad in 
aluminunn (0.038 cm thick). It will be possible to use plates containing up 
to 20 gm U"^ without causing local overheat ing. 

The fuel a s sembl i e s a re aligned and supported by inser t ion of 
the bottom end fittings into guide tubes a r r anged on an aluminum grid. The 
grid is posit ioned by pins that p ro jec t up from the bottom of the r eac to r 
vesse l . The upward flow of coolant through the fuel a s sembl i e s is suffi
ciently low (8.2 c m / s e c ) that no hold-down mechan i sm is requi red . 

The core loading can be var ied by replacing the active fuel 
plates with dummy aluminum coun te rpa r t s . The cold clean c r i t i ca l m a s s 
is 3.1 kg U"^. The maximum loading (-7% kex) contains 4.0 kg U^^ .̂ How
ever , the p r e s c r i b e d operat ing p rocedure s will l imit the core loading to a 
value (~3.8 kg U^^ ;̂ 4.7% k̂ ^̂ .) that can be held subcr i t ica l by three of seven 
bo ron- s t ee l sh im-safe ty rods . 
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3. Reactor Vessel 

The r eac to r vesse l (1.96 m high) compr i ses two welded s e c 
tions fabr icated from 5052-H34 aluminum (0.48 cm thick). The lower 
section (61 cm ID; 120 cm high) p ro t rudes into the upper section (74.6 cm ID; 
76 cm high) to effect a weir and trough a r rangement that provides a uni
form flow dis t r ibut ion in the co re . Closure of the vesse l is effected by in
ser t ing a concrete rotat ing shield plug into the upper section. 

The penet ra t ions into the vesse l include a 15-cm coolant inlet 
pipe at the bottom, and a 13-cm coolant outlet and two helium lines (5 cm; 
1.9 cm) in the upper sect ion. The helium lines se rv ice the gas blanket 
maintained above the water - f i l l ed core to r e t a r d co r ros ion of the aluminum 
vesse l and the surrounding graphite ref lec tor . Outleakage of the hel ium is 
prevented by a Butyl-N tube* that enc i rc les the inner wall of the upper 
section of the vesse l . The tube is inflated to effect a seal between the 
vesse l wall and the inse r t ed top shield plug. The coolant inlet and outlet 
line interconnect the vesse l with a water s torage (dump) tank in the sub
reac to r room. 

The flat bottom of the vesse l r e s t s on an aluminum plate 
(1.25 cm thick) which, in turn , r e s t s on the thick concrete floor that also 
shields the subreac tor room. 

4. Control Rods 

Seven sh im-safe ty rods and one fine control rod provide the 
movable solid poison control for JUGGERNAUT. The sh im-safe ty rods 
a re pla tes which move ver t ica l ly in guide channels between the annular 
core and the graphite re f lec tor . 

The sh im-safe ty rod dr ives a r e of the ARGONAUT window-
shade type and the fine control rod is actuated by a rack-and-p in ion 
mechan i sm. Rates of rod withdrawal a r e l imi ted to speeds which do not 
compromise r eac to r safety c r i t e r i a . F o r fast shutdown the magnet ic 
clutches r e l ea se and the rods fall to thei r full in posi t ion in 0.5 sec . 

5. Reflector 

The active core region of the vesse l is sur rounded radial ly by 
a graphite ref lector with an average thickness of 55 cm and a height of 
1.2 m. Cutouts a r e machined in the graphite to accommodate control rod 
guides, coolant piping, beam hole tubes, and nuclear ins t rumenta t ion. 

*Butyl-N has been i r r ad i a t ed equivalent to a 10-year JUGGERNAUT 
life, with no apparent damage. 



6. Thermal Shield 

A water -cooled lead t h e r m a l shield (5 cm thick) is interposed 
in the rad ia l graphi te ref lec tor to form an enclosure 0.91 m square by 
0.91 m high (see Fig. 6). A s imi lar lead t he rma l shield is installed i m m e 
diately above the water ref lector in the core . 

7. Ex te rna l Thermal Columns 

The east and the west sides of the graphite reflector a re ex
tended to form two the rma l columns, 1.22 m x 1.14 m in c ross section and 
1.83 m deep (see Fig. 7). Both columns te rmina te at the lead the rmal 
shield. The cen t ra l nine horizontal s t r i nge r s can be removed to provide 
an opening 900 cm in c ro s s section by 1.83 m deep. Both columns a r e 
shielded by a ver t ica l ly operated lead shutter , and heavy concrete blocks. 

8. Shielding 

Stacked blocks of ordinary and heavy concrete comprise 60% 
of the rad ia l biological shielding; the r ema inde r is poured high-density 
concrete (3.20 tonne /m ). The thickness is sufficient to ensure tolerable 
radiat ion levels at the outer surface during reac tor operation at 250 kw. 

The monolithic concrete shield above the reac tor contains 
s eve ra l openings for ve r t i ca l exper imenta l facili t ies and for fuel exchange 
operat ions (see Fig. 8). The l a rges t of these is a removable center shield 
plug (l .52 nn square) that is lowered (by the crane) into position after the 
r eac to r ve s se l and graphite ref lector have been instal led and aligned. 

The center shield plug is p ierced with a stepped opening to a c 
commodate a concrete rotating plug (max OD = 0.876 m; 1.60 m long) that 
effects the r eac to r ve s se l c losure . The rotating plug contains four auxiliar 
plugs; th ree of these plugs sea l the exper imenta l acces s holes leading to 
the in ternal t h e r m a l column. The fourth plug is indexed by the rotating 
plug over the des i red fuel a s sembly position during unloading operat ions. 

9. Coolant System 

The r eac to r cooling sys tem is shown schematical ly in Fig. 10. 
Light water from the dump-s torage tank (1150-liter capacity) is pumped 
through a she l l -and- tube heat exchanger and up into the bottom of the r e 
actor vesse l . Secondary cooling water is supplied to the heat exchanger 
(shell) from a cooling tower. The p r i m a r y flow continues up through the 
fuel channels to fill the core annulus. The overflow spills over the weir 
into the trough and d i scharges through the outlet nozzle back to the dump 
tank to complete the cycle. 
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The c o r e annu lus is i n i t i a l l y f i l led wi th w a t e r to the top of the 
w e i r at the r a t e of 0.19 l i t e r / s e c by the a u x i l i a r y p u m p . This is done to 
l i m i t the add i t ion of r e a c t i v i t y to l e s s t h a n 0.025% ( A k / k ) / s e c . The m a i n 
p u m p s a r e i n t e r l o c k e d wi th the over f low swi t ch and wil l not s t a r t unt i l 
the r e a c t o r is f i l led wi th w a t e r . The a u x i l i a r y p u m p wil l cont inue to op
e r a t e un t i l the o p e r a t o r e i t h e r (1) t u r n s off the p u m p , or (2) d e - e n e r g i z e s 
the 3 -way so l eno id v a l v e . The m a i n p u m p s wil l not s t a r t unt i l the o p e r a t o r 
a c t u a t e s a swi t ch on the c o n t r o l c o n s o l e . 

t r a n s f e r 
C o n s e r v a t i v e hea t t r a n s f e r c a l c u l a t i o n s b a s e d on the hea t 

a r e a of 15.3 m^ a v a i l a b l e for t o t a l 250-kw h e a t r e l e a s e , a w a t e r 
flow r a t e of 3.8 l i t e r s / s e c , and an in le t 
w a t e r t e m p e r a t u r e of 32°C, ind ica te a 
m a x i m u m fuel t e m p e r a t u r e of 79°C (see 
F i g . 11). The r e c o m m e n d e d capac i t y of 
the m a i n c i r c u l a t i n g p u m p is 7.9 l i t e r s / s e c 
wi th an in le t w a t e r t e m p e r a t u r e of ~32°C 
at the des ign p o w e r l eve l (250 kw). At 
t h e s e flow condi t ions the m a x i m u m fuel 
t e m p e r a t u r e wil l be about 67°C. The 
w a t e r in the c o r e m a y be d r a i n e d to the 
d u m p - s t o r a g e tank in a p p r o x i m a t e l y 
4 s e c t h r o u g h a 2 0 - c m s t a i n l e s s s t e e l 
H y d r o m a t i c s F l o - b a l l va lve i n s t a l l e d in 
the in l e t p ip ing . The valve is an a i r -
o p e r a t e d , s p r i n g - a s s i s t e d uni t tha t can 
be opened in 0.2 s e c by 6.8 a t m of a i r 
p r e s s u r e . The s p r i n g alone is capab le 
of opening the va lve , but at a s l o w e r 
r a t e . A i r p r e s s u r e is r e q u i r e d to ac t 
a g a i n s t the s p r i n g to keep the va lve 
c l o s e d . Th i s is a c c o m p l i s h e d by o p e r 
a t ing a swi t ch (at the con t ro l console) to 
e n e r g i z e a f o u r - w a y so leno id va lve tha t 
i n t e r c o n n e c t s the a i r supply to the dump 
v a l v e . 

Fo l lowing s t a r t u p of the m a i n 
c i r c u l a t i n g p u m p , the a u x i l i a r y p u m p is 
u s e d to supply the w a t e r p u r i f i c a t i o n 
s y s t e m . Wate r is c i r c u l a t e d con t inuous ly 
at 0.3 l i t e r / s e c f r o m one end of the d u m p -
s t o r a g e tank t h r o u g h a m i x e d bed ion 

e x c h a n g e r . The effluent w a t e r , of 5-10 m e g o h m r e s i s t i v i t y , is then f i l t e r e d 
and r e t u r n e d to the oppos i t e end of the s t o r a g e tank to c o m p l e t e the c y c l e . 

SECTIONS OF FUEL PLATE 

F I G . M 

FUEL PLATE OPERATING TEMPERATURES 



The coolant sy s t em contains a hel ium a tmosphere maintained 
at 1.005 atm by a gasomete r . As an added precaut ion, the s torage tank 
also is equipped with a rupture disk r a t ed at 1.34 a tm p r e s s u r e . 

The heat genera ted in the lead t he rma l shield is removed by 
forced c i rcula t ion of coolant water through aluminum tubes embedded in 
the shield. As shown in F ig . 10, water is pumped from an expansion tank 
through a she l l -and- tube heat exchanger , and into a manifold. F r o m the 
manifold, the water is m e t e r e d (average ra te - 5 gpm) through the var ious 
coils in the shield which d ischarge into the expansion tank to complete the 
cycle . As in the case of the p r i m a r y coolant heat exchanger, the shell side 
of the shield coolant sys t em heat exchanger is cooled by water pumped 
from the cooling tower . 

The tower is a me ta l - enc lo sed s t ruc tu re (~1.82 m squa re ; 
2.34 m high), located approximately 7.5 m southeast of the r eac to r building 
The tower features a probe switch, an i m m e r s i o n hea te r , and a blower fan. 
The probe switch is in ter locked to energize a solenoid valve that controls 
the supply of make-up water f rom the Labora to ry . The i m m e r s i o n hea te r 
is control led by a t h e r m o s t a t as a precaut ion against f reezing. 

1 0. Star tup Source 

An ant imony-bery l l ium source is used to provide neut rons for 
r eac to r s ta r tup . The source cons is t s of an a luminum-clad , solid cylinder 
(3.18 cm OD X 4.13 cm long) of i r r ad i a t ed antimony. It is r a i s e d f rom a 
s torage pit beneath the graphite ref lector into a bery l l ium cylinder 
(8.9 cm OD x 20.3 cm long x 2.5 cm wall) located at the core mid-p lane 
(see Fig . 6). A yield of ~10® n / s e c is expected. 

The source dr ive is an e l ec t r i c mo to r -d r iven drum and cable 
that opera tes through the source loading por t shield plug. 

11. Fue l Handling 

The addition of f resh fuel will not r equ i re the use of a coffin. 
E lements can be loaded di rec t ly into the r eac to r via the fuel-loading por t . 
Loading is normal ly accompl ished with the source in and the water up to 
provide radia t ion shielding for pe r sonne l . The source is in ter locked with 
the fuel-port plug so that if the source is not up the water will dump. An 
opera tor at the console observes the level of mult ipl ied source neutrons 
at all t imes during loading opera t ions . One safety rod is kept par t i a l ly 
withdrawn to provide capabili ty for emergency shutdown. 

The unloading of spent fuel a s semb l i e s will be ini t iated a 
min imum of one hour after r eac to r shutdown to afford a sufficient per iod 
for decay of f ission p roduc t s . The max imum t ime lapse will depend upon 



the h i s to ry of r eac to r opera t ions . The immediate vicinity of the exchange 
operat ions will be moni tored continuously by radiological physics personnel . 

In brief, the p r e s c r i b e d sequence of pre-unloading operat ions 
will include: (1) removal of the top decking; (2) shutdown of the helium 
sys tem; (3) disconnection of sys tem safety interlock c i rcu i t ry to the cen
t r a l rotating shield plug; (4) deflation of the Butyl-N tube between the in
terface of the shield plug and r eac to r vesse l wall; and (5) rotation of the 
shield plug to index the unloading por t over the fuel assembly to be unloaded. 

The actual unloading will be effected with a manually operated 
grappling device contained in a lead-shie lded coffin t ranspor ted and pos i 
tioned over the unloading por t by the overhead c rane . The grappling device 
will be lowered to engage and withdraw the fuel assembly into the coffin for 
t r ans fe r to spent fuel s torage pit (see F ig . 7). The grappling device will 
be disconnected from the fuel a s sembly and replaced by a wire rope before 
t r ans fe r . 

The spent fuel s torage pit is compr ised of a total of 25 s ta in less 
s teel tubes embedded in ear th . The loaded coffin will be positioned over 
one of the s torage tubes , and the fuel a ssembly lowered. 

The top monolithic concre te shield is p ie rced with four s torage 
holes , each of 15-cm ID. These holes afford t empora ry s torage space for 
slightly radioactive m a t e r i a l s removed from the reac to r . Spent fuel will 
not be s to red in these holes . 

D. Exper imenta l Fac i l i t i es 

F igure 12 shows the re la t ive posit ion of the ver t ical and horizontal 
exper imenta l facil i t ies instal led within the reac tor and adjacent shielding. 
Space has been al located at each facility for the instal lat ion of normal and 
special u t i l i t ies , piping, and wiring, as may be required. 

1. Vert ical Fac i l i t i es 

There a r e 14 ver t ica l faci l i t ies for i r rad ia t ion exper iments 
and isotope production. Access to all ver t ica l holes is from the top of the 
r eac to r (see Fig . 8). Each opening is closed with stepped concrete shield 
plugs for pro tec t ion against radiat ion s t reaming . The plugs a re p ie rced 
to accommodate ins t rumenta t ion leads fronn the instal led exper iments . 

The three thimbles in the in ternal the rmal column have been 
descr ibed e a r l i e r . 
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As shown in Fig . 8, there a r e five 10-cm (V 1-5), four 15-cm 
(V 7-10) and one 20-cm (V 11) square thimbles that penet ra te the b io
logical shield and te rmina te at the upper face of the east and the west 
the rmal columns. One 10-cm square thimble (V 6) is located above the 
north graphite ref lector . The openings into the the rmal columns and r e 
flector a re sealed with ver t ical graphite s t r inge r s that a re removed 
through the respect ive th imbles . 

The approximate neutron fluxes (at 250 kw) available in each 
ver t ica l facility a r e l is ted in Table II. 



T a b l e II 

A P P R O X I M A T E MAXIMUM NEUTRON F L U X E S 
IN V E R T I C A L F A C I L I T I E S 

N e u t r o n F l u x , n / ( c m ^ ) ( s e c ) 

T h e r m a l F a s t 
Faci l i ty 

No. 

V I 

V 2 

V 3 

V 4 

V 5 

V 6 

V 7 

V 8 

V 9 

VIO 

V l l 

1 X l O " 5 x 1 0 * 

1 X 1 0 " 2 x 1 0 * 

5 X 1 0 " 2 X 10^ 

3 X 10^^ 5 X 10^ 

1 X 10^^ 2 X lO'^ 

1 X 10^2 5 x 1 0 " 

3 x 1 0 " 2 x 1 0 ^ 

3 x 1 0 " 5 X 1 0 ' 

2 X 1 0 " 2 X 10^ 

1 X 1 0 " 5 x 1 0 * 

3 x 1 0 " 5 X 1 0 ' 

H o r i z o n t a l F a c i l i t i e s 

F o u r 1 5 - c m b e a m h o l e s a r e i n s t a l l e d on a l eve l c o r r e s p o n d i n g 
to the c o r e m i d p l a n e ( see F i g . 12). Two of the ho le s t e r m i n a t e at the c o r 
n e r s , and two h o l e s p e n e t r a t e the c o r n e r s of the l e a d t h e r m a l s h i e ld to 
wi th in 7 c m of the r e a c t o r v e s s e l (for the i s o t r o p i c n e u t r o n f luxes at t h e s e 
p o s i t i o n s , s e e F i g s . 14 and 15). 

E a c h b e a m hole f e a t u r e s s h r o u d and l i n e r t u b e s , e x p a n s i o n 
j o i n t s , v e r t i c a l l y o p e r a t e d i n n e r s h i e l d ga t e , and ou t e r s t e p p e d s h i e ld p lugs 
of o r d i n a r y c o n c r e t e . The i n n e r s h i e l d ga te c o n s i s t s of a l t e r n a t e l a y e r s of 
b o r a l , s t e e l , and m a s o n i t e , fo l lowed by l ead . E a c h gate is e l e c t r i c m o t o r -
d r i v e n ; o p e r a t i o n is c o n t r o l l e d f r o m a lock swi t ch l o c a t e d on the face of 
the r e a c t o r . F i g u r e 13 shows a t y p i c a l b e a m hole i n s t a l l a t i o n . 

A u n i v e r s a l t e s t f a c i l i t y i s l o c a t e d in the n o r t h face of the b i o 
l o g i c a l s h i e l d . The f ac i l i t y i s f a c e d wi th s t e e l p l a t e f o r m s u s e d to pou r the 
m o n o l i t h i c c o n c r e t e sh i e ld , and f i l l ed wi th o r d i n a r y and heavy c o n c r e t e 
b l o c k s . The b l o c k s can be r e m o v e d to a c c o m m o d a t e i r r a d i a t i o n s of bu lky 
a p p a r a t u s ad j acen t to the g r a p h i t e r e f l e c t o r ( 1 . 2 2 - m s q u a r e s u r f a c e a r e a ) , 
or a p p r o x i m a t e l y 68 c m f r o m the c o r e s u r f a c e . 
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Diametr ical ly opposite the universa l tes t facility is a t es t cave, 
the inner opening of which also faces the graphite reflector (1.22-cm square 
surface a rea) , approximately 60 cm from the core surface. The cave is 
shielded with heavy concrete blocks. 

3. Scope of Resea rch P r o g r a m s 

The p rogrammat i c studies in the planning stage include spectra l 
measu remen t s using a large conver ter plate , and measu remen t s of thermal 



f ission yields and c r o s s sec t ions . The tes t cave has been r e s e r v e d for the 
spec t ra l s tudies . The west t he rma l column will be used for the conduct of 
fission c r o s s section and yield m e a s u r e m e n t s . The p r i m a r y and auxi l iary 
equipment proposed for these studies is descr ibed in Appendix C. 

The nature of other r e s e a r c h to be per formed include neutron 
diffraction s tudies , dry shielding exper iments , cold neutron technology, 
and test ing of nuclear ins t rumenta t ion. 

E. Supporting Phys ics Calculations 

1. P r o c e d u r e s and Assumpt ions 

Two-group calculat ions using the PDQ code on the IBM-704 
were pe r fo rmed to de te rmine the c r i t i ca l loading and to provide rea l and 
adjoint fluxes for use in subsequent per turba t ion calculat ions. All im
portant react iv i ty effects were calculated using two-group per turba t ion 
methods . The methods used for evaluation of the two-group constants 
were checked by using the ARGONAUT as a cr i t ical assembly . 

a. Reactor Geometry 

The d iameter of the in ternal the rmal column was chosen 
to be 46 cm. Assuming a condition of constant power, with a core 60 cm 
long and 7.6 cm wide, the calculated optimum diameter for a peak the rmal 
neutron flux is 30 cm. F o r the 46-cm diameter column, the reduction in 
the the rma l flux from its value at the optimum diameter should be l e s s than 
9%. The in ternal t he rma l column of 4 6 - c m diameter provides a g rea te r 
amount of exper imenta l space in high-flux regions . 

The in ternal t he rma l column was assumed to be surrounded 
by an annular core with an active width and height of 7.302 cm and 5 7.15 cm, 
respect ive ly . The non-fuel-containing ends of the aluminum fuel plates 
were included as a separa te ref lector region. The thin shell of water and 
the aluminum containers that su r round the core were homogenized and con
s idered a single region. 

P la te - type fuel was se lec ted and a r ranged in a radial pat
t e rn within the annulus. The radia l a r rangement provides an a lmost uniform 
fuel density, el iminating the need for graphite f i l lers as used in the ARGO
NAUT. Having set the genera l d imens ions , the p a r a m e t e r s st i l l to be de te r 
mined were fuel plate th ickness , number of fuel p la tes , and m a s s of U^^ .̂ 
The values selected for these p a r a m e t e r s combine rigidity of s t ruc ture 
with a la rge negative void coefficient and low cr i t ica l m a s s . 

The external graphite was assumed to have an average 
thickness of 60 cm, with a lead shell (5 cm thick) interposed 13 cm from the 
core face. The graphite , in turn, Was surrounded by a mixture of concrete 
and graphi te , 67 cm thick. 
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In the ver t i ca l direct ion, a water ref lector was a s sumed 
above and below the core p rope r , and surrounded by an axial extension of 
the radia l components . 

The active section of the core was homogenized using d i s 
advantage factors obtained from P3 approximat ions . The effect of inhomo-
geneities a t t r ibutable to the radial plate a r r angemen t and an active width 
less than 7.302 cm was calculated la te r by per turba t ion methods . 

b. Two-group Constants 

F a s t - g r o u p constants for the homogenized core were ob
tained by reducing Deutsch 's 3-group constants.!-*-) Thermal -g roup constants 
for all regions were calculated using the wor ld-cons is ten t set of c ro s s 
sections.(2) Ep i the rmal effects on the f ission and absorpt ion c ro s s sec t ions , 
although smal l , were included by means of Wescot t ' s formalism.v-^/ 

Table III l i s t s the two-group constants for a cold, clean 
core containing 3.0 kg U^^ .̂ 

T W O -

C o r e 

N u m b e r of fuel p l a t e s 
F u e l l oad ing 
V o l u m e f r a c t i o n s 

H2O 
U2J5 

A l 
N e u t r o n age ( r ) 
Diffusion coe f f i c i en t s 

F a s t (Di) 
T h e r m a l (D2) 

T a b l e 111 

G R O U P N U C L E A R CONSTANTS 

T h e r m a l a b s o r p t i o n c r o s s s e c t i o n 
Inf ini te m u l t i p l i c a t i o n f a c t o r (koo) 
M o d e r a t o r t e m p e r a t u r e (Tj^) 

R e f l e c t o r 
H2O-AI 
H2O 
G r a p h i t e 
L e a d 
G r a p h i t e - c one r e t e 
C o n c r e t e 

T, cm^ 

59.8 
31.8 
385 
4,740 
2 4 4 

2 0 5 

(^ a ) 

Di , c m 

33 
20 
14 
6 8 4 
36 
51 

D E 

0 
0 

, c m 

231 
142 

0.916 
0 
0. 
0 

9 1 8 
765 
7 0 7 

2 4 0 

3.0 kg U " ^ 

0 .74537 

0.00229 
0.25234 
49 .8 cm^ 

1.269 c m 
0.1863 c m 
0.07827 cm-^ 
1.612 
20°C 

Z ^ , c m - i 

0 .0167 
0.0195 
0 .000367 
0.00503 
0.000503 
0.00736 



c. Reactivi ty Effects 

Two-group f i r s t - o r d e r per turbat ion theory was used to 
calculate the void and t e m p e r a t u r e coefficients of react ivi ty , and other r e 
activi ty effects. The l a t t e r effects included equil ibrium xenon poisoning, 
inser t ions of poison and fuel within the core or ref lector , and the effect of 
plate spacing on cr i t ica l m a s s . 

The effect of the beam holes and other la rge voids were 
obtained from an empi r ica l re la t ionship involving the adjoint and rea l fluxes. 
The resu l t s agreed well with exper imenta l data from a var ie ty of r e a c t o r s . ("*) 

The change in react iv i ty (Ap) effected by small p e r t u r b a 
tions in the nuclear constants over a volume (V) was calculated by means of 
the following sys tem of equations: 

Ap = — 
Ak 

k* + Ak 
CX3 

(1) 

Z , 
core 

V 2f 

X Z 
(2) 

core 

Ak 
f 2a2 0 t 02 dV 
core 

Jy 

J 6 (£J0^0+dV-J 6(i?il.)[0j- 0+]0idV 

5Di 
br hr bz hz dV 

/ . 
6D2 

a0t S0 
Sr dz Sz dV (3) 

where 

X = eigenvalue from PDQ P r o b l e m ~ kgff 

01 - fast rea l flux 

02 = t he rma l rea l flux 
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0j = fast adjoint flux 

02 = t h e r m a l adjoint flux 

5(v*2£) = change in the product : (average number of neutrons 
r e l ea sed per fission) (fission c ro s s section), for the 
just c r i t i ca l r eac to r . 

&{ZQ) = c h a n g e in t h e r m a l a b s o r p t i o n c r o s s s e c t i o n 

6 ( D I / T ) = change in the fas t r e m o v a l c r o s s s e c t i o n 

6 D I = c h a n g e in f a s t diffusion coef f ic ien t 

6D2 = change in t h e r m a l diffusion coef f ic ien t . 

In o r d e r to e v a l u a t e the i n t e g r a l s in E q . (3), the c o r e w a s 
d iv ided in to f o r t y r e g i o n s (five r a d i a l l y and e igh t v e r t i c a l l y ) . In e a c h r e g i o n 
the r e a l and adjo in t n e u t r o n f luxes w e r e a s s u m e d c o n s t a n t and equa l to t h e i r 
a v e r a g e v a l u e s . The a v e r a g e v a l u e s a r e p a r t of the output f r o m the P D Q 
C o d e . The ad jo in t f l uxes w e r e o b t a i n e d by s w i t c h i n g c e r t a i n of the input 
c o n s t a n t s . 

2. S u m m a r y and A n a l y s i s of R e s u l t s 

a. N e u t r o n F l u x 

F i g u r e s 14 to 17 show the l i n e s of i n t e r s e c t i o n of s u r f a c e s 
of c o n s t a n t f lux wi th e i t h e r b o t t o m q u a d r a n t of any d i a m e t r a l p l a n e cut v e r 
t i c a l l y t h r o u g h the c o r e . The s u r f a c e s of c o n s t a n t f lux a r e s y m m e t r i c a l wi th 
r e s p e c t to the c o r e m i d p l a n e . The t h e r m a l and f a s t f luxes ( F i g s . 14 and 15) 
w e r e o b t a i n e d u s i n g the P D Q C o d e , a s s u m i n g t h a t a l l c o n t r o l r o d s w i t h d r a w n 
and t h a t the p o w e r l e v e l was 100 kw. 

The v a l u e s shown fo r the ad jo in t f luxes ( see F i g s . 16 and 
1 7) a r e s u c h tha t 

/ ^Si2^\^2. dV = 1.455 X 10^ 

w h e r e the v a l u e s for 02 a r e o b t a i n e d f r o m F i g . 14. 

b . N u c l e a r C h a r a c t e r i s t i c s 

An a r r a n g e m e n t of t w e l v e p l a t e s p e r fuel a s s e m b l y p r o v i d e s 
an u n d e r m o d e r a t e d c o r e wi th n e g a t i v e vo id and t e m p e r a t u r e coe f f i c i en t s of 
r e a c t i v i t y . F i g u r e 18 shows the effect on r e a c t i v i t y of v a r y i n g the n u m b e r 
of p l a t e s p e r fuel a s s e m b l y whi le m a i n t a i n i n g the fuel load ing c o n s t a n t . 

Al l p e r t i n e n t n u c l e a r c h a r a c t e r i s t i c s and r e a c t i v i t y ef fec ts 
a r e l i s t e d in T a b l e IV. 
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THERMAL NEUTRON FLUX AT 100 kw WITH ALL CONTROL RODS WITHDRAWN 
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TWO-GROUP THERMAL ADJOINT FLUX WITH ALL CONTROL RODS WITHDRAWN 
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TWO-GROUP FAST ADJOINT FLUX WITH ALL CONTROL RODS WITHDRAWN 

P L A T E S PER FUEL A S S E M B L Y 

12 10 
I .01) 

I .03 

360 370 380 390 400 VIO >I20 430 

M : U ' ' ' RATIO 

VARIATION 
BY NUMBER 

IN 
OF 

•̂ eff 

FIG. 

WITH H 
PLATES PER 

18 
.^235 RATIO 
ASSEMBLY. 

AS EFFECTED 



Table IV 

SUMMARY OF NUCLEAR CHARACTERISTICS 

Cold c lean c r i t i c a l m a s s 

T h e r m a l neu t ron flux at 250 kw 
Average m core 
Maximum m cen t r a l t h e r m a l co lumn 

Average p r o m p t neu t ron l i fe t ime (3 0 kg loading) 

Effective delayed neu t ron f rac t ion 

Burnup of U^'^ 

Average void coefficient of reactivity-

T e m p e r a t u r e coefficient of r eac t iv i ty 
Average (20° to 65°C) 
Average p rompt (20° to 65°C) 
P r o m p t (65°C) 

Effect of equ i l ib r ium xenon at 250 kw 

Effect of s a m a r i u m buildup (after 2 yr) 

Effect of 15-cm b e a m holes 
Inside lead t h e r m a l shield 
Outside lead t h e r m a l shie ld 

Cen t r a l 15-cm graphi te column 
Removal 
Replacement with HjO 

Inse r t ion of fuel m c e n t r a l hole 
One fuel box m a i r - f i l l e d hole 
One fuel box m H20-f i l led hole 

Worth at cen te r of in t e rna l t h e r m a l co lumn 
U235 

Cadmium 
Dilute poison 
Void 
H2O 

Flooding cont ro l rod guide channels with H2O 

Worth of individual cont ro l rod void 

Homogeneous addit ion of U '̂'̂  to co re 

Worth of na tura l u r a n i u m f i s s ion pla te (30 cm s q u a r e , 
2 5 cm thick) outside re f l ec to r 

3 1 kg U"^ 

1 7 X 10'2 n/(cm^)(sec) 

4 0 X 10'^ n/ (cm^)(sec) 

2 3 X 10-* sec 

0 0075 

-0 6 (% A k / k ) / y r 

-0 15 (% A k / k ) / l % void 

-0 020 (% Ak/k) /°C 
-0 015 (% Ak/k)/°C 
-0 019 (% Ak/k) /°C 

-0 80 % Ak/k 

-1 0 % Ak/k 

-0 36 % Ak /k 
- 0 1 0 % A k/k 

-2 4% Ak/k 
-4 4 % Ak/k 

+ 3 6 % Ak/k (max) 
+ 3 2 % Ak/k (max) 

+0 030 (% A k / k ) / g m 
-0 009 (% Ak/k ) / cm^ 
-0 0363 (SaV) % Ak/k 
-0 62 x 10-5 (% A k / k ) / c m 
-0 47 x 10-^ (% A k / k ) / c m 

-0 12 (% Ak/k) /channe l 

-0 036 % Ak/k 

+0 00 78 (% A k / k ) / g m 

< + 0 15 % Ak/k 

An analysis of the two-group per turbat ion theory for the 
MTR has shown it to be accura te within 10% for a uniform change of 15% 
(or less) in any one constant.(^) The same degree of accuracy should 
apply to most of the foregoing calculated reactivity effects, in par t icu lar , 
to the p la te-spacing effects in F ig . 18, and the void and tempera ture co
efficients l i s ted m Table IV. The large reactivity changes effected by 
inser t ion of fuel assembl ies in the centra l thermal column, and other 
changes of s imi la r magnitude, a r e less accurate ly known. 



c. Operat ional Lifetime of Core 

Table V l i s t s the negative react ivi ty effects at full power. 
The fixed va lues , which total -5.0% Ak, include an allowance of -2 .3% Ak 
for exper imenta l appara tus and beam holes . Samar ium buildup approaches 
a s teady-s ta te value after two y e a r s . Burnup of U ^̂  causes a maximum r e 
activity loss of 0.6% Ak per year . 

Table V 

NEGATIVE REACTIVITY E F F E C T S AT 
FULL POWER 

Xenon poisoning 
Tempera tu re r i s e (20° to 65°C) 
Samar ium buildup 
Four beam holes ("open") 
Allowance for exper iments 

Total 

Burnup of U^̂ ^ per year 

% Ak 

-0.8 
-0.9 
-1.0 
-0.9 
-1.4 

-5.0 

-0.6 

The fuel loading will be l imited to that which can be kept 
subcr i t ica l by the th ree shim rods in the clean, cold r eac to r with the beam 
holes open except for the p r e s c r i b e d c losure shielding. The excess r e 
activity controlled by the shim rods is approxiraately 4.7%. The proposed 
loading will allow full-power operat ion for a per iod of one to two y e a r s . 
The lifetime of the core may be extended by the following p r o c e d u r e s , 
ei ther independently or s imultaneously: 

(1) Replace dummy plates (aluminum or boron-aluminum) 
with fuel p la tes ; 

(2) Reduce react ivi ty allowance for expe r imen t s ; 

(3) Par t i a l ly plug up the beam holes . 

Future c i r cums tances may necess i ta te an inc rease in the fuel 
loading (>4.0 kg U^^ )̂ to obtain the excess react ivi ty requi red for full-power 
operat ion. In this event, the number of plates per a s sembly could be in
c r e a s e d from twelve to fourteen by reducing the th ickness of the spacer but
tons on the respec t ive plates (see Fig. 9). 

The inc rease in the number of p la tes per assennbly would be 
ref lected by: (l) a total fuel loading of 4.7 kg U^^ ;̂ (2) a maximum gain of 4% 
in react iv i ty ; (3) slightly s t ronger negative void and t empe ra tu r e coefficients 
of react iv i ty ; and (4) a slight i nc rease in the maximum step react ivi ty input 
that could be to lera ted . 



Subject to the c o n s t r a i n t tha t the a v a i l a b l e e x c e s s r e a c t i v i t y 
does not e x c e e d ~ 7 % Ak, a d e c r e a s e in the fuel p l a t e spac ing would p rov ide 
g r e a t e r r e a c t o r safe ty due to the i n c r e a s e d m a g n i t u d e of the nega t ive void 
and t e n n p e r a t u r e coe f f i c i en t s of r e a c t i v i t y . 

F . C o n t r o l s and I n s t r u m e n t a t i o n 

C o n t r o l Rods and D r i v e M e c h a n i s m s 

C o n t r o l Rods 

The c o m p l e m e n t of c o n t r o l r o d s inc ludes s e v e n s h i m -
sa fe ty r o d s , and one fine c o n t r o l r od . The s h i m - s a f e t y r o d s f e a t u r e a 
p o i s o n s e c t i o n of 2 w / o n a t u r a l b o r o n - s t e e l , 48 c m long, 17.8 c m wide, and 
0.274 c m th ick . The p o i s o n s e c t i o n of the fine c o n t r o l r o d is f a b r i c a t e d 
f r o m c a d m i u m and m e a s u r e s 29-2 c m long , 2.54 c m wide , and 0.020 c m 
th ick . 

E a c h r o d o p e r a t e s in a guide channe l tha t p e n e t r a t e s the 
g r a p h i t e r e f l e c t o r s u r r o u n d i n g the l ower s e c t i o n of the r e a c t o r v e s s e l tha t 
c o n t a i n s the c o r e . Owing to the p r o t r u s i o n of the u p p e r s e c t i o n of the 
v e s s e l , the guide c h a n n e l s a r e i nc l i ned 5 d e g r e e s f r o m the v e r t i c a l in 
o r d e r to p l a c e the r o d s in c l o s e p r o x i m i t y to the c o r e (see F i g . 6). The 
a v e r a g e d i s t a n c e f r o m e a c h r o d to the c o r e s u r f a c e is 4 c m . 

F i g u r e 19 shows the o r i e n t a t i o n and funct ion of the con 
t r o l r o d s p r o p o s e d for in i t i a l o p e r a t i o n of the r e a c t o r . O t h e r than the fine 
c o n t r o l rod , the funct ions of the r o d s c a n be i n t e r c h a n g e d . H o w e v e r , a l l 
c o n t r o l r od s c h e m e s will inc lude t h r e e s h i m r o d s and four sa fe ty r o d s . 

S « f E T Y « 0 . » S A F E T Y 1 0 . I 

T H E H H t l S H I E L D 

S A F E T Y H O . 3 S A F E T Y K O. 2 

FIG. 19 

ORIENTATION OF CONTROL RODS 



b . W o r t h of C o n t r o l Rods 

The w o r t h s of the c o n t r o l r o d s w e r e ob ta ined f r o m a 
s e r i e s of t w o - g r o u p PDQ Code p r o b l e m s p r o g r a m m e d for I B M - 7 0 4 compu
ta t ion . In e a c h p r o b l e m the c o n t r o l e l e m e n t m a t e r i a l w a s a s s u m e d to 
be b l ack to t h e r m a l n e u t r o n s . The m a c h i n e outputs w e r e c o r r e c t e d to 
inc lude r e a c t i v i t y p e r t u r b a t i o n s f r o m the b e a m t u b e s , the c o n t r o l rod 
gap, and the a l u m i n u m - w a t e r co inponen t s s u r r o u n d i n g the c o r e . 

The r e s u l t s a r e l i s t e d in Tab le VI. The v a l u e s a r e 
s u p p o r t e d by e x t r a p o l a t i o n of rod w o r t h da t a f r o m the ARGONAUT 
r e a c t o r . 

T a b l e VI 

C A L C U L A T E D WORTHS OF C O N T R O L RODS WITH 
B E A M HOLES DEVOID O F E X P E R I M E N T S 

(Note: See O r i e n t a t i o n of C o n t r o l R o d s , F i g . 19) 

% Ak 

F i n e c o n t r o l r o d 
Individual w o r t h of Safety Rods No. 1 and No. 4 
Indiv idua l w o r t h of Safety Rods No. 2 and No. 3 
Ind iv idua l w o r t h of Sh im Rods No. 1, No. 2, and No. 
C o m b i n e d w o r t h of Shim Rods 
C o m b i n e d w o r t h of Sh im and Safety Rods 

0 
1 
1 
1 
4 
7 

15 
45 
2 
56 
7 
5 

c. D r i v e M e c h a n i s m s 

The s h i m - s a f e t y r o d s a r e a c t u a t e d i ndependen t ly by 
A R G O N A U T - t y p e window shade d r i v e m e c h a n i s m s shown in F i g . 20. 

DRUM AND GUIDE PINS 

ELECTROMAGNETIC CLUTCH 

GEARING 

GURING 

' SYNCHRO TRANSMIHER 

SNUBBER PIN ( I N DRUM) 

' SNUBOER ARM 

HYDRAULIC SNUBBER 

POSITION INDICATING MICROSWITCHES 

CONTROL ELEMENT 

NOTE: SIDE ARO TOP SUPPORT PLATES OMITTED FOR CURITY 

F I 6 . 2 0 

WINDOW-SHADE DRIVE MECHANISM FOR SHIM AND SAFETY CONTROL RODS 



The dr ives a r e instal led in cavi t ies in the top shield and a re attached direct ly 
to the respect ive control rod guide channels . Vert ical motion is impar ted to 
the rod by an interconnecting s ta in less s teel s t r ip spring that is at tached to 
a rotating drum. The drum is rotated by a dc drive motor through a sys tem 
of gea r s and magnet ic clutch. The gearing system l imits the rate of rod 
withdrawal to 0.30 c m / s e c , corresponding to an average ra te of addition of 
react ivi ty of 0.01% (Ak/k ) / sec . Fas t shutdown (scram) is effected by de-
energizing the magnet ic clutch. In this event, the rods a re sp r ing-ass i s t ed 
and g rav i ty -acce le ra t ed to their fully inser ted position in 0.5 sec . The 
total t rave l of the sh im-safe ty rods is l imited to about 50 cm. The dc drive 
motor and, hence, the motion of the shim-safety rods can be stopped, s tar ted , 
or r e v e r s e d at any point of rod t rave l . When fully withdrawn, the bottom of 
the rod is poised 1 cm above a plane corresponding to the top of the core . 
When fully inse r ted , the rods extend to a point 18.4 cm below the core 
midplane. 

As mentioned previous ly , the functions of the shim-safety 
rods can be interchanged. More specifically, the three shim rod dr ives 
each feature a synchro t r a n s m i t t e r that is geared direct ly to the rotating 
drum. All dr ives include a set of cams that operate l imit switches for 
rod t rave l . The l imit switches for each rod i l luminate corresponding 
"full-in" or "full-out" panel lights on the control console. Four synchro 
r e c e i v e r s a re mounted on the console, and interconnected with the t r a n s 
m i t t e r s on the dr ives designated for shim rod operat ion and for fine control. 
Should c i r cums tances wa r r an t , a subsequent change in rod designation from 
shim to safety control can be effected only by t ransposi t ion of the respect ive 
drive mechan i sms . Interchange of the drive mechan i sms will be made with 
all rods fully inse r t ed in the core , and with the water removed from the 
core . Inter locks on the shield blocks above the control rod dr ives will 
cause the water dump valve to open when the shield blocks a re removed. 

The fine control rod is actuated by a conventional r ack -
and-pinion drive mechan i sm shown in Fig. 21. Ver t ica l motion is impar ted 
to the control rod by a dc gear head raotor coupled direct ly to the pinion 
gear drive shaft. As in the case of the shim-safety rods , the gearing sys 
tem l imi ts the ra te of rod withdrawal to 0.33 c m / s e c , corresponding to an 
average react ivi ty ra te addition of <0.003% (Ak/k) / sec . In the event of a 
power fa i lure , the rod will r ema in s ta t ionary until power to the drive 
motor is r e s to red . 

The position of the fine control rod over its total t ravel of 
20 cm is indicated by a synchro t r a n s m i t t e r geared direct ly to the rod drive 
shaft and a set of cams that operate l imit switches. The respect ive signals 
a r e t r ansmi t t ed to a corresponding r ece ive r , and "full-in" or "full-out" 
lights mounted on the control console. 
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RACK AND P I N I O N DRIVE MECHANISM FOR F INE CONTROL ROD 

2. Water Modera tor -Ref lec tor ; Shutdown by Water Dump 

During s tar tup operat ions , the core annulus is filled with water 
(to the top of the weir) by an auxil iary pump that se rv ices the water p u r i 
fication systera. The pump-up ra te is me te red at 0.19 l i t e r / s e c to l imit 
the addition of react ivi ty to l ess than 0.025% (Ak/k) / sec . The main c i r 
culating pump is inter locked with a weir overflow probe that prec ludes 
operation of the main pump until overflow has been effected by the auxil iary 
pump. At this point, the water thickness above the core m e a s u r e s 45 cm, 
its worth is 1% Ak/k, and smal l changes in water thickness will not affect 
react ivi ty. 

The top water reflector can be removed in 2 sec , and the ent i re 
core annulus drained in an additional 2 sec , by de-energiz ing the four-way 
solenoid valve that operates the Hydromatics Flo-bal l valve instal led in 
the inlet coolant piping interconnecting the reactor vesse l and the dump-
storage tank. 

Depending on the nature of the emergency, reac to r shutdown 
can be accomplished by manual operat ion of ei ther the normal shutdown 
switch (Rod Scram) or the emergency shutdown switch (Total Scram) on 
the control console. The normal shutdown switch will de-energ ize the 
magnetic clutches on the shim-safe ty rods , thereby re leas ing the rods to 



their fully inse r ted posi t ions . Operat ion of the total shutdown switch will 
de -energ ize the magnet ic c lutches , and the four-way solenoid dump valve, 
thereby effecting shutdown by both abso rbe r addition and mode ra to r -
ref lector removal . 

3. Ins t rumentat ion 

a. Nuclear 

The neutron density of the reac tor during s tar tup and full-
power operat ion is m e a s u r e d by eight ins t rument channels, shown sche
mat ica l ly in Fig. 22. The neutron flux ranges covered by the respect ive 
channels a r e shown in Fig. 23. The chamber sensit ivity is assumed to be 
10"^'* amp/[n / (cm^)(sec) ] . The maximum chamber cur ren t of 5 x 10~^ amp 
at 250-kw operat ion has been a s sumed when the chambers a re pulled up 
to the region of min imum flux in the ins t rument holes . There is a dec rease 
of one and one-half decades from the maximum to the minimum flux posit ions. 

Channel I is used during core loading and initial r eac to r 
s ta r tup . Current pulses from the BF3 proport ional counter a re converted 
to voltage pu l ses , amplified, shaped, and then counted on the dual scaler 
mounted on the ins t rument cubicle adjacent to the control console. The 
pulse amplif ier fea tures a d i sc r imina to r circui t that re jec ts smal le r pulses 
produced by other rad ia t ions . 

Channel II differs from Channel I in one respec t : a t imer 
is included in the dual sca le r c i rcui t . 

Channel III is s imi la r to Channels I and II in that the signal-
cu r ren t pulses a re amplified and shaped. The amplified pulses a r e fed to 
a count - ra te m e t e r ca l ibra ted for five decades (l-lO^ cps). The average 
count ra te is displayed on the m e t e r at the ins t rument cubicle. The signal 
(amplified voltage pulses) is a lso fed to the audio panel for audible indica
tion of up to 5 X 10 pu lses . 

Channels IV, V, and VI a re used for power level safety 
during in termedia te and full-power operat ion. The output cu r ren t s from 
the gamma-compensa ted , boron- l ined ionization chambers a r e fed through 
high-gain, d i rec t -coupled ampl i f iers to high-flux t r ip c i rcu i t s . The t r ip 
c i rcu i t s for Channels IV and V a re p r e s e t to effect r eac to r shutdown if the 
r eac to r power level exceeds 120% of normal operat ing power. At in te r 
mediate powers , the t r i p c i rcu i t of Channel VI is set to initiate shutdown 
if the cu r r en t exceeds 90% of full sca le . 

Channel VII der ives its signal from a gamma-compensa ted , 
boron-l ined ionization chamber . The chamber cur ren t is fed through a 
high-gain, d i rec t -coupled amplif ier to a 0-10-mv s t r ip char t r e c o r d e r at 
the ins t rument cubicle. 
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NUCLEAR INSTRUMENTATION AND RADIATION MONITORING CIRCUITRY. 
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RANGES OF NUCLEAR INSTRUMENTATION 

Channel VIII signals a re originated by a gamma-
compensated ionization chamber and fed to a log pre-ampl i f ie r . The 
logar i thmic output is displayed on the log recorde r . The derivative of 
the log N (reciprocal period) is indicated on the period mete r at the in
s t rument cubicle. The per iod circui t is p re se t to effect shutdown on a 
per iod less than 10 sec . 

b. Radiation Monitoring System 

The radiat ion monitoring systein consists of five gamma 
monitor channels (see F ig . 23) designed to: (1) reg i s te r any chaJiges in 
radiat ion levels indicative of abnormal plant operating conditions or con
tamination from fission products , and (2) initiate reac tor shutdown and 
closure of the building a i r inlet and exhaust sys tems when radiat ion levels 
exceed p r e s e t values. 

Each channel features a gamma-sens i t ive ionization cham
ber and a portable amplifier unit located in the instrument racks next to 
the control console. The exact location of each monitor will be determined 
exper imental ly subsequent to reac tor operation. 

Two of the channels will be assigned to initiate control rod 
inser t ion and closure of the building exhaust sys tems if the p r e s e t value of 



500 m r is exceeded. The other three channels will operate annunciator 
c i rcui ts and an audio a l a r m at the console if radiat ion levels at their loca
tion exceed 50 m r . 

The radiat ion monitoring sys tem is permanent ly left on. 

c. Plant P a r a m e t e r s - Shutdown and Ala rm System 

The various plant operating p a r a m e t e r s and fai l-safe in
ter locks that can cause reac tor shutdown and audible and /or visual a l a r m 
are summar ized in Table VII. In addition, audible a l a rms and warning 
lights a r e actuated inside the reac tor building at the onset of and during 
reac tor operation. 

Table VII 

SUMMARY OF PLANT P A R A M E T E R S - SHUTDOWN AND 
ALARM SYSTEM 

Neu t ron flux high (120% of n o r m a l power) 
Channel IV (Safety T r i p A) 
Channel V (Safety T r i p B) 
Channel VI (Safety T r i p C) 

Ion c h a m b e r pos i t ive h igh-vo l t age supply 
d e - e n e r g i z e d 

Reac to r p e r i o d sho r t (<10 sec) 

G a m m a m o n i t o r ind ica to r high 
>500 m r 
>50 m r 

I r r a d i a t i o n faci l i ty t r i p 

Low coolant flow t r i p (<3 8 l i t e r / s e c ) 

L o s s of cooling tower w a t e r 

R e a c t o r coolant outlet t e m p e r a t u r e high 
(~50°C to 80°C) 

Aux i l i a ry r e l a y s power fa i lu re 

I n s t r u m e n t r a c k t e m p e r a t u r e h igh(>50°C) 

Remova l of sh ie ld b locks above con t ro l 
r o d d r i v e s 

Automat i c 
Water 
Dump 

Shutdown 

R e a c t o r 
Shutdown 
by Rods 

X 
X 
X 

X 

X 

Visual (V) 
a n d / o r 

Audible (A) 
A l a r m 

V&A 
V&A 
V & A 

V&A 

V&A 

X 

X 

X 

X 

X 

X 

V & A 
V & A 

V&A 

V&A 

V 

V&A 

V & A 

V&A 

V&A 

The audible a l a rm and a l a r m light sys tem features a com
mon horn, silence button, and r e s e t and lamp tes t switches. Individual in
dicator lights a re provided for each a l a rm; therefore silencing an a l a r m 
caused by one input does not prevent a subsequent signal from actuating the 
respect ive indicator. 



(1) Coolant F low I n t e r l o c k : F i l l i n g of the c o r e wi th w a t e r 
is a c c o m p l i s h e d w i th the p u r i f i c a t i o n s y s t e m p u m p . The m a i n p u m p s a r e 
i n t e r l o c k e d w i th an over f low s w i t c h ( s e e F i g . 10) tha t can be s e t to c lo se a t 
a flow r a t e v a r y i n g f r o m 0.005 to 0.05 l i t e r / s e c . V i s u a l " F l o w " and " N o -
F l o w " i n d i c a t o r s a r e m o u n t e d on the c o n t r o l c o n s o l e . 

(2) Low Coolan t F low T r i p ; The low-f low s e n s i n g e l e inen t 
is d r i v e n by a flow m e t e r i n s t a l l e d in the i n s t r u m e n t r a c k and p n e u m a t i c a l l y 
i n t e r l o c k e d w i th the flow m e t e r in the r e a c t o r v e s s e l in le t piping ( s ee 
F i g . 10). The e l e m e n t w i l l effect a u t o m a t i c shutdown of the r e a c t o r , and 
a c t u a t e a " L o w - F l o w " i n d i c a t o r a t the c o n t r o l c o n s o l e if the coolan t flow 
r a t e d e c r e a s e s be low 3.8 l i t e r / s e c . 

(3) Coolant T e m p e r a t u r e : R e a c t o r coolan t in le t and ou t l e t 
t e m p e r a t u r e s and the t e m p e r a t u r e of the w a t e r in the c o r e annu lus m a y be 
m e a s u r e d by c h r o m e l - c o n s t a n t a n t h e r m o c o u p l e s . The output of one of 
t h e s e t h e r m o c o u p l e s o r the d i f f e r e n t i a l output of any two t h e r m o c o u p l e s 
i s p l o t t e d on a r e c o r d e r a t the c o n t r o l c o n s o l e . 

A h i g h - t e m p e r a t u r e t r i p wi l l i n i t i a t e r e a c t o r shutdown 
if the coo lan t ou t l e t t e m p e r a t u r e e x c e e d s a s e t va lue 50°C h i g h e r than the 
t e m p e r a t u r e of the coo lan t t o w e r w a t e r . A v i s u a l i n d i c a t o r at the c o n t r o l 
c o n s o l e w i l l a l s o be a c t u a t e d . 

(4) L o s s of Cool ing T o w e r W a t e r : C o n t r o l s for the cool ing 
t o w e r p u m p and fan a r e l o c a t e d in the i n s t r u m e n t r a c k . The i n s t r u m e n t s 
at the t o w e r inc lude a p r o b e and a t h e r m o s t a t . 

Upon l o s s of w a t e r in the t o w e r , the p r o b e wi l l a c t u a t e 
a s i g n a l t ha t w i l l ( l ) i l l u m i n a t e an i n d i c a t o r l ight a t the c o n s o l e , and (2) e n 
e r g i z e a s o l e n o i d - o p e r a t e d v a l v e tha t c o n t r o l s the flow of m a k e - u p coolan t 
f r o m the L a b o r a t o r y w a t e r s y s t e m ( s e e F i g . 10). 

The t h e r m o s t a t i s a p r e c a u t i o n a g a i n s t w a t e r f r e e z e - u p . 
It w i l l be p r e s e t to e n e r g i z e a 12-kw i m m e r s i o n h e a t e r and, a c c o r d i n g l y , to 
i l l u m i n a t e a p a n e l l igh t a t the c o n s o l e . 

(5) P r e s s u r e : The h e l i u m g a s o m e t e r p r e s s u r e (2 in. H2O) 
and the r o t a t i n g plug s e a l p r e s s u r e (4YPsi) a r e d i s p l a y e d on r e s p e c t i v e gauges 
m o u n t e d on the c o n t r o l p a n e l in the i n s t r u m e n t r a c k . S y s t e m p r e s s u r e s tha t 
r e q u i r e o c c a s i o n a l c h e c k s a r e i n d i c a t e d l o c a l l y in the s u b r e a c t o r r o o m . 

(6) I n s t r u m e n t R a c k T e m p e r a t u r e : Since t r a n s i s t o r s tend 
to be v e r y s e n s i t i v e to t e m p e r a t u r e c h a n g e s , the e l e c t r o n i c i n s t r u m e n t r a c k s 
a r e coo led by a b l o w e r fan, and the t e m p e r a t u r e is m o n i t o r e d by t e m p e r a t u r e 
s w i t c h e s i n s t a l l e d in the ex i t d u c t s . The s w i t c h e s a r e p r e s e t to e n e r g i z e 
v i s u a l and aud ib le a l a r m s if the r a c k t e m p e r a t u r e e x c e e d s 50°C. 



(7) I r radia t ion Test Faci l i ty: The cent ra l 15-cm plug in 
the in ternal t he rma l column is interlocked by a l imit switch to prevent r e 
actor s ta r tup (if rennoved or improper ly positioned) and to initiate r eac to r 
shutdown upon movement during the course of subsequent reac to r operat ion. 
A visual a l a r m is displayed at the control console. 

(8) Control Rod Drive Mechanisms: The shield blocks 
above the control rod d r ives a r e inter locked by l imit switches to ensure 
that the dump valve is open and the core is drained before removal or in
terchange of the dr ive mechan i sms can proceed. These same switches p r e 
vent removal of the center shield plug (1.52 m square) unless the dump valve 
is open, since the eyebolts used to hoist the center shield plug a re located 
beneath the shielding blocks. 



III. OPERATIONAL PROCEDURES 

A. Supervision 

All r eac to r opera t ions and exper iments will be supervised by a 
staff pe rson who, by vir tue of his t ra in ing and experience, has qualified 
for appointment as Reactor Supervisor by the Division Di rec tor . The spe
cific respons ib i l i t ies of the Reactor Supervisor include: 

(1) control of f issionable m a t e r i a l ; 

(2) control of keys essen t ia l to r eac to r s ta r tup , i .e . , for main 
power switch and control console; 

(3) scheduled checks of r eac to r safety c i rcui t s and control 
equipment; 

(4) documentation of operat ional h i s tory of the reac to r ; 

(5) review and approval of proposed exper iments ; 

(6) specific ins t ruc t ions to each qualified Reactor Operator with 
r e spec t to operat ional p rocedures and l imitat ions dictated by 
each exper iment ; and 

(7) suspension or t e rmina t ion of reac to r operat ion in the event of 
sys tem malfunction or component fa i lure . 

B. Initial Fuel Loading 

The init ial fuel loading will be prefaced by a r igorous per formance 
tes t of al l sys tem components , ins t rumenta t ion , safety in ter locks , and 
a l a r m s . The sh im-safe ty rods and dr ive mechan i sms will be operated in
dependently and as a bank (rod movement accomplished in smal l increments ) 
to ensure smooth pe r fo rmance and rapid inser t ion in the p r e sc r ibed 0.5 sec . 
The dump valve will be tes ted repeatedly , with and without water in the core 
annulus, to ensure valve pe r fo rmance consis tent with the specified complete 
dra inage of the core in 4 sec . 

The nuclear ins t rumenta t ion will be tes ted with the aid of a strong 
ant imony-beryl l ium source posit ioned in the core region, and by electronic 
s imulat ion of ionization chamber c u r r e n t s at the control console. 

The foregoing t e s t s will be per formed and evaluated by staff 
pe rsonne l thoroughly fami l ia r with the design and specified per formance 
c h a r a c t e r i s t i c s of each component or sys t em. Upon sat isfactory completion 
of the tes t p r o g r a m , the same personne l along with the Chief Physic is t will 
proceed with the loading of fuel to achieve initial c r i t ica l i ty . 
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The sequence of operat ions p r e l i m i n a r y to fuel loading will be as 
follows: 

(1) Lower source into s torage pit in graphite ref lec tor . 

(2) Energize control console main power. 

(3) Check that al l sh im-safe ty rods and fine control rod a r e 
fully in se r t ed . 

(4) Check that high-flux t r ip set t ings a re at 90% of full scale 
on Channel IV Safety Tr ip A, Channel V Safety Tr ip B, and 
Channel VI Safety Tr ip C. 

(5) Check that per iod t r i p is at 10 s ec . 

(6) Check that posi t ive and negative ionization chamber voltages 
a re n o r m a l . 

(7) Check that cen t ra l shield plug is in posit ion over the in ternal 
column. 

(8) Turn on control power at console . 

(9) Observe coun t - ra te m e t e r s and audible counte rs . 

10) Raise source into r eac to r 

11) Observe coun t - ra te m e t e r s and audible counters with source 
fully in se r t ed . 

12) Set range se lec tor to lowest cu r r en t setting on Channel IV 
high-flux t r i p A, Channel V high-flux t r i p B, Channel VI 
high-flux t r i p C, and Channel VII l inear level . 

13) Withdraw safety rods No. 1 and No. 3 to the "Full Out" posit ion. 

14) Load eight (or less) fuel a s semb l i e s (total of 60 fuel plates) 
containing approximate ly 1000 gm U 

15) Close dump valve. 

16) Energ ize auxi l iary pump to fill r eac to r ve s se l with wa te r . 

17) Dete rmine mult ipl icat ion with v e s s e l filled. 

18) Withdraw safety rod No. 2 to "Ful l Out" posi t ion. 

19) Withdraw safety rod No. 4 to "Ful l Out" posit ion. 

20) Dete rmine mult ipl icat ion. 

21) Raise shim rods at in te rva l s specified by the Chief Phys ic i s t , 
and de te rmine mult ipl icat ion for each in te rva l . 

(22) Open dump valve to d ra in core , and in se r t r ods . 
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(23) C a l c u l a t e n e x t fuel a d d i t i o n . 

(24) W i t h d r a w sa fe ty r o d s No. 1 and No. 3 to "Fu l l Out" p o s i t i o n . 

(25) Add fuel . 

(26) R e p e a t s t e p s (15) t h r o u g h (25) unt i l c r i t i c a l i t y i s a p p r o a c h e d . 

(27) With the r e a c t o r n e a r c r i t i c a l , w i t h d r a w s o u r c e i n c r e m e n t l y 
and m a i n t a i n the c r i t i c a l cond i t ion by ad jus t ing s h i m r o d s and 
fine c o n t r o l rod unt i l s o u r c e i s c o m p l e t e l y w i t h d r a w n . 

(28) P r o c e e d with c r i t i c a l e x p e r i m e n t s . 

C . N o r m a l S t a r t u p P r o c e d u r e 

The t y p i c a l s e q u e n c e of o p e r a t i o n s for n o r m a l s t a r t u p i s a s fo l lows : 

(1) Check tha t s h i e l d p lugs a r e i n s e r t e d in a l l a c c e s s h o l e s . 

(2) Open h e l i u m s y s t e m and p u r g e r e a c t o r if r e a c t o r h a s been 
opened to the a t m o s p h e r e . 

(3) E n e r g i z e m a i n p o w e r to c o n t r o l c o n s o l e . 

(4) O b s e r v e tha t s h i m - s a f e t y r o d s and fine c o n t r o l r o d a r e fully 
i n s e r t e d . " F u l l - i n " p o s i t i o n s a r e i n d i c a t e d by l i m i t l i g h t s . 

(5) Check tha t the d ia l s e t t i n g s for the high flux t r i p l e v e l s a r e 
c o r r e c t . T h e s e shou ld c o r r e s p o n d to 120% of n o r m a l o p e r 
a t ing p o w e r on C h a n n e l IV Safety T r i p A and Channe l V 
Safety T r i p B, and 90% of full s c a l e on Channe l VI Safety 
T r i p C. 

(6) Check tha t the p e r i o d t r i p (10 s e c ) o p e r a t e s u s ing the p e r i o d -
c h e c k swi t ch if shu tdown h a s been for an e x t e n d e d p e r i o d . 

(7) Check tha t p o s i t i v e and n e g a t i v e h igh v o l t a g e s for the i on i za t ion 
c h a m b e r s a r e n o r m a l . 

(8) T u r n on c o n t r o l power a t c o n s o l e . 

(9) O b s e r v e coun t ing r a t e s and aud ib le coun t . 

The r e m a i n i n g o p e r a t i o n s a r e e f fec ted t h r o u g h a s e t of i n t e r l o c k e d 
s w i t c h e s . If, a t any s t e p , an i n t e r l o c k cond i t ion i s not s a t i s f i e d , s t a r t u p 
canno t c o n t i n u e . 

(10) R a i s e s o u r c e in to r e a c t o r . 

(11) O b s e r v e count ing r a t e s and aud ib le count with s o u r c e fully 
i n s e r t e d . 

(12) Set r a n g e s e l e c t o r to 10"^ a m p on Channe l IV h i g h - f l u x T r i p A 
and C h a n n e l V h i g h - f l u x T r i p B . 



(13) Set range se lec tor to 10 " amp on Channel VI high-flux Tr ip C 
and Channel VII l inear level amplif ier . 

(14) Posi t ion fine control rod at 1 0 cm. 

(15) Withdraw safety rods No. 1 and No. 3 to "Full Out" position. 

(16) Close dump valve. 

(17) Start auxi l iary pump and energize 3-way solenoid valve to by
pass water flow from purification sys tem to reac to r vesse l . 

(18) Observe counting r a t e s . 

(19) When overflow has been establ ished, s t a r t the p r i m a r y coolant 
pump. De-energ ize 3-way solenoid valve. 

(20) Set r eac to r water throt t le valve for des i red flow ra t e . 

(21) Start coolant tower pumps. Set throt t le valve at low flux. 

(22) Start shield coolant pump. 

(23) Withdraw safety rod No. 2 to "Full Out" position. 

(24) Withdraw safety rod No. 4 to "Full Out" position. 

(25) Observe change in counting ra t e . 

(26) Withdraw shim rod No. 1 by 2.5 cm. 

(27) Withdraw shim rod No. 2 by 2.5 cm. 

(28) Withdraw shim rod No. 3 by 2.5 cm. 

(29) Repeat s teps (25) through (27) until r eac to r d iverges . 

(30) Adjust shim rod posit ion to es tabl ish a 30-sec period, and 
allow reac to r power to inc rease exponentially. 

(31) Change range setting on Channel VI high-fl\ix Tr ip C, and 
Channel VII l inear level amplif ier as neutron level i n c r e a s e s . 

(32) Adjust coolant tower throt t le valve, tower fan, and r eac to r 
coolant water throt t le valve so that r eac to r outlet t e m p e r a t u r e 
is mainta ined at des i r ed level as power is increased . 

(33) Adjust shim rod posit ion for cr i t ical i ty when the des i r ed 
power level is reached. 

(34) Control r eac to r power at des i red level by manually adjusting 
the position of the fine control rod, or the position of the shim 
rods as requi red . 



D. Normal Shutdown 

(1) Inser t sh im-safe ty rods and fine control rod. 

(2) Turn off cooling tower pump (when not requi red for shutdown 
heat removal ) . 

(3) Turn off r eac to r coolant pumps (when not requi red for shut
down heat removal ) . 

(4) If the r e a c t o r opera tor is to leave the control floor, de -energ ize 
dump valve to drain core . 

(5) Withdraw control key from control console. If the reac tor 
opera tor is to leave the control floor, withdraw dump valve 
power and main power keys also. 

E. Emergency Shutdown 

Emergency shutdown (scram) of the r eac to r by a power failure, for 
example, will r esu l t in rapid inser t ion of the shim-safety rods and complete 
dra inage of the core . In the event of a sys tem malfunction, the Reactor 
Supervisor may init iate pa r t i a l or complete shutdown, depending on the na
tu re of the emergency. Operation of the par t ia l shutdown switch at the 
console will s c r a m the sh im-safe ty rods but will not dra in the core . Opera
tion of the total shutdown switch at the console will effect rod inser t ion and 
drainage of the core . 

The consequences of operat ing conditions and sys tem malfunctions 
or fa i lures leading to pa r t i a l or complete shutdown of the r eac to r a r e eval
uated in the following section. 



IV. REACTOR SAFETY EVALUATION 

The following inherent and auxi l iary features a r e designed to p r e 
vent or reduce haza rds a r i s ing from the operat ion of the JUGGERNAUT 
reac to r : 

(1) negative void and t e m p e r a t u r e coefficients of react ivi ty , and 
a long prompt neutron l ifetime; 

(2) react iv i ty control by solid a b s o r b e r s (control rods) , and full 
shutdown by rapid r emova l of the water mode ra to r - r e f l ec to r 
(dump valve); 

(3) extensive control in ter lock sys tems that prec lude other than 
s t r i c t adherence to a specific sequence of p r e - and pos t -
s ta r tup opera t ions ; and 

(4) superv i so ry control exerc i sed by personne l well ve r sed in 
r eac to r technology and opera t ions . 

The following sect ions desc r ibe how these fea tures will opera te , 
ei ther independently or collectively, in the event of cer ta in postulated 
incidents . 

A. Improper Fuel Loading 

The amount of fuel to be loaded in the core is l imited to a value 
(kex ~ 4.7%) that can be held subcr i t ica l by the shim rods . However, it is 
conceivable that an e r r o r in bookkeeping could r e su l t in a loading of 4.0 kg 
of fuel, with a consequent excess react iv i ty o f - 7 % . If this amount of fuel 
was loaded while no water was in the core , the r e a c t o r would subsequently 
become c r i t i ca l on water height. 

The core is filled with water by the auxi l iary pump that s e rv i ce s the 
water purif ication sys tem. A flow me te r and flow valve for this punap a r e 
located in the subreac to r room. The flow ra te will be adjusted to a value 
corresponding to a max imum reac t iv i ty addition ra t e of 0.025%(Ak/k)/sec. 
The flow valve will be locked in posit ion. An overflow switch will prevent 
s tar tup of the main pumps until the r eac to r v e s s e l is filled with water . The 
low pumping r a t e of the auxi l iary pump provides at leas t 30 sec for the 
opera tor to observe that the r e a c t o r is d ivergent and to init iate shutdown 
before prompt c r i t i ca l is reached. 

Assuming that the opera tor did not init iate shutdown, ei ther one of 
two independent in s t rumen t channels (one l inear flux level and one per iod 
meter ) would effect fast shutdown within 10 to 30 sec after cr i t ica l i ty had 
been attained. The t r ip level is se t at 90% of fu l l -scale on the l inear flux 



level channel, and at 10 sec on the per iod me te r . At s tar tup, the flux level 
channels a r e set on their most sensi t ive scale . The scale is changed 
p rogres s ive ly (by the opera tor ) as the power is increased, so that a signifi
cant reading is always obtained. 

In the unlikely event that both channels a r e inoperative and the 
opera tor is unaware of the condition, the maximum excess react ivi ty avai l 
able (with two safety rods withdrawn) would b e ~ 2 % Ak/k. If inser ted at a 
slow ra te , this amount of react iv i ty could be compensated entirely by the 
negative coefficient of reac t iv i ty without the onset of bulk boiling. The r e 
sults of t e s t s at SPERT with a r a m p react ivi ty inser t ion ra te of 0.025% 
Ak/k lead to a predic t ion of a max imum rec ip roca l period of 5 sec" , if the 
r a m p is s ta r ted at a very low power level . '" ' ' An excursion with a maximum 
power level of 10 Mw would ensue. The maximum fuel plate surface t e m 
p e r a t u r e would be ~140°C. The total energy r e l e a s e would be 10 Mw-sec . 
This would resu l t in no r eac to r damage and negligible i nc r ea se s in radiation 
dose rece ived by building personnel . The use of the SPERT data leads to a 
conservat ive es t imate for the max imum rec ip roca l period and hence for the 
max imum pow^er level and energy r e l e a s e (for a>5). A conservat ive es t imate 
for the r ec ip roca l per iod is obtained because the prompt neutron lifetime in 
the SPERT core (A-17/28) is l e ss than that of the JUGGERNAUT (see Ap
pendix A). 

When changes in fuel loading a r e to be accomplished with water in 
the core , p rocedure s specify that: (1) all shim-safety rods be inser ted; 
(2) the source be in the "up" position; and (3) all nuclear ins t ruments be set 
on the mos t sensi t ive sca le that will show a reading less than 90% of full 
sca le . 

The wors t conceivable accident -would resu l t from loading a fuel 
a s sembly containing 200 gm U^̂ ^ with the reac to r slightly subcr i t ica l . (If 
the r e a c t o r were only slightly subcr i t i ca l , the regulation that all sh im-
safety rods be inse r t ed mus t have been ignored.) The maximum amount of 
reac t iv i ty in se r t ed in this manner would be 1.5% Ak/k. This would entail a 
g ro s s e r r o r by the opera tor , s ince the init ial react ivi ty would be 3% Ak/k 
g rea t e r than that expected during no rma l fuel loading. An overloading of 
this magnitude could be detected before cr i t ical i ty by observing the mul t i 
plication of the sys tem. 

A step reac t iv i ty inser t ion of 1.5% Ak/k would give r i s e to a maximum 
rec ip roca l per iod of 16 s ec" . An excurs ion would resu l t with a maximum 
power level of 30 Mw, a max imum energy r e l e a s e of 20 Mw-sec and a maxi 
mum fuel plate t e m p e r a t u r e of 150°C. The consequences would be li t t le or 
no damage to the r e a c t o r and a negligible i nc rease in radiat ion dose received 
by personne l in the building. 



B. Startup Accident 

With two safety rods withdrawn and the water overflow inter lock 
satisfied, cr i t ica l i ty is achieved by withdrawing the remaining shim and 
safety rods . The rods a r e inter locked to prevent withdrawal of more than 
one rod at a t ime . This is accomplished by microswi tches that ensure no 
cu r ren t is available to other than the rod being operated. Owing to its 
re la t ively smal l worth (0.1% to 0.2% Ak/k), the fine control rod can be 
operated independently of the sh im-safe ty rods (each worth between 1.0% 
and 1.6% Ak/k). 

The wors t conceivable situation after the r eac to r vesse l has been 
filled with water would occur if the opera tor s t a r t s withdrawal of a shim or 
safety rod when the r eac to r is jus t c r i t i ca l and continues to withdraw the 
rod to its "Ful l -Out" position. In this event, r eac to r shutdown would be 
initiated by ei ther of two independent instrunnent channels (the period me te r 
and a l inear flux level channel). 

In the unlikely case of s imultaneous inoperabil i ty of both ins t rument 
channels, one shim rod plus the fine control rod could be withdrawn at a max
imum ra te of t r ave l corresponding to an average react ivi ty inser t ion r a t e 
of 0.01% (Ak/k)/sec for the 3 min requ i red to withdraw the rods . The r e 
activity inser t ion r a t e would r each a max imum of 0.02% (Ak/k)/sec near the 
s t a r t of the r a m p . The total amount of react iv i ty (1.8% Ak/k), if inse r ted 
slowly, could be compensated ent i re ly by the negative t e m p e r a t u r e coefficient 
of react iv i ty without the onset of bulk boiling. 

Data from t e s t s at SPERT indicate a maximum rec ip roca l period of 
2 sec"^ for a react iv i ty inser t ion ra te of 0.01% (Ak/k)/sec, s tar t ing at e s 
sentially ze ro power. (6) The resu l t an t excurs ion would peak at a power 
level of 3 Mw, with a total energy r e l e a s e of 10 Mw-sec , and a maximum 
fuel plate surface t e m p e r a t u r e of 120°C. For a r a t e of inser t ion of reac t iv i ty 
of 0.02% (Ak/k)/sec, the corresponding values a r e a r ec ip roca l period of 
4 s e c ~ \ a maximum, power level of 5 Mw, and a total energy r e l e a s e of 
10 Mw-sec . In ei ther case , t he re would be negligible i n c r e a s e s in radiat ion 
doses rece ived by pe r sonne l in the building. 

C. Loss of Cooling Water 

Studies have been made of the effectiveness of r emova l of shutdown 
decay heat by radiat ion and na tura l convection to prevent core meltdown, in 
the event of accidental or emergency shutdown involving rapid dra inage of 
the m o d e r a t o r - r e f l e c t o r water from the core while operat ing at 250 kw 
(see Appendix B). 



Assuming that heat is removed by radiation alone, the t empera tu re 
of the fuel plates will i nc r ea se to 323°C. If heat removal is l imited to 
natura l convection of the hel ium a tmosphere , the maximum fuel plate t em
p e r a t u r e will be 192°C. In JUGGERNAUT, the decay heat will be removed 
by both methods; therefore , the maximum fuel plate t empera tu re will be 
slightly l ess than 192°C. The melting point of the aluminum cladding em
ployed for JUGGERNAUT fuel plates is 650°C, or twice the plate t e m p e r a 
tu re calculated for the case of heat t r ans fe r solely by radiation. Consequently, 
a core meltdown will not occur under the foregoing conditions. 

D. Sudden Introduction of Cold Water into Core 

Since the r eac to r has a negative t empera tu re coefficient of r eac t iv 
ity (-1.5 X 10""*Ak/k°C), introduction of cold water into the core could resul t 
in an excurs ion. This could happen, for example, if the cooling tower pumps 
were not turned on until the r e a c t o r had been ra i sed to a high t empera tu re . 
Another situation of this type could resu l t from a large inc rease in pumping 
ra t e of the main r eac to r pumps while the r eac to r is at operating t empera tu re , 
or above, and the cooling tower pumps a r e in operation. 

The maximum possible change in the average core coolant t e m p e r a 
ture is l imited to 40°C by maintaining a t empera tu re difference not g rea t e r 
than 50°C between the r eac to r outlet water and the coolant tower water . A 
g rea t e r t e m p e r a t u r e difference will cause reac tor shutdown as a resu l t of 
a high outlet t e m p e r a t u r e . Hence the maximum inc rease in react ivi ty obtain
able by a sudden introduction of cold water is 0.60% Ak/k. This would give 
r i s e to a posit ive r eac to r per ioa of 1.5 sec . The amount of react ivi ty in
volved (0.6% Ak/k) would be compensated ent i rely by the negative t e m p e r a 
ture coefficient of reac t iv i ty without boiling occurr ing . 

Operating p rocedures a r e such that no step inc rease in react ivi ty 
of this magnitude can occur . The coolant pumps in both the p r i m a r y and 
secondary sys tems a r e s ta r ted before the r eac to r outlet t empera tu re be 
comes high. In addition, the throt t le valve in the p r i m a r y sys tem is p re se t 
at a high enough flow ra te ( 4 i / s e c ) that no sudden injection of cold water is 
poss ib le . 

E. Power Fa i lu re 

A loss of power supply to the building or to the control console will 
init iate rapid shutdown of the r eac to r by simultaneous inser t ion of the shim-
safety rods (magnetic clutches de-energ ized) and rapid drainage of the 
m o d e r a t o r - r e f l e c t o r water from the core (air solenoid on dump valve de -
energized) . As mentioned ea r l i e r , decay heat r e l eased upon shutdown will 
be removed by radiat ion and na tura l convection. No hazards a r e anticipated 
in this event. 



F. Shim or Safety Rod Fa i lu re 

Although none of the shim or safety rods had become lodged during 
per formance t e s t s (10,000 cycles at s imulated reac tor conditions), it is 
conceivable that a rod could become lodged in the "up" position. This 
could resu l t from jamming of the rod d rum by ro l l e r friction against the 
ribbon, or by means of a d r u m bear ing fai lure (see Fig. 20). 

A lodged rod could promote a hazard in the event a rod s c r a m would 
be n e c e s s a r y to prevent the r eac to r from r is ing on a very short period. 
However, at l eas t four rods would have to become lodged simultaneously. 
The probabil i ty of this event is ex t remely small , excluding an external 
ca tas t rophe (such as an ear thquake) . 

G. Malfunction of Dump Valve 

In the event of rod lodgement in the "up" position, the r eac to r can 
be shut down by opening the air so lenoid-opera ted dump valve and d ra in 
ing the core annulus. The top ref lec tor will be removed in 2 sec , and the 
annulus drained in an additional 2 sec . 

Should the dump valve fail to open in the normal manner , the a i r -
supply line to the valve can be severed at the c o m p r e s s o r in the mechan
ical equipment room. This action would vent the a i r in the cylinder of 
the valve actuator . The loss of a i r would pe rmi t the valve to open by 
spring action. 

H. Misuse or Fa i lu re of Exper imenta l Apparatus 

A r eac to r excurs ion could be promoted by remova l of a heavily 
absorbing exper iment while the r e a c t o r is c r i t i ca l or near c r i t ica l , or by 
inser t ion of r eac t ive m a t e r i a l or graphi te during no rma l r eac to r operat ion. 
Table VIII l i s t s the react iv i ty i n c r e a s e s effected by movement of graphi te 
components and beam hole plugs in the r eac to r . Flooding of any re f l ec 
tor opening with H2O reduces the reac t iv i ty of the sys t em (see Table IV). 
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Table VIII 

REACTIVITY CHANGES ASSOCIATED WITH 
MOVEMENT OF GRAPHITE COMPONENTS 

AND BEAM HOLE PLUGS 

%Ak/k 

+2 

<+o 
+0 

+0 

+0 

4 

.36 

.51 

.20 

.10 

Inser t ion of centra l 15-cm-dia graphite plug 

Inser t ion of beam hole plug 

Insert ion of all 9 s t r i n g e r s in t he rma l column 

Insert ion of e i ther 4 .4 -cm s t r inge r in in ternal 
t h e r m a l column 

Insert ion of 10-cm square ve r t i ca l s t r inger 
35 cm from core face 

Insert ion of 20-cm square ve r t i ca l s t r inger 
60 cm from core face +0.02 

As is evident from Table VIII, the mos t ser ious hazard is posed 
by movement of the cen t ra l graphi te plug while the reac tor is c r i t i ca l or 
near c r i t i c a l . F o r this reason , an inter lock has been incorpora ted into the 
control sys tem to effect rapid inse r t ion of the shim-safe ty rods and com
plete dra inage of the core upon movement of the cen t ra l shield plug sub
sequent to r eac to r s t a r tup . 

The inse r t ion and removal of exper iments in all other tes t faci l i t ies 
available in the JUGGERNAUT will be made in accordance with p rocedures 
p r e s c r i b e d by a r igorous safety review of each proposed exper iment . The 
no rma l p rocedure will be to shut the r eac to r in advance of any changes in 
expe r imen t s . 

All proposed exper imen t s will be subjected to a hazards review. 
P a r t i c u l a r ca re -will be taken to ensure that hot spots sufficient to cause a 
l a r g e - s c a l e Wigner energy r e l e a s e in the graphite a r e not generated (see 
Appendix C). 

In the event of an exper iment fai lure with consequent r e l e a se of 
radioact ivi ty, the a r ea -mon i to r ing sys t em will initiate r eac to r shutdown 
and prevent subsequent s t a r tup until to le rance levels have been r e - e s t ab l i shed . 



I. Excess ive P r e s s u r e 

Excess ive p r e s s u r e , occasioned (for example) by water boiling 
during a power surge , -will be re l ieved by rupture of an aluminum dia 
phragm at the dump-s to rage tank. The d iaphragm will rupture at a p r e s 
sure of 1.34 a tm. Discharge is to the pump room. 

J . Ins t rument Fa i lu re 

Wherever poss ib le , ins t rumenta t ion has been designed to fail safe. 
However, it is conceivable that a component in a t r ip c i rcui t may malfunc
tion in a manner such that a s c r a m signal from a level or period c i rcu i t 
will be ineffective in causing r e a c t o r shutdo-wn. The advent of this type of 
failure has been reduced by duplication of high-flux t r ip channels . 

K. Ear thquake 

Ear thquakes near the r eac to r site have been infrequent and of low 
intensi ty . The mos t ser ious consequence of a severe earthquake would be 
to j a m the shim and safety r o d s . In this event, r eac to r shutdo-wn could still 
be achieved by dumping the wa te r . 

An ear thquake of sufficient intensity to a l te r the core lat t ice has 
never occu r r ed n e a r the s i t e . Moreover , since the in ternal t h e r m a l column 
is filled with graphite , it is ex t remely unlikely that a m o r e react ive geometry 
could be effected by such a ca tas t rophe . 

L. Sabotage 

There is no conceivable no rma l operat ional procedure that would 
pe rmi t a r^pid input of react iv i ty sufficient (>3.0%Ak/k) to cause core m e l t 
down and consequent r e l e a se of fission p roduc t s . A reac t iv i ty input of such 
magnitude can be accompl ished only by s imul taneous c i rcumvent ion of 
specific, sequenced p rocedures , safety in te r locks , t r i p s , and control rod 
s c h e m e s . Accordingly, such rad ica l d ig re s s ions , i r r e s p e c t i v e of intent or 
ignorance, can be ca tegor ized as sabotage. 

For example , a reac t iv i ty input g r e a t e r than 3.0% could occur during 
fuel-loading opera t ions . This would entai l the sudden inser t ion of at leas t 
th ree fuel a s s e m b l i e s (containing 450 gm U^^ )̂ into thei r proper posit ions 
in the core while the r eac to r is c r i t i ca l or slightly subc r i t i ca l . A n e a r -
c r i t i ca l condition would be obtained only if the regulat ion specifying that the 
sh im-safe ty rods mus t be inse r t ed during fueling is ignored. The fuel 
a s semb l i e s a r e to be loaded and unloaded through the unloading por t in the 
top rotat ing shield plug. The port will accommodate one assembly at a t ime . 
Therefore , the sudden addition of th ree a s s e m b l i e s would requ i re removal 



of the t op sh i e ld p lug wi thout i n t e r r u p t i n g the sa fe ty i n t e r l o c k tha t would 
n o r m a l l y d e - e n e r g i z e the d u m p va lve to d r a i n the c o r e a n n u l u s . 

O the r nnethods of ef fect ing a s t e p input of r e a c t i v i t y in e x c e s s of 
3 .0%Ak/k involve r e m o v a l a n d / o r i n s e r t i o n of s t r o n g a b s o r b e r o r f i s s i l e 
m a t e r i a l s in the c e n t r a l t h e r m a l c o l u m n with the r e a c t o r c r i t i c a l o r n e a r 
c r i t i c a l . T h e s e o p e r a t i o n s would n e c e s s i t a t e m o v e m e n t of the c e n t r a l 
a u x i l i a r y sh i e ld p lug , and could not be p e r f o r m e d without b y p a s s i n g the 
p lug s a f e ty i n t e r l o c k with the c o n t r o l r o d s and the d u m p v a l v e . 

M. A r g o n A c t i v i t y 

A s s u m i n g t h a t a i r i s f r e e to diffuse out of the r e a c t o r s t r u c t u r e 
d u r i n g f u l l - p o w e r o p e r a t i o n , p e s s i m i s t i c c a l c u l a t i o n s ind ica t e tha t the 
A a c t i v i t y in the r e a c t o r r o o m m a y e x c e e d the m a x i m u m p e r m i s s i b l e 
l e v e l . 

Should the a i r m o n i t o r s d e t e c t c o n c e n t r a t i o n s of A^^ above t o l e r a n c e , 
a b l o w e r fan can be u s e d to c y c l e the a i r f r o m the r e a c t o r r o o m t h r o u g h the 
r e a c t o r s t r u c t u r e in to the s u b r e a c t o r r o o m . The effluent f r o m the r e a c t o r 
s t r u c t u r e wi l l d i s c h a r g e to the a t m o s p h e r e t h r o u g h duct w o r k i n t e r c o n n e c t 
ing the s u b r e a c t o r r o o m and an e x h a u s t p o r t i n s t a l l e d on the roof of the 
b u i l d i n g . 

N. H a z a r d s of F i s s i o n P r o d u c t R e l e a s e to the A t m o s p h e r e 

1. B a s e s of E v a l u a t i o n 

In the even t of a n u c l e a r e x c u r s i o n tha t l e a d s to c o r e m e l t d o w n , 
the f i s s i o n p r o d u c t s r e l e a s e d c o n s i s t of t h o s e which have b e e n p r o d u c e d 
d u r i n g p r e v i o u s h i g h - p o w e r o p e r a t i o n and t h o s e g e n e r a t e d d u r i n g the e x c u r 
s i o n . Owing to the r e l a t i v e l y low m a x i m u m power (250 kw) of the J U G G E R 
NAUT, the e x t e r n a l i r r a d i a t i o n h a z a r d p o s e d by the r e l e a s e of s t o r e d f i s s ion 
p r o d u c t s is s o m e w h a t l e s s t h a n the h a z a r d a r i s i n g f r o m the f i s s i o n p r o d u c t s 
g e n e r a t e d d u r i n g the e x c u r s i o n . 

In c o n t r a s t , t h e h a z a r d s a r i s i n g f r o m i n h a l a t i o n o r i n g e s t i o n of 
r a d i o a c t i v e m a t e r i a l i s c a u s e d p r e d o m i n a t e l y by the l o n g e r - l i v e d i s o t o p e s 
p r o d u c e d and s t o r e d in the fuel d u r i n g f u l l - p o w e r o p e r a t i o n . A s s u m i n g 
o p e r a t i o n at 250 kw for 16 h r e a c h day , o r con t inuous o p e r a t i o n at 160 kw, 
the r a d i o a c t i v i t y s t o r e d in the fuel a f te r e q u i l i b r i u m h a s b e e n e s t a b l i s h e d 
is 1.6 X 10 c u r i e s . T h r e e h o u r s a f t e r shu tdown, the ac t i v i t y wi l l be r e d u c e d 
by a f a c t o r of 10. 



The p o s t u l a t e d m a x i m u m a c c i d e n t to the JUGGERNAUT would 
be o c c a s i o n e d by a r a p i d r e a c t i v i t y i n s e r t i o n of 6.3% A k / k , and c o n s e q u e n t 
c o m p l e t e m e l t d o w n of the c o r e . The t o t a l f i s s i o n e n e r g y p r o d u c e d in s u c h 
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an e x c u r s i o n is 130 M w - s e c , c o r r e s p o n d i n g to a t o t a l of 4.0 x 10 f i s 
s i o n s . ! " / Such an a c c i d e n t would be t a n t a m o u n t to s a b o t a g e . 

It i s a s s u m e d , p e s s i m i s t i c a l l y , tha t 10% of the f i s s i o n p r o d u c t s 
e s c a p e f r o m the fuel p l a t e s , and tha t 50% of the r e l e a s e d p r o d u c t s a r e r e 
t a ined wi th in the r e a c t o r s y s t e m and the bu i ld ing . 

In the a b s e n c e of e x p e r i m e n t a l da ta , the p r a c t i c e h a s been to 
e v a l u a t e h a z a r d s on the b a s i s of t o t a l r e l e a s e of f i s s i o n p r o d u c t s . In the 
a n a l y s i s for the J U G G E R N A U T , the f r a c t i o n of f i s s i o n p r o d u c t s r e l e a s e d 
to the a t m o s p h e r e w a s b a s e d on M T R - t y p e fuel m e l t d o w n e x p e r i m e n t s 
p e r f o r m e d by C r e e k , M a r t i n , and P a r k e r . ( 7 ) In t h e i r e x p e r i m e n t s , s p e c i 
m e n s of M T R fuel e l e m e n t s w e r e m a i n t a i n e d in the m o l t e n s t a t e for one 
hour in an a i r a t m o s p h e r e at t e m p e r a t u r e s of 700°C and 800°C, r e s p e c t i v e l y 
(The m e l t i n g point of a l u m i n u m is 650°C.) They o b s e r v e a 0 .43% r e l e a s e 
of the to ta l g a m m a - e m i t t i n g f i s s i o n p r o d u c t s and a 0 .93% r e l e a s e of iodine 
at the l o w e r t e m p e r a t u r e , and i n c r e a s e s to 1.81% and 4.79%, r e s p e c t i v e l y , 
a t the h i g h e r t e m p e r a t u r e . A 2 - m i n r a p i d m e l t in a i r a t 700°C r e s u l t e d in 
a 9.7% r e l e a s e of r a r e g a s e s . 

The t e s t s on M T R fuel s p e c i m e n s w e r e l i m i t e d to m e l t d o w n s 
in an a i r a t m o s p h e r e . H o w e v e r , s i m i l a r m e l t d o w n s t u d i e s of A P P R and 
STR e l e m e n t s in a i r and in s t e a m a t m o s p h e r e s gave no e v i d e n c e of l a r g e 
i n c r e a s e in f i s s i o n p r o d u c t r e l e a s e a t t r i b u t a b l e to the s t e a m a t m o s p h e r e . 
C r e e k et a l . , have s u g g e s t e d t h e r e m a y e v e n be a dec rease .C^) No s ign i f i 
can t m e t a l - w a t e r r e a c t i o n w a s o b s e r v e d d u r i n g the e n t i r e s e r i e s of m e l t 
down t e s t s . 

The ex ten t of the h a z a r d s p o s e d to the s u r r o u n d i n g e n v i r o n m e n t 
h a s b e e n e v a l u a t e d by m e a n s of the c a l c u l a t i o n a l p r o c e d u r e s d e v e l o p e d in 
A N L - 5 7 1 5 w ) and A N L - 5 7 4 4 , ' •'•̂ / and the m a x i m u m p e r m i s s i b l e c o n c e n t r a 
t ions of r a d i o i s o t o p e s p u b l i s h e d in N B S - 5 9 . ( l l ) 

Al though c e r t a i n o t h e r l o n g - l i v e d i s o t o p e s c r e a t e a h a z a r d , the 
i so tope I i s p r e s e n t in the g r e a t e s t c o n c e n t r a t i o n r e l a t i v e to i t s m a x i m u m 
p e r m i s s i b l e c o n c e n t r a t i o n . It i s t hus i n d i c a t i v e of the t o t a l h a z a r d f r o m 
i n h a l a t i o n o r i n g e s t i o n . 

2. I nha l a t i on H a z a r d s 

A s s u m i n g t h a t a r a d i o a c t i v e c loud is r e l e a s e d f r o m the bu i ld ing 
and t r a v e l s at a he igh t of 300 m and a v e l o c i t y of 1 m / s e c , an o b s e r v e r 
1600 m d i s t a n t f r o m the r e a c t o r could a c c u m u l a t e 1% of the m a x i m u m 
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pe rmis s ib l e concentrat ion of I in the thyroid gland. If a continuous plume 
is formed and entra ined by the wind at 2 m / s e c , an observer 1600 m do-wnwind 
of the reac tor building could accumulate as much as four t imes the maximum 
pe rmiss ib l e concentra t ion of Î ^̂  (for continuous exposure) in the thyroid. 
However, this concentrat ion is only one-tenth of the maximum permiss ib le 
one-shot dose (2 .4/ ic of Î ^̂  = 25 r e m ) . 

3. Ingestion Hazards 

The accumulat ion of fission products by ingestion is contingent 
upon: (l) dra inage t ime of radioact ive water to the Des Pla ines River; 
(2) dilution of DesP la ines River by the Kankakee River; and (3) amount of 
radioactive water ingested by an o b s e r v e r . 

The concentrat ion of Î ^̂  in the Des Pla ines River could be 50 
t imes the min imum pe rmis s ib l e va lue . Assuming total instantaneous wash
out of a i rborne fission product activi ty at 1600 m from the reac tor , the 
ground water could contain 60 t imes the min imum permiss ib le concentrat ion 
of I . The high degree of iodine contamination of r ive r and drinking water 
would not consti tute a se r ious hazard , since there is ample t ime to guard 
against consumption of the water by the neighboring communi t ies . 

4. Ex te rna l Radiation Hazards 

The ex te rna l radiat ion doses a r e at t r ibuted largely to the isotopes 
generated during the excurs ion . The doses due to "steady-stat ,e" isotopes 
will be slightly l e s s ; a pes s imis t i c es t imate has been obtained by doubling 
the indicated dose for the "excurs ion" i so topes . 

The total ex te rna l beta radiat ion dose received by an obse rve r 
exposed to a radioact ive plume would be a max imum of 120 m r at 1600 m e t e r s , 
and 400 m r at 1000 m from the r e a c t o r . 

The ex terna l gamma radia t ion dose from a radioactive cloud 
would be max imum for a cloud height of zero and a velocity of 15 m / s e c . 
F o r this ex t reme case , the total dose would be 100 m r at 800 m, and 30 m r 
at 1600 m, from the r e a c t o r . In the event of instantaneous washout 1600 m 
from the r eac to r , an o b s e r v e r at this point could suffer an exposure of 4.0 
r e p gamma, and 40 r e p beta radia t ion. 





APPENDIX A 

EXTRAPOLATION OF SPERT-I DATA PERTINENT 
TO NUCLEAR EXCURSIONS IN JUGGERNAUT 

The JUGGERNAUT is a slightly undermodera ted , water -cooled , 
g raphi te - re f lec ted r eac to r and, as such, combines the advantages of being 
inherent ly self- l imit ing to nuclear excurs ions and having a re la t ively long 
prompt neutron l i fe t ime. The max imum safe inser t ion of react iv i ty for this 
r eac to r is considered to be just below that for which fuel plate melting is 
init iated at the hot test spot in the co re . No direct exper imental data on the 
excurs ion behavior of such a reac to r a r e available; however, the behavior 
of the JUGGERNAUT can be predic ted by extrapolation using the SPERT-I 
co r re l a t ion ' " ) and making cer ta in assumpt ions enumerated and discussed 
below. 

1 . The SPERT cor re la t ion , involving the rec ip roca l period, the 
void coefficient, and the neutron l i fe t ime, includes all important core 
p a r a m e t e r s . 

Analyses of the SPERT data indicated that the important v a r i 
ables a r e the r ec ip roca l per iod, which is a function of neutron lifetime and 
inse r t ed reac t iv i ty , and the ra t io of the void coefficient of react ivi ty to the 
neutron l i fe t ime. The th ickness of the aluminum cladding of the fuel plates 
in JUGGERNAUT (0.38 mm) is l e s s than in SPERT (0.51 mm) . Neglect of 
this difference r e su l t s in a conservat ive extrapolat ion. Other p a r a m e t e r s , 
such as core size and hydrodynamic effects, a r e of re la t ively l ess 
impor tance . '^ 2) 

Although the SPERT tes t s covered a wide range of core p a r a m 
e t e r s , cer ta in JUGGERNAUT p a r a m e t e r s , in par t icu la r the neutron l i fet ime, 
fall outside the range invest igated. This gives r i s e to an uncertainty in the 
extrapolat ion. The method of resolving this uncer ta inty is d iscussed below 
under pa ragraph 3. 

2. The average void coefficient de te rmines the shutdown effect due 
to voids in the same manner for the JUGGERNAUT as for the SPERT c o r e s . 

The SPERT te s t s have indicated that the average void coefficient 
of reac t iv i ty i s a valid p a r a m e t e r for use in corre la t ion of r eac to r excursion 
behavior even for the core (B-12/64) that has a local positive void coefficient 
at i ts center where the power generat ion and, hence, void formation is 
largest .^° '^2^ The JUGGERNAUT, while exhibiting some mismatch between 
power generat ion and negative void coefficient, does not have a positive void 
coefficient at any position in the co re . Thus, the excurs ion behavior of the 
JUGGERNAUT can be co r re l a t ed with the behavior of the SPERT cores by 
means of the average void coefficient of react iv i ty . 



3. The percentage of voids needed to compensate the maximum 
allowed inser t ion of react ivi ty for the JUGGERNAUT (as obtained from the 
SPERT corre la t ion) , can be formed quickly enough to shut the r eac to r be 
fore fuel plate melting is init iated. 

The react ivi ty inser t ion for la rge values of a is compensated 
almost ent i rely by steann voids, with some help from meta l expansion and 
the t empera tu re coefficient of reactivity.v") 

A relevant question is whether or not the large amount of r e 
activity inser t ion, considered safe for the JUGGERNAUT from an ex
trapolation of SPERT data, can be adequately compensated by void in the 
same manner (s imilar t ime interval) in which the l e s s e r react iv i ty i n s e r 
tions were compensated in the SPERT t e s t s . Table IX l i s t s the relevant 
cha rac te r i s t i c s of the SPERT cores and the JUGGERNAUT. 

T a b l e IX 

C O M P A R I S O N O F S P E R T AND J U G G E R N A U T P A R A M E T E R S 

P a r a m e t e r 

P l a t e s p a c i n g , c m 

A v e r a g e vo id coe f f i c i en t , 
(% A k / k ) / l % vo id 

P r o m p t n e u t r o n l i f e t i m e ( £ ) , s e c 

{Cjlf'\ [ A k / ( c m ^ ) ( s e c ) ] ' ^ ^ 

R e c i p r o c a l p e r i o d ( a ) t o 
i n i t i a t e c o r e m e l t d o w n , s e c " 

Step r e a c t i v i t y i n s e r t i o n t o 
i n i t i a t e m e l t i n g , %" 

Vo ids to c o m p e n s a t e m a x i m u m 
safe r e a c t i v i t y i n p u t , % 

S P E R T C o r e 

B - 2 4 / 3 2 

0 .165 

- 0 . 2 8 

0.49 X 10"* 

2.2 

400 

2.62 

7 

A - 1 7 / 2 8 

0 .297 

- 0 . 2 4 

0 .48 X 1 0 - * 

1.9 

370 

2.45 

7 

B - 1 6 / 4 0 

0 . 4 8 3 / 0 . 1 6 5 

- 0 . 1 8 

0.72 X lO"* 

1.4 

300 

3.0 

13 

B - 1 2 / 6 4 

0 .483 

-0 .11 

0.75 X 10"* 

1.0 

200 

2.2 

14 

J U G G E R N A U T 

0.520 

-0 .15 

2.0 X 10"* 

1.1 

220^ 

5 . 1 ^ 

28^^ 

* C a l c u l a t e d u s i n g S P E R T c o r r e l a t i o n 

C a l c u l a t e d u s i n g i n h o u r e q u a t i o n 

' - C o n s e r v a t i v e l y e s t i m a t e d , t h e s e v a l u e s b e c o m e 3.0% A k / k , and 14% v o i d s 

It can be seen that the percentage void needed for compensation in the 
SPERT cores is always below 15% while for JUGGERNAUT approximately 
30% is needed. If the plate spacing was very close in both s y s t e m s , the re 
would be no uncertainty in the extrapolation; however, the plate spacing in 
the JUGGERNAUT is slightly g rea te r than the l a rges t spacing employed 
in the SPERT c o r e s . The plate spacing is important , since voids a r e con
s idered to originate by film boiling for very short pe r iods .U4j For any 



par t icu la r void fraction, the film thickness will be direct ly proport ional to 
the plate spacing. The heat t ransfe r coefficient, which is inverse ly p ropor 
tional to the film th ickness , will d e c r e a s e as the void fraction i nc rea se s and, 
consequently, the shutdown mechan i sm may be r e t a rded . 

A conservat ive extrapolat ion of the maximum safe inser t ion of 
reac t iv i ty for JUGGERNAUT can be made by assuming that the reac tor can 
to lera te only that amount of reac t iv i ty above prompt cr i t ica l which can be 
compensated by the same void fraction requ i red to compensate the maximum 
safe inser t ion of reac t iv i ty for SPERT core B-12 /64 . The validity of the 
extrapolat ion is evident provided the void fraction requ i red in JUGGERNAUT 
does not exceed the void fraction specified for core B-12/64 . Table IX shows 
the min imum safe reac t iv i ty inser t ion for the JUGGERNAUT to be 5.1% Ak/k, 
as calculated f rom the SPERT cor re la t ion .* This would requ i re 28% voids 
for compensat ion. However, the max imum voids for SPERT core B-12/64 is 
14%. Using this c r i t e r ion , the max imum safe react iv i ty inser t ion for 
JUGGERNAUT is conservat ive ly es t ima ted at 3.0% Ak/k. 

The r e c i p r o c a l per iod (cx) at which melt ing is init iated in the SPERT 
cores va r i e s approximate ly as ( C ^ / i ) , where C^ is the average void 
coefficient of reacti-vity, and i is the prompt neutron l i fe t ime. 
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APPENDIX B 

REMOVAL OF CORE DECAY HEAT 
FOLLOWING EMERGENCY SHUTDOWN 

In the event of a sh im-sa fe ty rod fa i lure , emergency shutdo-wn of 
the JUGGERNAUT can be effected by rapid drainage of the m o d e r a t o r -
re f lec tor -coolan t water from the core to the dump-s to rage tank. The fol
lowing calculat ions have been made to a s c e r t a i n the degree of core decay 
heat genera ted consequent to a postulated emergency shutdown, and the 
adequacy of the heat r emova l media available to ensure against core 
meltdown. 

Heat Generat ion 

The heat genera ted in the core after shutdo-wn is calculated by the 
method of Krause et al.(15) and is based on the assumpt ions that : 

(1) The r eac to r has been operat ing continuously (l6 h r / d a y ) at 
250 kw. 

(2) A sudden reac t iv i ty inser t ion of 5.1% Ak/k r e su l t s in a total 
energy r e l e a s e of 60 Mw-sec and a total of 1 .8 x 10 f i s s ions . 

(3) The fission product act ivi ty r e s u l t s in a r e l e a se of 1.26 t"^*^Mev 
of y r a d i a t i o n / s e c / f i s s i o n , and 1.40 t"^*^ Mev of ^ r a d i a t i o n / s e c / 
f ission, where t is the t ime after f ission, in seconds . 

(4) All of the j3 and one-half of the 7 energ ies a r e absorbed in the 
a luminum fuel p l a t e s . 

For assumpt ions (3) and (4), the re would resu l t an energy r e l e a s e 
in the core of: 

+ 1 .40 j t-^-^ M e v / s e c / f i s s i o n 
2 

= 2.03 t~^"^ M e v / s e c / f i s s i o n (t in seconds) 

- 1 .1 X 10~^t~^"^ M e v / s e c / f i s s i o n (t in hours ) . 

The number of f issions pccur r ing in the r e a c t o r in a t ime dr is 

dF = 1 .8 X 10^^ dr (dr in hou r s ) . 

Combining the above r e l a t ions , the r a t e of heat energy r e l e a s e in 
M e v / s e c (at t hours after shutdown, following T hours of operat ion at 1 60 kw) 
due to f iss ions occur r ing in the r eac to r during a t ime in te rva l d r at t ime T 
can be wri t ten as 



d E g = 2 .0 X 10^5 [t + (T - T ) ] " ^ - 2 d r , 

a n d s o 

2 . 0 X 10^^ r - 0 7 / ™,\-n ?^ 

= ^ [t-°-2 - (t + T)-°-2] . 

C o n v e r t i n g to c a l / s e c , a n d l e t t i n g T - > oo , 

Eg (t) = 3.8 X 10^ t - ° -^ c a l / s e c . 

The r a t e of r e l e a s e of h e a t e n e r g y in M e v / s e c at t h o u r s a f t e r shut 
down due to the b u r s t of f i s s i o n s o c c u r r i n g at t = 0 can be w r i t t e n a s 

E B = (1-8 X 10i«)( l . l X 10 '^ ) t '^-^ 

= 2.0 X 10^^ t-^-^ . 

C o n v e r t i n g to c a l / s e c , 

E g = 7.7 t"^-^ c a l / s e c 

H e n c e , t he t o t a l h e a t g e n e r a t e d t h o u r s a f t e r shu tdown is 

H ( c a l / s e c ) ^ Eg + E^ = 380 t - ° -^ + 8 t"^-^ . 

The c o r e c o n t a i n s 5.4 x 10 g m of a l u m i n u m with a h e a t c a p a c i t y of 
'•"0.24 c a l / ( g m ) ( ° C ) . T h e r e f o r e , the t e m p e r a t u r e r i s e , A0, of the d r y , p e r 
f ec t l y i n s u l a t e d c o r e for any p e r i o d of t i m e t in h o u r s a f te r shu tdown i s 

S ince 

C^ = (5.4 X 10^)(0.24) 

= 1.3 X 10* c a l / ° C , 

it i s found tha t 



t̂ ft 
A0 = 101 / t'-°-2 dt' + 2 / t'-^-2 d f 

- 121. t'0.8 inti~o-2 
0.8 • ^"* 

The second t e r m cannot be evaluated at t ' = 0. This is not inconsis tent , 
since the equation for H is not c o r r e c t for very smal l values of t. In o rder to 
evaluate the second t e r m , it is a s sumed that 5% of the total energy of the ex
cursion is in the form of delayed /3 and 7 emiss ions which a r e absorbed in 
the co re . The total energy in the excurs ion is 60 Mw-sec ; hence the total 
delayed energy absorbed by the core is 3 Mw-sec , or 0.717 x 10 cal . The 
total t e m p e r a t u r e r i s e due to this energy is 

0.717 X 10^ _ o ^ 
1— = 55 C 

1.3 X 10* 

Assuming a t ime dependence of this t e m p e r a t u r e r i s e to be 

A© = 45°C 0 < t < 1 hr 

A0 = 55°C - 10t"°-^ t > 1 h r , 

and an init ial fuel plate t e m p e r a t u r e of 100°C, 

0 = 145 + 126 t°-8 °C 0 < t < l h r 

0 = 155 + 126 t°-^ - 10t"°-^ °C. t ^ 1 hr 

Effectiveness of Heat Removal Media 
Two methods of removing shutdown heat a r e available in the 

JUGGERNAUT: radia t ive t r ans f e r , and na tura l convection of the hel ium 
a tmosphe re . It is a s sumed , pess imis t i ca l ly , that there is no cooling by 
na tura l convection. 

The cool surfaces in the radia t ive t rans fe r p roces s a r e the l ine r s 
of the in terna l t he rma l column and the graphite re f lec tor . Since the graphi te 
has a l a rge total heat capacity, it is a s sumed that the cool surfaces r ema in 
at 100°C throughout the shutdown per iod.* The hot surface consis ts of all 
the fuel plates in the co re , each of which " s e e s " par t of the cool sur face . 
The effective radiat ive a r e a of the core is 0.97 t imes the sum of the total 
outside a r e a of the core and the a r e a of the core facing the in terna l t he rma l 
column. 

* Even if this assumpt ion is i nco r r ec t , due to inadequate contact between 
the l i ne r s and the graphi te , the r i s e in fuel plate t e m p e r a t u r e will be 
only 100°C. 



The r a t e of h e a t t r a n s f e r f r o m the ho t s u r f a c e ( l ) to the cool su r 
face (2) i s g iven by \^°) 

q i ^ - 2 = Al cr(Tt - T*)^^ 
+ — - 1 

^1 ^ 2 

w h e r e 

Al = 2.47 X 10* cm^ 

o = 1.356 X 10-1^ ca l / (cm2)(sec) ( °K)* 

£j = £2 = 0.18 = e m i s s i v i t y for an ox id ized a l u m i n u m 
s u r f a c e 

Ti = t e m p e r a t u r e of i n s u l a t e d c o r e , °K 

T2 = 373°K 

A s shown in F i g . 24, the r a t e of h e a t e m i s s i o n equa l s the r a t e of 
h e a t g e n e r a t i o n at t = 1.5 h r . The t e m p e r a t u r e of the i n s u l a t e d c o r e a t th i s 
t i m e i s 3 23°C, wh ich is the m a x i m u m t e m p e r a t u r e tha t can be a t t a ined . 
H e n c e , t he t e m p e r a t u r e of the u n i n s u l a t e d JUGGERNAUT fuel p l a t e s wi l l 
r e m a i n we l l be low the m e l t i n g po in t (650°C) w h e n e v e r the w a t e r i s d r a i n e d 
f r o m the c o r e . 
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A P P E N D I X C 

RADIATION DAMAGE TO G R A P H I T E 

E n v i r o n m e n t 

The a v e r a g e t h e r m a l n e u t r o n flux in the c e n t r a l g r a p h i t e t h e r m a l c o l 
u m n i s ~3 X 10 ^ n / ( c m ) ( sec ) at an o p e r a t i n g power of Z50 kw. The fas t n e u 
t r o n flux is s l i gh t ly h i g h e r . A s s u m i n g r e a c t o r o p e r a t i o n a t 250 kw for 16 h r 
p e r day and 300 d a y s p e r y e a r , the t o t a l i n t e g r a t e d t h e r m a l n e u t r o n flux 
would be 5 . 2 x 1 0 ^ nvt a f t e r a p e r i o d of 10 y r . The a v e r a g e t e m p e r a t u r e of 
the c e n t r a l g r a p h i t e t h e r m a l c o l u m n and the g r a p h i t e ( r e f l e c t o r ) i m m e d i a t e l y 
s u r r o u n d i n g the r e a c t o r v e s s e l i s ~75°C at full p o w e r . 

The fo rego ing e n v i r o n m e n t a l cond i t i ons have b e e n u s e d in con junc t ion 
with a s u r v e y p a p e r on g r a p h i t e i r r a d i a t i o n s c o m p i l e d by Woodsv-*-') to a s c e r 
t a in the e x t e n t of r a d i a t i o n d a m a g e tha t m a y be s u s t a i n e d by the g r a p h i t e c o m 
ponen t s in the JUGGERNAUT r e a c t o r a f t e r o p e r a t i o n for 10 y r . 

S u m m a r y of R e s u l t s 

D i m e n s i o n a l l y , the change in the ax i a l d i r e c t i o n ( d i r e c t i o n of g r a p h i t e 
e x t r u s i o n ) wi l l be l e s s t han 0.8%, c o r r e s p o n d i n g to an i n c r e a s e of ~5 m m in 
the he igh t of the i n t e r n a l t h e r m a l c o l u m n . The m a x i m u m change in the r a d i a l 
d i r e c t i o n would be 0.2%, and m o s t p r o b a b l y would be a s h r i n k a g e . After t en 
y e a r s , the r a t e of d a m a g e m a y i n c r e a s e , but by no m o r e than a f a c t o r of 2. 

The t o t a l a m o u n t of s t o r e d e n e r g y due to n e u t r o n i r r a d i a t i o n in the 
c e n t r a l v e r t i c a l s e c t i o n of the i n t e r n a l t h e r m a l c o l u m n wi l l bui ld up to a p 
p r o x i m a t e l y 150 c a l / g m of g r a p h i t e a f te r a p e r i o d of t en y e a r s . The a m o u n t 
of s t o r e d e n e r g y wil l be the s a m e for the i n n e r m o s t p o r t i o n of the g r a p h i t e 
r e f l e c t o r , bu t l o w e r e l s e w h e r e . Th i s e n e r g y can be r e l e a s e d by a n n e a l i n g 
the g r a p h i t e a t t e m p e r a t u r e s above the i r r a d i a t i o n t e m p e r a t u r e of the g r a p h 
i t e , a l though c o m p l e t e r e l e a s e d o e s not o c c u r u n l e s s the g r a p h i t e a c h i e v e s a 
v e r y h igh t e m p e r a t u r e (>1000°C) . H o w e v e r , even m a k i n g the p e s s i m i s t i c 
a s s u m p t i o n t h a t a l l the s t o r e d e n e r g y i s r e l e a s e d i n s t a n t a n e o u s l y a t o p e r a t 
ing t e m p e r a t u r e , the s t o r e d e n e r g y a v a i l a b l e in J U G G E R N A U T a f t e r 1 0 - y r 
o p e r a t i o n wi l l be insuf f ic ien t to r a i s e the t e m p e r a t u r e of any p o r t i o n of the 
g r a p h i t e to wi th in 100°C of the m e l t i n g poin t of a l u m i n u m (650°C). Th i s i s 
s u p p o r t e d by the o b s e r v a t i o n t h a t the i n t e g r a t e d h e a t c a p a c i t y of g r a p h i t e 
f r o m 75°C to 550°C: 

is e q u a l to 160 c a l / g m , whi le the t o t a l s t o r e d e n e r g y a v a i l a b l e for r e l e a s e 
i s only 150 c a l / g m . 



An energy r e l ea se of this magnitude may occur in the JUGGERNAUT 
only in the event of an exper imenta l failure that c rea tes an excessive hot 
spot within the graphi te . In order to obtain exper imental data on s tored 
energy buildup in the JUGGERNAUT, and to ensure against an uncontrolled 
energy r e l e a s e , cer ta in precaut ionary m e a s u r e s will be mandatory. These 
a r e : 

(1) Graphite t e m p e r a t u r e s will be determined exper imental ly for 
normal full-power opera t ion. 

(2) Graphite samples will be inse r ted near the reac tor core for 
subsequent s tored energy ana lyses . 

(3) Safety reviews of all exper iments will include the effects of 
possible hot spots . 



APPENDIX D 

PROPOSED PROGRAMMATIC STUDIES 

Plans for the following r e s e a r c h p r o g r a m s have advanced sufficiently 
to war ran t ab r i e f descr ip t ion of the manner in which they a r e to be per formed. 

Reactor Spectrum Measurements 

The tes t cave in the south face has been r e s e r v e d for spec t ra l m e a s u r e 
m e n t s . The t h e r m a l flux available in this facility ['̂  5 x 10^^ n/(cm^)(sec)] should 
provide adequate counting s t a t i s t i c s . 

The na ture of the studies will involve rep lacement of the concrete 
shielding blocks with a s ta in less s teel tank ( l .2 m square , 2.4 m deep, 
1 .9 cm wall th ickness) filled with D2O. A 1 .2-m square fission plate contain
ing 1 9 kg U^̂ ^ will be posit ioned within the tank. One side of the tank will abut 
a lead shield (lO cm thick) in terposed between the tank and the outer face of 
the graphi te re f lec to r . 

The c r i t i ca l m a s s of the r eac to r will have to be r ede te rmined with 
the f ission plate in posit ion. In addition, the control rods will be r eca l ib ra t ed . 
Appropr ia te shielding will be ins ta l led . 

Approval of the exper iment will be prefaced by a r igorous safety review. 

F iss ion Physics 

The Argonne Chemisty Division plans to ins ta l l a dual fission cham
ber in the west t h e r m a l column for the m e a s u r e m e n t of t he rma l fission c ross 
sections and y ie lds . 

The fission counter , which consis ts of two ionization chambers mounted 
back- to-back , is suspended from a probe capable of reaching the end of the 
t he rma l column. The probe is supported and shielded by a "beam ca tche r" 
that cons is ts of 1 0 cm of paraffin and sodium metabora te enclosed within 
12.5 cm of lead to reduce background effects. When not in use , the chamber 
will be withdrawn from the t he rma l column. The chamber will never contain 
more than 3 mg of f issionable m a t e r i a l . 

The face of the t he rma l column will feature a special door with an 
ins ta l led automatic sample changer . The automatic changer will e l iminate 
the cooling t ime inccu r r ed during manual exchange of s a m p l e s . 

No haza rds a r e anticipated with the proposed mode of opera t ion. The 
chambers a r e filled with a mix ture of argon and methane gases (P-1 O). Continu
ous flow of this mixture will introduce a smal l quantity of A^̂  into the r e a c t o r ; 
however , the activity will be maintained at l e s s than the to le rance level . 



A C K N O W L E D G M E N T S 

The a u t h o r s g r a t e f u l l y a c k n o w l e d g e the m a j o r c o n t r i b u t i o n s by 
G. E m b e r and W. L. Kolb to the m e c h a n i c a l d e s i g n of the r e a c t o r , and the 
s h i e l d i n g a n a l y s e s and p r e l i r a i n a r y p h y s i c s c a l c u l a t i o n s p e r f o r m e d by 
J . F . F a g a n . * 
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